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Retroactivity Attenuation in Bio-molecular Systems
Based on Timescale Separation

Shridhar Jayanthi and Domitilla Del Vecchio

Abstract—As with several engineering systems, bio-molecular
systems display impedance-like effects at interconnections, called
retroactivity. In this paper, we propose a mechanism that exploits
the natural timescale separation present in bio-molecular systems
to attenuate retroactivity. Retroactivity enters the dynamics of a
bio-molecular system as a state dependent disturbance multiplied
by gains that can be very large. By virtue of the system structure,
retroactivity can be arbitrarily attenuated by internal system
gains even when these are much smaller than the gains multi-
plying retroactivity terms. This result is obtained by employing
a suitable change of coordinates and a nested application of the
singular perturbation theorem on the finite time interval. As
an application example, we show that two modules extracted
from natural signal transduction pathways have a remarkable
capability of attenuating retroactivity, which is certainly desirable
in any (engineered or natural) signal transmission system.

|. INTRODUCTION

ODULARITY is a fundamental property that alows

the prediction of the behavior of a system from the
behavior of its components, guaranteeing that the input/output
behavior of a component does not change upon intercon-
nection. This property is often taken for granted and tacitly
exploited in several engineering areas, such as electrical en-
gineering. Modularity is usualy a fair assumption because
mechanisms such as operational amplifiers in suitable feed-
back configurations are employed so that impedance effects
at interconnections can be neglected [1]. As a result, systems
can be conveniently composed by simple static output-to-input
assignments. Modularity has been more recently advocated
also in systems bhiology and in synthetic biology, in which
networks of bio-molecular interactions between species, such
as proteins, enzymes, DNA sites, and signaling molecules
take place. In particular, in systems biology one seeks to
understand the behavior of a natural bio-molecular network
from the behavior of the composing modules or motifs[2]-{4].
Complementary to systems biology, researchers in synthetic
biology aim at constructing complex networks of interactions
between genes and proteins in living cells with the ultimate
goal of controlling cell behavior. A key approachindoingsois
the design and construction of simple bio-molecular systems,
such as oscillators [5], [6] and toggles [7], which are then
interconnected in a modular fashion to design bio-molecular
circuits with more complex functionalities [8], [9].
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A fundamenta systems engineering issue that arises when
interconnecting systems with each other is how the dynamic
state of the sending system (upstream system) is affected by
the dynamic state of the receiving system (downstream sys-
tem). The effect of downstream loads has been well character-
ized and accounted for in electrical, mechanical, and hydraulic
systems. It has been recently argued that similar problems
appear in bio-molecular systems. In particular, Alon states
that bio-molecular modules, just like engineering modules,
should have specia features that make them easily embedded
in almost any system. For example, output connections should
have “low impedance” so that connecting additional down-
stream clients should not change the output to existing clients
up to some limit [10]. A recent theoretical study has shown,
however, that output connections in bio-molecular systems do
not always have low impedance. Instead, they can be affected
by large impedance-like effects that dramatically distort the
dynamics of a system in the face of downstream loads [11].
These impedance-like effects have been called retroactivity to
extend the notion of impedance to non-electrical systems and
in particular to bio-molecular systems.
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Figure 1. A system ¥ with input and output signals, along with the
interconnection structure with its upstream and its downstream systems. The
retroactivity to the output s accounts for the change in the system X dynamics
when it is connected to downstream systems. The retroactivity to the input r
accounts for changes that ¥ causes on upstream systems when it connects to
receive the information u.

From a systems biology point of view, one method to deal
with retroactivity is to partition large networks into “modules’
for which retroactivity effects are minimal, by employing
graph and information theoretic approaches [12]-{16]. By
contrast, the studies in [11], [17] consider fixed modules,
which is more aligned with the synthetic biology perspective.
Specifically, [11] characterizes retroactivity, and investigates
interconnection mechanisms that provide arbitrary retroactivity
attenuation. To this end, it proposes an alternative model to
the standard input/output model employed in virtualy every
systems engineering book [18] (a notable exception to the stan-
dard system input/output model is Willem’'s work [19], which
blurs the distinction between inputs, states, and outputs).
Within this alternative modeling framework, an input/output
system model is augmented with two additional signals: the



retroactivity to the input r and the retroactivity to the output
s (Figure 1).

In this formalism, achieving low output impedance becomes
the problem of attenuating retroactivity to the output. The
problem of arbitrarily attenuating the retroactivity to the output
is in turn conceptualy similar to problems of disturbance
attenuation and decoupling [20], [21]. Insulation devices are
then designed in such a way to (@) arbitrarily attenuate the
retroactivity to the output (thus they can keep the same output
independently of the downstream systems connected to such
an output) and (b) have low retroactivity to the input (thus they
do not affect the upstream system from which they receive the
signal). Insulation devices can be placed between the upstream
system sending the signal and the downstream one receiving
the signal to insulate these systems from retroactivity. One
design method for bio-molecular insulation devices has been
illustrated in [11]. It employs a large amplification gain in
a negative feedback loop (in analogy to the design of non-
inverting amplifiersin electronics) to attenuate the retroactivity
to the output.

In this paper, we show that a special interconnection struc-
ture found in bio-molecular systems enables a different mech-
anism for retroactivity attenuation. Retroactivity to the output
enters the system dynamics as a state dependent disturbance,
which is often multiplied by very large gains. These gains are
large due to the fact that bio-molecular system interconnection
often occurs through processes that can be among the fastest
processes in bio-molecular systems [10], [22]. We show that,
for a class of systems with this interconnection structure,
whenever the dynamics of a system X evolves on a timescale
faster than that of its upstream system, the retroactivity to the
output of X can be arbitrarily attenuated. We al so show that this
attenuation property is independent of the gains multiplying
retroactivity and that the faster the timescale of system X
with respect to its upstream system, the better the retroactivity
to the output attenuation achieved. As a consequence, one
can arbitrarily attenuate state dependent disturbances even
when these enter the dynamics of system X through gains
that are orders of magnitude higher than the gains internal
to X itself. In order to show this retroactivity attenuation
capability enabled by timescal e separation, we employ singular
perturbation techniques for systems with one and multiple
small parameters [23]-{25].

Singular perturbation arguments have been used in biochem-
ical applications to show the validity of the quasi-steady state
approximation for enzyme kinetics [26]-{31]. In these studies,
the timescale separation stems from large initial conditions
of either substrate or enzyme, or due to large values for the
Michaelis-Menten constant. The separation of timescales in
the systems studied in this paper are also due to differencesin
the order of magnitude of the reaction rates of the processes
considered. In bacterial systems, for example, the timescale of
gene expression and protein dilution is of the order of minutes
[20Q], [32], the one of post-translational modification processes
range from the order of milliseconds to seconds[33], [34], that
of proteins binding to small signaling molecules can be in the
sub-second timescale [10], and the timescale of transcription
factor-DNA interactions can be as fast as few milliseconds

[22], [35], [36].

Despite several timescales being present in the processes
here considered, the resulting models are not in standard
singular perturbation form. This issue arises because the
states involved in the interconnection are shared by systems
with dynamics in different timescales. This problem is often
encountered also in chemical reaction systems [37], [38] and
in biochemical systems [27], [29]. A common solution is to
employ a change of variables for which the system is in
standard singular perturbation form. In this study, we provide
sufficient conditions for the existence of a linear coordinate
transformation that takes the original system to standard sin-
gular perturbation form. Then, we perform a nested application
of Tikhonov singular perturbation theorem on the finite time
interval as it appears in standard references [25]. Finally, by
taking the reduced system back to the original coordinates,
we find that the dynamics of the origina system on the slow
manifold is independent of the retroactivity to the output.

As an application example, we show how modules extracted
from natural signal transduction systems can attenuate the
retroactivity to the output based on the separation of time
scale mechanism illustrated in the paper. It is aso shown that
the capacity of attenuating retroactivity holds independently
of the timescale of the downstream interconnection. The
examples in this paper employ a phosphorylation cycle and
a phosphotransfer module, both of which are ubiquitous in
natural signal transduction systems [39], [40].

This paper is organized as follows. In Section I, we
introduce the bio-molecular system model and the retroactivity
to the output attenuation problem. The main result is provided
in Section Ill, in which a change of coordinates and a
nested application of Tikhonov singular perturbation theorem
is performed. Section 1V shows the application of the theory to
two motifs extracted from natural signal transduction systems:
a phosphorylation system and a phosphotransfer system.

Il. SystEm MoDEL AND PROBLEM FORMULATION

In this paper, we consider the system model depicted in
Figure 1. In addition to the usual input and output signals,
we add two additional signals traveling from downstream to
upstream: a retroactivity to the output s and a retroactivity
to the input r. The retroactivity to the output s is a signal
(which may depend on x and on the interna variables v
of the downstream system) that appears in the dynamics of
¥ whenever X is connected to the downstream system. The
retroactivity to the input r (which may depend on u and on Xx)
isasigna that system X applies to its upstream system as an
input whenever X connects to the upstream system to receive
the information u. The system X is said isolated when it is not
connected to the downstream system. In such a case, s= 0.

From an engineering point of view, signals s and r do not
necessarily carry information. They are present only because
of the physics of the interconnection between system compo-
nents. For example, if X is a voltage generator with voltage V
and internal resistance Ry, the value x of its output when X is
isolated is exactly equal to V. However, when X is connected
to a downstream load, a voltage drop is caused by current



flowing through the internal resistance Ry so that the new
value x of its output voltage will be smaller than what we
had in the isolated configuration. In this case, s is due to
the non-zero current flowing through Rq upon interconnection
with the downstream load. A similar situation is found in bio-
molecular systems. When a synthetic bio-molecular oscillator,
such as those of [5], [6], is employed as asignal generator and
connected to downstream clients to, for example, synchronize
them, the oscillator dynamics can be dramaticaly affected
[11].

A. Bio-molecular System Model

In this section, we speciaize the general interconnection
structure of Figure 1 to the case of bio-molecular systems so
that ue D, c R?, xe Dy c R?, and v e D, c R? are vectors
whose components denote concentrations of chemical species,
such as proteins, enzymes, DNA sites, etc. We employ a model
similar from a formal point of view to that of metabolic
networks [41]. Let r(x,u) € R" and s(x,Vv) € RS be reaction
rate vectors modeling the interaction of species in the vector
u with species in the vector x and of species in the vector
X with species in the vector v, respectively. Let A € R™9,
B e R™ C e R and D € R¥P be constant matrices. Let
f(x,u) € R", I(v) € RP, and h(v,t) € RP be vector fields and
G, G, be positive constants. The model that we consider for
¥ in the interconnection of Figure 1 is thus the following:

U= g(u,t) + G1Ar(x, u)
X = G1Br(x, u) + G1 f(x, u) + G2Cs(x, V) (@D}
Vv = G2Ds(X, V) + Gal(V) + h(v, t),

with initial conditions u(to), X(to), V(to). The model of X when it
is isolated from the downstream system becomes (s(x, V) = 0)

Uis = g(Uis, t) + G1Ar (Uis, Xis)

. 2
Xis = G1Br(Uis, Xis) + G1(Xis, Uis), @)

with initial conditions uis(to) = u(to), Xis(to) = X(to).

System (1) is a general model for a bio-molecular system.
Interconnections always occur through reactions, whose rates
(r and s, in this case) appear in both the upstream and the
downstream systems with different coefficients (captured by
matrices A, B, C, and D). Constants G; and G, explicitly
model the fact that some of the reactions may be several
orders of magnitude faster than others. Constant G; models
the timescale of system X. In this paper, we are interested
in those cases in which X evolves on a faster timescale than
its input, that is, G; > 1. This situation is encountered, for
example, when X models protein modification processes (such
as phosphorylation, allosteric modification, dimerization, etc.),
while its upstream system models slower processes such as
protein production and decay or signaling from outside the cell
(here modeled by g(u, t)) [10], [33], [34]. Constant G, models
the timescale of the interconnection mechanism of ¥ with
its downstream system. For example, when this downstream
system models gene expression, s models the binding and
unbinding process of transcription factors to DNA binding
sites. This reaction is faster than expression and degradation
of proteins and therefore, G, > 1 [10], [22]. Additionally,

it is possible for the protein modification processes to be
in the same range as, much faster than, or much sower
than DNA-transcription factor binding and unbinding [33]—
[36]. Therefore, it is important to consider the cases in which
G1 =Gy, G; > Gy, and G; < Go,.

B. Retroactivity Attenuation Problem

In this paper, we are interested in determining conditions
that allow X to attenuate the retroactivity to the output and
in quantifying the retroactivity to the input. To this end, we
define the retroactivity to the output attenuation property
of system X in the interconnection structure of Figure 1 as
follows. Let U(t, 1/G]_, 1/G2), X(t, 1/G1, 1/G2), V(t, 1/G1, 1/G2)
and uig(t, 1/Gy), Xis(t, 1/G1) be the unique solutions for t €
[to, tf] with t; > to to systems (1) and (2), respectively.

Definition 1. System X has the retroactivity to the output

attenuation property provided there are constants ty, € (to, tf],

G} > 0, G, > 0, and a compact set Q@ c Dy x Dy x Dy

such that the following properties hold for G; > Gj and

(X(to), u(to), V(to)) € €

(i) X(t.1/G1,1/Gg) - Xis(t, 1/G1) = O(& ) ¥t € [ty T5] when

(G2/G1) — {O(1),0} as Gy — oo;

(i) X(t,1/G1,1/G2) - Xis(t, 1/Gy) = O(& )Vt € [ty Tr] when
(Gz/G]_) — 00 asG; —» 0 and Gy > G;

If a system X enjoys the retroactivity to the output attenua-
tion property, its dynamics are not affected by the retroactivity
to the output as G; grows, independent of the value of G,. In
particular, independently of whether G, is smaller than, much
larger than, or of the same order as G, state dependent distur-
bances G, s(x, V) can be arbitrarily attenuated by a sufficiently
large G;. Furthermore, one can achieve arbitrary retroactivity
attenuation by properly adjusting the system parameter G ;.

The remainder of this paper focuses on providing sufficient
conditions under which system X enjoys the retroactivity to
the output attenuation property. Furthermore, we quantify the
retroactivity to the input of X by determining the impact of
on the dynamics of u.

I1l. ProBLEM SoLuTION

System (1) models processes occurring at multiple
timescales. Specifically, since G; > 1, there are at least two
timescales and when G, > G; there are three timescales.
However, there may not be a separation of timescales as the
system is not in standard singular perturbation form [25]. This
situation is typical of bio-molecular and chemica systems.
Such systems often display multiple timescales but there is no
explicit separation between fast and slow variables [29], [37].
However, when the interconnection occurs trough binding
processes, faster reaction rates appear in the dynamics of
both upstream and downstream systems multiplied by integers
related to the stoichiometric coefficients [41]. Therefore it is
possible to extract the slow variables of a system through a
linear combination of the states of the upstream and down-
stream systems. This motivates an approach that employs a
linear coordinate transformation to take the original system to
standard singular perturbation form.



In what follows, we first determine conditions for the
existence of a linear coordinate transformation independent
of G; and G, that transforms systems (1) and (2) to standard
singular perturbation form. Then, we employ Tikhonov singu-
lar perturbation theorem to study the dynamics of the system
on the slow manifold. To this end, we restrict the class of
systems (1) to those with the two following central properties:

P1 Thereis an invertible matrix T € R%9 and a matrix M €
R™4 such that (i) TA+ MB = 0; (ii) Mf(x,u) = 0 for all
(x, u); and (iii) MC = 0.
P2 There is an invertible matrix Q € R™", and a matrix
P € RP" such that (i) QC + PD = 0; (ii) PI(v) = O for
al v.
Let ¢ :=1/Gyq, e = 1/Gy, and

h(y, ) := D (Q(y - Pv), ) +1(4) ©
fzy.v) = QBr(Qy— PV, T(z- MQ "y~ Pv)))

+ 1 ((Q My - PV, T z- MQ ™ (y- PV))]
f(z X) := Br(x, T"}(z— Mx)) + f(x, T"(z— MX)). (5)

(4)

Then, we prove the following proposition.

Proposition 1. Under properties P1 and P2, the linear change
of coordinates

z=Tu+ Mx, y=Qx+ Pv (6)

takes systems (1) and (2) respectively to the standard singular
perturbation forms

2=Tg(T(z- MQ (y - PV)).t)
ay = f(zy,v) + aPh(v1) (7
eV = h(y, V) + e2h(v, t)
and
75 = Tg(T7(@s ~ Mxo). 1)
eXis = f(zs, Xis).

Proof: From the linear coordinate transformation (6), we
havethat z= Tu+Mx and y = Qx+Pv. By substituting in these
relations the expressions of U, X, and v from system (1) (from
system (2)), writing u = T~1(z - Mx), and x = Q7 1(y — Pv),
one obtains system (7) (system (8)). [ |

Conditions TA+ MB = 0 and Mf(x,u) = O from property
P1 and the conditions from property P2 ensure the existence
of alinear coordinate transformation that takes the system to
standard singular perturbation form. Additionally, condition
MC = 0 from property P1 is necessary to ensure that once
e = e = 0, the dynamics of u do not depend on v, and thus
that the retroactivity to the output does not directly propagate
to the input. Properties P1 and P2 give sufficient conditions
on the interconnection structure that allows for insulation em-
ploying separation of timescales. For low dimensional systems,
matrices T, M, Q and P that satisfy properties P1 and P2
can be easily determined by inspection of matrices A, B,
C and D. This is illustrated in Section IV with two five-
dimensional application examples. For more general cases,
prior work has focused on the existence and construction of

(8)

non-linear coordinate transformations that bring a system to
standard singular perturbation form [37].

For (u,x,v) € Dy x Dy x Dy, define the domains D, and
Dy to be the images of Dy, Dy, Dy through transformations
(6). We aso define the map F : Dy x Dy — D; x Dy for all
(u,X) € Dy x Dy as F(u,X) := (Tu+ Mx, x). Note that this
map is continuous and invertible. Similarly, define the map
G : DuxDyxDy — D;xDyxD, for al (u, x,v) € DyxDxxDy
as G(u, x,V) := (Tu+ Mx, Qx + Pv, V). Note that this map is
also continuous and invertible.

A. Technical Assumptions

In the following sections, a nested application of Tikhonov
singular perturbation theorem, as found in standard references,
is employed in systems (7) and (8). To assure validity of the
theorems, we pose technical assumptions which are considered
valid on the domains Dy, Dy, Dy, D, and Dy. In what follows,
we say that a square matrix A(x) dependingon xe€ D c R" is
Hurwitz uniformly for x € D if thereis area ¢ > 0 such that
R{A(A(X))} < —c for al x e D.

A1l The functions g, f, h, r, s are smooth;

A2 The functions g, f,h,r are Lipschitz continuous for all
teRy; _

A3 The function v = ¢1(y) is the unique solution of h(y,V) =
0, it is Lipschitz continuous and smooth;

A4 The function y = ¢2(2) is the unique solution of
f(zy,#1(y)) = 0 and it is Lipschitz continuous;

A5 The function x = ¢4(2) is the unique solution of f(z X) =
0 and it is Lipschitz continuous;

A6 We have that -Zh(y, v)|v= h0) is Hurwitz uniformly for

ov

y € Dy, 3
A7 We have that 2 f(zy. ¢1(y))‘y:¢z(z) is Hurwitz uniformly
for ze Dy; _
A8 We have that -2 fzy.v) is Hurwitz
WO 0Nl vmsrosnto

uniformly for ze D,
A9 We have that 2 f(z x)|

ze D,.
Assumptions A1 and A2 guarantee existence and unigqueness
of the solutions of systems (1) and (2). As a consequence,
assumptions A1 and A2 also guarantee the existence and
uniqueness of the solutions of systems (7) and (8). Assump-
tions A3, A4, A6 and A7 guarantee the stability of the
boundary layer systems obtained when employing a nested
application of Tikhonov theorem to system (7) for the case
in which G; < G,. Along with assumption A8, assumptions
A3 and A4 are aso employed to guarantee the stability of the
boundary layer system in the application of Tikhonov theorem
to system (7) for the case in which G; and G, are of the
same order of magnitude. Assumptions A5 and A9 guarantee
the stability of the boundary layer system when employing
Tikhonov theorem to system (8) and to system (7) when
G > Go.

xea(y |8 Hurwitz uniformly for

Proposition 2. Let (y,v) = (¢y(2),¢v(2)) be a solution to
(f(zy,v),h(y,v)) = 0. Then, such a solution is unique.
Furthermore ¢y(2) = ¢2(2) and ¢y(2) = ¢1 0 ¢2(2).



_Proof: Since (y, V) = (¢y(2), ¢v(2)) isasolution to equation
(f(zy.v).h(y,v)) = 0, we have that h(¢y(2),¢v(2)) = 0. By
A3, this implies that ¢u(Z) = ¢1 o ¢y(2). This dong with
f(z ¢y(2), pu(2)) = 0 imply that f(z ¢y(2), 10 ¢y(2) = 0. This
along with A4 imply that ¢y(2) = ¢2(2). As a consequence, we
have that ¢u(2) = ¢1 0 ¢y(2) = ¢1 0 $2(2). u

B. Main Result

The main result of the paper is based on the two following
lemmas, which employ Tikhonov singular perturbation theo-
rem in the form presented in [25]. Specifically, Lemmas 1
and 2 provide approximations of the isolated and connected
system trajectories, respectively, when we consider as small
parameters €; ;= 1/G; and €, := 1/G,. These approximations
are then compared with each other to obtain the retroactivity
to the output attenuation property, which is the main result of
the paper.

Before giving the first lemma, we define the two following
sets. For any a > 0, define the set R, x(a) € Dy x Dy by

Rux(@) :={(u,x) € Dy x Dy | IX=¢x(Tu+ MX)|| <} (9)

and let Qu x(a) be any compact subset of R, x(a). For a > 0,
define the set R, xv(@) € Dy X Dx x Dy by

Ruxv(@) :={(u, X,V) € Dy x Dy x Dy

' V- ¢1(Qx + PV) < a}
QX+ Pv—¢(Tu+ Mx) ’

and let Q, xv(a@) be any compact subset of R, xv(a). The next
proposition shows the relationship between the sets Ry x and

FQU,)(,V'

Proposition 3. Consider the sets defined in equations (9) and
(10). Then, for all @ > 0 there is 8 > 0 such that (u, x,V) €
Ruxv(B) implies that (u, X) € Ryx(@).

Proof: Since x = ¢«(2) is the unique solution of f(zx) =
0and f(z ¢2(2), p10¢2(2) = 0, it follows from the definition of
f (equation (4)) that Q~*[¢2(2)~Pé10¢2(2)] = ¢x(2). Since Qis
invertible, for al @ > 0 thereis B, > 0 such that ||Qx—¢2(Tu+
MX) + P10 ¢2(Tu+ MX)|| < B2 implies ||Xx—@x(Tu+ MX)|| < a.
By applying the triangular inequality, one can show that for all
B2 > Othereis By > 0 such that |[v—¢10¢2(Tu+Mx)|| < 1 and
1Qx+PV—g(Tu+Mx)I| < B1 imply [|[QX—¢2(Tu+Mx)+Pgs0
¢2(Tu+MX)|| < B2. Findly, the continuity of ¢, along with the
triangular inequality imply that for all 81 > 0 there is Bp > 0
such that [[v—¢1(Qx+PV)|| < Bo and ||Qx+Pv—g¢2(Tu+MXx)|| <
Lo imply |IV—¢10¢2(Tu+ MX)|| < B1. Let B := min(Bo, B1). B

As a consequence of this proposition, if Q c Ryxv(B) is
compact, then the set {(u, X) | (u, X, V) € Q} is a compact subset
of Ryx(a).

Under properties P1-P2 and assumptions A1-A9, we give
the two following lemmas.

Lemma 1. Let uis(t, 1/G1), Xis(t, 1/G1) be the unique solution

of system (2) for t € [to, t¢] with initial condition ujs(to) € Dy
and xs(tg) € Dy. Let u(t) be the unique solution of system

(10)

-1
U= (T + M—dygém) To(U, 1) (12)

for t € [to,tf] with initial condition U(ty) = T (zs(to) —
#x(Zs(to))) where zs(to) = Tuis(to) + Mxis(to) and x = yx(u)
is the locally unique solution of Br(x,u) + f(x,u) = O.
Then, there is @ > 0 such that for all t, € (to,tf] there
exists G} > 0 such that uig(t,1/Gy) — t(t) = O(&) and
Xis(t, 1/G1) — y(U(t)) = O(& ) hold uniformly for t € [ty, ]
provided G; > G and (uis(to), Xis(to)) € Qux(a).

Proof: For convenience, define g(zis, Xis) =
Tg(T’l(Zas— MXas),t) and denote the solution of
system (8) by zg(t,e1), Xs(t,er) for t € [to,t;] with
Zs(to) = Tuis(to) + Mxis(to). Let X = ¢x(2) be the unique
solution of the algebraic equation f(z X) = 0 and denote by
Zs(t) the unique solution of the reduced system

Zs = g(zis, ¢X(ZS)) (12)
for t € [to,tf] and zs(to) = zs(to) (the uniqueness of the
solution follows from the fact that g is Lipschitz continuous
on its domain by Assumptions A2 and A5). Assumption A9
further guarantees that the boundary layer system is locally
exponentialy stable. The region of attraction thus contains the
set of x such that ||x—@x(z(to))l| < B for some B > 0O sufficiently
small. Define the set R.x(8) = {(zX) | IIX - ¢x(2Il < B}.
Let Q,«(B) be any compact subset of R,x(8). By Tikhonov
theorem, for all t, € (to, t¢], there exists €; > 0 such that

Zs(t, €1) — zs(t) = O(e1) and
Xis(t, €1) — ¢x(Zs(t)) = O(er) uniformly for t € [ty, if]

provided e; < € and (Xis(to), zs(to)) € Qzx(B)-
To obtain these approximations in the original coordinate
system, define

(13)

Uis := T71 (Zs — Mox(Zs)) - (14)

We seek to show that uis(t) satisfies the differential equation
(12). Since x = ¢«(2) isthe locally unique solution of f(z X) =
0, we must have that

fz ¢x(2) = 0.

Since f(z X) = Br (x, Tz~ Mx))+ f (x, T"}(z— Mx)), equa-
tion (15) implies that

Br (¢x(Zs), T (2s — Mox(2)))
+f (¢x(Zs), T~ (@s - Mox(s))) = 0.

From the assumptions of the lemma, we have that x =
vx(U) is the locally unique solution of Br(x,u) + f(x,u) =
0. This along with equation (16) imply that ¢«(zs) =
¥x(T™1(zs — Mo«(Zs))) = yx(Uis). As a consequence, we can
re-write equation (14) as zis = Tuis + Myx(Uis). Taking the
time derivative of both sides of this expression, we obtain
Zs = Tus + M‘jyg—é:‘S)Uis. Employing equation (12) on the
left-hand side and re-arranging the terms, we obtain that

s = (T + M) Gz, 6,(Z)), in which (by equations
(8)) e have that (Zis, 9x(Z)) = Tg(T4(@s ~ Mgu(@5)). ) =
To(uis, t), leading to uis(t) satisfying the differential equation
(12) for t € [to, tr] with Uis(to) = T~*(Zs(to) — Mex(Zs(to)))-
Since uis(t, €1) = T Y[zs(t, e1) — MXis(t, €1)] and equations (13)

(15)

(16)



hold, we have that uis(t, 1) = T[Zs(t) + O(er) — M (o« (zZis(t)) +
O(e1))], which, by employing equation (14) and the fact that
dx(Zis) = yx(T™* (Zis — Mx(Zs))) = yx(Uis), leads to

Uis(t, €1) — Uis(t) = O(er) and

st &) ~ yx(@slt) = Oler) uniformly for t e [to. ] -

provided that e1 < € and (zs(to), Uis(to)) € Qx(B). Since
R, x(B) istheimage of R, x(8) under the continuous map ¥, we
have that for any compact set Q,«(8) C R.x(B), thereis a com-
pact subset Q,x(8) € Rux(B) such that Q,4(8) = F(Qux(B))-
As a consequence, equations (17) hold provided €; < € and
(Uis(to). Xis(to) € Qux(B) With Qux(B) = F HQ.(8)). Set
a=pand G] = 1/¢. [ |

The following lemma provides approximations to the solu-
tion of system (1) in a way similar to what was performed
in Lemma 1 for system (2). The main technical difference
between Lemma 1 and Lemma 2 is that system (1) has
two small parameters, that is, e = 1/G; and 2 = 1/Gy,
which can take different relative values. The proof of the
lemma thus considers three different cases: G,/G1 — O(1)
as G —» o (i.e, G and G, are of the same order of
magnitude); G2/G; — 0 as G; — o (i.e, Gy is orders of
magnitude larger than G,); G,/G; — o as G; — o~ (i.e,
G is orders of magnitude larger than G;). In particular, in
the latter case the system has three different timescales and
therefore it is treated by performing a nested application of
Tikhonov singular perturbation theorem.

Lemma 2. Let X(,1/G1,1/G2), u(t,1/G1,1/Gy),
v(t,1/G;1,1/G,) be the unique solution of system (1) for
t € [to,ts] with initial conditions (X(to),u(to), v(to)) €
Dy x Dy x Dy. Let u(t) be the unique solution of system
-1
H=ﬁ+MQ§% To(u. 1), (18)
du
for t € [to, tf] with initial condition U(to) = T ~1(z(to) —x(Z(to)))
with z(to) = Tu(tg) + Mx(tg) and x = yx(u) the locally unique
solution of f(x,u) + Br(x,u) = 0. Then, there is & > 0 such
that for all t, € (to, tf] there are G} > 0 and G} > 0 such that
the following properties hold for (u(to), X(to), V(to)) € Quxv(@)
and Gy > Gj:

(i) X(t, 1/G1, 1/Go)—y«(U(t) = O(&) and u(t, 1/G1, 1/G5) -
u(t) = O(Gil) uniformly for t € [ty, tf] when G»/G; —
{O(1),0} as G1 — oo;

(i) X(t, 1/G1, 1/G5)—yx((t)) = O(&) and u(t, 1/G1, 1/Gy) -
u(t) = O(%) uniformly for t € [ty, tf] when G,/G; — oo
as G; — o and G; > G,

Proof:

Define for convenience the function g(zy,v,t) :=
ToTHz- MQ Ly - Pv),t) and let Zt, 1, &), Y(t, €1, €),
V(t, €1, €2) be the unique solution of system (7) for t € [to, t¢]
with initial conditions z(tp) = Tu(to) + MX(to), Y(to) = Qx(to) +
Pv(to), and v(tp). There are three cases. e2/e1 — 0 as e1 — 0,
e/ez —> O(l) ase; — 0, and e2/6g — 0 as e — O.

Case 1: e2/e; —» 0 as eg — 0. We perform a nested
application of Tikhonov singular perturbation theorem. Define

the new small parametersu; := €; and u, = e2/e1 and re-write
system (7) as

z=g(zy,v,1)

my = f(Z, Y. V) + u1Ph(v, t)
popaV = h(y, V) + popih(v, 1).

(19)

Set 1 = 0 and let v = ¢1(y) be the locally unique solution of
h(y,v) = 0. Let also z(t, e1) and y(t, €1) be the unique solution
of the reduced system obtained once i, = 0

z= g__(zo Y, ¢l(y)7 t)
wy = f(zy, ¢1(y)) + u1Ph(ga(y), 1)

fort € [to, Ta], Z(to) = z(to), and y(to) = y(to) (uniquenessof the
solution follows from Assumptions A2 and A3). Assumption
A6 further guarantees that the boundary layer systemislocally
exponentialy stable. For some 8 > 0 sufficiently small, the
region of attraction contains the set of v such that |[v—g¢ 1(y(to))I|
is sufficiently small. Define the set Ryy(8) = {(y,V) € Dy x
Dy | lIv=¢1WIl < B} and let Qy(B) C Ryv(B) be compact.
Then, by Tikhonov theorem, for al t, > O there is u; > 0
such that

Zt, 1, papz) = Z(t, p1) = Ouz) and
y(t, g1, pap2) — Y(t, u1) = O(uz) uniformly for t € [to, To]

V(t, 1, papz) — d1(Y(t 11)) = O(uz) uniformly for t € [ty, Tq)
(21)

(20)

hold provided u> < p5 and (Y(to), V(to)) € Qyv(B).

System (20) is also in standard singular perturbation form
with small parameter u;. Set u1 = 0 and let y = ¢2(2) be the
locally unique solution of f(zy, #1(y)) = O. Let Z(t) be the
unique solution of the resulting reduced system when 1 =0

2=9(Z ¢2(2), $1° ¢2(2),1) (22)
for t € [to, tf] with Z(to) = Z(to) (uniqueness of the solution
follows from Assumptions A2, A3, and A4). Furthermore,
Assumption A7 guarantees that the boundary layer system
is locally exponentialy stable. For some ¢ > 0 sufficiently
small, the region of attraction contains the set of y such
thet [ly — ¢2(z(to))ll < 6. Define the set R, (6) = {(zy) €
D, x Dy | lly—¢2(2)ll < 6} and let ©,(6) C R,y(6) be compact.
Then, from Tikhonov theorem, for al ty > O, there is u; > 0
such that

Zt, 1) — Z(t) = O(uq) uniformly for t € [to, tf]
Y(t, 1) = ¢2(Z(1)) = O(u1) uniformly for t € [tp, t]

hold provided 1 < w; and (Z(to),¥(to)) € Qy(5). As a
consequence of relations (23), for u1 < uj the solution of
system (20) is uniquely defined for t € [to,ts]. We can
thus let Ty = tf so that for up < w3, with p sufficiently
small, also the solution of system (19) is uniquely defined
for t € [to,tr]. Let n := min(8,6) and define Ryy\(n) =
V_
{(z y,v) € D;x Dy x Dy | H y_zzg; H < TI}- Let Q,yv(n7) C
Ryv(17) be any compact set. Combining expression (21) with

(23)



Ta = t; and expression (23), the solution of system (1) satisfies

V(t, p1, papz) = 1 © ¢2(Z(1)) = O(ua) + O(u2)

Yt p1, papz) — d2(Zt)) = Oua) + Olui2)

2t a1, papi2) = Z(t) = O(ua) + Oluz) uniformly for t € [ty, t],
(24)

inwhich we have used that ¢1(¢2(2)+O0(u1)) = ¢10¢2(2)+O(u1)

since ¢; is smooth. In order to return to the original coordinate

system, define

U= T (2- MQ (2@ - Ppro 62(2)).  (25)

We seek to show that u(t) satisfies equation (11). Since y =
¢2(2) is the locally unique solution of f(zy,¢i(y)) = 0, by
the definition of f (equation (4)), we have that Br(Q(¢2(2) —
Pp10¢2(2)), )+ f(Q *(¢2(2)~Pe10¢2(2), U) = 0. Thisequation
along with the fact that x = y«(u) is thelocally unique solution
of Br(x,u) + f(x,u) = 0 lead to

Q N (¢2(2) - P10 $2(2))

= yx(THZ - MQ Y ($2(2) - Po1 © $2(2))) = 7x(U).
Substituting this into equation (25) and re-arranging
the terms, we obtain the eguation Z = Tu + My(U).
Taking the time derivative both sides, we obtain
that z = Tu + M2YG Employing equation (22)
on the left-hand side and re-arranging the terms, we
obtain T = (T+MZ2) 526261 o 421,
in which we have that 0(Z¢202),¢1 o ¢2(9,t) =
Tg(T™2~ MQ™(¢#2(2) - Pp1 0 62(2)). 1) with
T2 - MQ Y¢2(2) — Po1 o ¢2(2))) = U from equation (25).
Therefore, U(t) is the unique solution of (18) for t € [to, tf]
and T(to) = T (2(to) ~ MQ H[¢2(2(to)) — Ptr o (o)),
in which Z(ty) = 2z(tg). Since X = ¢x(2) is the unique
solution of f(zX) = 0 and f(z¢2(2).¢1 o ¢2(2)) = O,
it follows from the definition of f (equation (4))
that Q'¢a() — Po1 o 620 = ¢x(@. Thus,
U(to) = T~*[Z(to) — Mg (Z(to))]-

From the coordinate transformation (6), we have
X(t, pa, prapz) = QHY(E, pa, papt2) — PVt pa, apso)). Employing
the relations for y and v from (24), we obtain X(t, i1, papz) =
Q p2(Z(1))+O(u1)+O(u2)~P (¢1 © p2(Z(1)) + Olua) + O(u2))]-
By employing equations (25) and (26), one obtains
that  X(tp1,ppe) = wx(U(t)) + Ou1) + Ofu).
Similarly, from the change of variable u(t,u1, i) =
T7H&E, o, pagprz) = MQ YL paa, pagtz) = P(E pa, pape2)]), (24),
and (25), we obtain that u(t, u1, uau2) = u(t) + O(u1) + O(uz).
Hence, we have that

u(t, pa, papt2) — U(t) = O(us) + Ofuz) and
X(t, 1, papz) — yx(U(t)) = O(ua) + O(u2)

uniformly for t € [t,,t;] provided p1 < u, po2 < w3
and (Z(to). Y(to), V(to)) € Qzy.(n). Since Ryy,(n) is the image
of Ryxv(n) under the continuous map G, we have that for
any compact set Q,xv(7) € R.xv(n), there is a compact set
Quxv(m) € Ruxy(n7) suchthat Q;x(7) = G(Quxv(1))- Asacon-
sequence, equations (27) hold provided w1 < uj, p2 < p3, and

(U(to), X(to), v(to)) € Qu,x,v(77) with Qu,x,v(’]) = g_l(QLx,v(U))-
Define efaml = u; and o=l =y

(26)

(27)

Case 2: e2/e1 = O(1) as e; — 0. Letting a:= €1/ e, System
(7) becomes
zZ= @_(L Y, v, )
ay = f(zy,v) + ePh(v,t)
eV = ah(y, V) + erh(v, ).

(28)

Denote the solution of system (28) by zt,€;1), y(t,e), and
V(t, e1) for t e [to, tf]. By Proposition 2, (y,V) = (¢2(2),¢1 o
¢2(2) is the locally unique solution of (f(zy, V), h(y,v)) = 0.
Define ¢3(2) := ¢1 0 ¢2(2) to simplify notation. Let z(t) be the
unique solution of the reduced system

zZ= g_(Z ¢2(Z)’ ¢3(Z)’ t)

for t € [to,tf] and Z(tg) = z(to) (uniqueness of the solution
follows from Assumptions A2, A3, and A4). Furthermore,
Assumption A8 guarantees that the boundary layer system
is locally exponentially stable. For some g8 > 0 sufficiently
small, the region of attraction contains the set of al (y,v)
such that [I(y, V) — (¢2(z(to)), ¢3(z(to)))Il < B. Define the set
Rzy,v(ﬁ) = {(27 Y, V) € D% I:)yx Dy | ”(y’ V)_(¢2(Z)’ ¢3(Z))” <p}
and let Q,y\(8) € Ryyv(B) be compact. Then, by Tikhonov
theorem, for all t € (to, t] there is e£**2 > 0 such that

(29)

Zt, €) — Z(t) = O(e1) uniformly for t € [0, t¢]

y(t, €) — ¢2((t)) = O(e) and (30)
V(t, €) — ¢3(Z(t)) = O(e1) uniformly for t € [ty, tf]
provided e; < €222 and (z(to), y(to), V(to)) € Qzy(B).
Define
Ui=THZ- MQ(¢2(d - Pg3(2)). (31)

We seek to determine the differential equation that u(t)
obeys. Since f(z ¢2(2),¢3(2)) = 0, we have by the defini-

tion of f (equation (4)) that Br(Q’l(q)Z(z) — Pes(2). T Xz~

MQ (622 — Ps@))) + 1(Q 2D - Posl@). T -

MQ 2 (pa(2) — P¢3(z)))) = 0. Given that by assumption
X = 1vx(u) is the localy unique solution of Br(x,u) +
f(x,u) = 0, we must have that Q X(¢(2) — Pp3(2)) =
7 (THZ= MQ ™ (¢2(2) ~ Pés(@)]) = ¥x(U). Substituting this
in equation (31), we obtain that z= Tu + My(u). Computing
the time derivative both sides of this equation, employing
equation (29) and equation (31), one obtains that u(t) is the

solution of (18) for t e [to,tr] with U(tg) = T‘l(Zto) -

MQ Y [¢2(Zto)) — P¢3(Zto))]) and Z(to) = 2(to). Since, as for

Case 1, we have that Q"'[¢2(Z(to)) — P¢3(Z(to))] = ¢x(Zto)),
then U(to) = T~ [Z{to) — Mex(Zto))]-

Finally, employing the change of coordinates (6) and ap-
proximations (30), we obtain that

U(t, e1) — (1) = O(er) and
X(t, €1) — yx(u(t)) = O(en)

hold uniformly for t € [ty,t¢] provided (z(to), Y(to), V(to)) €
Q,yv(B) and e < €522, Define the new region Ryy(n) :=
{Zy. V) 1 1I(y,V) = (#2(2), p2())Il < m}. By the continuity of

(32)



¢1 and the triangular inequality, it follows that for al g > 0
there is n > 0 such that Ryyv(17) C Reyw(B8). Since Q,y.v(B) is
an arbitrary compact subset of R,y.(8), it can be chosen such
that Q,yv(8) = Qzyv(17) for Qyv(17) a suitable compact subset
of Rey(17). Since R,y (1) = G(Ruxv(n)) and G is a continuous
mapping, we have that for all compact sets Q,y.(17) € Reyv(1)
there is a compact set Qy xv(17) € Ruxv(17) such that Q,y(17) =
G(Quxv(n). As a consequence, equations (32) hold provided
e < 2 and (U(to), X(to), V(to)) € Quxv(n) With Quxy(n) =
G H(Qzy(n)). Define o2 := 7.

Case 3: e2/e1 — o as e — 0. In this case, only the change
of coordinates z= Tu+ Mx is applied to system (1), leading
to the system in the new coordinates

z=g(T "z~ Mx),1),

ax=f(z x) + i—:Cs(x, V), (33)

eV = DsS(x, V) + (V) + e2h(v, t).

Let X = ¢«(2) be the locally unique solution to the equation
f(z. X) = 0 (in which we have that ¢,(2) = Q" }[¢2(2) — Pé1 o
#2(2)]) and let Z(t), V(t, €2) be the unique solution of the reduced
system

z=9g(THz- M¢x(2).1)
eV = DS(¢x(2), V) + (V) + e2h(v, t)

for t € [to, tf] with Z{t) = Z(tp) and V(to) = V(to) (uniqueness
of the solution follows from Assumptions A2 and A5). As-
sumption A9 further guarantees that the boundary layer system
is locally exponentially stable. For some g8 > 0 sufficiently
small, the region of attraction contains the set of x such
that [x — ¢x(z(to))ll < B. Define the set Ryx(B) = {(zX) €
D, x Dx | [IX— ¢x(2ll < B}. Let Q,x(B) be any compact set
contained in R, x(B). From Tikhonov theorem, thereis 8 > 0
such that for all t, € (0, t], there exist €53 > 0 such that

(34)

2, e, &) — Z(t) = O(¢;) and
V(t, 1, &) — W(t, €2) = O(e) uniformly for t € [0, t¢]
X(t, €1, €) — dx(Z(t)) = O(e1) uniformly for t € [tp, t¢]

(35)

provided e1 < -3 and (z(to), X(to)) € Q«(B). In order to
obtain the approximations in the original coordinate system,
define U = T4z - Mgy(2). Since x = yx(u) is the locally
unique solution of Br(x,u) + f(x,u) = 0 and X = ¢4(2) is the
locally unique solution of Br(x, T~z - Mx)) + f(x, Tz -
Mx)) = 0, we have that ¢x(2) = Yx(Til(Z_ M¢x(2))) = yx(U).
Then, we can write Z= Tu+ Myy(u) and conclude that u(t) is
the unique solution to system (11) for t € [to, tf] with U(to) =
T Zto) — Mex(Z(t))]. By employing the coordinate change
z=Tu+ Mx as performed in Case 1, we finally obtain that

U(t, €1, Ez) - U(t) = 0(61) and
X(t’ €1, 62) - yX(U(t)) = O(El)a

uniformly for t € [to,t;] provided e < €53 and
(z(to), X(to)) € Qzx(B). Since R.x(B) is the image of Ry, x(5)
under the continuous map ¥, for any compact set Q,x(B) c
R.x(8), there is a compact set Q,x(8) C Rux(8) such that
Q,x(B) = F(Qux(B)). As a consegquence, equations (36) hold

(36)

provided e1 < €23 and (u(to), X(to)) € Qux(B). By Proposi-
tion 3, for al B > 0 thereisn > 0 such that (u, X, V) € Ryxv(n)
implies (u,X) € Rux(B). Let Quxv(n) < Ruxv(n) be any
compact set. Then, (u, x,V) € Quxv(n) implies (u, X) € Qux(B)
for some compact set Qux(8) € Rux(8). As a consequence,
equations (36) hold provided (u(to), X(to), V(to)) € Quxv(n). Let
a3 =
By combining Case 1, Case 2, and Case 3, the result of the
theorem follows with @ = min(@®®®?1, o2 oCa3) G; =
1/€; with € = min(e® !, €522 C223) and G, 1= 1/(ejus3).
[ ]
By combining the results of the lemmas, we can obtain the
main result of the paper.

Theorem 1. Under Properties P1-P2 and Assumptions Al-
A9, system X has the retroactivity to the output attenuation

property.

Proof: By virtue of Lemma 1, we have that there is
a1 > 0 such that for al t, € (to,tr] there exists G2 > 0
such that xis(t, 1/G1) — yx(U(t)) = O(Gi) hold uniformly for
t € [t ] whenever G1 > G2 and (uis{to). Xis(to)) € Qu(a1).
Similarly, Lemma 2 shows that there is a2 > 0 such that for
al t, € (to,tr] there are G? > 0 and G} > 0 such that (i)
and (i) hold uniformly for in t € [tp, tf] whenever G; > G*{
and (u(to), X(to), V(to)) € Quxv(az). By Proposition 3, for all
a1 > 0 thereis n > 0 such that (u,x,v) € Ryxv(n) implies
(U, X) € Rux(a@1). Let Quxv(n) C Ruxu(n7) be any compact set.
Then, (U, X, V) € Quxv(n) implies (u, x) € Qux(a;1) for some
compact set Qux(a1) € Rux(ea). Letting G} := max(G2, Gb)
and « := min(y, a2), we obtain the desired result. |

Remark 1. (Retroactivity to the input) An immediate conse-
quence of Lemma 2 is the quantification of the retroactivity
to the input of system X, that is, the impact of X on the
dynamics of the upstream system. Specifically, one can make
the retroactivity to the input small by choosing the parameters
of ¥ in such a way to make dyy(u)/du small. Therefore,
dyx(u)/du can be considered as a measure of the retroactivity
to the input of system X.

V. AppLICATION EXAMPLES

In this section, we show how the interconnection structure
of system (1) is found in bio-molecular systems extracted
from natural signal transduction pathways and how it can be
used to build insulation devices. In particular, we consider as
system X two post-trandational modification systems which
are recurrent motifs in signal transduction: phosphorylation
cycles and phosphotransfer systems. In both examples, the
system output is connected to the downstream system through
the binding of transcription factors to DNA. Studies show that
this type of interaction can be much faster than, much slower
than or of the same order as the post-translational modification
processes analyzed here. For example, [35] gives a first-order
reaction rate of 40s™! for DNA-protein interaction, while [33],
[34] give first-order reaction rates ranging from 10-'s™* to
10*s for phosphorylation cycles and phosphotransfer sys-
tems. Therefore, in this application, it isimportant to show that
the retroactivity to the output attenuation property holds when



the downstream interconnection dynamics are of the same
order as, much faster or much slower than the dynamics of
system X. Phosphorylation cycles are among the most common
intracellular signal transduction mechanisms. They have been
observed in virtually every organism, carrying signals that reg-
ulate processes such as cell motility, nutrition, interaction with
environment and cell death [42]. In this paper, we describe
a phosphorylation system extracted from the MAPK cascade
[33], similar to the device proposed in [11]. While in [11] the
timescales of the downstream interconnection and that of the
phosphorylation cycle are the same, here we consider the situa-
tion in which the timescale of the downstream interconnection
is much faster than that of the phosphorylation cycle reactions.
Phosphotransfer systems are also a common motif in cellular
signal transduction [43], [44]. These structures are composed
of proteins that can phosphorylate each other. By contrast
to kinase-mediated phosphorylation, in which the phosphate
donor is usually ATP, in phosphotransfer the phosphate group
comes from the donor protein itself. Each protein carrying
a phosphate group can donate it to the next protein in the
system through a reversible reaction. In this paper, we describe
a module extracted from the phosphotransferase system [45].
In this example, we consider all the three possibl e relationships
between the timescale of the downstream interconnection and
that of the phosphotranfer device.

A. Example 1. Phosphorylation
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Figure 2. System X is a phosphorylation cycle. Its product X* activates
transcription through the reversible binding of X* to downstream DNA
promoter sites p.

In this section, we analyze the dynamics of a system X
modeling a phosphorylation cycle as shown in Figure 2.
This system takes as input a kinase Z that phosphorylates
a protein X. The phosphorylated form of X, denoted X*,
is a transcription factor, which binds to downstream DNA
promoter binding sites p. Therefore, the downstream system
in terms of Figure 1 is the binding and unbinding process
to DNA sites. The phosphorylated protein X* is converted
to the original dephosphorylated form by phosphatase Y. A
standard two-step reaction model for the phosphorylation and

. . . i B Ky
dephosphorylation reactions is given by Z + X = C; —

B2
X*+Zand Y +X* = C, 2% X + Y, respectively, in which
C, and C;, are the ci)mplexeﬁ of protein Z with substrate

X and of protein Y with protein X*, respectively [46]. The
binding reactions of transcription factor X* with downstream

binding sites p are given by X* + p ::” C, in which C is

ff

the complex of X* bound to site p. In this system, the total
amounts of proteins X and Y and the total amount of promoter
p are conserved. Their total amounts are denoted X1, Y, and
pr, respectively, so that the conservation laws are given by
Xt =X+ X +C1+Co+C, Yy =Y +Cy, and PT =X*+p.
Assuming Z is expressed at time-varying rate k(t) and decays
at rate §, the differential equations for the concentrations of the
various species of system X when connected to the downstream
system are given by

Z =k(t) = 6Z = B1Z(Xt = X* =C1 = C, - C)
+ (B2 + k1)C1
Ci = B1Z(Xr = X* =C1 = Cy — C) — (B2 + k1)C1
Co = —(ka + @2)Co + a1 X*(Yr — Cp)
X* = kiCqp + @2Cs — e X* (Y1 = C2) + kot (C
— konX*(pr - C)
> = —kot£C + konX*(pr = C).

(37)

A common approach to take a system to the standard
singular perturbation form is to rewrite it in terms of non-
dimensional variables [25], [30]. To this end, let k :=
max; k(t)/6 and define the non-dimensional input k(t) :
k(t)/(6K). Define dso the neN variables u := % Xy =
% Xo 1= )C(j X3 1= %, v:= £ and T = 6t. For a variable
X, denote x := dx/dr. The system (37) in these new variables
becomes

U=R(t)—U—'Blg(TU(l—Xl—XZ—Xs—EV)

Xt
(B2 + ki) Xt
+——X
ok
. Bk pr B2+ ki
=2 1= X =% — xa — =Ly -
X1 = s u X1 — X2 — X3 XTV 5 X1
. k2 + a2 a1 Yt Xt
=272 1-— 38
X2 5 Xt =5 v, (38)
k]_ (0% C&'lYT XT
_ _= _“ _ 1_ _
BESATTRT TS Yy 2
prkott KonpPr
_ 1-
Xro 5 X3(1-V)
X
_|<05ff kor;S TX3(1—V)

In this example, we assume the parameter kot¢ to be much
larger than ki, ko, a1YT, a2, B1Xt, B2, which are in turn
much larger than 6 [10], [32], [33], [35]. This timescale
differences can be made explicit by defining the large pa-
rameters G; := & and G, := <%, in which G, > Gy > 1.
Define also the non- dimensional constants al = ‘“YT , Qo

2 b= B by = 0= Fandc, = _ Define dso
the dlssouanon constant kg = koff/kon By employmg these




constants, system (38) can be re-written as

U:R(t)_u_GlblU(l—Xl—Xz—Xs—%V)

T
XT(bli + 1) X

: b,k
X]_ZG]_LU 1—X1—X2—X3—&V —G]_(b2+1)X1
Xt Xr

+G1

X2 = —=G1(C2 + @) X2 + Grar Xz (1 — pX2) (39)

X3 = G1X1 + GrapXe — Giagxz (1 — pX2) + Gz%v
- GZ%XS(l -v)

=-Gyv+ Gz%Xg(l — V).
The domains for the variables of this system are given
by Do = Ry, Dy := [0,1] x [0,1] x [0,1], and
Dy := [0,1]. Compare system (39) with the structure
of model (1). The retroactivity to the input term r =
—byu(1- X1 — X2 — X3 — (pr/X7)V)+ (X7 (b2+1)/K) X1 isafunc-
tion of the downstream system state v. This implies that the
retroactivity to the output of impacts directly the retroactivity
to the input. In order to remove this effect, and therefore, match
the structure of system (1), in which r does not depend on v,
we require the ratio pr/Xr to be small enough so that the
term (pr/Xt)v becomes negligible with respect to one, since
v € [0, 1]. This assumption gives a limit to the amount of load
that can be added to the system for any fixed value of Xr.
Under this assumption, the system fits the structure (1) with
g(u.t) = k(O —u, r(x U) = biu(l - x1 — X — Xg) = Py,

0
[fxu) =| —(Co+ ax +aixs (1 - pxo)
Txa(l-v), 00A = -1,B =

X1 + axXe — arxz (1 — pXo)

I(v) = 0, hv,t) =
[k/XTOO] - 00 -1] adD = X
By inspection of the matrices A, B, C and D,
can choose matrices T = 1L M = [2 0 0],Q =
Is (3 by 3 identity matrix) and P = [ 0 0 2 |" that sat-
isfy properties P1 and P2. This can be verified by checking
that indeed TA+MB =0, Mf(x,u) =0, MC =0,QC+PD =0
and, trivialy, Pl(v)=0. The linear coordinate transformation
that takes this system to the standard singular perturbation
form is, thus, given by z := Tu+ Mx = u+ X—kal andy =
(Y1, Y2,¥3) i= Qx+ Pv = (Xl, X2, X3 + %V)-

Since we are considering the case in which G; <« Gy, it is
necessary to show that technical assumptions A1-A7 and A9
are satisfied. For brevity, we show the properties A3, A6 and
A7 only. Expression h(y, V) = 0 leads to prV? — V(X7ys + pr +
kg) + X1y3 = 0 which leads to the unique isolated solution v =
oY) = Xrys+pr +ka— \/(xry3+pT+kd)2 ~4PTX%s in the domain Dy =

[O,1]. This function is L|psch|tz continuous as the argument
of the sgquare root is bounded away from zero and thus A3
is satisfied. The Jacobian matrix "h(y") evaluated at v = ¢1(Y)

_ = - \/(XTys + Pr + ka)? — 4pr XrYs,
in which the argumé’)ﬁt(y)C)f the square root is always bounded

, (X, V) = =L

is given by
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Figure 3. Output response to a sinusoidal signal k(t) = 6(1 + 0.5sinwt) of
the phosphorylation system X. The parameter values are given by w = 0.005,
6=0.01, Xy = 5000, Yy = 5000, a1 =81 = 2x 107G, and ap = B = ky =
ko = 0.01G3, in which G; = 10 (left-side panel), and G; = 1000 (right-side
panel). The downstream system parameters are ky, = 100, kot = 100 and,
thus, G, = 10000. Simulations for the connected system (s # 0) correspond
to pror = 100 while simulations for the isolated system (s = 0) correspond
to pror =0.

away from zero. Therefore, A6 is satisfied. The Jacobian %5

A -B B o
X 2 6
gives 2 (,y 0 -C_ D_ |,inwhichy=1-§ d;sy,
1 -c+C -D

A by +1+(1- y1 — Y2 = Y3+ (pr/X1)da(y)) + (k/ %)z~ Y1,
= (k/%1)z=y1. C = ¢z + & + asp(ys — (Pr/X%1)da(¥)), D =
aln (1 - py2). We show that this Jacobian matrix is Hurwitz
by employing the Routh-Hurwitz criterion. Note first that A
B, € and D are al positive terms. The characteristic _equation
of the Jacobian is given by A(1) = A3 + 22(A+ C + D) +
A(AC + AD +cD + B) + cAD + B(C + D). Employing Routh-
Hurwitz method, the terms in the first column of the Routh-
Hurwitz table are given by pg = 1, s = A+ C + D, pi =
(A+ ¢+ D)(AC + AD) +cD(€ + D) + nB(A + D) - BD, and
= (cAD +5BC + BD). Provided that X7 is large enough, all
the coefficients are positive and, therefore, the real part of all
eigenvalues of "h(y") is negative and property A7 is satisfied.
Similarly, it is posable to show that assumptions A4, A5 and
A9 are satisfied.
Figure 3 shows that, for low values of G, the system does



not attenuate the retroactivity to the output s as the permanent
behavior of the isolated and connected systems are different.
By contrast, and in accordance to the theory, large values of
G; lead to retroactivity to the output attenuation. Note also
that this property is achieved even if the gain G, multiplying
the state-dependent disturbance s(x, v) is much larger than G .

In practice, while reactions rates k1, ko, @2 and 3, are often
much larger than 6, constants a3 and 31 may not achieve such
high values [33]. It is, however, possible to compensate for
this and obtain the desired timescale separation by having
larger amounts of Xt and Y. Large values of X1 and Yt are
also instrumental in removing the direct effect of retroactivity
to the ouput on the retroactivity to the input. Finadly, large
values of Xr and Yr are aso necessary to guarantee the
stability of the boundary layer system, as concluded when
showing that property A7 holds. In a synthetic bio-molecular
system, expression level of proteins X and Y can be tuned by
having their respective genes under the control of inducible
promoters. It is therefore possible to tune this system so that
the retroactivity to the output attenuation property holds.

B. Example 2: Phosphotransfer

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

%5\
Ao’

Figure 4. System X is a phosphotransfer system. The output X* activates
transcription through the reversible binding of X* to downstream DNA
promoter sites p.

In this section, we model the phosphotransfer module shown
in Figure 4. Let X be a transcription factor in its inactive
form and let X* be the same transcription factor once it has
been activated by the addition of a phosphate group. Let Z*
be a phosphate donor, that is, a protein that can transfer its
phosphate group to the acceptor X. The standard phospho-
transfer reactions [34] can be modeled according to the two-

k k
step reaction model Z* + X = C = X* + Z, inwhich C; is

the complex of Z bound to )gz bountléi4 to the phosphate group.
Additionally, protein Z can be phosphorylated and protein X *
dephosphorylated by other phosphotransfer interactions. These
reactions are modeled as one step reactions depending only on
the concentrations of Z and X*, that is, Z = Z*, X* 2 X.
Protein X is assumed to be conserved in the system, that is,
Xror = X+C1+ X*+C. We assume that protein Z is produced
with time-varying production rate k(t) and decays with rate
6. The active transcription factor X* binds to downstream
DNA binding sites p with total concentration pror to activate
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. . . Kon
transcription through the reversible reaction p + X* = C.

Kot f
Since the total amount of p is conserved, we also have that
C + p = pror. The ODE model corresponding to this system
is thus given by the equations

Z =K(t) - 6Z + ksCy — kyX*Z - mZ

: X C C
— X [1- 2 - 22— 2|z —keCi — keC
Cy lT( X %o XT) 3C1 — koCq
+ k4 X*Z
Z:7T12+k2C1—k1XT(1—X—T—X—T—X—T)Z

X* = kaCqp — kaX*Z = konX*(Pr = C) + Kot 1C — m2X*
C = konX"(pr — C) — kot 1C.

As performed in Example 1, we introduce non-dimensional
variables for this system. Let k := max k(t)/¢6 and define the
non-dimensional input k := k(t)/(6k). Define also the non-
dimensional variablesu:= £, % = 3+, %o = &, X3 = &, V=
£ and 7 := é6t. For a variable x, denote x := dx/dr. System
&0) in these new variables becomes

u—k(t)—u+k3—>ﬁxl—% LYY
. sk 5 5
kik k
xlzé_(l— 1—x3—%v)x2—gxl—§xl
kak
+TX3U
. m ksz k1XT Pr (41)
Xp =5 6E_ 1= 5 (1 1-X3 XTVXZ
_ks kak KonPT Kot 1 PT
X3 Exl_szu_ 5 x3(1—-v) + e
_T
5X3
XTkon I<off
V= ——x(l-v) - —v

Phosphotranferase reactions are much faster than gene expres-
sion and protein decay rates [34]. To make this timescale
separation explicit, we define the large parameter G = %_>> 1
and define the non-dimensional constants k; = XXT kg =
K, k=5 7= B and 7, = 2. Thefact that the process

ko
of protein binding and unbinding I(tzo promoter sites is much
faster than protein production and decay [10], [32] is made
explicit by the ratio G, := <+ > 1. In this example we do
not make any assumption on the relationship between G; and
G,. Let aso the dissociation constant be Ky := koff/Kon. BY



using these constants, system (41) can be written as

- ksX - _
U=k()—u+ Gl—gilxl — G1kaXxzu — Gymyu

. kik —
X1 = G]_i 1- X1 — X3 — EV Xo — legxl - G]_X]_
X X

k4k
+G1— XT

. — X —
Xo = Gimu + G]_TTX]_ - G]_k]_ (1— X1 — X3 — %V) Xo (42)

T

. — k _
X3 = G]_k3X1 - G]_;‘;XQ,U — GumoXz — GZEX3(1 — V)
T

kg

Pr
+G2XTV

Xt
VG2

kg x3(1—V) — Gov.

The domain for the states of this system are givenby D, = R,,

Dy = [0,1] xR, x [0,1] and D, = [0, 1]. Compare system

(42) with system (1). In system (42), the interna dynamics
klk(l X1 — X3 — ﬂv)xz—xl

term is given by f = kal—kl(l xl—xg—ﬂv)xg and

KaXq — k“;LIX3 - 7T2X3
it depends on output term v. Therefore, in order for system
(42) to fit the structure of system (1), we require that the
ratio pr/Xt to be small enough so that (pt/Xt)v becomes
negligible with respect to 1 in the term (1— X1 — X3 — (p1/X7)V),
as v € [0,1]. This assumption, in practice, limits the amount
of load this insulation device can accommodate for a given
amount of Xr. Under this assumption, system (42) fits the
structure of model (1) with g(u ) = k(t) — u, r(xu) =

kX = M1 - %) %o — X
[ %Xl__f&u }, f(X,U) >|((TX]_—|(1(1 X1—X3) X2 |,
i kaxa — < uxs — g
V) = —fxal - V) + Lyl = 0 hvt) = O
% 0 o }
-[11,8B= 0 -1/|.C= andD = - X,
00 1

By inspecting matrices A, B, C and D it is possible to
choose matrices T = 1, M = [X—kT 10], Q=1I3zandP =

[ 00 ¥ ]T, which satisfy properties P1 and P2. This
can be verified by checking that indeed TA + MB = 0,
Mf(x,u) =0, MC =0, QC + PD = 0 and, trivialy, Pl(v) = 0
By applying the linear coordinate transformation given by
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z=Tu+ Mx and y = Qx + Pv, we obtain the system
. X
7= K(t) - (z— —klyl—yz)

) ki k —
€y1 = i(1—)/1—)/3+ %V)YZ—K?M—W
T T

X
ksk pr Xt
X_T (Y3 Xt V) (Z - Tyl - Y2)

avr=m(z- 2y —yo] +yi -k [1-yi—ys + 2v)y,
X7 X7

) — k X
e1ys = kayr — % (Y3 - %V) (Z— Ly, - Y2)

k
— 72 (Y3 - %V)

X
€V = Ej(yg—%v)(l—v)—v.

(43)

In this example, we do not claim any relationship between
G; and Gy. In this the situation it is necessary to show that all
assumptions A1-A9 are satisfied to prove that the retroactivity
to the output property holds. For brevity we restrict to show
that assumptions A3, A6 and A7 hold. _

As in the phosphorylation system, we have that h(y,v) =
«(Xrys — prv) — v. Therefore, A3 and A6 are satisfied as it
was for the phosphorylation system.

Since the function ¢q(y) = Pk “'(y“p”k“)z Apr¥s
sufficiently smooth (the argument of the square root is
bounded away from zero) we defme the dlffeomorphlsm
W= ¥0) = [y ¥2 vs-4u) | Define fzw) :
f(zy, ¢1(y))| i)’ Since under a diffeomorphism the lin-
earization of a nonlmear system is invariant [47], it is suffi-

cient to show that ‘”‘L"") - is Hurwitz. We have that
w=(¢42(2)

) CE_pE pBoAB-¢ )
%: ”1+E —7r1~—B % , inwhich p = x_kT
o E A :D 7
A= k4kW s B XT(l W1 — W3) sz, D k4k(Z——— )
E=ks+%andF = k2 + & C . The characteristic equation of
this Jac blan is given by A(/l) A3+ A2(E + pF + 7+ T +

B+ D)+ /1(711712 + Akg/p + 7T1k3 + 7T1D +mB+ BD +p7r1F +
BE + pDF + mB + EC + mE + pmoF) + muoks + m1Cks +
p7l'17T2F + pﬂ'lDF + mBE + mmB + mBD + mAE. Write the
characteristic equation as A(1) = A% + @24 + a1 + ap Where
a; are implicitly defined. The terms on the first column of the
Routh-Hurwitz table are given by 1, a2, (a1a2 — ag)/az and
ap. Since all a; are positive, we are guaranteed to have only
positive terms on the first column of the Routh-Hurwitz table
if aza1 —ap > 0. In particular, the term a2a1 — ap can be
reduced to asa; — ap = p + n1k2k4k(z— e w,) - %,
in which the term ¢ > 0. It remains to show that koks[71(z—
Wi/p — W) — moWs/p] = 0 on the manifold w = ¥Y(¢2(2)).
From the system of equations f(x,y,#1(y)) = 0, one can
obtain the identity 2(ys — prea(y)/Xr) = pr1i(z = Yi/p = ¥2)-
Substituting y = W~'(w) in this identity, we obtain that
oW —m1(Z—Wy/p—Ws) = 0. Asaresult, apa1—ap = u > 0and

()f(z,w) . . . .
thus, the Jacobian matrix W ((2) 1S Hurwitz satisfying
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Figure 5. Output response of the phosphotransfer system with a periodic
signal k(t) = §(1+0.5sinwt). The parameters are given by ¢ = 0.01, Xr = 5000,
ki = ko = kg = kg = 11 = mp = 0.01G; in which G; = 1 (left-side panel), and
G;1 = 100 (right-side panel). The downstream system parameters are given
by kg = 1 and kor¢ = 0.01Gy, in which G, assumes the values indicated on
the legend. The isolated system (s = 0) corresponds to pror = O while the
connected system (s # 0) corresponds to pror = 100.

condition A7.

We illustrate the retroactivity to the output attenuation
property of this system using simulations for the cases in
which G; > G, Gy = G, and G; < G,. Figure 5 shows that,
for a periodic input k(t), the system with low value for G;
suffers the impact of retroactivity to the output. However, for
alarge value of G;, the permanent behavior of the connected
system becomes similar to that of the isolated system, whether
G » Gy G = Gy or G; < Gy. Notice that, in the
bottom panel of Figure 5, when G1 > Gy, the impact of the
retroactivity to the output is not as dramatic as it is when
Gy = Gy or G; < Gy. This is due to the fact that s is scaled
by G, and it is not related to the retroactivity to the output
attenuation property. This confirms the theoretical result that,
independently of the order of magnitude of G, the system can
arbitrarily attenuate retroactivity for large enough G1.

V. CONCLUSIONS

In this paper, we have proposed a mechanism for attenuating
the retroactivity to the output of a bio-molecular system which
is based on timescale separation. A special structure found in
bio-molecular systems alows the attenuation of state depen-
dent disturbances that enter the dynamics through arbitrarily
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large gains. This attenuation can be achieved even when the
internal system gains are several orders of magnitude smaller
than the gains that multiply the disturbance. One structural
assumption at the basis of our result is that the retroactivity
to the input r of the system and the vector field f do not
explicitly depend on the variables v of the downstream system.
In future work, we will investigate how the retroactivity to
the output attenuation property may be relaxed when both the
retroactivity r and the function f depend on v.

We illustrated this mechanism by presenting two instances
of bio-molecular systems that have the capability of attenuat-
ing the retroactivity to the output based on timescale separa-
tion. These are a phosphorylation cycle and a phosphotransfer
system, which are ubiquitous in natural signal transduction
systems. Our finding suggests that a reason why these systems
are fundamental building blocks of natural signal transduction
systems is that, in addition to their well recognized signal
amplification capahility, they can attenuate retroactivity to the
output and therefore enforce unidirectional signal propagation.
This property is certainly desirable in any signal transmission
system, natural or engineered. More interestingly, this finding
suggests that phosphorylation and phosphotransfer systems
can be employed in synthetic bio-molecular circuits to attenu-
ate retroactivity and to thus allow modular interconnection of
synthetic circuit components.
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