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Section II. Systems and programs 

A Macintosh software package for simulation 
of human red blood cell metabolism 

I-Der Lee and Bernhard O. Palsson 

Cellular Biotechnology Laboratory, Department of Chemical Engineering, University of Michigan, Ann Arbor, MI, USA 

We have developed a computer software package for Macintosh to simulate the metabolism and hemoglobin binding 
affinity of human red blood cell. The model is capable of simulating hemoglobin binding of ligands, metabolite 
concentrations, and metabolic fluxes at physiological steady state and in response to extracellular parameter 
variations, such as pH, osmolarity, glucose, and adenine concentrations. The kinetic parameters of enzymes, 
extracellular conditions, and initial intracellular metabolite concentrations can be specified by the user in order to 
model a particular situation. The software is use friendly, utilizing menu, window, and mouse to interact with the 
user. It also provides a pathway map of the red cell, which allows a direct access to enzyme kinetics by clicking the 
enzymes in the map. 

Metabolic model; Human erythrocyte; Erythrocyte metabolism 

I. Introduction 

Red blood cells have been subjected to inten- 
sive studies due to their vital functions in human 
body. The basic physiological function of the red 
cell is to deliver oxygen and carbon dioxide be- 
tween the lungs and tissues. The metabolism of 
the red cell is thus designed to regulate the 
hemoglobin binding affinity with the two gases 
and maintain the viability of the cell. The most 
important metabolites involved in the red cell 
functions are 23DPG and ATP, concentrations of 
which can be sufficiently supplied and regulated 
by glycolysis, pentose pathway, and nucleotide 
synthesis processes that constitute the red cell 
metabolism. 

Correspondence: Bernhard O. Palsson, Cellular Biotechnology 
Laboratory, Department of Chemical Engineering, University 
of Michigan, Ann Arbor, MI 48109-2136, USA. 

A large body of experimental data have been 
accumulated for the last three decades, providing 
detailed information about individual enzymes in 
the red cell. Efforts in collecting these informa- 
tion and organizing them into quantitative mod- 
els for red cell metabolic pathways began in the 
early 1970s [1]. Several metabolic models for the 
red cell have since been developed, which mainly 
consider glycolysis and pentose pathway [1-9]. 
However, there was a lack of a comprehensive 
metabolic model which can be used to analyze 
the red cell metabolism as a whole living cell. 

We thus set out to construct a full model for 
the red ceil, which account for glycolysis, pentose 
pathway, nucleotide synthesis, cation transports, 
magnesium complexation, pH dependence of en- 
zymes, hemoglobin binding, electroneutrality, and 
osmotic balance [10-12]. This model considers all 
major metabolic reactions, interaction between 
intracellular metabolism with extracellular per- 
turbation, regulation of hemoglobin binding by its 
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ligands, and pH dependence of enzyme kinetics. 
We have verified the model calculation against 
literature experimental data; the model can pre- 
dict the physiological steady state of red cell 
metabolism [11] and dynamic response of the red 
cell to an extracellular pH perturbation [12]. 

A software package that simulates the red cell 
metabolic model has been writen for Apple Mac- 
intosh, utilizing the friendly operating system of 
the computer to interact with users. The package 
allows the user to change kinetic parameters for 
enzymes, to calculate steady state metabolite con- 
centrations and fluxes, dynamic response of the 
cell to extracellular perturbations, variation of 
each enzyme activity as functions of extra- and 
intracellular conditions, and hemoglobin binding 
curves of ligands. 

This paper will describe the basic features of 
the mathematical model, the structure of the 

program, and the capability of the simulator, and 
finally provide several sample calculations. 

2. C o m p u t a t i o n a l  methods  and theory 

The red cell metabolic model accounts for 33 
metabolites, 41 enzymatic reactions, 2 physico- 
chemical constraints, and several chemical equi- 
librium reactions, which are individually calcu- 
lated in separated subroutines. The model con- 
tains 33 ordinary differential equations with 33 
metabolites concentrations as dependent vari- 
ables. The kinetic rate laws and equations used to 
describe metabolic reactions, cofactor balances, 
membrane transport, osmotic balance, elec- 
troneutrality, Mg complex balance, and hemoglo- 
bin binding in the red cell are described as fol- 
lows. 
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Fig. 1. The mathematical model of human red cell metabolism. 
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2.1. Metabofic reactions 

The equations that describe the transient 
changes in metabolite concentrations are simply 
dynamic mass balances. The change in amount  of 
a substance per cell per unit time is given by the 
sum of all the synthetic rates minus the sum of all 
degradation rates (see Fig. 1): 

n 

dVCi = V E b'ijuf~y- V PikUdik (1) 
dt j =  1 k =  1 

where C i is the concentration of variable i; Ufo is 

TABLE 1 

Red cell intermediates and their abbreviations 

Abbreviation Metabolic intermediates 

G6P Glucose 6-phosphate 
F6P Fructose 6-phosphate 
FDP Fructose 1,6-diphosphate 
DHAP Dibydroxyacetone phosphate 
GA3P Glyceraldehyde 3-phosphate 
3PG 3-phosphoglycerate 
2PG 2-phosphoglycerate 
PEP Phosphoenolpyruvate 
PYR Pyruvate 
LAC Lactate 
1 , 3 D P G  1,3-Diphosphoglycerate 
2,3DPG 2,3-Diphosphoglycerate 
NAD Nicotinamide adenine dinucleotide 
ATP Adenosine tri-phosphate 
ADP Adenosine di-phosphate 
AMP Adenosine mono-phosphate 
ADO Adenosine 
ADE Adenine 
GL6P 6-Phosphoglucono-6-1actone 
GO6P 6-Phosphogluconate 
NADP Nicotinamide adenine phosphate 
GSH Glutathione 
RU5P Ribulose 5-phosphate 
R5P Ribose 5-phosphate 
X5P Xylulose 5-phosphate 
S7P Sedoheptulose 5-phosphate 
E4P Erythrose 4-phosphate 
PRPP 5-phosphoribosyl-l-pyrophosphate 
IMP Inosine mono-phosphate 
INO Inosine 
HX Hypoxanthine 
RIP Ribose 1-phosphate 
K Potassium 
Na Sodium 
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the j th  synthetic rate of concentration variable i, 
and vdi ~ is the k th degradation rate of concentra- 
tion variable i (the v's represent volumetric reac- 
tion rates). The volume of the cell is represented 
by V and time by t. The stochiometric coeffi- 

TABLE 2 

Red cell metabolic enzymes and their abbreviations 

Abbreviation Enzymes 

HK 
PGI 
PFK 
ALD 
TPI 
GAPDH 
PGK 
DPGM 
DPGase 
PGM 
EN 
PK 
LDH 
PYRex 
LACex 

AMPase 
ADA 
AK 
ApK 
AMPDA 
ATPase 
AdPRT 

G6PDH 
6PGL 
6PGLDH 
GSSGR 
GSH 
R5P-I 
Xu5P-I 
TKI 
TKII 
TA 

IMPase 
PNPase 
PRM 
PRPPsyn 
HGPRT 
'HXex 
LeakK 
LeakNa 
Pump 

Hexokinase 
Phosphoglucoisomerase 
Phosphofructokinase 
Aldolase 
Triose phosphate isomerase 
Glyceraldehyde phosphate dehydrogenase 
Phosphoglycerate kinase 
Diphosphoglycerate mutase 
Diphosphoglycerate phosphatase 
Phosphoglyceromutase 
Enolase 
Pyruvate kinase 
Lactate dehydrogenase 
Pyruvate export 
Lactate export 

Adenosine monophosphate phosphohydrolase 
Adenosine deaminase 
Adenosine kinase 
Adenylate kinase 
Adenosine monophosphate deaminase 
Adenosine triphosphate phosphohydrolase 
Adenine phosphoribosyl transferase 

Glucose-6-phosphate dehydrogenase 
6-Phosphogluconolactonase 
6-Phosphogluconate dehydrogenase 
Glutathione reductase 
Glutathione oxidase 
Ribose-5-phosphate isomerase 
Xylulose-5-phosphate epimerase 
Transketolase 
Transketolase 
Transaldolase 

Inosine monophosphatase 
Purine nucleoside phosphorylase 
Phosphoribomutase 
Phosphoribosyl pyrophosphate synthetase 
Hypoxanthine-guanine phosphoryl transferase 
Hypoxanthine export 
Leak of potassium out of the red cell 
Leak of sodium out of the red cell 
Sodium/potassium pump 
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TABLE 3 

The rate expressions used to describe the irreversible reactions in red cell glycolysis 

The unit for a concentration is mM, and the unit for a reaction rate is m M / h .  The references shown are for the pH dependence of 
kinetic constants. For the kinetic expressions, see [11]. 

Enzyme Rate expression Parameter values 

Hexokinase 
(Schauer, 1981) 

Phosphofuctokinase 

(Schauer, 1981) 

Pyryvate kinase 

(Kilinc, 1984) 

Aldolase 

1 [ Glc MgATP Glc MgATP Mg 
U = - -  ~ U 1 + V 2 

N KMgATP,GI c KMgAT v KMgATP,GI c KMgAT P KM~---TP,Mg 

Glc [ Glc ] MgATP [ Glc ~ Mg 

) 1 + - -  - -  
N = I + - - + , I +  - - + ~  KGIc ) KMg KGIc ~ KMgATP.GIc KMgATP 

+ 1+ + 1+ 
KMgATP,GIc KMe, ATP KGLC J KMg 

( [  Glc ~ G6P ] ( M g )  
+ / 1 +  - - / - -  +1.55 I + - -  

KGIc ] KGIc,G6P KMg 

( 1 +  GIc ]/2,3DPG/__+ Mg 2,3DPG ) 
+ 

Kcl c ] I K2,3DPG KMg KMg,2,3DP G 
7.5095 

Vx = H K 2 
I + - - - - -  

K~ H 

V 2 = 2,1187V 1 

V m F6P MgATP 

N KF6 P + F6P KNgAT P + MgATP 

(1 + A T P / K A T p ) 4 (  1 + M g / K N g )  4 
N = I + L  

(1 + AMP/KAMp)4(1 + F6P/KF6p)  4 
KAT P = eKI+K2 PH 

V m MgADP PEP 
v = - -  

N KMGAD P + MgADP KpE P + PEP 

(1 + ATP/KATP) 4 
N = I + L  

(1 + PEP/KpEp)4(1  + FDP/KFDP)  4 

V m = 250 - 75.75 (pH - 7.2) when pH >/7.2 
V m = 250 + 94.67 (pH - 7.2) when pH >t 7.2 

( N I A -  N2PQ)ET 

D 1 + D 2 A +  D3P + D4Q + DsAP + D6PQ 
where A = FDP, P = GAP, Q = DHAP 

KMgATP,GI c = 0.051 

KMgAT P = 1.13 

KMgATP,Mg = 1.14 

KGI c = 0.04 

KGIc,G6 P = 0.069 

KMg = 1.03 

K2,3DPG = 2.7 
KM.g,2,3DP G = 3.44 
K 1 = 2.2718" 10 -4 
K 2 = 4.60" 10 -6  

V m = 250 

KF6 P = 0. l 

KMgAT P = 0.068 
K AM v = 0.033 
KMg = 0.44 
L = 1.072' 10- 3 
K t = 6.96644 
K 2 = 0.32796 

KAD P = 0.474 

KpE v = 0.225 

KAT P = 3.39 
KFD P = 0.005 
L = 19 

ET = 0.37.10 -3 

Keq = 0.081 



TABLE 3 (continued) 
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Aldolase 

N l = K 1 K 3 K  5 

N~ 

N 2 = K ~  

D l = K 5 (K3 + K 2) 
D e = K 1 (K3 + K 5) 

D 3 = K 2 K  4 

D 4 = K 6 ( g3  + K 2) 

D 5 = K 1 K  4 

D 6 = K a K  6 

K 1 = 3.85" 107 

K 2 = 8.388" 105 

K 3 = 6.84-106 
K 4 = 4.032.107 

K 5 = 2.52" 105 

K 6 = 23.076.106 

cients for the synthesis and degradation rates are 
given by Vii and uik, respectively. 

The number of concentration variables in the 
red cell mode, n, is 33 (Table 1) and the number 
of reaction rates, m, is 41 (Table 2). The kinetic 

rate expression for the 41 enzymatic reactions in 
glycolysis, 23DPG bypass, equilibrium reactions, 
pentose pathway, glutathione metabolism, nu- 
cleotide synthesis, and membrane transport are 
given in Tables 3-10. These information about 

TABLE 4 

The equil ibrium constants for the reversible reactions considered in this model [11] 

The unit for a concentration is mM. 

Enzyme Equilibrium expression Constant 

F6P 
PGI KpGI = G6P 

DHAP 
TPI KTPI GAP 

1,3DPG N A D H  H 

G A P D H  KGAPDH = P GAP NAD 

3PG ATP 
PGK KpG K 

ADP 1,3DPG 
Kpg k = K I + KIMg 0"46 

3PG 
PGM KpGM = 2PG 

PEP 
EN KEN = 2PG 

LAC NAD 

LDH KLDH PYR N A D H  H 

ATP AMP 
AdK KAd K ADp2 

0.23(Mg + K 1 ) (Mg + K2) 
KAd K = 

(Mg + K 2)2 

R5P 
PRM KpRM = R1--P 

HX R1P 
PNPase KpNPase P INO 

KpG I = 0.41 

KTp I = 22.0 

KGAPD H = 1.1294" 10 ~ 

K I = 25 

K 2 = 3 575 

KpG M = 6.8 

KEN = 0.59 

Kt.DH = 7.075" 105 

K 1 = 0.081 

K z = 0.81 

K 3 = 22.2 

KpR M = 13.30 

Kr, NPas e = 0.09 
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enzyme kinetics are described in detail in the 
individual papers cited and summarized in [10- 
12]. 

The kinetics of metabolic pathways are cou- 
pled to several constraints: cofactor conservation, 
osmotic balance, electroneutrality, hemoglobin 
binding, magnesium complexation, and pH sensi- 
tivity of metabolic enzymes. Thus, the complete 
kinetic description consists of a combination of 
set of differential-algebraic equations, which have 
to be solved simultaneously to represent the 
metabolic state of the cell. 

2.2. Cofactor balances 

The model assumes that the total amount of 
the cofactors of redox metabolism are conserved. 
The conservation equations for these cofactors 
can be written as: 

N T = N A D  + + N A D H  (2) 

N P  T + N A D P +  + N A D P H  (3) 

GT = 2 G S S G  + G S H  (4) 

In these expressions, NADH and NADPH cor- 
respond to one stoichiometric redox of hydrogen 
equivalent of the system whereas GSH corre- 
sponds to 1/2 hydrogen equivalent only. 

2.3. Membrane transport 

Membrane transport of glucose, adenine, wa- 
ter, sodium, potassium, pyruvate, lactate, hydro- 
gen, chloride, and bicarbonate ions is considered 
in the red cell model (Fig. 2). Water has the 
highest transport rate, glucose and adenine trans- 
port is slower, chloride, bicarbonate, and hydro- 
gen ions are even slower, and the time constants 
for the transport of sodium, potassium, pyruvate, 
and lactate ions are longer than those for other 
compounds. Only the transport of sodium, potas- 
sium, pyruvate, and lactate, is expressed in terms 
of rate equations (Table 10); all other transport is 
assumed to be at thermodynamic equilibrium 
across the cell membrane. 

The function of chloride, bicarbonate, and hy- 
drogen ions transport is to neutralize electrical 
charges inside and outside the cell, whereas water 
transport balances the osmotic pressure across 
the membrane. Glucose and adenine are taken 
up by the cell at such a fast rate that their intra- 
and extracellular concentrations are assumed to 
be the same. Sodium and potassium ions traverse 
the cell membrane via a sodium/potassium 
pump, and passive and facilitated fluxes. The 
pump utilizes metabolic energy, in term of ATP, 
to transport sodium and potassium ions against 
their concentration gradients across the mem- 
brane. On the other hand, the driving force for 

TABLE 5 

The rate expressions used to describe the kinetics of the reactions in the 2,3DPG bypass 

The unit for a concentrat ion is mM, and the unit  for a reaction rate is m M / h .  The references shown are for the pH dependence of 

kinetic constants. For the kinetic expressions, see [11]. 

Enzyme Rate expression Parameter  values 

DPG mutase 
(Werner, 1985) 

2,3DPG phosphatase 
(Rapoport ,  1977) 

1,3DPG 

u = KDPGM 1 + 2,3DPG/K2,3Dv~ K2,3DPG = 0.04 

KDPGM = k 0 e KI+KEPH ' if pH > 6.85 K o = 2.75" 105 

KDPGM = 0, if pH < 6.85 K 1 = 19.367 
K 2 = 2.828 

Vm 2,3DPG 
v = V m = 0.52 

K2,3DPG + 2,3DPG 

K2,3DPG = 0,5028 e K1 +K2PH K 1 = 8.0287 

K 2 = 0.98217 
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TABLE 6 

The rate expressions used to describe the kinetics of the oxidative reactions in the pentose pathway 

The unit for a concentration is mM, and the unit for a reaction rate is m M / h .  The references shown are for the pH dependence of 
kinetic constants. Kinetic expressions are given in [11]. 

Enzyme Rate expression Parameter values 

G6P dehydrogenase 

(Soldin, 1968) 

6-Phosphoglucono- 
lactonase 

GL6P dehydrogenase 
(Pearse, 1974) 

E ,  
L, = - - ~ ( N 1 A B  - N z P  Q )  

D = Dt + ( D 2 A +  D3B+ D4P+ DsQ).  10 -3 
+ ( D 6 A B +  D7AP+ D s B Q +  D9PQ)" 10 -6 
+ (D~oABP + DIIBPQ)" l0 -9 

where A =  N A D P ;  B = G 6 P ;  P = G L 6 P ;  Q = N A D P H  

4187.16.10 3 
N1 = K I  K 3 K s K 7 K 9  H 

I + - -  
K 

4187.16.10 3 
N2 = K 2 K 4 K 6 K s K I °  H 

I + - -  
K 

D 1 = K 2 K  9 (KaK6 + K 4 K  7 + K5K 7) 
D 2 = K I K  9 (KaK 6 + K 4 K  7 + KsK 7) 
D 3 = K 3 K 5 K T K  9 

D 4 = K 2 K 4 K 6 K 8  

D s = K 2 K l o  (K4K6 + K 4 K  7 + KsK 7) 
D 6 = K I K  3 (KsK7 + K s K  9 + K 6 K  9 + K7K 9) 
D 7 = K I K 4 K 6 K  8 

D 8 = K 3 K s K 7 K l o  

D 9 = K s K l o  ( K 2 K 4  + K 2 K  5 + K 2 K  6 + KaK 6) 
DIo = K I K 2 K  8 (Ks + K 6) 
D l l  = K 3 K s K l o  (Ks + g 6) 

VmGL6P 
u 

K o ~  v + GL6P 

v = ~-L(NIAB- N2PQR) 

D = D I + ( D 2 A +  D3B+ D4P+ DsR) '10  -3 

+(D6AB + DTAP+ D s B R +  DgPQ) 
+ ( D l o P  R + DllQR)" 10 -6 
+ (DlzABP + D ~ 3 A B Q  + DIaAPQ) 
+ (D15BQR + D16PQR)" 10- 9 
+(D17ABPQ+ DI8BPQR)'10 12 

where A = NADP; B = GL6P; P = CO2; Q = R5P; R = NADPH 
N 1 = K 1 K 3 K s K T K 9 K l 1 3 8 . 7 0 6 5 . 1 0  -3 ( K  a - K b H  + K c H  2) 

N 2 ~ K 2 K 4 K 6 K 8 K I o K 1 2 3 8 . 7 0 6 5 . 1 0  -6 (K , ,  - K b H  + K , . H  2) 

D 1 = K 2 K 9 K l l  (K4K6 + K 4 K  7 + KsK 7) 
D 2 = K I K 9 K l l  (KgK6 + K 4 K 7  + K s K  7) 

D 3 = K 3 K 5 K 7 K 9 K l l  

D 4 = K 2 K 4 K 6 K 8 K 1 1  

D 5 = K 2 K 9 K 1 2  ( K 4 K 6  + K 4 K 7  + KsK 7) 
D 6 = K 1 K  3 ( K s K 9 K H  + K 6 K 9 K l l  + K T K 9 K l l  

+ K s K 7 K  9 + K s K 7 K I 1 )  

D 7 ~ K 1 K n K 6 K s K l l  

D 8 = K 3 K s K T K 9 K I 2  

D 9 = K 2 K a K 6 K 8 K I o  

E t = 93'1(I ~ 

K =  3.867"10 -4 
K 1 = 1.1.10 s 
K 2 = 0.87.103 
K 3 = 0.26.108 

K 4 = 0.30.103 

K 5 = 0.75.103 

K 6 = 2" 103 

K 7 = 220" 10 ~ 
K 8 = 11" 108 
K 9 = 10' 103 
Klo = 14' 10 s 

V M = 9.93 

KGL6P = 0.08 

Et = 2.1.10 6 

K~ = 160.84 

K b = 39.173 
K c = 4.1322 
K t = 1.2" 106 
K 2 = 4.1" 102 
K 3 = l '  109 
K 4 = 2.6" 104 
K 5 = 0.48' 102 
g 6 = 0.30' 102 
K 7 = 6.3" 102 
K 8 = 0.036" 106 
K 9 = 8.0" 102 
Klo = 0.45.106 

KII = 3.102 

KI2 = 9.9" 106 
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TABLE 6 (continued) 

Enzyme Rate expression Parameter values 

DlO = K2K4K6K8KI2 
Dll = K2KloK~2 (K4K6 + K4K 7 + KsK 7) 
DI2 = KIK3KsK1L (Ks + K 6) 
DI3 = K1K3K5K7Klo 
D14 = KIK4K6K8Klo 
D15 = K3KsKTK10KI2 
D16 = KsK10K12 (KzK4 + K2K 5 + K2K 6 + KaK 6) 
D17 = KIK3KsKlo (Ks + K 6) 
Dis = K3KsKloK12 (Ks + K 6) 

the passive and facilitated fluxes is the concentra- 
tion gradient. The steady state concentrations of 
both ions are the result of a balance between the 
pump, and the passive and facilitated fluxes. 

2.4. Osmotic balance 

Osmotic pressure is balanced across the mem- 
brane according to the following equations [10]: 

and 

I I  i "~- R T  Z t~ijCij ( 6 )  
J 

I I  e = RT E ~ejfej (7) 
J 

where R is the ideal gas constant, T denotes the 
temperature, th represents the osmotic coeffi- 
cient, and C i is the concentration of component 
j. The osmotic pressure balance is satisfied by the 
fast water transport through the membrane. The 
result of the balance also determines the cell 
volume. 

The intracellular osmolarity can be partitioned 
into 4 terms according to the membrane perme- 
ability of substrates and the volume-dependence 
of substrate concentrations: 

Hi = / / 1  + / / 2  + / / 3  + HHb (8) 

where: 
• H t is contributed by slow membrane perme- 

able metabolites and cations, such as G6P, 
FDP, ATP, and Na, of which the rates of 
reaction are expressed in term of ordinary 
differential equations in the simulator. The 
concentrations of substrates included in H z 
vary with the cell volume, since they have 
relatively small membrane permeability. 

• H 2 is contributed by relatively fast membrane 
permeable substrates, such as glucose and ade- 
nine, of which the intracellular concentrations 
can be assumed to be at equilibrium with the 
extracellular concentrations. Therefore, the 
magnitude of /I2 is not a function of cell 
volume, when the external nutrient concentra- 
tions are constant. 

• //3 is contributed by anions, such as C1- and 
CO3, which transport instantaneously through 
the membrane to balance cation transport. 

• //Hb is contributed by hemoglobin molecules. 
The changes in the osmotic coefficient of 
hemoglobin ~bHb as a function of its concentra- 
tion is given by [13]. 

~brr o = 1.0 + 0.0645Hb + 0.0258Hb a (9) 

where the concentration of hemoglobin varies 
with the red cell volume v as Hb = Hb°/V. 

2.5. Electroneutrality 

The law of electrical neutrality of solutions 
applies within and outside the erythrocyte. There 
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TABLE 7 

The rate expressions used to describe the kinetics of the non-oxidative reactions in the pentose pathway 

The unit  for a concentration is raM, and the unit for a reaction rate is m M / h .  The references shown are for the pH dependence of 
kinetic constants.  Kinetic expressions are given in [19]. 

Enzyme Rate expression Parameter  values 

R5PI t, = 

XU5PE v = 

TKI 

TK2 

TA 

Vf(  RU5P - R 5 P / K e q  ) 

K x + R U 5 P +  K 1 / K 2 R 5 P  

Vf(  RU5P - X 5 P / K e q  ) 

K I + R U 5 P +  K l / K  2 × 5 P  

( N 1 A -  N 2 P Q ) E T  

D 1 A +  D 2 B +  D 3 P +  D4Q+ D 5 A B +  D 6 P Q +  D 7 B Q +  D s A P  

w h e r e A = X 5 P ;  B = R 5 P ;  P = G A P ;  Q = S 7 P  

N 1 = K I K a K s K  7 
N1 

D I = K I K  3 ( K 6 + K  7) 
D 2 = K 5 K  7 ( K 2 + K  3) 
D 3 = K 2 K  4 (K6 + g 7) 
D 4 = K 6 K  s (K2 + K 3) 
D 5 = K I K  s ( K 3 + K  7) 
D 6 = K 4 K  s (K2 + K a) 
D7 = KsK8  (K2 + K3) 
D a = K 1 K  4 (K6 + g 7) 

( N ~ A -  N 2 P Q ) E T  

D I A +  D 2 B +  D 3 P +  D a Q +  D s A b +  D 6 P Q +  D 7 B Q +  D s A P  

w h e r e A = X 5 P ;  B = E 4 P ;  P = G A P ;  Q = F 6 P  

N 1 = K I K 3 K s K  7 
NI 

U 2  = " 

D I = K 1 K  3 ( K 6 + K  7) 
D 2 = K s K  7 ( K  2 + K 3) 
D 3 = K 2 K  4 ( K 6 + K  7) 
D 4 = K 6 K  8 (K  2 + K  3) 
D 5 = K I K  5 ( g 3  + K 7) 
D 6 = K 4 K  8 (K2 + g 6) 
D 7 = K s K  8 (Kz  + K 3) 

D 8 = K I K  4 ( K 6 + K  7) 

( N t A -  N 2 P Q ) E T  

D 1 A +  D 2 B +  D 3 P +  D4Q+ D s A B +  D 6 P Q +  D 7 B Q +  D s A P  

w h e r e A = S 7 P ;  B = G A P ;  P = E 4 P ;  Q = F 6 P  

N 1 = K I K 3 K s K  7 
N1 

N2= 
Keq 

Vf = 1702.296 

Keq = 2.57 
K~ = 0.78 
K 2 = 2.2 

Vf = 4 633.56 

Keq = 3.0 
K 1 = 0.19 
K2 = 1.5 

Keq = 1.2 

ET = 0 .33-10-  3 
K 1 = 7.776.105 

K 2 = 1.368.105 

K 3 = 1.224.105 
K 5 = 5,616-105 
K 5 = 11.844.105 
K 6 = 6.3.105 
K 7 = 1.44.105 
K s = 16.128.104 

Keq = 10.3 

ET = 0 .33-10-  3 
K l = 7.776.105 

K z = 1.368.105 

K 3 = 1.224.105 
K4 = 5.616.105 
K 5 = 8.064.105 
K 6 = 6.3' 105 
K 7 = 1.44.105 
K 8 = 7.668.104 

Keq = 1.05 

ET = 0.69"10 3 
K I = 20.88" 105 

K 2 = 1.6308" 105 
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T A B L E  7 (con t inued)  

Enzyme  R a t e  express ion  P a r a m e t e r  va lues  

T A  D 1 = K I K  3 ( K  6 + K7) K 3 = 5.868-104 

D 2 = K s K  7 ( K  z + K 3) K 4 = 3.636" 106 

D 3 = K2K 4 (K6 + K 7) K5 = 17.64.105 

D 4 = K6K 8 ( K  2 + K 3) K 6 = 2.16" 105 

D 5 = K I K  5 ( K  3 + K 7) K 7 = 6.12'  104 

D 6 = K4K s ( K  2 + K6) K 8 = 28.44" 104 

D 7 = K s K  8 (Kz  + K 3) 

D 8 = K 1 K  4 ( K 6 + K  7) 

T A B L E  8 

The  ra te  express ions  used  to descr ibe  the k ine t ics  of  the  reac t ions  of  g lu t a th ione  me tabo l i sm  

The  un i t  for a concen t r a t ion  is mM, and  the  uni t  for a r eac t ion  ra te  is m M / h .  The  re fe rences  shown are  for the  pH d e p e n d e n c e  of  

k ine t i c  constants .  Kinet ic  express ions  are  given in [11]. 

E n z y m e  R a t e  express ion  P a r a m e t e r  va lue  

G S S G r e d u c t a s e  ( N A D P H )  

(Scott ,  1963) 

G S S G r e d u c t a s e  ( N A D H )  

(Scott ,  1963) 

G S H t u r n o v e r  

E .  
v = - ~ ( N I A B -  N2PZQ)  

D = D1 + ( D 2 A +  D 3 B +  D 4 P +  D s Q ) ' 1 0  -3  

+ [ D 6 A B +  D 7 A P +  D s B Q  
+ D9 P2 + ( D 1 0  + DI1)PQ]" 10 -6  

+ [ (Dla  + D l 3 ) A B P  + D14AP 2 
+ D l s B P Q  + D16P2Q] • 10 -9  
+ ( D 1 7 A B p 2  + D l s B p 2 Q ) . 1 0  12 

where  A =  N A D P ,  B = G S S G ,  P = G S H ,  Q = N A D P  

N 1 = K1K3KsK7K9K11 15455.6 ( K  a + KbpH + KcPH 2) 
N a = KzK4K6K8KIoK12 15455.6 ( g  a + KbpH + K c p H  2) 
express ions  for Di ' s  are  the same  as those  

for G L 6 P  d e h y d r o g e n a s e  

U = 

Vm 
Kmd (1 + KigGSSG ) King(1 + K idNADH)  

1 +  + 
N A D H  G S S G  

V m = 0.041 10 -0"66276+0"3991PH w h e n  p H  < 6.12 

V m = 0.041 1041304 0.38221PH w h e n  pH > 6.12 

v = k GSH 
k = 1.1429.10 -3 ( K  l + K 2 P H +  K 3 P H  2) 

~'t = 125" 10 -9  

K a = - 2 880 

K b = 902.33 

K c = - 65.272 
K I = 0 .85 .10  s 
K 2 = 0.51.103 

K 3 = 1 .10  s 

K 4 = 7.2.103 

K 5 = 0.81-103 

K 6 = 1.0.103 

K 7 = 1.0' 106 

K s = 0 .5-10 s 

K 9 = 1.0.106 

K10 = 0 .5 .10  s 

K l l  = 7.0.103 

K12 = 1.108 

Kmd = 0.193 

King = 0.0167 

Kia = 1.5 
gig = 0.141 

K 1 = - 2 880 
K e = 902.33 
K 3 = - 65.272 
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TABLE 9 

The rate expressions used to describe the kinetics of the reactions involved in nucleotide synthesis 

The unit for a concentration is mM, and the unit for a reaction rate is m M / h .  The references shown are for the pH dependence of 

kinetic constants. Kinetic expressions are given in [11]. 

Enzyme Rate  expression Parameter  values 

AMPase 

(Heppel,  1951) 

Adenosine deaminase 

(Daddona, 1977) 

Adenosine kinase 

(Meyskens, 1971) 

AMP deaminase 

ATPase 

(Dunham, 1961) 

AdPRT 

(Thomas, 1973) 

IMPase 

(Heppel, 1951) 

v = k AMP K l = 2.5642"10 -3 
1.6480 

k = H K 2 K 2 = 1.2159"10 -~ 

I + - - + - -  
K~ H 

V M A  
v = K = 0.052 

K + A  
36.348 

Vm H K 2 K1 = 1.995.10 4 

I + K ~ +  ~ -  

K z = 3.162.10 5 

ATP A 
b' = V m KAT P = 0.8 

KAT P + ATP K a + A 

8.6229 
V m K1  K A = 0.0004 

I + - -  
H 

K~ = 1.636' 10-4 

AMP 
1' = V m K + AMP V M = 0.01 

K = 0 . 8  

1' = KATPaseATP K 1 = 3.7342.10 -3 
0.415 

KATPase H K 2 K 2 = 8.2714.10 -7 

I + - - + - -  
K~ H 

l ,= v , .=  
A D E  PRPP 

v~ 

KAD E = 0.0023 
KAD E + A D E  KpRpp + P R P P  

0.202 
H K z KpRpp = 0.0195 

l + - - + - -  
Kt H 

K I =  3.981.10 5 

K 2 = 3.162'10 7 

KIMP 
c K t = 2.5642.10 -3 

1 + 1NO/KIN o 

0.09387 
K = H K 2 K 2 = 1.2159.10 6 

I + - - + - -  
K~ H 

KIN O = 25.0 
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TABLE 9 (continued) 

Enzyme Rate expression Parameter values 

R5P A T P -  PRPP AMP/Keq  
PRPP synthethase V = V,,V r N KAT P = 0.17 

K0 
(DeVerdier, 1963) Vm H K 2 KR5 e = 0.65 

I + - - + - -  
K 1 H 

N = Vr KRspATP + V~KATpR5P + V mKA Mp P R P P /K~q  Keq = 28.6 
+ V m K p R p p A M P / K e q  + V~R5P ATP + VmPRPP 

AMP/Keq  K~, = 7.5 
V~ = V,, / K,: KpRpp = 0.09 

KAM p = 0.275 
K 0 = 0.836 
K 1 = 1.0099" 10 -4 
K 2 = 1.8835' 10 -6 

HGPRT v = V m 
PRPP HX 

KeRPP + P R P P  KHX + H X  
V m - 0.2011 

KpRee = 0.005 
Krt x = 0.22 

must be the same number of positive ionic charges 
in solution as there are negative charges. 

~ z i i C i j  = 0 ( 1 0 )  
j - - I  

rl 

2 ZejCej = 0 ( 1 1 )  
j = l  

where z,j and Zej represent the charges on intra- 
cellular and extracellular ions. With physiological 
ATP level, H + / C I  - and H + / H C O 3  ion pairs 
transport is much faster than other ion pairs 
[14,15]. The instantaneous cell volume change 
due to pH variation is then a result of fast HC1 
and H2CO 3 transport. The intracellular H + con- 
centration is buffered mostly by hemoglobin 
molecular, of which the dissociable functional 
groups concentration is the most abundant among 
all molecules in the red cell. Therefore,  the pri- 
mary source of intracellular hydrogen ions is 
hemoglobin molecules. Accordingly, two reac- 

tions are involved in the volume variation process 
when the cell is subjected to different pH media: 
the diassociation of hemoglobin and the cotrans- 
port of hydrogen ion and anions. 

H - H b  ~ H b - +  H i  + (12) 

H i  + + AnOn ~ H + + A n  L (13) 

Instantaneous cotransport of H + and anions is 
assumed, and an equilibrium expression for the 
reversible reactions, 12 and 13, can be written as 
follows: 

(Hb + X)HeAn e 

(H H b  - x ) ( A n  i - y )  
= Ke e - z F a . / R r  (14) 

where x is the moles of hemoglobin disassociated 
after a perturbation, y is the number of H + / a n  - 
ions pairs transported through the membrane af- 
ter the perturbation, R is the ideal gas constant, 
T is the temperature,  K e is the disassociation 
constant of the functional group on hemoglobin 
molecule, Z is the charge on the ions, F is the 
faraday constant, Aqt is the membrane potential, 
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subscripts i and e represent the initial intra- and 
extra-cellular conditions. It can be assumed that 
x is approxmately equal to y since [An/] >> [Hi], 
and can be solved by Eqn. 14. 

2.6. Mg complexation 

Free Mg forms complexes with ATP, ADP, 
AMP, 23DPG, and their hydrogenated molecules. 

T A B L E  10 

T h e  r a t e  exp re s s ions  u s e d  to d e s c r i b e  the  k ine t ics  o f  m e m b r a n e  t r a n s p o r t  p roces se s  c o n s i d e r e d  in this  m o d e l  [11] 

T h e  uni t  fo r  a c o n c e n t r a t i o n  is m M ,  a n d  the  uni t  fo r  a r e a c t i o n  r a t e  is m M / h .  T h e  r e f e r e n c e s  s h o w n  a r e  for  the  p H  d e p e n d e n c e  o f  

k ine t i c  cons t an t s .  

T r a n s p o r t  E x p r e s s i o n  P a r a m e t e r  va lues  

Pass ive  N a  flux 

1954) c = Kxln(r) N a e  - r N a i  [ Na~ rNa i ) ( H a r r i s ,  
r - 1  +Vm[Km+tqa  e K m + r N a  i 

] 

V,,, = 2 . 8 1 6 ( - 1 . 1 6 + 0 . 3  P H )  

K x = 7 . 0 5 5 . 1 0  - 3  ( -  1 . 1 6 + 0 . 3  P H )  

Pass ive  K flux 

(Har r i s ,  1954) v = Kiln(r)  Ker _ rKi + Vm ( K s  Km + rKi i ] 

V m = 3.115 ( - 1 . 1 6 + 0 . 3  P H )  

K X = 6.349" 10 . 3  ( -  1 . 1 6 + 0 . 3  P H )  

N a / K  p u m p  
vm 2 

A T P  ~ - K , .  + BzK ~ 
( D u n h a m ,  1966) t, 

KAT P + A T P  [ B 3 
BIB 2 + 2B2K e + KZe + ~ + Na i ] g l  ~--e 

3 , 4  

Vm= H K h 
l + - - + - -  

K a  H 

P y r u v a t e  c = K ( P Y R  - P Y R e x  t) 

L a c t a t e  c = K ( L A C -  L A C e x  1) 
H X  

H y p o x a n t h i n e  v = P r o l i X +  V m 
H X +  KHX 

A d e n i n e  
A D E i  A D E e  / 

L' = V,,, K m + A D E i  K m + A D E  e ] 

K m = 21.0 

K m = 4.0 

KAT P = 0 .764 

B 1 = 0 .0617 

B 2 = 0 .1328 

B 3 = 6 .2672 

K2 
- -  = 0 .0082 
KI  

K3 
- -  = 0.0501 
Kj 

e = 0 .7114e  = 0 .7114 

K a = 3 . 7 3 4 2 . 1 0  - 3  

K b = 8 . 2 7 1 4 - 1 0  7 

K = 63.8 

K = 12.8 

P m =  37.8 

V,,, = 151.6 
KHX = 0.4 

V m = 90.0 

K , ,  = 2.6 
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These Mg complexes regulate several important 
glycolytic enzymes, such as HK, PFK, and PK. 
Let AMP T, ADP T, ATP T, and 2,3DPG T denote 
the total amount of phosphorylated metabolites; 
AMP, ADP, ATP and 2,3DPG represent the 
total free amount of these metabolites; and 
MgAMP, MgADP, MgHADP, MgATP, MgHATP 
and Mg23DPG represent the corresponding mag- 
nesium complexes, then the equilibrium equa- 
tions relating these concentration variables may 
be written as [16]: 

[MgATP 2- ] 
[ Mg2+ I [ATp4-  ] = k b ' A T P  = 1.39" 104M ' 

[ MgHATP 1 - ] 
[Mg2+] [HATp3_ ] = kb,HATP = 3.55" 101M -1 

[MgADP-]  
[Mg2+] [ADp3_ ] = kb,AD P = 1.32" 103M - '  

[ MgHADP 0 ] 
[Mg2+][HADP2_ 1 = G,HADP = 3.24" 10'M--'  

[MgAMP°]  
[MgZ+][AMPZ_] = kb,AM P = 6.01" 10IM - l  

[ Mg2,3DPG 2 - ] 

[Mg 2+ ] [2,3DPG 4 -  ] 
kb,2,3GDP = 5.98" 102M - l 

(15) 

The disassociation constants for ATP, ADP, and 
AMP are [16]: 

[H+I[ATP 4- ] 
[HATp3_ ] = k a , A T  P = 1.08" 10-TM 

[H+ ][ADP 3- ] 
[HADp2_ ] =ka,AD r,= 1.20" 10-7M 

[H + ] [AMP e- ] 
[HAMpI_ ] = ka,aM P = 3.24" 10-7M (16) 

The corresponding mass conservation equations 
are: 

ATP T = ATP + HATP + MgATP + MgHATP 

ADP T = ADP + HADP + MgADP + MgHADP 

AMP T --- AMP + HAMP + MgAMP 

2,3DPG T = 2,3DPPG + Mg2,3DPG 

Mg T = Mg + MgAMP + MgADP + MgATP 

+ Mg2,3DPG (17) 

Eq. (15-17) are the 14 set of equations with 
fourteen unknowns, where the unknowns are the 
free and the magnesium complexed metabolites. 
If the equilibrium constants are known [8,16] and 
the total amount of adenosine phosphates and 
2,3DPG is known (these variables are time de- 
pendent quantities in the dynamic model), this 
set of equations can be solved for the unknowns. 

2. 7. Hemoglobin binding 

Hemoglobin molecule binds to ligands such as 
0 2 ,  C O 2 ,  CI-, 23DPG, and H +. The binding 
affinity of a hemoglobin molecule to the ligands 
depends on the thermodynamic properties of the 
red cell plasma, e.g., the concentration of ligands. 

m e m b r a n e  
I I 
I I 
I I 
i i 
I I 
I I 
I I 
i I 
I I 
I I 

e q u i l i b r i u m :  
H20, Cl-, HCO-, H + 

v 

r a t e  l i m i t i n g :  
v 

Pyr, I.ae, Na +, K +, HX 

Fig. 2. Membrane transport processes can be separated into 
two groups: those which are fast and reach equilibrium; and 

those which are rate limiting. 



A 'state' of hemoglobin molecule is a specifica- 
tion of all the binding sites, together with a 
specification of quaternary structure of the 
molecule (T or R). The possibility of occurrence 
of a 'state' of the hemoglobin is proportional to 
the probability weight W of the state. Given 
ligand concentrations, the partition function P is 
the sum of the probability weights of all possible 
states. The partition function for hemoglobin 
binding can then be expressed as [17]: 

P= w,,+ ( wR + wT ) (18) 

where WH+, W R, and W r can be further factor- 
ized: 

W R = {1 -1- Qroxy[O2]} 4 

× {1 + Qrbh,[H+](1 + Q,.c,,[CI-]) 

[CO2 ] )2 
+Orcdx [H + ] 

× {[(1 + Q~atr[H+])2(QrbpgS[23DPG 5- ] 

+ Qrbpg4123DPGH4- ] + Qrbpg3123DPGH~- ] 

+ 1 + Q/3atr[H + ] q.- Qrcdx [U + ] 

× {1 + Qrbh2[H+]} 4 × {1 + Q~bh3[H+]} 4 

_ 2 

X {1 + Qrc~.2[Cl ]} (19) 

WT = Oallo X {1 + Qtoxy[02]} 4 

× {1 + Qtt, h,[H+](1 

2 [c%] } 
+Ot~dx [H + ] 

+ Qtcll[C1- ]) 

209 

× [(1 +Q~atr[H+J)2(Qtbpe.5123DPG s-] 

+ Qtbpg4123DPGH 4- ] 

+ Qtbog3123DPGH 3- ] 

( [c°21 ) 2 } 
+ 1 + O,satr[H +] + Otcdx [H +] 

X {1 n t'- Qtbh2[U+]} 4 X {1 + Qtbh3[H+]} 4 

× {1 + Qtc,2[Cl-]} 2 (20) 

+ 4 {1 qt- Qhem[H+]}  s WH+= {1 + Qctr[H ]} X 
× {1 + Qg,u[H+]}54 × {1 + Qhis[H+]} '6 

x{1 + Qty.[H+]}2 × {1 + Qtyr[H+]} s 

X {1 + elys[H + ]}44 x {l Jr- Qarg[M + l} 12 

(21) 

The Qs are the effective association constants 
for the various binding reactions [17]. The occu- 
pancy number of each ligand, which is defined as 
the average number of the ligand molecules bound 
to a hemoglobin molecule, can be calculated from 
Eqn. 18 as follows: 

dlnP [l] dP  
Yt= dln[l] P d[/] (22) 

where Yl is the occupancy number of ligand, 1, 
and can be easily calculated numerically or ana- 
lytically by taking the derivative of Eqn. 18. 

3. Program structure 

The ordinary differential equations and the 
algebraic equations describing the red blood cell, 
Eqns. 1-17, are solved using the ordinary differ- 
ential equation integrator DEPISODE. This li- 
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--- 

t 

DEPISODE 1 

I 

I 

I 

I 

7 --- 

Yi,t 

H+ 
t / 

Yi, 

Yi, 

Tout- 
tstep 

H: adjustable 
step size 

Mg complex balance 

OSMELE: 

. 

Yi,t 

J t 

Yi,t R 

R 
\\ 

41,t 

H+ 
t 

1,t H't 

Mg complex 

Fig. 3. The flow diagram of the computer simulator for human red blood cell. 
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brary requires a user supplied subroutine, named 
FSUB, which receives the values of the time 
dependent  variables at a particular point in time 
and calculates the time derivatives of the vari- 
ables at that instant; i.e., 

y at time t FSUB dy > - - a t  time t (23) 
dt  

Subroutine FSUB must thus calculate the reac- 
tion rate of each metabolic reaction given the 
metabolite concentrations, under the algebraic 
constraints imposed. 

Since the time derivative are evaluated from 

dy  
- -  = S . v ( y ) V  (24) 
dt 

where y corresponds to V C  in Eqn. 1 and S is 
the stoichiometric matrix. One must evaluate the 
reaction rates from the concentration vector y 
that is supplied. The subroutine FSUB calls a 
subroutine RATES, that calculates the metabolic 
reaction rates given the metabolite concentra- 
tions, before carrying out the matrix multiplica- 
tion specified in Eqn. 24. RATES then in turn 
calls the subroutines for individual metabolic re- 
action rates. The parameters for each reaction 
rate kinetics can be altered through a menu driven 
format. 

The reaction rate laws require concentration 
variables that are not any of the dynamic vari- 
ables ys. These concentrations are calculated 
through the coupled algebraic equations. In addi- 
tion, the electroneutrality and osmotic balance 
equations must be balanced by assigning the ap- 
propriate values to volume and Donnan ratio. 

The sequence in which the calculations are 
carried out is; first, electroneutrality and osmolar- 
ity balance are satisfied by OSMELE,  then mag- 
nesium complexes concentrations are evaluated 
by MGCOM, followed by the computation of 
individual reaction rates. Notice that all the fast 
processes are calculated before metabolic reac- 
tion rates because the formers are assumed to be 
at equilibrium at all times. Therefore,  in each 
iteration of FSUB and RATES, all the three fast 
processes-electroneutrality, osmolarity balance, 

and magnesium complexation-will be satisfied be- 
fore the slow metabolic reaction rates are calcu- 
lated. 

The flow diagram of the computer program is 
shown in Fig. 3. All the subroutines between the 
MAIN program and subroutine DDIFUN belong 
to the ODE solver DEPISODE,  which integrates 
dependent variables Y, given derivatives RHSi. 
The rest of the program takes Y,, calculates RHSi, 
and return the derivatives to DEPISODE.  

4. Software package description 

The initial screen display of the Macintosh 
software package consists of a main menu and a 
diagram of the metabolic pathways of the red 
cells. The titles in the menu include 'command',  
'glycolysis', 'pentose',  'nucleotide',  'steady', and 
'integration'. The users can examine each enzyme 
kinetic equation and change parameter  values in 
the kinetics by either choosing the enzyme under 
menu titles 'glycolysis', 'pentose' ,  and 'nucleo- 
tide', or by clicking the enzyme in the diagram of 
the metabolic pathways. Either way, the kinetic 
equations for the selected enzyme will show up in 
a new window, and one can decide to vary the 
kinetic parameters by reading them from a data 
file. To read the data file storing the new param- 
eter values, the user can select item 'read file' 
under menu title ' read parameter ' .  The name of 
the data file must not contain any space and 
symbol except period '.'. In the data file the 
parameter  values must be in the same sequence 
as those appeared on the screen, and a ' return'  
key must be used after the last data entry to serve 
as the 'end of file' command. To go back to the 
main menu after viewing kinetic equations, the 
user can select item 'done'  under menu title 
'command'. 

The user can choose to calculate steady state 
metabolite concentrations by selecting item 
'steady state' under title 'steady' from the main 
menu. When calculating the steady state solution, 
the package uses the Newton's routine and reads 
the initial guess from the default data file 'ss.dat'. 
The data in 'ss.dat' are in the following order: 
number of equations, the concentrations of 33 
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metabolites listed in Table 1, the accuracy of the 
calculation, and the allowable maximum iteration 
for the Newton's method. The user can input new 
initial guess from another data file by selecting 
menu item ' read guess values' under the same 
menu title. To calculate the steady state solution, 
simply select item 'steady state', where the steady 
state solution will be calculated and saved in the 
text file 'steady-filename', where ' f i |ename'  is the 
file containing the guess values ('ss.dat' in de- 
fault). The format of the steady state solution 
output file is the 33 metabolite concentrations in 
the same order as in Table 1. 

To determine the response of the red cell 
metabolism to a perturbation, the user can select 
item ' integrate '  under menu title ' integration' of 
the main menu. The perturbation can be speci- 
fied in data files ' integrate.dat '  and 'initial.dat'. 
The data in ' integrate.dat '  are: the number of 
metabolites, the concentrations of the metabo- 
lites listed in Table 1, the initial time, the final 
time of integration, the number of outputs be- 
tween the initial and final time, and the relative 
accuracy of the calculation. The initial values of 
metabolite concentrations for integration can also 
be read interactively by choosing menu item ' read 
initial value' from menu title 'integration'. The 
data in 'initial.dat' are: osmolarity, concentrations 
of glucose, adenine, carbon dioxide, total glu- 
tathione, extracellular lactate, total magnesium, 
total NADH, Pi, PPi, extracellular pyruvate, 
hemoglobin, and extracellular pH. The integrated 
metabolite concentrations are saved in file 'con- 
centration-filename', and the metabolite fluxes 
are saved in file 'flux-filename', where 'f i lename' 
is the file containing the initial conditions for 
integration. The output files contain the integra- 
tion results at various time. It shows the number 
of printout, the time for integration, and 33 con- 
centrations in Table 1, 41 fluxes in Table 2, cell 
volume, Donnan ratio, Mg complexes, and 
hemoglobin binding coefficience. After complet- 
ing the integration, metabolite concentrations or 
fluxes can be plotted against time by selecting 
items 'concentration'  or 'flux' under the same 
menu title. If the formats of integration output 
files 'cmpd.out '  and 'rates.out'  are incorrected or 
altered for some reasons, errors will occur while 

the simulator is reading the files before plotting. 
The output files of integration, 'flux-filename' 
and 'concentration-filename', can also be read by 
commercial plotting packages such as Cricket 
Graph TM. When using a plotting routine, the user 
should delete the first row of each output file, 
which is the variable names, and specify the data 
format as numerical instead of alphabetic. 

The response of the red cell metabolism can 
be calculated with the external pH, osmolarity 
glucose, adenine, phosphate, and lactate concen- 
trations as functions of time. Two types of time- 
dependent  functions are available in the menu 
'integration', linear and step wave. The user can 
choose the desired t ime-dependent perturbation 
of external parameters, and key in the slope and 
interception for the linear functions, or period 
and altitude for the step wave functions. The 
calculation time may vary among cases, depend- 
ing on the time variation functions. A large change 
of external parameter  creates a stiff numerical 
problem, and it will take a longer time to inte- 
grate such a problem, especially around the dis- 
continuous points of the step wave functions. The 
user may want to be careful not to give the 
perturbation functions negative values or unrea- 
sonable deviation from the physiological condi- 
tions. The stage of integration will be indicated 
on the screen, and the user can stop the calcula- 
tion by clicking the 'cancel' box several times. 

The user can also examine each enzyme activ- 
ity as functions of several parameters by selecting 
item 'enzyme vs parameter '  under menu title 
'command'  from the main menu. Once the item is 
selected, a new set of menu appears. The user 
must first choose one parameter  under menu title 
'parameter ' ,  and one enzyme under menu titles, 
'fast process', 'glycolysis', 'pentose' ,  or 'nucleo- 
tide', before selecting 'calculate response' under 
'commands' to calculate the chosen enzyme activ- 
ity as a function of the chosen parameter.  The 
results that show the activity or corresponding 
metabolite concentrations of the selected enzyme 
as function of the selected parameter  will be 
plotted on the screen. 

The hemoglobin binding curves can be calcu- 
lated and plotted as functions of ligand concen- 
trations by selecting menu item 'hemoglobin 



binding' under menu title 'command'.  All the 
ligand concentrations will remain constant except 
one of them, which will be assigned a maximum 
and minimum value by the user. The physiologi- 
cal ligand concentrations will show up on the 
screen as the reference. The user can choose to 
change any of them. Then the user will assign the 
range of one ligand by selecting the ligand and 
key in the maximum and minimum values. After 
the calculation, the user can examine the 
hemoglobin binding curves by selecting the curves 
of interest, 

5. S a m p l e  c a l c u l a t i o n s  

This section provides several examples for cal- 
culating steady state solution, varying enzyme ki- 
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netic parameters, integrating the equations, plot- 
ting the integration results, and examining en- 
zyme activities as function of some parameters. 
The users can follow the format of the data file 
provided here, but it is not necessary to use 
exactly the same numerical values in these exam- 
ples. All the data files must be in the same folder 
as the simulator. 

5.1. Steady state solution 

After the program is open, the screen will 
display the main menu and the red blood cell 
metabolic pathways. The user can examine differ- 
ent parts of the pathways by clicking the scroll 
bar on the side of the window: 

command glycolysls pentose nucleotlde steady I n t e g r a t l o n ~  
map 

Ki i 
~w..- ° 

ATP ADP 

OLC ~ ~ -.,-J ~ F ~  

N AI~Q: t 

! I 
I I 

l 
I I 
I I  
II 
II 
II 

2GSH 

> FI~ 

A[~4 ~_ _ ~. 
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To calculate steady state solution, one must 
prepare data files 'ss.dat', which contains the 
initial guess for the steady state solution. The 
user can create the file before running the pro- 
gram or while running the program using the 
multifinder. When using the multifinder, 0.5-1.0 
MB of RAM memory must be available to the 
simulator. The format of file 'ss.dat' is specified 
in the last section of this paper, and the following 
is an example: 

33 
0783238742586310 

0214515424943221 

0110302900135918 

0059496964255317 

0001916107266366 

0957289306390129 

0140049424819202 

0238447437954066 

0603541704974423 

1 3991010827880620 

4 1222154428310130 

0299475245109086 

0009572218971675 

1501073286614772 

4063990004142602 

1.8845034363260600 

.0000115981447486 

.3180532944225540 

.0000960091929303 

3.3197885261668740 

.0128078773366617 

.0328272857613718 

.0384030233978555 

.2229783139471450 

.0005173914906233 

.0115810568214895 

.0180291502069131 

.0000141149174815 

.0000571424463841 

.0030220580129635 

149.6365524269620000 

12.0280444984959300 

1.0E-8 

1000 

G6P 

F6P 

FDP 

DHAP 

13DPG 

PG3 

PG2 

PEP 

PYR 

LAC 

23DPG 

NADH 

A 

AMP 

ADP 

ATP 

GL6P 

GO6P 

NADP 

GSH 

RU5P 

R5P 

X5P 

S7P 

E4P 

PRPP 

IMP 

INO 

HX 

RIP 

KI 

NAI 

Data file 'initial.dat', the content of which is 
specified in the last section, is also required for 
the calculation of steady state solution: 
300.00SM 

5.000 GLC 

0.013 ADE 

1.200 CO 2 

3.320 G$SGt 

1.200 LACext 

2.750 Mgt 

0.089 NADHt 

0.066 NADPHt 

1.000 Pi 

1.000 PPi 

0.060 PYRext 

7.300 HB 

7.400 pH 

A file containing the names of metabolites, 
'cnames.dat' ,  is also needed. 
1 "G6P " 

2 "F5P ' 

3 'FDP " 

4 "DHAP " 

5 "GAP " 

6 "13DPG ' 

7 "PG3 " 

8 "PG2 " 

9 "PEP " 

10 "PYR " 

11 "LAC " 

12 "23DPG " 

13 "NADH 

14 "A " 

15 "AMP " 

16 "ADP ' 

17 'ATP " 

18 "GL6P 

19 "GO6P " 

20 "NADP " 

21 "GSH " 

22 "RU5P " 

23 "R5P " 

24 ~(5P " 

25 "S7P " 

26 "E4P " 

27 "PRPP " 

28 'IMP " 

29 "INO 

30 "HX " 

31 "RIP " 

32 "KI " 

33 "NAI " 

To read the initial guess for the steady state 
solutions, choose item ' read guess values' under 
menu title 'steady' and open the data file 'ss.dat'. 

The ideal initial guess will be the steady state 
solution for a set of conditions and parameters 
similar to the current ones. The simulator applies 
Newton's method to search for the solution; 
therefore, a bad initial guess may not converge to 
the true solution. Finally, choose item 'steady 
state' to calculate the solutions, which will be 
writen into the output file 'steady-ss.dat', 
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GLC 

[,l~i MacRBC J 

I'~ c n a m o s . d a t  
El c o n c e n t r a t i o n  I - I n t e g r a t . . .  
I I  c o n c e n t r a t l o n 2 - 1 n t e g r a t . . .  
I'~ c o n c e n t r a U o n 3 - 1 n t e g r o t  ... 
i'~ c o n c e n t r a t l o n 4 - 1 n t e g r a t  ... 
rl c o n c e n t r a t l o n 5 - 1 n t e g r a t  ... 
I~ d e p l s o d e . o u t  
I~ e n d p t  

BOP 

[ [ I r t v e  ] 

( Open ] 
[ C a n c e l  1 

/II 

FDP _ 

\ 

' i " / ~ " ~  ~ ' t l j ! l  

/ / \ !I1il 
/ !iili I 

5.2. Vary enzyme kinetic parameter 

To vary enzyme kinetic parameters, one needs 
a data file that contains a new set of kinetic 
parameters for the enzyme of interest. The data 
file can be prepared using multifinder while run- 
ning the simulator. In the following example, the 
parameters Vmax for hexokinase is changed from 
7.5095 to 8.0 and saved in file 'hk.dat': 
0 051 

1 13 

1 14 

0 O4 

0 069 

I O3 

2 7 

3 44 

2 2718e-4 

4 6015e-6 

8 0 

I .55 

To read the new parameters, click the box for 
hexokinase in the metabolic pathway and the 

following screen will appear. On the left of the 
screen is the reaction, and on the right list the 
kinetic parameters. The new kinetic parameters 
in the data file must be in the same order as 
those shown on the screen. 

To change the parameters, choose the item 
'read file' under menu title 'read parameter' and 
open file 'hk.dat'. Follow the procedure for steady 
state calculation and use 'ss.dat' as the initial 
guess. The steady state solutions for the new set 
of kinetic parameters will be saved in file 'steady- 
ss.dat' and 'hb.output': 
steady-ss.dat: 

1071688406618640 

0180563312421778 

0105257324589483 

1279397424648304 

0057975508688860 

0001862371033082 

0972614502612578 

0142300487685762 

0242290453796189 

0602856809418147 

G6P 

F6P 

FDP 

DHAP 

GAP 

13DPG 

PG3 

PG2 

PEP 

PYR 
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GLC + RTP --> G~P + 8DP + H 

1 g lc  MgRTP 
v = - v l (  ............. 

H Kmgotp,glc I<mgatp 

g lc  rlgRTP Mg 
+ v2 ....................... ) 

Kmgatp,glc KBgatp Kmgatp, mg 

glc  g lc  MgATP glc  Mg 
H = 1 + . . . .  + ( 1 +  . . . . . . . . . .  ) . . . . . .  + 

Kgle Kmgatp,glc Kmgatp Kgle Kmg 

glc  HgATP Mg 
+ ( I +  . . . . . . . . . .  ) 

Kmgatp, g lc  Kmgatp Kmgatp,mg 

g lc  06P Mg 
+ [<I+ . . . .  ) +eonst] (1+ - - - )  

Kglc Kglc,g6p Kmcj 

g lc  23DPQ Mg 23DPO 
+ (1+ . . . .  ) < . . . . . . .  + 

Kgle K23dpg Kmg Kmg,23dpg 

uO 

Kagcltp, g lc 'O.  051 
KIl~3cltp= 1.13 
KIIl~lcltp= 1.14 
Kg I c = O .  0 4  
Kg I C, gSp=O. 05g 
King = 1 . 0 3  
K23dpg=2. ? 
King, 23dpg=3.44 
K 1 = 2 . 2 ?  1 8 e - 4  
K 2 - 4 . 5 0 1 5 e - 5  
u O = ? .  5 0 9 5  
const= 1.55 

1.3984278719500000 LAC .0355244473467394 R5P 

4.0026708644642500 23DPG .0415515160854491 X5P 

.0299296384356291 NADH .2685334045841262 S7P 

.0000616672610864 A .0004320588434579 E4P 

.1602156496303170 AMP .0130830844878574 PRPP 

.4173848958312820 ADP .0190570705186417 IMP 

1.8698469281846000 ATP .0000153594259180 INO 

.0000115993616484 GL6P .0000615014917143 HX 

.4061808271702221 GO6P .0032671061318110 RIP 

.0000860942036754 NADP 149.3609393189443000 KI 

3.3197886122968200 GSH 12.0923518737275499 NAI 

.0138574472908608 RU5P 

hb.output: 

temp [o2] [co2] [232bpgtot] [hi [ci] 

3.1000E+02 1.000E-03 1.2000E-03 4.1222E~03 6.4885E-08 7.5490E-02 

total fixed charge per hb molecule 

-1.4909E+00 
yhy=78.24 yo2=4.00 ycoZ = .47 ybpg5 = .43 ybpg4=O.O0 ybpg3= .40 ycl= .37 
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5.3. Integration 

To integrate and obtain the dynamic solutions, one must provide the 
integration, for example 'integrate.dat': 
33 

0783238742586310 

0214515424943221 

0110302900135918 

1312854805868560 

0059496964255317 

0001916107266366 

0957289306380129 

0140048424819202 

0238447437954066 

0603651704974423 

I 3991010827880620 

4.1222154428310130 

.0299475245109086 

.0000572218971675 

.1501073286614772 

.4063990004142602 

1.8845034363260600 

.0000115981447486 

initial conditions for the 

.3180532944225540 GO6P 

G6P .0000960091929303 NADP 

F6P 3.3197885261668740 GSH 

FDP .0128078773366617 RU5P 

DHAP .0328272857613718 R5P 

GAP .0384030233978555 X5P 

13DPG .2229783139471450 sTP 

PG3 .0006173914906233 E4P 

PG2 .0115801568214895 PRPP 

PEP .0180291502069131 IMP 

PYR .0000141149174815 INO 

LAC .0000571424463841 HX 

23DPG .0030220580129635 RIP 

NADH 149.6365524269520000 KI 

A 12.0280444984959300 NAI 

AMP 0.0 

ADP 2.0 

ATP 100 

GL6P Id-2 

The user can also assign perturbation on pH, osmolarity, and other conditions to the red cell by 
changing the data file 'initial.dat'. After 'integrate.dat' is edited, choose item 'read initial value' under 
mean title 'integrate' to read the initial conditions. Then choose one of the time-dependent functions of 
external parameter under menu title 'integrate', for example, 'pH wave', and key in the period and 
altitude of the wave function as follows: 

• step rave  AmoHon or" tm~e: 
pH m pHI vhen 2nT < ~rne ~c (2n÷l)T 
pH-pH~vt~  r,2n+l)T ~t'ir~ ~(2n+2)T 

n ts an tnteger 

Please ke~/tn the value of parameter T 
1.0 

:Please keU tn the value of p a r m t e r  • 
7.4 
P'k,,zse key in the value of parameter b 
~7.3 
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The CPU time for integration depends on the time length and the accuracy specified by the user and 
how far the initial point is away from the steady state condition. The first point will take the longest CPU 
time to integrate, and the integration of the latter points will be significantly faster. However, the 
calculation around the discontinuous points of the wave function will also be slow. The integration 
results will be saved into several files: the metabolite concentrations in 'concentrationl-integrate.dat', 
'concentration2-integrate.dat' and so on, an enzyme fluxes in 'fluxl-integrate.dat', 'flux2-integrate.dat', 
and so on: 

concentrationl-integrate.dat 

time G6P F6P FDP DHAP GAP PG13 PG3 

PG2... 

0 O.O00E-01 7.8324E-02 2.1452E-02 1.1030E-02 1.3129E-01 S.9497E-03 1.9161E-04 9.5729E-02 

1.4005E-02 

I 2.000E-02 7.8324E-02 2.1452E-02 1.1030E-02 1.3129E-01 5.9497E-03 1.9161E-04 9.5729E-02 

1.4005E-02 

2 4,000E-02 7.8324E-02 2.1452E-02 1.1030E-02 1.3129E-01 5.9497E-03 1.9161E-04 9.5729E-02 

1.4005E-02 

3 6.000E-02 7.8324E-02 2,1452E-02 1.1030E-02 1.3129E-01 5.9497E-03 1.9161E-04 9.5729E-02 

1.4005E-02 

4 8.000E-02 7.8324E-02 2,1452E-02 1.1030E-02 1.3129E-01 5.9497E-03 1.9161E-04 9.5729E-02 

1.4005E-02 

5 1.000E-01 7.8324E-02 2.1452E-02 1.1030E-02 1.3129E-01 5.9497E-03 1.9161E-04 9.5729E-02 

1.4005E-02 

fluxl-inteQrate.dat 

time HK PGI 

PFK ALD TPI GAPDH PGK DPGM... 

0 0 O00E-01 1.2853E+00 1.5702E+02 1.2125E÷00 1.2125E+00 1.2125E+00 2,4978E+00 2.0018E+00 

4 9608E-01 

1 0 O00E-02 1.2853E+00 1.5702E+02 1.2125E+00 1.2125E+00 1.2125E+00 2.4978E+00 2.0018E+00 

4 9608E-01 

2 0 O00E-02 1.2853E+00 1.5702E+02 1.2125E+00 1.2125E+00 1.2125E+00 2.4978E+00 2.0018E+00 

4 9608E-01 

3 0 O00E-02 1.2853E+00 1.5702E+02 1.2125E+00 1,2125E+00 1.2125E+00 2.4978E+00 2.0018E+00 

4 9608E-01 

4 0 O00E-02 1.2853E÷00 1.5702E+02 1.2125E+00 1,2125E+00 1.2125E+00 2.4978E+00 2.0018E+00 

4 9608E-01 

5 0 O00E-01 1.2853E÷00 1.5702E+02 1.2125E+00 1,2125E+00 1.2125E+00 2.4978E+00 2.0018E+00 

4 9608E-01 

To plot the integration results as functions of time, choose the item 'plot concentration' or 'plot flux' 
under menu title 'integration', and select one of the metabolites or fluxes of interest. 
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command glycoly$ts pentose nucleolide sloedy Integration <~ 
I I 

¢oncentreUon plot ~ l  
¢ I)OeP < 11>LRC <21X)SH 
<2)F6P < 12)23DP0 <22)RUSP 
{3)FOP < 13)HRDH C23 )I:ISP 
( 4 )C~ ='=" ='= < 14)R (24)XSP 
(5)ORP < I5)N'IP (25)67P 
<6 ) 13GPO < 16)RDP (26)E4P 
(?)P03 < 17 )FITP <27 )PRPP 
(8)P02 ( 18)OLtSP (28)IMP 
(9)PEP ( lg)oo6P (29)  I PIO 
(IO~PYI:I (20)N30P (30)HX 

(31)R1P 
<32)1< 
<33 )lta 
<34>pH 
(35:rag 
<3e>~TP 
(38:qg~tlP 
<39)1-I-H8 
(40 X)2-HB 

(41)C0~' ,,,," 
( 42)I3POS--I,B 
( 43 )EPO4-HB 
(44)BPO3-HB 
(45)CL-HB 
( 46 )Z-HB 

chose one l l m t o b o l i t e  to be p l o t t e d  (1 -46)  
I 

For example, choose 1 to plot G6P concentration as a function of time. The plot will be shown on the 
screen as follows. 

commend glycoly~is pentose nucleolide steady IntegreUon <~ 
[ ~  concentration plot 

06P 
9.  OOE-02 

S 
?. OOE-02 

t ime 
O. OOE-O 1 2.  OOE+O0 
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More sophisticated plots may be obtained by reading and reformating the output files from other 
graphic software packages. 

5.4. Enzyme activity vs parameter 

To calculate enzyme activity as a function of a parameter, simply choose item 'enzyme vs parameter' 
under menu title 'command'. However, this calculation can be performed only after a steady state 
solution is obtained, since the calculation is based on the reference metabolite concentrations given in 
'steady-ss.dat' or whatever file containing the steady state solutions. Choose the parameter under 
'parameter' and give the range of the parameter. For example, pH: 

I [ ~  e n z y m e  us p a r a m e t e r  

The minimJm value of  txt .er~ol I)14 ? 
6 
The minimum value of  txter 'nol pH is 6.000 
The moximum value of  external  pH ? 
8 
The maximum value of txtePnol pH is 8.000 

6.000 8.000 

Then select one of the processes or enzyme fluxes under 'fast process', 'glycolysis', 'pentose', or 
'nucleotide'. To see the correlation, choose 'calculate response' under menu title 'commands' and the 
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results will be plotted on the screen. The following are Mg complexes as functions of pH varying from 6.0 
to 8.0: 

enzQme us porometer 

7 -o, 

3. OOE-O 1 

IIM 
2. OOE-O 1 

2.00E-02 

5.gOE+O0 
laup 

pH 
8. IOE+O0 

mqat.p 
2 . 0 ( E - 0 1  

2. OOE-02 
DH 

5.  gOE+O0 8. IOE+O0 
.~jamp 

2. OOE-O 1 

2. OOE-02 
~4 pH 

5.90E+O0 8. IOE÷O0 ~. ~÷00 8. IOIE÷O0 

5.5. Hemoglobin binding curve 

To calculate the hemoglobin binding curves, choose 'hemoglobin binding' under 'command', and a list 
of reference ligand concentrations will appear. Change the reference ligand concentrations by typing the 
corresponding number and keying in the new concentration, or type 8 to continue to next step. 
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Then select the variable ligand concentration and give the maximum and minimum values. In the 
above example, pH is varied from 5 to 9. After a few seconds of calculation, the following will show up 
on the screen: 

r==..,],-,mm, i glycolysls pentose nucleoUde steady Integration 
[ ~  map 

The r e f e r e n c e  l igand c o n c e n t r a t i o n  a r e :  
( I )  TE14PERATURE = 310 C ( 2 )  10HIC STREHGTH = 0 . 1 5  14 
<3) PH = ? . 2  ( 4 )  02 = 0 .001 14 
<5)  C02 = 0 .0012  11 ( 6 )  23DPG = 0 .004  H 
( ? )  CL = 0 . 0 8  11 ( 8 )  NO CHRHGE 
( 9 )  e x i t  
Change a r e f e r e n c e  l igand c o ¢ ~ n t P a t i o n ?  
8 
pltom choose th~ vaPiable pClPcmeteP 
( I )  TE14PERFITURE ( 2 )  10HIC STRENGTH 
( 3 )  PH ( 4 )  02 
( 5 )  C02 ( 6 )  23DPO 
( 7 )  CL ( 8 )  exit 
3 
p I ease tsIpt  t he  
the  max i mum = ? 
5 
the minimum = ? 
g 

rar~3e of the pcPameter 



Type 4 to plot 23DPG s-  binding coefficience as a function of pH 
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map 

p lo t  resu l ts  ? 

(2) tjo2 
( 3 )  9(=02 
(4> ~s 

(7) gel 
( 8 )  e x i t  

i 

To plot another ligand binding curve, type ' return '  and choose a ligand. 

" isn .mn . ,m i  olycolysls pentole nucleoUde steady Inte,yi-gtlon <~i 
map 

g . 0 ~ - 0 1  

2 .00E-04  

5. OOE÷(~O g. ~+00 
tgpe [return ] to eclat i 
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6. Simulation results 

This section presents simulation results calcu- 
lated from the model. These calculations also 
illustrate the utility of the red cell metabolic 
model. 

6.1. Steady state metabolite concentrations 

One of the primary capabilities of this pro- 
gram is to predict the steady state metabolic 
concentrations under a given condition. This cal- 
culation can be applied to study the red cell 

metabolism under (1) enzyme deficiency: where 
any kinetic parameter of the 43 red cell enzymes 
can be varied in the model, (2) altered extracellu- 
lar conditions: such as pH, osmolarity, glucose, 
and lactate, and (3) abnormal intracellular 
hemoglobin, magnesium, total GSH, NADH, and 
NADPH concentrations. The physiological steady 
state metabolic concentrations are calculated and 
compared with the literature data (Table 11). The 
calculated numbers agree well with the experi- 
mental data. It is worthwhile to note that the 
intracellular concentration data for human red 
cell may vary from one subject to another due to 

TABLE 11 

Steady state concentration of red cell intermediates 

Metabolite Model (mM) Literature (mM) Reference 

G6P 0.040 0.038 + 0.012 [20,21] 
F6P 0.019 0.016 _+ 0.003 [20,21] 
FDP 0.011 0.0076+ 0.004 [20,21] 
DHAP 0.13 0.14 + 0.08 [20,21,22] 
GA3P 0.0059 0.0067_+ 0.001 [20,21] 
13DPG 0.00019 0.0004 [20,21] 
3PG 0.095 0.045 [20,21 ] 
2PG 0.014 0.014 _+ 0.005 [20,21] 
PEP 0.024 0.017 _+ 0.002 [20,21] 
PYR 0.059 0.077 _+ 0.05 [20,21,23,22] 
LAC 1.36 1.10 _+ 0.50 [20,21] 
2,3DPG 4.02 4.5 _+ 0 . 5  : [24,21,22] 
NADH 0.0295 t [23,25,26] 
A 0.000057 0.0012+ 0.0003 [25] 
AMP 0.148 0.080 _+ 0.009 [20,21] 
ADP 0.39 0.27 _+ 0.12 [20,21] 
ATP 1.72 1.54 _+ 0.25 [20,21] 
GL6P 0.000011 t t 
GO6P 0.186 t t 
NADPH 0.0648 0.0658 [26] 
GSH 3.32 3.21 _+ 1.5 [20] 
RU5P 0.0129 t t 
R5P 0.033 t t 
X5P 0.039 t t 
S7P 0.23 t t 
E4P 0.00047 t t 
PRPP 0.012 0.005 _+ 0.001 [27,28] 
IMP 0.018 0.010 [27,28] 
INO 0.000014 0.001 [27,28] 
HX 0.000057 0.002 [27,28] 
R1P 0.003 0.06 [27,28] 
K 146.0 135.0 _+ 10.0 [29,30] 
Na 12.7 10.0 _+ 6.0 [29,30] 

t Exact experimental value is difficult to determine and is not readily available. 



various genetic or pathological reasons, and the 
data in Table 11 are for a typical human [18]. 

6.2. Hemoglobin binding affinity with ligands 

The major function of red blood cell is to 
transport oxygen from the lungs to tissues, and 
deliver carbon dioxide in the reverse direction. 
Therefore, it is important to be able to predict 
the hemoglobin binding affinity with its ligands 
under various conditions. The physiological lig- 
ands of hemoglobin molecule includes 02, CO2, 
CI-, 23 DPG, and H ÷. The interactions between 
all five ligands with the hemoglobin molecule are 
accounted for in the metabolic model. The 
hemoglobin oxygen binding affinity (¥o2) under 
different 23DPG concentrations calculated from 
the red cell model is shown in Fig. 4. The calcula- 
tions compare well with the experimental data as 
discussed in [17]. The results indicate that the 
hemoglobin molecule becomes more rigid and 
has less affinity with 0 2 when 23DPG concentra- 
tion increases. 

6.3. Metabolic response to extracellular 
perturbation 

The extracellular conditions of red cell may 
not be constant under experimental or physiologi- 
cal conditions. The red cell metabolic model is 
capable of predicting the metabolic response of 
red cell to a perturbation of extracellular glucose, 
pH, osmolarity, lactate, or pyruvate. For example: 
The normal blood glucose concentration is 5 mM 
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glucose concentration follows a periodic perturbation. 

[20] and rises to 8 mM after a meal. Suppose a 
subject eats a meal every 8 h, and his/her blood 
glucose level remains at 8 mM for 4 h after a 
meal and then drops to 5 mM until the next meal. 
As a result, the blood glucose concentration fol- 
lows a periodic perturbation shown in Fig. 5. The 
response of red cell intracellular G6P and ATP to 
the glucose perturbation are calculated from the 
model and shown in Fig. 6. The results indicate 
that G6P responds with a significant variation 
since it is a direct metabolite produced from 
glucose by enzyme hexokinase. However, the red 
cell is able to maintain a stable energy (ATP) 
level regardless of the glucose perturbation. 
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7. Hardware and software specification 

This software package is written for a Macin- 
tosh computer with 68020 processor and 68881 
coprocessor (such as Mac II and Mac Ilci). The 
memory requirement for this program is 1 MB. 
Data files can be edited by a text file editor such 
as Edit TM. 
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