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ABSTRACT

INVESTIGATIONS AND ANALYSIS OF DYNAMICAL AND STEADY STATE
PROPERTIES OF CHEMICAL REACTION SYSTEMS

by Diego O. Hernandez

In this paper, we investigate results from chemical reaction network theory and a list
of techniques to test for the reaction-coordinates dynamical system to have a partial order
induced by a positive orthant cone. A successful result from one of these tests guarantees
mono-stationarity (and indeed convergence). We also investigate a recently published
algorithmic and computational approach to determine whether a reaction network
establishes mono- or multi-stationarity. We test new reactions that have not been
previously introduced in the literature for mono- or multi-stationarity using this approach.
This includes the two-site phosphorylation reaction network and a modified double
phosphorylation reaction network that more accurately models the action of the enzymes
of two distinct sites. We also use the enzymatic futile cycle as a running example to
illustrate these results. We conclude the two-site phosphorylation reaction network is
multi-stationary; while the original double phosphorylation reaction network is also

multi-stationary, our modified version is mono-stationary.



DEDICATION

To Fernando and Mary-Lou Ortega.



ACKNOWLEDGMENTS

I would like to thank my advisor Professor Matthew D. Johnston for putting up with
my ambitions despite wanting me to do a project instead of a thesis. I give thanks to all of
my professors and the friends I made in these last two years including Jordan Schettler,
Wasin So, Daniel Brinkman, Slobodan Simic, Plamen Koev, Dashiell Fryer, Steven Crunk,
Sharon Stranahan, Yan Zhang, Guanliang Chen, Benjamin Godkin, Khai Le, Le Phan,
Tuan Nguyen, Jarrett Jimeno, and many others. I would also like to thank my beautiful
Diana, my parents Jorge and Veronica, and her parents Marco and Angelina for their

continual support.

vi



TABLE OF CONTENTS

List Of TabIes ... 1X
LSt Of FIGUIES . ...t X
I INErOdUCHION. ..ottt e 1
1.1 Cross-Assumptions and Adopted Conventions ......................... 2
1.2 Deficiency Zero and One Theorems ... 3
1.3 Monotone Systems Theory ... 4
1.4 Graphical Tests for Monotonicity ..., 5
1.5 Using an Algorithm to Establish Multi-Stationarity .................... 6
1.6 CONCIUSION ...uun 7
2 Preliminaries .........ooooiiiiiiiiiiiitt 8
2.1 Notation and Definitions ...............oooiiiiiiiiiiiiiiiiiiiiii.. 8
2.2 GlOSSATY ..ottt 9
2.2.1  Pre-Ordered and Partially Ordered Cones ......................... 9
2.22  MoONOotone SYSIEIMS .. ...ttt ettt et 11
3 Introduction to Reaction Modeling ..............coooiiiiiiiiiiiiiiiiiiiiii, 13
3.1 Reactions and Reaction Rates....................oooooii 13
3.2 Dynamical Systems and Modeling Chemical Reaction Networks..... 15
3.3 Limit Cycles, Persistence, and Consistence ..................cccuuun.... 18
4 The Angeli-Sontag Theorem ...ttt 22
4.1 Stoichiometric Subspace and the Stoichiometric Compatibility Class 22
4.2 Projection Mappings.......covviiiiiiiiiiiiiiiiiiiiiiiiiiiaaas 25
4.3 Statement of the Angeli-Sontag Theorem.......................co..... 27
4.4 Satisfying the Angeli-Sontag Theorem.....................iann. 28
4.4.1  Drawing Conclusions of Dynamics Between Species-Space and
Reaction-Space.........oouuiiiiiiiiii 28
4.42  Independence of Reaction Modeling and Bounded-ness of
SOIULIONS . ..o 29
4.5 Using the Angeli-Sontag Theorem with Chemical Reaction Dynami-
Cal SYSBIMS . .. v ettt 32
4.6  Finding an Equilibrium of the Enzymatic Futile Cycle ................ 36
5 Graphs of Chemical Reaction Networks...............ooooiiiiiiiii... 41
5.1 Jacobian Graph ... 43
S.I1 0 ConStruCtion .....ooviiiii i 43
5.2 Species Reaction Graph ... 43

Vil



52,1 COnSIUCHION ...oeett ettt

5.3 Reaction Graph ...

5.3.1  COonSIIUCHION ..ottt

54 Species Graph.........ooveiiiiiiiii e

5.5 Directed Species Reaction Graph....................ooooooiiiii

5.6 Tests for Monotonicity and the Positive Loop Property ................

5.6.1  Positive Loop Property ...
5.6.2  Graphical Tests for Monotonicity in Reaction-Coordinates

Dynamical Systems ............oouuiuiiiiiiiiiiiiiiiiiiii

5.7 Finding an Equilibrium of the Enzymatic Futile Cycle ................

6 An Algorithm for Establishing Multi-Stationarity ........................o.....
6.1 Dissipative and Conservative Reaction Networks .................. ...
6.2 Siphons and Equilibria ........... ...
6.3 Reduction System of Equations...................cooooiiiiiiiiii
6.4  Theorem for Establishing Multi-Stationarity............................
6.5 Steps of Procedure for the Algorithm ...,
6.6  Performing the Algorithm in Maple (2018 version) and Python 2.2+.
6.7 Establishing Mono-Stationarity in the Enzymatic Futile Cycle........

7 Main EXamples. ...
7.1 Example 1: Two-Component Signaling System (Histidine Kinase) ...
7.1.1  Positive Loop Property ...........ccoiiiiiiiiiiiiiii i
7.1.2  Testing for Multi-Stationarity .............ccooeiiiiiiiiiiiinnnnn...
7.2 Example 2: Double Phosphorylation Cycle .............................
7.2.1  Positive Loop Property ...
7.2.2  Testing for Multi-Stationarity .............ccoooiiiiiiiiiiiiinnnn...
7.2.3  Additional comments ...

7.3 Example 3: Two Site Phosphorylation Network with Distinct Sites...
7.3.1  Positive Loop Property ............coouiiiiiiiiiiiiiiiiiii
7.3.2  Testing for Multi-Stationarity .............ccooeiiiiiiiiiiiiinnnn...

8 CONCIUSION . . .ttt e

Literature CIted . . .. ..ottt e e e e e e e e e

viil



LIST OF TABLES

Table 1. Some Terms of the Numerator of J = DM (S (¢)) Corresponding to
Extreme Vertices ..........ooooiiiiiiiiiiiii i 84

Table 2. Some Terms of the Numerator of J = DM (S (¢)) Corresponding to
Extreme Vertices With Reaction Rate Constants k3 = s and All Other
ki = 95

iX



Fig.

Fig.
Fig.
Fig.

Fig.

Fig.
Fig.
Fig.
Fig.

Fig.

I1.1.

4.1.

4.2.

4.3.

5.1.

5.2.

7.1.

7.2.

7.3.

7.4.

LIST OF FIGURES

Organization of the literature review with respect to developmental

contributions in CRNT........ ... 2
The stoichiometric subspace of the reaction in Example 23. .......... 23
The stoichiometic compatibility class of Example 23.................. 24
Shifting the extent of a reaction by a kernel vector..................... 29

A positive edge in the R-graph does not imply uniqueness of species

inthe SR-graph. ... 45
Special graphs of Example 18. ........ ... 52
Special graphs of the XY reaction. ................ooviiiiiiiiiiiinn.. 74
Special graphs of the Double Phosphorylation reaction. ............... 79
SR-graph of Example 2 with S3,E,, F; included........................ 85
Special graphs of the Two-Site Phosphorylation network. ............. 89



1 INTRODUCTION

A chemical reaction is a relationship between species elements (e.g., hydrogen and
oxygen) and the reaction that forms products (e.g., water). Some reactions are reversible
(two-way), and others are irreversible (one-way). It is useful to know whether a chemical
reaction will reach equilibrium, but this is not easy to determine. One commonly has to
experimentally run the reaction multiple times and obtain empirical information about the
reaction rates, which can be expensive and time-consuming. Fortunately, there are several
mathematical frameworks for addressing these problems by providing insight in a cheaper
and less time-consuming manner.

Chemical reaction network theory (CRNT) is a recent branch of applied mathematics
that uses graph theory and dynamical systems techniques to study the existence and
properties of reaction equilibria, e.g., uniqueness, isolation, etc. The study of chemical
reactions is not exclusive to chemists, as mathematicians have taken a significant interest
in studying reaction networks and analyzing general tools. The field is expanding to
computer science in such areas as Petri-net theory [1] and the biological studies of
population dynamics [2]. Chemical reaction network theory has sourced from different
branches of mathematics such as linear algebra, combinatorics, analysis, and graph theory.
Chemical reaction networks model real life situations, so we have to make assumptions
that fit certain physics-based conditions, e.g., time always moves forward, and one cannot
have negative values for concentrations. This means the study of dynamical systems has
taken precedence for CRNT in recent years because of its ability to study behavior of
solutions as time moves forward. There is a discussion about how to (potentially)
automate these approaches in reference [3].

This literature review is organized by the approaches used to draw conclusions about
the equilibria of chemical reaction networks and key contributions researchers have made

to adapt them. We will source from published books, lecture notes, conference



proceedings, and academic articles from Math Biology, AMS, Computational Physics, etc.
We will follow how authors from the literature have used their contributions to answer
certain questions from the 1980s to the present outlined in Figure 1.1. Namely, what
assumptions do we make on the species of a reaction? How can we construct a dynamical
system from a chemical reaction network? When is this dynamical system solvable? Does
the system have any asymptotic behavior? Can the system be monotone, cooperative, or
even strongly monotone? Is it possible to implement an algorithmic approach? Finally, we

will close with a discussion of relevant topics for future endeavors.

' N\
Assumptions
{ )
|
| | |
' N\
Deficiency Monotone Multistationary
Theorems Systems Algorithm
E\ IR
|
1 1

Analytical Tests Graphical Tests

Fig. 1.1: Organization of the literature review with respect to developmental contributions
in CRNT.

1.1 Cross-Assumptions and Adopted Conventions

Although CRNT is a relatively recent field, there are some established assumptions
and conventions that some researchers adopt as seen in references [1]-[5], etc. For
example, monotone systems theory fixes reactants and products for reversible reactions
and consider the forward and backward components of a reversible reaction only once;

this is not adopted in deficiency theory. There are physical limitations that a reaction rate



function must satisfy if it is to remain relevant to model real-life situations: the rate
function is non-negative, it is zero if any consistent species is absent, and it is
monotonically increasing in all of the consistent species. Every reaction rate depends
monotonically on the amount of species present in the reaction. Since a larger
concentration of species implies the reactions must go faster, the opposite is also true.
Thus, if species are present, reactions occur; if species are not present, reactions stop.
There is a trade-off to having general assumptions about the reaction rates and species
that will influence the size of the class of reaction networks that satisfy the result. A
reaction rate is a function that measures the non-negative speed of the reaction, and a set
of reaction rates is called kinetics. Some results are only computationally possible with
specific kinetics [3], while the results of Angeli, Leenheer and Sontag in papers [1], [5],
[6] are independent of kinetics and are more visual-based. For example, Conradi, Feliu,
Mincheva, and Wiuf assume mass-action, Michaelis-Menten, or Hill kinetics to construct
an algorithm to establish multi-stationarity for reaction networks in the paper [3], but this
result is computationally infeasible for large networks with 20 or more species [3], [7].
The papers [5], [6] assume species are present on only one side of the reaction to ensure
the sign of a reaction rate does not change between positive (increasing) and negative

(decreasing), but this fails in practice.

1.2 Deficiency Zero and One Theorems

A chemical reaction network induces a nonlinear system of differential equations,
with some linear components, which is a list of equations that measure the dynamics of
the change in species with respect to time. Martin Feinberg’s lectures [8], [9] are at the
heart of this, as he used vector analysis to construct what are now called the species-space,
reaction-space, and the stoichiometric compatibility class. Using linear algebra and
assumptions about how species react, one is able to directly see how the conservation

laws hold. Feinberg’s major contributions were the Deficiency Zero and One Theorems.



The former guarantees uniqueness and stability of steady states. The latter guarantees
every compatibility class has the same number of steady states with no conclusion on
stability; if the reaction network’s structure is also weakly reversible, then there is a
unique steady state. Unfortunately, these Deficiency theorems do not easily hold in
practice. Johnston and Tonello recently introduced a technique in the paper [10] that shifts
a network by (usually an enzymatic) species to get an equivalent network that satisfies the
assumptions of the Deficiency theorems in a more general framework. Banaji and Craciun

explored other graphical criteria for unique equilibria in the paper [11].

1.3 Monotone Systems Theory

Determining if a chemical reaction system is monotone can be very valuable in
analyzing models of real world reactions. Monotone systems are useful for analytic and
computational purposes because there is no asymptotic behavior in which solutions grow
to infinity or eventually vanish. While monotonicity is not common in practice according
to references [12], [13], one can say more about the global stability of solutions if a
dynamical system is strongly monotone. One wants all solutions to be bounded. This
makes sense in the real world, as chemicals do not simply vanish or appear spontaneously
because there are finite resources such as energy and space to consider when running
experiments. To see an example of this type of behavior in non-monotone systems,
Errami, Eiswirth, Grigoriev, Seiler, Sturm, and Weber presented chemical reaction
systems that have Hopf Bifurcations in the papers [12], [13].

Determining if a dynamical system is monotone is a difficult question to answer in
general. The system can be tested for monotonicity with respect to a positive orthant cone
using the following analytic strategy mentioned in Hirsch’s Monotone Systems
Theory [14] that was adopted in references [1], [2], [4]-[7], [15], [16]: calculate the
Jacobian matrix and inspect its off-diagonal entries. The matrix needs to have

non-negative off-diagonal entries for this test to work. Sadly, this can be infeasible as a



Jacobian is difficult to compute in practice. Fortunately, the paper [5] developed a

graphical test to verify monotonicity.

1.4 Graphical Tests for Monotonicity

Recall that chemical reaction networks are a model constructed from vertices and
edges, and one can often use graph theory to study a reaction’s underlying structure to
draw specific conclusions such as those presented in the paper [17]. For example, Species
Reaction (SR) graphs can be used to identify a class of monotone reaction systems. One
can assign a positive (or negative edge) between species and reaction vertices if the
former contributes to the reaction. This idea is not new. Volpert et al. used group
theory [18] to study signs of these edges, whereas Banaji in reference [15] determined the
classes of cones and partial orders that make a reaction monotone using the same positive
and negative strategy. Feinberg also mentioned the DSR-graph in the paper [19], but this
was not in the context of monotone systems according to reference [5].

The main contribution from Angeli, De Leenheer and Sontag in their paper [S] was
the construction of a graphical check called the positive loop property. The authors
presented necessary and sufficient conditions for a reaction system to be monotone that
utilized the positive loop property and additional assumptions on the reactions. If the
SR-graph satisfied the positive loop property, then reaction-coordinates dynamical system
is monotone with respect to a partial order. The positive loop property was useful because
it was an exact and simple graphical check. One does not need to perform
computationally expensive operations or lengthy algebra. All one has to do is construct
the SR-graph, and calculate the product of positive and negative signs.

The use of cooperativity (reactions contributing products that are used to perform
other reactions) to study monotonic reactions is not new, but the concept has been studied
in different contexts to get similar results. For example, Smith in reference [16] used an

irreducible Jacobian matrix to make inferences and draw conclusions about the



asymptotic behavior for a dynamical system. Angeli and Sontag also used the Jacobian of
the reaction-coordinates system of a chemical reaction network to draw the same
conclusions about its asymptotic behavior in the paper [4]. Smith also used a form of a
graph constructed from the Jacobian matrix to determine if a dynamical system is
monotone in reference [16]. See reference [20] for the most recent developments that

expand the graphical tests.

1.5 Using an Algorithm to Establish Multi-Stationarity

Conradi, Feliu, Mincheva, and Wiuf constructed a general procedure to determine if a
species-coordinates dynamical system will admit exactly one or multiple equilibria
(multi-stationarity) in paper [3]. The authors generalize results by Conradi and Mincheva
in papers [21], [22] to give sufficient conditions for a chemical reaction network to have
multiple positive equilibria based on the signs of a computed polynomial. If the network
has a positive parametrization, then they check for multi-stationarity using their algorithm.
A parametrization is a lower dimensional change of variables, so one can (possibly)
rewrite a non-linear system with fewer variables using computer software. Most symbolic
computations fail with more than 20 variables on common laptops [7]. See the paper [7]
for some techniques to expand the determinant along non-symbolic rows (conservation
relations).

If a reaction network has a conservation relation between using a set of species that
are necessary for a reaction to occur (called a siphon), then one can determine the
existence of boundary equilibria by checking the persistence condition outlined in
reference [1]. Determining these siphons is often performed by inspection in which one
can work backwards from the reactions systematically, but this is a non-trivial and tedious
task for large networks with many reactions. Shiu and Sturmfels managed to introduce a
group-theory framework for computing the minimal siphons of a CRN in the paper [23].

Unfortunately, even if one could find the minimal siphons, there are no necessary and



sufficient conditions to characterize persistence in the presence of boundary equilibria
because the system may still be persistent if there are boundary equilibria, e.g., they could

be unstable.

1.6 Conclusion

Chemical reaction networks play a significant role in science, but calculating
equilibria can be an inefficient and almost impossible task. Fortunately, Chemical
Reaction Network Theory has developed alongside monotone systems theory to handle
large and small classes of reaction networks. Although analytically testing for
monotonicity is usually a daunting task that required heavy mathematical machinery, this
is no longer the case as there are graphical tests that can be performed conveniently.

Monotone systems theory and the graphical tests are not without their limitations.
Most real-world reactions do not satisfy monotonicity in reaction- or species-coordinates,
and some actually exhibit unstable behavior. The analytical method can still handle a
much larger class of reaction networks despite being harder to implement in practice. In
addition, the SR-graph having the positive loop property does not guarantee a positive
orthant cone induces the partial order, as that would automatically imply the system is
cooperative, which is a stronger result. While there is an algorithm to handle this process,

it is still in its infancy since automating the steps has its own computational issues.



2 PRELIMINARIES

In this chapter, the reader will find the notation and glossary of terms used throughout

the paper for convenience. This is not a comprehensive list since other terms will be

defined as needed in context.

2.1

Notation and Definitions

From time to time, we will interchange chemical reaction network (CRN), chemical

reaction system, reaction network, and network system. However, the term reaction alone

will not refer to a CRN since has its own meaning (and to avoid confusion).

R" is Euclidean space, or the set of real numbers in n dimensions.

X,y,z are vectors in R”.

a,b,c are scalars in R.

Matrices (operators) and Vector spaces are capitalized.

Matrix entries are denoted [A];; for some matrix A.

& is an initial condition to a differential equation.

X indicates the time derivative of x.

K denotes a positive orthant cone or a compact set.

im (A) denotes the image of a matrix A.

ker (A) is the right kernel of a matrix A.

ker (AT) is the left kernel of a matrix A

ng s the number of species in a reaction network.

n, is the number of reactions in a reaction network (with reversible reactions being
clear from context).

I' is the stoichiometric matrix of a reaction network, such that I' € R"*" in which n
is the number of species and m is the number of reactions.

(vi,v;) denote that there is an edge between vertices v; and v;.

vi 70 v; denotes that there is no edge between vertices v; and v;.



vi — v; denotes that there is a directed edge from vertex v; to vertex v;.

Xo5,Cs,, P all denote the stoichiometric compatibility class.

QIA] is the set of rational polynomials adjoined with elements of a set A.

PF denotes the positive stoichiometric compatibility class.

» Vs denotes the vertex set of species and corresponds to the vector of species such
that Vg € R™.

o Z denotes the siphon of a reaction.

2.2 Glossary

This glossary of terms is split up by subjects for the reader’s convenience.

2.2.1 Pre-Ordered and Partially Ordered Cones

The terms we use in this subsection are commonly replicated, but they can also be

found in reference [24, Chapter 2.4].

Definition 1. A pre-ordered vector space, denoted (V, <), is a vector space equipped
with a pre-order, in which < satisfies
MDx+z<y+z

(1) y < x implies Ay < Ax.

Definition 2. The positive cone of a pre-ordered vector space (V, <) is the subspace
Vi={xeV:x>0}<V.

This is also known as a convex cone since it satisfies ax+by € V* forall x,y € V*'. In
other words, a positive cone is a closed subset K of a Banach space B such that

1 K+KCK

(ii)) K CaK foralla >0

(iii) KN (—K) = {0}.



Definition 3. A positive orthant cone is a positive cone (V,<) where V is a Euclidean

space.

Definition 4. A well-ordered vector space, denoted (V, <), is a vector space equipped
with a partial order, in which < satisfies a trichotomy for all x,y, z:

X>Xx

x>y,y>zimplies x > z

X >y,y > x implies x = y.

Definition 5. A proper cone of a well-ordered vector space (V, <) is a positive cone

V*t <V such that VN (—=VT) ={0}.

Lemma 6. If (V,R) is a real vector space and C is a proper convex cone in 'V, then there
exists a unique partial order < on 'V such that V is ordered and V** = C in which x <y if

and only if x—yeC=VT,

Proof. Existence is clear. Let < such that x <y if and only if x —y € C. Now, we will
show V is partial-ordered to show sufficiency. Since C is convex, ax+ by € C for all

x,y €V and a,b € R. Observe that (ax+ by) — (ax+by) =0 € C since C <V implies
ax+by <ax—+byforall x,y e C.Let z€ C, c € R such that ax —cz € C and cz— by € C.

Finally, ax < ¢z and cz < by implies
ax+cz < cz+cz<cz+ by

as desired. O]

Definition 7. If (V, <) is a well-ordered vector space in which the partial order < is
induced by a positive cone K (In other words, x <y if and only if x —y € K, in which
int (K) =K —K is non-empty), then we can define a strict partial ordering < in the

usual sense: x <y if x <yand x # y.

10



Definition 8. A vector x satisfies x > 0 if x; > O for all elements in x.

2.2.2  Monotone Systems

Definition 9. Let u be a measure on R” equipped with the Borel o-algebra # (R"). If
for all x € R”, and for all B € #(R"), then u is translation invariant if u (x+ B) = u (B)
in whichx+B={x+b:b € B}.

Definition 10. A dynamical system is monotone if its mapping is well-ordered preserving
In other words, a dynamical system is monotone if two initial states x; > x, fort >0

implies their solutions satisfy x (¢,x;) > x(¢,xp) for all x;,xp,t € X C R".

Definition 11. A dynamical system x = f (x) is cooperative if % > 0 for all x and for all
J

i # j, and competitive (or not cooperative) if ng; <O0.

Definition 12. If the partial order is induced by a positive orthant, then the dynamical

system is cooperative.

Definition 13. A Z-matrix is a matrix Z such that its off-diagonal entries are less than or

equal to zero, i.e., [Z]l-j < 0 for all i # j.

Proposition 14. If Df (x) is the Jacobian of a dynamical system X = f (x) such that
—[Df (x)];; <0 forall i # j, then the system is cooperative. Otherwise, if Df (x) satisfies

[Df (x)];; <0 for all i # j (a Z-matrix), then the system is competitive.

Proof. Observe that — [Df (x)];; <0 for all i # j implies [Df (x)];; > 0 for all i # j. Thus,

the system is cooperative. Otherwise, [Df (x)];; <0 is competitive by definition. O

Definition 15. Given X C R" a Hilbert space, an operator f : X — X* is strongly

monotone if there exists a constant ¢ > 0 such that

(f (1) = f (x2) ;21 —x2) > ¢ [l — x|

11



for all x1,x; € X, i.e., if two inputs satisfy x; > x,, then their outputs satisfy
f(x1) > f(x2).

Definition 16. A dynamical system is strongly monotone if x; > x; implies

x(t,x1) > x(t,xp) for all t > 0.

Definition 17. In a dynamical system, a state space is an n-dimensional space where 7 is

the number of degrees of freedom (aka number of parameters) in the system.

12



3 INTRODUCTION TO REACTION MODELING

A chemical reaction is a relationship in which reactants form products. Irreversible
reactions are of the form Reactant — Product, and reversible reactions are of the form
Reactant = Product. A chemical S is called a species, and a linear combination of

species is called a complex.

Example 18. We will work with this running example called the Enzymatic Futile Cycle
(which underlies many metabolic pathways) with species E,P,C,Q,F,D. E,F are

enzymes and P, Q,C, D are protein substrates. P binds and unbinds with an enzyme E to
form a substrate C, and C unbinds to form a substrate Q with enzyme E, and similarly for

enzyme F and substrates Q, D, and P

E+P=C—E+Q

F+Q0=D—F+P.

The complexes in this case are E+ P, C, E+ Q, F + Q, D, and F + P. Notice that this

chemical reaction network has two reversible reactions and two forward reactions.

3.1 Reactions and Reaction Rates

A reaction rate measures the speed of the reaction, and a set of reaction rates is called
kinetics. Let S = (S1,...,S,,) € R™ be a vector of species. The ith reaction R; of a

chemical reaction network is of the form

ng ng
Rl' ZZ a,-jS,- —>Z bl‘jS,‘
i=1 i=1

where a;;,b;; are scalars and S; are species, 1.e., reactants — products. In this context, R;
are forward reactions with reactant coefficients a;; and product coefficients b;; (these are
also known as stoichiometry coefficients). Any reaction network is composed of forward

or reversible reactions. Reactions have the following constraints:

13



A1l R; > 0 for all i (reactions are always happening) as long as species are present, time
is moving forward. This can be summarized as follows: R; (S) = 0 if and only if
S; = 0 for some a;; > 0 [3].

A2 Reactions occur monotonically with respect to concentrations of species.

Analogously, this means more fuel in your car means you can drive longer.

If reactant species a;; exist, then reactions occur because aRg(f), the partial derivative of
the reaction rate on the species vector with respect to a given species S; € S, is greater
than or equal to 0. Otherwise, if species are gone, then reactions stop.
A3 R; are convex functions on R™ (which implies they are locally Lipschitz)

a) The paper [4] assumes locally Lipschitz

b) The papers [3], [S] assume R; € C!
A4 Avoid auto-catalytic reactions: a type of reaction in which a species appears as both

a reactant and a product.

Observe that S1+ 5> — S is not allowed even though they are different complexes. So no

species is allowed to be present as both a reactant and a product for the same reaction.

IR;i(S)
35,

AS > 0 and it cannot change signs.

A6 If a reaction is reversible, then for all species vectors S € int (R’;SO), the paper [5]
defines the relationship between the forward and backward components of a reaction

as,

Ri (S) = Ri,forward (S) - Ri,backward (S) .

Some examples of kinetics are

n ..
 mass-action: k; [] Sf” (multiplying reactant concentrations)
=1

n
o Michaelis-Menten: m; [[1 ﬁ (multiplying ratios of reactant concentrations)
wog
o Hill: M; ] S"fj+ b (multiplying ratios of product concentrations)
Jj=179; J
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3.2 Dynamical Systems and Modeling Chemical Reaction Networks

We can view a chemical reaction dynamical system as
S=TR(S)

where S is an ng-dimensional Euclidean vector such that each entry is the concentration of
a chemical species, I' € R™*" is the stoichiometry matrix, and R : ]Rrgo —R" is a
function that takes a vector of concentrations in S and outputs a vector of reaction-rates.
To summarize the sizes:

ng x 1 = [ng xn,|-[n, x 1].

We will demonstrate how to construct the species dynamical system S = 'R (S) using
Example 18 on page 13. Let the species have the same letters as the concentrations.

Therefore our species vector is also a concentration vector, 1.e.,
_ T 6
S=(P,Q,E,F,C,D)" € R".

If we treat reversible reactions as one reaction and label the reaction network with

reaction modeling labels (ki,k»,k3,k4) like so:

k
E+P=cBE10Q

k
F+0=D8Fip

Thus, the stoichiometry matrix is

1 0 0 1
0 1 -1 0
11 0 0

=19 o -1 1 |’
1 -1 0 0

0 0 1 -1 |
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in which the rows of I" encode the stoichiometric change of each individual species across
the given reaction and the columns span reaction-space, such that k; and k3 have forward
and backward reactions. For example, we lose a molecule of E to reaction k; and gain a
molecule of E from ky4.

The stoichiometry matrix I" has entries b;; — a;; or the difference in product and
amount of reactants, and reaction rates are assigned to each reaction. We split the label for
these reversible reactions as ka, k; for ky and similarly kgL , k5 for k3. We will later prove
there is more than one such labeling outside of permutation. Let us relabel our reactions

with these k;:

ki .
E4+P_ C—2E+Q

ky

K ke
F+Q_ D—>F+P

ks

To construct the vector R (S) € R, we only consider the reactants of each reaction k;,
not the product. We adopt the convention that the sign of the reaction is based on whether

the species contributes (positive) or is produced (negative) by the reaction.

kiEP—k_,C
B koC
R($) = ksFQ —k_3D
kaD
Thus, S =TR(S) is
Pl [-1 0 0 1]
0 0 1 -1 0 kiEP—k_,C
E| | -1 1 0 o0 koC
F| | 0 0 -1 1 ksFQ —k_3D
C 1 -1 0 O kaD
'D| [0 0 1 -1]

A necessary condition for having fixed points (steady states) of the species dynamical

system § = 'R (S) is the following lemma.

16



Lemma 19. If some vector x satisfies I'x # 0, then TR (S) # 0.
Note: this result is not sufficient due to the counterexample below.

Example 20. Consider the following chemical reaction network, which describes a net

gain of nothing.!

k k
0<——A—2.24

Observe that I' = [—1, 1], so if reactions 1 and 2 have mass-action reaction coefficients

k1, ky respectively, then the dynamical system for this reaction network is

A=1[-1,1] { 22‘ ] = (ky—k1)A

and v=[1,1] €ker('), so [v=0, but A = (k —k;)A = TR(S) # 0 unless k; = ko.

The left and right kernels of I" also play an important role in how we understand the
significance of certain species. Since I' € R"*" encodes the stoichiometric change of

species, the left kernel of T,

ker (TT) = {w eR™: Zw,Si (1) :O} = {w eR™ ceR: ZwiS,- (1) = c}

gives us the (positive) linear combination of species that will stay constant for all # > 0,

i.e., a conservation law. On the other hand, the right kernel of I

ker(T") = {v eR"™: Zv,-Ri (1) = O}

gives us the linear combination of reactions that results in a net-change in the production
of species.

1. Depending on the reaction rates, there may be an increase in A or a decrease in A (or, rarely, no change in A at all).
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We claim R; (S) =0 <= S; = 0 for some i with a;; > 0 implies RY; and RY, are
forward invariant under I'R (S). We will only provide a brief sketch of the proof presented
in the paper [25]. Each row I'R; (S) only has negative coefficients for terms involving S; if
S; is consumed in reaction R;. Since R; (S) =0 <= S; =0 for some i with a;; > 0, these
corresponding rows of I'" will be greater than or equal to 0. The other rows of I" will also
be positive because a;; > 0 for R;. Then, S can be split into two a sum of components that
satisfy the two previously mentioned relations, and can be solved with an exponential
integrating factor. Thus, the solution will contain only positive components, hence R’;‘O

and R are forward invariant under I'R (S).

3.3 Limit Cycles, Persistence, and Consistence

We wish to discuss the minimal requirements to classify trajectories of solutions for
the monotone dynamical systems of a chemical reaction network system. Recall that if we
have a dynamical system with no fixed points, then the limit of the trajectory is a limit
cycle. Limit cycles are isolated periodic orbits by definition, and there exist dynamical
systems such as the undampened harmonic oscillator with no limit cycles but many
periodic orbits [26]. If there are no limit points and no limit cycle, then we have a chaotic
strange attractor. This is not an exhaustive list of the possibilities for dynamical systems
as many other types of behavior, e.g. quasi-periodic motion, space filling curves, ergodic
theory, are possible. However, the paper [6] demonstrates monotone systems is a
satisfactory condition for determining if a state space achieves an equilibrium.

Recall that if we have a bounded sequence in Euclidean space, then the
Bolzano-Weierstrass Theorem implies there is a convergent sub-sequence. The same is
also true if our sequence is in a compact set, as compact sets are closed and bounded by
the Heine-Borel Theorem. These convergent sub-sequences are dependent on initial

conditions, so we will adopt the notation from reference [1] to define the set of
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sub-sequences from the trajectory that converge,
o (xo) ={xeR":x(t,) = x,t, - 0 asn — oo}

where x (1) = ¢ (,,x0) depends on time and an initial condition. We need this set to be
able to characterize the trajectories of a chemical reaction network. For a species
dynamical system S = 'R (S) with initial condition S (0) =: Sp, we claim sub-sequential
limit points do not approach the boundary under certain conditions, which implies @ (Sp)
is set of sub-sequential limit points by definition. Fixed points also satisfy this definition.
In fact, they are the most common objects that satisfy this definition. If @ (xo) NIRE, =0,
then the associated chemical reaction network is known as persistent. Next, we introduce

a necessary but not sufficient condition for a reaction network to have an equilibrium.

Definition 21. A chemical reaction network is called consistent if there exists a vector

v € RY, such that v>> 0 (i.e., every component of the vector satisfies v; > 0) and I'v = 0.

Observe that this vector v is not hard to find in general because we simply need a
right kernel vector with all strictly positive entries for our reaction network to be labeled
consistent. This theorem from reference [1] provides the necessary conditions for a CRN
to be consistent, based on persistence. The proof presented below is the same as the one

in the paper with a few added details.

Theorem 22 ( [1, Theorem 1]). If S = 'R (S) with any initial condition Sy € int (R’go)
where R satisfies A3(b), w € Ker (FT) satisfies w > 0, and @ (Sp) N 8Rr§0 =0, then the

associated chemical reaction network is consistent.

Proof. Given any initial condition Sy € int (R’;SO), taking w € R"™ on both sides of the

dynamical system yields

wlS=wITR(S) = w/S=0 = wiS(t) =w'S,.
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Thus, the solution is bounded because the right-hand side is a constant and w has all
positive entries, and this implies @ (Sp) is a compact set. Then, given any So € ® (So),
@ (So) NIRE, = 0 implies R (570> > 0. Also, since R € C!, then R (@ (Sy)) is also

compact, so there is a vector v € R’;“O such that
R <§)> >v>0

for all Sy € @ (So). Define the bounded solution of $ = 'R (S) to be S () := ¢ <t,§0).

Observe that
T _ T
S(T)—So— / TR(S(1))dt —> S(T) = so+r/ R(S())dx.
0 0
Thus, by the invariance of the positive limit set, R(S(¢)) > v >> 0 for all t € R. Therefore,
T
/ R(S(2)dT>v>0
0

for all T > 0. Since S (¢) is bounded, then the asymptotic time average of the system goes

to 0, i.e.,

im O TRGS(@)dT Ty R(S(x))dT T

T —so0t T T—oot T T —oot

Finally, Bolzano-Weierstrass implies there is a convergent sub-sequence for 7,, — oo, then

lim OT” T'R(S(7))dT

T —oot n

=Iv>Iv>0.

Hence, there exists a vector v > 0 such that I'v = 0, so the reaction network is consistent

by definition as desired. [

It is important to give context for why we need a reaction to be consistent. Recall that

I' is the stoichiometric matrix, which means its columns span the stoichiometric subspace
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of reaction-space. In other words,

I'= [...’y,-—yj’...}

in which reaction ‘ yi— J’j‘ is of the form |products — consumed|. A network is consistent
if, roughly speaking, some combination of all reactions implies there is a balance in the
production of species. A right kernel vector with all positive entries guarantees every
reaction must be accounted for and cannot be ignored, which means v has to strictly live
in the interior of the positive orthant and not on the boundary. In other words, there is no
net change in the amount of species present when those reactions occur. The enzymatic

futile in Example 18 on page 13 is consistent since the vector
T
[1 1 1 1] €eker(I),

which means we need all four reactions ki, ... ,ks to happen an equal number of times for

there to be no net change in the amount of species present.
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4 THE ANGELI-SONTAG THEOREM

In this chapter, we formally introduce the stoichiometric subspace and the
stoichiometric compatibility class. We introduce a new dynamical system based on
S=TR (S), known as the reaction-coordinates dynamical system, and we also discuss
important results from papers [4], [6] that we can use to draw conclusions about
species-space. It is important to remark that our monotone dynamical system is translation

invariant with respect to a positive vector, and equilibria are never unique.

4.1 Stoichiometric Subspace and the Stoichiometric Compatibility Class

The stoichiometric subspace 1s defined to be the span of reaction-space, i.e., the
columns of the stoichiometric matrix I € R™*" where n, is the number of species and 7,
is the number of reactions. Formally, if reactions are of the form y; — y; for all
i=1,...,n,, then the stoichiometric subspace G = span {y,- — y;} = im(T). Since any

linear subspace is a convex set, the stoichiometric subspace is also convex.

Example 23. Consider the simple reaction network

ky
‘\163 y
X3

with the following stoichiometric matrix

X X,

-1 0 1
I'= 1 -1 O
0 1 -1
Observe that
—1 0
im(I") = span 1 |,] —1 ,

since the last column is a negative of the sum of the first two column vectors in I'. From

this example, we can see a cycle in the reaction model means we lose one degree of
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freedom in the state space. To understand why this is the case, imagine k3 being the
vector sum of k; and kp, in which one adds vectors head to tail. In this situation, the
stoichiometric subspace is the plane spanned by two vectors that slice through R>. We

plot this in Figure 4.1.

Fig. 4.1: The stoichiometric subspace of the reaction in Example 23.

Assume the reaction function R : ]R’;SO — R is a locally Lipschitz function (R; (S)
satisfies assumption A3(a) for all i) so the solution of the dynamical system S = 'R (S) is
unique [4]. Let R’go be invariant and forward complete so all solutions are defined for
t > 0. We can change the system from species-coordinates to reaction-coordinates for

every fixed initial condition o € RY);:
X = fo(x) =R(0c+Tx)
such that f5 : X — R™ where the state space,
Xo ={xeR":0+Tx>0}

is called the stoichiometric compatibility class for reaction coordinates. Similarly, we

define the state space of the species-coordinates dynamical system.
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Definition 24. Given the dynamical species-coordinates system, S = I'R (S) such that

R(S) : R — R"™ with initial condition Sy := S (0), the state space
Cs, =R™N(So+im(I))

is called the stoichiometric compatibility class.

It easier to understand where this state space Xy comes from if we pay attention to the
dimensions: ¢ € RY,, I' € R, and R : RY, — R, so 6 +I'x € RY,, which means

we need a vector x € R™ such that
ns X 1+ (ng xn,) - (n, x 1) > 0.

Definition 25. The x; component of x € X is called the extent of the reaction, which is a

function that records how much of a reaction has occurred up to a given time ¢.

The stoichiometric compatibility class Xy is the shift of the stoichiometric subspace
into the positive orthant since im (I") may not be positive. In order to assist with modeling
real-world reaction systems, it is appropriate to choose an initial condition vector

o € RY, to ensure ¢ +im (I') > 0. One can see an example of such a shift in Figure 4.2,

Fig. 4.2: The stoichiometic compatibility class of Example 23.
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If the extent of the reaction x () is a trajectory in Xy and if the chemical reaction
network is in equilibrium, then I'x = 0 so there is no change in reaction-space. The
converse is not true: x could change so long as x € ker (I') and there would be no change
in species-space. The amount of species is not changing, but the reactions are always
occurring due to the dynamics. This is an important distinction between species-space and
reaction-space of a CRN at equilibrium: there is no net change in the concentration of
species in species-space because equilibrium implies their resultant rate of change is zero,

but reactions continue to grow with changing species-space.

4.2 Projection Mappings

Given any unit vector v, the paper [4] introduces the linear mapping:
m, : R" — R" such that 7, (x) =x— (v/x)v.

This map subtracts an orthogonal projection onto v’, or the component, along the vector v.

T T

Since v'v =1, we can see 7, (v) =v— (v v) v =0.

Definition 26 ( [4]). Let £ € X be an initial condition vector with solution ¢;(&). We say
¢, (&) is bounded modulo (distance) v if m, (¢, (£)) is bounded as a function of #, for

t > 0.

We will assume the projection 7, (¢, (§)) is compact, and 7, (¢; (£)) will be a

trajectory of the projected system X = (I—wT) f(%).

Proposition 27 ( [4]). The solution @, (&) is bounded mod v if and only if there exists
some scalar function B(&,t) : X x [0,+) — R such that ¢; (§) — B(&,t)v is bounded
mod v. In other words, the solution is bounded mod v if and only if there is another
function from X x [0,00) — R such that the difference between the solution and the scalar

function is bounded mod v.
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Notice that the difference ¢, (§) — B(&,7)v is also an element in X because X is
translation invariant under all multiples of v. In other words, a vector y € X is of the form

y=x—Avinwhichx=¢,(§) € X, B(§,t) =A,and v € X.

Proof. Assume ¢ (§) is bounded modulo v. By definition, 7, (¢ (§)) is bounded as a

function of 7, for t > 0. Then, by definition of x,(x),

T (0 (8)) = (&) — (qu), (5)) V.

Let B (&,1) : X x [0,00) — R such that B (§,7) =vT ¢, (€). Thus, since X is translation
invariant, y = ¢, (§) — B (&,7) v is a member of X, and is bounded mod v by definition
since 7, (y) is bounded.

Conversely, let there be some scalar function  (&,7) : X x [0,00) — R such that
¢ (&) — B (&,t)v is bounded mod v.

First, observe that

since v is a unit vector. Then,

7 (B(E.1)v) =B (E,0)v— (V' B(E.1)v)v=PB(&1)v=(B(&.1))v=0.

Since X is a closed space and ¢; (§) — B (&,7) v is bounded mod v by assumption, then

the set of positive bounded differences,

{e(5)—B(5,1)v=0},

1s a bounded subset of X. Observe that its closure

{@ (&) —B(S,1)v=0}
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is a compact set by the Heine-Borel Theorem. Next, since projections are continuous, and
continuous functions preserve compactness, then since 7, (f (&,7)v) = 0 and because

linear,

m ({0 (©) =B ENv=0}) =m ({9 (&) = 0})

is compact, and thus closed and bounded. Hence, 7, (¢, (§)) being bounded implies

¢, (&) is bounded mod v by definition. O
4.3 Statement of the Angeli-Sontag Theorem

Recall that R" is a finite dimensional Banach space.

Theorem 28 (Angeli-Sontag Theorem [4, Theorem 1]). Let f: X CK CR" - R" be a
locally Lipschitz function in which X is the closure of its interior and K is a closed
positive orthant cone with non-empty interior and partial orders <,<,<. Let X = f (x)
be a forward-complete nonlinear dynamical system with states x € X, initial conditions
& € X, solutions of the form @, (&), and collectively satisfies the following:

(i) Strong monotonicity: & > &, implies @, (E1) > @, (&) for allt > 0 and all &; € X.

(ii) Solutions are translation invariant: ¢, (& +Av) = @, (§) + Av for all A € R and
v € int (K) such that ||v|| = 1 without loss of generality.

(iii) The state space X is translation invariant with respect to v € int (K).

Then, the bounded projection m, (¢, (§)) for every solution bounded modulo v

converges to a unique equilibrium.

Remark 29. Observe that the partial order < also satisfies local finite-ness since we are

not on a real line; this is also known as the causal ordering <.

Remark 30. We assume ¢ (&) is uniquely maximally defined as an element of X that
contains [0, o) in its interior for ¢ € Ié:, in which Ié is an interval in R [4]. In other words,
the system is assumed to be forward—but not necessarily backward—complete, which

means we cannot guarantee results are the same for negative time.
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Remark 31. We will assume the state space X is invariant with respect to translation by v
because of the translation invariant property, namely: x € X implies x+ Av € X for all

A eR.

Remark 32. Every solution bounded modulo v converges monotonically to a unique

equilibrium [4].

4.4 Satisfying the Angeli-Sontag Theorem

We want our construction of reaction coordinate systems x = f5 (x) = R(0 +I'x) to
satisfy the conditions of Theorem 28 on the preceding page for x € X5. In order to use the
result as an application to chemical reaction networks, this means we need a locally
Lipschitz function on a state space that is the closure of its interior and is
translation-invariant with respect to a vector in a non-empty interior of a closed positive
cone. We previously assumed R is locally Lipschitz, the stoichiometric compatibility class
X 1s a closed set that is the closure of its interior, and the positive orthant R’;‘O is a closed
cone with interior ker (I'). In fact, we need ker (I') to have strictly positive components
since it is in the interior of the positive orthant. Also, observe that X is translation

invariant for any v € ker (I') [4]. Given x € X5, A € R, then

c+IT'(x+Av)=0c+ITx+T(Av)
=0+Ix+AIv

=o+Ix>0.

Hence, x € X5 implies x+ Av € X for all A € R. This implies X is convex, which

means it is also a polytope [24].

4.4.1 Drawing Conclusions of Dynamics Between Species-Space and Reaction-Space

Let x (¢) be the extent of the reaction. The resultant vector X := x+ Av captures the

same information about the dynamics in reaction-space since Xy is translation invariant
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(and thus forward invariant), which means we can shift the extent of the reaction without
changing the corresponding species vector in species-space. Theorem 28 on page 27
allows us to draw conclusions about equilibria in species-space by associating each point
in species-space to a point in the projected reaction-space. In Figure 4.3, there are
multiple points in reaction-space that are mapped onto the same point in projected
reaction-space. The pre-image under I" of species-space is exactly the projected

reaction-space, so there is a one-to-one correspondence between the two state spaces.

Projected
Reaction Space

Fig. 4.3: Shifting the extent of a reaction by a kernel vector.

4.4.2 Independence of Reaction Modeling and Bounded-ness of Solutions

The following lemma from reference [4] describes when a solution of a
reaction-coordinates dynamical system is bounded. In the context of chemical reaction
systems, this result depends on a stoichiometric matrix whose reaction labeling guarantees

a one-dimensional kernel.

Lemma 33 ( [4, Lemma 3.2]). Suppose a matrix I’ € My, x,, (Z) has rank m — 1 whose

right kernel is spanned by some positive vector v. Let x (t) be a solution to the reaction
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coordinate system x = fq (x) with initial condition xo for all t > 0. Then, I'x (t) is

bounded if and only if m,x(t) is bounded.

Proof. Suppose m,x (t) be bounded. Observe that
I'mx(t)=T (x — (vTx) v) =Ix-T (vTx) v=Ix—-Tv (vTx) =T,

in which the last equality follows from ker (I") = {v} by assumption.
Conversely, let W := {vL cR™: <vL,v> = O} and let M =T |y, the restriction of I'
to W. Observe that I'x = I'7,(x), and we will prove M is injective: if there is an x € v+

such that Mx = 0, then I'x = 0 since they have the same image. Then,
x € ker(I') =ker (M) = <x, vL> =0,

so x € span(v). Thus, x = 0 since it is in span (v) Nv*. Now, we can define the inverse of

M, M~ :im(T) — v' and perform algebra. If I'x(¢) is bounded, observe that
M Ix(t) =M 'Tax(t) =M 'Mrx(t) = mx(¢)

1s bounded. O]

This is useful because it guarantees any projection of the solution x () to the
reaction-coordinates system implies I'x is bounded, because x (¢) could easily grow to
infinity. However, the positive or negative changes in reaction-coordinates does not imply
the same change of signs occurs in species-coordinates because reactions can continue to
occur while the CRN is in equilibrium, and the extent of the reaction matters because
x(t) #0 for all ¢.

The previous result introduced in [4] assumed the matrix I" has a one-dimensional
kernel. Unfortunately this restricted the amount of labeling choices for the reaction model

up to permutation. This is a problem, as there is no adopted convention for labeling
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bio-chemical reaction models with mass-action coordinates. For example, if we decided to

remodel the futile cycle by treating every reversible reaction as its own reaction as in the

following:
kq k
E+P_ C—XE+Q
ky
kq ke
F+Q_ D—>F+P
ks

then the species vector S = (P,Q,E, F, C,D)T with reaction vector R € R = RS yields a

square 6 x 6 stoichiometry matrix I’

(-1 1 0 0 0 1
0 0 1 -1 1 0
-1 1 1 0 0 0
0 0 0 -1 1 1
I -1 -1 0 0 0

0 0 0 1 -1 —1|

where the rows are with respect to the species model in § and the rows are the reactions
(k1,ka,k3,kq,ks,ke). Observe that this matrix has a right kernel of 3 dimensions.
We propose the following updated version of Lemma 3.2 from reference [4] as a

reprise to include a larger dimensional kernel.

Lemma 34 ( [4, Lemma 3.2] (Reprise)). Suppose a matrix I' € My, (Z) has rank
exactly m — k whose right kernel is spanned by positive vectors v; € V such that
dim (V) = k. Let x(t) be a solution to the system x = fq (x) with initial condition xy for

all t > 0. Then, T'x(t) is bounded if and only if wyx (t) is bounded where V =Y v;.

Proof. If myx(t) is bounded, then we have the same proof as the 1-dimensional kernel
result since projection mappings are linear.

Conversely, consider the following vector space,

V={vieR":Tv;=0},

31



and recall that rank (I') = m — dim (V). Let
W= {vL eR™: <vL,V> :0},

and let M =T |, the restriction of " to W. Observe that I'x = I'z,(x), and we will prove
M is injective: if x € V- such that Mx = 0, then I'x = O since they have the same image.
Then,

xeker(I') =ker(M) = <x,VL> =0,

so x € span (V). Thus, x € span (V) NV implies x = 0. Just as before, we can define the

inverse of M, M~! : im(T") — V* and perform algebra. If I'x(¢) is bounded, observe that
M Tx (1) =M 'Tayx(t) = M '"Mayx(t) = myx (1),

is bounded. O]

4.5 Using the Angeli-Sontag Theorem with Chemical Reaction Dynamical

Systems

Before we prove a direct application of Theorem 28 on page 27 to chemical reaction

systems, we need the following lemma.

Lemma 35 ( [4, Lemma 3.1]). The system X = fs (x) = R(0 +I'x) is forward complete,
meaning every solution is defined for all t > 0 and they remain in
Xo = {x € R™: 6 +T'x > 0}. Furthermore, if every solution of S = TR (S) is bounded,

then T'x (t) is bounded for every solution x(t) of fs (x).

Proof. Let xo be any initial condition in X. Consider the solution S (z) of $ = I'R(S)
with initial condition §(0) = So := 0 +L'xo € R%,. This solution is well-defined and
forward complete since it satisfies S(¢) > 0 for all + > 0. We will use this to construct a

forward complete solution for x = f5 (x) = R(0 + I'x).
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Define for¢t > 0

x(t) ::xo+/OZR(S(*c))dT.

Notice that x () = R(S(¢)) for all ¢ and x(0) = xp € X5 by assumption.

We claim x € X and is forward complete, which means x(¢) is a solution to the
system X = fg (x) with initial condition xq for all # > 0.

Take P (t) := o +I'x(t) as another solution in Xy, with initial condition

P(0) = 0 +I'xp. Observe that for all r > 0,
. do d
P(t)=—+—(I
(1) =7+ (Cx(t)

dr dx (1)

Then, P — S = 0 implies P — S is a constant. Also,
P(O)—S(O) =0o+Ixg—0c—-Txp=0

implies P = S, which means our solution to § = I'R (S) is explicitly S (¢) = o +'x (). We
also have a unique solution since f is locally Lipschitz.

Thus, fort >0

and x (¢) is a solution to fy.
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Finally, assume every solution of S = I'R(S) is bounded, so by extension,
S(t) = 0 +Tx(¢) is bounded implies I'x(¢) = S(¢) — o is bounded for every solution x (¢)

of f5(x). ]

Corollary 36 ( [4, Corollary 3.3]). Suppose
(i) I has rank m — k whose left kernel is k-dimensional.
(ii) Every solution of S = T'R(S) is bounded, so T'x(t) is bounded for every solution
x(t) of fo (x) by Lemma 35 on page 32.
(iii) There is a vector 6 € RY ) such that the system X = fq (x) is strongly monotone.
Then, there is an initial condition vector s € R with this property: for each
p € RY such that p — & € im(T), the solution S(t) = So+Tx(t) to S =TR(S) in which

So = p, implies S(t) — &5 as t — .

We extended this result to include a k-dimensional kernel. The proof below is roughly
the same as the one presented in [4] with a few more details, but their introduction of the
function z(¢) did not seem justified. Below is an alternate proof that motivates where z (7)

comes from.

Proof. Letker(I') = {v; e R":T'v; =0} and V = Y v;. Since every solution of

S =TR(S) is bounded, then by Lemmas 34 on page 31 and 35 on page 32, I'x(¢) is
bounded for every solution x(¢) of fs (x) if and only if 7yx(z) is bounded. Additionally,
X is translation invariant with respect to V. Also, since x = fi (x) is strongly monotone
for some o € RY, by assumption, we can appeal to the Angeli-Sontag Theorem 28 on

page 27. Thus, the bounded projection 7y (x) for every solution

x(t) ::x0+/O[R(S(r))d*c

bounded modulo V converges to a unique equilibrium. In other words, there is a unique

equilibrium & € R of the projected system X = (I —wT)f(X) such that every solution
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x (t) satisfies 7, (x) — & as t — oo. Fix p € R% such that p — o € im (I'). Since
I'e R, let a € R™ and take I'a € im (). Thus, p — o =Ta.
Let S(t) = So+Ix(¢) be a solution to S = 'R (S) in which Sy = p. Since R is locally

Lipschitz, we have uniqueness of solutions and thus
S(it)=p+Tx(t)

where

$=R(S(1) = R(p+Tx(1))
such that xo = 0. Since I' (x) = I'z, (x), then
S(t)=p+Tx(r)=p+Tmy (x(1)) = p+I¢

as t — oo. However, we want our initial condition to depend on ¢ and not p.
Recall that p — 0 =I'a implies p = 0 +1'a > 0, which means to finish the proof, we
need to show a € X5, where a is the initial condition of some solution to the

reaction-coordinates system. Observe that
x=R(S)=R(p+TIx(t))=R(c+Ta+Ix)=R(c+T(a+x(1))).

Since x (1) + a satisfies this system with x (0) +a = a € Xy, it also conveniently satisfies

the system x = R(0 +I'x(¢)) on X;. Thus, by Theorem 28 on page 27 again,

my (x(¢t)+a)— &
myx(t) +ma— &

myx(t) = & —nya
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as t — oo. So finally,

S(t)=p+Ix(@t)=p+Tay(x(t)) > p+TE—-Tnya
—p+Té—Ta
—p+TE+o0—p

—0o+T¢&

as t — oo, Define £ .= 0 +T°€. O

This result is useful because we get a unique equilibrium in each stoichiometry class
X of o +im(T"), which is important because this implies there is a direct connection
between reaction-space and species-space. Any initial condition vector o € R%, fixes the

stoichiometric compatibility class, so the solution to the species system S = 'R (S),
t
S(1) = 5(0) +r/ R(S(1))dz
0

implies S € S(0) 4 im ("), and the result states there exists is a global attractor &g in
which §(0) = p — & for all p. This is great since we can take p — ¢ € im (I") in the
projected system and draw conclusions about equilibria in species-space from

reaction-space.
4.6 Finding an Equilibrium of the Enzymatic Futile Cycle

We will finish this chapter with an example to illuminate how to use Corollary 36 on
page 34 by reproducing the results of [4] with Example 18 on page 13. Recall that the

species-coordinates dynamical system S = 'R (S) for this CRN is

P -1 0 0 1

0 0 1 -1 0 kKiEP—k_,C

E| |-11 0 o krC

F|l~ ] 0o 0o -1 1 ksFQ —k_3D

C 1 -1 0 0 ksD
D] [0 0 1 —1]




Observe that

ker (FT) = span

—t = OO =
SO == O O
—_—0 = O O O

yields the conservation laws

E()+C(t) =c
F(t)+D(t) =2

P(t)+Q(t)+C(t)+D(t) =c3

for some constants c1,c,c3 € R. So the enzymes and substrates are constant (and

bounded) for all + > 0. Since
ker(T)=span{[ 1 1 1 1]},

let us normalize x € ker (I') by the sup norm to define our unit vector v as

_ox [t 1a1a]
e 4

sup

=
FN-
FN.
FN-
| I—

Consider this simplex that lies in the interior of the positive orthant:
t={c=[P Q E F C D]eRE:E(t)+C(1)>0,F(1)+D()>0}

where those sums are from the linear dependence of rows in I" from our bounded enzyme
functions from above. We are now ready to show Example 18 on page 13 attains an
equilibrium.

Recall our summary from Section 4.4 on page 28: Assume R satisfies A3(b). Let

Y. C R';‘VO be invariant and forward complete, so all solutions are defined for ¢+ > 0. For
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every fixed o € X, we have the following reaction-coordinates system:

ki (03 —x14+x2) (01 —x1 +x4) —k_1 (05 +x1 —x2)
ko (05 +x1 —x2)

k3 (04 —x3 +x4) (02 +x2 —x3) — k3 (06 +x3 —X4)
ky (66 +X3—X4)

i=fs(x)=R(c+Tx) =

such that fs : ¥ — X with state space
YCXs={xeR":0+Ix>0}

where x € X is called the extent of the reaction. We assumed R (and f by extension) is
locally Lipschitz, ¥ is a closed set that is the closure of its interior and is translation
invariant for any v € ker (I'), and the positive orthant R’go is a closed cone with interior
ker (T"). To satisfy the conditions of Corollary 36 on page 34 to the theorem, we need to
show the reaction-coordinates system x = f (x) for Example 18 on page 13 is strongly
monotone for ¢ € £. To do this, we need to show the Jacobian matrix of R (o + I'x),

Dfs (x), is a cooperative and irreducible matrix.

Theorem 37. The reaction-coordinates dynamical system % = fs (x) for Example 18 on

page 13 is strongly monotone independent of reaction kinetics.

Proof. Let us compute D f (x).

Dy ki(op—xi+x4)+k; O ki (03 —x1+x2)

Iy “ky 0 0
DR I'x) =
(0+1Ix) 0 k3 (04 —x3+x4) D33 k3 (02 +x2 —x3) +k_3
0 0 ky —ky
where

Dll — _kl (Gl — X1 +X4) _kl (03 — X1 +x2) _k_l

D33 = —k3 (02 +x2 —x3) —k3 (0a —x3 +x4) —k_3.
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We can also express the Jacobian in X (or §) species-coordinates:

—k\P—kiE—k_1 kiP+k_4 0 ki E
. ko —ko 0 0
DR (Z) N 0 ks F —k3Q—ksF —k_ 3 k3Q+k 3
0 0 ky —ky

Notice that the diagonal has all negative entries, and both upper and lower diagonals have
non-negative entries. By Proposition 14 on page 11, this matrix is cooperative. If
DR (o +I'x) is irreducible almost everywhere along trajectories, then the system is
strongly monotone [4], [14]. This amounts to proving E, F # 0 along any solution since
fech.

Take

t={c=[P Q E F C D]|eRY:E(t)+C(t)>0,F(1)+D(r) >0}
and let o € £ where
o=[P Q EF CD|]=|[0 0o 03 04 05 O |

is a species vector. Thus, 03 + 05 > 0 and o4 + 0 > 0 implies 03 + 05 = 0 and
o4+ 06 # 0. Seeking a contradiction, suppose E = ki (03 — x| +x3) = 0 where k; # 0,
which implies 03 — x| +x2 = 0 and 03 = x; —x2. Then, taking the time derivative of both

sides yields x; —x, = 0, which implies

0=k (63 — X1 +X2) (61 —X1 -|-X4) —k_ (65 +x1 —x2) —ky (65 —+ X1 —x2)
0=ki-0- (01 —x1 +x4) — (k—1 +k2) (05 +x1 —x2)
0=— (k-1 +k2)(05+x1 —x2)

0=—(k-1+k)(05+03)
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and thus, (05 + 03) = 0 since k_1,ky # 0. This is a contradiction because 03 + 05 > 0,
and in fact, 03 + 05 # 0. Thus, E # 0, and similarly, F # 0 as well. Hence, f is strongly

monotone due to Theorem 3.9 from reference [4], [14, Theorem 3.9]. O

Finally, by Corollary 36 on page 34, then there is an initial condition vector {5 € X
with this property: for each p € X such that p — 6 € im(I'), the solution
S(t) =So+Tx(t) to S =TR(S) where Sy = p implies S(¢) — & as t — . In other
words, s converges monotonically to an equilibrium, and there is a unique equilibrium in

each stoichiometric compatibility class X;.
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S GRAPHS OF CHEMICAL REACTION NETWORKS

Recall that reaction models are simply represented by graphs. A graph is an object
made of vertices and edges; directed graphs have arrows; signed graphs have weighted
edges. A directed graph is strongly connected if there is a path from a vertex to any other
vertex. One question we wish to answer is the following: is there a correlation between a
reaction network’s structure and its graphical properties? This question was answered by
Feinberg in references [8], [9] with the Deficiency Zero Theorem, which gave sufficient
conditions for a strongly connected chemical reaction network to have one unique and
stable equilibrium within each stoichiometric compatibility class in species-coordinates.
However, it is not satisfied for many examples, because most CRNs are not strongly
connected.

The paper [4] introduced conditions to determine when the reaction-coordinates
dynamical system x = f (x) is strongly monotone by showing that the associated
Jacobian matrix is cooperative and irreducible in order to use the Angeli-Sontag theorem
and conclude the existence of a globally attracting equilibria in each stoichiometric
compatibility class. We would prefer that there exists a way to graphically model
chemical reaction networks and keep track of the relationships between reactions and
species to draw the same conclusions and avoid computationally tedious algebra. Indeed,
the same authors from the paper [4] constructed a graphical framework in their paper [5]
by adopting the same conventions of treating reversible reactions as one (which
effectively restricts our reaction labeling) and constructing the reaction vector R (S) € R
by considering the species that contribute or are produced by a reaction.

In this chapter, we will always fix reactants and products in reversible reactions as in
reference [5]. For example, if A+ B = C, we fix A+ B as the reactant side and C as the
product side. In order to use the graphical checks and results to verify monotonicity from

reference [5], we will have to adopt assumptions Al, A2, A3(b), A4, and A5. We want all

41



solutions of § = I'R(S), a species-coordinates dynamical system with an associated

stoichiometric compatibility class (as defined in Definition 24 on page 23)
CSO = Rrgo N {S() +im (F)}

to be bounded, so we will also assume all stoichiometric compatibility classes are
compact sets. The latter is only true if there is a strictly positive vector in ker (FT).

Indeed, if we take a left kernel vector w > 0 on both sides of the dynamical system, then

wlS=wITR(S) = w/S=0 = wIS(t) =w'S,.

Hence, the solution is bounded because the right-hand side is a constant and all
coordinates in w are positive. This fact depends on the sign of w’s components. For
example, if we had the vector

w:[l —1},

then we would have

=81 (t) +82(t) = =51 (0) +52(0)

which is not a bounded set because there are infinitely many solutions to this equation.
We only need reaction rates to satisfy Al, A2, A3, A4, AS, and A6 for our graphical
tests to work according to reference [5]. However, in certain reaction kinetic assumptions
such as mass-action, Hill, or Michaelis-Menten, we will omit A4 and not require all
stoichiometric compatibility classes to be compact [S]. We remark that A4 is necessary
for the partial derivatives of the reactions to remain monotone and not change signs. In
the next sections, we summarize the definitions and properties of the special graphs of a

chemical reaction network introduced in reference [5].
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5.1 Jacobian Graph

The Jacobian or J-graph (V,E,E_) of reference [5] for a state space X is an
undirected weighted graph of order |V | = dim (X) where the vertex set is the elements of
the Jacobian matrix Df (x), and the edge sets E, E_ consist of positive (+) edges and

negative (—) labeled edges respectively.

5.1.1 Construction

There is an edge (v;,v;) from vertices v;,v; € V if [Df (x)];; > 0 € X and
[Df (x*)];; > 0 € X for at least one x*. Alternatively, for the negative case, there exist an
edge [Df (x)]; <0 € X and [Df (x*)] ; <0 € X. Namely, for some x" in each case,

o (vi,vj) EELIf [Df (x)]; >0€X and [Df (x*)]; >0 €X.

e (vi,vj) EE_if [Df (x)]; <0€X and [Df (x)]; <O €X.

o« vi#v;if [Df (x)]; =0 forall x € X.
The J-graph is an undirected weighted graph, which implies v; ~ v; has three cases: one
edge of the same sign, two edges of the same sign, two edges of mixed sign. The positive
(4) and negative (—) signs of its edges correspond to the signs of elements in the

Jacobian matrix.

5.2 Species Reaction Graph

The Species-Reaction graph or SR-Graph (Vs, Vg, E1,E_) of [5] is an undirected,
bipartite, labeled graph with {4+, —} labels where Vs is the vertex set of species, Vi is the
vertex set of reactions, and the edge sets E;,E_ C Vg x Vg. We can use SR-graphs to

identify a class of monotone reaction systems.

5.2.1 Construction

There exists an edge (S;,R;) between S; € Vs and R; € Vj if the species is a product
or reactant of the reaction. We assign the labels as follows for S; € Vs, R;,R; € Vg:

. (S,',Rj) ek, ifa,-j >0
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o (R,S;) € E_ifb;jj>0

o V; o4 vj otherwise.
To summarize, there is a positive (+) edge between (S}, R;) if S; contributes to the
reaction, and a negative (—) edge between (R;,S;) if S; is a produced by the reaction. If a
species is the reactant or product of only one reaction, i.e., if (S;,R;) € Ey UE_, then
there does not exist an Ry € Vg such that (Ry,S;) or (S;,Ry).

Since the SR-graph is bipartite, the vertex set of species and the vertex set of reactions

are disjoint, i.e., VsMN Vg = 0. Also, since it is an undirected weighted graph, we have
three cases for any weighted labels of edges: one edge of the same sign, two edges of the

same sign, two edges of mixed sign

5.3 Reaction Graph

The Reaction Graph or R-graph (VR,E+,E_) of reference [5] is a weighted induced
sub-graph of the SR-graph, which means it is an undirected multi-graph and the positive
(4) and negative (—) signs of its edges depend strictly on the signs in the SR-graph. We
label the edges in the R-graph with &, in which o is the negative (—) product of signs

between two reactions along the path of order 2 in the SR-graph.

5.3.1 Construction

There exists an edge (R;,R j) between R;,R; € V if there exists a species S; € Vs such
that R; ~ Sx and Sy ~ R; in the SR-graph. In graph theory terminology, this means there is
a path of order 2 in the SR-graph with R;,R; € Vi at the endpoints. In other words, there
is a (signed) edge in the R-graph if there is a species that connects two reactions in the
R-graph. Notice that this species is not unique since more than one path of order 2 can
occur between two reactions in an SR-graph, which implies there are at most two edges
between R;, R; € V¢ in the R-graph (see Figure 5.1). If these two edges have the same sign,

then we can simply use one — otherwise, we keep both edges if they have different signs.
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Fig. 5.1: A positive edge in the R-graph does not imply uniqueness of species in the
SR-graph.

5.4 Species Graph

The Species graph or S-graph (VS,E+7E_> of reference [5] is another induced
sub-graph of the SR-graph in which the vertices are species. It is constructed the same
way as the R-graph with signs, except there has to exist a reaction between two species.

Just like the R-graph, the path between two species is not unique.

5.5 Directed Species Reaction Graph

The Directed Species Reaction graph, or DSR-graph (Vs, V., Vi, E) of [5] is a bipartite,
directed, and labeled version of the SR-graph such that

» Vs is the set of vertices corresponding to species

 V, is the set of vertices corresponding to reversible (two-way) reactions

« V; is the set of vertices corresponding to irreversible (one-way) reactions

« E is the set of positive and negatively labeled edges
Forming the DSR-graph is almost exactly the same as the SR-graph, except now we have
to account for the directed edges that follow the same reaction sequence of the original

CRN.

(
S — Ry €V, S contributes to reactionR; : S € Vg, R, € V.UV,

Ry €V, — S Sisproduced by reactionR; : S € Vs, R, € V, UV,

\S — Ry € V; S contributes to reactionR; : S € Vg, R, € V,UYV;
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This amounts to saying there is an edge between a species and a reaction if the former
contributes to, or is produced by the former. We say a DSR-graph is R-strongly connected

if there is a path between any reactions R; and R; in V.

5.6 Tests for Monotonicity and the Positive Loop Property

A dynamical system x = f (x,7) can be tested for monotonicity with respect to a
positive orthant cone using the following analytic or graphical strategies. Analytically, if
the matrix XD (x) £ has non-negative diagonal entries for all x € X, such that Df (x) is
the Jacobian, and X is a diagonal matrix with £1 along the diagonal, then the system is
monotone [14], [16]. The matrix X also canonically defines the orthant [5]. Graphically,
one can also calculate the Jacobian of the system and inspect the off-diagonal entries via
results from references [4], [14], then construct the J-graph or Jacobian graph according
to the paper [5]. It is important that these signs never change in order to use the graphical
test; they must always remain greater than or equal to zero, or less than equal to zero. To

ensure this, we will keep in mind the assumptions we made in Section 3.1 on page 13.

Definition 38. Closure property: if x,, >y, foralln € Nand y, — y, x, — x as n — oo,

then x > y.

One can induce a partial order from a closed pointed convex cone K C R” that
satisfies the closure property: if K is the set of positive vectors, then x <y if and only if
y—x € K from Lemma 6 on page 10. We will use the partial order < induced by a
positive orthant cone K = R’;‘O, which amounts to the vector satisfying y —x € K as the
trajectories for vectors x and y move throughout the state space. Since y — x is in the

positive orthant K, then x must be greater than y component-wise.
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5.6.1 Positive Loop Property

An important characteristic of a chemical reaction network’s graphical modeling is the
ability to identify the relationship between the contribution and production of species and

reactions. This characteristic is known as the positive loop property.

Definition 39. A simple loop (or cycle) is a path of at least two edges from a vertex to

itself with no repeated vertices in between.

Definition 40. Positive Loop Property: A simple loop (or cycle) has the positive loop

property if it has an even number of negative (—) edges.

Let L be a cycle in an SR-graph. L has an even number of edges by construction since
we only have edges for species-reaction relationships. Define A = ‘%‘E Z and let o be the

product of signs of all edges in L. Then, we can define the following characteristics of L.

Definition 41. If (—1)’1 = 0 € {x1}, then L is called an even-loop (e-loop). Otherwise,
(—1)’l # o and L is called an odd-loop (o-loop).

An important question to ask ourselves is what kind of situations arise if L is an e or
o-loop and what are the implications for the SR-graph to have such a loop? The following
proposition answers this question and states necessary and sufficient conditions for the

positive loop property’s relation to e-loops.

Proposition 42 ( [5, Proposition 4.5]). The R-graph has the positive loop property if and
only if
1) All cycles in the SR-graph are e-loops

2) Each S € Vi in the SR-graph is linked to at most two R's € Vj.

The result also holds similarly for the S-graph.
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5.6.2 Graphical Tests for Monotonicity in Reaction-Coordinates Dynamical Systems

Given a species-coordinates dynamical system and an associated stoichiometric
compatibility class,

S=TR(S), Cs, =R™N(So+im(I))
then we can project to reaction-coordinates from Cg,
x(t)=R(So+Tx(t)), xeXo={xeR" :xp+Tx>0}.
Proposition 43. Let x(t) be a solution of the reaction-coordinates dynamical system, then
S(t)=S8o+Ix(z)

solves the species-coordinates dynamical system. Conversely, if S (t) is a solution in
species-coordinates, then there exists a solution x (t) (not unique) in reaction-coordinates
such that

S(t)=So+TIx(z).

This result is related to Lemma 35 on page 32 from the paper [4] by the same authors,
except we are strictly speaking about the existence of solutions between species-space and

reaction-space and not bounded-ness.
Proof. If x(t) is a solution to x (1) = R (So+I'x(¢)), then

d (So+Tx(t))

S(t) = r =Tx(t) =TR(So+Tx(z)).

Conversely, if S(7) is a solution in species-coordinates, then there exists an xo such

that S (0) = So + I'xp for an initial condition S € Cs,. We propose

ﬂg:m+4}wu»m
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is a solution to the reaction-coordinates system. Indeed, x (0) = xp, so S(0) = So + I'xo.
Also, observe that

d(So+Tx(1))

8 =T (1) = TR(S(1)) = 5.(0)

for all z. Since we previously assumed R satisfies A3(b), then solutions to the species
dynamical system are unique. Hence, S (¢) = So+I'x (¢) holds for all 7, and x(¢) is a

solution of the reaction-coordinates system. 0

This result implies that we can make inferences about the stability of solutions in
species-coordinates by studying solutions of the projected reaction-coordinates system.
We need the following results from reference [5], which describe necessary and sufficient
conditions for a dynamical system to be monotone on a partial order induce by a positive

orthant cone.

Theorem 44 ( [5, Theorem 1]). Pick any So € R™. The reaction-coordinates dynamical
system is monotone with respect to a partial order induced by an orthant cone if and only

if the R-graph has the positive loop property.

The R-graph having the positive loop property does not state that the partial order is
induced by a positive orthant cone, because that would automatically imply the system is

cooperative, which is a stronger result.

Proposition 45 ( [5, Proposition 5.3]). Assume the R-graph has the positive loop

property. The Jacobian matrix of the reaction-coordinates system is irreducible in
int (Xo) = {x e R, : xo+Tx >0}

if and only if the DSR-graph is R-strongly connected.
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Notice that this result depends on assumptions A3 and AS. Also, if either of the
previous results were to imply cooperativity, then they would successfully replace

Theorem 28 on page 27.

Corollary 46 ( [5, Corollary 1]). If the R-graph has the positive loop property and the

DSR-graph is R-strongly connected, then the reaction-coordinates system is monotone on
Xo={xeR":8y+I'x>0}
with respect to the order induced by an orthant cone, and strongly monotone on
int (Xo) = {x e RY: So+Tx >0}

with respect to the same order.

The following lemma implies the relationship for an orthant cone K
{0} #ker(I)NK C dK

is impossible under certain conditions.

Lemma 47 ( [5, Lemma 6.1]). Assume the R-graph has the positive loop property, and
the DSR-graph is R-strongly connected. Let K be an orthant cone that induces the partial

order from Theorem 1. Then, either one of
ker (") Nint (K) # 0

or

ker(I')NK = {0}

holds.
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Theorem 48 ( [5, Theorem 2]). Choose any Sy € int (R"). Assume the species system
satisfies @ (xo) N IRZ) = O (persistent), the R-graph has the positive loop property, and
the DSR-graph is R-strongly connected. Let K be an orthant cone.
Ifker (') Nint (K) # &, then all solutions of the species system in int (R;“O)
converges to a unique equilibrium within each stoichiometric compatibility class Cs,,.
Ifker (') NK = {0}, then almost all solutions of the species system in int (R"ZSO)
converges to the set of equilibria. The set of non-converging initial conditions has

measure 0.

These results are useful because they provide exact and simple graphical checks for
whether there exists an orthant cone that induces a partial order without performing
computationally expensive operations or lengthy algebra — effectively replacing
Theorem 28 on page 27. If there is such a cone K, then the system must be monotone (or
strongly monotone if the system is cooperative) with respect to that partial order and have
a convergent equilibrium in each stoichiometric compatibility class. All one has to do is
construct the DSR- and R-graphs, and calculate the product of positive and negative signs,
then conclude the absence of boundary equilibria. We will demonstrate how to quickly

check this via persistence in Chapter 6 on page 55.

5.7 Finding an Equilibrium of the Enzymatic Futile Cycle

We will finish this chapter with an example to illuminate how to use Theorem 44 on
page 49, Corollary 46 on the previous page, and Theorem 48 on the preceding page by
reproducing the results found in the paper [4] with Example 18 on page 13. We present

the R-graph, SR-graph, and DSR-graph in Figure 5.2.
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(a) R-graph (b) SR-Graph (c) DSR-graph

Fig. 5.2: Special graphs of Example 18.

Observe that the R-graph has the positive loop property by Definition 40 on page 47
since there is only one cycle and there are zero negative (—) edges. Indeed, by
Proposition 42 on page 47, since each species in the SR-graph is linked to at most two
reactions and the product of signs in every cycle (in the SR-graph) is positive (4). Next,
we need to show the DSR-graph is R-strongly connected by demonstrating we can travel
from one reaction vertex R; to any reaction vertex R;. Indeed we can, since Ry can get to

R, R3,R4, and back to itself via path
(RI,C7R27 Q7R37D7R47P7R1) .

Recall that from our discussion in Section 4.6 on page 36, we have the following

conservation laws for some constants ci,cs,c3 € R,
E+C=c
F+D=c

P+Q+C+D=c;.
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The first two of these conservation laws canonically define the following simplex (in

species-coordinates)
r={o=[P Q E F C D]eRY:E+C>0,F+D>0}.

By Corollary 46 on page 50 from the paper [5, Corollary 1], the reaction-coordinates

system is monotone on
Xo = {xeR”’ :R4:So+Fx20}
with respect to the order induced by an orthant cone, and strongly monotone on
int (Xo) = {x S Rgo =R*: So4+Tx> O}

with respect to the same order. The positive orthant cone that preserves this order (in
reaction-coordinates) is K = R'go = Rgo. The paper [1] showed Example 18 on page 13
satisfies

o (x0) VIR ) =0

and thus is persistent. We will demonstrate why in Chapter 6 on page 55. Next, we will
determine which of the following two situations are satisfied in order to use Theorem 48

on page 50 from reference [5, Theorem 2]
ker (I') Nint (RL,) # 0

or

ker (") N Réo = {0}

where ker (I') is the right kernel of I'. Recall that ker (I") for Example 18 on page 13 from

Section 4.6 on page 36 is spanned by a single vector [1,1,1, 1]/. Thus, we are in the
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situation ker (") N int (Rio) # (. Hence, by Theorem 48 on page 50 from
reference [5, Theorem 2], all solutions of the species system in int (R’;O) = int (Rgo)

converges to a unique equilibrium within each stoichiometric compatibility class

CSO =RN (S() +im (F)) .
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6 AN ALGORITHM FOR ESTABLISHING MULTI-STATIONARITY

In this chapter, we explore the algorithm of authors Conradi, Feliu, Mincheva, and
Wiuf presented in the paper [3], which gives give sufficient conditions for a reaction
network to have multiple positive equilibria in each stoichiometric compatibility class.
The success of the algorithm is also fairly dependent (for large systems) on finding a
parametrization of the steady state set, but we will not go into too much detail regarding
this point. If the network has a positive parametrization, then one can rewrite a non-linear
system with fewer variables by hand or with symbolic computer software in order to make
computations easier. A positive parametrization of a set of positive equilibria exists for
systems with toric steady states and for some post-translational modification systems [27].

Given an ODE system with a parametrized equilibrium (steady state) set, we will
compute a single polynomial supported by the Newton Polytope in species-space. This
polynomial is a function of reaction coefficients and species concentrations, and its sign
will tell us if there is a single or multiple equilibria in each stoichiometric compatibility
class. In general, the result gives a rational function of polynomials in Q [Vs], although the
denominator is typically always positive and thus we only need to consider the
polynomial in the numerator. One needs all criteria to succeed or the algorithm fails.

For now, we will assume our reaction rates R; : R’io — R>¢ satisfy Al, A2, and
A3(b). To ensure we get a polynomial or a rational function, we will assume the reaction’s
kinetics are mass-action, Michaelis-Menten, or Hill. We will only need to explore the
number of equilibria in the species-coordinates dynamical system, as the theory presented

in this chapter does not require the usage of the reaction-coordinates dynamical system.
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6.1 Dissipative and Conservative Reaction Networks

The trajectories of the ordinary differential system of equations are a stoichiometric

compatibility class, which we will redefine as
P.:={SeRY,: WS=c}

where W is a full rank d left kernel matrix of I', and n; is the number of species. In this
context, W € R4*ns — R(ns—rank(I))xns and its rows compose a basis of ker (FT). Observe
that if d = ny — rank (I') = 0, then W is zero dimensional. We will show P, is equivalent

to Definition 24 on page 23.

Proposition 49. Given a species differential system S = TR (S) for a chemical reaction
network with stoichiometric matrix I and species vector S, the associated stoichiometric
compatibility class

Cs, = R;SO N (S() +im (F))
where ng is the number of species, and So € R’ is equivalent to
P.={SeRY :WS=c}

where W is a full rank d = ng — rank (I') matrix whose rows form a basis of ker (FT).

Proof. Given S =TR(S), then observe that
WS =WTIR(S)=0.

Integrating both sides of this equation yields WS (¢) = ¢ for some constant vector c. Given

a solution to S = 'R (S)

S(t):So+F/()tR(S(r))dT,
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recall that [jR(S(7))d7 is the extent of the reaction x (¢). Then, ['x (¢) € im (). Taking
W on both sides yields
WS(t)=W (So+im(I'))=c

for some constant vector c. Thus, Cs, C Fc.
Conversely, take Sy satisfying WSo = ¢, which is a linear system that has (generally)

an infinite number of solutions given by WS = ¢, such that
S=S8o+v

for v € ker (W). By duality, ker (W) = im ('), so v € im (I"). Thus, any solution of
WS = c is given by S = Sp + v, in which the vector v is in the stoichiometric subspace.

Hence, P. C Cs,. [

Recall that the stoichiometric subspace is the span of reaction-space. The dimension
of the state space for any chemical reaction network is ng, the number of species, and
recall any vector that satisfies w!/ I" = 0 will yield a conservation law. Since W has rank
d = ng— rank (T') whose rows form a basis for ker (I'"), the Rank-Nullity Theorem

implies
dim (Stoichiometric Subspace) = dim (State space) — # of Conservation Laws

or

ker (I') + rank (') = n,.

The difference in representation of the stoichiometric compatibility classes is just a matter
of representing the set of points in implicit or explicit form. Observe that WS = c is in
implicit form whereas P. is a simplex containing vectors related to ker (FT). We could

also represent P. by taking an arbitrary point on WS and then parametrizing in d
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directions; we could explicitly write S = Sy + im (I'), then Cs, is a subspace containing
vectors related to rank (I').

If we take P. NRY, we define the positive stoichiometric compatibility class as

Pr={SeR?,:WS=c}.

Since the stoichiometric compatibility class is convex and forward invariant, then so is
P, especially since WS is conserved over time and determined by an initial condition in

R". Also, WS = ¢ for a system of conservation equations.

Definition 50. A chemical reaction network is conservative if there exists a conservation
relation with only positive coefficients. So given a stoichiometric matrix I', there exist a

vector w € ker (I') with positive entries such that w! T = 0.

A necessary and sufficient condition to have a conservation law is to have support on
all species. If a network is conservative, then there is a strictly positive vector in the left

kernel of T'.

Definition 51 ( [3]). Consider S = I'R(S) for some reaction network with an associated

ng

stoichiometric compatibility class P.. Then, this CRN is dissipative if for all o € R, ,

there is a constant 7 > 0 and a compact set K., such that S(r) € K. C P, forallt > T.

A dissipative reaction network is a chemical reaction network in which all trajectories
of all stoichiometric compatibility classes P, eventually reach and stay in a compact set —
even if they were originally outside of the compact set. There is no necessary and

sufficient condition for dissipativity. However, we have a sufficient condition.
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Proposition 52. If a chemical reaction network is conservative, then it is dissipative.

Proof. Seeking a contradiction, suppose a conservative reaction network has at least one
trajectory S (¢) in Euclidean space that does not eventually reach a compact set. By
definition, if this chemical reaction network system with associated species dynamical
system

$(t) =TR(S(r))

obeys a conservation law, then ker (FT) # (. So there exists a vector w € ker (I') with

positive entries such that w/ I = 0. Then, taking w’ on both sides implies
wI'S(t)=wITR(S(t)) =0-R(S(r)) =0.

Thus, w’'S (¢) = 0, which implies w’ S (¢) is a constant for all ¢ since integrating both
sides yields w’ S (t) = w! Sy for some Sy = S (0). This is a contradiction since S (¢) — o
implies w’ S (t) — . Hence, the network is dissipative. O

6.2 Siphons and Equilibria

We have a sufficient condition to determine the absence of boundary equilibria in a
CRN. If there is no boundary equilibria, then the reaction network is persistent [28]. In
other words, all trajectories of the limit cycle converge in the interior, which is the same
as saying the trajectories of the stoichiometric compatibility class converge in a compact
set. There is no necessary and sufficient condition to characterize persistence in the
presence of bounded equilibria; however, we can characterize persistence via the siphons

of a reaction network.

Definition 53 ( [11, [3]). A siphon is a subset of species Z C {S;}| with the closure
property: if S; € Z and some reaction R; produces S; such that R; — S; , then there exists
a species S € Z such that Sy — R; — S;. A siphon is minimal if it does not properly

contain any other siphon.
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Notice that Z; Z Z; and vice versa is not enough to guarantee the two siphons are
minimal. For instance, there are some reaction networks such that {X;,X,} and {X3,X4}
are siphons for arbitrary species, but {X;,X>,X3} and {X,X3,X4} can also be siphons.
We have that neither of these sets is contained in the other, but neither is a minimal siphon
either. A siphon Z is minimal if Z is no longer a siphon after removing any single species.
If one can compute the minimal siphons and the conservation laws of a CRN, then a
result from reference [1, Theorem 2] states if the reaction network is conservative and
each siphon contains the support of any row vector w > 0 such that w/T" = 0, then the
reaction network is persistent. The paper [3] reworded this result in the context of

chemical reaction networks. But first, we need to define a few sets. Let
V={SeRY :TR(S)=0}

be the set of non-negative equilibria. The set we are most interested in is the set of points
that simultaneously solve the equations 'R (S) = 0, WS = ¢, or the set of positive
equilibria

VNP ={SeRY :TR(S)=0,WS=c}.

In general, these points may not be isolated, but they are the stoichiometrically relevant
equilibria. In other words, these equilibria are the ones that satisfy both the equilibrium
condition and satisfy the relevant conservation laws. Finally, we introduce the set of

boundary equilibria for some ¢ € R? as
d(VNPS)=Vnr)—(VNP).
Proposition 54 ( [3, Proposition 2]). If every minimal siphon has a subset
k
{Si1 Yo ,S,-k} C Z and a conservation law Y, 7LjS,~j = c for some positive {)uj}];, then the

j=1
reaction network of Z has no boundary equilibria in any P. with P.™ # 0.
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In other words, if each minimal siphon contains the support of a positive conservation
law, then there are no boundary equilibria in any P, with P." # 0. Multiple equilibria

occurs if there is a vector ¢ € R such that [V NPH| > 2.

6.3 Reduction System of Equations

There are exactly as many independent linear relations as rows of W by construction,
which means the number of linearly independent conservation laws is the same as the
number of equations we can eliminate.

WI' = 0 since the rank of W corresponds to the size of the left kernel of I'. For
example, in a 10 x 10 system with four conservation laws, we have 6 X 10 + 4 x 10 in
which the conservation laws are there to set full rank.

Define a restriction to non-redundant equations

TR:(S)  i¢{i1, .. ia}

(WS—C)Z- i€ {il,...,id}

@c (S)i =

where d = ng — rank (') and {ij,...,is} is the indexed set of conservation laws. These are
the rows that have been removed from the system by the linear relationships from WS. If
we rearrange indices across S, coordinates of f, and rows of W, then we can have
{i1,...,iq} ={1,...,d} without loss of generality [3]. Now, we define the set of

equilibria as
VNP = {SeRL):TR(S)=0,WS=c} = {Se R : ¢.=0}.

This set is the collection of species vectors that satisfy the linearly independent set of the
left kernel. In the following example, we will demonstrate how to construct the system of

non-redundant equations.
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Example 55. Let

from the simple reaction in Example 23 on page 22 and
W = [ 111 ]
which satisfies WI" = 0, then
WS=X+X+X;=ccR

Observe that

—X1k1 +X3k3
TR(S)= | Xiki —Xoka
Xoky — X3k3

Now, WS — ¢ implies X| + X, + X3 —c = 0, so we can eliminate either equation of the

linear dependency between rows 1, 2, or 3 of I'R(S) because of the relationship

TR3(S) = —I'R; (S) — TR (S).

Also, the relationship X; + X, + X3 = ¢ implies X3 is dependent on X, X, and vice versa,

so we only need one of these three equations to determine the value of the other. Thus, if

we set
Xi+Xo0+X5—c= (WS—C)3,
then
—X1k1 +X3k3 —X1k1 + Xzk3
0= | Xiki—Xoky | = X1ki — X2k
(WS —c), Xi1+X2+X3—c

This example highlights that the construction of ¢, does not state the equation which
substitutes the old one is equivalent, i.e., I'R3 (S) # (WS —c);. They are not equivalent

because original system is not linearly independent (since all three species linearly
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depend on one another by the conservation law), so that the determinant of the Jacobian
would be zero. In fact, replacing either of the dependent equations by the conservation
law itself guarantees linear independence and therefore we have a nonzero determinant for

the Jacobian matrix D@, (S).

Definition 56 ( [3]). A chemical reaction network is multi-stationary if there are two or
more positive solutions in each stoichiometric compatibility class P. for some ¢ € R?. In

other words, multiple equilibria occurs if ¢, = 0.

We define the Jacobian matrix of the reduction system as
M(S(t)) e R :=De.(S(1)).

This Jacobian matrix does not depend on ¢ because c is a constant and we are taking
partial derivatives with respect to . We note that this definition holds even if the original

system is parametrized.

Definition 57. An equilibrium S* € V NP, is non-degenerate if det(M (S*)) # 0, i.e.,

M (S) is non-singular at S*.

6.4 Theorem for Establishing Multi-Stationarity

Theorem 58 (Unique and multiple equilibria [3, Theorem 1]). Let S* € V N P, denote an
equilibrium of a chemical reaction network.

Assume:

(i) Reactions of a dissipative chemical reaction network satisfy Al.

(ii) All equilibria belong to V NP for P+ # 0 and for ¢ € R? (There are no
boundary equilibria in P,).

Then, one exactly of the three holds:

(A) Unique equilibria: if sign(det(M (S*))) = (—1)° for all positive equilibria in

V NPT, then there is exactly one S* € P. and it is non-degenerate.
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(B) Multiple equilibria: if sign(det(M (5*))) = (=1)*™! for some positive equilibria
S € VNPT, then there are at least two S* € P such that at least one is non-degenerate.
(if all are non-degenerate, then there are always an odd number at least 3).

If sign (det (M (*))) = 0 for some x, but never (—1)*"", then the result is

inconclusive.

Corollary 59 (Unique equilibria [3, Corollary 1]). If sign (det(M ($*))) = (—1)° for all

S € RY,, then there is one non-degenerate S* in each P..

A chemical reaction network that has a constant sign (det (M (S*))) is also called an
injective network [3]. Non-degenerative equilibria are always isolated from each other in a
given P, since det (M (S*)) # 0 implies M (S*) is locally invertible by the Inverse

Function Theorem.

6.5 Steps of Procedure for the Algorithm

The original 7 steps of the algorithm to establish multi-stationarity are listed in the
paper [3] are elaborated in the following steps.
Given a chemical reaction network with stoichiometric matrix I" and rate function R
equipped with kinetics (e.g mass-action, Michaelis-Menten, or Hill):
1) Calculate the matrix W spanned by the left kernel of T".
2) Check if the reaction network is dissipative using Proposition 52 on page 59.
a) If it is not conservative, check Proposition 60 on the next page from reference [3].
3) Check for the absence of bounded equilibria using Proposition 54 on page 60.
a) If it is not persistent, for each i, assume S; = 0 and get a contradiction about the
conservation laws.
4) Construct @.,M (S), and det (M (S)).

5) Determine if the sign of det (M (S)) is a constant.
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a) If it is, then conclude the reaction network establishes mono-stationarityy from
Corollary 59 on the previous page.
b) If not, continue to step 6.
6) Compute a positive parametrization of M (§) from a subset of species, and
re-perform steps 4 and 5.
a) If step 5 fails again, compute the isolated numerator of det (M (S)).
b) If this is computationally expensive, we can restrict to a subset of the parameter
space by fixing certain reaction rate constants to numerical values.
7) Compute the convex hull from the exponents of terms from the isolated numerator,
which has support in a Newton polytope.
8) Match the convex hull with terms from the isolated numerator, and determine if their
signs are constant.
a) If it is, then conclude the reaction network establishes mono-stationarity from
Corollary 59 on the preceding page.
b) If at least two terms have mixed signs, then conclude the reaction network

establishes multi-stationarity from Theorem 58 on page 63.

Proposition 60 ( [3, Proposition 1]). Let (R",||-||) be a normed vector space. Assume
P £ 0, there exists w, € RY, and there exists an N > 0. If w.I'R(S) <0 for all S € P,
satisfies ||S|| > N for each c, then the associated chemical reaction network for TR (S) is
dissipative.

In other words, one needs to look for w. with all positive coordinates such that

w R (S) < O for large values.

Determining the sign of det (M (S)) will be the most difficult step. If the reaction is
equipped with mass-action, Michaelis-Menten, or Hill kinetics, then det (M (S)) will be a

rational function in S with a strictly positive denominator, which means we only have to
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consider the numerator. Indeed, the set of reaction rate functions is

RieQ[S]= {Z—ESS; :pj(8)>0,q;(S)>0,VS e R’;O}
for j=1,...,l. Then,
det(M(S)):M

q(S)

in which the definition of M (S) and differentiation of R; for j =1,...,/ yields

q(S) :H q; (S)2 > 0.

by the quotient rule.

6.6 Performing the Algorithm in Maple (2018 version) and Python 2.2+

We believe it is best to give an explicit sequence of steps to follow, especially if the
reader is not familiar with the Maple software.
1) Define a stoichiometric matrix A from the chemical reaction network that is the same
as I" using :=.
2) Define a symbolic vector R from the chemical reaction network that is the same as
R(S).
3) Define M := A.R, in which (-) is matrix multiplication.
4) Solve the system of equations using solve ({M (i) = 0};_,), where n is the number
of rows in M, and M (i) corresponds to each element in V5.
5) Simplify with respect to each conservation law using simplify (Y M (i)), where
Y M (i) is the conservation law and that corresponds to S; = 'R (S;) for each i.
a) Note: This step is completely optional, and simply serves as a check for the user

that the conservation laws have been calculated correctly.

6) Define each conservation law explicitly as g; := ) S; where }_S§; is a conservation

law.
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7) Import the linear algebra and vector calculus commands using with (LinearAlgebra)
and with (VectorCalculus).

8) Define a Jacobian matrix J := Jacobian ([{g;},{M (i)}’_,],[Vs]) with each entry
separated by a comma.

a) Note: If J is not square, then that means M has two or more linearly dependent
rows. If M (k) and M (r) are linearly dependent, remove either one from
{M@)},-

9) Calculate the determinant of J using detJ := Determinant (J).

a) If symbolic exceeds computation time, restrict to a subset of the parameter space
by fixing reaction coefficients k; to (mostly) numerical values by defining a list of
wmmmmmﬂwS:{hzlmﬂmemmmMmMMMmmhwmm&mm
re-defining M := subs (SUBS, M) using the substitution command.

If one cannot immediately determine the sign of the determinant, then they must
determine the extreme vertices of the Newton polytope and continue the algorithm from
reference [3, Step 7, page 12].

(10) Get the list of vertices from the species powers in the determinant of the Jacobian

using the following commands (in order):?

Exponents := proc(p,x::1list) local L,S,1,j;
for i to nops(p)

do
L := [op(L),[seq(degree(op(i,p),j),]j in x]
end do;

L := subsop(1=NULL,L)

end proc;
2. Courtesy of Nida Obatake at Texas A&M University
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FindTerm := proc(p,v::list ,x::1list) local i,j;
for i to nops(p)
do
if [seq(degree(op(i,p),j),j in x] = v
then print(op(i,p),])
end if
end do

end proc;

(11) Import the Polyhedral commands using with (PolyhedralSets).
(12) Define the isolated numerator polynomial with support in the Newton polytope using
J2 := expand (simplify (detJ x denom (detJ))).
(13) Define a new list J3, which is the list of exponents of the terms of detJ using
J3 = Exponents (J2,[Vs]).
(14) Remove duplicates from this calculated list by defining another list /4 using
J4 = ListTools : —MakeUnique (J3).
We think it is important to note that Maple (or even Mathematica) is computationally slow
at calculating the convex hull of set of points in dimensions greater than three even with
17 (4th gen) laptop processors, which is why we included this next step for Python 2.2+
using the scipy.spacial.ConvexHull function. This script runs reasonably fast on even a
comparably slower i3 (2nd gen) desktop processor.
(15) Copy this list J4 as points into the Python 2.2 code to get the list of extreme points

(the convex hull) using SciPy’s ConvexHull class function.’

3. Courtesy of Matthew D. Johnston at San José State University
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a) If this produces an error stemming from the high dimension of the points, the set
of extreme points might be made simpler by using a parametrization. This can be
calculated in Maple in Step 16.

b) If this does not produce an error, proceed to Step 21.

from scipy.spatial import ConvexHull

import numpy as np

points = J4
hull = ConvexHull(points)
print hull.vertices
vertices = []
for i in hull.vertices:
vertices .append(points[i])

print vertices

(16) Define a positive parametrization P by re-performing Step 4 and excluding a subset
of the species set Vz C Vs with solve ({M (i) = 0};_,,{Vs — Vz}).
a) Note: All the signs of this parametrization must be positive
b) We advise (first) choosing Vz = Z, a siphon who has support in a conservation law

gi, but this is not always guaranteed to produce a positive parametrization.

(17) Re-define the Jacobian matrix J from Step 8 by substituting the parametrization P
into J using J := subs (P,Jacobian ([{g;} . {M (i)}}_,],[Vs]))

(18) Re-perform Steps 9-12.

(19) Re-define the list of exponents J3 of the terms of detJ with coefficients in the siphon
Z from Step 16 using J3 = Exponents (J2,[Z])

(20) Re-perform Steps 14 and 15
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(21) Define a new list J5 in Maple using the calculated vertices from Step 15.
(22) Generate the list of terms in the numerator of the determinant considered J3, which
corresponds to extreme vertices in J5 using for i to numelems (J5) do

FindTerm(J2,J5]i],[Z]) end do.

6.7 Establishing Mono-Stationarity in the Enzymatic Futile Cycle

We finish off this chapter with an implementation of the algorithm for Example 18 on

page 13, shown here for the reader’s convenience assuming mass-action kinetics,

E+PLcREL0
Fro2pXFip
Since we have conservation laws from Section 4.4 on page 28, then the reaction network
is dissipative by Proposition 52 on page 59. We will now determine the existence of
boundary equilibria by determining the minimal siphons of this reaction. If we work
backwards from the reactions:

 To produce O, we need C. To produce C, we need P or E. If we choose P, then we

need to produce it from D. To produce D, we also need Q. Thus,
Zl — {Q;C7P7D}

is a siphon.

o To produce E, we need C. To produce C, we need P or E. If we choose E, then
7, ={E,C}

is a siphon.
o Similarly,

Z3 ={F,D}
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is also a siphon.
Observe that these siphons are minimal since they are not contained in each other and
removing any single species from any Z; would no longer make them a siphon. Also,

since supp (Z;) are in conservation laws

E+C=c
F+D=c

P+Q+C+D=c;

for all i and for some constants cy,c2,c3 € R, then the reaction network is persistent and
by Proposition 54 on page 60, Example 18 on page 13 has no boundary equilibria.
Next, we construct 'R (S) with kj,k_1,kp,k3,... relabled as ki, kp, k3, ... kg

[ —kiEP+kyC+ koD |
k3C — k4F Q + ksD
—k1EP+ ko C + k3C
—ksFQ +ksD + k¢D
kiEP —k)C —k3C
i kaFF Q — ksD — keD |

Observe that we have the following equations,

IR, (S) = —TRy (S) — [R5 (S) — Rs (S)
I'R3 (S) = —I'Rs (S)

TR4(S) = —TRs (S).

Thus, we can replace exactly two rows of I'R (S) with exactly two conservation laws.

[ P+QO+C+D—c;3 |
k3C — k4F Q + ksD

B E+C—c

Pc(8) = —k4F Q+ksD + keD

kiEP — koC — k3C
F+D—cp
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Next, we need to calculate det (M (S)) and check the signs of its terms. If we calculate

M (S) and reorder the rows in which the first ones correspond to our conservation laws,

then _ -
1 1 0 0 1 1
0 0 1 0 1 0
0 0 0 1 0 1
M(S) = 0 —ksF 0 —Qky k3 ks
0 —ksF 0 —Qky 0 ks + kg
i ki E 0 Pk 0 —ky — k3 0 ]

This Jacobian matrix has determinant
—EFkky (k3 + k) — EQkykska — F Pk1kake — Ek1k3 (ks + ke ) — Fkake (ky + k3)

Finally, since all terms of the determinant have the same sign, we can conclude this

reaction network establishes mono-stationarity by Corollary 59 on page 64.
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7 MAIN EXAMPLES

In this chapter, we will systematically check each chemical reaction network for
equilibria via the Deficiency Theorems, the positive-loop property, and test for
multi-stationarity. We will construct the special graphs needed to check the positive loop
property, assume mass-action coordinates and construct the species dynamical system,
and then calculate ker (FT) to determine if there are conservation laws. When testing for
multi-stationarity, we will test for dissipativity (from the existence of conservation laws),
existence of boundary equilibria, find a positive parametrization (if necessary) using
Maple, and determine the sign of det (M (x)). In our pseudo-code from Section 6.6 on

page 66, we set Vg (i) = M (i) for each i.
7.1 Example 1: Two-Component Signaling System (Histidine Kinase)
Consider the following reaction network found in reference [3]:

Ry

with the R-graph, DSR-graph, and S-graph presented in Figure 7.1 in which
Vs = {X,X,,Y,Y,} and Vg = {R;};_,.

7.1.1 Positive Loop Property

This reaction is simple enough that we can easily inspect the positive loop property.
Observe that both the DSR-graph and the R-graph have the positive loop property by
definition since there are an even number of edges in all cycles, but the S graph does not.
This does not affect the monotonicity of the reaction. In fact, the authors of reference [5]

make a remark of this by saying, “analysis in species-coordinates does not allow [us] to
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E

(a) R-graph (b) DSR-Graph (c) S-Graph

Fig. 7.1: Special graphs of the XY reaction.

derive similar conclusions,” which means we must use the dynamics of
reaction-coordinates in order to substantiate any characteristics that verify global
convergence.

Next, we need to verify the DSR-graph is R-strongly connected, which means we can
travel from one reaction vertex R; to any reaction vertex R;. Indeed we can, since

R can get to Ry and R3 via path
(R1,X,,R2,Y,,R3)
R> can get to Ry and Rj3 via paths
(R2,X,R1),(R2,Y,,R3)
R3 can get to Ry and R; via path

(R37Y7R27X7R1) .
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We construct the species dynamical system equipped with mass-action kinetics

b'¢ -1 1 0 X kX + kXY
X [_| 1 =1 0| | oxy|l_| kX—kXy
Y 0 —1 1 P —koX,Y + kY,
Y, 0 1 -1 3 koX,Y — kY,

The matrix I" has a column-space with rank 2. By the rank-nullity theorem, the dimension
of ker (') is 1. We also have the following solutions to w! I" = 0 using the MATLAB

command null(A,‘r"),

w € span

OO = =
—_—— O O

which yields the following conservation laws

X+X,=cy

Y—l—Yp:C2

for some constants c,c;. These conservation laws canonically define the following

simplex (in species-coordinates):
t={oce[X X, Y Yp |CRY:X+X,>0,Y+Y,>0}.

By Corollary 46 on page 50 from reference [5, Corollary 1], the reaction-coordinates

system is monotone on
Xo={xeR"=R>:S5)+Ix >0}
with respect to the order induced by an orthant cone, and strongly monotone on

int (Xo) = {x e R =R’ : S+ x>0}
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with respect to the same order. The positive orthant cone that preserves this order (in
reaction-coordinates) is K = Rgo = R;O. The paper [3] showed this reaction network
satisfies

o (x0) IR, =0

to conclude it is persistent. We will demonstrate why in the next subsection when we test
this for multi-stationarity by calculating the minimal siphons. Next, we will determine
which of the following two situations are satisfied in order to use Theorem 48 on page 50

from reference [5, Theorem 2],
ker (T) Nint (RL,) # 0

or

ker(T) NRY, = {0}

where ker (I') is the right kernel of I". Using MATLAB again, we see ker (I') is spanned
by a single vector 1,1, 1]/. Thus, we are in the situation ker (I') Nint (R;O) # 0. Hence,
by Theorem 48 on page 50 from reference [5, Theorem 2], all solutions of the species
system in int (R’§0> =int (Rio) converges to a unique equilibrium within each

stoichiometric compatibility class
Cs, = R*N (S +im (T)).

7.1.2  Testing for Multi-Stationarity

Although testing for multi-stationarity is not necessary for this example, it is
enlightening to see how the algorithm works for small reactions. Assuming the reaction
has mass-action kinetics, the reaction is dissipative because ker (FT) ﬂ]R’;’O #£0 (ie., we

need a strictly positive vector to show there is a conservation law).
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To determine the existence of boundary equilibria, let us calculate the minimum
siphons of this reaction, recalling that siphons are sets of species that are necessary for the
reaction network to occur. In order to produce X, we need X, so Z; = {X,,,X} isa
siphon. In order to produce Y, we only need Y, so Z, = {Y),,Y} is another siphon.
Observe that both Z; and Z, are minimum siphons because Z; ¢ Z, and vice versa, and
also since removing either any species would not make it a siphon. Also observe that
supp(Zy) and supp (Z,) is in the conservation laws from above. Thus, by Proposition 54
on page 60 from reference [3], the reaction network has no boundary equilibria in any
stoichiometric compatibility class with a non-empty positive interior.

We will perform the steps of the pseudo-code from Section 6.6 on page 66 exactly as
described, in which M = A - R is a 4 x 1 vector. We do not have any reversible reactions,

so k; are exactly as in the original reaction.

Xkaz — Xk
—Xkaz + Xk
—Xkaz —}-ka3
Xkaz — ka3

M=

Observe that M (1) = —M (2) and M (3) = —M (4), which means we can replace either

one of these linearly dependent rows with the conservation laws to construct @, (M (S)),

X, Yky — Xky

o X+Xp—c1
P = —X,Yky +Yyk3

Y+Yp—cp

We only need M (2),M (3) to construct the Jacobian matrix J as described in Step 8a

with reordered rows:
1 1 0 0
J— 0 0 1 1
|k Yk —Xpky 0 |7

0 Yk, —Xpky ks
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where the first two rows of J correspond to the conservation laws. Finally,
det] = kalkz +Ykoks + kiks

where all terms have the same sign. Hence, by Corollary 59 on page 64 from
reference [3], there is exactly one unique and globally attracting equilibria in each

stoichiometric compatibility class.

7.2 Example 2: Double Phosphorylation Cycle

Consider the reaction network, which is an extension of the enzymatic futile cycle:

R Ry R3 Ry
So+E<~—C —> S| +E<~—C,——=5+E

SHr4+F<—C——8514+F <~—C4——=Sp+F

with the SR-graph, R-graph, and S-graph presented in Figure 7.2 in which
VS — {S()aSl7527C17C27C37C47E7F}

and Vr = {Ri}le.
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(a) SR-graph (Variation 1) (b) SR-graph (Variation 2)

T ~ Y mr=r .
RE_,--"" T L i + + E
% ' /| c4 | | c1 k 5
i i i F 4 + + ++\ i
) = [F jomf st po]
E \'+ + + + + E
R3 [ | R2 ]
-----------

(c) R-Graph (d) S-Graph

Fig. 7.2: Special graphs of the Double Phosphorylation reaction.
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7.2.1 Positive Loop Property

Next, observe that this reaction network’s R-graph does not satisfy the positive loop
property by Proposition 42 on page 47 as S1,E,F € Vg are linked to four vertices in V.
Thus, by Theorem 44 on page 49, the reaction-coordinates dynamical system is not
monotone with respect to a partial order induced by an orthant cone for any initial

condition vector in R — independent of the reaction kinetics.

7.2.2  Testing for Multi-Stationarity

We will determine if this reaction network establishes multi-stationarity according to
the algorithm. Assuming the reaction network has mass-action kinetics, we will test for
dissipativity, existence of boundary equilibria, find a positive parametrization using Maple
(if necessary), and determine the sign of det (M (x)). We can construct the

species-coordinates dynamical system equipped with mass-action kinetics,

R N SR
AR R R
gi B 8 8 (1) _()1 (1) _01 8 8 k5S21~;€6_C§503 J
I R R S A B R W LS
' F|] [0 0 0 0 -1 1 -1 1]t 84

where I' is a 9 x 8 matrix and R(S) is an 8 x 1 vector. To test for dissipativity, we check if

the reaction network is conservative by solving w/ " = 0. One can observe that

([ 1] o] [0]) (171 [0o] [0])
1 0 0 1 0 0
1 0 0 1 0 0
0 1 0 1 1 0
w € span O [, 11],]0 = span 1 {,| 11,10
0 0 1 1 0 1
0 0 1 1 0 1
-1 1 0 0 1 0
-1 0 1 0 0 1
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by hand or use MATLAB’s null(A,‘r’) and colspace(sym()) commands with the proper
matrix A to get rational coefficients. We prefer to choose kernel vectors with all positive
entries as we are modeling real world chemical systems. Also, since our left kernel is
non-empty, we have a conservation law and and our reaction satisfies dissipativity. We

have the following conservation laws for some constants cy,c;, c3 € R,

Ci+G+E=c

G+ Ci+F =0

Next, we check for the existence of boundary equilibria. To do this, we will calculate
the minimal siphons of the reaction and check if they have support in one of the
conservation laws. Let us work backwards in each reaction, seeing what minimal
reactants are necessary to produce species.

e To produce E in R4, we need C;. To produce C;, we need E or S| from R3. If we
choose E, then we need C; to produce it from R;, which also requires E from R;.
Thus, Z; = {E,C;,C,} is a siphon.

« If we work backwards from reactions Rg to Rs in the same way as we did before,
then Z, = {F,C3,C4} is another siphon for this reaction.

o To produce S, in R4, we need C,. To produce C,, we choose S;. To produce S; in Ry,
we need Sp. Since some of these species are present in other reactions, we need to
continue. To produce Sy in Rg, we need Cy4. To produce Cy4, we choose Sy. To produce
Sy in Rs, we need S,. We observe that Z3 = {S,S1,52,C1,C»,C3,Cy} is a siphon.

Observe that all of these siphons are minimal by definition because Z; Z Z; for any
i # j€{1,2,3}, and removing any single species from the set(s) would not longer make

it a siphon. Also observe that supp (Z;) is in the conservation laws from above for all
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i =1,2,3. Thus, by Proposition 54 on page 60 from reference [3], the reaction network
has no boundary equilibria in any stoichiometric compatibility class with a non-empty
positive interior.

Using the symbolic software Maple, we proceed with the steps from the pseudo-code
from Section 6.6 on page 66. Since this CRN has 12 (including reversible) reactions, we

will relabel

kl,kfl,kz,]g,... as kl,kz,...,klz

in Maple. Calculating M = A - R yields

—ESok) + Ciky + Cakyn
—ES1ky — FS1k1o+ Ciks + Coks + Cskog + Cyakqg
—FSyky + Cokg + Cskg
ESok; — Ciky — Cik3
M= ES ky — Crks — Cokg
FS>k7 — Cskg — Csko
FSikio — Caki1 — Cakyo
—ESok) — ES1kg + Ciky + Crks + Coks + Crkg
—FS1kig — FSxk7 + Cskg + Cskg 4+ Cak1 + Cakpo ]

Observe that we have the following equations,

6
Mm:—;M@
M(8)=—M(4)—M(5)

M(9) = —M(6)—M(7)

which means we only need M (i) for i = 1,...,6 to construct the Jacobian matrix J (not

shown). Indeed, we can also replace exactly three rows of M with three conservation laws.
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Thus,
—ESok; + Ciky + Cakyn
—ES1ky — FSikig+ Crks + Coks + Cskg + Cak1q
—FSyk7 + Cokg + Cskg
ESoky — Ciky — Ciks
ES1ky — Crks — Crkg

b = FSyk7 — Cskg — Csko
2 4
Y Si+t Y Ci—cs3
i=0 i=1
Ci+C+E—c
G+C+F -

Our computer can compute the symbolic determinant of the Jacobian matrix, but it is
impossible to determine the sign at a glance. However, we will evaluate the Jacobian at
multiple points, calculate the convex hull of the Newton Polytope, then use those extreme
points to determine the sign of the determinant. If we follow the steps of the algorithm
described in Section 6.6 on page 66, the computed set of unique extreme points from Step

14 produces
J4=][0,1,0,0,0,0,0,2,1],]0,1,0,0,0,0,0,1,2],[1,1,0,0,0,0,0, 1, 1],...],

which also produces an error (possibly) as a result of having 9-dimensional points. To
proceed, we calculate the positive parametrization P by excluding siphon

Z3 = {F,C3,C4}, which has support in the conservation law
C3+C4+F = .

This produces a determinant (not shown) and a new list based on the exponents of

elements in Z3,

J4=1[3,0,3],[4,0,1],[3,1,1],][3,0,2],[1,4,0],[0,4,1],[3,1,2],...]
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with the following unique vertices in its convex hull (Step 15),
‘]5 = [[370’3]7 [470’ 1]7 [370’2]7 [1?470]’ [0747 1]’ [37 172’]’ [27 173]7 [3’270]7 [1?272’]7 [2?272]]

Next, we match the vertices to their corresponding terms in J2. We display some
representative terms in Table 1 to emphasize that there are mixed signs in the convex hull.

TABLE 1: Some Terms of the Numerator of J = DM (S (¢)) Corresponding to Extreme
Vertices

—C3Ciki kL kskikiky | 2C3F*kikigkikskeky | —CsCiky ki kokikiks

—2C3Cik1k;,kokikik

C3F?ki k3 k3kaksks

—C>Ciki ki kskikaks

CiFk ko ksk3ksks

—GCik L kakiki ks

C3Ck1, kiokskikzkako

C3F2kik3okikakg

—C>Cik} kskik ks

2C5Crky1 ki, k3kikzkrko

C3 F2kikfkskskeksks

2C5F %k kigk3kskzksks

C>Ciks kokskikzkako

Finally, since there are mixed signs in at least two of the terms in the numerator of the
terms corresponding to the extreme points of the convex hull of the Newton Polytope,
then the determinant detJ necessarily changes sign and we conclude the reaction network

establishes multi-stationarity by Theorem 58 on page 63.

7.2.3 Additional comments

We mentioned earlier that S|, E, F' € Vg are linked to more than two reactions. S is
the linked to reactions R»,R3,Rg,R7, E is linked to reactions Ry, R»,R3,R4, and F' is
linked to reactions Rs, Rg, R7, Rg. It is worth noting if we replace the second instance of
S1 with an additional species S3 between reactions Rg, R7, then S is linked to only two
reactions. If we perform the same action and introduce new enzymes E; and F; to link
reaction pairs R, R3 and Rg, R7 respectively, then we have a new reaction network model

for the double phosphorylation reaction network:

Ry Ry R3 Ry
So+E<~——C, —=S1+E<~—C, ——= 5 +E

Rs Re Ry Rg
S+ F <—C3——>S3+FH<~—C4—— So+F
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This new reaction network satisfies the positive loop property as shown in Figure 7.3.

The directed variation of this SR-graph is also strongly connected, which means we could

8
M

+

i ' E- T
+*
H
iy
-H
b

F2

+I

I
-4

-i-/

Fig. 7.3: SR-graph of Example 2 with S3, E>, F included.
apply Corollary 46 on page 50 to conclude this reaction is strongly monotone on
int (Xo) = {xeR’;’O_RS So+Fx>>0}

We will also show this CRN is persistent after we calculate the minimal siphons, which

means we can appeal to Theorem 48 on page 50 from reference [5, Theorem 2] to
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conclude all solutions of the species system in int (R%,) = int (R )) converges to a

unique equilibrium within each stoichiometric compatibility class
Cs, = RN (So+im(T)).

If we reconstruct the species dynamical system with a new 'R (S) reflect the introduction
of §3,E», F>, assume the same kinetics, and perform the algorithm again, then we get the
following conservation laws, siphons, and M with ky,k_1,k2,k3,... relabeled

ki,ko,... k12 as before:

Conservation laws,
So+S+Ci+C+C+Ca+Ex+F =y
SI+C+G+E=qc
SHS+C+C+F =c3
Ci+G+E+Ey=c4
C3+Ci+F+F=cs

Siphons,
Zl — {S07S17S27S37C17C27C47C3}

Z, ={E,E,,C;,C2}
Z3y ={F,F,C3,C4}
Z4 == {E;C27SI7C1}

Z5 - {F7C47S37C3}
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[ —ESok; +Ciky + Cakyp |
—ErS1ky + Crks + Coks
—FSyky + Cokg + Cskg
—F>83ki0 + C3kg + Cykqq
ESok) — Ciky — Cik3
ErS1ky — Coks — Cokg
FSyk7 — C3kg — Czko
F>83k10 — Cak11 — Cak2
—ESok; + Ciky + Cokg
—E5S1kg + Crks + Coks
—FS2k7 4 C3kg + Cak1o
i —F>83k10 + C3ko + Caky ]

Notice that M (2) is significantly different from the one presented for the original reaction
network, because M (2) originally contained reaction coefficients from linearly
independent reactions. Observe that supp (Z;) is in a conservation law for all i, so we can
use Proposition 54 on page 60 to conclude the absence of boundary equilibria, and thus
conclude this CRN is persistent. We can immediately see det (M) is negative in Step 9 of
Section 6.6 on page 66 without the need to construct a positive parametrization, so this

reaction network is mono-stationary by Corollary 59 on page 64 from reference [3].
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7.3 Example 3: Two Site Phosphorylation Network with Distinct Sites

Consider the following reaction that has not been previously considered in the
literature.

Ry R,
Soo+E =—C ——=S10+E;
R3 R,

Soo +Er <— C, —— So1 + E»
Rs Rg

So1r +E1 =—C ——=§11 +E;
Ry Rg

Sw+E<=—C——=Sn+E
Ry Ryo

Sii+F =——Dy—= S +F
Ri1 Rp2

Si+kbh<—D,—— S 0+F
Ry3 R4

Sio+F =— D3 ——= Spo + F1

Rys Ri6
So1 +F, <Dy —— Spo + 2

Observe that there are two sites, and two enzymes for each site in which order matters,
i.e., So1 # S10, with variations of the SR-graphs presented in Figure 7.4. Also, this

network has 16 species and 16 reactions — eight of whom are reversible.
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(b) SR-Graph (Variation 2)

Fig. 7.4: Special graphs of the Two-Site Phosphorylation network.
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7.3.1 Positive Loop Property

This reaction network’s R graph (not shown) does not satisfy the positive loop

property by Proposition 42 on page 47 because each of the species in the set
{800, So1,810, 811, E1, E2, 1, F2 }

is linked to four reactions in the DSR-graph. Thus, the reaction-coordinates dynamical
system is not monotone with respect to a partial order induced by an orthant cone for any

So € R = R'® by Theorem 44 on page 49.

7.3.2  Testing for Multi-Stationarity

We will now check whether this reaction system establishes multi-stationarity. We

construct the system $ = I'R(S) in mass-action coordinates.

[S9o 1] [ -1 0 =1 0 0 0 O O 0 O 0 0 0 1 0 17 [ EiSopki—Cik_y ]
S1o 0 1.0 0 0 0 -1 0 0 0 0O 1 -1 0 0 0 Ciky

Sot 0 0 0 1 -1 0 0 0 0 1 0 0 0 0 -1 0 E>Sooks — Cak_3
St 0 0 0 0 061 0 1 -1 0 -1 0 0 0 0 O0 Coky

C 1 -1 6 0 0 0 0 0 0 0O O O O 0 O O E1Soiks — Csk_s
G 0 0 1 -1 0 0 0 0 0 0 0 0 0 O 0 O© Cske

Cs 0 0 0 0 1 -1 0 0 0 0 0 0 0 O 0 O E3S10ky — Cak_7
G| |0 o o 0o o0 0 1 -1 0 0 0 0 0 0 0 0 Cykg

pp| o o o o0 o0 0 0 O 1 -1 0 0 0 0 0 0 FiSi1ko —Dik_g
D, 00 0 0 06 06 0 0 0 0 1 -1 0 0 0 0 Dikio

D; 00 0 0 06 0 0 0 0 0 0 0 I -1 0 0 BSiikii — Dak_1
D. 0 0 0 0 0 0 0 0 00O 0 0 0 0 1 -1 Dokia

E -11 0 0 -1 1. 0 0 0 O 0 O 0 O O O FiS10k1z — D3k_13
E» 0 0 -1 1 0 0 -1 1 0 0 0 0 0 0 0 0 Dski4

Fi 00 0 0 06 06 0 0 -1 1 0 0 -1 0 0 F>Sotkis — Dak_15
|| [0 0o 0 0o 0 0 0 0 0 0 -1 1 0 0 -1 1 | Dikig

Next, we will test for dissipativity by solving for strictly positive vectors w such that

wlT =0. Using the MATLAB commands null(A,‘r’) and colspace(sym()) with the proper
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matrix A yields such a w.

w € span = span

cloloBoBolololeol Sl
O, OO O R ORr OO0 O OO
=lelel el Selolel" oo No ol
O R OO OrRPr OO0 O0O0O0OoCOoOO0o
e leBeol el leoloBoNololo oo X=}

S OO R OO, O~ OOOO0O
S ORP OO RO, OO OOO0O

OO O O = = e e e e e e e

S OO RO OoOO RO, OOOO0o
S ORPr OO0 O RO, OO0 OO0O

[
—_——

Remember, we prefer to use positive vectors because they yield conservation laws. It does
not make much sense to refer to the negative amount of a species in this context.
Nonetheless, we have the following conservation laws for some constants

c1,02,c3.04¢5 €ER,

Ci+C3+E; =

G+G+E=c

Dy +D3+F = c3

Dy +Ds+F, =cy
4

S00+S10+So1 +S11+ Y, (Ci+Di) = cs.
i=1
Next we check for the existence of boundary equilibria. To do this, we will calculate
the minimal siphons of the reaction and check if they have support in one of the

conservation laws. Let us work backwards in each connected component. If we work

backwards from all reactions,
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o To produce Sjg in each reaction, we need Cy, D3, S00,S11. To produce Sy in each
reaction, we need D3, Dy, So1,S10. We already have S1g. To produce Sp; in each
reaction, we need Co, D1, S0, S11. We already have Sog. To produce S;; in each
reaction, we need C3,Cy4,So1,S10. We already have Sp; and Sjg. If we remove all

overlapping species, we have the minimal siphon

Z1 ={810,C1,D7,800,D3,D4,S01,C2,D1,811,C3,Ca } .

 To produce the enzymes E; present in each reaction, we need

Z, ={E\,C,,C3}

73 ={E2,C5,C4} .

» To produce the enzymes F; present in each reaction, we need

Z4: {F17D17D3}

Zs ={F,,D7,D4}.

Observe that all of these siphons are minimal by definition since Z; Z Z; for any
i# j€{1,2,3,4,5}, and also because taking any species away would not make it a
siphon. Also observe that supp (Z;) is in the conservation laws from above for all
i=1,2,3,4,5. Thus, by Proposition 54 on page 60 from reference [3], the reaction
network has no boundary equilibria in any stoichiometric compatibility class with a
non-empty positive interior.

We will proceed with the steps from the pseudo-code from Section 6.6 on page 66

using Maple. Since this CRN has 16 (including reversible) reactions, we will relabel

ki,k—1,kz,k3,... as ki, ky, ... kg
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in Maple. Calculating M = A - R yields

—E1So0k1 — E2S00ks + Crka + Coks + D3ka1 + Dakoy
—ExS810k10 — F1S10k19 + Crk3 + Caky1 + D2kig + D3kao
—E1So01k7 — F2S01kaz + Coke + C3kg + D1ki5 + Daka3
—F1S11k13 — F2S11ki6 + C3ko + Caki2 + Diki4 + Doky7
E1Sook1 — Ciky — Ciks
E>Sooks — Crks — Cokg
E1So1k7 — C3kg — Cskg
E>S10k10 — Caky1 — Caky
Fi811k13 — D1k14 — D1ky5
F>811k16 — D2k17 — Drkyg
F1S810k19 — D3kyo — D3kyy
F>801k22 — Dakps — Dakog
—E1S00k1 — E1So1k7 + Crka + Crk3 4 C3kg + Csko
—E>So0ks — EnS10k10 + Coks + Cake + Caky1 + Cakyn
—F1S10k19 — F1S11k13 + D1k14 + D1kis + D3kao + D3k

| —F2S01ko2 — F2S11ki6 + D2ki7 + Dakig + Dakos + Dakos |

Observe that we have the following equations,

11

Aﬂm:—;M@

M(13) = =M (7) — M (5)
M (14) = —M (8) — M (6)
M (15) = —M (11) — M (9)

M(16) = —M (12) — M (10)
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which means we can replace five of these linearly dependent rows with exactly five

conservation laws to construct @, (M (S))

—E1S00k1 — E2So0ks + Crka + Coks + D3kpy + Dakog
—E>S10k10 — F1S10k19 + Cik3 + Caky1 + D2kig + D3kog
—E1S01k7 — F2So1kon + Coke + C3kg + D1kis + Dako3
—F1S11k13 — F2S11k16 + C3ko + Cak12 + Dikyg + D2ky7
ESooki — Ciky — Ciks
E>Sooks — Coks — Cake
E1So1k7 — C3kg — Csko
E>S10k10 — Cak11 — Cakyn
Q- = FiS11k13 — Diki4 — Dikys
F>S11k16 — D2k17 — Dakyg
F1S10k19 — D3kao — D3kay

4
S0 + S10+ So1 + S11+ '21 (Ci+Dj)—cs

Ci+C3+E|—c
O+ Ci+Ey—co
D1+D3s+F—c3
Dy+Dis+Fy—ca

We only need M (i) fori =1,...,11 to construct the Jacobian matrix J (not shown). We
skip straight to step 16 of Section 6.6 on page 66 and calculate the positive
parametrization P by excluding catalytic species H = {S1,E}, E2, F1,F,}. Computing the
determinant symbolically exceeded Maple’s standard computing time, which means we
will have to restrict to a subset of the parameter space by fixing our 24 reaction
coefficients to numerical values via step 9(a) of Section 6.6 on page 66. Namely, we fix
ki=1forall i = {1,...,24}, then let k; = s for some j € {1,...,24}.

If k3 = s, then this produces a determinant (not shown as the length of the output

contains over 10° characters) and a list based on the exponents of elements in H

J4=12,7,2,1,1],[2,7,1,1,2],[2,6,3,1,1},[2,6,2,2,1],[2,6,2,1,2],[2,6,1,2,2],...]
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with the following unique vertices in its convex hull (Step 15),
J5=12,7,2,1,1],[2,7,1,1,2],[2,6,3,1,1},[2,6,2,2,1],[2,6,2,1,2],[2,6,1,2,2],...].

Next, we match the vertices to their corresponding terms in J2. We display some
representative terms in Table 2 to emphasize that there are mixed signs in the convex hull.

TABLE 2: Some Terms of the Numerator of J = DM (S (¢)) Corresponding to Extreme
Vertices With Reaction Rate Constants k3 = s and All Other k; = 1

4EJESFIF>57,s*

S2r3c3 2
16EFPF; Sy s

—32E}E3FIRST,s°

16E}F Fy' S} s°

SE2p3¢3 3
—32EFIF S s

—8EJESFF>S3 ;s

—32E)FF)Sy,s’ | 16E}FIF;S;s" —4EJESF 57,
16E;FiFy S s° | 16EJESFIRSTs” | AEJESFFSS st
16E;E;FIF>S3 s” | 32E]E2FiF}Sy s | —16E]E,FiFEST st

Finally, since there are mixed signs in at least two of the terms in the numerator of the
terms corresponding to the extreme points of the convex hull of the Newton Polytope,
then the determinant detJ necessarily changes sign and we conclude the reaction network

establishes multi-stationarity by Theorem 58 on page 63.
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8 CONCLUSION

We looked at the results of existing monotone systems theory and tested several
reaction networks for the positive loop property to demonstrate how quickly and
efficiently one can verify if a reaction coordinate system is monotone with respect to a
positive orthant cone. A dynamical system that is monotone with respect to a positive
orthant cone guarantees the system is mono-stationary and its steady states are convergent.
We also tested the two-site phosphorylation reaction network and a slightly modified
double phosphorylation network with the algorithm and proved that they establish
multi-stationarity and mono-stationarity respectively.

Computing the sign of the determinant of the two-site phosphorylation reaction
network was computationally expensive, so we needed to use a positive parametrization to
generate points for the convex hull in a reasonable number of dimensions. We also had to
resort to a systematic exploration through parameter space by substituting our reaction
coefficients with numerical values. Since we ran into computational issues with the
two-site phosphorylation reaction network, we propose as future work to establish
alternative tests for multi-stationarity in a more efficient manner. Additionally, we wish to
determine an upper bound for the number of equilibria in a multi-stationary reaction. We

would also like to test the stability of these equilibria in parameter space.

96



Literature Cited

[1]

(2]

(3]

[4]

[5]

[6]

[7]

[8]

[9]

D. Angeli, P. De Leenheer, and E. Sontag, “A Petri net approach to persistence
analysis in chemical reaction networks,” in Biology and Control Theory: Current
Challenges, pp. 181-216, Springer, 2007.

G. A. Enciso, “Fixed points and convergence in monotone systems under positive or
negative feedback,” International Journal of Control, vol. 87, no. 2, pp. 301-311,
2014.

C. Conradi, E. Feliu, M. Mincheva, and C. Wiuf, “Identifying parameter regions for
multistationarity,” PLoS Computational Biology, vol. 13, no. 10, p. 1005751, 2017.

D. Angeli and E. D. Sontag, “Translation-invariant monotone systems, and a global
convergence result for enzymatic futile cycles,” Nonlinear Analysis: Real World
Applications, vol. 9, no. 1, pp. 128-140, 2008.

D. Angeli, P. De Leenheer, and E. Sontag, “Graph-theoretic characterizations of
monotonicity of chemical networks in reaction coordinates,” Journal of Mathematical
Biology, vol. 61, no. 4, pp. 581-616, 2010.

P. De Leenheer, D. Angeli, and E. D. Sontag, “A tutorial on monotone systems-with
an application to chemical reaction networks,” in Proc. 16th Int. Symp. Mathematical
Theory of Networks and Systems (MTNS), pp. 2965-2970, Citeseer, 2004.

E. Feliu and C. Wiuf, “A computational method to preclude multistationarity in
networks of interacting species,” Bioinformatics, vol. 29, no. 18, pp. 2327-2334,
2013.

M. Feinberg, “Chemical reaction network structure and the stability of complex
isothermal reactors—I. The deficiency zero and deficiency one theorems,” Chemical
Engineering Science, vol. 42, no. 10, pp. 2229-2268, 1987.

M. Feinberg, “Chemical reaction network structure and the stability of complex
isothermal reactors—II. Multiple steady states for networks of deficiency one,”
Chemical Engineering Science, vol. 43, no. 1, pp. 1-25, 1988.

[10] E. Tonello and M. D. Johnston, “Network Translation and Steady-State Properties of

Chemical Reaction Systems,” Bulletin of Mathematical Biology, vol. 80, no. 9,
pp- 2306-2337, 2018.

97



[11] M. Banaji and G. Craciun, “Graph-theoretic criteria for injectivity and unique
equilibria in general chemical reaction systems,” Advances in Applied Mathematics,
vol. 44, no. 2, pp. 168-184, 2010.

[12] H. Errami, W. M. Seiler, M. Eiswirth, and A. Weber, “Computing Hopf bifurcations
in chemical reaction networks using reaction coordinates,” in International Workshop
on Computer Algebra in Scientific Computing, pp. 84-97, Springer, 2012.

[13] H. Errami, M. Eiswirth, D. Grigoriev, W. M. Seiler, T. Sturm, and A. Weber,
“Detection of Hopf bifurcations in chemical reaction networks using convex
coordinates,” Journal of Computational Physics, vol. 291, pp. 279-302, 2015.

[14] M. W. Hirsch, “Stability and convergence in strongly monotone dynamical systems,”
J. Reine Angew. Math, vol. 383, no. 1, p. 53, 1988.

[15] M. Banaji, “Monotonicity in chemical reaction systems,” Dynamical Systems,
vol. 24, no. 1, pp. 1-30, 2009.

[16] H. L. Smith, Monotone dynamical systems: an introduction to the theory of
competitive and cooperative systems. American Mathematical Soc., 2008.

[17] M. Mincheva and M. R. Roussel, “Graph-theoretic methods for the analysis of
chemical and biochemical networks. i. multistability and oscillations in ordinary
differential equation models,” Journal of Mathematical Biology, vol. 55, no. 1,
pp. 61-86, 2007.

[18] A. I Volpert, V. A. Volpert, and V. A. Volpert, Traveling wave solutions of parabolic
systems, vol. 140. American Mathematical Soc., 1994.

[19] G. Craciun and M. Feinberg, “Multiple equilibria in complex chemical reaction
networks: Ii. the species-reaction graph,” SIAM Journal on Applied Mathematics,
vol. 66, no. 4, pp. 1321-1338, 2006.

[20] M. A. Al-Radhawi and D. Angeli, “Piecewise linear in rates Lyapunov functions for
complex reaction networks,” in 52nd IEEE Conference on Decision and Control,
pp- 4595-4600, IEEE, 2013.

[21] C. Conradi and M. Mincheva, “Catalytic constants enable the emergence of
bistability in dual phosphorylation,” Journal of The Royal Society Interface, vol. 11,
no. 95, p. 20140158, 2014.

98



[22] C. Conradi and M. Mincheva, “Graph-theoretic analysis of multistationarity using
degree theory,” Mathematics and Computers in Simulation, vol. 133, pp. 76-90, 2017.

[23] A. Shiu and B. Sturmfels, “Siphons in chemical reaction networks,” Bulletin of
Mathematical Biology, vol. 72, no. 6, pp. 1448—-1463, 2010.

[24] S. Boyd and L. Vandenberghe, Convex optimization. Cambridge University Press,
2004.

[25] M. D. Johnston, Topics in Chemical Reaction Network Theory. Ph.D. dissertation,
University of Waterloo, 2012.

[26] A. Fuchs, “Dynamical systems in one and two dimensions: A geometrical approach,”
in Nonlinear Dynamics in Human Behavior, pp. 1-33, Springer, 2010.

[27] M. P. Millan, A. Dickenstein, A. Shiu, and C. Conradi, “Chemical reaction systems
with toric steady states,” Bulletin of Mathematical Biology, vol. 74, no. 5,
pp. 1027-1065, 2012.

[28] D. Siegel and D. MacLean, “Global stability of complex balanced mechanisms,”
Journal of Mathematical Chemistry, vol. 27, no. 1-2, pp. 89-110, 2000.

99



	Investigations and Analysis of Dynamical and Steady State Properties of Chemical Reaction Systems
	Recommended Citation

	List of Tables
	List of Figures
	Introduction
	Cross-Assumptions and Adopted Conventions
	Deficiency Zero and One Theorems
	Monotone Systems Theory
	Graphical Tests for Monotonicity
	Using an Algorithm to Establish Multi-Stationarity
	Conclusion

	Preliminaries
	Notation and Definitions
	Glossary
	Pre-Ordered and Partially Ordered Cones
	Monotone Systems


	Introduction to Reaction Modeling
	Reactions and Reaction Rates
	Dynamical Systems and Modeling Chemical Reaction Networks
	Limit Cycles, Persistence, and Consistence

	The Angeli-Sontag Theorem
	Stoichiometric Subspace and the Stoichiometric Compatibility Class
	Projection Mappings
	Statement of the Angeli-Sontag Theorem
	Satisfying the Angeli-Sontag Theorem
	Drawing Conclusions of Dynamics Between Species-Space and Reaction-Space
	Independence of Reaction Modeling and Bounded-ness of Solutions

	Using the Angeli-Sontag Theorem with Chemical Reaction Dynamical Systems
	Finding an Equilibrium of the Enzymatic Futile Cycle

	Graphs of Chemical Reaction Networks
	Jacobian Graph
	Construction

	Species Reaction Graph
	Construction

	Reaction Graph
	Construction

	Species Graph
	Directed Species Reaction Graph
	Tests for Monotonicity and the Positive Loop Property
	Positive Loop Property
	Graphical Tests for Monotonicity in Reaction-Coordinates Dynamical Systems

	Finding an Equilibrium of the Enzymatic Futile Cycle

	An Algorithm for Establishing Multi-Stationarity
	Dissipative and Conservative Reaction Networks
	Siphons and Equilibria
	Reduction System of Equations
	Theorem for Establishing Multi-Stationarity
	Steps of Procedure for the Algorithm
	Performing the Algorithm in Maple (2018 version) and Python 2.2+
	Establishing Mono-Stationarity in the Enzymatic Futile Cycle

	Main Examples
	Example 1: Two-Component Signaling System (Histidine Kinase)
	Positive Loop Property
	Testing for Multi-Stationarity

	Example 2: Double Phosphorylation Cycle
	Positive Loop Property
	Testing for Multi-Stationarity
	Additional comments

	Example 3: Two Site Phosphorylation Network with Distinct Sites
	Positive Loop Property
	Testing for Multi-Stationarity


	Conclusion
	Literature Cited

