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ABSTRACT

Mathematical modeling and computer simulation were carried out cn the coupled reaction
system compreised of chromatophore and NAD kinase. An empirical kinetic model was used
fox; the chromatophore whereas analytically derived models were employed for othre catalytic

components of the system. Myokinase was also included as a system component because of
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the difficalty in its complete separation from the chromatophore and NAD kinase.
The effect of the relative ratio of the catalytic activities of the system con the overall

production of NADP was studied. The time course behavicur of the biochemical species of

the system was also obtained from tho simulation results.

Experimeontal data and the results of the computer simulation were compared.

Introduction

The ultimate objective of mathematical
modeling is to obtain expressions that quan-
titatively describe the behaviour of the pro-
cess under consideration. The generality of
a model depends upon several factors which
include the complexity and information ava-
ilable concerning the process. To have a
mathematically precise and general model of
a reaction is an inevitable prerequisite to
the optimization or the more exact control
on the process under consideration.

Reaction mechanism of NAD kinase was
investigated by previous workers and was
shown to follow the “Ping Pong Bi Bi”
model. ¥ However modeling effort on the
photophosphorylation by chromatophore is

almost non-existent. In this report we tried-

to have a model for chromatophore in con-
sideration of its deactivation phenomena un-
der various assumptions. In addition, we
considered the effect of myokinase activity
that might exist in the coupled reaction
system using the well-known model establish-
ed by other workers.? A report from an
experimental study on this same coupled-

reaction system will be published elsewhere.®

(1) Modeling of the Photophosphorylat-
ion by Chromatophore

Th= overall reaction of photophosphorylat-

ion by chromatophore can b2 expressed by

statZst ®I202 H 23 19824 4

the following equation;
ADP + P,—ATP + H:0

The exact reaction sequence of the elemen-
tary steps based upon the cheraiosmosis
theory is much more complex than this®
and a precise mathematical expression is not
vet established for the photophosphorylation
by chromatophore. We set about modeling
for the photophosphorylation by chromatop-
hore under the assumption that the concen-
tration of the inorganic phosphate is at the
and ATP and ADP react
by the “Ordered Uni Uni” mechanism. For

the “Ordered Uni Uni” mechanism, the follo-

saturation level,

wing reaction rate equation can be obtained.
4% Vaao(CADP1 — "ATP/Kec)
dt — Kwuppc + ADP] + Krpc ATP .

1

In the consideration of the inhibitory effect

of NAD and NADP that are reactant and

product of the NAD kinase reaction in the

coupled reaction system, the above equation

can. be altered into the following form.

dé, Vnaxe (CADP]

dt — Kuprc + [ADP) + Krec ATP]
— [ATP]/Kxc)

“+ Kxoc NAD] ++ Kyec[NADP1™
)

Here the allowance for the inhibitory effect
by NAD and NADP in this particular form
is rather arbitrary. Anyhow the inhibitory

effects by these components are rather weak?
and the way in which these inhibitory effects
are accounted for in the kinetic equation
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does not make much difference,

The deactivation phenomenon of chromat-
ophore is known to be significantly affected
by such factors as temperature. The mecha-
nism of chromatophore deactivation iaclude
the death of a chromatophore as a whole,
the deactivation of ATPase, the deactivation
of the proton motive force generating system
through the deactivation of the electron tran-
sport chain, and the deactivation of the en-
ergy transfer component. Quite often the
oxidation of the reaction system may also
contribute to the lower activity of the overall
chromatophore reaction. The death of a
chromatophore as a whole will affect the
maximum velocity of the photophosporylation
through the reduction in the level of the
catalytic entities. If Nc denotes the number
of chromatophore at an appropriate time,
the death rate of chromatophore can be

expressed as in the following equation:

Ale. — KN (3)
With the initial condition:

Ne=Nc, at £ =0 @
the above equation can be integrated to give

Nc = Nc.e~*pt (5)

Other possible mechanisms of choromatop-
hore deactivation, namely the deactivation
of ATPase complex, the deactivation of the
proton motive force generating system thro-
ugh the deactivation of bacteriochlorophyll
or the components of the electron transport
chain, and the deactivation of the energy
ransfer component, can influence not only
Vaax,e but also the equilibrium constant via
the lowering of the proton motive force.
Although other kinetic parameters will also
be certainly affected, here we consider Viax,c
and the equilibrium constant, Kgc, as the
two major parameters changing with time

to any great extent and employ an empirical
model for the time dependence of the equili-
brium constant as
Krc = Koo kel + Ky (6)
Now the final form of the kinetic equation
for the photophosphorylation by chromato-
phore can be written as

i __ Vewawe it [ADP) — [ATP"
dt — Kupec + [ADP] + Krecl ATP
[(Kee te’ + Ki))

-+ KND(:LNAD} + K Pé:NADPJ
(7

(2) Modeling of the NAD Phosphorylat-
ion by NAD kinase

Based upon the kinetic data for NAD
kinase isolated from Brevibacterium ammo-
niagenes, Aiba et al.’ showed that this pa-
rticular enzyme follows the “Ping Pong Bi
Bi” mechanism and the rate equation they
obtained according to this mechanism is

d& Vmaxsn ((ATP1'NAD]

dt — {Kex[ATP] + Kxon' NAD] +
— [ADPI[NADP1/Kgxn)
FTATP]"NAD] + Kpen ADP] +
Kypn NADP + Kunpvex! NAD] (8)
[NADP! + Kpprex ADPJ ATP] +
Kpexps ADP INADP i}

It is usually not so easy to obtain prepara-

tion of chromatophore and NAD kinase
completely free of myokinase as well as
other contaminating enzymes and the myok-
inase may exist as a third component of the
coupled reaction system ccnsisting of chro-
matophore and NAD kinase. Sometimes my-
okinase may even serve a useful purpose as
in pumping AMP back to the high energy
component ATP.

Through repeated washing the myokinase
can be removed completely from the coupled
reaction system. However, substantial port-

ions of the activities of chromatophore and/
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or NAD kinase may be lost during washing
steps. Thus to retain high activity levels of
chromatophore and NAD kinase one must
accept the coexistence of myokinase with
the other components of the coupled reaction
system.

Myokinase carries out the AMP pumping
reaction represented by the stoichiometry:

ATP + AMP——2 ADP €))
A complete reaction rate equation for my-
okinase based upon “Random Bi Bi” mecha-
nism has been obtained by Colton et al.?

and can be written as follows:

dfa . Vmax,M(I{l[AJ’.\’IPj[ATP] -
, KsTAMP |

at [Kg[AMP] [K4(l TR+
K,TADP72/Ken)

A0 ) +Ko[ADP] + Kuy

(Ku[AMPI[ATP] + K1) + K12)
+ K ATP1( + Ku[ADP])
+ Kis(K1is”ADP] + Kn[ADP]Z)]

Dimensionless groups defined as follows are
introduced to simplify the system equations
and the interpretation of the simulation

results.
_ [AMP], + [ADP], + [ATP],
= [NAD], + NADP],
Ko = [AMP]
AMP = “"AMP |, + LADP], + [ATP],

(10)

[ADP] o
[AMP], + [ADP], + {ATP |

Xarp =1 — Xamr — Xape

_ [NAD]
[NADJ, + [NADPJ,

Xyape =1 — Xnap

Xapr =

-XNAD =

o &
$i = [AMP . F [ADP], ¥+ TATPT,

T =1/0r

Pc = Vmaxscor 07/ Kupec

PN = Vmax,N‘HF/KTPN

Py = Viaaxom+ 05/ K,

Using the above dimensionless groups, re-

action rate equations of chromatophore, NAD
kinase, and myokinase can be written as
follows.
For chromatophore
deé, Pce % pr (Xape — Xare/
dr 1+ CoecXape + CrecXare
(Kee 2e” + Ky)}

+ CypcXwap/a@ + CrxecXnapr/a
For NAD kinase

an

dé, _ Py(XareXnap_
dr (X are + CypyXnan/a + Cupres
— XappXnaoe/Ken)

XwnapXare/a + CopnXapp + (2>
CrenXnape/a + Copury Xapp Xnape/a
+ CoprenXappXare +
Croxen XnapXnape/a?)

For myokinase

Table 1. Values of Normalized Constants

kr=1.0 ke=1.0

Cppc = 33.33 Crrc = 1.0
Cyoy = 0.148 Crprey = 0.617
Copn = 4.0 Coenexy = 1.0
K- =0.646 K> =10.08
C1=2.56 Cy=0.255

Cs = 9.260 Ces = 5.694

Cys = 0.800 Cio = 2.644

Keo=1.0 Ke=1.0
Cypc = 1.0 Cxpc = 1.0
Crey = 1.0 Cron = 1.0
Coprey = 4.0 Cxpyen = 1.0
Kgn = 0.282 Ken=1.0
Cs = 0,027 Ci=0.011
Cr = 0.070 Cs = 0.904
Cu=3.015
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Fig. 1. Simulation Results on the Time Course
Behaviour of Xyape.

Py=100.0 C—O:8=100
©®—®:5=10
0—®:53=0.1
—-— 17r=0.0
— 7r=10

dZ, Pu(K 1 XmoXarp —
dar ‘YA.\!_pg_Cz + CeXarp)

(Xane [(Cl + 1+ CaXawp

K,X?app/KEn)
+ CsXape + (CeXavpXare -+ C7)

(13)

+ Xare(Cg + CyXape) + (CroXape
+ C11X?spp)
Parameters, 8,8 and 7 defined in the fo-
llowing paragraph, are introducad for con-
venience.

3= Pc¢/Px, 8 = Px/Pc, v = Pyu/Px
(3) Simulation Results and Discussion

Three differential equations obtained from
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0.5

Concentration of NADP Produced {(mM)

00 L L L L
Recction Time (hr)

Fig. 2. Time Course Behaviour of NADP Pr-
oduction for the Various Concentration
of Chromatophore in the Reaction Mix-
ture
Reaction Temperature : 30°C
Light Intensity : 20 klux

O—0O1:0.2 ml NAD Kinase, 112 uM Bchl.
A—A 0.2 ml NAD Kinase, 84 uM Bchl.
O——[1:0.2 ml NAD Kinase, 28 «M Bchl.
®---@ :0.¢C5ml NAD Kina e, 112 oM Bchl.

A---A 0.05ml NAD Kinase, 84 uM Bchl.
M- --M:0.05ml NAD Kinase, 28 uM Bchl.

the above section were solved numerically
by Runge-Kutta-Gill method.

Values of some constants used in the above
equations were obtained from literatures?-®
and others were selected arbitrarily. These
are listed in Table 1.

In Fig. 1 the time course behaviour of
NADP production is shown for the case
where 8, i.e. Pc¢/Py, varies via the change
of chromatophore activity, Pc, with the
NAD Kkinase activity, Py, held constant. Here
the NADP production tends to increase with
increasing values of 5. This simulation result
shows trends similar to the experimental
data shown in Fig. 2% although the absolute
values of the NADP production differed from
each cther. In the experimental data with
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higher NAD kinase activity there exists an
optimal chromatophore concentration that
gives maximum NADP production but the
simulation result shows no such maximum
point. This may be due to the incompleteness
of the model for chromatophore in that it
lacks the consideration for the light shielding
effect by the chromatophore itself. At higher
NAD kinase activity there will be more rapid
ADP formation from the usage of ATP in
the conversion of NAD to NADP and hence
a higher load on chromatophore for it to
regenerate ATP from ADP as compared with
the case of lower NAD kinase activity. Thus
the relative light shielding effect of chro-
matophore on itself may be more pronounced
and this may be why one has the optimal
chromatophore concentration at the higher
NAD kinase activity whereas no such peak-
behaviour is observed at lower NAD Kkinase
concentration.

The existence of myokinase in the simul-
ation reaction system results in different
effects on the NADP production depending
upon the magnitude of the parameter, 3.
For small values of 8, the existence of my-
okinase increases the NADP production. On
the contrary, for large value of 3, the ex-
istence of myokinase exhibits a rather in-
hibitory effect on NADP production. One can
explain this result as follows: when 3 is
small, low chromatophore activity does not
allow the conversion of ADP, produced sim-
ultaneously with NADP by NAD kinase, back
to ATP at a sufficient rate, and due to the
consequent high cocentration of ADP accu-
mulated, myokinase carries out the reverse
reaction that results in the production of
ATP and AMP. On the other hand, for large
values of 3, ADP, produced simultaneously
with NADP, is rapidly converted to ATP by

sle1-2 8 X203 H| 28 198214 4%
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Fig. 3. Simulation Results on the Time Course

Behaviour of Xyape Constant Chromat-
ophore Activity

Pc=10.0, C—0O:8=10.0
@® ®:8=1.0
O—© . 3=01
——— 7y =0.0
—— 7r=10

high chromatophore activity and due to the
consequent high concentration of ATP my-
okinase carries out the forward reaction that
results in the production of ADP, thus re-
sulting in the relatively lower phosphorylat-
ing potential. This particular phenomenon
at higher value of 8 appears during the later
reaction time period. The behaviour in early
phase follows that of the case with lower
value of 8, which is attributed to myokinase
action. That is there exists a time point at
which an inversion in the relative amounts
of NADP produced occurs.
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Fig. 3 shows the time course behaviour
of NADP production when the values of Py
are changed while keeping the value of Pc
constant. NADP production increases as the
value of Py increases and this result is
compatible with the experimental data shown
in Fig. 4. The existence of myokinase
increases the NADP production and this is
due to the ATP regenerating effect of
myokinase. NADP production at final time is
calculated and plotted against 3asin Fig. &
by changing the values of Pc while keeping
the values of Py constant. At higher va-
lues of 3, one gets higher NADP producti-
on and this is in general consistent with
the experimental data shown in Fig. 6,%
except that one observes the peakbehaviour

at higher NAD kinase level as noted earljer.

Concentration of NADP Produced {(mM)

Y ' : ;
0OT—%2"4 & & 10 12 14 16
Reaction Time (hr)

Fig. 4. Time Curse Behaviour of NADP Prod-
uction for the Various Volume of NAD
Kinase Added to the Reaction Mixture.
Reaction Temperature : 30°C
Light Intensity : 20 klux
- :0.2 ml NAD Kinase, 112 uM Bchl.
[J—"1:0.1 ml NAD Kinase, 112 uM Bchl.
AH——A 1 0.05 ml NAD Kinase, 112 M Bchl.
:0.2 ml NAD Kinase, 28 uM Bchl.
:0.1 ml NAD Kinase, 28 uM Bchl.
:0.¢5ml NAD Kinase, 28 M Bchl.

10

Fig. 7 shows the dependence of NADP
production at final time on the value of 5
for the constant value of Pc. NADP prod-
uction increases as the value of 5’ increases
and this is also in general agreement with
the experimental data shown in Fig. &8¢

Fig. 9 shows the time course behaviour
of Xamp for various values of 8 and y while
keeping the value of Py constant. As shown
in Fig. 9, values of Xawme decreases with
the increment of 3 value under constant Py
and 7. As the value of §increases, Pc value
ADP
converted back to ATP. The resultant ATP
drives the myokinase reaction forward that

also increases and thus is rapidly

O.BJ
|
|

Mole Fraction of NADP Produced

~1.0 0.0 1.0
Log /3

Fig. 5. Siraulation Results on the Dependence of
Xnapp at 7 =1.0 on B(Chromatophore
Activity/NAD kinase Actvity) for the
fixed Values of NAD kinase Activity
Denoted by Puy.

O—C Py =100.0

® ®:Px=10.0
®—®:Pyv=10
———lr=0.0
— r=10
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Concentration of NADP Produced (mM

] : ! 1
o 28 56 34 12

Concentration of Chromatophaore (M Behl.)

(@]
[p]

Fig. 6. Dependence of NADP Production on the
Concentration of Chromatophore in the
Reaction Mixture Reaction Temperature
1 30°C
Light Intensity @ 20 klux
Reaction Time : 16 hrs

O—0O:0.2 ml NAD kinase
O——[:0.1 ml NAD kinase
A——A :0.05ml NAD kinase

produces ADP from AMP and ATP thus
contributing to the AMP -onsumption. One
can also observe the monotonic behaviour
with respect to time for higher values of §
and 7y, which may be explained by the
higher ATP production by chromatophore
together with the faster disappearance of
AMP by myokinase.

Time course behaviour of Xape is shown
in Fig. 10 for the case when the values of
3 and 7 are changed while holding the value
of Px constant. The value of Xace is greater
for smaller 3 than that for larger 3 value
when the values of Py and 7 are kept cons-
tant. This is due to the slow conversion of
ADP to ATP by insufficient activity of
chromatophore. In case of constant values
of Py and 3, the value of Xape is lower for

larger value of 7 than that for smaller value

BishEEr 203 R 25 198213 43

Molé Fraction of NADP Produced

002
ool-
1 |
0905 00 e
Log A’

Fig. 7. Simulation Results on the Dspendence
of Xyspp at =1 on S (NAD kinase
Activity/Chromaphore Activity) for the
Fixed Values of Chromatophore Activity
Denoted by Pc Pc =10.0

— 7 =10
-y =005
cem=y=0.0

of 7. This scems to be due to the reverse
reaction catalyzed by myokinase and coincides
with the results shown in Fiig. 9. Here again
one observes a non-monotonic behaviour for
certain set of parameter values. This beha-
viour can be explained by the early product-
ion of ADP by NAD kinase followed by the
later regeneration of ATP from this ADP
via chromatophore. This non-monotonic be-
haviour becomes more pronounced as one
increases myokinase level.

In Fig. 11, the time course behaviour of
the value of Xarp is shown for the case
when the values of 8 and 7y are changed
while keeping the values of Py constant, In
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Reaction Mixture Fig. 10. Simulation Results on the Time Course
Reaction Temperature : 30°C Behaviour of Xape. Cnostant NAD ki-
Light Intensity : 20 klux nase Activity
Reaction Time : 16 hrs Py =100.0 ._——. :8=10.0 ® ®:8=10
O—C 112 uM Bchl. O—0 ﬁ 0.1 —-— :7=0.0
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Fig. 9. Simulation Resuls on the Time Couse Fig. 11. Simulation Results on the Time Course
Beahviour of Xsup. Constant NAD Kinase Behaviour of Xare Constant NAD kinase
Activity Activity .
Py=100.0 @—@:3=10.0 ®—28:3=10 Py=10.089—@:3=10.0 ®—=:3=10
O—0:8=01 —— r=10 3——13-120.1 —-— r=00
-—-= 17 =0.05 —— r=10

HWAHAX KONGHAK Vol. 20, No. 2, April 1982



122

the case of constant valus of Py and 7, the
value of Xare is greater for larger § than
that for smaller 8. This is due to the ATP
regeneration by the large activity of chro-
matophore. The non-monotonic behaviour
appearing in this case can be explained by

the same reasoning as in Fig. 10,
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Nomenclature
&1 Extent of reaction for chromatophore
& Extent of reaction for NAD kinase
&s Extent of reaction for myokinase
Vmax,c Maximum velocity for chromatophore
Vaaxsx Maximum velocity for NAD kinase
Vwax,y Maximum velocity for myokinase
Kgc Equilibrium constant for the reaction
by chromatophore
Ne Number of chromatophore at appro-

priate time

sHet-2Et 20 ® 2 & 1982 43
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3]

A &

7 = {/0r Dimensionless variable for time
Or
X

Final reaction time

Mole fraction of the component 7

Vmax, Co
KMDPC

the chromatophore activity
1%

N . . .
H"‘:’\I-ﬁp Dimensionless variable for

the NAD kinase activity
Vinaxn

K;

the myokinase activity

a = (LAMP], + [ADP, + [ATP1.)/
(INAD], + INADP],)

5 = (Chromatophore activity)/(NAD kinase
activity) = Pc/Px

A’ = (NAD kinase activity)/(Chromatophore
activity) = Py/Pc

r = (Myokinase activity)/(NAD kinase act-

ivity) = Pu/Px

Pc = fr Dimensionless variable for

Py

Py fr Dimensionless variable for
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