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Abstract We consider stochastic descriptions of chemical reaction networks in which
there are both fast and slow reactions, and for which the time scales are widely sep-
arated. We develop a computational algorithm that produces the generator of the full
chemical master equation for arbitrary systems, and show how to obtain a reduced
equation that governs the evolution on the slow time scale. This is done by applying
a state space decomposition to the full equation that leads to the reduced dynamics in
terms of certain projections and the invariant distributions of the fast system. The rates
or propensities of the reduced system are shown to be the rates of the slow reactions
conditioned on the expectations of fast steps. We also show that the generator of the
reduced system is a Markov generator, and we present an efficient stochastic simula-
tion algorithm for the slow time scale dynamics. We illustrate the numerical accuracy
of the approximation by simulating several examples. Graph-theoretic techniques are
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used throughout to describe the structure of the reaction network and the state-space
transitions accessible under the dynamics.

Keywords Stochastic dynamics - Reaction networks - Graph theory - Singular
perturbation

Mathematics Subject Classification 92C45 - 80A30 - 34E13

1 Introduction and background

While singular perturbations techniques and the quasi-steady-state approximation
(QSSA) have a long history of use in deterministic descriptions of chemical reac-
tion kinetics (cf. Lee and Othmer 2009 for a review), it was apparently not applied to
discrete stochastic descriptions of chemical kinetics until Janssen proposed a method
for adiabatic elimination of fast variables in stochastic chemical reaction networks
(Janssen 1989a,b). Janssen began with a master equation description and, using pro-
jection techniques related to volume expansions, obtained a reduced master equation
and showed in some examples that an intermediate chemical species can be elimi-
nated in a network if a reaction occurs much faster than the others. Moreover, he also
gave examples in which the master equation cannot be reduced via these techniques
(Janssen 1989Db). It is sometimes assumed that the results of a deterministic reduction
of a reaction network yields correct results for the stochastic description, but examples
show that this is not correct (Thomas et al. 2011).

The Gillespie algorithm (Gillespie 2007) is the most widely-used algorithm for
simulating stochastic reactions but it can be very inefficient when there are multiple
time scales in the reaction dynamics. Stochastic simulation algorithms of multiscale
reaction networks were developed more or less simultaneously by Haseltine and Rawl-
ings (2002) and Rao and Arkin (2003). The former authors formulated the changes
in the species numbers 7 in terms of extents 1 by defining n(t) = n(0) + vé’n(t),]
and divided the reaction extents into those of slow reactions and fast reactions. Rao
and Arkin (2003) divided the set of species into ‘primary’ (y) and ‘intermediate or
ephemeral’ (z), and assumed two conditions on the conditional variable z|y, (i) the
conditional variable z|y is Markovian and (ii) z|y is at quasi-steady-state on the slow
time scale. However, the first assumption was not justified and one cannot classify
species as slow and fast—rather it is reactions that are slow or fast and species can
participate in both. Mastny et al. (2007) applied singular perturbation analysis to
remove the QSS species for a number of model systems having small populations,
and for networks where non-QSS species have large populations, they also utilized
the Q2-expansion to reduce the master equation. More recent work deals with the role
played by the reduction on the level of noise in the solution (Srivastava et al. 2011).

Several others have proposed and implemented variations of these two approaches
for hybrid simulations of stochastic systems. These include partitioning the system
dynamically (Salis and Kaznessis 2005) and solving the fast reactions using an SDE

! The notation used is defined later.
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approximation. The effective reaction rate expressions for Hill-type kinetics derived
from singular perturbation analysis of the deterministic system of equations have been
used in stochastic simulations and the results compared to simulations for the full
system (Bundschuh et al. 2003). There is also a partitioning method based on the vari-
ance of species, which led to a hybrid method coupling deterministic (small variance)
and stochastic (large variance) by Hellander and Lotstedt (2007). Goutsias showed
that fast reactions can be eliminated when probabilities of slow reactions depend at
mostly linearly on the states of fast reactions (Goutsias 2005). Utilizing the degree of
advancement or extent, he followed Haseltine and Rawling’s approach in order to sep-
arate variables into fast and slow variables. By utilizing a Taylor series expansion he
showed that when the slow transition rates or propensity functions depend linearly on
fast extents, the fast reaction kinetics of a stochastic biochemical system can be approx-
imated by the conditional mean of extents for the fast kinetics. Although his approach
is rigorous, it has some drawbacks. In many nonlinear systems, slow reactions depend
nonlinearly on fast reactions. For example, if a slow reaction subsystem consists of
bimolecular reactions with two different reactants which are affected by fast reactions,
his method cannot be applied due to the nonlinear dependence of the slow reactions on
fast reactions. Peles et al. (2006) applied singular perturbation theory and finite state
projection method to obtain an approximate master equation for certain linear reac-
tion systems, where clusters of fast-transitioned states have been identified. A rigorous
mathematical framework is lacking in their derivation, which we provide herein.

Computational methods have also been developed by many groups. Cao et al. (2005)
proposed a slow scale stochastic simulation algorithm (SSA). They first identified fast
and slow reaction channels and defined fast and slow species according as the species
are changed by fast reactions or not. Assuming that the fast processes are stable, they
approximated the propensity functions on a slow time scale, and showed that compu-
tation of the effective propensity functions requires first and second moments of the
steady-state distribution of the partitioned fast reaction subsystem. They illustrated
numerical results for a system with one independent fast species. Using a partitioning
approach similar to that in Haseltine and Rawlings (2002), Rao and Arkin (2003) ,Cao
et al. (2005), Chevalier and EI-Samad (2009) derived evolution equations for both fast
and slow reactions that led to an SSA with slow reaction trajectories in which the SSA
is run until the first occurrence of a slow reaction. E et al. (2005) proposed a nested
stochastic simulation algorithm with inner loops for the fast reactions and outer loops
for the slow reactions. Strong convergence of the nested SSA has been proved recently
by Huang and Liu (2014) and a speed up of the algorithm is proposed by using the
tau-leaping method as the inner solver. More recently, Kim et al (2014) investigated
the validity of the stochastic QSSA, where the propensity functions resulted from their
deterministic counterpart. Under the moment closure assumption, they have shown that
the stochastic QSSA is accurate for a two-dimensional monostable system, if the deter-
ministic QSS solution is not very sensitive. Goutsias and Jenkinson (2013) provide an
excellent review article covering recently developed techniques on approximating and
solving master equations for complex networks. Other recent papers include (Cotter
2015; Smith et al. 2015).

As described above, many computational results and some algorithms have been
reported to date, but a rigorous analysis of stochastic reaction networks that involve

@ Springer
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multiple time scales based on singular perturbation has heretofore not been done.
Preliminary work on this by one of the authors (Lee and Lui 2009) proposed a reduction
method based on a singular perturbation analysis for networks with two or more time
scales under the assumption that the sub-graph of fast steps in the network is strongly
connected. Our objectives here are to develop a rigorous analytic framework for the
reduction of general stochastic networks with two widely-separated time scales, to
prove that the generator of the reduced system is Markovian, and to illustrate the
numerical accuracy and speedup of the reduction method for several biological models.

2 The general formulation for reacting systems
2.1 Deterministic evolution equations

To set notation for the stochastic analysis, we first recall some notation used in our
previous analysis of deterministic systems (Lee and Othmer 2009), hereafter referred
to as I. Further details can be found there.

Suppose that the reacting mixture contains the set M of m chemical species M;
that participate in a total of r reactions. Let v;; be the stoichiometric coefficient of
the ith species in the £¢h reaction. The v;, are non-negative integers that represent
the normalized molar proportions or stoichiometric coefficients of the species in a
reaction. Each reaction is written in the form

. d
ST e My - ST E M, (=1, ...r 2.1)
i

i

where the sums are over reactants and products, respectively in the £¢h reaction. In this
formulation, the forward and reverse reaction of a reversible pair are considered sepa-
rately, as two irreversible reactions. Once the reactants and products for each reaction
are specified, the significant entities so far as the network topology is concerned are
not the species themselves, but rather the linear combinations of species that appear
as reactants or products in the various elementary steps. These linear combinations of
species are complexes (Horn and Jackson 1972), and we suppose that there are p of
them. A species may also be a complex as is the case for first-order reactions. Once
the complexes are fixed, their composition is specified unambiguously, and we let v
denote the m x p matrix whose jth column encodes the stoichiometric amounts of
the species in the jth complex.

The set of reactions gives rise to a directed graph G as follows. Each complex is
identified with a vertex V; in G and a directed edge E; is introduced into G for each
reaction. The topology of G is encoded in its vertex-edge incidence matrix £, which
is defined as follows.

+1 if E, isincident at V; and is directed toward it
Ejp =1 —1 if E; is incident at V; and is directed away from it 2.2)

0  otherwise
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Since there are p complexes and r reactions, £ has p rows and r columns, and every
column has exactly one +1 and one — 1. Each edge carries a nonnegative weight R, (c)
given by the intrinsic rate of the corresponding reaction. For example, the following
table gives four classes of first-order reactions studied in Gadgil et al. (2005) and two
additional bimolecular reaction types.

For either type III or VI reactions there may also be different types of products,
e.g., A — B + C may represent the decomposition of a complex. Inclusion of such
types poses no difficulties, but if such reactions are reversible we restrict the type to
uni- or bimolecular reactions.

If at least one reaction of type I, II, IV, or V is present the stoichiometric matrix is

v=[1]01]. (2.3)

wherein the column of zeroes in the complex matrix represents the null complex ¢,
which by definition contains no time-varying species. If the system is closed and the
reactions are all first order

v=|[1].

If all species are also complexes, which can occur when there are inputs (4 — M;),
outputs (M; — ¢), and first-order decay or conversion reactions (M ; — M;), the
stoichiometric matrix has the form

v=[T1]v |01 (2.4)

wherein vy defines the stoichiometry of the higher-order complexes. In this case the
corresponding incidence matrix £ can be written as follows.

E=1& | & | &l (2.5

where £ represents first-order reactions, & represents second-order reactions, and &,
represents input and output steps, all of the appropriate dimensions. An alternate form
of the complex and incidence matrices arises if the inputs or outputs are only of type
I or II, for then the null complex ¢ can be omitted from v, the £1’°s omitted from &,
and the inputs or outputs represented by a separate vector in the evolution equations
given below. In either case the stoichiometry of the reactions and the topology of the
network are easily encoded in v and &, respectively.

In this notation the evolution of the composition of a reacting mixture is governed
by

dc

= VER(c), ¢(0) =cp (2.6)

where the jth column of v gives the composition of the jth complex and Ry (c) is the
rate of the £th reaction, or equivalently, the flow on the £¢h edge of G. The matrix
D = v€ is called the stoichiometric matrix when the composition of complexes and
the topology of G are not encoded separately, as we do here (Aris 1965). One can
interpret the factored form in (2.6) as follows: the vector R gives the flows on edges
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due to reactions of the complexes, the incidence matrix maps this flow to the sum of
all flows entering and leaving a given node (a complex), and the matrix v converts the
net change in a complex to the appropriate change in the molecular species.

A component is a connected subgraph G; C G that is maximal with respect to
the inclusion of edges, i.e., if G, is a connected subgraph and G; C G, C GO, then
g1 = Gy. An isolated vertex is a component and every vertex is contained in one
and only one component. A directed graph G is strongly connected if for every pair
of vertices (V;, V;) , V; is reachable from V; and vice-versa. Thus a directed graph
is strongly connected if and only if there exists a closed, directed edge sequence
that contains all the edges in the graph. A strongly-connected component of G (a
strong component or SCC for short) is a strongly-connected subgraph of a directed
graph G that is maximal with respect to inclusion of edges. An isolated vertex in a
directed graph is a strong component, and every vertex is contained in one and only
one component. Strong components in the directed graph G are classified into three
distinct types: sources, internal strong components and absorbing strong components.
A source is a subgraph which has outgoing edges to other strong components and has
no incoming edges from other strong components. An internal strong component is a
strong component in which edges from other strong components terminate and from
which edges to other strong components originate. An absorbing strong component
is a strong component from which no edges to other strong components originate. If
G has p vertices and ¢ strong components then it is easily shown that the rank of £ is
p(€) = p—q (Chen 1971).

For ideal mass-action kinetics, which we consider here, the flow on the £¢h edge,
which originates at the jth vertex, depends only on the species in the jth complex,
and the rate can be written as

Re(c) = kijPj(c) where Pj(c) = [](n" 2.7)

i=1

for every reaction that involves the jth complex as the reactant.” Thus the rate vector
can be written

R(c) =KP(c) (2.8)
where K is an r x p matrix with kg; > 0 if and only if the 0" edge leaves the jth
vertex, and kg; = O otherwise. Since each row of K has one and only one positive
entry, we now denote the only positive entry in £/# row by k.

The topology of the underlying graph G enters into /C as follows. Define the exit
matrix &, of G by replacing all 1’s in £ by zeroes, and changing the sign of the
resulting matrix. Let K bethe r x r diagonal matrix with the k¢’s, £ = 1, ...r, along
the diagonal. Then it is easy to see that L = KE eT and therefore

d )
d—j —vERETP(c) (2.9)

2 This form also includes non-ideal mass action rate laws, but the concentrations in (2.7) are then replaced
by the activities of the species in the reactant complex, and as a result the flow on a edge may depend on
all species in the system.
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It follows from the definitions that (i) the (p, ¢)th entry, p # ¢, of € K SeT is nonzero
(and positive) if and only if there is a directed edge (¢, p) € G, (ii) each diagonal
entry of £ K ET' is minus the sum of the k’s for all edges that leave the jth vertex, and
(iii) the columns of EK ET all sum to zero, and so the rank of EKE! is < p — 1.

If one separates the inputs, which are constants, one can write this as

d )
d—j = vERETP(c) + @, (2.10)

where @ is the constant input and both v and £ are modified appropriately. Herein we
use the evolution equations in the form (2.9) unless stated otherwise.

One can also describe the evolution of a reacting system in terms of the number
of molecules present for each species. Let n = (ny, na, ..., ny,) denote the discrete
composition vector whose i th component n; is the number of molecules of species M;
present in the volume V. This is related to the composition vector ¢ by n = N Ve,
where N4 is Avagadro’s number, and although the n; take discrete values, they are
regarded as continuous when large numbers are present. From (2.6) we obtain the
deterministic evolution for n as

fl—'z = vER(n) 2.11)

where R(n) = N4V R(n/N4V). In particular, for ideal mass-action kinetics

Re(n) = NaVkePj(n/NaV) (2.12)
~rndl(37y) = G Lo <[
(2.13)

2.2 Invariants of reaction networks
The kinematic invariants and the kinetic invariant manifolds in a deterministic descrip-

tion of reactions in a constant-volume system are discussed in detail in (Othmer 1979).
In general the concentration space has the decomposition

R, = N[(wE)T1® R[vE], (2.14)

where N (A) denotes the null space of A, and R(A) denotes the range of A. The
solution of (2.6), which defines a curve in R,, through an initial point cp, can be
written

t
c(t) =cp + v€/ R(c(z))dr.
0

@ Springer
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This shows that c(t) — cg € R(vE), and the intersection of the translate of R(vE) by
co, which formally is a coset of R(vE) with the non-negative cone C;’,; of R,,, defines
the reaction simplex €2(cp). While this terminology has a long history (Aris 1965), 2
is a simplex in the mathematical sense only if the intersection of the coset with C;},
is compact, which occurs if and only if there is a vector y > 0 € N [(v€ )T (Othmer
1979). This is only guaranteed in closed systems, where the total mass is conserved
and y comprises the molecular weights of the species, and therefore in general we
should call €2 the kinetic manifold, but we retain the standard terminology.

First suppose that the system is closed — the case of an open system is discussed
later. A vector a € R,,, defines an invariant linear combination of concentrations if

(a,vER(c)) =0, (2.15)

and these are called kinematic invariants if a € N[(vE)T] (Othmer 1979). The fol-
lowing important properties of these invariants are proven in (Lee and Othmer 2009).

P1 One can choose a basis for N[(vE)]” of vectors with integer entries.
P2 If the reaction simplex 2(cg) is compact, then there is a basis for N[(vE )7
for which all basis vectors have nonnegative integer entries.

If the reactions are partitioned into subsets of fast and slow steps we can write
vE = [Sf | & ] (2.16)

and it follows that any invariant of the full system is simultaneously an invariant of
the fast and slow systems. We assume throughout that the slow and fast reactions are
independent, and therefore R(vE) = R(vE YU R(vE®). Furthermore, one has that

RWES] € R[VE] (2.17)
NIWET] € NTwEY T, (2.18)

that the ranges of the slow and fast subsets are no larger than that of the full system,
and the corresponding null spaces are no smaller, but the properties P1, P2 of the
full system do not necessarily carry over to the subsystems. However, it follows from
(2.18) that one can define amap P/ : R,, — Ry, (where r s = dimR[vE]) for the
fast subsystem that represents a vector in N'[(vE/)T ] in terms of intrinsic coordinates
on N[(vE/)T]. The associated matrix P/ has rows given by basis vectors with integer
components of N'[(vE/)T]. It follows that the reaction simplex for the fast subsystem
is given by

Qo) ={c :ceco+RWENNRY ={c: Ple=Plcog=¢eRu_r,} NR.

Here ¢ represents a conserved quantity for the fast subsystem, but it may vary as slow
reactions occur.

If the system is open then one can regard the effect of inputs and outputs as moving
the dynamics between simplexes of fixed mass, as dictated by the evolution equations
given at (2.9). This point of view will be useful in the stochastic formulation.
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3 The stochastic formulation
3.1 The master equation

In astochastic description the number of molecules of a species is too small to be treated
as a continuous variable—they are random variables. We define N (t) = (n1(¢), na2(t),
..., ny (1)), where n;(t) is as before, but now N (¢) is a random vector. Under the
assumption that the process is Markovian, which is appropriate if all the relevant
species are taken into account, the evolution of N (¢) is governed by a continuous-time
Markov process with discrete states, and we denote the probability that {N () = n}
by P(n, t). The governing equation for the evolution of P (n, ) is called the chemical
master equation, and is given as

d
PO = > Ri(n—vEwy) - P(n—vEq). 1) — > Re(n)- P(n,1)  (3.1)
14 14

where &), the £th column of &, denotes £th reaction and the stochastic rates have
the form
R[ = Cghj(g)(n). (3.2)

Here ¢ is the probability per unit time that the molecular species in the jth complex
reacts, j(£) denotes the reactant complex for the £th reaction, and 4 ) (n) is the
number of independent combinations of the molecular components in this complex
(Gadgil et al. 2005). One sees in (3.1) how the reaction graph G determines the state
transition graph G that defines the steps in the master equation.

In the stochastic analysis all reactions are assumed to follow mass-action kinetics,
and thus ¢; = ky, and the combinatorial coefficient is given by

hje = H( " ) (3.3)

7 Wi

If v;jey = 1 the stochastic rate reduces to (2.13) but for a bimolecular reaction the
rate of a step in the stochastic framework is always smaller than in the deterministic
framework.

The master equation (3.1) can be expressed more explicitly for unimolecular and
bimolecular mass action kinetic mechanisms. The general form for the uni- and bimole-
cular molecular reactions given in Table 1 is

3 This formulation applies only to ideal solutions—in nonideal solutions the number of molecules must
be replaced by an appropriate measure of its activity in the solution. In particular, this involves a suitable
description of diffusion when the solution is not ideal (Othmer 1976; Schnell and Turner 2004).
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1090 X. Kan et al.

Table 1 The four classes of first-order reactions considered in (Gadgil et al. 2005) and two types of
bimolecular reactions.

Label Type of reaction Reaction Rate

I Production from a source ¢ — M; kis

1T Degradation M; — ¢ k;ll n;

il Conversion M — v M; kic;)nln j
v Catalytic production from source ¢ — M; kfj?t nj

\Y% Bimolecular degradation M+ Mg — ¢ k;iin Nk
VI Bimolecular conversion M+ My = viM; kicj?]:l Zn Nk

The relationship between the deterministic and stochastic rates of these reactions are discussed later. Rates
are given in terms of number of molecules (n will be introduced later)

AP, 1) < - o ((eom (s g+
Tzl; KA(S; —1)P<n,r)+§ Kim(s7sft =1

+ KNS =D+ KA ST =

S
+ Z(K;ﬁj’z(s;”f S}LIS;” -1+ K;?,f(sjlsgl — l))nk)(an(n, t))].
k=1

where S{‘ is the shift operator that increases the ith component of n by an integer
amount k, and Sl{‘(niP(n, 1) = an,- . P(an, t). In this expression the matrices
K, K9l geat gd2 geont gng Keon: correspond to the six types of reactions given
in Table 1.

A compact representation of (3.1) is obtained by defining an ordering of the acces-
sible states, of which we first assume there finitely many (n,) in number and which
lie in the non-negative cone C,j; C Ry, 4 The evolution of the vector p(t) of the
probabilities of these states is governed by the matrix Kolmogorov equation

dp(t)
—— =Kp(@), 3.4
ar p(t) (3.4)
where K is the matrix of transition rates between the states, the entries of which are
defined as follows. Let n' = (n{,n},...,n},) and n/ = (n{, né, ..., ni) denote the

ith and jth states of the system and denote the i/th and jth entries of the vector p as
pi = P(n',t)and p; = P(n/, 1), resp. Then the (7, j)th entry of K is given by

Re(n?) if n' =nd +vEy forsome £=1,...,r
Kij = . © (3.5)
0 otherwise

4 The case in which there are infinitely many states will be discussed in Sect. 3.2.
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and the following pseudo-code shows how to generate K and the corresponding state
transition graph G, for any reacting system. By starting with a given initial state vector,
the algorithm checks all the reactions and adds resulting new state vectors into state
space while updating the transition matrix, and then repeats the same procedure on
the newly added state vector until no new state vector can be added.

Data: initial state vector V1 and reactions { R };_;
Result: transition matrix K, xn,
Initialization: set current state index C's = 1, set accessible state vector space {V'} to be {V1 }, set accessible state vector space size ns = 1,
set transition rate matrix & to be {0};
while current state index < ns do
set current reaction index to one: C, = 1;
while current reaction < r do
check if current reaction R reacts from current state V;
if True then
get current state index: source < C's;
get target state Vr = Vo + vE (¢, 5
check if target state V is already in {V'};
if True then
get the index i of the state in {V} that is equal to Vir;
check if K source = 0;
if True then
| update K; source;
end
end
else
add Vp to {V}: Vi, « Vip;
increase accessible state space size by one: ns < ngs + 1;
update K., source;
end

end
increase current reaction index by one: C +— C,. + 1;

end
increase current state index by one: Cs < Cs + 1;

end
update diagonal entries K;; = — Z:;M#j Kij.

Algorithm 1: An algorithm for generating the transition matrix K for a chemical reaction network

Off-diagonal elements in the ith row of K are transition rates at which source states
reach state i in one step, whereas off-diagonal elements in the ith column represent
the rates at which the ith state reaches its target states in one reaction. Since only
uni- and bimolecular reactions are realistic, the states that reach the current state in
one step (the sources) differ from the current state by at most two molecules, but
those that can be reached in one step (the targets) may involve more than two. Under
certain orderings K has a narrow bandwidth when the number of states n; is small, but
expands with increasing n;. The number n; grows combinatorially with the number
of molecules—when there are m species and a total of Ny molecules

(No +m — 1)
ng = .

m—1
If, for example, there are 4 species and 50 molecules, the number of states is 23,426.
In any case, if all reactive states are accounted for the matrix K is the generator of a
Markov chain (Norris 1998), i.e. D> ; K;j =0 foreach j, K;; > 0 foreach j # i, and

the vector 17 = (1, 1, ..., 1) of length equal to n, is in N (K T).
The formal solution of (3.4) is

p(t) = X' p(0),
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1092 X. Kan et al.

but there are well-known difficulties in computing the exponential if the state space
is large, and various approximate methods have been used (Kazeev et al. 2014; Menz
et al. 2012; Deuflhard et al. 2008). An alternate approach is to do direct stochastic
simulations, using the Gillespie algorithm or one of its many variants. However the
computational time can be extremely long if there are many species or the system is
spatially distributed (Hu et al. 2013), and thus it is advantageous to reduce the system
if possible.

Reduction of deterministic systems is frequently done by taking advantage of the
presence of multiple time scales in the evolution, and reducing the number of variables
by invoking the QSSH, as was done in (Lee and Othmer 2009). In the stochastic system
one can determine whether a reaction is fast or not according to the magnitude of the
transition rate of a reaction, the so-called propensity function in the chemical literature.
A larger transition rate implies that the corresponding step occurs more frequently, but
since the transition rate of a reaction depends on the numbers of reactant molecules as
well as the rate constant of the reaction, a reaction that is fast in the interior of C,J,; may
be slow near the boundary of the cone. The following example shows that a reaction
with a large rate constant may have to be considered as a slow reaction.

Example 1 Consider the following reaction network

If k1 = 0.01, k—; = 0.1, and initially n4(0) = 100, np(0) = 1, then the rate of
A — Biskina(0) = 1, and from B — A is k_1np(0) = 0.1. Thus even though
ki < k_1, initially A — B is fast compared with B — A. Of course when A is small
kina(t) < k_1np(t), and which is fast and which is slow is interchanged.

This issue must be addressed on a case-by-case basis, but here we simply assume that
all steps can be identified as occurring on either an 0(%) scale or on an O(1) scale
a priori. Since we consider a small system with small numbers of molecular species
involved in at most second-order reactions, the separation assumption can be justified
by stipulating that

1
hmaﬂ)md%mxmu
€

where Ny is the maximum number of molecules of reactants involved in slow reactions
and k y and kg are characteristic rate constants of fast and slow reactions, respectively.
Thus we can rewrite the matrix K as

1
K =-K'+K°,
€

where K/ and K* are the fast and slow transition matrices whose entries are the
transition rates of fast and slow reactions, respectively. Then on the O (1) timescale
(3.4) can be written
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ar®) _ (le + KS) p(1). (3.6)
dt €
Asbefore, conservation of probability must be satisfied, but now it must hold separately
on the slow and fast scales, i.e., 17 € N((K/)T) and N'((K*)T). Thus both the
transition rate matrices K* and K / for slow and fast reactions are generators of Markov
chains. As we see later, the sub-graphs g{ and G§ of Gy associated with the fast and
slow reactions may have several disjoint connected components when considered as
undirected graphs. These need not be strong components of Gj.

Equation (3.6) is written on a slow time, but on the fast timescale T = t /¢ it reads

dp(t)

=K' +€eK)p@) (3.7)
dt

and from this one sees that the slow reactions act as a perturbation of the fast reactions
on this scale. It follows that the perturbation can only have an effect on the dynamics
represented by the eigenvector(s) corresponding to the zero eigenvalue of K/, and
this will be exploited later.

3.2 Conditions under which the state space is bounded

A number of technical issues have to be discussed before proceeding further. Firstly,
it is easy to see that the positive cone of Z™ is invariant, which therefore preserves
non-negativity of the probabilities. Furthermore, if the reaction simplex is compact
there are only finitely many states in the system, and the generator of the Markov
chain is a finite matrix. In that case the invariant distribution is well-defined and, given
certain additional properties discussed later, it is unique. When the state space has
infinitely many points the generator is an infinite matrix, and in fact, is unbounded as
an operator on /o> because the entries of K depend on 7. In this case little is known
in general about its spectral properties and invariant measure(s). This is in contrast
with random walks on homogeneous lattices, where the generator is bounded even
if the state space is infinite. Moreover, the fact that the corresponding deterministic
description has a compact invariant set is of no import in the stochastic description,
since large deviations from the mean dynamics are possible. However, as the following
example shows, the probabilities of very large numbers may in general be very small
under suitable conditions.

k k
Example 2 Consider the simple process ¢ Lol ¢, where as usual, ¢ represents
a source and sink, and let p,(¢) be the probability of having n molecules of A in the
system at time t. Then one can show that the generating function

G(s, 1) = D 5" palt)

n=0

5 A vector space whose elements are infinite sequences of real numbers.
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satisfies

G G
—+ k(s —-—1)—=k(s—-1)G.
ap Thals = D=2 1s =1

The solution of this for the initial condition p;(0) = 1, p,(0) = 0 otherwise, is

Ges,n = (140 - l)e—kﬂ) -exp (%(s - D - e—kZ’))

and from this one finds, by expanding this as a series in s, that

1 (k\"! fr)!
pa(t) = @(k_z) (1—€ )

k
x (kl(l —ehty2 4 kzne*kﬂ) -exp (—k—1(1 - e"ﬂ)) (3.8)
2

Therefore the stationary distribution is

. o 1 (k)" ki
im =—|—) exp{——).
500 Pr m\in) “P\ 7§

which is a Poisson distribution with parameter k1/k>. Thus p,(¢) is non-zero for
arbitrarily large n in both the transient and stationary distributions, but it decays rapidly
with n. For example, if k1 /k; ~ O(1) and n = 25, p, ~ O(107?) in the stationary
distribution. Even if the stationary mean k;/k, ~ O(10), p, < 10720 for n >~ 50
(one must always choose n greater than the mean in order that py < p, for k > n).

While this is only a heuristic justification for truncating the state space to a box
of the form 7" |[0, M;], we shall do this in the remainder of the paper. One could
formalize the truncation by modifying the dynamics so as to make all states that lie
in the positive cone and outside the box transient, and then restricting the initial data
to lie in the box. Further work on the validity of this truncation is needed, but in any
case the following results apply rigorously to closed systems and those systems whose
inputs are terminated when the total number of the molecules being input reaches a
pre-determined level, as in the following example.

Example 3 Consider a triangular system in which there is a input of one species, as
shown below.

ko ki k3 ks
¢ —>A=B=C=A.
ko ks ke
If the initial state is (n4(0), np(0), nc(0)) = (0, 0, 0) this defines the initial simplex
by n4(0) + np(0) + nc(0). Whenever a molecule of A is added the simplex shifts
upward by one unit in the first octant. To insure that the simplex remains bounded we
simply turn off the input ¢ when the number of species A achieves a certain threshold,
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say, N4. At this moment t = ¢*, we also observe the molecular number of species
B and C, which are ng(t*), nc(¢*), and the system evolves on this reaction simplex
thereafter, since the system is closed thereafter.

In general we shall assume that the inputs and outputs occur in the slow dynamics,
and thus the fast reactions occur on a fixed finite simplex. The inputs and outputs can
move the system ‘up’ and ‘down’ in the positive cone, but we assume that this occurs
on the slow time scale and if the total inputs are controlled the state space will remain
bounded.

3.3 The role of invariants

Any conservation condition that applies to a system defined in terms of concentrations
applies when the system is defined in terms of numbers, and therefore the invariants
that characterize (2.6) apply in the stochastic framework as well. In particular, the
definition of a kinetic manifold €2 s for the fast subsystem, in which the slow variable
¢ isinvariant, carries over with only minor modification. Since the state space is discrete
in a stochastic description, only the set of integer points in a reaction simplex €2 are
relevant, and we call the subset of integer points in 2 the discrete reaction simplex
and denote it by L.

For any ¢ € Q(cp), we can write ¢ = ¢9 + vEn > 0, where 1 is the extent, and
therefore

n=NaVe=NaVco+NaVvEn € QINaVcp) =: Q(nop).

Since n lies in Zj,{, which is the closure of the set Z; of m-dimensional vectors with
positive integer entries, it follows that the set of all integer points in the reaction
simplex is given

L(n0) = (1) N Zy,,
and we call this the (full) discrete reaction simplex through ng. Analytically, a discrete
simplex L(ng) is defined as a coset of R(vE), and it can be generated numerically

using Algorithm 1. To illustrate this, consider the following reaction network for an
open system.

Example 4 Consider the network
¢ > A=B — ¢.

where the input and output reactions are slow steps. One finds that

ROWE) N ﬁ = span (_Ol)((l)) N ﬁ
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0,2) 0,2)

(0,1) 1,1) (0,1) 1,1)

o 1,0) 2,0) o (1,0) 2,0

(a) (b)

Fig. 1 a The full discrete reaction simplex; b two fast discrete reaction simplexes distinguished by yellow
and blue colors

which is Z;r. If we start with the initial state (1, 0), and stop the input reaction once
one molecule of A is added from the source, as described in Sect. 3.2, we can generate
the full discrete reaction simplex as the set of all points denoted ‘e’ Fig. la.

Since the inputs and outputs occur on the slow time scale, these reactions are
denoted by red arrows in Fig. 1b, and the remaining reactions are in fast components
(green arrows). There are two distinct fast (absorbing) strong components, as shown
in Fig. b, defined as £] = {(1,0), (0, 1)} and £ = {(2,0), (1, 1), (0, 2)}. Since
ROWETY = span{[—1 117}, NTWwENHT] = span{[1 1]}, we can identify each fast
simplex uniquely by

ni

i=An=11 1][ j|=[n1+n2],

n2

where n1(ny) denotes the number of molecules of species A (B). The rows of the
matrix A comprise a basis for N[(vEf)T], and thus E{ is defined by n = 1, and

E{ by n = 2. In this simple example, we can interpret 7 as the total mass, which is
conserved by the fast reactions.

To define fast simplexes in general we consider only fast reactions, and first identify
all distinct absorbing strong components in G Sf . Then, working backwards, we identify
the sources and internal strong components that feed into an absorbing component.
This identifies a sub-graph of G comprised of an absorbing strong component and its
‘feeders’, and leads to the following definition of a fast simplex.

Definition 5 A fast discrete reaction simplex £/ is the set of vertices in an absorbing
strong component and its predecessor sources and internal strong components.

Remark 6 1. A fast simplex is uniquely determined by its absorbing strong compo-
nent. Each fast simplex is characterized by the invariants of the fast dynamics.
These are

i=A'n (3.9)
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where the rows of the matrix A/ comprise a basis for N(vE H.

2. The invariant distribution of the fast dynamics on a given fast simplex is non-zero
only for the states in the corresponding absorbing component.

3. Both source components and internal strong components may belong to more
than one fast simplex, as is exemplified by a reaction network with a binary tree
structure. In such a network the root belongs to all fast simplexes and internal
nodes at the kth level belong to 2" ~* simplexes, where 7 is the depth of the tree.

4. If there are no slow reactions in the network there is only one fast simplex, and
this case is not of interest here.

5. In general the disjoint union of all fast simplexes is the full fast simplex, i.e.

ULt = Qf (o) NZ1.

Although the following reaction network due to Wilhelm (2009) involves unrealistic
trimolecular steps, we use it to illustrate how to define the fast simplexes when the fast
subgraph gsf has multiple absorbing components whose predecessors are not disjoint.
Example 7

ki
S+2X—3X

3IX2ox 4+ p
k
X-p

The species are S, X, P, and the complexes: S+2X, 3X, 2X+P, X, P are labeled 1-5
in this order. Then the matrices v, £ and v€ are as follows.

-1 0 O
1 0 0 0 O 1 -1 0 -1 0 O
v=12 3 2 1 0 E=]10 1 0 vE=1|1 -1 -1
0 01 01 0 0 -1 0 1 1

0 0 1

It follows that p(£) = 3, p(v€) = 2, and the deficiency, which is defined as
§ = p(E)—pWE) = 1.Clearly S+ X + P is a constant and equivalently, N [(vE)T] =
span ((1, 1, l)T). If we set the initial state as (n5(0), nx(0), np(0)) = (1, 2, 0), then
the possible transitions in the system are as shown in Fig. 2a.

Assume that only the second reaction is slow and the others are fast. Considering
only the fast transitions indicated by green directed edges, it is clear that the resulting
g{ has the two absorbing strong components (1, 0, 2) and (0, 0, 3) because there are
two possible exit steps from the node (1, 2, 0), one with rate k1, the other with rate k3.
The two fast simplexes are
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0,0,3)

(a) (b) (c)

Fig. 2 Example 7: a the full discrete reaction simplex(black circles); b, ¢ the fast simplexes

L{ ={(1,2,0), (1,1, 1), (1,0,2)}
Eg ={(1,2,0),(0,3,0), (0,2, 1), (0, 1, 2), (0,0, 3)}

as shown in Fig. 2b, c. Figuratively, and also in the language of graph theory,
the simplexes are branches of the tree that defines the full simplex in Fig. 2a.
L{ lies on the coset of R(vEN) = span{[0 —1 I]T}, thus NT(wEMT] =
span{[1 0 0],[0 1 1]},and £/ isidentifiedbyii; = (1,2). £J lies on the coset of
ROWE) =span{[—1 1 017,[0 —1 117}, thus N[(wE)T] = spanf{[1 1 1]},
and £] is identified by 7iy = 3.

In general a component of the reaction graph may have more than one absorbing
component and more than one fast simplex, as in the foregoing example. To determine
them in general one must first identify the number of strong components and their
type in every component graph G, C G . Since no vertex in a source is reachable from
any vertex outside its component and no vertex in a sink is reachable from a vertex
in any other sink, the relationship of reachability defines a partial order on the strong

components of G, . This in turn leads to the acyclic skeleton G, of G, which is defined

as follows. Associate a vertex V; with each strong component of G,, and introduce
o o

a directed edge from V; to V; if and only if one (and hence every) vertex in Vj; is

[e]
reachable from V,;. G, is connected since G, is connected, but it is acyclic; in fact, it
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]
is a directed tree. One of two cases obtains: either G, consists of a single vertex and
no edges, which occurs when G, consists of one strong component, or it has at least
one vertex of in-degree zero and at least one vertex of out-degree zero. One can relabel

o
the strong components if necessary, and write the adjacency matrix of G, in the form

[00looloo]
00[00[00
xx|00[(00
xx|x 0[00

xx|xx{00

xxxxOO_

where the x’s represent blocks that may be non-zero. The diagonal blocks are square
matrices of dimensions equal to the number of sources, the number of internal strong
components, and the number of sinks, respectively. The vertices corresponding to
internal strong components can always be ordered so that the central block is lower
triangular, since the strong components are maximal with respect to inclusion of edges.
The number of sinks or absorbing strong components is the number of zero columns

of A.

4 The reduction of a master equation with two time scales
4.1 The splitting of the evolution equations

In this section we show how to obtain the lowest-order approximation to the slow
dynamics for a system that is described by

dp 1 )
£ ==K/ +K*)p. 4.1
o (E + )17 (4.1)

on the O(1) timescale and by

d
dt

on the fast time scale T = ¢ /e.
By a suitable ordering of the states we can write the fast transition matrix K/ as a
block diagonal matrix
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K/ = _ 4.3)

f
Ki_

f
L K |

wherein the number of blocks is equal to the number of fast components in the state
transition graph st of the fast reactions. We show later in Theorem 11 that each block
has zero as a semisimple eigenvalue and we analyze the structure of the blocks in
detail, but here we first define the index of a matrix (Campbell and Meyer 1991).

Definition 8 Let A : R, — R, be a linear transformation. The index of A is the
smallest non-negative integer k such that R(AMD = R(AM).

An equivalent definition is that the index of A is the largest Jordan block corresponding
to the zero eigenvalue of A. It follows from the general theory in (Campbell and Meyer
1991) that a matrix with a semisimple zero eigenvalue has index 1, and as a result, the
following properties hold.

(i) R, = N(A) ® R(A)°

(i) R(A%) = R(A)

Since we assume that the inputs and outputs only occur on the slow time scale, the
fast dynamics occur on a fixed compact simplex in C;; and K 1 is a bounded operator
that generates a Markov chain, since 1 € N (K/)T. We define dim(NV(K/)) = ny,
and of course it follows that both N'(K /) and V(K /)T) have a basis of n s linearly-
independent eigenvectors. Let 7 be the nn; xn ¢ matrix whose columns are eigenvectors
corresponding to zero eigenvalues of K/, and let L be the n f X ng matrix whose
rows are eigenvectors corresponding to zero eigenvalues of (K/)”. One can choose
these to form a biorthogonal set and therefore LIT = I, e Furthermore, I[TL = Py,
where Py is the eigenprojection corresponding to the zero eigenvalue of K/, and thus
R(Py) = N(K/) and R, = R(Py) @ R(I — Pp).

By property (i) above R, = N(K') @ R(K') and to show that R(I — Py) =
R(K') we observe that the adjoint POT leads to the decomposition R,,, = R(PT) @
R(I — PI). We have that R(P{) = N((K/)T) is orthogonal to R(I — Pp), and
from the basic properties of projections and their adjoints (Kato 1966) it follows that
R(I — Py) = R(K).

Since R,, = N(K/) @ R(K '), we can write

p=Ppp+U—-P)p=Ip+Tp. 4.4)

where p = Lp and I is an ng x (n; — n ) matrix whose columns are basis vectors
of R(K f ). Then the matrix [IT | I'] is an ng X ny; matrix whose columns are basis
vectors of R, . Using (4.4) in (4.1) leads to

6 This is the direct sum, but is generally not the orthogonal direct sum.
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dp _dp (1
a2 rf? _ (Zk/ 4 k) (T1jp+Tp). (4.5)
dt dt €

To obtain the evolution equations for p and p separately, we define the (ns—n r) xn;
matrix V = [0 | I,,S_nf][l'[ | F]’l,whichhastheproperty that V[IT |T'] = [0] Im_nf].
In other words, VIT = 0, VI' = I, _,,, and by multiplying (4.5) by L and V,
respectively, we obtain

"
5P _ LK (ITj+Tp), (4.6)
di

dp Lo N o s
= V(K K ) ITp+Tp) = -VK/Tp+ VK UTp+Th). @47)

where we used the fact that LT = 0 because N ((K/)T)) L R(K/).
On the fast time scale T = ¢/€ we obtain in the limit € — O that

dp
P _y, 48
17 (4.3)
o
P _ykirp. (4.9)
dt

On this time scale the slow variable p remains constant while the fast variable p
evolves according to (4.9).
On the slow time scale

s
d—‘;’ — LK (ITp +Tp), (4.10)
dp R

€l = (VK +eVK)UTj+Tp). 4.11)

and the limit ¢ — 0 leads to the condition that
VKITp=0.
Lemma 9
VK'Tp=0
onlyif Tp=0.
Proof By definition I'p € R(K /), and since R((K/)?) = R(K') by property (ii)
above, it follows that K/Tp = I'q for some g. Since VI' = Iy, VK/Tp =0
only if ¢ = 0, which implies that T'p = 0.
Since I' p = 0, it follows from the Eq. (4.10) that

dp i
d—i’ — LK'MTj =K p, (4.12)
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Fig. 3 Triangular reaction: red A 2,0,0)  2ks
and green arrows denote slow 765\‘
and fast reactions, respectively. %IlTkZ k)/ (1.0.1) o
a The reaction network; b the k ke Aﬁ ;kg
state transition diagram for a y ko ks (1,1,0) \kzklﬁkz ° (0,0,2)
total of two molecules klﬁz - Zo\ k%{
0,1,1) 4
ks 2k
Be—F—F¢ (0,2,0 *Z

(a) (b)

which shows how the slow evolution between fast simplexes depends on components
of the fast evolution through L and 7. The components of p represent the probabilities
of aggregated states, and since I'p = 0 it follows from (2.14) that p = IT p, from
which one obtains the probabilities of the individual states.

The following example illustrates the structure underlying the general reduction.

Example 10 Consider a closed triangular reaction system with all reversible reactions,
in which reactions 1 and 2 are fast, as shown in Fig. 3. The total number of molecules
is conserved in a closed system of first order reactions of this type, and the transitions
in state space are as illustrated in Fig. 3 when the total number of molecules is two .
The matrix K/ is obtained by setting the rates of all slow steps to zero. The resulting
graph has three connected components, (2, O, 0):(1, 1, 0):(0, 2,0), (1,0,1)

: (0,1,1) and (0,0, 2), and this leads to the representation

&0 o Ki Ki, Ki;
K=-10 K/ 0 |+|Kj, K3 Kij|. (4.13)
0 0 x{| LK§, Ki, K
where K if ,i = 1,2,3 is the m; x m; matrix of transition rates within each fast

component, and K f i is an m; x m; matrix of slow transition rates between fast

components. In this example, the K ,.f are

—2k, ko 0

f f —ki k2 f

Kl =| 2 —Cithk) 2% | KI=| 1 7 K=o,
0 ki —2k, ! 2

Note that the vector 1 of the appropriate dimension is a left eigenvector of each K,
and therefore probability is conserved on each fast component. In view of the block
structure of K/ in (4.13) zero is a semisimple eigenvalue of K /.
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The sub-matrices of K* are

—2ks 0 0 (ky + ks + ke) 0
Ki=| 0 —ls+k) O ’Kg:[ ' 05 6 (k3 + k +k)]
0 0 ks 3T

K3 = —(2ky + 2ks)

and

ks 0
o | ks 0 P B
21 0 ke 2ks | 12 04 ki

T T
K,=[00 0] Kis=[000] Ki=[k k] Kis=]2%s 2%]

The matrices L and IT are given by the following.

Ly 0 O I 0 0
L=|0 L, 0O |, n=\(0 I1m, 0 |,
0 0 Ls 0 0 IIz

where L1 =[111], L, =[11], L3 = 1 are basis vectors ofN(Kl:f)T’s. The I1;’s are
the multinomial invariant distributions on the fast components (Gadgil et al. 2005),
and are found to be

2 2 T k k T
= [ k3 2kiko ks } M= |:_2 1 } =1,
(k1 +k2)? (k1 +k2)? (k1 + k2)? ki+ky  ki+ky

0’s are zero row or column vectors with the appropriate dimensions.
As shown above, the dynamics on the slow time scale are governed by (4.12), and
in this example the transition rate matrix for the slow system is given by

LiK{I; LiK{,T, LK ki K, K,
K =LK'Il = | LyK5 Iy LoK3I, LyK35IT5 | =: 153’1 ~/E; k§3
L3K§’1H1 L3K§’2172 L3K§H3 k§,1 k;z k;

where the off-diagonal transition rates 12; j are given by

k,=LiK{,IT, kj;=4k,=0 k=LK [T,
kS 3 = L2K3 503, k3, = L3K3,IT,.

The diagonal elements are the negatives of the corresponding column sums and there-
fore K is the generator of a Markov chain. We will show later—in Theorem 13—that
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the transition rate matrix for the reduced system is always a Markov chain generator.
Recall as discussed in Sect. 4.3, we have

11
110

=1 —1| A= i Alp =M
0 0 1 n3

Thus 77 = (2,0), np = (1, 1), and n3 = (0, 2). The evolution on the slow time scale
is as shown schematically below.

k) k5,
(2,00=(1,1)=(0,2)
k2 ks

The matrices for the general case in which the total number of molecules is Ny are
given in the Appendix.

4.2 The structure of the generator of the slow dynamics

We recall the standing assumption that there are no inputs or outputs that occur on
the fast time scale, and therefore on the fast time scale the reactions are confined to
fast simplexes as defined earlier. The slow dynamics moves the state between fast
simplexes €2 y on a given simplex €2, and/or between simplexes on the slow time scale.
Because the transition matrix for the fast dynamics has the block diagonal form given
in (4.3), both L and IT have the same block structure and it suffices to determine the
null spaces for a fixed block.

The graph gxf can be decomposed into sources, internal strong components and
absorbing strong components. If all fast reactions on fast simplexes are reversible,
then all fast components are strongly connected. If a state or vertex is not connected
to any other states, we call it an isolated state, and it is then a (absorbing) strong
component itself. Note that in the triangular reaction network as in Example 10, each
fast component is an absorbing strong component.

We let S; be the set of all states (nodes) in the graph of the ith simplex and denote
the set of the states in the sources, internal strong components and absorbing strong
components by S7¢, Sf” and Sl.“b, respectively. The set of all the states, S can be
represented by disjoint unions

S =U;S; = Ui (SUsinusety.
We assume that |S;| = m;, [S??| = m¢®, |SI"| = m!" and |Sf°] = m$°. Thus
m; = m?b —I—mf" +mi°.

By following the general analysis of reaction networks developed in (Othmer 1979)
we can write each block K if in (4.3) as an upper triangular block matrix
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Kif,ab Kif,ab,in Kif,ab,so

Kif = Klf,l'" Kl:f,in,so ’
Kif,so

where each block K if "% is the transition matrix between states Sf‘ ,whereax = ab, in, so

and Kif B is the transition matrix from the states in Sl.ﬁ into states in Sl?‘ , Where
o, B =in,soorab.

If the ith simplex includes p; isolated absorbing states and ¢; absorbing strong
components with at least two states, then the matrix K l:f :ab can be written as

Ol’i Fab

K/
fab i1
Ki =

f.ab
i,qi

where 0, is a p; x p; zero matnx that reflects the transition rates between the p;

isolated absorbing states and K; ab i< an m‘”} X m“b transition matrix describing the

transitions between all states in the jth absorbing strong components with at least two
states.

The following result defines an important spectral property of each K l.f , which
determines the structure of its left and right eigenvectors L; and I7; as shown in
Subsection 4.3.

Theorem 11 Each matrix K l:f 9 has a semisimple zero eigenvalue and each K [:f i

50 . . .
and K,.f' , i =1,...,1, is nonsingular.

Proof The proof of this follows from the general result given in (Othmer 1979). This
theorem implies that the zero eigenvalue of K l.f is semisimple.

4.3 The invariant distributions of the fast dynamics

Next we consider the invariant distributions of the fast dynamics, which give the basis
vectors in I7. These are vectors 7 > 0 such that K/ 7 = 0 and > = 1. Since
every absorbing strong component with at least two states has a unique steady-state

probability 7;° /,j =1,---,qi.7 “b is a basis for/\/'(Kf b) since Kfab ”b =0, and
dim NV (K { jab) = 1. Notice that each absorbing strong component Wlth only one state,

which corresponds to each diagonal entry of the block 0,, in K if ’ab, has steady-state
probability 1. Using these facts we define
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ab
T g

where 1), is an p; X p; unit matrix and 7/’ bis an m{ j x 1 vector. Since any states in
sources and internal strong components have Zero probablhty at the steady-state, we
define the matrices

II; 11
0, - 0, mn= - L @414
0 0y, Il

I = | 0,
0y,
where 0,, and 0y, are null matrices representing the steady-state probability of all states
in internal strong components and sources, respectively. Since Kl.f IT; = 0 it follows

that K/ IT = 0, and therefore we have an orthogonal basis for N ((K f)).
To construct a basis of N'((K£)T), recall that the multiplicity of an eigenvalue is the

same for a matrix and its adjoint, and therefore K f -ab has exactly one zero eigenvalue
and so dlm(/\/(Kfab) ) = 1 for each j. The 1 x m{ i b vector L“b =[l,...,1]isan
eigenvector corresponding to the zero eigenvalue of N(K; /. ab)T and therefore is a
basis of N[(Ki{j“b) ] for each j. Define

Ip;
7 ab
po| M
P =
7 ab
Lia
and note that iiKlf’ab = 0. By defining L; = [Zi A; B,-], where A; =
—l~,,-1(l.f’ab’in(Kl.f’i")_1 and B; = —(iiKl:f’ab"m + A,'Kl-f’i""w)(Klf’m)_l, one can
see that
Kif,ab Kif,ab,in Kif,ab,so
il =[i a5 ki gt |
f.s0
K;
Thus,

LK =0,
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where
Ly

L= . (4.15)
L
One can see that all row vectors of L; consist of a basis of N'((K l.f )Ty and it follows

from the block diagonal structure of L that all row vectors of L are basis vectors of
N((K)T). One can also show that the sets {L;} and {11} are biorthogonal.

Remark 12 When all components are strongly connected, e.g., all fast reactions are
reversible, the matrices L and IT reduce to

L; 11

where Zi isal x m; vector [1,1---1] and IT; is an m; x 1 steady-state vector of a
strong component £;. Here m; is the number of states in £;.

The following theorem shows that the slow evolution is always Markovian, even
when a fast simplex has multiple components, each of which may have sources and/or
internal components.

Theorem 13 K = LK*II is the generator of a Markov chain.

Proof In order to prove this, we only need to show that the sum of each column of
K is zero and the off-diagonal entries are nonnegative. Without loss of generality and
to avoid complicated subindices, we consider the first column of K . The first column
block of K, denoted as (K) is given by

(K), = [LiK{M LaK3 My - LyK; ",
where 7 is the number of fast components, block L,-Kflﬂl € Ruyp;xab. i =1,...,1,

ab; is the number of absorbing strong components of the i-th fast component. The
sum of all the rows of K is

Z (Z(LiKilnl)row k,-) :Zz(LiKis,l)mW kinl _ Z (ZL;'OW ki)K,‘S,lnl
ki ik i ki

i

= lexD,-Kf,lUl = (zllxDiKil)Hl = 01xp, IT1 = 01xap,,
i i

where A™Y ki denotes the k;-th row of matrix A and D; is the number of nodes in the
i-th fast component. The third equality follows from the fact that the column sum of
L; is always one, because each L; defines an invariant probability and the sum must be
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one. The last equality follows from the fact that the column sum of K| is zero. Since

non-positive entries appear only along the diagonal of K, the off—dia;gonal entries of
K are nonnegative.

To summarize, we now have the approximate equation for the probability distrib-

ution on the slow time scale

s 7~

o = LKTp, (4.16)
where the matrices L and IT are given above. Clearly the utility of the reduction
depends heavily on whether the invariant distributions of the fast dynamics are easily
computed. This is possible for a network of first-order reactions, and for closed systems
the distribution is multinomial if the initial distribution is multinomial, while for open
first-order systems the distribution is a product Poisson (Gadgil et al. 2005). The
general case of first-order reactions is completely solved in (Jahnke and Huisinga
2007), where the authors show that the solution can be represented as the convolution
of multinomial and product Poisson distributions with time-dependent parameters that
evolve according to the standard equations.

Analytical results for bimolecular reactions are more limited. However it is known
that the invariant distributions of a class of Markov chains that arise in queuing theory
have a product form (Boucherie and Dijk 1991), and it has been shown that this also
holds for a zero-deficiency reaction network (which means that R(£) N N (v) =
¢) under the assumption of ideal mass-action kinetics (Anderson and Kurtz 2011;
Meélykauiti et al. 2014). When this does not apply the stationary distributions frequently
involve hypergeometric functions (McQuarrie 1967).

4.4 A detailed example of the reduction

To illustrate the reduction method on general reaction networks, we consider the three
reaction networks shown in Fig. 4. The resulting states beginning from one molecule
of A and two of F are shown in Table 2, where the states are in the order of molecular
species A, B, ..., G. The state space of network 3 is a subset of that of networks 1 and
2 since reactions with rates k3 and k5 are missing, as seen in see Table 2 (right). The
corresponding full state networks as shown in Fig. 5 are generated using MATLAB.

By switching off the slow reactions in the graphs of the full state transition diagram
shown in Fig. 5 we obtain three fast components for each network as shown in Fig. 6
(top), (center) and (bottom) respectively. The fast components on the right for every
network are strongly connected and are the same since they are all generated by
the reversible reactions 2F <« G. By highlighting the nodes appearing in the same
absorbing strong component, we see that in the state diagram of network 1, each fast
component has a unique absorbing strong component. Comparing the top and center
graphs in Fig. 6, we see the only difference occurs in the middle component. Network
2 has one more absorbing strong component than network 3, and the remainder are
the same.

We perform the reduction method on the three networks and obtain the reduced slow
transition matrices for each network as follows. The detailed steps in the reduction are
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k
A——>B_—~>»C_—>2F_——>»G A— =B _—>C _—>2F _—> G
3 9 11 3 9 1
J1 S
D D

e
-

T ke ko le

C)) (b)

m
m

k k k
A—2 > B -2»0—»oF s G
9 ku
k4l
D

£ (o)

Fig. 4 a Network 1. b Network 2. ¢ Network 3. Redand green arrows denote slow and fast reactions,
respectively

Table 2 Accessible states of networks

(1) [ 1000020 (2) [0100020][(3) [1010000
(3) | 1000001 | (3) | 0010020 | () | 0001020 (1) 1000020 [(2) [0100020[(3) [1010000
() [o110000 0700001 | (3) | 1100000 % 1000001 | (5) [o0010020 | (6) [0001020
0110000 0100001
0000040 @ 0020000 @ 0010001
0000040 @ 0020000
@ 0000120 0011000 @ 0001001
@ 0000120 0011000 @ 0001001
0200000 @ 1001000 0000021
0000021
0010100 0000101 @ 0101000
0010100 0000101 @
@ 1000100 @ 0000002 0100100
@ 1000100 @ 0000002
@ 0002000 0001100 @ 0000200

Left Network 1 & 2 and right Network 3

shown in supplemental material available at http://math.umn.edu/~othmer/Reduction.
pdf. One finds that the columns of the 3 x 3 matrix K, the generator of the slow
dynamics for network 1, are given by

(K (K1)2]
—koky1ksky (k3+ko)—kgkoksky (kio-+ki1)—koki1 kaks (ke+k7) kgkoksky (kaksks +2kakskq+kskaks+k3kake)
(k1o+ki1) (kskako+kaksky+kskaks+ksksk7) kaksky (kskake-+hoksky+kskaks+kskskr)+ Lk2 (kake+kaks+ksks)?
koki —kgkaksks (k3kskg +2koksky +k3kaks +k3kake)
kio+ki1 kaksky (kskake+kaksky+kskaky+ksksks)+ L k3 (kake+kaky+ksk)2 |
kgkaksky 0
k3kake+kaksky+kskaks+ksksks

(K1)3
6kokyy (kio+ki1)
3k3,+6kioki1+k3,
0
—6koki1 (kio+ki1)
3k2,+6kiok1 1 +k3,
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Fig. 5 The graphs of the full state transition diagram with initial state D — (1, 0, 0, 0, 0, 2, 0) for network
1-3, red arrows denote slow reactions. a Network 1. b Network 2. ¢ Network 3. Red and green arrows

denote slow and fast reactions, respectively

The first three columns of K, are given by

(K21 (K2)2
_ __kokiy k3ko kskoky
(k3 + ks) kio+kii + ko+ks k(k](z—;k4)(k6+k7)k .
kg —kskokq __kokyy
’;{2;2]64 (kyt+ka) (ke +k7) — kio+ki
9k1i
kio+ki1 0
0 kok1
kio+k11
0 0
kg 0
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(b) (c)

Fig. 6 The three fast components for network 1 (fop), network 2 (center) and network 3 (bottom). The first
has three fast components and three absorbing strong components, the second has three fast components
and six absorbing strong components, and the third has three fast components and five absorbing strong
components
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and the last three columns are given by

(K2)4 (K2)s (K2)6
0 0 6koky (kio+ki1)
3k3,+6kiok1+k3,
kg 0 0
kskoks
kskok (ko teth) k3k 2k (k) k !
—kskaky _ 3ky skaky
Grtderi — K3+ ks) + 53 (ko +k4) (ke +k7) 0
3ka “Oksk | 2kskaks 0
ko—+ky ke+k7 (kp+kq) (ke +k7)
0 0 —6koky (kio+k11)
3k3,+6k1oki1+k3,
Finally,
pe _ _kokyy 6koky (kio+ki1)
ks kio+k11 0 2ks 0 3k3,+6kioki 1 +k3,
__kokyy
. (IZ kio+ki1 0 ks 0
5 oki1 _
K3 = k10+k11 k(z 2k8 O O
oki1 _
0 Frotkn] 0 kg 0
kg 0 0 0 _ _6kokyy(kio+ki)

3k, +6kioki 1 +k3,

A number of general facts emerge from this example.

1. If each fast component has a unique absorbing strong component, entries of the left
eigenvector of the fast transition matrix K I are all one’s , ie. L = [1,1,...,1].
In this case, there is no need to calculate A’s and B’s.

2. The column sum of L; is always one.

3. The dimension of the reduced slow transition matrix K is the total number of
absorbing strong components. Our reduction method does not require the unique-
ness of absorbing strong component in each fast component. Without loss of
generality, we consider the middle component of network 3 for example, see Fig. 7.
It is obvious that the probability of (7) choosing to transit to @ is k2 / (k2 + k4),
and the probability of transiting to @ is ks4/(k> + ks). Conceptually we can sup-
pose that this 5-state component is comprised of @) — () — (@ with probability
ko /(ky +k4), and occursas @ - @D — @ :’ with probability k4 / (k2 + k4),
and the reduction method reflects this correctly.

To see this, denote the probability vector corresponding to the 5-state component
by

P =[Py, Pis, P19, P7, P3]".

Then the left eigenvector L is found to be

k k
L = |:1 0 0 k2+2k4 sz/q i|

- ky ka
0 1 1 ko—+ky ko—+ky
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k1 ko
() O—O— ®
(@) (b) (©)

Fig.7 TIllustration of multiple absorbing strong components within one fast component: Network 2 middle
graph

and the probability vector of the reduced network is given by

k
P_Lp— Pll‘i‘mk(P7+P3) ’
Py + Pro+ 75 (P + P3)

the first row of P corresponds to the probability of being trapped in the absorbing
strong component {1, whereas the second row corresponds to the probability of
evolving to the other absorbing strong component @7 @. The accumulated
state associated with @ — () — @ is obtained by switching off the reaction
with rate k4, which is (2, 0, 0), and similarly @ — @ — : gives rise to
2,1,0).

4. Comparing the reaction network 2 and 3 as shown in Fig. 4, we can see network
2 has two more reverse slow reactions, i.e. reactions with rate k3 and k5. Consider
the reduced slow transition matrices K2 and K 3, if we let k3 and k5 be zeros in K 2,
then K > and K 3 are the same except K » has one extra row and column of zeros,
which correspond to the absorbing strong component ¢ @9 @) that only
exists in network 2.

4.5 The mean and variance
Often the first and second moments of the distribution of each species is desired, and
from the previous analysis one can find an approximate expression for the mean and
variance of each species as follows. Define a projection operator 7 as

Tk (n) = ng,
where n = (n1, ..., ny). Observing from the previous analysis that each state S;;, the

Jjth state in £;, has a probability distribution 7;; p; (¢) at time ¢, one can find for each
k=1,...,s
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Elng, t] = Y Tu(n") pi(0)mij, 4.17)
iJ

Var[ng, 1 = D [T pi()mij — Elng, 1, (4.18)
iJ

where 1/ denotes the vector n of molecular numbers corresponding to the state S; i
Thus we can obtain formal solutions (4.17) and (4.18) for mean and variance of each
species on the slow dynamics.

In linear models, it is possible to obtain explicit expressions for mean and variance
(Gadgil etal. 2005). In that case one can consider transitions between species as random
walks of a molecule. This fact leads to a simple stochastic algorithm for computation
and especially, if each fast component C; in the reaction network is strongly connected,
the quasi-steady-state distribution of the fast component is multinomial (Gadgil et al.
2005). Thus one can compute the conditional expectation E[R®(n)|n] as follows; the
quasi-steady-state probability vector r; of a component C; can be computed by using

mi
K}m 20,27[,‘]’ = l,
j=1

where 7;; is a steady-state probability of jth species M;; in the ith component. If
the reactant of a slow reaction is M;;, then one can obtain the transition rate for the
reaction

E[R’(n) | il = K°m;ji,

where k; is the transition rate constant of the reaction R¥.

Further insight into the structure of the slow dynamics is gotten from the fact that
entry of (LK*IT) is a conditional expectation when all fast components are strongly
connected, as proven next.

Theorem 14 Suppose that fast components are strongly connected. Then the approx-
imate transition rate Ry for the transition rate of all slow reactions from jth to ith
fast component is

Re =D ceElhe(n) | 7] = D E[Rj(n) | ill,
14 ¢

where cy is the transition rate constant of the £th slow reaction which transits states
from jth to ith fast component and hy is the combinatorial number of reactants of the
Lth slow reaction.

Proof First note that by an occurrence of the £th slow reaction, a state in the fast
component ch is transformed into a state in the fast component E’}. When a fast
component is strong the variable 7 = A yn is uniquely defined in each component, we

@ Springer



A multi-time-scale analysis of chemical reaction networks... 1115

suppose that /i = 72’ for L', and i = 7/ for Uf Let n"¥ be the vector of molecular

numbers that denote the state S;, the kth state in the component L.

Since LK*IT is a Markov chain generator, it follows from the reduced equation
(4.12) that the approximate transition rate for a transitions from the jth to the ith fast
component is given by the (i, j)th entry of L K*I1, which is computed as follows.

(LK*M);; = (diaglLy, ..., Ly 1K diaglI;, [Ty, ..., ITy  1)ij

(K - (K)im; Tl
—1 1 (Kisj)Zl (Kisj)Zm_,- TTj2

(K;})rnil o (K;j)m,m/ Tjim;j
=D DK pgmjg =D cche@m? P =n" | i =i))
q9 P q
= c(Elhe(n) | i =] = E[Ry(n) | i = /]

where the (i, j)th block matrix of K*, K l‘."j, is a matrix of transition rates from the
states of EJ} to those of Eif and so (K fj) pq 1s the rate of transitions from the gth state

in E‘} into the pth state in E"f. In the fourth equality, we made use of the fact that
oKD pg = 2 cehe(n/) and 7, is the conditional probability P(n = n/ |
i =il).

Remark 15 The result s true in general but the proof is somewhat more involved since

the structure of the L; and the [1; is more complicated.

When 7 defined earlier is uniquely defined in each discrete simplex Eif, we have
the relationship between the full and reduced systems shown in the following table.

Original system Reduced system
Variable n i=An
Stoichiometry vES vE = Al veEs
Transition rate R (n) RS (n) = E[>. R* i)

Moreover, under the assumptions in Theorem 14 we can obtain an approximate
chemical master equation on the slow time scale when the fast components are strongly
connected. If the original master equation is given by

d I
TP = > g[R{(n — vl P(n—vE},.1) = R (n) - P(n,1)]
L

+ D [RE = vEY) - P(n = vES). 1) — Ri(n) - P(n,1)],
k
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then the master equation in the reduced system is approximated (with error less than

0(€))

dp(i, 1) e B o S
S = DURG — vE W) G — vE . 1) = RE DG, (@419)

k

whereii = A/ n, vcz/'s(k) = Afvc‘}‘(‘k) and I:’,Sc(ﬁ) = E[> Rj(n)|n].Inalater section we
obtain a modified stochastic simulation algorithm from (4.19). If there are sources or
internal strong components the master equation for the slow system contains additional

terms.

5 A stochastic simulation algorithm for the slow dynamics
5.1 A stochastic simulation algorithm based on the QSS approximation

Preparation:

e Identify fast and slow reactions.

e For a given initial state n(0), switch off the slow reactions and generate the
transition matrix K/ of the fast component that n(0) lies in by implementing
Algorithm 1.

e Identify the fast simplex that 7(0) lies in to determine Alab,

e Defineii = AS90n, vES = ASfabygs,

e Denote the fast simplex that n(0) lies in to be 7(0) = A5*n(0) = nj,ie., jthfast
simplex and its target fast simplexes through slow reactions, denoted as 7; (could
be more than one).

e Identify the fast transition matrices within the ik and jrh fast simplexes, respec-
tively, denoted as K f.abi g fabj Identify slow transition matrices from jth toith
fast simplexes, denoted as K f IE

e Compute L; and I1; such that L;K/abi = ( and K /-abi IT; = 0.

Step 1. Scheme for a fast simplex: Computing slow reaction rates from the QSS
state of fast a simplex

1. Compute the slow transition rate RS (7t j) = K H i= LiK? j17 ; from the jth fast
simplex to all its target simplexes.
2. Compute R}, = >, RI(71}).

Step 2. Scheme for simulation of slow reactions: Simulating the slow reactions with
the reaction rates obtained in Step 1

1. Generate two random numbers r{ and r» from the uniform distribution on (0, 1).
log(ry) k=1 55/~ DS
2.8t t = — o and choose k such that > =, R}(7;) < nRj,, <
tot
k DS (7
2.i—1 Ri@)).
Step 3. Update .
Lett <t +tandn < i+ v&;. Go to Step 1.
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Remark 16 1. The main idea of the modified Gillespie algorithm is to perform the
traditional algorithm on a reduced rather than the original reaction network. For
instance, in Example 10,

110 — -1 1
Al = 100) = ATn(0) = (2,0) vEs = ATvES = ,
[001} n(0) n0)=(@2,00 v v [1 _1}

and vES provides the stoichiometric matrix for a reduced reaction network. The
reduced reaction network can be written as

./\/ll = Mj,

where M, M5 are what we call “pseudo species” in the reduced network, and
the new initial state 72(0) = (2, 0) corresponds to only two molecules of species
M . Each pseudo species represents one fast (absorbing) strong component, in
this case

Mi:A=B M;:C.

The slow reaction rates in the reduced network are computed using LK*IT as
before except K/ and K* are for the original reaction diagram rather than state

diagram, i.e.
A B A B c
Al =k k : c ! Alk
ki = PR K =cl0l k3 =Clkeks] K=" |
B| ki —k ’ ’ B | k4

After finding the forward reaction rate from M to M tobe (k1 k3+koke) / (ka+ks)
and the backward rate k4 + ks, one can initialize the Gillespie algorithm as usual.

Example 10 is the special case in which each fast component is strongly connected,
i.e. only fast absorbing strong components or sinks exist. In general, one should identify
sink, internal, and source strong components in the reaction graph. Once they are
identified, the graph becomes a tree. Then one can use for example depth-first search
to identify the fast discrete simplexes as defined in 5 in order to find A/ .

The algorithm entails computation of the matrix of the slow dynamics, and whether
one does this once for all initially, which may be advantageous when doing multiple
realizations, or on the fly when only a few realizations are desired, is a matter of
choice. In single realizations the entire state space generated by Algorithm 1 may
not be explored and ‘on-the-fly’ computation of the slow transition rates may be
advantageous.

6 Applications

In this section we analyze three examples: a bacterial motor model, an enzyme-
inhibitor model and a model from PFK system. These examples illustrate the reduction
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when there are relatively few states in the system. In these cases one can find the
approximate probability distribution of the slow variables by solving the reduced
matrix equation dp/dt = LK*II p directly. Of course the main step is to find the
matrix in the reduced equation

s
P _ 1k mp.
dt

Example 17 (A bacterial motor model)

This example arises as a model for control of the rotational bias in the flagellar
motor of E. coli (Othmer 2005). At the base of the motor are sites at which the protein
CheY), can bind, and the occupancy of the sites biases the probability of switching the
direction of rotation of the motor. Here we consider the following scheme for binding
CheY), (represented by Y) to these sites.

nkiY (n — DkY 24 Y kY
Wy — Cw = cwy, .. = CWooi <  CW,
k_1 2k_4 (n— Dk_ nk_;
a0 1 Bo ar 11 B a It B - an—1 1 Bu—1 an 1 B
nksY (n — DksY 2UsY ksY
CCWy < ccw, = ccw, ... = CCWo_y <= CCW,
k_3 2k_3 (n—1Dk_3 nk_3

Here C Wy and C C Wj, represent clockwise and counterclockwise flagellar rotation,
respectively. We assume that the horizontal transitions are fast, while the vertical
transitions are slow, which leads to two strongly connected fast components comprising
the horizontal steps.

Thus the two (n + 1) x (n + 1) fast reaction rate matrices are given by

[ —nkiY k1 0
nk Y —(k_y + (n— Dk Y) .
K{ = (n—DkY
nk_y
L k1Y —nk_1 |
[ —nksY k_3 0 7
nk3Y —(k_3+ (n — Dk3Y) .
K = (n— DksY
nk_j
L k3Y —nk_3 |
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Moreover, the slow reaction rate matrix is
K5 — —A B
A —B|’

A =diag(ag,...,a,) and B =diag(Po, ..., Bn).

where

Let IT = [I1; | I1z] and let [1;,i = 1, 2 be stationary distributions of Kl.f,i =1,2

respectively , i.e, IT; is the right eigenvector of K lf corresponding to the zero eigenvalue
with > j IT;j = 1, where IT;; denotes the jth entry of the vector /1;. Then the reduced
equation can be written

s
P _ rksmp,
dt

where

+1 +1
LK = |:—Z,’~1_1 a1 Il 2007 Bi-i 1 :|

| 1
St ey =Y B Iy

Thus we reduce the system into two-state model,

kJr
CCW Z CW,
=
where kT = Z?:ll o;i_11Tq; and k— = z;’:ll Bi_11T;. Here we note that k* are

functions of k;,n, o, B and Y. These parameters are reported in the experimental
literature.

Figure 8 illustrate the evolution of probabilities of CW and CCW obtained from
the full and the reduced equations.

Example 18 (Anenzyme inhibition model) We consider an enzyme-substrate reaction
system with a competitive inhibition

ki ky
E+S " ESSE+P E+1 EI 6.1)
k> ks

where E, S, I and P denote enzyme, substrate, inhibitor and product, respectively.
Let n;(t),i = 1,..., 6 denote the number of molecules of E, S, ES, I, EI and P,
respectively. We assume that the two reversible reactions E+S _~ ES, E+1 _ EI
are much faster than the irreversible reaction ES— E + P. After finding

@ Springer



1120 X. Kan et al.

0.9
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Q
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time time
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Fig.8 Shown here are the time evolutions of the probability that the motor rotates clockwise (Pr(CW) = 1)
and counterclockwise (Pr(CCW) = 1) with different initial conditions using k1 = 2,k_; = 1,k3 =
2,k_3 = 1,0; = 0.1,8; = 0.08,Y = 100. In the upper two figures, the initial condition is that the
motor is rotating clockwise with no Y bound. In the lower two figures, the initial condition is that the
motor is rotating counterclockwise with no Y bound. Blue lines are generated by computing the full system
(Pr(CW) =3 Pr(CW;), Pr(CCW) = > Pr(CCW;)), whereas red circles are for the reduced system

S O O =
S O = O
S O = =
S = O O
S = O =
- O O O

one can identify the slow variable
i=A n= (i +n3+ns,ny+n3, na+ns,ne) 7.

Since the fast subsystem E + S _~ ES, E + 1  EI has a deficiency of zero
and is weakly reversible, one can use the result by (Anderson and Kurtz 2011) for
finding the equilibrium probability of the fast subsystem; For the convenience of
computation, we assume that k; = k and k3 = ky. If the deterministic equilibrium
values of E, S, ES, I and EI for the fast dynamics are denoted by c1, ¢, ¢3, c4 and
cs, respectively, one can find the only one solution
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ar(1 + a1 +ar + a3 + Vo, + (1 —a) + oz + @3)?)

Cy =
: 2(o + a3)
a3(1 + oy + o+ o3+ Vaar + (1 —a) +ar + a3)?)
Cq4 = s
2(ap + a3)

and
Cl=0a] —C3—C5, C2 =0 —C3, C4 =03 —C5,
where o1 = ¢1 + ¢3 +¢5, ¥2 = ¢2 + ¢3, and a3 = ¢4 + ¢5 are conserved quantities in

the fast subsystem. Using the result of (Anderson et al. 2010), one finds the equilibrium
probability of the fast subsystem as

5 n;
C.
p(nl,...,n5)—M| I_n,-!’ nj=0,1,2,...
i=1
where M is the normalizing constant for > 2 p(m) = 1and ny, ..., ns satisfy the

conserved quantities n| + n3 + ns, no + n3 and n4 4 ns. The following figure shows
the simulation results for the slow variable 714 (the number of product molecules)
obtained from the approximate algorithm and the exact algorithm (Fig. 9).

Example 19 (A model for the PFK system) We consider a reaction network from a
model of the PFK step in glycolysis (Othmer and Aldridge 1978)

ki
_ )
A+ E .~ E1A] = E+ A
k_1
100
%0 f
80
o
70t 5
c
o 60t 2
. ©
5 k<
c 50 (?)
@ ke
2 °
€ 40t ]
el
30 g
®
20
10
o . . . . . . . . . . . . .
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
time time

Fig. 9 Enzyme-substrate model with an inhibitor. Comparison of approximate stochastic simulation
algorithm (red dotted) to exact stochastic simulation algorithm (blue solid). Evolution of means and
standard deviations of numbers of the product P when the initial condition (E, S, ES,I,EI, P) =
(5,100,0,5,0,0) and k1 = kp = kg4 = k5 = 10,k3 = 0.1. The results are based on 5000 realiza-
tions. Concerning the relative CPU time for one realization of the stochastic simulation, if the approximate
algorithm takes 1 s, the exact algorithm takes about 3.6 s, when a quad-core machine with Windows 8.1
and MATLAB 2014 is used
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k3
A+ EF EPAL S BN+ A
k—3
ﬁ) ke
A+ Ey .~ EyAy — E 4 Product.
k_s

Here Ay, Ay, Ey, E} and E denote F6 P, AD P, the low activity and activated forms
of free PFK and the enzyme for the ADP sink reaction, respectively, and E1A1, E ]“Al
and E; A, represent enzyme-substrate complexes.

If we assume three binding/unbinding reactions are much faster than others, there
are two different fast subsystems C; and C» in the reaction network,

k] k3
Ci : Al +E = E1A, A+EF _Z EfA
k_y k_3
and
ks
Cr @ A+ Ery Z ErA.
k_s

First we can find stationary distribution of C, using the hypergeometric functions
(McQuarrie 1967). Let initial numbers of A; and E» be ag and by, respectively and
define Q = kk;ll If by > agp, then the stationary marginal distribution of A, is given
by

0% (ap + co)ao +co—1)-+-(ap+co—k+ 1)

Py, (k) = D— ,
k! (bo —ao+ 1)(bo —ap+2)--- (bo — ap + k)

where k = 1, ..., a9 + co and D is a normalization constant.
Similarly, if ap > by, then the stationary marginal distribution of E»

Q" (bo+co)(bo +co— 1) - (bo +co —k + 1)
k! (ag —bo + 1)(ap — bo +2) - - (ap — bo + k)’

Pg,(k) =D

where k =1,...,by + co

Since the fast subsystem C; has a deficiency of zero and is weakly reversible,
we can find the equilibrium probability similar to the enzyme inhibitor model; If
we assume that ky = kp and k3 = k4 and the deterministic equilibrium values of
Ay, E1, E1Ay, Ef, ET Ay are denoted by ¢;,i = 1, ..., 5, respectively, then we can
find the equilibrium probability of the fast subsystem C;

5 n
C.
_ 1 R
p(nl,...,ns)—MHni!, n=0,1,2,...
1=

where n;,i = 1,...,5 are the number of Ay, Ey, E1 Ay, ET, E{ Ay, subject to the
conserved quantities n| +n3 +ns, ny +n3 and nq +ns, M is the normalizing constant
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Fig. 10 A comparison of the approximate stochastic simulation algorithm (red dotted) to the
exact stochastic simulation algorithm (blue solid) for the model of PFK reaction system. Evo-
lution of means and standard deviations of numbers of the product when the initial condition
(A1, E1, E1A1L ET, EYAL, Ag, Ea, ExAn, P) = (100,5,0,5,0,100,5,0,0) and ky = k4 = k¢ =
0.1, ky =k_1 = k3 = k_3 = ks = k_5 = 10. The results are based on 5000 realizations. Concerning the
relative CPU time for one realization of the stochastic simulation, if the approximate algorithm takes 1 s,
the exact algorithm takes about 2.9 s, when a quad-core machine with Windows 8.1 and MATLAB 2014 is
used

for >, p(n) = landn; ..., ns satisfy the conserved quantities nj +n3 +ns, no +n3
and ngq + ns.

ar(l 4+ oy +ax + a3 + Vg + (1 —ap + s +a3)?)
2(o2 + a3)
a3(1 + oy + o+ a3 +Vada + (1 —a) +ar + a3)?)

2(0 + a3)
€l =0] —C€3 —C5, C2 =02 —C3, €4 =03 —C5,

c3 =

’

C4 =

and o] = c1 +¢3 + ¢5,00 = ¢ + ¢3 and o3 = ¢4 + ¢5 are conserved quantities in
the fast subsystem.

The following figure shows the simulation results for the number of product, which
is a slow variable (Fig. 10)

7 Conclusion

We developed a reduction method for stochastic biochemical reaction networks with
coupled fast and slow reactions, and formulated an associated extension of the Gillespie
method. The reduced equation for the time-dependent probability distribution on the
slow time scale involves a projection in state space, and we show that the generator of
the reduced system is also Markovian. We found that the transition rate for a reaction
on the slow time scale is approximated by the expectation of the original transition
rate conditional on the invariant distribution of the fast dynamics. Throughout the
reduction the invariants of fast subsystems play a significant role, similar to what was
found earlier in the analogous reduction of deterministic systems (Lee and Othmer
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2009). When the stationary distribution of the fast dynamics can be computed, these
can be used directly in a modified stochastic simulation algorithm. Several biological
examples, including a model of motor behavior for a single flagellum, an enzyme-
inhibitor model and a model for the PFK system, illustrate the numerical accuracy of
the approximation for two lowest moments.

8 Appendix
8.1 The general case in Example 10

When there are Ny molecules, there are Ny + 1 fast components and the transition
matrix K is block tridiagonal, i.e.

1
SR SR
1
K3, K+ K5 K3,

s
K3,2

N
KNO,N()-H

s LS s
Kor1.vo 2BNot1 T Ko |

where the fast blocks are given by

[ —Nok ko
Noki —[(No — Dki + k2] 2ko
(No — Dk —[(No — 2)k1 + 2k3] 3k2
Kf
I =
Noky
- kv =Nok2 v 4y
[ —(No — Dy k> i
(No — Dky —[(No — 2)k1 + k2] 2k
(No — 2k —[(No — 3)k1 + 2k2] 3k
Kf —
] =
(No — Dk
L ki —(No—l)kz_NoxNO
ki ko
Kf{lo = :| ’K]{]O+] =0
L ki —ka
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The slow off-diagonal blocks are given by

ks 2ks
k4 ks 2ky 2ks
=] K3, =
. ks . 2ks
L ks | (No-+1)x No L Zks Nox(No—1)
s | Noks
NoNo+1 = | g |
For the lower diagonal blocks,
[ Noke k3
(No — Dke 2k3
Kil =
L ke Noks 1y vo+1)
[ (No — Dk k3
(No — 2)ke 2k3
Kg,z = )
L ke (No — Dk3 (No—1)x No

- KNov1ng = [kﬁ k3 ] Finally, the K along the diagonal are diagonal matri-

ces of the same dimension as K l.f , and the (j, j)-th entry of K f is the negative sum of
rates leaving j-th node of the i-th fast component.
In this case the transition rate is given by

]gfj = LiKinj.

8.2 Moment equations of the invariant distributions

The low-order moments of the distributions for the fast systems play a role in the QSS
reduction in Sect. 4, and here we consider the low-order moment equations.

Theorem 20 Letr be the total number of the reactions in the system. Then the invariant
(steady-state) distribution of P (n, t), which we denote P (n), satisfies

D Ri(n = vEy P(n — vEw) = D Re(n)P(n) (8.1)
=1 =1
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and the first two moment equations lead to

EWERM)] =0, (8.2)
Z [vE€i ® E[nRi(m)] + E[nR;(n)] @ v + vEi) @ vEGHE[Ri(m)]] =0
i=1

(8.3)

Proof At the steady-state

D Ri(n = vEw)P(n — vEw) = D Re(n)P(n) (8.4)

=1 (=1

By multiplying by n and summing over all the values of n € L(ng), we obtain

DD nRi(n = vE@)P(n — vEw) = D D nRe(n)P(n).

n ¢=1 n {=1

Using the transformation n — v€) — n on the left side, we obtain

DD+ vERemP () =D > nRe(m)P(n).

n (=1 n (=1

By subtracting the right side from the left one,

z vE ) Z R¢(n)P(n) = Z vE)E[R¢(n)] = 0.

Thus we conclude that
vEE[R(n)] =0.

If the deficiency § = p(€) — p(vE) is zero, then E[R(n)] is a cycle in the graph
(Othmer 1979).7

7 The reader can show that the presence of inputs or outputs of the form given in Table 1 does not alter the
deficiency.
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At the next order we multiply Eq. (8.4) by a tensor product n ® n and sum over 7.
Then by a similar argument, we obtain

r

> v ® D nRimpm) + D nRi(m)p(n) ® v

i=1

+vEH @ vEG) D Ri(m)p(n)]

= Z [vEi) ® E[nRi(m)] + E[nR;(m)] @ vy + vEi) @ vEH E[R;i(n)]]
i=1
=0.

If § = 0, the two lowest moment equations can be simplified to

E[R(n)] =0 (8.5)
> [véw) ® ElnRi(m)] + EnRi(m)] @ vE;) | = 0. (8.6)
i=1

When all reactions are linear the problem is much simpler, and the evolution equations
for the first and second moments can be written explicitly in terms of those moments
(Gadgil et al. 2005).

As a consequence of Theorem 20, similar equations can be obtained for the quasi-
steady-state of the probability distribution for the fast subsystem in a two-time scale
stochastic network. We first define the expectation of a function f(n) over a discrete
reaction simplex £ ¢ for the fast subsystem as follows.

Ec, [fml= D fmp).

nely

Corollary 21 Let ry be the total number of fast reactions. Then at the steady-state of
the fast subsystem, the governing equation is given by

rf rf
SR —vEL) P —vel) =D RIm)P() (8.7)

i=1 i=1

and for each discrete reaction simplex L ¢,

Ez,[R/ ()] =0, (8.8)
rf
> [vel ® Ec,InR} )] + E, nR] 1@ vel ] =0. (89

i=1
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Proof The ‘state-wise’ form of the master Eq. (3.1) can be written

d 1
TP =3 z[72{(;1 — vl - P(n— vl . 1) = R} (n) - P(n.1)]
12

+ D [RE=vEY)) - P(i—vE). =Ry () - P(n,1)], (8.10)
k

where R/ and R® are the transition rates of fast and slow reactions, respectively and
£/ and &£ are incidence matrices for fast and slow reactions, respectively.
In the previous theorem, substitute £ ! , R and E C; [-]into £, R and E[-] and use

the full rank assumption on vE/ .
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