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next 5 classes

- Bintu 1: actual modeling and calibration of simple TF systems

- Bintu 2: the thermodynamic model (theory of the above)

- Elowitz*: combinatorial synthesis of Bintu-like promoters

- model-driven design, Jim Collins

- Marchisio & Stelling (Bioinformatics 24, 1903 - 2008): 
compositional building of bio-brick models

... and then we do detailed modeling for another 5 classes
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(prok) transcriptional logic - Terminology

The activity of a gene might be regulated by that of other genes 
with products called transcription factors (TFs)

depending on concentrations and other parameters TFs bind more 
or less regions on DNA strands upstream of  a gene:  called 
promoters

specific TF targets on DNA are called operators (subsets of 
promoter, terminology varies). 
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(prok) transcriptional logic - Terminology 2

TFs can pair with small molecules: CRP with cAMP, lacR with 
allolactose, MelR with melibiose, etc; usually this activates 
activators, and represses repressors (monotony)

once in place TFs interact with the RNA polymerase (RNAP) 
determining the promoter activity (roughly the transcription rate, 
but transcription is complex in detail/more later)

the TF active form is said to be induced, and the chemical partner 
is called the inducer
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let us look at a few examples (theoretic) - binary “gates”

of bacterial TFs (14), Ki can typically be tuned across and beyond
the relevant range of cellular protein concentrations (e.g., Ki !
1–10,000 nM) individually for each site i.

2. A weak glue-like interaction between two proteins (TFs and!or
RNAP) is assumed possible if the relative placements of the
DNA-binding sites allow for direct contact of appropriate re-
gions of the proteins. On the molecular level, weak glue-like
interactions can occur, for instance, via contact of hydrophobic
patches (15). For a number of well studied proteins (see refs. 10,
12, and 16 and references therein), such interactions fall within
the range of !1–4 kcal!mol. Here we assume for simplicity the
same interaction energy for all protein pairs and choose a
conservative value of Eint " #2 kcal!mol. A repulsive interac-
tion (Eint " $%) between two proteins results if their respective
binding sites overlap. No effective interaction (Eint " 0) is
obtained when the binding sites for the two proteins are on
opposite sides of the DNA or at an appropriate distance such
that they will not bind to their sites and contact each other
simultaneously. Quantifying the interaction between two pro-
teins bound to two sites i and j by a cooperativity factor !i,j "
e#Eint/RT, where RT ! 0.6 kcal!mol, we see that interaction
between each pair of sites can be selected from the values !i,j "
{0, 1, !20} just by arranging the positions of the binding sites in
the regulatory region.

Given the binding strengths Ki and the cooperativity factors !i,j
for all the DNA sites, the binding probabilityP of the RNAP to the
promoter can be computed straightforwardly (see refs. 11 and 12
and Supporting Text). The task of implementing various regulatory
functions is then reduced to arranging the binding sites in the
cis-regulatory region such that the interaction parametersKi and !i,j
produce the desired P for the various TF concentrations.

Cis-Regulatory Implementations. To illustrate how different regula-
tory functions can be implemented by using the model described
above, let us consider the response of g2 in Fig. 2a, which corre-
sponds to the logic function AND, and the implementation of which
is referred to as the AND gate. It can be obtained by choosing weak
binding sites for both A and B and placing them adjacent to each
other (see Fig. 2a) such that each TF alone cannot bind to its site,
but when both are present binding occurs with the help of the
additional cooperative interaction. This is quantitatively verified by
the full response characteristics P([A],[B]) plotted across the range
of physiological TF concentrations (!1–1,000 nM). Similarly, one
can implement the responses for the genesg3 and g4 corresponding
to the OR and NAND gates (see Fig. 2 b and c). The maximal fold
change obtained is !10 for all three logic gates. (With stronger
interaction energy Eint or by using multiple binding sites, larger fold
changes can be readily obtained for these and more complex logic
gates; here we are concerned primarily with obtaining the qualita-

tive behaviors rather than their optimization.) Examples of these
control functions can be found in natural and artificially constructed
regulatory systems in bacteria (17–19), and the basic molecular
mechanisms of their operations are similar to those described
above.

The responses for g5 and g6 exemplify an increased level of
complexity: The effect of a TF is not always activating or repressing
(as is the case for g1–g4) but depends on the state of the other TF.
For example, protein B activates g5 in the absence of protein A but
represses g5 in the presence of A, making the gene ON if either one
but not both of the TFs are activated; this control is known
commonly as the ‘‘exclusive-or’’ (XOR) gate. Analogous to elec-
tronic circuit design, g5 could be achieved via a ‘‘gene cascade,’’ e.g.,
by applying the gene products of g3 and g4 on g2 (see Fig. 3a). More
simply, the regulatory regions of g3 and g4 could be combined into
a single region as shown in Fig. 3b, which achieves the desired
characteristics without any intermediate genes, thereby avoiding
many potential problems associated with their expressions (e.g.,
time delay and stochasticity). The cis-regulatory implementation of
the XOR gate is not unique, e.g., an alternative design uses two
promoters positioned sequentially in the regulatory region, with
one promoter functional only when B is activated and A is not (as
in Fig. 1b) and vice versa for the other (see Fig. 3c).

The above example illustrates a fundamental difference in the
style of computation between a gene-regulatory network and an
electronic circuit: An electronic circuit features a ‘‘deep’’ architec-
ture with many layers of cascades to take advantage of the vast
number of simple but fast nodes. Despite what has been suggested
previously (20), we believe a gene-regulatory network cannot afford
many stages of cascades because of the slowness and limited
number of nodes but can adopt a ‘‘broad’’ architecture integrating
complex computations such as the XOR gate into a single node to
overcome the slowness. The speed constraint is especially signifi-

Fig. 1. (a) Some possible gene responses (ON or OFF) according to the specific
activation patterns of two TFs, A and B, as denoted by their cellular concen-
trations (high or low). The logical equivalents of these gene responses are
listed above each column. (b) The cis-regulatory implementation for the
response of gene g1, as adapted from the E. coli lac operon. To achieve
the desired effects, the operator sites need to be strong (filled boxes)
and the promoter needs to be weak (open box). In this and subsequent
cis-regulatory constructs, we use the offset, overlapping boxes to indicate
mutual repression and the dashed lines to indicate cooperative interaction.
The logic function that this system implements is indicated above the con-
struct, with the overline denoting the ‘‘inverse’’ of A, or NOT A.

Fig. 2. Cis-regulatory constructs and response characteristics of the AND (a),
OR (b), and NAND (c) gates. Filled, hatched, and open boxes denote strong,
moderate, and weak binding sites, respectively. Dashed lines indicate coop-
erative interaction with !i,j " 20, and overlapping boxes indicate repulsive
interaction with !i,j " 0. Plotted to the right of each construct is the fold
change in RNAP-binding probability, &P ' P([A], [B])!Pmin for typical cellular
TF concentrations [A] and [B] (in nM). See Supporting Text for the actual forms
of P([A], [B]) and the strengths of the binding sites. Qualitative features of
these plots are insensitive to the precise values of the parameters used.

Buchler et al. PNAS " April 29, 2003 " vol. 100 " no. 9 " 5137
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deciding whether 
AND or OR needs a 
discretisation - 
more later
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caveat: these simple parts can be combined!

can become 
hugely 
complex in 
euk. 
development 
(Davidson’s et 
al on sea 
urchin)
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this class ...

various combinations of activators

- with explicit formulas for transcriptional  boost, F
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1. simple activation: CRP/Plac

that the auxiliary operator OR1 does not change the degree
of full activation, given by f . The most significant feature
of this dual-activator system is perhaps the increase in the
log–log slope of the transition region (compared with the
extreme cases) for intermediate values ofKR2/KR1. In fact,
for the realistic parameter of KR2/KR1 ! 25 (thick solid
line in Figure 2b), we have a sensitivity of s ! 0.93. This is
close to the maximum attainable for this system, with its

small enhancement factor ( f ! 11), and is nearly double
the maximum sensitivity (s ! 0.54) for the promoter with
OR2 only (thin solid line in Figure 2b). For TFs with larger
values of v and f , this cis-regulatory construct can, in
principle, provide more sensitivity, with s approaching 2.
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Simple activation. (a) Cis-regulatory architecture for transcriptional
activation involving a single CRP operator, as found in the lac operon.
The yellow box denotes the operator site and the blue box
corresponds to the promoter. The DNA-binding affinity of the
transcription factor for its operator is described by the in vivo
dissociation constant KA, which is the TF concentration at which the
operator occupancy is half-maximal. The activator recruits RNAP
through protein–protein interactions (schematically drawn as interacting
protein subunits). (b) Log–log plot of the fold-change in gene expression
as a function of the induced CRP dimer concentration, [CRP2

*]. The
maximum log–log slope in the transition region, which is defined as the
sensitivity (s), is highlighted with the dashed line and is equal to 0.75.
This plot was generated using KA = 5 nM, f = 50. These parameter
values were estimated from experiments similar to those of Setty et al.
[10], who measured b-galactosidase activity as a function of extra-
cellular cAMP concentration in E. coli MG1655 cells, but with the
additional deletion of the cyaA gene which encodes adenyl cyclase
(T Kuhlman and T Hwa, unpublished). The enhancement factor
obtained is consistent with that of others [41]. The estimated value of the
effective dissociation constant KA is dependent on the literature values
for several biochemical parameters concerning cAMP binding and
transport, and is not expected to be accurate to within a factor of 2.
(For comparison, previous in vitro measurement of the CRP-operator
affinity has ranged from 0.001 nM to 50 nM depending on the ionic
strength of the assay [42–44].)
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Enhanced sensitivity by cooperative activation. (a) Cis-regulatory
architecture for cooperative transcriptional activation in phage lambda
PRM promoter. Here, we are considering PRM alone without the
upstream PR promoter [1"] or the upstream PL region, which affects
PRM activity through DNA looping [45]. We also neglect the operator
OR3, which has very weak affinity to cI in the absence of PL [45]. The
yellow boxes denote the operator sites OR1, OR2 and the blue box
corresponds to the promoter. The DNA-binding affinity of cI2 for OR1 and
OR2 is described by the dissociation constants KR1 and KR2,
respectively. The activator stimulates transcription and cI dimers interact
with one another through intimate, cooperative interactions, both of
which are indicated by overlapping protein–protein domains. (b) Log–log
plot of the fold-change in gene expression as a function of cI2
concentration for different ratios of KR2/KR1. The maximum log–log
slopes (s) for the different curves are listed in the legend. The promoter
with KR2/KR1 = 0 corresponds to a deletion of OR1, and the regulation
function for this case (thin solid line) is identical to the single operator
case shown in Figure 1. If this promoter has a very small KR1 (i.e. strong
OR1), then the onset of full activation will be shifted to smaller cI
concentrations (dotted line). The latter corresponds effectively to a
stronger OR2 site, with dissociation constant KR2/v. These plots are
generated using f ! 11 [46] and v ! 100 [47] as extracted from in vitro
biochemical studies. The absolute in vivo values of the K values are
not known (which is why the concentration is expressed in terms of
[cI2] / KR2). However, the ratio KR2/KR1 ! 25 (thick solid line) can be
deduced from the in vitro results [47]. The transition region is steepest
when v# f and KR2/KR1 ! f. We note that the parameters for PRM are
nearly optimal for enhanced sensitivity.

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

F = (1+f [A]/KA)/(1+[A]/KA)

a ratio, ie a multiplicative factor

log-log plot:
[CRP2

*] = active (dimer) TF
fold-change F

params:
KA= eq dissociation constant
f= cooperation > 1
s=sensitivity/steepness
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1. simple activation: CRP/Plac

that the auxiliary operator OR1 does not change the degree
of full activation, given by f . The most significant feature
of this dual-activator system is perhaps the increase in the
log–log slope of the transition region (compared with the
extreme cases) for intermediate values ofKR2/KR1. In fact,
for the realistic parameter of KR2/KR1 ! 25 (thick solid
line in Figure 2b), we have a sensitivity of s ! 0.93. This is
close to the maximum attainable for this system, with its

small enhancement factor ( f ! 11), and is nearly double
the maximum sensitivity (s ! 0.54) for the promoter with
OR2 only (thin solid line in Figure 2b). For TFs with larger
values of v and f , this cis-regulatory construct can, in
principle, provide more sensitivity, with s approaching 2.
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Simple activation. (a) Cis-regulatory architecture for transcriptional
activation involving a single CRP operator, as found in the lac operon.
The yellow box denotes the operator site and the blue box
corresponds to the promoter. The DNA-binding affinity of the
transcription factor for its operator is described by the in vivo
dissociation constant KA, which is the TF concentration at which the
operator occupancy is half-maximal. The activator recruits RNAP
through protein–protein interactions (schematically drawn as interacting
protein subunits). (b) Log–log plot of the fold-change in gene expression
as a function of the induced CRP dimer concentration, [CRP2

*]. The
maximum log–log slope in the transition region, which is defined as the
sensitivity (s), is highlighted with the dashed line and is equal to 0.75.
This plot was generated using KA = 5 nM, f = 50. These parameter
values were estimated from experiments similar to those of Setty et al.
[10], who measured b-galactosidase activity as a function of extra-
cellular cAMP concentration in E. coli MG1655 cells, but with the
additional deletion of the cyaA gene which encodes adenyl cyclase
(T Kuhlman and T Hwa, unpublished). The enhancement factor
obtained is consistent with that of others [41]. The estimated value of the
effective dissociation constant KA is dependent on the literature values
for several biochemical parameters concerning cAMP binding and
transport, and is not expected to be accurate to within a factor of 2.
(For comparison, previous in vitro measurement of the CRP-operator
affinity has ranged from 0.001 nM to 50 nM depending on the ionic
strength of the assay [42–44].)

Figure 2

OR1

"

cI2 cI2

RNAP

Promoter

KR1

[cI2]/KR2

e
g

n
a

h
c-

dl
o

F

.54#

.66103

.9325

.8410–1

.540

KR2/KR1 s

10–4 10–3 10010–110–2 101 102

100

101

102

ƒ
(a)

(b)

ƒ

Current Opinion in Genetics & Development

OR2

KR2

Enhanced sensitivity by cooperative activation. (a) Cis-regulatory
architecture for cooperative transcriptional activation in phage lambda
PRM promoter. Here, we are considering PRM alone without the
upstream PR promoter [1"] or the upstream PL region, which affects
PRM activity through DNA looping [45]. We also neglect the operator
OR3, which has very weak affinity to cI in the absence of PL [45]. The
yellow boxes denote the operator sites OR1, OR2 and the blue box
corresponds to the promoter. The DNA-binding affinity of cI2 for OR1 and
OR2 is described by the dissociation constants KR1 and KR2,
respectively. The activator stimulates transcription and cI dimers interact
with one another through intimate, cooperative interactions, both of
which are indicated by overlapping protein–protein domains. (b) Log–log
plot of the fold-change in gene expression as a function of cI2
concentration for different ratios of KR2/KR1. The maximum log–log
slopes (s) for the different curves are listed in the legend. The promoter
with KR2/KR1 = 0 corresponds to a deletion of OR1, and the regulation
function for this case (thin solid line) is identical to the single operator
case shown in Figure 1. If this promoter has a very small KR1 (i.e. strong
OR1), then the onset of full activation will be shifted to smaller cI
concentrations (dotted line). The latter corresponds effectively to a
stronger OR2 site, with dissociation constant KR2/v. These plots are
generated using f ! 11 [46] and v ! 100 [47] as extracted from in vitro
biochemical studies. The absolute in vivo values of the K values are
not known (which is why the concentration is expressed in terms of
[cI2] / KR2). However, the ratio KR2/KR1 ! 25 (thick solid line) can be
deduced from the in vitro results [47]. The transition region is steepest
when v# f and KR2/KR1 ! f. We note that the parameters for PRM are
nearly optimal for enhanced sensitivity.

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

F = (1+f [A]/KA)/(1+[A]/KA)

a ratio, ie a multiplicative factor

log-log plot:
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2. activation and helper: cI/PRM

F = 
(1+ [H]/KH +f [A]/KA+ f Ω 

[H][A]/KH KA)/
(1+ [H]/KH +[A]/KA+ Ω [H]/

KH*[A]/KA)

log-log plot of F vs
[cI2] = (dimer) TF
for various values of KR2/KR1

parameters: KR2,KR1,f,omega
sensitivity s

that the auxiliary operator OR1 does not change the degree
of full activation, given by f . The most significant feature
of this dual-activator system is perhaps the increase in the
log–log slope of the transition region (compared with the
extreme cases) for intermediate values ofKR2/KR1. In fact,
for the realistic parameter of KR2/KR1 ! 25 (thick solid
line in Figure 2b), we have a sensitivity of s ! 0.93. This is
close to the maximum attainable for this system, with its

small enhancement factor ( f ! 11), and is nearly double
the maximum sensitivity (s ! 0.54) for the promoter with
OR2 only (thin solid line in Figure 2b). For TFs with larger
values of v and f , this cis-regulatory construct can, in
principle, provide more sensitivity, with s approaching 2.
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Simple activation. (a) Cis-regulatory architecture for transcriptional
activation involving a single CRP operator, as found in the lac operon.
The yellow box denotes the operator site and the blue box
corresponds to the promoter. The DNA-binding affinity of the
transcription factor for its operator is described by the in vivo
dissociation constant KA, which is the TF concentration at which the
operator occupancy is half-maximal. The activator recruits RNAP
through protein–protein interactions (schematically drawn as interacting
protein subunits). (b) Log–log plot of the fold-change in gene expression
as a function of the induced CRP dimer concentration, [CRP2

*]. The
maximum log–log slope in the transition region, which is defined as the
sensitivity (s), is highlighted with the dashed line and is equal to 0.75.
This plot was generated using KA = 5 nM, f = 50. These parameter
values were estimated from experiments similar to those of Setty et al.
[10], who measured b-galactosidase activity as a function of extra-
cellular cAMP concentration in E. coli MG1655 cells, but with the
additional deletion of the cyaA gene which encodes adenyl cyclase
(T Kuhlman and T Hwa, unpublished). The enhancement factor
obtained is consistent with that of others [41]. The estimated value of the
effective dissociation constant KA is dependent on the literature values
for several biochemical parameters concerning cAMP binding and
transport, and is not expected to be accurate to within a factor of 2.
(For comparison, previous in vitro measurement of the CRP-operator
affinity has ranged from 0.001 nM to 50 nM depending on the ionic
strength of the assay [42–44].)
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Enhanced sensitivity by cooperative activation. (a) Cis-regulatory
architecture for cooperative transcriptional activation in phage lambda
PRM promoter. Here, we are considering PRM alone without the
upstream PR promoter [1"] or the upstream PL region, which affects
PRM activity through DNA looping [45]. We also neglect the operator
OR3, which has very weak affinity to cI in the absence of PL [45]. The
yellow boxes denote the operator sites OR1, OR2 and the blue box
corresponds to the promoter. The DNA-binding affinity of cI2 for OR1 and
OR2 is described by the dissociation constants KR1 and KR2,
respectively. The activator stimulates transcription and cI dimers interact
with one another through intimate, cooperative interactions, both of
which are indicated by overlapping protein–protein domains. (b) Log–log
plot of the fold-change in gene expression as a function of cI2
concentration for different ratios of KR2/KR1. The maximum log–log
slopes (s) for the different curves are listed in the legend. The promoter
with KR2/KR1 = 0 corresponds to a deletion of OR1, and the regulation
function for this case (thin solid line) is identical to the single operator
case shown in Figure 1. If this promoter has a very small KR1 (i.e. strong
OR1), then the onset of full activation will be shifted to smaller cI
concentrations (dotted line). The latter corresponds effectively to a
stronger OR2 site, with dissociation constant KR2/v. These plots are
generated using f ! 11 [46] and v ! 100 [47] as extracted from in vitro
biochemical studies. The absolute in vivo values of the K values are
not known (which is why the concentration is expressed in terms of
[cI2] / KR2). However, the ratio KR2/KR1 ! 25 (thick solid line) can be
deduced from the in vitro results [47]. The transition region is steepest
when v# f and KR2/KR1 ! f. We note that the parameters for PRM are
nearly optimal for enhanced sensitivity.

www.sciencedirect.com Current Opinion in Genetics & Development 2005, 15:125–135
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3. co-activation: CRP,MelR/PRM

F and params same as in 2.

log-log plot of F vs
[cI2] and [MelR2]

The same cis-regulatory design can be used to implement
co-activation — one of the simplest forms of signal
integration (see Glossary) — if the two operators are
targets of two distinct TF species. A possible example
of this is the variant ofE. coli’smelAB promoter studied by
Wade et al. [16] (see Figure 3a), where transcription is
stimulated by an induced MelR dimer bound to the weak
proximal operator, O2. Meanwhile, CRP bound to the
upstream operator O1 helps recruit MelR but does not
directly participate in activation. Assuming that the
induction of MelR by melibiose results in an increase
in MelR-operator binding affinity, we expect the form of
the co-dependence to be given by Case 3 in Table 1, but
with [A] = [MelR2

*], [H] = [CRP2
*] and KH = K1, KA = K2.

The fold-change is plotted against the induced CRP
concentration on the log–log plot of Figure 3b for differ-
ent concentrations of the induced MelR. To better visua-
lize the co-dependence on CRP and MelR, it is useful to
plot the fold-change as a three-dimensional plot; see
Figure 3c. The transition region (the yellow band) is
clearly dependent on both TFs. Consider a simplified
situation where CRP and MelR can each take on two
possible concentrations — a pair of ‘low’ and ‘high’
values. Then it is possible to choose the pair of concen-
trations (e.g. those marked by the 4 open circles in
Figure 3c) such that the fold-change is large (the green
region) only when both concentrations are ‘high’. This
mimics a logical AND function of the two inputs [17!]. It
is also possible to choose the pair of concentrations as
marked by the four solid circles such that the fold-change
is large (the green region) unless both concentrations are
‘low’. The latter choice mimics a logical OR function. The
flexibility of this cis-regulatory scheme makes the shape of
the fold-change readily evolvable [18] (e.g. between the
AND/OR functions) by merely altering the operator
sequences that encode the values of K1 and K2.

Synergistic activation
An alternative mechanism for co-activation is synergistic
or dual activation [19–21], where two operator-boundTFs
can simultaneously contact different subunits of RNAP and
activate transcription. This mechanism is limited to TFs
that can activate transcription at different locations rela-
tive to the core promoter. Prominent examples of such
synergistic activation in the bacterial literature [19–25] all
involve the activator CRP because it can recruit RNAP
from multiple locations at varying distances upstream of
the promoter [8!!,26].

The synthetic promoter studied by Joung et al. [21]
contained two operators: one for cI proximal to the core
promoter (O2) and the other for CRP at an upstream
operator (O1) (see Figure 4a). The data from the study
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Cooperative co-activation. (a) Cis-regulatory construct for co-activation
by CRP and MelR. The figure shows the truncated JK15 version of
melAB promoter studied by Wade et al. [16]. The full melAB promoter
is more complicated due to the presence of multiple MelR operators.
However, the co-activation pattern is similar to that of JK15
discussed here. 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 MelR2 for O2 is described by the dissociation
constant K1 and K2, respectively. MelR can recruit RNAP (drawn with
protein–protein contacts) and cooperative interaction between MelR2

and CRP2 is indicated by interacting protein subunits. (b) Log–log plot
of the fold-change in gene expression as a function of activated CRP
dimer concentration [CRP2

*] for different activated MelR dimer
concentrations [MelR2

*]. Since none of the parameters f, v, and K
values have been determined experimentally, the scales of the plot
can only be expressed relative to these parameters. Nevertheless, the
plot reveals important qualitative predictions by the thermodynamic
model (e.g. the dependence of the maximal CRP-dependent fold-
change on the MelR concentration). (c) Three-dimensional log–log
plot of the fold-change in gene expression as a function of both CRP2

and MelR2. For different choices of ‘high’ and ‘low’ concentration
(the four combinations of ‘high/low’ for these two TFs form a
rectangle), the same melAB promoter can serve as an OR function
(solid circles) or an AND function (open circles).
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The same cis-regulatory design can be used to implement
co-activation — one of the simplest forms of signal
integration (see Glossary) — if the two operators are
targets of two distinct TF species. A possible example
of this is the variant ofE. coli’smelAB promoter studied by
Wade et al. [16] (see Figure 3a), where transcription is
stimulated by an induced MelR dimer bound to the weak
proximal operator, O2. Meanwhile, CRP bound to the
upstream operator O1 helps recruit MelR but does not
directly participate in activation. Assuming that the
induction of MelR by melibiose results in an increase
in MelR-operator binding affinity, we expect the form of
the co-dependence to be given by Case 3 in Table 1, but
with [A] = [MelR2

*], [H] = [CRP2
*] and KH = K1, KA = K2.

The fold-change is plotted against the induced CRP
concentration on the log–log plot of Figure 3b for differ-
ent concentrations of the induced MelR. To better visua-
lize the co-dependence on CRP and MelR, it is useful to
plot the fold-change as a three-dimensional plot; see
Figure 3c. The transition region (the yellow band) is
clearly dependent on both TFs. Consider a simplified
situation where CRP and MelR can each take on two
possible concentrations — a pair of ‘low’ and ‘high’
values. Then it is possible to choose the pair of concen-
trations (e.g. those marked by the 4 open circles in
Figure 3c) such that the fold-change is large (the green
region) only when both concentrations are ‘high’. This
mimics a logical AND function of the two inputs [17!]. It
is also possible to choose the pair of concentrations as
marked by the four solid circles such that the fold-change
is large (the green region) unless both concentrations are
‘low’. The latter choice mimics a logical OR function. The
flexibility of this cis-regulatory scheme makes the shape of
the fold-change readily evolvable [18] (e.g. between the
AND/OR functions) by merely altering the operator
sequences that encode the values of K1 and K2.

Synergistic activation
An alternative mechanism for co-activation is synergistic
or dual activation [19–21], where two operator-boundTFs
can simultaneously contact different subunits of RNAP and
activate transcription. This mechanism is limited to TFs
that can activate transcription at different locations rela-
tive to the core promoter. Prominent examples of such
synergistic activation in the bacterial literature [19–25] all
involve the activator CRP because it can recruit RNAP
from multiple locations at varying distances upstream of
the promoter [8!!,26].

The synthetic promoter studied by Joung et al. [21]
contained two operators: one for cI proximal to the core
promoter (O2) and the other for CRP at an upstream
operator (O1) (see Figure 4a). The data from the study
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Cooperative co-activation. (a) Cis-regulatory construct for co-activation
by CRP and MelR. The figure shows the truncated JK15 version of
melAB promoter studied by Wade et al. [16]. The full melAB promoter
is more complicated due to the presence of multiple MelR operators.
However, the co-activation pattern is similar to that of JK15
discussed here. 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 MelR2 for O2 is described by the dissociation
constant K1 and K2, respectively. MelR can recruit RNAP (drawn with
protein–protein contacts) and cooperative interaction between MelR2

and CRP2 is indicated by interacting protein subunits. (b) Log–log plot
of the fold-change in gene expression as a function of activated CRP
dimer concentration [CRP2

*] for different activated MelR dimer
concentrations [MelR2

*]. Since none of the parameters f, v, and K
values have been determined experimentally, the scales of the plot
can only be expressed relative to these parameters. Nevertheless, the
plot reveals important qualitative predictions by the thermodynamic
model (e.g. the dependence of the maximal CRP-dependent fold-
change on the MelR concentration). (c) Three-dimensional log–log
plot of the fold-change in gene expression as a function of both CRP2

and MelR2. For different choices of ‘high’ and ‘low’ concentration
(the four combinations of ‘high/low’ for these two TFs form a
rectangle), the same melAB promoter can serve as an OR function
(solid circles) or an AND function (open circles).

Current Opinion in Genetics & Development 2005, 15:125–135 www.sciencedirect.com
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4. dual activation: CRP,cI/P

F =
(1+f1[A1]/K1+f2[A2]/K2

+Ωf1f2[A1][A2]/K1K2)/
(1+[A1]/K1+[A2]/K2

+Ω[A1][A2]/K1K2)

here Ω=1, no direct interaction
between A1 and A2

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
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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)

Current Opinion in Genetics & Development

log([CRP2
!])

lo
g

(f
o

ld
-c

h
a

n
g

e
)

1
10

100

RNAPCRP
2

ƒ2ƒ1

PromoterO1 O2

K1

K1=K2

K2

CRP
2

#

.ƒ1
.ƒ2#

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.
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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.
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5. dual activation with direct cooperation: CRP,cI/P

same F as in 4.
F =

(1+f1[A1]/K1+f2[A2]/K2

+Ωf1f2[A1][A2]/K1K2)/
(1+[A1]/K1+[A2]/K2

+Ω[A1][A2]/K1K2)

here Ω>1, there is direct interaction
between A1 and A2: looping DNA

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
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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
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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.
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CRP is known to activate 
at different distances
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next class ...

- various combinations of repressors

- thermo model for the derivation of the expressions for F
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 deliberately simple promoters

The paper reports the synthesis of about 200 promoters glued to a 
reporter gene; 

the obtained DNA constructs can be seen as binary functions 
(most have 2 operators so 2 TF they can interact with).  

The constructs are simple promoter architectures, a priori no TF–
TF contacts and no operator overlap. 

Constructs are classified in an original way as real-valued 
binary functions and then sequenced (why?)

Elowitz et al. Mol Syst Biol. 2007 3:145
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remarks

A self-documenting automated bio-brick factory! 

yet output of a promoter::gene not a Boolean valued function of 
the concentrations of its TF/inputs (lac promoter has 4 output 
levels):

could take ‘‘low’’ value of a few molecules per bacterium (1 nM) 

‘‘high’’ value 1,000 molecules per bacterium (1M)

Monday, 28 September 2009



a combinatorial library of random promoter architectures

4096 of which 288 sequenced cassettes: 

217 unique

of which 27 binary (twofold response under 2 TFs)

promoter = distal::core::proximal, device = promoter::G-luciferase

TFs= Arac, LuxR (activators) -activated by Lara, VAI 

TetR, lacI (repressors) -inactivated by aTc, IPTG
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The library - sequence work

Combinatorial synthesis of synthetic promoters permits systematic perturbation of promoter 

architecture and rapid identification of promoters that implement specific functions. The spectrum 

of promoter functions observed here highlights several heuristic rules for promoter design: (1) 

Unlimited regulation. Regulated promoter activity is independent of unregulated activity. (2) One 

is enough4. Full repression is possible with a single operator between -60 and +20. Activators 

function only upstream of -35 (distal), and have little effect downstream (core or proximal). (3) 

Repression trend2. The effectiveness of repression depends on the site with core ! proximal ! 

distal. Following this trend, RR-promoters may be symmetric or asymmetric. (4) Repression 

dominates activation, producing asymmetric AR-promoter logic. (5) Separation of variables 

generates SLOPE and asym-SLOPE logic only. Moving operators closer together makes the logic 

more AND-like. 

 

Figure 1. Combinatorial assembly of promoters and promoter libraries. (A) The assembled 

sequence of a synthetic promoter. The 5’ overhangs of each unit are shown in red. The RNA 

polymerase boxes (-10 and -35) are highlighted in yellow, and the predicted start site of 

transcription (+1) is capitalized. Operator colors are consistent throughout the figure. (B) Steps in 

promoter assembly and ligation into a luciferase reporter vector. (C) Luminescence measurements 

in 16 inducer conditions for the promoter shown in (A). (D) The 48 unique units used in the 

library. These contain operators responsive to the four TFs (indicated) in the regions distal, core, 

and proximal. Color intensity corresponds to inferred operator affinity. The promoter fragments 

corresponding to (A) are boxed in red. 

 
 
Figure 2. Dual-input gates in logic-symmetry space. (A) Diagram showing the space of 
allowed logical phenotypes, with the locations of Boolean and intermediate logic gates 
indicated. The SIG gate responds completely to one inducer and not at all to the other. 
The SLOPE gate represents an intermediate logical function between AND and OR, while 
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remarks

The search is limited to neighbourhood of existing operators; it is 
really variation

The observation is discretized (how robust is that?); who is 
listening to the outputs intervals; 

lacks a composition/impedance study; endogenousness?

specificity, name space: possible to engineer chemical/TF 
specificity? wrt what is this complete? 
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typology (construction of the phenotype)

 regulatory range: exp-on/EXP-off [caveat: this is always >1 by 
def]

logic type: from or l=0, to and l=1 

symmetry: from a=0 (complete symmetry) to A=1 (dependency 
in only 1 input) [works only for binary functions]
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typology (2)

The level of TF is controlled undirectly by chemicals, and 
repressors are repressed, while activators are activated. 

So whatever the construct is, the attached function is monotonic 
increasing. 

The classification scheme -writing b1<b2<b3<b4 for the 
increasing sequence of responses (by monotony b1, and b4 are 
obtained for 00 and 11 inputs)- is:

- the dynamic range r= log(b4/b1)  in log scale

- the asymmetry a=log(b3/b2)/r  the b3 to b2 gap normalised to  
r so in 0 (fully symmetric) to 1 (unary function)

- the and-ity l= (log(b4) -1/2(log(b3) + log(b2)))/r which is 0 if 
b4=b3=b2, 1 (an OR) if b3=b2=b1 (an AND)
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 model of RR promoter activity 
under dual repression (Bintu)

The r, a, and l trinity above can be defined in terms of the micro-
trinity c1, c2, omega measuring the joint activity of a pair of 
repressors 

P(R1,R2)=A/(c1 R1+c2 R2+omega c1 c2 R1 R2)

A max promoter activity

c1, c2 TF efficiencies (at excluding RNApol)

omega=coooperation (>1)
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Looking for Mr Nice component

computational models of transcription (eg “Transcriptional 
regulation by the numbers” Curr Opin Genet Dev -2005)

evolution driven design (eg “Directed evolution of a genetic 
circuit” PNAS 2002)

combinatorial approach (this paper)
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