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ABSTRACT

The sigmiod kinetics of mass-action in a biosystem have been studied by theoretical
bases on the carrierthypothesis of influx and efflux of substrates.
The sigmoid kinetic equations of assimilation and dissimilation rates indicate that each

trophicfactor and each bio-factor behave according to the sigmoid kinetic equation and

the bell shape case, and all of them are multiplicative. The general sigmoid Kinetics

of mass-action is given by the equation (30) which is determined by the total of the
equation (28) of the assimilation rate and the equation (29) of the dissimilation rate. The
sigmoid kinetic model of photosynthesis has been derived from the general equation of

the sigmoid kinetics of mass-action.

In theoretical studies on the kinetic models of
mass-action and photosynthesis in a plant bio-
system, Chang(1975) has proposed an improved
model of mass-action which is described by the
Michaelis-Menten equation and the relationship
with the product of all the environmental factors.
Whereas influx and efflux reactions according
to carriers exhibit a hyperbolic relationship
between the rate and the substrate concentration
as represented by the Michaelis-Menten equation,
there are a number of exceptional types of
behaviour. Sometimes, there is a sigmoid curve
of which the slope of the plot, instead of decre-
asing steadily as in the Michaelis-Menten case,
first increases and then decreases.

Therefore, in this paper, the general model of
the sigmoid Kkinetics of mass-action in a bio-
system was derived from the carrier hypothesis

of influx and efflux of substrates and the kinetic

equation of photcsynthetic activity was given by
this general mcdel of mass-acticr, tco.

Methods

Early in the development of theoretical models.
on the kinetics of mass-action and photcsythesis
in a plant bio-system, it became apparent that
a wholesystem diagram for a concept of the
environmental factor affecting the amount of
photosynthesis was needed with an intersive site
specifically in mind.

The mathematical expression of the basic
model was found in a number of reports in the
literature and own conception, and then was
constructed as an original concept. Expansion of
this basic concept was carried cut in order to
obtain other new derivative mcdels. Any results
of those methods are conditional on the validity



of its assumption. A major part of model valid-
ation is the determination of which variables
should be introduced and should be deleted.
Therefore, the sigmoid kinetics of mass-action
and photosynthesis was abstracted as a theoretical
model expressed in the language of mathematics.

Assumption

The procedure requires (1) that according to
the basic principle of the input-output relations-
hip for a black boxes, the rate of mass-action of
a bio-system can be formulated by the kinetic
equation of influx and efflux rates of substrates.
It is also assumed (2) that the rate of mass-act-
ion in a bio-system is the Dbio-function of pH,
temperature, time, etc., and the trophic-function
of light, CO,, H:0, N, P, K, Ca, Mg, S, etc., and
(3) that the rate of mass-action is changed by
holding all the environmental factors of the bio-
and trophic-functions throughout a series of the
bio-system.

The kinetic model of photosynthesis in a plant
bio-system can be derived from the carrier Kine-
tics such as a community, a plant, a leaf, a
mesophyll cell or a chloroplast, used to the foll-
owing equation:

CO,+H,0+1ight—(CH.0),4+H:0+0,

Procedure

1. The sigmoid Kkinetics of absorption by
carriers
The absorption of substrates by an organism,
whereas a source of energy or of material, can
be regarded as the carrier hypothesis. The influx
kinetics that substrates are transported across
biological membranes by carriers can be exXpre-

ssed in the following equation:
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where v,, K., S., andV represent, respectively,
the rate of absorption, the dissociation constant
of the carrier-substrate complex, the substrate
This is
the Michaelis-Menten equation relating the rate

concentration, and the capacity factor.

of enzymic catalysis to the concentration of the
substrate(Epstein and Hagen 1952).

Under the corditicn of a certain state of the
carrier which is changed by any environmental
factor, the influx rate of carrier-mediated tran-
sport must be shown to be dependent c¢n the
equation (1). If this state of the carriers is chan-
ged into the other state, the influx velocity of
carrier mediated abscrption may be fitted by the
equation (1), tco. Therefore, the influx ratio
between substrate concentraticns in these two
states of the carrier continuously changes, but
the influx specific change rates of the two dim-
ensions of substrate concentraticns remain cons-
tant. This principle of constant specific change
of substrate ccncentrations is exhibited in terms
of

where y,, S., t and C are the external substrate
concentration in a certain of the carrier, the
external substrate concentraticn in the other
state, time and Chang’s influx specific change
index of the carrier, respectively.

If we eliminate time in the equation (2) and

integrate, we obtain

where a expresses a integrate constant.
The change rate of carrier-mediated absorption
under the various conditions of the carrier is

T K. FaSS @

As in the equation(4), Vais the product, V,,
of V and a, this equation is discribed by

_ V‘Sﬂc --------------------------------------
=K. tass ®

The equation (5) is a still more general model

Va

Va

expressing the varous mechanisms for hyperbolic
and sigmoid kinetics of the uptake of the subs-
trate by carriers.

When ¢ and a are equal to 1, respectively, the
Michaelis-Menten equaton is obtained by the
equations (4) and (5). This equation exhibits a
hyperbolic relationship between the rate of abs-
orption and the substrate concentrations.

If Chang’s influx index, ¢, is equal to 2, the
equation (5) becomes the simplest sigmoid equat-
ion:



VaSa?

K +aS,
As shown in Fig. 1, schematic representation of
the sigmoid kinetic equation (6) instead of decre-
asing steadily as in the equations (4) and (5)
substituted for Chang’s influx index, c¢=1, first
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increases and then decreases.
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Fig. 1. Schematic representation of the sigmoid
kinetics.
2. Sigmoid kinetics of efflux by carriers
If the efflux of substrates is considered to be
due to carriers, the efflux rate, ve, of substrates
can be represented by the following kinetics:

pom VS __ V.S} cernrenninnenn (7)
UK AbBSH T K AbSH

where S,, K,, b and & are the internal substrate

concentration, the dissociation constant of the
efflux carrier-substrate complex, the integrate
constant and Chang’s efflux specific change
index, respectively.

When # is equal to 1, the efflux Kkinetics is
given by

VS VS e,
X,+b5. - K,+S, ®

where V, and K, represent the efflux capacity

Ve=

factor and the dissociation constant of efflux
carrier-substrate complex.

If Chang’s efflux index, &, is equal to 2, the
equation (7) becomes the following simplest

sigmoid:
Vr,S,z

Ue=

3. Basic concept for the sigmoid kinetics by a.
bio-system

An organism can be considered as one bio-
molecular system which has a very multiple
structure. This biological system of mass-action
which is different from simple carriers is defined
as a bio-system. From this point of view, the:
influx and efflux action of substrates of an
organism can not only be interpreted by the
mass-action of independent catalystic sites of the:
carriers but also may be depended on relationsh--
ips among the carriers in a bio-system. By obse-
rving the influx and efflux relationship for a
black boxes, the basic diagram of this concept
from bio-molecular systems to an ecosystem is
shown in Fig. 2.
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Fig. 2. 't ne diagram of the basic ccncept of
influx and efflux substrates {from carrier
mclecules (E) to bio-systems.

The total of the infulx and efflux rates of
substrates is the mnet productivity and trophic
growth of a bio-system. The mechanism of this
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;action into the convenient closed-loop type of geo-
metric array may be arranged by the King’s met-
hod. Therefore, the sum of the in flux and efflux
substrates by a bio-system can be written by

where P, P, Py creeeeees , P,
each reaction. The basic figure in the chemical

express products of

quation (10) is a square form. This equation
suggests that the net productivity and trophic-
growth do not allow for any reverse reaction
between the assimilation and dissimilations in a
bio-system.

(1) The assimilation kinetics of substrates in
a bio-system

According to the basic concept for the influx
kinetics of substrates, the assimilation rate, wv;,
of external substrates is determined by the
concentrations of substrates such as light, carbon,
N, P, Ca, and Mg which serve as trophic indep-
endent variables in the following equation:

- S
v‘=V°"II J______
i=1 Kai'l‘assgf

where S,; is the kinds of influx trophic variables.

ceesernenenne (11)

The assimilation equation(11l) can be applied
to the kinetics of absorption, photosynthesis,
and productivity.

(2) The dissimilation kinetics of substrates in
.a bio-system
The dissimilation rate, »,, of internal substrates
in a bio-system is expressed by
o SK

Ve=—V 4
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‘where S,; is the kinetics of efflux trophic vari-
.ables. This equation can be applied to respiration
of a bio-system.

(3) The accumulation kinetics of substrates in
a bio-system

The sum of the influx and efflux concentrat-
jons of substrates is the accumulation rate, v, in
the bio-system. This kinetics is

= S& =S¥
V=V m| |——— “‘V.m’ —(13)
i=1 KoitaSé i1 Ko 8:8%

“The equation (13) is applied to net photosynthesis
and net productivity. Where a single substrate
is a limiting factor, trophic growth can be dete-

rmined by this equation.

(4) Influx and efflux rates affected by the
bio-variables

When the trophic-factors are acted upon by
the constant concentrations, the influx and
efflux rates of substrates of a bic-system depend
on the bio-variables. In terms of the sigmoid
kinetics of influx and efflux, S,° and S,* instead
of K, and K, take a certain value, respectively.

The equations (4) and (7) are formulated as
follows:

Va™ V‘ = V‘. ves
¢ 14 I(,,E 1+ K5, (14)
a8,
and
= Ve V.
Ue== " z. TR, (15)
A

where K,/aS, =K, and K,/b6S,*=K, are specific
rate constants of influx and efflux, respectively.

When the influx and efflux rates cf substra
tes are the function of the bio-variables, extre-
mely valuable information about reaction mech-
anisms of a bio-system is provided by studies of
the effect of time, temperature and pH on kinetic
constants. The law that applies almost univers-
ally to these time (Robortson’s growth equation),
temperature(Arrhenius law) and pH effects are

as follows:
K, i=Qe " soveernvrninnncnininnnn (16)
K i=Q e B et (17)
and
KspH=Qpue 130 ==0), 07830300 iiiiiiie, (18

where te is temperature. The equations (16), (17)
and (18) are divided into influx and efflux,
respectively, and can be expressed by a general

formular:

wherex and d represent the bio-variables and a
certain constant such as g, E/R and 2.303. The-
refore, the bio-function of time, temperature and
pH for influx and efflux rates are given by

v,(a:) — I+Z:e‘ia‘ .(20)
and
v'(x):_‘ﬂ——c‘),—’efo nrreeinenenn (21)

The mean change rate per unit change of the



bio-variable becomes

_ dvx) _ VQddeed™
NSy T Qe @
and
__dv(x) __V.Qdesdr .
Vo= 7:1.7: b (1+Q'e-d‘x)z (23)

As shown in Fig. 3, the equation (22) exhibits
the bell shape of a limiting factor profiles.

(X}

Fig. 3. Schematic representation of the bell
shape kinetics.

When the bio-variables are independent and
dependent, the equation of influx rate becomes

Qoidaje ?ai";

'U-=Vulj ey . ereneens 24
F=1
and the equation of efflux rate is
'U,=-—V,,.1L| _Quidoi€ e’ .iiieininn (25)

L) Qe ™)
The biotic accumulation rate in a bio-system
is given by

_Qurdyje e

1}:1}.+7),ZV¢,.I-L| (1+Q.j€ da; J)z

2 Quidie e i,
—Vulml (I+Q.ie %" )? (26)

The biotic accumulation of substrates in the
bio-system, G, is expressed by
1
__J‘ (Watv)dz=V .| | =1l TF 0,577

1
Vol | T

i=1

e (27)

‘This equation exhibits the biotic growth of an
organism and standing crop of a community.

4. The sigmoid kinetic equation of the rate of
mass-action in a bio-system

Since the bio- and trophic-factors are independ-
ent and dependent in a bio-system, the general
equation of influx rate is
Quidje 4 jaj ‘ Sty
1+Q.,e""a1’1)2 IK S

ve=Vaml T ~(28)
=1

and the general equation of efflux rate is given

by

| Q.id, je %ei%; e Sk,
Viens q+Quewmy! [ & TS

Ve=—

The equations (28) and (29) demonstrate that each
bio-factor and each trophic-factor of all the
environmental factors behave according to the
bell shape kinetic equation and the sigmoid case,
and all of them are multiplicative.

Therefore, the accumulation rate, v, of subst-
rates in a bio-system
|—"l Quid e %ai*s IL Seiag
ﬁ""l (1+Qale-d“-’ J)z ' Ka|+S"
“"‘ Qudale 2ei”j ll Shizi
Veer ‘ A+Que et | K +8%
«+(30)

The equation (30) exhibits the general kinetic
model of the mass-action rate such as the metab-
olism rate, net photosynthetic rate, net product-
ivity, and growth rate of a bio-system under all
environmental conditions of the bio- and trophic-
factors.

5. Sigmoid kinetics of photosynthesis in a
bio-system

When the bio-variables affecting the photosy-
nthetic activity in a plant bio-system have each
constant value, the sigmoid kinetic equation of
the rate of photosynthesis can be obtained by
the equation (11):

P,,ICIC,CCOHOCHO
(X al+a11 1)(Kac.+ac- ) Kanotan,H, HO)
«+(31)
where p, is the photosynthetic rate, and P,

expresses the asymptotic value of photosynthesis
in a plant bio-system. In this equaction, I, Co,
and Ho represent light, CO,, and H.O concentr-

Pi=

ations as the trophic variables of photosynthesis,



respectively.
When the Chang’s influx indices of C,;, C¢,,
and Cyu, are respectively 1, the equation(3l) is

PLIC,H, 3
P R Fa i KaerroeCoamran gy 2

If a;, ac,, and am, inthe equation (32) are

respectively 1, the kinetic equation of the phot-
osythetic rate is simplified by

PJICH,
P KT D Rt Cy R Hy D

When the bio-variables affecting the respiration

in a plant bio-system have each constant value,
the kinetic equation of the rate of respiration
can be given by the equation (12):
o= — R, M*mO* Ho*tio
(K.M-%-bMM"M)(K.a+boO"v)(K.n,+bn,H hto)
- (34)

where r, represents the rate of respiration, and

R, is the asymptotic value of respiration. In the
equation (34), M and O express organic matter,
and oxygen concentrations as the trophic-varia-
bles of respiration, repectively.

When hy, ko, and kg, are 1, respectively, the
ebuation (34) is given by

I R,MOH,
" Kb, M) (K, F0,0) K op, b, L)
............................................. (35)
and when in the equation (35), by, Do, and buo

are respectively 1, the equation of the respiration

rate is

o R,MOH,
T T R D (Rt O) (R ¥ 0

When the trephic variables affecting the

photosynthetic activity are constants, the rate
of photosynthesis is expressed by the equation
(24) as follows:

Q,idaie %as”

le ..................... (37

and the respiration rate are modified by the
equation (25) as follows:

o cd. e de i
_R“] [ (Q,,d,,e i ...(38)
i

Alm
Therefore, the general model of the photosynt-
hetic activity is given by

=P, Quid e %ai";
" : “AFQue % )?

i=

I€1CyCcoa HyHo
(Kal+allcl)(KaCo+aCn €co) (Kono+au,H, Ho)

and the general model of the respiration rate is

2 Q,id,je e

rp:—RM. | Qo e T
=
M*1uQ*ro Ho*Ho
(I\.M+bMMhM> (K., +6,0%) (K n,+bu,H,*HO)

In the equations (39) and (40), P,. and R,, are
the products of P, and P,, and R, and R,, res-
pectively.

According to the equations (39) and (40), the
amount of net photosynthesis per unit time, ps,,
is given by

P Pal -GS
- I€1CyCcoHoC,
(Ka1+allcl) (KaCo+ac,C, o) (Kanotan,H, 2io)
o d emdei%;
M*ruQOroH tHo
(K MtbuMru) (K, ,4b;0%0) (K en,+ by H,*HO)

When the bio-variables affecting the photosy-
nthetic activity are the constant values, the
equaticn (41) is simplified as follows:

PLIC1C,CcoH 110

P K TTaT I Rt aeC.ben) Konn
B RoM#3Qho H 0
e 5 (Ko D bndn (Kt b,0%0)

Ko ToaEmoy (42)

If Cl! CCM CHM a1y Acos GHos hM; hOa th) bM, bar

and by, are respectively 1, the equation (42)

becomes
» P,IC,H
T R D Koot C) (K ¥ H)
R,MOH,

TR+ MK, FO) Ku,+H,)

Discussion

Since accumulation of substrates in a bio-system
is positively related to transport across biological
membranes by carriers, the kinetics of mass-
action must be based on influx and efflux rates
of substrates which depend upon the first reaction
of assimilation and the final products of dissim-

ilation.



Most ecological and physiological descriptions
of the growth of phytoplankton have used Mon-
od’s(1942) kinetic model for steady state growth
of microbes:

T O))

K,+(S)
where u is the specific growth rate at limiting
substrate concentration S, fme. is the maximum
specific growth rate at concentrations of substr-
ate that are saturating, and K, is the concentr-
ation of substrate at which the specific growth
rate is one-half its maximum value. A rigorous
approach to the interaction of several rate-
limiting substrates or processes has been presen-
ted by Lockhart (1965a,b).
light intensity, and

Empirically the
interactions of day length,
temperature have been determined for phototro-
phic growth in the alga chlorella(Tamiya et al.
1955). According to Chang(1975) and Canale(1976),
the trophic growth rate of plants was determined
by the growth limiting factors such as light,
carbon, N and P, which serve as independent
variables. It is noted that theose kinetic models
_is described by the Michaelis-Menten equation
and the relationship with the product of all the
trophic factors.

Whereas influx and efflux reactions according
to carriers exhibit a hyperbolic relationship
between the rate and the substrate concentration
as represented by the Michaelis-Menten equation
(Epstein & Hagen, 1952; Chang, 1975), there are
a number of exceptional types of behaviour.
Sometimes, as illustrated schematically in Fig. 2,
there is a sigmoid relationship: the slope of the
plot, instead of decreasing steadily as in the
Michaelis-Menten case, first increases and then
decreases. It seems reasonable to validate that
includes the Michaelis-
Menten equation. Hence, in this paper, the sigm-

the sigmoid kinetics

oid kinetic equations of assimilation and dissim-
ilation affected by the substrates were represe-
nted by the equations (5) and (7) and the relat-
ionship
factors.

with the product of all the trophic

Considering the relation between mass-action
and the bio-variables, the kinetic equations of

assimilation and dissimilaticn were descrived by
the equations (20) and (21) and the relationship
with the product of all the hio-factors. According
to Goldman & Carpenter(1974), the Arrhenius
equation was inserted into the Moned model for
the maximum growth rate, so that the growth
rate was described by the product of temperature
and nutrient expressions. Reon et al. (1975) showed
that methylamine uptake of Saccharromyces
cerevisiae x2180-A by means of a specific active
transport system was pH and temperature depen-
dent and exhibited the bell shape of pH and
Therefore, the
equations of the bio-function of assimilatien and

temperature activity profiles.
dissimilation which were derived from Chang
(1975) were generalized by the equations (20) and
(21), respectively.

Since accumulation rate of the substrates is
the sum of influx and efflux rates, the general
kinetic model of mass-action in a bio-system is
expressed by the equation(20). Moreover, it
seems reasonable to be that the general kinetic
equaticn of photesynthetic activity can be

derived from the equation (30).
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