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Abstract We analyse a simple gene regulatory system where a protein enhances its
own rate of mRNA transcription. For the integer-valued, chemical master equation
formulation of the first order reaction network, the first and second moments can be
studied analytically. In particular, this allows us to characterise the noise strength in
terms of the rate constants. Motivated by the need for efficient multi-scale simulation
tools, we then consider a hybrid model where the protein is assumed to be abundant,
so that its level may be described by a continuous-valued random variable. This leads
to a stochastic differential equation driven by a state-dependent switch, and our aim
is to study the extent to which this model can accurately approximate the underly-
ing fully discrete system. We discuss some of the technical difficulties that can arise
when such a hybrid system is analysed and simulated and show that the noise strength
can be analysed by introducing a discrete-time Euler—Maruyama style approximation
and using recent results concerning the convergence of numerical methods for hy-
brid systems. In this manner, numerical analysis techniques are employed to examine
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properties of the continuous-time model by treating it as the limit of a discrete-time
approximation.

Keywords Convergence - Diffusion - Euler—Maruyama - Multiscale - Noise
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1 Motivation

Gene regulation models, which deal with transcription, translation and many other
events taking place inside the cell, are typically cast in terms of chemical reactions
[15, 23, 24, 26]. The most appropriate setting is usually a discrete state space, contin-
uous time Markov jump process, where integer valued random variables record the
current population counts. This so-called chemical master equation regime can be
treated by evolving the full set of probabilities over all possible states [3, 4, 11, 14,
21], or by computing individual trajectories through the state space [7, 8], but both
approaches pose significant computational challenges for large or fast systems. For
this reason, approximation techniques, either at the modelling or simulation level, are
valuable [1, 5, 17, 27].

We consider here a setting where discrete and continuous valued stochastic
processes are combined in order to provide a hybrid model of autoregulation. Al-
though the underlying biological system is stripped down to its essential features,
the resulting mathematical object—a nonlinear stochastic differential equation (SDE)
driven by a state-dependent switch—offers a number of technical challenges for
analysis and simulation that are representative of more complex modelling scenar-
ios. By focusing on a simple system we are able to characterise important properties
of the underlying fully discrete system and thereby quantify the effectiveness of this
type of multiscale approximation.

In the next section, we describe the model and show how its first and second mo-
ments can be analysed in the fully discrete, chemical master equation, regime. In
particular, this allows us to characterise the noise strength and make precise state-
ments about how the variance and noise strength of mRNA and protein vary with the
feedback level. Section 3 then looks at a hybrid, multiscale, approximation. First, we
introduce stopping times in order to deal with issues of unboundedness and negativ-
ity. Then we show how the moments of this hybrid system can be analysed as the
asymptotic limit from a discrete-time Euler—Maruyama style approximation. Over-
all, we are able to conclude that, up to a stopping time, the hybrid model recovers the
exact noise strength of the underlying fully discrete system.

2 The full autoregulation model

We consider a gene regulation model where a protein enhances its own transcription
rate. Figure 1 summarizes the scenario. Here, we assume that mRNA is produced at
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Fig. 1 Schematic representation of the autoregulatory system

some basal rate cp and decays at rate cp. A molecule of mRNA may then produce a
molecule of protein at rate k p, and protein decays at rate yp. These components agree
precisely with the framework used in the influential work of Thattai and van Oude-
naarden [26]. However, the figure also includes an autoregulatory feedback, where
an increase in the protein level positively affects the rate of mRNA production, with
associated rate constant «. This type of autoregulation is an important component of
many regulatory systems in the cell [15, 19, 20].

2.1 Fully discrete model

The system in Fig. 1 may be interpreted as a set of reactions of the form

# — M, withrate constant cp, 2.1
# — M, withrate constant cpo, 2.2)
M — (§, with rate constant cp, 2.3)
¢ — P, withrate constant kp, 2.4)
P — (), withrate constant yp. 2.5)

More precisely, in standard stoichiometric notation [7, 8], we may introduce the state
vector

X(0) = [”ﬁg;} ,

stoichiometric vectors

e C S )

and corresponding propensity functions

a1 (X) =cp,
ax(X) = cpaXs(1),
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a3(X) =cpX1(1),
as(X) =kpX1(2),
as(X) =ypXa(t).

It is then clear that the reactions (2.1)—(2.5) fit into the framework of a first-order
reaction network. Therefore, we may use a general result in [6] to obtain a closed
linear system of ordinary differential equations (ODEs) that describe the evolution of
the first and second moments and correlation. Letting

E[M(1)]
E[P(1)]
20):=| EM©®’] |, (2.6)
E[P(1)°]
ELM (1) P(1)]
this leads to
dz(t)
=Nz(t)+b, 2.7
dt 20+ 27
where
—cp cpo 0 0 0 cB
kp —YpP 0 0 0 0
N=|2cg+cp cpa —2cp 0 2cpa and b= | cp
kp P 0 —2yp 2kp 0
0 CB kp cgae —(cp+yp) 0

2.2 Analytical results: feedback effect

In this subsection we consider how (2.7) depends on the feedback strength, o. Let
0 < a1 < ap, and let M, and P,, denote the number of mRNA and protein molecules
at time t with @ = ;. Define

E[Me, ()] — E[Mq, (1)]
E[ Py, ()] — E[ Py, (1)]
y(t) = E[Me, ()] — E[My, (1)] ., with y(0) =0.
E[ Py, (1)?] — E[My, (1)*]
E[Maz (t)P()lz (t)] - E[Mal (t)POll (t)]

The first two components satisfy the uncoupled system

d

% = —cpy1 +ajcpyr + cplan — a))E[Py,], (2.8)
dy>

— =k — . 2.9
. PYL—YPY2 (2.9

We will show that both components remain nonnegative for all time. Suppose the
solution is such that y; () = 0 and y,(¢) > 0. Then from (2.8), we see that y;(¢) has a
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positive derivative, so the solution returns to the first quadrant. Similarly, if y, () =0
and yj (¢) > 0 then from (2.9) we see that the solution also returns to the first quadrant.
Finally, if y;(#) = y2(¢) = 0 both derivatives are nonnegative, so neither component
can decrease.

The remaining components then satisfy

FRRE —2¢p 0 2cpa 3
7= 0 —2yp 2kp y4 | +h(@),
ys kp cgay  —(cp +yp) ys

where

kpyr+ypy2

[(263 +cp)y1 +ceparyr +cplar — ap)E[ Py, | + 2cp (o — a)E[M,, Paz]:|
h(t) =
cgyr +cplap — Oll)E[P(fz]

is nonnegative. The arguments used above for y;(¢) and y>(#) may now be applied to
v3(t), y4(t) and y5(¢) and we conclude that all solution components remain nonneg-
ative.

In summary, we have shown that, for any choice of model parameters, increasing
the protein feedback rate cannot decrease the first and second moments and correla-
tion of mRNA and protein.

Now, let us consider differences in the variances of mRNA and protein between
the feedback rates o1 and op. We let

| var[lMy,] — var[Mg, ]
“ | var[Py,] —var[Py,] |’

where var[ X ] denotes the variance of X; that is,
var[X] = E[X?] — (E[X])%.

We have

dvi _d i) — v, 1
dt ~ dt 2 dr “

_ d 2 2 d 2
= = (BIM,]) - EIM.,)?) - = (ElMa] — (BIM, 1))
= cpy1 + (B[ Po,] — 1 E[Py,]) — 2cpuy

+ 205 (@2E[ Mo, Poy ] — 1 E[ My Poy ]

—2cp(a2E[My, |E[ Py, | — a1 E[My, JE[ Py, ]).
So,

t
V| =e_ch’/ hy(s)e*P*ds,
0
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Fig. 2 (Color online) Differences of variances in mRNA for the feedback model, using feedback rates
o = iCD)/p/SCka fori =0,1,2,3,4

where

ha(t) :=cpy1 + cp(2E[Po, ] — 01 E[ Py, ]) + 2cp (02 E[Me, Po, | — a1 E[Mg, Po, 1)
— 2cp(a2E[Me, |E[ P, | — a1 E[ Mo, JE[ Py, ]).

Because /4 contains both positive and negative terms we are not able to draw generic
conclusions about the sign of v;. Similar comments apply for v,. Thus, we cannot
show explicitly that for all sets of parameter values the mRNA and protein variances
increase with the feedback rate. However, we did observe such monotonicity in the
following simulations that use biologically realistic parameters. Figures 2 and 3 show
differences in variances for mRNA and protein, respectively. Initial conditions and
rate constants were set to M (0) =2, P(0) =4 and cg =0.3,¢cp =0.012,kp =0.17
from [24] and yp = 0.0007 from [2]. We set the feedback rates as o; = icpyp/Scpkp
fori =0, 1,2, 3, 4. The horizontal lines are steady state values, as given in Sect. 2.3.
We see that the variances increase monotonically in .

The Fano factor, or more loosely noise strength, for a random variable X may be
defined as

n var[ X ]
=EX

This quantity is commonly used to summarise the intrinsic level of fluctuation [26].

ns[ X
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Fig. 3 (Color online) Differences of variances in protein for the feedback model, using feedback rates
o = iCD)/P/SCka fori =0,1,2,3,4

Figures 4 and 5 show the differences in noise strengths for mRNA and protein,
respectively, using the same feedback rates, initial conditions, and rate constants as
in Fig. 2. We see that in these examples the noise strength increases with the feedback
rate.

2.3 Feedback effect at steady state

It is straightforward to show that the ODE system (2.7) has a stable steady state if and
only if 0 <« < a :=cpyp/cpkp. This has a natural interpretation—the feedback
strength cannot be too great relative to the growth and decay constants governing the
transcription and translation processes. For 0 < o < &, the steady state moments have
the form

E(M* = —1EE
cpyp —kpcpa
k
BlP)=—"2
cpyp —kpcpa
E[(M*)?]

__cpepyp(epyp —kpepa) + c%yp(kpatcg +cpyp) + cayp(cs +cp)
(cp +yp)(cpyp — kpcpa)?

’
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Fig. 4 (Color online) Differences of noise strengths in mRNA for the feedback model, using feedback
rates ; =icpyp/Scpkp fori =0,1,2,3,4

cgkpyp(cpyp —kpcga) + k3 (cp + yp) + cgepkpyp(cp + kP)
(cp +vp)(cpyp — kpcpa)?

E[(P*)*] =

Unlike in the general time-dependent case considered in Sect. 2.2, at steady state
we are able to establish generic monotonicity of the variance and noise strength of
mRNA and protein. For 0 < o] < oy < @, let M * and P* denote the number of
mRNA and protein molecules at steady state with o= o We find that

var[Mgz] — var[M;l]

cyypkpep(an —ay)
(cpyp —kpcpaz)(cpyp — kpcpai)(cp + yp)

chy2kpep(on —ay)(yp +aacp)
(cpyp —kpcpai)(cp + vp)(cpyp — kpcpan)?

chyakpep(an —ay)(yp +aicp)
(cpyp —kpcpan)(cp + yp)(cpyp — kpcpan)?’

var[Pojz] - var[Pojl]

. cxkbyp(ay — o)
(cpyp —kpcpaz)(cpyp — kpcpai)(cp + yp)

@ Springer



Hybrid simulation of autoregulation within transcription 185
50 T T T T T
-0 -8--8--0 - A -H==6 - -0- —8——4d
451 -7 1
c ' -
@ 401 4 -
e /
e gk — T k- — ok — ok — K = ke ke —k— — %
5 A
= / -
< / _
g 30t , - 0 & 0,
—_ ./
5 o5 / Y o, & o,
o) - / ’
2 P - - —a,&o0,
c b- — /{>— — R
6 201 - - —o,8&0,
@ }J/_ - O=m & === O— — O _
% 151 J J — & — steady state with 0y, 0ty
o | — © - steady state with o0,
= 10F - .
5 10 // ! — © - steady state with o.,,01,
/
5 *//' — % — steady state with 0,00
/
O / Il Il Il Il Il |
0 1 2 3 4 5 6
time (sec) x 10°

Fig. 5
rates o;

and

Hence

(Color online) Differences of noise strengths in protein for the feedback model, using feedback
=icpyp/Scpkp fori =0,1,2,3,4

crk3ypep(an —ar)(ep +kp)(2epyp — kpepar —kpegan)
(cp +yp)(cpyp —kpcpar)®(cpyp — kpcpan)?

’

ns[Méz] — ns[Mgl]

_cpkp(aa —an)(@icp(cpyp — kpepaa) + ypep + aacpepyp)

B (cp +yp)(cpyp —kpcpay)(cpyp — kpcpan)
ypcgkpep(ay —ay)(cp +kp)

(cp +yp)(cpyp —kpcpar)(cpyp —kpcpan)’

)

ns[Pofz] — ns[Ptjl] =

, both variances and noise strengths increase monotonically in « over the stable

interval [0, a).

We

now turn our attention to a hybrid model.

3 Hybrid stochastic differential equation for autoregulation

Autoregulation effects are studied in a hybrid discrete-continuous setting in
[19, 20]. These authors use deterministic mass action ODE Kinetics to describe the
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more abundant species, while treating the low copy number species discretely. How-
ever, it has been shown for simple non-feedback gene regulation models, such as
those in [22], that this approach can systematically underestimate the variance, and
hence the noise strength, whereas a suitable continuous-valued diffusion process does
not have this drawback [12, 13, 16].

Under the assumption that the proteins are relatively abundant, we therefore study
a hybrid model over some finite time interval [0, T'] that combines a discrete Markov
jump process for mRNA with an SDE for protein. In this manner, the mRNA count
acts as a state-dependent Markovian switch for the diffusing protein level. Our
switching process, M (¢), which represents the mRNA count, has the infinitesimal
characterisation

P(M(t 4+ At) =s — 1 | M(t) =) = AtepM (1) + o(A1), 3.1
P(M(t+ A1) =s+ 1| M(t) =s) = Atcg(1 +aP (1)) + o(At), (3.2)

PM@t+At)=s | M@)=s)=1— At(cpM(@t)+cg(l +aP(t)))
+o0(Ar), (3.3)

where the protein level, P(t), satisfies the SDE

dP(t) = (kpM(t) — yp P(1))dt +/kpM(1)dWy — \/ yp P()dWy. (3.4)

Here Wi(¢) and W;(¢) are independent scalar Brownian motions that arise from a
chemical Langevin approximation to the fluctuations around the mean of certain Pois-
son processes appearing in the fully discrete system [9, 18]. The system (3.1)—(3.4)
may be regarded as a hybrid switching diffusion [28], and we hope to show that this
is a fruitful setting in which to study certain multiscale modelling and simulation
techniques.

Following (2.6), we will let

E[M (1)]
E[P(1)]
Zt):=| EM®?* |. 3.5)
E[P()*]
E[M(t)P(1)]

At this stage it is appropriate to mention two technical issues. First, it is known that
the chemical Langevin approximation is, generally, not well defined for all time [25].
In the case of (3.4) this is intuitively clear: the first diffusion coefficient v/ kp M)
does not vanish when P = 0, and yet if the protein level is then pushed into the nega-
tive region, the second diffusion coefficient v/yp P(f) becomes undefined. A second
issue is that the stochastic calculus results that we wish to use have, so far, only
been established for the case where the drift and diffusion coefficients are uniformly
bounded functions of the switching variable.

To deal with these issues, we introduce the stopping times
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Hybrid simulation of autoregulation within transcription 187

70 :=inf{r > 0: P(¢) <0},
7 :=1inf{r > 0: P(t) > k or M(t) > k).

The first of these, 7, is introduced to deal with the negativity issue, and the second,
71, deals with unboundedness. With the notation a A b = min(a, b), by [28, Theo-
rem 2.1] there exists a unique solution (M (1), P(1)) for 3.1)-(3.4)on [0, T At ATo],
for any given (deterministic) initial data P(0) € [0, k] and M(0) € [0, k], k > 1.

We begin by bounding first and second moments. For any ¢ € [0, T] we have

IATENATQ

AT AT
E[M(t A 1 A T9)] = E[M(0)] — cDE/ M(s)ds + cBa]E/ o P(s)ds
0 0

INTE AT
+csE / ds (3.6)
0
and

INTEATY

E[#(t A A 10)7] = EIV(0)2] + e + ) / E[#1(s)]ds
0

INTEATY INTENAT)
+ CBC(]E/ P(s)ds — 2CDIE/ M(s)zds
0 0

INTENATY

INTEAT) _
+2€BaE/ M(s)P(s)ds +CB]E/ ds
0 0

IATE AT
< B0+ 2c5 + cp)E / Y W s)ds
0

INTEATY INTENAT)
+ CBC(]E/ P(s)ds — ZCDIE/ M(s)zds
0 0

IATE AT

AT AT
+ cBotIE/ ' 0[M(s)2 + Is(s)z]ds + CBE/ ds.
0 0
From (3.4) we have
_ _ INTE AT _ _
E[P(t At AT0)] =E[P(0)] ~|—]E/ (kpM(s) — ypP(s))ds. 3.7
0

By the It6 isometry and the Holder inequality we then find the following upper bound
for the second moment of the protein level

INTE AT
E[P(t Ay AT0)?] < 4(2T(k§) + yg)]E/ ' 0(M(s)2 + P(s)%)ds
0

INTEATY _
Fo B [P+ M(s))ds)
0
This leads us to the following lemma.
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Lemma 3.1 There exists a positive constant K = K (T) such that

E[P(T A1))] +E[M(T A19)] <K and E[P(T A1) 1+ EM(T A10)*]1 <K.
(3.8)

Proof By (3.6) and (3.7)
E[M(T At A 1)1 +E[P(T At A 10)]
<E[M(0)]+E[P(0)] + Tcp
T AT AT _ _
+E /O (kp — cp)M(s) + (e — yp) P(s))ds

<E[M(0)]+E[P(0)] + Tcp

+ fo T(k,, +ep)EIM () s <rnro) + (s + yP)ELP ()1 (s <r nr)ds
<E[M(0)] +E[P(0)] + Tcp
+C /OT (E[M(s AT AT +E[P(s ATk A to)]>ds,
where C = max {k, + cp, acp + yp}. By Gronwall’s inequality we then have

E[M(T At Ato)] +E[P(T Aty Ato)] < (EIM(0)] + E[P (0)] + Tcp) exp(CT).

Fatou’s lemma completes the proof for the first moments. The inequality involving
second moments can be proved analogously. O

It is also useful to observe that
E[P(T Ao A )21+ EIM(T At A 10)°]
> Bl <7 ey P (20)*] + Ellg <1 agg M (12)*]
> Bl <7 ey 2K7].

Hence

lim P(ty < T A19) =0.
k—o00

Loosely, the probability is small that the process will explode either in finite time or
before hitting zero.

3.1 Moments for hybrid approximation

First and second moments for the fully discrete model were characterised in Sect. 2.1
Based on insights from simpler cases [12, 13] we aim to test whether the hybrid
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model reproduces these moments. We would like to emphasize that the presence of
a state-dependent switch greatly complicates the SDE analysis, and standard tools
from stochastic calculus may not apply. In particular, direct application of a generali-
sation of the [td Lemma is not straightforward. Our approach is to introduce a discrete
approximation to the hybrid SDE that, as well as providing a practical means to sim-
ulate the model, also allows us to study the moments of the underlying continuous
time process, via finite-time convergence theory from [28].

We therefore consider an Euler—Maruyama type approximation to the hybrid SDE
(3.1)~(3.4). Let M, and P, denote our discrete time approximations at t = nAt. Then
M,, may be defined through

P(MnJrl - M,=-1 | Mna Pn) = AICDMn +o(Ap),
P(Myt1 — My = 1| My, P)) = Atcg(1 +aPy) + 0(At),
P(My11 — M, =0| My, P,) =1 — At(cpMy + cg(1 + aPy)) + 0(At),

where we assume that the 0(Ar) terms are uniform in P,, and the protein level is
given by the Euler—-Maruyama approximation

Poy1 =Py + At(kpM, — yp Py) + [ kp My AW} — [ yp P, AWS. (3.9)
In the same way as before we define stopping times
M =inf(n>0:P, >kor M, >k} and Ayg=inf{n>0:P, <O}.

Let
E[A_{nA)LO]
]E[Pn/\)no]

ZnAAO = E[A{,Z%AM]
E[P,

_ n/\?_»o]
E[ Mg Paarg]

To simplify notation we will calculate these moments under the assumption that n <
Ak A Ap. Our aim is to produce discrete analogues of the relations derived for the
continuous-time model. We have

E[My+1] = E[My 11 — M,] + E[M,]
=E[E[M11 — My | My, P11+ E[M,]
=E[-P(Myy1 — My = —1|My, P,) + P(My11 — My = 1| My, Py)]
+E[M,]
=E[-AtcpM, + Atcg(1 + aP,)] +E[M,] + o(At)
= — AtcpE[M,) + Atcg(1 + aE[P,]) + E[M,] + o(At).
This implies that

]E[M"“]Al_ EIMa] _ —cpE[M,] + cgaE[P,] + cg + o(1). (3.10)
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In a similar way, we can show that

E[M?

] — EIM;]

n
At

= (2cg + cp)E[M,] + cpaE[P,]

— 2cpE[M;]+ 2cpaB[M, P,] + c + o(1),

(3.11)
E[P,.,] — E[P, _ i
Al 2B pmii,) - eI (3.12)
E[P2, ,1-E[P2] . _ _
”“T = kpE[M,]+ ypE[P,] — 2ypE[P;]

+ 2kpE[M,, P,] + AtE[(kp My, — yp P,)?], (3.13)

IE[Ik;ln-ﬁ—l Pn-H] - IE[1‘;[nﬁn] _
At N

kpE[M2] — (vp + cp)EIM, P,] + cp(E[P,]

+ aE[P2]) + E[At (ky M, — yp Py)(cp(1 +aPy)
—epMy)]. (3.14)

We give more details in the Appendix and also show that first and second moments
are appropriately bounded.

3.2 Agreement of the moments

The results in Sect. 3.1 essentially show that the moments of the discrete time, Euler—
Maruyama approximation correspond closely to an Euler approximation of the ODE
(2.7) that governs the evolution of the exact moments for the fully discrete model.
Because the Euler approximation is convergent over finite time intervals, the triangle
inequality then allows us to conclude that the moments of the hybrid SDE (3.1)-(3.4)
exactly match those of the fully discrete model.

To formalize this argument, we first define the stopping time

6o =10 A Ag.

Theorem 3.1 The first and second moments and correlations for the fully discrete
and hybrid diffusion models agree, in the sense that 7(t) = Z(t) fort € [0, T A 6p].

Proof Letting t = (n + 1) At denote a general mesh point, the triangle inequality
gives
l2(t) = ZO)| = 2(t) = Zny1| + | Zng1 — Z(D)], (3.15)

where | - | denotes the Euclidean norm.
Now an Euler scheme for (2.7) has the form

A

Zpi1 = Zn+ NZyAt + bAt, (3.16)
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and classical numerical ODE theory [10] gives
|2(t) = Zu11] = O (AD).
It follows from (3.10)—(3.14) that
Zpi1 = Zn + NZp At + bAt + CZ, At* 4 0(Ab), (3.17)

where the matrix C has the form

0 0 0 0 0

0 0 0 0 0
cC=| 0 0 0 0 0

0 0 k% V3 —2kpyp

kpcg —ypcp —kpcp —ypcpa kpcpa+ypcp
Using the discrete Gronwall inequality with (3.16) and (3.17) gives
|Zn1 = Zng1] = o(1).
Therefore
2(6) = Zug1| < 12() = Zng1| + 1 Zns1 — Zng1| = 0(1).
Hence, from (3.15) it remains to show that

Alfig) |Zpt1—Z(t)|=0 forallt €[0,T A6pl.

Defining the stopping time

Xk = A A Tk,

we first observe that
|Zn+1 —-Z()| < |Zn+1 - Zn+1AXk| + |Zn+1AXk —ZAN X+ I1ZE A i) — Z(@)].
Now by [28, Theorem 5.13] we have
lim | Zusiny — Z(t A x| = O(AD).
At—0
From Appendix and Lemma 3.1 we know that there exists a constant K such that

Znp1+Z1) =K.

Therefore
Bim [ Zogt = Zogng |+ 120 A i) = Z(0)] =0,
which completes the proof of the theorem. O
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4 Discussion

The main goal of this work is to show how certain analytical difficulties can be
overcome in order to conclude that hybrid diffusions, and their discrete approxima-
tions, form a useful framework in which to study certain types of multiscale model.
We studied an autoregulation model that has clear-cut biological properties. For the
discrete-space, master equation formulation, we analysed the first and second mo-
ments directly and showed that interesting, and perhaps counterintuitive, effects arise:
although the first and second moments of mRNA and protein, and the correlation be-
tween them, are always monotonically increasing functions of the feedback strength,
the same is not true in general of the variances and the noise strengths at any partic-
ular point in time. However, if we look at their steady state values, we find that the
variances and the noise strengths are monotonic, up to the stability threshold. This
gives a useful set of behaviours to study for the hybrid model. Overall, by carefully
analysing a discrete version of the model, we were able to show that the hybrid model
recovers these important properties.

This work represents a proof-of-principle, where we focused on a linear reaction
network with a linear autoregulatory effect. Our aims were to point out technical
issues that arise even in this biologically simple case, and to show how they can
be overcome to derive results about the quality of the diffusion approximation. The
linearity allowed us (a) to obtain explicit characterizations of the moments in the un-
derlying discrete-space model and (b) to analyze a corresponding hybrid switching
SDE model using recent results from stochastic numerics. It would, of course, be of
great interest, but also extremely challenging, to extend these results to more general
scenarios. Within the autoregulation setting, it would be natural to study non-linear
switching rates—for example the feedback rate could take the form of a hill-type
function. In this case the underlying fully discrete model is less amenable to analy-
sis since it is no longer a first order network, and it is highly relevant to study the
accuracy of the hybrid diffusion (which is cheaper to simulate). Similarly, we could
look at simulating autoregulation in a reaction network that was not of first order.
Some computational tests in [13] for a simple second order regulation network, with
no feedback, indicated that a suitable diffusion approximation can give good results.
More generally, although the issue of negative solutions was dealt with here through
the use of stopping times, it would be more satisfying to have a generic, modelling-
based, procedure for building non-negativity into the diffusion process.

Appendix: Analysis of moments in hybrid model

In this appendix we establish the moment relations (3.11)—(3.14) and confirm that
the first and second moments of the mRNA and protein level in the discrete time,
Euler—-Maruyama approximation in Sect. 3.1 are bounded.

Introducing conditional expectations, we have

E(M, |1 =E[(My41 — M, + My)*]
= E[(My41 — My)* +2My (M1 — M) + M2
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= E[E[(My+1 — My)?| My, Pyl
+ E[E[2M,, (M 41 — My)| My, P11+ E[M}]
=E[At(cpM, + cg(1 +aP,)) + o(A1)]
+ 2E[At (—cpM? 4 cg(M,, + aM,, P,))] + E[M>].
The relation (3.11) follows immediately.

Next, consider the first and second moments of the protein level. Taking expecta-
tion in (3.9) gives the first moment relation (3.12). Squaring of (3.9) gives

Py = P2+ 2P, [ Atlep My — yp B) + kp M, AW] +\ yp Py WS |

+ (At (kp My, — yp P))? + kp My (AW + yp Py (AWS)?

+ 2\/kpMnAWf\/ypl_)nAW2"
F2A1(kp M, — yp 15,,)( kp My AW + ypﬁnAwg).
Noting that W{' and W}’ are independent, we find that

E[P2, 1= E[P}]+ 2At[(kpE[M, P,] — ypE[P])]
+ APE[(kp M, — yp P))*] + AtkpE[M,] + AtypE[P,].
This gives (3.13).
Now, consider the correlation. By the law of total probability
E[My41Py11] = EIE[(Mpt1 — My + My) Pyy1 | My Pyl
= E[E[M, Pyi1 | My Py]]
+ E[E[Por1 | My Py IP(Myy1 — My = 1| My, Py)]
—E[E[Pyy1 | My P JP(Myyy — My =—1| My, Py)]
= E[EIM,, (P, + At (kp My — yp P)) | My Py]]
+ E[E[P, + At (kpy My, — yp Py) | My P 1At (cp(1 +aPy)
—cpMy)]
=E[M, P, + At(kp,M? — y, M, P,)]
+E[(P, 4 At (kpy My — vy P)) (At (cp(1 +a Py) — cpMp))]
= E[M, P,] + At (k,E[M;] — y,E[M, P,])
+E[P, At(cp(1 +aPy) —cpMy)]
+ELA (ky My — v Pa)(cg(1 +aPy) — cpM,)]
= E[M, P,] + At (k,E[M2] — y,E[M, P,])
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+ At (cp(E[Py] + «E[P?]) — cpE[ P, M, ])
+ E[Atz(kpMn - Vppn)(CB(l + Olﬁn) - CDMn)]:

giving (3.14).
The next two lemmas concern moment boundedness.

Lemma A.1 Let N > 0 be any positive integer. Then there exists a positive constant
C =C(T) > 0 such that

IELMN rso]l + [E[Py s, 1l < C.
Proof From (3.10) and (3.12)
|E[M,411] < [E[M, ]| + [cpE[M,1At| + |cpaE[P,1At| + cp At + o(At)

and
|E[ Pyt 1]l < |E[P,]| + [kpE[M,1At| + |ypE[Py] At].

Therefore

|E[My411| + [E[ Put1]] < [E[M,]] + [E[P,]]
+ ((kp + cp) |E[My ]| + (cpe + yp)[E[Py]]) At
+ cpAt + 0(At).

Summing up fromn =0to N A Ay A A9 — 1 we find that

[ELMN nsgnio ]l + TELPN A nio 1|
< |E[Mo]| + |E[ P

N-1

+ D ((kp + cD)E[My s nnp)l + (B + yP)ELPupsgarg 1D AL
n=0

NA M ALy—1

+ ) (cAt+o(Ar)).

n=0

Using the fact that

N-1
> (At +0(A1) < (1+cp)T.
n=0

we obtain

|]E[MN/\A.](/\A.0]| + |E[PN/\AJ(/\A.O]|
< |E[Mo]| + [E[Po] + (1 +cp)T|
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N
+K Z(m[z@mmn + |E[ﬁnw<nmo]|>m,

n=1

where K = max{cpa + yp, kp + cp}. The discrete Gronwall inequality and Fatou’s
lemma then yield

IE[M N aso ]l + [ELPN aso 1l < (IE[Mo]] + [E[Pol| + (1 + cp)T) exp(KT). O

Lemma A.2 Let N > 0 be any positive integer. Then there exists a positive constant
C = C(T) such that

E|My nsol” +ElPy s> < C.
Proof By (3.11) and (3.13) we have
E[M2, 1+ E[P?, ] = E[MZ] + E[P]]
+ ((2cg +¢p + kp)EIM,] + (cpa + vp)E[Py]) At
— 2cpE[M>) At — 2ypE[P?] At
+ (2cpa + 2kp)E[M, P,) At
+ cp At + 0(At)
+ APE[(kp My — yp Po)?].
By Young’s Inequality
E[M2 1+ E[P?, ] <E[M2]+ E[P]]
+ ((2cg + cp + kp)E[M,] + (cpar + vp)E[ Py]) At
+ (2k% At — 2cp 4 cpa + kp)E[M?] At
+ Qy3 At —2yp + cpa + kp)E[ P2 At
+ cp At + 0o(At).
By Lemma A.1 there exists a constant C > 0 such that
E[M2, 1+ E[P? 1 <EIM2+ E[P2] + C At
+ K[E[M?] 4+ E[P]] At 4 cp At + o(At),

where K = max{|cpa + kp + 2k%At —2cpl, |lcpa + kp + 2)/1%At —2ypl|}. Now
the proof can be completed in an analogous way to that of Lemma A.1. O
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