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Engineered systems are often built of recurring circuit modules
that carry out key functions. Transcription networks that regulate
the responses of living cells were recently found to obey similar
principles: they contain several biochemical wiring patterns,
termed network motifs, which recur throughout the network. One
AN I NTRODUCTION TO of these motifsis the feed-forward loop (FFL). The FFL, athree-gene
pattern, is composed of two input transcription factors, one of
which regulates the other, both jointly regulating a target gene.
The FFL has eight possible structural types, because each of the
three interactions in the FFL can be activating or repressing. Here,
we theoretically analyze the functions of these eight structural
types. We find that four of the FFL types, termed incoherent FFLs,
act as sign-sensitive accelerators: they speed up the response time
of the target gene expression following stimulus steps in one
direction (e.g., off to on) but not in the other direction (on to off).
The other four types, coherent FFLs, act as sign-sensitive delays. We
find that some FFL types appear in transcription network databases
much more frequently than others. In some cases, the rare FFL
types have reduced functionality (responding to only one of their
two input stimuli), which may partially explain why they are
selected against. Additional features, such as pulse generation and
cooperativity, are discussed. This study defines the function of one
of the most significant recurring circuit elements in transcription
networks.
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Manganet al. 2003.
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Coherent Type | Genetic Network

p= defn cell
$G1 - > S1; Vmax1*X™4/(Km1l + XM4);
S1 -> $w; k1*S1;

$G2 - > S2; Vmax2*S1M4/(Km1 + S174);
S2 -> $w; k1*S2;

$G3 - > S3; Vmax3*S1/M4*S2//(Km1l + S1/M4*S214);
S3 -> $w; k1*S3;

end,
p.Vmax1 = 1,
p.Vmax2 = 1,
C 1 p.Vmax3 = 1,

p.Kml = 0.5;
p.X =0;

P1 p.k1=0.1;

1 p.S1=0;
p.S2 =0;

Py p.S3=0;

1 p.ss.eval ;
printin p.sv;
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Coherent Type | Genetic Network

/! Pulse width
/I Set to 1 for no effect
/l Set to 2.4 for full effect

h =24,

p.X =0.3;

ml = p.sim.eval (0, 10, 100, [< p.Time >, < p.X >, <p.S3>));

p.X =0.7; // Input stimulus

m2 = p.sim.eval (10, 10 + h, 100, [< p.Time >, < p.X >, <p.S3>));
p.X =0.3;

m3 = p.sim.eval (10 + h, 40, 100, [< p.Time >, < p.X >, <p.S3>));

m = augr (ml, m2);
m = augr (m, m3);
graph (m);
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1 P1 in this model is a fixed species which is controlled
Py by the modeler. In the previous example, P1 was synthesized
1 from a gene and degraded and control was by a separate input
that modified the expression rate of P1.
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p= defn cell EY e

$G2 - > P2; Vmax2*P174/(Km1 + P174); |

P2 -> $w; k1*P2; \
, _ P3—
$G3 - > P3; Vmax3*P1"4*P274/(Km1l + P174*P2/74);
P3 -> $w; k1*P3;
end,
// Pulse width
p.Vmax2 = 1; I Set to 1 for no effect
p.vmax3 = 1; /I Set to 4 for full effect
h=1;
p.Kml =0.5;
p.k1 =0.1; p.P1=0.3;
ml = p.sim.eval (0, 10, 100, [< p.Time >, <p.P1>, <p.P3>]);
p.P1=0; p.P1 = 0.7; // Input stimulus
p.P2=0; m2 = p.sim.eval (10, 10 + h, 100, [< p.Time >, <p.P1>, <p.P3>));
p.P3=0; p.P1=0.3;
m3 = p.sim.eval (10 + h, 40, 100, [< p.Time >, <p.P1>, <p.P3>));
p.ss.eval ;

printin p.sv; m= augr (ml, m2);

m = augr (m, m3);
graph (m);
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Question: What behavior would T
you expect if the feedorward P1 i’l P2
network is governed by an OR
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Synthetic Incoherent Type | Genetic Network

Syst Synth Biol (2007) 1:119-128
DOI 10.1007/s11693-007-9008-6

RESEARCH ARTICLE

Design and implementation of three incoherent feed-forward
motif based biological concentration sensors

Abstract Synthetic biology is a useful tool to investigate
the dynamics of small biological networks and to assess
our capacity to predict their behavior from computational
models. In this work we report the construction of three
different synthetic networks in Escherichia coli based upon
the incoherent feed-forward loop architecture. The steady
Il state behavior of the networks was investigated experi-

mentally and computationally under different mutational

regimes in a population based assay. Our data shows that

Robert Entus - Brian Aufderheide -
Herbert M. Sauro

P1 the three incoherent feed-forward networks, using three
different macromolecular inhibitory elements, reproduce
l the behavior predicted from our computational model. We
also demonstrate that specific biological motifs can be
P2 designed to generate similar behavior using different
components. In addition we show how it is possible to tune
-I- the behavior of the networks in a predicable manner by
applying suitable mutations to the inhibitory elements.
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Pulse Generator
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Pulse Generator :
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Digital Pulse Generator
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Pulse Generator

One potential
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Pulse Generator

p= defn cell
$G1 -> P2; t1*al*P1/(1 + A1*P1);
P2 -> $w; gamma_1*P2;

$G3 - > P3; t2*b1*P1/(1 + b1*P1 + b2*P2 + b3*P1*P2/8);

P3 - > $w; gamma_2*P3;

end,
p.P2 =0;
p.P3 =0;
p.P1=0.01,
p.G3 = 0; /I Time course response for a step pulse
p.G1l =0;
p.P1=0.0;
p.tl=5; ml = p.sim.eval (0, 10, 100, [<
p.al =0.1; p.P1 = 0.4; // Input stimulus
p.t2=1: m2 = p.sim.eval (10, 50, 200, [<
p.bl =1,
p.b2 =0.1; m= augr (ml, m2);
p.b3 = 10; graph (m);

p.gamma_1 = 0.1,
p.gamma_2 = 0.1,

p.Time >, <p.P1>, <p.P3/1>]);

p.Time >, <p.P1>, <p.P3/1>]);
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Steady State Concentration Detector
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1 Circuit is off at low concentration, off at high concentrations
P2 but comes on intermediate concentrations. Width of the peak
-I_ can be controlled by the cooperativity transcription binding.
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Incoherent Type | genetic Network
Concentration Detector

Take the pulse generator model and use this
code to control it:

/[ Steady state response
n = 200;
m = matrix (n, 2);
fori=1tondo
begin
mli,1] = p.P1,;
m[i,2] = p.P3;
p.ss.eval
p.P1=p.P1 + 0.005;
end;

graph (m);
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Response Accelerator

Making this stronger P
makes the initial rise 1
go faster. —

P2
Then, bring the _I_

overshot down to the
desired steady state
with the repression
feed-forward.
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Summary

P1 T
£2 )
1
£3 P3
1. Persistence detector. Does not 1. Pulse generator

respond to transient signals.
2. Concentration detector.

2. Rise time of P3 is delayed but P3
fall time is not. 3. Response time accelerator.
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Sequence Contra Temporal Programs

Singleinput Module (SIM)
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Sequence Contra Temporal Programs

Parallel Concentration Detecting FeEdrward Networks

P
The kinetics can be arranged so that
each successive feddrward loop

Py peaks at a later time.

X X
J_ ° P3 rises first, followed by P5.
—e P, j’j,
Ps.—
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Temporal Order Control of
BacterialFlagellarAssembly

Driven by a proton gradient.
Runs at approximately

6,000 to 17,000 rpm. With the
filament attaching rotation is
slower at 200 to 1000 rpm

Can rotate in both directions.
Approximately 50 genes

involved in assembly of the
motor and control circuits.

http://www.youtube.com/watch?v=0NQO9BIEzDII




