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The path from gene 
activation to an active 

protein molecule is 
long and intricate
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Gene regulation 
processes are 
complicated! 

Is it possible to 
model this 

complexity?
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Controlling the process from DNA to protein 
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A (too) simple 
picture of 

transcription
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I will talk about

• Feedback as a regulatory mechanism

• Gene transcription

• Modelling philosophy

• Transcription regulation

• Boolean variables and functions: a little bit of mathematics

• Simple frameworks for modelling gene regulatory networks
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How does a cell ensure the right response to an incoming signal?

Input 
signal

Response
Gene 1

This simple scheme is not going to work:

• How to ensure not too high response, not to low?

• How could the gene know when the response is sufficient?

• How to sustain the response after the input signal has gone?

Each arrow could 
represent a long chain 

of reactions
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Input 
signal

Response

Generic mechanism: feedback regulation!
Feedback is a key concept.

Gene 1+
+

+
–

How does a cell ensure the right response to an incoming signal?
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Basics of feedback

Feedback is either positive or negative

• Positive feedback: the response is 
enhanced (stimulated).

• Negative feedback: the response is 
counteracted.

Advantages of positive feedback:

• Fast build-up of response level.

• Even if the input signal vanishes, the 
feedback may maintain the process.

• Without positive feedback the system 
can only have one steady state.

Advantages of negative feedback:

• The response is stabilised at the desired 
level (homeostasis).

• Disturbances are damped.

Input signal Response

Feedback

Action
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Positive and negative feedback between two agents

A B

+

–

Negative feedback (+ –)
Homeostasis, periodicity.

A B

+

+

Positive feedback (+ +)
A and B deviate in the same direction 
after a perturbation.

–

A B

–

Positive feedback (––)
A and B deviate in opposite directions 
after a perturbation.
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Feedback in a chain of reactions

The signature of a feedback loop:

• If there is an odd number of negative (inhibitory) actions, 
the loop is negative (for all elements involved).

• If there is an even number of negative (inhibitory) actions, 
the loop is positive (for all elements involved).

• A negative loop generally leads to homeostasis.

• A positive loop may lead to multistationarity 
(no positive loop, no multistationarity).

Input signal
Response

Feedback loop

+ –

–
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Input 
signal

Response

Generic mechanism: feedback regulation!
Feedback is a key concept.

Gene 1+
+

+
–

How does a cell ensure the right response to an incoming signal?
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How does a cell ensure the right response to an incoming signal?

Input 
signal

Response
Gene 1+

+

+
–

1! 1: positive loop,
1! 3! 1: negative loop (" +),
1! 2! 3! 1: negative loop (+ " +)
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Input 
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Response
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Input 
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Response
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Stochastic 3D model of discrete molecules 
with Brownian motion in space.

Is this model more correct? More useful? If 
this is the answer, what is the question?

(From U.S. Bhalla, Progr. Biophys. & Mol. 
Biol. (2003))

18

Modelling: are realistic models realistic?

Straightforward continuous mass-action 
and Michaelis-Menten dynamics

Continuous reaction dynamics with 
compartments

Continuous reaction-diffusion 3D model
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Collapsing the real network to a gene regulatory network model

19

From Brazhnik, de la Fuente and Mendes, Trends in 
Biotechnology (2002)

“An increasingly popular model of 
regulation is to represent networks 
of genes as if they directly affect 
each other.  Although such gene 
networks are phenomenological 
because they do not explicitly 
represent the proteins and 
metabolites that mediate cell 
interactions, they are a logical way 
of describing phenomena observed 
with transcription profiling...”

Real actions

The actions in the corresponding 
gene regulatory network
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Simple-minded transcription regulation

Transcription
factor molecules

mRNA

Few transcription factor 
(TF) molecules:
Very low transcription rate

Many TF molecules: 
Full transcription rate
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Simple-minded transcription regulation

Transcription
factor molecules

mRNA

Few transcription factor 
(TF) molecules:
Very low transcription rate

Many TF molecules: 
Full transcription rate

How is the transition 
between the two 
extreme cases:

Gradual?
Gradual, but threshold dependent?
Binary (switch-like)?

20



21

21



22

22



23

23



Synthetic transcriptional 
cascades in E. coli behaving 
like a single transcription 
response function. 
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Can sigmoidal response functions describe 
the whole gene regulation process?
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Transcription modelled by statistical thermodynamics

• What is the probability that the 
protein molecules necessary to 
initiate transcription (transcription 
factors and polymerase) bind to the 
DNA?

• Assumption: Transcription rate ~ 
binding probability.

• Depends on:
‣ number of  active molecules, 
‣  number of alternative binding 

sites,
‣ the binding energies for the 

different sites,
‣ the geometric configuration of 

the DNA.

• Can be solved by classical methods 
(Boltzmann).  

25

n = # binding sites

activator

by Joung et al. support the model where each operator-
bound activator can independently interact with RNAP and
enhance transcription [21]. The expected fold-change is
given by Case 8 in Table 1 (with [A1] = [CRP2

*],

[A2] = [cI2], KA1 = K1, KA2 = K2 and v = 1) and shown in
the log–log plot of Figure 4b as a function of [CRP2

*] for
various cI concentrations. Note that, since v = 1, the
dependence of gene expression on [CRP2

*] is indepen-
dent of [cI2], except for an overall vertical shift. This is a
reflection of the multiplicative nature of independent
synergistic activation. An alternative way of visualizing
the same result is the three-dimensional plot of Figure 4c.

In another experiment by Joung et al. [19], both the
proximal site (O2) and the distal site (O1) were engineered
to bind CRP (see Figure 5a, left). An important result of

Transcriptional regulation by the numbers: applications Bintu, Buchler, Garcia, Gerland, Hwa, Kondev, Kuhlman and Phillips 129
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 Promoter

Synergistic co-activation. (a) Cis-regulatory architecture for synergistic
co-activation in synthetic promoters [21]. The yellow boxes denote
the operator sites O1, O2 and the blue box corresponds to the
promoter. The DNA-binding affinity of CRP2 for O1 and cI2 for O2 is
described by the dissociation constants K1 and K2, respectively. Each
activator can independently interact with RNAP and enhance
transcription at different strengths f1, f2 (as shown with interacting
protein–protein subunits). (b) Log–log plot of the fold-change in gene
expression as a function of [CRP2

*] for different concentrations of
[cI2]. (c) Three-dimensional log–log plot of the fold-change in gene
expression as a function of both CRP2 and cI2. Note that on log
scale, the product appears as an additive shift.

Figure 5

(a)

(b)
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Enhances sensitivity by synergistic activation. (a) To the left is the
cis-regulatory architecture for synergistic activation by the same TF in
synthetic promoters [19]. The yellow boxes denote the operator sites
O1, O2 and the blue box corresponds to the promoter. The DNA-binding
affinity of CRP2 for O1 and O2 is described by the dissociation constants
K1 and K2, respectively. Activators at each operator can recruit RNAP
independently at different strengths f1, f2 (as shown with interacting
protein–protein subunits). As illustrated to the right, the binding of
CRP to proximal O2 bends DNA and facilitates the ‘bent’ interaction of
RNAP to CRP bound at upstream O1. (b) Log–log plot of the fold-change
in gene expression as a function of [CRP2

*] for equal dissociation
constants (K1 = K2). We have included the additional cooperativity v
that can occur when the binding of CRP to O1 promotes the interaction
of RNAP to CRP bound at O2. The additional cooperativity
simultaneously increases the maximal fold-change to v ! f1 ! f2 and
enhances the transcriptional sensitivity in the transition region.

www.sciencedirect.com Current Opinion in Genetics & Development 2005, 15:125–135

Polymerase

Transcription factors (proteins)

As usual, to compute the probability of interest, we
construct the ratio of the sum of weights for all those
outcomes that are favorable (i.e. polymerase bound to the
promoter) to the sum of weights over the total set of
outcomes Ztot(P,A). This results in a value of pbound that
adopts precisely the form described in Equation 5. The
regulation factor, Freg (A), is given by

Freg!A" #
1$ A

NNS
e%Dead=kBT e%ea p=kBT

1$ A

NNS
e%Dead=kBT

; (8)

where we have made the additional assumption that
NNS & P, A. Note that if the adhesive interaction
between polymerase and activator goes to zero, the
regulation factor itself goes to unity. Furthermore, for
negative values of this adhesive interaction (i.e. activator
and polymerase like to be near each other) the regula-
tion factor is greater than one, which translates into
an apparent increase in the number of polymerase
molecules available for binding to the promoter. This
claim can be seen more clearly if we define the fold-
change in promoter activity as the ratio of the probab-
ility that RNAP is bound in the presence of transcription

factors to the probability that it is bound in the abs-
ence of transcription factors: fold-change = pbound(P, A)/
pbound(P, A = 0). The fold-change is plotted in Figure 2b
for typical values of the adhesive interaction eap and
the other binding parameters, for the simple model in
which the reservoir for CRP is assumed to be non-specific
DNA.

Similar arguments can be made for the action of repressor
molecules. Consider repression by R repressor molecules
that can bind to an operator (with energy eSrd ) that overlaps
with the promoter. By enumerating the different states
with their associated weights in a way similar to that used
in Figure 2a and noting that the state where both the
repressor and RNAP bind to their sites is not allowed, we
can again derive the form for promoter occupation, Equa-
tion 5, but this time with the regulation factor,

Freg!R" #
1

1$ R

NNS
e%Derd=kBT

: (9)

The above scheme can be extended further to describe
co-regulation by two or more activators and/or repressors.
For example, in the case of activation considered above, if
the binding of the activator to its operator site is assisted

120 Chromosomes and expression mechanisms
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Statistical mechanics of recruitment (a) Schematic showing the relationship between the various states of the promoter and its regulatory region,
and their corresponding weights within the statistical mechanics framework. (b) Fold-change in promoter activity as a function of the number of
activated (inducer-bound) CRP molecules, according to Equations 5 and 8, for different values of the adhesive interaction energy between
activator and RNAP. As in Figure 1, Dead # kBT ln!KS

ad=K
NS
ad ", with KNS

ad # 10 000nM [40] and KS
ad # 0:02 nM [41]. These in vitro numbers are

chosen as a representative example to provide intuition for the action of activators. Applications to in vivo experiments are given in the
accompanying paper [1'']. Several different representative values of the adhesive interaction ead that are consistent with measured activation are
chosen to illustrate how activation depends upon this parameter.

Current Opinion in Genetics & Development 2005, 15:116–124 www.sciencedirect.com
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Multiple input gates – how do several transcription factors interact?

What kind of function coordinates the two inputs?
Are both inputs necessary, or is one sufficient?
Saturation?
Thresholds?
Is the effect of one of them dependent on the other?

A gene may be regulated by several transcription factors.

???

+

–

–
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Detailed map of a cis-regulatory input function
Y. Setty*†, A. E. Mayo*†, M. G. Surette‡, and U. Alon*†§

Departments of *Molecular Cell Biology and †Physics of Complex Systems, The Weizmann Institute of Science, Rehovot 76100, Israel; and ‡Department of
Microbiology and Infectious Diseases, University of Calgary, Calgary, AB, Canada T2N 4N1

Edited by Curtis G. Callan, Jr., Princeton University, Princeton, NJ, and approved April 24, 2003 (received for review February 9, 2003)

Most genes are regulated by multiple transcription factors that bind
specific sites in DNA regulatory regions. These cis-regulatory regions
perform a computation: the rate of transcription is a function of the
active concentrations of each of the input transcription factors. Here,
we used accurate gene expression measurements from living cell
cultures, bearing GFP reporters, to map in detail the input function of
the classic lacZYA operon of Escherichia coli, as a function of about a
hundred combinations of its two inducers, cAMP and isopropyl
!-D-thiogalactoside (IPTG). We found an unexpectedly intricate func-
tion with four plateau levels and four thresholds. This result compares
well with a mathematical model of the binding of the regulatory
proteins cAMP receptor protein (CRP) and LacI to the lac regulatory
region. The model is also used to demonstrate that with few muta-
tions, the same region could encode much purer AND-like or even
OR-like functions. This possibility means that the wild-type region is
selected to perform an elaborate computation in setting the tran-
scription rate. The present approach can be generally used to map the
input functions of other genes.

Transcription factor proteins regulate genes by binding to specific
sites in their DNA cis-regulatory regions (1–9). Often, multiple

transcription factors regulate the same gene. The regulatory regions
of a gene must therefore perform a computation: the rate of
transcription is a function of the active concentrations of each of the
input transcription factors (6–9, 47, 48). This point has been
demonstrated, for example, for the endo-16 gene during sea-urchin
development, where multiple transcription factors combine to
perform an intricate logical computation (6). Cis-regulatory regions
are usually studied by genetic methods, by deleting the various
transcription factors or mutating sites in the regulatory region. The
picture that emerges from such studies is often stated in terms of
logic gates such as AND and OR gates (4, 10). However, the precise
computations performed by regulatory regions may be more com-
plex than logic gates. In general they are multidimensional functions
of the active transcription factor concentrations. Knowing these
functions is essential to understand the dynamics of the transcrip-
tion networks that control cell responses.

Here, we use accurate gene expression measurements to map in
detail the input function of one of the best characterized regulatory
regions, that of the lacZYA operon (lac operon) of Escherichia coli
(1–3). The lac operon encodes for three genes responsible for
lactose catabolism and transport. It is transcriptionally regulated by
the repressor LacI and the activator cAMP receptor protein (CRP).
LacI binds to three operator sites, O1, O2, and O3, located at
positions !9, !411, and "84 with respect to the transcriptional
start site of the lacZ gene (11). The strongest site, O1, overlaps the
"10 region of the promoter [the RNA polymerase (RNAP) binding
site] (11–13). Repression is enhanced by a DNA loop that forms
when LacI tetramers bind two operators, such as O1 and O3 or O1
and O2. When LacI binds artificial inducers such as isopropyl
!-D-thiogalactoside (IPTG) or natural inducers such as allolactose,
its DNA binding is much reduced and repression is relieved. The
activator CRP binds its site only when bound to the inducer cyclic
AMP (14). cAMP is a signaling molecule whose level depends on
the starvation state of the cell. Glucose intake into the cells
suppresses cAMP production and thus inactivates CRP. Therefore,
textbook descriptions of this system often employ a logic-gate
analogy for lac expression: lactose AND NOT glucose.

Beginning with the work of Monod and Jacob (1), there have
been many measurements of lac expression under various condi-
tions (11–18), usually using substrates for the lacZ gene product that
have optically detectable readouts (19). The results of different
measurements are somewhat varied. It was found that the ratio of
fully induced to fully repressed expression is in the range of
300–1,300, and that growth on glucose can repress expression by 3-
to 10-fold. A more detailed mapping at four cAMP and four IPTG
concentrations was performed by Zubay et al. (14) on semiperme-
ablized cells. The drawback of these methods is that cells need to
be lysed or permeabilized to allow the substrate to interact with the
LacZ enzyme. This requirement limits the accuracy and amount of
data that can be collected. Here, we used green fluorescent protein
(GFP) as a reporter to obtain measurements of lac promoter
activity from populations of living cells, without need of lysis or
treatment (20–22). We find that the lac cis-regulatory region
performs a rather intricate computational function.

Methods
Plasmids and Strains. The lac cis-regulatory region was amplified
from MG1655 genomic DNA by using PCR at start coordinate
365438 and end coordinate 365669 from the sequenced genome
(23). It was subcloned into XhoI and BamHI sites upstream of a
promoterless gfpmut2 (24) gene in a low-copy pSC101 origin
plasmid (20, 21) and was used to transform E. coli K12 strain
MG1655 (wild type for the lac system).

Culture and Measurements. Cultures (1 ml) inoculated from single
colonies were grown for 16 h in M9C defined medium [M9, 2 mg!ml
glucose, 1 mM MgSO4, 0.1 mM MgCl2, 25 "g!ml kanamycin]
at 37°C with shaking at 250 rpm. The cultures were diluted to
OD600 # 0.003 into M9C with different concentrations of cAMP
(0–20 mM, Sigma) and IPTG (0–200 "M), at a final volume of 150
"l per well in a flat-bottom 96-well plate (Sarstedt). The cultures
were covered with 100 "l of mineral oil (Sigma) to prevent
evaporation, and grown in a Wallac Victor2 multiwell fluorimeter
at 37°C, set with an automatically repeating protocol of shaking and
OD600 and fluorescence readings (20–22). Time between repeated
measurements was 6 min. Background fluorescence at a given OD
was determined from the fluorescence of cells bearing a promot-
erless GFP vector at the same OD (20–22). Cells growing on
glucose with saturating external cAMP and cells growing on
glycerol (high endogenous cAMP) without exogenous cAMP show
similar lac promoter activity and growth rates.

Colorimetric Assay of !-Galactosidase Activity. MG1655 bearing
a promoterless vector was grown in M9C for 16 h and diluted
(1:200, yielding initial OD600 # 0.006) into 1 ml of M9C medium
with various concentrations of cAMP (0–20 mM) and IPTG
(0–200 "M) in a 2-ml 96-well plate. The cultures were grown at
37°C in a shaker (shaking at 250 rpm), until OD600 # 0.12. Each
sample was lysed (1 ml of cells, 20 "l of 0.1% SDS, 40 "l of

This paper was submitted directly (Track II) to the PNAS office.

Abbreviations: CRP, cAMP receptor protein; IPTG, isopropyl !-D-thiogalactoside; ONPG,
o-nitrophenyl !-D-galactoside.
§To whom correspondence should be sent at the * address. E-mail: urialon@weizmann.
ac.il.
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similar lac promoter activity and growth rates.

Colorimetric Assay of !-Galactosidase Activity. MG1655 bearing
a promoterless vector was grown in M9C for 16 h and diluted
(1:200, yielding initial OD600 # 0.006) into 1 ml of M9C medium
with various concentrations of cAMP (0–20 mM) and IPTG
(0–200 "M) in a 2-ml 96-well plate. The cultures were grown at
37°C in a shaker (shaking at 250 rpm), until OD600 # 0.12. Each
sample was lysed (1 ml of cells, 20 "l of 0.1% SDS, 40 "l of
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The transcription rate of a gene is often controlled by several regulators that bind specific sites in the gene’s cis-
regulatory region. The combined effect of these regulators is described by a cis-regulatory input function. What
determines the form of an input function, and how variable is it with respect to mutations? To address this, we employ
the well-characterized lac operon of Escherichia coli, which has an elaborate input function, intermediate between
Boolean AND-gate and OR-gate logic. We mapped in detail the input function of 12 variants of the lac promoter, each
with different point mutations in the regulator binding sites, by means of accurate expression measurements from
living cells. We find that even a few mutations can significantly change the input function, resulting in functions that
resemble Pure AND gates, OR gates, or single-input switches. Other types of gates were not found. The variant input
functions can be described in a unified manner by a mathematical model. The model also lets us predict which functions
cannot be reached by point mutations. The input function that we studied thus appears to be plastic, in the sense that
many of the mutations do not ruin the regulation completely but rather result in new ways to integrate the inputs.
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Introduction

Much of the computation performed by transcription
networks occurs in the DNA cis-regulatory region (CRR) of
each gene. Most genes are regulated by multiple regulators
(inputs) that bind their CRR. The way that these inputs
combine to determine the rate of transcription is described
by the cis-regulatory input function (CRIF) of the gene. Well-
studied examples include input functions that govern
developmental genes [1–4] at specific locations and times,
when certain combinations of regulators are active. The
CRIFs are often described using Boolean functions such as
AND- and OR-logic gates [4–15], although graded [8,16–18]
input functions are also known to occur.

Recently, a high-resolution map of the CRIF of a well-
characterized gene system, the lac operon [19–21] of
Escherichia coli, was obtained, using accurate gene-expression
measurements from living cells [8]. The lac CRIF has two
inputs, corresponding to the two regulators of the system,
cAMP receptor protein (CRP) and LacI. The CRIF was found
to be a rather intricate function, intermediate between
Boolean AND-gate and OR-gate logic [8] (see Figure 1 for
all 16 possible two-input Boolean logic gates). Unlike pure
Boolean gates, which have two plateau levels (high and low)
and one threshold per input, the lac CRIF has four different
plateau levels and two thresholds per input [8].

Here, we ask which changes in a CRIF can be caused by a
few point mutations in the regulatory region and which
changes cannot. This question is related to the way in which
the input function can be shaped by evolutionary selection
[1]. It is believed that gene networks can ‘‘learn’’ new
computations on an evolutionary timescale by means of
mutations [22–25]. Changes are mainly due to point
mutations, gene duplications, and rearrangements [26–28].
The degree to which mutations can change the computation,
without ruining the essential function, may be termed
‘‘plasticity’’ [1,29–32]. The larger the plasticity, the more

readily a network can learn new computations in a new
environment.
To address this, we study the plasticity of the lac input

function. We measured the effects of point mutations in the
lac promoter region on its input function. We find that the lac
input function is quite plastic: even a few point mutations can
significantly change the CRIF, leading to input functions that
resemble pure AND gates, OR gates, and single-input
switches. A mathematical model explains these results and
lets us predict which types of gates can and cannot be
obtained with point mutations.

Results

Library of Variants of the lac CRR
To study the effects of point mutations in the regulator

binding sites of the lac CRR, we constructed a random library
of CRR mutants. The library was based on the 113-bp
regulatory region of the lac operon from wild-type E. coli.
Each CRR variant contained between three to nine point
mutations in selected locations in the regulator binding sites
(Figure 2). There were at most four mutations in the O3 site

Academic Editor: Arthur D. Lander, University of California Irvine, United States of
America

Received January 24, 2005; Accepted December 8, 2005; Published March 28,
2006

DOI: 10.1371/journal.pbio.0040045

Copyright: ! 2006 Mayo et al. This is an open-access article distributed under the
terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author
and source are credited.

Abbreviations: CRIF, cis-regulatory input function; CRP, cAMP receptor protein;
CRR, cis-regulatory region; GFP, green fluorescent protein; IPTG, isopropyl-D-
thiogalactoside; RNAp, RNA polymerase

* To whom correspondence should be addressed. E-mail: urialon@weizmann.ac.il

¤ Current address: Department of Biological Chemistry, University of Michigan
Medical School, Ann Arbor, Michigan, United States of America

PLoS Biology | www.plosbiology.org April 2006 | Volume 4 | Issue 4 | e450555

PLoS BIOLOGY

from the Alfred P. Sloan Foundation (to M.K.C.).
Work was done partially at Stanford Synchrotron
Radiation Laboratory (SSRL), which is operated by
the Department of Energy, Office of Basic Energy
Sciences. Use of the Advanced Photon Source was
supported by the U.S. Department of Energy, Basic
Energy Sciences, Office of Science, under Contract
No. W-31-109-Eng-38. Use of the BioCARS Sector
14 was supported by the National Institutes of

Health, National Center for Research Resources,
under grant number RR07707. The beamline X4A
at the National Synchrotron Light Source, a De-
partment of Energy facility, is supported by the
Howard Hughes Medical Institute. The authors
thank K. Greenchurch at the Ohio State University
Chemical Instrumentation Center for her assist-
ance with mass spectrometric analysis. The coor-
dinates and structure factors have been deposited

in the Protein Data Bank with accession codes
1L2Q (NaCl form) and 1L2R [(NH4)2SO4 form].

Supporting Online Material
www.sciencemag.org/cgi/content/full/296/5572/1462/
DC1
Materials and Methods
Figs. S1 to S3

4 January 2002; accepted 27 March 2002

Combinatorial Synthesis of
Genetic Networks

Călin C. Guet,1,3 Michael B. Elowitz,3 Weihong Hsing,1
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A central problem in biology is determining how genes interact as parts of
functional networks. Creation and analysis of synthetic networks, composed of
well-characterized genetic elements, provide a framework for theoretical mod-
eling. Here, with the use of a combinatorial method, a library of networks with
varying connectivity was generated in Escherichia coli. These networks were
composed of genes encoding the transcriptional regulators LacI, TetR, and
lambda CI, as well as the corresponding promoters. They displayed phenotypic
behaviors resembling binary logical circuits, with two chemical “inputs” and a
fluorescent protein “output.” Within this simple system, diverse computational
functions arose through changes in network connectivity. Combinatorial syn-
thesis provides an alternative approach for studying biological networks, as well
as an efficient method for producing diverse phenotypes in vivo.

Living cells respond to information from
their environment on the basis of the interac-
tions of a large yet limited number of molec-
ular species that are arranged in complex
cellular networks (1, 2). A classic example of
such biochemical computation is the chemo-
taxis behavior of Escherichia coli, which is
mediated by a well-characterized signal
transduction network (3). However, despite
growing knowledge about the molecular

components of the cell, the dynamics of even
simple cellular networks are not well under-
stood. For instance, a quantitative explana-
tion of the high sensitivity and exact adapta-
tion observed in bacterial chemotaxis is still
lacking (3). Similarly, many other cellular
networks, such as the ones responsible for
signal transduction, regulation of gene ex-
pression, or metabolism, are poorly under-
stood from a quantitative point of view. Thus,

simple and modular experimental systems are
needed to study how the genetic structure and
connectivity of cellular networks are related
to their function. To this end, we devised an
in vivo synthetic system that enables the gen-
eration of combinatorial libraries of genetic
networks.

We have generated a combinatorial li-
brary composed of a small set of transcrip-
tional regulatory genes and their corre-
sponding promoters with varying connec-
tivity (Fig. 1). We chose genes of three
well-characterized prokaryotic transcrip-
tional regulators: LacI, TetR, and lambda cI
(4 ). The binding state of LacI and TetR can
be changed with the small molecule induc-
ers, isopropyl !-D-thiogalactopyranoside
(IPTG) and anhydrotetracycline (aTc), re-
spectively. We also chose five promoters
regulated by these proteins, which cover a
broad range of regulatory characteristics
such as repression, activation, leakiness,
and strength. Two of the promoters are

1Howard Hughes Medical Institute, Department of
Molecular Biology, 2Department of Physics, Princeton
University, Princeton, NJ 08544, USA. 3The Rock-
efeller University, 1230 York Avenue, New York, NY
10021, USA.

*To whom correspondence should be addressed. Lab-
oratory for Living Matter, The Rockefeller University,
1230 York Avenue, New York, NY 10021, USA.

Fig. 1. The modular genetic cloning strategy used
to generate combinatorial libraries of logical cir-
cuits. Construction of the library proceeded in
two steps. In the first step (A), we built all 15
possible promoter-gene units. Individual promot-
ers and genes were first amplified by PCR. The
genes [denoted “–lite” in (B)] have an ssrA tag
that reduces the half-life of the proteins encoded
by the modified gene (21). The five promoters
used were PL1 and P

L
2 (repressed by LacI), P

T

(repressed by TetR), and P"- and P
"
# (repressed

and activated, respectively, by " cI) (5). The tran-
scriptional terminator T1 was present at the end
of each gene. Identical RBS were used as internal
primers for the subsequent fusion PCR step to
form promoter-gene units (27). In order to con-
trol the number of promoter-gene units and the
position of a given gene in the network, Bgl I sites
were incorporated in PCR primers, as shown. The
special recognition and restriction properties of
Bgl I (28) allow various sticky ends to be produced
by Bgl I cleavage. Here we designed the Bgl I sites
such that specific cohesive ends x and y were
associated with each regulatory gene (for lacI, xlac$ GCC, ylac$ TTC; for "
cI, xcI $ AAG, ycI $ GTG; and for tetR, xtet $ CAC, ytet $ TCG). Note that
ylac is compatible with xcI, ycI is compatible with xtetR, and so on. Thus, in step
(B) when all 15 possible fusion PCR products were mixed together and

ligated, the resulting products contained exactly three promoter-gene units
in one particular order (lacI, " cI, tetR). These products were cloned into a
low copy number plasmid (three to four copies per cell) (23), carrying the
reporter gene gfpmut3 under the control of P"% (29).
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to their function. To this end, we devised an
in vivo synthetic system that enables the gen-
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tional regulatory genes and their corre-
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(4 ). The binding state of LacI and TetR can
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cuits. Construction of the library proceeded in
two steps. In the first step (A), we built all 15
possible promoter-gene units. Individual promot-
ers and genes were first amplified by PCR. The
genes [denoted “–lite” in (B)] have an ssrA tag
that reduces the half-life of the proteins encoded
by the modified gene (21). The five promoters
used were PL1 and P
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and activated, respectively, by " cI) (5). The tran-
scriptional terminator T1 was present at the end
of each gene. Identical RBS were used as internal
primers for the subsequent fusion PCR step to
form promoter-gene units (27). In order to con-
trol the number of promoter-gene units and the
position of a given gene in the network, Bgl I sites
were incorporated in PCR primers, as shown. The
special recognition and restriction properties of
Bgl I (28) allow various sticky ends to be produced
by Bgl I cleavage. Here we designed the Bgl I sites
such that specific cohesive ends x and y were
associated with each regulatory gene (for lacI, xlac$ GCC, ylac$ TTC; for "
cI, xcI $ AAG, ycI $ GTG; and for tetR, xtet $ CAC, ytet $ TCG). Note that
ylac is compatible with xcI, ycI is compatible with xtetR, and so on. Thus, in step
(B) when all 15 possible fusion PCR products were mixed together and

ligated, the resulting products contained exactly three promoter-gene units
in one particular order (lacI, " cI, tetR). These products were cloned into a
low copy number plasmid (three to four copies per cell) (23), carrying the
reporter gene gfpmut3 under the control of P"% (29).
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Most genes are regulated by multiple transcription factors that bind
specific sites in DNA regulatory regions. These cis-regulatory regions
perform a computation: the rate of transcription is a function of the
active concentrations of each of the input transcription factors. Here,
we used accurate gene expression measurements from living cell
cultures, bearing GFP reporters, to map in detail the input function of
the classic lacZYA operon of Escherichia coli, as a function of about a
hundred combinations of its two inducers, cAMP and isopropyl
!-D-thiogalactoside (IPTG). We found an unexpectedly intricate func-
tion with four plateau levels and four thresholds. This result compares
well with a mathematical model of the binding of the regulatory
proteins cAMP receptor protein (CRP) and LacI to the lac regulatory
region. The model is also used to demonstrate that with few muta-
tions, the same region could encode much purer AND-like or even
OR-like functions. This possibility means that the wild-type region is
selected to perform an elaborate computation in setting the tran-
scription rate. The present approach can be generally used to map the
input functions of other genes.

Transcription factor proteins regulate genes by binding to specific
sites in their DNA cis-regulatory regions (1–9). Often, multiple

transcription factors regulate the same gene. The regulatory regions
of a gene must therefore perform a computation: the rate of
transcription is a function of the active concentrations of each of the
input transcription factors (6–9, 47, 48). This point has been
demonstrated, for example, for the endo-16 gene during sea-urchin
development, where multiple transcription factors combine to
perform an intricate logical computation (6). Cis-regulatory regions
are usually studied by genetic methods, by deleting the various
transcription factors or mutating sites in the regulatory region. The
picture that emerges from such studies is often stated in terms of
logic gates such as AND and OR gates (4, 10). However, the precise
computations performed by regulatory regions may be more com-
plex than logic gates. In general they are multidimensional functions
of the active transcription factor concentrations. Knowing these
functions is essential to understand the dynamics of the transcrip-
tion networks that control cell responses.

Here, we use accurate gene expression measurements to map in
detail the input function of one of the best characterized regulatory
regions, that of the lacZYA operon (lac operon) of Escherichia coli
(1–3). The lac operon encodes for three genes responsible for
lactose catabolism and transport. It is transcriptionally regulated by
the repressor LacI and the activator cAMP receptor protein (CRP).
LacI binds to three operator sites, O1, O2, and O3, located at
positions !9, !411, and "84 with respect to the transcriptional
start site of the lacZ gene (11). The strongest site, O1, overlaps the
"10 region of the promoter [the RNA polymerase (RNAP) binding
site] (11–13). Repression is enhanced by a DNA loop that forms
when LacI tetramers bind two operators, such as O1 and O3 or O1
and O2. When LacI binds artificial inducers such as isopropyl
!-D-thiogalactoside (IPTG) or natural inducers such as allolactose,
its DNA binding is much reduced and repression is relieved. The
activator CRP binds its site only when bound to the inducer cyclic
AMP (14). cAMP is a signaling molecule whose level depends on
the starvation state of the cell. Glucose intake into the cells
suppresses cAMP production and thus inactivates CRP. Therefore,
textbook descriptions of this system often employ a logic-gate
analogy for lac expression: lactose AND NOT glucose.

Beginning with the work of Monod and Jacob (1), there have
been many measurements of lac expression under various condi-
tions (11–18), usually using substrates for the lacZ gene product that
have optically detectable readouts (19). The results of different
measurements are somewhat varied. It was found that the ratio of
fully induced to fully repressed expression is in the range of
300–1,300, and that growth on glucose can repress expression by 3-
to 10-fold. A more detailed mapping at four cAMP and four IPTG
concentrations was performed by Zubay et al. (14) on semiperme-
ablized cells. The drawback of these methods is that cells need to
be lysed or permeabilized to allow the substrate to interact with the
LacZ enzyme. This requirement limits the accuracy and amount of
data that can be collected. Here, we used green fluorescent protein
(GFP) as a reporter to obtain measurements of lac promoter
activity from populations of living cells, without need of lysis or
treatment (20–22). We find that the lac cis-regulatory region
performs a rather intricate computational function.

Methods
Plasmids and Strains. The lac cis-regulatory region was amplified
from MG1655 genomic DNA by using PCR at start coordinate
365438 and end coordinate 365669 from the sequenced genome
(23). It was subcloned into XhoI and BamHI sites upstream of a
promoterless gfpmut2 (24) gene in a low-copy pSC101 origin
plasmid (20, 21) and was used to transform E. coli K12 strain
MG1655 (wild type for the lac system).

Culture and Measurements. Cultures (1 ml) inoculated from single
colonies were grown for 16 h in M9C defined medium [M9, 2 mg!ml
glucose, 1 mM MgSO4, 0.1 mM MgCl2, 25 "g!ml kanamycin]
at 37°C with shaking at 250 rpm. The cultures were diluted to
OD600 # 0.003 into M9C with different concentrations of cAMP
(0–20 mM, Sigma) and IPTG (0–200 "M), at a final volume of 150
"l per well in a flat-bottom 96-well plate (Sarstedt). The cultures
were covered with 100 "l of mineral oil (Sigma) to prevent
evaporation, and grown in a Wallac Victor2 multiwell fluorimeter
at 37°C, set with an automatically repeating protocol of shaking and
OD600 and fluorescence readings (20–22). Time between repeated
measurements was 6 min. Background fluorescence at a given OD
was determined from the fluorescence of cells bearing a promot-
erless GFP vector at the same OD (20–22). Cells growing on
glucose with saturating external cAMP and cells growing on
glycerol (high endogenous cAMP) without exogenous cAMP show
similar lac promoter activity and growth rates.

Colorimetric Assay of !-Galactosidase Activity. MG1655 bearing
a promoterless vector was grown in M9C for 16 h and diluted
(1:200, yielding initial OD600 # 0.006) into 1 ml of M9C medium
with various concentrations of cAMP (0–20 mM) and IPTG
(0–200 "M) in a 2-ml 96-well plate. The cultures were grown at
37°C in a shaker (shaking at 250 rpm), until OD600 # 0.12. Each
sample was lysed (1 ml of cells, 20 "l of 0.1% SDS, 40 "l of
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active concentrations of each of the input transcription factors. Here,
we used accurate gene expression measurements from living cell
cultures, bearing GFP reporters, to map in detail the input function of
the classic lacZYA operon of Escherichia coli, as a function of about a
hundred combinations of its two inducers, cAMP and isopropyl
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input transcription factors (6–9, 47, 48). This point has been
demonstrated, for example, for the endo-16 gene during sea-urchin
development, where multiple transcription factors combine to
perform an intricate logical computation (6). Cis-regulatory regions
are usually studied by genetic methods, by deleting the various
transcription factors or mutating sites in the regulatory region. The
picture that emerges from such studies is often stated in terms of
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Methods
Plasmids and Strains. The lac cis-regulatory region was amplified
from MG1655 genomic DNA by using PCR at start coordinate
365438 and end coordinate 365669 from the sequenced genome
(23). It was subcloned into XhoI and BamHI sites upstream of a
promoterless gfpmut2 (24) gene in a low-copy pSC101 origin
plasmid (20, 21) and was used to transform E. coli K12 strain
MG1655 (wild type for the lac system).

Culture and Measurements. Cultures (1 ml) inoculated from single
colonies were grown for 16 h in M9C defined medium [M9, 2 mg!ml
glucose, 1 mM MgSO4, 0.1 mM MgCl2, 25 "g!ml kanamycin]
at 37°C with shaking at 250 rpm. The cultures were diluted to
OD600 # 0.003 into M9C with different concentrations of cAMP
(0–20 mM, Sigma) and IPTG (0–200 "M), at a final volume of 150
"l per well in a flat-bottom 96-well plate (Sarstedt). The cultures
were covered with 100 "l of mineral oil (Sigma) to prevent
evaporation, and grown in a Wallac Victor2 multiwell fluorimeter
at 37°C, set with an automatically repeating protocol of shaking and
OD600 and fluorescence readings (20–22). Time between repeated
measurements was 6 min. Background fluorescence at a given OD
was determined from the fluorescence of cells bearing a promot-
erless GFP vector at the same OD (20–22). Cells growing on
glucose with saturating external cAMP and cells growing on
glycerol (high endogenous cAMP) without exogenous cAMP show
similar lac promoter activity and growth rates.

Colorimetric Assay of !-Galactosidase Activity. MG1655 bearing
a promoterless vector was grown in M9C for 16 h and diluted
(1:200, yielding initial OD600 # 0.006) into 1 ml of M9C medium
with various concentrations of cAMP (0–20 mM) and IPTG
(0–200 "M) in a 2-ml 96-well plate. The cultures were grown at
37°C in a shaker (shaking at 250 rpm), until OD600 # 0.12. Each
sample was lysed (1 ml of cells, 20 "l of 0.1% SDS, 40 "l of
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Plasticity of the cis-Regulatory Input
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The transcription rate of a gene is often controlled by several regulators that bind specific sites in the gene’s cis-
regulatory region. The combined effect of these regulators is described by a cis-regulatory input function. What
determines the form of an input function, and how variable is it with respect to mutations? To address this, we employ
the well-characterized lac operon of Escherichia coli, which has an elaborate input function, intermediate between
Boolean AND-gate and OR-gate logic. We mapped in detail the input function of 12 variants of the lac promoter, each
with different point mutations in the regulator binding sites, by means of accurate expression measurements from
living cells. We find that even a few mutations can significantly change the input function, resulting in functions that
resemble Pure AND gates, OR gates, or single-input switches. Other types of gates were not found. The variant input
functions can be described in a unified manner by a mathematical model. The model also lets us predict which functions
cannot be reached by point mutations. The input function that we studied thus appears to be plastic, in the sense that
many of the mutations do not ruin the regulation completely but rather result in new ways to integrate the inputs.
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Introduction

Much of the computation performed by transcription
networks occurs in the DNA cis-regulatory region (CRR) of
each gene. Most genes are regulated by multiple regulators
(inputs) that bind their CRR. The way that these inputs
combine to determine the rate of transcription is described
by the cis-regulatory input function (CRIF) of the gene. Well-
studied examples include input functions that govern
developmental genes [1–4] at specific locations and times,
when certain combinations of regulators are active. The
CRIFs are often described using Boolean functions such as
AND- and OR-logic gates [4–15], although graded [8,16–18]
input functions are also known to occur.

Recently, a high-resolution map of the CRIF of a well-
characterized gene system, the lac operon [19–21] of
Escherichia coli, was obtained, using accurate gene-expression
measurements from living cells [8]. The lac CRIF has two
inputs, corresponding to the two regulators of the system,
cAMP receptor protein (CRP) and LacI. The CRIF was found
to be a rather intricate function, intermediate between
Boolean AND-gate and OR-gate logic [8] (see Figure 1 for
all 16 possible two-input Boolean logic gates). Unlike pure
Boolean gates, which have two plateau levels (high and low)
and one threshold per input, the lac CRIF has four different
plateau levels and two thresholds per input [8].

Here, we ask which changes in a CRIF can be caused by a
few point mutations in the regulatory region and which
changes cannot. This question is related to the way in which
the input function can be shaped by evolutionary selection
[1]. It is believed that gene networks can ‘‘learn’’ new
computations on an evolutionary timescale by means of
mutations [22–25]. Changes are mainly due to point
mutations, gene duplications, and rearrangements [26–28].
The degree to which mutations can change the computation,
without ruining the essential function, may be termed
‘‘plasticity’’ [1,29–32]. The larger the plasticity, the more

readily a network can learn new computations in a new
environment.
To address this, we study the plasticity of the lac input

function. We measured the effects of point mutations in the
lac promoter region on its input function. We find that the lac
input function is quite plastic: even a few point mutations can
significantly change the CRIF, leading to input functions that
resemble pure AND gates, OR gates, and single-input
switches. A mathematical model explains these results and
lets us predict which types of gates can and cannot be
obtained with point mutations.

Results

Library of Variants of the lac CRR
To study the effects of point mutations in the regulator

binding sites of the lac CRR, we constructed a random library
of CRR mutants. The library was based on the 113-bp
regulatory region of the lac operon from wild-type E. coli.
Each CRR variant contained between three to nine point
mutations in selected locations in the regulator binding sites
(Figure 2). There were at most four mutations in the O3 site
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Combinatorial Synthesis of
Genetic Networks

Călin C. Guet,1,3 Michael B. Elowitz,3 Weihong Hsing,1

Stanislas Leibler1,2,3*

A central problem in biology is determining how genes interact as parts of
functional networks. Creation and analysis of synthetic networks, composed of
well-characterized genetic elements, provide a framework for theoretical mod-
eling. Here, with the use of a combinatorial method, a library of networks with
varying connectivity was generated in Escherichia coli. These networks were
composed of genes encoding the transcriptional regulators LacI, TetR, and
lambda CI, as well as the corresponding promoters. They displayed phenotypic
behaviors resembling binary logical circuits, with two chemical “inputs” and a
fluorescent protein “output.” Within this simple system, diverse computational
functions arose through changes in network connectivity. Combinatorial syn-
thesis provides an alternative approach for studying biological networks, as well
as an efficient method for producing diverse phenotypes in vivo.

Living cells respond to information from
their environment on the basis of the interac-
tions of a large yet limited number of molec-
ular species that are arranged in complex
cellular networks (1, 2). A classic example of
such biochemical computation is the chemo-
taxis behavior of Escherichia coli, which is
mediated by a well-characterized signal
transduction network (3). However, despite
growing knowledge about the molecular

components of the cell, the dynamics of even
simple cellular networks are not well under-
stood. For instance, a quantitative explana-
tion of the high sensitivity and exact adapta-
tion observed in bacterial chemotaxis is still
lacking (3). Similarly, many other cellular
networks, such as the ones responsible for
signal transduction, regulation of gene ex-
pression, or metabolism, are poorly under-
stood from a quantitative point of view. Thus,

simple and modular experimental systems are
needed to study how the genetic structure and
connectivity of cellular networks are related
to their function. To this end, we devised an
in vivo synthetic system that enables the gen-
eration of combinatorial libraries of genetic
networks.

We have generated a combinatorial li-
brary composed of a small set of transcrip-
tional regulatory genes and their corre-
sponding promoters with varying connec-
tivity (Fig. 1). We chose genes of three
well-characterized prokaryotic transcrip-
tional regulators: LacI, TetR, and lambda cI
(4 ). The binding state of LacI and TetR can
be changed with the small molecule induc-
ers, isopropyl !-D-thiogalactopyranoside
(IPTG) and anhydrotetracycline (aTc), re-
spectively. We also chose five promoters
regulated by these proteins, which cover a
broad range of regulatory characteristics
such as repression, activation, leakiness,
and strength. Two of the promoters are
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Fig. 1. The modular genetic cloning strategy used
to generate combinatorial libraries of logical cir-
cuits. Construction of the library proceeded in
two steps. In the first step (A), we built all 15
possible promoter-gene units. Individual promot-
ers and genes were first amplified by PCR. The
genes [denoted “–lite” in (B)] have an ssrA tag
that reduces the half-life of the proteins encoded
by the modified gene (21). The five promoters
used were PL1 and P

L
2 (repressed by LacI), P

T

(repressed by TetR), and P"- and P
"
# (repressed

and activated, respectively, by " cI) (5). The tran-
scriptional terminator T1 was present at the end
of each gene. Identical RBS were used as internal
primers for the subsequent fusion PCR step to
form promoter-gene units (27). In order to con-
trol the number of promoter-gene units and the
position of a given gene in the network, Bgl I sites
were incorporated in PCR primers, as shown. The
special recognition and restriction properties of
Bgl I (28) allow various sticky ends to be produced
by Bgl I cleavage. Here we designed the Bgl I sites
such that specific cohesive ends x and y were
associated with each regulatory gene (for lacI, xlac$ GCC, ylac$ TTC; for "
cI, xcI $ AAG, ycI $ GTG; and for tetR, xtet $ CAC, ytet $ TCG). Note that
ylac is compatible with xcI, ycI is compatible with xtetR, and so on. Thus, in step
(B) when all 15 possible fusion PCR products were mixed together and

ligated, the resulting products contained exactly three promoter-gene units
in one particular order (lacI, " cI, tetR). These products were cloned into a
low copy number plasmid (three to four copies per cell) (23), carrying the
reporter gene gfpmut3 under the control of P"% (29).
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functions arose through changes in network connectivity. Combinatorial syn-
thesis provides an alternative approach for studying biological networks, as well
as an efficient method for producing diverse phenotypes in vivo.

Living cells respond to information from
their environment on the basis of the interac-
tions of a large yet limited number of molec-
ular species that are arranged in complex
cellular networks (1, 2). A classic example of
such biochemical computation is the chemo-
taxis behavior of Escherichia coli, which is
mediated by a well-characterized signal
transduction network (3). However, despite
growing knowledge about the molecular
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simple cellular networks are not well under-
stood. For instance, a quantitative explana-
tion of the high sensitivity and exact adapta-
tion observed in bacterial chemotaxis is still
lacking (3). Similarly, many other cellular
networks, such as the ones responsible for
signal transduction, regulation of gene ex-
pression, or metabolism, are poorly under-
stood from a quantitative point of view. Thus,

simple and modular experimental systems are
needed to study how the genetic structure and
connectivity of cellular networks are related
to their function. To this end, we devised an
in vivo synthetic system that enables the gen-
eration of combinatorial libraries of genetic
networks.

We have generated a combinatorial li-
brary composed of a small set of transcrip-
tional regulatory genes and their corre-
sponding promoters with varying connec-
tivity (Fig. 1). We chose genes of three
well-characterized prokaryotic transcrip-
tional regulators: LacI, TetR, and lambda cI
(4 ). The binding state of LacI and TetR can
be changed with the small molecule induc-
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Fig. 1. The modular genetic cloning strategy used
to generate combinatorial libraries of logical cir-
cuits. Construction of the library proceeded in
two steps. In the first step (A), we built all 15
possible promoter-gene units. Individual promot-
ers and genes were first amplified by PCR. The
genes [denoted “–lite” in (B)] have an ssrA tag
that reduces the half-life of the proteins encoded
by the modified gene (21). The five promoters
used were PL1 and P
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and activated, respectively, by " cI) (5). The tran-
scriptional terminator T1 was present at the end
of each gene. Identical RBS were used as internal
primers for the subsequent fusion PCR step to
form promoter-gene units (27). In order to con-
trol the number of promoter-gene units and the
position of a given gene in the network, Bgl I sites
were incorporated in PCR primers, as shown. The
special recognition and restriction properties of
Bgl I (28) allow various sticky ends to be produced
by Bgl I cleavage. Here we designed the Bgl I sites
such that specific cohesive ends x and y were
associated with each regulatory gene (for lacI, xlac$ GCC, ylac$ TTC; for "
cI, xcI $ AAG, ycI $ GTG; and for tetR, xtet $ CAC, ytet $ TCG). Note that
ylac is compatible with xcI, ycI is compatible with xtetR, and so on. Thus, in step
(B) when all 15 possible fusion PCR products were mixed together and

ligated, the resulting products contained exactly three promoter-gene units
in one particular order (lacI, " cI, tetR). These products were cloned into a
low copy number plasmid (three to four copies per cell) (23), carrying the
reporter gene gfpmut3 under the control of P"% (29).
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Abstract: The architecture of gene regulatory networks is
reminiscent of electronic circuits. Modular building blocks
that respond in a logical way to one or several inputs are
connected to perform a variety of complex tasks. Gene
circuit engineers have pioneered the construction of
artificial gene regulatory networks with the intention to
pave the way for the construction of therapeutic gene
circuits for next-generation gene therapy approaches.
However, due to the lack of a critical amount of eukaryotic
cell-compatible gene regulation systems, the field has so far
been limited to prokaryotes. Recent development of several
mammalian cell-compatible expression control systems laid
the foundations for the assembly of transcription control
modules that can respond to several inputs. Herein, three
approaches to evoke combinatorial transcription control
have been followed: (i) construction of artificial promoters
with up to three operator sites for regulatory proteins, and
(ii) parallel and (iii) serial linking of two gene regulation
systems. We have combined tetracycline-, streptogramin-,
macrolide-, and butyrolactone transcription control sys-
tems to engineer BioLogic gates of the NOT IF-, AND-, NOT
IF IF-, NAND-, OR-, NOR-, and INVERTER-type in mamma-
lian cells, which are able to respond to up to three different
small molecule inputs. BioLogic gates enable logical tran-
scriptional control in mammalian cells and, in combination
with modern transduction technologies, could serve as
versatile tools for regulated gene expression and as building
blocks for complex artificial gene regulatory networks for
applications in gene therapy, tissue engineering, and
biotechnology. B 2004 Wiley Periodicals, Inc.
Keywords: gene regulation; transcription control; gene
regulatory networks; gene therapy; E.REX; PIP; TET;
quorum sensing

INTRODUCTION

Increasing knowledge on how cell phenotypes are shaped
by the expression interplay of different sets of genes
(Bolouri and Davidson, 2002; Milo et al., 2002; Shen-Orr
et al., 2002) reveals complex regulatory transcription net-

works that show response characteristics reminiscent of
logic gate-driven electric circuits. The expression output of
mammalian cell-based regulatory networks is often a logic
response modulated by one or several input signals (Simp-
son et al., 2001; Buchler et al., 2003). With a vision to
enable sophisticated therapeutic interventions for next-
generation gene therapy and tissue engineering, gene cir-
cuit engineers focused on the combination of compatible
heterologous gene control modules to configure artificial
regulatory networks in a rational (Elowitz and Leibler,
2000; Gardner et al., 2000), combinatorial (Guet et al.,
2002), or evolutionary (Yokobayashi et al., 2002) manner.
Lack of available human cell-compatible heterologous
transcription control modalities was one factor limiting the
design of artificial regulatory networks to prokaryotic sys-
tems (Weiss et al., 2003). Furthermore, transduction of
complex multicomponent networks to mammalian cells and
establishing stable cell lines expressing all the necessary
components remains a major challenge. Improvements in
this area will be fundamental for clinical applications.
The transfer of these artificial regulatory networks to

mammalian cells requires a variety of heterologous tran-
scription control units that can be arranged to integrate
internal and external signals and modulate desired biologic
responses (Gossen and Bujard, 1992; Fussenegger et al.,
2000; Weber et al., 2002, 2003). These control units cap-
italize on a binary design concept consisting of chimeric
transcription modulators, assembled by fusing procaryotic
response regulators to mammalian transactivation (Triezen-
berg et al., 1988) or transrepression (Moosmann et al., 1997)
domains, which bind modulator-specific operator-con-
taining promoters in a small molecule-adjustable manner.
In most configurations, the presence of regulating agents
abolishes transactivator/transrepressor–promoter interac-
tion and results in repression/derepression of desired
transgene expression. Owing to their sigmoid-shaped dose–
response curves, gene regulation systems could be consid-
ered genetic analog–digital converters. Their output is
either ON or OFF for a wide range of input inducer con-
centrations, except for a concentration window typically be-
tween 10 and 1,000 ng/mL in which the systems gradually

B 2004 Wiley Periodicals, Inc.
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presence of PIP-KRAB yielded 350-fold regulation be-
tween the input cases +SCB1 and +PI, while maintaining
the absolute expression level, as can be seen in Fig. 1C. In
the presence of both input signals, neither SCA nor PI in-
teracts with their specific promoter and transgene expres-
sion remains silent.
Isogenic NOT IF gates could also be assembled using

tetracycline (Gossen and Bujard, 1992)- and macrolide
(Weber et al., 2002)-responsive gene regulation systems.
Co-transfection of constitutive expression vectors encoding
the tetracycline-dependent transactivator (tTA; PhCMV-tTA-
pA: pSAM200) and the erythromycin-dependent transre-
pressor (E-KRAB; PhCMV-E-KRAB-pA; pWW43) with a
reporter construct driven by a tTA/E-KRAB-specific pro-
moter (tetO7-ETR8-PhCMVmin-SEAP-pA; pBP187) resulted
in similar signal integration performance in CHO-K1 cells
compared to the QuoRex/PIP configuration: !tetracycline
(TET)/ !erythromycin (EM), 0.2F 0.18 U/L; !TET/+EM,
6.25 F 0.15 U/L; +TET/!EM, 0.001 F 0.13; and +TET/
+EM, 0 F 0.004. The forementioned NOT IF gate can be
converted into an AND-type BioLogic gate by replacing
tTA with its reverse tetracycline-dependent homologue,
which binds the tetO7 operator only in the presence of
tetracycline. Co-transfection of pTetON (PhCMV-rtTA-pA,
Clontech, Palo Alto, CA), pWW43, and pBP187 resulted in
typical AND-like signal integration profiles: !TET/!EM,
0 F 0.04 U/L; !TET/+EM, 0 F 0.07 U/L; +TET/!EM,
0.08 F 0.01 U/L; +TET/+EM, 1.4 F 0.17 U/L.
The generic two-signal input NOT IF gates could be

extended to higher-order control networks (NOT IF IF)
responsive to three external signals: tetracycline, erythro-
mycin, and pristinamycin. Multi-level control of a chimeric

SEAP-driving promoter containing tetO7, PIR3, and ETR8

operator sites (tetO7-PIR3-ETR8-PhCMVmin-SEAP-pA,
pBP215) in CHO-K1 cells constitutively expressing tTA
(pSAM200), PIP-KRAB (pMF207), and E-KRAB
(pWW43) provides high-level SEAP expression when both
transrepressors (PIP-KRAB, E-KRAB) are locked by eryth-
romycin and pristinamycin in an operator binding-in-
competent allosteric configuration (Fig. 2A). In all other
configurations, including tetracycline, input signals that
prevent binding of the only transactivator tTA and/or
binding of one of the two transrepressors PIP-KRAB or
E-KRAB SEAP expression remain silent (Fig. 2B). NOT
IF (IF) type of BioLogic gates are widely found in na-
ture. Many key decisions in development depend on the
presence of an activator and the absence of one or several
repressors (McAdams and Shapiro, 1995; Bolouri and
Davidson, 2002).
NAND-like gene regulation profiles following a two-

signal input can be achieved by parallel arrangement of two
NOT gates consisting of the PIP and the E.REX systems
(Fig. 3). Co-transfection of constitutive transactivator-
encoding vectors pMF156 (PhCMV-PIT-pA; PIT, streptog-
ramin-dependent transactivator) and pWW35 (PhCMV-ET-
pA; ET, macrolide-dependent transactivator) with PIT and
ET-responsive SEAP expression vectors pMF156 (PPIR-
SEAP-pA) and pWW36 (PETR-SEAP-pA) resulted in (i)
maximum SEAP expression when both transactivators are
bound to their promoters (absence of small molecule
inputs), (ii) half-maximum reporter gene expression if
either one of the two transactivators promotes transcription
(+EM/!PI or !EM/+PI), or (iii) full repression of SEAP
transcription in the presence of both antibiotics (Fig. 3C).

Figure 1. Molecular setup, truth table, and conditional expression levels of a NOT IF gate. (A) Butyrolactone-dependent transactivator SCA (scbR-VP16)
and the streptogramin-dependent transrepressor PIP-KRAB are constitutively expressed and modulate reporter gene expression driven by a chimeric
promoter containing specific operator modules scbr8 (SCA) and PIR3 (PIP-KRAB) in response to 2-(1V-hydroxy-6-methylheptyl)-3-(hydroxymethyl)
butanolide (SCB1) and/or pristinamycin (PI). (B) Boolean representation of the NOT IF gate. (C) SAMY production profiles CHO-K1 cells containing
NOT IF gate plasmids (PhCMV-SCA-pA, PhCMV-PIP-KRAB-pA, and scbR8-PIR3-PhCMVmin-SAMY-pA) cultivated for 48 h in the absence (!) or presence of
2 mg/mL indicated small molecule input signals. Cells transiently transfected with the NOT IF gate plasmids under several input conditions.
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cis-regulatory modules that control developmental gene expres-
sion process the regulatory inputs provided by the transcription
factors for which they contain specific target sites. A prominent
class of cis-regulatory processing functions can be modeled as logic
operations. Many of these are combinatorial because they are
mediated by multiple sites, although others are unitary. In this
work, we illustrate the repertoire of cis-regulatory logic opera-
tions, as an approach toward a functional interpretation of the
genomic regulatory code.

The differential control of gene expression during develop-
ment depends primarily on transcription factor interactions

with cis-regulatory modules (CRMs) that may be located up-
stream, downstream, or in the introns of a gene. The potential
regulatory functions encoded in the DNA sequence of these
modular control units are specified by the combinations of
transcription factor target sites they contain, and, typically, a
CRM will include sites for four to eight different interactions (1,
2). In the last analysis, it may be said that we will understand the
genomic regulatory code only when we can interpret its func-
tional significance by inspection, because it has been possible for
decades to recognize protein coding sequence. However, at
present, we cannot even recognize many cis-regulatory target
sites; nor, perhaps more importantly, can we specify predictively,
or, in some cases, even properly name, the elemental functions
mediated by the individual sites within a CRM. Here, we take a
step toward analysis of the repertoire of elemental cis-regulatory
functions.

For a developmentally expressed gene, regulatory control
always depends in part on transcription factors presented vari-
ably in embryonic time and space. In the following, we use the
term “driver” for such factors. These drivers provide spatial and
temporal inputs (positive and negative) reflected in the regula-
tory output of the relevant CRM and in the resulting pattern of
gene expression. However, target sites for driver inputs (3) may
often account for only a minority of specific CRM target sites.
Furthermore, the regulatory outputs of a CRM never exactly
equal any of its inputs. This finding can be perceived explicitly
when the inputs and outputs are hooked together in a gene
regulatory network (2, 4–6). Instead, the CRM processes the
driver inputs in a variety of complex ways, depending on its
genomic design and, to some extent, on its genomic environs. We
find that there is a class of fundamental processing functions
mediated by specific CRM target sites and combinations of sites
that have the behavior of logic operations, and it is on these sites
that we focus herein.

Initial Insights from endo16
Endo16 is a developmentally regulated gene of the sea urchin
embryo expressed in endodermal territory. In respect to its
genomic regulatory code, endo16 may be the best understood of
any developmentally active gene. The functional significance of
every detectable target site in the two key CRMs of this gene was
determined by mutation, singly, or in combination with other
mutations. Their consequences were determined in gene transfer
experiments in which the regulatory output was measured
spatially and kinetically (3, 7–9). Module A of endo16 controls
the initial peak of embryo expression in the endoderm, inte-

grates regulatory transactions requiring upstream interactions,
and is the sole source of communications to the basal transcrip-
tion apparatus (BTA). Module B controls definitive later ex-
pression in the midgut. Together, these two CRMs include 13
specific sites, targeted by nine different transcription factors.
Every species of interaction proved to have a distinct role.

The endo16 results were an eye opener. First, of the nine
factors, no more than two are important drivers, namely, a time
varying, although spatially widespread, homeodomain factor
(Otx) that provides kinetic input by means of a single site in
module A, and a spatially confined POU domain factor (Brn1!
2!4) expressed only in midgut that interacts at a single site in
module B (refs. 3 and 9 and E. Dorman, E.H.D., and C.-H. Yuh,
unpublished data). All of the remaining interactions are medi-
ated by specific DNA-binding proteins, the target sites for which
have no regulatory driver activity when associated with a BTA
by themselves (in contrast to the sites for Otx and Brn1!2!4).
These proteins may be present all of the time, and their functions
in the endo16 control system were discovered only by mutation
of their target sites in context. Second, a quantitative model that
was verified by kinetic measurements of output showed that logic
statements represent accurately the functional contributions of
those sites where factors other than the drivers bind. Conditional
on the occurrence of these interactions, the inputs provided by
the drivers are altered in particular ways (including cancellation).
In the absence of such interactions, alternative input processing
events occur. Thus, from the effects of mutation of individual
cis-regulatory sites, reception of driver inputs could be distin-
guished from other encoded functions. It was demonstrated that
the combination of conditional logic functions executed by these
sites in combination explicitly represents the input processing
capabilities of this whole CRM.

The endo16 analysis, of course, illuminated only functions
operating in that control system. Additional such functions are
evident in another sea urchin gene that was recently the subject
of a similar analysis (the cyIIIa gene; ref. 10 and C. T. Brown and
E.H.D., unpublished data). In general, as follows, many diverse
cis-regulatory activities, more or less well known, can similarly be
treated as operations that determine how driver inputs are used
in each given CRM.

Approach to General Treatment of CRM Functions
The events that occur on a cis-regulatory DNA sequence de-
pend, first of all, on the occupancy of its various sites by the
transcription factors that recognize and bind to them. Occu-
pancy of given sites, expressed as the continuous probabilities
(with values in the interval [0, 1]) of each site being bound, is a
function of the intranuclear concentrations of the relevant
transcription factors; the equilibrium constants for their inter-
actions with their target sites relative to those for their nonspe-
cific DNA interactions; and the cooperativity constants for their
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find that there is a class of fundamental processing functions
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statements represent accurately the functional contributions of
those sites where factors other than the drivers bind. Conditional
on the occurrence of these interactions, the inputs provided by
the drivers are altered in particular ways (including cancellation).
In the absence of such interactions, alternative input processing
events occur. Thus, from the effects of mutation of individual
cis-regulatory sites, reception of driver inputs could be distin-
guished from other encoded functions. It was demonstrated that
the combination of conditional logic functions executed by these
sites in combination explicitly represents the input processing
capabilities of this whole CRM.

The endo16 analysis, of course, illuminated only functions
operating in that control system. Additional such functions are
evident in another sea urchin gene that was recently the subject
of a similar analysis (the cyIIIa gene; ref. 10 and C. T. Brown and
E.H.D., unpublished data). In general, as follows, many diverse
cis-regulatory activities, more or less well known, can similarly be
treated as operations that determine how driver inputs are used
in each given CRM.

Approach to General Treatment of CRM Functions
The events that occur on a cis-regulatory DNA sequence de-
pend, first of all, on the occupancy of its various sites by the
transcription factors that recognize and bind to them. Occu-
pancy of given sites, expressed as the continuous probabilities
(with values in the interval [0, 1]) of each site being bound, is a
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Genomic Cis-Regulatory Logic:
Experimental and Computational

Analysis of a Sea Urchin Gene
Chiou-Hwa Yuh, Hamid Bolouri, Eric H. Davidson*

The genomic regulatory network that controls gene expression ultimately determines
form and function in each species. The operational nature of the regulatory programming
specified in cis-regulatory DNA sequence was determined from a detailed functional
analysis of a sea urchin control element that directs the expression of a gene in the
endoderm during development. Spatial expression and repression, and the changing
rate of transcription of this gene, are mediated by a complex and extended cis-regulatory
system. The system may be typical of developmental cis-regulatory apparatus. All of its
activities are integrated in the proximal element, which contains seven target sites for
DNA binding proteins. A quantitative computational model of this regulatory element was
constructed that explicitly reveals the logical interrelations hard-wired into the DNA.

The genomic organization of cis-regulatory
systems lies at the nexus of development
and evolution. Regulated transcription of
thousands of genes controls the mecha-
nisms by which morphological form and
differentiated cell function are spatially or-
ganized during development, and the se-
quences of the transcription factor target
sites in the regulatory DNA of each of these
genes determines the inputs to which it will
respond (1). Reorganization of develop-
mental cis-regulatory systems and of the
networks in which they are linked must
have played a major role in metazoan evo-
lution, because differences in the genetical-
ly controlled developmental process under-
lie the particular morphologies and func-
tional characteristics of diverse animals. For
both developmental and evolutionary bio-
science, understanding genomic cis-regula-
tory systems is a central necessity.

We now present an experimental analy-
sis of the multiple functions of a well de-
fined cis-regulatory element that controls
the expression of a gene during the devel-
opment of the sea urchin embryo. The out-
come is a computational model of the ele-
ment, in which the logical functions medi-
ated through its DNA target site sequences
are explicitly represented. The regulatory
DNA sequences of the genome may specify
thousands of such information-processing
devices.

The Endo16 cis-regulatory system.
Endo16 is a gene that encodes a polyfunc-

tional secreted protein (2) of the midgut in
the late embryo and larva. Transcription of
the gene is activated soon after the primor-
dial endoderm lineages are specified (in late
cleavage), long before the gut forms (3, 4).
Endo16 transcription is specifically re-
pressed in the embryonic cell lineages that
are adjacent to the primordial endoderm or
vegetal plate, that is, in cells that will give
rise to ectoderm above the vegetal plate and
to skeletogenic mesenchyme below (5). In
the late blastula, all cells of the vegetal
plate express Endo16, and after invagina-
tion this gene is expressed throughout the
archenteron (5, 6). During gastrulation, the
gene is activated in an additional ring of
prospective endoderm cells surrounding the
blastopore; soon after this gene is activated,
these cells invaginate as well to form the
hindgut (6). Endo16 expression is thus an
excellent marker of endoderm cell fate
specification, in both the initial and later
phases of that process. Toward the end of
embryogenesis, Endo16 expression becomes
confined to the differentiating cells of the
midgut (4). Transcription is extinguished in
the foregut and the delaminating mesoderm
in the late gastrula, and thereafter in the
hindgut; however, there is an increase in
the rate of transcription in the midgut,
where it can still be detected in advanced
feeding larval stages.

Earlier results have indicated the func-
tional and structural organization of the
Endo16 cis-regulatory system (Fig. 1) (5, 7,
8). When introduced into sea urchin eggs,
the DNA sequence extending about 2300
base pairs upstream from the transcription
start site is necessary and sufficient to re-
create the expression of a linked reporter
gene in the same developmental and spatial
pattern as displayed by the endogenous

Endo16 gene (7). Within this cis-regulatory
domain (Fig. 1A), target sites have been
mapped for 15 different proteins that bind
with high specificity, that is, !104 times
their affinity for synthetic double-stranded
copolymer of deoxyinosine and deoxycyti-
dine [poly(dI-dC)!poly(dI-dC)] (7). Though
some have been identified and cloned, most
of these proteins are known only by their
molecular mass, their DNA binding proper-
ties, and their site specificity.

We have unraveled the functional orga-
nization of the 2300–base pair cis-regulato-
ry system by determining the expression of
constructs that include different subregions
of the sequence, normal or mutated, or
synthetic oligonucleotides representing ver-
sions of the specific target sites [see also (5,
8)]. Like other cis-regulatory systems that
mediate complex developmental patterns of
expression, the Endo16 system is modular in
organization (1, 9). That is, it consists of
subelements of the DNA sequence, each of
which can execute a certain regulatory
function when included in a construct bear-
ing either its own or a heterologous frag-
ment of DNA on which the basal transcrip-
tion apparatus will assemble. Each such sub-
element or regulatory module contains mul-
tiple target sites for DNA binding factors;
there are typically four to eight different
factors per module (1), and Endo16 con-
forms to this expectation. The modular el-
ements indicated by these experiments (5,
8) are indicated by the capital letters (G to
A) in Fig. 1A. However, upstream of mod-
ule B the boundaries of the subelements are
as yet poorly defined.

When tested individually, the most distal
element, module G, has the capacity to
cause expression in the endoderm, as do
modules B and A (5). However, their func-
tions differ: Module G is relatively weak and
appears to act throughout as an ancillary
element; module B functions mainly in later
development (5, 8), and after gastrulation it
alone suffices to produce accurate midgut
expression (5). Module A is probably respon-
sible for initiating expression in the vegetal
plate in the early embryo. In a construct that
includes no other cis-regulatory subelements,
the transcription-enhancing activity of mod-
ule A rises early in development, but it then
declines and disappears when expression is
becoming confined to the midgut and mod-
ule B becomes dominant (5, 8).

Under normal conditions, the central
regions of the cis-regulatory system—that
is, modules F, E, and DC (Fig. 1A)—have
no inherent transcription-enhancing activ-
ity. Their role is to prevent ectopic Endo16
expression in ectodermal cells descendant
from blastomeres overlying the vegetal
plate (modules F and E) and in skeletogenic
cells (module DC). Thus, the positive reg-

C.-H. Yuh and E. H. Davidson are in the Division of Biol-
ogy, California Institute of Technology, Pasadena, CA
91125, USA. H. Bolouri is in the Engineering Research
and Development Centre, University of Hertfordshire,
Hatfield AL10 9AB, UK.

*To whom correspondence should be addressed. E-mail:
davidson@mirsky.caltech.edu

RESEARCH ARTICLE

SCIENCE ! VOL. 279 ! 20 MARCH 1998 ! www.sciencemag.org1896

Genomic Cis-Regulatory Logic:
Experimental and Computational

Analysis of a Sea Urchin Gene
Chiou-Hwa Yuh, Hamid Bolouri, Eric H. Davidson*

The genomic regulatory network that controls gene expression ultimately determines
form and function in each species. The operational nature of the regulatory programming
specified in cis-regulatory DNA sequence was determined from a detailed functional
analysis of a sea urchin control element that directs the expression of a gene in the
endoderm during development. Spatial expression and repression, and the changing
rate of transcription of this gene, are mediated by a complex and extended cis-regulatory
system. The system may be typical of developmental cis-regulatory apparatus. All of its
activities are integrated in the proximal element, which contains seven target sites for
DNA binding proteins. A quantitative computational model of this regulatory element was
constructed that explicitly reveals the logical interrelations hard-wired into the DNA.

The genomic organization of cis-regulatory
systems lies at the nexus of development
and evolution. Regulated transcription of
thousands of genes controls the mecha-
nisms by which morphological form and
differentiated cell function are spatially or-
ganized during development, and the se-
quences of the transcription factor target
sites in the regulatory DNA of each of these
genes determines the inputs to which it will
respond (1). Reorganization of develop-
mental cis-regulatory systems and of the
networks in which they are linked must
have played a major role in metazoan evo-
lution, because differences in the genetical-
ly controlled developmental process under-
lie the particular morphologies and func-
tional characteristics of diverse animals. For
both developmental and evolutionary bio-
science, understanding genomic cis-regula-
tory systems is a central necessity.

We now present an experimental analy-
sis of the multiple functions of a well de-
fined cis-regulatory element that controls
the expression of a gene during the devel-
opment of the sea urchin embryo. The out-
come is a computational model of the ele-
ment, in which the logical functions medi-
ated through its DNA target site sequences
are explicitly represented. The regulatory
DNA sequences of the genome may specify
thousands of such information-processing
devices.

The Endo16 cis-regulatory system.
Endo16 is a gene that encodes a polyfunc-

tional secreted protein (2) of the midgut in
the late embryo and larva. Transcription of
the gene is activated soon after the primor-
dial endoderm lineages are specified (in late
cleavage), long before the gut forms (3, 4).
Endo16 transcription is specifically re-
pressed in the embryonic cell lineages that
are adjacent to the primordial endoderm or
vegetal plate, that is, in cells that will give
rise to ectoderm above the vegetal plate and
to skeletogenic mesenchyme below (5). In
the late blastula, all cells of the vegetal
plate express Endo16, and after invagina-
tion this gene is expressed throughout the
archenteron (5, 6). During gastrulation, the
gene is activated in an additional ring of
prospective endoderm cells surrounding the
blastopore; soon after this gene is activated,
these cells invaginate as well to form the
hindgut (6). Endo16 expression is thus an
excellent marker of endoderm cell fate
specification, in both the initial and later
phases of that process. Toward the end of
embryogenesis, Endo16 expression becomes
confined to the differentiating cells of the
midgut (4). Transcription is extinguished in
the foregut and the delaminating mesoderm
in the late gastrula, and thereafter in the
hindgut; however, there is an increase in
the rate of transcription in the midgut,
where it can still be detected in advanced
feeding larval stages.

Earlier results have indicated the func-
tional and structural organization of the
Endo16 cis-regulatory system (Fig. 1) (5, 7,
8). When introduced into sea urchin eggs,
the DNA sequence extending about 2300
base pairs upstream from the transcription
start site is necessary and sufficient to re-
create the expression of a linked reporter
gene in the same developmental and spatial
pattern as displayed by the endogenous

Endo16 gene (7). Within this cis-regulatory
domain (Fig. 1A), target sites have been
mapped for 15 different proteins that bind
with high specificity, that is, !104 times
their affinity for synthetic double-stranded
copolymer of deoxyinosine and deoxycyti-
dine [poly(dI-dC)!poly(dI-dC)] (7). Though
some have been identified and cloned, most
of these proteins are known only by their
molecular mass, their DNA binding proper-
ties, and their site specificity.

We have unraveled the functional orga-
nization of the 2300–base pair cis-regulato-
ry system by determining the expression of
constructs that include different subregions
of the sequence, normal or mutated, or
synthetic oligonucleotides representing ver-
sions of the specific target sites [see also (5,
8)]. Like other cis-regulatory systems that
mediate complex developmental patterns of
expression, the Endo16 system is modular in
organization (1, 9). That is, it consists of
subelements of the DNA sequence, each of
which can execute a certain regulatory
function when included in a construct bear-
ing either its own or a heterologous frag-
ment of DNA on which the basal transcrip-
tion apparatus will assemble. Each such sub-
element or regulatory module contains mul-
tiple target sites for DNA binding factors;
there are typically four to eight different
factors per module (1), and Endo16 con-
forms to this expectation. The modular el-
ements indicated by these experiments (5,
8) are indicated by the capital letters (G to
A) in Fig. 1A. However, upstream of mod-
ule B the boundaries of the subelements are
as yet poorly defined.

When tested individually, the most distal
element, module G, has the capacity to
cause expression in the endoderm, as do
modules B and A (5). However, their func-
tions differ: Module G is relatively weak and
appears to act throughout as an ancillary
element; module B functions mainly in later
development (5, 8), and after gastrulation it
alone suffices to produce accurate midgut
expression (5). Module A is probably respon-
sible for initiating expression in the vegetal
plate in the early embryo. In a construct that
includes no other cis-regulatory subelements,
the transcription-enhancing activity of mod-
ule A rises early in development, but it then
declines and disappears when expression is
becoming confined to the midgut and mod-
ule B becomes dominant (5, 8).

Under normal conditions, the central
regions of the cis-regulatory system—that
is, modules F, E, and DC (Fig. 1A)—have
no inherent transcription-enhancing activ-
ity. Their role is to prevent ectopic Endo16
expression in ectodermal cells descendant
from blastomeres overlying the vegetal
plate (modules F and E) and in skeletogenic
cells (module DC). Thus, the positive reg-

C.-H. Yuh and E. H. Davidson are in the Division of Biol-
ogy, California Institute of Technology, Pasadena, CA
91125, USA. H. Bolouri is in the Engineering Research
and Development Centre, University of Hertfordshire,
Hatfield AL10 9AB, UK.

*To whom correspondence should be addressed. E-mail:
davidson@mirsky.caltech.edu

RESEARCH ARTICLE

SCIENCE ! VOL. 279 ! 20 MARCH 1998 ! www.sciencemag.org1896

INTRODUCTION

The information processing capacity of animal cis-regulatory
systems is the basal feature that makes development possible.
Each gene, in each cell of a developing animal, must read and
respond to the presence or absence of multiple inputs. In effect,
these inputs provide the gene with the regulatory information
it requires to determine its own activity: this includes signaling
inputs from adjacent cells and inputs that indicate what other
relevant genes have been functioning in the cell in which the
gene resides. These inputs are presented to the gene in terms
of concentrations and activities of nuclear transcription factors.
The heritable structural basis for cis-regulatory information
processing functions consists of the target site sequences at
which transcription factors bind to the DNA. The identity and
disposition of these sites specify the regulatory activities that
can be executed by the cis-regulatory system, depending on
circumstances. This genetic hardwiring causally determines to
which inputs each gene regulatory system will respond
(Davidson, 1990; Davidson, 1999; Davidson, 2001).

The cis-regulatory system of the endo16 gene of the sea

urchin Strongylocentrotus purpuratus provides a fascinating
illustration of these principles. The major working parts of this
2300 bp cis-regulatory system have been defined in a series of
earlier studies (Ransick et al., 1993; Yuh and Davidson, 1996;
Yuh et al., 1994; Yuh et al., 1996). A key feature of our
experimental approach has been the use of quantitative
measurements of the kinetic outputs of various embryonic
expression constructs that had been introduced into fertilized
eggs. In this way, regulatory functions could be perceived that
would otherwise be entirely invisible. An initial set of studies
using this method (Yuh et al., 1996) indicated that the proximal
region of the endo16 regulatory system, the 185 bp cluster of
sites known as Module A, plays an especially important role
with respect to the operation of the remainder of the cis-
regulatory system, and so we decided to determine the
functional significance of each of the eight different sites of
specific DNA/protein interaction that had been detected in vitro
within this region (Yuh et al., 1994; Yuh et al., 1998).
Remarkably, Module A was revealed to operate as a hardwired
logic processor, the output of which is conditional on its inputs.
These derive both from outside the gene, and from other
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The endo16 gene of Strongylocentrotus purpuratus encodes
a secreted protein of the embryonic and larval midgut. The
overall functional organization of the spatial and temporal
control system of this gene are relatively well known
from a series of earlier cis-regulatory studies. Our recent
computational model for the logic operations of the
proximal region of the endo16 control system (Module A)
specifies the function of interactions at each transcription
factor target site of Module A. Here, we extend sequence
level functional analysis to the adjacent cis-regulatory
region, Module B. The computational logic model is
broadened to include B/A interactions as well as other
Module B functions. Module B drives expression later in
development and its major activator is responsible for a
sharp, gut-specific increase in transcription after
gastrulation. As shown earlier, Module B output undergoes
a synergistic amplification that requires interactions within
Module A. The interactions within Module B that are

required to generate and transmit its output to Module A
are identified. Logic considerations predicted an internal
cis-regulatory switch by which spatial control of endo16
expression is shifted from Module A (early) to Module B
(later). This prediction was confirmed experimentally and
a distinct set of interactions in Module B that mediate
the switch function was demonstrated. The endo16
computational model now provides a detailed explanation
of the information processing functions executed by the cis-
regulatory system of this gene throughout embryogenesis.
Early in development the gene participates in the
specification events that define the endomesoderm; later it
functions as a gut-specific differentiation gene. The cis-
regulatory switch mediates this functional change.

Key words: Gene regulation, Computational model, Gene transfer,
Sea urchin
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Multiple input gates – how do several transcription factors interact?
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• Logical (Boolean) variable: X  ∈ {0, 1}
0 + 0 = 0,    0 + 1 = 1,    1 + 1 = 1,
0·0 = 0,       0 ·1 = 0,      1·1 = 1.

• Boolean function: a function of Boolean variables that only 
gets Boolean values. 

• One variable: Y = f (X).
Just four different functions: 
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• Two variables: Z = f (X,Y): 
Four combinations of X and Y.
For each combination there are 
two possible values of Z.

• The total number of functions is 
24 = 16.

• Examples: 
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Boolean regulatory functions in the E. coli lac operon

2006

Response function of the wild-type lac promoter 
region and two variant cis-regulatory regions.
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Mutant promoter response 
functions resembling AND 

and OR gates

(from Mayo et al. PLoS Biology, 2006)

The 16 Boolean logical 
gates for two inputs

cAMP

IPTGAND

OR

Strong response

Weak 
response

Boolean regulatory functions in the E. coli lac operon
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Key ingredients in gene regulation – network models

• Genes are represented by the 
nodes in the network (graph).

• Arrows show which genes act 
on which.

• Actions are either positive or 
negative.

• Positive action  G1 → G2:
The gene product of G1 
enhances the activity of G2.

• Negative action  G1 → G2:
The gene product of G1 
inhibits the activity of G2.

• The action of a gene is 
modelled by a Boolean 
function, a step function or a 
sigmoidal function.

• The effects of several genes are 
combined by logical functions. 32
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Three pioneers in gene regulation modelling 
from the early 1970s

Leon Glass Stuart Kauffman
René Thomas

33

Key concepts:
Feedback, threshold dominated response, rate limitation, Boolean logic.

How can these be integrated into a mathematical modelling framework?

33



• Logical (Boolean) variable: X _  {0, 1}
0 + 0 = 0,    0 + 1 = 1,    1 + 1 = 1,
0·0 = 0,       0 ·1 = 0,      1·1 = 1.

• Boolean function: a function of Boolean variables that only 
gets Boolean values. 

• One variable: Y = f (X).
Just four different functions: 
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Boolean modelling framework
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Xi  =  state of gene i
Xi  =  0: the gene is “off”
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State 01  =  gene 1 is “off”, gene 2 is “on”
etc.
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next =  (NOT X1

now) AND X2
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next =  (1 – X1

now)X2
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X2
next =  1 – X1

now.
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Boolean modelling frameworks
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Transition to ordinary differential equation (ODE) models 
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ẋ1 = !1(1! Z1)Z2 ! "1x1,
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ẋ2 = !2(1! Z1)! "2x2.

Continuous Boolean model
!1

!2

Phase space

X1
next =  (1 – X1

now)X2
now,

X2
next =  1 – X1

now.

+

–

–

xi = concentration of gene product # i
xi-rate = production rate – decay rate

Xnow
i ! Zi

37

37



Transition to ordinary differential equation (ODE) models 

00

X1

X2

10

01 11

x

0 1 2 3 4 50

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

θ

Z

Transcription factor concentration

Tr
an

sc
ri
p
ti
o
n
 r

at
e

Zi =
xp

i

xp
i + !p

i

Zi = step(xi, !i)
or
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Ordinary differential equation model with step functions 
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Ordinary differential equation model with step functions 
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Ordinary differential equation model with step functions 
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Ordinary differential equation model with sigmoidal functions
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ẋ2 = !2(1! Z1)! "2x2.
X1

next =  (1 – X1
now)X2

now,
X2

next =  1 – X1
now.

Modelling frameworks:

Discrete Boolean models.
Continuous ODE models with on/off response functions.
Continuous ODE models with graded (sigmoidal) response functions.
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Modelling of more complex models: 
endo-mesoderm specification in sea urchin

Hard to predict the 
behaviour of this 
network without a 
mathematical model...

40



• Recent experimental evidence support the basic assumptions for GRNs 
from the 1970s, but...

• also shows that gene regulation is much more complex.

• The “classical” GRN frameworks are definitely too simple-minded, 
but...

• can be considered as phenomenological approximations to the real 
networks, and...

• nevertheless, at least they work in simple cases.

• Dedicated mathematical methods to analyse GRN framework models 
have been developed, which...

• can deal with both binary and sigmoidal responses,

• have been generalised to models with other, additional non-
linearities,

• and reveal a number of generic properties which could be tested 
experimentally.

• Recently discovered regulatory mechanisms need to be expressed 
mathematically and incorporated into more realistic model frameworks.

Some conclusions

41
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