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ABSTRACT

We analyze different models of several chemical reactions. We find that, for some
reactions, the steady state behavior of the chemical master equation, which describes
the continuous time, discrete state Markov process, is poorly approximated by the
deterministic model derived from the law of mass action or a mean field model derived
in a similar way.

We show that certain simple enzymatic reactions have bimodal stationary distri-
butions in appropriate parameter ranges, though the deterministic and mean field
models for these reactions do not have the capacity to admit multiple equilibrium
points no matter the choice of rate constants. We provide power series expansions for
these bimodal distributions.

We also consider several variants of an autocatalytic reaction. This reaction’s
deterministic model predicts a unique positive stable equilibrium, but the only sta-
tionary distribution of its chemical master equation predicts extinction of the auto-
catalytic chemical species with probability 1. We show that the transient distribution
of this chemical master equation is centered near the deterministic equilibrium and
that the stationary distribution is only reached on a much longer time scale.

Finally, we consider a model for the rotational direction switching of the bacterial
rotary motor and propose two possible reductions for the state space of the corre-
sponding Markov chain. One reduction, a mean field approximation, is unable to
produce physically realistic phenomena. The other reduction retains the properties
of interest in the system while significantly decreasing the computation required for
analysis. We use this second reduction to fit parameters for the full stochastic system

and suggest a mechanism for the sensitivity of the switch.
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INTRODUCTION
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An important and long-standing question in the theory of chemical reaction net-
works has been whether, for a given chemical reaction network, there exists a set
of rate constants corresponding to the reactions for which the corresponding set of
nonlinear ordinary differential equations derived from the law of mass action has
more than one equilibrium point. A host of advances on this topic was made over
the course of many years [16, 10, 11, 12, 13, 14]. Major results from the work cited
here include the Deficiency Zero Theorem and the Deficiency One Theorem. These
theorems seek to classify reaction networks that admit multiple species concentration
equilibria and those that do not. However, these theorems are inconclusive for many
reaction networks.

Schlosser and Feinberg [27, 28] sought to fill in these gaps using a different tool,
which they called the species-complex-linkage graph. But the species-complex-linkage
graph still cannot provide the answer for many reaction networks. More recently,
Craciun and Feinberg [3, 5, 6, 4] have developed even sharper tools for determining
conditions under which the deterministic ordinary differential equations derived from
the law of mass action can or cannot admit multiple equilibrium points. These more
recent theorems, just like the older theorems, rely wholly on the topological structure
of the reaction network. Craciun and Feinberg, however, defined two novel important
objects associated with a chemical reaction network: the injectivity property and
the species-reaction graph. They proved powerful theorems relating easily-checked
properties of the species reaction graph to the injectivity of the network. These
theorems eclipse the results from the species-complex-linkage graph approach in that
any reaction that can be classified by the former can also be classified by the latter.
But there are reaction networks for which the species-complex-linkage graph is incon-
clusive and the species-reaction graph provides a definitive result about injectivity.

None of the results from this branch of investigation, which may be called chemical
reaction network theory, deal with possible inhomogeneities. By their very nature,
the deterministic ODEs derived from the law of mass action can only exist under
the assumptions that (1) concentrations of reactants and products in the system
are continuous variables that can assume any nonnegative finite value and (2) these

concentrations are homogeneous throughout the volume of the system. Under certain
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conditions, these assumptions may be good approximations of reality. If a reaction
system occurs in a large enough volume, however, or if the number of particles
participating in the reaction is small enough, these assumptions may not give an
accurate, or even useful, picture of reality. One possible adjustment to this type
of model is to allow the concentrations to be spatially inhomogeneous and add a
diffusion term to the ODEs, turning them into PDEs. This type of model is useful
in many circumstances, but it is still deterministic and still assumes that chemical
concentrations as well as spatial gradients of them are continuous.

But, matter is discrete. Important chemical reactions in biology include transcrip-
tion and translation of genes, or, as we discuss in Chapter 4, the rotation of individual
molecular motors. Such motors, and genes, either DNA or RNA, often occur with
extremely low copy numbers in individual cells [7, 24]. Thus, they are clearly not
spatially homogeneous, nor does it make sense to think of them even as spatially
varying concentrations at all. A different type of model is required, one which can
account for stochastically fluctuating numbers of molecules.

There are several different ways to model chemical reactions in a nondeterministic
fashion. Erdi and Téth and, much more recently, Erdi and Lente have written expo-
sitions on the subject [9, 8]. The reader is encouraged to refer to these texts for a
thorough introduction to the modeling of stochastic chemical reactions. The type of
stochastic model that we use extensively in this work is the continuous time, discrete
state model, which, if the process is Markovian, is called a continuous time Markov
chain. This gives rise to the primary tool used throughout this text, the chemical
master equation.

In this type of modeling, each state in the state space represents a particular
configuration (na,,na,,-...,na,) within which there are n4, molecules of each of the
k species participating in the reaction A;, i = 1, ..., k. For most reactions, this state
space is very large. Often there are countably infinite states, and the connections
between them may be highly reticulate. The chemical master equation is a system
of first-order linear homogeneous ordinary differential equations that describes the
continuous time evolution of probabilities assigned to each state in the state space.

Hence, this system may have countably many equations, a fact that implies it may



not be possible to find exact time-dependent solutions.

In the 1970s Kurtz [18, 19, 20] provided the classical result that the continuous
time, discrete state model converges to the deterministic model in the infinite volume
limit. A classification of reactions that can be accurately modeled by deterministic
models when occurring in a finite volume would be very useful. We are not the
first to construct examples of reactions whose deterministic model predictions are
qualitatively different than the continuous state stochastic process obtained by in-
troducing noise (usually called the Langevin equation) [26, 15, 22] or the chemical
master equation [17, 29, 23, 1, 25]. As yet, there is no unifying theory to catalog these
reactions. In this dissertation, we illustrate a few certain reactions whose chemical
master equation predicts different behavior than the deterministic model. We also
consider mean-field models for some of these processes, and show that in certain cases,
this model is equivalent to the deterministic mass action model.

In Chapter 2 we consider a classic enzymatic reaction [21] coupled with different
types of inhibition of the enzyme acting in the reaction. We find that the stationary
distributions of the chemical master equations for these reactions are attained on
a time scale that is easily simulated. However, under certain conditions, these
stationary distributions have the capacity to be multimodal, though the corresponding
deterministic models do not have the capacity for multiple equilibrium points no
matter the rate constants assigned to the reactions.

In Chapter 3 we explore several variants of an autocatalytic reaction proposed
by Keizer [17] as a cautionary tale against accepting the stationary distribution of
the chemical master equation without further investigation of the time-dependent
solution. We find that expected times for the processes to reach their absorbing
states are exponentially large in certain parameters intrinsic to the reaction system.

Finally, in Chapter 4, we discuss a mathematical model of the rotary motor found
in many different bacterial species. This motor is able to switch its direction of
rotation with remarkable speed and sensitivity to a certain intracellular chemical
signal [2]. Though this is a different type of chemical reaction than the others studied
here, it is a reaction nonetheless, and has an associated chemical master equation.

The law of mass action is not applicable to this reaction since not all of the species
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involved are freely diffusing, however we discuss a mean field approach to this model
and illustrate why it does not produce a reliable prediction of the behavior of the
motor.

A crucial tool used in Chapters 3 and 4 is the reduction of the size of the state
space. The methods for doing this are ad hoc. There is no general method for
reducing the size or dimension of a stochastic state space without first considering
the structure of the space itself. We find peculiar features of these systems which
we exploit to appropriately cluster or eliminate states while retaining the important
properties we wish to analyze. In Chapter 2, we effectively split the state space into
appropriate pieces that communicate with one another. It is not a reduction, but, in

a similar way, it simplifies the necessary calculations.
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An enzyme is a molecule that catalyzes, or lowers the energy required, for a
chemical reaction to take place without itself being changed or consumed in the
reaction. The reactants in such a reaction are called substrates, and, in the reaction,
they are converted to products. Countless examples of enzymatic reactions occur
in nature. They are crucial for the existence of life. Therefore, understanding
their properties and general behavior is important for understanding many biological
processes.

For over 100 years, people have been striving to understand the kinetics of en-
zymatic chemical reactions. It was 1913 when Michaelis and Menten published
their classic result about the invertase-catalyzed conversion of sucrose to its cleavage
products fructose and glucose [6]. Tens of thousands of experiments have been
performed and papers published on the topic of enzyme kinetics. Another classic
mathematical result on the subject is that found by Goldbeter and Koshland [5].
They showed, using a deterministic model, the existence of an ultrasensitive switch
between the unmodified and modified form of a protein when its interconversion is
catalyzed by two different enzymes. Much more recently, it has been shown that
including external noise in the Goldbeter-Koshland reactions can induce bistability
in the expected output of the system [8, 7]. All the results just mentioned and the
vast majority of similar studies treat the concentrations of chemical species in the
volume within which the reactions take place as continuous variables.

In this chapter we consider three different simplified variations of an enzymatic
reaction in which the enzyme can be inhibited from acting in the reaction. The first of
these is a very simple competitive inhibition. The second and third reactions are cases
where the product of the reaction acts as the inhibitor, and, hence, downregulates
its own production. The difference between the second and third reactions is that
the second has a reverse reaction which gives rise to a conservation law. In the
third reaction, we eliminate the reverse reaction to allow for slightly more general

conditions.
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2.1 Initial Reaction Network

We begin by considering the following chemical reaction network.

E+S=ES > E+P
(2.1)
E+1T 2 EI

This reaction is our “example zero,” in that we do not analyze it in the same depth as
we do the others. This particular reaction is relevant to our discussion because this
reaction network, along with several other similar networks, has been shown to not
have the possibility of multiple equilibria for any set of positive rate constants when
modeled using mass-action kinetics[1, 2, 3]. However, numerical experiments using
Gillespie simulations indicate that for certain parameter regimes and certain initial
concentrations there are multiple basins of attraction. Figure 2.1 shows a scatterplot
of the fraction of time the system had a given number of product molecules over the
course of a simulation, and Table 2.1 lists the parameters required to generate this
simulation. This plot clearly shows a bimodal distribution. In order to gain a better
understanding of this type of steady state behavior, we consider a similar, but simpler

network.

2.2 Initial Modified Reaction Network

We begin by assuming that our reactions occur in a closed environment; there is

no feed stream and no outflow. The reactions we consider here are the following:

E+S —- FE+P
E+1 =2FEI (2.2)
P — S

This system arises by making two modifications of (2.1). The first modification
is to remove the intermediate step of forming a complex. Instead, we allow S to be
converted to P by F in one step. This modification may not be a realistic assumption
for any particular biological or chemical process. However, it allows for analytical
results which would, otherwise, be relatively intractable. The second modification,
the addition of the last reaction in (2.2), mimics removal, or outflow, of the species P

and inflow of the species S, but does so in a way that the total number of molecules
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Figure 2.1. Simulation results for original inhibited enzyme reaction. Results of a
Gillespie simulation of reaction network (2.1). The plots show the distribution of the
fraction of time spent in each state over 300 time units. The parameters are taken
from the section of the appendix of [3] for Table 1, Entry 4 with some exceptions.
First, we do not include every reaction from this entry. The reactions not listed here
have effective rate constant 0. Secondly, bimolecular rates and supply rates must be
scaled by Volume™' or Volume respectively. (here Volume = 1). Third, in order to
get this bimodal distribution, we have scaled the original rates thus: kg s gs by a
factor of 1/20, kg, s, gr by a factor of 1000, and kg, g by a factor of 1/1000. All
the parameters used for this figure are listed in Table 2.1

of P and S are conserved. These modifications constrain the system, but Gillespie
simulations indicate two attractor basins similar to those for (2.1).

It is especially interesting, again, to observe bimodality in the simulations, be-
cause, if we make the further assumption that I is in abundance compared to the
total amount of enzyme, either freely active or inhibited, then it can be easily shown
that under the law of mass-action the deterministic model only has one nonnegative

steady state regardless of the reaction rate constants. We show this claim as follows.

2.2.1 Deterministic Model
If we let cx be the concentration of species X, then the deterministic equations

for 2.2 are as follows:



Table 2.1. Parameters used for Figure 2.1.

kgis_ Es 25979.537/20
kgs s pis 3.3722455
kgs s pip 5844.999
kesr-Er 5.3341555 x 1000
ker s eir 16623.325/1000
ko s 1734.2661
k@)%[ 1
ks o 1
kr o 1
kp 9 1

¢s = —kpys—prpCECs +kp_scp,

¢p =kprsspirpcecs — kp_scp,
¢p = —kgsr—prce + kegr— g+1Cer,

¢pr = kpsrgrce — kgr— gi1cer.

12

(2.3)

We do not track the change in the concentration c¢; because of the assumption that it

is much greater than cg+cgy. Instead, it is absorbed into the rate constant kg . g;.

Now, notice that ¢s 4+ ¢p = ¢g + ¢gy = 0. This gives the two conservation equations

cs + cp = cg,. and cg + cg; = cg,.. Hence, (2.3) reduces to the two-variable system

¢p=—(kg+s—spipce +kpos) cp+ kpis— pip Csy CE,
¢g = —(kpsr>pr + ker— g+1) ce + kpr = g1 ceys
which has the unique steady state

ker— e+1Ceyp

*
1
E )
kptrser +ker— per
*
kgys— g+p CpCsy

*
¢ .
P
kpys—esrpChp+kpos

(2.4)

(2.5)

We contrast this result with the steady state distributions obtained from the

chemical master equation. To do so, we consider the simplest possible case, i.e. when

there is only one enzyme molecule in the volume within which the reactions are

occurring. It may be argued (and rightly so) that to treat the enzyme population as

a concentration in this case is not reasonable, and, therefore, we should not expect
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similar results as are given by the stochastic model with only one enzyme molecule.
To answer this concern we first analyze what may be viewed as a more appropriate

model.

2.2.2 Mean Field Model
The mean field model is similar to the deterministic mass-action model above.
The substrate and product are still thought of as concentrations. Since there is only
one enzyme molecule, though, we introduce the variable p4(t) which represents the
probability that the enzyme is active (or uninhibited) at time ¢. The mean field

equations are

¢p = kpts— e+ppa(cs, —cp) —kpscp,
(2.6)

pa = —kpgi1prpa+keroper (1 —pa).

We observe that the open interval (0,1) is invariant for p, (as, indeed it must be)
since pp =0 = py > 0and pp =1 = ps < 0. These equations are no
different than (2.3), and, hence, this method of modeling the reaction can likewise

only produce a unique steady state.

2.2.3 Stochastic Model
Now let us consider a fully stochastic and discrete description of reaction (2.2).
As stated already, we consider the case with only one enzyme molecule in the volume
within which the reactions are occurring. In this case it can either be in its free and
active state or its inhibited state. We define nx to be the number of molecules of

species X and let ng +np = N. Furthermore, we define

Po,j
P,y
PN,j
where p; ; = P(np = i,ng = j). Then the chemical master equation is
i P: _ aA + B — ﬁI ’YI b1 (2 8)
dr \ Po Pl aA — 11 Po )’ '

where
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0 1 ~N
~1 2 N —(N-1)

and I is the (VN 4 1) x (N + 1) identity. We have nondimensionalized this equation
by scaling both sides by /%gi s pyp- Lhe tilde above this parameter indicates that it
has been scaled by volume to correct units. This is of no consequence in comparing
models, however, as volume can be set to any constant without changing any of
the results herein. The nondimensional parameters in (2.8) are 7 = IEEJFS_} p+pt,
a=kpos/kprsoprp, B =kpiiopr/kpss— pep, and v = kpr o prr/kprs o pap.

This system (2.8) is not difficult to solve analytically in steady state. We see that
setting the left-hand side (LHS) to 0 yields

p1 = (71 — aA) pg (2.9)

with

(B~ (@A + B — BI)(7I — aA) +~I) po = 0. (2.10)

However, this does not give us much intuition into how this distribution is affected by

the parameters in the system. To gain this intuition we make several approximations.

2.2.3.1 Expansion in (8

We first consider the case where (3 is a “small” parameter. What is meant by the
word “small” here is made precise further on in this section. This assumption means
the inhibition of enzyme occurs at a much slower rate than the conversion of substrate
to product by enzyme. We can now approximate the steady state distribution as a

power series in . In steady state

<g;>:(§§>+5(?11)+0(ﬁ2)- (2.11)

We impose the condition 1Tqy + 1Try = gy to ensure that the expansion is a

probability distribution.
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Then at O(S°) we have
(A —~I)ry = 0. (2.12)
For any a,y > 0, the matrix «A — ~I is upper triangular with strictly negative
diagonal entries, hence it is invertible. Therefore ro = 0. Also at O(/3°) we have

(A + B)qp +yro = (¢A + B)qp = 0. (2.13)

It is straightforward to show that the elements of qp are binomial with parameter

—L_ They are expressed simply as

1+o”
NY N -N
Qi=|, | (1+a)™, ¢=0,...,N. (2.14)
At O(B) we have
(oA —~I)r; + qo =0, (2.15)
hence
r = (71— aA) 'qp. (2.16)
We also have
(@A +B)ai = qp — 11, (2.17)

which, by the Fredholm Alternative Theorem, has a solution if and only if the right-
hand side (RHS) is orthogonal to the vector 1 since the operator on the left hand
side is a W-matrix of deficiency one. This is immediately obvious since we know from
(2.15) that 17 ((«A — 4I)r; + qo) = 0. Recognizing that 1TA = 0T since A is itself
a W-matrix gives the needed result.

We also see, by the same operation, that 1Tr; = %, so we must impose 1Tq; = —%.
This condition combined with (2.17) uniquely defines r;.

We note, here, that this power series expansion is only valid in an appropriate

range of parameters. To determine that range, we perform the following investigation.

The system is of the form

(M; + € Mb) (i ¢ xl-) =0. (2.18)

i=0
The matrix M + ¢ My is a W-matrix and is irreducible for all € > 0, evidenced by
the fact that it has a unique stationary distribution, (2.9) and (2.10). Hence, for all
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€ > 0, the rank deficiency of M; + e Mj is 1. The x;’s are uniquely determined as
follows.

M1 Xp = 0, (219)

however, the rank of M; is not specified, so this equation alone does not determine

Xo. To do so, we must consider matching at the next order in €. The equation is
M1 X1 = —MQ X0- (220)

By the Fredholm Alternative Theorem, for there to be an x; that satisfies this
equation, the RHS must satisfy (Myxq,y) = 0 for all y such that M|y = 0. If
M; and M, are n x n and we define £ < n to be the rank of M;j, then there are
exactly n — k linearly independent vectors yy,...,y,_x which span the nullspace of
MT. One of these, say y, i, is 1T. We know that 17 is a left null vector for M,
because M + €M, is a W-matrix for all € > 0. In particular, it is a W-matrix when

€ = 0. Hence, M; is a W-matrix. So, then
0=1" (M; +eMy) =€l M, Ve>0. (2.21)

Now, define the (n—k—1) xn matrix Y to have as its jthrow y},i=1,...,n—k—1
and the k£ x n matrix ﬁl to have as its rows the k pivot rows of M;.

We now construct the n x n matrix

M,
M=| YM, (2.22)
1T
0
and note that M xy = [ 0 | of necessity.
1

We claim, without proof, that M is an invertible matrix. This is certainly not

true in general, even for My 4+ eMj invertible. A counterexample is given by

1\/[1:((1)(1)> MQZ(if) (2.23)

Although, we believe it is true for irreducible W-matrices, this remains to be proven.

If this conjecture is true, however, it uniquely specifies xg.
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Each of the x;’s for ¢ > 0, then, satisfy
M1 X; = —M2 Xi—1, (224)

and, hence, must also satisfy

Y M, x; = 0. (2.25)

Furthermore, to ensure that >_ €' x; is a probability distribution for all €, we must

also enforce 1T x; = dp;. All of these conditions can be written succinctly as

MXZ‘:NXi_l, Z.:]_,Q,‘.., (226)
where R
—IM,
N = 0 . (2.27)
0
In other words,
X; = 1\/171 NXZ‘,1 = (Mil N)Z Xp- (228)

Thus, in order for the power series to converge, we must choose € small enough that
1
= >max {|A\e |\ €0 (MT'N) }. (2.29)
€

In the case of this first expansion, in the parameter 3, the matrix IN cannot have

el i

multiplicity N + 1. Computing the remaining eigenvalues of M~ N can be done

rank higher than the rank of ( —A1 8 ) , which clearly has 0 as an eigenvalue with

without explicitly computing M, but does require the expansion of a determinant.
If we choose N < 4, these eigenvalues can be computed by any symbolic math
software. For large N, this computation becomes unwieldy. For small enough N,

the nonzero eigenvalues are

1 o
==, A =-— . n=1,...,N. 2.30
Ty @+ 1)y +na) " (2:30)

We suspect this holds for any positive integer N, but it remains to be proven. This
gives us a tight bound for the convergence of our power series (2.11). With the
stipulation that all parameters are positive, the series converges for all g < 7.

This distribution has the capacity to be bimodal, but appears to be so only for
~ sufficiently less than «, though this range is difficult to quantify exactly. Figure
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2.2 shows comparisons of truncations of the power series expansion (2.11) with data
from Gillespie simulations. We see that for the parameter values chosen, we must
plot several terms of the series in order for the truncation to be reasonably close to
its limiting distribution. Also shown in the figure are the mean of the final truncation
plotted and the equilibrium value predicted by the mean field model.

We observe that the probability of the process residing at states near the expected
value or near the deterministic mean is relatively low in comparison with the peaks
of the distribution. This is a case where modeling the reaction using the traditional

mass-action kinetics may not be able to explain experimental results if such were to

0.08

0 20 40 60 80 100
Number of Product Molecules

Figure 2.2. Expansion in § for simple enzymatic inhibition. The distribution of the
number of product molecules in the system (2.2). Shown in the figure are: (1) the
fraction of time spent in each state visited with a given number of product molecules
during the course of a stochastic simulation using Gillespie’s method (black data
points). States without data points were not visited in the simulation, though there
was a positive probability of doing so. (2) truncations of the power series expansion
(2.11) which are shaded as curves that become increasingly more red as more terms
are included. The first term qp is plotted in black. For purposes of plotting only the
distribution of product molecules, these curves are the sum of p; and py. They are
discrete distributions, but are plotted as continuous curves here for visual contrast. (3)
the mean of the final truncation plotted (vertical red dashed line). (4) the equilibrium
value predicted by the deterministic and mean field models (vertical black dashed
line). Parameter values are a = 1, § = 0.4, 7y = 0.6, N = 100, and V' = 1.
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give a high level of variability.

2.2.3.2 Expansion in v
On the other hand, if instead we assume v < 1 in (2.8) we can approximate the

steady state as the power series in ~,

(g;>:<sg>+7<3i >+O(V2>- (2.31)

Then, at O(7") we have the system,

(CYA + B — ﬁI)uO =0
(2.32)
bug + aAvy = 0.

Since (aA + B — BI)T is strictly diagonally dominant it is invertible, hence ug = 0.
Therefore vq = ey. This makes sense as a first-order approximation, since if v is small
the enzyme spends most of its time in the inhibited state and all available P would
convert to S and become depleted.

To get the O(y) correction we have the system

(OéA—l—B—ﬁI)ul—l-VO:O

(2.33)
fu; + aAvy — vy = 0.
Hence,
u; = —(aA + B — BI) vy, (2.34)
and
aAv, = vy — fu. (2.35)

Again, this expansion is only valid for a particular range of v. We notice that
the nonzero eigenvalues of the relevant operator for this expansion are related to the
eigenvalues in (2.30). It is easily shown that setting 3 = A\-! and solving for v gives
the multiplicative inverses of the eigenvalues for this expansion’s operator. So, the

eigenvalues of interest here are

1 _ a+1
Mo = 57 Mn = a(ﬁ—i—n(ole))’

n=1,...,N. (2.36)

The remaining eigenvalues are, again, all 0. Therefore, with positive parameters, the

a(B+a+1) }

series converges for v < min { By =i
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Again, this distribution is bimodal for certain ranges of parameters. An example
of such is shown in Figure 2.3. The bulk of this distribution remains in the first term of
the power series expansion. One can clearly see the stationary probability of state 0 is
much higher than any other state. However, there is a significant portion of the total
probability mass over a range of other states. We observe that, again, the stationary
probabilities near the expected value of this distribution are low. An expected value

cannot adequately describe the important features of a bimodal distribution.

2.2.3.3 Expansion for large 3, ~
Let € be a small parameter such that % = B+, and let B = ¢f and 7 = €7.
Furthermore, we let the steady state solution be a power series in €. Then we can

rewrite (2.8) in steady state as

1/ -1 AT aA + B X0 X1 2
0=|- - O .
R S (2 )G ) e (5r) o
Then, the leading order equation tells us fxy = Fyo.

Already, we suspect this distribution cannot be bimodal. The bimodality we have

05 I ]

0.4 Il J

03 Il J

0.2 i T

0.1 Il b

0 20 40 60 80 100
Number of Product Molecules

Figure 2.3. Expansion in 7 for simple enzymatic inhibition. Objects plotted are the
same as in Figure 2.2, but with respect to the expansion (2.31). Parameter values
are o =5, f=0.1,y=0.08, N =100, and V = 1.
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seen in the other distributions has come from a separation between the peaks of the
p1 and pg vectors. Here, since the leading order term of each is a multiple of the
other, the peaks cannot be separated, and it is unlikely that one will be bimodal on
its own, given the structure of the other matrices in the equation.

We must go to the next order in € to learn more about the leading order term in

(2.37). The next matching equations are

—Bx1 4+ 7y1 + (A + B)xo = 0,

~ (2.38)
Bx1 — Jy1 + aAyo =0,
which, when added together and gXo is substituted for yg, gives
o
(7 A+ B) xo = 0. (2.39)
8

Hence, xq, and, by extension, yq are scaled binomial distributions with parameter

%Lia. This parameter range does not yield a bimodal stationary distribution. For
completeness we still include its radius of convergence. The nonzero eigenvalues of

the operator as defined above are

1
y = _nelet )N (2.40)
o+

These eigenvalues increase in magnitude, rather than decrease, as a function of n, so
the bound for convergence of this series is dependent on the relationship between ~,
which we assume is large, and the system size: € < m if Na(a+1) > 7.
Otherwise, the series converges for all e.

In this parameter regime the distributions (simulated and numerically computed)
are unimodal and the prediction from the deterministic model lies almost exactly

at the mean. This is a case where traditional deterministic modeling gives a good

prediction of the behavior we expect from the stochastic system.

2.2.3.4 Some comments regarding the above expansions

The series in this section have been computed to lend some intuition about the
shape of the stationary distribution of (2.8). This is not meant to be an exhaustive
list of all possible parameter regimes. Rather, we choose the few examples given here

to demonstrate that there are parameter ranges for which the process has a bimodal
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stationary distribution and ranges for which its stationary distribution is unimodal.
Another expansion that is clearly bimodal is the one obtained by assuming € = §+
is small. Its leading order term is the concatenation of the leading order terms we
obtain in sections 2.2.3.1 and 2.2.3.2. These terms (and perhaps the leading order
terms in all the expansions above) are not particularly surprising. They are merely
the stationary distributions for when the enzyme is always, or, respectively, never
active. The parameters we choose as small are the switching rates of the enzyme
from active to inactive or vice versa, so, naturally, we expect the leading order terms
to be as they are.

What is interesting about this model is that it stands in stark contrast to the
deterministic and mean field models, neither of which has the capacity to predict
bistable or bimodal behavior. Both of these models have a unique stable equilibrium
point. In fact, they are equivalent models; only the variables have slightly different
meanings. This contrast argues that for certain types of reactions the standard
methods of modeling do not produce a full picture of the behavior of the system.
Other modeling methods, such as the chemical master equation used here, are needed
in order to help understand variability in reaction networks.

We now modify the chemical reaction system to have a negative feedback. Nega-
tive feedbacks often cause a system to have more stable behavior. We are interested to
learn whether the negative feedback in the following examples removes the possibility

of bimodality in the stochastic system.

2.3 Conserved Autoinhibition
The following is a different type of inhibition of the enzyme in the reaction, but
retains a conservation property relating the amount of substrate and product in the
system.

S+E - E+P 2 FEI
(2.41)
P — S
For consistency, we stay with the notation that E'I is inhibited enzyme, though, in this

reaction, we take it to denote the complex formed by enzyme binding to product. We

consider this case to determine whether this different type of inhibition of the enzyme
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affects the property seen in reaction (2.2), which is that the deterministic and mean
field models cannot have multiple equilibria, but the stochastic master equation does
have the possibility of a bimodal stationary distribution. It may be that inhibition
of this form does allow for the deterministic model to exhibit multiple equilibria. Or
it may be that autoinhibition of this form modifies the stationary distributions so as
to eliminate the possibility of multimodality. As before, the deterministic and mean

field models are equivalent. Hence, we need only consider one or the other here.

2.3.1 Mean Field Model

The equations for the mean field model describing reaction (2.41) are

¢s = —kpys s pypPaCs +kp_scp,
(2.42)
pa = —kpypoprpace +kerprp (1 —pa),
with
Cp = —Cs + pa- (2.43)
This gives the conservation law cg, = cp + cs — pa. Here, cg, is not actually a

concentration, but, since it is a constant in this system, we use the same notation as

above. In equilibrium
ker pip

pa (2.44)

kpspprep +kpro pep

Substituting this and our conservation law into the equilibrium equation for cp yields

the cubic polynomial equation

0= k3 C?)+k’2 CZ+]{31 Cp+k50, (245)
where
ks = _k%+P—>EI kp_s,
ky = —kpipprkerpip (kptsoprr +2kpos),
(2.46)

ki = kpis—pipkpipoprkerspip sy — ki pap (kpos + kprs— pip)

ko = kgys o prp ki pop (csr +1).
We notice that ks, ko < 0 for any set of positive rate constants. We also observe that
ko > 0 since cg,, > —1. The sign of k; may be positive or negative depending on the

reaction rates, but either way there is exactly one change of sign of coefficients in the
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polynomial (2.45), that between ko and k; or between k; and kg. So, by Descartes’
rule of signs, (2.45) has exactly one positive root c;.

This model, and, by extension, the deterministic model from the law of mass
action, can only admit one positive equilibrium for any set of positive rate constants.
Since we have already shown the existence of a positive finitely bounded invariant
region, and since the system is only two-dimensional, this equilibrium must be stable.
As with the first reaction system, we contrast this model’s results with possible

equilibria derived from the discrete stochastic model.

2.3.2 Stochastic Model
Due to the similarities between this reaction network and (2.2) we write the
nondimensionalized master equation using similar notation.
d aAy + By — 8C 00
Ha)- (e () )2) e
0 ~ 0
BCx aAy_1 — Iy
where subscripts, j on matrices denote that they are square, (j + 1) x (j + 1) with
indices 0, ..., Jj, and the tilde above denotes the deletion of the first row. Thus, 6];

is, in fact, N x (N 4 1), once we define
0

C= . . (2.48)
N

The matrix in (2.47) is pieced together in such a conglomerated fashion because the
number of possible P molecules depends on whether one molecule is bound to, and
inhibiting, the enzyme molecule in the system. As a consequence, p; remains as

defined in (2.7), but py = ( Doo --- DPN-10 )T.
We now approximate the stationary distribution for this process by using power
series in certain parameter ranges as above. Here we only choose parameter ranges

that give “interesting” or bimodal behavior in the first reaction scheme.

2.3.2.1 Expansion in

Using our redefined notation we write the first power series approximation

<E;>:(3§)+5(?11)+0(52)- (2.49)
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Matching terms in 3 gives the first matching condition
(0An_1 —YIn_1)rg =0. (2.50)
Since this matrix is invertible for all nonzero v we see ryp = 0. So, then,
(ecAy +By)qo =0. (2.51)

Once again, qq is binomially distributed with parameter IJ%Q It makes sense that this
distribution would be the same as (2.14), because it is the leading order approximation
for the distribution when the enzyme is active. However, the first order correction

term is slightly different. It is
ry = (yIy_1 —aAy_1)"' Cyao. (2.52)

Comparing this to the correction term in (2.16) shows their obvious similarity. The
d)— o
r

this way all further terms in the series can be computed. An example of a bimodal

vector q; is obtained by, once again, enforcing the condition 17 In
distribution given by this expansion is seen in Figure 2.4. Again, this expansion is
only valid for a certain range of 3, however the eigenvalues of this matrix are not
so easily guessed. We rely on the numerical solutions to indicate whether the series
converges or diverges. The bound on [ appears to be much tighter than that for

(2.11).

2.3.2.2 Expansion in vy
As we see above, the other parameter regime that yields a possible bimodal

distribution is when ~ is sufficiently small. Here, we use the same series expansion,

(53)2(33%7(31)*0(72)- (2.53)

Then, at leading order
(OzAN + BN - BCN) Uy = 0. (254)

The matrix on the LHS of this equation is invertible. The proof of this, due to
Earnshaw and Keener [4], is as follows. We make use of the fact that «Ay + By is

an irreducible W-matrix and that SCy is a nonzero, nonnegative, diagonal matrix.
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Figure 2.4. Expansion in [ for conserved enzymatic autoinhibition. Similar to
previous figures. Corresponds to (2.49). Mean field equilibrium point is not shown.
Parameter values are « = 2, 5 = 0.01, v = 0.5, N = 100, and V = 1.

Hence, there exists a ( > 0 large enough that G = aAy + By — fCy + (Iy is a
nonnegative irreducible matrix. Then, by the Perron-Frobenius Theorem, G has a
unique positive eigenvector w whose corresponding eigenvalue 7 is real and is the

spectral radius of G. So, then,
rw = Gw = (OCAN—FBN—ﬁCN—i-CIN)W, (255)

which, with a little manipulation, yields the inequality
—ﬁ ]_TCNW
1Tw

r—(= <0. (2.56)

Since all eigenvalues of G are contained in a disc of radius r centered at the origin,
eigenvalues of « Ay + By — SCy are contained in a disc of the same radius centered

at —(. Since r < (, we see that 0 is not an eigenvalue of this matrix.

It follows that ug = 0, and, hence,
aAn_1vg=0 = vy =ey. (257)
We get the first order correction from the equation

(aAN+BN—BCN)u1+( IN . )VQZO, (258)
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whence comes

u; = — (aAy + By — BCy) " ( X ) . (2.59)

Vo
This distribution only looks slightly different than the distribution in Figure 2.3.

There exist parameters for which it is bimodal.

2.4 Nonconserved Autoinhibition
Now we modify the autoinhibition reaction further. This reaction system does not
have the same type of conservation law as we see in the others, but we can investigate

it in a similar fashion.

F > E+P 2 FEI
(2.60)
P — 0.

This reaction can be thought of in a few different ways. One of these ways is that
the “enzyme,” E can be thought of as a catalyst acting on a reservoir of substrate
so large that its change is negligible. Hence, the “substrate” concentration (if there
is such) can be absorbed into the rate constant representing production of product.
Alternatively, the reaction can be thought of as a gene, either on DNA or RNA, that
transcribes some product, P. P may be a protein or RNA itself. Either way, P can
then bind to the gene and inhibit its own production. Clearly the reaction (2.60) is
a very simplified version of either of these interpretations, but it serves to illustrate
the features we wish to observe.

Again, we make a brief investigation of the mean field (and, by extension, the

deterministic) model to analyze its long-term or steady state behavior.

2.4.1 Mean Field Model
As is our pattern, let p4 be the probability that the enzyme is in its active state

and cp be the concentration of product molecules, P. We obtain the mean field model

pa=—kpippgrcppa+kerpip (1 —pa)
(2.61)

¢p=kgptpPa—kpocp+pa.

In steady state, this model yields the quadratic equation

CJ(CP) = —kpypErkp g c?; —keprserpkpsocp + kg pypkersprp = 0. (2-62)
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Since ¢(0) > 0 and ¢”(0) < 0 this equation has exactly one positive root ¢}. And, in

kp_gch

[ This equilibrium is clearly stable since the trace of the

steady state, p =
Jacobian is negative and the determinant is positive for all positive values of p4 and
cp. This holds for all positive rate constants. Hence, there is no way this model can

produce multiple nonnegative equilibria.

2.4.2 Stochastic Model
For ease of notation, we nondimensionalize so that o = kg, gip/kp 9, B =
kgip—rr/kp g, and vy = kgr gyp/kp_ . We have scaled by the rate of degradation
of P rather than its rate of production simply to make the calculations less messy-
looking. We can still relate the following results to our results above because none of
our expansions are in the parameter . The nondimensionalized master equation for

this reaction, then, is

0--.
di(pl): ozA+B~—ﬁC ( o1 ) <p1>’ (2.63)
7 \ Po 5C B -l Po

4

where p; is the “vector” of probabilities that the number of product molecules P
in solution is np = 0,1,2,... and the enzyme is active, or unbound, to a product
molecule. Similarly, pg is the “vector” of probabilities for np while the enzyme is
inhibited by a product molecule. The product molecule bound to the enzyme is
not included in the count np. The reason for the quotation marks around the word

“vector” is that these are really sequences in ¢!. The operators A, B, C, é, and I

are not matrices, but are operators on ¢*. Their structure is as follows:
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C= 5 , (2.66)

C is merely C with the first row deleted, and I is the identity operator.
We consider this master equation in steady state. Since solving it analytically
doesn’t seem to give much intuition about the shape of the distribution we try a few

power expansions in various parameter regimes.

2.4.2.1 Expansion in [
If 5 is a small enough parameter that we can expand the solution as a series in 3,

then the governing equation in steady state is

o- (2 G ) S (€ D) () (51) =)

0 B-11
(2.67)

The leading order equation,

(B—1I) yo =0, (2.68)

tells us that yo = 0. The operator B —~I does, in fact, have a nontrivial null vector,
but it is not in ¢'. It has the character that yo,11 = ﬁr—zyom. The ratio test is
inconclusive for this series, but its lack of convergence can be shown using Raabe’s

test. This test asserts that if

lim |22 | =1, (2.69)
n—oo yn+1
and
. Un B
lim n ( - 1) =p, (2.70)

then the series is absolutely convergent if p > 1 and divergent if p < 1. In this case
p=1—~ < 1. We make use of this nullspace later in this calculation.

The other leading order equation, then, becomes

(@A + B) x, = 0. (2.71)

an

Hence, x is Poisson with parameter a: o, = — T
e“n!
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The equation for the first order correction to this steady state approximation is
(B—1I)y; = —C xo. (2.72)

Using substitution, it is straightforward to show that a particular solution to this

equation is

= (Z H (v+J ) (2.73)

where empty products are 1. However, this solution is not in ¢! nor are any of its
entries positive. All terms in the power series must be ¢!, and this particular term
must have all positive entries since it is the first nonzero term for pg. To find a solution
that is ¢' we add the appropriate multiple of the null vector z, = - LTS o ‘(v+74). In
order to have any hope of this approach yielding a useful result, at bare minimum we

must choose z so that

Rewriting in a simpler form,

1})’)/—1-] ( aZa1H7+3> (2.75)

The term with the series in parentheses converges to a finite limit as n — co. We let

z be this limit and now define

1 n—1 z
o= g 110+ (z Hw)

i=n+1 7=0

L(y+n) [ & o
e (S w)

1=n-+1

(2.76)

Each entry of this vector is positive, as we hoped. Now we must show that Yy, <

0o. To this end we apply the ratio test.
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e D D _a'
lim |2t = i ( - 1> <F('”") OOZ_ - FM”) (2.77)
n—00 Yin n—00 n -+ Y — Zi:n+1 m
n 1
= lim < > ( = + 1) (2.78)
n—00 — o0 i—nL(y+n)
- nty-1 D i @ I‘(Yy—&—i)
n 1
= lim ( ) ( T + 1) (2.79)
n—o00 — Sy j (v+n)
— n—+y 1 Zj:l ol T r17)
n 1
= lim < > 3 + 1) (2.80)
nooo \nt+vy—1 <Zj:1 o’ T3, «/+711+k:
n 1
> lim ( ) ( ~—— 71 T 1) (2.81)
e 1)\ SR ety
= lim ( ” > <”+7) (2.82)
n—oo \n+7y—1 o
= 00. (2.83)

Yin-1l > 1. However, since this limit

To show convergence we merely need lim,,
is, in fact, oo, this series appears to converge quite rapidly. It is not a long-tailed

distribution. The remaining piece of this vector, x; satisfies the equation
0 ---

whose terms are not easily guessed. Further terms in this series may be impossible
to compute analytically, but these first two, at least, indicate that the bulk of the
distribution lies within some finite range. This is useful for plotting, since we can’t
very well ask a computer to solve an infinite matrix equation. We can, however,
truncate the state space, and, hence, the W-matrix, by choosing N large enough that
the total probability mass for all n > N is within machine precision.

From numerical experiments, the bound on [ for which this series converges
appears to be even more restricted than the aforementioned examples. For instance,
Figure 2.5 shows bimodal distributions for the parameters o = 30, f = 0.01, and
~v = 0.5. With this set of parameters we do see convergence. However, increasing «
to 40 produces a power series that appears to diverge. The stochastic simulations still
produce bimodal time distributions for these parameters, though it is unclear what,

if any, expansion might give intuition about the reaction.
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Figure 2.5. Expansion in S for nonconserved enzymatic autoinhibition. Similar
to previous figures. Corresponds to the expansion in (2.67). Parameter values are
a =30, 8 =0.01, vy =0.5, and V = 1. The system has been truncated to N = 60
without losing any visible fidelity.

2.4.2.2 Expansion in vy
For completeness, we now treat v as the small parameter in the system and

represent the solution as the power series
P1 Xo X1 2
= + +0 . 2.85
(2)= ()4 () +om (2.85)
Then, the first leading order equation is
(A +B — 5C)xy = 0. (2.86)

We claim that this equation implies that xo = 0. The operator A + B — C does
appear to have a nontrivial null vector, but its form is not evident. In order for it to
make sense in our solution expansion (2.85) it must be nonnegative. From the Oth

row of (2.86), we get the condition
Zo,1 = A Xo0- (287)
All other rows can be written

azon, — (@ + (n+1)(1+B)) zont1 + (n+ 2)zgne = 0. (2.88)
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We now define the generating function G(z) = > 7 xo, 2". Multiplying each row
(2.88) by z" and summing yields

0—0423:0”2 — oz ZmOnHz - (1+p7) ngnﬂ (n+1)z"

(2.89)
-+ Z xo’n_‘_Q (n + ].) Zn + Z $07n+2 Zn
n=0 n=0
- d
=aG(z) —az ' (G(z) —z0p) — (14 B) Zx07n+1 - ol
o ; - n=0 (2.90)
+ nZ:% To,n+2 %ZHH + 272 nz:; To,n+2 22
:a(l—zfl) G(2)+aztage— (1+6)— (ngnz —a:00>
-~ (2.91)
+ % (Zl Z To,n+2 Zn+2> + 272 (Z Zo,n 2" — To1 % — $0,0>
n=0
dG
=a(1—27") Gz)+az "z — (1 —l—ﬁ)
d (2.92)
+ E (Z_l (G(Z) — Tp1% — 1'070)) + 2_2 (G(Z) — X011k — 1707())
dG dG
=a(l-2")G)+az"zop— (1+ 5) -t ! <E — :cm) : (2.93)

Applying condition (2.87) and multiplying by z yields a homogeneous, linear, first-
order ODE for G(z),

02(1—(1+5)z)£+a (:—1) G(2). (2.94)

It is clear from (2.94) that 4= ‘z:l = 0. Additionally, we know that G(1) = >~ Zon.
If xy, > 0 for all n, as must be the case for our series expansion, then it follows that

G(1) > 0 and G(z) < G(1) for all 0 < z < 1. However, differentiating (2.94) yields

dG d2G dG
which, when evaluated at z = 1 gives
d*G Q
—_— =—G(1). 2.
| =500 (2.96)

If G(1) = 0, then x¢, = 0 for all n. If, instead, G(1) > 0, then (2.96) tells us there is a
0 < z* < 1 for which G(2*) > G(1). This is not possible and provides a contradiction.
Therefore, it must be that x, = 0.



34
The leading-order term in our expansion, then, must satisfy
By, =0. (2.97)

Resultantly, yo = ep, the distribution with no product molecules, since the unbinding
of the inhibited enzyme is slow compared to the degradation of P.

The first-order correction equations are

(@A +B - 5C)x; + ( 071 )YOIO,

éxl—i-Byl—IyO:O.

(2.98)

Analytical solutions for these are not readily found, nor do these equations provide

much insight into how further terms in the expansion modify its shape.

2.5 Discussion

The chemical reactions discussed in this chapter are all very similar. Indeed, a
glance at Figures 2.2, 2.4, and 2.5 may lead one to believe that they are the exact same
reaction. However, we have included each of these examples in a sequence that leads
from a toy model toward a more realistic reaction that may be found in a biological
or chemical system. The purpose of the toy model, reaction (2.2), is to gain intuition
about the underlying probability distributions. We can see that these distributions
remain consistent in character, even as we add complexity to the reaction and the
resulting chemical master equation.

The main purpose of this analysis is to demonstrate that great caution is needed
when mathematically modeling even the simplest of chemical reactions. Analytical
results abound for deterministic ordinary differential equation systems obtained by
the law of mass action, though there remain many unanswered questions about such
systems. We show, in this chapter, that for certain reactions those analytical results
do not predict even the most fundamental characteristics of the distributions we might

expect to see in laboratory experiments.
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ABSTRACT. Keizer’s paradox refers to the observation that deterministic and
stochastic descriptions of chemical reactions can predict vastly different long
term outcomes. In this paper, we use slow manifold analysis to help resolve this
paradox for four variants of a simple autocatalytic reaction. We also provide
rigorous estimates of the spectral gap of important linear operators, which
establishes parameter ranges in which the slow manifold analysis is appropriate.

1. Introduction. In 1987, Joel Keizer proposed a simple autocatalytic chemical
reaction for which the deterministic ordinary differential equation model based on
the law of mass action and the stochastic formulation, given by the chemical master
equation, predict qualitatively different long term outcomes [6]. Such autocatalytic
reactions occur, for example, in the misfolding of prion protein (PrP) in Creutzfeldt—
Jakob disease [2] or the phosphorylation activation of certain enzymes [10]. Keizer’s
chemical reaction and several variations of it are also mentioned by Gardiner [3] and
Van Kampen [11].

The reactions that form the basis for this observation, called Keizer’s paradox,
are

ky
S+ X 2X, (1a)
k_1
ko
X——C, (1b)

Reaction (1b) can be thought of as degradation. According to the law of mass

action,

dx
i kisz — k_12% — ko, (2)

where z = [X], and s = [S] are continuous state space variables. Assuming s is a

constant, there are two steady states, an unstable solution with x = 0 and a stable

positive solution (given kis > ko) z = ]“157;’“2 However, when this reaction is
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1776 PARKER CHILDS AND JAMES P. KEENER

modeled as a discrete stochastic birth-death process, the extinct state x = 0 is the
unique absorbing state, and consequently the stochastic model predicts the species
X will go extinct with probability 1.

Such contradictions between deterministic models and stochastic birth-death pro-
cesses often appear partly because, in order to use a deterministic model, a large,
but discrete, state space is treated as continuous. Indeed, almost any continuous
population-tracking model can be thought of as an approximation to an underlying
discrete stochastic process, as observed by Nasell [9]. Such approximations are usu-
ally useful for some range of time or when the population in question is sufficiently
large. However, if the population is small, a continuous state space cannot be easily
justified, and, indeed, different behaviors are often observed. Similarly, in the long
time limit, stochastic fluctuations can play an important role, even in large systems,
and deterministic equilibria may be perturbed in significant ways. Indeed, for the
above example, the typical behavior of the stochastic process is to rapidly approach
a quasistationary distribution whose mean is close to the deterministic steady state,
but then to go extinct on a much slower time scale because of random fluctuations.
Consequently although extinction is sure probabilistically, the expected extinction
time is quite large, becoming exponentially large as a function of system size, thus
resolving the paradox.

Though at first glance it may seem so, our results do not conflict with the classic
work done by Kurtz [7, 8] in comparing stochastic and deterministic models of
chemical reactions. He proved that the ODE model is the infinite volume limit of
the Markov process model. In this paper the volume in which the reactions occur
is arbitrary but must remain finite for our results to hold.

The reaction (1) with S held constant was studied by Vellela and Qian [12]. They
used numerical computations to estimate the expected extinction time as well as
the time to reach the mean of the quasistationary distribution. Being numerical,
their computations could only be performed for a truncated system, even though
the state space is infinite. Vellela and Qian chose to truncate the state space at
N = 300 because it was “sufficiently larger” than the deterministic steady state
with their choice of parameter values.

In this paper we exploit the fact that in certain parameter ranges there is a
separation of time scales, a fast time scale on which the stochastic process quickly
approaches a quasistationary distribution very near the steady state concentration
predicted by the deterministic model, and a slow time scale on which extinction
occurs. With our analysis, using adiabatic elimination, or slow manifold dynamics,
we calculate the time to extinction, showing that it grows exponentially with the
size of the system.

Our analysis is applied to four variants of Keizer’s paradox. First, we examine
the reaction (1) with the substrate S held constant, and find analytical formulas for
the mean extinction time. Second, we examine the reaction (la) with the variation
on the degradation reaction

X ——» 5, (3)

and without the assumption that substrate S is held constant. This reaction scheme
has the property that the total number of molecules, ng + nx, is constant, but ex-
hibits the same paradoxical behavior as (1). Similar results for the mean extinction
time are obtained as with the non-closed system.
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Third, we consider the finite system obtained by the reactions in (1) without
assuming the number of S molecules is held fixed. For this reaction, there is no
conservation of total molecules, but instead the reaction occurs in a closed envi-
ronment and is allowed to ‘run down’. With this assumption, there is no paradox;
both the stochastic model and the deterministic model predict extinction of the
autocatalytic molecule X. However, the state of the system when X goes extinct is
quantitatively different for the two models in terms of the number of S molecules
which remain at extinction. Using our analysis, we are able to quantify these dif-
ferences.

Fourth, we assume that the back-reaction rate in (1a) is proportional to S. With
this modification S remains constant, so the analysis of this reaction is identical to
that of the first case. However, when this autocatalytic reaction is coupled with
the degradation reaction (3), the deterministic model has no positive steady state
but predicts that S grows without bound, while the stochastic model once again
predicts certain extinction. For this model, we calculate the extinction time for the
stochastic process as well as the distribution for the substrate species S when X
goes extinct.

Finally, by bounding the spectral gaps of the necessary matrices and operators,
we provide rigorous estimates for parameter ranges within which the time scale
separation is sufficient to permit a quasistationary - slow manifold analysis.

2. Keizer’s paradox.

2.1. Problem formulation. First, we consider the original problem proposed by
Keizer [6]. In this problem, S is held fixed at, say, ng molecules. (The mechanism
by which this is accomplished is not stated, although this is necessarily an open
system.) Consequently, since ng does not change, the only species we need to track
is X.

As noted in the introduction, modeling this reaction using ordinary differential
equations and the law of mass action predicts that the concentration of X tends to
a positive steady state.

For the stochastic description of this process, the state of the system is deter-
mined by the number n of X molecules, n =0,1,2,---. A state transition diagram
is shown in Figure 1. The transition rate parameters ]%17 ]%,1, and ]%2 are related to
the chemical reaction rates in (1) by

k
kl = Vl, (48’)
A k_
k—l - 717 (4b)
/;‘2 = k‘g, (40)

where V is the volume of the system.
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kingn
° °
n n+1
k_1(n+1)n

FIGURE 1. State diagram for the stochastic system with a semi-
infinite state space.

The chemical master equations for this process are the infinite system of ordinary
differential equations

dpo 2

oro L

dt 2P1,

d . . .

% = (2k_1 + 2k2)p2 — (k2 + kins)p1,

; (5)
% =king(n — Dpn—1+ (k—1(n+ 1)n+ ka(n + 1))ppi1

— (k_1n(n — 1) + kyngn + kon)py,

where p, (t) is the probability that the system is in state n, i.e. has n molecules of
species X, at time ¢t. We nondimensionalize this system with the rescaling of time
t = kingt. We can now write this system as the “matrix” equation

dp

- = A + EB s 6

7= )p (6)
where ¢ = I%g/(l%lng). The word matrix above is in quotes because A and B

are not matrices in the usual sense, but rather are linear operators on ¢!, and

p = [ Po, D1, P2, --- }T € (' is a probability distribution over the natural
numbers. That said, A is the tridiagonal operator

0 O 0
0 -1 2yt
0 1 —2—-2v"1 647!

(n—1) —-n-—n(n-— 1)7_1 n(n + 1),},—1
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with v = l%lng/fc,l, and
[0 1 0 1
0o -1 2
o o0 -2 3
B= (8)
-n (n+1)

is upper triangular. Because our state space includes the state n = 0, indices for
all elements of and operators on ¢! herein begin at 0.

2.2. Slow manifold reduction. The purpose of writing these two operators sepa-
rately is to motivate a slow manifold reduction treating € as a small parameter. This
has been called adiabatic elimination of fast variables [3]. In fact, if the amount of
substrate, .S, is sufficiently large, then ¢ is small, and the nullspace of A is a slow
manifold. Our first step, then, is to find the null vectors for the matrix A. One

can easily see that ¢ = [ 1, 0, 0, ... ]T is a null vector since the first column
of A is all zeros. However, A has another null vector, which we call 7. Forcing
the distribution 7 to be mutually exclusive to ¢ gives myp = 0. In other words,
the distribution 7 corresponds to having zero probability of being in the extinct
state. The remaining entries are found using a simple inductive argument (see Van
Kampen [11]) to be

1

T = —~" 171, n=23,... (9)

n!

with the condition ), m; = 1. So,

Tn=—("=1)"", n=12.... (10)

n!

This is a zero-truncated Poisson distribution with parameter . It has mean

e"/

1ns
=" Ny=——, (11)
e’ —1 k_q
which, in units of concentration, is ,’:j , and is greater than the deterministic steady

state ]’“,:7;]“2, but agrees exactly with the deterministic steady state if we were only
to consider reaction (la).

We examine the non-zero eigenvalues of the matrix A in section 4. In fact, the
reduction of this system to the nullspace of A must be justified by a more rigorous
separation of time scales. This requires a better understanding of the spectra of
A and B. We show, in section 4, that the remaining eigenvalues of A are greater
than 1/3 in magnitude. So, other modes are damped out exponentially. This means
that, given some initial condition p(0), there is an initial layer before the solution
settles onto the two-dimensional slow manifold spanned by ¢ and w. So, after a
short, O(1), initial time, the solution to (6) will be of the form

p(t) = cop + e1m + O(e), (12)

where ¢ 1 are slowly varying scalar-valued functions of t and the O(e) contribution
is not in the range of ¢ and 7. Here, cg = po(f). Projecting onto the nullspace of A
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by multiplying both sides of (6) on the left by 17, the row-vector with a 1 in every
component, gives, to leading order in ¢,

dcyg dey
~+—=0. 13
dt dt (13)
Thus, ¢y + ¢1 is conserved, and in fact, since Y p; =1,
Cc1 = 1-— Co- (14)

The projection of (6) given by multiplying both sides on the left by ¢T is

dCO >
—= = (C1€ Z B07j7rj
dt =0 (15)

—ey(e? —1) e
Substituting (14) into (15) and solving the resulting equation gives

co(t) =1 — (1 —co(t*)) exp (— il f) . (16)

e’ —1

Hence, pp — 1 exponentially in time once the solution is on this slow manifold.
However, the rate at which this occurs is extremely slow, because the denominator
in the exponent of (16) is exponentially large. The use of * indicates the short time
it takes to get to this manifold, and co(¢*) is the location on manifold the initial
conditions determine the solution will approach in that short time. This means
that the species X goes extinct with probability 1. The relevant question, though,
is how long it takes before this occurs.

If we make the further approximation that co(*) = 0, that is, that the system
starts out in quasistationary state, we can find that the expected nondimensional
time to extinction 7 is given by

Fo / e i) di. (17)
0

Expressed in dimensional time, the time to extinction is

re M (e (Fms) ). (18)
kzklns k,1

This compares favorably to the numerical study done by Vellela and Qian[12], and
provides an analytical estimate for the extinction time. Using the same parameters
they used, namely k; = k_; = ko = .55, and ng = 100 we find

T~ 4.89 x 10%1. (19)

Having made the reduction in (12) it is difficult to get a handle on 71, the
expected time to extinction given the initial condition p,(0) = d;,. However,
using these same parameters, we can calculate 7, 1, the expected time to reach p,
the mean of the distribution 7. First, we calculate the splitting probability 6, .
This is the probability that, starting at state 1, the reaction reaches state u (or
nearest integer) before reaching state 0. Van Kampen calculates this for a general
birth-death process on pp. 298-300 [11]. For our parameter values, u = 100 and

0,1 ~ 0.9899. (20)

This means that, with very high probability, the process will reach the mean of the
quasistationary distribution before going extinct, another hint at justification for
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our reduction to the aforementioned manifold. We use this, and the other splitting
probabilities, to compute

T T S e

Tu,1 —1 - s (21)
Oun Yo ITi21 3
where empty products are equal to 1, and
g9; = kinsj, (22a)
rj =k 1j(j — 1)+ koj (22b)

are the birth and death rates, respectively. With the parameter values above,
numerically we obtain

Tua ~ 1492 (23)
Hence, not only does the process tend toward the mean of 7, it does so many orders
of magnitude more quickly than the expected waiting time for an extinction event.

3. Variations on the original reaction.

3.1. Closed and conserved. We now turn our attention to the variation on the
reaction scheme given by reactions (la) and (3). We suppose that the reactions
occur in a closed environment. It is clear, then, that N = nx + ng is a conserved
quantity, so ng is no longer a constant. The total concentration s* = x + s is
similarly conserved. Then, the deterministic ODE model for these reactions is

dx

i kix(s* —x) — k_12°% — ko, (24)
which has the unique positive stable steady state (provided k;s* > ks)
]{il s* — k‘g
o 2T 25
kl + k—l ( )

However, consideration of the chemical master equation gives the same paradox
as with the infinite-dimensional system. Letting p denote the probability density
vector, we write

dp PP
== (A+eB)p, (26)
where
" o 0 -
0 —(N-1) 251
_1 (N-1) -2(N-2)-25"1 65"
—~N(N -1)571
i (N—-1) NN -1)57"
and ) )
0 1
0o -1 2
- -2 3
B= ; (28)
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with § = ki /k_1 and & = ko /(k; N). Here, we have nondimensionalized time in (26)
by the scaling ¢ = k1 Nt.

Once again, the only stationary probability distribution for (26) is the vector
1 which is simply ¢ truncated to be length N + 1. Indeed, the species X goes
extinct almost surely. However, we can apply the same technique here to determine
the time scale on which extinction occurs. We perform a slow manifold reduction
treating € as a small parameter. As above, we leave the formal comparison of the
spectra of A and B to section 4. Besides 1, the only other probability vector in
the nullspace of A is p, given by

-1
pn:'~y"(]:> ((1+§)N—1) n=1,2,...,N, (29)
with pg = 0. Interestingly, if we make the assumption that ky is inversely pro-
portional to N and take the limit as N — oo, then p limits to a zero-truncated
Poisson distribution similar, but not identical to (10). However, there is no physi-
cally natural limit in which the systems compare directly. The distribution in (29)
has mean

N )

(1+9)" -1
As before, we assume that after an initial layer, solutions of (26) take the form
p(t) = dotp + dip + O(&). (31)

This is justified in section 4. Then, applying the same technique, multiplying (26)
on the left by 1T and then, separately by 1T, we arrive at

do(B) = 1 — (1 — do (i) exp (-(1:;)%_15) . (32)

Since dy(t) is the probability that the species X has gone extinct by time ¢, we see
that, if do(t*) = 0, the expected extinction time (in original units of time) for this
finite-dimensional problem is

. \N
oy (1 + kk—_ll) -1
Choosing the same rates as above, ky = k_1 = ko = .55, and letting N = 100, we
find

7=

(33)

7~ 2.305 x 1075, (34)

For comparison, since this system is finite, we can compute 71, the expected

time to extinction from state 1, exactly. Using a theorem stated by Allen [1] pp.
240-241,we find

71 = 4.6572 x 10%. (35)

It should not be a surprise that this is smaller than our estimate from the slow
manifold reduction, since the initial condition is far closer to extinction. Also for
comparison, with these parameter values, it ~ 50, the probability of reaching the
integer state nearest ji given the initial condition of state 1 is

071 =~ 0.9898, (36)
and the expected time to arrive at that state is
o A 1355, (37)
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Again, we see the near certainty of arriving at i before extinction and the expec-
tation of doing so many orders of magnitude faster than an extinction event can
occur.

3.2. Closed with degradation. Now we consider both reactions in (1) occurring
in a closed environment. The initial number of molecules in the system is N =
ng + nx, but when an S molecule is converted, it does not get replaced, and when
an X molecule degrades it is gone for good. We now must track two variables, the
concentrations of S and X. The deterministic system is

d
d—x = kst — k_12° — ko,
! (38)
@ = —kysx + k_q12°
7t 1 —1z”.

With these conditions, the deterministic and stochastic models agree in that they
both predict extinction for the autocatalytic molecule X. This is easy to see with
the deterministic system since

%(m +5) = —kox <0, (39)

and it is certainly not surprising with the stochastic system. The interesting ques-
tion here is how many molecules of S remain when X does go extinct.

The deterministic model for this system has, as nullclines, two parallel lines with
slope k_1/ki: one which passes through the origin and one which passes through
the s axis at s = ko/k1. The entire s axis is the only set of fixed points. This
corresponds to the termination of the reaction if species X goes extinct. There is
also an invariant manifold between the two parallel nullclines. It is

{(33,5)20|skk_11<:c+k1f2kl>}. (40)

To get a clearer sense of how this system behaves, we make the 2 x 2 change of

variables
m=x+ S,

41
uzkls—k_1<x k ), (41)

_|_ R —
kv +k_q
which gives us equations for 7 and 4. Conveniently, we can solve for u as a function

of m by taking the ratio
U du ki +k_y
_— = U

- 42
Then
kitk_g
u=uge k2 (MM (43)
From (39) we know that m approaches 0 from above in forward time, so (43) implies

k k_
that u approaches the exponentially small quantity ug e%(fmo). The axis given
by u = 0 corresponds with the manifold specified in (40). Hence, we see that from
any initial condition trajectories move exponentially close to this manifold before
the species X can go extinct. Therefore, the deterministic system predicts that
when there are no more molecules of X left to drive the reaction, there will remain

in solution a concentration of S which is approximately
k_1ko
§F = ———. 44
ky (k1 4+ k-1) (44)
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The stochastic model for the process is represented by the diagram in Figure 2.
Along each diagonal in the figure the transition rates are the same as in the matrix A.

OON—1 1,N-1

ON—-2 1,N—-2 2.N-2

° : ° .

0,2 : N—32_N-272

I R Y [

0,1 1,1 N—-2, TN N-1,1

. . . ---------- . . .

0,0 1,0 2,0 N—-20 N-1,0 N,0

FIGURE 2. State diagram for the stochastic system with finite state
space. Coordinates in the diagram are (nx,ng).

The horizontal arrows from each state to the state on its left represent degradation
of X. It is clear that each state (0,n) for n =0,1,..., N — 1 is absorbing. In order
to understand how the state probabilities for this system evolve, we notice that if
we add the equations corresponding to a given diagonal we get

N
dPyn A
W - ;_k2]pj7N_j,

Q+1

Q
dP, ~ A 45
TtQ = Z k23pj@+1)—5 — Z k2jpj,Q—js (45)
j=1 =1
dP, N
=2 = kap1,0,

dt
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where
Q
Po=Y pig-j (46)
=0

is the probability of being in any state on the diagonal ng +nx = Q.

We now use the quasistationary approximation from (29) conditioned on the
event that the system is in some state on diagonal ). The validity of this approx-
imation is discussed below. So then, applying Bayes’ Theorem and reordering the
equations, the system decouples to the 2/N-dimensional system

dPy
b (wg — ) Por — wy Py,
dPy
df = (w@+1 — aq+1) Py —woPq, (47a)
dPp:
= — P ,
dt WN LN,
d
Z?;O == 051P1/7
dpog _ 47b
T ag+1P g1y (47b)
d _
where
Pgr =Py —poq (48)

is the probability of being on diagonal @ but not in state (0,Q), denoted by the
prime. The binomial theorem gives us expressions for the ag’s and wq’s:
-1

PN - Q
kok k
ag = 2o 1+ = -1 , (49a)
—1 k_l
Loy Q-1
k1
wQ = aqQ 1+ = . (49b)
-1
T T
If we let P = [ Py, ..., P } ,and ¢ = [ D0,0s ---5 Do,N—1 ] , then we can
rewrite (47) as
P=QP, (50a)
G=AP. (50Db)
The matrix A is simply the diagonal matrix of ag’s, and €2 is upper triangular with
diagonal entries —wy, ..., —wn, hence, it is invertible and has negative eigenvalues.

This is crucial, because solving (50) yields
q(t) = AQ™* (2 - I) P(0). (51)
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Then, we define
¢™ = lim ¢(t) = —AQ"*P(0). (52)
t—o00
This is the approximate distribution of how many S molecules remain once the
species X goes extinct. If we assume that the reaction begins with /N molecules, then

the initial condition is P(0) = [ 0, 0, ..., 1 ]T, and the terminal probability
distribution for the species S simplifies drastically to

~ -n 1—j5
= (142 ﬂ g B J n=0,1,...,N -1, (53)
n ]Af i ) 5 Ly 5 5

—1 j=n+2 —1

where, again, empty products are unity. Note that this distribution is independent
of ko, due to the reduction.

The use of this approximation is not well justified on every diagonal because it
relies on having a large enough system. When @ is small, the system is not always
likely to reach a quasistationary distribution. However, we see, upon inspecting the
distribution (53), the range of @ for which the quasistationary reduction might be
considered accurate. On each diagonal which affects the exit distribution signifi-
cantly, we need & relatlvely small in order to have a separation of time scales. De-
creasing ks or increasing k; achieves this effect. In a word, we need ky/(k1Q) < 1/3
for all @ in the bulk of the distribution (53).

In Figure 3, we compare this predicted distribution to the results of several
thousand Gillespie simulations for a range of parameter values. Without loss of
generality, we can fix kr =1 for all simulations, because only ratios of parameters
affect the results. The results of simulations shown in Figures 3(a), 3(c), and 3(e)
agree closely with the predicted distribution. Figures 3(b), 3(d), and 3(f) show
results where ks is increased enough to cause discrepancy between the simulated and
predicted distributions. The only case in which the deterministic model prediction
is close to the mean of any of these distributions is if k_1 is small. In Figure 4, we
show how the means of these distributions depend on combinations of parameters.
As stated, there is good agreement between the predicted mean and the simulated
mean when ko is sufficiently small or when k_ 1, and, hence, any relevant values of
@, are sufficiently large. Increasing ko invalidates the quasistationary assumption.
We also see in both figures, 3 and 4, that the deterministic model fails to capture
the behavior of this distribution.

3.3. Trimolecular reaction. The final variation on our reaction scheme is the
autocatalytic reaction

S+ X S+2X, (54)
k4
which can also be written as
k1
S+ X 2X, (55)
k.S

When this reaction is coupled with the degradation reaction (1b), the master equa-

tions are identical to those for (1) with S held constant provided k_; is replaced by

k' S, or equivalently k_; is replaced by k' ng, where k' | = kw .
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FIGURE 4. The fine dotted line is Vs> from (44) with ky = 10.
The thick dashed line is (¢*°) from (53), which is independent of
ko. Solid lines are the average remaining S molecules from Gillespie
simulations for a range of k. Initial conditions for these simula-
tions are chosen uniformly on ng 4+ nx = 300. Since we are only
concerned with ratios of parameters, k1 =1 for each curve.

We observe a more interesting phenomenon when reaction (54) is coupled with
the degradation reaction (3). With these two reactions, the deterministic model is

d

an = kysx — k' s2® — ko,

e (56)
— = kou.

a2t

With sufficiently large initial conditions (for example, s > Z—f, x > 0), the solution

to these equations predicts that [S] grows without bound, while [X] tends to k’fl )
-1

The chemical master equation is doubly infinite, and, again, predicts certain
extinction for X. We ask the same question here as in the previous section: given
an initial number of molecules in solution, how many S molecules remain when X
is depleted?
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The Kolmogorov equations needed to answer this question tell us how Pg—,,, the
probability that S is in state n, evolves. We write them as

dPs_g N
e —ko ;JPX:ﬂS:oPS:O,
dPs—p  » <= . e
S =k ) iPx—jis—n-1Ps=n-1— k2 Y iPx—jis-nPs=n,  n=12..
j=1 j=1
(57)
Bayes’ Theorem allows us to rewrite these as
dPs—g f =
T —ko Z]PX:j|X7£0,S:0PX7£O\S:OPS=O;
j=1
dPS:n » = . (58)
T ko ZJ (Px=j|x20,5=n—1Px20/5=n—1Ps=n—1
j=1
—Px—jx20,5=nPx 20/5=nPs=n) -

Using the same argument we make in the previous section, we make the quasista-
tionary reduction

Px015=n =1—10¢o (59)
from (16) and
Px_jix+40,5=n = T; (60)
from (10), each of which have ~ replaced by 7/ = k’f—jl Hence, 7; is independent of
ng, and /
ZjPX:j\X;éO =y = 7/67/6%1» (61)

j=1
as in (11). Then (58) simplifies to

dPs—o ko€’ <—/Af27lt>
- €xXp PS:O,

dt eV —1 ev —1
- . (62)
dPS:n o kQ’)/e’y *kg’}//t
dt - e,y/ 1 ex e,yz 1 (PS:n—l - PS:n) .
We simplify even further by letting
df ko e’ —kor't
dt e 1P\ 1) (63)
Then ip
d?-:O = _PS:O7
(64)
Psn _ p -P
df = I'S=n-1 S=n-

This is now a standard description of a Poisson process with parameter 1. Solutions
of (64) are

0 n<m,
PS’:n(f) =N et

(n—m)!

65
n>m, (65)
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t 7. A 7o At 7
kovy'eY —kony's / —kon't
f= /0 637_ 1 exp (ev’Qj 1) ds = e (exp <37’ le> _ 1) , (66)

and m is the initial number of S molecules. So then, letting ¢ — oo, we find the
predicted probability density for the number of S molecules remaining when all X
is depleted. It is the shifted Poisson distribution

where

0 n<m
P, = SW'W'*’”)e(’”I) (67)

(n—m)! n=m,

which has mean ¢ +m. It is nigh impossible to compare this distribution with the
results of simulations because the time to extinction of X is so long for this process.

4. Spectral gap analysis. Our final objective is to justify the claims made in the
previous sections. That is, we want to show that an initial distribution will move
sufficiently quickly onto the slow manifold to consider the slow manifold reductions
valid. This is done by examining the spectrum of the operator A. In particular,
we wish to show that the non-zero eigenvalue with least magnitude is bounded
some sufficient distance from the origin to consider € and £ comparatively small
parameters. First, we consider the spectrum of the matrix A.

To this end we take advantage of the work by Granovsky and Zeifman [4, 5] in
bounding the spectral gap 8 of birth-death processes, which is the minimum of all
moduli of the non-zero eigenvalues of the matrix. In particular, they defined € to be
the set of all real matrices C' = {¢;5,7,j = 1,..., N} with non-negative off-diagonal
entries,

Cijzoa Z#ja Z,jil,,N (68)

and non-positive column sums

N
=Y ¢; <0, j=1,...,N. (69)
=1

Then, they proved that for any matrix C' € %, the magnitude of the smallest
eigenvalue

|z0| = min{|z|, z; € o(C)} (70)
satisfies
(71)

where

(72)

4.1. Spectral gap in the finite case. The matrix A in (26) is a W-matrix as
defined by Van Kampen [11], so every column sum is 0. Hence, the bounds given in
(71) are not immediately useful for bounding the spectral gap of A. However, the
entire first column and first row of A are zeros. Considering the matrix A obtained
by deleting this row and column, A is an irreducible W-matrix and it has the null
vector [ P1, ---5 PN }T We only consider matrices and operators truncated
thus for the remainder of this text.
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Granovsky and Zeifman noticed that the differential equation

B _ (73)
can be transformed via
N
pi(t) =1- Zpi(t) (74)
i=2
into the equivalent equation
W By + 1, (75)

where

pa(t), .oy pn(®) ] (76)
f:[a,gl ..., GQn1 ]T

This is useful for determining 3 because o(B) = o(A)/{0}. Hence, the smallest

eigenvalue in o(B) is the spectral gap for our original matrix A. We apply their
technique by using the similarity transformation C' = TBT ! where

di dy ... dq
0 do ... do
T=1| . = . : (77)
0 ... 0 dny-—
d;i>0,i=1,...,N—1, and
[dy' —dy' 0 ... 0
0 dyt —d3t :
T'=1 : : 0 (78)
: : : _dX/171
L 0o ... o0 dyty
Granovsky and Zeifman proved a stronger result, but we note here that it is always
possible to pick a sequence dy,...,dy_1 so that C € €. Column sums of C' take
the form
Cj = *aj — 0541 + 5jaj+1 + 51__11bj (79)
where
1
. — (N —
a; = (N =j)J;
b = =i — 15! 80
i =0 -y (80)
d.
6= j=1..N-1
d;
Clearly, ay = b; = 0. Picking
5= (81)
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yields
N+1 2
o NHL 2
! 3N AN
(N +1)j )
0= - 2 =2,...,N-2 82
ITTNGr2) 7 (82)
N-1
v o N-1
N—1 N

The combination of (71) and (82) gives us a lower bound for the spectral gap /5 5.
That is,

for N > 1. (83)

ﬂAEmin{NJrl 2 N+1 Nl} 1

3N SN 2N ' N [ 3
Since € = O(1/N), we see that §; > ¢ if N is reasonably large. Since -1 is the
nonzero eigenvalue of B which is smallest in magnitude, this separates the time

scales on which A and éB affect the evolving probability distribution $ in (26), as
desired.

4.2. Spectral gap of an operator on /!. To obtain a lower bound for the spectral
gap of A in (6), we begin by deleting the first row and column as before. Next, we
truncate A to be size N x N. Then, we rewrite the system as in (75). Applying the
same similarity transformation to this now-finite and transformed version of A, we
get column sums of the form

GN=—j—(G+Div " + 650G +1)+6,15G - Dy (84)

Again, picking J; as in (81) and applying (71), we obtain a lower bound on the
spectral gap for our modified version of A, call it 8. Indeed,

1 1
B%Zmin{3+2'y_l,2,]\f—1}. (85)
Finally, we let N — 0o to obtain
(1 4 1
B4 > min §+2'y 5 (- (86)

We now see that the magnitude of the smallest eigenvalue for the operator A is
O(1), whereas since we can read the eigenvalues of B off its diagonal, its spectral
gap is exactly 1. Hence, if ng is large enough ¢ is small, and it is appropriate to
treat A and €B as acting on different time scales as we have done in section 2.2.

5. Discussion. Keizer’s paradox is that, for the simple autocatalytic reaction (1),
the deterministic model based on the law of mass action has a nontrivial stable
steady state to which all solutions with nonzero initial conditions tend, while the
stochastic model of the same reaction predicts that extinction occurs with proba-
bility 1. This paradox is similar to a relatively simple example of a more general
principle of a Markov process on a finite discrete state space, namely, that the sys-
tem evolves to its absorbing states with probability 1. In the case of population
dynamics, the only absorbing states are those for which the reproducing species
is extinct. Thus, even though many deterministic models of reproducing popula-
tions predict long term persistence, stochastic models of these dynamical processes
predict certain extinction.
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The question of interest is, then, how long it takes before we can expect the
stochasticity of the dynamics to bump the system to a state sufficiently far from
the deterministic equilibrium that extinction occurs.

In this paper we find analytical estimates of the expected extinction times for
two variations of an autocatalytic reaction. The first is an open system in which
the substrate molecule S is held constant by some feedback mechanism, and the
autocatalytic molecule X degrades at a constant rate. This stochastic model has
an infinite state space, which makes numerical analysis of its (infinite) W-matrix
impossible. Through analysis of the relative spectral gaps of the operators formed
by the transition rates from each of (1a) and (1b), we are able to justify the pro-
jection onto the nullspace of the operator A as an accurate approximation to the
solution. This is because this nullspace is a slow manifold, provided ¢ <« 1/3, and
movement on this slow manifold gives an exponential waiting time for extinction.
This nullspace is the span of the extinct distribution and a truncated Poisson dis-
tribution or quasistationary distribution. We find that the expected time to reach
the mean of the quasistationary distribution from state 1 is very small compared to
the massive waiting time to extinction.

The second variation is a closed system in which X does not degrade, but can
convert back to S spontaneously. The absence of a feedback means the number of
total molecules is conserved rather than the number of S molecules. Because this
system is finite, we are able to compare the expected extinction time from state
1 with the exponentially large estimate from the reduction to a quasistationary
distribution. From state 1, there is also a very high probability and a relatively
small expected time to reach the mean of this distribution.

Thirdly, we are able to use the projection onto the nullspace of A to analyze
the reaction with degradation in a closed environment. The disagreement between
deterministic and stochastic models in this case is not whether the chemical species
X goes extinct, but how much of the substrate S remains when extinction does
occur. We find that our approximation from the nullspace projection above agrees
well with distributions from Gillespie simulations, whereas the deterministic model
does not predict even the mean of said distributions.

Finally, we consider a different, trimolecular reaction which exhibits the same
paradox as the first two. Extinction time is more unwieldy to compute for this
reaction, but we are able to obtain a similar prediction for the exit distribution of
substrate molecules.

The resolution of Keizer’s paradox, at least for the systems studied here, is that
while extinction is certain, the expected time to extinction is exponentially large in
the size of the system. We conjecture that the stochastic model for any system with
similar paradoxical behavior, especially those biological systems which are observed
to persist over long periods of time, has an extinction time which is exponentially
large as a function of its characteristic population size.
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CHAPTER 4

THE BACTERIAL FLAGELLAR ROTARY
MOTOR



o8

Many bacterial species such as F. coli and Salmonella locomote by rotating helical
flagella. Each bacterial cell has between three and eight flagella. When all the flagella
rotate counterclockwise (CCW) they form a bundle behind the cell that propels the
cell forward through its environment. If one or more of the flagella switches direction
and rotates clockwise (CW), it causes the bundle to flay apart and the cell to rotate
to a different orientation until all the flagella are once again simultaneously rotating
CCW. This type of movement is commonly called a run-and-tumble process, and the
frequency of tumbling is modified by the cell in response to environmental conditions
such as nutrient or toxin gradients.

The flagellar rotation is driven by a complex transmembrane molecular machine
appropriately called the flagellar rotary motor [2, 14]. Two major components con-
stitute this motor: the rotor [10] and the stator. The rotor is the part of the complex
that actually rotates and is directly attached to a hook from which the flagellum
protrudes. It is comprised of several different rings, and each ring is made of many
copies of different proteins. The stator is the portion of the motor that remains
more or less stationary in the cell membrane. It is able to remain stationary by
being embedded in the rigid peptidoglycan layer. The stator interacts with the high
concentration of hydrogen ions in the periplasm to propel the rotor.

The exact mechanism of how the hydrogen ions cause motor rotation is not known.
What is known is that they interact with the stator protein complex formed by MotA
and MotB. This complex appears to interact with the protein FliG in the M ring which
is part of the rotor. It also appears that the conformation of FliG determines whether
the motor rotates CW or CCW at each of these interactions. How the conformation
of FIiG is decided is what we seek to understand in what follows.

FliG and the M ring is connected to the C ring, which is comprised of the proteins
FliM and FliN, seen in Figure 4.1. The M ring and C ring make up what is called the
switch complex. The chemotactic signaling molecule CheY can bind to FIiN when
it is in its phosphorylated form, CheY-P [12]. When the whole complex composed
of FliN, FliM, and FliG has CheY-P bound it is biased toward its CW conformation
8, 9]. There is a 26-fold rotational symmetry in the M ring and an apparent 34-fold

rotational symmetry in the C ring. It is not known whether this stoichiometric
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Figure 4.1. The flagellar rotor. An electron microscopic image of the flagellar rotor
in Salmonella. (Adapted from [12].)

mismatch is important for motor control. For our purposes, we do not consider the
26-fold symmetry created by FliG explicitly.

In short, our aim is to develop a tractable model of the overall conformation of the
switch complex based on simple assumptions about the interaction of the individual

components involved.

4.1 Model of the Flagellar Motor Switch

The initial framework of the stochastic model of this motor, described in the
following, is the same as the model that was proposed by Bai et al. [1]. We consider
a ring of subunits, each of which can exist in one of four states. A subunit can
have CheY-P bound or unbound, and it can be in one of two conformations which
we will call CCW and CW. As mentioned above, the CCW and CW conformations
for individual subunits at this point are only conformations. The actual direction of
rotation of the motor is presumed to be a result of the aggregate of conformations of
all subunits.

These states and the transitions between them are represented in Figure 4.2.



60

Unbound Bound
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Figure 4.2. State diagram for a single subunit with four states. Transition diagram
for a single subunit in the ring of proteins that constitute the flagellar switch. The
rates in this diagram are state-dependent. Specifically, we use the switching rates
a, 3,7, and 0 to mean the unbiased switching rate of a subunit, or the switching
rate of a subunit whose two nearest neighbors are in opposite conformations. We
make the assumption for the sake of simplicity that the conformations of neighboring
subunits influence the switching rates of a subunit symmetrically and equally in both
directions. That is, for some w > 1, if both nearest neighbors of a subunit are CW,
then, in our model, the rates for that subunit to switch from CCW to CW are wa and
wf, and the rates for it to switch from CW to CCW are %'y and %5 depending on if it
has CheY-P bound or not. Likewise, if its nearest neighbors are both CCW, then the
CW switching rates are %a and %B, and the CCW switching rates are wy and wd.
We call w the coupling strength since it indicates how strongly the conformations of
neighboring subunits are coupled.

4.1.1 An Early Attempt at Model Reduction

Since there are 34 subunits in this ring, this stochastic process is a Markov process
on a state space with 43* states. To attempt to compute the stationary distribution
on this state space would require an immense matrix calculation. However, we don’t
need the stationary distribution on the full state space. We are only interested in the
expected proportion of subunits that are CW for a given concentration of cytoplasmic
CheY-P. Therefore, we can think of this as a stochastic process on a state space with
only 35 states, as shown in Figure 4.3. In order to do anything with this model,

we must relate the g;’s and 7;’s in Figure 4.3 to the parameters in the full 43*-state
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Figure 4.3. State space diagram with 35 states. Diagram representing the number
of CW subunits.
system.

One idea is to use the proportion of CCW and CW subunits as weighting factors for
the CW, CCW switching rates in Figure 4.2. Additionally, since the CheY-P binding
and unbinding rates are independent of nearest neighbor relationships, we can treat
the probability that a subunit has CheY-P bound independently and in equilibrium,
conditional only upon whether it is, itself, in the CW or CCW conformation. Thus,

we define
ks
u = 5 4.1
PulCW = TCheY-Plky + ks (4.1)
pojcw = 1 — pyjcw, (4.2)
k4
Dujccw [CheY-Plks + kq an (4.3)
Pojccw = 1 — pujccw- (4.4)
This produces the following hypothesis for effective transition rates:
gn = (N = 1) (puccw a + prjcew B8) én, n=0,1,...,N—1 (4.5)
Tn :n(pu|CW7+pb|CW5) wna n = 1727"'aN (46)
where
I(N—=1-=-n)(N—-2-—n) (N—1—n)n n(n—1)
— 2 A7
= T INCD(N=Y lNoDv—9 Yooy W7
and
1(N—n)(N—-—n-1) (N —n)(n—1) (n—1)(n—2)
S 2 4,
L | R o vy v g v o g T G

are the average biases for conformation switching, weighted by the proportions of
possible neighbors.
With this hypothesis for appropriate g¢;’s and r;’s, we can look at the steady

state distribution for the process shown in Figure 4.3. This equilibrium distribution
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depends, of course, on all the rates shown and described in Figure 4.2, and two of
those rates depend linearly on [CheY-P]. For a first pass glance at this distribution, we
simply choose the rates found by Bai et al. as shown in Figure 4.4 and allow [CheY-P]
(called ¢/cp 5 in their work) to vary over the same range as they did [1]. We compare
distributions of time spent in states with a given number of CW subunits over the
course of several stochastic simulations, shown in Figure 4.5, to these distributions
from our reduction, shown in Figure 4.6.

A glance at Figure 4.6 is enough to see that these sets of distributions look nothing
like Figure 4.5. Our hypothesis for state transition rates given by (4.5) and (4.6) must
not have been an appropriate guess. What went wrong? What rates shall we choose
in order to reduce the number of states in our prodigious system?

The answer to the question of why this reduction does not give similar results
to stochastic simulations lies in the way we have probabilistically chosen nearest
neighbor interactions. By using the frequencies of appearance of CW versus CCW

subunits we have, in essence, homogenized the ring so that each subunit’s two nearest

Unbound Bound
10.00C/C0_5
7189. 24‘113909 68 13909.68 LHSQ 24
10. OOC/CO 5
CC
19.35

Figure 4.4. Parameters from Bai et al. Diagram representing parameters from [1].
Arrow widths have been scaled like the log of each rate for quick visual reference.
The other parameter not pictured in the diagram is the neighbor coupling strength,
w = 62.18, which scales the vertical arrows in this diagram depending on the states
of the two nearest neighboring subunits.
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Number of CW subunits

Figure 4.5. Simulated distributions as a function of ¢/cq5. The fraction of time
spent in each state with a given number of CW subunits (0, ..., 34) over the course
of stochastic simulations for ¢/cy5 ranging between [0, 2]. Parameters are chosen as
shown in Figure 4.4.
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Number of CW subunits

Figure 4.6. Stationary distribution on 35 states with homogenized transition rates.
Stationary distributions of the reduction to the process shown in Figure 4.3 with rates
as described by (4.5),(4.6). Parameters are chosen as shown in Figure 4.4.
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neighbors can be in either conformation as if the system is well-mixed. This is like
dumping several blue balls into an urn, then dumping several red balls into the same
urn, and, without any shaking or mixing, picking one off the top. The probability
that the chosen ball is red is not simply a function of the number of each color of
ball in the urn. The homogenized model we have guessed at here is similar in some
ways to a mean field model. It accounts for bias in conformational switching, but
in a smoothed-out way that partially ignores the very important energetic neighbor-

neighbor interactions. We try a different reduction in what follows.

4.1.2 Better Model Reduction

Because the conformational switching rates of subunits is strongly biased by the
conformation of its two nearest neighbors, as has been observed in simulations [5, 1, 7],
conformational spread is the primary mode for the entire ring to switch from all
subunits in one conformation to all subunits in the opposite conformation, either all
CCW to all CW or vice versa. That is, most often this complete switching occurs
by a connected domain of subunits growing to neighboring subunits until the domain
has spread around the entire ring.

We approximate the full Markov process by making the, as yet, unjustified,
assumption that the ring of subunits can only have at most two domains: one set of
contiguous subunits that are all CCW and that the rest of the subunits (a necessarily
connected set) are in the CW conformation. Hence, if there are two domains present
at a given time, only four subunits are able to switch conformation, those four in the
ring whose two nearest neighbors are in opposite conformations. If all subunits are
in the same conformation, however, any one of the 34 may switch conformation.

This restriction on the full process reduces the size of the state space a great deal.
We essentially ignore all states with more than one domain of CW subunits while
still hoping to capture the dynamics that invoke the entire ring of subunits to switch
conformation. A schematic of the types of transitions we are eliminating is shown in
Figure 4.7

With this in mind, we retain the quasistationary state approximation for CheY-P

binding to subunits as in (4.1)-(4.4). That is, we take the probability that each subunit
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Figure 4.7. Eliminated states and transitions. A schematic of one allowed and
one disallowed transition and state from the state space after reducing using the
2-domain assumption described. Unshaded circles represent CCW subunits, and
shaded represent CW. The small black circles on the edge of some of the bigger circles
represent bound CheY-P. We do not explicitly track which subunits have CheY-P
bound and which do not.

has CheY-P bound to be in steady state given its particular conformation. Such an
approximation here may seem to imply that the binding reaction is fast compared to
the conformational switching. If the binding reaction is, indeed, much faster, then the
approximation is certainly justifiable. However, in this case, as one edge of a domain
of CW subunits moves around the ring, it encounters several subunits, each of which
may have CheY-P bound or not. The fraction of subunits that have CheY-P bound is
the average we aim to capture with this quasistationary state approximation. Using
this fraction allows us to compute the average rate at which the edge of the domain
moves around the ring.

With this quasi-equilibrium and the restriction to one domain of subunits of each
conformation we have, once again, reduced the full process to a process on 35 effective
states as shown in Figure 4.3. Each state still represents the number of subunits in
the CW conformation. We must now select the appropriate g;’s and r;’s.

First, we consider gq. It is the rate at which any one of the subunits in a ring of
all CCW subunits switches conformation to CW. Taking into account the equilibrium

distribution regarding binding, we find that

N
o = " (Oépu|ccw + ﬁpb|ccw) . (4.9)
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The factor of N in this rate comes from the fact that any one of the subunits can
switch when all are in the same conformation, and the % comes from the fact that if
all subunits are CCW, then the two nearest neighbors of any subunit are, necessarily,
both CCW. However, once a single subunit is in the CW conformation, in order to
get two CW subunits, we only consider the rate at which one of the neighbors of the

first subunit switches. Since its two nearest neighbors are in opposite conformations,

91 =2 (apujcew + Bpsjcew) - (4.10)

In fact, g; = g1 for e =2,..., N — 2. We call this rate g,. To compute gy_; we note
that if every subunit but one is CW, then both neighbors of the only remaining CCW
subunit are CW. Therefore,

gn-1 = w (apujcow + By cow) - (4.11)
Similarly,
r=w (YPujew + O pojow) (4.12)
ro=1; =2 (Ypujow +Oppjow), i=2,...,N —1, (4.13)
and
N
TN:J<7pu|CW+5pb|CW)~ (4.14)

With this new, and hopefully improved, set of g;’s and r;’s, we look, again, at
the steady state distribution for the process shown in Figure 4.3. Using the same
range for ¢/cq 5, these distributions are shown in Figure 4.8. We have imposed data
points for the end states, 0 and N, from the simulations in Figure 4.5 onto the
distributions predicted by our improved, reduced model. It is worth noting here
that the distributions in Figure 4.5 include time spent in all states visited during
the simulations, regardless of the number of CW and CCW domains in the ring of
subunits. The remarkable agreement between Figures 4.8 and 4.5 suggests that the
reduction to 35 states simply by neglecting the contributions of states with more than

two domains captures the major features of the dynamics of the whole process.
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Figure 4.8. Stationary distributions on 35 states as a function of ¢/cq5 with
simulated data imposed. Stationary distributions on the number of CW subunits
with the reduction to rates shown in Figure 4.3 given by (4.9)-(4.14). Data from
the end states in Figure 4.5 is imposed here for comparison. Parameters are, again,
chosen as shown in Figure 4.4.

4.2 Further Model Reduction

Our key observation about both of these distributions is that they are heavily
weighted on the ends. That is, the process spends almost all of its time with either
none or all of the subunits in the CW state. In fact, by taking the —log of the
distributions in Figure 4.8, we plot what can be interpreted as an energy potential in
Figure 4.9. We see in this plot that the two end states, 0 and 34, are like low energy
potential wells compared to the relatively high energy interior states. We also see the
bias toward one end state or the other as a continuously varying function of ¢/cg 5.

This observation seems to indicate that, once again, we can reduce the number of
states we need to consider in order to answer questions about the overall dynamics
of this process. This same observation holds for every set of rate parameters we have
used to create such plots as long as w > 1. In other words, the coupling strength
between nearest neighbors must be relatively strong, lowering the energy threshold

for conformation switching by a few kg7'. With this stipulation we can now reduce
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Figure 4.9. Energy potentials from stationary distributions. Energy potentials for
the process with stationary distributions as in Figure 4.8.

the number of effective states from 35 to just 2 as in Figure 4.10. The rates g and
r must be appropriate effective rates of moving from one end state to the other in
Figure 4.3. In other words, they should be the respective inverses of the mean first
passage times T and Tj n, where T}, is the expected first time for the process to
arrive at state j having started at state i.

There is a convenient method to compute splitting probabilities as well as first
passage times for continuous time, discrete state Markov chains. At this point, we
don’t need any splitting probabilities, so we focus on the mean first passage times.
Define q to be the vector of probabilities for all absorbing states. In our case, to obtain
T;;, we first treat only the boundary state j to be absorbing because we are interested

in the first time to arrive at state j. Define p to be the vector of probabilities of all

0 g N
—_—
T o

Figure 4.10. State space diagram for the entire switch reduced to two states.
Reduction of the diagram in Figure 4.3.
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nonabsorbing states. Then,

dt (4.15)
da_g
dt - p7

where A is the matrix describing transitions between and out of all states represented
by the probabilities in p and B is the (strictly nonnegative) matrix of rates into states
represented by the probabilities in q. A is necessarily invertible since any nonzero
entries in the solution of Ap = 0 would correspond to absorbing states and should
be included in q. Since entries of q(t) are probabilities for any ¢ > 0, entries of C;—?
are probability densities. Hence, the vector of expected times to arrive at a state in

q from an initial distribution p(0) is

T:/ £ 99 g
T

:/ tBp dt
0

= B/ (AP g
0

dt
—BA™! ([ p’ — /m p dt) (4.16)
— _BA- / 4
= -BA™? —p(0))

=BA ?p(0).

In our case, to compute Ty, we let q = (pn). Thus, p is the vector containing the

probabilities of all the other states,

bo

p=| 7. (4.17)

PN-1

The corresponding matrices are the tridiagonal
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—3Jo ™
90 —(7’1 + gn) Tn
9n _(rn + gn) Tn
A= . . . (4.18)
dn _(Tn + gn) Tn
gn _<Tn + gN—l)
and the 1 x N
B=(0 - 0 gnvo1). (4.19)

The rate ry does not appear in either A or B because we are not considering escape
from state N. T is simply the first exit time to the right boundary with the left
boundary reflecting.

A1 is cumbersome to compute analytically, however, we do not need it to obtain

Tnp. We compute T by noticing that

Tyo = By (4.20)
where
Ay =x (4.21)
and
Ax = p(0). (4.22)
1
0
Since the initial condition is the simple p(0) = .|, we can backsolve both of
0

these equations analytically. Keeping with the convention that the indices of entries

of x and y range from 0 to N — 1, we see that for j =2,..., N — 2,
In Tj—1 — (Tn + gn) T + 7, Tjp1 = 0. (423)

Guessing a solution of the form x; = p/ for j = 1,...N — 1 yields the quadratic

equation

Gn = (n + gn) pr+ 7 1> = 0 (4.24)
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which has two solutions, = 1, 9. For convenience, we define A\ = 2=, The linearity

n

of this equation allows the general solution z; = AN + B. The remaining three

equations to satisfy are

—goxo + 11 (AN + B) =1, (4.25)
goxo — (r1+ gn) (AN + B) + 1, (AN> + B) =0, (4.26)
gn (AXNY"2 + B) — (r + gn-1) (A1 + B) = 0. (4.27)

From (4.25) we get goxo =11 (AAN+ B) — 1, so

= . 4.28
( _QN—I)‘Ni1 9n —Tn — gN-1 ) ( B ) ( 0 ) ( )

Hence by inverting the matrix on the LHS of this equation, we get

A 1 Gn — Tn — gN-1
— 4.2
( B ) (P — gn)gN_1 AV L ( gy AN ; (4.29)

and

Tl(gn —Tn — gN—l))‘ + (Tn — Ggn — rl)QN—lAN_l

(rn - gn).ngl)\N_l

(4.30)

Go Lo =

Now that we know the RHS of (4.21) we can solve for y. Again, forj =1,...,N — 1,
we guess a solution. Since C\ + D spans the nullspace of the second-order difference
equation (4.23), we try a particular solution of the form y; = CN + D + j(EN + F).

This guess is a solution if

— g BNV  ENTTE = AN (4.31)
A\
1) (4.82)
and
B\
—_ =" (4.34)
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Once again, 4y, C' and D are obtained by satisfying the remaining three equations,

1
9090+ 71 (CA+ D+ EA+ F) = - (n(AN+ B) = 1) (4.35)
0

g0y — (114 gn) (CA+ D+ EX+ F) 41, (CX> + D+ 2EX° + 2F) = A\ + B
(4.36)

o (CAV2 4+ D+ (N = 2)EAN"? 4 (N = 2)F)
(4.37)
— (ra +gn-1) (CAY N4 D4 (N = DEAY! + (N = 1)F) = AAV"! 4+ B.

Solving for gy yo in (4.35) and substituting into (4.36), we obtain the matrix equation
(o 0 ) (5) () s
which is the same as (4.28), but with a different RHS.
G= i(rl(A)\ +B) = 1)+ g (EX+ F) = 2r,(EN*+ F) + AA\+ B (4.39)
and
H=—g,(N=2)(EAXN 24 F) 4 (ry+gn_1) (N =1)(EAN L+ F) 4+ ANV £ B. (4.40)
We solve for C' and D by, again, multiplying by the appropriate inverse matrix to get

¢ 1 Gn —Th —9gN-1 Gn —Tn G
= ) 4.41
( D ) (T = gn)gn—1 AN ! ( gn_1AN ! 0 > ( H ) ( )

Putting this all together gives

Tno = gN-1YN-1

=gnv_1 (CAY '+ D+ (N = 1)(EAN' + F))

1 2—N . 3 __\2-N _ 2
- Jogngn—1(A — 1) [gn (XY (A =1)° + go(A =X V)(A = 1))
+ gnv—1 (gnA = 1P+ (r1 (1 = XN*7N) + go(IN — 1)) A(A — 1)? (4.42)

—go(A —1)(A* = X))

We can compute Ty the same way by letting state 0 be absorbing and state N

be reflecting with initial condition p;(0) = d;n, or we can simply make appropriate
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substitutions in the above expression, namely gy_1 <> 71, g0 — n, Gn <> T, and
A — AL We get

1 N-2 3 N 2
o 9 (e X A (AN (1)

71 (gn(1 = N2+ (gv-1 (1= AV + 7y (N — 1)) A1 — )? (4.43)
—rn(1 =N A=A"))].

TON:

)

In steady state, the process shown in Figure 4.10 with ¢ = 1/To and r = 1/Ty
has the distribution

TN70 TO,N

_ ‘N0 __ foN 4.44
Tno + Ton by Tno + Ton (4.44)

Po

This formula may look big and messy once the appropriate substitutions are made,
but it is analytic, and it is derived directly from assumptions about the mechanism
responsible for motor direction switching. Hence, without resorting to a Hill function,
which is entirely phenomenological, we have a possible explanation for the high degree
of cooperativity seen in the CW bias curve. Without altering parameters from those
in Figure 4.4, we compare this steady state distribution with the distribution shown
in Figure 4.8 as a function of ¢/cy 5. This comparison is shown in Figure 4.11.

We would not expect the green and red curves in Figure 4.11 to match exactly
unless the total steady state probability of being at any interior state in the 35-state
model were exactly zero. However, qualitatively it is a good match, and, scaled
appropriately, it is almost exact. It is also worth mentioning that the actual observed
rotational behavior of the motor is unknown when the process is at any one of the
interior states. Most models assume the velocity of the motor is a linear function
of the number of CW units. Thus, the reduction to two states may, in fact, be
quantitatively accurate depending on the motor behavior on the interior of the state
space from Figure 4.3 [15].

Before proceeding any further, we can use this two-state reduction to point out
an important feature of this motor. It is that the relatively large number of subunits
in the ring of the switching mechanism is one of the primary factors in determining
the degree of cooperativity in the CW bias curve. Plotted in Figure 4.12 are the CW
bias curves predicted by the stationary distribution (4.44) for N ranging from 2 to 34
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Original unscaled - ]
Original scaled relative to sums of end states _—
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Figure 4.11. Stationary distribution on two states compared to end states of 35.
The green curve is the same as the curve over state 34 in Figure 4.8. The red curve is
pn using the expressions (4.42) and (4.43). The blue curve is simply the green curve
scaled by the sum of both end state probabilities in Figure 4.8. The cyan curve is the
sum of the probabilities of all interior states in Figure 4.8. Since the cyan curve is
not exactly zero for all values of ¢/cg 5 there is a discrepancy between the green and
blue curves.

with the same parameters used for all figures up to this point. We see that for smaller
subunit numbers the CW bias curve becomes less and less cooperative (black to red).
There is evidence that this motor has the capacity for dynamic subunit exchange
from the cytosol [4, 16, 6]. It is unknown how this exchange is regulated or whether

this is a mechanism to help the cell adapt its locomotion.

4.2.1 Parameter Estimation

We are particularly interested to see whether this model is capable of reproducing
all the phenomena known about motor switching, and, if so, whether it can provide
insight into the underlying parameters governing the behavior of each subunit. To
this end we have obtained data from various sources. Cluzel et al. measured the CW
bias, or, in other words, the percentage of time the motor spends rotating clockwise,
as a function of the cytosolic CheY-P concentration [3]. They found the CW bias
curve to be highly cooperative. They fit a Hill function to their data, yielding a Hill
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Figure 4.12. Stationary distribution on two states for a range of N. CW bias curves
as predicted by the stationary distribution (4.44) for N ranging from 2 to 34 (red
to black solid curves). Dashed lines are the asymptotic values for the CW bias as
0/00.5 — OQ.

coefficient of 10.3 £ 1.1.

They also measured the average motor switching frequency using the same record-
ings. It is perhaps not surprising that for values of CheY-P that correspond to CW
bias values very near 0 or 1, the switching frequency is essentially zero. For the
small range of CheY-P values that yield intermediate CW bias values the switching
frequency lies somewhere between 0 and 1.5 s71.

The other data we compare our model results with comes from Sourjik et al.
[13]. They measured the fractional CheY-P occupancy. That is, given a cytoplasmic
CheY-P concentration they were able to measure the fraction of FliM subunits that
had a CheY-P molecule bound. They found that fitting a Hill function to this data
gave a Hill coefficient of 1.740.3. Hence, the binding of CheY-P to F1iM appears to be
much less cooperative than the conformation switching. More specifically, the binding
and unbinding rates appear to be unaffected by the binding state of neighboring
subunits or the CW/CCW conformation of the subunit.

One caveat about their data is that they were unable to distinguish between F1iM
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incorporated in fully formed motors and F1iM in solution in the cell. The fractional
CheY-P occupancy may feasibly be different between these two populations. However,
we are still interested to see if the model can produce a lack of cooperativity in binding
while retaining the high degree of cooperativity in the CW bias. Further support for
this idea comes from Sagi et al. [11] They simultaneously and independently found
a lack of cooperativity in the binding curve, though they used different experimental

methods and their data has different units.

4.2.2 Fitting Method

We use the built-in MATLAB tool 1sqcurvefit. We use the equilibrium value of
py from the 2-state reduction above to fit the CW bias data. To fit the switching
frequency data we use the inverse of the average of the two expected switching
times; explicitly, 2/(Tno + To.n). The fractional occupancy data requires a little
bit more computation. Using the stationary distribution on the 35-state model, we
take into account the probability that each subunit has CheY-P bound in each of the
35 states and sum appropriately to get an expected number of bound CheY-P at each
concentration.

There is one other interesting issue to note before we begin fitting the data.
Though the CW bias data and fractional occupancy have similar units, that is,
they are each proportions ranging between 0 and 1 and are thus unitless, they
were measured using different methods and describe qualitatively different objects.
Thus, there may be more noise in one or the other. Whether the noise comes from
experimental methods or is inherent in the processes measured or something else, we
cannot compare them directly and cannot automatically assume that a data point
from one set is equally valuable or important as a data point from the other set.
Furthermore, the switching frequency data has different units entirely, and also cannot
be directly compared with the other two. Nevertheless, we wish to use all available
data to fit our model.

For this reason, a residual function for model fitting is somewhat ad hoc. The
scale for each data set is arbitrary, so we try several options for weighting each set

more or less heavily to see what gives us the “best” fit. As a first pass we try fitting
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the raw data sets without any artificial weighting. The results of this parameter fit
are represented in Figure 4.13. The first thing to notice about this parameter fit is
that it seems to indicate that conformation switching is much slower when CheY-P is
bound to the subunit. It is possible that, in addition to biasing a subunit toward the
CW conformation, the binding of CheY-P does, in fact, slow down the conformation
change rate as part of the mechanism for motor direction switching. However, this
parameter fit is not unique. Parameter fitting sets vary quite widely, depending on the
nucleation set, without much variation in the norm of the residual function. Figure
4.13 is one particular instance of the output from the fitting algorithm.

Because the CW bias data and the CheY-P occupancy data appear to be much
less noisy than the switching frequency data, we try a fit giving both of these data
sets more weight by a factor of 100. The results of this fit are shown in Figure 4.14.
Visually, the fitted curves are hardly distinguishable from the previous fit. In order
to tease out what the “correct” fit is, more data are needed.

In summary, we have taken a Markov jump process on a state space with 434
states and approximated it by a Markov jump process on only two states. This
drastic reduction has allowed us to fit experimental data very quickly compared to
running full Gillespie simulations for every feasible set of parameters at each data
point. This model is able to fit the available data very well. More experiments are

needed to further verify or invalidate it.
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Figure 4.13. Model results for parameter fit to unweighted data.
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Figure 4.14. Model results for parameter fit to weighted data.



1]

[10]

[11]

[12]

[13]

80
4.3 References

F. Bai, R. W. BrancH, D. V. Nicorau Jr., T. Piuizota, B. C. STEEL, P. K. MAINI,
AND R. M. Berry, Conformational spread as a mechanism for cooperativity in the
bacterial flagellar switch, Science, 327 (2010), pp. 685-689.

H. C. Berag, The rotary motor of bacterial flagella, Annu. Rev. Biochem., 72
(2003), pp. 19-54.

P. CLUZEL, M. SURETTE, AND S. LEIBLER, An ultrasensitive bacterial motor revealed
by monitoring signaling proteins in single cells, Science, 287 (2000), pp. 1652—
1655.

N. J. DELALEZ, G. H. WADHAMS, G. ROSSER, Q. XUE, M. T. BRowN, I. M. DOBBIE,
R. M. BERRY, M. C. LEAKE, AND J. P. ARMITAGE, Signal-dependent turnover of the
bacterial flagellar switch protein FliM, PNAS, 107 (2010), pp. 11347-11351.

T. A. J. Dukg, N. LE Novérg, AND D. Bray, Conformational spread in a ring of
proteins: A stochastic approach to allostery, J. Mol. Biol., 308 (2001), pp. 541-
553.

P. P. LELE, R. W. BranNcH, V. S. J. Natuan, Axp H. C. Berc, Mechanism
for adaptive remodeling of the bacterial flagellar switch, PNAS, 109 (2012),
pp- 20018-20022.

Q. Ma, D. V. NicoLAu Jr., P. K. MainI, R. M. BErRy, aND F. Bai, Conformational

spread in the flagellar motor switch: A model study, PLoS Comput. Biol., 8
(2012).

T. MinaMINO, K. IMADA, M. KINOSHITA, S. NAKAMURA, Y. V. MORIMOTO, AND
K. NamBa, Structural insight into the rotational switching mechanism of the
bacterial flagellar motor, PLoS Biol., 9 (2011), p. e1000616.

K. PAUL, D. BRUNSTETTER, S. TITEN, AND D. F. Brair, A molecular mechanism of
direction switching in the flagellar motor of Escherichia coliy PNAS, 108 (2011),
pp. 17171-17176.

K. PauL, G. GONzZALEZ-BONET, A. M. BiLwgs, B. R. CRANE, AND D. BrAIr, Architec-
ture of the flagellar rotor, EMBO J., 30 (2011), pp. 2962-2971.

Y. Saci, S. KHAN, AND M. EisENBAcH, Binding of the chemotaxis regulator CheY
to the isolated, intact switch complex of the bacterial flagellar motor: Lack of
cooperativity, J. Biol. Chem., 278 (2003), pp. 25867-25871.

M. K. SARKAR, K. PAuL, AND D. Brair, Chemotazis signaling protein CheY binds to
the rotor protein FIUiN to control the direction of flagellar rotation in Escherichia

coli, PNAS, 107 (2010), pp. 9370-9375.

V. SourJik AND H. C. BerG, Binding of the Escherichia coli response requlator
CheY to its target measure in vivo by fluorescence resonance energy transfer,

PNAS, 99 (2002), pp. 12669-12674.



81

[14] Y. Sowa anDp R. M. Berry, Bacterial flagellar motor, Q. Rev. Biophys., 41 (2008),
pp. 103-132.

[15] Y. Sowa, A. D. Rowg, M. C. LEAKE, T. YAKUSHI, M. HoMMA, A. ISHIJIMA, AND R. M.
BeRrRry, Direct observation of steps in rotation of the bacterial flagellar motor,

Nature, 437 (2005), pp. 196-919.

[16] J. Yuan, R. W. BraNcH, B. G. Hosu, axp H. C. Bera, Adaptation at the output of
the chemotazis signalling pathway, Nature, 484 (2012), pp. 233-236.



CHAPTER 5

CONCLUDING REMARKS
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The chemical reactions and stochastic processes focused on in this work are
only a few of the myriad possible processes that demonstrate contradictory behavior
when modeled deterministically or with a mean field approximation. The chemical
reaction network theory developed in recent years [1, 3, 2] is useful for gaining an
initial understanding of the equilibrium structure of the reaction under consideration.
However, we argue that, at the very least, the continuous time, discrete state model
of the same process must be considered before monostability can be accepted as the
only possible type of behavior the reaction can exhibit.

Even in cases where a state space reduction is not immediately evident, stochastic
simulations can yield insight into a possible discrepancy between models. Indeed, in
the case of the enzymatic reactions examined in Chapter 2, Gillespie simulations of the
reaction produced anomalous distributions which provided the impetus to investigate
further. We see that in the case of these enzyme reactions, the deterministic and
mean field models predict an equilibrium that is near the mean of the stationary
distribution, but that the stationary distribution can be bimodal. The mean of
a bimodal distribution is often far from states that occur with any appreciable
probability. Thus, the deterministic prediction may not be useful for understanding
observed concentrations in laboratory experiments.

In the case of the autocatalytic reactions in Chapter 3, Gillespie simulations do,
in fact, appear to coincide with the predicted steady states from the deterministic
model, because the stationary distributions of these chemical master equations require
very long times to reach, as long as the initial condition of the simulation is not the
stationary distribution itself.

Finally, in considering the rotation direction switching of the bacterial flagellar
motor in Chapter 4, we see that a mean field approach to modeling the number of CW
versus CCW subunits does not account for important neighbor-neighbor interactions.
In effect, the proportion of CW subunits cannot be treated like a homogeneous
concentration of the total. We also see that the number of subunits plays an important

role in determining the sensitivity of the switch.
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5.1 Future Directions

The reduction of the state space of the motor is the tool that allows us to quickly
and efficiently sample a large portion of parameter space to find the best fit. With
the data currently available, this best fit is not unique. More experiments will need
to be performed in order to narrow the range of acceptable rate constants, though, at
the current time, we do not know what experiments may be useful in this endeavor.

Another observation from our work is that there is much yet to be done to gener-
alize the state space reduction approach to analyzing the chemical master equation.
The solution of the chemical master equation may be the most accurate description
of chemical reactions. We believe that the reduction of large or infinite state spaces
will prove to be a key step toward increasing the usefulness of the chemical master
equation.

Ultimately, the goal in developing these tools, in this particular context, is to be
able to use them to increase our understanding of reaction network behavior. The
species-reaction graph is a powerful tool for determining properties of the resultant
deterministic system, but, as of yet, it can say nothing about the stochastic process

a chemical reaction really is.
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