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Abstract

Background: Gene networks in nanoscale are of nonlinear stochastic process. Time delays are
common and substantial in these biochemical processes due to gene transcription, translation,
posttranslation protein modification and diffusion. Molecular noises in gene networks come from
intrinsic fluctuations, transmitted noise from upstream genes, and the global noise affecting all
genes. Knowledge of molecular noise filtering and biochemical process delay compensation in gene
networks is crucial to understand the signal processing in gene networks and the design of noise-
tolerant and delay-robust gene circuits for synthetic biology.

Results: A nonlinear stochastic dynamic model with multiple time delays is proposed for
describing a gene network under process delays, intrinsic molecular fluctuations, and extrinsic
molecular noises. Then, the stochastic biochemical processing scheme of gene regulatory networks
for attenuating these molecular noises and compensating process delays is investigated from the
nonlinear signal processing perspective. In order to improve the robust stability for delay toleration
and noise filtering, a robust gene circuit for nonlinear stochastic time-delay gene networks is
engineered based on the nonlinear robust H., stochastic filtering scheme. Further, in order to avoid
solving these complicated noise-tolerant and delay-robust design problems, based on Takagi-
Sugeno (T-S) fuzzy time-delay model and linear matrix inequalities (LMls) technique, a systematic
gene circuit design method is proposed to simplify the design procedure.

Conclusion: The proposed gene circuit design method has much potential for application to
systems biology, synthetic biology and drug design when a gene regulatory network has to be
designed for improving its robust stability and filtering ability of disease-perturbed gene network or
when a synthetic gene network needs to perform robustly under process delays and molecular
noises.

Background

Gene expression involves a series of molecular events,
which include binding of regulators, transcription,
splicing, translation, posttranslation modification and
diffusion. As each of these molecular events is subject to
significant biochemical process delays, intrinsic

fluctuations, and extrinsic disturbances, gene expression
is best viewed as a nonlinear stochastic process with
multiple time delays [1-4]. Even in cases where popula-
tion measurements are regular and reproducible, single-
cell measurements often display significant heterogene-
ity [1]. In general, these observations suggest that the

Page 1 of 23

(page number not for citation purposes)


http://creativecommons.org/licenses/by/2.0
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/about/charter/

BMC Systems Biology 2008, 2:103

molecular events underlying cellular physiology at the
nanomolar scale are easily subject to fluctuations and
biochemical process delays so that we have to propose a
nonlinear stochastic model with multiple time delays for
gene expression and biochemistry [2-4]. Therefore,
molecular noise processing and delay compensation in
nonlinear stochastic gene network with process delays is
an important topic to understanding how cells function
and process information when the underlying molecular
events are random with biochemical process delays. As
pointed out in [1, 3, 4], this topic is one of the most
challenging and fascinating problems for systems biol-
ogists, since it opens questions in physiology, develop-
ment and evolutionary biology.

When the underlying molecular events are basically
random and time-delayed, how does the physiology of
the cell remain highly orchestrated and robust? Most
cellular events are orderly and precisely regulated in spite
of the stochastic function and process delays of gene
regulatory circuits within cells [1, 5, 6]. Without
consideration of biochemical process delay, a stochastic
differential equation or the Langevin equation has
recently been employed to describe the molecular
fluctuation in gene networks [3, 7]. Many algorithms
have been developed for simulating the Langevin
equation to calculate the probability density function
[5, 6, 8, 9]. The Fokker-Plank equation is employed to
describe the evolution of the probability function [1, 10].
Most researchers analyze these stochastic models, using
the Monte-Carlo method, such as Gillespie algorithm,
StockSim algorithm and so on to describe the evolution
of biochemical networks via the discrete stochastic
model. Even these modeling tools allow us to address
questions concerning intracellular noise. However, if
biochemical process delays have not been considered in
the dynamic model of biochemical gene networks, an
engineered biochemical network based on this model
may lead to fluctuation, oscillation or even blowing up
[11]. Therefore, biochemical process delays and molecu-
lar noises must be considered in the dynamic model to
mimic the realistic cellular behaviors of biochemical gene
network in cell. Recently, it is also found that most newly
synthetic networks are non-functioning and need tuning
owing to process delays, parameter fluctuations, due to
thermal fluctuation, gene expression noise, mutation and
extrinsic noises, due to changing extra cellular environ-
ments, interactions with cellular context [12]. Therefore, a
systematic design method for noise-tolerant and delay-
robust gene networks is an important topic in systems
biology and synthetic biology for an engineered gene
network to work properly in host cell [13].

In recent years, many researchers have found it useful to
invoke analogies from signal processing when
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investigating molecular noise. In this situation, a
biochemical pathway is viewed as an analogy filter and
classified in terms of its frequency response from the
signal processing perspective. In terms of signal proces-
sing, the biochemical pathways function as low-pass
filters, as they transduce low-frequency signals and
attenuate high-frequency signals. In addition to intrinsic
chemical damping, negative feedback [14, 15], integral
feedback [16], and many other simple mechanisms such
as redundancy mechanisms are found to attenuate
molecular noise in biochemical systems. It is also
found that the effect of molecular noise is also amplified
in some sense by autocatalytic mechanisms (positive
feedback) to give rise to population heterogeneity (and
so diversity). Even some of the elementary mechanisms
for molecular noise attenuation and amplification
enumerated above seem simple and identifiable. How-
ever, elementary mechanisms typically do not function
in isolation; rather they interact in complex gene
networks involving multiple feedback loops. Although
it is straightforward to understand how a single feedback
loop shapes molecular noise, it is far more difficult to
understand composite behavior of multiple mechanisms
interconnected in complex architecture of gene networks
[1, 8, 9]. These molecular noise-related problems are
called molecular noise filtering problems of gene net-
work by molecular biologists [1-3, 17-19]. The analysis
of molecular noise attenuation and amplification of
gene regulatory network without process delays has been
recently discussed from the stochastic system point of
view [17]. At present, though theoretical and computa-
tional tools exist for analyzing the filtering properties of
a given network, as pointed out by Rao et al. in [1], no
good theory exists for identifying all possible systematic
mechanisms that generate robust networks to compen-
sate biochemical process delays and to attenuate
molecular noises simultaneously.

It is clear that complex gene networks are able to
function reliably despite inherent noise attributable to
molecular fluctuations and unavoidable time delays due
to biochemical process. Robustness has been hypothe-
sized as an intrinsic property of intracellular networks.
Although robustness is often studied independent of
noise and time delay, the two problems are related.
When studying robustness, the typical question is how
sensitive the behavior of a gene network is to kinetic
parameter perturbations in the model [13]. As these
parameter perturbations are subject to molecular fluc-
tuations, a molecular noise-resistant network is likely to
be robust. Nevertheless, a gene network that is insensi-
tive to kinetic parameter perturbations may still be
sensitive to extrinsic molecular noises. A robust filtering
of biochemical networks under parameter perturbations
has been discussed based on the global linearization
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technique in [20]. However, this method is only with
S-systems and without consideration of process delays.
In [21], based on S-system model [13], a robust circuit
design is proposed for nonlinear deterministic biochem-
ical networks from steady state approach and without
considering process delay. The robust stabilization
method for gene network against molecular noises has
been discussed in [22] without consideration of time-
delays in biochemical processes.

Time delays are common and substantial in biochemical
process. They can protect biochemical systems against
transient loss of input signal. Delay for proofreading is
widely employed to increase the fidelity of recognition
to provide security against misrecognition. Further delay
can filter the non-beneficial pulses [11]. However, time-
delays may play a negative role in stability of gene
networks. In [23, 24], the concepts of sensitive edge and
robust edge are used to analyze the robustness and
fragility of synchronization. Then the authors want to
increase the robustness of synchronization by its
associated feedback loops to protect against attacks to
the complex networks. Further, the robust synchroniza-
tion designs of complex time-delayed networks are also
discussed in [25, 26] to increase the robustness of
synchronization to tolerate time-delays and protect
against attacks to the networks. In this study, the random
parameter fluctuations are modeled as state-dependent
intrinsic molecular fluctuations of the stochastic gene
network model in which multiple-time delays of
biochemical process is also considered to mimic the
process delays in gene regulation processes. Both the
upstream molecular noise and the global molecular
noise affecting all genes are modeled as extrinsic
molecular noises. The robust molecular noise attenua-
tion problem will be systematically discussed for gene
networks with multiple process delays from the non-
linear H., stochastic signal-processing perspective.

The H., filtering theory has been developed for state
estimation of nonlinear stochastic signal processing to
investigate the noise attenuation problem via minimiz-
ing the worst-case effect of noise on the filtering error
[27, 28] and the H., control theory has been developed
to robustly stabilize the nonlinear stochastic system
under parameter perturbations [29, 30]. However, the
time delay of the stochastic process is not considered.
Recently, various time-delay control designs for non-
linear systems and fuzzy systems have been discussed in
[25, 26, 31, 32]. In this study, the robust nonlinear
stochastic H.. filtering theory is applied to discuss the
robust stability and noise filtering problems of nonlinear
stochastic gene networks under both multiple-time
delays due to biochemical process delays and stochastic
intrinsic molecular noise due to parameter fluctuations.

http://www.biomedcentral.com/1752-0509/2/103

Furthermore, the filtering ability of extrinsic molecular
noises will be also investigated at each gene of gene
network from the H., filtering point of view. For the
biotechnological purpose or drug design purpose, if
robust stability is required to tolerate a prescribed range
of intrinsic parameter variations and the filtering ability
of gene network to filter extrinsic molecular noises from
the environment has to be improved, a robust gene
circuit design scheme needs to be developed for gene
networks from the nonlinear noise filtering perspective
to achieve the design purpose via transfection and
transformation biotechnologies. For recent metabolic
engineering and future synthetic biology [7], if a
synthetic gene regulatory network is required to work
near a desired equilibrium point in an environment with
process delays, intrinsic molecular fluctuations, and
extrinsic molecular noises, a robust control circuit design
is necessary to improve the robust stability and
molecular noise filtering ability of the synthetic gene
network to achieve its required performance. This robust
filtering design method will be potential for robust gene
circuit design in future, from which gene therapy and
drug design could be developed. However, the drawback
of these nonlinear stochastic filtering approaches needs
to solve a nonlinear differential Hamilton-Jacobi
inequality (HJI) for the robust stabilization and filtering
design of gene networks. In general, we still have no
analytic solution or numerical solution for HJI, except
for some simple cases. In this study, to avoid solving HJI,
a fuzzy interpolation method is employed to interpolate
several local linear gene networks at different operation
points to approach the nonlinear gene network to
simplify the design produce of robust stabilization and
filtering of gene networks so that the robust gene circuit
design could be easily designed and implemented.

In recent years, Takagi-Sugeno (T-S) fuzzy systems have
efficiently interpolated several local linear systems via
fuzzy bases to approximate a nonlinear system [33, 34].
Therefore, a T-S fuzzy stochastic gene network is
employed to approximate a nonlinear stochastic gene
network with time delays by interpolating several local
linear stochastic gene networks with time delays at
different operation points of the nonlinear stochastic
gene network. In this study, based on fuzzy interpolation
approximation, the robust stabilization problem for
tolerating process delays and intrinsic molecular fluctua-
tions and H.. filtering design problem for attenuating
extrinsic molecular noises of gene networks can be
efficiently solved via a set of linear matrix inequalities
(LMIs) developed from a set of fuzzy local linear
stochastic systems. These LMIs could be easily solved
via LMI toolbox in Matlab [35] to simplify the design
procedure. Furthermore, based on fuzzy approximation
method, the circuit design procedure for robust stability
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and noise filtering of a nonlinear stochastic gene
network with process delay could be simplified from
the linear gene network design point of view. In this
situation, more biological robust stabilization and
filtering insight could be investigated from the linear
system point of view. We found that if the eigenvalues of
these local linear gene networks are in the far left-hand
side of the complex domain (i.e., with more negative real
parts or more stable), then the gene network will tolerate
more process delays and intrinsic molecular fluctuations,
and could also filter more extrinsic molecular noises to
achieve the design purpose of gene networks. The robust
stabilization and H., molecular noise filtering circuit
design could be achieved by shifting the eigenvalues of
fuzzy linear gene networks to the far left-hand side of the
complex domain through engineering appropriate nega-
tive feedback loops via the proposed robust gene circuit
design method for nonlinear stochastic time-delayed
gene networks.

In general, the proposed robust filter design in non-
linear stochastic gene network is different from the
conventional robust fuzzy H.. filter design for engineer-
ing control or signal processing systems [27-31]. In the
conventional fuzzy H., filter design [27-29], a dynamic
fuzzy estimator is employed to estimate system state
variables from the noisy measurement data, which
needs a very complicated computation for state
estimation at any time instant. In this study, only
some gene circuits are implemented (or embedded)
directly in gene network to achieve robust stabilization
to tolerate process delay and intrinsic molecular
fluctuations and to filter the extrinsic disturbances.
Therefore, the proposed robust circuit design is different
from the conventional control and filter designs in
control engineering and signal processing in [27-31].
Gene circuits are implemented by inserting the tran-
scription factor (TF) binding site of regulatory gene
product, i.e. the binding site of protein produced by
regulatory gene, to the promoter region of regulated
gene by the techniques of transfection and transforma-
tion [7, 14]. The kinetic parameters of gene circuits of
molecular noise filter are proportional to the length of
binding sites of TF inserted to the promoter region of
regulated genes and will be specified by the designer. In
order to simplify the design procedure, only a few gene
circuits are implemented. In our design procedure, the
T-S fuzzy approximation method is only employed to
simplify the specification of kinetic parameters of gene
circuit of molecular noise filter, i.e., the specification
procedure of lengths of inserted binding sites of TF
produced by regulatory genes in gene circuit design
procedure. Recent experimental advances in sequencing,
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genetic engineering and bionanotechnology will make
this engineered circuit implementation feasible in near
future [7, 36-41].

Because disease may perturb the normal gene regulatory
network through genetic perturbation and/or by patho-
logical environmental molecular noise such as infection
agents or chemical carcinogens [42], in future synthetic
biology [7, 12, 19] and systems biology [13, 36, 42], we
could improve the robust stability and molecular noise
filtering ability of gene network for drug design and gene
therapy by the proposed gene circuit design method via
transfection and transformation biotechnologies, so that
a designed gene network could be protected from the
influence of process delays, intrinsic molecular fluctua-
tions and environmental molecular noises, and thus
work more reliably. Finally, two design examples in
silico are given to illustrate the design procedure and to
validate the performance of the proposed robust H., gene
circuit design method for nonlinear stochastic gene
networks under process delays, intrinsic molecular
fluctuations and extrinsic molecular noises.

Results

Firstly, a nonlinear stochastic time-delayed model is
developed to mimic the realistic dynamic behavior of a
gene network under process delays, random intrinsic and
extrinsic molecular noises. Then the robust stability and
the filtering ability of nonlinear stochastic time-delayed
gene network are discussed from the H., signal proces-
sing perspective. Further, in order to improve the robust
stability and filtering ability to tolerate more parameter
fluctuations, process delays and to attenuate much
environmental molecular noises, based on fuzzy approx-
imation and LMI technique, a systematic design method
is proposed for nonlinear stochastic time-delayed gene
networks. Finally, a simple design procedure is devel-
oped for the proposed robust gene circuit design
method. These results are described in the following
subsections in detail.

Robust Stability and Filtering Ability Analysis for
Nonlinear Stochastic Time-Delayed Gene Networks

For the convenience of illustration, the following linear
gene network with process delay is introduced first,

d m
Ex(t)—AOx(t)+2Akx(t—rk), (1)

k=1
x(t) = xo(t)¥t € [-7, 0], where x(t) = [x;(t),...xn(0)]"
denotes the vector of mRNA concentrations of N genes;
the maximum time delay r = max{z, k€ [1, m]}; Ao and
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Ay denote the real-time and delay-time kinetic interac-
tion matrices among these genes, respectively. For
example, x(t) is the mRNA expression vector of N
genes; the diagonal component 4, ; = -A; of Ay denotes
the degradation of mRNA of i-th gene with decay rate 4;;
the i, j component a;; of A, denotes the regulatory
interaction from gene j to gene i to activate or repress
gene i with time delay 7,. The delay time 7, may be due to
the process time of gene transcription, translation,
posttranslation protein modification and diffusion,
which are needed for regulatory genes to product
proteins (e.g. transcription factors TFs) and then convey
them to their target genes (see Fig. 1). In general, in real
biochemical systems, these biochemical process delays
may be very long and can not be neglected in
biochemical dynamic models, especially for practical
gene network design applications.

Suppose the linear gene network in (1) suffers from
intrinsic molecular fluctuations so that a,; — ay,; + Aay,
ihe(t), k= 0,1,...,m, where Ag, ; denotes the amplitude of
the stochastic kinetic fluctuation and n,(t) is a white
noise with zero mean and unit variance, i.e., Aa,;
denotes the deterministic part of fluctuations and n,(t)
absorbs the stochastic property of intrinsic molecular
fluctuations (see Fig. 1). Intrinsic molecular fluctuations
are mainly attributed to thermal fluctuation and random
molecular events in the transcription, splicing, and
translation processes of gene expression [1-3]. The
covariances of stochastic intrinsic molecular fluctuations
Aayiing(t), k= 0, 1,...,m, are as follows

Cov(Aay, ;ny,(t,), Aay jny (t5)) = (Aay3)*6, . (2)

R X
a1,21 + Aay o1my (t) <
1 N\ fmm T 23 92k -
Z = _ B2k _ (¢
<Caeme, o )+ )
aKs g2t Aag,14n2(t) /

o
~ 2 /
/ ) =
Y 2 yhren Jam,
/ +A 0) ’ \ /
az,31 + Aagg1mg ene, .
e H g 4 a1, N2 + Aay yom (2) II

/ M \
- g31 z3 /
Ul(t)——'_'—-’v\ \’ /
~ 8 ¥ s ~ 31+ At 3inm(t) I

2
N ~
N = nyi _ gene
N gi 1k2,35 ™ Ay Beney
N Y gnN2
\

A =7
\\\ \ ’ <
_op\gene; ) e Y2
e TN Y T 2(2),

AN
47 /
- O + D 7 £)

‘ ———1 repression ————p activation =======- ¥ degradation — [~k —  time delay T

Figure |

A linear gene regulatory network of N genes under
process delays, intrinsic molecular fluctuation Aa,
iiM(t) and extrinsic molecular noise v(t).
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fork =0, 1,...,m, where 6, ,, denotes the delta function
as follows

5 1 fOI' tl :tz
w70 fort, #t,

According to the above analysis, the gene network under
stochastic molecular fluctuations can be represented as

m

& x(0) = (4 + Bono(1)a(1) + 2 B0t~

(3)

where the fluctuation matrices B;, are given by

Aay, 1y AayiN

B, = Aapy; ¢+ |, k=01,..m.

Aaj, Aay, i

If ay,; is free of fluctuation, then Agy ;; = 0 in B,. By the It6
stochastic differential equation, the stochastic gene
network equation in (3) is equivalent to the following
stochastic process [27, 29, 31]

dx(t) = Agx(t)dt + zm: Apx(t —73,)dt + Box(t)dW,(t) + i Bix(t —71,)dW,(t)
k=1 k=1
(4)

where W,,(¢) is a standard Wiener process or Brownian
motion with dW,,(t) = n(t)dt.

Actually, in real gene networks, the dynamic gene regulatory
equations are always nonlinear. In this situation, the linear
dynamic gene network regulatory equation in (4) should be
modified as the following Langevin nonlinear stochastic
equation with multiple time delays [1, 3, 10]

dx(t) = fo(x(£))de + 2 Su(x(t =))dt + ho(x(£))dW, (1) + 2 By (x(t = 73) )W, (1)
k=1 k=1
(5)

where the first two terms on the right-hand side denote
the nominal nonlinear interactions of gene network and
the last two terms denote the effect of intrinsic molecular
fluctuations on the gene network, which are state-
dependent and will influence the stability of nominal
gene network.

Remark 1 If the Langevin equation in (5) is linearized at an
operation point, it should be a linear stochastic gene network
as (4).
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For simplicity, the linear stochastic gene network in (4)
and nonlinear stochastic gene network in (5) will be
reformulated, respectively, as follows

dx(t) = iAkx(t —7,)dt + i Bix(t —75,)dW,(t)  (6)
k=0 k=0

and

ax(0) = Y fulx(t —r))de+ Y y(x(t = 1))dW (1) (7)
k=0 k=0

where 7, = 0 and 7, > 0, k = 1,..,m, denote the

corresponding time delays.

We say that the stochastic gene network is asymptotically
stable in probability at the equilibrium point x = 0 if
there exists a Lyapunov (power-like) function V(x(t)) >
0, with V(0) = 0, in the neighborhood of the equilibrium
point such that the expectation of the derivative of V(x
), E%V(x(t)) <0, i.e., the power of the gene network
is decreasing. In general, there exist many equilibrium
points for nonlinear gene networks in (7). Gene
networks perform their biochemical function within
some local region of an equilibrium point, which is
called the phenotype of the gene network. For the
convenience of design, only the robust stability of the
equilibrium point at x = 0 is discussed for the nonlinear
stochastic gene network in (7). If the interested
equilibrium point (steady state) of the nonlinear time-
delayed gene network is not at x = 0, the origin should be
shifted to the equilibrium point or the steady state. In
this situation, the robust stabilization and filtering
ability at the origin is equivalent to the stabilization
and filtering ability at the interested equilibrium point of
the gene network. According to the stochastic gene
network model in (7) and the nonlinear stochastic
stability theory in [27, 30, 31], the robust stability and
molecular noise filtering ability of stochastic time-
delayed gene networks are analyzed in the following
propositions.

Proposition 1 Assume there exists a positive Lyapunov
function V(x(t)) > 0 and V (0) = 0 satisfying the following
second-order Hamilton-Jacobi inequality (HJI)
T m m
t”) Yhte-en+ Y bt e ))%hk(x(r—tm <0
k=0

[ oV (x
B (8)

for all nonzero x(t) € RY, then the equilibrium point x = 0 of
the nonlinear stochastic gene network in (7) is asymptotically
stable in probability, i.e., the effects of the time delays and
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intrinsic molecular fluctuations z
could be tolerated by the gene nefiwork.

o e (x(t = 7,))dW,(¢)

Proof. See Appendix A. ®

Remark 2 The last diffusion term in (8) is from the intrinsic
molecular noises in (7). If the gene network is free of intrinsic
molecular fluctuations, then the asymptotic stability of the
equilibrium point is only to check the existence of V(x(t)) > 0
in the following inequality without diffusion terms

( V(x(r)) j ka(x(t <0 ()

Proposition 2 For the linear stochastic gene network with
process delays in (6), we could choose the Lyapunov function
as [35]

V(x(t))=x (t)Px(t) + ZJ‘ xT(s)Qkx(s)ds
for P=P">0and Q,=Qf >0 >0,i=1,.,m. Then the

robust stability problem in Proposition 1 is reduced to check
whether or not the existence of symmetric matrices P > 0 and

Q. >0, k=1,..,m, in the following LMI
= PA, PA,,
AP B{PB,-Q, 0 0
. . <0 (10)
0 .. 0
ALP 0 0 B.PB, —-Q,

where Z = AgP +PA, +BgPBy+ >" Q-
Proof. See Appendix B. ®

If the linear gene network in (6) is free of intrinsic
molecular fluctuations, then the asymptotic stability is
only to check whetherornot P>0and Q, >0, k=1,..., m,
exist in the following LMI

A§P+PAO+2: Q, PA, - PA,

=1
A{P - 0 0 |<0 (11)
: 0o . 0
AP 0 0 -Q,

Obviously, the condition for the existence of P > 0 and
Qr >0, k=1,..,m, in inequality (10) is stricter than that
in inequality (11) because A, should be more negative
than that in inequality (11), i.e., the eigenvalues of Ag
should be in the farther left-hand side of the complex
domain (the real parts of all eigenvalues of A, should be
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more negative) or more robustly stable in order to
tolerate time delays and intrinsic molecular fluctuations.

In general, a gene network in vivo also suffers from
extrinsic molecular noises such as the transmitted noise
from upstream genes and the global noise affecting all
genes. Therefore, the nonlinear stochastic gene regula-
tory equation with process delays in (7) should be
modified in the following to mimic the realistic dynamic
behavior in its host cell.

dx(t) = Y filx(t = £))de + Gu(o)dt + Y y(x(t = 7,) )W, ()
k=0 k=0

(12)

where signal vector v(t) =[v,(t),..., v, (t)]" denotes the
extrinsic molecular noises and G denotes the coupling
matrix between the extrinsic molecular noises and the
gene network. In general, the intrinsic molecular
fluctuations are state-dependent as shown in (6)-(7).
Therefore, they will influence the stability of gene
network and provide an important topic for discussing
the robust stability of gene network at an equilibrium
point of interest, i.e. to discuss how much the gene
network could tolerate the intrinsic molecular fluctua-
tion %::':0 hy,(x(t —71,))dW,, (1) without blowing away
from the equilibrium point. Another important topic is
how to quantify the ability to filter extrinsic molecular
noises v(t) in the gene network, i.e. the attenuation
analysis of v(tf) on x(t) by the gene network. Such
information is crucial for understanding the signal-
processing scheme in gene networks, from which the
design of molecular noise-tolerant and time delay-
compensation gene circuits can be developed to achieve
a robust H.. noise filtering design for biotechnological
purposes.

Therefore, we want to investigate the influence of
extrinsic molecular noises v(t) on the gene i, i.e. x;(t),
which is crucial to the design of noise-tolerant gene
circuit in synthetic biology [7]. Let us denote the choice
of a gene of interest as

zo(t) = Cx(t) (13)
where the row vector C = [0, 0,...0, 1, 0, 0, 0, 0], i.e., all
elements of C are zero except the i-th element being 1, if
the i-th gene x;(t) is the gene of interest in molecular

noise filtering. Let us denote the effect of extrinsic
molecular noises v(t) on a gene of interest as follows

(B[S 2d (0z0(0)d0) ' 2
E v a2~

http://www.biomedcentral.com/1752-0509/2/103

or

EJ. 2 (0=, (1)t < yzEI pnde (14)
0 0

for all bounded energy noises v(t). This is the so-called
H.. noise filtering problem [27], which addresses the
effect of extrinsic molecular noises on the gene of interest
from the system gain (L,-gain) point of view. If the
extrinsic molecular noises v(t) are deterministic signals,
then the expectation E on v(t) in (14) could be neglected.

Remark 3

(i) The physical meaning of (14) is that the effect of extrinsic
molecular noises v(t) on z,(t) should be less than or equal to .
If y < 1, then extrinsic molecular noises v(t) are filtered at
gene i by the gene network. If y > 1, then it means that
extrinsic molecular noises v(t) are amplified at gene i, i.e.,
gene i is much influenced by external molecular noises v(t)
and may be a weak site of the gene network.

(ii) In the conventional control system design and signal
processing [27-32], the H.. noise filtering criterion in (14)
has been employed to design a filter to robustly estimate the
state variables from the noisy measurement output, i.e., to
specify the filter design parameters to efficiently attenuate the
effect of uncertain external disturbance on the state estimation
error of the filter [27, 28]. In this study, we only discuss the
effect of external disturbance on the genes of nonlinear time-
delayed gene network and then engineer some gene circuits to
improve the noise filtering ability of the nonlinear time-
delayed gene network to attenuate the effect of external
disturbance. Therefore, there are some differences between the
proposed noise filtering circuit design in gene network and the
conventional H., filter design to robustly estimate state
variables in a signal processing system under external
disturbance.

(iii) If we want to discuss the effect of extrinsic molecular
noises v(t) on the whole gene network, then C in (13) should
be an identity matrix, i.e. C = I and z,(t) = x(t).

(iv) If the initial condition x(0) = 0, then the filtering ability
in (14) should be modified as follows [27, 28]
E J' 2 (0, (0)dt < EV(x(0)) + 72Ef W (Ownde (15)
0 0
for some Lyapunov function V (x(0)), i.e., the energy due to
initial condition x(0) should be considered in the H., filtering

performance.

Then we get the following molecular noise filtering result
for the nonlinear stochastic gene network with process
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delays, intrinsic molecular fluctuations, and extrinsic
molecular noises in (12).

Proposition 3 If there exists a positive function V (x(t)) > 0
with V (0) = 0 solving the following HJI

V(1) | N _ o7 1 (V) ) por V(D)
[ o ] ;fk(x(t 7))+ 2" ()¢ Cx(t)+4yz[ o j Ge =

m 2
+ e et ) <0

: (16)

then the influence of molecular noises v(t) on the gene
network is less than vy or equivalently, the molecular noise
filtering ability yin (14) or (15) is achieved in the nonlinear
stochastic gene mnetwork under process delays, extrinsic
molecular noises, and intrinsic molecular fluctuations.

Proof. See Appendix C. =

Therefore, the optimal extrinsic molecular noise filtering
ability of gene network at the gene of interest is obtained
by solving the following constrained optimization

Yo =miny

. (17)
subject to (16)

i.e., the molecular noise filtering ability y, of v(t) on gene
i could be evaluated by the optimal H., filtering ability
of gene network via solving the constrained optimization
in (17).

Remark 4

(i) From Propositions 1 and 3, we gain more insight into
robust stability and molecular noise filtering of nonlinear
stochastic time-delayed gene network from the nonlinear
stochastic H., filtering perspective. The solution for HJI in
(16) is stricter than that for HJI in (8), because of two extra
terms for the robust filtering of extrinsic molecular noises in
(16). i.e., Proposition 3 not only guarantees robust stability
against process delay and intrinsic molecular fluctuations, but
also achieves a prescribed noise filtering ability y against
extrinsic molecular noises.

(ii) In general, a nonlinear stochastic gene network has many
equilibrium points (i.e. phenotypes). We are only concerned
about the robust stability of one equilibrium point of interest, i.
e. the equilibrium point at the steady state of gene networks.
Propositions 1 and 3 are true only at the equilibrium point
(one phenotype) of the origin, i.e. x, = 0. If we are interested
in an equilibrium point x, = O (i.e. another phenotype), for the
convenience of investigation, the origin should be shifted to x,,
i.e., the stochastic system in (12) should be modified as

http://www.biomedcentral.com/1752-0509/2/103

dx'(t) = Em:fk(x’(t —73,) +x,)dt + Gu(t) + Em: Ry (5'(8 = 7)) + x,)dW, (1)
k=0 k=0

(18)
where x'(t) = x(t) - x,. Therefore, when we are interested in an
equilibrium point x, = 0 of gene network, the variable x(t) in
HJIs (8) and (16) should be replaced by x'(t) + x, so that the
origin of the coordinate should be shifted to x,. This shift is a
one-to-one correspondence [43]. Therefore, instead of studying
the behavior of gene network in the neighborhood of x,, one
can equivalently study the behavior in the neighborhood of the
origin x'(t) = 0 in (18).

In general, it is still very difficult to solve the second-
order HJIin (8) or (16) with V (x(t)) >0and V (0) =0 to
guarantee the robust stability of a nonlinear stochastic
gene network under process delay and intrinsic mole-
cular fluctuations or to solve the constrained minimiza-
tion in (17) to get the noise filtering ability % on
extrinsic molecular noises at any gene of the gene
network, especially for complex gene networks. In this
situation, the T-S fuzzy model is employed to interpolate
several linear gene regulatory networks at different
operation points to efficiently and globally approximate
the stochastic gene networks in (7) and (12). According
to the T-S fuzzy model, both the robust stability of a
gene network to tolerate process delays and intrinsic
molecular fluctuations and the filtering ability of
attenuating extrinsic molecular noises of the gene
network could be efficiently investigated and calculated
via fuzzy interpolation of several local linear gene
networks. Finally, if the gene regulatory network cannot
tolerate process delays and intrinsic parameter variations
and achieve a prescribed noise filtering level y <y, for
some biotechnological or drug design purpose, a robust
gene circuit control design is developed from the fuzzy
robust stabilization and H.. filtering theory to achieve
the robust stability and to improve the filtering ability of
the gene network. The proposed robust H.. filtering
design method for gene networks is also useful for
synthetic biology in the near future, if a synthetic gene
network wants to perform reliably under process delays,
intrinsic molecular fluctuations, and extrinsic molecular
noises.

Robust H.. Gene Circuit Design of Nonlinear

Gene Network Under Process Delays and Molecular
Noises via Fuzzy Methodology

If the linear stochastic gene network in (6) is not robust
enough and cannot tolerate the molecular fluctuations

ZZ:Oka(t —1;,)dW,(t), which are state-dependent and

will affect the stability of gene network. i.e., the
perturbative gene network in equation (6) becomes
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unstable, then a gene circuit design is necessary for the
gene network. We want to engineer some feedback gene

. . m “ye
circuits Zk:Oka(t—Tk) to robustly stabilize the

perturbative gene network as follows

dx(t) = Y (Agalt =73 + Kyex(t = 7))o+ Y Bya(t = 7, AW, (1)

k=0 k=0
(19)
= i;\kx(t—rk)dt+ inx(t—rk)de(t) (20)
k=0 k=0

where A, 2 A, +K,;K,, k=0,1,..,m, are the circuit
kinetic parameter matrices of gene circuits to be
designed. The element kq; of K, denotes the circuit
parameter to be specified for the engineered gene circuit
between gene j and gene i via transfection and
transformation biotechnologies (see Fig. 1). The gene
circuit from gene j to gene i can be implemented by
inserting the binding site of gene product j (i.e. the
protein of gene j) into the promoter region of gene i so
that the protein of gene j could bind this inserted
binding site to act as a transcription factor (TF) to
regulate the gene expression of gene i. By inserting strong
(long) or weak (short) binding site, we can get a large or
small circuit kinetic parameter ky ;. The inserting of a TF
binding site into promoter region or the deleting of a TF
binding site from the promoter region can be easily done
by using a highly efficient phage-based homologous
recombination system, called recombineering [37, 38].
Furthermore, the change of decay rates in the diagonal
terms of Ay by the diagonal terms of K, can be
implemented by the mechanisms and controls of
mRNA degradation through elongating or shortening
the 3' polyadenylate tail of mRNA [39, 40, 44-46]. These
powerful biotechnologies have been employed to
engineer large segments of genomic DNA to generate
transgenic and knockout constructs. However, for
simplicity and feasibility, only a few feasible gene
circuits in Kox(t) are considered for gene circuit design
in gene network, i.e., the circuit kinetic parameter matrix
Ko has with only a few elements kq;. The design
principle of K, k = 1,...,m, is similar. A more detailed
design procedure will be given in the design example in
the sequel. Therefore, in the gene circuit design
procedure, we engineer some feasible gene circuits ky,
i#;(t - 7,) for a gene network with adequate kj, ; to achieve
robust stabilization and filtering design. In the situation,
the specification of k;, ;; for the embedded gene circuits is
different from the convenient control or filter design
method, which is used to calculate control input or state
estimation from state variables or output signals.
However, the closed-form solutions for K;, k = 0, 1,...,
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m, are diffcult to be obtained. Therefore, some searching
algorithms for components of K, k = 0, 1,...,m, are
needed.

Following the robust stability inequality in (10), we
could get the following result.

Proposition 4 The designed gene network in (20) is robustly
stable if we could specify Ky, k = 0, 1,...,m, for the designed
gene circuits such that there exist the positive definite
symmetric matrices P > 0 and Qp, > 0, k = 1,...,m, solving
the following inequality

= PA, PA,,
Alp BIPB, - 0 0
! 1B =@ : <0  (21)
0 .. 0
Alp 0 0 BLIPB, -Q,

where E = AP+ PAy +BiPBy+ Y, Qand Ay, = Ay +

Ky, i.e., the robust gene circuit design becomes how to specify
Ky, k=0, 1,...,m, such that there exist the positive symmetric
matrices P and Qy, k = 1,...m, in LMI (21).

Proof. The proof is trivial. =

Remark 5 In order to make sure the positive concentrations of
gene regulation network in (19) or (20), the choice of
designed kinetic parameter Kj, to solve LMI in (21) should
guarantee the positive concentrations of gene networks. In
general, according to the positive orthant stabilization theory
[35], the guaranty for the positive concentration of x(t) is that
the off-diagonal entries of A, = Ay, + K, are all nonnegative.
Therefore, the specification of K to solve LMI should be
subjected to this constraint. If these concentration constraint
can not be achieved, changes of gene circuits through other
loop should be tried.

If the nonlinear stochastic time-delayed gene network in
equation (7) cannot tolerate molecular fluctuations
Z::O he(x(t =7, ) )JAW, (1) then we want to design the
gene circuits » Ky (x(t —7;)) in the following to
robustly stabilize the perturbative gene network

dx(1) = ) (fillx(t = ) + Kygulx(t = )t + Y iyl = £))dW, (1)
k=1 k=1

(22)

where g,(x(t - 7)), k = 0, 1,...,m, denote the nonlinear
feedback circuits and the matrices K, k = 0, 1,...,m,
denote their corresponding circuit kinetic parameters to
be specified to robustly stabilize the perturbative gene
network. In general, for the nonlinear stochastic gene
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network with time delays in (22), it is not easy to obtain
a systematic design method for K, k = 0,1,...,m, to
achieve the robust gene circuit design.

The fuzzy dynamic model with time delay has been
widely employed to interpolate several local linear time-
delayed dynamic models to efficiently approximate a
nonlinear time-delayed dynamic system. The T-S fuzzy
dynamic model is described by fuzzy If-Then rules and
employed here to deal efficiently with the robust H..
filtering problem for gene networks under process delay,
intrinsic molecular fluctuations and extrinsic molecular
noises in (22). The i-th rule of the fuzzy model for
nonlinear stochastic time-delayed gene network in (22)
is proposed as the following form [33, 34]:

Rulei:Ifz(t) is Fy and z,(t) is F;p ... and z,(t) is Fy,

then dx(t) = )" (Ajalt = 74) + KyGioalt = t))de + 3. Byx(t = 7 )aW, (1)
k=0 k=0

(23)

fori=1,2,..L. F;is the fuzzy set; A, By,;, and Gy; (k =0,
1,...,m) are known constant matrices; L is the number of
If-Then rules; z(t) = [zl(t),...,zg(t)]T are the premise
variables; g is the number of premise variables. If all
state variables x(t) are used as premise variables, then z
(¢) = x(t) and g = N. The physical meaning of the fuzzy
rule i is that if premise variables z;(t), z5(t),....z,(t) are
with the fuzzy sets Fj;, Fj,..,Fi, then the nonlinear
stochastic gene network in (22) can be represented by
interpolating the linearized systems in (23). The fuzzy
stochastic system in (23) is inferred as follows [33, 34]

L m m
ax(1) = Y (@) B (At =) + KiGralt =2, )t + 3 Bix(t =, )dWi (1)
i=1 k=0 k=0

(24)

where

Hle Fij(z (1))
i T, Fii(z(0)

Hi(z) 2

Fij(z(t)) is the grade of membership of z(t) in F; or the
possibility function of zj(t) in Fj; and p,(z), fori=1, 2,...,
L, are called the fuzzy bases. The denominator
L g . . .

21:1 i1 Fj(z(t)) is only foLr normalization so that
the total sum of fuzzy bases Z‘_ ;(z) = 1. The physical
meaning of (24) is that the lfhzzy stochastic system
interpolates L local linear stochastic systems through
nonlinear bases p;(z) to approximate the nonlinear
stochastic gene network in (22). In this situation, the
Langevin stochastic equation in (22) can be represented
by the fuzzy interpolatory gene network as follows

http://www.biomedcentral.com/1752-0509/2/103

dx(t) = 3 (flx(t = 7)) + Kigax(t = r))e + Y By (x( = 7, JdWi (1)

k=0 k=0

L m m
=y ui(z)[Z(Ak,fx(t 1)+ KiGialt —m))de + Y Byl - rk)dwk(z)}

i=1 k=0 k=0

+i Afy(x)dt + i K Ag,(x)dt + i Ahy,(x)dW, (1)
k=0 k=0 k=0

m

L m
Zumz)[zﬁk,,x(r—rk)dw EBk,xx(t—rk)dwm}
i=1 k=0 k=0

Afy(x)dt + i K Ag (x)dt + i Ahy, (x)dW (1)

0 k=0 k=0

M=

+

=
i

(25)

where A; £ Ay +KGrii Mi(x), Ag(x), and Ahy(x)
denote fuzzy approximation errors as follows

. L
Af(x) = Afp(x(t —71)) = frlx(t —71)) = 21_:1 ui(=)Ayix(t —7)
Ag(x) 2 Ag(x(t —13)) = gu(x(t — 1)) - 2; ui(2)Gy x(t —75)

. L
Ahy(x) = Ahy(x(t — 7)) = hy(x(t —73,)) - 21_:1 ui(z)By ix(t — )

There are many methods for finding A,; and By,;, k = 0,
1,..m, i=1, 2,..L, for fuzzy model identification [33].
We could use fuzzy toolbox in Matlab to find A ; By
and Gy,; easily. After finding A, ;, By, and Gp,;, k=0, 1,...,
m, i=1,2,..,L we could easily find the bounds of fuzzy
approximation errors Afy,(x), Ahg(x) and Agg(x) as follows

1A (%) [1< ap || x(t =) ]
[ ARy (x) [, by || Xt =73 |1
|1 Agw(x) 2= ¢ || x(t =71) ]

(26)

for some positive constants ay, by, ¢, k=0, 1,...,m, where
le-r) L2 e -m)+de-r)+ -+ xbe-1))?, e.g. if k = 0 then

[ 2(¢ = €0) |12=]] x(1) 1= (7 (8) + x3(1) + -+ + xR (1)) 2
with 75 = 0 in (7).

According to the above fuzzy approximation method, we
get the following result.

Proposition 5 The nonlinear stochastic gene network with
time delays in (22) is robustly stabilizable by gene circuits
Kigr(x(t - 7)), k=0, 1,...,m, if there exist the positive definite
symmetric matrices P> 0 and Q, > 0, k = 1,...,m, solving the
following LMIs

P S = = .

=11,i —12,i —13,i —14,i

= = 0 0

=21, =22,

= - <0 (27)
=31, 0 533, 0

=41, 0 0 =44,

foralli=1,..L, and P <BI, where
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= ®111 @12,1' = _[P P] = =T
=11, @21,1 @22,1' r=12,i r=21, =12,
ool 0 0 BiP 0 0
Eni=| O 0 |[,Eyz;=| O 0
L 0 0 ayd 0 0 B,P
[ag,l 0 0 ]
Ei3i = 0 0 ,514,1—[PK0 PKm]
0 0 oapy,l
agsl 0 0 ]
_ - =T = =T
=44, = 0 . 0 rE31,i T =13, 241, <S4,
0 0 o3l

— — _ m
©11 = PAo; + ALP + @l + By PBo; + D Q

0y, = |:PA1,1' PA,,; :|
T
G)21,1 = 912,1
B{,PB,;—Q,+a;l 0 0
@22,1' = 0 . . O
0 0 By iPB,;—Q,+a,l

— 2 2 2
ay, = ajay +bi(ay + B)+ oy,

Therefore, the robust stabilization problem for the nonlinear
stochastic time-delayed gene network in (22) becomes how to
specify Ky, k = 0, 1,...,m, in LMIs (27) such that there exist
the positive definite symmetric common matrices P> 0 and Q,
>0, k=1,.,m, ie., the gene circuits K g.(x(t - 7)), k = 0,
1,...,m, could robustly stabilize the nonlinear stochastic time-
delayed gene network, and the equilibrium point x = 0 of gene
network (22) is asymptotically stable in probability under
process delays and intrinsic molecular fluctuations.

Proof. See Appendix D. =

Remark 6 In the conventional fuzzy design |33, 34], we need
to design a complicated fuzzy controller or fuzzy filter for
engineering systems. In this paper, the fuzzy approximation in
(25) is only to simplify the gene circuit design procedure by
solving Ky, k = 0, 1,...,m, via LMIs in (27) instead of solving
Ky, k = 0, 1,..m, via HJI directly. So there are some
differences between the proposed fuzzy gene circuit design
method and the conventional fuzzy control and filter design
methods.

Remark 7 For the nonlinear stochastic gene network with
time delays, it is diffcult to construct a Lyapunov function V (x
() to satisfy the HJI in (8) or (16). However, based on fuzzy
approximation method, the nonlinear stochastic gene network
with time delays is approximated by interpolating several local
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linear systems with time delays at different operation points.
The advantage of the proposed fuzzy approach is that the
circuit design procedure could be simplified from the linear
time-delayed system design point of view. Thus the following
standard Lyapunov function for linear system with multiple
time-delays can be employed for the robust stabilization of
nonlinear stochastic gene network [32, 35]

V(x(t)) = xT(6)Px(t) + zm“J't xT(5)Qux(s)ds
=1 =7y,

Therefore, we can avoid the diffculty of constructing a complex
Lyapunov function for (16) and can employ the above
Lyapunov function to obtain a systematic design procedure
in the molecular circuit design.

Remark 8 If the gene circuit terms cannot be separated as
(22) in gene circuit design and are merged into the terms f,(x
(t-1)), k=0, 1,..,m, as follows

dx(t) = Y fulx(t =), Kidde + Y hy(x(t =))W, (e)
k=0

k=0

then (27) should be changed as follows

—
=)
[}

= ) )

=11,i 12,i 13,i

Eo1i T2, 0 |<o0 (28)
=31, 0 =33,

foralli=1,..L, and P <fI, where

_ m
0,1 = PAgi(Ko) + Agi(Ko)" P+l + BgPBy; + 2 o Qp,

01y, =[PA1,1'(K1) PAm,i(Km):|
@21,1' = @1T2,i
B{,PB,; - Q;+a,I 0 0
0, = 0 0
0 0 By .PB,.—Q, +a,l

- 2 2
ay = ajoy,; +bj(ag, + B)

and other matrices are same as in (27). Ay(K), k=0, 1,...,
m, denote the system matrices Ay, k = 0, 1,...,m, containing
the designed circuit parameters K, k = 0, 1,...,m, as elements,
respectively.

After investigating the robust stabilization design of
nonlinear stochastic gene network under process delays
and intrinsic molecular fluctuations by the fuzzy
approximation method, in order to avoid solving the
nonlinear constrained optimization for molecular noise
filtering problem in (17), the extrinsic molecular noise
filtering ability improvement problem of gene network
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could be also treated by the fuzzy interpolation method.
Therefore, the robust filtering circuit design problem
becomes how to engineer the gene circuits Kjg,(x(t - 7.)),
k =0, 1,..., m, not only to tolerate intrinsic molecular
fluctuations ;:':0 h(x(t — £,))dW,(t) but also to
attenuate the effect of extrinsic molecular noises v(t)
on z,(t) to a prescribed noise filtering level y as (14) or
(15). Especially, when the prescribed noise filtering level
y is below the optimal filtering ability ¥, in (17) of the
gene network, the robust filtering circuit design is needed
to improve the molecular noise filtering ability. Since it
is not easy to specify K, k = 0, 1,...,m, to achieve robust
filtering design directly for the nonlinear stochastic gene
network in (22), the T-S fuzzy approximation in the
following equation is employed to treat the robust
filtering design problem as follows

L m m
dx(0) =Y 1(2)] D Aalt = )t + Gu(e)de + Y By x(t = 7 )dW, (1)
k=0 k=0

i=0

k m m
F A+ Y Kidgy(x)de + ) Ay (x)AW, (1)

k=0 k=0 k=0
(29)

2o(1) = Cx(1) (30)

Then we get the following result.

Proposition 6 For the stochastic gene network with time
delay in (29), if we could specify K, i = 1,...m for the
designed gene circuits such that there exist the positive definite
symmetric matrices P and Qi k = 1,..m, solving the
following LMIs

Eiit® Eii Bz B Egsg
Eoui —E2, 0 0 0
53” 0 —533,, 0 0 <0 (31)
E411 0 0 _544,1 0
551,1' 0 O 0 _7/1
fori=1,2,..,L and P <BI where
c’c o - PG
o= 0 0 -, Els,

and the other matrices are defined in (27), then the effect of
extrinsic molecular noises v(t) on the gene of interest is less
than .

Proof. See Appendix E. ®

Therefore, according to fuzzy approximation method,
the optimal H.. noise filtering design problem for
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nonlinear stochastic time-delayed gene network in (29)
could be solved by the following constrained optimiza-
tion problem

Yo =Mminy
k (32)
subjectto 0 < P < BI, Q;, >0 and (31).

After solving K, k = 0, 1,...,m, from LMIs in (31) for a
prescribed noise filtering level y or solving K;,, k=0, 1,...,
m, from (32) for the optimal H., noise filtering ability y,
we can design gene circuits K;g,(x(t - 7)), k=0, 1,....,m, in
the nonlinear stochastic time-delayed gene network (22)
to achieve a desired molecular noise filtering ability or
an optimal H., noise filtering ability of gene network,
respectively. Since the gene circuit design could improve
the noise filtering ability, the vy, in (32) should be less
than the 75 in (17) without gene circuit design.

Remark 9 In general, the optimization problem in (32) is
called the eigenvalues problem, which can be efficiently solved
by the Matlab LMI toolbox [35].

Remark 10 If the gene control circuit terms cannot be

separated as (22) and are merged into f,(x(¢ - 7.)), k = 0,
1,...m, as follows

dx(t) = i fr(x(t —7), K},)dt + Gu(t)de + i hy(x(t —73,))dW,, (1)
k=0

k=0
(33)
z,(t) = Cx(t) (34)
then LMIs in (31) should be modified as follows
Enit® Eni B Eisg
= —H,i 0 0
—21,1 22,i _ <0 (35)
=31, 0 —E33; O
Esyg 0 0 -yl

fori=1, 2,....L, and P <BI, where

T — T m
01, = PAyi(Ko) + Agi(Ko) P +agl + By PBy; + 2k=1Qk

01, :[PAU(KJ PAm,i(Km):|
921,1' = ®1T2,i
B{:PB;;-Q,+a,l 0 0
0,,;= 0 0
0 0 By iPB,;—Q,+a,l

— 2 2
oy = ajay, +bi(ag, + B)

and other matrices are same as in (27) and (31). Ay i(Ky),
k=0, 1,..m, denote the matrices Ay ; whose entries contain

Page 12 of 23

(page number not for citation purposes)



BMC Systems Biology 2008, 2:103

circuit kinetic parameters K. In this situation, for a prescribed
noise filtering ability v, the robust circuit design is to specify
Ky, k=0, 1,...,m, such that there exist P > 0 and Qy, > 0 for
LMIs in (35).

Remark 11 If the prescribed attenuation level yis small in H.,
noise filtering design, more extrinsic molecular noises are
eliminated by gene network. However, it is more diffcult to
solve LMIs in (31) or (35) and more control or filtering effort
is needed. This is a trade off for a designer between a good
filtering ability (small y) and a design diffculty in the
robust gene circuit design.

Remark 12 Unlike the conventional fuzzy control designs
[30, 33, 34, 47] and fuzzy filter designs [20, 27, 28], the
proposed fuzzy interpolation method is only to simplify the
circuit design procedure so that we could solve K;, k =0, 1,...,
m, easier via the LMI scheme.

According to the above analysis, a robust circuit design
procedure using fuzzy interpolation method for stochas-
tic gene regulatory networks are summarized as follows

Design Procedure

Step 1: Model the nonlinear time-delayed gene network
as (12) and shift the interested equilibrium point to
origin as (18).

Step 2: Design some feasible feedback control circuits
Kogo(x(t)) and Kygp(x(t - 7)), k = 1,...,m.

Step 3: Approximate the nonlinear stochastic gene
network by fuzzy system as (29).

Step 4: Estimate the fuzzy approximation error bounds
ap, by, and ¢, k = 0,1,...,m, in (26), and give a prescribed
noise filtering ability .

Step 5: Specify the feasible circuit kinetic parameters Kj, k
=0,1,...,m, by solving LMIs in (31) for the prescribed noise
filtering ability y or solving the constrained optimization
in (32) for the optimal noise filtering ability 7.

Computational Design Examples in Silico

Two computational design examples using the devel-
oped robust gene circuit design method are presented in
silico to illustrate the design procedure and to validate
the performance of the proposed molecular circuit
design methods.

Example 1:

Consider a benchmark genetic regulatory network as
shown in Fig. 2, which is a typical gene regulatory
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Figure 2
Gene regulatory network comprising four genes
X|-X4[36].

network describing the gene, mRNA and protein inter-
actions [36]. These genes are regulated by other genes
and then expressed through transcription and translation
to obtain their products, i.e. proteins. Then these
proteins could be as the TFs of other genes to regulate
the expressions of other genes after some process delays.
We consider only the mRNA abundances x;, x,, x3, and
x4. Suppose the gene network suffers from stochastic
intrinsic molecular fluctuations and extrinsic molecular
noises v(t) on gene x, and gene x;. The stochastic gene
network under process delays, intrinsic molecular
fluctuations and extrinsic molecular noises can be
represented as follows [36]

dxi(t) = (1 - Ayxq(2))dt (36)
ng .
dx,(t) = n Varg"(t7r1) n 3
(Ap+ayd(t-1))(Ap3+x53(t-rq)) | B7)
— oy (t) + 0.250(t))dt — 0.1x,(¢)dW,(¢)
du(r) =| VBGUETR (TN M2y
A3+(x1(t-72)x7(t-72))™M2
(38)
dv, =| —— V4 ) x,(0)+0.250(0) |de
AI3+x23(t—‘L’3) (39)

+0.7x5(t — 75)dW,(t)

Here A, A,, A5 and A, are the first-order rate constants of

the degradation of x;, x,, x3 and x4, respectively. 7,

denotes the process delay of gene regulation due to

transcription, transfection, posttranslation modification
ny

and transportation of TF. The Hill term _Varg (tmm)

(Ag+ag?(t-r1))

describes the sigmoid formation of x, activated by x4
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with time delay 7;, maximal rate V,, dissociation
constant A, and Hill coefficient ny. The inhibition by

x3 is expressed by the term (A;3 + x33(f - 73)). The

formation of x; is modeled with Hill expression that
points to a threshold of the formation of x; depending
on the concentrations of x; and x,. V3 and As are
maximal rate and dissociation constant, respectively, and
n, is the Hill coefficient. The production of x, depends
on the maximal rate V,; and on the inhibition by x3. The
parameters are chosen as follows [36]

l] =1; V2= 1; A2=5,2,2=01, A[3=0.5;
n3=1}V3=1;A3=5;)~3=0.1;V4=1})~4=1;
na=Lnp=Ln=5n=13=2

The gene expression profiles of stochastic gene network with
process delays, intrinsic and extrinsic molecular noises in
(36)-(39) are given in Fig. 3. It is seen that there are large
fluctuations in these gene expression profiles due to process
delays and molecular noises. Suppose the proposed gene
circuit design method is employed to attenuate these
molecular fluctuations to achieve a desired steady state
quickly. In general, engineering a gene circuit to a gene
network may change its steady state because of nonlinear
inherence. Since changing the steady state of a gene network
may destroy the normal function of the gene network, it is
important to make sure that a designed gene circuit does not
change the steady state (phenotype) of a gene network while
it can compensate process delays and attenuate molecular
noises. Therefore, in order to keep the steady state of a

(a)

~

251

X X X X

AN

1 = Ay 7

) RN
RN

0

/AN
N

L L L
0 10 20 30 40 50 60 70 80 90 100
Time

Figure 3

The gene expression profiles of nonlinear stochastic
time-delayed gene network without engineered gene
circuit.
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designed gene network the same as the desired steady state,
the gene network is designed as follows

dx; = (1 - A,x,(t))de (40)
k Vx4 (t-11)
dx,(t) =
0 (A +at () (A3 +aP(e-ry))  (41)

—lyAyx,(t) + 0.250(t))dt — 0.1x,(£)dW,(¢)

dJC3(t)= k2V3(xl(t_r2)x2(t_z-2)):12 —k213X3(t) dt
Az+(x1(t-r2)xa(t-72))"12

(42)

Vy
Ap3+az(t-13)"3
+0.7205(t = 75 )dW, (1)

dxy(t) =

— Agx4(t) +0.250(¢) |dt

(43)

where k,, k, are the circuit kinetic parameters at the genes
x, and x5. From the simulation result of the nominal
gene regulatory network, we can know that the equili-
brium point of the nominal system is at [x.;, Xeo, X3, Xes]
= [1.0000, 0.5899, 1.0557, 0.5739] which is the desired
steady state (phenotype) and should be shifted to the
origin as shown in (18) in the design procedure.
Suppose we want to specify the engineered circuit
parameters k; and k, such that the prescribed noise
filtering ability y= 0.9 can be achieved for the molecular
noise filtering of perturbative gene regulatory network in
(40)-(43). We must find the operative points of the gene
network to construct the fuzzy model at first. The
operative points of the state x; are located at (0.1, 1).
For the other states x,, x5, and x4, the operative points are
located at (0, 1), (0.5, 1.5), and (0, 1), respectively. Then
we can create two membership functions for every state
at the operative points, and the number of fuzzy rules is
L = 16. The bounds of the fuzzy approximation errors are
estimated as ag =0, a; = 0.001, a, = 0.0524, by =0, b, =0,
b, =0, ¢co =0 ¢, =0, ¢c; =0 at (26). By the robust
molecular noise filtering circuit design in Proposition 4,
in order to guarantee the positive definite symmetric
matrices of P, Q; and Q,, the engineered circuit kinetic
parameters k; and k, should be in the range k; € (0, 1]
and k, € [1, 20]. In the case k; = 0.1, k, = 10, we get

8.4244  0.0001 -0.0001 -0.0004

0.0001 0.4647 0.0003 -0.0002

—0.0001 0.0003 0.0227  0.0006

—0.0004 -0.0002 0.0006 0.0283
2.8725 -0.0007 0.0053 -0.0039 2.8978 0.0032 0.0067 0.0028
—0.0007 0.0010 0.0026 -0.0010 0.0032 0.0324 0.0016 0.0008
Q= 0.0053  0.0026 0.0659 -0.0096 Q= 0.0067 0.0016 0.1328 0.0096
—0.0039 -0.0010 -0.0096 0.0162 0.0028 0.0008 0.0096 0.0304

Page 14 of 23

(page number not for citation purposes)



BMC Systems Biology 2008, 2:103

N

25 E—

X X X X
o

I

0_5/ TN AR A A s Y ST RIS ]

Figure 4

The gene expression profiles of nonlinear stochastic
time-delayed gene network with engineered gene
circuit. Four step functions in figures denote the desired
steady states of gene expressions x;-X4.

The molecular noise filtering results without engineered
circuit and with two engineered circuit k, = 0.1 and k, =
10 are simulated in Fig. 3 and Fig. 4, respectively.
Obviously, the large molecular fluctuations in Fig. 3 are
significantly attenuated by the proposed gene circuits as
shown in Fig. 4 and the expression profiles of four genes
asymptotically achieve the desired states in probability.
From the simulation, the gene network without engi-
neered gene circuit design has much molecular fluctua-
tions due to process delays and molecular noises.
However, the designed gene network by the proposed
gene circuit design can robustly achieve the desired
equilibrium point x, = [1.0000, 0.5899, 1.0557, 0.5739]
and the molecular noise filtering is also improved by the
proposed gene circuit design. For confirmation, the noise
filtering ability of the designed gene network is
estimated as follows

(ERO0 2L (1)zp(t)d) /2
ERO0WT (tyu(e)dr)! /2

~0.3475<y =0.9

and the filtering ability of stochastic gene network in
(36)-(39) without gene circuit design is given by

(ERO0 2 (1)zp(t)d) /2
(ERO0wT (0)o()dry /2

=06.2545>y=0.9

http://www.biomedcentral.com/1752-0509/2/103

where z,(t) = Cx(t) in which C is an identity matrix.
Therefore, the prescribed filtering ability yis achieved by
the proposed robust gene circuit design. From the design
example in silico, it is obvious that the proposed gene
circuit design could improve the molecular noise
filtering ability of the nonlinear stochastic gene network.

Recently, the gene circuit design can be implemented by
using a highly efficient phage-based homologous
recombination system, called recombineering [37, 38].
This powerful technology has been used to engineer
large segments of genomic DNA to generate transgenic
and knockout construct to insert or delete the TF binding
sites in the promoter region of regulated genes to
increase or decrease the expression of regulated genes.
Therefore, k; = 0.1 of the first term in the right hand side
of (41) could be achieved by deleting 90% of TF binding
sites of gene product X, of gene x, from the promoter
region of gene x, through knockout construct technique
of recombineering. Similarly, k, = 10 of first term in the
right hand side of (42) could be implemented by
inserting 10 times of TF binding sites of complex protein
X,X, of gene x; and x, to the promoter region of gene x;
to increase its gene expression.

As for the implementation of two mRNA decay terms
k1A,x, and koAsxs in (41) and (42), respectively, it has
been shown that mRNA decay in eukaryotic cells can be
achieved by shortening the 3' polyadenylate tail found
on eukaryotic mRNAs (referred to as deadenylation),
which primarily triggers decapping, leading to 5' to 3'
exonucleolysis. Alternatively, removal of 3' polyadeny-
late tail can expose the mRNA to 3' to 5' degradation [39,
40, 44-46]. Therefore, by elongating the 3' polyadenylate
tail of mRNA of gene x,, we can get a small kinetic decay
parameter k; of kyA,x, in (41) and by shortening the 3'
polyadenylate tail of gene x3, we can get a large kinetic
decay parameter k, of koAsx; in (42).

Example 2:

Consider a dynamic system for the regulation of
induction in the lac operon [48]. This stochastic system
consists of five nonlinear differential equations with
multiple time delays due to transcription and translation
processes (see Fig. 5). Therefore, this gene regulatory
system in vivo could be described by the following
nonlinear stochastic time-delayed system [48].

em2
dx,(0) =| a,, HK1OMY3(E=TM))

5t Ty = (7m + m)xy(t) |dt
K2 +K1(5pmx3(t-7pMm))

(44)
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Figure 5
The schematic diagram of the lactose operon
regulatory system.

dxy(t) = (apbpxy(t —75) = (5 + H)x,(t)) dt (45)

0 Z[anZ(t)IQfo(C?U) B s~ ]dt
HA x5 (1), (1) = A, (0)x3(1))JdW,
(46)

x4(t)
Kpy+xa(t)
HAz = Ayxy(t) + Asxs(t)xy(t))dW, +0.150(t)

= by, x5(t) = by, x,(t)

dxy(0) =[ax,xs(t) Le

xq() n
Kr,+Le (o1 + )M(f)}df

Ko +x4(1)

(47)

dxs(t) = (apdpx, (¢ —7p) = (vp + p)xs(t))de  (48)

where x,(t) is the dynamic of mRNA production; x,(t) is
the dynamic of -galactosidase; the dynamic of allolac-
tose is described by x5(t); the lactose dynamic is
described by x4(t); the permease dynamic is described
by x5(t). When the the glucose available for cellular
metabolism is absent, the external lactose L, is trans-
ported to the cell by the permease x5(t). Then, by the
enzyme f3-galactosidase x,(t), the intracellular lactose
x4(t) is broken down into glucose, galactose, and
allolactose x5(t). Finally, the allolactose feeds back to
bind with the lactose repressor and enables the
transcription process to produce the mRNA production
x1(t). The mRNA production x;(t) from DNA via
transcription needs a delayed time 7, for RNA poly-
merase to transverse the three structural genes, and the -
galactosidase production x,(t) through mRNA transla-
tion requires a delayed time zz. The delayed time zp is the
translation time between mRNA and permease. The
delay 7p is the sum of the -galactosidase and premise

http://www.biomedcentral.com/1752-0509/2/103

translation times based on the assumption that per-
mease production can not start until S-galactosidase
production is complete. A; i = 1,...,5 denote the
corresponding parameter variations. The detailed process
for the lactose operon regulatory system is described in
Fig. 5 and refers to the literature [48]. The parameters for
the model are given in Table 1. The initial values are
chosen as x;(0) = 6.26 x 10, x,(0) = 0, x3(0) = 3.80 x
107", x4(0) = 3.72 x 107, and x5(0) = 1.49 x 102 The
desired steady state (the interested equilibrium point) is
at x,(t) = [1.2359 x 107, 8.3645 x 10, 5.7666 x 107",
4.1583 x 107!, 1.1664 x 1072]".

If the gene regulatory system is free of intrinsic molecular
fluctuations and extrinsic disturbances, i.e.,, W(t) =0 and
v(t) =0, the time-profiles of regulatory system are shown
in Fig. 6. We can know the system can work right.
However, in the realistic cellular environment, this gene
regulatory system may suffer from the intrinsic mole-
cular fluctuations and extrinsic disturbances. In this
example, an extrinsic disturbance v(t) affects the lactose
dynamic x4(t), and the allolactose dynamic x3(t) and the
lactose dynamic x,(t) also suffer from some molecular
fluctuations. By computational simulation, the time
profiles of the stochastic regulatory system are shown
in Fig. 7. Obviously, this system can not work properly.
Therefore, we need to redesign the some parameters of
some gene circuits to ensure the system can resist the
influences of intrinsic molecular fluctuations and extrin-
sic disturbances. From the lactose dynamic x,(¢t) which is
critically destroyed, we choose parameters L,, oy, Bi,,
and y; to redesign the gene regulatory system.

By the same procedure as example 1, the we could
choose the three membership functions for every state
x;(t) to approximate nonlinear functions of the gene
network. Therefore, we have L = 3° = 243 fuzzy rules to
approximate the gene regulatory system. The approxima-
tion errors in (26) could be estimated as a¢ = 4.2355 x
103,4,=1.2136 x 102, a, = 4.8344 x 10, a3 = 7.7390 x
1077, by = 2.7578 x 107, by = 0, b, = 0, and b3 = 0. Note
that the parameters of the fuzzy system are omitted,
because the amount of the parameters is huge. Using
LMI toolbox in Matlab to solve the optimization
problem in (32), we can obtain the optimal H., filtering
ability 7, = 0.3535 and the positive definite matrices P,
Qp, k = 1...3 in the following.

4.8426x1072° -2.1695x107"" -5.4464x107'% ~7.5890x107%'
4.7942x107"°  -4.3807x107  5.0867x1072°
1.1042x107"7  -5.0226x107'®

2.5408x107"
4.8426x107%°  2.4970x107"
P=|-21695x107" 4.7942x107" 2.5408x10"

-5.4464x107'%  —4.3807x107 1.1042x107"7  2.4970x107"  -3.2363x107'%

-7.5890x107*" 5.0867x107%° -5.0226x10'% -3.2363x107'® 2.54083x10°"
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Table I: The parameters for the lactose operon regulatory
system.

Le 8.50 x 102 mM u 2.26 x 102 min™'
M 0.411 min™! s 8.33 x 107 min™'
Ya 0.52 min"' o 1.6043 min”'
7 0.65 min™' o 7.25 x 107 mM/min
O 9.97 x 10°* mM/min o 1.66 x 102 min”'
on 1.76 x 10* min™' o 2908.8 min"'
ap 10.0 min™' Ba 2.15 x 10* min™'
2.65 x 10° min™' B, 7.614 x 10° min"'
K 2.52 x 10* (mM)2 K, 7200
Ka 1.95 mM K, 9.7 x 107" mM
K, 0.26 mM Ky, 1.81 mM
Ky 9.72 x 10"'mM ™ 0.1 min
78 2.0 min 73 2.83 min
Sm 9.9774 x 10" Op 9.5580 x 10
Sp 9.3804 x 10! A, 2.5
A, 1.803 Ay 2.079
Ay 5 As |
1.0671 7.3044x107° -3.5261x102° —-4.4442x107'% 3.7035%1072° |
7.3044x107" 1.0671 1.9971x107"%  —2.2293x107"7 3.6867x107"°
Q=] -3.5261x1072° 1.9971x107!8 1.0671 2.4345x1071°  -55866x10718
—4.4442x1071%  —2.2293x107Y7  2.4345x107'¢ 1.0671 -2.3426x10718

| 3.7035x107°  3.6867x107"" -5.5866x107'® -2.3426x107"* 1.0671

~1.4067x107"®  -33703x1072° |
1.6799%107"7  5.8180x107%°
-1.5079x107'®  1.7036x107"%
5.7594x107"8
1.4228

9.3471x107"°
1.7898x107'%
1.4228

-1.2435x107'*
1.4228
1.7898x107"8
1.6799x107"7
| -3.3703x107°  5.8180x107%°

1.4228
-1.2435x107'®
Q,=| 9.3471x107"
-1.4067x107'® -1.5079%107"°

1.7036x107"8

1.4228
5.7594x107'8

4.2786 2.4871x10™  -1.0347x1072 -1.6371x107 -7.7195x107° |
2.4871x107* 4.2808 -8.8741x107° -6.9607x1072 -1.6886x107*
Qs=|-1.0347x1072 -8.8741x107> 5.8106 9.6102x107"  2.2939x1072
-1.6371x1072 -6.9607x1072 9.6102x107" 4.9602 1.5395x1072

| -7.7195x107° -1.6886x10™"  2.2939x107>  1.5395x107° 4.2788

Le = 0.085, o = 2908.8, BLZ =7614, yL:1 6043

mM

—01 L L L L L L
0 50 100 150 200 250 300 350

time (min)

Figure 6

The time-profiles of the lactose operon regulatory
system in example 2 which is free of the intrinsic
molecular fluctuations and extrinsic disturbances.
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Figure 7

The time-profiles of the stochastic lactose operon
regulatory system in example 2 without circuit
design.

The design parameters of this regulation system are
obtained as L, = 8.0 x 1072, o, = 2880.3, 'BLz = 8460, and
7 = 0.002.

From the simulation results in Fig. 7 and Fig. 8, the
molecular noise filtering ability is also improved signifi-
cantly by the proposed gene circuit design. For confirma-
tion, the filtering ability of stochastic regulatory systems of
lac operon without gene circuit design is given by

(ER00 2] (0z,()d)! /2
(EROvT ()u()dr) /2

= 0.8949 >y, =0.3535

and the noise filtering ability of the designed regulatory
system is estimated as follows

(ER00 2] ()2, (0)dr) ! /2
EROOWT (eyu(e)dr) /2

=0.10525<y, =0.3535

The conservative result of noise filtering ability is mainly
due to the comservative procedure in solving LMIs [35].

Conclusion

In the study, a gene network with process delays,
intrinsic molecular fluctuations and extrinsic molecular
noises is modeled as a nonlinear stochastic time-delayed
system. Then we propose a stochastic gene circuit design
method for the improvement of robust stability and
molecular noise filtering ability of nonlinear gene
network to tolerate time-delays and to attenuate mole-
cular noises via LMI technique and fuzzy interpolation
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Figure 8
The time-profiles of the stochastic lactose operon
regulatory system in example 2 with circuit design.

scheme. The T-S fuzzy system can approach the non-
linear stochastic gene network with time delays via the
interpolation of several local linear time-delayed systems
to avoid solving HJI in nonlinear robust stabilization
and filtering design problems. Therefore, the robust
circuit design procedure for the nonlinear stochastic
time-delay gene network can be simplified by specifying
circuit kinetic parameters to satisfy a set of LMIs, which
could be efficiently solved by the LMI toolbox in Matlab.
Unlike the conventional trial-and-error, the proposed
design method provides a systematic method for robust
gene circuit design of nonlinear stochastic time-delayed
gene networks. Because the microarray data become
popular, the construction of a dynamic model from
microarray data for a gene regulatory network becomes
possible. Furthermore, the experimental advances in
transfection and transformation biotechnologies make
gene circuit implementation easier. Therefore, the
proposed gene circuit design methods have much
potential for application to systems biology, synthetic
biology and drug design when a gene regulatory network
has to be designed for improving its robust stability and
filtering ability of disease-perturbed gene networks or
when a synthetic gene network needs to perform reliably
around a desired equilibrium point despite of process
delays, intrinsic molecular fluctuations and extrinsic
molecular noises in host cell. Finally, a benchmark
design example is also given in silico to illustrate the
design procedure and to validate the proposed robust
circuit design method in nonlinear stochastic time-
delayed gene regulatory networks.

In the future, we will focus on the development of some
more general design methods for robust synthetic

http://www.biomedcentral.com/1752-0509/2/103

biologic networks under parameter fluctuations, time-
delays and environmental molecular noise in host cell.
After some design specifications are given beforehand,
for example, the magnitudes of parameter variations to
be tolerated, the possible delays to be compensated, the
filtering ability to attenuate the molecular noises, the
feasible ranges of kinetic parameters to be designed and
the desired steady states to be achieved, we want to
develop some systematic design methods for a synthetic
biologic network to meet these design specifications and
achieve the design objective.

Appendix
Before the proof of propositions, the following fact is
necessary.

Fact 1 ([35]):

1 XTpx + oy TPY
o

xXTpy +vTpPx <

for vectors X, Y, a constant o > 0 and a positive definite
matrix P > 0 with appropriate dimensions.

Appendix A Proof of Proposition |

By the stochastic Lyapunov stability theorem, we choose
a Lyapunov function V(x(t)) > 0 such that
E%V(x(t)) < 0. Using It6 formula [49], we have

T m m
aV(x(0) =[%j [th(x(r—m)dr+2hk(x(c—rk))dwk(r)

+2 hi (x(t -

a V(x(‘))h (x(t = 74))dt

(A1)
Then

E Ly - £ ( V() ) ka(x(r ~))

" 2
+ Y 2htte-2) YD gy - 1))

k=0 ox
(A.2)

If the inequality in (8) holds, then E-4V(x(1))<0, ie,
the nonlinear stochastic gene network in (7) is asymp-
totically stable in probability at x = 0.

Appendix B Proof of Proposition 2
For the linear stochastic gene network in (6), if we
choose
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V(x(t)) = x"(t)Px(t) + ZJ'[ xT(5)Qux(s)ds
=1
where P = P" > 0 and Q, =Q} >0, then

E%V(x(t)):E (t)PZA,x([ rk)+(2A,x(t ) Px(t)+2 T(t = 1,)BIP Byx(t - 71,)

+2(xT(r)okx(r)—xT(r -~ 1)t - 7))

k=1

(B.1)
= PA, PA,,
AP B{PB, - 0 0
=Ex"| ! 1P = Qy , X (B2)
: 0 . 0
ALlp 0 0 B!PB,-Q,
where x [x(t) x(t - 71),..., x(t - 7,)]" and

E=PAy+ AL p+B ipB, + ;"_Q If the LMI in (10)
holds, then E V(x(t))<0, i.e., the linear stochastic
gene network 1r1 (6) is asymptotically stable in
probability.

Appendix C Proof of Proposition 3
Consider the following equivalent equation

EJW 2L ()2, (t)dt = EV(x(0)) — EV(x(>0)) + EJW (xT()CTCx(t)dt + AV (x(t)))
0 0
(C.1)

where V(x(t)) > 0.

By the It6 formula, we get [49]

_(vE) ) N \
dV(xm),[ . j () ot =)t + Golo)dr + Y iyt = 7,)Jaw, ()
k=0 k=0

m

1
Eh}z-(x(t - 171))
=0

2
PV g )
ox

(C2)

Substituting the above equation into (C.1), by the fact
that V(x(e0)) = 0 and W,(t) is a zero mean Wiener process
and independent of x(t), we get

E.[:z; (0)z,(t)de SEV(x(O))w.[:[x" (t)C"Cx(L)+(MJ (Z;fk x(t —7)) + Gu(t))

R A B aadcol

k=0

(x(‘)) Iy (x(t = 7,))lde
(C.3)

By Fact 1, we have
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( V(x(1)) ] Co(e) = [ V(1)) ) G+ lvT(t)GT( V(1)) )
ox X 2 ox

X X

(C4)
Therefore, we can obtain

E.[:zf(t)zﬂ(t)dt < EV(x(O))+EJ.w[xT(t)CTCx(I)-ﬁ—(w)T(g Fulx(t =12))

3 et w) D ey

=0
1 (av(x(1)) oV (x(1)) 2,0
;( ) ( o j+ ¥ 2 (O]t

By the inequality in (16), we get

(C.5)

J' o(t)zo(t)dt<EV(x(O))+y2EI W (Ow(nde (C.6)
0

Obviously, the filtering ability in (15) is achieved.
Because the noise filtering ability is defined as the
minimum effect of v(t) on the gene, so the noise filtering
ability could be achieved by minimizing y under the
constraint of (16).

Appendix D Proof of Proposition 5
Let us choose a Lyapunov function for gene network (25)
as

V(x(t)) = x " (x)Px(t) + zm:.[t x"(5)Qux(s)ds > 0
=1 =7y

where P = P' > 0 and Q) = QZ > 0. By It6 formula [49]
and gene network (25), we get

5 dv(;ct(t)) _E {( v (x(t)) j {2 m. (Z)Z Apix(t — )
+2 Afy(x) + 2 K Ag1(x) 1
k=0 k=0
m L !
+2 ;[ 2mi(Z)Bk,ix(t = ty,) + Ahy(x) ]

k=0 i=1
2v S
(x(t)) ij(z)Bk/jx(t — tg) + Ay (x)

j=1
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1]
t
N

ml(z)z mj(2}x" (O[PA,; + AgPIx(1)

j=1

+ ) [x"(OPA, x(t - t,) + x" (t - £,) A}, Px(1)]

[T ()Qux(t) = x" (¢ = £)Qu(t — &)]

M§ s

=
Il
—_

[T ()PAf,(x) + Afy (x)Px(1)]

M§

=
]
(=}

m

+ ) 5" (0PK Ag,(x) + Agh (x)K Pa(1)]
k=0

m
#3157 (e = 6B PByx(t - )
k=0
+Ahy (x)PAR(x) + x" (t - £,)By . PAR,(x)

+Ahy (x)PBy, ix(t — )]} }

By Fact 1, we have

! ()PAf (%) + Af (x)Px(1) < a; x()PPx(1) + a1 Ay (¥)Afi(x),
1
(D.2)

*T(0PK A8, (x) + Ag (1)K [ Px(1) <

1
a3 xT(O)PK K {Pa(t) + ), 388 (1)Ag(x),

(D.3)

x"(t - t;)By PAR(x) + Ahy (x)PB x(t — £,) < ! x"(t - t,)BEPPB x(t - t})
ap,2

4 AR (AR (),
(D.4)

and

1 1
Exr(t —74)ByiPByjx(t = 7,) + ExT(t —74)By ;PBy,x(t — 74
1 . - 1 . .
< Ex’ (¢ = 7)BriPBx(t —7;) + Ex’ (t —71)BJ ;PBy jx(t — T},
(D.5)

fork=0,1,...,
constants.

m, where oy, 1, @, », and o, 3, are positive

Suppose the following inequality holds

P <l (D.6)

http://www.biomedcentral.com/1752-0509/2/103

where f3 is a positive constant. By (D.2)-(D.6) and (26),
we get
E%SE{ZL m(){x"(O)[PAL, + ALP
Y Q)+ Y 8T OPAL( - £) + 3 (- )AL P(()]
e (= BB (- )] = [ ( - Qe - )]

A LAt (KAL) + (a1 + DISK] (x)Al(x) + 21,508 (x)A,()]

+2} 0{ (t){T,lPI” ;SI’KkK};P}c(t)}
+2:“{ak x(t tk)Bk iPPB, ix(t — tk):|}}

L .
(= = mlg = . 851= =5, 81= x
< E{ZH m;(2)x (:‘ll,r 212,520,801, T 213,233,831, T 214,844,241, )x}

where X = [x(t), x(t-71),...x(t-7,,)]" and other matrices are
defined in (27). If the following inequalities held

—
=
—

[ - =l - =1 =
11, 212,822,801 T B13i833831 + 514,544,241, <0

fori=1,.,L, then E¥(®) .. So the gene network

(25) is asymptotlcally stzﬁale in probability.

Appendix E Proof of Proposition 6
Consider the following equivalent equation

Er ()2, (0)dt = EV(x(0)) - EV(x(e=)) + EJW (xT(O)CTCx(0)dt + AV (x))
0 0
(E.1)

where V(x(t)) =x (t)Px(t)+Zk ) j C O xT(s)Qux(s)ds for
some P =P'>0and Q, =Qf > 0. "

By the It6 differential equation [49] and (29), we get

T
V() = {[ngff”j IO YRR

GO+ Y M+ Y Kidg)]

m T
+2 k:()[ %( 2; 1i(2)By ix(t — 7)) + Ahy,(x) j
2
x%[ z; Hj(z)Bk,]-x(t —73) + Ahy(x) j}}
X

(E.2)

Substituting the above equation into (E.1), by the fact

that V(x(1)) = x" (t)Px(t) + 3, lj‘ x7(5)Qux(s)ds and
W,,(t) is a zero mean Wiener process‘and independent of
x(t), we get
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E_f: 2T (t)z,(1)dt < EV(x(0)) + E J' : (T (O)CTCx()
+2; ui(Z)Z; 1(2){x" (1) [PA, ; + A Plx(t)
+2 :l:l [xT()PA, x(t —7},) + xT (¢ — 7,) AL Px(1)]
Y T (OQ(0) ~ (0 = 7) Qe = 7))
+Z km:O [x" (O)PAF, (x) + A (x)Px(t)]

YV 15T (OPK g () + Mg (XK Px()]

A (Bt =) + Ahy()
XP(By, jx(t —7;,) + Ahy(x)) ]}
+x T (0)PGu(t) + vT ()G Px(t) Yt
(E.3)
By (D.2)-(D.6), (26) and
xT(O)PGu(t) + v ()G Px(1) < y%x”‘(t)PGc”‘Px(t) +y2 ()

(by Fact 1), we get

- b L
[ =z o = V) + ]| B eI+ 0+ 2,53k
+213,:E53, 851 + E1a,BaaZani + B8535, 51,08 +7 20T (u(0) }de
(E.4)
By the the following inequalities,

= =21= =.2:1= = 851= =2 . 8215
1t P+ E1E 0 E0 + E13i853,F31 + E14,E 04, a1 + E15,855,8 51, <0

we get

EszoT(t)zo(t)dt < EV(x(0)) + y%ir v (tw(t)dt  (E.6)
0 0

Obviously, the noise filtering ability in (15) is achieved.
Furthermore, by Shur complement [35], the inequalities
in (E.5) are equivalent to the LMIs in (31).

Appendix F The design parameters of example |

The parameters of the fuzzy model for the genetic
regulatory network in (36)-(39) are listed in the
following. Because the genetic regulatory network in
(36)-(39) have two different time delays 7; = 1 and
7, = 13 = 2, we can separate the system to fy(x(t)),
filx(t - 1)), and fo(x(t - 72)). Therefore, we can
obtain the the parameters of fuzzy model in (24) as
follows

http://www.biomedcentral.com/1752-0509/2/103

0
0 .
1=
’
0
-2.0000
0 0
—0.0017 -0.0190
0 0
0 0
0 0
—0.0008 -0.0006
0 0
0 0
0 0
—0.0019 -0.0198
0 0
0 0
0 0
—0.0004 -0.0004
0 0
0 0
0 0
—0.0036 —0.0312
0 0
0 0
0 0
—0.0004 -0.0108
0 0
0 0
0 0
—0.0029 -0.0353
0 0
0 0
0 0
—0.0015 -0.0142
0 0
0 0
0 0
0 0
0.2319  0.0838
—0.0815 -1.1619
0 0
0 0
0.2471 0.0851
0.0817 -0.0160
0 0
0 0
0.2556  0.0709
—0.1005 -1.2153
0 0
0 0
0.2716  0.0736
0.0519 -0.0876
0 0
0 0
1.7747 0.1120
-0.1991 -2.1010

-1.0000 0 0
A 0 -0.1000 0
0i =
0 0 -10.0000
0 0 0
[ o 0 0 0 [ 0
0.0014 0.0003 -0.0016 0.0092 -0.0120
Ay = A=
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0.0046 0.0008 -0.0012 0.0013 -0.0038
Az = A=
0 0 0 0 0
0 0 0 0 0
[ o 0 0 0o ] [ o
0.0015 0.0002 -0.0017 0.0098 -0.0132
As = 1A =
0 0 0 0 0
0 0 0 0 | 0
[ o 0 0 0 ] [ o
0.0051 0.0006 —-0.0015 0.0016 -0.0041
Az = Ag =
0 0 0 0 0
0 0 0 0 0
0 0 0 0 [ o
0.0013 0.0001 -0.0064 0.0161 -0.0121
Ao = 0 0 N o [|Ao= N
0 0 0 0 0
[ o 0 0 0 0
0.0045 0.0010 —-0.0056 0.0046 -0.0035
A = A =
0 0 0 0 0
0 0 0 0 0
[ o 0 0 o [ o
0.0013 0.0005 -0.0082 0.0181 -0.0135
Az = A=
0 0 0 0 0
0 0 0 0 L o
[ o 0 0 0o 0
0.0048 0.0016 -0.0070 0.0056 -0.0035
Apgs = A =
0 0 0 0 0
L o 0 0 0 0
0 0 0 0 [ o
0 0 0 0 0
Ayy = Ay, =
09144 02136 0.0779  0.1045 1.0150
-0.5708 -0.0804 -1.1212 -0.0651 | -0.6193
0 0 0 0 0
0 0 0 0 0
Ayz = Ay =
0.9885 0.2271 0.0786 0.1105 1.1017
0.3903 0.0707 0.0321 0.0587 | 0.4208
0 0 0 0 0
0 0 0 0 0
Ays = 0.96 Az =
19613 0.2367  0.0656  0.0882 1.0651
-0.6307 -0.0907 -1.1712 -0.0652 | | -0.6861
0 0 0 0 0
0 0 0
Ayz = Agg =
1.0376 0.2507 0.0671 0.0936 1.1552
0.4282 0.0545 -0.0278 0.0713 | 0.4664
0 0 0 0 0
0 0 0 0 0
A29=| 0o44a 15569 01009 01353 |21 7| 10455
-0.5787 -0.1708 -1.8931 —-0.1407 -0.6337

0.1052 |’
-0.0747 |
o 1
0
0.1116 |
0.0436 |
0
0
0.0898 |
-0.0855 |

0

0
0.0961 |’
0.0393 |

0

0
0.1330 |
-0.1120 |
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Ay

Agis =

Agis =

0 0 0 0 0 0 0 0

| o 0 0 0 a0 0 0 0
“|1.0188 1.7163 0.0989 0.1460 |""*'? | 1.1328 1.9689 0.1082 0.1425 |
0.3780 0.0803 -0.7044 0.0626 | 0.3981 0.0719 -0.8900 0.1078 |

0 0 0 o ] 0 0 0 0

0 0 0 0 R 0 0 0
07240 1.2753 -0.0664 —0.0897 |'">1* "] 0.8289 1.4911 -0.0717 -0.0945 |
~0.6473 -0.1399 -2.1535 -0.1723 | ~0.7167 —0.1423 24263 -0.1113 |
0 0 0 0 ] 0 0 0 0 ]

0 0 0 0 w0 0 0 0
0.8011 1.4334 -0.0708 —0.0954 |~ *'® | 0.9204 1.6829 -0.0797 -0.1029 |’
0.4021 0.1288 -0.9350 0.0494 | 0.4183 0.1612 -1.1606 0.1453 |

By=[0 -0.1 0 0]",B,=[0 0 0 o],

B,=[0 0 0 07]",G=[0 025 0 025]",

Because the function f(x(¢)) is linear, the matrices A, ; are
the same.
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