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Abstract

Modelling the Calvin cycle of photosynthesis leads to various systems
of ordinary differential equations and reaction-diffusion equations. They
differ by the choice of chemical substances included in the model, the
choices of stoichiometric coefficients and chemical kinetics and whether
or not diffusion is taken into account. This paper studies the long-time
behaviour of solutions of several of these systems, concentrating on the
ODE case. In some examples it is shown that there exist two positive
stationary solutions. In several cases it is shown that there exist solutions
where the concentrations of all substrates tend to zero at late times and
others (runaway solutions) where the concentrations of all substrates in-
crease without limit. In another case, where the concentration of ATP is
explicitly included, runaway solutions are ruled out.
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1 Introduction

Photosynthesis is a process which is of great importance for many reasons. It
is the ultimate source of the food we eat, the oxygen we breath and many
fuels (fossil fuels and biofuels). For this reason it is clear that it would be
valuable to have a better theoretical understanding of this process and one way
of approaching this task is to use mathematical models. The aim of this paper
is to analyse dynamical properties of some of these models.

Photosynthesis can be split into two main parts. In the first part, called the
light reactions, energy is captured from light and the small molecules ATP and
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NADPH are produced. These provide sources of energy and reducing power,
respectively, for the second part, the dark reactions. The name of the latter
comes from the fact that they can take place in the dark. Molecular oxygen is
produced during the first part. In the second part carbon dioxide is used to make
carbohydrates. For this reason this part is also known as carbon fixation. This
paper is exclusively concerned with models for the second part of photosynthesis.

The models which are relevant describe reactions between different chemical
substances and also, in some cases, diffusion of these chemicals. The resulting
mathematical model is a system of ordinary differential equations (ODE) if
diffusion is not included and a system of reaction-diffusion equations if it is.
The models studied in what follows are either taken from the papers [9] or [22]
or are closely related to the models in those papers. In all these cases the network
of reactions modelled contains a cycle and due to the fundamental contributions
of Melvin Calvin to identifying the reactions concerned this is often referred to
as the Calvin cycle (see for instance [I]).

In building a model it is necessary to decide which substances are to be
included. The basic unknowns are the concentrations of these substances. It
is also necessary to decide how the chemical reactions are to be modelled. In
most of this paper diffusion is ignored and only a few remarks are made on what
happens when it is included. In the absence of diffusion the equations are of the
general form

& = fi(x). (1.1)

Here xz; are the concentrations, which are functions of time, and the dot denotes
the time derivative. The solutions of relevance for the applications are those
for which all z; are positive. In other words the point with coordinates x;(t)
is always in the positive orthant S of R". The mapping f with components f;
represents the interaction between the different substances during the reactions.
It is of the form Nuv(z) where N is a matrix called the stoichiometric matrix and
the components v, of v are the rates of the different reactions. The v, describe
what is called the kinetics. The function f; is of the form f;" —x; f;~ for two non-
negative functions f;r and f;” as a result of the form of the dependence of the
reaction rates on the concentrations of the substances going into the reactions.
The cosets of the range of the stoichiometric matrix are called stoichiometric
compatibility classes and are invariant under the flow of the dynamical system.
In all the systems considered in what follows the function v is C! and it can
be shown that if the concentrations x; are positive at some time they remain
positive as long as the solution exists. This can be proved as in the special case
covered by Lemma 1 of [I9]. Thus S is invariant under the evolution and it
follows by continuity that its closure S is also invariant.

A common choice of kinetics is mass action kinetics where if p molecules of
the substance with concentration x; take part in a reaction the reaction rate
has a factor proportional to x¥. This corresponds to the idea that the rate of
reaction is proportional to the probability of the relevant molecules meeting.
For instance in the simple reaction A+ 2B — C' the reaction rate is of the form
kz ax% where k is the reaction constant. For more details on building systems



of ODE describing reaction networks and mass action kinetics in particular
see [7]. Another common choice, particularly in the description of biological
systems, is Michaelis-Menten kinetics. This is adapted to describing reactions
which are dependent on a catalyst and the reactions in biological systems are
usually catalysed by enzymes. If the enzymes are explicitly included in the
description a type of kinetics is obtained which is referred to in [9] as Michaelis-
Menten represented in terms of mass action (MM-MA). Michaelis-Menten (MM)
kinetics is obtained from MM-MA kinetics by a limiting process (quasistationary
approximation).

The structure of the paper is as follows. In Section 2l the dynamics of mod-
els with mass action kinetics is considered for two different choices of the sto-
ichiometric coeflicients. In particular it is shown that for certain values of the
reaction constants there is exactly one positive steady state and that it is un-
stable. This raises the question of the final fate of general solutions. It turns
out that for suitable choices of the reaction constants there is an open set of
initial data for which all concentrations tend to zero at late times and an open
set of initial data for which all concentrations tend to infinity at late times. The
main results are collected in Theorem 1. The second statement is somewhat
technical to prove for the choice of stoichiometric coefficients used in [9] and
the proof is the subject of Section [Bl Section Ml is concerned with the models
where the kinetics is Michaelis-Menten represented in terms of mass action. It is
shown that there are solutions which tend to infinity at late times for both the
choices of stoichiometric coefficients made in [9] and in [22]. For the first case
it is proved that there can exist more than one positive stationary solution in a
stoichiometric compatibility class and there is some discussion of what happens
in the second case. The models with Michaelis-Menten kinetics are studied in
Section Bl and it is shown that that there are solutions which tend to infinity
at late times for that model too. It is shown that the stationary solutions are
essentially the same for the MM-MA and MM models. A model in which the
concentration of ATP is a dynamical variable is discussed in Section This
leads to a system of ODE for which, in contrast to the models discussed up
to this point, all solutions are bounded in the future. In all this the aim is
to treat values of the reaction constants which are as general as possible. In
Section [1] some conclusions are drawn. Appendix A gives an introduction to
Michaelis-Menten theory. Appendix B collects some technical results required
for the proofs in the main text.

2 Mass action kinetics

This section is mainly concerned with the dynamical system (6) of [9]. There
are five variables TruBP, TPGA, TDPGA, Taap and Trusp which are the con-
centrations of the substances abbreviated by the subscripts. They are ribulose-
1,5-bisphosphate (RuBP), 3-phosphoglycerate (PGA), 1,3-diphosphoglycerate
(DPGA), glyceraldehyde-3-phosphate (GAP) and ribulose-5-phosphate (Ru5P).
This system has mass action kinetics and is called MA in what follows. It is



given by

drruBP

= ksTRusP — K1TRuBP, (2.1)
dx;fA = 2k12ruBP — koxpca — keTpca, (2.2)
Cm;%‘* = kaxpga — k3TppcaA, (2.3)
dxc(l}:P = kszppaa — Skaxgap — krzaap, (24)
dx3:5p = —ksTRusp + 3kaxqpp. (2.5)

The k; are the reaction constants and they are all positive. The alternative nota-
tion where (xruBP, TPGA, TDPGA, LGAP, TRusP ) 18 replaced by (z1, z2, T3, 24, T5)
is also used. The state space of interest for the applications is the positive or-
thant S. Sometimes it is also useful to consider the dynamics on S. The origin
is a stationary solution. The linearization of the system at the origin has eigen-
values (—k1, —ko — k¢, —ks, —k7, —ks). Thus the origin is a hyperbolic sink.
Consider a solution which starts at a point of the boundary of S other than the
origin. Let N be the set of indices ¢ for which the concentration x; vanishes.
Both N and its complement are non-empty. Hence there exists ¢ ¢ N for which
j €N for j =i+ 1mod 5. It follows that £; > 0 and so the extension of the
solution towards the past must lie in the complement of S. This implies that
there exists no solution other than the zero solution which stays in the boundary
of S for a finite time. This can be used to show that if x is a solution which
starts in S then its w-limit set contains no point of the boundary of S other
than the origin. For suppose that z* is a point of the w-limit set of z(¢) which
belongs to the boundary of S and is not the origin. Then there is a solution y
which passes through z* and lies entirely in the w-limit set of  and hence in S.
On the other hand it has just been shown that this cannot happen. Thus any
w-limit point of a solution starting in S must either be the origin or a point of
S.

Taking a suitable linear combination of (24)) and (23] eliminates the non-
linear terms.

d(3xcAP + DTRusP)
dt

= 3ksrppcga — 3krxcap — 5k5TRusP- (2.6)

Let X be the maximum of the quantities zrusp, TPca, TDPCA, Taap and
3rcap+5xrusp. Then any solution of the system satisfies the integral inequality

X(t) < X(tg)+C t X(s)ds (2.7)

to

where C is the maximum of 2kq, ko, 3k3 and %k5. Thus, by Gronwall’s inequal-
ity, none of the variables can blow up in finite time. Together with the fact



that S is invariant this shows that the solution exists globally in the future.
Summing up what has been proved so far gives:
Proposition 1 A solution of (21])-(Z5]) with positive initial data exists globally
to the future, remains positive and has no w-limit points on the boundary of S
except possibly the origin.

It is shown in [9] that if ko > Bke there is a unique stationary solution of
the system in S and the equilbrium concentrations are calculated explicitly in
terms of the reaction constants. For this solution

k2

-1
TRruBP = Ky = (2.8)
2k}2 _ §
3ka (k2+k6 3)

The other equilibrium concentrations can be expressed as Trusp = %xRqu,

5

2k 2k k k 5
TPGA = T4k TRUBP; TDPGA = I, 4 he) TRuBP, TGAP = (ﬁwRuBP) An

additional relation which can be derived for the stationary solution is that
Tgap = % The linearization of the system about the stationary so-

lution has the characteristic polynomial

A+ k)N + Eo + k) A+ k3) (A4 25kg2g op + k7)) (N + ks ) — 30k kokskaksz i ap-
(2.9)
The constant term is equal to

yksks[(kz2 + ke )kr + 5(—ka + bke)kaxgap] = —4k1 (ko + ke)ksksks.  (2.10)

Because of the signs of the coeflicients this polynomial has exactly one positive
root. This means in particular that the stationary solution is unstable. For
ko < bkg there is no stationary solution in S. If ko — 5kg is allowed to tend
to zero while each of the reaction constants tends to a non-zero value then the
stationary point tends to infinity.

Define a function

1 3 3
L1 = xruBp + STPGA + FTDPGA + FTGAP + TRusP- (2.11)
Then dL 1 1 3
1
2 (kg — 2k .y . 2.12
7 5 ( 6% 2) TpaA — sh7TGap (2.12)

If ky < 5kg then L is a Lyapunov function for the system (ZI)-(235). This
recovers the fact that for this parameter range there are no stationary solutions.
It fact, when combined with Proposition 1, it shows that when that inequality
holds all solutions converge to the origin as ¢ — oo - all concentrations go to zero
at late times. Thus strong control of the late-time asymptotics of all solutions
has been obtained in this case.

It remains to consider the case ko > 5kg where L1 does not seem to give an
interesting conclusion. A useful generalization of L; is given by

1
Ly = 2ruBP + 3TPGA + arppaA + QTGAP + TRusP (2.13)



for ae > 0. It satisfies

% - —% s — (20 — 1) ko] wpaa — [k — (3 — ba)kazbaplraar.  (2.14)
This means that if (2 — 1)ka < kg the function Lo is monotone decreasing
along any solution for which (3 — ba)kszdp < aks. For a = % the function
Lo coincides with L;. Another interesting choice is o = % In that case Lo is
monotone decreasing on the region defined by the inequality k4xé ap < k7. It
follows that if a solution initially satisfies

1
1 1 (k7 \*
TRuBP + §($PGA + ZpPGA + TGAP) + TRusP < 3 (k_4> (2.15)
then it tends to zero as t — oco.

It has now been shown that in the case ky > 5kg there is an open set of
initial data for which the corresponding solutions tend to the origin as ¢ — oco.
The argument just given also provides some information about the basin of
attraction of the origin, which is more than could be concluded from the fact
that the origin is a hyperbolic sink. There is also an open set of initial data
for which all concentrations z; tend to infinity as ¢ — oco. The proof of this
statement is given in Section [3

In [22] stoichiometric coefficients are considered which are slightly different
from those in [9]. While [22] uses Michaelis-Menten kinetics it is possible to take
mass action kinetics with the stoichiometric coefficients of [22]. This leads to a
system which is called MAZ in what follows. It differs from the system MA only
by the facts that the terms —5k4:1cfc’;AP and 3k4:1cfc’;AP are replaced by —kszgap
and %k4$(} Ap respectively. In terms of the reaction network, the system MA
arises from the system MAZ by multiplying the stoichiometric coefficients in
one of the reactions by a constant factor so that they become integers. For the
system MAZ the set S is positively invariant. The right hand side of the system
is C! due to the fact that all the stoichiometric coefficients on the left hand sides
of reactions are integers. The arguments used to prove that solutions starting
in S have no w-limit points on the boundary of S other than the origin for the
system MA generalize easily to give the same statements for the system MAZ.
Since the latter system is linear all solutions exist globally. The function L; of
(211) is a Lyapunov function for the system MAZ when ko < 5kg since it also
satisfies the equation ([2.12)) in this case. It follows that all the statements about
the system MA derived using L; also hold for the system MAZ. In the latter
case

L 1 3
d—tz = —5 ks — (20 = 1) ko] zpaa — [ak7 - <5 - a> k4] zaap.  (2.16)

Thus if (2a — 1)ka > k¢ and (3 — 5a)ky > Saky and at least one of these two
inequalities is strict then — L5 is a Lyapunov function. The equations for sta-
tionary solutions may be analysed in this case in a similar way to what was
done for the system MA. Four of the relations obtained are xrysp = Z—;xRqu,



2k 2k k 5k :
TPGA = T1 /g TRUBP; TDPGA = T (haiie) TRUBP; LGAP = 3 TRuBp. Substitut-
ing these relations in the remaining equation gives:

5(k2 + kﬁ)(k4 + k7) = Gkaoky. (2.17)

Thus there are stationary solutions only when this relation is satisfied and when
it is satisfied there is a whole one-dimensional subspace of them. This situation
is not surprising since the equations are linear in this case. It is natural to
examine the eigenvalues of the matrix on the right hand side of the equation.
The characteristic polynomial is

6
(kl + )\)(k3 + )\)(kg, + )\)(kz + ke + )\)(k4 + k7 + )\) - gk1k2k3/€4k5. (2.18)

As in the case of the system MA all the coefficients in this polynomial are
positive except possibly for the constant term, which is

6
Fukaks | (k2 + ko) (ka + ke) — haka | (2.19)

When the expression in brackets is negative there is a positive real eigenvalue
and there exists at least one solution which tends to infinity as ¢ — co since the
origin has a non-trivial linear unstable manifold. If

6
(kz + ke) (ks + k7) < gk2k4 (2.20)

then « can be chosen so that —Ls is a Lyapunov function. Hence in that case
the origin does not belong to the w-limit point of any solution. Since other
w-limit points on the boundary of the positive orthant have already been ruled
out it follows that all solutions tend to infinity. The results for the systems MA
and MAZ are now collected as a theorem.

Theorem 1 If k3 < 5kg then all solutions of MA and MAZ tend to the origin
as t — oo. If ko > 5kg there is a non-empty open set of initial data for MA for
which the corresponding solutions tend to the origin as ¢t — oo and a non-empty
open set of initial data for which the corresponding solutions tend to infinity as
t — oo. If ko > bkg then there is at least one solution of MAZ which tends to
infinity as t = oo. If kq(k2 —5ks) > 5(ke + ke )k7 then all solutions of MAZ tend
to infinity as t — oo.

3 Solutions which tend to infinity

In this section it is shown that if ko > 5k there exist solutions of 21)- (23] for
which all x; tend to infinity as t — oco. In fact there is a non-empty open set of
initial data for which the corresponding solutions behave in this way.

Theorem 2 If k; > 5kg there is a non-empty open set of initial data for the
system MA for which the corresponding solutions tend to infinity as ¢ — oo and



have the asymptotics

x1(t) = Ae™ + ... (3.1)
zo(t) = A(Va/Vi)e™ + .. (3.2)
x3(t) = A(V3/Vi)e® +. (3.3)
za(t) = [A(Va/Vi)E)F e + ... (3.4)
z5(t) = A(Vs/Vi)e® +. (3.5)

Here «, & and the V; are fixed positive constants and A is a constant depending
on the solution. B

Proof For the proof it is useful to introduce the quantity £ = i—;‘ Its evolution
equation is given by

df 4 1 _g 1 kQ(EQ
i 5(x38)5 | ks — Ska& + €5 x4 <5k3 — k7 — 5 )] . (3.6)

Let & be the vector with components z; for i« = 1,2,3,5. Then four of the
evolution equations can be rewritten as

— =Mz + R. (3.7)

Here the only non-zero component of the vector R is the last one and it is equal
to 3kax3(€ — &), & = 4 and

—k 0 0 ks
| 2k —(k2+ks) O O
M= o Tk 0 (3.8)
0 0 Sky —ks

Equations (3.8) and B1) are equivalent to the original system. The solutions
to be constructed are obtained as fixed points of a mapping depending on pa-
rameters. To define this mapping some manipulations of the basic equations
B.8) and [B1) are necessary. The equation (3.6]) can be rewritten as

& doka(rs) e — &)+ 56 <ék3 k- ’“;;2) . (3.9)

The first term on the right hand side can be split into a leading term and a
remainder with the result that the whole right hand side can be written as
§

25k4($3§s)‘ (58 - 5) + F(‘fv 5) (310)

where

Fle.6) = 2t e - efl(e - 9 +5¢ (3ha— k- 22) . @)

5T3



The equation [B1) can be solved by variation of constants to give

Z(t) = exp(Mt)z(0) + /0 exp(M(t — s))R[z, &](s)ds. (3.12)

The function R[Z,¢&](s) depends on the functions Z(s) and £(s).

The matrix M is of the type considered in Appendix 2. Its determinant is
kiksks (k - %kg) Thus when ko > 5kg it has exactly one positive eigenvalue
«a and all its other eigenvalues have real parts less than a. Moreover, there is
an eigenvector V with eigenvalue « all of whose components are positive. Thus

exp(Mt)z(0) = p1e®V 4 9 (t; pa, p3, f14) (3.13)

where the components of the function ¢ are of the form

4
it pa, iz, pra) = Y 1 Wige™y vyt (3.14)
=2 k>0

Here the f3; are the eigenvalues of M other than «, the W;; are the components of
the eigenvectors other than V' and the v;;, are constants which are only non-zero
for £ > 0 if the eigenvalue ; has multiplicity greater than one. The function v
depends linearly on the parameters uo, pus and py and satisfies ¥(¢; pa, s, pa) =
O(el*=9t) as t — oo for some € > 0.

From the formula for T we get

t
3(t) =ule“%Jres-w(t;uz,u3,u4)+/ e3-exp(M(t - 5))R[Z, & (s)ds. (3.15)
0

This can be used to split the quantity x3 in the first term of (BI0) into a part
containing the leading term in (8I5) and a remainder term. The result is

9 k(i Vatoe®t)

at (£ — &) + G2, &, 1] (3.16)

where

4
5

47 4
Glz,6,1] = 25ka€3 |25 — (maV3e™)5 | (& — &) + F(2,€). (3.17)
The idea is that G contains all the contributions to ([8:6]) which can be considered
small.

Equation (B.I0) can also be treated by variation of constants. Let

O(t) = exp <— 1i5ak4 (11 VaEset)s — 1]) : (3.18)
Then .
E(t) =& +no®(t) + /0 %G[iﬂ,{, slds (3.19)



with an arbitrary constant 79. Finally (312) can be rewritten as

Z(t) = 1™V + (t; po, pis, pra) + /0 exp(M(t — s))R[z, £](s)ds. (3.20)

The integral equations ([B19) and (320) are those which are used for the fixed
point argument.

Let X be the set of continuous functions (Z(t),£(t)) defined on the interval
[0, 00) which satisfy the inequalities

<O, (1) — &les ™ < K (3.21)

for positive constants p1, 6 and K which are restricted by some additional
conditions in the fixed point argument. Denote the right hand sides of equations
BI9) and B20) by T1(&,Z) and Tz2(€, Z), respectively and let T = (71, T2).
Then & and Z solve B19) and B20) if and only if (¢, Z) is a fixed point of 7.
In order to ensure that the mapping 7 is well-defined on X it suffices to assume
that § < % min; V; and that K < %{S since these inequalities imply the positivity
of z and £. The aim is to show that for a suitable choice of the constants p1,
12, W3, tha, Mo, 0 and K this rule defines a mapping 7 from X to itself.

For convenience let T(&,Z) = (¢,y). The quantities ¢ and y should now be
estimated under the assumptions [2I)). The quantity ¢ — & is estimated first.
It can be written as a sum Zle Qi where the individual terms are defined as
follows. @1 denotes the second term on the right hand side of (B:I9)). Q2 denotes
the contribution to the right hand side of (8I9) coming from the first term on
the right hand side of (BI7)). The contribution to the right hand side of (319)
coming from the second term on the right hand side of B11) is Q3 + Q4 + Q5.
The three summands in this last expression come from three summands in F.
The expression @3 is the contribution coming from the first term in BI1). Q4
is the contribution from the first two terms in the bracket on the right hand
side of (B11) and Q5 is the contribution from the third term in that bracket.
As a first step towards estimating ¢ — &, consider the following identity which
holds for any positive constants A and ~.

%(’771147167'” exp(Ae™)) = exp(Ae™)(1 — A te™ ). (3.22)

If A > 2 then the second factor on the right hand side of this equation is no
smaller than one half for any ¢ > 0. Hence integrating this relation from 0 to ¢
gives

t
/ exp(Ae?)ds < 2y T A7 e exp(Ae™). (3.23)
0
Thus
!
_ < - _—
6= &l < 20) Il + 161~ [ g

2 _a _4a
< (1 Va&) TR |G Lo EE + |no|®(2). (3.24)
25k4

10



The integral has been estimated using (323) with A = (%) (111VaEs)5 and
vy = %O‘. Assuming 7 sufficiently large ensures that the lower bound on A

required for (323) to hold is satisfied. Next G is estimated.
4
|Gl L < 20ka€3 K (i Va) 5 V5 sup{l, (Vs — 8) #}0 + ||Flp=.  (3.25)

Choosing ¢ small enough allows ()2 to be bounded by %e’%o‘t. The first term
in the expression for F' can be bounded by

4o¢t

4 4 4 4 4
Chypj e5™ (V3 + 6)5(€ — £)* < Chap} K*(V3 +8)5e™ 5 (3.26)

for a numerical constant C. Choosing K sufficiently small allows Q3 to be
4

bounded by %6_30"5. In the second term in F' the first two contributions can

be bounded by 2£,(ks + 5k7). Choose p1 large enough so that

e (Vi) HE, (ks + k) < K (3.27)
4

Then it follows that Q4 is no greater than %e‘go‘t. The third contribution to

F can be bounded by 2§ko |£2|. Now
To ‘/'2 +6e—2at
=< = 3.28
z3| ‘/3 — Je—2at ( )

To get a lower bound for the denominator in this expression it is assumed that
§ < V3. Then
T2| o 2Vo + V3

T (3.29)

zs3

If 141 is chosen large enough then @5 is bounded by %e*%at. To control the
quantity @1 assume that p; is so large that

125]{34 4 day 4o
sest—1]> —¢. .
1o [(mVs&s)se 12~ (3.30)

for all £ > 0. Then |no|®(t) < |nole~ 5. Choose o to be no larger in modulus
than % Then combining the estimates shows that for K and ¢ sufficiently small
and py sufficiently large the second defining inequality of the set X is satisfied

by C.

Next y — 11V is estimated. The function ¥ can be bounded by an ex-
pression of the form Ce(*=9t where the constant C' depends only on the matrix
M and € is a positive constant. Since 1 is linear in the parameters po, p3 and
144 the constant C' can be made as small as desired by making these parameters
small. Thus it can be ensured that e[y (t)] < “Tl‘;. The integral term in
320) can be estimated by an expression of the form Cpuj Ke®*. This can be
made as small as desired compared to duie® by choosing K small. Thus the
first defining inequality of the set X is satisfied by y.

11



It follows that for a suitable choice of the parameters 7 maps X into itself.
Let 2°(t) = p1e®'V and £°(t) = &,. Define a sequence (£",2") recursively by
(entt gntl)y = T((€",z")). The sequences " and £" are uniformly bounded
on compact subsets. It then follows from the definition of 7 that their time
derivatives are uniformly bounded on compact subsets. By the Arzela-Ascoli
theorem there is a subsequence (£, z"") which converges uniformly to a limit
on compact subsets. It is possible to pass to the limit in the integral equations
defining the iteration to see that the limit is a fixed point of 7 and hence the
desired solution. The solution is uniquely determined by the parameters p; and
No- The mapping from these parameters to the initial data for the solution at
t = 0 is a diffeomorphism onto its image. Thus the set of solutions constructed
in this way corresponds to an open set of initial data. This completes the proof
of the theorem.

4 Michaelis-Menten via mass action kinetics

Next the system (10) of [9] is considered. For the convenience of the reader we
reproduce the essential equations here:

TRuBP = Kk15TRusPEs — F1TRuBPZE, + F2ZRuBPE, s (4.1)
TRuBPE; = k1zruBPZE, — (k2 + k3)TRuBPE, » 4.2
TPGA = 2k3TRuBPE, — K4TPGATE, + K5TPGAE,
—k162PGATEs + F177PGAES, (4.3)
TPCAE, = kawpcave, — (ks + k6)TPCAE, (4.4)
TDPGA = k¢TPcAE, — k72DPGATE, + K3TDPGAES, (4.5)
TDPGAE; = krxppaaTe, — (ks + ko)TpPGAE,, (4.6)
) 5
LGAP = koTDPGAE; — 5K102&APTE, + 5K11TGAPE,
—k192cAPTE, + k20TGAPE,, (4.7)
. 5
LGAPE, = kioxgapte, — (k11 + k12)zcaprE,, (4.8)
TRusP = —Kk13TRusPTE; + K14TRusPE; + 3K12TGAPE, (4.9)
TRu5PEs = ki32RuspTE; — (k14 + ki5)TRusPES , (4.10)
TPGAEs = kisrpaare; — (k17 + kig)TpcaEs, (4.11)
TGAPE; = kigrgarre, — (k20 + k21)zcAPE,- (4.12)

The equations for the concentrations of the free enzymes have been omitted
since they can easily be reconstructed. As explained below, this could be made
into a closed system by using the conservation of the total quantity of each
enzyme. This has not been done so as to prevent the equations becoming even
longer. The kinetics is called Michaelis-Menten represented in terms of mass
action in [9] and is called the system MM-MA here. The unknowns are of three
types. There are the concentrations of free substrates, which are denoted by
the same variables as in the system MA. There are the concentrations zp, of
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the seven enzymes corresponding to the seven reactions in the system. Finally,
there are the concentrations of the complexes formed when the enzymes bind
to their substrates. The complex formed when the substrate A; binds to the
enzyme F,, is denoted in what follows by A; F,,. Since in some reactions r(«) > 1
molecules of the substrate bind to the enzyme this might be denoted instead
by A;(Q)Ea. Since, however, the exponent r(a) is uniquely determined by «
we chose the shorter notation to prevent certain formulae becoming even more
cumbersome than they already are. It should be warned that the word ‘complex’
is used in two different ways in the literature on reaction networks. The first
meaning is the one just introduced. The other is a formal linear combination
of the chemical species which is on the left or right hand side of a reaction.
To distinguish these two concepts in what follows they will be referred to as
‘enzyme-substrate complex’ and ’reaction complex’ respectively.

The total concentration of each enzyme (free plus bound) is a conserved
quantity and is denoted by p,. It follows as for the system MA that the set
S is invariant. The question, whether solutions starting in S can have w-limit
points on the boundary is a little more complicated than for the system MA.
Note first that there is a five-dimensional set A; of stationary solutions in S
defined by setting the concentrations of all enzymes to zero together with those
of the corresponding complexes. This is the set where all p, are zero. This
set cannot contain any w-limit point of a solution with positive initial data,
since for a solution of that type the p, are positive. The conservation of the p,
defines invariant affine subspaces of S of codimension seven. It is elementary
to show that the stoichiometric matrix has rank twelve so that these subspaces
are the stoichiometric compatibility classes. Call one of these subspaces Sg.
Another set of stationary solutions As, of dimension seven, is defined by setting
the concentration of all substrates and all enzyme-substrate complexes to zero.
Any subspace Sg intersects this set of stationary solutions in precisely one
point. Consider a solution z(t) which is positive and which has an w-limit point
x* on the boundary of S. The solution y(t) passing through z* lies entirely
in the boundary of S. If the concentration of any free enzyme E, vanishes
at z* then, by the conservation laws, the concentration of the corresponding
substrate-enzyme complex is non-zero. It follows that the time derivative of
the concentration of E, is positive, a contradiction. Thus it can be concluded
that the concentrations of all free enzymes are non-zero at x*. Suppose that
x* ¢ Ao. If all substrates had zero concentration at z* then at least one enzyme-
substrate complex would have to be non-zero and the evolution equation for that
substrate would give a contradiction. Thus at least one substrate must have non-
zero concentration. Then the evolution equation for a complex of that substrate
with any enzyme implies that the concentration of that complex must be non-
zero. Since x* is on the boundary of S it is not possible that the concentrations
of all substrates are non-zero. From this point on it is possible to argue as in
the corresponding proof for the system MA to obtain a contradiction. It can
be concluded that any w-limit point of a solution starting in S must either be
a point of S or belong to As. The conservation laws show that the w-limit set
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contains at most one point of As.

The system (@I)-(ZI2) has the property that all the variables representing

the concentrations of enzymes or enzyme-substrate complexes are bounded due
to the conservation laws for the quantities p,. On the other hand, the quantities
on the right hand sides of the evolution equations for all other variables are
all either non-positive or linear in the quantities which are not known to be
bounded. It follows from this that all solutions exist globally in the future.
Summing up:
Proposition 2 A solution of the system ([@1])-([@I12) (the system MM-MA) with
positive initial data exists globally to the future, remains positive and has no
w-limit points on the boundary of S except possibly a single point of the set As.
The conclusions listed for the system MM-MA in this proposition also hold for
the analogous system MM-MAZ defined using the stoichiometric coefficients of
[22] and can be proved in the same way.

Fort=1,2,3,4,5 let Z; be the sum of the concentration of the free substrate
1 and its concentrations within its complexes with enzymes. Note that here it
is necessary to take into account that in general the complex contains several
molecules of the substrate. Then As is the subset of S where all Z; vanish.
These quantities satisfy the evolution equations

dz
d_tl = ki15TRusPEs — K3TRUBPE: , (4.13)
dZo
o 2k3rRuBPE, — F6TPcAE, — K18TPGAES, (4.14)
dzr
d—t3 = ksrpcaE, — F9TDPGAE,, (4.15)
dZ4
i korpPcAE, — 9k122GAPE, — K21 TGAPE,, (4.16)
dz
d_t5 = 3k122GAPE, — F15TRusPES - (4.17)

Let Ly be the quantity obtained by replacing x; by Z; in the expression for the
function L introduced for the system MA. Then

dL, 1 3

1
- =3 (klsivPGAEG - ngxPGAEa) - gk21$GAPE7~ (4.18)

This shows that L; is a Lyapunov function on the region where the quantity in
brackets in (£I8) is non-negative. It will now be shown that this can be used
to prove that certain solutions tend to zero as t — oc.

Proposition 3 A solution of the system MM-MA (the system (&II)-(@I2))
with k17 + k1s < ks + ke which satisfies the inequalities [I9) and kgkepe <
ki6k1s(ps — 2L1(0)) converges to a point of Ay as t — oo.

Proof For a solution satisfying the assumptions of the proposition the quantity
in brackets in ([@I8) is initially positive, i.e.

ksxpcar,(0) < bkisrpcars(0). (4.19)
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The evolution equations for the concentrations occurring in this inequality are

dx
% = kywpcare, — (ks + ke)TpcaE,, (4.20)
dx
% = k16xpcAaTEs — (k17 + k18)TPGAES- (4.21)

Let t. be supremum of times for which ksxpgag,(t) < 5kisrpcars(t) holds
on the interval [0,t,). Using the fact that k17 + kis < ks + ke the sum of
the contributions of the second terms on the right hand sides of the evolution
equations for xpgar, and rpgag, to the evolution equation for 5k1sxpcar, —
kexpgam, is positive when t = t,. Now ksxpcare, < ksaxpcape and

kisrpaate, = ki6TPca(ps — Tpaars) > kiszpaa(ps — 2L1(0)). (4.22)

Thus due to the inequality ksksps < kickis(ps — 2f)1(0)) the assumption that
t, is finite leads to a contradiction. In addition it can be seen that in this case
any w-limit point of the solution must satisfy xpga = 0 and hence belong to
Ay. This gives the conclusion of the proposition.

Next it will be shown that the system MM-MA has solutions for which
the concentrations of the substrates tend to infinity at late times. To do this
it is most economical to do the calculations in the framework of a class of
reaction networks wider than those describing the Calvin cycle. Consider a
system of chemical reactions as defined by sets of species, reaction complexes
and reactions. This will be called the basic reaction network. It is possible
to build a new network by replacing each reaction in the basic network by a
Michaelis-Menten scheme containing a substrate (the species from the basic
network), an enzyme and a substrate-enzyme complex. Applying mass action
kinetics to the extended network gives ‘Michaelis-Menten expressed in terms
of mass action’ kinetics or, for short, MM-MA kinetics. In this way starting
from the basic network we get a system of ordinary differential equations called
the MM-MA system. It contains reaction constants for each reaction in the
extended system as parameters. Call the substrates A; and the enzymes F, for
some indices ¢ and «. The complex formed when these bind to each other is
denoted by A; E,,.

Some restrictions will now be made on the basic set of chemical reactions.

1. Each reaction complex in the basic network contains only one species

2. The set of substrates and the set of enzymes are disjoint. This rules out
the MAP kinase cascade [12].

3. Each enzyme catalyses only one reaction. This rules out systems with
enzyme sharing such as the multiple futile cycle [20].

When there are n species and r reactions in the basic network then the number of
species in the corresponding MM-MA system is n + 2r. There are n substrates,
r free enzymes and r substrate-enzyme complexes. There are 3r reactions.
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In the motivating example for this work the basic system is defined by the
equations (21)-(2X) describing the Calvin cycle. It has five species. There are
seven reactions and so there are nineteen species in the corresponding MM-MA
system. When a system is so big it is not very eflicient to write it out explicitly
when analysing it. It can be more useful to treat it as an example of a class
of systems characterized by some particular structural properties. This is the
motivation for considering a more general class of systems here. Note that the
first restriction above rules out the more detailed models of the Calvin cycle
given in [I7] and [I§]. It also rules out the homogeneous case of the model with
diffusion considered in [9]. It will be seen in Section [6] that in fact all solutions
of the latter system are bounded.

The main theme of what follows is solutions of an MM-MA system in which
the concentrations of all substrates tend to infinity as ¢ — co. In fact they all
tend to infinity linearly in time. In the solutions of interest here the concen-
tration of each free enzyme tends to zero as t — oo and almost all the enzyme
becomes bound to the substrate at late times. A class of networks are con-
sidered which are called autocatalytic. It is shown that for MM-MA systems
arising from networks satisfying this additional property, which is defined later,
there are large classes of solutions of the type just described. They are referred
to here as runaway solutions.

The MM-MA system can be written as a set of evolution equations for the
substrates, the substrate-enzyme complexes and the free enzymes. The right
hand sides of the equations of the second and third types for a given choice of
enzyme differ only by an overall sign. Adding them gives a conservation law
for the total amount of enzyme p, = za,5, + rr,. The conservation laws can
be used to eliminate the concentrations of the free enzymes from the evolution
equations for the substrates and the substrate-enzyme complexes. The evolution
equations for the free enzymes can be discarded. This leads to the system

d-IAm r(a
—5 = Z r(a)C™ (a)IA(i(a)) (pa — ‘TAi(a)Ea)
ai(a)=m

+ Z r(@)C™ () TA; 0 Ea + Z s(a)T(a)ZA; (0 Ba > (4.23)
ai(a)=m a:f(a)=m

dxAi(a)Eoc — ot r(c) _

SRR CH(@)a) (pa — Ta ) — (C7(0) + T(0))2a, -24)
Here Ct(a), C~(a) and I'(«) are the reaction constants for the reactions in-
volving the enzyme FE,. The numbers r(a) and s(a) are the stoichiometric
coeflicients of the reaction catalysed by FE,, referred to for brevity as the reac-
tion «. The number of molecules of substrate entering the reaction is r(a) and
the number of molecules of product which result is denoted by s(«). In fact we
allow r(a) and s(a) to be any real numbers satisfying the condition r(a) > 1.
This inequality ensures that the coefficients in the system of ODE are C!. i(«)
is the index labelling the substrate entering the reaction a and f(«) is the in-
dex labelling the product of that reaction. The full MM-MA system consists
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of [@23), [@24)) and evolution equations for the concentrations of the free en-
zymes. Equations [@23]) and [£24) are equivalent to the full MM-MA system
in the following sense. If a solution of the full MM-MA system is given then
the conserved quantities p, can be computed. Then the concentrations of the
substrates and the substrate-enzyme complexes satisfy (£.23) and [@24]) with
those values of the p,. Conversely, suppose that a solution of (£23) and [#24)
is given with certain values of the p, and that the concentration of TA;(0)Ea is
always less than p,. Then defining the concentrations of the free enzymes by
TE, = Pa — TA;4E. 8ives a solution of the full MM-MA system. The following
linear combination of equations (.23) and (£24) will be useful later.

= Z r(a)l"(a)xAi(a)Ea— Z s(a)l"(a)xAi(a)Ea. (4.25)

ai(a)=m a:f(a)=m

In order to investigate when the MM-MA system admits runaway solutions
a first step is to look for consistent leading order asymptotics. This is done
using the following ansatz.

Ta, =0Omt+ ..., (4.26)
rp, =Nat " 4+ ... (4.27)
For consistency TAj (o) Ba = Pa — nat_r(o‘) + .... These relations and their for-

mal time derivatives are now inserted into the evolution equations. Comparing
coeflicients results in the equations

== (@)CT ()0 )10
azi(a)=m

+ Z C™(a)pa + Z @) Pas (4.28)

ai(a)= a:f(a)=m

0=C*(a ) 010 — (C™(a) + T(a))pa- (4.29)

Substituting the second equation into the first (or comparing coefficients in

[E25)) gives
O =— > r(@l(a)p+ Z P (4.30)

ai(a)=m a:f(a)=

Since the 6,, are positive this implies a linear system of inequalities for the quan-
tities pn. If these inequalities admit non-trivial solutions then the network is said
to be autocatalytic. For a general network it is not easy to determine whether it
is autocatalytic. The network of [9] modelling the Calvin cycle is easily shown
to be autocatalytic. The network obtained by replacing the stoichiometric co-
efficients used in [9] by those used in [22] can be checked to be autocatalytic by
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an almost identical computation. When a network is autocatalytic and the p,
satisfy suitable inequalities then the constants 6,, are determined by equation
@30) and the constants 7, are determined by equation ([@29).

In order to prove the existence of runaway solutions for autocatalytic MM-
MA systems it is convenient to introduce new variables adapted to the expected
asymptotics. Define

za. (1) = Zm(t)(t + R), (4.31)
zg, = Ca(t)(t+R)™"(, (4.32)

Then the solutions to be constructed should satisfy Z,, (t) — 6., and (4 (t) = 7o
as t — 0o. The parameter R > 1 has been introduced to ensure that the leading
terms in the quantities which tend to zero are already small for t = 0. Rewriting
the evolution equations in terms of the new variables leads to the system

(t+ R)% ==Y, H(@)CT ()2 )¢

ai(a)=m

+ Z C™(a)pa + Z Pa — Fn(Ca),

ai(a)=m o:f(a)=
Lo @)1+ R @260 = ()0 + R)
+(t+ R)"(C(a) + T(a))pa — (C™ () + T())Ca (4.33)

where
Fu(C) = Y, r(@)C (a)Calt+R)™"
ai(a)=m
+ > s a)Calt+ R)"), (4.34)
a:f(a)=m

The main result is

Theorem 3 Let an autocatalytic reaction network be given. Then the corre-
sponding MM-MA system can be written in the form ([@33])-([@34) depending
on a parameter R. Fix the values of the reaction constants. Define parameters
0., and n,, by equations [@30) and ([@29) and suppose that the 6,,, are positive.
Then there exist positive constants K, Ry and &g such that if R > Ry and

lem(o)_9m|+2|<a(0) _na| < do (4.35)

then

Z'Zm(t) _9m|+Z|Ca(t) _nal §K50 (436)

for allt > 0 and
Jim (Dzm( —9m|+2|<a ) =0. (4.37)
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To prove this theorem the first step is to rewrite the evolution equation for ¢,
as an integral equation using variation of constants. Define

U, (s,t) = exp [_ / CH(a)(u+ R)" ) (Zoy(w) @ du| . (4.38)

Here the fact that W, depends on Z;) has not been made explicit in the
notation. Then

Ca(t)=<a(0)\lfa(0,t)+/0 U, (5,)(C (@) + T(a))pals + R)"@ds

t
+/ Uols, )[r(a)(s + R)"'¢als) — (C (@) + [(a))Cals)]ds.  (4.39)
0
The second term on the right hand side of this equation can be transformed
using the identity

! a4
CH(a)(Zia)(s))7(@) ds

(Ta(s,t)) = (s 4+ R)" MW, (s,1) (4.40)

and integration by parts. The result is

(C () + T(a))pa (C” () + I'(@))pa
@O = Gz mr <O o)z e | Y
t (@) (C™(a) + T(a)) po AZi(a)(s)
+/0 Uo(s,t) C+(oz)(Zi(a)(s))T(a)fl il; ds+....  (4.41)

where the last term in (£.39) has not been written out again.
Proof of Theorem 3 In this proof it is assumed that K and Ry are greater
than one. For positive constants K and § define

t* = sup {t >0:) | Zmn(t) = Om| + > [Calt) = 7| < 2K60} . (4.42)

Suppose that 6y < 3K ! min{6,,}. This implies that the inequality Z, > 0,,/2
holds on [0,t*]. The time derivatives of the quantities Z,, can be bounded by
a constant K depending only on the parameters in the system. To obtain esti-
mates for ¥, the following auxiliary estimate is useful. For a positive constant
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/Ot exp [—a(r(a) +1) /St(u + R)T(O‘)du} ds

t
= exp[—a(t + R)"(+] / expla(s + R)" (¥ *1)ds
0

r(a)+1 ! 1 d r(a)+1
eploalt B [ gy (ool R
- 1 explaR" ()T — q(t + R)"(®)+1]
a(r(@) + e+ R)@ a(r(a) + R
- /o a(r(a) —i—z()c(g + R)r () expla(s + R)" ™ —a(t + R ]ds.  (4.43)

Choosing R( large enough ensures that the first factor in the last integral is
smaller than % Thus the integral term can be absorbed into the left hand side
of the inequality. Discarding a term with a good sign gives

t t
2
- 1 R)" @ du| ds < . (444
/0 exp[ a(r(a) + )/S (u+ R) u] S @ T DG R@ (4.44)
Making a suitable choice of the constant a leads to the inequality

t

‘/ U, (s,t)ds < K(t+ R)™"), (4.45)
0

Putting this information into ([@41]) gives

_ (€7 (0) + T(a))pa
CH () (Zi(ay (£))7()

(C (a) + (@) pa

Ca(t) T 0 () (Zien (0))7

] +K(t+R)~"®),

(4.46)
The first term can be bounded using the smallness condition on the initial data
and the second by using (@45 and choosing Ry large. It follows that for Ry
sufficiently large and Jq sufficiently small

(€7 () + T'(a))pa

< {ca(o)

< K(SO.

o(t) — 4.47
“ O ) @ | < 72 4
The evolution equation for Z,, can be rewritten in the form
AdZm
(t+ R)—= + (Zm — Om) =
o C (o) +T'(@))pa
ai(a)=m (Q)Zi(oz)
_Fm(<a)' (448)
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The right hand side of (£48) can be bounded by Kdy/2 after possibly increasing
K and Ry. Integrating this gives an inequality of the form

(t+R)> [ Zm — Om| < (Ko/2)(t+1) (4.49)
and hence
> 1 Zm = Ol < KT(SO (4.50)
Combining (£50) and (£47) ;Ves
D 1Calt) = nal < KT(SO (4.51)

It can be concluded that t* = oo and the first part of the theorem is proved.
The integrand in the definition of ¥, is bounded below by a positive constant
and thus ¥, (0,t) — 0 as t — co. Combining this with (Z4I]) shows that

(C () + (@) pa

T @@y Y (4.52)

Ca(t)

ast — oo. It can then be concluded from (Z48) that % ((t+R)(Zm—0m)) = o(1).
Hence (t + R)(Zy, — 0m) = o(t) and Z,,, — 6,, as t — oo. Together with the
information we already have this implies that (, — 17, — 0 as t — oo and this
completes the proof of the theorem.

Consider now stationary solutions of MM-MA. Equation (Z28]) implies that
the equation obtained by setting 6,, = 0 in (£30) holds in the stationary case.
This is a linear system for the substrate-enzyme complexes. It is a system of n
equations for r unknowns. In the case of the system (£I)-(£I2]) there are five
equations for seven unknowns and it is easily seen that the solution space is of
dimension two. The equations are those obtained by setting the time derivatives

to zero in ([@I3)). Explicitly

k
IRuBPEl = %'IRU5PE57 (453)
3
2k k
TPGAE, = 2 L RUBPE, — ——TPGAE,, (4.54)
o o
ke
‘TDPGAE3 = k_Q:EPGAE27 (4'55)
kg ko1
_ L 4.56
TGAPE, Sk, "PPGABs ~ g TGAPE, (4.56)
3k
TRu5PE; = —k1152 TGAPE,- (4.57)

Suppose now that we prescribe the values of xpgag, and zgaps,. It is possible
to derive the equation

TGAPE, = k_m(kl&TPGAEG + ko1zgapE, ). (4.58)

21



Substituting back into equations (L53)-(4£55) and (57) gives:

TRuBPE, = k%(/€18117PGAE6 + k217GAPE, ), (4.59)
TPGAE, = kiﬁ(5/€181L‘PGAE6 + 6ka12cAPE, ), (4.60)
TDPGAE; = kig(5/€181L‘PGAE6 + 6k21ZGAPE, ) (4.61)
TRu5PEs = k_w(kl&TPGAEG + ko1ZGAPE,)- (4.62)

These can then be used to obtain expressions for the concentrations of the
free enzymes. For the total amount of any one of the enzymes is equal to the
amount of the free enzyme plus the amount of it bound to its substrate. Now
these expressions will be used to extract information from the time evolution

equations for the free enzymes. For brevity let X = xpgag, and Y = zgapi,.
Then

_ 3(k2 + k3)(/€18X + k21Y)
kl (kgpl — 3k18X — 3I€21Y) ’
(ks + ko) (5k18 X + 6ko1Y)

= 4.64

TPGA ky(kep2 — 5k18X — 6k21Y)’ (4.64)

(ks + ko) (k18X + 6ko1Y)

= 4.65
TDPGA k7 (kops — 5k18X — 6k21Y")’ (4.65)

1

(k11 + ki2)(k1isX + kYY) |°

x = , 4.66
GAP kio(k12ps — k18X — k21Y) (4.66)
(k14 + Fis) (kg X + k1Y)

 kiz(kisps — 3kisX — 3kt Y)

TRuBP (463)

LRu5P (467)

The expressions obtained up to now suffice to determine all unknowns in terms
of X, Y and the conserved quantities p,. There are, however, two further
equations which lead to consistency conditions. These are:

(k17 + k18) X

. _ Var + s) 4.68

paa ki6(ps — X) (4.68)
(koo + k21)Y

T =" 4.69

GAP kig(p7r = Y) (4.69)

Note that equations (L63)-(69) only have positive solutions under the restric-
tions that X and Y satisfy the inequalities which ensure the positivity of the
denominators of the right hand sides. Rearranging the equations ([@.68) and

@B9) gives

ki6peTPaa
X = , 4.70
k17 + ki1s + kiszpca (4.70)
k
v _ 19P7TCAP (4.71)

koo + k21 + k1ozgap
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Hence

SkickispsTPCa 6k19ka1 prrCAP
5k18X + 6ko1Y = 4.72
e 2 k17 + kig + kierpaa k2o + k21 + kigxaap (4.72)
and
kigk k19k
ks X + ko Y = 16R18P6 TPGA 19R21 P7TLGAP (4.73)

k17 + kis + kisrpca koo + ka1 + Kiozaap
Substituting these relations into ([@.64]) and (£.60) gives equations of the form:
rpaa — 91(TrPca, Taap) = 0, (4.74)
z&ap — g2(TPcA, Taap) = 0 (4.75)
for some rational functions g; and g». More explicitly

A1TPGA + G2ZGAP + A3TPGATGAP
g1(xPca, Taap) =

b1 + bazpga + b3zgapr + baTpgazcap
C1TPGA + C2ZGAP + C3TPGATGAP
dy + daxpga + d3rgap + daTPoATGAP

. (4.76)

g2(xpaa, Taap) = (4.77)

for suitable constant coeflicients depending on the k; and the pq.

Lemma 1 Any positive stationary solution of the system (&I))-([@I2) defines a
positive solution of the system (@74)-([75). Conversely each positive solution
of {74)-([#TH) with given values of p, for which the quantities X and Y defined
by (£0) and (TI) make the denominators in [A63)), ([AGH) and [@GT) positive
defines a positive stationary solution of the system (@I)-(Z12).

Proof The first statement is a direct consequence of the calculations which
have just been done. To prove the converse let (xgap,zpca) be a solution of

ErA)- (@75 and let X and Y be defined by (£T70) and [@TI). Then (£68) and
@89) are satisfied. It follows from ([@74)-({7H) that ([@64) and (66) hold.
Next define xrusp, Tppca and xruysp by ([EG63), [@6D) and (£67) respectively.
Define the quantities xg, by the conservation laws and the quantities *ruBPE,,
TPGAE,, TDPGAE;, TGAPE, and Tryspe, by (A58) and (A59)-(@.62). Now all
the variables in the system (@I)-(#I2) have been defined and it remains to
show that they define a stationary solution. Equations (£58) and (£59)-(@62)
imply (£53)-(E1D). At this point it is useful to think of the system (ZI])-(@T12)
as a special case of the MM-MA system introduced for a more general class of
networks above. In that framework what has been obtained up to this point in
the proof is a stationary solution of the equations ([@.23)), (424) and (£25]). It
follows from the discussion above that this set of equations is equivalent to the
full MM-MA system and this completes the proof of the lemma.

In [9] elementary flux modes of this system are investigated. This is a concept
coming from chemical reaction network theory which can sometimes be used to
investigate the number of stationary solutions of a dynamical system coming
from a network of chemical reactions. To describe this in more detail it is
necessary to introduce the notion of the deficiency of a reaction network. First
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note that a directed graph can be associated to any network where there is a
vertex corresponding to each reaction complex and an arrow corresponding to
each reaction. The connected components of this graph are called linkage classes.
Let n be the number of reaction complexes, s the rank of the stoichiometric
matrix and [ the number of linkage classes. Then the deficiency of the network
is 6 = n—s—1. If the deficiency of the network (which is always non-negative) is
equal to one and some other technical conditions are satisfied information about
the number of stationary solutions can be obtained using what is called the
deficiency one algorithm (D1A) [§]. There is a computer implementation of this
algorithm which can be applied to cases where the network is not too large [6].
An elementary flux mode defines a subnetwork which is always of deficiency one
[5]. Under suitable technical conditions stationary solutions of the subnetwork
lead to corresponding stationary solutions of the full network and this can be
proved using the implicit function theorem. In [9] this procedure is cited to
conclude the existence of two distinct stationary solutions of the system MM-
MA in a given stoichiometric class. In what follows we will not say much more
about this approach but the results obtained by using it were the starting point
of the more direct proof of the existence of two stationary solutions given here.
In the MM-MA model for the Calvin cycle there are two stoichiometric
generators and each defines a subnetwork. The subnetwork can be obtained
by setting some of the reaction constants to zero. Here we procede directly
using certain limits for the reaction constants corresponding to the two modes.
Consider the system obtained from the system for stationary solutions of the
system (LI)-@I2) by setting ki, k17 and ks to zero. Call it LS1. If the
limiting values of the parameters are approached in such a way that ki7/k16
and kig/k16 tend to non-zero limits ¢17 and ¢15 then the system varies in a way
which is smooth up to the boundary. A similar system LS2 can be obtained by
letting k19, k20 and ko1 tend to zero while kag/k19 and ka1 /k19 tend to non-zero
limits g0 and go.
Lemma 2 Consider the system LS1 and suppose that kgps — 6ko1p7 > 0. If
k12p4 — k21p7 > 0 then there is a unique positive solution. If ki12p4 — k21p7 <0
then the number of solutions is zero, one or two according to whether

1 4k12p4 (koo + k21)
5 | 5k19(k12p4 — k21p7)

is negative, zero or positive, respectively.

Proof In this case the functions g; and g in ([@74) and [@7H) only depend on
xgap- This means that [@7H) is an equation for xgap alone and for a suitable
solution of this equation a corresponding value of zpga can be calculated. The
explicit form of ([@.75) is

4
k1opa(kao + k21) — (ki1 + k12)ki9ka1p7 (4.78)

(k11 + ki2)kigka1 p7
kioki2pa(kao + ka21) + krokio(k12ps — ko1p7)zcar

Thap = (4.79)

When ki2p4 — k21p7 > 0 the right hand side of this equation is non-increasing
and the equation (Z79) has unique positive solution. The explicit form of (A7)
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is
6(ks + ke )k19ko1prcar
kakepo (koo + ko1) + kakig(kepa — 6k21p7)xcAp

If the right hand side of this is positive it defines an acceptable solution for xgap
and the first statement of the lemma follows. Consider the case k12p4 — ko107 <
0. Rewrite the equation schematically as

TPGA — (480)

4 o
Tt = . 4.81
51z (4.81)
where o > 0, 8 > 0 and v < 0. If p(z) = v + B2* then the equation to be
solved is p(x) = a. The function p has a unique maximum at z, = _4—567 and

4

p(xy) = %B (%) . Comparing this quantity with « gives the second result of
the lemma.

Lemma 3 Consider the system LS2 and suppose that kizps — k1gps > 0. It
has no positive solution if the quantities kske (k17 + k1s)p2 — 5(ks + k¢ )k16k18p6
and —kgpa + Hk1gpe are non-zero with opposite signs and exactly one positive
solution when they are non-zero and have the same sign. The solution is given
by

kake (k17 4 k18)p2 — 5(ks + ke )k16k18p6

x = , 4.82
paA kaki6(—kep2 + 5kigpe) (4.82)
5 (k11 + k12)k16k18psrpaa
Toap = . (4.83)
kioki2pa(k17 + k1g) + krokie(k12pa — k1sps)rpaa
The only other case where there exist positive solutions is when
ky(kr7 4 k1g) = (ks + ko) k16 (4.84)
and
k6p2 = 5k18P6- (485)
In that case xpga is arbitrary and there is a continuum of solutions.
Proof This is a direct calculation.
The parameters which are contained in g; and g are
k4, ks, ke, k10, k11, k12, k16, K17, k18, k19, k20, k21, p2, p4, pe, p7- (4.86)

These equations do not depend on p1, p3 or ps. Thus the conditions required
to ensure the positivity of the solutions of ([@63)), (£60) and (LET) can be
guaranteed by choosing p1, ps and ps large enough while keeping the other
parameters fixed. In the two limiting cases considered above these functions
simplify. In each limiting case the functions g; and g2 depend on only one of
the variables rpga and zgap. Thus in that case one of the equations to be solved
involves only one of the unknowns. If it can be solved then it can be substituted
into the other equation to get the other variable. The derivative of the mapping
sending the unknowns to the right hand side of the two equations is invertible
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in the two limiting cases. It follows by the implicit function theorem that for
parameter sets close to those of the limiting cases the number of stationary
solutions is independent of the values of the parameters. It follows in particular
that there an open set in the space of parameters and conserved quantities for
which this construction proves the existence of two distinct positive stationary
solutions for given values of the parameters and conserved quantities.

It is possible to define a system MM-MAZ with mass action via Michaelis-
Menten kinetics starting from the data in [22]. Like the other systems considered
up to now it has the property that S is positively invariant. In the case of
the system MM-MAZ the quantities Z; satisfy evolution equations which are
the same as those satisfied in the case of the system MM-MA except that the
coefficients 5 and 3 are replaced by 1 and % Next stationary solutions of MM-
MAZ will be considered. The concentrations of the substrate-enzyme complexes
satisfy a system of linear equations similar to those in the case MM-MA. The
relation between these linear systems can be expressed succinctly by saying
that kio is replaced by %klg. These linear equations can be solved for the
concentrations of the first five complexes in terms of the other two. The result is
similar to that for MM-MA with slightly different coefficients. In the equation
for zgapg, there is an extra factor of five while the equations for the other
complexes are as before since they are independent of k1. It is also possible
to derive expressions for the concentrations of all substrates. These are all
identical to the corresponding equations in the MM-MA case except for the
equation for the concentration of GAP. This last equation is changed in two
ways. The first is that k;5 is replaced by %klz. The second is that the exponent
L is replaced by one. Equations similar to (@74) and [ET5) can be derived,
with the important difference that the fifth power in (£75) is replaced by the
first power. Thus ([{79) is replaced by a linear equation. This linear equation
has a unique positive solution provided a certain sign condition is satisfied and
no positive solution otherwise. Thus for the system MM-MAZ, in contrast to
the system MM-MA this construction does not lead to a proof of the existence
of more than one stationary solution for any value of the parameters. Setting
the right hand sides of the equivalents of equations ([{64) and (£.66]) for the
system MM-MA equal to the corresponding quantities coming from the right
hand sides of equations (£G8) and (LGJ) respectively shows that the set of
X and Y defining stationary solution is the intersection of the zero set of two
quadratic polynomials in X and Y. Hence by Bézout’s theorem [10] unless there
is a continuum of solutions there are at most four.

5 Michaelis-Menten kinetics

Starting from the MM-MA system it is possible to obtain a simplified system,
the Michaelis-Menten system (MM system) by passing to a singular limit. This
will now be carried out formally. It will be convenient to describe this in the
context of the more general system introduced in the last section. (The basic
scheme is explained in a simpler case in Appendix A.) Let ¢ be a positive real
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number and define 7 = €t, Ta -1

(o) B 2E, . Defining
Po = € 'p, allows the transformation of the system to be carried out directly on
the system ([@23)-(24). Equation (@23) is identical to what it was originally
except that the original quantities are replaced by the transformed quantities.
The factors of € cancel. On the other hand the equation ([@.24]) picks up an extra
factor of € on the left hand side. Formally taking the limit e — 0 results in the
equation obtained by setting the time derivative in [@.24]) to zero. Solving this

equation for Za, , E, gives

_ 1 -
=€ TAya) Ea and Tg, =€

c* (a)xj&(?)) Pa

in(Q)Ea = N (a) . (51)
CH(@)ey?) +C(a) +T(a)
Substituting this back into equation [@23]) gives the MM system
dra, _ _ Z C™(@)par(a )P(a);vg(i))
dr ai(a)=m C+(a)$2() +C- ( ) + F(Oé)
C* (@)pas(@)T (@)
Bice) (5.2)

+ .
a:f(a)=m C+( )xA(( ) +C~ ( )+F(CY)

Consider the ansatz za,, = 0,7+ ... for runaway solutions of (5.2). Substituting
into the equation and comparing coefficients gives the equation obtained from
([@E30) by replacing 6,, and p, by 0, and p,. Define a new variable Z,, by

Ta, (T) = Zn(7)(T + R). (5.3)
Then equation (52)) becomes

dZm
(T-‘,—R)d— + Zm =

S par(a)l'(a)

L+ (CH ()1 Z, 5 (C (a

(
+ __ras(@)l(a) . (5.4)
o f(; m 1+ (C+(a))—1zi’(;§“ (C~(a) + (@) (r + R)~"()

azi(a)=m

Theorem 4 Let an autocatalytic reaction network be given. Then the corre-
sponding MM system can be written in the form (5.2)) depending on a parameter
R. Fix the values of the reaction constants. The positive parameters 6,, are
determined by the reaction constants. There exist positive constants K, Ry and
0o such that if R > Ry and

> 12 (0) = 01| < S0 (5.5)
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then

Z |Zm(T) - ém' < Ko (56)
for all 7 > 0 and ~ ~
Th_}rrgoz | Zmn () — O, | = 0. (5.7)

Proof The proof is similar to that of Theorem 3 but simpler. Define

T* = sup {T>O:Z|Zm(r)—§m| §2K50}. (5.8)

Choose &y small enough so that |Z,,(7)| > 6/2 on [0,7*]. Tt follows from (5.4)
that ~

Az, - ~
(T+R)—— + (Zm — Om)

o <K(r+R)™ (5.9)

Integrating this in time and choosing Ry large enough gives an inequality of the
form

(T + R)(Zm — 01) (1) < Kdo(1 4 7)° (5.10)

for any € > 0. This allows the bootstrap assumption to be improved if 7* is finite
and it follows that in fact 7* = co. Using (5.9]) again gives the final statement
of the theorem.

Stationary solutions of the MM-MA system give rise to equations similar to
those defined by the runaway solutions. In that case the analogue of ([B.]) with-
out tildes holds. Substituting this into the evolution equation for the substrates
gives the equation (54]) without tildes. This means that any stationary solution
of the MM-MA system defines a stationary solution of the MM system. Con-
versely, any stationary solution of the MM system defines a stationary solution
of the system (L23)-(@24)). It was already shown that any solution of the latter
system defined a solution of the system MM-MA and if the solution of ([23])-
#2Z4) is stationary the solution of the system MM-MA is so too. Thus there
is a one to one correspondence between stationary solutions of the MM system
and stationary solutions of the MM-MA system for fixed values of the conserved
quantities p,. To get the standard form of the Michaelis-Menten system as used
in [22] the numerators and denominators in all the summands on the right hand
side should be divided by C'*(«). Hence if the MM system is given in isolation
the reaction constants of the MM-MA system it comes from are not determined
uniquely. Only the expressions I'(a) and %&5(0‘) are determined.

Equations for a model with Michaelis-Menten kinetics are written in Ap-
pendix A of [22]. In fact, as has been remarked in [4], the expression for vs
in [22] is not correct since it includes a dependence of the reaction on ATP,
which does not agree with the reaction it is supposed to model, the sixth re-
action in Table B2 of [22]. Here we consider the correct model obtained from
the reaction network given in [22] by using Michaelis-Menten kinetics and call
it the model MMZ in what follows. The discrepancy just mentioned only affects
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the biological interpretation of the constants in the system studied here and
not the general mathematical form of the equations. The variables used in [22]
include the concentration of ATP but this is assumed to be constant and so no
evolution equation is required for it. A system with Michaelis-Menten kinetics
is also considered (but not written explicitly) in [9] and is called MM in what
follows. The only difference between these two systems is that the expression

vy in [22] is replaced by an expression of the form BAf;%fP for some positive
constants A and B. For both systems the positive orthant S is invariant. In
these Michaelis-Menten systems the right hand sides of the evolution equations
are bounded functions of their arguments and so solutions exist globally to the
future. Making use of these facts it can be shown as in the case of the systems
MA and MAZ that there are no w-limit points on the boundary except possibly
the origin. To see this it is enough to use the structure of the first equation in
Appendix A of [22].

In both cases il ) ) 5
d—tl :—5('05—3’02)—5'06 (511)

where the v; denote reaction rates. With the corrected value of vs we get

vs — 1’02 _ ‘/SmaxIPGA _ 1 VQmaxxPGAxATP (5 12)
5 (xpca + Kms) 5 [ (zpga + Kma1)(zate + Km22) | '

The positivity of this is equivalent to the inequality

(:EPGA + KmS)‘/QmaXIATP
< 5(xpca + Kma1)(@atp + Kim22) Vamax- (5.13)

This can be rewritten as

5Kma1(xaTp + Km22)Vamax — Kms VoamaxZATP
‘/QmaxxATP - 5(xATP + Km22)‘/5max

rpoa < (5.14)

provided the denominator is non-zero. Call the right hand side of this equation
K and suppose that K > 0. Then if a solution initially satisfies the inequality
%Ll < K it tends to zero as t — oo. For the values of the parameters given in
Appendix B of [22] K is about 0.14.

6 A model including a dynamical description of
ATP

In [9) a model with diffusion is considered which is given by the equations (13)
of that reference. They define a system of reaction diffusion equations. This
system is denoted by MAd. Setting the diffusion coefficient equal to zero (or
restricting to spatially homogeneous solutions) gives a system of ODE different
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from 2I)- (23] due to the inclusion of the concentration of ATP as a dynamical
variable. Call this ODE system MAdh. The explicit form of this system is

dwz% = k5TRusPTATP — K1ZRuBP, (6.1)
dac;% = 2k1ZRuBP — k2ZPGATATP — K6ZPGA, (6.2)
dwz% = kaxpaazaTe — k3zpPaa, (6.3)
dwj% = kswppaa — Skargap — krvcap, (6.4)
dw];i;mj = —k5ZRusPTATP + 3k4TAp, (6.5)
dxdﬁ = —koxpGAZATP — k5TRusPLATP + ks(c — ZATP) (6.6)

for a constant ¢. Adding equations (G.I]) and (E.8]) gives

E(xRuBP + 2zaTp) = —k1ZRuBP — k2zpcazaTp + ks(c — zaTp). (6.7)
Let m = min{kq, ks}. Then
d
a(xRuBP +xarp) < —m(zRuBP + TATP) + KsC. (6.8)
It follows that xrysp + xaTp can be bounded by the maximum of its initial
kgc

value and the quantity 2. Call this #rygp. The evolution equation for xpga
implies that this quantity is bounded by the maximum of its initial value and
Ipga = 2’“”2% Similarly the quantities xppga and xzgap are bounded by
the maximum of their initial values and

k2ZpGATRuBP k3Tppca

Taap =

ks R (6.9)

Tppga =
respectively.
Obtaining a bound for xgu5p is more complicated. Integrating the evolution

equation for xppga on the interval [s, t] and using the fact that pga and zppca
are bounded leads to an inequality of the form

/ e < (/ e (€)de + 1) (6.10)

for a positive constant C'. Similarly it follows from the evolution equation for
raap that

/: zraap(§)d < C (/: xppca (§)dE + 1) ) (6.11)

Combining these two inequalities gives

/St raap(§)dE < C (/: xaTp(§)dE + 1) ) (6.12)
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By variation of constants the evolution equation for xg,sp implies
t
ZTRrusp (t) = Zrusp (0) exp (—ks/ :EATp(s)ds)
0
t t
+3ka / exp (—k5 / TATP (§)d§> (zaap(s))’ds. (6.13)
0 s

for a positive constant C’. The first term is bounded and the second can be
bounded by an expression of the form

C/Ot exp (—Cl /: $GAP(§)d§> zcap(s)ds. (6.14)

The integrand in the last expression can be written in terms of the derivative
of exp (—C" fst TGAP ({)d{) Thus this expression can be bounded by

c [1 —exp (—c’ /Ot TGAp (§)d§>] . (6.15)

It follows that zrusp is bounded.

Since solutions of the system MAdh are bounded they exist for all future
times. If a solution of MAdh has an w-limit point on the boundary of S then
xaTp is positive there. It follows, using the same argument as was applied to
the system MA, that if a solution of MAdh has an w-limit point on the bound-
ary then all concentrations except that of ATP are zero there. The evolution
equation for zarp then shows that xaTp = ¢ at that point. Linearizing about
the point (0,0,0,0,0, ¢) shows that it is a hyperbolic sink.

Consider the stationary solutions of MAdh, i.e. the homogeneous stationary
solutions of the MAd model. Combining the first and fifth equations gives
g ap = (k1/3ks)TRuBp, just as in the system MA. In fact, as shown in [9], for a
stationary solution all other concentrations can be expressed in terms of xgupp-
Note first that

(6.16)

1
_ 8kizruBp k7 (k1ZTrubBpP \°
TATP = € — ——— ).

3I€8 B k_g 3k4

For an admissible solution the right hand of this equation must be positive. If
this is satisfied the concentrations other than xru.gp can be computed. The

: 2k1TRu krx 5kyx? ka2
result is that TPGA = 7]@2&;?#?2(3’ TDPGA = L szP —+ k3GAP7 TRu5P = 7k5x§"ﬁ: .

Substituting all these relations into the evolution equation for PGA gives an
equation for rr,gp alone. It is of degree ten and hence it is not easy to extract
information from it.

An alternative approach is the following. Another equation which can be
derived for stationary solutions of MAdh is

1
kz(koxare + ke) |*
ka(kozarp — 5k¢)

TGAP — (6.17)
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On the other hand, the equation (6.I6) can be rewritten as

TATP = C — 8—k4$%AP - ﬁ:ZTG,Ap. (618)
ks ks
Thus we have a set of two equations for the two quantities zgap and xaTp
and solving these is equivalent to determining all stationary solutions of MAdh.
Write the equation ([G.I7) schematically as zgap = Fi(zarp). The function
I is decreasing on the region zarp > 5k¢/ke where it is real. Note that the
right hand side of (6.I8)) is a decreasing function of zgap and thus this equation
can be inverted to write it schematically as xgap = Fa(xarp) for a decreasing
function F defined on the interval [0, ¢] with F»(c) = 0. Stationary solutions of
MAdh are in one to one correspondence with intersections of the graphs of Fy
and Fy. The function F} is strictly convex since F|" > 0. On the other hand,
the function F5 is strictly concave. It follows that the two graphs can intersect
in at most two points for any given values of the parameters. If ¢ < 5kg/k2
they do not intersect at all. For fixed values of the reaction constants if ¢ is
sufficiently large the graphs intersect in two points.
For the system MAdh

dlq 1 1 3
5 =3 (kﬁ - gk2xATP) TPGA — gk%TGAP- (6.19)

Note that in this system xzarp is bounded by c. Hence to make L; a Lyapunov
function it suffices to require the inequality cks < 5kg. Thus when this inequality
is satisfied all solutions converge to the origin as t — oco. For the system MAdh
the function Lo with a@ = % satisfies the same equation as it does for the system
MA. Hence the same conclusion can be drawn about solutions which converge
to zero.

One remark will be made on the behaviour of solutions of systems including
a diffusion term. In fact we can do this in any space dimension, adding diffu-
sion terms in any subset of the equations with any choice of positive diffusion
constants. Suppose that the domain of the spatial variables is a bounded region

Q) with smooth boundary and assume that Neumann boundary conditions hold.
Let £; = [, L1. Then

dLq 1 1 3
ind SO N e (PR A 2k . 6.20
o /Q [2 ( 6 ¢ 255ATP> TPGA — FhrTaAP ( )

When the inequality k¢ — %kgx AaTp > 0 holds £ is a Lyapunov function. In
particular, there are no stationary solutions, homogeneous or inhomogeneous,
when cksy < 5kg.

7 Conclusions

An important motivation for the work of [22] and [9] on models of the Calvin
cycle was to see if photosynthesis can work in different steady states. This led to
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the question of whether the relevant mathematical models admit more than one
stable positive stationary solution. For related work see also [21], [4], [I3] and
[14]. It was already shown in [9] that a simple model using mass action kinetics
(the model called MA) never admits even one solution of this type. Depending
on the values of the reaction constants, either there is no positive stationary
solution at all or if there is it is unstable. This suggests that this is not a
very good model. Trying to understand more about what actually happens in
this model leads to the mathematical question of what the solutions departing
from a small neighbourhood of the stationary solution actually do or, more
generally, what the long-time behaviour of solutions is. Theorem 1 of this paper
provides partial answers to this question. When there is no stationary solution
the concentrations of all substrates tend to zero. When there is a stationary
solution some solutions have the property that all concentrations tend to zero
while others have the property that all concentrations tend to infinity (runaway
solutions). The latter alternative seems to be a further undesirable property of
the model.

The model MM-MA, which has a much larger number of unknowns, does
admit more than one stationary solution for certain values of the reaction con-
stants, as was shown in [9], and numerical results indicate that one of them
is stable. In this paper this existence result was reproduced by a more di-
rect method. The model MM has the same stationary solutions as the model
MM-MA and thus also admits two stationary solutions for certain choices of
parameters. Applying the same method to the related system MMZ with the
stoichiometric coefficients taken from [22] does not reveal the presence of mul-
tiple stationary solutions and it may be that in that case there are none. From
this point of view the models MM-MA and MM look better that the model
MA but in fact, as shown in Theorems 3 and 4 of this paper, both the models
MM-MA and MM exhibit runaway solutions. An intuitive explanation for the
existence of these solutions is that in all these models the concentration of ATP,
which is the energy source for the reactions, is not modelled explicitly. Instead
ATP is implicitly assumed to be plentiful and thus present at a constant level.
In [9] another model is considered where diffusion is taken into account and the
concentration of ATP is modelled dynamically. Restricting to spatially homoge-
neous solutions leads to a system of ODE called MAdh. Interestingly, we were
able to show here that all solutions of MAdh remain bounded, so that there
are no runaway solutions in that model. Although heuristically plausible this is
subtle to prove. For suitable values of the parameters this system also admits
two positive stationary solutions.

There seem to be few general results available on the boundedness of so-
lutions of systems of ODE arising from chemical reaction networks with mass
action kinetics. One theorem says, using the language of Chemical Reaction
Network Theory, that in a mass action system which is weakly reversible and
has only one linkage class all solutions are bounded [2]. Neither of the main hy-
potheses of that result hold for any of the systems considered in this paper but
perhaps some of the techniques used there might be adapted to give information
about models for the Calvin cycle. For weakly reversible systems it might be
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possible to prove that solutions do not have w-limit points on the boundary
of the positive orthant. Information about this and relevant references can be
found in [3].

It is of interest to compare the conditions which allow the conclusions of the
theorems in this paper to be obtained with values of the parameters which are
biologically reasonable. To do this we start from the biological data collected in
Appendix B of [22]. In that paper values are given relating to Michaelis-Menten
kinetics. Assuming that Michaelis-Menten kinetics goes over into mass action
kinetics when the concentration of the substrate is small compared to that of
the enzyme it is possible to get values for the reaction constant in equations

EI){Z5). The results are

(Vlmax ‘/2maxxATP ‘/Smax ‘/Almax ‘/5max ‘/Gmax VleaxIATP>
K1 Kmo1Km22' Kz ' Kpa ' Kis ' Kine ' K131 Konise
= (3.78,125,10.1,9.63,4,0.02, 4.52). (7.1)

With these values of the reaction constants the ratio 5% which plays a key role
in Theorem 1 is equal to 1250. Thus these values are well within the regime
where a positive stationary solution exists.

Is it true that for the system MA with ko > 5kg every solution either tends
to infinity, the origin or the positive stationary solution? This is not known but
since ([2I)-(2X1) is what is called a monotone cyclic feedback system it follows
from the main theorem of [15] that bounded solutions have w-limit sets which
are no worse that those of a two-dimensional system. Using similar ideas it can
be shown that almost all bounded solutions converge to the stationary solution.
The system (2.))-(2.3) satisfies g—ij_ > 0 for ¢ # j and is thus cooperative. It
is also irreducible in the sense that no non-trivial coordinate hyperplane is left
invariant by the Jacobian at any point. Using this the result on convergence of
all bounded solutions except for those whose initial conditions belong to a set
of measure zero follows from a theorem of Hirsch [IT].

In this paper a variety of different results have been proved about the dy-
namics of solutions of mathematical models for the Calvin cycle. A number
of interesting open questions remain to be investigated. It would be desirable
to have rigorous results on stability of the stationary solutions and the (non)-
existence of periodic solutions. Inhomogeneous solutions of the system with
diffusion should be investigated following the initial work in [9]. It would be
good to extend the results of this paper to more general models of the Calvin cy-
cle such as those of [I7] and [18]. Finally, the basic motivating question remains:
are there mathematical models of the Calvin cycle where it can be proved that
there are at least two homogeneous stable positive stationary solutions?

A Michaelis-Menten theory

Consider a simple reaction which converts one molecule of the species S (the
substrate) to one molecule of the substance P (the product). With mass action
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kinetics this leads to the equations s = —kxg and ©p = kxrg. Suppose now
that this reaction is catalysed by an enzyme F. Then there is a reaction with
reaction constant k; in which the substrate combines with the enzyme to form
a complex SE. The reaction constant for the process of dissociation of SE into
S and F will be denoted by k_;. Finally there is the reaction in which the
complex gives rise to the product with reaction constant ko while setting free
the enzyme. This gives rise to the system

Tg = —kxsxg +k_ 1258, (A1)
TSE =kizsxp — (k-1 + k2)zsg, (A.2)
TE = —kixsxrp + (k_l + kz)ZCSE, (A?))
Tp = koxsE. (A.4)

The first three of these equations form a closed system and thus it is natural
to analyse it first and use the last equation to determine the evolution of the
concentration of the product afterwards, if desired. The above system is the
MM-MA version of the original simple reaction. The Michaelis-Menten kinetics
will now be derived on a heuristic level. Note first that the quantity xsg + =g
is conserved. Call it Ey. Substituting the relation zp = Ey — xgg into the first
two evolution equations gives a closed system for g and zgg:

Tg = —k1Foxs + (k-1 + kizs)zsg, (A.5)
TsE =k Eors — (k-1 + kizs + k2)xsk. (A.6)

Now introduce 7 = €t, ¥gg = € ‘azgp and Ey = e ' Ey for a constant e. This
gives

s = —k1Egzs + (k-1 + k175)Zsp, (A7)
eisp = hkiEows — (ko1 + kizs + ka)ise (A.8)

where the primes denote derivative with respect to 7. In the last system it
is possibly to formally pass to the limit ¢ — 0, corresponding to a very small
amount of enzyme. In the limit the second equation reduces to the algebraic
equation

klEo:ES
k_1+kizs + ko

Substituting this back into the evolution equation for xg and gives the effective
Michaelis-Menten equation

(A.9)

Tsp =

kl kgEQ,TS
g = """ A.10
o k1175 + k,1 + kQ ( )
It can then be computed that in this set-up o/, = —z.

This type of discussion is quite standard and the reason it is reproduced here
is to illuminate the relations between the three types of kinetics (MA, MM-MA
and MM) by an explanation of the simplest example. There is a one to one
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correspondence between stationary solutions of the systems MM-MA and MM,
as will now be shown. If a stationary solution (zg,2zsg) of the system MM-MA
is given then the equation (A9]) is satisfied. Hence the equation (AIQ) holds
and a stationary solution of the system MM is obtained. Conversely, suppose
that a solution (xg,Zgg) is given. Then a stationary solution of the system
(A5 is obtained. Defining zp = Ey — x5 for a positive constant Ey completes
it to a stationary solution of the system MM-MA.

B A special class of matrices

This appendix is concerned with the algebraic properties of some matrices of a
special form which appear in this paper. Let A be an n X n matrix with entries
ai;j. Suppose that a;; < 0 for each i, that a;; > 0 for j =7 — 1 mod n and that
a;; = 0 otherwise. Suppose further that (—1)""!det A > 0. The matrix A+ A/
is positive for a sufficiently large real number A, i.e all its elements are positive.
By the Perron-Frobenius theorem [I6] it has a unique eigendirection spanned
by a positive vector. Let p be an eigenvector of this type with components
p;. The corresponding eigenvalue is positive. Let it be denoted by 5. Another
consequence of the Perron-Frobenius theorem is that all other eigenvalues of
A + Al have modulus smaller than §. In particular the real part of any other
eigenvalue is smaller than 5. The vector p is an eigenvector of A with eigenvalue
a = — X and all other eigenvalues of A have real part smaller than «.

If A is a matrix of the above special form then it can be shown that the
matrix B = A~! is a positive matrix. One way of proving this as follows. Let
x be a vector in R™ and consider the equation Ax = y. Inverting the matrix
is equivalent to solving this equation for x. The equation can be written in
components as

@i + a;i—1Ti—1 = Y31 <1 <n (B.1)

where the indices are to be interpreted modulo n. Hence
Ait1,i% = (—Qig1,i41)Tit1 + Yig1- (B.2)

Note that the coefficients in this equation are positive. By substituting these
equations into each other successively with i increasing from one to n it is
possible to obtain an equation of the form:

(H ai,i+1> T = (H(—%-)) Tn + Z CiYi (B.3)
where the coefficients ¢; are positive. Rearranging this gives
(=1)"*(det A)z, = Z CilYi- (B.4)

Any other z; can be determined in an analogous way. The determinant of A is
equal to [, a;; + (—=1)" " [, as,i+1. Putting these facts together gives the proof
of the desired statement.
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It can be concluded from the Perron-Frobenius theorem that B has a unique
eigendirection spanned by a positive vector. This is also an eigenvector of A
and so must be proportional to p. The corresponding eigenvalue is a~! and is
positive. Hence « is positive.
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