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Abstract

the biological phenomena that the biochemical molecular in living perform computation, commu-

Bimolecular computing models in vivo are an emerging computing model inspired from

nications, and signal processing collaboratively. This paper reviews some recent DNA computing
models which are proposed to work at the cellular level for NP complete problem models, gene

logic circuits and biomolecular automata. The future research directions on in vivo calculations

are also pointed out.

Keywords

1 Introduction

Computation is a map or a transform process
of symbol strings based on the rules. Symbol is the
special physics state. It can be the electronic circuit
behavior based on transistor technology. The ma-
chine is successfully realized by digital computer,
which is a finite state machine, with a vast number
of states. And the digital computers excel in many
areas of applications. If the interaction between the
bimoleculars can be viewed as a finite number of
components and the components can take on a few
states, the particular biochemical reaction is bio-

bimolecular computing; in vivo; NP problem; gene circuit; biomolecular automata

molecular computing.

A physical computation in a digital computer
evolves over time. Information is stored in regis-
ters and other media, while information is pro-
cessed by using digital circuits. In biomolecular
computing, information is stored by biomolecules
and processing of information takes place by ma-
nipulating biomolecules. The concept of biomolec-
ular computing was theoretically discussed by
Head in 1987, but Adleman in 1994 was the first
to solve a small instance of travelling salesman
problem with DNAM®, he was the first to demon-
strate by a DNA experiment that biomolecular
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computations are feasible. Since it has been shown
that they have powerful computational capability
and potential capability in solving computational
hard problems, more and more people begin to in-
terest in this area. In 2002, Adleman’s group
solved a 20-variable instance of the 3-satisfiability
problem by DNA computing, which is the largest
instance solved by non-electronic
yetm.
related to this incipient technology soon thereafter,

computer as

Researchers realized some of the obstacless

efficiency and precision of biochemical reaction,
and exponential explosion of solution space with
respect to problem size.

Therefore, progress in biomolecular compu-
ting will depend on both novel computing concepts
and biological operation technique. It was proved
that some models in biomolecular have the same
computing capability as Turing machines. The goal
of researchers is to find biomolecular computing
paradigms capable more than Turing machines, or
a new application platform.

2 Biomolecular Computing in Vivo

The architecture of gene regulatory networks
is reminiscent of electronic circuits. Increasing
knowledge on how cell behavior is shaped by the
complex regulatory transcription networks of dif-
ferent sets of genes, which show response charac-
teristics as electric circuits. Cells are attractive for
many programmed applications for their miniature
scale, self reproduction, and capacity to manufac-
ture biochemical products. Applications include
nano-fabrication, embedded intelligence in materi-
als, sensor arrays, patterned biomaterial manufac-
turing, improved pharmaceutical synthesis, and
programmed therapeutics. For such applications,

precise and programmed control of gene activity

can be accomplished by incorporating synthetic bi-
ochemical logic circuits into the cells.

Many proteins in living cells appear to have as
their primary function the transfer and processing
of information, rather than the chemical transfor-
mation of metabolic intermediates or the building
of cellular structures. Such proteins are functional-
ly linked through allosteric or other mechanisms
into biochemical circuits that perform a variety of
simple computational tasks including amplifica-
tion, integration and information storage-,

2.1 NP Problems Models

Bacterial activity illustrates other common fea-
tures of biomolecular computing in vivo, such as
their ability to integrate multiple inputs. Plasmid
double-stranded DNA molecular,

which contain an origin for replication and allows

is a circular,

the production in bacteria. A method of computing
using DNA plasmids is introduced by Head in
200057,
computation of an instance of the NP-complete al-

It is illustrated by reporting a laboratory

gorithmic problem of computing the cardinal num-
ber of a maximal independent subset of the vertex
set of a graph. This computational plasmid con-
tains a specially inserted series of DNA sequence
segments, each of which is bordered by a charac-
teristic pair of restriction enzyme sites. By apply-
ing a scheme of enzymatic treatments to the com-
putational plasmids, modified plasmids were gen-
erated from which the solution of the computation-
al problem was selected. In the computation, let P
be a plasmid, £ be a positive integer and s, »5, 5 »
s, be k pair wised non-overlapping sub segments of
P. For each i, the nucleotide sequence of s; occurs
nowhere else in the plasmid P. Subsegments cho-
sen in this way will be called ‘stations’ of plasmid.
Fig. 1 gives a sketch of the computational plasmid.

vertices: a f c d b e
‘ 36bp L 36bp L 36bp L 51bp L 36bp L 45bp ‘
T L T T L L L 1
EcoR1 BamHI  Eagl Nsil Nhel Kpnl Pst] /SCH\Avr‘H Hind I

NS

Fig. 1

pMP6079
size: 1.9kb

The plasmid used as template for a six-station problem'’
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The DNA plasmid is constructed that segment
of 297 base pairs was inserted before recircularizing
to form the final plasmid. The six stations are all
included in the specially designed insert. A unique
restriction enzyme (EcoRI, BamHi, Eagl ect.) is
associated with each of the stations. Each station
is bounded by a pair of sites for its associated re-
striction enzyme., In computations, one is free to
consider the initial state of each station of the com-
putational plasmid to represent either the bit 0 or
the bit 1, whichever is convenient.

Plasmids can serve to perform computation at
the molecular level®. Plasmid computing has been
successfully applied to small test instance of sever-
al computationally hard optimization problems. On
the basis of Head, the DNA solution to the Maxi-
mum Weight Clique Problem of an undirected
graph! and maximum matching'® based on the
plasmid were presented. Henkel extended plasmid
computing with protein expression by the con-
struction of the whole computing region of a plas-
mid as part of an open reading frame™*. After li-
brary generation, the library was expressed into a
protein representation, and this was in turn used
to select a solution. A potential advantage of this
translation of the solution into protein is smaller
molecules and consequently higher information
densities. In 2007, several instances of knapsack
These
problems ask for the best way to pack a knapsack

problems using plasmids were presented™'™.

of limited capacity with items of different size and
weight. DNA computing seems very well suited
for this family of problems, as both the encoding
and the algorithm are relatively straightforward:
Formal size or weight can be linked directly to
physical properties of DNA.
2.2 Gene Logic Circuits

The genetic and biochemical networks which
underlie such things as homeostasis in metabolism
and the developmental programs of living cells,
must withstand considerable variations and random
These

occur as transient changes in, for example, tran-

perturbations of biochemical parameters.

scription, translation, and RNA and protein degra-
dation. Genetic circuits are collections of basic ele-
ments that interact to produce a particular behav-
ior. By constructing biochemical logic circuits and
embedding them in cells, one can extend or modify
the behavior of cells. To date, several small syn-
thetic gene networks have been built that accom-
plish specific genetic regulatory functions in vivo.
The autoregulatory is a repressor regulates its

own production to reduce noise in gene expression.
Savageau proposed but not demonstrated that the
negative feedback loops in gene circuits provide
stability™!.

Becskei and Serrano have designed and con-
structed simple gene circuits consisting of a regula-
tor and transcriptional repressor modules in Esche-
richia coli and show the gain of stability produced

121 To test the role of nega-

by negative feedback"
tive feedback in the stability of gene networks,
they first designed simple gene circuits based on
simple control systems. To construct the autoreg-
ulatory system, the tetracycline repressor (TetR)
of the transposon Tnl0 was fused to the green flu-
orescent protein (EGFP) (TetR-EGFP) and placed
downstream of the lambda promoter containing
two tetracycline operators (Fig. 2). As controls,
the unregulated counterparts were obtained by
slight modification of this system. In this way,
differences among the systems could be neglected,
while the feedback was eliminated.

[

—> TF R
, O
‘*3#&"[072 7101e1071D tetR-EGFP

Fig. 2 Gene circuits!?

Gardner presented the construction of a genet-
ic toggle switch, a synthetic, bistable gene-regula-
tory network, in Escherichia coli and provided a
simple theory that predicts the conditions necessa-

(5] The toggle is constructed

ry for bistability
from any two repressible promoters arranged in a
mutually inhibitory network. It is flipped between
stable states using transient chemical or thermal
induction and exhibits a nearly ideal switching
threshold. As a practical device, the toggle switch
forms a synthetic, addressable cellular memory
unit and has implications for biotechnology, bio-
molecular computing and gene therapy.

The toggle switch is composed of two repress-
ors and two constitutive promoters (Fig. 3). Each
promoter is inhibited by the repressor that is tran-
The toggle
switch requires the fewest genes and cis-regulatory

scribed by the opposing promoter.

elements to achieve robust bistable behavior. The
bistability of the toggle arises from the mutually
inhibitory arrangement of the repressor genes. In
the absence of inducers, two stable states are pos-
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sible: one in which promoter 1 transcribes repress-
or 2, and one in which promoter 2 transcribes re-
pressor 1. Switching is accomplished by transiently
introducing an inducer of the currently active re-
pressor. The inducer permits the opposing repress-
or to be maximally transcribed until it stably re-
presses the originally active promoter,

Inducer 2

1

Repressor 2 Promoter 1 J. Repressor 1 Reporter
- I -—

T Promoter 2

=

Inducer 1

Fig.3 Toggle switch design''*

Elowitz present the design and construction of
a synthetic network to implement a particular func-
tion, three transcriptional repressor systems that
are not part of any natural biological clock to build
U4 The

network periodically induces the synthesis of green

an oscillating network in Escherichia coli

fluorescent protein as readout of its state in indi-
vidual cells. The resulting oscillations, with typi-
cal periods of hours, are slower than the cell-divi-
sion cycle, so the state of the oscillator has to be
This

artificial clock displays noisy behavior, possibly

transmitted from generation to generation.

because of stochastic fluctuations of its compo-
nents. Such rational network design may lead both
to the engineering of new cellular behaviors and to
an improved understanding of naturally occurring
networks.

In the network shown in Fig. 4, the first re-
inhibits the
transcription of the second repressor gene, tetR

pressor protein, lacl from E. coli,
from the tetracycline-resistance transposon TnlO,
whose protein product in turn inhibits the expres-
sion of a third gene, cI from A phage. Finally, cI
inhibits lacl expression, completing the cycle.
That such a negative feedback loop can lead to
temporal oscillations in the concentrations of each
of its components can be seen from a simple model
of transcriptional regulation, which can be used to
design the repressilator and study its possible be-
haviors. In this model, the action of the network
depends on several factors, including the depend-
ence of transcription rate on repressor concentra-
tion, the translation rate, and the decay rates of
the protein and messenger RNA. Depending on the
values of these parameters, at least two types of
solutions are possible: The system may converge
toward a stable steady state, or the steady state

may become unstable, leading to sustained limit-
cycle oscillations.

Repressilator Reporter
P,lac01
tetR-lite
\ Pet0l
. kan'y
pSC101 gfp-aav
origin AP,

lacl-lite

ColE1l

Acl-lite

P, tet01

Fig.4 Construction and design of the repressilatort'*!

These gene circuits consisted of 1~ 3 repres-
sion systems and constructed the simple digital log-
ic circuits. Increasing with more circuits cascade,
there is more complexity and difficulty in the con-
struction of gene circuits. The key reason is that
the gene circuits run in the living cell and many pa-
rameters of biochemical reaction in cellar isn’ t
clear yet. Only several known gene network can be
used in the circuit design. Another reason is that
the gene circuit will influence the normal physio-
logical activity of cell. Similar to the digital logic
circuits, gene circuit should be new design princi-
ple to overcome the shortcoming and challenge for
the design and construction of more sophisticated
genetic circuitry in the future.

A combined rational and evolutionary design
strategy for constructing genetic regulatory circuits
is proposed by Yokobayashi et al. '**) The approach
allows the engineer to fine-tune the biochemical pa-
rameters of the networks experimentally in vivo.
By applying directed evolution to genes comprising
a simple genetic circuit, they demonstrate that a
nonfunctional  circuit  containing  improperly
matched components can evolve rapidly into a func-
tional one. In the process, they generated a library
of genetic devices with a range of behaviors that
can be used to construct more complex circuits.

Weiss presented a genetic component library
and a gene circuit design methodology for assemb-
ling these components into compound circuits % .
The main challenge in gene circuit design lies in se-
lecting well-matched genetic components that when
coupled, reliably produce the desired behavior.
They used simulation tools to guide circuit design,
a process that consists of selecting the appropriate
components and genetically modifying existing
components until the desired behavior is achieved.
In addition to such rational design, they also em-

ploy directed evolution to optimize genetic circuit
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behavior. The integration of all the above capabili-
ties in future synthetic gene networks will enable
cells to perform sophisticated digital and analog
computation, both as individual entities and as part
of larger cell communities. This engineering disci-
pline and its associated tools will advance the capa-
bilities of genetic engineering, and allow us to har-
ness cells for a myriad of applications not previous-
ly achievable.

Hwa et al. explored theoretically the poten-
tials and limitations of combinatorial signal inte-
gration at the level of cisregulatory transcription
control™'™. Their analysis suggested that many
complex transcription-control functions of the type
encountered in higher eukaryotes are already im-
plementable within the much simpler bacterial
transcription system. Using a quantitative model
of bacterial transcription and invoking only specific
protein— DNA interaction and weak glue-like in-
teraction between regulatory proteins, they
showed explicit schemes to implement regulatory
logic functions of increasing complexity by appro-
priately selecting the strengths and arranging the
relative positions of the relevant protein-binding
DNA sequences in the cis-regulatory region. The
architectures emerged are naturally modular and
evolvable. Their results suggested that the tran-
scription regulatory apparatus is a “programmable”
computing machine, belonging formally to the
class of Boltzmann machines. Crucial to their re-
sults is the ability to regulate gene expression at a
distance. In bacteria, this can be achieved for iso-
lated genes via DNA looping controlled by the dim-
erization of DNA-bound proteins. However, if
adopted extensively in the genome, long-distance
interaction can cause unintentional intergenic cross
talk, a detrimental side effect difficult to be over-
come by the known bacterial transcription-regula-
tion systems. This may be a key factor limiting the
genome-wide adoption of complex transcription
control in bacteria. Implications of their findings
for combinatorial transcription control in eu-
karyotes are discussed.

In 2004, Kramer pioneerly presented a variety
of different two- and three-input biologic gates in
mammalian cells by combining several compatible
heterologous gene control units responsive to tetra-
cycline, streptogramin, macrolide, and butyrolac-

(18] In combination with modern transduction

toes
technologies, the biologic gates could serve as ver-
satile tools for regulated gene expression and as
building blocks for complex artificial gene regula-

tory networks for applications in gene therapy, tis-

sue engineering, and biotechnology.

In 2007, Weiss and Benenson used RNA inter-
ference (RNA1D in human kidney cells to construct
a molecular computing core that implements gener-
al Boolean logic to make decisions based on endog-
enous molecular inputs''™l, The state of an endoge-
nous input is encoded by the presence or absence of
mediator small interfering RNAs (siRNAs). The
encoding rules, combined with a specific arrange-
ment of the siRNA targets in a synthetic gene net-
work, allow direct evaluation of any Boolean ex-
pression in standard forms using siRNAs and indi-
They
demonstrated direct evaluation of expressions with

rect evaluation using endogenous inputs.

up to five logic variables. Implementation of the
encoding rules through sensory up- and down-reg-
ulatory links between the inputs and siRNA media-
tors will allow arbitrary Boolean decision-making
using these inputs.
2.3 Biomolecular Automata

Finite state automata operating autonomously
at the molecular scale can be sued conceptually for
applications in the living cell.

Shapiro built a small finite state automaton

(201 This automa-

from DNA strands and enzymes
ton uses anti-sense technology to carry out molecu-
lar diagnosis and therapy. The molecular computer
at least in vitro logically analyses the levels of mes-
senger RNA species, and in response produces a
molecule capable of affecting levels of gene expres-
sion. The computer operates at a concentration of
close to a trillion computers per microlitre and con-
sists of three programmable modules: a computa-
tion module, that is, a stochastic molecular autom-
aton; an input module, by which specific mRNA
levels or point mutations regulate software mole-
cule concentrations, and enhance automaton transi-
tion probabilities; and an output module, capable
of controlled release of a short single-stranded
DNA molecule. This approach might be applied in
vivo to biochemical sensing, genetic engineering
and even medical diagnosis and treatment.

The first autonomous finite state machine
working in a living cell was proposed by Sakak-

(2L This approach is based on

ibara and Coworkers
the length-encoding automaton model and was test-
ed in E. colicells. The success of a computation in
this model crucially depends on the concentration
of available tRNA molecules.

showed that a computation by a single E. colicell is

The experiment

not effective and accurate, while a colony of E. co-
licells provides more reliable computations. Since
bacterial cells can multiply to over a million cells
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