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(prok) transcriptional logic

The activity of a gene is regulated by other genes through the 
concentrations of their gene products, the transcription factors 
(TFs). 

This is accomplished mechanically by the interaction of the TFs 
with their respective DNA targets, with each other, and with the 
RNA polymerase (RNAP) complex in the regulatory region of the 
gene

can be hugley complex in euk.(see Davidson’s on sea urchin 
development)



examples (theoretic)

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.
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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



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)



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



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? 



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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functions]



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)



 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)



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)


