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SUMMARY

Evolution repeatedly converges on only a few regula-
tory circuit designs that achieve a given function.
This simplicity helps us understand biological net-
works. However, why so few circuits are rediscov-
ered by evolution is unclear. We address this ques-
tion for the case of fold-change detection (FCD):
a response to relative changes of input rather than
absolute changes. Two types of FCD circuits recur
in biological systems—the incoherent feedforward
and non-linear integral-feedback loops. We per-
formed an analytical screen of all three-node circuits
in a class comprising ~500,000 topologies. We find
that FCD is rare, but still there are hundreds of
FCD topologies. The two experimentally observed
circuits are among the very few minimal circuits
that optimally trade off speed, noise resistance,
and response amplitude. This suggests a way to un-
derstand why evolution converges on only few topol-
ogies for a given function and provides FCD designs
for synthetic construction and future discovery.

INTRODUCTION

Diverse regulatory systems in cells were recently found to
respond to relative changes in input signal rather than to abso-
lute changes (Lazova et al.,, 2011; Lee et al., 2014; Larsch
et al., 2015). This feature is called fold-change detection (FCD).
A system with FCD shows a dynamical output profile, including
amplitude and response time, that is independent of multiplying
the input by a constant. For example, a step in input signal from 1
to 2 results in exactly the same dynamical output profile as a step
from 2 to 4 (Figure 1A), because both steps have the same fold
change.

FCD combines two important features often found in sensory
systems: Weber’s law (Weber, 1905; Mesibov et al., 1973; Adler
et al., 2014) and exact adaptation (Barkai and Leibler, 1997; Yi
et al., 2000). Weber’s law states that the response amplitude is
proportional to the fold change in input. FCD implies Weber’s
law and in addition demands that the entire dynamical response
profile, including response time, be a function only of fold change
in input. All FCD systems also have exact adaptation, in which

the steady-state output is independent on input level, but not
all systems with exact adaptation have FCD, including the impor-
tant example of linear integral feedback (Yi et al., 2000; El-Sa-
mad et al., 2002, 2005b).

The FCD property was defined experimentally and theoreti-
cally in the Wnt system (with Wnt signal as input and gene
expression and embryo morphology as output; Goentoro and
Kirschner, 2009; Goentoro et al., 2009) and in bacterial chemo-
taxis (input: chemoattractant; output: cheYp and tumbling fre-
quency; Shoval et al.,, 2010; Lazova et al., 2011; Hamadeh
et al., 2013). FCD was recently found experimentally in another
signaling pathway, NFxB (input: NFkB level; output: gene
expression; Lee et al., 2014). The dynamics of dictyostelium
chemotaxis signaling measured by Takeda et al. (2012) shows
hallmarks of FCD in response to extracellular cyclic AMP
(cAMP) steps, as was discussed by theoretical analyses (Skata-
ric and Sontag, 2012a; Adler et al., 2014). Sensory neurons in
C. elegans were found to show FCD in response to odorants
(Larsch et al., 2015). FCD is likely to occur also in drosophila
wing development (Wartlick et al., 2011; Hironaka and Morishita,
2014) and has been suggested theoretically to appear in immu-
nology (Sontag, 2015), cell growth (Furusawa and Kaneko,
2012), and in simple protein circuits (Buijsman and Sheinman,
2014; Olsman and Goentoro, 2016). FCD circuits have also
been constructed synthetically (Kim et al., 2014; Table 1).

Itis not easy for a circuit to achieve FCD, because the ability to
detect fold change places constraints on the dynamics of the
entire response. Theoretical work provided general conditions
required for FCD (Shoval et al., 2010) and focused in detail on
two main circuit designs: the incoherent type-1 feedforward
loop (I1FFL) (Goentoro et al., 2009) and the non-linear integral
feedback loop (NLIFL) (Tu et al., 2008; Shoval et al., 2010;
Figures 1B and 1C). In both circuits, an internal variable x rises
with the input signal but inhibits the output y in a way that normal-
izes out the input steady-state level.

FCD circuits were further studied theoretically. Hart et al.
(2013) showed that the response of FCD circuits to multiple
simultaneous signals is determined by the product of their fold
changes. Marquez-Lago and Leier (2011) analyzed the stochas-
tic behavior of FCD circuits. Shoval et al. (2011) generalized the
FCD property, which is an invariance of the output to multiplying
the input by a scalar (hence FCD is sometimes called scale
invariance), to other forms of invariance. For example, recent
work on endocrine circuits identified a class of circuits that
shows invariance to certain physiological parameters, a feature
called dynamic compensation (Karin et al., 2016).
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Figure 1. Search for Fold-Change Detec-
tion Circuits
(A) Fold-change detection provides an output
profile that depends only on the fold change in the
input.
(B and C) The two known naturally occurring
FCD circuits are the type 1 incoherent feedforward
loop (I1FFL) (B) and the non-linear integral feed-
back loop (NLIFL) (C). NLIFL occurs in bacterial
chemotaxis, where the autoregulation is due
to the exponential dependence on receptor
methylation of the receptor affinity to ligand, as
described in Tu et al. (2008) and Shoval et al.
(2010).
(D) A non-FCD circuit included in the class we
screen.
(E) Notation for the interactions included in the
. uy screen. Activation and inhibition are in blue and
y=Cy-b x red, and effects on production and degradation
rates are solid and dashed arrows, respectively.
(F) Symbol that represents zero-order degradation.
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Experimentally, only two FCD circuit designs have been found
so far (Table 1). The NLIFL (Figure 1C) is found in bacterial
chemotaxis, and the I1FFL (Figure 1B) is found in all other sys-
tems. Here, we ask whether there are additional possible FCD
regulatory circuits, and if so, how many? If there are many
possible circuits, can we provide a rationale for why only two
have been observed in the different biological systems studied
so far? Do the two observed circuits have some functional
advantage over the other possible FCD designs?

To address these questions, we develop a framework to
analytically scan a wide class of circuits for the FCD property.
We build on previous work that searched for features, such as
robust morphogen patterning (Eldar et al., 2002, 2004), exact
adaptation (Ma et al., 2009), ultrasensitivity (Shah and Sarkar,
2011), bistability (Yao et al., 2011), and cell polarization (Chau
et al.,, 2012; Wang et al., 2013). Of special relevance is a screen
for approximate FCD in a model of three enzymes by Skataric
and Sontag (2012b), which defined a general principle for FCD
based on separation of timescales between components. These
screens faced the challenge of scanning many values for the
biochemical parameters in each topology (topology is defined
by the interactions in the circuit, and parameters describe the
strength of each interaction). Therefore, these screens were usu-
ally limited to ~10* topologies.

To bypass the need for exhaustive parameter scans of each
topology, we developed an analytically tractable class of regula-
tory circuits that allows us to solve for all values of parameters at
once. This allowed us to screen a class of half a million circuit to-
pologies. We find that the FCD property is very rare (0.1% of cir-
cuits), but we still discover hundreds of different circuit topol-
ogies that provide exact FCD. We then ask what is special
about the two experimentally observed FCD topologies. We hy-
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o degradation

pothesize that the observed circuits
show optimal tradeoff between key
tasks. To test this, we use a Pareto opti-
mality approach (El Samad et al., 2005a;
Shoval et al.,, 2012; Warmflash et al.,
2012; Szekely et al., 2013; Boada et al., 2016). We demonstrate
that the two topologies observed in biological systems are
among the very few that show an optimal tradeoff of amplitude
versus speed and amplitude versus noise resistance.

L

oF--0

RESULTS

Screen of a Wide Class of Three-Node Circuits for
Stability, Adaptation, and FCD

We consider a class of circuit models that covers a large number
of topologies and is yet analytically tractable. The circuits have
three nodes: input u; internal node x; and output y. The dynamics
of x and y is governed by differential equations:

dx

E:f(u7x7y); (1)
dy

G- 9uxy). @

We employ biochemically reasonable forms for the functions f
and g. Both functions are described as the difference between
a production term and a removal term. These terms are often
modeled by Michaelis-Menten-like terms (e.g., x/(x+Ky) for
activation; Ky/(x + Ky) for inhibition). To capture the activation
and inhibition forms in a way that is tractable, we use a simplified
S-systems approach (Savageau, 1988): each term is a product of
X, Y, and u to the power of 0, 1, or —1. A zero power indicates no
interaction; a +1 and —1 power indicate activation and inhibition,
respectively. The S-systems form can be considered as the
product of Michaelis-Menten-like terms in which the variable is
much larger than K. This range (x > Ky) is the relevant range



Please cite this article in press as: Adler et al., Optimal Regulatory Circuit Topologies for Fold-Change Detection, Cell Systems (2016), http://dx.doi.org/

10.1016/j.cels.2016.12.009

Table 1. Examples of Biological Systems that Show FCD or Have Been Suggested to Show FCD

Timescale of X/
Timescale of Y

Ref.

Evidence

Circuit
NLIFL

System

Lazova et al., 2011

experiment

CheY-P (protein)
tumbling rate

receptor methylation

chemoattractant

Chemotaxis, E. coli

Lee et al., 2014

inducible gene ~1 experiment

(e.g., IL8)

competitor (plausible

NF-kb (transcription

factor)

I1FFL

NF-kb, Hela cells

candidate: p50/p52

homodimers)

Takeda et al., 2012

experiment

~1

Ras-GAP (protein) Ras-GTP (protein)

cAMP (chemoattractant)

I1FFL

Chemotaxis, Dictyostelium

discoideum

Larsch et al., 2015
Kim et al., 2014

experiment

~1
>>1
~1
~1
~1

AWA (neuron)
rMG (RNA)

AlA (neuron)
iMG (RNA)

odorant

Chemotaxis, C. elegans

synthetic

DNA activator
nutrient
I1FFL with NLIFL DPP morphogen

I1FFL
I1FFL

Synthetic in vitro system

Furusawa and Kaneko, 2012
Hironaka and Morishita, 2014

Sontag, 2015

theory

nutrient uptake

series of reactions

Cell growth

theory

cell number

regulatory circuit

Drosophila wing development

theory

effector T cells (cells)

Treg (cells)

antigen

Immune systems

for the two main known FCD mechanisms, I1FFL (Goentoro
et al., 2009) and NLIFL (Tu et al., 2008; Shoval et al., 2010).

We presently do not consider cooperativity, which would
involve powers larger than 1 or smaller than —1. Perhaps the
main limitation of S-systems (with any powers) is that they do
not allow multiple steady states, which can occur in certain
biochemical systems. Known FCD circuits do not require coop-
erativity and do not have multiple steady states; expanding this
study to include cooperativity and multiple steady states may
uncover additional FCD possibilities.

Thus, our class of circuits is defined by

fx,u,y) :Auﬂuxxﬂxxyﬂyx — Byt x ey 3)
g(x,u,y) =CubwxPyyby — Duw x®y* 4)

where «;, 8;€{—1,0,1} and A, B, C, and D are parameters.

Three examples of circuits in this class are shown in Figure 1,
including the commonly observed I1FFL (Figure 1B) and the bac-
terial chemotaxis NLIFL circuit (Figure 1C).

To simplify the analysis, we transform to dimensionless equa-
tions by rescaling the equations to have only one dimensionless
parameter group, T, equal to the ratio of the typical timescale of
x and y (see STAR Methods). Hereafter, we use the dimension-
less equations:

ax

E = (B xBxx yﬁyx — Y oy 5)

a
T1 F{ = P xBxy yﬂyy — Yy y“yy . (6)

Because there are 12 power parameters («j, 8;), which can
each take on one of three values, there are overall 3' ~ 5x10°
circuits.

We use a graphical notation system to denote these circuit
topologies (Figure 1E). Each circuit is represented by a graph
with solid lines for interaction in production terms and dashed
lines for interactions in the removal terms.

We further identify subclasses of circuits with special biolog-
ical meaning. Circuits in which the removal rate of a variable is
linear in the variable, as occurs for most non-saturated biochem-
ical removal processes, such as dilution and active degradation,
are called natural circuits (examples are in Figures 1B and 1C,
but not Figure 1D, which has a zero-order removal of x). There
are ~ 5.9x10* natural circuit topologies. An important subclass
of the natural circuits allows only interactions between variables
in the production terms, but not the removal terms, as occurs
in purely transcription circuits. We call this the transcriptional
circuit subclass, which includes 729 topologies (see STAR
Methods).

We next screened the circuits for features of interest, focusing
on the 99% of the circuits that have a connected topology dia-
gram. We tested whether a steady state exists. For this purpose,
we solved f(u,x,y)=g(u,x,y)=0 and analytically sought non-
zero solutions (recall that, in the present class, there is at most
one non-zero steady state). Sixty-four percent of the circuits
had a non-zero steady state (see STAR Methods).

Next, we determined the stability of the steady state by analyt-
ically computing the Jacobian (see STAR Methods). We find that
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FCD 0.1%, 644
exact adaptation 1.4%~7x103
‘stable st. st. 16%~8x10*

T E
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|

FCD 0.5%, 268

exact adaptation 3.6%~2x103

[ [ oy [

exact adaptation and FCD 4.4%, 32

0

stable st. st. 44%, 320

all 3-node circuits 312~5x10°

stable st. st. 48%~2.8x10*
‘ st. st. exists 64%~3.8x10*

connected 98%

st. st. exists 57%, 416

connected 84%, 612

Figure 2. There Are Many FCD Circuits, but
They Are Rare among the Entire Space of
Possible Topologies

(A-C) Bar plots for various circuit properties. (A)
All circuits screened, (B) subclass of circuits
with linear degradation (natural circuits), and (C)
subclass of natural circuits with interactions only
on production rates (transcription circuits) are

connected 99% shown.

(D) The dynamics of the response to a step in u
(from 1 to 2) of the two observed circuits, 11FFL
and NLIFL, are plotted as well as dynamics of
other FCD circuits found in the screen: oscillatory
response (1); small amplitude (2); and inverse
output response (3). T = 1 throughout.

We next asked which stable circuits
exhibit exact (or perfect) adaptation,
which is a pre-requisite for FCD (Shoval
et al., 2010). Exact adaptation is defined
by a y steady state that is independent

all natural 3-node circuits ~5.9x10* of u (see STAR Methods). This property

turns out to be independent of T. We
find that 1.4% of all circuits have exact
adaptation of y in response to step
changes in u. Thus, circuits with exact
adaptation are relatively common, mak-
ing up about 9% of the circuits with a sta-
ble steady state. Figure 2 summarizes
these properties.

FCD Circuits Are Very Rare but Still
There Are Hundreds of FCD
Designs

all transcriptional 3-node circuits 729 ~ We next performed a screen for the FCD

property. For this purpose, we note that
the homogeneity conditions of Shoval
et al. (2010), which are sufficient condi-
tions for FCD in general, turn out to also
be necessary for FCD in the present class
of circuits (for proof, see STAR Methods).
Therefore, we can use the homogeneity
conditions to discover all FCD circuits in
the class (see STAR Methods).

We find that the FCD property is very
rare: only 0.1% of all circuits (644) have

output, y

— ®‘
W N O/
\ AN
1.0 a——

the FCD property. All FCD circuits have
exact adaptation, but only 8.7% of the
circuits with exact adaptation have FCD.

FCD circuits make up 0.5% of natural
circuits (268) and 4.4% of transcriptional
circuits (32; in the transcriptional sub-

16% of the circuits have a stable steady state at least for some
values of the dimensionless timescale ratio 7. Most of these

(88%) have a stable steady state for all values of T.
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10 class, all circuits with exact adaptation
also have FCD). Although rare, there are
268 distinct natural FCD circuits.

The FCD circuits found here show a
symmetry where each circuit with x ~ u has a counterpart with
Xx ~ 1/u, which can be derived by transforming u—1/u. From
now on, we will consider only half of the circuits, with x ~ u.
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FCD Circuits Can Show Diverse Response Dynamics

The different FCD circuits show various types of dynamics.
Eighty-one percent have imaginary eigenvalues for some values
of T and hence can show damped oscillations (Figure 2D, circuit
1). FCD circuits that are purely feedforward (no feedback in their
graphs), such as the I1FFL, have strictly real eigenvalues and
hence never show oscillations (Figure 2D).

Half of the FCD circuits show an inverse response in which y
decreases when u increases (Figure 2D, circuit 3). The FCD cir-
cuits also differ in their amplitude and response time to a given
step change in input u. The response amplitude to a 2-fold input
step, with T = 1, varies between FCD topologies by a factor of 7,
and response time varies by a factor of 4.

The Observed FCD Circuits Are Pareto Optimal for
Speed, Amplitude, and Noise Resistance

We finally asked whether one can classify the FCD circuits based
on their dynamic features. We considered four dynamical tasks
that are thought to be important for biological circuits (El Samad
et al.,, 2005a; Savageau, 2001; Szekely et al., 2013): speed;
amplitude; economy (defined using the production rate of the in-
ternal node x); and noise resistance (deviation from steady-state
given noise in the dynamical equations).

We further considered that evolutionary processes often result
in circuits with the smallest number of interactions (Burda et al.,
2010; Friedlander et al., 2013, 2015), because mutations more
often remove an interaction than build a new one. Moreover,
interaction arrows in a circuit typically carry a fitness cost (e.g.,
cost of producing, maintaining, and cross-talk of transcription
factors; Dekel and Alon, 2005; ltzkovitz et al., 2006; Clune
et al., 2013; Kafri et al., 2016; Friedlander et al., 2016). We there-
fore compare circuits with the smallest number of interactions,
four or less, resulting in 24 natural circuits.

Because the four tasks we consider depend strongly on the
timescales of the system T, we consider separately two distinct
biological cases: (1) the first is circuits in which x and y have a
similar timescale. This occurs in IFFLs in which x is a transcrip-
tion factor and y is an output protein, for example, in the NFkB
system, or when x and y are both signaling proteins, as in dic-
tyostelium chemotaxis. (2) The second is circuits in which x is
much slower than y. This occurs in bacterial chemotaxis where
X is a receptor methylation that changes over minutes and y rep-
resents phosphorylation of CheY that changes over seconds.
We represent these cases by two typical values for T, the dimen-
sionless ratio of the timescales of xandy: T=1and T = 10 (see
STAR Methods for T = 0.1).

For these two timescale cases, we plotted how the circuits
do in all six pairs of the four tasks in response to large input
steps. We define the tasks as follows: response amplitude

is the maximal deviation of output from steady state:
a=max|y(t) — yst| . Speed is the inverse of the response time,
s=t.l, where the response time is defined by the center

of mass of the response curve tes= [tly(t) —ys|dt/
Jly(t) — yst | dt. Economy is defined by the production rate of

X, P=ufuxPxyfx, integrated over the response e= — [(P-
0

Psteady state )dt. Noise resistance is one over the numerically
computed SD of the output y around its steady state when mul-
tiplicative white noise is introduced to x and y (STAR Methods).
Each circuit is represented by a point in these two-task plots
(Figures 3, 4, and S1).

We find that there is a general tradeoff between several of
the tasks, such as amplitude and response time, as seen by
the negative overall slope of some of the scatterplots. To
seek the circuits that are the best multi-taskers, we used the
Pareto front approach (Szekely et al., 2013; Boada et al.,
2016). For every pair of tasks, we removed each circuit Q,
which is dominated by another circuit W, in the sense that W
is better at both tasks than Q. After removing all dominated cir-
cuits, we remain with the Pareto front. The Pareto front is the
set of all circuits that cannot be improved simultaneously in
both tasks.

We find that the experimentally observed circuits—I1FFL and
NLIFL—lie on the Pareto front of their respective timescale class
in terms of speed and amplitude (red triangle/square in Figures 3
and 4) and in terms of noise resistance and amplitude. The
observed circuits lie quite close to the front for most of the other
pairs of tasks.

We consider the Pareto front for speed and amplitude in more
detail (Figures 5 and S2). The two observed circuits are among
the five circuits that lie on the front. The other three circuit topol-
ogies on the Pareto fronts are interesting possible mechanisms
for future discovery. Their topology and dynamics are shown in
Figure 5 (see Figure S3 for T = 0.1).

For T = 1, the I1FFL, which occurs in large numbers in gene-
regulation networks (Alon, 2006), is the only feedforward circuit
on the front. The front has a kink in which adding one interaction
to the I1FFL results in an improvement in speed at similar ampli-
tude (circuit 04038 in Figure 5A). Other forms of incoherent
feedforward loops, such as the type-3 IFFL (I3FFL), are off the
front. This functional advantage may contribute to the preva-
lence of I1FFL compared to other incoherent feedforward topol-
ogies in gene-regulation networks (Mangan and Alon, 2003;
Mangan et al., 2006).

For T = 10, the observed NLIFL circuit (found in bacterial
chemotaxis) is one of three possible feedback designs on the
front. These topologies have similar interaction signs in which x
inhibits y and y activates x but differ by the mode of activation

Figure 3. The Experimentally Observed I1FFL Circuit Is on the Pareto Front for Amplitude versus Speed and Noise Resistance for T = 1

All natural FCD circuits with three interactions (triangles) or four interactions (squares) are plotted according to all pairs of four tasks: speed; amplitude; noise
resistance; and economy, for T = 1. The tasks are computed for a large step in input (100-fold). In each plot, the black points and dashed line are the Pareto front,
defined as the set of circuits that are not dominated on both tasks by any other circuit. The experimentally observed circuit (I1FFL with T = 1) is indicated in red
when on the front and pink when off the front. Circuits on the Pareto front are numbered and listed in Table S1. Circuits that are one interaction away from the
I1FFL are denoted in orange if they are on the front and brown if they are off the front (see Figure S1 for the same figure only for T = 0.1). The axes for speed,
amplitude, and noise resistance are the log-transformed value of the performance in each task, rescaled (after log transform) between zero and one. Economy e
can have zero or negative values for some circuits because it is defined relative to the production rate in the post-step steady state. Hence, to avoid divergence,
the economy axis is defined by log(1 +|e | )sgn(e), rescaled between zero and one, where sgn(e) is 1 when e>0 and —1 when e <0.
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Figure 4. The Experimentally Observed NLIFL Circuit Is on the Pareto Front for Amplitude versus Speed and Noise Resistance for T = 10
This figure is the same as Figure 4, except that T = 10, and the observed circuit is the NLIFL.
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Circuits topologies on the front and their dynamics in response to a large input step (100-fold) for (A) T=1 and (B) T = 10 (see the topology and dynamics of circuits
that lie close to the Pareto front for T = 1 in Figure S2, S3 for a similar figure only with T = 0.1, and Figure S4 for a version of this figure with a smaller input step,

2-fold).

(production or removal) and the presence/absence of x auto-
regulation. The T =10 circuits on the front are overall much faster
than the T = 1 circuits. One may hypothesize that, for speed, a
large separation of timescales between x and y is useful.

Up to now, we considered topologies with at most four inter-
action arrows. Adding topologies with five arrows changes the
fronts (Figure 6; tables of all circuits and their performances at
the tasks are provided in Table S1). The bacterial chemotaxis cir-
cuit (NLIFL with T = 10) remains on the speed-amplitude front,
outperforming five-interaction circuits (Figure 6B). The I1FFL
with T = 1 drops slightly below the speed-amplitude front. The
front does include, however, two circuits that are one edge
away from the I1FFL (orange markers), which may be candidates
for future discovery (circuits 04040 and 04038 in Figure 6A). We
conclude that selection for minimal number of interactions and
for the tradeoff between speed, noise resistance, and amplitude
may be good candidates for the evolutionary forces that lead to
the experimentally observed FCD topologies.

DISCUSSION

We scanned a wide class of three-node regulatory circuits for the
exact fold-change detection property. Using dimensional anal-
ysis, we could scan the full class of 3'2 circuits for all possible pa-
rameters analytically. We find that FCD is very rare, amounting to
0.1% of circuits. The FCD property appears to be much rarer

8 Cell Systems 4, 1-11, February 22, 2017

than the exact adaptation property (1.4% of circuits). Although
rare, due to the large number of possible circuits, we discovered
hundreds of different circuit topologies that can provide FCD.

We compared all natural minimal topologies in terms of four
key tasks (Savageau, 1976; Savageau, 2001; Szekely et al.,
2013): amplitude; response time; noise resistance; and econ-
omy. We find that the two observed FCD circuits lie on the Pareto
fronts for speed versus amplitude and for noise resistance
versus amplitude. In other words, no other circuit with compara-
ble number of interactions dominates the observed circuits in
both speed and amplitude or noise resistance and amplitude.
Speed, amplitude, and noise resistance are plausible as impor-
tant tasks for the natural selection of such circuits. It is often
desirable to have large response amplitude in order to overcome
molecular noise and provide a suitable biological output; rapid
responses are advantageous in order to track rapidly changing
chemotaxis gradients or to produce output proteins in time to
respond to external signals (Camas et al., 2006; Mangan et al.,
2006; Rosenfeld et al., 2002; Savageau, 2001), and noise resis-
tance is thought to be an important task due to prevalent molec-
ular noise in biological circuits (Elowitz et al., 2002; Paulsson,
2004; Raser and O’Shea, 2005; Bar-Even et al., 2006; Sigal
et al., 2006).

We suggest more generally that the limited number of topol-
ogies that optimally trade off important design features is one
explanation for why very few topologies actually appear in
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Figure 6. Adding Circuits with Five Interactions Moves the Pareto Front, but the Observed Circuits Remain on the Front or Close to the Front
Circuits with five interactions (pentagons) are shown together with circuits with three (triangle) or four (square) interactions. The observed circuits are in bright red
(on the front) or pink (off the front). Topology and dynamics of the circuits on the front are shown in response to a large step (100-fold).

biological systems (Alon, 2007; Milo et al., 2002). An alternative
possibility is experimental bias, in which the known topologies
are those that are actively tested and thus more likely to be
discovered. Our analysis presents several new FCD circuits
that are Pareto optimal and have not yet been discovered exper-
imentally. It would be of interest to see whether these are found
in biology or whether they have some disadvantage that pre-
cludes their use.

Previous use of the Pareto approach for biological circuits
compared a few topologies (Warmflash et al., 2012) for the
sign-sensitive delay property or compared different parameter
values for a single topology of a stress-response feedback cir-
cuit (El Samad et al., 2005a; Szekely et al., 2013). The present
use of Pareto optimality can in principle suggest which tasks
may have been important for the selection of the circuits (speed,
amplitude, and noise resistance in the present case). We note

that Pareto optimality can also be used in a different way when
the tasks are unknown a priori: the tasks at play can be discov-
ered from the vertices of polygonal or polyhedral structures in
data (Shoval et al., 2012; Korem et al., 2015; Szekely et al.,
2015; Tendler et al., 2015)—an approach known as Pareto task
inference (Hart et al., 2015).

The present use of a wide yet analytically tractable class—the
simplified S-systems—allows scanning of large numbers of to-
pologies for all possible parameters, without need for exhaustive
parameter sampling. Pareto optimal designs for desired biolog-
ical functions can inform the synthetic biology design of new cir-
cuits. For the point of view of fundamental scientific understand-
ing, this study aligns with the hope that important functions, such
as FCD, will be carried out across organisms by only a small set
of possible circuits, increasing the comprehensibility of biolog-
ical systems (Alon, 2003).
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METHOD DETAILS

Dimensional analysis of the S-systems dynamical equations
In order to reduce the four parameters (A, B, C, D) to a single dimensionless parameter T, we begin with our model:

d

_X = AuPuxxBxx yByx _ Buauxxanyuyx (1)
dt

dy

4= CuPurxBoybyy — Dy x50y @

We define dimensionless parameters X, y, 1 by using the following transformation

~

x=A" B* C* D* X
y:AB1 B2 Cﬁs DP4 ?

t:A“h BYz CYs DYA T

We plug this back in Equations 1 and 2 to obtain:
d(Am B™ C* D™ S(\) A™ B™ C* D™ d X Bux (A% R% (% % <\Bx (AB1 RB: Bs MBs o) Pyx
d(A" B C™ Dmﬂ:AY‘ B> Cs D" ﬁ:Au (A" B’ C* D™ X)™ (A" B C* D™ y)™
— Bu™ (A" B* C* D* X)™* (A" B G DM y)™ ®)

d(Aﬁ‘ Bf2 CPs pP« y) AP B2 g pfs g y Buy (A%1 R%2 (%3 %4 o\Bxy (AB1 RB2 (~Ba MBs )P
d(AY1 B Qe D“/’():AY‘ B2 C'° D™ EZCU (A" B™ C™ D™ X) V(A1 Bf2 CPBs phs y) vy

— Du*w (AOH B% C*% D™ S(\)axy (AB‘ B2 Cﬁs DP4 S/\)“yy. (4)

We now collect all the powers together and demand that each term in the equations will be equal to the dimensionless form, which
leads to 4 equations:

A1*D¢1 a1 Brx +B1Bxy + 71 B +agfxx +B2Bxy + 72

..C et Bux + B3 By +v3 [)—0ta+daliux + Babxy +7a — 4 (5)
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A o0+ oy B1+v1 B2 %02+ oxy B2 +ya+1

» .C%Oﬂxx*fla +oxy B3 +v3 D%+ txyBa+va _ 1 (6)

A% G Byx + oy B1—B1Byy Bo2%x %2 Byx + oy B2 — B2 Byy

G Byx + atyy B3 —BaByy —1 D%4%x —oaByx + oy Ba—Babyy +1 _ 1 (7)

AX Byx + B1Byy —B1 + 71 B2 Byx + B2Byy —B2 +v2 Cdaﬁyx +B3Byy—B3+v3+1 DmByx +BaByy—Ba+vs _ T. (8)

In the first three Equations 5, 6, and 7, each term must cancel out separately, providing 12 linear equations that we can solve to get:

noma nomb nomc nomd

T=Aden Bden Cden D den . (9)

Where:
den = (axy — Bxy)(ayx — Byx) — (axx — Bxx)(ayy — Byy)

noma = ayy(—1+axx — Byx) + Byx + axypyx + Byy — axxpyy + ayx(—1 — axy + pyy)

nomb = — (1+Bxy)Byx+ayy(1 — Pxx+ Byx) + ayx(1+ Bxy — Byy) + (—1+ pxx)Byy

nomc = axy(1 + ayx — Bxx) + (— 1+ ayy)Bxx — (1 + ayx)Bxy + axx(1 — ayy + Bxy)

nomd = Bxx + Bxy + axy(—1 + Bxx — Byx) + BxyByx — BxxPyy + axx(—1 — Bxy + Byy).

Definition of natural and transcriptional circuit subclasses

Natural circuits are defined by oy = 1 and «, = 1, which reduces the space of possible circuits from 3210 3'°. Transcriptional circuits
are defined by axx =1, oy =1, and all the rest of the degradation rate powers equal to zero, wj; =0, (i#/). This reduces the number of
circuits to 35,

Analytical screen of circuit properties

A circuit is connected when u is connected to x or y: (aUX;&O\/auyq&O\/ﬁux;EOVﬂuy;&O) and x is connected to u or y: (au#

OV ayx#0Vay, #0V g, #0V B, +#0V g, +0)andy is connected to u or x: (ayy #0V ayx #0V ey #0V 8, #0V 8, #0V B, +0).
The steady-state is given by

(’luX*Bux)(“YV*Byy)*(“\/X*Byx) (“uy*ﬁuy)
(axy*ﬁxy) (ayx’ﬁyx)’(lxx’ﬁxx)(ayy*ﬁyy) (10)

Xsteady state = U

(oay—Buy ) (osx—Boc) = (9y —By ) (ox—Bu)
— (oory) Gy (o) (o) (11)

ysteady state

The denominator for both equations is the same. A non-zero steady state exists unless the denominator equals 0:
(axy - Bxy) (ayx - Byx) = (axx - Bxx)(ayy - Byy) (1 2)

The steady state is stable when the determinant of the Jacobian at the steady state (Equations 10 and 11) is positive and its trace is
negative, at least for some range of the parameters (u and T). This yields the following conditions:

detd =T u?((ox — Buc) (oyy — Byy) = (3y = Byy) (%x = Byx)) >0 (13)
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trd =u" (B — txx) + TU® (Byy — ayy) <0. (14)

Where g, s, and w depend only on the powers:
q = —_d] (auxaxy - OCuxocyy - ocxy Bux + Otyy Bux + O'4uy Bxx + OLuxayy Bxx - BuyBxx + ayy Buy Bxx — Olyx Bxy + OLuxayyBxy + Bux Bxy - Ocyy Bux Bxy
+ myx (auy + mxy Bux + ( -1+ axy) Buy - OLuy Bxx + Buy Bxx - (auy + Bux) Bxy) — Olux Byx - O‘uxmxy Byx + BuyByx - axy Buy Byx + Qyx Bxy Byx
+ duyBxyByx - (( -1+ Ony) (otux — Bux) + (aux + O‘uy) Bxx) Byy + Oxx (Buy — Oyy (Bux + Buy) - BuyByx + BuxByy + o‘uy( -1+ ByxByy)))

1
S—W= _j (Ocux (axy + ocyy) + Olxy Bux + Oyy Bux + Olyx Qyy Bxx + Buy Bxx — Olyy Buy Bxx + Olyx Bxy — Olyx Qyy Bxy - Bux Bxy + Ay Bux Bxy

-+ oty (Ot + Oy Bux — (14 0y ) Buy — Gtuy Bx + Buy B + Ouy By — BuxBy) — ux Oy By + Buy By + ey Buy Byx + oy By Byx
— iy (Bxx + Byx) + (1 + oty ) (0t Bux) + ( — otux + 0ty ) Bex ) Byy + txx (Styy ( — Bux + Buy) + Buy (= 1 — Byx) + oty (1 + Byx — Byy)
+BuxByy))
where d] = (axx - Bxx)(myy - Byy) - (chy - Bxy)(myx - Byx)-
For FCD circuits s — w =0, and therefore the stability conditions of the FCD circuits do not depend on the input signal, u.
Exact adaptation occurs when the steady state output is independent of u, and in the dimensionless equations therefore equal to 1:

(Omy*Buy)(axx*Bxx)*(“xy*ﬁxy)(duxfﬁux)
(oy =Py ) (ex —Byx ) —(ovox—Box) (o —Byy) — 1 (15)

Ysteady state =U

Which leads to the following condition:

(Ocuy - Buy) (axx - Bxx) = (axy - Bxy) (aux - Bux)~ (1 6)

In order to avoid the trivial solution we also demand that:
Olyy Bxy \% Olyy # Buy (1 7)
Olyy # Buy V tyx # Bux- (1 8)

In our class of circuits the homogeneity conditions from Shoval et al. (Shoval et al., 2010) are necessary and sufficient for FCD. For
FCD circuits with the symmetry of x ~ u, the conditions lead to:

(aux + axx = TABux + By = TAQuy + iy = 0AByy + Byy = 0). (19)
For FCD circuits with a symmetry of x ~ (1/u), the conditions yield:

(aux — o= — IABux — Bux= — 1/\auy — Qxy = OAﬁuy - 6xy = 0) (20)

Analytical solution for the Jacobian
The Jacobian of the system is given by:

Je ( 3xf(u,x,y) - d,f(u,x,y) )
axg(u7xvy) ayg(uawi

_ BXXUBUXXBXX71 yByx — dxxuflux Xﬂﬁxxf‘1 yayx Byxuﬁux XBxx yﬁyx*‘] — ayx uflux dex yﬂlyx*‘1
=T ( Bxyuﬁuy Xﬁxy—1 yBW _ Oﬂxyuauy Xzzxy—1 yayy ) T ( Byy uBuy XBxy yByy -1 _ tyy Uy X%y yflyy -1 ) .

Proof that the homogeneity conditions from Shoval et al. are sufficient and necessary for FCD in the S-systems
framework

We prove that for S-systems the homogeneity conditions from Shoval et al. (Shoval et al., 2010) are both sufficient and necessary for
FCD given that the system has a stable steady state. The S-systems equations for three-node circuits are:

d
di)t(: f(u,x,y) = uﬁuxxﬁxxyﬁyx — Ut Py (1)

ﬂ:g u, X,y =T uﬁquBxyyByy _ ufluyxllxyy“yy . (22)
dt
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The steady state of the system is derived by taking Equations 10 and 11 to zero:

(axu—pxu) (ayy—PByy)—(oxy—Ppxy) (ryu—pyu)
Xst=U a (23)

(XX —BxX) (aryu—Byu) —(oxu—Bxu) (ayx—Byx)

Yst=Uu a . (2 4)

Where a = (axy — Bxy)(ayx — Byx) — (axx — Bxx)(ayy — Byy).
Therefore, for the system (Equations 21 and 22) to have a steady state, the following condition must hold:

(Byy - O(tyy) (Bxx - O‘4><><) * (Byx - O’tyx) (Bxy - O(4><y)~ (25)

We first show that the homogeneity conditions are sufficient for FCD.
The homogeneity conditions from shoval et al. state that there exists a function ¢(p,x) such that:

f(pu, (P, X),y) = dx¢(p, X)f(u,X,y) (26)

g(pu, $(p, X),y) =9(u,x,y) @7)
where p is a constant scalar. Plugging in these conditions (Equations 26 and 27) in our model (Equations 21 and 22) yields the
following:

(pu)™ (P, x)PyPx — (pu)™*p(p, X)™*y™* = dyp(p, X) (UPxxBoryx — o xBocyn) (28)

T((PU)™ (P, X"y — (pu)™ (P, x)"y™ ) =T (ubsxPuyf — usxoryn). (29)
By cancelling T out and rearranging Equation 29 we get:
yhy b <pﬁuy¢(p7 X)Bxy _ Xﬁxy> — U (p™ (p, X)™ — x*9) =0. (30)

There are three cases in which Equation 30 holds:
Case 1: if Byy = oy & Byy = oty then:

(P (400 30™ = ¢(p3™™ ) ) = (xP — ) =0, ®1)

Looking at the leftmost term we can see two cases:

If (pPo (¢ (p, )™ — p(p,x)™)) = F(x, p) is dependent of p, then each term needs to cancel out separately: (xP — x*v) =0 for all x,
therefore B, = axy and we get that Equation 11 becomes a trivial case of FCD: (dy/dt) =0.

However, if (pPw (¢(p,x)™ — ¢(p,x)*)) = F(x) is independent of p, then p should cancel out from both terms which yields:

h h
é(p,X) = (B)u(y) = (T):y) , which requires again that B, = a,.

In summary, case 1 leads to a trivial case where (dy/dt) =0.

Case 2: if B,y = ayy & By #awy theny is cancelled out from Equation 30 and since Equation 30 should hold for any input function u,
each term must vanish separately:

PP (p, x)" — xPv =0 (32)
P (P, X)™ — x* =0. (33)
After some algebra we get:
By
o(p,x)=p Px (34)
%y
d(p,X)=p *X. (35)
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Therefore, we get that ¢(p, X) =p®X, With w = — (Byy/Bxy) = — (dtuy/oxy)-

If By =0 or axy, =0, then only Equation 35 or 34 holds respectively.

If both B,,, axy equal to 0, the dependence of x vanishes and the dependence in p cannot be scaled out.
Now we shall plug this (Equations 34 and 35) into Equation 28 which yields:

UPoexBoey e (mexx+Bux -~ pu)) = o gy (pwdxx+dux _ p‘”). (36)
For Equation 25 to hold, we need each term to cancel out separately. Thus we get:
BUX aux
= = . 37
1- Bxx 1- Qxx ( )
Case 3: B,y #ayy & PP (p,x)™ — xPy £0 & p™¢p(p, x)™ — x*» 0.
Therefore, we can solve Equation 30 for y:
1
Byx _ Byu Byx ayy—Byy
- (x P (p, x) ) ‘ -
(xx — p»ug(p, x)™)
Solving Equations 26 and 27 at steady state yields the new steady state:
(oxu—PBxu) (ayy—Byy) — (axy—PBxy) (ayu—Byu)
$st=P a Xst- (39)
Plugging in the steady state for x, y, ¢ in Equation 38 results in the equivalent condition for yg = 1:
(axx — Bxx)(ayu — Byu) — (axu — Bxu)(ayx — Byx) =0. (40)

Plugging in the expression for y (Equation 38) in Equation 30 yields:

oxy—pxy
Bxy(—ayu+ pyu)

By XX BXU+— = Bxx
(™ (P30 X d(p.x)) =u™ " BT (pPg(p.x)"* ~ X h(p.x)). (41)

e i) (X0 — prgs(p, %)™
X% — pagh(p, x) ™"

The powers of uin Equation 41 cannot be cancelled out in order to obey the conditions for the existence of the steady state and its

solution (Equations 25 and 40). Therefore, only if both terms will vanish separately Equation 41 holds. Solving this yields back to
case 2.

Therefore, under the homogeneity conditions the model (Equations 21-22) can be written in the following way (from Equations 34,

35, 37):
P () (&) ) @)

() ()

Let us see that the dynamics is indeed FCD: for that we need to show that under the scaling u—p u, x— X, the output stays the
same: y—Yy. Taking u—p u, Equations 42 and 43 yields:

%= (pu)” ((ﬁ) Vg ((p%)w) y) (44)

2r{ () ) )

If we consider that Xx— (x/p*) we get the same equations but with a different variable:

d)’i )’z Bxx )’Z Oxx

T _u® 7 Byx _ [ 2 Olyx

=Y ((u> yr (u) Y ) (46)
ﬂ =T i b By _ i > Oy 47)
dt— w) Y w) Y
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The dynamics will remain the same and we will end up with the same output, therefore FCD holds.

We now show that the homogeneity conditions from Shoval et al. are also necessary for FCD.

Let us assume that the model (Equations 21 and 22) shows FCD:

We first assume that there is exact adaptation. In our model this means that the steady state of the output (Equation 24) does not
depend on u, this leads to a demand on the powers:

(axx — Bxx)(ayu — Byu) — (axu — Bxu)(ayx — Byx)=0 (48)

_ ayX(axu — Bxu) — (axx — Pxx)(ayu — Byu)

49
Pyx axXu — BXu (49)
We can plug this into Equation 23 and get a simpler steady state term for x:
Bxu—axu N
Xgt = Unx—Pxx =°, (50)

FCD means that by multiplying the input by a constant scale factor p: u— pu, we get the same dynamics of the output where the
internal variable can also scale somehow, x—X.
dx

a: (pu)BuxiBXXyByx _ (pu)auxiaxxyayx (51)

dy _ Buy By sy v
o= T(towxPryh — (puy oy ). 62)

Let us assume that the system is at steady state with some u = ug and suddenly, at t = 0, the input value changes in step-like manner
to us. At this instance the system will respond in the following manner:

dx

Bux  OBxx ux  [9%xx
gt = U — U™ uy” (53)

t=0

dy

ot =T (ufuy ugﬂxy _ uf“uy ugaxy> . (54)

t=0

Since it is an FCD system, the output stays the same if both ug and us are multiplied by P

T(uug = urug™ ) =T((p u)™ (p uo)™ — (p )™ (P uo)™ ). (65)
This must hold for every ug and us we choose, so we end up with the following constraint:
Oy + daixy = Byy + 3Py, =0. (56)

By changing the variables x—u3(1 + (Ax/u3)), X— p®ud(1 + (AX/p°ul)) and plugging this into Equations 23 and 42 we get:

dy _ Ax\) | P oo [ d AN\,

aJ(“ (1)) e (9(1+5)) y”) i
dy 3By 110 Bry [ pO10 AX O\ \ ™ 5 ooy gy [ by D AX\\™
dt:T<p yu® P | p°ug | 1 +p5ug yPw — pTuT ( pPug 1+p5ug yH (58)

We use (1 +A)B =3, <E >Ak, where (E) is the generalization of the ‘choose’ operator to include real numbers using T func-
tions instead of regular factorial.

For a given magnitude of Ax we can truncate the series at a different value of k to get approximations for the dynamics. Therefore,
each term of the sum must be equal separately.

Ax\ e Ax\ Ax \*
T<UI5 o ( BI:y) <ug) iU W( I:y> (U:E() yuw) :T<pBBWUB G ( BI:y> (pf"t):?a) v
AR \*
_ 7~ Odxy u*51xy 3 dxy UB Oxy Oxy oy |
P Pt ( k J\pug) Y
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Which can be further simplified:

o\ k
( (%) - (AX>k> (“75“““3 (aﬁy )Ww —u P ( Bﬁy) yﬁ”) =0 (60)

We have two cases:
Case 1:

(ufﬁaxy ug dxy (lezy >yayy _ ufﬁ Bxy ug Bxy ( Bﬁy) yﬁw) =0. (61)

This is a special fine-tuned, k dependent argument. If this was to cancel out for every k, we need u, ug, or y to be 0, which is
problematic for FCD systems.

Case 2:
ok
(%) — (AX)*=0= Ax=p® Ax 62)
- AX p° AX AX
—n° P 1 — poP 1 — n° 1+—) = S .
wpi(1+55g) - P (1) - P (1) e 9
Now we can plug this into Equations 51 and 52:
dp®x Bux G (g B
£ = (pu) (p%)yb — (pu)™ (pfx) ™y (64)
d x: Oy xy 0
d%/ﬂ((pwﬁ”y (P°)"yP = (pu)™ (pX) ™"y ). (65)
From Equation 64 we get:
— Bxx — Oy Oxx | 0y o 2 Oly
P (pu)™ (p°X) yPre — p® (pu) ™ (p°x) e = oy — ey (66)
(p*ﬁ‘fﬁux +0Bxx 1) uﬁuxxBxxyByx - (p*5+1ux+§°ﬁxx _ 1)ufluyxixyy1yy. (67)
This must hold for all p, therefore:
=3+ Bux + 0Py = — O+ dlyx + dotgx =0. (68)
Given & = (Bxu — axu)/(axx — Bxx) we get:
Bxu axu 69)

:Bxx—‘I:axx— 1
Equation 69 is exactly what we got from the homogeneity conditions.

The FCD circuits in our screen show a symmetry
Given the conditions on the powers (Equation 16) for FCD, our model can be written in the following way:

(- ) "

dy_ X\ Py 5 X\,
a-T((a) v = (5) y) )
In this class of FCD circuits x ~ u.

Given the conditions on the powers (Equation 20) for the class of FCD circuits in which x ~ 1/u, the model can be written in the
following way:
dx 1

a_a ((UX)BXXyByx _ (ux)axxyayx) (72)

e7 Cell Systems 4, 1-11.e1-e8, February 22, 2017



Please cite this article in press as: Adler et al., Optimal Regulatory Circuit Topologies for Fold-Change Detection, Cell Systems (2016), http://dx.doi.org/
10.1016/j.cels.2016.12.009

Taking u—1/u in Equations 70 and 71 yields Equations 72 and 73 hence the symmetry.

Speed and amplitude calculation

We evaluated the amplitude and response time as defined in the Results section for each circuit using numerical integration with the
NDSolveValue function of mathematica10.2. We tested various input step fold-changes, and found that the same circuits are on the
Pareto front for steps larger than 21-fold. For steps smaller than 21, the observed circuits are still on the Pareto front, and a small
number of additional circuits join the front as well (see Figure S4 for step input u = 2).

Noise resistance calculation
For the noise resistance calculation we used an Ito process (ItoProcess function of mathematica10.2) with the following form:

1
dx=f(u,x,y)dt + Ex dw4 (74)

dy:g(u,x,y)dt+%y dws. (75)

The w'’s are stochastic Gaussian noise variables (Weiner process) determined at time steps of 0.1 in the interval between 0 and 10
time units. We repeated this simulation 50 times and took the median deviation from the steady state of y.

FCD circuits in which the internal node x is faster than the output y (T = 0.1)

The main text described the cases of T =1 and T = 10. There is another case in which x is faster than y, where the dimensionless
timescale ratio, T, is small (e.g., T = 0.1). To our knowledge, FCD hasn’t been shown experimentally in this regime; I1FFL systems
with micro-RNAs playing the role of x could be possible candidates (Ebert and Sharp, 2012; Kim et al., 2013). We repeated the
computation of the four tasks: speed, response amplitude, economy and noise resistance for FCD circuits with T = 0.1 (Figures
S1 and S3).
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Supplemental Figures

Figure S1, related to Figure 3.

T=0.1 (e.g. x is miRNA)
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Figure S1. The I1FFL circuit is on the Pareto front for amplitude versus speed for T=0.1. Similar to
figure 3 in the main text only with T=0.1.



Figure S2, related to Figure 5.

T=1 (e.g. x is protein)
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Figure S2. Dynamics of circuits that lie close to the Pareto front. Similar to figure 5a in the main text
with topology and dynamics of the circuits that lie close to the front.

Figure S3, related to Figure 5.
T=0.1 (e.g. x is miRNA)
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Figure S3. The speed-amplitude Pareto front suggests several FCD circuits with optimal tradeoff. (a)

Similar to figure 5 in the main text with T=0.1. (b) Topology and dynamics of the circuits that lie close to
the Pareto front for T=0.1.



Figure S4, related to Figure 5.

a T=1 (e.g. x is protein) b T=10 (e.g. bacterial chemotaxis)
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Figure S4. The experimentally observed circuits are on the Pareto front for speed and amplitude.
Similar to figure 5 in the main text only with a fold step of 2 in the input.

Table S1, related to Figure 3. List of all FCD circuit topologies, their dynamical equations, and their
values for the four tasks for T=0.1, 1 and 10. Missing values indicate tasks which could not be computed
due to numerical problems, mostly in the presence of noise; Of the 74 FCD circuits considered in the main
text (natural FCD circuits with up to 5 interactions), 6 have missing values in noise resistance.
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