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Estimation of kinetic parameters for modeling
metabolic pathways of muscle glycogenolysis
using two-obj ective optimization methods

Student : Shiao-Bang Chang Advisor : Dr. Shinn-Ying Ho

Institute of Bioinformatics
National Chiao Tung University

Abstract

The model reconstruction of metabolic pathways is one of the major
researches of systems biology, whose goal is to study the interaction and
behaviors among proteins or whelé metabolic networks. Muscle glycoge-
nolysis is essential to the human, physiological functions and its biochem-
ical reactions of metabolic pathways aresensitive. In this study, the struc-
ture of kinetic models bases'on the principle of ordinary differential equa-
tions, which can express the temporal changing, fluxes and responses in-
fluenced by enzymes in the progress of reactions.

To construct a kinetic model, such as the metabolic pathways of mus-
cle glycogenolysis, one can retrieve the values of kinetic parameters from
specific databases. However, the parameter values for establishing the ki-
netic models were generally obtained from experimental methods, which
may be derived separately from different experiments or combination of
different species. Therefore, the constructed model may violate thermo-
dynamics theory or be unknown, which results in unrealistic biochemical
reactions.

This study proposes a two-objective optimization approach to estima-
tion of kinetic parameters for modeling metabolic pathways and its appli-
cation to muscle glycogenolysis. The merits of this approach is twofold: 1)
simultaneously minimizing the total Gibbs free energy of the system ac-
cording to thermodynamic theory and minimizing the estimated concen-
tration errors; and 2) using intelligent genetic algorithms to solve accu-
rately the two-objective optimization problem with a large number of ki-
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netic parameters.

The simulation results reveal that the two objectives have conflicts
in pursuit of accurate models. It means that the simultaneous optimization
of the two objectives is necessary. In the aspect of model accuracy, the two
models using the estimated and existing kinetic parameter values were
compared. The results show that the proposed model has lower total Gibbs
free energy of the system (-0.72566kJ vs. -0.06561kJ) and a smaller esti-
mated concentration errors (improvement 9.20%). The sensitivity analysis
on the reconstructed model can further understand the interactions of the
metabolic networks. The proposed method is also effective to the model
reconstruction of other similar metabolic pathways.
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ENIIRES SRR A g - S SR R EY A CF (R S g
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E - B F AT
EanAXB_ EarxPXQ
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Flux,, = > P13 (2)
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X 27 i i ik B 0 Earfe Bap A1 3w 0% % E 01 0 Fluxyn 257 m
BEBOF BIEE - T HAT TR Y B4 B 57 FE[55] -
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products reactants
TEYRAEERBEY T3 2 EBREF ARE NP RY P LB
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_1O Ka’j q=1 q
j=1
FHOB)N N PE- B RO F THREDF BTGV B
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o = exp( = ) Sp (6)
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B - BRE NP LTI E R d I E S
ip g FEE _'ﬂm )a x5 g‘ﬂLF Tz = 5 bk R SRR -
l%ﬁinﬁsﬁ.—ﬂ-%é)i A R T B Kgﬁ.g‘ | F Beae & o ™
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d[Hfree] —_ d[Ht;Lourﬂ] d[Hreference]
dt dt dt (9)
d[Mgfree — d[Mgbound
dt dt (10)

THANEIEAAKRY > F R T8 1T fifrT e
S8 3 g i o
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ot ia;l( a O NH )
LNy, d[H'] 4 Nl d[Mg?] dc (11)
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q:.]_ ﬂM 2+ i

o [44]ep g ¢ T LR AR A VR ks T B R
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RR[S7Tem a2 d R enft ¢ ¥ wie T pH &
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BF EH STE R pH MG S R B E S F hE ud §
#g A F AR §EFIMETT S KT HT R R EE - F i %
i ¢ p[A7] ¢ S EXP.29 MEkE > AP RS E TR e F aHH o

2.1.2 # E 14 0 Debye-Hiickel = &

]

EE iR il (R 4 $)E R FD 4 S R(DG0) K dizr A
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EIFEend 2B ELTIpHBAM &+ A1) 2 7§ #k
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291482(22 - N, ()1 2
1+161 72
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Bepd 2Bt pd ipE o

D;G® =D,G°(l =0)+ Ny (i)RT In(10) pH +

(13)

Giths energy, G

0 Extent of reaction, £

B 2 ,, o \_"gﬁ Gibbs B iz HE }@‘%_L)i[m]

#gwmA%F@mﬁ&iﬁ%%&iﬂiﬁiﬁﬁ
o FlLMHEE BenF REFEARE S DT 0 A HEASHE R A
F@%%iz TR KT muaoa&i#%wm@*kﬁ%
PRAEEeR 4 i e ATIMAR G TRGRE o d A LR BRI B
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€7
=G4
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Fd SR is § FIF i kR chd 20 £33 4 G e
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i

o

1



|
dG = (nV)dP - (nS)dT + é mdn; , n; =n;, WX, (14)

i=1
AN iEBas Ny ¢ dG E %8 Gibbs p d it st 52”151_ 'V AR,
B nSE LB mEF Pt B5an oW LAY MBF &
ﬂF@%iﬁﬂ??ﬁ@meiim%ﬁ@ﬁﬁ@ﬁ§°ﬂé%ﬁ
AR ERT P ES
dGzé man, (15)
i=1
1335 1 & % (chemical potential, p;) fest kT T % ¢
[ﬂ(nG)
n
B[59]% o 3t BEH G Eppa- B4 FELFT o LA AR
KT CERT E3DGY 5 A pt B e % DG’

ltpn, (16)

nP° DG (17)
NPTk g d AT SN
. 899 . - U
G=G +q aw'D;G’Xy;=G +gq DGyXnm (18)
mel =t m=L

EBE R ITHREDNLESCEWDGX, N A AF BEMeE BB
d i Doy o FAF EFNE i pH A RE A DG Gy §HF

MR EF AT G EEF N 2R PR 8 F
jﬁ ?ﬁwm#ﬂi? L?M?oﬁﬁ@%éaﬁ%
RS E RN R i R R R
ar% &wﬁﬁ“fﬂgﬁéﬁ*P$4*Mmq% B
fopHe & B2 ¢ > A PR Aol B 0 pH oM™
FR:EFH 2% rud S8 7 %7 pH el Bm e

d [60] e & ¥
CERHF R B D i AT TPz iR
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Y
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Wﬁﬁ% RN R AL RBEBET MR BhF Bp o
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2.2 % Suinde

221 %% #

BB EEF BRI msz“wA MiEE R FR
Pk ROOT I=42 . N SV P
Eani e = M i ; F@-@—r»“‘%“mﬁ“‘ﬁxﬁxK’j—lZ Lo
EN NS
FFER1L:

A+B« P+Q > (19)

A W~ Xa 3 XQQ‘: 7‘;'](2)5\: ™
Eais XaXg  Egy, XpXg

Flux, = KaKp Kqu (20)
1=
1+ A+XB+XAXb+XP+XQ+XPXQ
Ka Kp K.Kp KIO Kq Kqu
£ _EalfKPKQ
alr — o 1 (21)
KAKBKeq
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K;ql _-DH°
K;q )= R (—1'—1) (22)
2 '(19);\mFqu1 z'+}; )1’?_‘-&*’»,{__,_16 - ;bg#ﬁ zy 'E‘Fﬁ?ggiﬁf@]
%pH“k’é“@%% ~@T&ﬁ$4whﬁﬁaﬁﬁwgﬁﬁﬁi§@
&OUF i pH $HF iE B s 2861, 62] -
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1+ 10PKal-pH 4 qoPH- PKa2

In(

Eat app = Eaa ( ) , pKal< pH < pKa2 (23)

b g, BB D (s epEE A Kal 2 Ka2 £% - 5§ 4 eh
ﬁ*#ﬁ‘-#ﬁtﬁ o BARI T EochE g FlEF BEE AL
R

F@%ﬁkﬁ%ﬂmmﬁﬁwwﬁ% HBes3Ea s B
- FFE BAcT

Xg ® Xg ® Xg (24)

Xe® Xg * = FlUXy s X ® X » asFluxse B F R {8k B S 4oT o

dXg .
ot =- Flux, (25)
dX
- I, (26)
dx
dtG = Flux, (27)

34

pH fr[M@™]eng it id & 5 (11) ~ (12)5% » £ F RPERF D to B 45
j_

N R R E
xElszo+d;<t‘E (28)
xFlszo+d§tF (29)
Xe1= Xeo +d)d(tG (30)
mﬂl=pH%+£§?- (31)
[Mg?*], =[Mg?*], + AMGim] (32)

dt
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m=1
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BTEK)EZF* FEAUNAFURFE 2D FFERF B 0 RGPk i F
V2 2o % MY DK E wkﬁﬁi”ﬁﬁﬁ%ﬁiﬁiﬁé
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B i 30mMe w4493t chF el iS4, #751 % ek i A258 03] [55])
F 8 F TN TR T e Haldane B 5N e 2K 230 2 A4

B3 5% o o Minnakota[44] ¥ 3 { FimenfiA3 B 2 3 o 2 B h A
vk B3] ¢ glycogen I lactate £ ¢ 4% 16 B F Ji 0 NP2 30K 7|

mi 1l F RES AR 3o

301 o BERA RS 23R R

Reaction Name

| dentifier

Chemical Reaction

Glycogen Phosphorylase

GP

GLY,+XPi © GLY 1+ G1P

Phosphoglucomutase PGLM  G1P < GG6P

Phosphoglucoisomerase PGI G6P < F6P

Phosphofructokinase PFK FoP+ ZATP < FLeP+
YADP

Aldolase ALD F1,6P < GAP + DHAP

Triose Phosphate | somerase TPl GAP < DHAP

Glyceraldehyde-3-Phosphate GAPDH GAP + NAD + XPi< 1,3BPG

Dehydrogenase +NADH

Glycerol-3-phosphate dehydro- S3PDH G3P + NAD < DHAP +

genase NADH

Phosphoglycerate Kinase PGK 1.38PG + ZADP < 3PG +
YATP

Phosphoglyceromutase PGM 3PG < 2PG

Enolase ENOL 2PG < PEP

Pyruvate Kinase PK PEP + XADP < PYR +XATP

L actate Dehydrogenase LDH PYR + NADH < LAC+ NAD

Creatine Kinase CK PCr + XZADP < Cr + XATP

Adenylate Kinase ADK ZATP+ ZAMP ©23ADP
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GAP
/Lw
Glucose
G6P
P 2PG
APy
Ha 2
PEP
E?
PYR

EI MNADH }-_s
T GAP Eé)

Bl 3 up R RAFEL Flkit I
2311 * B DebyeHiicke z &

/

i *F%#mﬁ%/ﬂ#(z\:ﬂls&)ﬁlﬂwﬂ41;&’*%(qu)@ al

NN IB;F%;]J,QT‘;JM]-#—&,,_('\.-!;\.)Q’J ,%‘J-;a_:ﬁéq\.i)amﬁ/ﬁ
RERTEINF R 2 AR EITPHYE R S F AR T

Y R E o Deby&HuckeI TEA BERT S b

B#o* (13)7 3+ & ' [54,58] > * % 3+ % A 5 0.05~ OZSM%@P\')‘L
Basipd ni@ng

4,

2.91482(Z% - N, (i))! 72

D;G” =D;G"(l =0)+ N (i)RT In(10) pH + (13)
1+1.6Iy2

BRI G 2 ARNBE Y L BE a2 28 DG (pH, 1) ik 3 2

FPH R |32 - 3 E D AR R R T hE B A DG o i

FI DG (pH, 1) 22188 2325 4 EHAFE 8> A v @k
BREILEDX o fed 3 EF RS pH fﬁng: IR BRIE AN L R
2RV E S F L1 DG (pH, 1) e rR T SR it B

B * o



2.3.2% 4 8 St 2 7]

AP RCR L B iR B s S AR A 0 A
Wi 3% F Rk iR X oo ¥_Muscle glycogenolysis sk ik 5P At
denE g A% ke (rate equations) P o P& S 2 B AESE Rl W] AL
l:"_EE"’:FE'F tek ek B Xi(t) ~ F e mink BT i K fr % 4 18
IEC L RN &S AR NS 3 E2) B lﬁif'“r% B el ik
F e Aples@z i8> v @535 F ok il £ (Fluxy) 5 2 {8 #1831
TR E RE BM B ER BRPFORE BRI T ,5';- % N e e
2
zf‘ﬁ»;v‘/]?e[SS]v1 g K E B AN 0 L EBE R E
i 5 ¥ i genes o H#-genes chiE i K S AR AT 0 U Xi(to) F 4
B EBEBELEHCHEEBF RS DRR TG F PP L2

% 2 R B2 R0

Number | Abbreviation | Metabolite Name Concentration.
1 GLY Glycogen X1
2 G1P glucase I-phasphate Xz
3 G6P glucose 6-phosphate X3
4 F6P fructose 6-phosphate X4
5 FBP fructose 1,6-bisphosphate Xs
6 DHAP 1,3-dihydr oxyacetone Xe
phosphate
7 G3P glycerol 3-phosphate X7
8 GAP glyceraldehyde Xg
3-phosphate
9 1,3BPG glycer ate 1,3-bisphosphate Xg
10 3PG glycerate 3-phosphate X10
11 2PG glycer ate 2-phosphate X1
12 PEP phosphoenol pyruvate X12
13 PYR Pyruvate X13
14 LAC L actate X1a
15 Pi inor ganic phosphate X15
16 PCr phosphocr eatine X16
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17 Cr Creatine X17

18 ATP adenosine-5'- triphosphate X18

19 ADP adenosine diphosphate X19

20 AMP adenosine monophosphate X2

21 NAD Nicotinamide adenine di- Xo1
nucleotide

22 NADH Nicotinamide adenine di- X2
nucleotide

% 3 F et erdzdnk B

M etabolite Xio (MM) M etabolite Xio (MM)
GLY 0.04 PEP 10°
G1P 10° PYR 10°
G6P 10°° LAC 10°
F6P 10° Pi 0.03
FBP 10?2 PCr 10°

DHAP 107 Cr 0.03-PCr
G3P 10° ATP 0.5
GAP 107 ADP 0.005
13BPG 10° AMP 10°
3PG 10°° NAD 0.0005
2PG 10° NADH 10°

145 Haldanerelation f 2% 5 2o ® 32 8 i & s 5 & Egny
G3PDH ~ PGl ™ 2 PGK #_d i 5 Jui# & @35 Eanr 3585 #0737 #7
® O E A Ao Bane AR [A7] e NEE R R 0 A Ak iR
% p 2 % e 7 [64-67] °

FAPEEF B B~ KG s Xio M 2 %7 M 4 K & »
AR E > T EI LB L R Fluxn e B F &Y 0F 8T iR
7 - Bischglycogen b o FREpEG F A AL Efeif il B o gL B
TS DE - R AF BRSO
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LA SEE RamER

Enzyme Eam t (M/min)
GP 0.5
PGLM 0.48
PGI 0.88
PFK 0.056
ALD 0.104
TPI 12.0
GAPDH 1.265
PGK 1.12
PGM 1.12
EN 0.192
PK 1.44
LDH 1.92
ADK 0.88
CK 0.5

N DY LSBT
dx,

T:- frac, * Fluxg + frac, * Flux, (38)

a[47]7 % 29 8.9 % ¢ - frac,=0.2% ; frac,=99.8% - H 4id
B EF IR (25)02(27) 2 it o KF BREENTEXOER
Rito RRERXPERRL RN ERHERLL T E AT R A E Pk
BRORUEFZT - BREREIEERE - B F R oLl el ik
[AT]chf sm %> B F BATTH T 3044
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IGA it FPR S 8ciE 5 4 4 MEL DI EE - B R %\(OA).%E? 3 A Ll S
el B den™ 2 ¢ [68] > » FEEH R G ak:
HF A KEANBFF D 2 hr PR 2%@1 e s o §
w2 (1,1),(1,2), (21)% (2,2) NI & 238F S > 70A A B F R li,é‘.
LehiF R BT 2 e ”;s,'ffir?i FRlFET&REL LTI SR E
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b o B RFEREFT 1«,)g&r]—% Adre @ Bl B R A Bk

EHE-FFAHFEZ N c BRYAF X FHRDIBTE B A
& QA F1E kB Kend sk o
Sik = Xt=1Yt X Fy (39)

B Rei-BEEE  FHEUXFHR? ¥ BFIEEY RELK

Bl F% 123 s B Fed 00 2200 Snlici 33 % > Pl 9 sk
AT IR S S G REDTRAR O 2 FER Sl ) RBlAok
S ) K TR

AERT LR TR KRR e ke otk §> SoRlA 7
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alf - alr -
Kiowy 1 Kpi 2 KowKice ¢
F|UXGpa - GLY f 'NMPi & GLYb"NiGIP @ ( 42-8.)
g__'_ Xy + X1s 4 X, + Xz i, X X5 + XX, g
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! E..i KawKiciw
E. ~o T (42-h)
IGLY T "MPi "N eq
_ e 1.404 0
Etopp = Eaus T IG™ ™ 11077 ,5.75£ pH £7.3 (42-c)
Glycogen Phosphorylase B (2.4.1.1)
& X X & XX, CJ SAMP™ ©
B T Ea.lr x gi T
F|U){3Pb_ KiGLYfK g |GvaK<31PQJ KAMP b"(43_a)

xe
§1+ +- B4 "1 4 H :
KiGLYf KiPi KiGLYb KiGlP KiGLYf KPi KiGLYbKGlP g KAMP %]

X, K, X X XXg XX 9§+AMP“H9

E, = Eat Kiciw Keip (43-b)
KGLY f K|P| Keq
Ely =B & L75 O 59£pHET2 (43-0)
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Phosphoglucomutase (2.7.1.41)

Eazf gx O E g X3 g
F _ KGlP (4] KGGP (%]
uXF’GLM - X X
G1P KGGP
— Eazf KGGP
e KGlPKezq
& 1.329 C')

E

azapp — a2f 91+10554 PH 4 1QPH-836 g ,O.5EpH £7.9

Phosphoglucoisomerase (5.3.1.9)

E 15 S] X O e X O
a3f
F _ gKGGP ﬂ gKFGP ﬂ
UXpg = X X
KGlGP KFGP
E iy Ea3r KGGPK:q
a3f _K—
£ 6P
53] 1.0 0

E

a3app a3f gl+10636 pH +1OpH 991g

Phosphofructokinase (2.7.1.11)

. .3
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QEaMwi- EaMQLiT 91+aLg¢

= _C KATPKF6P [1] KADPKFBP - ¢ DQ

UXerc = ¢ D = G A
C + C ab o
& g é Dg

ATP ﬂ KADP 9 KFBP KADP

D=ai+ X4 gg[ X _+ai Xy O g Xs + X1
g Keer g

D‘_g[_'_ X4 Oaﬁ_‘_ 18; + X19 9 xs + X19
5§ K

KFGP 9 KATP ADPQ KFBP KADP

e ngXlsg ?+ exzogg1
9§+d 18 9 + 20 X2 9—
8 |ATP ﬂ g aAMP ﬂ ﬂ
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Aldolase (4.1.2.13)

6AE pHEBS  (46-f)

a4 app

&
CDOO»O»O»O&;
H
+
|

£ &Xs 0 2 XgXg 0
! gKFBP B a5r gKGAPKDHAP 2 (47-&)

1+X5+X6+X8

K FBP K DHAP K GAP

Flux, , =

_ Ean K DHAP K GAP (47_ b)

abr 5
K FBP K eq

e 1.013 0

EaSapp a5fgl+10532 pH +10pH 915g

60E£ pHE£9.0  (47-C)

Triose Phosphatel somerase (5.3.1.1)

ano an('_)'

EaGf L- E
K K
Flux,, = g GAPXg E o 0 (48-9)
K DHAP K GAP
E, K
a6r Gf—DF;AP (48_b)
KearKeg

Glyceraldehyde-3-Phosphate Dehydrogenase (1.2.1.12)

& XXy X5 9_ & XXy 0
o

a7 f - arr :
KGAP K NAD K P D KlSBPG K NADH

Ponron = (49-a)
oo 1+£ +£ +& + X8X21 + X8X21X15 + Xg + X22 + X9X22
KGAP KNAD KPi KGAPKNAD KGAPKNADKPi KlSBPG K NADH KlSBPGKNADH
_ Ea7f KlBBPG K NADH (49—b)
a7r 7
Ko Ko K eq
Eurapp = By - 0007” €™ 72£ pH £8.7 (49-c)

Phosphoglycerate Kinase (2.7.2.3)
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Phosphoglycerate mutase (5.4.2.1)

&X,, 0 ®Xy, 0

Ea9f g
3PG ﬂ KZPG a

1+ 210 X1 + X1
K

3PG

_ Eagf KZPG

aor 9
Ksps Keq

E -E ® 0.989 o
a9app — —aof 81 10552 PH +10pH-8.74B

FluXpgy =

2PG
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Enolase(4.:2.1.11)

X0 X, 0

alOf - alOr
gKZPG %] gKPEP a

1+ Xy + X1

2PG K PEP

FluXgyo, =

E _ Ea10f KPEP
0 =K

2PG 't eq

Pyruvate Kinase (2.7.1.40)
& XXy 0 & X X5 0
allf gKPEPKADP %] o KPYRKATP 5
X X XpXe . X Xis , XX 9
K

1+ 12 4+ 89 4 + B 4
Keer  Kaor  KpepKapp  Kpr  Karp K ATP g
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Kpep K app K eq
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_ e 1.05 0
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L actate Dehydrogenase (1.1.1.27)

B XXz 9 R XXy O

gKPYRKNADH B allr KLACKNAD B
?4‘ X13 + XZZ + X13X22 + X14 + XZl + X14X21 9
K

PYR K NADH K PYR K NADH K LAC K NAD K LAC K NAD @
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E _ Ea12f KLACKNAD
al2r K K K12
PYR ™ NADH M eq

Eavap = Eappr (- 0.1134° pH +1.6069) ,5.48£ pH £10.49

Creatine Kinase (2.7.3.2)

Ea13f %XBXCr g_ Ea13 %Xlgqu 9

gKATPKCr ﬂ gKADPKPCr ﬂ
+ X19 +XPCr + X19XPCr 15 X18 + XlBXCr 9
K K KiameKe ¢

iATP iATP'Ncr @

iADP KiPCr KiADPKPCr

13
ul’ Ea13r KiATP KCr Keq
al3f —

K iADP K PCr

Adenylate Kinase (2.7.4.3)

® X18X20 9 a)(19 92
gKATPKAMP g- e gga

+ X18 + XZO X18X20 + 2X19 + X129 0
g KATP KAMP KATPKAMP KADP K;iDP ﬂ
Ea14f K;iDP

aldr 14
K are K avp Keq

Ea14 f

Glycerol-3-phosphate dehydrogenase (1.1.1.8)
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DHAP
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AP
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13BP
d13BPG _ FluXgappy = FlUXpgk
dt
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dt PGM ENOL

PEP
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PYR
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dLAC
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ADP
dT = Fluxpeg - FluXege - Fluxg + 2Flux o, + Flux,  (72)
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dt
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=Flu 75
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——=-Flu 76
dit o (70)
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APZTRIEEBE R enP
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PATP =1+10 PR +PKa1 atp + XMg*lo Mg
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7 %48 Sk

Enzyme Far Kip (MM) [Kimosa (M) Kitea (M) |1- Rimosa | 3 Kivon

meter Kio Kio

Koyi | 17 0.001700, 0.00170659 -0.007%|  0.388%

Kn 0.004000,  0.0109351 -0.007%| 173.378%

Glycogen| | 0002000 000151098 -0.007%| -24.451%

;:;;_ K 4.7 0.004700, 0.00557467| -0.007%| 18.610%

o | K| 015 0.000150, 0.000151929 -0.007%|  1.286%

Kep | 27 0.002700, 0.00151353  -0.007%| -43.943%

Kicir | 10.1 0.010099  0.0114701) -0.007%| 13.565%

Kn 0.2 0.000002 7.54E-05 -98.99206 -62.294%

K 4.6 0.004600,  0.0135604] -0.007%| 194.791%

Glycogen| Kicyr | 15 0.014999 0.00285541 -0.007%| -80.964%

Phos- | Keir | 15 0.001500, 0.00244186 -0.007%| 62.791%

phory- | Kigie | 7.4 0,007399., 0.0178094] -0.007%| 140.668%

lase B | Kicyn| 4.4 0.004400,~ 0.0122687| -0.007%| 178.834%

K'awp | 2.66E-03{ .0.002660,- ' 0.00255501] -0.007% -3.967%

nH | 17505 § 1,750380 175016/ -0.007%| -0.019%

Phos- | Kewr | 0.063 | 0.000063 7.30E-05 -0.007% 15.911%
phoglu-

com- | Kggp | 0.03 0.000030 2.56E-05| -0.007%| -14.724%
utase

Phos- | kg | 048 0.000480 5.09E-05 -0.007%| -87.526%
phoglu-

COISO- | Kpp | 0119 | 0000119 0.00032373 -0.007% 172.042%
merase

Krp | 0.18 0.000180, 0.000275898 -0.007%| 53.277%

K'rp | 20 0.019999 0.00912798  -0.007%| -54.360%

Karp | 0.08 0.000080 7.73E-05 -0.007% -3.365%

Phos- 1 e | 025 0.000250, 0.000243457| -0.007%| -2.617%

pho_fruc' Kesp | 402 0.004020, 0.00456604] -0.007%| 13.583%
tokinase

K'rsp | 4.02 0.004020, 0.00159457| -0.007%| -60.334%

Kaop | 2.7 0.002700, 0.00295808 -0.007%|  9.592%

K'aop | 27 0.002700, 0.00297427| -0.007%| 10.158%
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Kiatp 0.87 0.000870| 0.000867673  -0.007%)| -0.267%

Kawmp | 0.06 0.000060 1.69E-05 -0.007%| -71.804%

d 0.01 0.009999 0.0100237| -0.007%|  0.237%

e 0.01 0.000101) 0.00150358  -0.007%| -84.964%

Lo 13 12.999100 35.6249 -98.992% 174.038%

K rep 0.05 0.000050 5.78E-06) -0.007%)| -88.447%

Aldolase | Kphar 2 0.002000{ 0.00466114| -0.007%)| 133.057%

Keap 1 0.001000, 0.000646723  -0.007%| -35.328%

Triose | Keap 0.32 0.000003] 0.000158169 -99.000%| -50.572%
Phos-

phate Kpnap | 0.61 0.000006, 0.000195534| -98.992%| -67.945%

Isome-

rase

Glyce- | Kaap 0.18 0.000180, 0.000527933  -0.007%| 193.296%

rol-3-pho | Knap | 0.012 0.000012 1.38E-05 -0.007%| 15.203%

sphate | Kpyap| 0.22 0.000002 2.27E-05/ -98.992%| -89.664%
dehy-

droge- |Kyapn | 0.008 0.000001 141E-05 -85.736%| 76.199%
nase

Glyce- | Kgap | 0.025 0.000012 7.35E-06| -52.548%| -70.614%

ralde- | Knap 0.09 0.000001 2.66E-05 -98.992%)| -70.463%

hyde-3-P | Kp 0.29 0.000003] 0.000835339 -98.992%| 188.048%

hosphate| K 133ps | 0.0008 0.000004 7.75E-07| 345.840%| -3.091%
Dehy-

droge- | Knapn| 0.0033 0.000011 8.36E-06) 243.809%)| 153.205%
nase

Phos- |Kissps| 0.002 0.004044| 0.00123141] 202114%) 61470.50%

phogly- | Kapp | 0.008 0.000035 1.31E-05 334.023%| 63.490%

cerate | Kspg 1.2 0.003327| 0.00061294| 177.245%)| -48.922%

Kinase | Katp 0.35 0.000004| 0.000261185| -98.992%| -25.376%

Phos- K pg 0.2 0.000428| 0.000581441) 113.758%)| 190.721%

phogly-
cerate | Kxps | 0.014 0.000037 7.83E-06| 164.026%| -44.081%

Mutase
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K 2pc 0.1 0.000278| 0.00028364| 178.311%| 183.640%

Enolase K pep 0.37 0.001028| 0.000844988 177.870%| 128.375%

K pep 0.08 0.000228| 0.000138452| 185.194%| 73.065%

Pyruvate | Kapp 0.3 0.000285 7.82E-05 -5.025%| -73.928%

Kinase | Kpyr 7.05 0.026351 0.0163444( 273.779% 131.835%

Katp 1.13 0.000654] 0.00285131| -42.122%| 152.328%

Lactate | Kpyr | 0.335 0.000870| 0.000996787| 159.626%| 197.548%

Dehy- | Knapn | 0.002 0.000004 5.80E-06] 94.174%| 190.013%

droge- | Kiac 17 0.000171 0.027375| -98.992% 61.029%

nase Knap | 0.849 0.002798| 0.000113903 229.539%| -86.584%

K per 1.11 0.004647| 0.000194698 318.626%| -82.460%

) Kiatp 35 0.007122 0.0084113| 103.493% 140.323%
Creatine

) Kiapp | 0.135 0.000001| 0.000252576| -98.992%| 87.093%

Kinase Kipcr 3.9 0.006561f 0.00616382 68.239%| 58.047%

Ker 3.8 0.018852(.  0.00943007| 396.108%| 148.160%

Adeny- | Kawp 0.32 0.000003 5.00E-05 -98.992%| -84.371%

late Ki- | Karp 0.27 0.001159 . 0.000345612| 329.422%, 28.004%

nase K app 0.35 0.000832| 0.000966257| 137.773%| 176.073%
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8 AR B A ehE B st i %

Model GLY Pi Cr ATP NAD
Vinnakota Average|0.004238 0.082649 0.802315 0.213333 0.002285
SD 0.000526 0.007135 0.011551 0.003378 0.003706
Serturbed IGA Average|0.001200 0.046935 0.836579 0.214850 0.001411
by 1% SD 0.001363 0.017387 0.007178 0.002298 0.002571
IMOGA Average|0.001421 0.071635 0.812530 0.246450 0.001211
SD 0.001120 0.032187 0.006551 0.002128 0.002466
Vinnakota Average|0.003964 0.084460 0.801409 0.210983 0.000441
SD 0.003965 0.084503 0.801432 0.210898 0.000449
Serturbed IGA Average|0.000551 0.040854 0.837407 0.218/83 0.000421
by 3% SD 0.000871 0.006988 0.003591 0.015397 0.000234
IMOGA Average|0.006510 0.071653 0.822070 0.228300 0.000844
SD 0.001071 0.006988 0.003769 0.014597 0.000122
m Vinnakota
IGA
m IMOGA
z
>
g7
5
-
| y 4
GLY Pi Cr ATP  NAD
Metabolites
B 4054 A2 &2 @5

72

e REF e kR




m Vinnakota
mIGA
= IMOGA

0.90
0.80
0.70
0.60
0.50
0.40
0.30
0.20 e
0.10 - '
0.00 L. . . : -

GLY P Cr ATP  NAD

M etabolites

Fl ALk % A3 2 4 23 5 s RHE Rtk A
%1 3% %

Sensitivity

KR AR 4l el % kgoCr-ATP 2 PP kg g 2 B p B
A SRR A BRI Criks e d Cre ATPm’“I,;;\Eii_
IGA & IMOGA #ripiE7 +o@ Pi 2 i £ %] & & F e d 3t IMOGA
e IGA F B A BB R st HF RiE ARG B B
IGA P & > Bl % % & Lambeth[S5]4p 2 o1 ¥ Pi e B prs 2 &
Richard et al. [69] (rpagtm 8 3| 7@ F e

FRyF CrekR g M E8F CK 2 F i 53 03t ATP en
FHESF > A RENARBADE LR o iR ’ATPi‘\«"’/i}‘%)i%M
2 BEATPj f2:# 597 Cr 2 ATPE &2 ATPij 425 2 &5

'15';];3 AR R 2% o GLY 2 NAD ek & & 1t Iq‘;ji_givv;; ﬁ&%

FE RGPS > miEaRE REE

1

%?é&@f%“ﬁﬂmﬁifgﬁpﬁﬁﬂ}””Rm?%K
Lo BR A ES o ARET A 0T F N R o&&,u%
B B AT &APﬂ‘*a.ﬁﬁbﬁ#—E“ﬁ#é'ﬁhﬁsCf“V*%ﬁ* it
2EMH A2 ATPERZ M- BREAHBKARTERE SRS o

65 WIREFNEBF B2 kR

BN R-E Y F R ERS LSS RS
F e ’FKP - B % ’,T}uzr—\l; @-#}kgﬁxwgw |

‘-hk

% oo Bk WA
*RGER -

73



PR R LA RBETARE > BRI RAEREFT - X F oo
FA o ¥ b & 5 IGA & IMOGA B & i eris i F i en
DR EARE BRI RRIZ) Pk R R 2 RS 0 K 6.4 g kT 1Y
5 b RENNES AP F B & A ELCr- ATP{oPi -

B 42 2 Crik B s - CrAF iy kA % &+ feF
Bt 22 % EATP A4 5 o TP Ec s & 4 il 3§ § Lo
BEehgkipg £32 -

.
ik
N

N

1032 o
Firmakerter
—IGA
(030 < IMOGA
12N 4
=
06
R=
E
= (1074
=
~ bon2
e \
D.('J.B T I T I T I T I T I T I T I T I T I T I T I

-1k } 4] 20 an 40 it 51 70 il Ll 113

Time(z)

B 42Cr ek it % 1

R A3 P F BEIICr L7 4 R A AR A
BRI ARt o MR RS ATP 2 Crin$t » 7 4 5] P §10 5
Rl Zl R 1 R AP RS T RS ol o e 3 LR A L Cro
IMOGA %’K{%‘T“ﬁc’\ﬁﬂo

¥

=
b
)

74



(L0132

RIS W = Vinnakon:
1GA
IMCHG A

(2% S

(126

({124

Concentration{ M)

(k0122

(120

g 44— 77—
S0 100 30 40 s s TD MDD oy 100

Time(s)

B 43P0 ik s
Hep 13 B F ot chih B A A A F 44 2 B 50 + R+ IGA ek
T B F s nF e Vinnakota [44] ¢ b5 Y B0 S L
A p S RN R A IMOGA vk &~ Ak ik /S Rhxg 1 i
Frulgac e o B - 3G B 2 o IMOGA 52 IGA “i & thF fi
POERSL Y RS0 R F REEF LR o

75



Clomcentration] k)

C'omceniratiom M)

ILiHInT 5

0.0006 -
I — AMP_Fianobots
0.0005 — AMP_1GA
| AMT_INOGA
. — DIIAP Finirerherta
' . DHAT_IGA
— DHAFP IMOGA
G o
hining o
IRUHLI
URUHLTE
=lgHiin T T T T T T T T T T T 1
=11 1 17} 20 Kl -l Slb
Tirnees)
B 44 AMP 2 DHAP z k& & i
(.oones J
(LO00RL
(LON0ZS — P _Firmalkiva
0.00050 —— GOP_IGA
wtopes ] GEP_IMOGA
.- " ) FBIP Fieeekeato
] FRP_IGA
(L0055 —_— P IO0A
LN
AR —-
G.00020 -
(00013
LI
(LS —-
(L0 —-
o000 3

1l a0

Timgl(s)
B 45G6P 2 FBP z_ k& % i

76



Comecntraton ks

Concentradoni M)

12

REY K —-
1000000 - ’
o —G.-'\F_F'."rmu.aw{a
LI.Ifh.I.'!fIIes—_ GA |"_|GJ"|.
0IKAOL6 GAP IMOGA
n.[r:1:<]1-1_- LLIBPG Vivkodhod
- 1,3BPG 1GA
fLa0e12 7 —— |.3BPG_IMOGA
010 -
KN -
HREERY YL
NI
0o
0000000 -
RULLLELER T T T T T T T T T T T T T T T T T T 1
doooo W M 30 40 S0 e0 To & S0 100
l1mefs]
B 46 GAP 2 13BPG z_ k& % i*
(LY LIRS
(O <
{00005 - MAI Eiararkede
000 —— NADH_1GA
053 MAT |. 100G A
OIS —G1P Fimeoda
o000 CTJP_TG-"t _
00 ] — GlP IMOGA
(hOnHIER =
000030 -
(k23
(MM <
000015 -
1000010
LIRS
(RO
=[REHWITH RS <

T T T 1
K L0

lime(s)

B 47NADH 2 GIP 2 ik & & it

77



Comeenrutiond i )

Concentauoni 2

RO S

000 J

CREMINESCE S

iy 2PG Fianaboto
(000026 ] ] — 2P0 1GA

RN ] PG IMOGA

] i ! I - )

Er-'!_“"”"-m ] I| TR Fintalons
r”'nl‘lrb”-_ | PR |G.‘£’L

MO | | —— PEP IMOGA
(RO ] |

o4

CRiMp 2 .

CECHHETE

000005

CREMHE S

CRCHHIR T

o002

e 3

=CRENINNL2

T I T I T I T I T I T T I T I T I T I T I
TR I 20 3 40 s 6y 0 B0 W) 1
Timgls)
B 482PG 2 PEP z_jk B %1t

it (e

3 00csT ] w3 Finnalota
LIS . .

] — 3P0 _1GA
1IN APC_IMOGA
s 4 —PFYE Fimafol
i 00 PYR_TGA

J —PFYE IMOGA
LI > 4
AN S0 S
i 00
00020 |
AN S S
00714 -

DO
AN <
- , . , . T . , . ,
il Elp 1K1 1301 M
Tty
L

B 493PG 2 PYR 2 LB %1

78



Congentrationt M)

(00 —

DA -
— RO
] —1GA
001 IMOHGA

(LSS

L00E0

OL0MATE

LI L e L By B B s B B L L B B B m |
SME 0 TWE My A0 AN A0 ale o T B 9 T T 120 130 1A 1A
Tirmeis)

B SONAD bR %

79



— N F‘:u {E}{. =

113t

j-\/gﬂi‘*gm EANT.LIE S R ﬁéfi‘ﬁﬁﬁx L eyg it N e 2 IGA %
IMOGA 2 B3t 4 it e ficd|ad 4 § 8 > A 88 57 BAF B
ALY kR Ml B £ o @ % IMOGA 2% 7 I F 4
ERZ s B bl BP T B gL A Rk E 2
ool WP AR i B B R R A B R - A
SN m:r:‘%‘f erMOGA e it 4 m?r R kA
BLrtiBil o A2 ¥ R R A 2 BEAE N r]—ELLambeth[SS]
2 Kushmerick [44] 0457 ¢ #4p Bl & % A5 & 32 & > 1:_“ L 4e 3 g pH
ﬁ;@,ggmﬁ,%od%’jﬁpHm*;:)Tg;rgi (LIS A
E# SHoeh RIS § 49 $H#% 070, 71] 5z £_pH - ’I/U ?‘ﬁé@f“ CR=S

S S HEcend VR B o ekl b BN B ?*ﬁ“r} % = F ehip B

WHEHE N AR E S BRI R EE R T2 B R
A zeAk g 7 & 9; chpe 4 8 S BceiiigR ~ 4 ﬁi’iﬁi GRS
A F RS K Arz Flco P AP etk ) e EKTOM -
R - A RRR R

g |GA BHCA A Bk P RSk 03 B
FEY oA bfeh R fFRA FERDME A G RAG AP
2T o for EFET AP R BRELE DS N L
AEE S BB R IMOGA - B EA R o &%
IMOGA #8352 b ik fzd >t 53 £ o> ¢ R4 R fez bk 2l o
FopediiAey F PR R 25 7% 1 - IMOGA hfgie 2R 102 5 v IGA

BRI A RAR ARG A F AN RET N A b P

TR B AP PR o gLt 5 B dﬁéﬂajﬂ;ﬁﬁ ot A2 45k B 4e ~ 1%4r 3%
SRR SR R AR R ag;g:r a’L’rfgi-i AlefE 2 Y st AR R
2R OV o K R E G ARG B 2 a4 o

ed 5 ¥ g ?m%\rﬁﬁfﬂ' o BB ek R % i

S
B A B E S iR 4 o & Smith fr Missen[59] ¥ 2n i & kiE
F RO LS B LT Bl T R WG Y -

80



L

B B TS ik TN R S
ERS St R Y drinde x4 R Qi SRR i R 2 e
i 1 rggg ¥ & ’ﬁEmDMmﬁﬁﬁ%ﬁﬁﬁurﬁifﬂ
TR -

Ra I AgZhag B 23 L E TR 0 HA S IR
3% Fla MY L sihis B T ;rfg*twu,y»,]ﬁ,.mg,fpu&f BER
SIE[A1] > RS F AR A ke 2 B kg B Ry
T B2 Ak T ) $7[43] o AT F S P B AR D
l%}?fh]’,% fe-geag o d R R FHECFTGd LAl > Flet g i@

BrERESFAL ?ﬁﬁhm®°°ifwﬁﬁﬁwwﬁﬁ S AR
&@%ﬂii ¢ 25 RA YT E T nE > A E R BT o F]L b2
BB e g @ B A S IR R 2 A e

12A%EY

2

B R R SR TR R AR i G 0 R
Bl m R s % i Al L[72] et e B f R
Bk Sufo e B AP 3 i BoF A e PR Bawes f2 - M enR AR
FANBRER DRI AN o NERBADG N > TR F R
%Eﬁ%ﬂmﬁkﬁﬂ%%mii =59 - T AN AP RETF
AR I B Y o RED S R AR g RRY R Mo T
B eREANE TR ERNFTREERE Y L P
_-%f; °

1@ ok

&

CRPEE RIS T SRS R R A XSS
‘”i#?mtﬁ"@Fkié%ﬁﬁfﬁﬁﬁﬁimkpm’
¥ &

APV aE e e R ] B A R R
ST gl - 3 A A

81



10.

11.

12.

\\\?{r

3

Kitano, H., Systems biology: a brief overview. Science, 2002.
295(5560): p. 1662-4.

Griggs, D.W. and M. Johnston, Regulated expression of the GAL4
activator gene in yeast provides a sensitive genetic switch for glu-
cose repression. Proc Natl Acad Sci U SA, 1991. 83(19): p.
8597-601.

Natargjan, K., et a., Transcriptional profiling shows that Gendp isa
master regulator of gene expression during amino acid starvation in
yeast. Mol Cell Biol, 2001. 21(13): p. 4347-68.

Oh, M.K. and J.C. Liao, Gene expression profiling by DNA micro-
arrays and metabolic fluxes in Escherichia coli. Biotechnol Prog,
2000. 16(2): p. 278-86.

Quan, JA., et a., Regulation oficarbon.utilization by sulfur availa-
bility in Escherichia cali-and Salmonella typhimurium. Microbiolo-
gy, 2002. 148(Pt 1): p. 123-31L.

Yeang, C.H. and M. Vingron, Ajoint:model of regulatory and me-
tabolic networks. BMC Bioinformatics, 2006. 7: p. 332.

Michal, G., Biochemical pathways : an atlas of biochemistry and
molecular biology. 1998, New York: John Wiley. xi.

Kanehisa, M., et al., The KEGG databases at GenomeNet. Nucleic
Acids Res, 2002. 30(1): p. 42-6.

Joshi-Tope, G., et a., Reactome: a knowledgebase of biological
pathways. Nucleic Acids Res, 2005. 33(Database issue): p.
D428-32.

Forster, J., et a., Genome-scal e reconstruction of the Saccharomyc-
es cerevisiae metabolic network. Genome Res, 2003. 13(2): p.
244-53.

Nolan, R.P, A.P. Fenley, and K. Lee, Identification of distributed
metabolic objectives in the hypermetabolic liver by flux and energy
balance analysis. Metab Eng, 2006. 8(1): p. 30-45.

Herrgard, M.J., et a., Integrated analysis of regulatory and meta-

82



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

bolic networks reveals novel regulatory mechanisms in Saccharo-
myces cerevisiae. Genome Res, 2006. 16(5): p. 627-35.

Savageau, M.A., Biochemical systems analysis. 3. Dynamic solu-
tions using a power-law approximation. J Theor Biol, 1970. 26(2): p.
215-26.

Alvarez-Vasguez, F., et al., Smulation and validation of modelled
sphingolipid metabolism in Saccharomyces cerevisiae. Nature, 2005.
433(7024): p. 425-30.

Salter, M., R.G. Knowles, and C.1. Pogson, Metabolic control. Es-
says Biochem, 1994. 28: p. 1-12.

Varma, A. and B.O. Palsson, Soichiometric flux balance models
guantitatively predict growth and metabolic by-product secretion in
wild-type Escherichia coli W3110. Appl Environ Microbiol, 1994.
60(10): p. 3724-31.

Schuster, S., T. Dandekar, and D.A. Fell, Detection of elementary
flux modes in biochemical networks: a promising tool for pathway
analysis and metaboli¢ engineering. . Trends Biotechnol, 1999. 17(2):
p. 53-60.

Schilling, C.H., D. Letscher, and'B.O. Palsson, Theory for the sys-
temic definition of metabolic pathways and their use in interpreting
metabolic function from a pathway-oriented per spective. J Theor
Biol, 2000. 203(3): p. 229-48.

Beard, D.A., S.D. Liang, and H. Qian, Energy balance for analysis
of complex metabolic networks. Biophys J, 2002. 83(1): p. 79-86.
Reed, J.L., et a., An expanded genome-scale model of Escherichia
coli K-12 (iJR904 GSM/GPR). Genome Biol, 2003. 4(9): p. R54.
Kuepfer, L., U. Sauer, and L.M. Blank, Metabolic functions of dup-
licate genes in Saccharomyces cerevisiae. Genome Res, 2005.
15(10): p. 1421-30.

Westerhoff, H.V. and B.O. Palsson, The evolution of molecular bi-
ology into systems biology. Nat Biotechnol, 2004. 22(10): p.
1249-52.

Voit, E.O., Utility of Biochemical Systems Theory for the analysis of
metabolic effects from low-dose chemical exposure. Risk Anal, 2000.

20(3): p. 393-402.
83



24,

25.

26.

27.

28.

29.

30.

31

32.

33.

35.

36.

Chou, I.C., H. Martens, and E.O. Voit, Parameter estimation in bi-
ochemical systems models with alternating regression. Theor Biol
Med Model, 2006. 3: p. 25.

Heinrich, R.a.S,, S., The regulation of cellular systems. 1996:
Chapman & Hall.

Klipp, E., Herwig, R, Kowald, A, Wierling, C, and Lehrach, H, Sys-
tems biology in practice. Concepts, implementation, and application.
2005, Weinheim: Wiley-VCH.

Alfieri, R., et a., A data integration approach for cell cycle analysis
oriented to model simulation in systems biology. BMC Syst Bial,
2007. 1: p. 35.

Steuer, R., et a., Sructural kinetic modeling of metabolic networks.
Proceedings of the National Academy of Sciences of the United
States of America, 2006. 103(32): p. 11868-11873.

Brown, K.S. and J.P. Sethna, Satistical mechanical approaches to
models with many poor ly known parameters. Phys Rev E Stat Non-
lin Soft Matter Phys, 2003.-68(2 Pt 1): p. 021904.

Liebermeister, W. and E. Klipp; Biochemical networks with uncer-
tain parameters. Syst Biol: (Stevenage), 2005. 152(3): p. 97-107.
Schwartz, J.M. and M. Kanehisa, Quantitative elementary mode
analysis of metabolic pathways: the example of yeast glycolysis.
BMC Bioinformatics, 2006. 7: p. 186.

Goldberg, R.N., Y.B. Tewari, and T.N. Bhat, Ther modynamics of
enzyme-catalyzed reactions--a database for quantitative biochemi-
stry. Bioinformatics, 2004. 20(16): p. 2874-7.

Schomburg, 1., et al., BRENDA, the enzyme database: updates and
major new developments. Nucleic Acids Res, 2004. 32(Database
issue): p. D431-3.

Liebermeister, W. and E. Klipp, Bringing metabolic networks to life:
integration of kinetic, metabolic, and proteomic data. Theor Biol
Med Model, 2006. 3: p. 42.

Liebermeister, W. and E. Klipp, Bringing metabolic networks to life:
convenience rate law and thermodynamic constraints. Theor Biol
Med Model, 2006. 3: p. 41.

Ren, Z. and S.B. Pope, Reduced description of complex dynamicsin
84



37.

38.

39.

40.

41.

42.

45.

46.

47.

reactive systems. J Phys Chem A, 2007. 111(34): p. 8464-74.
Maskow, T. and U. von Stockar, How reliable are thermodynamic
feasibility statements of biochemical pathways? Biotechnol Bioeng,
2005. 92(2): p. 223-30.

Shaik, O.S,, et a., Derivation of a quantitative minimal model from
a detailed elementary-step mechanism supported by mathematical
coupling analysis. J Chem Phys, 2005. 123(23): p. 234103.

Gorban, A.N., I.V. Karlin, and A.Y. Zinovyev, Invariant grids for
reaction kinetics. Physica a-Statistical Mechanics and Its Applica-
tions, 2004. 333: p. 106-154.

Okino, M.S. and M.L. Mavrovouniotis, Smplification of Mathe-
matical Models of Chemical Reaction Systems. Chem Rev, 1998.
98(2): p. 391-408.

Zayer, A., U. Riedel, and J. Warnatz, A hybrid genetic algorithm
approach to calculating chemical equilibrium and detonation pa-
rametersin condensed energetic materials. Combustion Theory and
Modelling, 2006. 10(5): p.-799-813.

Jarungthammachote, S. and A. Dutta, Equilibrium modeling of gasi-
fication: Gibbs free energy minimization approach and its applica-
tion to spouted bed and spout-fluidbed gasifiers. Energy Conver-
sion and Management, 2008. 49(6): p. 1345-1356.

Qian, H. and D.A. Beard, Thermodynamics of stoichiometric bio-
chemical networks in living systems far from equilibrium. Biophys
Chem, 2005. 114(2-3): p. 213-20.

Vinnakota, K., M.L. Kemp, and M.J. Kushmerick, Dynamics of
muscle glycogenolysis modeled with pH time cour se computation
and pH-dependent reaction equilibria and enzyme kinetics. Biophys
J, 2006. 91(4): p. 1264-87.

Srividhya, J., et al., Reconstructing biochemical pathways from time
course data. Proteomics, 2007. 7(6): p. 828-838.

Ho, S.Y., L.S. Shu, and J.H. Chen, Intelligent evolutionary algo-
rithms for large parameter optimization problems. |eee Transactions
on Evolutionary Computation, 2004. 8(6): p. 522-541.

Scopes, R.K., Sudies with a reconstituted muscle glycolytic system.

The rate and extent of creatine phosphorylation by anaerobic gly-
85



48.

49.

50.

51.

52.

53.

55.

56.

57.

58.

59.

60.

colysis. Biochem J, 1973. 134(1): p. 197-208.

Stephanopoulos, G., H. Alper, and J. Moxley, Exploiting biological
complexity for strain improvement through systems biology. Nature
Biotechnology, 2004. 22(10): p. 1261-1267.

Beard, D.A., et a., Thermodynamic constraints for biochemical
networks. J Theor Biol, 2004. 228(3): p. 327-33.

Beard, D.A. and H. Qian, Thermodynamic-based computational
profiling of cellular regulatory control in hepatocyte metabolism.
Am J Physiol Endocrinol Metab, 2005. 288(3): p. E633-44.

Ederer, M. and E.D. Gilles, Thermodynamically feasible kinetic
models of reaction networks. Biophys J, 2007. 92(6): p. 1846-57.
Henry, C.S., L.J. Broadbelt, and V. Hatzimanikatis, Ther modynam-
ics-based metabolic flux analysis. Biophys J, 2007. 92(5): p.
1792-805.

Qian, H., D.A. Beard, and S.D., Liang, Stoichiometric network
theory for nonequilibriumbiochemical systems. Eur J Biochem,
2003. 270(3): p. 415-21.

Alberty, R.A., Sandard transformed Gibbs energies of coenzyme A
derivatives as functions of pH and:ionic strength. Biophys Chem,
2003. 104(1): p. 327-34.

Lambeth, M.J. and M.J. Kushmerick, A computational model for
glycogenolysis in skeletal muscle. Ann Biomed Eng, 2002. 30(6): p.
808-27.

Alberty, R.A., Thermodynamics of Biochemical Reactions. 2003,
Hoboken: John Wiley and Sons.

Cornish-Bowden, A., Fundamentals of enzyme kinetics. 3rd ed.
2004, London: Portland Press. xvi.

Goldberg, R.N. and Y.B. Tewari, Thermodynamics of the dispropor-
tionation of adenosine 5'-diphosphate to adenosine 5'-triphosphate
and adenosine 5'-monophosphate I. Equilibrium model. Biophys
Chem, 1991. 40(3): p. 241-61.

Smith, W.R. and R.W. Missen, Chemical reaction equilibrium anal-
ysis : theory and algorithms. 1982, New York: Wiley. xvi.

Smith, JM., H.C. Van Ness, and M.M. Abbott, Introduction to

chemical engineering thermodynamics. 7th ed. McGraw-Hill chem-
86



61.

62.

63.

65.

66.

67.

68.

69.

70.

71.

12.

ical engineering series. 2005, Boston: McGraw-Hill. xviii.

Segel, 1.H., Enzyme kinetics : behavior and analysis of rapid equi-
librium and steady-state enzyme systems. Wiley classics library ed.
1993, New York: John Wiley & Sons. xxii.

Cornish-Bowden, A., Fundamentals of enzyme kinetics. Rev. ed.
1995, London: Portland Press. xiii.

Matsubara, Y., et al., Parameter estimation for stiff equations of
biosystems using radial basis function networks. BMC Bioinfor-
matics, 2006. 7: p. 230.

Arnold, H. and D. Pette, Binding of glycolytic enzymes to structure
proteins of the muscle. Eur J Biochem, 1968. 6(2): p. 163-71.
Cheetham, M.E., et al., Human muscle metabolism during sprint
running. JAppl Physiol, 1986. 61(1): p. 54-60.

Harris, R.C., E. Hultman, and L.O. Nordesjo, Glycogen, glycolytic
intermediates and high-energy phosphates determined in biopsy
samples of musculus quadriceps femoris of man at rest. Methods
and variance of values. Scand-J Clin.Lab Invest, 1974. 33(2): p.
109-20.

Sahlin, K., NADH in human skeletal muscle during short-termin-
tense exercise. Pflugers Arch, 1985.403(2): p. 193-6.

Taguchi, G.i., S. Konishi, and American Supplier Institute., Ortho-
gonal arrays and linear graphs : tools for quality engineering. 1987,
Dearborn, Mich.: American Supplier Institute. vii.

Richard, P, et al., Sustained oscillations in free-energy state and
hexose phosphates in yeast. Yeast, 1996. 12(8): p. 731-40.

Ishii, N., et al., Dynamic simulation of an in vitro multi-enzyme sys-
tem. FEBS Lett, 2007. 581(3): p. 413-20.

Dash, R.K., et a., Modeling cellular metabolism and energeticsin
skeletal muscle: large-scale parameter estimation and sensitivity
analysis. |IEEE Trans Biomed Eng, 2008. 55(4): p. 1298-318.
Rodriguez-Fernandez, M., P. Mendes, and J.R. Banga, A hybrid ap-
proach for efficient and robust parameter estimation in biochemical
pathways. Biosystems, 2006. 83(2-3): p. 248-65.

87



73. Yang, J, et a., Kinetic Monte Carlo method for rule-based model-
ing of biochemical networks. Phys Rev E Stat Nonlin Soft Matter
Phys, 2008. 78(3 Pt 1): p. 031910.

88



ot

2T K A [44]

Reference species  AG° Nig) pKa;  AH(I=0)  pKa, pKay, AH(I=0) pKax AH(I=0)
G1P* -1756.87 11  6.09 -17 248 -12
G6P* 176394 11  6.11
F6P* 17608 11  5.89
FDP* 26014 10 64 592 2.7
G3P* 133925 5 622 -31 1.63
DHAP* -1296.26 5 5.9 1.57
GAP* -1288.6 5 645
13DPG* -2356.14 4 75
3PG* 150254 4 621
2PG* -1496.38 4 7 2.45 1.18
PEP* 126365 2 635 2.26 1.08
PYR -472.27 3 249
LAC -516.72 5 367 -0.33 0.98
HPi# -1096.1 1 675 3 165 -29 05
IMP? Notavail. 11 634 -2 1.67
AMP* 104045 12 629 -3 1.92 -75
ADP* -1906.13 12 638 -3 325 -15 1
ATP* 27681 12 648 -5 419 -18 117 -1
HPCr* Not avail. 9 45 266 1.6 819 031
HCr° Notavail. 8  2.63

Glycogen(n) 0 On+1 -
Glycogen(n-1) 679.1 O(n-1)+1 -
NAD 0 26 -
NADH? 22.65 27 -

H* 0 1 -
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