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ABSTRACT. Biochemical mechanisms with mass action kinetics are usually
modeled as systems of ordinary differential equations (ODE) or bipartite
graphs. We present a software module for the numerical analysis of ODE
models of biochemical mechanisms of chemical species and elementary reac-
tions (BMCSER) within the programming environment of CAS Mathemat-
ica. The module BMCSER also visualizes the bipartite graph of biochem-
ical mechanisms. Numerical examples, including a double phosphorylation
model, are presented demonstrating the scientific applications and the visu-
alization properties of the module.

1. Introduction. A biochemical species participates on the left or the
right side of a reaction as a reactant or a product, respectively. A biochemical
mechanism is a set of elementary reactions, describing the exact events that are
required for the conversion of reactants into products. The nonnegative integer
species coefficients that account for the number of molecules in an elementary
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reaction are referred to as stoichiometric coefficients. Mass action types of kinetics
with positive rate constants will be used to define the rate of each elementary
reaction.

Typically biochemical mechanisms are modeled either as systems of differ-
ential equations or as graphs. An ordinary differential equations (ODE) system
that models a biochemical mechanism describes the time evolution of the con-
centrations of the chemical species. Bipartite graphs with two types of nodes,
for species and reactions, are also used to model biochemical mechanisms. The
bipartite graph model provides a description of all of the connections among the
different chemical species and elementary reactions. The connection between the
different models has been studied extensively in recent years, see for example
[6, 28, 20].

Symbolic solutions of ODE models of biochemical mechanisms usually
cannot be obtained since the systems are nonlinear and of high order. Therefore,
solving ODE model systems of biochemical mechanisms numerically is one of the
few possible approaches.

The aim of this work is to present the software module BMCSER for the
numerical analysis of solutions of ODE models of biochemical mechanisms. BM-
CSER is implemented in Mathematica and has some of the following capabilities:

i) generate a biochemical mechanism for given (by the user) arbitrary positive
rate constants and stoichiometric coefficients;

ii) generate the ODE system for the concentrations of the biochemical species;

iii) compute and visualize the solutions of the ODE system for given rate con-
stants and initial conditions;

iv) generate the bipartite graph of a biochemical mechanism.

In Sec. 2 we define a biochemical mechanism with mass action kinetics
and describe the bipartite graph and the ODE system model. In Sec. 3 the
Mathematica software module BMCSER is described. This module is used to
study the ODE model of the double phosphorylation network in Sec. 4.

2. Preliminaries. We introduce biochemical mechanisms with n species
A;,i=1,...,n, and m elementary reactions of the form:

n n
k; .
(1) § aZjAZ ]3 E /BZ]A’M J= 17"'7m7
i=1 i=1
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where o;; and 3;; are small non-negative integer constants; k; > 0, j =1,...,m
are the rate constants |5, 21, 22, 19|.

The constants a;; > 0 and 3;; > 0 are usually equal to zero, one or two
and are referred to as stoichiometric coefficients that account for the number of
molecules of species A; participating in the jth elementary reaction in (1). If the
forward reaction and its reverse exist in (1) we call this type of reaction reversible.

An example of a chemical mechanism of the form (1) is

Ay + A3 5 24,
Az 2504,
(2) A 4,
RSN
A 4,
The vector of concentrations z; of species A; will be denoted by = = (z1, ..., z,);
similarly k = (k1, ..., ky) will denote the vector of rate constants.

If for y € R™, y; > 0 (y; > 0) for all i we will write y > 0 (y > 0). It is
clear that &k > 0 as rate constants and x > 0 as concentrations.

If we assume mass action kinetics rates for (1), then the corresponding
rate functions are the polynomials

n
(3) vk, z) =k; [[ 279, i =1,...,m.
i=1
Thus the vector of rate functions is v(k,x) = (vi(k,z), ..., vm(k,x)).

Let 2’ denote the derivative of z(t) with respect to time t. The ordi-
nary differential equations (ODE) model of a biochemical mechanism (1) can be
represented as

m
(4) 2j(t) =Y Mijvi(k,x), i=1,...,n
j=1
where
M;; = Bij — aij

are the entries of the stoichiometric matrix M with dimension (n xm) and v;(k, x)
are the rate functions (3).



66 N. Kyurkchiev, S. Markov, M. Mincheva

The differential equation system (4) can be written in a compact form as
(5) 2 (t) = Mu(k,z) = f(k,).

If we add an initial condition z(0) > 0 to the ODE system (4), then
we obtain an initial value problem. The solution z(t) of the initial value prob-
lem describes the time evolution of the species concentrations for a given initial
condition. The forward invariance of the non-negative orthant guarantees that
z(t) > 0 if (0) > 0 as long as the solution z(t) exists [29].

For the biochemical mechanism (2) we have the stoichiometric matrix

2 1 -1 1 -1
M= -1 0 0 -1 1
-1 -1 1 0 O

and the rate functions
v(k, ) = (kizoxs, kows, ksz1, kawa, ksz1)”

The model equations for (2) are then given by:

) = 2kiwows + kows — kaxy + kawo — ks,
(6) ry = —kiwows — kawa + ksz1,
x'3 = —kixoxs — koxs + k3xq.

Any biochemical mechanism (1) can be represented as a directed bipartite
graph [10]. A bipartite graph has two non-intersecting sets of nodes and directed
edges (or arcs) that always start at a node from one set and end at a node from
the other set. Below we define the bipartite graph of biochemical mechanisms.

We define the bipartite digraph G of a biochemical reaction network
(1) as follows (see |20, 5, 22|): Let the set of the chemical species be Vi =
{A1, Ay, ..., Ay} and the set of elementary reactions be Vo = {By, Ba, ..., By, }.
There is a directed edge from Ay to Bj if and only if species Ay is a reactant in
reaction j, equivalently, if the stoichiometric coefficient ay; > 0 in (1). There is
a directed edge from B; to A; if and only if A; is a product in reaction j. The
latter means that the stoichiometric coefficient 8;; > 0 in (1). If a stoichiometric
coefficient ay; = 0, then we do not draw a directed edge between Ay and Bj.
Similarly if 3;; = 0, then no directed edge is drawn between A; and B;. The
set of directed edges denoted by E(G) consists of edges (A, Bj) starting at Ay,
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and ending at Bj, and (Bj, A;) starting at B; and ending at B;. The bipartite
digraph (directed graph) can be defined as G = {V, E(G)}, where V =1} U Vo
is the set of nodes and E(G) is the set of directed edges. The bipartite graph of
the running example (2) is depicted in Fig. 2.
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Fig. 1. Solutions for the control example (6) with reaction rate coefficients: k1 = 0.1;
ko =0.2; k3 = 0.3; k4 = 0.4; ks = 0.5 and initial conditions: z1(0) = 0; 22(0) = 0.5;
Ig(O) = 1; to = 0, t1 = 30.

3. Models studied using BMCSER. The Mathematica software
module BMCSER has been developed (intellectual property) for studying the
dynamic properties of biochemical mechanisms (1) with n species 4;, i =1,...,n
and m elementary reactions, along with their bipartite graph representations.

The software module (see Fig. 8, Appendix) offers the following options
to the user:

i) generation of a biochemical mechanism with given by the user arbitrary

positive rate constants kj, j = 1,2,...,m;
ii) generation of the rate functions (3);

iii) generation and explicit presentation of the differential equations system for
the chemical species concentrations;
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Fig. 2. Bipartite graph of the reaction mechanism (2) obtained with the programming
environment Mathematica

E B3

iv) visualization of the solutions of the differential equations system (4) (or in
a compact form (5)) as functions of the time ¢;

v) generation and visualization of the bipartite digraph of the chemical mech-

anism.

Next we present some examples and discuss the module’s capabilities.
For the running example, (6), we let the rate constants be

kjl = 0.1; k‘Q = 0.2; k?g = 04, k?4 = 04, k‘5 =0.5
and the initial conditions:
x1(0) = 0;22(0) = 0.5;z3(0) = 1

The sample solution is plotted in Fig. 1.

The corresponding bipartite digraph of the reaction mechanism (2) is
shown in Fig. 2.
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4. Application. A mathematical model of double phospho-
rylation. Models of phosphorylation reaction networks have been extensively
studied in recent years. Networks of proteins MAP-kinases (MAPK) are parts
of many signaling networks. There are mainly three types of mechanisms as-
sociated with MAPK networks: sequential distributive, processive and mixed
[3, 13, 4, 18, 26]. Here we study the sequential distributive double phosphoryla-
tion model using BMCSER.

The biochemical mechanism involves nine species: A, A,, Ap,p, AEj,
ApEy, ApEs, AppEs, By, Ey where A is used either for MAPK or MAPK, E;
for mono-phosphorylated MAPKKK or double-phosphorylated MAPKK and F,
for MAPKK’ase and MAPK’ase. The twelve elementary reactions describe the
double phosphorylation network:

k‘1 k4
A+ Ey : AFE, ﬁ) Ap + F4 : ApEl ﬁ) App + Fq
kg k‘5
(7)
ﬁ) ko @) k12
App + Esy -’ AppEQ — Ap + Esy -’ ApE2 — A+ Es.
ks k11

We assume that the concentrations of the species are denoted as follows:
x1 for Ay, w9 for By, x3 for AFq, x4 for Ay, x5 for A,E1, x6 for Ay, x7 for Ey,
xg for Ap,Ey and xg for A,FEs. If all reaction rates above are taken with mass
action kinetics, we obtain the following system of differential equations:

zi(t) = —kiwizs + kaws + kiawo

rh(t) = —kimixe — kavowy + kows + kszs + (ks + ke)xs

25(t) = —(ka + k3)zs + k17129

2y (t) = —kawows — k1ozazr + k3xs + ksxs + kows + ki1
(8) w5(t) = —(ks + ke)ws + kawows

rg(t) = —krwerr + kers + ksxs

a7(t) = —kwozary — krzerr + ks + koxs 4 (k11 + ki2)To

z5(t) = —(ks+ ko)zs + krzewy

zo(t) = —(kii+ ki2)wg + krozaxy,

where the stoichiometric matrix for the network (7) is:
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-1 1P o o0 O O O O O 0 01

-1 1 1 -1 1 10 0 O 0 0

1 -1-1 0 O O O O O O OO

0 0 1 -1 o o0 o0 1 -1 1 0

M = o o0 o0 1 -1 -1 0 0 O 0 0
0o 0 o0 0 0 1 -1 1 0 0 00

0o 0 o0 0 0 0 -1 1 1 -1 11

o o o0 o0 o o 1 -1 -1 0 00O

o o0 o0 o o o o o0 0 1 -11

and the vector of rate functions is

v(k,x) = (kiz122, kaxg, k3xs, kawoxy, ksxs, ke s,

T
krxexy, ksxs, ko, kioraxr, k1129, k1axg)” .

For the double phosphorylation example, (7), sample solutions are plotted
in Fig. 3.

Fig. 3. Numerical solutions of the ODE model (8) of the double phosphorylation
network (7) using programming module BMCSER



Analysis of Biochemical Mechanisms Using Mathematica with Applications 71

We note that the Mathematica module BMCSER can be used for studying
other reaction networks such as the one from [9] (here we use k; for phosphoryla-
tion and [; for dephosphorylation reactions):

k3i—2 Koo
Ei+Ai1p &= AiapEr =5 Ex+Aip, i=1,...,n
k3i—1
(9) -
- l3i .
FEy+ A; p : A; pEy =2 Ey+A;_1p, i=1,...,n.

l3i—1

For other similar results, see [4, 11].

5. Discussion. In this section we discuss some of the numerical features
of BMCSER. The module is implemented in Mathematica because it can perform
both numerical and symbolic computations, and has graphing capabilities.

Taking into account the fact that some solutions of nonlinear systems of
ODE’s of large dimension are very unstable (see Fig. 4), the module BMCSER
provides sensitivity analysis. Specifically, the module implements existing high-
speed numerical methods based on the Runge-Kutta method [8].

At each step the program exercises control over the computational errors,
which is accomplished using the well-known operators AccuracyGoal, Precision-
Goal and WorkingPrecision. Plotting a solution of higher dimensional systems
of differential equations is a difficult problem, since the solution’s amplitude is

0.14
1

n.0a n.nz 0.04 0.06 n.0s 0.10

Fig. 4. Typical numerically unstable solution
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Fig. 5. Typical numerical solution with low amplitude

usually very small (see Fig. 5). In order to avoid this particular problem, an-
other Mathematica function that automatically regulates the monitor and plot-
ting characteristics is used. We have also used Mathematica modified operators
for computer animation such as Manipulate|Dynamic&Show|Plot|...]|].

A similar software module implemented in Mathematica analyzing differ-
ential equations models of chemical reactions is discussed in [23, 27]. In compar-
ison, BMCSER is a part of a larger module (intellectual property) which can be
used to analyze, apart from biochemical mechanism models, also fibril elongation
models [25, 1] and general ligand-gated receptor models [16, 17].

Software products used to analyze chemical reaction models implemented
in software environments other than Mathematica are reported in [7, 12, 14, 15,
24, 31, 2, 30]. Many of these other packages are aimed at performing different
types of analysis of biochemical reaction networks models. COPASIis used mainly

for sensitivity analysis and estimating parameter values [14]. GraTeLPy is used
to test large mass-action kinetics models for multistability, oscillations or Turing

instability based on the structure of the bipartite graph [30].

6. Conclusion. The developed module BMCSER is an extension of
Mathematica. It can be used for the analysis of mass-action kinetics ODE models.
Obtaining the numerical solutions of a model ODE system requires only entering

the initial conditions and the rate constants.
We note the module’s bipartite graph drawing capabilities, in particular,
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graphing as many as possible non-intersecting directed edges. The visual repre-
sentation of the bipartite graph can be used for finding cycles [28, 20]. Positive
and negative cycles are present in the bipartite graph of a biochemical mechanism,
if its ODE model shows multistability or oscillations for some set of parameter val-
ues |6, 28, 20|. Finding parameter values such that the ODE model is multistable
is an important problem and will be the subject of a future work.

Acknowledgements. We thank the anonymous reviewers for their in-

sightful comments and suggestions.
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Appendix

Print["# (bio}chemical mechanism with n species & i, i-=1,...,n, and m elementary reactions

is represented as: "];

n o n
Print["Za[[irj]]]l_i % Zﬁ [ 57 i ¢ 3=1,...,.m, where k j:0 are the rate constants.
il i1

The constants arpi 377%0 and S 5770 are integers called stoichiomeric coefticients."];
Print["fin example of a chemical mechanism is given below:"]:

. k1
Print['a 2.4 3 = 20 1];
k:
Print['a 3 2 n 1)

Print['a 1% A 3"

. Ty
Print['a 2 % n 1]

Print['R 15 R 2"

Print["If mass action kinetics is used for the above mechanism, then the corresponding rate

functions are:"];

il
Print[" Y[[311= KE03TT o] Poppans “dopes 5113 j=1,...,m."]:
i=l

il = Imput["Input i: "]:
Print["i = ", i1]:
j1= Imput["Input j: "]:
Print["j = ", j1]:

Print["Input the stoichometric coefficients appi 317" 1¢
& = Input [Array[a:. &, {il, J1}]1]
Print["a= ", MatrixForm[a]]:

Print["Input the stoichometric coefficients fpi 517"1:
B = Input [Array[f.: &, {11, j1}]1]

Print["gf= ", MatrixForm[§£]]:

Print["The stoichometric matrix M=f-a "]:
Print["M=f-a- ", MatrixForm[M = §-«a]]:

Fig. 6
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Print["Input the rate constants k[[3]1]1"]:
k = Range[31];
For[j =1,3 = 31, 3++,
k[[31] = Input["k3" 31;
1:
Print["k= ", K]:
¥ = Range [31];
For[j =1,3 231, 344,

v[[311 = k[[i11~ ﬁxt[i]]"{ﬂ[[i,j]]}F
i=1
I
Print["v= ", v];
Print["The DE model of a mass-action mechanism is: "];
Print["Xpragy ' [¥] ==2wkppagy«Xpreg) (81 wX a0y D6 +kppogy # X7 e 1-Kprap e Xprag (VT wkppegg o Xppeg ) L8] -kyps gy ¥y [81" 1
Primt["Xpreqy ' [¥] ==-KppgyeXpren [0 1+ Xy (Y1 -Kprag # X pegy (8T +Rpps Xy [E1" 12
Print["Xpsgy ' [¥] ==-KppagywXppog) [ eXppan (8 1-Kppaqy #Xqpzy [ +kppag Xy [£1" 1+

¥10 - Tnput["Input initial condition — X1[0]"]: {« © +)
Print["Initial condition X10 = ", X10];

X20 = Input["Input initial conditiom - X2[0]1"]1; (v 0.5 #)
Print["Initial condition X20 = ", X20]:

X30 - Input["Input initial condition — X3[0]"]: (» 1 #)
Print["Initial condition X30 = ", X30];

t0 = Imput["Input t0, for which we shall investigate model"]:
Print["tD = ", t0];
t1 = Input["Input t1, for which we shall investigate model"]:
Print["t1 = ", £1];

Print["Graphics of the solutions of the system of differential equations as functions of the time t"];
HDSolve[{X1'[t] == 2+kpp177 #X2[E] » X3[L] + kppogy wXI[E] - Kppagp # MALE] + Kppagp # X2[E] - Kppsqy w X1[E],

X2'[t] == -Rppapy v X2[t] wX3[E] - Kppagy w X2[E] + Rppsyy o X1[E]

X3'[t] == -Kpp137 #X2[E] #X3[E] - Kppaqq # X3[E] + Kppsqp # X1[ED,

X1[0] == X10, X2[0] == X20, X3[0] == X30}, {X1, X2, X3}, {1, t0, t1}];

Plot[Evaluate[{X1[t], X2[t], X3[t]} /. First[%]], {t, t0, t1}, PlotRange — All]

Fig. 7. The model of the (BMCSER) via the programming environment Mathematica
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i=3
i=5
Input the stoichometric coefficients opp 4

{{0,0,1,0,1,41,0,0,1,0},{1,1,0,0,0}}

Input the stoichometric coefficients S,
2, 1,0,1,0}4,{0,0,0,0,1},{0,0,1,0,0}}
The stoichometric matrix M=f-o

-
H:,B—u:‘—l 00 -1 1|
111 0 0

|

o R B N
[ R
(= =]
(=20
[ R

Input the rate constants k[[]]]

k= (0.1, 0.2, 0.3, 0.4, 0.5)

we {{0.1x[2] ®[30}, {0.2x[30}, {0.3x (10}, {0-4x[2]}, {0.5x[1]}}
The DE model of a mass-action mechanism is:

Lpapy ' E] = 2oy =Xy (] =X e DR+ ey +Xqeany (] -Eppany #Xpann [R1+E ey =Xy [B]-E s =X [T
Kppeny ' E] = =Eppapy+Eppeny (] =2qpapy (8] =Y qpayy =X peng [R1+k sy ~Xppayg (2]
Kpeeny '] ==k =Repeny (8] =5 e (8] - ey =X en (8] +kprany =Xy (2]
Initial condition X10 = O

Initial condition X20 = 0.5

Initial condition X30 = 1

t o= 0

tl = 30

Fig. 8. The test provided on our control example



