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ABSTRACT

We present a unique FPGA that uses a mix of digital and
large-signal analog computation for the simulation of gene
regulatory networks. The prototype IC consists of a 4x5
array of configurable logic blocks along with programmable
interconnect. It can simulate a network of pathways in-
volving up to 20 genes and their associated proteins. The
circuit design takes advantage of a number of analogies be-
tween CMOS circuits and gene networks. For example, a
capacitor charge is used to represent a protein concentra-
tion, currents represent protein production, and a transistor
switch network is used to compute the influences of activa-
tor and repressor proteins on gene expression. A simulation
shows how the chip can predict oscillatory behavior in a
particular well-known three-gene system.
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1. INTRODUCTION

Every living cell is a system of enormous complexity, in
which numerous molecules interact with each other in mul-
tiple ways. Their behavior depends on some external in-
puts from the environment, as well as on the initial state
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of the interacting molecules. These interactions are often
depicted by graphs defining particular pathways. The re-
sult is a precisely coordinated and timed execution of a se-
quence of cellular processes. It is crucial to understand the
particular function of the involved mechanisms and be able
to (re)produce the resulting behavior. However, the com-
plexity of these pathways can make flexible simulation on
general-purpose machines very difficult.

The approach that we are investigating to allow the sim-
ulation of very complex gene regulatory networks is to use a
unique analog/digital FPGA that is specifically designed for
this purpose. A standard shift-register is used to store con-
figuration information, specifying a model for each gene net-
work being considered. Basic cells are configured to model
chemical reactions, such as gene transcription, using a choice
of models ranging from simple Boolean logic to classes of
nonlinear differential equations. Interconnect is configured
to model the influence pathways among various proteins and
genes. Analogies between the behavior of gene networks and
CMOS circuits are used to make the computation very ef-
ficient when compared to what can be done on a general-
purpose computer.

2. GENE NETWORK MODELS

The gene regulatory networks that we are simulating are
based on the “central dogma” of biology, which states that
genetic information flows from DNA to RNA (transcription)
and from RNA to protein(translation). Some of these pro-
teins (called transcription factors) are capable of causing the
activation or deactivation of a gene when they are bound on
specific binding sites on the DNA sequence. Some models
that have been proposed to describe the process of tran-
scription and translation use Boolean networks [1], where
the expression level is either one or zero in discrete time,
or systems of differential equations [2]. The generic set of
equations for the latter case is given by (1) and (2)
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function of ¢ transcription factors, L is a transcription con-
stant, and V and U are degradation rates of mRNA and pro-
teins. The above elements take the form of n-dimensional



matrixes in the case of an n gene system. A particular widely
used choice[3], which our design approximates, is to use the
Hill function, where f() is given by Tipm T 0.

All the models described above have been implemented
in our design, whose basic processing unit can handle four
analog input variables and has one analog and three digital
outputs. The digital outputs are used for building clusters
of processing units which are capable of handling more than
four inputs.

3. DESIGNOF THE PROGRAMMABLE SIM-
ULATION MACHINE

3.1 FPGA IC Architecture

Our prototype IC consists of an array of 5x4 custom de-
signed configurable logic blocks (CLB), which are strongly
interconnected through switch boxes. A shift register (us-
ing TSPL latches) holds information about various weights,
model types and connections. Production of proteins and
mRNA are represented by currents in an analog fashion,
so the buildup of concentrations can be computed by using
output currents to charge MiM capacitors at the output of
the CLB. The resulting voltages, which represent the con-
centrations of protein/mRNA are propagated through the
interconnect. Since interconnect wires are distributed RC
lines, they can naturally model molecule diffusion from one
site to another.

3.2 Configurable Logic Block

The CLB is the basic processing unit of our IC. It consists
of analog and digital modules and its output is of the form:

d[vout}
dt

= Z Xk'f(VTFk )"'Q(VTFL, VTFj )_Xdeg' [Vout] (3)
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Where z), are programmable weights (parameters of dis-
crete values) and Vrr, is the voltage of the kth input. For
each CLB ;| n can be set within the range of one to four, as
can i, j, i.e. Vrr,,Vrr; is the voltage of the it" and ;" in-
put respectively. Functions f(Vrr,) and g(Vrr,, Vrr;) are
nonlinear and are described in equations (4) and (5):

f(Vrr,) = A-(Va, + B)? (4)

9(Vrr;, Vrr;) = C-(D-Vrr, - Vrr, +E‘VTF,;+G‘VTE7)2 (5)

Va, is a variable depending on Vrr, and is given by :

Vi = {
©)

where A to N are constants, and Val is also a constant
which has been calculated to have a value of 1.145 volts for
the technology we are using(TSMC 0.25 pm). Equations
(3) through (6) give the dependance between the inputs and
output of a cell.

Figure 1 is an abstract schematic of the CLB output cir-
cuit. The total output current is the sum of the current
coming from the analog portion of the CLB (which repre-
sents the function g(Vrr,) in equation (3) and the current

—H Vrp, + K

for VTFk < Val
Virr, + \/L VRp +M-Vep, +N for Vrp, > Val
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Figure 1: At the output of CLB the currents add,
and drive a capacitor. The resulting voltage rep-

resents the output concentration of the produced
mRNA /protein.

coming from dependent current sources (which represents
f(Vrg,) in the same equation). The programmable module
connected between the output and ground, is used to model
the decay/degradation( represented by 4eq in equation (3)).

lout

Figure 2: Schematic of a Dependant Current Source

The dependent current source (DCS) works as a current
mirror of different weights(one, two, four and combinations
of these numbers). As shown in figure 2, an increase of the
input voltage Vrer would result to a current increase of
transistor Mi, due to the quadratic or linear dependance
between gate voltage and current. In both regions, when
the reference voltage Vrer increases, the current Ip of M,
will also increase. This would result in a drop of the voltage
Va of node (A) because its discharge path has been more
strongly turned on. Consequently, M2 (which will always be
in saturation) would turn on further. Transistors Mz and
M3 form a current mirror and, assuming that M3 will stay
in saturation, we would roughly expect that their current
relationship will depend solely on their ¥ ratios.

L
3.2.1 Digital Portion of the CLB

The digital part of the CLB is shown in figure 3. It con-
sists of four A/D converters and multiplexers. Each A/D
converter has two programmable thresholds/outputs, which



Figure 3: Digital part of the CLB. It consists of
A /D conversion, multiplexing, selection and D/A
conversion.

are adjustable through 12 control bits from the shift regis-
ters. Thus, a total of 8 digitized signals pass through four
8x1 multiplexers and the resulting four signals act as con-
trolling signals at three 16x1 multiplexers, the outputs of
which feed a dependent current source (DCS) for a voltage
to current conversion. This output is added to the output of
the analog part which was shown in figure 1. Thus, depend-
ing on which switches(paths) are enabled by the configura-
tion bits, the digital portion of a CLB can either select the
weights of a DCS, or function as a boolean network model
implementation.

3.2.2 Analog Portion of the CLB

The analog part is responsible for the analog interaction
of the various Transcription Factors. It consists of the Ac-
tivator - Activator, Activator - Repressor, and Repressor -
Repressor complexes. The Activator - Activator , Repressor
- Repressor subcircuits model the case where two transcrip-
tion factors are needed to activate/inhibit the transcription
of a specific gene, either by binding in separate binding sites,
or by forming a dimer. The Activator - Repressor subcircuit
is a basic differential pair and can operate in various modes,
depending on whether the transcription factors bind on a
single or multiple binding sites.

3.3 Interconnect and Timing

The CLBs are amply interconnected through 5x3 switch
boxes. Each switch box is an array of 8x12 nodes, each with
six transmission gate switches. The overhead of the inter-
connection network is quite high but adds to flexibility (more
about interconnect can be found in [4]). The switch boxes
are programmable, controlled by shift registers, and capable
of routing signals from the point where they are produced
(output of each CLB), to the place where they are needed
(input of another CLB). CLBs can be connected to form
complex feedback loops. To achieve additional flexibility,
between each CLB and a switch box there is a connection
box, which serves as a multiplexer.

The interconnect wires and the switch boxes have been
carefully designed so that we will be able to simulate the
diffusion of the mRNA and protein molecules throughout
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their trip from the nucleus to the cytoplasm and vice versa.
To achieve this goal , we take advantage of the electron
diffusion in the wires and inside the interconnect circuitry.
The general diffusion equation

9?b(z,t) 9b(z, t) .

9z? It (7)

where D is the diffusion constant, describes both voltages

in the interconnect and concentrations of molecules within
a cell.

It is crucial that the signals driving the analog inputs of a
CLB have correct relative timing. Although the delay inside
the CLB is fixed, a variable interconnection delay exists and
it is caused by the parasitic capacitance/resistance in inter-
connection wires, switch/connect boxes(transmission gates).
To compensate this and to keep the same relative arrival
time difference between signals we added programmable ca-
pacitances at the input of every CLB. An alternative solu-
tion is changing the signal travelling path.

Assuming that the wiring delay inside the switch box and
the delay in the connect boxes is insignificant, analysis shows
that the total delay of an interconnection with (k) switch
boxes and (1) equal line wires would be :

(N +1)N
2

R C
) LINE2 LINE | (k) - CogReg -

+ (l : RLINE + k- Req)cp'rog

+
(8)

Ttotaldelay ~ (l)

where Rrine,CrLing is the total resistance and capac-
itance of the line, Cprog is the programmable capacitance
and Req, Ceq the equivalent resistance and capacitance of a
transmission gate, which could be assumed constant for all
output voltages.

3.4 Design Overview

To summarize , each CLB of our IC is capable of modelling
and simulating transcription, translation and several other
phenomena. For example it is possible to simulate:

e the mRNA transcription rate as a nonlinear function of
a maximum of four transcription factor inputs. Each
TF can have different significance.

e the degradation of mRNA and other proteins in the
cytoplasm, even if this depends on a specific protein.

Given that many CLBs could ultimately fit on a chip and
many chips could cooperate on a board under the super-
vision of a general purpose computer, our hardware could
simulate or a very complex set of pathways and predict its
behavior. The top level schematic is shown in figure (4) and
the top level layout is shown in figure (5).

4. OPERATION OF THEPROGRAMMABLE
SIMULATION MACHINE

Every path and programmable weight in each CLB, has
to be set up before running the chip. This means that there
are two phases:

e a phase of initialization where we set up all the config-
urable parameters through the shift registers and we
load the protein data.
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Figure 5: Top level layout in an 84 pin package,
TSMC 0.25 pym CMOS mixed signal technology.

e a phase of evaluation, where the initial protein concen-
trations and the programming of the array will pro-
duce a set of protein/mRNA output data.

Each CLB output is connected to a pad and so we are able
to measure its voltage. Thus, having 20 CLB’s (an array
of 5x4) we have 20 measurable voltages/protein concentra-
tions. Moreover, 44 pads have been connected directly to
the switch boxes , which enable us to measure the diffusion,
delay or intermediate products of a testing pattern.

With our hardware we can simulate a particular set of
pathways and predict their behavior. A good and complex
example is the repressilator [3], a fictional pathway of three
genes, which results in oscillatory behavior of the system.
Figure 6 shows the three CLB outputs after running a full
software simulation of the chip.

Another application of our hardware would be to run mul-
tiple simulations of a system with varying parameters to
determine the best model, where simulated outputs would
be matched with measured ones. In this case, computation
speed is particularly important due to the large number of
simulations that might be required.
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Figure 6: Oscillatory behavior observed in simula-
tion of ”repressilator” pattern

5. CONCLUSIONS

In this paper we have presented a custom, mixed digital
and large-signal analog FPGA ,which has been designed es-
pecially for simulating gene regulatory networks. We have
shown that there are significant similarities between the
biomolecular and the integrated circuit world, and we have
proposed a promising model implementation and circuit for
fast simulation. Circuit simulations of the hardware already
show that this implementation, although only a prototype,
will be capable of simulating complex pathways.

Our ultimate goal is to have an IC which can be configured
to simulate a very accurate model of a large biological sys-
tem. Therefore, in the second version of the IC, we will add
a more accurate modelling of biomolecular phenomena. To
do that, we have to expand our current work into biochem-
ical networks. Moreover we have also started working on
refining the nonlinear transcription function by implement-
ing in silico a physical model of these pathways based on the
free energy of the interacting molecules. Finally, we are de-
veloping the software needed to automatically generate the
configuration bits (shift-register contents) from higher-level
network descriptions.
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