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Abstract The inherent stochasticity of gene expression in the context of regulatory
networks profoundly influences the dynamics of the involved species. Mathematically
speaking, the propagators which describe the evolution of such networks in time are
typically defined as solutions of the corresponding chemical master equation (CME).
However, it is not possible in general to obtain exact solutions to the CME in closed
form, which is due largely to its high dimensionality. In the present article, we propose
an analytical method for the efficient approximation of these propagators. We illustrate
our method on the basis of two categories of stochastic models for gene expression
that have been discussed in the literature. The requisite procedure consists of three
steps: a probability-generating function is introduced which transforms the CME into
(a system of) partial differential equations (PDEs); application of the method of char-
acteristics then yields (a system of) ordinary differential equations (ODEs) which can
be solved using dynamical systems techniques, giving closed-form expressions for
the generating function; finally, propagator probabilities can be reconstructed numer-
ically from these expressions via the Cauchy integral formula. The resulting ‘library’
of propagators lends itself naturally to implementation in a Bayesian parameter infer-
ence scheme, and can be generalised systematically to related categories of stochastic
models beyond the ones considered here.
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1 Introduction
1.1 Motivation

Understanding the process of gene expression in the context of gene regulatory
networks is indispensable for gaining insight into the fundamentals of numerous bio-
logical processes. However, gene expression can be highly stochastic in nature, both in
prokaryotic and in eukaryotic organisms; see e.g. the work by Elowitz et al. (2002), Raj
and Oudenaarden (2008), Shahrezaei and Swain (2008b), and the references therein.
This inherent stochasticity has a profound influence on the dynamics of the involved
species, in particular when their abundance is low. Therefore, gene expression is often
appropriately described by stochastic models (Bressloff 2014; Karlebach and Shamir
2008; Thattai and Oudenaarden 2001; Wilkinson 2009). A schematic of the canonical
model for gene expression is depicted in Fig. 1. Here, the processes of transcription,
translation, and degradation are approximated by single rates.

To test the validity of such stochastic models, a comparison with experimental
data needs to be performed. The development of experimental techniques, such as
time-lapse fluorescence microscopy (Coutu and Schroeder 2013; Elowitz et al. 2002;
Larson etal. 2011; Muzzey and Oudenaarden 2009; Raj et al. 2006; Young et al. 2011),
allows for real-time tracking of gene expression dynamics in single cells, providing
mRNA or protein abundance time series, such as those depicted in Fig. 2. To select
between competing hypotheses on the underlying regulatory networks given measure-
ment data, as well as to infer the values of the corresponding model parameters, we can
apply Bayesian inference theory to calculate the likelihood of a given model, which
is constructed as follows.

The abundance of a protein, denoted by n, is sampled at times #;, see Fig. 2, yielding
a list of measurement pairs (¢;, n;) from which transitions (At, n; — n;11) between
states can be extracted; here, At = ;41 — t; is the regular, fixed, sampling interval.
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Fig. 1 The canonical model of gene expression. Transcription of mRNA occurs with rate vg; mRNA is
translated to protein with rate v. Both mRNA and protein decay, with rates dq and d, respectively. Figure
courtesy of Shahrezaei and Swain (2008a) (Copyright (2008) National Academy of Sciences, U.S.A.)
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Fig. 2 Sketch of a potential time series of protein abundance n, sampled at times #;, with regular, fixed,
sampling interval At

Next, the underlying stochastic model with parameter set ® is used to calculate the
probabilities of these transitions, which are denoted by Py, n; (At). These so-called
propagators give the probability of n; 4 protein being present after time A¢, given an
initial protein abundance of n;. The log-likelihood L(®|D) of the parameter set ©,
given the observed data D, is now defined in terms of the propagators as

L(®|D) =) "log Py, jn (AD). (1.1)

1

To infer the values of parameters in the model, propagators are calculated for a wide
range of parameter combinations, resulting in a ‘log-likelihood landscape’; the maxi-
mal value of the log-likelihood as a function of the model parameters yields the most
likely parameter values, given the experimental data. An example realisation of the
above procedure can e.g. be found in the work by Feigelman et al. (2015).

To calculate accurately the log-likelihood in (1.1), it is imperative that the values
of the propagators can be extracted from the underlying stochastic model for any
desired combination of parameters in ®. In particular, we need to be able to calculate
the propagator Py, (t) as a function of time ¢ for any initial protein number ng.
Unfortunately, the highly complex nature of the stochastic models involved makes it
very difficult to obtain explicit expressions for these probabilities. Some analytical
progress can be made when a steady-state approximation is performed, i.e. when it
is assumed that the system is allowed to evolve for a sufficiently long time, such that
it converges to a time-independent state. However, the sampling interval At used for
obtaining experimental data, as seen in Fig. 2, is often short with respect to the protein
life time. As that life time represents a natural time scale for the system dynamics,
it follows that the evolution of the probabilities Py, (¢) should be studied over short
times, in contradiction with the steady-state or long-evolution-time approximations
which have previously been employed to derive analytical results (Bokes et al. 2012a;
Hornos et al. 2005; Iyer-Biswas and Jayaprakash 2014; Shahrezaei and Swain 2008a).
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The complex nature of stochastic models for gene expression has led to the
widespread use of stochastic simulation techniques, such as Gillespie’s algorithm
(Gillespie 1977), with the aim of predicting values for the associated propagators
from these models; see Feigelman et al. (2016) for recent work combining stochastic
simulation with a particle filtering approach. However, these approaches can still be
very time-consuming, due to the (relatively) high dimensionality of the model param-
eter space, combined with the fact that, for each combination of parameter values, the
stochastic model has to be simulated sufficiently many times to yield a probability
distribution that can be used to infer the corresponding propagator. For that reason, it
is desirable to be able to obtain explicit expressions for the propagator Py, (¢) directly
in terms of the model parameters, if necessary in an appropriate approximation.

1.2 Analytical method

In the present article, we develop an analytical method for the efficient evaluation
of time-dependent propagators in stochastic gene expression models, for arbitrary
values of the model parameters. The results of our analysis can be implemented in
a straightforward fashion in a Bayesian parameter inference framework, as outlined
above.

To demonstrate our approach, we analyse two different stochastic models for gene
expression. The first model, henceforth referred to as ‘model A’, is a model that
incorporates autoregulation, where transcription and translation are approximated by
single rates and protein can either stimulate or inhibit its own production by influ-
encing the activity of DNA; see Fig. 3. That model was first studied by Iyer-Biswas
and Jayaprakash (2014) via a steady-state approximation. The second model, hence-
forth referred to as ‘model B’, models both mRNA and protein explicitly and again
incorporates DNA switching between an active and an inactive state; see Fig. 4. That
model was first studied by Shahrezaei and Swain (2008a) in a long-evolution-time
approximation.

Both model A and model B are formulated in terms of the chemical master equa-
tion (CME), which is the accepted mathematical representation of stochastic gene
expression in the context of the model categories considered here; cf. Iyer-Biswas and

Inactive Active
promoter promoter

o
—

— ) fem—  — .
Sy

p"l

i °
Autoregulation ... "
o

Protein

Fig. 3 Schematic of model A, a gene expression model with autoregulation. Base figure courtesy of
Shahrezaei and Swain (2008a). (Copyright (2008) National Academy of Sciences, U.S.A.)
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Fig.4 Schematic of model B, a gene expression model that explicitly incorporates transcription (Shahrezaei
and Swain 2008a). Figure courtesy of Shahrezaei and Swain (2008a). (Copyright (2008) National Academy
of Sciences, U.S.A.)

mRNA Protein

Jayaprakash (2014) and Shahrezaei and Swain (2008a), respectively. Mathematically
speaking, the CME is an infinite-dimensional system of linear ordinary differential
equations (ODEs) that describes the evolution in time of the probabilities of observing
a specific state in the system, given some initial state. Numerous approaches have
been suggested for the (approximate) solution of the CME; see e.g. Popovi¢ et al.
(2016) and the references therein for details. Our method relies on a combination of
various techniques from the theory of differential equations and dynamical systems;
specifically, we perform three consecutive steps, as follows.

1. CME system — PDE system: We introduce a probability-generating function to
convert the CME into a (system of) partial differential equations (PDEs).

2. PDE system — ODE system: Applying the method of characteristics—
combined, if necessary, with perturbation techniques—we transform the system
of PDEs obtained in step 1 into a dynamical system, that is, a system of ODEs.

3. ODE system — Explicit solution: Making use of either special functions (model
A) or multiple-time-scale analysis (model B), we obtain explicit solutions to the
dynamical system found in step 2.

We emphasise that the ‘characteristic system’ of ODEs which is obtained in step
2 is low-dimensional, in contrast to the underlying CME system, as well as that it
exhibits additional structure, allowing for the derivation of a closed-form analytical
approximation for the associated generating function.

To convert the results of the above procedure into solutions to the original stochastic
model, the three steps involved in our analysis have to be reverted. To that end, we
require the following three ingredients:

1. Initial conditions are originally stated in terms of the CME, and first have to
be reformulated in terms of the corresponding system of PDEs to ensure well-
posedness; then, initial conditions can be extracted for the dynamical system that
was obtained via the method of characteristics, reverting step 3.

2. To transform solutions to the characteristic system into solutions of the underly-
ing PDE system, the associated ‘characteristic transformation’ has to be inverted,
reverting step 2.

3. Lastly, solutions of the CME have to be extracted from solutions to the resulting
PDE system, reverting step 1. Although the correspondence between the two sets
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Characteristic Special functions
transformation; (model A);
Power series Power series
Generating expansion expansion
function (model A) (model B)

Cauchy Inverse Initial
integral characteristic conditions
formula transformation

Fig. 5 Schematic overview of the analytical method

of solutions is exact, theoretically speaking, the complexity of the expressions
involved precludes the efficient analytical reconstruction of propagators from their
generating functions. Therefore, we propose a novel hybrid analytical-numerical
approach which relies on the Cauchy integral formula.

The various steps in our analytical method, as indicated above, are represented
in Fig. 5. It is important to mention that the implementation of Bayesian parameter
inference, as outlined in Sect. 1.1, is not a topic for the present article; rather, the aim
here is to describe our method, and to present analytical results which can readily
be implemented in the context of parameter inference. The article hence realises the
first stage of our research programme; the natural next stage, which is precisely that
implementation, will be the subject of a follow-up article by the same authors.

1.3 Outline

The present article is organised as follows. In Sect. 2, we apply the analytical method
outlined in Sect. 1.2 to model A, the gene expression model with autoregulation. Here,
we use a perturbative approach to incorporate the autoregulatory aspects of the model;
the resulting dynamical system can be solved in terms of confluent hypergeometric
functions, see §13 in NIST Digital Library of Mathematical Functions. In Sect. 3, the
same method is applied to model B, the model that explicitly incorporates transcription.
We also indicate how autoregulation can be added to that model, and how the resulting
extended model can be analysed on the basis of our treatment of model A. The analysis
carried out in Sects. 2 and 3 yields a ‘library’ of explicit asymptotic expressions for
the probability-generating functions associated to the underlying stochastic models.
To obtain quantifiable expressions for their propagators, we introduce a novel hybrid
analytical-numerical approach in Sect. 4, which can be readily implemented in the
Bayesian parameter inference framework that provided the motivation for our analysis;
see Sect. 1.1. We conclude with a discussion of our results, and an outlook to future
work, in Sect. 5.
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2 Model A: gene expression with autoregulation

We first demonstrate our analytical method in the context of an autoregulatory stochas-
tic gene expression model, as presented by Iyer-Biswas and Jayaprakash (2014); see
also Fig. 3. In the original article (Iyer-Biswas and Jayaprakash 2014), a Poisson rep-
resentation was used to obtain analytical descriptions for time-independent solutions
to the model. For a visual guide to the upcoming analysis, the reader is referred to
Fig. 5.

2.1 Stochastic model and CME
The basic stochastic model for gene expression is represented by the reaction scheme

cf

D = D* (DNA switching),
cp
Db

D* = D*+ P  (production of protein), @1

Py (decay of protein).

The gene can hence switch between the inactive state D and the active state D*, with
switching rates ¢ y and ¢, respectively. The active gene produces protein (P) with rate
Pb, While protein decays with rate pg.

The autoregulatory part of the model is implemented as either positive or negative
feedback:

D+P 5 D*+P (autoactivation), (2.2a)
D+P 5> D+P (autorepression). (2.2b)

In the case of autoactivation, viz. (2.2a), protein induces activation of the gene with
activation rate a, thereby accelerating its own production; in the case of autorepression,
viz. (2.2b), protein deactivates the active gene with repression rate r, impeding its own
production.

The CME system that is associated to the reaction scheme in (2.1), with autoacti-
vation as in (2.2a), is given by

dp”
dr

a 0
- (;cf + En) PO +i,PM 4 [(n +DPY, — nPn(O)] , (2.32)

M
dp, a
" <Kf + —n) PO~y PV 4 [(n + 1)P,jl+)l—np,§”] +2 [Pn“)l - P,fl)] :

dr Pd
(2.3b)

Here, P,fj ) (t) (j =0, 1) represents the probability of n protein being present at time ¢
while the gene is either inactive (0) or active (1). The time variable is nondimension-
alised by the protein decay rate p,; other model parameters are scaled as
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C
k=L k=" and »=12. 2.4)

Pd pPd Pd

Analogously, the CME system for the case of autorepression, as defined in (2.2b),
is given by

dP(O) r 0
= kPO + <Kb S n) PO+ [0+ DR = np®], (2.52)
(1)
dP 0 r 1 1 1 D 1
d’; = Kan( ) <Kb+ﬁn> P,f )4 [(n + I)P,1(_+_)1 _nPn( )] +2 (Pn(—l - Pn( )> :

(2.5b)

Remark 2.1 A priori, it is possible to incorporate both autoactivation and autore-
pression in a single model, by merging systems (2.3) and (2.5). However, since
autoactivation and autorepression precisely counteract each other, a partial cancella-
tion would ensue, resulting in effective activation or repression. It can hence be argued
that the simultaneous inclusion of both effects would introduce superfluous terms and
parameters, which could be considered as poor modelling practice. Therefore, we
choose to model the two autoregulation mechanisms separately.

2.2 Generating function PDE

Rather than investigating the dynamics of (2.3) and (2.5) numerically, using stochastic
simulation, we aim to employ an analytical approach. To that end, we define the
probability-generating functions F/)(z,1) (j = 0, 1) as follows; see e.g. Gardiner
(2009):

FO@ =3 ""P" 0. (2.6)
n=0

In the case of autoactivation, the generating functions F/)(z, r) can be seen to satisfy

0 FO + (- 10 FO+ L0, FO = —i FO 4 g, FO, (2.7)
pd '

WFD 1+ (- D, FO = L9 FO =k FO — g, FO 43— DFD  (2.7b)
pd

if the coefficients Pn(j ) (#) in (2.6) obey the CME system (2.3); likewise, in the case of
autorepression, (2.3) gives rise to

3 FO 4 (2= D3, FO = L0 FO =k, FO 4 g, F D, (2.82)
Pd

3 FV 4 (z — )3, FO + pLzazF(l) =k FO — i, FO 4z — HDFD. (2.8b)
d
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Both (2.7) and (2.8) are systems of coupled, linear, first-order, hyperbolic partial
differential equations (PDEs). Systems of this type are typically difficult to analyse;
existing techniques only provide general results (Courant and Hilbert 1962; Taylor
2011).

To allow for an explicit analysis of systems (2.7) and (2.8), we make the following
assumption:

Assumption 2.2 We assume that the autoactivation rate a in (2.2) is small in com-
parison with the other model parameters; specifically, we write

a=apgd, 2.9)

where 0 < & < 1 is sufficiently small. Likewise, we assume that the autorepression
rate r is small in comparison with the other model parameters, writing

r = pp4o. (2.10)

Previous work on the inclusion of autoregulatory effects in model selection by
Feigelman et al. (2016) suggests that, in the context of Nanog expression in mouse
embryonic stem cells, autoregulation rates are indeed small compared to other model
parameters.

Based on Assumption 2.2, we can expand the generating functions F) (j = 0, 1)
as power series in §:

o
FD@ 0 =Y 6"F) @ 0. @.11)

m=0

Substitution of (2.11) into (2.7) yields

WFQ + (2 =13, FO = —;FO 4k, FV —az9,F (2.12a)
WED + (=10, FV =ik, FO =, FO + 2 = DED +aza. FO
(2.12b)
analogously, we substitute (2.11) into (2.8) to find
W FQ + (2 =13, FO = —;FO + 1k, FV + pz0,FV (2.132)
WED + (= 13, FV =k FO — i FO + 0z = DED — pza FV .
(2.13b)

We observe that, in (2.12) and (2.13), the same leading-order differential operator
acts on both F,,(lo) and F,1(11), which allows us to apply the method of characteristics to

solve the equations for F,g,j ) (j = 0, 1) simultaneously. In particular, we emphasise
that, mathematically speaking, the resulting perturbation is regular in the perturbation
parameter §.
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2.3 Dynamical systems analysis

In this section, we apply the method of characteristics to derive the ‘characteristic
equations’ that are associated to the PDE systems (2.12) and (2.13), respectively;
the former are systems of ODEs, which are naturally analysed in the language of
dynamical systems.

2.3.1 Autoactivation

We first consider the case of autoactivation; to that end, we rewrite system (2.12) as

(0 + v, FQ 4+ i, FO — i FD = —a + D3, FY,,  (2.14a)

(3 +v3,) EDY — i F + 1, FD — aFD =a v+ D, FY |, (2.14b)
where we have introduced the new variable
v=2z—1. (2.15)

The differential operator 9; + vd, in Eq. (2.14) gives rise to characteristics &(s; vp)
that obey the characteristic equation

ov
— = 2.16
s =V (2.16)

these characteristics can thus be expressed as
E(s; v9) = (s, voes) . 2.17)
Since the partial differential operators in (2.14) transform into

0y +vdy, = 9y and (2.18a)
acv+ 1), =« (v() + e_s) O » (2.18b)

we arrive at the following system:

W FY 4+ ik FO — i FV = —a (vo+e7*) 8 F |, (2.19a)
O FD — ik p FO 416, Y — dge ED = o (vo 4+ 7°) 9y F . (2.19b)

Note that Eq. (2.19) is a recursive (nonhomogeneous) system of ordinary differential
equations for F,,(j ) (j = 0, 1). Henceforth, we will therefore refer to (2.19) as such,
while retaining the use of partial derivatives d; due to the presence of d,, in the
corresponding right-hand sides.

To solve system (2.19), we rewrite it as a second-order ODE for F,,(lo): we hence
obtain
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[83 + (/cf +Kkp — AvoeS)BS - Kf)uv()es:IFn(lO) = [Avoe" — BS] a(vo +e” )8 FO

v m—1-

(2.20)

which can be solved recursively to determine F,,(f)) for any m > 0. To simplify (2.20),
we introduce the variable

w = Avge’, (2.21)

which transforms the partial derivatives d; and 9y, into
w
0y — Wy and 0y, = — 9y + Oy (2.22)
vo
Equation (2.20) hence reads

[w0.)% + e + 5 — )W) = e w] FY
= (w = wiy) & w+2) (3 + =20y, ) . (2.23)
Using (2.19a), we can express the second component F,E}’ in terms of F,Ef” as
FD = /cl;, [as FO 4 FO 4o (vo + ™) 8y F” 1]
- Klb [wa FO 44, FO 4w+ 1) (a n —8v0) FO ] L (24
At leading order, i.e. for m = 0, (2.23) reduces to
[(W8)% + (s + Kkp — w) (W) — K pw]F” =0, (2.25)

the solutions of which can be expressed in terms of the confluent hypergeometric
function | F1, see §13 of NIST Digital Library of Mathematical Functions, to yield

F¥(w) = c11Filicy, 14K p4Kp, w)+cow ™I 0 Fy (—ip, 1—ic f—icp, w). (2.26)

Using (2.24), we can determine

FVw) = — (wa F(0)+KfF(O)) 2.27)
Kp

with Féo) as given in (2.26); for an explicit expression, see Eq. (A.1) in Appendix A.
The expression for FO(O) (w) in (2.26) allows us to determine the first-order correction
F 1(0)(w): substituting m = 1 in (2.23), we obtain

[(waw)2 + (ky + Ky — w)(wiy) — wa]Ff‘”

= (w— wdy) & w+2) (3 + %avo) FO. (2.28)
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Next, we apply the method of variation of constants to express the solution to (2.28)
as

w
Fl(O)(w) = |:1F1(/<f, 1+«kr+kp, w)/ 1Fi1(—kp, 1=k p—kp, ) g() dd
Kf+Kp I
w
—w T Fi(—kp, 1 — kf — Kp, w)/ 1Fi(kr, 1 +ky
c4
. (W) .
+ Kp, w) Agkf_Kh w} (2.29)
where
efu) UO (0)
§(w) = ——(w —wi) & (w +1) (aw + Ea”°> F, (2.30)

with FSO) as given in (2.26). Finally, we may again use (2.24) to determine
1 v
AP w) = = [wo F{” + ke, FO + e + ) (9 + an“o) ROl @3
b

with Féo) and F 1(0) as given in (2.26) and (2.29), respectively.

At this point in the analysis, the constants ¢y and ¢; in (2.26) and the integration
limits ¢3 and ¢4 in (2.29) remain undetermined. To fix these constants, and thereby
determine a unique solution to (2.19), we have to prescribe appropriate initial condi-
tions.

2.3.2 Autorepression

Given the analysis of autoactivation in the previous subsection, the case of autorepres-
sion can be analysed in an analogous manner. Employing the same characteristics as
before, recall (2.17), we obtain

WFD + 1 FO — i FV = p(vo+e7*) 8, F,,  (232a)
W FD — ik FO 41, FD —dget FD = —p (vo +¢7) 9, F, (2.32b)

from system (2.13); cf. Eq. (2.19). Next, we rewrite (2.32) as a second-order ODE for
F,g,l), using again the variable transformation in (2.21):

[(waw)2 + (i + kb — w) (W) — (1+ Kf)w] FD

Vo M
= — (Wdy) p (W + 1) (aw + an) Fh (2.33)

which can be solved recursively to obtain F,ﬁl) for any m > 1. The first component
(0) . (1)
F,,;’ can be expressed in terms of F),,~ as
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1 v
FY = — [win D + wp = ) D + o w+2) (00 + 20 ) Fi2, | 234)
S
to leading order, we thus obtain

Fél)(w) =c¢1 110 +rp 14k +Kp, w) +ow T F (1 —kp, 1 —Kf —Kp, W)

(2.35)
and |
e = — [win F§" + (e — w) RV (2.36)
ky
The corresponding equation for the first-order correction F 1(1) reads
[8.)? + e + 5 — w) ) = (1 +kpw | FY
v
= —(d)p(w+2) (3 + =0 ) F, (237)
which can be solved via the method of variation of constants to give
&)
F'(w) = Fi(l4+«ke, 1 +x¢+xp,w
1 (w) Kf+Kb[1 1( f £+ Kkp, w)
w
/ 1F1(1 —«kp, 1 — k5 —Kp, w) h(w) dw
3
—w ST (1 —kp, 1 — Kf — Kp, W)
v o h@)
A 1F1(1+K/',1+K/'+Kb,ﬂ))mdw 5 (238)
Cq
here,
e v v
hw) = == i) p (w+2) (3 + =20, ) By (239)

with Fo(l) as in (2.35). The first-order correction to the first component FO(O) is hence
given by

1 v
F](O)(w) — E [wawF](l) + (Kb _ w)Fl(]) +p (w =+ )\.) (aw + anug) Fé])] s

(2.40)
with Fé Dand F 1(1) asin (2.35) and (2.38), respectively. As in the case of autoactivation,
the constants ¢; and ¢; in (2.35) and the integration limits ¢3 and ¢4 in (2.38) remain
undetermined, and have to be fixed through suitable initial conditions.

2.4 Initial conditions

To determine appropriate initial conditions for the dynamical systems (2.19) and
(2.32), we consider the original CME systems (2.3) and (2.5), respectively.
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At time t = 0, we impose an initial protein number n = ng, which implies
PO©0) + PV(0) = 8,0, (2.41)

for the probabilities P,fj )(t) (j = 0, 1); here, §,,,, denotes the standard Kronecker
symbol, with §, ,, = 1 for n=no and 8, ,, = 0 otherwise. Using the definition of
the generating functions F D(z, 1) in (2.6), we find that

FO@,0)+ FV(z,00 =" = (v + 1), (2.42)
taking into account the change of variables in (2.15). Thus, (2.42) provides an initial

condition for the PDE systems (2.7) and (2.8). Given the power series expansion in
(2.11), we infer that the coefficients F,f{ )(v, 1) (j =0, 1) satisfy

FPw,0+ F"®,0 =@+ 1)" and (2.43a)
F9w, 00+ FP@w,0)=0 forallm > 1, (2.43b)

which holds for both (2.12) and (2.13).

To be able to interpret the initial conditions in (2.43) in the context of the dynamical
systems (2.19) and (2.32), we revisit the method of characteristics, which was used to
map the PDE systems (2.12) and (2.13) to the former, respectively.

The characteristics of the differential operator d; + vd, (= 9ds) in (2.19) and (2.32)
are the integral curves of the vector field (1, v). Geometrically speaking, these char-
acteristic curves foliate the (7, v)-plane over the v-axis. Therefore, each characteristic
can be identified by its base point, which is the point where the characteristic curve
intersects the v-axis, at v = vp; see Eq. (2.17) and Fig. 6.

Fig. 6 The (¢, v)-coordinate plane, on which the PDE systems (2.12) and (2.13) are solved. The character-
istics are integral curves of the vector field (1, v), indicated in blue. The black characteristic curve intersects
the v-axis at v = vg (colour figure online)
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Equivalently, each characteristic can be represented as a graph over the ¢-axis.
Indeed, the differential equation for the v-component of a characteristic curve (2.16)
can be solved to obtain the natural parametric description of a characteristic ‘fibre’
with base point v = vg, which is given by (s, vge®). Here, the parameter s along the
characteristic is chosen such that its point of intersection with the v-axis lies at s = 0.
Given that choice, it is natural to identify the parameter along the characteristic (s)
with the time variable (7). Hence, the initial conditions in (2.43), which determine a
relation between F, ,,(10 ) and F, ,5,1) on the v-axis, can be interpreted on every characteristic
as

[F(g‘)) + Fél)] , = @+ 1" and (2.44a)
=

[F’;O) + an‘)] 0= 0 forallm > 1, (2.44b)
§=

which again holds for both (2.19) and (2.32).

Remark 2.3 For CME systems such as (2.3) and (2.5), it is customary to impose a
‘normalisation’ condition of the form

o
YPYw+ PP =1, (2.45)
m=0

as P,;O) (t) and Pn(ll)(t) represent probabilities. Recast in the framework of generating
functions, recall (2.6), the above normalisation condition yields the boundary condition

[F(O)(z, 1+ FO(, t)] = [F(O)(v, 1+ FO@, t)] =L (2.46)

v=

It is worthwhile to note that (2.46) is automatically satisfied whenever (2.43) is
imposed: by adding the two equations in system (2.12)—or, equivalently, in (2.13)—
one sees that F,Elo) + F,E,l) satisfies

W FO 4o F D = wED. (2.47)

The line {v = 0} is represented by the ‘trivial’ characteristic, which is identified by
vo = 0; therefore, on that characteristic, we impose (2.43) to find

o F\ + 0 Fy) =0, (2.482)

[+ 7] _ =1 and (2.48b)
§=

[0+ F] =0 forallm =1, (2.48¢)
-

which implies that Féo) + Fél) = 1 for all s, as well as that F,SLO) + F,ﬁl) vanishes
identically forallm > 1. Substituting these results into the power series representation
for FY)(z,1) (j =0, 1) in (2.11), we obtain (2.46).
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At this point, it is important to observe that Eq. (2.43) determines a line of initial
conditions in the phase spaces of the dynamical systems (2.19) and (2.32). Therefore,
at every order in &, we can only fix one of the two free parameters that arise in the
solution of the corresponding differential equations. In particular, (2.43) only fixes
either ¢y or ¢; in (2.26), and either c3 or ¢4 in (2.29), and so forth. That indeterminacy
motivates us to introduce a new parameter x, which is defined as follows:

Definition 2.4 Consider the CME systems (2.3) and (2.5). We define y (n¢) to be the
probability that the gene modelled by the reaction scheme in (2.1) is switched off at
time t+ = 0, given an initial protein number ny.

Definition 2.4 immediately specifies initial conditions for systems (2.3) and (2.5)
via
P\%(©0) = x(10) 80y and  P{(0) = (1 = x(10)) 8,y (2.49)

the above expression, in turn, provides us with a complete set of initial conditions for
the PDE systems (2.7) and (2.8), to wit

FO®W,0) = x(no) v+ D™ and (2.50a)
FD(,0) = (1= x(ng)) (v + 1)". (2.50b)

Here, we allow for the fact that y (n¢9) may depend on other model parameters, and in
particular on the autoregulation rates a and r; for a discussion of alternative options,
see Sect. 4.1. We therefore expand y (ng) as a power series in §,

X(n0) =Y 8" X (no)- 2.51)
m=0

The above expansion can be used to infer a complete set of initial conditions for the
PDE systems (2.12) and (2.13), yielding

FOw,0) =y, w4 1™ forallm >0, (2.52a)
F"w,00= (1= x0) @+ 1™, and (2.52b)
FV @, 0) ==y, w+ D™ forallm > 1. (2.52¢)

By the same reasoning that inferred (2.44) from (2.43), we can conclude that the
complete set of initial conditions for the dynamical systems (2.19) and (2.32) is given
by

[F,f;))]szo = xm (vo + 1) forallm > 0, (2.53a)

[AP] == @o+ 1, and (253b)
§=

[Fn(})]s:o = —xm (Vo + D™ forallm > 1. (2.53¢)
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We can now use the conditions in (2.53) to determine the free constants ¢; and ¢,
in (2.26), which yields

et = (14 vg)"0e ™"

(1F1(—Kb, 1 — Kk — Kkp, Avo)

Kf+Kp
A
1 X020 1F1(1—Kb,2—l(f—l(b,)»v0)> and (2.54a)
—Kf—Kp
AU K f+Kp
=0+ vo)”oe_’\voL{[Xo(Kf +kp) —kpli Fi(kp, 1+ K+ kp, Avg)
Kf+Kp
K AV
%1F1(1+Kﬂ2+/{f —i—Kb,)Lv())}. (2.54b)

Analogously, for ¢; and ¢, in (2.35), we obtain

G=c L and &H=oc, (2.55)
Kp

with cj and ¢ asin (2.54). Using conversion formulas found in §13.3(i) of NIST Digital
Library of Mathematical Functions, one can show that the expressions resulting from
(2.35) and (2.36) match those in (2.27) and (2.26), respectively, as expected; see also
Eq. (A.1). Explicit expressions for the integration limits ¢3 and ¢4 in (2.29), as well as
for the corresponding limits ¢3 and ¢4 in (2.38), can be found in Appendix A.

2.5 Inverse transformation

The final step towards providing explicit solutions to the PDE systems (2.7) and (2.8)
consists in interpreting the solutions to the dynamical systems (2.19) and (2.32), with
initial conditions as in (2.53), as solutions to the PDE systems (2.12) and (2.13),
respectively. To that end, we again consider the corresponding characteristics from a
geometric viewpoint.

As mentioned in Sect. 2.4, the (¢, v)-coordinate plane is foliated by characteristics,
which are the integral curves of the vector field (1, v); recall Fig. 6. Hence, any point
(t, v) lies on a unique characteristic; flowing backward along that characteristic to its
intersection with the v-axis, we can determine the corresponding base point v by the
inverse transformation

(t,v) > vo(t, v) = ve ', (2.56)

since we have identified the parameter along the characteristic (s) with the time variable
().

To determine the value of F,fi’ )(v, t) (j = 0, 1), interpreted as a solution to the
PDE system (2.12) or (2.13), we proceed as follows. We first apply the inverse trans-
formation in (2.56) to establish on which characteristic the coordinate pair (¢, v) lies.
For that characteristic, identified by its base point vy, we then find the solution to the
dynamical system (2.19) or (2.32), which is a function of s and vg. Next, we substitute
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s = t and vg = ve~ ! into that solution to obtain an explicit expression for the solution
to the PDE system (2.12) or (2.13):

F,glj)(v, t) [as solution to (2.12) or (2.13)] = [F,E,j)] , (2.57)

(s,v0)=(t,ve~")

where Fn(f ) (j =0, 1) on the right-hand side denotes the solution to (2.19) or (2.32),
with initial conditions as in (2.53). Lastly, we substitute Fn(f )(v, t) into the power

series in (2.11) to obtain an explicit solution to (2.7) or (2.8), to satisfactory order in
8.

Remark 2.5 The geometric interpretation of characteristics that was used to motivate
the inverse transformation in (2.56) also shows that the introduction of the new system
parameter x in Definition 2.4 is necessary for the generating functions F/) to be
determined uniquely as solutions to (2.7) or (2.8), even if we are only interested in
their sum F© (v, t) + F(U (v, r). The crucial point is that any free constants obtained
in the process of solving the dynamical systems (2.19) and (2.32)—or, equivalently,
their second-order one-dimensional counterparts (2.20) and (2.33), respectively—are
constant in s. In other words, they are constant along the particular characteristic on
which the dynamical system is solved. These constants—such as e.g. ¢; and ¢; in
(2.26)—can, and generally will, depend on the base point v of the characteristic; see
for example (2.54). The inverse transformation in (2.56) that is used to reconstruct the
solution to the original PDE from that of the corresponding dynamical system would
then yield undetermined functions c(v e ™) in the resulting solutions to (2.7) and (2.8),
respectively.

2.6 Summary of main result

To summarise Sect. 2, we combine the analysis of the previous subsections to state
our main result.

Main result: The PDE system (2.7) can be solved for sufficiently small autoactivation
rates a; see Assumption 2.2. Its solutions F Dz, 1) ( j =0, 1) are expressed as power
series in the small parameter §; recall (2.11). The coefficients F,,(f ) (z, t) in these series,
written in terms of the shifted variable v defined in (2.15), can be found by

(1) solving recursively the second-order ODE (2.20) and using the identity in (2.24),
incorporating the initial conditions in (2.53);

(2) and, subsequently, applying the inverse transformation in (2.56) to the resulting
solutions.

Likewise, we can solve the PDE system (2.8) for sufficiently small autorepression
rates r; see Assumption 2.2. Its solutions F/)(z, r) are again expressed as power series
in the small parameter §; cf. (2.11). The coefficients F,ﬁ,] ) (z, t) in these series, written
in terms of the shifted variable v defined in (2.15), can be found by

(1) solving recursively the second-order ODE (2.33) and using the identity in (2.34),
incorporating the initial conditions in (2.53);
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(2) and, subsequently, applying the inverse transformation in (2.56) to the resulting
solutions.

To illustrate the procedure described above, we state the resulting explicit expres-
sions for the leading-order solution to (2.7)—or, equivalently, to (2.8)—in terms of
the original variables z and ¢:

0) _ —1n0 —r(z—1)e~! Kb
F, 7 (z,t) =1+ (z—1)e e
o (@) =[14( Je™] P,

[11’1( —kp, 1 —kp —kp, Az — De™")

Az —De™!
+Xo( )

I —kr—kp
x1Fi(kp, 1 +kf+Kp, Az — 1))
Yot ef(lcf+lq,)t

1Fi(1—xp,2 =k —kp, Mz — 1)et):|

—[1+4 @@= De e K¢+ Kp

X {[XO(Kf +kp) — kpl1 Fi (i, 1+ kp 4 Kp, Az — De™)

K )\‘Z—leil -
M]Fl(l—klﬁ,z“"‘f"’xb’)‘(z_ De t)}

I +kr+kKp
X 1Fi(=kp, 1 —kp —kp, M(z — 1)) and (2.58a)
FV @1 = [14 (- l)e_t]"Oe‘“z‘”eﬂ &

Kf+kKp
X |:1F1(—Kb, I —«kf—kp, Mz — 1)6_1)

Az — e -
+ ulﬂ(l — Kby 2 —kf = Kp, Mz — e t)j|

I —«kfr—kp
x1F1(I+«kp, 1 +kp+Kp, Az —1))
—(kf+ip)t
+ [1 +(z — l)e_l]"oe"\(Z—l)e—’ e T
Kf+Kp

X {[XO(Kf +kp) — kpli Fi (i, 1+ kp 4+ kp, Az — De™")

Kfxor(z — De™

1+ Kf+Kp
x 1F1(1 —«p, 1 —kf —Kp, Az — 1)). (2.58b)

1F1(1 +Kp, 24K+ Kkp, Mz — l)e_’)}

Note that similar expressions were derived by Iyer-Biswas et al. (2009), where an
analogous generating function approach was applied under the assumption that the
gene is initially inactive—i.e. that x (nog) = 1, see Definition 2.4—as well as that the

initial protein number n¢ is zero. With these choices, the expression for Féo) + Fél)
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from (2.58) can be seen to coincide with that found in Equations (5) through (7)
of Iyer-Biswas et al. (2009), using §13.3.4 and §13.2.39 of NIST Digital Library of
Mathematical Functions.

3 Model B: gene expression with explicit transcription

In this section, we apply our analytical method to model B, a stochastic gene expres-
sion model presented by Shahrezaei and Swain (2008a) which explicitly incorporates
the transcription stage in the expression process, as well as DNA switching; see also
Fig. 4. In the original article by Shahrezaei and Swain (2008a), a generating function
approach was used to obtain analytical expressions for the time-independent (‘station-
ary’) solution to the model. For a visual guide to the upcoming analysis, the reader is
again referred to Fig. 5.

3.1 Stochastic model and CME

The model for stochastic gene expression considered here is given by the reaction
scheme

k
D k:" D* (DNA switching),
1
D% p* 4+ M (transcription of DNA to mRNA),
ML M + P (translation of mRNA to protein), 3.1
d
M29 (decay of mRNA),
P 4 @ (decay of protein).

The modelled gene can hence switch between inactive and active states which are
denoted by D and D*, respectively, with corresponding switching rates ko and k. The
active gene is transcribed to mRNA (M) with rate vp; mRNA is translated to protein
(P) with rate v;. Finally, mRNA decays with rate dy, while protein decays with rate
dr.

As in model A, autoregulatory terms can be added to the core reaction scheme
in (3.1). Since both mRNA and protein are modelled explicitly, we can identify four
distinct autoregulatory mechanisms, in analogy to those in (2.2a) and (2.2b):

D+ME D"+ M (autoactivation through mRNA), (3.2a)
D*+ M ™M p + M (autorepression through mRNA), (3.2b)
D+ P 9 p* + P (autoactivation through protein), (3.2¢)
D+PED+pP (autorepression through protein). (3.2d)

Autoactivation can be achieved either by mRNA or by protein, with rates ay; or ap,
respectively; similarly, autorepression can occur either through mRNA or through
protein, with respective rates rys or rp.
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The CME system associated to the reaction scheme in (3.1) is given by

dP(O)
—d’:’” =—koPY) + 11 P +y [(m +DPY - mP,ffL]
0
+[o+ P, —nPO)]
0
+yu(mP = mPY)). (3.3a)
dpy ) ) €] )
=Py, — P+ [+ DR, —mPi ]
1
+ o+ DPY, =P ]
1
+yu(mph —mPD) +a (B0, - PD) . G

Here, P,E{ L(t) (j = 0, 1) represents the probability of m mRNA and n protein being
present at time ¢ while the gene is either inactive (0) or active (1). As in (2.3) and
(2.5), the time variable is nondimensionalised by the protein decay rate d1; other model
parameters are scaled as

ko k1 do V0 Vi

= —, = —, = —), )\,:—, d = —. 34
Ko " K1 " 4 d i and p & 34
We note that the above scaling was also used by Shahrezaei and Swain (2008a). The

effects of incorporating the autoregulatory mechanisms in (3.2) into the CME system
(3.3) are specified in Table 1.

3.2 Generating function PDE

Since the probabilities P,g,] ,)1 () (j =0, 1)in (3.3) depend on both the mRNA number
m and the protein number n, we introduce probability-generating functions that are
defined by double asymptotic series:

Table 1 Contribution to the right-hand sides of (3.3) that is due to incorporation of the autoregulatory
mechanisms in (3.2)

Autoregulation type Contribution to (3.3a) Contribution to (3.3b)
mRNA autoactivation - ‘ii—"me,,(gzl + ad—"fm P,ilo )
; ™ . p(1) _ M, p()
mRNA autorepression + 4 mPpy y ) m Py
Protein autoactivation - Z—’;nP,g?)l + ZT[;”PH(%O,)n
Protein autorepression + ;—fl’nPn(ll}l — ;—’l’nPH(J,L
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Table 2 Contribution to the right-hand sides of (3.6) that is due to incorporation of the autoregulatory
mechanisms in (3.2)

Autoregulation type Contribution to (3.6a) Contribution to (3.6b)
mRNA autoactivation — ‘2—"14 woy F © + %4 woy F ©
mRNA autorepression + %w&wF(l) — Ci—";’wawF(l)
Protein autoactivation — '2—1]3 20 F © + ‘Zi—ll’ 20 F ©
Protein autorepression + %Zaz F — ZTIIJZBZ FM
0o 00 )
FDw,z.0)= Y > w"z" Pyl for j=0,1. (3.5)
m=0n=0

For coefﬁcier_lts P,,(f 3, (t) that obey the CME system (3.3), the associated generating
functions F) (w, z, t) satisfy

%F? 4+ (=10 FO+yw— 13, F® —yui - Hwd, FO

= —koFO 4 o, FOD, (3.6a)
HFD + (2= 1D, FV +yw— 13, FV — ypu(z — Dwd, FO
=koFQ — i FO 4 a(w — HFWD. (3.6b)

The effects of incorporating the autoregulatory mechanisms in (3.2) into system (3.6)
are specified in Table 2.

3.3 Dynamical systems analysis
As before, the PDE system (3.6) for the generating function can be reformulated as a

system of ODEs via the method of characteristics. The differential operator 9; + (z —
1)d; + y(w — 1)9y — yu(z — 1)wa, now gives rise to the characteristic system

= ylu—po+ D], (3.7a)
b=, (3.7b)

where i = g—‘s‘ is the derivative along the characteristic, which is parametrised by s.
For simplicity, we have introduced the new variables u# and v, which are defined as

u=w-—1 and v=z-1, (3.8)
respectively. On the resulting characteristics, Eq. (3.6) yields the system of ODEs

FO = _oF O 44 FOD, (3.92)
FO = gF O — ) FO 4 ay F O, (3.9b)
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First, we note that the characteristic system (3.7) can be solved explicitly in terms
of the incomplete Gamma function I'(a, z), see §8.2(i) of NIST Digital Library of
Mathematical Functions), yielding

u(s) = e G—rv0e) {uoey’“’o + (—y pvo)”

[F(l =¥, —yuvy) — (1 -y, —y;woes)]}, (3.10a)
v(s) = vpe’. (3.10b)

However, due to its complex nature, the expression for u#(s) given in (3.10a) cannot
be used to obtain explicit expressions for the generating functions F) that solve
system (3.9). Therefore, inspired by the analysis by Shahrezaei and Swain (2008a)
and Popovic et al. (2016), we make the following assumption:

Assumption 3.1 We assume that the decay rate of protein (d) is smaller than the
decay rate of mRNA (dp); specifically, we write
d_,_1 3.11)
d1 V= & ’ ’
where 0 < ¢ < 1 is sufficiently small.

The resulting scale separation between mRNA and protein decay rates is well-
documented in many microbial organisms, including in bacteria and yeast (Shahrezaei
and Swain 2008a; Yu et al. 20006).

For clarity of presentation, we make an additional assumption here.

Assumption 3.2 We assume that all other model parameters kg, k1, A, and u, as
defined in (3.4), are O(1) in ¢.

Remark 3.3 Although Assumption 3.2 is not strictly necessary for the upcoming anal-
ysis, it is beneficial. It is worthwhile to note that the analytical scheme presented in
this section can be applied in a straightforward fashion in cases where Assumption 3.2
fails, which is particularly relevant in relation to previous work (Shahrezaei and Swain
2008a; Feigelman et al. 2015), where the CME system (3.3) is studied for parameter
values far beyond the range implied by Assumption 3.2.

Using Assumption 3.1, we can write the characteristic system (3.7) as

eu=u— puv(u + 1), (3.12a)
v =u. (3.12b)

Since ¢ is assumed to be small, we can classify (3.12) as a singularly perturbed slow-
fast system in standard form; see Kuehn (2015). A comprehensive slow-fast analysis
of Eq. (3.12) was carried out by Popovi¢ et al. (2016); we highlight some relevant
aspects of that analysis here.

System (3.12) gives rise to a critical manifold Cy = {(u, ) ‘ u= l’_‘ZU } If ¢ is

asymptotically small, orbits of (3.12) can be separated into slow and fast segments,
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vV

—_— . - - - — - - - -
U - = = - - - -

—_— - - - - - CO > 0) —
— - - - - A - — —_—
—_— - - - Al - — —_— T
— 4 A — —— T =
- w— & ] - — —
—_— e “~ A — T =
_— — » - —_ — — =

Fig. 7 Phase space dynamics of systems (3.12) and (3.13). The slow flow along Cy is indicated by single
arrows; the fast dynamics transverse to C( are denoted by double arrows

using Fenichel’s geometric singular perturbation theory (Kuehn 2015). The critical
manifold Cy is normally repelling; in other words, orbits converge to Cy in backward
time at an exponential rate. For initial conditions asymptotically close to Cy, orbits
initially follow Cy closely for some time, after which they move away from Cp under
the fast dynamics; see also Fig. 7.

To analyse the fast dynamics of system (3.12), we introduce the fast variable o = £;
in terms of o, (3.12) is hence expressed as

w =u—pvu+1), (3.13a)
. (3.13b)

where u’ = g—g. We can solve (3.13b) explicitly and write the result as a power series

in &, which yields o on
v(o) = voe =y Y _&"—. (3.14)
n!
n=0
Expressing the solution to (3.13a) as a power series in &, as well, i.e. writing
o
(o) =y &"i,(0), (3.15)
n=0

substituting (3.15) into (3.13a), and making use of (3.14), we find

di, . o~ .
o =i~ ;wo—|: +Z —1)' } (3.16)

with initial conditions

40(0) =ug and  §i,(0) =0 forn > 1. (3.17)
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The first two terms in (3.15) are thus given by

fio(o) = lf“;fvo + (u() - 151;21)0) (=100 and (3.18a)
v 1 — e(I—Hvo)o v o2
u1(o) = ikl +o|—(ug— 1Yo vg — el =H)e
(1 — pwo)? 1 — pwo I — uvo 2
(3.18b)

We now employ the expansion in (3.15) to obtain explicit expressions for the gen-
erating functions F) (j = 0, 1). In the fast variable ¢ = <, system (3.9) takes the
form

FO — —eioF O + e FO, (3.19a)
FO' = g1coFO — g1 FO 4 eaur D, (3.19b)

As in the analysis of model A, recall Sect. 2.3, we rewrite system (3.19) as a second-
order ODE for F© to find

d? d
d—zF(O) + e(ko + k1 — xu)d—F“’) — 2 aouF© = 0. (3.20)
o o

Next, we use (3.19a) to express FD in terms of F(© as

1
O — (F(O)’ n gKOF«»). (3.21)
EK1

To incorporate the expansion for « in (3.15), we also expand F) (j = 0, 1) in powers
of &, writing

o
FD@) =Y e"F (o). (3.22)
n=0
Substitution of (3.22) into (3.20) then yields

& o
af =0, (3.232)
2
d—F(O)—l—(K +r — A )iF“”—o (3.23b)
d02 1 0 1 0 do o —Y .

and

d? d o . d 0
F(0)+(K0+K1—)\ﬁo)—F() _)‘E <ﬁ _r— + K ﬁ_)F()zo
5y n+1 n+1—k 0Un—k k
do do = do

(3.24)
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for n > 2. By combining (3.21) with (3.22), we obtain

d
©)
R =0 (3.25)

and
FO = po 14 po

p P (3.26)

for n > 0. We can solve Eqgs. (3.23) and (3.24) iteratively—taking into account the
additional condition on FO(O) in (3.25)—to find

RO — (3.272)
F = fi + g10, and (3.27b)
M foko + e(l—nvo)o v o2
Fz(o) — ot o + (foxo + g1) ‘o — J7A%) +
l—uvo l—uvo I_NUO 2
o2
— 81(ko + Kl)? (3.27¢)

for the first three terms which, upon substitution into (3.26), yields

FM = Jokot s g (3.282)
K1
A
FO = Jiko +g2  A(foko + g1) [e(l_,wo)g (uo Ko ) +UMUO] _oar:
K1 k1 (1 — pwo) 1 — pwo
(3.28b)

here, f; and g; are free constants, to be determined by initial conditions; see Sect. 3.4.

Contrary to common practice in the study of slow-fast systems such as (3.19), we
forego a detailed analysis of the slow system (3.9), continuing our discussion with the
determination of appropriate initial conditions; cf. Sect. 2.4. For details on why the
slow dynamics is disregarded, the reader is referred to Remark 3.5.

3.4 Initial conditions and inverse transformation
To complete our analytical method, we discuss the determination of initial conditions

and the reconstruction of the solution to the original PDE system (3.6), as was done
for model A in Sects. 2.4 and 2.5, respectively.

3.4.1 Initial conditions

We follow the reasoning of Sect. 2.4, and determine appropriate initial conditions by
considering the original CME system (3.3).
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Attime ¢ = 0, we prescribe initial mRNA and protein numbers m and ng, respec-
tively. As in Sect. 2.4, we again introduce the parameter y , which is defined as follows;
compare Definition 2.4:

Definition 3.4 Consider the CME system (3.3). We define y (mg, ng) to be the prob-
ability that the gene modelled by the reaction scheme in (3.1) is switched off at time
t = 0, given initial mRNA and protein numbers m and ng, respectively.

For the probabilities P,E/ ,)1 (t) (j =0, 1), Definition 3.4 implies that

P9 (0) = X Smmg Sn.ng and (3.292)

m,n

P (0) = (1= 3)8m,mo Sn.no- (3.29b)
Using the definition of the generating functions F)(w, z, ) in (3.5), we find

FO(w,z,0) = x w7 = x(1 +u)"(1 +v)" and (3.30a)
FO(w, z,0) = (1 — )w™z" = (1 — )1+ )" (1 +v)", (3.30b)

taking into account the change of variables in (3.8).

Next, we can infer e.g. from (3.10) and well-known properties of the incomplete
Gamma function—see §8.2 of NIST Digital Library of Mathematical Functions—
that solutions to (3.7) exist globally, i.e. for all s. In particular, given an arbitrary
triple (sx, U, vx), we can apply the inverse flow of (3.7) to flow backward (u., v)
for time s,. We conclude that the characteristics of the operator d; + (z — 1)9; +
y(w — 1)dy — yu(z — Dwdy, = 0 + vdy + yuo, — yu(u + 1)va,, which are
given by the orbits of system (3.7), foliate the (¢, u, v)-coordinate space over the
{t = 0}-plane when the parameter along the characteristic (s) is identified with the
time variable (#). We can therefore uniquely identify such a characteristic—interpreted
as a fibre over the {t = 0}-plane—by its base point. Because orbits of (3.7) provide
a parametrisation of the underlying characteristics, the coordinates of that base point
are given by (0, ug, vo), where (ug, vp) are the initial values of the corresponding orbit
of (3.7). Hence, the conditions in (3.30) yield, on each characteristic,

[F(O)] o = XA Fuo)™ (1 +v)" and (3.312)

[F(l)] = =00 o)™ (1 + )™, (3.31b)

As s = 0 implies o = 0, we can apply the initial conditions in (3.31) to the solutions
of the ODE system (3.19) in order to determine the free constants f; and g; in (3.27)
and (3.28). Combining the power series expansion in (3.22) with (3.31), we obtain

[F"],_ = x(1 o)™t + vor, (3.322)
o=

[A"],_, = 1 =00 +u)™ (1 + )™, and (3.320)
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[Fn(”] =0 foralln > 1, with j = 0.1, (3.32¢)
o=
which implies
Jo = x(1+up)"(1 4 v9)", (3.33a)
f1=0, (3.33b)
s
fo=—(1 =)0+ ugy™ (1 + vp)" —1— (Mo - ﬂ) . (3330
(1 — pvg) 1 — o
g1 = (k1 (1 = x) —kox)(1 4+ up)" (1 +v9)"°, and (3.33d)
A
g2 =—(1 =00 +up)™ (1 + vp)" - (”0 R — ) (3.33e)
1 — pnvg 1 — pvg

in (3.27) and (3.28).
3.4.2 Inverse transformation

Since the (¢, u, v)-coordinate space is foliated by the characteristics of the operator
0 +vdy + yud, — yu(u + 1)vd,, any point (¢, u, v) lies on a unique characteristic.
Flowing backward along that characteristic to its intersection with the {# = 0}-plane,
we can determine the corresponding base point (0, ug, vg) by inverting the relations
in (3.10). Since the dynamics of the v-coordinate do not depend on u, we may use
(2.56) to express vg in terms of # and v only. Taking the resulting expression as input
for inverting (3.10a), we obtain the inverse characteristic transformation

(t,u,v) = (uo(t,u,v), vo(t,v)), (3.34)
with

wo(t, u,v) = e VT Ly e (—yp)? [T(1 — y, —ypve™)
-1l -y, —)/,uv)]} and (3.35a)
vo(f, v) = ve . (3.35b)

Under Assumption 3.1, we can employ the power series expansion in (3.15), in com-
bination with the recursive set of ODEs in (3.16) and initial conditions as in (3.17),
as an alternative to (3.35a) to obtain ug as a function of u, v (or vy), and o. Rewriting
the result as a power series in &, we find

v v
up(o, u,v) = ® + ewv—Do (u M >

1 —pv 1 —pv
(mv=Do _ 2
— guv < — + d 5+ T_elmo=no (. KV
(1 — pv) (I—uv)? ' 2 1— v
+ O(e?); (3.36)
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naturally, (3.14) gives rise to

v v) = vy g"%. (3.37)
n=0 ’

Since the independent variable in (3.16) is o, and since s is naturally identified with
t, we replace o with é in (3.36) to obtain a perturbative expansion for ug(z, u, v).

The solution to the PDE system (3.6) can now be found to satisfactory order in ¢
by applying the inverse transformation in (3.34) to the solutions given in (3.27) and
(3.28), taking into account the values of f; and g; in (3.33). In other words,

o0

FY(u, v, t) [as solution to (3.6)] = |:Z g" [F,Ej)]

(uo,v0)=(uo(f7-,u,v),ve‘m):|
n=0

o=t
' (3.38)
where Fn(" ) (j = 0,1) on the right-hand side of the above expression denotes the

solution to Egs. (3.23a)—(3.26), with initial conditions as in (3.32).

Remark 3.5 The absence of any detailed analysis of the characteristic system in its
slow formulation, Eq. (3.12), can be argued as follows, by considering the correspond-
ing phase space, as depicted in Fig. 7.

(a) For arbitrary initial conditions (u, vg), the dominant dynamics are fast, since the
critical manifold Cy is normally repelling. In other words, solutions are generally
repelled away from Co under the fast dynamics.

(b) All orbits that have their initial conditions on the same Fenichel fibre are expo-
nentially close (in €) to each other near the slow manifold C, that is associated to
the critical manifold Cy. Therefore, flowing backward from (u, v) to (19, vg)—as
expressed through the inverse transformation in (3.34) that yields the correspond-
ing PDE solution—may introduce exponentially large terms in the transformation,
precluding any sensible series expansion.

Thus, although the construction of a composite ‘(initially) slow—(ultimately) fast’
expression of F () as a solution to systems (3.12) and (3.13) certainly makes sense
from a dynamical systems perspective, the extreme lack of sensitivity of orbits on their
initial conditions (u#¢, vg) may prevent such a composite expansion from being useful
for obtaining solutions to the original PDE system (3.6).

Remark 3.6 In Sect. 3.3, explicit expressions are given for the expansion of F(© up to
O(&?) only, cf. (3.27); similarly, F M s approximated to O(¢) in (3.28), for the sake
of brevity. It is worthwhile to note that a lower bound on the order of the expansion is
stipulated by the application; recall Sect. 1.1: the sampling time At can be considered
as aminimum time interval over which the results of our analysis should be (reasonably)
accurate. To that end, we have to compare Az with ¢ = 1, the parameter defining the
fast time scale on which the above analytical results have been derived. We can then
apply the classical theory of Poincaré expansions (Verhulst 2000) to infer that, if for
example At = O(1)—which implies At = O(¢™") in the fast time variable c—the
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generating functions F/) should at least be expanded up to O(¢?) for the resulting
approximation to be accurate to O(g).

3.5 Autoregulation

The inclusion of any type of autoregulation into system (3.6)—which is equivalent to
the addition of model terms from Table 2 to the right-hand sides of the corresponding
equations—precludes the direct application of the method of characteristics, as the
resulting partial differential operators in Egs. (3.6a) and (3.6b) do not coincide any-
more. To resolve that complication, we follow the approach of Sect. 2, making the
following assumption:

Assumption 3.7 We assume that the autoregulation rates ays, ry, ap, and rp, as
defined in (3.2), are small in comparison with the protein decay rate d; specifically,
we write

ay = oy d1 5, M = PM d1 5, ap =oap d1 (S, and rp = pp d1 5, (3.39)

where 0 < § < 1 is sufficiently small.

Next, we expand the generating functions F) (j = 0, 1) as power series in &;
recall (2.11):

00
FU)(Z, w, t) — Z 8mFr£1])(Z, w, t). (340)
m=0

To demonstrate the procedure, we include mRNA autoactivation in (3.6), see again
Table 2; the analysis of the remaining autoregulatory mechanisms can be performed
in a similar fashion. Substitution of (3.40) now yields

[3: + (z — D3 +y(w — Dy — yu(z — Dwdy]| FY

= —0FQ + k1 FD — apwd, FY (3.41a)
[8 + (z — D3 + ¥ (w — Ddy — yu(z — Dwdy | FL
= 1F O — i FV + 0w — DED + apwdy, FL s (3.41b)

cf. (2.12). System (3.41) is then amenable to the method of characteristics. In fact,
employing the same characteristics as in the unperturbed setting, recall (3.7), we find

O+ (z— Do +yw—1dy —yu(z — Dwdy = 05, (3.42)
while the partial differential operators in Table 2 transform into

9 —1
wdy = (u + 1) <—“) 34, and (3.43a)
3140
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3. = 18—”71 Ou a—“qa 3 | : 3.43b
ZZ—(U+ ) 8v0 - Bvo au() u()+ v | ( )

here, u(s; ug, vp) and v(s; vp) are as given in (3.10). Thus, the mRNA autoactivation
system (3.41) transforms to

du \ !
B FO = —ioFQ + 1 FV —apr(u+ 1) <_8u0) Buo Py 1 (3.44a)
au \ !
HED =igF O — i FD 4 AuFD 4 ap(u+ 1) <3_u()> 0y FO . (3.44b)

To obtain explicit solutions to system (3.44), we adopt Assumption 3.1 and revert to
the fast time scale o = = to write the dynamical system (3.44) as a second-order ODE
for F,ﬁ,(’), which yields

[83 + e(kg + k1 — Au)dy — €2K0)\.M] F,;O)

g \ !
= (2t — £dg ey (u + 1) (—”) 0u P2 . (3.45)
du
Using (3.44), we can express F,g,l) in terms of F,E,O) as

1 du\ "
Y =— [BUF,LO) + exoF) + ey (u + 1) <—) aqun(f)]:| . (346)
£K1 dug

To solve (3.45) (recursively), we expand F,ff ) (j =0, 1) in powers of ¢:

o
Fil (@)=Y e"Fi)©0); (3.47)
n=0

recall Eq. (3.22). Together with the series expansion for u in (3.15), we thus obtain

2F =0, (3.48)
0 ~ 0
02F\)| = —(ko + K1 — Adig)dg F\y — 85 Gm—1.0, (3.49)

and

n

. 0 . . 0
92 F,EB?, + (ko + K1 — Altg) 05 F,L;,H —A Z (lnt1-k 06 + K0 lin—k) F,ﬁ,i
k=0

n
= G TAY kGl (3.50)
k=0
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for n > 2; compare with Eqgs. (3.23a), (3.23b), and (3.24). The coefficients Gm 1N
the above expression are defined from an expansion of the autoregulation term as

du \ - 0) ©)
ap@+1) (%) o 1_Ze"Gm | (0, 0). (3.51)

From (3.46), we obtain
0 Fp =0 (3.52)

and | |
il = S0, r 0+ 20+ Lo

m—1,n

(3.53)

for n > 0; recall (3.25) and (3.26). To solve Eqgs. (3.48) through (3.53) iteratively,
we fix m—the order of the expansion in §—and determine the solution to satisfactory
order in n, the order of the expansion in ¢. Then, we increase m to m + 1 and take
the result as input for the dynamics at order m 4 1. The resulting repeated iteration
procedure yields an explicit expression for the generating functions F/) (j = 0, 1)
as double asymptotic series in both § and ¢.

The determination of appropriate initial conditions is largely analogous to the non-
autoregulated case; see Sect. 3.4.1. However, with the inclusion of autoregulation
into model B, we need to incorporate the possibility that x (mg, no) depends on the
corresponding autoregulation rates. As in the case of model A, we expand y (mo, no)
as a power series in §:

o0
X (mo, no) = > 8" xm(mo, no); (3.54)
m=0

recall (2.51). In that case, the initial conditions for F,ﬁ,] » can be inferred from (3.32)
to give

[F%] = a1+ w0y™ (1 + w0 forallm =0, (3.552)
[Fé,lg]gzo = (1 = x0)(1 +u)™* (1 4 v9)™, (3.55b)
[F,ff,é]gzo = —xm (1 +u0)" (1 + v9)"* forallm > 1, and (3.55¢)
[F,SZZ,]G:O —0 forallm>0andn > 1, with j =0, 1. (3.55d)

Solutions to Egs. (3.48)—(3.53) that incorporate the conditions in (3.55) for all types of
autoregulation introduced in (3.2) can be found in Appendix B. Finally, our previous
results on the inverse characteristic transformation in the non-autoregulated case from
Sect. 3.4.2 can now be applied in a straightforward fashion to give solutions to the
PDE system (3.6) with added autoregulation.
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3.6 Summary of main result

To summarise Sect. 3, we combine the analysis of the previous subsections to state
our main result.

Main result: The PDE system (3.6) can be solved for sufficiently large values of y;
see Assumption 3.1. Its solutions F D(w, z, 1) ( j = 0, 1) are expressed as power
series in the small parameter ¢ = L. ¢f. (3.22). The coefficients Fn(‘i )(w, z, t) in these
series, written in terms of the shifted variables # and v defined in (3.8), can be found
by

(1) solving recursively the second-order ODEs (3.23a) through (3.24) and using the
identities in (3.25) and (3.26), incorporating the initial conditions in (3.32);

(2) subsequently applying the inverse transformations in (3.36) and (3.37) to the
resulting solutions;

(3) and, finally, substituting o = é

To illustrate the procedure described above, we state the resulting explicit expres-
sions for the leading-order solution to (3.6) in terms of the original variables w, z, and
t here:

1 :
©) = Al —[+u(-2)1%
F,7 7 (w,z,t) = 1+ (@—1e — +4e €
Do =i+ @ DT
1 "o
x |:w - —]} and (3.56a)
14+ pu(l—2)
1—
FOw, 2, 1) = — X FOw, z,1). (3.56b)
X

Note that the sum F(go) + Fé D corresponds precisely to the leading-order fast expansion
found in Equation (21) of Bokes et al. (2012b).

If autoregulation as in (3.2) is incorporated into model B, the main result can be
formulated as follows.

Main result (autoregulatory extension): The PDE system (3.6) incorporating any one
type of autoregulation from Table 2 can be solved as long as y is sufficiently large
and § is sufficiently small; see Assumptions 3.1 and 3.7, respectively. Its solutions
FD(w, z,1) (j =0, 1) are expressed as double power series in the small parameters
é and ¢, viz.

o o
FO=3"N"5me"F). (3.57)
m=0n=0

The coefficients F,Ef Zl in these series, written in terms of the shifted variables u and v
defined in (3.8), can be found by

(1a) solving recursively the second-order ODEs (3.48) through (3.50) for fixed m
and using the identities in (3.52) and (3.53), incorporating the initial conditions
in (3.55);
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(1b) increasing m to m + 1, and repeating step (1a) until a sufficient accuracy in §
(and &) is attained;
(2) subsequently applying the inverse transformations in (3.36) and (3.37) to the
resulting solutions;
(3) and, finally, substituting 0 = £

L
4 From generating function to propagator

The final step in our analytical method consists in reconstructing the probabilities
Pn(j ) (model A) and P,,(f; 2, (model B), respectively, from the explicit expressions for
the associated generating functions F/) (j = 0, 1), which were the main analytical
outcome of Sects. 2 and 3.

In principle, the relation between probabilities and probability-generating functions
is clear from the definition of the latter, and is given in (2.6) and (3.5), respectively.
Specifically, probabilities can be expressed in terms of derivatives of their generating
functions as follows:

< 1o
POty =—|—FD( 1 (model A),  (4.1a)
n! | dz" =0
) 1 3m+n .
Pint) = — | ———FY(w, z,1) (model B).  (4.1b)
m!n! | Jwmoz" (0.2)=(0.0)

However, explicit expressions for the nth and (m + n)th order derivatives, respec-
tively, of these generating functions become progressively unwieldy with increasing
m and n. Indeed, from the expressions for the generating functions F/) obtained previ-
ously, which combine (2.26) for specific initial conditions as in (2.54) with the inverse
characteristic transformation in (2.56), it is clear that finding explicit expressions for
derivatives of arbitrary order is very difficult indeed, if it is possible at all.!

To complete successfully the final step towards approximating propagators for
parameter inference in the present setting, we abandon the requirement of deriving
explicit expressions for the probabilities Pn(j ) and P,ﬁ,] ,)1. Instead, we use the standard
Cauchy integral formula for derivatives of holomorphic functions to write

. 0
Dy — L FU(z, 1)
P, (1) = 2—7[1 % Z’IT dz (model A), (4.2a)
. 0
Doy 1 FVw, z,1) _
Pin(®) = s J),, ot dwds (model B); (4.2b)

here, y4 is a suitably chosen contour around z = 0, while yp is a (double) contour
around (w, z) = (0, 0).

! In some specific cases, however, such explicit expressions can be found; see e.g. Popovié et al. (2016).
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The above expression of probabilities as integrals is well suited for an efficient
numerical implementation, which is naturally incorporated into the realisation of the
parameter inference scheme discussed in Sect. 1. From a numerical perspective, the
integral formula in (4.2) has the additional advantage that the values of F) on (a
discretisation of) the integral contours y4 and yp, respectively, only have to be deter-
mined once to yield propagators for any values of m and n and fixed initial states my
and ng. Moreover, we are free to choose the integration contours y4 and yg, which
allows us to accelerate the calculation of these integrals; see Bornemann (2011). Here,
we note that the choice of circular integration contours with unit radius, and subse-
quent discretisation of those contours as M-sided and N-sided polygons, respectively,
coincides with the ‘Fourier mode’ approach, as presented by Bokes et al. (2012a).

Remark 4.1 By introducing the Cauchy integral formula for derivatives of holomor-
phic functions in (4.2), we implicitly assume that the integration contours y4 and yp
are chosen such that they lie completely within the open neighbourhoods of the origin
in C and C?, respectively, where the canonical complex extensions of the generating
functions F/)—which exist by the Cauchy-Kowalevski theorem—are holomorphic.
In other words, 4 and ¥z must be chosen such that any poles of F/) lie outside of
these integration contours. The expansion for uq in (3.36) shows that this is not a moot
point: the generating functions ) resulting for model B, as established in Sect. 3,
will generically have a pole at v = L, ie. at z = 1 + . As  is positive, by (3.4),
choosing the z-contour of yp to be a circle with at most unit radius allows us to avoid
that pole.

4.1 Incorporation of x

In the course of the analysis presented in Sects. 2 and 3, the introduction of the
parameter x was necessary to obtain definite, explicit expressions for the generating
functions as solutions to the PDE systems (2.7), (2.8), and (3.6); see Definitions 2.4
and 3.4. The successful implementation of these expressions in a parameter inference
scheme requires us to decide how to incorporate that new parameter. We identify three
options here.

1. Before implementing parameter inference, we can marginalise over the new param-
eter x to eliminate it altogether, using a predetermined measure du (x ), which adds
an additional integration step to the requisite numerical scheme.

2. We can make a choice for x that is based on the specifics of the model under consid-
eration. Thus, exploiting the Markov property of the stochastic models underlying
(2.3), (2.5), and (3.3), we may use the switching rates and any autoregulation rates
to express x in model A as

Cb

x(ng) = ———— (autoactivation), (4.3a)
¢cp+cr+ang

x(ng) = _Gtrmo (autorepression); (4.3b)
cp +rng+cy
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the corresponding expressions for model B read

ki
mo, ng) = no autoregulation), 4.4a
x (mo, no) otk ( g ) (4.4a)
ki
mo,ny) = ——— mRNA autoactivation), 4.4b
X (mo, no) O S p— ( ) (4.4b)
ki + rymo .
mo,ny) = —— mRNA autorepression), 4.4c
x (mo, no) [y S—— ( p ) (4.4¢)
ki
mo, ng) = ———— rotein autoactivation), 4.4d
x (mo, no) O S— (p ) (4.4d)
(mog, ng) = M (protein autorepression) (4.4e)
X, o " ko4 ki +rpng P P ' ’

3. We can determine x ‘experimentally’ by including the latter in the parameter set
that is to be inferred in the (numerical) process of parameter inference.

Note that step 2 has been anticipated in the analysis of model A, by introducing the
series expansion in (2.51). Indeed, by Assumption 2.2, we can expand y (n¢) as

o0 m

X = Kb _ X Z 5" <ﬂ> (autoactivation), (4.5a)
Kp + k5 + Sang Kf+Khm=0 Kf+Kp

= Kp + Spng
Kb +Kkf+ dpno

o0
= b __ K Z sm (ﬂ>m (autorepression). (4.5b)

Kftkp KftKp = Kyp+Kp

Likewise, when autoregulation is added to model B, Assumption 3.7 implies an expan-
sion for x (mg, ng) of the form

X= Ko + k1 + Sapymyg
Kl —aymo\"
= Z 5" (—) (mRNA autoactivation), (4.6a)
Ko + K1 Ko + K1
m=0
= K1+ dppmg
ko + K1 + Sppymo
o
K1 PMmMQ .
= mRNA autorepression), (4.6b
Ko + K1 K0+K1§ (K0+K1> ( p ) )
K1
X= """~
Ko + k1 + (S(Xpno
—apn
= Z 5" ( P 0) (protein autoactivation), (4.6¢)
Ko + K1 ko + K1

@ Springer



Time-dependent propagators for stochastic models...

K1+ 8ppno
Ko + K1+ 8ppng

oo
K1 PPNO . .
= rotein autorepression). (4.6d

Ko + K1 K0+K12:: (K0+K1> ® P ¢ )

5 Discussion and outlook

In the present article, we have developed an analytical method for obtaining explicit,
fully time-dependent expressions for the probability-generating functions that are
associated to models for stochastic gene expression. Moreover, we have presented
a computationally efficient approach which allows us to derive model predictions (in
the form of propagators) from these generating functions, using the Cauchy integral
formula. It is important to note that our method does not make any steady-state or
long-evolution-time approximations. On the contrary, the perturbative nature of our
approach naturally optimises its applicability over relatively short (or intermediate)
time scales; see also Remark 3.6. As is argued in Sect. 1.1, such relatively short evolu-
tion times naturally occur in the calculation of quantities such as the log-likelihood, as
defined in Eq. (1.1). Therefore, our analytical approach is naturally suited to an imple-
mentation in a Bayesian parameter inference scheme, such as is outlined in Sect. 1.1.

As mentioned in Sects. 2.2 and 3.3, the introduction of Assumptions 2.2 and 3.7
in our analysis of the systems of PDEs and ODE:s that are obtained via the generating
function approach is necessary for determining explicit expressions for the gener-
ating functions themselves. Therefore, we can only be certain of the validity of our
approach if we assume that the autoregulation rates are small in comparison with other
model parameters, as is done there. Moreover, in the analysis of model B, we have
to assume that the protein decay rate is smaller than the decay rate of mRINA; recall
Assumption 3.1. That assumption is valid for a large class of (microbial) organisms
(Shahrezaei and Swain 2008a; Yu et al. 2006); however, it is by no means generic, as
the two decay rates are often comparable in mammalian cells (Schwanhédusser et al.
2011; Vogel and Marcotte 2012). Since the accuracy of approximation of the explicit
expressions for the generating functions derived here is quantified in terms of orders
of the perturbation parameter(s), see e.g. Remark 3.6, violation of Assumption 2.2,
3.1, or 3.7 will decrease the predictive power of the results obtained by the application
of the analytical method developed in the article.

The method which is described in Sect. 1.2, and outlined visually in Fig. 5, hence
provides a generic framework for the analysis of stochastic gene expression models
such as model A (Fig. 3 and Sect. 2.1) and model B (Fig. 4 and Sect. 3.1). Note
that, for example, the steady-state and long-evolution-time approximations derived by
Shahrezaei and Swain (2008a) could be extended to autoregulatory systems via the
same approach. However, as is apparent from the (differences between the) analysis
presented in Sects. 2 and 3, the ‘path to an explicit solution’ is highly model-dependent.
The decision on which analytical techniques to apply, such as the perturbative expan-
sion postulated in (3.22), has to be made on a case-by-case basis. The success of
the method presented in the article fully depends on whether the resulting dynamical
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systems can be solved explicitly. To that end, it is highly beneficial that the systems
(2.19) and (3.19) obtained here are linear, which is a direct consequence of the fact
that all reactions described in the reaction schemes in (2.1) and (2.2), as well as in (3.1)
and (3.2), are of first order. Inclusion of second-order reactions would introduce both
nonlinear terms and second-order differential operators in the PDE systems for the
corresponding generating functions, which would severely increase the complexity of
these systems, thus preventing us from obtaining explicit solutions.

The method presented in this article, and the results thus obtained, can be seen,
first and foremost, as the natural extension of previous work by Popovié et al. (2016).
Analytical results for the classes of models studied here can be found in several earlier
articles. We mention the article by Shahrezaei and Swain (2008a), where a leading-
order approximation was obtained in a long-evolution-time and steady-state limit.
Bokes et al. (2012a) derived analytical expressions for stationary distributions in a
model that is equivalent to that considered by Popovi¢ et al. (2016). Also for that
model, a time-scale separation was exploited by Bokes et al. (2012b), in a manner that
is similar to the present article, to obtain leading-order analytical expressions on both
time scales. The model that is referred to as Model A in Sect. 2 was analysed in a steady-
state setting by Iyer-Biswas and Jayaprakash (2014) via the Poisson integral transform.
A similar model was studied by Hornos et al. (2005), were a generating function
approach was used; making a steady-state Ansatz, the authors were able to obtain an
explicit solution for the generating function in terms of special (Kummer) functions;
see also NIST Digital Library of Mathematical Functions. The same model was later
solved in a fully time-dependent context by Ramos et al. (2011), after a cleverly chosen
variable substitution, in terms of another class of special (Heun) functions; cf. again
NIST Digital Library of Mathematical Functions.

Other authors have attempted to solve several classes of CMEs directly, i.e. without
resorting to generating function techniques or integral transforms. A noteworthy exam-
ple is the work of Jahnke and Huisinga (2007) on monomolecular systems. Another,
more recent example can be found in the work by Iserles and MacNamara (2017),
where exact solutions are determined for explicitly time-dependent isomerisation mod-
els.

It is important to emphasise that the ‘time dependence’ referred to in the title of the
present article is solely due to the dynamic nature of the underlying stochastic process,
and that it hence manifests exclusively through time derivatives in the associated
CME:s, such as e.g. in (2.3). In particular, none of the model parameters are time-
dependent, as opposed to, for example, the system studied by Iserles and MacNamara
(2017). The inclusion of such explicitly time-dependent parameters would be a starting
point for incorporating the influence of (extrinsic) noise in the context of the model
categories considered in the article.

The availability of analytical expressions for generating functions does, in prin-
ciple, allow one to try to obtain insight into the underlying processes by studying
the explicit form of said expressions, as has been done e.g. by Bokes et al. (Bokes
et al. 2012a,b). However, the complex nature of the processes we analyse here seems
to preclude such insights. For example, the integrals over confluent hypergeomet-
ric functions, which appear in (2.29), cannot themselves be efficiently expressed in
terms of (other) special functions. Still, that complication does not necessarily pose
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an obstacle to the application we ultimately have in mind, i.e. to Bayesian param-
eter inference. As the last step in our method—the extraction of propagators from
generating functions, see Sect. 4—is numerical, the precise functional form of the
generating function is not of importance. The mere fact that an explicit expression
can be obtained is sufficient for the application of the Cauchy integral formula, where
these generating functions enter into the calculation of the appropriate integrals; see
again Sect. 4.

The analytical approach explored in the article does not, of course, represent the
only feasible way of obtaining numerical values for propagator probabilities, which
can, in turn, serve as input for a Bayesian parameter inference scheme. For an exam-
ple of a direct numerical method in which the Cauchy integral plays a central role,
the reader is referred to the work by MacNamara (2015). Our main motivation for
pursuing an analytical alternative is reducing the need for potentially lengthy numer-
ical simulations. An efficient implementation of the resulting expressions can result
in (significantly) reduced computation times; see, for example, the work by Borne-
mann (2011). The optimisation of the underlying numerical procedures is, however,
beyond the scope of the present article in particular, and of our research programme
in general.

The analytical results obtained thus far, as presented in the article, are ready for
implementation in a Bayesian parameter inference framework. An analysis of the
performance of the resulting approximations to the associated generating functions
in the spirit of the article by Feigelman et al. (2015), where parameter infer-
ence is tested on simulated data based on specific stochastic models, is ongoing
work. Moreover, the successful application of our analytical method to specific
model categories, such as are represented by model A and model B, suggests sev-
eral feasible expansions of the ‘model library’ for which explicit expressions for
the corresponding generating functions can be constructed. Thus, stochastic mod-
els comprised of multiple proteins represent a natural next stage, bringing the
analysis of toggle switch-type models within reach. In addition, one could begin
exploring the vast field of gene regulatory networks by considering a simple two-
protein system with, for example, activator-inhibitor interaction. Under the assumption
of small interaction rates, the resulting PDE system for the associated generat-
ing function would be directly amenable to the analytical method described in
the article. The analysis of these and similar systems could be a topic for future
research.
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A Model A: explicit expressions

An explicit expression for (2.27) can be stated as follows:

1 d
(1) (0) ©)
Fy ' (w) = _Kb <w ™ Fy’ +krF >

ky
=01K—' (1F1(Kf, 1 +«f+Kp, w)
b

w
+— Q4«24+ ks +kp,w
(I 1 +y S )>
—cw™ T ({Fi(—kp, 1 — kf — kp, w)
Lm(l—xb,z—w—xb,w)), (A1)
I —kf—xp

which can be shown to be equal to (2.35) using §13.3(i) of NIST Digital Library of
Mathematical Functions when ¢; = cly X and é ¢ = cp. Explicit expressions involving
the integration limits c3 and c4 in (2. 29) respectively, are obtained as

Ao
f 1F1(=kp, 1 — Kk — kp, ) g(W) dd
C

3

A
“O{xlu + vo>”°%m<1 — Kpy 2 — Kf — Kby AVO)

V),
11 (ks 1 = Ky = K 200) [+ 2) (0 + =0 ) Fy” | } (A.2)
w w=Avo
and

Avo gw)
/ 1F1(Kf,l+Kf+K},,w) T dw
c

4
e M0 (g s TR {Xl(l +v0)"(kr +kp)1 Fi(kp, 1 4+ K¢+ kp, Avg)

AVOK £

+x1(1 + vp)"
x1(1 + vo) (T + 10

1Fi(1+«7, 24+ k5 + Kp, Avg)

V|
FUFI e, 1+ g+ i, hv) [ +2) (90 + 00y ) By } (A3)
w w=Avo

respectively, with Féo) as in (2.26). Similarly, explicit expression that involve the
integration limits ¢3 and ¢4 in (2.38), respectively, read

Avg
/ 1Fi(l —kp, 1 —kp —kp, W) A() dd
C

3
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= —G_M(’{Xl(l +v9)"Avg 1 F1(1 — kp, 1 — kf — kp, Ap)

Avo(1 — kp)
—x1(1+ Uo)nomlﬂ (2 —«&p,2 — k5 — Kp, Lvo)

U
F1FL(1 = Ky 1=ks = ki, o) [0 w+2) (Bu+ 20, ) F | } (A4)
w wW=Avo
and

AUOF 1 5y ) du
. 1 1(Kf, +Kf+Kb,U))W w

4
= e_)‘vo()»vo)K-f+Kh {Xl(l + vo)nO(Kf +kp —Avo)1 F1(1 + kg, 1+ kp+kp, Avg)

o) Avo(l +k¢)

+x1(1+v
x 1+ K/ +

1Fi2+«kp, 2+ k5 + Kkp, Avp)

v
+1Fi(l+kp, 1 +kp+kp, Avo) [,o(w +2) <3w + _Oavo) Fél)] }
‘ ‘ w wW=Avo

(A5)

respectively, with Fél) as in (2.35).

B Model B with autoregulation: explicit expressions

To leading order in §, i.e. for m = 0, the right-hand side of Eq. (3.45) vanishes; hence,

the expressions in Eqgs. (3.20) and (3.21) apply. In other words, we can identify Féf;l)

with Fn(j) as givenin (3.27) and (3.28),for j = 0, l andn = 0, 1, 2. The free constants
fi and g; are as stated in (3.33), with x replaced with xo. In the following sections,
we present explicit expressions for the first-order correction in §—i.e. form = 1—for
all autoregulatory scenarios listed in (3.2).

B.1 mRNA autoactivation

We can solve (3.45) to second order in ¢, i.e. for n = 2, applying the initial conditions
in (3.55) to obtain

0
F{Q = hom, (B.1)
©) ) I e~ (I—pvo)o
Fiy = him + ji,mo + oy xomo(l +uo)™" (1 + v9)" ————, and
’ (1 — pvo)
(B.2)
©0) _ .
Fiy =hyy+ jomo (B.3)
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| e~ (I—pnwo)a 1
+ aprmo(1 4+ 1)~ (1 4 v9) "0k ( + 0)

1 — pvo 1 — pvo
2
o LU0
—— (1 — pvo) | uo —
2 1 — uvg
+aymo(l 4+ ug)™ ™ (1 + UO)nOXO{

240 o2
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v
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KK]C(I_’“)O)G Lo
= (4 ug)™ (1 4+ )" 1 | S (uo - —)
(1 = pvo) 1 — pwo
2
o AK1 Y,
+ 2 (2 en?) | (B4)
2 \ I —puvy
which yields

1
1 . _ J7A)
Fi) = . [JI,M + koho,m + ammoxo(1 + ug)™ (1 + vo)™ (uo - >:|

) 1 — pvo
and (B.5)
P _ J2.m +roChypm + ji,mo)
L1 = P
1
Ly e(1—nvo)o
— KL ugy™ (1 4 v | 2L (uo S—_ )
K1 1-— jvavy) 1-— jravy)
A
+o <M — (ko + K1)2>]
1 — o
0,000 4 gy (1 4y | 0y e
—Qapy—mg uo vo
K1 (I —pvo)® (1 — pwg)?
U
—o (ko + K1) (uo _ R )] (B.6)
1- yZavs)
where
ho,m = x1(1 + )" (1 + vp)"°, (B.7)
hiv = = xomo(1 + u)™ ™' (1 + vp)" ———. (B.8)
(1 — pvo)
Ji.m = —x1(ko + k1) (1 4+ u0)" (1 4 vo)"°
vV
+ ap xomo(1 + o)™~ (1 + v)™ (uo S > , (B.9)
1 — g
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A
Rt = x1(1+ ug)™ (1 + v9)" — (4 — 20
’ (1= pwo)? - pvo

3
+Xo_lwo>, and

_ 1 mo—1 1 no
apmo(1 +uo)™ (1 4 vo) TENE (Kl T~ v

(B.10)

. AK] 23

Ja.m = x1(1 4+ up)™ (1 4 vp)"° uo —

1 — o 1 — v
1 v
+ am xomo(1+ )"~ (1 + vg)" ———— (Ko taep + ) :
(1 — pvo) 1 — pvo

(B.11)

B.2 mRNA autorepression

-1
For the case of mRNA autorepression, we replace ap (1 + 1) (337”0) ug Frf;)ll in
Egs. (3.45) and (3.46) with

au \ !
— pu(u+1) (%) Bug F 1 (B.12)
which yields
F{§ = kom, (B.13)
) | —(1—pvo)o
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e A+ 2)uv
Y 2[( )MO—(K0+K1)]
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o voe v ALV
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Ak el—Hvo)o v
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Hence, it follows that

M _
FI,O -

M _
Fl,l -

where

ko,m =
kim =

Lim=

1 —
K1 [llM+KOkO’M_'OMm0(1—Xo)(1+uo)m° '(14vo)™ <”o -
1

and

lom + kolki,pm + 11, m0)
K1

)

- ﬁ(l + 10)"" (1 + vp)"° |:
K1 1 — pwo

AKT LY
+o <ﬂ — (ko +K1)2>]
1 — v

+ pm (1 +ug)™ (1 + v)" (1 — X0) =

1(1 — pvo)
x | [ ug — HY - !
0 1 — uvg 1 — o

+ om (1 = xo)mo(1 + ug)™ =" (1 + vo)""[

- (uo-
k1 (1 = pvo) 1 — pwo
1200 A mvo \?
+ + uo — )
k1(1 = pvo)? k(1 — pwo) ( 1 — uwo

o HVO
——(K0+K1)<u0— >]
K1 1 — g

e~ (I—nvo)o

(1 — pvo)?

x1 (1 +up)™ (1 4 vp)",

1 - 1 mo=1(q .
pm (1 = xo)mo(1 + o)™ (1 4 vo) 0= w2

—x1(ko + k1) (1 4+ 10)™° (1 4 vp)"°

@ Springer

Mcpell—Hvo)o < JTN
uy —

1—#%)

(B.15)

230
1-— jravy)

(B.16)

(B.17)

(B.18)

(B.19)



Time-dependent propagators for stochastic models...

V
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B.3 Protein autoactivation

-1
For the case of protein autoactivation, we replace oy (# + 1) (5}7”0) Ao Frf'lol | in
Egs. (3.45) and (3.46) with
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B.4 Protein autorepression

1
For the case of protein autorepression, we replace ap (v + 1) (537”0) Ay FrEzoll in

Egs. (3.45) and (3.46) with
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