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Abstract: In this work, we investigate the existence of
multistationarity for a triple-site mixed phosphorylation
network, where the phosphorylation part contains dis-
tributive and processive components, while the dephos-
phorylation part is purely distributive. We obtain a simple
inequality which defines a region in parameter space such
that the parametric ordinary differential equations (ODE)
system modeling the mixed network is multistationary,
i.e., it has multiple positive steady states. We obtain a
sufficient condition for uniqueness of the steady state in
the form of parametric inequalities. Lastly, we show that
the emergence of multistationarity is enabled by the cat-
alytic constants regardless of the position of the processive
part in the triple-site mixed mechanism phosphorylation
network.

Keywords: mixed phosphorylation, parametric ODE
system, convex parameters, multistationarity, bistability

I. INTRODUCTION

Phosphorylation is a chemical mechanism in which
a phosphate group is attached to a protein; whereas
dephosphorylation is the detachment of a phosphate
group from a phosphorylated protein. A single-site
phosphorylation consists of one phosphorylation event
and one dephosphorylation event, while multi-site phos-
phorylation is formed by multiple events. Multi-site
phosphorylation balances protein function and plays

prominent part in intracellular processes [1]. Processive
phosphorylation occurs when a kinase binds once to
all substrate sites before disassociating; in distributive
phosphorylation at most one site of the protein is modi-
fied by the kinase at each binding. If a phosphorylation
mechanism contains both processive and distributive
parts it is of mixed nature.

Research on the existence of multistationarity in
biochemical networks has been published extensively.
One of the influential papers related to this research
is “Mixed Mechanism of Multi-Site Phosphorylation”
by Suwanmajo and Krishnan [2]. They start their paper
by presenting purely processive and purely distributive
mechanism in single-site and multi-site phosphoryla-
tion models, which are followed by various mixed
mechanisms in double-site and triple-site phosphoryla-
tion models, encompassing up to three phosphorylation
events. While studying these models in detail requires
significant effort as the number of phosphorylation
sites increases, they use simulation and obtain purely
numerical results related to identifying multistationarity,
stability, and oscillations in multi-site phosphorylation
models.

Conradi and Mincheva published a paper on the
existence of multistationarity in a purely distributive
double-site phosphorylation model [3]. As a result of
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their studies, they obtain regions in parameter space
where either multiple positive steady states exist or a
unique steady state exists. Moreover, a general condi-
tion on multistationarity is obtained for reaction net-
works with bounded concentrations [4].

We analyze an ODE system model of a triple-site
mixed mechanism phosphorylation that consists of a
combination of processive and distributive components
adopted from [2]. Degree theory is essential to deter-
mining the number of positive steady states, which is
always odd and is either single or multiple [5,6].

First, we determine the parameter region where
multiple positive steady states exist for the triple-site
mixed mechanism phosphorylation ODE system model
(Theorem 1). Based on Theorem 1, we select parameter
values such that the triple-site mixed mechanism model
has three positive steady states.

Then, we show that the ODE system is bistable by
confirming that two of the positive steady states are
asymptotically stable and one is unstable. Lastly, we
show that if the processive part of the network is moved
in the reaction network, multistationarity exists and
depends on specific rate constants.

In Section II, we introduce some preliminaries on
reaction networks, construct their ODE system model
using mass-action kinetics; multistationarity, and con-
vex parameters are introduced. In Section III, we de-
scribe the phosphorylation and dephosphorylation pro-
cesses in a triple-site mixed mechanism phosphoryla-
tion network. In Section IV, the ODE system of the
triple-site mixed mechanism phosphorylation network
is presented. Finally, in Section V, we present the main
results on multistationarity and bistability.

The Appendices contain some theoretical results on
degree theory and a list of matrices and long expres-
sions.

Notation. The following notation is used in this paper:
1) RY, is the nonnegative orthant of R™.

2) RY, is the positive orthant of R"™.

3) The matrix diag(z) € R™*™ is a diagonal matrix
with diag(z)[i,i] = ; fori =1,2,...,n.

4) For x € R, we introduce the vector notation
1 1 1
5) For x,v € R™ we use the notation

¥ = (2, . ).
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II. PRELIMINARIES
A. Reaction networks and their ODE System

A chemical reaction that consists of m species A;
and n elementary reactions can be written as

oA 53 BiAi s=1.2...n, (1)
1=1 1=1

where the coefficients a;, > 0 and 3;; > 0 are small
integers called stoichiometric coefficients and ks > 0
are the rate constants.

The concentrations of A; at time ¢t > 0 will be
denoted as x;(t). We assume that mass action kinetics
is used for the rate functions, where the reaction rate is
proportional to the product of the concentrations of the
reacting species raised to the power of their respective
molecularities. The reaction rate function rs(k,x) of
the s-th elementary reaction is

m
rs(k,x) = kq H xge. )
i=1

Suppose that the column vectors ¥y, contain the sto-
ichiometric coefficients «;s of the i-th reactant species
A; in the s-th reaction. These vectors form the (m x n)
kinetic order matrix Y .

We use the columns y; of the kinetic order matrix Y
to define the monomial vector of rate functions r;(k, x)
in the following way:

T

¢lx)=| | 3)

xYn

Thus, the rate functions vector 7(k, ) can be written
as the product

r(k, z) = diag(k)¢(z),

where k = (k1,...,ky) is the vector of rate constants.
Next, we define the entries of the m X n stoichiomet-
ric matrix 1" as

Lij = Bij — .

Now, we can introduce the ODE system of reaction
network (1) in vector form

z=Tr(k,x), 4)

where I' is the m X n stoichiometric matrix and
r(k,z) = (r1,...,7,)7 is the vector of reaction rates
with r, defined as in (2).

2/11


https://doi.org/10.55630/j.biomath.2025.03.285

Suha Jayyousi Dajani, Maya Mincheva, Multistationarity in triple-site mixed mechanism phosphorylation network

If rank(I') = s < m, then there exist (m — s)
conservation relations. A full-rank matrix W7 where
W is of order m x (m — s) such that W7 T' = 0 exists.

The conservation relations are defined as W% = ¢,
where ¢ = WTz(0) € R”;* and z(0) > 0 is the initial
condition of (4).

The solution of the ODE system (4) is contained in
the set

we ={z e RY | W'z = ¢}, %)

which is convex, closed, and forward invariant by
definition.

B. Multistationarity and stability of steady states

A positive steady state x* satisfies the ODE system
(4) and the conservation relations W7z = ¢. Thus z*
is contained in the set w, defined in (5).

Definition 1 (Multistationarity). A chemical reaction
network is called multistationary if there exist at least
two positive steady states =* and z** in w, for a fixed
¢ such that I'r(k,2*) =T r(k,2™) = 0.

Since the rank of the Jacobian matrix J(k, z) of the
right-hand site of (4) is at most s, which is the rank of
T, the characteristic polynomial det(zI—.J) has (m—s)
identical zero roots, and can be written as

q(2) = 2" (2° — a1 2" o+ (= 1D%as). (6)
Thus, we will work with the polynomial
p(2) =25 —a12° ' + ..+ (=1)%as, @)

in place of (6), which is the restriction of (6) to the
subspace x + image(I") [3].

A steady state z* is linearly stable if all eigenvalues
of the Jacobian J(k,z) evaluated at z* have negative
real parts. In our case, this means that the polynomial
p(z) of the Jacobian J(k,x) evaluated at the steady
state x = z* has s roots with negative real parts. In fact,
we will study the sign of the last non-zero coefficient
(=1)%as of p(z) in place of (—1)™a,,, where s < m.
This is one way to simplify the computations for finding
parameter regions. Another method is by reducing the
number of reactions, which will be explained next.

Remark 1. An important theorem proved by Banaji
states that: “If a chemical reaction network contains
irreversible reactions only and its mathematical model
has multiple positive non-degenerate steady states, then
if a reverse reaction [with appropriately chosen rate
constants] is added to the network, the new chemi-
cal reaction network also has multiple positive (non-
degenerate) steady states” [7]. By working with the
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corresponding reaction network with irreversible reac-
tions we can reduce the number of parameters and the
computations.

C. Convex parameters

In this section, we introduce the convex parameters
[8]. They will be used to parameterize the Jacobian
matrix of the ODE system (4).

At a nonnegative steady state for the dynamical
system © =I'"r,

Tr=0, where 7=/[ry,72,....,7n)7, 7>0.

Since r > 0 satisfies a finite number of inequalities,
their intersection forms a polyhedral cone

C={r|T'r=0,r>0}.

referred to as a flux cone and r as a flux vector. Any

flux vector can be represented as a non-negative linear

combination of the extreme vectors {E1, ..., E;} of C.
Let F be the matrix with columns Fy, ... Ej.

Definition 2 (Convex parameters). A vector of convex
parameters is a vector of the form

(4, h) = (j1sJas oo iy ha, hoy ooy u) € RE G X R,

where h; = 1/xf, ¢ = 1,2,...,m, such that the rate
function vector E/j € RZ, [9] at a positive steady state

T*.

Alternatively, the Jacobian in convex parameters can
be computed as [8, 10-15]

J(k,z*) = J(j,h) =T diag(FEj) YT diag (h). (8)

We will work with the Jacobian matrix J(j, h) when
symbolic calculations are involved. For the numerical
calculation on finding positive steady states where we
use Maple, we will need the corresponding rate con-
stants k£ and total concentrations ¢ values. We explain
next how to obtain the rate constants and total concen-
trations values by the convex parameters values.

Remark 2 (The rate constants k and the total concen-
trations ¢ in terms of the convex parameters (4, h) [8]).
Using (3), the rate constants vector can be written in
terms of the convex parameters (j,h) as

k = diag(Ej) ¢(h).

For the total concentrations ¢, we have

1 1 1 1 1
T— = —_ = e R —
W 5 ¢, where 5 <h1’ ' hm) .
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Pro, K
Dis, K /\
R
A Ap A2p A3p
Dis, P Dis, P Dis, P

Fig. 1: Triple-site mixed mechanism phosphorylation model.

III. PHOSPHORYLATION NETWORKS

We introduce a biological process called phosphory-
lation, where a protein catalyst enzyme, called kinase,
transforms protein into a phosphorylated protein by
attaching a phosphate group. The reverse process, de-
phosphorylation, occurs when the phosphatase enzyme
detaches a phosphate group from a phosphorylated
protein [1].

A. Phosphorylation mechanisms

Phosphate groups attach to a protein and detach from
a phosphorylated protein in two ways: processive and
distributive. If the attachment of kinase and substrate
occurs once, after all phosphate groups are added, then
this mechanism of phosphorylation is referred to as
processive.

On the other hand, if kinase is attached to a sub-
strate, each time a phosphate group is added, then this
mechanism is distributive. Similarly, a phosphate group
can be detached from a substrate processively or dis-
tributively. If a reaction network contains only proces-
sive phosphorylation and dephosphorylation, then this
network is purely processive. Meanwhile, if a reaction
network contains only distributive phosphorylation and
dephosphorylation, then this network is distributive.

While networks can be purely processive or distribu-
tive, if a reaction network contains a mix of processive
and distributive phosphorylation and dephosphoryla-
tion, then it is referred to as a mixed mechanism
phosphorylation network.

When the binding sites of the phosphorylation and
dephosphorylation mechanism occur in order it is re-
ferred to as sequential. In a sequential mechanism the
last site to be phosphorylated is dephosphorylated first
[16].

B. Triple-site mixed mechanism network

Figure 1 shows the phosphorylation of A, A,, and
Ay, by kinase K, where A represents the protein, A,
represents a mono-phosphorylated protein, Ay, repre-
sents a double-phosphorylated protein, and As, repre-
sents a triple-phosphorylated protein. Phosphorylation
is followed by dephosphorylation of As;,, Asp,, and A,
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by phosphatase P. The abbreviations Dis and Pro
represent distributive and processive, respectively. The
last two parts of the phosphorylation in Figure 1 are
processive, while the first part of the phosphorylation
and all parts of the dephosphorylation are distributive.
Therefore, this triple-site phosphorylation model is of
mixed mechanism nature. By definition, the mixed
mechanism we consider is sequential.

The reaction network that corresponds to the triple-
site mixed mechanism phosphorylation model in Fig-
ure | is shown in equation (9). (The bold parts are
processive, while the remaining parts are distributive.)

A+KEAK 5 A, + K &8
k‘z k5
A K&Asz—%AsﬁK

9
A3pP k10, Ay + P 2l ®
klz

AgpP 222, b LAENG WS SN W LNy i )
k1s

IV. ODE SYSTEM OF THE TRIPLE-SITE MIXED
MECHANISM NETWORK

A3p+P

We denote the concentration of species A by [A] as
it is customary in chemistry. The concentrations of the
kinase K, phosphatase P, and all of the substrates are
denoted by x1, 2, ..., 12 as follows:

x1 = [A], xo = [K], x3 = [AK],

L4 = [Ap]7 Ts = [APK]7 L6 [A2p]7 (10)
w7 =[Agp K], ws =[A3)], w9 =[P],

z10 = [A3pP], w11 = [ApP], 12 = [4,P]

Banaji’s result (see Remark 1) allows us to remove
the reverse reactions from the phosphorylation network
(9) and consider the following simplified phosphory-
lation network where the reactions have been renum-
bered:

A+K—>AK A, +K
ALK X5 AL K F2 A + K, an
A3p+Pﬁ>A3pPﬁ>A2p+P s

AgpP 22 AL +P 210 A P ML A 4P

Thus, we obtain the rate functions of (11), where the
law of mass action kinetics is implemented as follows:

r1 = k12122, ro = koxs, r3 = k3Towy,
T4 = kyxs, rs = ksx7, r6 = keTsTg,
(12)
r7 = k7210, rg = kgxeTo, T9 = koT11,
rio = k1oTaxg, 111 = k11%12.
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The irreversible reaction network (11) is transformed
to the following ODE system:

1 = —k1z122 + k11212,

ig = —wo (k11 + k3x4) + kows + ksar,

T3 = —koxs + k12129,

24 = —w4(ksws + k10T9) + k2z3 + kow11,

T = —kgxs + k3xoxy,

6 = —kgxero + k710,

t7 = —ksx7r + kaxs, (13)
iy = —kgrsxg + ksx7,

g = —xg(kexs + kswe + k1oT4) + k710

+ k1112 + ko1,

Z10 = —k7x10 + keTgxg,
11 = —kox11 + kgTexg,
12 = —k11212 + k10%4T9.

The system (13) can be written in a vector form as

z=Tr(k, ), (14)

where the stoichiometric matrix is given in (25) in
Appendix VII-E and r(k,z) = (r1,...,711)7 is the
vector of rate functions in equation (12).

The system (13) has the following three mass con-
servation relations:

xg(t) + z10(t) + z11(t) + 212(t) = 1,
xo(t) + x3(t) + x5(t) + x7(t) = ca,

T (t) + $3(t) + 4 (t) + x5 (t) + .136(t) + 1‘7(15)
+xg(t) + x10(t) + 211 (t) + 12(t) = c3,

which can be written in a matrix form as W1z (t) = c,
where

000O0OO0OO0OO0OOT1TT1T11
wri=10 1101010000 0
1 01 1 11110111
and ¢ = (c1,c,c3)T > 0 with ¢ = WTx(0).
The solutions of (13) are contained in the set
wC:{x€R1220|WTx:c}. (15)

It is easy to show that w, is compact, forward invariant,
and convex. Moreover, the boundary, Ow., does not
contain any steady states of the dynamical system (13).
We can also conclude that the solution z(t) of the
ODE system (13) is bounded for all ¢ > 0 since w,
is compact.
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V. MAIN RESULTS

Our main result is Theorem 1 which will be applied
to the coefficient (—1)%ag(j,h) of (7) for s = 9 to
determine whether the ODE system (13) is multista-
tionary, and then identify the parameter region where
multiple steady states exist [3,9].

First, we compute the characteristic polynomial of
the Jacobian matrix J(j, h) by using Maple [17], and
identify the coefficient (—1)%aq(j, k). Since j and j§
can be factored out, their product does not affect the
sign of (—1)%ag(j, h).

To simplify the analysis, we let hy = hg = s and

.y hg, hio, ha1, ha2).

h= (b1, ha, ..
We obtain a quadratic polynomial in s where
(=1)%ag(s) = g(s) = a(h)s® + B(h)s + v (h).

The coefficients of g(s) are given in Appendix VII-C,
and there are several options for their signs as follows:
1) a>0,8>0,and v > 0.
2) a<0,8>0,and v > 0.
3) a<0,8<0,and v > 0.
4) a >0, 5 <0, and v > 0 (For the purposes of this
study, we will not be focusing on this case).

Remark 3. Suppose that case (1) above is satisfied,
then g(s) > 0 for all s > 0 and some A > 0. On the
other hand, if case (2) or case (3) is satisfied, then there
exist s > 0 and h > 0 such that g(s) < 0.

The first three cases are crucial for determining
whether the dynamical system (13) has a unique pos-
itive steady state or multiple positive steady states.
Suppose that case (1) is satisfied for some parameter
values of h; then, we will show in Theorem 2 that the
ODE system (13) has a unique steady state. On the other
hand, if cases (2) or (3) are satisfied, then we will show
in Theorem 1 that the ODE system (13) has multiple
positive steady states for some values of h. If (4) is
satisfied, multistationarity is still possible if g(h, s) < 0.
However, the proof will be more challenging.

Next, we introduce the following proposition to help
us prove Theorems | and 2.

Proposition 1. Consider the coefficients «, /3, and -y in

(23). Then,

1) v>0, for all » > 0.
2) The sign of the coefficient « in (23) is determined
by

Signa = sign (hghlohll(hs + h7)
—hshzhia(hio + hu))~
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3) Suppose that h > 0 satisfies
hahiohi1(hs + hr) — hshrhiz(hio + hi1) > 0,
h5h8h12 — hl(h12 — 2h3)(h6 =+ hg) > 0,
hihs — (2h1 + hg)hg > 0.
(16

Then, the coefficients «, 8, and ~ are all positive
and g(s) > 0 for all s > 0.
4) Suppose that h > 0 satisfies

hshiphi1(hs + h7) — hshrhia(hio + hi1) < 0.

Then, for a fixed value of i, we have fixed values
for « = a8 = B, and v = 7. We obtain a
quadratic polynomial g(s) = —as? + s+ 5. The
signs of the leading coefficient & and the free co-
efficient 4 are negative and positive, respectively,
while the sign of f3 is either positive or negative.
Moreover, g(0) = 4 > 0, and when s — oo,
g(s) = —o0.

5) Suppose that

hshioh11(hs + h7) — hshrhia(hio + h11) <0

is satisfied. Then, by part 4 there exists s > 0 such
that g(s) < 0.

6) Following part 3, if the inequalities in (16) are
satisfied, then for all s > 0, we have g(s) > 0.

A. Multistationarity in the triple-site mixed mechanism
network

The next theorem presents the condition under which
the ODE system (13) exhibits multiple positive steady
states in some w, defined in (15) for some values of c.

Theorem 1 (Existence of multiple positive steady
states). Suppose that the inequality

hshighi1(hs + h7) — hshrhia(hio + hi1) <0 (17)

is satisfied. Then, for some values of the total concen-
trations ¢ where WTx = c, the ODE system (13) has
multiple positive steady states contained in the set w,
as defined in (15).

Proof: Suppose that the convex parameters
}_L = (hlla h’37 h’47 h’57 h’67 h’77 h’87 h’lO; hlla th)T >0

are fixed and satisfy the inequality in (17) while hy =
hg = s are kept as variables. It follows by Proposition 1
part (5) that (—1)%ag(s) = g(s) < 0 for some value of
s > 0. We fix any such steady state z* = % and let
¢=WTz.

Thus, we fix ¢ = W7Tz* such that ws will contain
the multiple positive steady states of the ODE system

Biomath 14 (2025), 2503285, https://doi.org/10.55630/j.biomath.2025.03.285

(13). Based on the degree theory introduced in Ap-
pendix VII-A, in particular equation (21), Corollary 3,
and Corollary 2, for every steady state z* = % such that
(=1)%ag(x*) < 0, two other positive steady states, x**
and z*** in wz must exist such that (—1)%ag(z**) > 0
and (—1)%ag(x***) > 0, respectively.

In summary, x*, z**, and z*** satisfy T'r(k*,2) =0
and WPz = & Therefore, multistationarity exists for
the ODE (13) if the inequality in (17) is satisfied for
some values of c. [ |

Remark 4. By Theorem 1, every z* = % such that
(—1)%g(h) < 0 defines ¢ = WTz* € R, such that
the set w; contains multiple positive steady states of the
ODE system (13).

The next corollary follows by Lemma | in Ap-
pendix VII-B. The condition for multistationarity is
given in terms of the rate constants k. This condition
is useful when trying to solve the ODE system (13)
together with W7¥2 = ¢ numerically for given values
of k and c.

Corollary 1. Suppose that k € RLY satisfy

1 1 1 1
i) (4= .
k2<k5+k4> <k9+k7>k11<0 (18)

Then, for some values of the total concentration c, the
ODE system (13) has multiple positive steady states
contained in the set w. as defined in (15).

Remark 5. We note that the number of positive steady
states, x, that satisfy I'r(k*,z) = 0 and W'z = ¢
when the inequality in (18) is satisfied, is at least three
and always an odd number by Corollary 3. For some
values of the rate constants k, we have obtained three
such positive steady states (see Section V-B). For some
other values of k that satisfy the inequality in (18), there
could be 5,7, or more steady states but always an odd
number that is greater than 1.

B. Bistability in the triple-site mixed network

Recall that a reaction network is multistationary if
its ODE system has at least two positive steady states.
In the case of the triple-site mixed network, the steady
states have to belong to the same w, for some fixed
c > 0. We say that a multistationary system is bistable
if its ODE system has three positive steady states where
two are linearly stable and one is unstable.

Krishnan and his colleagues used bifurcation tech-
niques to study the multistationarity, and consequently
bistability of steady states in several models of mixed
mechanism phosphorylation networks [2].
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They found that for some values of the rate constants,
multistationarity only exists in either purely distributive
or mixed mechanism models where a distributive part is
in both phosphorylation and dephosphorylation. Hence,
for the case of the triple-site mixed phosphorylation
network (11), bistability cannot be ruled out.

Next, we find parameter values such that the ODE
system (13) is multistationary and moreover, bistable.
We will select values for h such that the inequality
(17) is satisfied which guarantees multistationarity by
Theorem 1. The values of j; > 0 and jo > 0 are not
restricted in any way and we will set them to j; = 200
and jo = 400.

We compute the rate constants values for k and total
concentrations’ values for ¢ by Remark 2 such that the
ODE system (13) has multiple positive steady states in
the set ws where W7z* = ¢ and * = % With the help
of Maple, we will solve the ODE system (13) with the
selected k’s where the first second and ninth equations
have been replaced by the three equations of W¥z* = ¢
and obtain three positive steady states.

The following example shows how we can use Maple
to find multistationarity and bistability for the ODE
system (13).

_ 3
h7_ms

so that the

hs = 1
200
100°

1) Select values for hg = ﬁ,
hio = 150 h11 = 55, h12 =
inequality (17) is satisfied.

2) Select values for hy = hy = hg = hg = 1 and let
hQ = hg = S.

3) Substitute the values of h in (—1)%ag = g(s). The
result is

g(s) = —8.56255% —4.247968755 +0.033421875.

4) Solve g(s) < 0 for s > 0. The solution after
rounding is (—o0, —0.504) U (0.008, c0).

5) Pick s = 0.01.

6) The total concentrations for the set wz which con-
tains multiple steady states are & = 313.3,¢ =
833.3, and ¢3 = 950.6.

7) The corresponding rate constants values are k1 =
2, ko = 0.5, ks =4, ky = 2, ks = 3, k¢ = 4,
k7:4, k8:4, kg:E), k10:2, andk11:6.

8) The three positive steady states are

(i) (46.02,4.43,816.25,0.86,7.59,0.02,5.1,0.02,
238.48, 3.8,3.03, 68.02).
(ii) (0.02,250.53,15.52,0.68,340.36,29.77,226.9,
29.8,5.7,170.2,136.1,1.3).
(i) (1,99.9,400,1,199.9,0.9,133.3,0.9, 100, 99.9,
79.9,33.3).
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The last steady state is the one that we selected as x* =
% to fix the total concentrations values, W7z* = é.

To show the stability of the first two steady states and
its relationship to bistability we work with the Hurwitz
command in Maple.

For the first two steady states the Hurwitz command
returns the value of true. By the necessary condition
for stability, we have that the third steady states is
unstable since (—1)%ag(h) < 0, [18]. As a result, the
ODE system (13) of the triple-site mixed mechanism
phosphorylation model in Figure 1 admits three positive
steady states where two are stable and one is unstable
for the given values of the rate constants k in 7)
and the total concentrations ¢ in 6) showing that the
ODE system (13) is bistable for this particular set of
parameter values.

C. Uniqueness of the steady state in the triple-site
mixed network

In this section, we state the conditions for the unique-
ness of a steady state of the dynamical system 14.

Theorem 2 (Uniqueness of the steady state). Consider
the ODE system (13), and suppose that the steady states
reciprocals h € ]R1>20 satisfy the inequalities

hshiohi1(hs 4 hy) — hshrhia(hio + hi1) > 0,
h5h8h12 — hl(h12 — 2h3)<h6 + hg) > 0, (19)
hihs — (2h1 + hg)hg > 0.

Then, for any value of the total concentrations of ¢ €
Rio, the ODE system (13) has a unique positive steady
state x* such that x5 = x§ in we.

Proof: Suppose that h satisfy the inequalities in
(19). Then, it follows from part (6) of Proposition 1 that
for all s > 0, (—1)%ag(s) > 0. If this is the case, then
by Corollary 2 and equation (21) for all * = %, where
ZTx* = ZTxy > 0, there is a unique steady state. For
each such fixed 2* we have ¢* = WT2* > 0 such that
x* € w) and T'r(k*,2*) = 0. The latter means, that
every set, w.~ where c* = WTz* > 0, contains only
the steady state z* > 0. [ |

Remark 6.

(a) If we select h-values such that (19) is satisfied
and any values for j; > 0, j2 > 0, then by Remark 2,
we can find the corresponding rate constant values k
such that the ODE system (13) has a unique steady
state z* in w,. where ¢ = WT%.

(b) Other conditions for uniqueness of a steady state
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for any ¢ > 0 in terms of the rate constants k > 0 are

1 1 1 1
ko (—+—)— (= k
2(k5+k4) (k9+k7) 11 >0,
((k‘lk‘5 — 2k2kj6)k4 — 2k56k2k5)k9 + kokskske > 0.

These conditions can be obtained by using the coeffi-
cient (—1)%ag(k, z) of the characteristic polynomial for
the Jacobian J(k,x) parameterized in k and 2 > 0.

The presence of a distributive part in both the phos-
phorylation and dephosphorylation part is essential for
the existence of multistationarity in the triple-site mixed
phosphorylation network. We have tested the triple-
site mixed phosphorylation network where the phos-
phorylation is processive and the dephosphorylation
is distributive (computations not included). Since the
corresponding last non-zero coefficient (—1)%aq(s) is
positive for all values of s, the existence of multiple
positive steady states is excluded.

In [2,19] a double-site mixed network is studied and
it is shown that its ODE system also has a unique
positive steady state for any ¢ > 0. In [20] it is shown
for the n-site processive network, that there is a unique
steady state which is globally asymptotically stable.

In the next section, we answer the question if mul-
tistationarity still exists and if the inequality in (17)
that guarantees it, is the same provided the position
of the processive part changes in the triple-site mixed
phosphorylation network in (9).

D. Symmetry in triple-site mixed mechanism networks

In this section, we attempt to answer the question -
if multistationarity will persist when the processive part
in (9) is moved to the front of the phosphorylation; also
if the processive part is moved to the dephosphorylation
part, and is positioned first at the front and then at
the end of the reaction network. Our initial guess, that
multistationarity persists for suitably chosen values of
the reciprocal steady states . > 0 (and correspondingly
k) and for some values c is confirmed.

We label the reaction network in (11) as A/;. Next, we
list the other triple-site mixed reaction networks where
the processive part is in bold:

Nyt A+ K25 AK £ A K 5
Agp + K B4 Ap K 225 Ay + K,
A3p+Pk—G>A3pPk—7>A2p+Pk—8>
AP 22 AL +P B0 A P B A 4 P,
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N3 : A+ KFAK B2

AK

A, +K £
A2p+K—)A2pK—>A3p+K

A3p+P —>A3pP —>A2p+P —)
k1o ki1

Asz—>A P—>A+P
Ni: A+K 5 AK 22 A, + K 22
A K AQP+K—)AQPK—>A3P+K

A3p+P—)A3pP—)A2pP—>
Ap+P 2o AP B A 4P

Remark 7. We kept the same notation for the con-
centrations as in equation (10) and obtained the same
inequality (17) as a condition for multistationarity for
networks N7 and N} for some values of ¢. On the other
hand, for networks A, and N, the inequality which
guarantees multistationarity for some values of c is

hshshio(h11 + h12) — hrhi1hia(hs + hs) < 0. (20)

Remark 8. If we state the corresponding inequalities
to (17) and (20) in terms of the rate constants, then
it becomes clear that the catalytic constants ensure
the emergence of multistationarity in such triple mixed
mechanism networks. Below we give the corresponding
inequalities for networks N;, i = 2,3, 4; for network
N1, the inequality is (18):
kl ) ks <0,

1 1

1
N2k7<k9 kll) (k‘
1 1 1 1
N:k( + >(+ >k <0,
50\ ko kw ky ki) "

1 1 1 1
N4. k2(kj6 > <k19 >k11<0

VI. CONCLUSION

We have presented a sufficient condition for multi-
stationarity (Theorem 1 and Corollary 1) in the triple-
site mixed mechanism phosphorylation network ODE
system (13). For a set of parameter values, we show
that the ODE model (13) is bistable (Section V-B). In
Theorem 2, we have presented a sufficient condition for
a unique steady state of the ODE system (13) for all
values of the total concentrations c¢. In Section V-D, we
show that if the position of the processive part changes
in the triple-site mixed mechanism phosphorylation
network (11), then the inequality which guarantees
the existence of multistationarity always involves the
catalytic constants.
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An intriguing question for future study is whether
the ODE system of the triple-site mixed mechanism
phosphorylation network (11) exhibits bistability across
all parameter values that satisfy the multistationarity
condition (17).

REFERENCES

[1] M. Eithun, A. Shiu, An all-encompassing global convergence
result for processive multisite phosphorylation systems, Mathe-
matical Biosciences, 291:1-9, 2017.

[2] T. Suwanmajo, J. Krishnan, Mixed mechanisms of multi-
site phosphorylation, Journal of The Royal Society Interface,
12:20141405, 2015.

[3] C. Conradi, M. Mincheva, Catalytic constants enable the emer-
gence of bistability in dual phosphorylation, Journal of The
Royal Society Interface, 11:20140158, 2014.

[4] C. Conradi, E. Feliu, M. Mincheva, C. Wiuf, Identifying param-

eter regions for multistationarity, PLOS Computational Biology,

13:e1005751, 2017.

K. Deimling, Nonlinear Functional Analysis, Springer Science

& Business Media, 2013.

[6] J. Hofbauer, An index theorem for dissipative semiflows, The

Rocky Mountain Journal of Mathematics, 20:1017-1031, 1990.

M. Banaji, C. Pantea, The Inheritance of Nondegenerate Multi-

stationarity in Chemical Reaction Networks, SIAM Journal on

Applied Mathematics, 78:1105-1130, 2018.

[8] B. L. Clarke, Stoichiometric network analysis, Cell Biophysics,
12:237-253, 1988.

[9] C. Conradi, E. Feliu, M. Mincheva, On the existence of Hopf

bifurcations in the sequential and distributive double phos-

phorylation cycle, Mathematical Biosciences and Engineering,

17:494-513, 2020.

C. Conradi, D. Flockerzi, Switching in Mass Action Networks

Based on Linear Inequalities, SIAM Journal on Applied Dynam-

ical Systems, 11:110-134, 2012.

C. Conradi, D. Flockerzi, J. Raisch, Saddle-node bifurcations

in biochemical reaction networks with mass action Kkinetics

and application to a double-phosphorylation mechanism, 2007

American Control Conference, New York, pp. 6103-6109, 2007.

K. Gatermann, M. Wolfrum, Bernstein’s second theorem and

Viro’s method for sparse polynomial systems in chemistry,

Advances in Applied Mathematics, 34:252-294, 2005.

B. L. Clarke, Stability of Complex Reaction Networks, In:

Advances in Chemical Physics, John Wiley & Sons, 1980.

B. L. Clarke, Complete set of steady states for the general

stoichiometric dynamical system, The Journal of Chemical

Physics, 75:4970-4979, 1981.

B. D. Aguda, B. L. Clarke, Bistability in chemical reaction

networks: Theory and application to the peroxidase—oxidase

reaction, The Journal of Chemical Physics, 87:3461-3470,

1987.

C. Salazar, T. Hofer, Multisite protein phosphorylation — from

molecular mechanisms to kinetic models, The FEBS Journal,

276:3177-3198, 2009.

Maplesoft, Maple 2021, https://maplesoft.com/, [28-Mar-2025].

F. R. Gantmakher, The Theory of Matrices, American Mathe-

matical Society, 2000.

C. Conradi, M. Mincheva, A. Shiu, Emergence of Oscillations

[5

—_

[7

—

[10]

[11]

[12]

[13]

[14]

[15]

[16]

(171
[18]

[19]

in a Mixed-Mechanism Phosphorylation System, Bulletin of

Mathematical Biology, 81:1829-1852, 2019.

C. Conradi, A. Shiu, A Global Convergence Result for Proces-
sive Multisite Phosphorylation Systems, Bulletin of Mathemat-
ical Biology, 77:126-155, 2015.

[20]

Biomath 14 (2025), 2503285, https://doi.org/10.55630/j.biomath.2025.03.285

VII. APPENDICES
A. Degree theory

Assume that the columns of a full-rank matrix S
form an orthonormal basis of Im(I'). Then, it suffices
to study the matrix STJS in place of J [3]. In
Lemma 4.1 of [3], it is shown that det(S7.J(k,x)S) =
(—=1)™3a,,_3(k, z). ( The number 3 could be replaced
by the number of conservation relations.) Similarly,
the set w,. can be projected onto a lower-dimensional
space by considering an orthonormal matrix Z whose
columns are an orthonormal basis for Im(T")*. The set
Q, corresponding to w, in R™~3 is defined as

Q={yeRy|Sy+Zp>0}.

We have to introduce the corresponding dynamical
system:

STi = ST Tr(ka(y,2), S"i=g(ky),

or

y=gk,y), y=STz glky) =STTr(k ).

Moreover, for t = 0, we have

y(0) = yo = ST 20,
p(0) = po = Z" x0.

The set 2, is compact, convex, forward invariant,
and does not contain any boundary steady states.

Therefore, the degree of the function g(k,y) on the
set {2, is defined as:

deg(g, 2, 0) = > sign((—1)" Pam_s(j, h)). (21)
{heRrRD,|ZTE=2Tx0}

Remark 9.

1) Note that g(k,y) is parameterized with respect to
k, while the degree is defined in terms of h and
j. If (4, h) are given, we can compute k and c¢ by
Remark 2.

2) We will work with (—1)%ag (4, h) to obtain param-
eter values and parameter region for h, and thus
for k and ¢ such that § = g(k,y) has multiple
steady states in (),. However, this means that
& = I'r(k, z) has the same number of steady states
in w,, since x = Sy.

The next corollary follows directly from Theorem 5.2
from [3].

Corollary 2. The function g(k,y), where y € 2, has
deg(g,,,0) = 1.
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The following corollary shows that at least one steady
state always exists and the number of steady states is
always an odd number. For the proof of this corollary,
see Corollary 5.3 in the supplementary file of [3].

Corollary 3. Suppose that the set D is bounded, open,
convex, and forward invariant such that 0D does not
contain any steady states of @ = F(x), where F is
a smooth function on D. If the steady states in D
are regular, then the number of steady states in D is
odd. Furthermore, if (—1)" 3a,,_3 alternates its sign
between positive and negative (when it is evaluated at
different steady states), then D contains more than one
regular steady state.

B. Inequality (17) in terms of the rate constants k
Lemma 1. Suppose that the convex parameters h
satisfy the following inequality

h3(hs + hz)hiohi1 — hshz(hio + hi1)hiz > 0. (22)

Then, the rate constants k satisfy

1 1 1 1
kol —+— ) —-|—+— 1]k .
2<k’5+k‘4> <k‘g+k’7> 11 >0

Proof: Suppose that h; satisfy (22). Then, we need
to show that we can write this inequality in terms of
the reaction rate constants k.

Consider the reaction rate function ro = kox3 in
equation (12). Solving for ko gives us
r
ky = —.
x3

We substitute the convex parameters ro = j; from
equation (24) and h3 = ?1* into ko = ;—i to obtain
3

k
ko = =2 = jihs, hs=—2.
Zs3 J1
In a similar manner, we calculate
ky ks k7
h5:.*7 h7:.*7 hloz.*a
J2 J2 J2
kg k11
hir = —, hia = i
J2 J1

We substitute the value of h into equation (22) and we
obtain

ko (K ks \ k7 k- kiks (K ko \ k
?(.4+."’).7.“—.4.5(.7+?),”>0.
J1 \J2 J2/ J2 J2 J2 J2 \J2 J2/) N

Finally, we multiply both sides of the inequality by 7153
and divide by k4ksk7k9 to obtain

1 1 1 1
kol —+— ) —k — 4+ — 0.
2<kz5+k34> 11<k9+k7)>
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C. Coefficients of g(s)

a = —((—h3(hs + hr)hi1 + hi2hshz)hio
+ hi2hshzha1)(((he + he)ha + hehs)h1 + hahghs),
B = (((((hizhghs — h1(hi2 — 2h3)(he 4 hg))h11
+ h12(((—2h1 — h3)hs + h1hs)he + hihshg))hio
+ hi2(((=2hy — h3)hg + hihz)he + hihshg)hi1)hy
+ 2hzhghghiohii(h1 + hi2))hs
+ 2hsheh7hghiohii(hy + hi2))ha
+ hi((hi2 + h7)hs + hiahz)hehiohshiihs,
v = ((((((((h7 + hg)he + hrhg)hs + hehrhg)ha
+ hshehrhg)hs + hahshehrhg)hy
+ hahyhshehrhg)hio
+ hihghahshehrhg)hi1 4+ hihi2hshahshehzhg)hio
+ hihy1hishshshshehrhsg.
(23)
D. Jacobian matrix

Solving I'r = 0 for the system (13); we obtain

J1=T1="T2="10=T11,

(24)

J2 =T3=T4 =75 =T =T7=T8 =Ty,

where ji,j2 > 0. Consequently, we can write r as

2
T:Z]ZEM j1207
i=1

El = [17 1a070707070a0707171]T7
E2 = [07()’ 17 17 17 17 1a 1) 1,070]T7

are the extreme vectors of the flux cone [8].
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The Jacobian matrix of the ODE system (13) in terms of k£ and =z is:

-t -t 0 0 0 0 0 0 0 0 0 -
_r _rifrs  m _r 0 0 s 0 0 0 0 0
rl:r1 sz I?Q Ty T7
= = = 0 0 0 0 0 0 0 0 0
0 —f o _Istho 0 0 0 e 0 Lo 0
T2 T3 T4 9 11
0 ;—2 0 ;—i —;—‘; 0 0 0 0 0 0 0
0 0 0 0 0 —;—6 0 0 —;—Z % 0 0
0 0 0 0 ;—‘; 0 ;—57 0 0 0 0 0
0 0 0 0 0 0 o~ ze —Ze 0 0 0
X7 xrg X9
0 0 0 __Trio 0 _Trs 0 _r¢e _retrs+rio r7 9 T1
Ty Te s 9 10 11 1
0 0 0 0 0 0 0 ;—‘; ;—2 ;170 0 0
0 0 0 0 0 ;—i 0 0 ;z 0 :191 0
0 0 0 Zo 0 0 0 0 Lo 0 -z
Ty g
The Jacobian matrix of the ODE system (13) in convex parameters is:
—j1h1 —j1he 0 0 0 0 0 0 0 0 0
—Jjih1 —(j1 + j2)h2 jihs —Jj2ha 0 0  jah7r O 0 0 0
J1h1 J1ho —jihs 0 0 0 0 0 0 0 0
0 —jeha  jihs —(j1 +j2)ha O 0 0 0 —Jjihg 0 Jj2hn
0 Jaha 0 Jaha —johs 0 0 0 0 0 0
0 0 0 0 0 —j2he O 0 —j2hg J2h1o 0
0 0 0 0 johs 0 —j2hy O 0 0 0
0 0 0 0 0 0 johy —jahs —7j2hg 0 0
0 0 0 —Jj1ha 0 —jehe O  —johs —(2j2 + j1)ho j2hio Jj2h1
0 0 0 0 0 0 0  jahs Jahg —jahip O
0 0 0 0 0 johe O 0 Jahg 0 —j2h11
0 0 0 Jiha 0 0 0 0 Jiho 0 0

E. Stoichiometric and kinetic matrices

.
-

N

-

N

Jihio

7.7‘1 h12

o

0
0

The stoichiometric matrix I" and the kinetic matrix Y for the triple-site mixed mechanism phosphorylation

network are:

-1
-1

[

SO OO OO oo

OO DD DO ODDODO K= HFHO

OO DD OO OO HEFEFOFO

OO DD DODDOODOH OO OO

OR PR OO O

OO R PP OOOOOOoOOo

o O

OO RO, PRPROOOOO

O HR O OO, OOOoOOoOOo

O ORrRrOoOOoOOoOOoO~HOOoOOo

— OO OO OoOOoOHHOOO

—OoO O R OO0 o0 OoO -
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OO OO OO OO O O

OO DD DODDODODODDODOO OO

=N eloloNoNoNeNel =l ]

OO DD DO ODODOH OO OO

OO DD OO, OO0 O OO

DO R P OODODODODOOoOOoOOo

OO R OO ODODDODOOOo OO

[=NeNel ool ol

O OO OO OOoOOoO o oo

OO O OO, OOO

[ len R en il en s B an B e e e Jen M e Bl e

(25)
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