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Recent analysis of the structure of transcription regulation networks
revealed several “network motifs”: regulatory circuit patterns that occur
much more frequently than in randomized networks. It is important to
understand whether these network motifs have specific functions. One of
the most significant network motifs is the coherent feedforward loop, in
which transcription factor X regulates transcription factor Y, and both
jointly regulate gene Z. On the basis of mathematical modeling and simu-
lations, it was suggested that the coherent feedforward loop could serve
as a sign-sensitive delay element: a circuit that responds rapidly to step-
like stimuli in one direction (e.g. ON to OFF), and at a delay to steps in
the opposite direction (OFF to ON). Is this function actually carried out
by feedforward loops in living cells? Here, we address this experimen-
tally, using a system with feedforward loop connectivity, the L-arabinose
utilization system of Escherichia coli. We measured responses to step-like
cAMP stimuli at high temporal resolution and accuracy by means of
green fluorescent protein reporters. We show that the arabinose system
displays sign-sensitive delay kinetics. This type of kinetics is important
for making decisions based on noisy inputs by filtering out fluctuations
in input stimuli, yet allowing rapid response. This information-processing
function may be performed by the feedforward loop regulation modules
that are found in diverse systems from bacteria to humans.
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Introduction

Cells compute responses to external stimuli
using networks of regulatory interactions. A major
goal of biology is to understand the dynamics of
these complex networks.1 – 3 Great simplification
would occur if the network could be studied in
terms of recurring circuit elements,4,5 each with a
defined signal-processing function.

Recently, an approach for discovering signifi-
cantly recurring patterns in networks was
introduced.2,3 This was based on detecting network
motifs: connectivity patterns that occur much more
frequently than in randomized “control” networks
built of the same components as the real network.
The transcription network of Escherichia coli was

found to contain several highly significant motifs.2

It was then found that Saccharomyces cerevisiae
shares the same network motifs.3,6 One of the most
significant motifs in both E. coli and yeast is the
feedforward loop (FFL).2 The FFL appears in
hundreds of diverse, non-homologous gene
systems.2,3,6

The FFL is composed of a transcription factor
X, which regulates a second transcription factor Y,
such that X and Y jointly regulate gene Z
(Figure 1(a)). The transcription factors X and Y
usually have inducers, Sx and Sy, respectively,
which are small molecules, protein partners or
covalent modifications that activate or inhibit their
transcriptional activity (Figure 1(a)). Each of the
three transcription interactions in the FFL can be
either positive (activation) or negative (repression).
There are therefore eight possible structural con-
figurations of connection signs. Four of these
configurations are termed “coherent”: the sign of
the direct regulation path (from X to Z) is the
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same as the overall sign of the indirect regulation
path (from X through Y to Z).2 The other four struc-
tures are termed “incoherent”: the signs of the
direct and indirect regulation paths are opposite.
The FFL with three positive interactions, termed
type-1 coherent FFL, is by far the most common
configuration in E. coli.7 To understand the
regulation of Z, one needs also to specify the cis-
regulatory logic8 – 10 that combines the two inputs
X and Y, such as AND-gate logic, in which both X
and Y are needed, and OR-gate logic in which
either X or Y is sufficient to activate Z.

In a previous study,2 based on numerical simu-
lations, we suggested that the coherent FFL with
AND logic is a processing element that functions
as a persistence detector. Only a persistent
stimulus of Sx can activate both X and Y, and lead
to expression of Z. On the other hand, even a
temporary removal of the Sx stimulus leads to a
rapid turn-off of Z expression. An equivalent and
more intuitive description is that the FFL is a sign-
sensitive delay element7: it responds rapidly to
step-like stimuli of Sx in one direction (ON to
OFF), and at a delay to steps in the opposite direc-
tion (OFF to ON). By sign-sensitive delay, we
mean that the response time to step-like stimuli is
not symmetric and depends on the sign of the step.

Here, we present experimental results that sup-
port this premise. We select a representative gene
system with an FFL connectivity, we show that
this system is a coherent AND-gate FFL (in the
sense that Y is regulated significantly by X, and
that both X and Y are needed for Z expression).
Then, we show that the system displays sign-
sensitive delay kinetics. We discuss the biological
function of sign-sensitive delay as a filter that can
protect the target gene from fluctuations in the
input stimuli.

Results

The experimental system

To experimentally study the FFL, we selected
one of the best-characterized systems in E. coli,
the L-arabinose (ara) utilization system
(Figure 1(b)).11 – 15 The ara system includes the
catabolism operon araBAD, and transporters such
as araFGH. Both araBAD and araFGH are regulated
transcriptionally by two transcription factors,
AraC and CRP. AraC acts as a transcriptional
activator when it binds the sugar L-arabinose, and
as a repressor in its absence. CRP acts as an activa-
tor when it binds the inducer cyclic AMP (cAMP).
cAMP is a molecule that is produced within the
cell upon glucose starvation (e.g. during growth
on glycerol as sole carbon source), and whose pro-
duction is suppressed during growth on glucose.
In addition, CRP binds the araC promoter and
enhances the transcription of AraC.14,15 Therefore,
in the presence of L-arabinose, the ara system has
the connectivity of a type-1 coherent FFL, in
which the inducer Sx is cAMP (Figure 1(b)).

As a control, we required a non-FFL system with
the same input Sx. We chose the lactose (lac)
utilization system, which has a simple AND-gate
structure (Figure 1(c)). In the lac system,16,17

CRP and LacI jointly regulate the lacZYA operon,
but with no transcription regulation of LacI by
CRP.

We generated low-copy reporter plasmids in
which the araC, araBAD, araFGH and lacZYA
promoters control the green fluorescent protein
(gfp) gene.10,18,19 The gfp variant used becomes flu-
orescent within a few minutes of transcription,18

allowing rapid responses to be measured.
Promoter activity was measured by means of an
automated multiwell fluorimeter from cultures of
strains bearing the reporter plasmids.18,19 Both
green fluorescent protein (GFP) fluorescence and
optical absorbance (A600 nm) were measured at a
very high temporal resolution (about once per min-
ute). These measurements were used to determine
the dynamics of GFP concentration produced by
the promoters. We applied steps of glucose and
exogenous cAMP, to determine the temporal
response of the ara FFL and the reference lac
system to cAMP steps.

Figure 1. (a) The coherent type-1 feedforward loop and
the inducers Sx and Sy; (b) the ara system; (c) the lac
system; (d) the low-copy reporter plasmid used in the
measurements.
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The ara system is a type-1 coherent FFL with
AND logic

The ara system has FFL connectivity according
to transcription databases.2,20 In order to function
as a type-1 coherent FFL, araC expression needs to
be activated significantly by CRP in the presence
of cAMP. We measured araC promoter activity
with and without cAMP, during growth in minimal
medium supplemented with saturating concen-
tration of L-arabinose (Table 1(A) and (B)). Levels
of cAMP were controlled in two ways: (a) cells
growing on glucose (low endogenous cAMP) were
compared to cells growing on glycerol (high
endogenous cAMP production); (b) cells growing
on glucose were compared to cells growing on
glucose with saturating exogenous cAMP. In all
cases, the cells were compared at the same A value.
Both assays showed similar results (Table 1).
The araC promoter exhibited a measurable basal
level of expression in the presence of L-arabinose
and in the absence of cAMP. The promoter activity
increased at least four- to five-fold above this
basal level in the presence of cAMP (Table 1(C)).

In addition, we measured the promoter activity
of the lacZYA, araBAD and araFGH promoters
under all combinations of zero or saturating
inducers cAMP and arabinose/IPTG (Table 1(A)
and (B)). We find that the expression in the presence
of both inducers is at least an order of magnitude
greater then the expression measured when either
or both inducers are missing (Table 1(A) and (B)).
This confirms previous studies14,15 that suggest that
these promoters behave as an AND-gate with

respect to their inputs Sx ¼ cAMP and Sy ¼ L-arabi-
nose (or Sy ¼ IPTG in the case of lac10). These results
demonstrate that the ara system is a type-1-AND-
gate FFL, although not a perfect one, since araC has
a significant basal level of expression.

The ara system acts as a sign-sensitive delay
with respect to cAMP steps

We studied the temporal responses of the ara
system to cAMP steps. We generated an ON step
of cAMP by adding saturating cAMP to cells grow-
ing exponentially on glucose minimal medium. A
cAMP OFF step was generated by adding saturat-
ing glucose to cells growing exponentially in
glycerol minimal medium. In order to affect the
Y transcription factor in the ara and lac
systems appropriately, saturating concentrations
of L-arabinose and IPTG were included in the
medium. We calculated the promoter activity (rate
of GFP production per cell) from the GFP and
absorbance measurements,19 and measured the
time it took the promoter activity to reach 50% of
its maximal level. This corresponds to the onset
time of transcription following the step stimulus.

We find that the ON response of both araBAD
and araFGH was significantly slower than the ON
response of lacZYA. The OFF response of araBAD
and araFGH was more rapid, and identical with
that of lacZYA. In contrast, the araC promoters
responded just as rapidly as lacZYA to both ON
and OFF steps. Representative ON and OFF
kinetics are shown in Figures 2 and 3. Repeated
measurements showed a significant and repro-
ducible delayed response to cAMP ON steps for
araBAD relative to lacZYA of about 13 minutes at
30 8C, and six minutes at 37 8C (Table 2). This
delay corresponds to about 0.2 cell-division times

Table 1. GFP/A of reporter strains during exponential
growth (A ¼ 0.03), under all combinations of zero or
saturating inducers arabinose/IPTG and cAMP

cAMP 2 þInt þExt 2 þ Int þExt
Arabinose /IPTG 2 2 2 þ þ þ

A. GFP/A at 30 8C ( £ 103, GFP/A units)
araC 5 12 20 8 34 42
araBAD ,1 ,1 ,1 ,1 110 60
araFGH ,1 ,1 ,1 ,1 160 120
lacZYA ,1 25 48 42 250 360

B. GFP/A at 37 8C ( £ 103, GFP/A units)
araC 10 18 90 20 90 190
araBAD ,1 ,1 ,1 ,1 200 580
araFGH ,1 ,1 ,1 ,1 150 460
lacZYA ,1 40 60 55 170 460

C. araC fold induction by cAMP In the presence of arabinose
30 8C 37 8C

cAMP Int Ext Int Ext
4.2 5.2 4.5 9.5

cAMP Ext is 20 mM cAMP added to cells growing on glucose
minimal medium. cAMP Int is growth on glycerol as carbon
source, resulting in endogenous production of cAMP. A, Growth
at 30 8C; B, growth at 37 8C; C, fold induction of the araC
promoter by cAMP, in the presence of L-arabinose. The standard
error in all GFP/A measurements, based on two to six repeated
experiments was, at most, the greater of ^10% or 2 £ 103. Values
smaller than 1 £ 103 are marked as ,1.

Figure 2. GFP/A, normalized by its maximal level, of
araBAD and lacZYA reporters growing on glucose mini-
mal medium, following a cAMP ON step (10 mM cAMP
was added at time t ¼ 0). Error bars represent standard
error of triplicate wells. The kinetics of araFGH (not
shown) is similar to the araBAD kinetics.
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at both temperatures. Similarly, araFGH showed a
delay of about 20 minutes at 30 8C, and 13 minutes
at 37 8C relative to lacZYA. This delay corresponds
to about 0.3 and 0.4 cell-division times at 30 8C
and 37 8C. In contrast, the response to OFF steps
was indistinguishable for all promoters, consisting
of simple exponential decay with equal timing.
The asymmetric behavior of araBAD and araFGH,
with delayed responses to cAMP ON steps but
not to OFF steps (relative to the lacZYA control), is
the hallmark of sign-sensitive delay.

Simulations on the effect of araC basal level

We performed simulations to check the effect of
the basal level of araC on the sign-sensitive delay

Figure 3. GFP/A, normalized by its maximal level, of
araBAD and lacZYA reporters growing on glycerol mini-
mal medium, following a cAMP OFF step (0.4% glucose
was added at time t ¼ 0). Error bars represent standard
error of triplicate wells. The kinetics of araFGH (not
shown) is similar to the araBAD kinetics.

Table 2. Delay of onset of expression changes of the araC,
araBAD and araFGH promoters, relative to the lacZYA
promoter following cAMP steps

araC araBAD araFGH

A. ON step delay at 30 8C (minutes)
T–Tz 21.0 12.6 19.6
SE 2 2 2

B. OFF step delay at 30 8C (minutes)
T–Tz 21.5 2.6 3.4
SE 6 2 2

C. ON step delay at 37 8C (minutes)
T–Tz 21.5 6.3 13.5
SE 3 1 2

D. OFF step delay at 37 8C (minutes)
T-Tz 22.5 20.7 0.0
SE 3 2 3

T–Tz, time after lacZYA. SE, standard error of two to six
repeats. A, Response to ON step at 30 8C; B, response to OFF
step at 30 8C; C, response to ON step at 37 8C; D, response to
OFF step at 37 8C.

Figure 4. Simulation of type-1 coherent AND FFL. (a)
Response to ON step of Sx, showing concentration of Z
as a function of time. Inducer Sy is present throughout.
Also shown are kinetics of a simple AND-gate system
(no regulation of Y by X). (b) Response to OFF step of
Sx. (c) Delay in onset of Z promoter activity as a function
of Y basal level. Model parameters used are:

a1 ¼ a2 ¼ 1; b1 ¼ b2 ¼ 1; H ¼ 2;

Kxy ¼ Kxz ¼ Kyz ¼ 0:5 By ¼ 0

in (a) and (b), By is varied in (c).
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behavior (Figure 4). We find that the delay after an
ON step decreases as the basal level of Y increases.
In other words, at large basal level of Y, the
response becomes more symmetric and the sign-
sensitive delay effect is reduced. We find that at
the measured basal level of Y (about 0.2 of its maxi-
mal level), the sign-sensitive delay function is still
quite strong (Figure 4c; see also Materials and
Methods). In addition, for long-lived proteins, the
model suggests that the delay of the FFL should
depend on the cell-division time (the timescale
that controls the response time of Y and Z21,22).
This is in agreement with the presently observed
increase of the delay at 30 8C compared to 37 8C,
in which cell division time is shorter (Table 2).

Discussion

We chose the most common coherent FFL
configuration,7 the type-1 coherent FFL, for experi-
mental study. We employed the ara feedforward
loop system, and experimentally studied its dynamic
response to cAMP input variations. We found that
the ara system responded as a sign-sensitive delay
element, with delayed responses to ON steps of
cAMP and rapid responses to OFF steps.

Biological function of sign-sensitive delay

The presence of the FFL in the ara system raises
the question of its biological function. One simple
function performed by the ara FFL is computing
AND-logic between the two input stimuli, to
decide when the ara system should turn on. But
for this purpose, a simple AND regulatory unit
would be enough. The feedforward connectivity,
and in particular the regulation of Y by X, presum-
ably gives the bacteria some advantage, otherwise
it would be lost by evolutionary forces. One
explanation of the regulation of araC by CRP is
that it allows modulating the level of AraC,
thereby supplying more copies when the system is
active. We believe that there could be an additional
aspect that involves signal-processing: the
bacterium may have an advantage in a rapidly
varying environment if it responds asymmetrically
when signals turn ON versus OFF.

What is the advantage of an asymmetric
response to cAMP signals in the ara system? Our
ability to address this is limited by lack of
information on the natural ecology of E. coli. The
following scenario emerges from the little that is
known of this ecology. There are two main phases
in the life of E. coli, one inside and one outside of
its mammalian host.23 – 26 The ecology inside the
host is thought to be rich in sugars such as
L-arabinose,25 whereas glucose appears in rare
pulses that are quickly depleted.26 The ara system
is therefore expressed during a large fraction of
the time, since both of its inducers, arabinose and
cAMP, are present. When glucose appears, result-
ing in a cAMP OFF step, it is utilized immediately

by the cells. At this time, it is important to quickly
shut down the expression of the ara genes to
avoid needless production of about 1% of the cells
protein. The ara proteins are diluted by cell
growth. Glucose pulses are short, since glucose is
taken up efficiently by both bacteria and host.
Therefore, when glucose is depleted, resulting in a
cAMP ON step, the cell is still likely to possess sig-
nificant amounts of ara proteins. Hence, a delay in
the turn-on of ara expression, in response to
cAMP ON steps, can be tolerated, and is in fact
advantageous due to savings in protein pro-
duction. Thus the sign-sensitive delay function of
the FFL may reflect the ecology in which it
evolved.

In accord with these considerations, we note that
coherent FFL appears in utilization systems of other
sugars that are thought to be common in the host,23–

26 such as fucose and maltose.2,7 It does not appear
in sugars thought to be rare,23–26 such as lactose.
More generally, the FFL can protect the target genes
from transient cAMP ON signals, allowing them to
respond only to persistent stimuli.

Dependence of FFL function on
biochemical parameters

The kinetic behavior of the FFL circuit is
governed by the biochemical parameters of its
three transcriptional regulation reactions. A simple
mathematical model suggests that sign-sensitive
delay is obtained for a wide range of parameters7

(see Materials and Methods). The delay time in
response to ON steps, tON, is determined by the
time it takes for Y to reach levels sufficient to
activate Z. We find that the sign-sensitive delay
can be quite large even if Y has a significant basal
level of expression (Figure 4(c)). The delay tON

increases with increasing ratios of Kzy=Ymax where
Kzy is the activation coefficient of Z by Y, and Ymax

is the maximum level of Y. The precise value of
tON can, in principle, be tuned by changing these
parameters, for example by mutations that affect
the binding of Y to the Z promoter.

The present study focused on a system with
AND logic at the Z promoter. One can demonstrate
readily that coherent FFLs with OR gates display
sign-sensitive delay, but with reversed signs: a
delay occurs in response to OFF steps, and rapid
responses for ON steps of Sx.7 Thus, OR-gate
coherent feedforward-loops can protect the target
genes from transient inactivation of the input
signal.

Coherent feedforward loop in transcription
networks of microorganisms and animals

Many of the coherent feedforward loops in the
transcription network of E. coli appear in systems
that respond to glucose (ara, mal), nitrogen (rpoN,
glnA) and drugs (rob, mar). Interestingly, systems
that respond to the same stimuli in S. cerevisiae also
display coherent feedforward loops.7 These E. coli
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and yeast systems are generally non-homo
logous.27,28 This raises the possibility of convergent
evolution to the same regulatory circuit, perhaps
because it is needed for the same signal-processing
functions in response to key fluctuating stimuli.2,28

Coherent FFLs also appears in developmental
transcription networks. In the specification process
of touch-cell fate in Caenorhabditis elegans, the
activator unc-86 activates mec-3, and both act in a
complex to activate genes such as mec-4.29 An
additional example is an FFL involving Ttx-3 and
ceh-23, which is involved in interneuron cell fate
determination.30 There is evidence for several
coherent FFLs in sea urchin development, such as
one involving Otx and gata-E in endomesoderm
development.31 An example in human cells is E2F,
which regulates p73 (and indirectly also p53), and
both regulate apoptosis genes such as apaf-1.32 An
additional example involves interferon-g induction
in T-cells.33 In the coherent FFLs found in
eukaroytes, the activators X and Y often act as a
protein complex to activate Z.

FFL in other biological networks

The FFL is found in the network of synaptic
connections of C. elegans neurons.3,34 It is found
also in protein–protein interaction networks and
signal transduction pathways. One example is the
PIP2 (phospho-inositol 4,5-bisphosphate) signaling
pathway:35 upon signaling, the PIP2 molecule is
broken into two parts, one part binds protein
kinase C (PKC) directly, while the other part stimu-
lates release of Ca2þ that binds PKC as well. It
would be intriguing to test experimentally whether
the coherent FFL carries out sign-sensitive delay
function also in these networks.

Summary

The present study demonstrated experimentally
that the FFL network motif carries out a signal-
processing function. It would be important to
experimentally study other systems with FFL
connectivity. The present approach could be used
to study the signal-processing roles of other net-
work motifs.

Materials and Methods

Plasmids and strains

Promoter regions were PCR amplified from MG1655
genomic DNA with the following start and end genomic
coordinates:36 lacZYA (365438–365669), araC (69973–
70452), araBAD (70452–69973), araFGH (1984067–
1984952). This included the entire region between open
reading frames (ORFs) with an additional 50–150 bp
into each of the flanking ORFs. The promoter regions
were sub-cloned into Xho I and Bam HI sites upstream of
a promoterless gfpmut237 gene in a low-copy pSC101-
origin plasmid as described.19 The plasmids were trans-

formed into E. coli strain MG165536 (wild-type for ara
and lac). The araC and araBAD operons are divergent
operons that share the same intragenic regulatory region,
represented by the same fragment in opposite orien-
tations in our reporter plasmids. This promoter region
includes the O1, I1 and I2 AraC sites but not the O2
AraC site, which participates in a DNA loop with the
O1 site in the absence of arabinose.15 The O2 binding
site of araC was not included for two reasons: first, the
O2 site has been well documented to bind AraC only in
the absence of arabinose.15,38 Since saturating arabinose
is present in the kinetic measurements, the absence of
O2 is not expected to affect the results of the induction
kinetics by cAMP. The second reason is technical: the
O2 site lies inside the coding region of the araC gene.
Including it would mean expressing a sizable fragment
of the AraC protein from our reporter plasmid, which
would potentially affect the system. In contrast, the
reporter plasmid for araFGH includes the entire wild-
type control region, without missing any known binding
site. Furthermore, araFGH does not share any site with
the araC operon, and thus represents a more typical FFL
configuration.

Media

The medium combinations used are denoted as
follows: M0 is minimal medium (M9 supplemented
with 10 mg/ml of thiamine, 1 mM MgSO4, 0.1 mM
MgCl2, 20 mg/ml of thymine, 50 mg/ml of each of the
20 amino acids except tryptophan, 0.5% (w/v) glycerol,
25 mg/ml of kanamycin. Overnight medium MON is
M0 supplemented with 0.4% (w/v) glucose. Medium
M1 is M0 containing 10 mM arabinose and 1 mM IPTG.
M1G is M1 containing 0.8% (w/v) glucose. M1GC is M1
containing 0.8% glucose and 10 mM cAMP. Supplement
stocks: G, 6% (w/v) glucose; C, 150 mM cAMP; W,
doubly distilled water. To prepare C and M1GC,
150 mM cAMP was dissolved in 0.1 M NaOH.

Culture and measurements

Single colonies grown on agar plates were inoculated
in 10 ml of MON, and grown overnight at 37 8C with
shaking at 250 rpm. Cultures were washed by centri-
fugation and fresh M0 medium was added. The cultures
were diluted 1:50 (v/v) into 150 ml in a 96 well plate
prepared with all combinations of reporter strains and
media (M1, M1G, M1GC). After covering each well with
100 ml of mineral oil (Sigma M-3516) to prevent evapor-
ation, the plate was placed in a Wallac Victor2 multiwell
fluorimeter at 30 8C or 37 8C with a repeating protocol
that included shaking (2 mm orbital, normal speed,
30 seconds), absorbance (A) measurements (600 nm, 0.1
second), and fluorescence (GFP) readings (excitation
485 nm, emission 535 nm, 0.2 seconds, CW lamp energy
15,000).18,19,21 The protocol repeated the set of
{Shake,GFP,OD,GFP}. The time between repeated GFP
measurements was about one minute. When the cultures
reached mid-exponential growth (A600 ¼ 0.05), 10 ml of
supplements (G, C and W) were added to create the
stimuli step functions (resulting in a two to five minute
pause in measurements). The plate was returned to the
fluorimeter, and the same protocol was repeated for
several additional hours. Each plate contained two or
three replicates of each combination of strain-medium-
supplement, where the strains were: araC, araBAD,
araFGH, lacZYA, promoterless vector, and a reference
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well with medium only, and the media: M1, M1G,
M1GC. The supplements G, C and W were added as fol-
lows: M1 received supplement G (as OFF step), and W
(for control); M1G received supplement C (as ON step),
and W (for control); M1GC received only supplement W
(for control). The outcome measurements of each experi-
ment were: the initial kinetics of each strain in the initial
media (M1, M1G and M1GC); The kinetics after a step
stimulus (G or C); reference kinetics without stimulus
(W). The exponential cell division time in the various
media was between 0.5 hours and 0.7 hour at 37 8C, and
0.8–1 hours at 30 8C.

Data processing

Background absorbance from wells containing
medium only was subtracted from all absorbance read-
ings. Background GFP fluorescence, determined by the
GFP reading from a strain bearing the promoterless
vector at the same condition and absorbance, was sub-
tracted from the GFP readings. GFP fluorescence per
cell was GFPðtÞ=AðtÞ: To normalize the step response
from GFP fluorescence into dimensionless values
between zero and one, we subtracted the GFP fluor-
escence under the appropriate lower base-line medium
conditions, and divided by the upper-baseline condition
results. The lower baseline condition for M1 þ G is
M1G, and the upper baseline is M1. The lower baseline
condition for M1G þ C is M1G and the upper baseline
is M1GC. The promoter activity, rate of GFP production
per cell, was calculated as ðdGFPðtÞ=dtÞ=AðtÞ:19 Note that
the lac system has a higher basal expression than the
ara promoters. The delay of the ara promoters relative
to lac is, however, not due to the time it takes them to
cross the detection threshold. The time it takes the ara
promoters to cross the detection threshold of the present
measurement system (about 1000 GFP/A units) can be
estimated to be of the order of one minute.

Mathematical model of FFL with basal expression
of Y

To evaluate the effect of Y basal level on FFL function,
we performed simulations using standard mass-action
equations:2,39,40

dY=dt ¼ By þ b1f ðX;KxyÞ2 a1Y;

dZ=dt ¼ b2f ðX;KxzÞf ðY;KyzÞ2 a2Z

The parameters a1 and a2 are the compound degradation
and dilution rates of proteins Y and Z;7,21,22 By is the basal
production rate of Y; f ðu;KÞ ¼ uH=ðKH þ uHÞ is the
promoter activation function with Hill coefficient H; Kij

are the activation thresholds of gene j by transcription
factor i: The Sx stimulus was represented by setting
X ¼ 1 (ON) or X ¼ 0 (OFF). We note that the present
model is a simple sketch of the system and does not
include effects such as negative auto-regulation of Y,
DNA loops,15,43 or delays due to mRNA production.
This model does not include effects such as negative
autoregulation of Y. Theoretical and experimental
work21 demonstrated that negative autoregulation acts
to speed transcription responses. Therefore, one would
expect that if the negative autoregulation of AraC had
any effect, it would be to reduce the delay.

It is instructive to analytically solve the equations in
the idealized case of sharp activation function:7,41

f ðu;KÞ ¼ 1 if u . K and f ðu;KÞ ¼ 0 otherwise. In this

case, the delay in the onset of Z expression following an
ON step, tON; is given by:7

tON ¼ logððYm 2 YoÞ=ðYm 2 KzyÞÞ=a1

where Yo ¼ By=a1 is the basal Y level, and Ym ¼
ðBy þ b1Þ=a1 is the maximal Y level. Note that typical
E. coli sugar utilization systems express tens of
thousands of copies of the proteins per cell during full
activation. This comprises of the order of 1% of the
several million protein units in the E. coli cell.42

Transcription network databases

We used literature-based databases of direct transcrip-
tion interactions for E. coli2 and S. cerevisiae†.3 We
enumerated the FFLs using methods described earlier.2,3

In E. coli, five FFLs have a dual-regulation transcription
factor, which behaves as an activator in the presence of
an inducer and as a repressor in the absence of an
inducer. AraC is such a dual transcription factor.14,15 We
considered these cases as activators in enumerating the
FFL structures. In the present study, since the inducer
L-arabinose is present in all of the kinetic measurements,
AraC can be considered an activator.
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