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DNA Computing Model with DNAzyme to Control Gene Expression
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Abstract A molecular computer for logical control of gene expression is an essential research
field of DNA computing. In this paper, with its characteristic especially being antisense medica-
tion, DNAzyme technique is used in construction of DNA computing model as basis material.
Furthermore, a DNA computing model is designed to control H-ras gene expression, and this
model also has potential to control other over expressed genes. Benefited from the massive paral-
lelism and intelligence feature of DNA computing, this model explores further application of DNA

computing to control of gene expression.
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ready long-standing, but it was not until 1994

1 Introduction when Adleman successfully solved a 7 vertexes of

Scientific researcher attempted to use the or- the Hamilton Road Problem with DNA molecules,
ganism’s biological macromolecule (DNA, RNA, this aspect’s research only then obtained a major
proteins, etc. ) to improve the electronic computer breakthrough'''. Afterward, the DNA computing
or construct a new type of computer vision was al- has made the outstanding contributions on solving
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hard computational problems such as NP problem,
which is difficult to solve by electronic computer
currently. The representative of the study include:
Lipton proposed a solution of Satisfiability problem
(SAT) by using a simple contact network in a tube
in 1995"*'; Ouyang imitated Adleman’s method to
put forward a solution for the Maximal Clique
Problem in 19977 ; Eric tried to solve SAT by a
cellular automata model as well as by the plasmid
suggested in reference [4]; Qihuang Liu, Wiscon-
sin-Madison University, did the surface computing
and solved a 4 variables SAT problem in 2000, this
experiment indicated the possibility of constructing
DNA computer on the surfacet™ ; Braich solved a 20
variables of the 3-SAT problem based Acrydite™
separation technology in 2002/, In addition, for
the general model of DNA computing. researchers
take the Sticker Systems'” and the Splicing System
model™ as representative, and many related re-
search results has been reported.

In 2001,
tube DNA computer based on the biological macro-

the programmable semiautomatic

molecule, which proposed by Benenson from Israe-
li Weitzman Academy of Science caused the DNA
computation research to obtain unprecedented pro-

gresst”

. In 2002, a DNA computer was developed
for the analysis of gene expression by Suyama.
This computer was mainly composed of the molec-
ular computation module and the diagnostic part.
The former selected the correct result responded
through the biochemistry reactions, the latter car-

After

proposed the programmable semiautomatic tube

ried on analysis to the obtained result.

DNA computer and unified automata theory and
life science, Benenson put forward a molecular au-
tomaton for the logical regulation gene expression

to open up a new research direction in DNA com-

[ which related test simulation

has been carried on in vitrot'?.

putation in 2004
This automaton is
mainly composed of three programmable modules,
respectively were the computation module, the in-
put module and the output module. The elementa-
ry function of this automaton is to diagnose the
specific mRNA density automatically in tube ac-
cording to the hypothesis logical rule, and to pro-
duce the suppressor for gene expression corre-
sponding the diagnosis result Cor release drugs).
Thereby it can be used as gene therapy, i. e. anti-

131 And the essential of this compu-

sense therapy
tation module is using endonuclease Fok | as the
hardware molecule, and after operation and transi-

tion, this automaton have two conditions of “yes”

and “no”, corresponds in the biological “positive
diagnosis” and “negative diagnosis” separately.
Afterward, the related Turning machine, the bio-
logical Turning machine and the molecular automa-
ton model also obtained further elaborated™*. In
2006,

without enzyme, which using short oligonucleoti-

Georg designed a logic operation model

des as input and output and implement Boolean
“ ()R ”

Carrying on the multistage logic opera-

logic operation function (“ AND” and
“NO™HH,
tions on the chip surface, a DNA logic computing
model was proposed with more complex struc-

turel'™

, in addition, according to the Boolean logic
operation, the use of oligonucleotide-based distri-
bution so as to produce output fluorescent mole-
cule, also caused using DNA to carry out the logic

operation examination easier''’?,

Harvard Univer-
sity system biology’s scholar further designed a
DNA logic operation model with RNAi technology
in 2007, this model was confirmed that it could be
applied in artificial cultivation of renal cell™™®. With
the use of molecular release’s configurationally en-
tropy, to design specific nucleotide sequences to
catalyze the release of the output molecular can
17 In 2008,

Peng Yin designed a variety of complex structures

amplify the logic operation signa

like linear, branched, circuit and autonomous loco-
motion by the use of DNA strand self-assembling

which has established more
[20]

and disassembling,
solid foundation for DNA computing

In this paper, a DNA computing model is pro-
posed by using DNAzyme technology of molecular
biology, after integrated molecular automata for
logic control of gene expression with cancer re-
This

DNAzyme-based molecular automata for logic reg-

search related to polygenes. study.,
ulation of gene expression, is expected to improve
its application in tumor treatment, gene regulation
and so on. Furthermore, this research provides a
potential means for research of regulation of gene
expression and establishes a basis for its applica-

tion in living organisms.

2 DNAzyme-Based DNA Computing Model
for Regulation Gene Expression

2.1 DNAzyme

DNAzyme(Deoxyribozyme, DNA), is a cata-
lytic DNA molecules, also known as DNA enzyme
or enzyme-DNA, and is a new member of biologi-
cal catalysts together with protein enzymes and ri-
bozyme. The main enzyme activity are ligase, met-

al chelating and phosphatase activity.
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It has been proved that DNAzyme 10-23 can
snip mRNA in the AU point, thereby, in theory
only through adjusting the nucleotide components
of its substrate’s recognition site, any of the mR-
NA start code can be cleaved, which implies a mas-
ter key for the control protein expression™, So
DNAzyme has potential applications in many areas

disease diagnosis and
22-23]

such as gene therapy,

analysis tools of molecular biology" As a spe-
cial kind of DNA molecules, the special features of
DNAzyme make it suitable for DNA computing,
especially as a active molecular for the regulation of
gene expression; and it is possible of using
DNAzyme to design logical operation due to the in-
dependence of the its domains. The DNAzyme
10-23 molecular model is shown in Fig. 1, and its

DNAzyme sequence is indicated in Fig. 2.
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Fig. 1 10-23 DNAzyme molecular model
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Fig. 2 DNAzyme sequence of the proposed DNA computing
model and its active site in H-ras mRNA molecules

2.2 Selection of the Target Gene

With the in-depth research in the life sciences,
in particular the completion of human genome pro-
ject (HGP) and the startup of post HGP, lots of
disease genes have been revealed and some diseases
will be cured through gene therapy. It is now un-
ambiguous that the tumor is a polygenic disease,
due to the inactivation of tumor suppressor genes
and the activation of cancer genes, as well as the
disorder of cell cycle regulation gene on the level of
gene expression. For example, when pl6 (tumor
suppressor genes) and CyclinDI1 (cancer gene) gene
bind CDK4 (cyclin-dependent kinase), the former
inhibits cell growth and the latter promotes cell
growth. That missing pl6 or arising CyclinD1 ex-
pression will cause uncontrolled cell growth and in-

L1 In human tumors, a

duce cell cancer finally
class of important genes, ras gene family(including
three functional genes that H-ras, K-ras and
N-ras), has to be taken seriously, the current re-
searches have shown that malignant tumors are as-
sociated with disorder of p16, CyclinD1 and H-ras
gene expression in gastric cancer, colorectal canc-
er, and other common gastrointestinal cancer.

Therefore: the rules to determine these cancer
cells can be summed up as: pl6 y CyclinD1  H-ras
A (¥ lower expression; 4} over expression).

The human H-ras gene was chosen as con-
trolled target to construct a DNA computing model
for regulation of gene expression. Human H-ras is
positioned in chromosome 11, its family encode
highly similar proteins of which the molecular
weight is 2100 Dalton and called p21 protein. The
p21, located in the inner membrane, plays an im-
portant role in adenosine receptor cyclase signaling
pathway with the GTP activity. Searched through
bioinformatics methods, the entire length of hu-
man H-ras gene sequence is 41026 bp. An EST se-
quence, which is a gene transcription fragment of
the mRNA, is selected as the target for design of
the DNA computing model, and the corresponding
c¢DNA sequences is following:

1 ccggeetngg nceceggeeet ggnecegggg geagtegege
ctgtgaacgg tggggecagga gaccctgtag aggaccceeg 81
ggccgeaceg tggaggageg atgacggaat ataagetggt ggtg-
gtggge geeggeggtg tgggceaagag tgegetgace 161 ate-
cagctga tccagaacca ttttgtggac gaatacgacc ccactataga
gggtinctac cggaagcagg tgg.

2.3 Molecular Automaton Model

The molecular automata model shown in Fig. 3
includes three modules. The hardware module is a
restrictive endonuclease which can recognize and
snip a specific sequence of double-stranded DNA
and then form a sticky or blunt ends; The software
module contains the restrictions enzyme site, the
interval sequence and a double-stranded DNA with
sticky ends.

The input and output module are DNA mole-
cules, and encoded DNA sequences are taken as
state set and symbol set. The state set include
state of SO and S1, as well as the symbol set is “a”
and “b”; the transit rules are described. If the
current state is SO and the symbol read is “b”,
then the unit, which is composed of the hardware
module and the software module, will change its
state to S1 and the symbol to “a”, and move
one position to the right as well. The output state

“

is SO and the symbol is “t” (terminator) after
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Fig. 3 The theoretical model of molecular automata

operations.
2.4 Model Design
Based on the research about the theoretical
model of molecular automata, A DNA computing
model is designed to regulate H-ras gene expres-
sion after the target gene is selected and the related
DNAzyme is constructed.
2.4.1
The model encoding has been checked by re-

Basic principles of model

lated bioinformatics software in order to ensure the
specificity between the designed DNA computing
models to the regulated target. The specified re-
gion, from 181 to 210 nucleotide of the target

gene, serves as a template for model design, and

@

Target mRNA 181 200 205
[TTTTT}—

Computing molecule A

® CIIIIIIIIIITIID 1
Diagnosis and
Output module | Endonuclease <_|:

sequence

Sepration Sequence €———

the snip site of DNAzyme is the AU sequence of
between 115 to 120 nucleotide.
2.4.2 Regulate rules of model

The DNA computing model recognizes the lev-
el condition of gene H-ras expression, and releases
inhibiting molecules if the gene is over expression,
or maintains the original state if it is normal.
2.4.3 Composition and function of DNA

computing model

The designed DNA computing model includes
three parts of which are computing module, diag-
nostic module and output module. The respective
structure and their relation are described in Fig. 4,
and encode of these sequences are listed in Table 1.

©
Exceesive mRNA

—
@ Endonuclease
@ activate site

Excessive mRNA

ITT LT}

I 115 120 ) )
DNAzyme sequence AU «— DNAzyme activate site

Fig. 4 The structure of DNA computing model based DNAzyme 10-23 for regulation

H-ras gene expression and the computing processes

Table 1 DNA Computing Model Components and Encode
Components Strands Sequences(5'-3")
sequence AAAACACCTG CTTATGCTGG

computing module

UUUUGUGGAC GAAUACGACC

activate site

AAAACACCTG CTTATGCTGG
AC GAATACGACC

diagnostic strand

. . completement strand
diagnostic module

separation strand CCACT
DNAzyme sequence TGATCA
DNAzyme sequence ACTAGT

CGAATA TAAGGCGGT
ACUGCCUUA UAUUCG
GGCTAGCTACAACGA

regulation region
output module ) .
activate site

coral site
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The purpose of computing module is for the
detection of target mRNA. It is a ssDNA strand
and the encode is complementary to the region
from 181 to 200 nucleotide of H-ras cDNA.

The function of the diagnostic module is tran-
sits state according to the proceeded results of the
computing module; the sequences of the diagnostic
module are composed of diagnostic strand and its
complementary, separation stand and restriction
enzyme strand. The diagnostic strand forms doub-
le-stranded structure with its complementary. The
diagnostic strand and the computing module share
the same encoding strategy. The structure of the
separate stand is double-stranded and its encode is
as same as that of the region of 200 to 210 nucleo-
tide of H-ras ¢cDNA. Located in the middle of the
diagnostic and the separate stand, the restriction
enzyme sequence is only single-stranded and forms
a circle structure.

An endonuclease sequence and a DNAzyme se-
quence constitute the output module. The endonu-
clease sequence is complement to the endonuclease
sequence in the diagnostic module. As a suppressor,
the structure and activate site of DNAzyme is indica-
ted in Fig. 3, of which the strand of CGAATA
TAAGGCGGT recognize and complete to the
sequence of 115 to 120 nucleotide of target mRNA.
The stand of GGCTAGCTACAACGA is the coral
site because it can snip AU site specifically.

2.5 Biological Computing Processes of the Model

The first step, a certain amount of computing
module (equivalent to the number of mRNA ex-
pressed by gene H-ras) was inserted into the target
cell’s cytoplasm, in there is the transcript inclu-
ding the mRNA of gene H-ras. According to the
principle of Watson-Crick, the computing module
is complementary to the region of 181 to 200 nucle-
otide of mRNA. Then

(1) If the amount of computing module > the
amount of transcription mRNA of gene H-ras, all
the region of 181 to 200 nucleotide of these mRNA
will be double-stranded structure (20bp), which is
shown in Fig. 4@;

(2) If the amount of computing module<the
amount of transcripted mRNA of gene H-ras, the
region of 181 to 200 nucleotide of those redundant
mRNA will remain the original single-strand
structure.

The second step, a certain amount of the diag-
nostic module enter the cell, and because the diag-
nostic strand of this module is the same as the
computing module’s, then:

(1) If the first step produces the results of
(1), the diagnostic module will remain the original
structure indicated by Fig. 4®;

(2) If the first step produces the results of
(2), the diagnostic module will form complemen-
tary structure with these redundant mRNA in the
region of 181 to 200 nucleotide (25bp), which is
shown in Fig. 4(©;

The third step, if the second step produces the
results of (2), the complementary sequence (12
bases) will be single strand due to its molecular
force less than double-stranded force. So the ex-
posed single-stranded restriction enzyme sequence
form a completed double-stranded site with the
complementary sequence of the output module,
and the diagnostic module changes its state indica-
ted by Fig. 4(©.

The fourth step, the DNAzyme is released
by adding restriction enzyme Bel [ , which snip the
output module in site.  Furthermore, the
DNAzyme cleavers mRNA molecules in AU site af-
ter it is attached to the region of 115 to 120 nucleo-
tide, so the over expressed gene, H-ras, is proper-
ly regulated, and the operation is indicated in
Fig. 4 @.

After these four steps operations, the DNA
computing based DNAzyme fulfills the designed
purpose and maintains the normal function of cells
through diagnose target gene and degradation ex-

cessive mRNA when gene is over expressed.
3 Conclusion and Prospect

Gene expression and regulation of organisms
are the essential function, any out of control in this
function will no doubt have adverse effects, such
as has been shown that cancer is the outcome of a
polygenes interaction, of which oncogene activa-
tion and over expression play an important role. In
DNA
DNAzyme to regulate gene expression of H-ras

this paper, a computing model with
gene is constructed in theory. This model has a
good versatility in the study of Gene expression
and regulation, especially over expressed genes,
since the output molecules is DNAzyme. For ex-
ample, only taken different encode, the model will
adapt to regulate over expressed CyclinD1 gene.
Despite that the current DNA computing mod-
els for regulation of gene expression are not very
complicated as well as the target genes are less, it
is enough for scientists to create biosensors and
drug transport systems for specific human cells. In

addition to the treatment of cancer, these resear-
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ches have good prospects in functional genomics,
especially to identify complex signaling pathway in
a comprehensive relations of different genes. From
that point of view that the non-linear trait is mainly
characteristic of life system itself, DNA computa-
tion with its high parallelism, intelligent and affin-
ity to organisms will be a potential research tool
for complex phenomenon of life research, further
study will have a major significance both in the
field of information science and life science.
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