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DESIGNING SYNTHETIC BIOLOGICAL
CIRCUITS USING OPTIMALITY AND
NONEQUILIBRIUM THERMODYNAMICS

sponding to the target circuit objective, obtaining a number of
nodes for the biological circuit, obtaining a set of possible
circuit subgraphs using the number of nodes, obtaining a
specific dissipation energy (SDE) for each one of the set of
possible circuit subgraphs by optimizing the objective function, selecting at least one circuit subgraph from the set of
possible circuit subgraphs with the lowest SDE, and designing the biological circuit using the at least one selected circuit
sub graph.
In general, in one aspect, the invention relates to a method
for designing a biological circuit, comprising obtaining a
target circuit objective for the biological circuit, obtaining a
set of possible circuit subgraphs based on the target circuit
objective, obtaining a specific dissipation energy (SDE) for
each one of the set of possible circuit subgraphs using a
network model, selecting at least one circuit subgraph of the
set of possible circuit sub graphs with the lowest SDE, and
designing the biological circuit using the at least one selected
circuit subgraph.

CROSS-REFERENCE TO RELATED
APPLICATIONS
This application claims priority under35 U.S.C. §119(e) to
U.S. Provisional Patent Application Ser. No. 61/388,436,
filed on Sep. 30, 2010, which is herein incorporated by reference.

10

BACKGROUND
Nearly 40 years after the initial prediction in 1964 by
Monad and Jacob that cellular processes such as differentiation and protein regulation originate at the level of the gene,
the field of synthetic and computational biology has emerged.
Early work in the 1970's led to the realization that the complex networks contained in many biological systems would
be impossible to model or even describe accurately without
the use of advanced mathematics. The 1980's produced an
explosion in readily available computing power along with
the development of new mathematical techniques, such as
non-linear dynamics and network analysis. In addition,
toward the end of the last century, groundbreaking results
from the fields ofbiotechnology and genetics gave the scientist the unprecedented ability to synthetically engineer simple
biological systems.
The field of biological circuits combines all the above
advances in mathematics, genetics, and biotechnology. This
field draws heavily on the engineering principles of modularity, standardization, and predictive modeling to produce synthetic biological circuits and to also provide insight into naturally occurring complex biological networks. To date, simple
synthetic biological circuit elements such as switches, oscillators and logic gates have been modeled theoretically and
studied in the lab.
More complicated multi-element circuits and strongly
interacting regulatory networks remain a challenge both computationally and experimentally, and much research is
focused on both understanding the complex networks found
in naturally occurring cellular systems (such as those found in
stem cells) and in identifYing the important characteristics
and operating principles of such networks that might facilitate efficient design and construction of complex synthetic
regulatory networks.
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SUMMARY
50

In general, in one aspect, the invention relates to a method
for designing a biological circuit, comprising obtaining a
target circuit objective for the biological circuit, determining
an objective function corresponding to the target circuit
objective, obtaining a number of nodes for the biological
circuit, obtaining a set of possible circuit sub graphs using the
number of nodes, obtaining a specific dissipation energy
(SDE) for each one of the set of possible circuit sub graphs by
optimizing the objective function, selecting at least one circuit sub graph from the set of possible circuit subgraphs with
the lowest SDE, and designing the biological circuit using the
at least one selected one circuit sub graph.
In general, in one aspect, the invention relates to a computer readable medium comprising software instructions,
which when executed by a process perform a method, the
method comprising obtaining a target circuit objective for a
biological circuit, determining an objective function corre-

55

FIG. 1 shows a method in accordance with one or more
embodiments.
FIG. 2 shows a method in accordance with one or more
embodiments.
FIGS. 3A-3C show examples in accordance with one or
more embodiments.
FIG. 4 shows a method in accordance with one or more
embodiments.
FIGS. SA-SC show examples in accordance with one or
more embodiments.
FIG. 6 shows a method in accordance with one or more
embodiments.
FIG. 7 shows a method in accordance with one or more
embodiments.
FIGS. 8A-8C show examples in accordance with one or
more embodiments.
FIG. 9 shows a method in accordance with one or more
embodiments.
FIGS. 10A-10C show examples in accordance with one or
more embodiments.
FIGS. llA-llB show examples in accordance with one or
more embodiments.
FIGS. 12A-12B shows examples in accordance with one or
more embodiments.
FIG. 13 shows examples in accordance with one or more
embodiments.
FIGS. 14A-14B show examples in accordance with one or
more embodiments.
FIG. 15 shows a computer system in accordance with one
or more embodiments.
FIGS. 16A-16C show examples in accordance with one or
more embodiments.
FIG. 17 show an example in accordance with one or more
embodiments.
DETAILED DESCRIPTION

60

65

Specific embodiments of designing synthetic biological
circuits using optimality and nonequilibrium thermodynamics will now be described in detail with reference to the
accompanying figures. Like elements in the various figures
(also referred to as FIGs.) are denoted by like reference
numerals for consistency.
In the following detailed description of embodiments,
numerous specific details are set forth in order to provide a

US 8,504,948 B2
4

3
more thorough understanding of the method and system for
designing synthetic biological circuits using optimality and
nonequilibrium thermodynamics. However, it will be apparent to one of ordinary skill in the art that these embodiments
may be practiced without these specific details. In other
instances, well-known features have not been described in
detail to avoid unnecessarily complicating the description.
In general, embodiments of the invention relate to a method
and system for designing synthetic biological circuits using
optimality and nonequilibrium thermodynamics. Further,
embodiments may provide for the analysis of the energetic
cost in the form of specific dissipation energy (SDE) of biological circuits designed to accomplish a particular objective.
This analysis may be used, for example, to greatly reduce the
initial parameter space involved when designing a biological
circuit, thus, greatly enhancing a designer's ability to efficiently design complicated biological circuits.
In one or more embodiments of the invention, a biological
circuit is a gene circuit, that includes one or more genes (e.g.,
operons) acting as the circuit nodes and biological molecules,
such as proteins (e.g., transcription factors (TF)), mRNA,
etc., serving as linkages (or information carriers) between
nodes. The nodes and linkages of a gene circuit may be
configured in many different ways. In other embodiments, a
biological circuit is a metabolic network that includes one or
more metabolites, acting as the circuit nodes, and biological
molecules, such as enzymes serving as the linkages between
nodes. A particular configuration of nodes and linkages constitutes a circuit subgraph. A biological circuit therefore may
be composed of a single circuit sub graph or an interconnected
combination of circuit subgraphs. The term biological circuits also may refer to, for example, gene networks or transcriptional regulatory networks (TRNs). A biological circuit
may accomplish a specific function known as a target circuit
objective.
While the examples described herein are directed to TRN s,
one of ordinary skill will appreciate that many other types of
biological circuits may be designed in accordance with one or
more embodiments of the invention without departing from
the scope of the present disclosure. Accordingly, as used
herein, the term gene circuit may be understood to encompass
these other known types of biological circuits or networks,
e.g., biological networks found in stem cells and metabolic
networks designed to perform an array of metabolic functions
(protein secretion, detoxification, energy production, etc.).
Target circuit objectives may include steady state objectives. In one embodiment of the invention, steady state objectives are target circuit objectives that result in an output of the
target circuit that is constant in time, i.e., a steady state output,
e.g., a constant output flux of a biological molecule. Target
circuit objectives may also include dynamic function objectives. Dynamic function objectives are target circuit objectives that result in a time-varying output, i.e., a dynamic
output of the target circuit. Examples of dynamic function
objectives may include, but are not limited to, oscillation and
pulse generation.
In accordance with one or more embodiments of the invention, the energetic cost, termed specific dissipation energy
(SDE) of a biological circuit is defined to be the ratio of the
heat dissipation rate (HDR) to input mass flux (J) in a nonequilibrium steady state (NESS) system. (See equation (1)
below).

HDR
SDE= - 1
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(1)

As used herein, an NESS system is one that requires an
external signal, flux, or driving force to maintain the system
far from equilibrium, e.g., a TRN may require an input mass
flux of transcription factor X in order drive the system to
produce an output mass flux Jz of protein Z.
For a particular target circuit objective, an optimal biological circuit (implemented as either a circuit sub graph or combination of circuit subgraphs), referred to as a target circuit,
may be indentified from a large set of potential target circuits
through a determination that the identified biological circuit
(relative to other potential target circuits in the larger set of
potential target circuits) has a minimal energetic cost. The
minimal energetic cost may correspond to a minimal SDE, a
minimal Pareto-averaged SDE, or a minimal time-averaged
SDE. As described in further detail below, for the case of
TRNs having a single target circuit objective, SDE may be
calculated directly using a cyclic kinetic TRN model. For
target circuits that may have multiple target circuit objectives,
a multi-objective optimization procedure may be used in conjunction with a cyclic kinetic TRN model to calculate Paretoaveraged SDEs or time-averaged SDEs.
Optimization of a biological circuit may include, for
example, maximizing one or more objective functions while
subjecting the system to a set of constraints. One of ordinary
skill will appreciate that the set of constraints may vary
depending on the type of circuit of network being analyzed.
For example, sets of constraints described below for TRNs
may be used. Furthermore, in accordance with one or more
embodiments, sets of constraints for metabolic networks may
be used, for examples, as described in Nagrath, eta!., Annals
of Biomedical Engineering, Vol. 35, No. 6, June 2007, pp.
863-885, incorporated herein by reference in its entirety.
Objective functions are mathematical functions, or a set of
mathematical functions, that quantifY a target circuit objective. Objective functions may include, for example, functions
that quantifY a steady state output of a circuit or a dynamic
output of a circuit (e.g., the production of a biological molecule such as a protein or transcription factor).
FIG. 1 shows a method in accordance with one or more
embodiments of the invention. While the various steps in the
flowchart are presented and described sequentially, one of
ordinary skill will appreciate that some or all of the steps may
be executed in different orders, may be combined, or omitted,
and some or all of the steps may be executed in parallel.
In ST101, a target circuit objective comprising a steady
state objective is selected. In ST103, the number of nodes in
the target circuit is selected. In ST105, a full set of all possible
circuit sub graphs with the chosen number of nodes may be
generated. For example, as shown in FIG. 3A, for the case of
a three node subgraph, there exist 13 possible combinations
of nodes and linkages in the full set. In ST107, a set of
objective functions for optimization based on the target circuit objective is selected. For example, the user may select to
maximize the output flux of one or more biological molecules
such as proteins, mRNA, or transcription factors. For the case
of a TRN, the target circuit objective may be to produce the
steady state fluxes JY and Jz of proteins Y and Z, respectively.
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Accordingly, the objective functions used for the optimization are functions that quantifY the fluxes JY and 12 • These
functions may be obtained in a variety of ways, for example,
from a cyclic kinetic TRN model.
In ST109, a determination is made about whether to
execute a multi-objective optimization procedure using the
full set of circuit subgraphs or execute a multi-objective optimization procedure using a subset of circuit subgraphs from
the full set. If the multi-objective optimization procedure is
executed using the subset, the full set is first reduced to a
target subset in ST111 by eliminating circuit subgraphs that
do not accomplish the target circuit objective. For example, if
the target circuit objective is to produce the steady state fluxes
JY and 12 , circuit subgraphs that cannot produce steady state
fluxes JY and Jz are removed from the full set to create the
target subset. In ST113, the multi-objective optimization is
executed to calculate the Pareto-averaged SDE for each circuit subgraph in the target subset or full set. In one embodiment of the invention, the multi-objective optimization is
executed to optimize the objective functions specified in
ST107 subject to a set of chosen constraints. (see FIG. 2
below). In accordance with one or more embodiments, the
chosen constraints may take the mathematical form of a plurality of equality constraints and/or a plurality of inequality
constraints. In ST115, the target circuit subgraph, or set of
target circuit subgraphs, is determined by finding the subgraph, or set of subgraphs, with the minimum Pareto-averaged SDE. In step ST117, the target circuit sub graph, or set of
target circuit subgraphs may then be designed and/or constructed or further used as fundamental subgraphs for the
design and/or construction more complex synthetic biological circuits having optimal energetic cost, high overall robustness, etc.
FIG. 2 shows a method illustrating the steps involved in the
multi-objective optimization procedure of Step 113 in accordance with one or more embodiments of the invention. In ST
201, a circuit sub graph is selected from the target subset. In
ST 203, a set of parameters and constraints for the multiobjective optimization are chosen for the selected subgraph
based on the target circuit objectives. FIG. 3B shows
examples of the set of parameters and constraints used for a
TRN circuit subgraph known as the type 1 coherent feed
forward loop (coherent-FFL) that is designed to produce output fluxes JY and 12 • More generally, the constraints may be:

Maximize

x

subject to:

(Jy, lz)

J\x)

=0

HDRzb s HDR s HDRub
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One of ordinary skill will appreciate that there are many
known methods of solving the above multi-objective optimization problem.
In accordance with one or more embodiments of the invention, the multi-objective optimization problem is solved by
way of a normalized constraints method. Details of one possible implementation of a normalized constraints (NC)
method are outlined in FIGS. 16A-16B. The NC method is
based on design space reductions using reduction constraints.
The reduction constraint is constructed by ensuring the
orthogonality between a normal wand r0 an arbitrary point on
a plane. The vector equation of a plane is expressed as w·(rr0)=0. To solve for multi-objective solutions, a reduced feasible space is constructed using the previous equation as
w·(r-g)~O where g is any point in the feasible space.
In 16B(1), the non-normalized design space and the Pareto
frontier of a hi-objective problem is shown. In FIG. 16B(3)
the normalized Pareto frontier in the normalized design space
is shown. In the normalized objective space, while the utopia
point is at the origin, all anchor points are one unit away from
the utopia point. A bar over a variable implies that it is normalized. The two anchor points denoted by g 1 * and g2 *, are
obtained by successively minimizing the first and second
design metrics. The line joining these two points is the utopia
line. The actual optimization takes place in the normalized
objective space. Let g be the normalized form of g and gu, the
utopia point is defined as gu=[g 1 (x 1 *)g 2 (x 2 *)]r where 11 and 12
be the distances betweeng2 * andg 1 *,and the Utopia point, gu,
respectively. Then 11 =g 1 (x 2 *)-g 1 (x 1 *) and 12 =g 2 (x 1 *)-g 2
(x 2 *). The normalized design objectives can then be evaluated
as:

45

N 1 is defined as the direction from g 1 *to g 2 *, yielding N 1 =
g *-g 1 *.Next, the utopia line is divided into m 1 -1 segments,
resulting in m 1 points. A normalized increment, 1\ 1 along the
direction N 1 for a prescribed number of solutions, mu is
obtained as:
2

50
HDR1b:"'HDR:"'HDR,b

55

where the equality constraint f(x)=O represents the nonlinear
mass balance equations at steady state for the selected subgraph that are imposed by cyclic kinetic TRN modeling (described in more detail below with reference to the examples)
and X'=[[X], ly,

JX.

60

In ST 205, the multi-objective optimization is executed
using the selected sub graph to determine the set of optimization vectors X' that maximize the chosen objective functions
subject to the chosen constraints. For example, continuing
with the coherent FFL example, the multi-objective optimization problem may be stated as follows:

65

As seen in FIG. 16(4), the next step involves generating a
set of evenly distributed points on the utopia line as Xp1=a 11
g 1 *+a21g 2 * where O~a 11 ~1, a1J+a21=1, and a 11 is incremented by 1\ 1 between 0 and 1, with values of j as jE{1,
2, ... ,m 1 }.
FIG.16(4) shows one of the generic points intersecting the
segments used to define a normal to the utopia line. This
normal line is used to reduce the feasible space as indicated in
the figure. As observed in the figure, ifg2 is minimized, the
resulting optimum point is g 2 *. By translating the normal line,
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a corresponding set of solutions are generated. This is done by
generating a corresponding set of Pareto points by solving a
succession of optimization runs of Problem P2. Each optimization run corresponds to a point on the utopia line. For each
generated point on the utopia line, solve for the jth point:
Problem P2 (for j-th point):

Step 1:
Set the kinetic parameters k 1WI and k_ 1WI
State the net reaction flux as 11Wl=k 1w1[Dw][l]-k_ 1Wl
[Dwll
State the net change in chemical potential as

~111WI= jiiT)j ki;'{[DwJl )
'\ k/"1 [Dw ][/]

rnfn{g2(x)}

10

subject to:
15

Step 2:
Set the kinetic parameters k 2 WI and k_ 1WI
State the net reaction flux as 12 Wl=k2 WI[Dw1]-k_ 2 Wl
[RDw1l
State the net change in chemical potential as

20

This results in a set of vectors for the design parameters.
Each Pareto point gives one vector x. Then, cellular objective
functions are computed by evaluating the non-normalized
design metrics that correspond to each Pareto point. The
non-normalized design objectives can be obtained by using
the relation g=[g 111+g 1(x 1*)g2 12 +g 2 (x 2 *)]r.
Importantly, the generation of the set of Pareto points is
performed in the normalized objective space, resulting in
critically beneficial scaling properties. The steps involved and
the essential mathematical formulation for the NC method are
presented in the table shown in FIG. 17 for the n-objective
case.
However, one of ordinary skill will appreciate that other
methods may be used to solve the multi-objective optimization problem described above, e.g., the soft constraints
method described within Nagrath eta!., Metab. Eng. (201 0),
doi:10.1016/j.ymben.2010.05.003, incorporated herein by
reference in its entirety, the physical programming method,
etc.
In ST 207, the set of Pareto frontier points are generated
from the set of vectors obtained from the multi-objective
optimization procedure. In accordance with one or more
embodiments, each vector JZ corresponds to a point on the
Pareto frontier. An example of a computed Pareto frontier for
maximization 301, along with the relevant parameters and
constraints for a cyclic kinetic model of a coherent type
1-FFL is shown in FIGS. 3B and 3C.
In ST 209, the SDE is calculated for each point (or for a
subset of points) on the Pareto frontier. The SDE may be
calculated using the results of the multi-objective optimization i.e., the set of vectors JZ, in combination with the cyclic
kinetic TRN model and Eq. 1. For example, the steps for
calculating SDE for a general FFL are outlined below. First,
the necessary global parameters are set. For example, in a
cyclic TRN model the concentration of basal activator ofY,
[A], the concentration of basal activator of Z, [B], the concentrationoftotal available sites for transcription ofY, [Dy],0 ,
the concentration of total available sites for transcription ofZ,
[D2 ],0 ,, the degradation rates for each species, a, and the
temperature, Tare set. Next, for each of the 8 cycles forming
the FFL motifYA, YX, ZB, ZX, ZY, ZXY (in general, cycle
WI corresponds to transcription or repression of W due to
transcription factor I) several steps are performed:

25

Step 3:
Set the kinetic parameters k 2 WI and k_ 2 WI
State the net reaction flux as 12 Wl=k2 WI [RDW1]-k2 WI [Dwl
[IwHPwl
State the net change in chemical potential as

30
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If!W1=1 (i.e., I is an activator ofW), [P 1W]=[W]. If!WI=O
(i.e., I is a repressor ofW), [P wl=l.
Next, for each of the involved species, the mass conservation equations are determined. This includes transcription
factors (A, B,X, Y, Z),releasedcofactors (Ay, Xy, B2 ,X2 , Y 2 ,
XY2 , or in general, I w), and occupied DNA sites (in general,
[Dw], [DWI] and [RDWI]), resulting in a set of 24 ordinary
differential equations. Next, using the conservation equation
of the total available sites:

[Dy ],0 , = [Dy] + ~ [[D]yf] + ~
I~(A.X)

[Dz]tot = [Dz] +

~

I=(B,X,Y,XY)

50

55

[[RD]yJ]

I~(A.X)

[[Db]+

~

[[RD]YI]

I=(B,X,Y,XY)

The steady state equations are then solved to find the concentrations of the involved species. Next, the net change in
chemical potential and the net flux for each step in each cycle
may be calculated. Next, the total Heat Dissipation Rate
(HDR) may be calculated:

HDR =

~ ~ (J~Jl)
cycle step

60

Next, the external consumption flux ofX may be calculated

65

Finally, using the above results, the Specific Dissipation
Energy (SDE) may be calculated:
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In ST 211, the Pareto averaged SDE may be computed by
taking the average of the calculated SDE points on the Pareto
frontier, or on a defined portion of the Pareto frontier.
In ST 213, if there is another subgraph from the target
subset to analyze, the process returns to ST 201. If all subgraphs from the target subset have been analyzed, the process
ends.
FIGS. 3A-3C show an example of the result of the above
described optimization procedure and subsequent calculation
of SDE at three points along the Pareto frontier according to
one or more embodiments of the invention. FIG. 3A shows
the full set of sub graphs having three nodes. The feed forward
loop (FFL) is shown as subgraph S.
In this example, the target circuit objective of this TRN is to
produce the steady state fluxes JY and 12 , as shown in the cyclic
model depicted in FIG. 3B. As both external fluxes ofY and
Z are desired to be maximized when X is externally provided,
there is a tradeoff region between these two objective functions: when more Y is taken out of the system (higher J y), the
concentration ofY goes down and its contribution towards
further transcription of Z decreases, leading to lower J2 , and
vice versa. In addition, the relevant parameters for a cyclic
kinetic model of a coherent type 1 FFL and constraints used
for the multi-objective optimization are summarized in FIG.
3B.
The multi-objective optimization goal is to maximize JY
and 12 • The objective functions are simultaneously optimized
subject to a set of constraints to obtain the Pareto frontier of
maximization, as described above in reference to FIGS. 1-2.
This Pareto frontier is shown in FIG. 3C. In this example,
SDE values are calculated for three points 303, 30S, and 307
on the Pareto frontier for the coherent FFL subgraph. The
Pareto-averaged SDE may be obtained by determining the
average of these three values.
FIG. 4 shows a method in accordance with one or more
embodiments of the invention. While the various steps in the
flowchart are presented and described sequentially, one of
ordinary skill will appreciate that some or all of the steps may
be executed in different orders, may be combined, or omitted,
and some or all of the steps may be executed in parallel.
In ST 401, a pre-existing biological circuit is selected. For
example, a TRN sub graph such as the general FFL, shown as
subgraph Sin FIG. 3A, may be identified. In ST403, a target
circuit objective is selected using the structure of the preexisting circuit as a guide. For the case of the FFL example,
the target circuit objective may be to produce the steady state
fluxes JY and 12 • For example, a subgraph with the same
number of nodes and linkages to the pre-existing circuit (e.g.,
3 nodes and 3 linkages for the FFL) may be selected. In ST
40S, a set of objective functions for optimization based on the
target circuit objective is selected. Accordingly, the objective
functions used in the optimization are a set of functions that
quantifY the fluxes JY and 12 • These functions may be obtained
in a variety of ways, for example, from a cyclic kinetic TRN
model.
In ST 407, a set of all possible circuit subgraphs for the
target circuit is generated by simulating inhibiting or enhancing of the node linkages of the pre-existing circuit. Using a
TRN for example only, linkages may be enhanced or inhibited by linking the nodes via a transcription factor activator or
a transcription factor repressor, respectively. Transcription
factor activators and repressors are biological molecules that
enhance and inhibit, respectively, gene transcription. An
example of a set of all possible TRN sub graphs for the FFL is
shown in FIG. SA and represent coherent type 1-4 FFLs and
incoherent type 1-4 FFLs. In this example, the set of 8 subgraphs is generated by considering all possible ways of

replacing one, two, or three activator linkages with repressor
linkages. In ST 409, the multi-objective optimization is
executed to calculate the Pareto-averaged SDE of each circuit
subgraph in the full set. In one embodiment of the invention,
the multi-objective optimization is executed to optimize the
objective functions specified in ST 40S.
The multi-objective optimization and Pareto-averaged
SDE calculation in ST 409 may be performed using the full
set of all possible subgraphs generated in ST 407 in a manner
substantially similar to that and described above, with reference to FIG. 2.
In ST 411, the target circuit subgraph, or set of target circuit
subgraphs, is determined as the circuit subgraph, or set of
circuit subgraphs, with the minimum Pareto-averaged SDE
(relative to all other circuit sub graphs or sets of circuit subgraphs for which the Pareto-averaged SDE is calculated).
Accordingly, for the example shown in FIG. SC, the C1-FFL,
C3-FFL, Il-FFL, and 13-FFL may be chosen as the set of
target circuit sub graphs having the minimal Pareto-averaged
SDE.
In step ST413, the target circuit subgraph, or set of target
circuit subgraphs may then be designed and/or constructed or
further used as fundamental sub graphs for the design and/or
construction more complex synthetic biological circuits having optimal energetic cost, high overall robustness, etc.
FIG. SA shows examples of a full set of circuit subgraphs
as would be generated in ST 407 for the FFL subgraph. FIG.
SB shows each model circuit sub graph including a symbolic
representation of the corresponding cycles involved in each
sub graph. A more detailed description of the detailed steps
involved in a regulatory cycle is found in the Examples section below. Cycles S01-S16 represent basal activity cycles.
Cycles S19-S36 represent transcriptor activity cycles. Cycles
S37-SSO represent repression activity cycles. FIG. SC shows
for each subgraph model the calculated Pareto-averaged SDE
values resulting from ST 409 (for both AND and OR logic
configurations).
FIG. 6 shows a method in accordance with one or more
embodiments. While the various steps in the flowchart are
presented and described sequentially, one of ordinary skill
will appreciate that some or all of the steps may be executed
in different orders, may be combined, or omitted, and some or
all of the steps may be executed in parallel.
In ST 601, the a target circuit objective comprising a
dynamic function objective is selected. For example, the user
may select pulse generation as a dynamic function objective,
as shown in FIGS. 8A-8C. In ST 603, the number of nodes in
the target circuit is selected. In ST 60S, a full set of all possible
circuit sub graphs with the chosen number of nodes is generated.
In ST 607, a determination is made about whether to
execute the dynamic SDE computation procedure using the
full set of circuit sub graphs or execute the computation procedure using a subset of circuit sub graphs. If the dynamic
SDE computation is executed using the subset, the full set is
reduced to a target subset in ST 609 by eliminating circuit
sub graphs that do not accomplish the target circuit dynamic
function objective. For example, the full set for 3 nodes contains many different circuit sub graphs. If the target circuit
dynamic function objective requires a pulse output, circuit
subgraphs that cannot produce a pulse output are removed
from the full set to create the target subset. In ST 611, a
dynamic SDE computation procedure is executed to compute
the time-averaged SDE for each subgraph in the target subset
or full set based on a cyclic kinetic TRN model. In ST 613, the
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target circuit sub graph, or set of subgraphs, is determined by
selecting the subgraph, or set of subgraphs, with the minimum time-averaged SDE.
In step ST615, the target circuit subgraph, or set of target
circuit subgraphs may then be designed and/or constructed or
further used as fundamental subgraphs for the design and/or
construction more complex synthetic biological circuits having optimal energetic cost, high overall robustness, etc.
FIG. 7 shows a method illustrating the steps involved in the
dynamic SDE computation procedure procedure ofST 611 in
FIG. 6 in accordance with one or more embodiments of the
invention. In ST 701, a circuit subgraph is selected from the
target subset. In ST 703, the set of model parameters are
initialized for the selected sub graph based on the target circuit
steady state objectives. An example of the initialization
parameters for the example of a double input FFL (2X-FFL)
is shown in FIG. SC. In addition, the following parameters
were initialized: T=298 K, [A]=[B]=10- 6 nM, [Dyltot=
[Dzltot=1 nM, a=1 [s- 1 ], and J=O (for all the species). Initialization values for the model parameters depend not only on
the model being used but may also depend on the what is
known about the particular subgraph being modeled. The
details of a cyclic kinetic TRN model that may be used in
accordance with one or more embodiments of the invention is
described in more detail below with reference to the examples
and FIGS. 12-14. Furthermore, one of ordinary skill will
appreciate that other models may be used that correspond to
the type of circuit or network being designed, e.g., metabolic
networks or stem cell regulatory networks, etc.
In ST 709, a dynamic input function is generated based on
the dynamic function objective. For example, FIGS. SA and
SB (top panel) shows a square pulse dynamic input function.
In ST 711, a set of dynamic output points is generated based
on the dynamic input function and the set of Pareto frontier
points. More specifically, the dynamic response of the
selected subgraph is simulated using a cyclic kinetic TRN
model. FIG. SB shows examples of sets of dynamic output
points (normalized concentration of proteins Y and Z, i.e., [Z]
and [Y], vs. time) for the double input 2X-FFL shown in the
top panel of FIG. SB.
In ST 713, a set of dynamic output SDE values are computed based on the generated set of dynamic output points.
More specifically, the dynamic output SDE is calculated for
each dynamic output point. The SDE may be calculated using
the cyclic kinetic TRN model and Eq. 1. An example of the
dynamic output SDE is shown in the bottom panel ofFIG. SB.
In ST 715, the time-averaged SDE is computed based on
the computed set of dynamic output SDE values. More specifically, the time-averaged SD E is computed according to the
equation:

will appreciate that some or all of the steps may be executed
in different orders, may be combined, or omitted, and some or
all of the steps may be executed in parallel. More specifically,
FIG. 9 shows an example of an SDE based pulsed energetics
topological generalization prediction (PETGP) process in
accordance with one or more embodiments of the invention.
In accordance with one or more embodiments of the invention, the PETGP process may be used to identifY target circuit
subgraphs within large sets of topologically generalized subgraphs.
In ST 901 a base circuit sub graph is selected. In ST 903, a
topologically generalized set of sub graphs is generated based
on the selected base circuit subgraph. For example, FIGS.
11A-11B show examples of topological generalizations of
various TRN motifs (i.e., commonly recurring subgraphs
found in regulatory networks). For example, the single input
module motif (SIM) may be topologically generalized to the
subgraphs SIM(M,N); the FFL motif can be topologically
generalized to the subgraphs FFL(M,N,L); the BIFAN motif
may be generalized to the Dense Overlapping Regulons subgraphs DOR(M,N); and the 3-node simple regulation motif
may be topologically generalized to the Layered Network
subgraphs LAY(M,N,P).
In ST 905, all parameters (e.g., transcription parameters, K,
~' etc.) for all linkages between nodes in each subgraph are
assigned equal values. Accordingly, no knowledge is
assumed about any relationship between gene activator linkages or any dynamic behavior. However, if such knowledge is
available, (e.g., from experimental data, or numerical simulation), linkages may be assigned values based upon prior
knowledge; however, prior knowledge is not necessary to
perform the PETGP process. In accordance with one or more
embodiments of the invention, for every linkage, any desired
K and ~ value may be assigned as long as the relationships
K=k2 1k 1 and ~=k2 [D],0 ,are satisfied. Thus, assigning K and~'
allows the determination of the following kinetic parameters:
ku k 2 , k 3 , and [D],0 ,. When all the kinetic parameters are
assigned, the network is fully characterized except for the
degradation rate a which is the same for all the proteins in the
network and needs to satisfy the following constraint:
Kl~o<<a<<~I2K, where o=k3 /(k_ 1 k_ 2 k_ 3 [D],0 / ) .
In ST 907, a dynamic input function is chosen. FIG. lOB
shows four examples of possible dynamic inputs functions:
step, exponential, Gaussian, and ramp. The PETGP system is
robust (i.e., is not dramatically affected) with respect to the
choice of dynamic input function. Accordingly, the particular
input function is not limited to merely the examples described
herein.
All dynamic input functions may be characterized by an
ON pulse duration tx. Furthermore, in accordance with one or
more embodiments, the amplitude of the dynamic input function is chosen such that the TRN system is given a small
perturbation. In accordance with one or more embodiments, a
dynamic input function may have an offlevel of0.9K and an
on level of 1.1K, as shown in FIG. lOB, where K is the
concentration of transcription factor X required to reach half
of the maximal transcription rate. One of ordinary skill will
appreciate that other amplitude choices may be made without
departing from the scope of the present disclosure.
In ST 909, a subgraph to be analyzed is selected from the
topologically generalized set. In ST 911, a set of dynamic
output points are generated by simulating the dynamic
response of the selected subgraph based on the dynamic input
function. In ST 913, the dynamic energetic response, i.e., the
set of dynamic SDE values is computed based on the generated set of dynamic output points. In accordance with one or
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where SDE(t) is the dynamic output SDE and tR is the
response time of the system and is defined as the time required
for the system to return to the initial steady state within 1%
error.
In ST 717, if there is another subgraph from the target
subset to analyze, the process returns to ST 701. If all subgraphs from the target subset have been analyzed, the process
ends.
FIG. 9 shows a method in accordance with one or more
embodiments. While the various steps in the flowchart are
presented and described sequentially, one of ordinary skill
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more embodiments, the set of dynamic SDE values required
for attaining the dynamic function is computed using a cyclic
kinetic TRN model.
In ST 915, the time-averaged SDE is computed according
to the equation:

networks involved in stem cells without departing from the
scope of the present disclosure.
Examples of Cyclic Kinetic TRN Models
The following examples illustrate simple examples of
cyclic kinetic TRN models that may be used to calculate HDR
and J and, thus, the SDE, in accordance with one or more
embodiments of the invention. For example, in ST205 shown
in FIG. 2 the following multi-objective optimization problem
must be solved:

(SDE) =

5

~f SDE(t)d/t,
tR

tR

10

where tR is the response time of the system and is defined as
the time required for the SDE to reach 0.1% of the initial
steady state value. FIG. 10C shows a schematic diagram of
the dynamic energetic response, i.e., the set of dynamic SDE
values, and a diagram showing how the time-averaged SDE
may be calculated.
In ST 917, a decision is made to analyze another sub graph
ifthere are any remaining in the topologically generalized set.
If another subgraph is to be analyzed, the process returns to
ST 909, otherwise, the process proceeds to ST 919. InST 919,
the target circuit sub graph, or set of sub graphs, is identified as
the topologically generalized sub graph, or set of sub graphs,
having the lowest time-averaged SDE.
In step ST921, the target circuit subgraph, or set of target
circuit subgraphs may then be designed and/or constructed or
further used as fundamental subgraphs for the design and/or
construction more complex synthetic biological circuits having optimal energetic cost, high overall robustness, etc.
The methods shown in FIGS. 1, 2, 4, 6, 7, and 9 may be
used to efficiently design synthetic biological circuits using,
for example, biological molecules. The methods shown in
FIGS. 1, 2, 4, 6, 7, and 9 provide a process by which the vast
design parameter space of a biological circuit may be dramatically reduced. Accordingly, during the process of designing a biological circuit, the SDE based optimization methods
described above may be executed on processor that is part of
a larger system for designing synthetic biological circuits, or,
more generally, for designing complex synthetic biological
networks. The system may include actual raw materials for
designing synthetic biological circuits with controls over
those materials that are based on the output of the methods
shown in FIGS. 1, 2, 4, 6, 7, and 9. In short, the design and
construction of a synthetic biological circuit or network is
guided and aided by the selected target circuit sub graphs that
are produced as output from the methods of FIGS. 1, 2, 4, 6,
7, and9.
With the benefit of the above methods, a system for designing synthetic biological circuits may construct a biological
circuit based on the set of target circuit sub graphs (i.e., the
biological circuits having the lowest energetic cost in the form
of lowest SDE). For example, the set of target circuit subgraphs may be used as starting points (or templates) for
designing and constructing synthetic biological circuits having optimal energetic cost, high overall robustness, etc.
Embodiments of the invention may also decrease the amount
of experimentation required to (i) understand how the biological circuit works and/or (ii) which biological circuit
(along with which linkages to repress and/or induce in to
transcripting) should be built to achieve the target circuit
objective.
One of ordinary skill will appreciate that the methods outlined in FIGS. 1, 2, 4, 6, 7, and 9 may be applied in other
synthetic networks outside of the simple TRN examples used
herein for sake of simplicity. For example, one of ordinary
skill will appreciate that the methods described herein may be
applied to metabolic networks and/or the complex regulatory

Maximize

x

(Jy, lz)

15

subject to:

20

25

30

35

The equality constraint f(x)=O represents a set of nonlinear mass balance equations at steady state for the selected
subgraph that are imposed by a cyclic kinetic TRN model
and x =[[X], J y, Jzf· Accordingly, the examples below illustrate one example of a cyclic TRN model that may be used to
determine the mass balance equations, HDR, and output
fluxes for a given set of input fluxes Jx having concentrations
[X]. The following examples will illustrate how to calculate
HDR, the output fluxes, and SDE based on input fluxes X. For
the sake of simplicity three simple examples of TRNs are
chosen: X transcribes Z, X represses Z, and X, Y regulate the
transcription of Z. (See, FIGS. 12, 13, and 14 respectively).
These examples are used herein for explanatory purposes
only and are not meant to limit the scope of the present
invention.

40

EXAMPLE 1
X Transcribes Z
45

50

The mechanism by which the protein Z is transcribed by
the transcription factor X is divided in a three-step process as
shown in FIG. 12A.
First, the transcription factor X binds a free DNA site of the
promoter region of protein Z (D2 ) to form a complex (Dzx):
Dz+XH Dzx. If k 1 zx [s- 1 ·nM- 1 ] and k_ 1 zx [s- 1 ] are the
forward and backward kinetic constants, respectively, then
the net flux for this reaction is given by
(2)

55

and the reaction chemical potential can be estimated as:

~111zx

= ':RTlj k~I [Dzx l ) = ':RTlj
[Dzx l
)
'\kfX[Dz][X]
'\KfX[Dz][X]

(3)

60

65

where 9t [J-K- 1 ·mol- 1 ] is the gas constant, T [K] is the
absolute temperature and K 1 zx=k1 zxlk_ 1 zx [nM- 1 ] is the
association equilibrium constant.
Second, RNA polymerase (R) binds Dzxand forms a complex (RDzx): R+DzxH RDzx. Ifk2 zx[s- 1 ·nM- 1 ] andk_ 2 zx
[s- 1 ] are the forward and backward kinetic constants for this

US 8,504,948 B2
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step, respectively then net flux for this reaction can be written
as:

-continued

J2 =~k2 zx[R] fDzxf-k-2 zx[RDzxf~k2 zx[Dzxf-k_2zx
fRDzx]

(13)

(4)

where k 2 ==k2 =[R] [s- 1 ] is a pseudo-first order kinetic
constant. If K 2 ==k2 =;k_ 2 = is the association equilibrium
constant for this reaction, then the reaction chemical potential
is given by

10

(5)

d[Dzs] _ jZB _ zs
12
dt
- 1

(14)

d[RDzx]
zx
zx
_d_t_ =12 -13

(15)

d[RDzs]
ZB
ZB
_d_t_ =12 -13

(16)

Additionally, mass balance has to satisfY the DNA site
balance equality constraint:
15

Third, once RNA polymerase is bound, there is a transcription step to form mRNA and then a translation step which
requires recruitment of the amino acids (AA2 ) required to
form the protein Z. In this example, for the sake of simplicity,
th e aforementioned steps have been combined: RDz.y+
AAz~ R+D 2 +X2 +Z. Note that as aresultoftranscriptionof
Z, RNA polymerase molecules are released, thus freeing the
DNA site and releasing the bound co-activator (X2 ). If
k 3 ==k3 =[AA2 ][s- 1 ] and k_ 3 ==k_ 3 =[R] [s- 1 ·nM- 2 ] are
pseudo-first order kinetic constants, and K 3 ==k3 =/k_ 3 =
[nM 2 ] is the association equilibrium constant for this reaction, then the net reaction flux and reaction chemical potential
are given by:

(17)

20

25

In equation 9, the mass balance is between generated transcription factor Z through main cycle (J3 =) and through basal
cycle flux (1 3 =)incoming transcription factor Z flux (through
different TF cycles, can be assumed negligible if Z is not
generated through any other cycles) and the degradation of
product Z. Here, X 2 andB 2 denotes the modified transcription
factors released from the cycle after the transcription and
translation process.
Steady State Solution.
At steady state, l 1==12 ==1 3 ==1c=, where lc=
[nM·s- 1 ] is the cyclic flux of cycle ZX. Analytical solution of
the mass balance leads to:

30
(18)

(6)

35

The described steps above are represented as a triangular
cycle 1101 in FIG. 12A. In accordance with one or more
embodiments, an analogous mechanism describes the basal
activity in which a basal transcription factor B binds the free
promoter region of Z, initiating the cycle and basal level
transcription of Z as shown in FIG. 12B.
In accordance with one or more embodiments of the invention, the mass balance equations for the cycle described above
may be determined as follows. As used herein J and a are
defined as the external intake flux in [nM·s- 1 ] ~nd the d~gra
dation rate in [s- 1 ] of the species i, respectively. Flux is
defined positive for incoming flux and negative otherwise.
The mass balance of all species in FIG. 12A-12B can be
described by the following differential equations:

d[X]
zx
-----;j(=lx-11 -a:x[X]

(7)

d[B]
ZB
dt=1s-1 1 -a:s[B]

(8)

d[Z]
ZX
ZB
d t = 13 + 13 + }z- a:z[Z]

(9)

d[Xz]
zx
-----;It = 13 + lxz- a:xz[Xz]

(10)

d[Bz]
ZB
-----;It= 13 +1sz -a:sz[Bz]

(11)

d[Dz] _ zx + ps
dt - 13
3

(12)

-

zx
11

-

zs
11
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A similar equation can be found for the basal activity cyclic
flux J c ZB. Since protein transcription is a highly irreversible
process, one can expect that the rate of the forward reaction in
each of the three steps, to be much higher than the rate of the
corresponding backward reaction. This assumption shifts the
entire thermodynamic analysis away from equilibrium. This
contrasts many other postulated models where the forward
and backward rates are assumed to be equal, leading to thermodynamic equilibrium and zero net flux. In this example
assume that the order of magnitude for concentration of the
species is the same, then by assuming k,=>>k_,= fori={ 1, 2,
3 }, the cyclic flux ZX can be written as:

(19)

Let lr2 be the total transcriptional rate of protein Z in
[nM·s- 1 ], which is the sum of the transcription rate of Z due
to the activity of transcription factor (TF) X, J r =, and the
basal activity of basal TF B, lrzB. Since protein Z is being
transcribed in the third reaction of the proposed mechanism,
lr==l3 = and lr==l 3 ZB. Thus, lr2 =lr=+lr==J3 =+
13 ==lc=+lc=.For I=X, B is defined as:
(20)

65
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-continued
(28)

(21)

Then, the cyclic flux of ZX (eq. 17) and the corresponding
flux for ZB can be written as follows:

(22)

j3ZB[B]
j~B = --'---'---'KC,ZB,----

10

(23)

15

KZB + [B] + KZX [X]

In principle, J rz is a function of both activator [X] and [B].
However, if the concentration of the basal activator does not
change in the system, then the transcription rate of Z is only a
function of its main activator X. The basal and maximal
transcription rates, J r .Basalz and J r .Max2 , are defined as the
transcription rates when [X]---;.Q and [X]---;.oo, respectively:

HDRz = HDRzx + HDRZB =

- ~B[B]

T,Basal -

KZB

+ [B]
HD~' = -(Jf' !lf1f1 + Jf' !lJ1~1 + Jf' !lf1f1) =

30

Notice that lr.Basa/ is constant for a specified [B]. In addition, from equation 25, ~zx can be conceptually defined as the
maximal transcription rate lrMa/ of protein Z due to the
activity of its transcription factor X. This parameter includes
a cooperativity term, w= deals with various input logics. The
cooperativity term ( w=) quantifies the interaction between
two proteins bound on two sites. As indicated earlier, each
cycle represents the binding of a transcription factor on a
DNA site to induce transcription. Hence, cooperativity term
in our model explicitly allows binding interactions to be taken
into account. In principle, ~==w=~z where ~z is a common
maximal transcription rate for all the cycles involved in the
transcription of Z. Essentially, different ~ZI values are
obtained by incorporation of different cooperativity terms in
the cycles, represented by
In general, (DZI is low for OR
input logic and high for AND input logics. Moreover, the
concentration of X required to reach half of (J r .MaxzJ r .Basaz2 ) known as the activation coefficient Kxis determined
by the following relationship between Kzx and K=:

wzr.

where
(31)

35

40

is defined as the chemical potential of the cycle for I=TFs
X, B.
In this example, the specific dissipation energy (SDE) is
defined by as the ratio between the heat dissipation rate to the
input mass flux required to keep the system under nonequilibrium steady state (NESS) conditions:
(32)

45

The plots shown in FIG. 12B show the results for the
transcription rate of Z, HDR, and SDE according to the model
described above.
EXAMPLE2

50

55

FIG. 12B shows the approximate solution for highly irreversible reactions far away from thermodynamic equilibrium.
Note that the transcription rate of Z follows a first order Hill's
function with basal transcriptional activity:
60

+ (Jf_Max- Jf_Bawl)[X]

(30)

-J~'(t:.flf' +!lf1~1 +!lflf'J = -J~'t:.flf!

Zl
Zl
Zl
Zl W ~
[/z][ZJ
)
!lf.lc =!lfll +!lf12 +!lf13 =_,lT1
Zl Zl Zl
K 1 K 2 K, [/]

(26)

T- T.Bawl

At steady state:

(24)

(25)

p _ jz

(29)

20

25

p

which is same as the first order Hill's equation.
In accordance with one or more embodiments of the invention, the method for determining the HDR is described below.
Because the reactions described above are highly irreversible
and thus are far apart from chemical equilibrium, the energy
dissipated is high. As the reaction progresses, the rate at
which energy is dissipated is expressed by the product
between the flux and the chemical potential of reaction.
Whereas, the total heat dissipation rate HDR2 [J·s- 1 ] is given
by the addition of the heat dissipated by each cycle:

(27)

Repression of Z by X
Similar to the activation case, the mechanism of repression
by repressor X can be divided in a three step process, similar
to that shown in FIG. 12A:
First, as in the activation case, the transcription factor X (in
this case repressor) binds a free DNA site of the promoter
region of protein Z (D2 ) to form an occupied DNA site (Dzx):
D 2+X~ Dzx. If k 1 zx [s- 1 ·nM- 1 ] and k_ 1 zx [s- 1 ] are the
forward and backward kinetic constants, respectively, and
K 1 zx=k 1 zxlk:_ 1zx [nM- 1 ] is the association equilibrium constant, then the net flux and the chemical potential for this
reaction are:

KX +[X]
65

When X transcribes Z in absence of the basal activity
([B]=O, JT.Basazz=O), then

(33)
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-continued

the solution for irreversible reactions that are far away from
thermodynamic equilibrium. Finally, it is observed that the
transcription rate of Z follows a Hill's first order equation for
repressor activity:

zx _, Tlj k~I[Dzxl ) - ' Tlj
[Dzxl
)
Ill - :J\ '\kfX[Dz][X] - :J\ '\KfX[Dz][X]

(34)

Second, since X is a repressor, RNA polymerase (R) cannot
bind to the occupied DNA site (D=)· In tum, the X-bound site
changes its configuration into another energetic state (D=*):
1
1
D=~ D=*· Let k 2 = [s- ] and k_ 2 = [s- ] be the forward
and backward kinetic constants, respectively, andK2 ==k2 =;
k_ 2 =the association equilibrium constant. Then, the net flux
and chemical potential for this step are:

(35)

(41)

10

15

(36)

Energy of Repression
Equations 29-30 express the general concept of the HDR2
[J·s- 1 ] associated with any transcription process, and thus are
valid for representing the repression scenario. However, the
cyclic chemical potential equation given by 31 must be
changed since the overall reactions are different:

(41)

20

Third, in this last step, the activated X-bound site releases
the free DNA site and the co-repressor necessary for this
process (X2 ). Because RNA polymerase is not bound, there is
no recruitment of amino acids (AA2 ) and transcription and
translation of Z does not proceed: D=*~ D2 +X2 . Ifk3 =
[s- 1 ] and k_ 3 = [s- 1 ·nM- 1 ] are the forward and backward
kinetic constants, respectively, and K 3 ==k3 =;k_ 3 =[ nM 1 ] is
the association equilibrium constant for this reaction, then the
reaction flux and reaction chemical potential are given by:

where

[Pz]

30
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(39)

Steady State Solution
At nonequilibrium steady state (NESS), it can be shown
that equations 19-23 are also valid in the repression mechanism. However, when X is a repressor, the total transcription
rate of Z equals only the basal cyclic flux:
lr2 =lr==J3 ==lc=.As [X]---;.0, the basal transcription rate
lr,Basazz (eq. 24) follows the same relationship as in the activation case: the basal transcription rate is independent of the
activating or repressing nature of X. However, as expected,
the basal transcription rate corresponds to the maximal transcription rate. As [X]---;.oo, the transcription rate of Z
decreases and approaches to zero: J r ,Min2 =0. Moreover,
the concentration of X required to reach half of (J r ,Basa/J r ,Min2 )=JTBasazz, Kx, is determined by the same relationship
between K:zx and KZB shown in equation (26). FIG. 13 shows

Solution of the mass balance will allow the computation of
Jxforthe final determination ofSDE2 , as defined by equation
32. The plots shown in FIG. 13 show the results for the
transcription rate of Z, HDR, and SDE according to the model
described above.
EXAMPLE3

(38)

[Dz]'"'~[Dzf+{Dzxf+{DzeJ+[Dzx*J+{RDzBl

[Z], if I ~ B (or I is an activator)
{ 1, if I ~ X (or I is a repressor)

25

(37)

The described steps 1, 2 and 3 are represented in the bottom
triangular cycle in FIG. 13. Cycles on top represent the basal
activity in which a basal transcription factor B binds the free
promoter region of Z, initiating the cycle and further transcription of Z, follows the activation mechanism shown earlier.
Mass Balance Equations
The differential equations describing the repression system
are the same as those presented in the activation mechanism
with only two differences. First the mass balance equation of
[Z] does not include J 3 =, because the transcription of Z is
only due to the basal activity. Second, RD= is conceptually
replaced by D=*. For the repression process, the total concentration of DNA sites is now written as:

~
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Transcriptional Regulation of Z by Two
Transcription Factors X andY
In this section, a model for a biological circuit that for
multi-gene regulation is developed. Specifically, the formulation for the transcription (activation and repression) of the
protein Z by two transcription factors X andY, as shown in
FIG. 14 is presented.
Mechanism
The basic mechanism by which two transcription factors
activate or repress protein transcription is the three step process described previously for activation and for repression
described above. The multi-gene regulation model disclosed
herein allows both X andY (and basal transcription factor B)
to compete for a free DNA site in the promoter region of Z.
The competitive binding is irrespective of whether X (or Y) is
an activator or a repressor. However, in addition to the individual TF binding to D2 , there is also a joint interaction
between X andY, so in principle the complex XY may be
considered as an additional transcription factor whose concentration is given by the product between the concentration
of X andY. In other words, [XY]=[X][Y]. The activator or
repressor nature of this complex depends on two factors:
1) The independent activation-repression nature of X and
Y.
2) The Boolean input logic used to transcribe Z which can
beANDorOR.
In order to explain the Boolean input logic, let us assume
that both X andY are activators of Z. In principle, protein Z
should be transcribed at least from the individual binding ofX
andY. However, this is not completely true. If both TF X and
Yare required to transcribe Z (Boolean input logic AND),
then transcription cannot proceed with individual binding of
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X or Y. Therefore when individually present, TF X or Y will
bind to the promoter site without transcribing Z, and thus acts
as repressor contrary to their activating nature. Therefore,
when both X andY are present for AND input logic, transcription of Z can only proceed from the XY cycle (and from
the basal cycle ZB which by definition is always transcribing
Z). This XY complex will bind the promoter region, recruit
RNA polymerase and finally transcribe (and translate) Z. On
the other hand, if only one of the two transcription factors is
required (Boolean input logic OR) for transcription ofZ, then
the individual binding as well as the complex XY binding,
will lead to formationofZ, as showninFIG.14A, which gives
a simplified representation of the four cycles is presented. The
cycles, entering and leaving fluxes for ZX, ZY and ZXY are
represented as solid lines. The activator and repressor behaviors are arrows according to the input logic and independent
nature ofX andY as shown in the tables inFIG.14A. Repressor behaviors are noted with the R character. When the cycle
ZI behaves as a repressor (for I=X, Y, XY), the transcription
flux 13 ZI is not present (as shown in FIG. 3), and thus the
corresponding arrow is not shown in FIG. 14A.

22
HDRz=-

~

(44)

I=B,X,Y,XY

5

where

(45)

The analytical solution for HDR2 is highly complex and
input logic dependent in this scenario, thus numerical solutions are required. These numerical solutions are shown in
FIG. 14B for transcription rate of Z, HDR, and SDE, respectively.
Embodiments of the invention may be implemented on
15
virtually any type of computer regardless of the platform
being used. For example, as shown in FIG. 4, a computer
system (200) includes one or more processor(s) (202), associated memory (204) (e.g., random access memory (RAM),
20 cache memory, flash memory, etc.), a storage device (206)
(e.g., a hard disk, an optical drive such as a compact disk drive
or digital video disk (DVD) drive, a flash memory stick, etc.),
and numerous other elements and functionalities typical of
Mass Balance Solution
today' s computers (not shown). The computer (200) may also
If the irreversibility condition is satisfied, then the cyclic 25 include input means, such as a keyboard (208), a mouse (21 0),
fluxes can be approximated as follows:
or a microphone (not shown). Further, the computer (200)
may include output means, such as a monitor (212) (e.g., a
liquid crystal display (LCD), a plasma display, or cathode ray
tube (CRT) monitor). The computer system (200) may be
j3ZI [/]
(42)
pi_
c 30 connected to a network (214) (e.g., a local area network
KZI
KZI +
(LAN), a wide area network (WAN) such as the Internet, or
KKJ [J]
l=B,X,Y,XY
any other similar type of network) via a network interface
connection (not shown). Those skilled in the art will appreciate that many different types of computer systems exist, and
where ~ZI and KZI are defined by equations (20) and (21), 35 the aforementioned input and output means may take other
forms. For example, the computer system (200) may be a
respectively. FIG. 14B presents the transcription rate surface
server system having multiple blades. Generally speaking,
for both input logics OR and AND, using the approximated
the computer system (200) includes at least the minimal prosolution.
cessing, input, and/or output means necessary to practice
For Boolean input logic OR, lr2 =lcZB+lczx+lc2 Y+lc zxy.
40 embodiments of the invention. Further, software instructions
If both basal activity and the transcription rate from the comto perform embodiments of the invention may be stored on a
bined activity of X andY are zero (i.e., ~zxy is very low and
computer readable medium such as a compact disc (CD), a
Kzxy is very high), the expression for the total transcription
diskette, a tape, or any other computer readable storage
rate of Z, given by equation (42) equals:
device.
While the embodiments have been described with respect
45
to a limited number of embodiments, those skilled in the art,
(43)
~X [X]
~y J2:]_
having benefit of this disclosure, will appreciate that other
z
Kzx
Kzy
embodiments may be devised which do not depart from the
lr =
[X]
[Y] +
[Y]
[X]
1+
-+
- 1+
-+
scope of the embodiments as disclosed herein. Accordingly,
Kzx
Kzy
Kzy
KZX
50 the scope of the embodiments should be limited only by the
attached claims.
For Boolean input logic AND case, transcription rate of Z
is given by the basal activity and the combined interaction of
What is claimed is:
1. A method for designing a biological circuit, comprising:
X andY: lr2 =lcZB+lczxy. If basal activity is zero and
obtaining a target circuit objective for the biological cirKzxy=KzxKzy, then the expression for lrz (42) also equals the 55
cuit;
relationship:
determining an objective function corresponding to the
target circuit objective;
obtaining a number of nodes for the biological circuit;
(43)
60
obtaining a set of possible circuit subgraphs using the
number of nodes;
obtaining, by a processor, a specific dissipation energy
(SDE) for each one of the set of possible circuit subgraphs by optimizing the objective function, wherein the
Energy of Transcription
65
SDE is a ratio of the heat dissipation rate (HDR) to input
At steady state, the total HDR for this four-cycle system
mass flux (J) in a non-equilibrium steady state (NESS)
can be written as follows:
system;

I

10
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selecting at least one circuit sub graph from the set of pos11. The non-transitory computer readable medium of claim
10, wherein the biological molecules comprise one selected
sible circuit subgraphs with the lowest SDE; and
form a group consisting of proteins, transcription factor actidesigning the biological circuit using the at least one
vators, transcription factor repressors, mRNA, and enzymes.
selected one circuit sub graph.
12. The non-transitory computer readable medium of claim
2. The method of claim 1, wherein at least one node in the
8, wherein the target circuit objective is one selected from a
biological circuit is one selected from a group consisting of a
group consisting of a steady-state objective and a dynamic
gene and a metabolite.
function objective.
3. The method of claim 2, wherein the at least one node in
. 13. A method for designing a biological circuit, compristhe gene circuit is connected using linkages, wherein the 10 mg:
linkages comprise biological molecules.
obtai~ing a target circuit objective for the biological circmt;
4. The method of claim 3, wherein the biological molecules
obtaining a set of possible circuit subgraphs based on the
comprise one selected from a group consisting of proteins,
target circuit objective;
transcription factor activators, transcription factor repressors,
obtaining, by a processor, a specific dissipation energy
mRNA, and enzymes.
15
(SDE) for each one of the set of possible circuit sub5. The method of claim 1, wherein the target circuit objecgraphs using a network model, wherein the SDE is a
tive is one selected from a group consisting of a steady-state
ratio of the heat dissipation rate (HDR) to input mass
objective and a dynamic function objective.
flux (J) in a non-equilibrium steady state (NESS) sys6. The method of claim 1, wherein the SDE comprises a
tem;
Pareto-averaged SDE.
20
selecting at least one circuit sub graph of the set of possible
7. The method of claim 1, wherein the SDE comprises a
circuit subgraphs with the lowest SDE; and
time-averaged SDE.
designing the biological circuit using the at least one
8. A non-transitory computer readable medium comprising
selected circuit sub graph.
software instructions, which when executed by a process to
14. The method of claim 13, wherein at least one node in
perform a method, the method comprising:
25 the biological circuit is one selected from a group consisting
obtaining a target circuit objective for a biological circuit;
of a gene and a metabolite.
determining an objective function corresponding to the
15. The method of claim 14, wherein nodes in the gene
target circuit objective;
circuit are connected using linkages, wherein the linkages
obtaining a number of nodes for the biological circuit;
obtaining a set of possible circuit subgraphs using the 30 comprise biological molecules.
16. The method of claim 15, wherein the biological molnumber of nodes;
ecules
comprise one selected form a group consisting of
obtaining a specific dissipation energy (SDE) for each one
proteins, transcription factor activators, transcription factor
of the set of possible circuit sub graphs by optimizing the
repressors, mRNA, and enzymes.
objective function, wherein the SDE is a ratio of the heat
17. The method of claim 13, wherein the SDE is a time
dissipation rate (HDR) to input mass flux (J) in a non- 35
averaged
SDE.
equilibrium steady state (NESS) system;
18. The method of claim 13, wherein the target circuit
selecting at least one circuit sub graph from the set of posobjective is one selected from a group consisting of a steadysible circuit subgraphs with the lowest SDE; and
state objective and a dynamic function objective.
designing the biological circuit using the at least one
19. The method of claim 13, wherein obtaining the SDE for
selected circuit sub graph.
40 each of the set of possible circuit subgraphs comprises using
9. The non-transitory computer readable medium of claim
the kinetic network model, wherein all linkages between
8, wherein at least one node in the biological circuit is one
nodes in each sub graph are assigned parameters having equal
selected from a group consisting of a gene and a metabolite.
values.
10. The non-transitory computer readable medium of claim
20. The method of claim 13, wherein the set of all possible
9, wherein the at least one node in the gene circuit are con- 45
circuit
subgraphs comprises a topologically generalized set.
nected using linkages, wherein the linkages comprise biological molecules.
* * * * *
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