3l 12 it A HL =5 Eire Vol. 31 No. 12
2008 4F 12 A CHINESE JOURNAL OF COMPUTERS Dec. 2008

DNA i+ HEH AT X RBFELHRIZIT S LI
FER TAE™ gisg’

D ORIERERE BRI S AR B 201620
D CEBOTERFHOE IR0 %80 JEW 241000)
D ORF B AR AW TRBG G B 201620)

OB EUTHRTIFENL BRI AR B DNA TFE LS B R RO A UZ AL B A fF S SO R I T DNA T
BUP T LR —F BT 5. B8 318 T &8 DNA Jr T HIE5 14 K AE DNA S8 P i . 4 e g T X
RATAELE MM R, 45 1 T ) SCR IR 500 28 DNA SR fid 8 Uik . I 5 AR iR T DNA SR ML) Ok
TTHAR RS2 BB X S B AR IR A 2 W TSGR B R E R E LR BT SCGRALB BT R IL R, SCP )
JrE AT ) DNA TR ML E e R L B 45 4.

X4 DNA AL L3R DNA 45
HhEESES TP301

Design and Implementation of Generalized List in DNA Computer

LI Wang-Gen"”'® DING Yong-Sheng”'® REN Li-Hong"
D (College of Information Sciences and Technology . Donghua University, Shanghai 201620)
2 (College of Mathematics and Computer Sciences, Anhui Normal University » Wuhu , Anhui  241000)
3 (Engineering Research Center of Digitized Textile & Fashion Technology of Ministry of Education s Donghua University, Shanghai 201620)

Abstract  Being similar to electronic computer, data structures in DNA computer can help to or-
ganize the information processed by DNA computer correctly and efficiently, and make DNA
computer for practical applications. This paper proposes a method to construct a generalized list
in DNA computer. Firstly, the structures and applications of k-arms molecules in DNA computer
are discussed. Then, the storage structures of generalized list are discussed. At the same time,
the DNA encodings with £-arms molecules for the nodes of generalized list are formally given out.
Finally, the algorithm of main bio-operations on a generalized list in DNA computer are described
in detail, which include initializing an empty generalized list, creating a generalized list with giv-
ing element, and traversing a generalized list. Based on this method, other nonlinear data struc-

tures in DNA computer will be developed.
Keywords DNA computer; generalized list; DNA encoding
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virtues of DNA computing are the maximum densi-
ty of storage, the minimum waste of energy and
the huge parallel of computing. Many achieve-
ments have been obtained in the fields of DNA
2] For the first time, Dr. Adleman
Hamilton Path Problem with seven
This demon-
strated the feasibility of DNA computing with mol-

computing
solved the
nodes in the molecular lab in 19947,

ecules. Lipton proposed a method to solve the Sati-
sfiability Problem by DNA computing in 1995,
settled the
Sub-graph with six nodes by building molecules

Ouyang et al. Maximum Connected
pools corresponding with total possible connected
sub-graph in 19977, On the other hand, Guarnieri
et al. gave out a system of addition operation in
DNA computer in 1996,
ward another model of addition operation by sepa-

Yurke et al. put for-

rating input strands from the operator strands in
199977,
brought forward a programmable and autonomous

To mimic Turing machine, Shapiro et al.

computing machine made of biomolecules in

2001,

enzymes and the software was pre-coded DNA

In this machine, the hardware was biology

molecules. In 2004, Shapiro et al. devised an au-
tonomous molecular computer for logical control of
gene expressiont’’.
As we known, data structure in electronic
computer is used to organize the information, usu-
ally in memory, for better algorithm efficiency.
Some typical data structures are linear list, queue,

stack, heap, dictionary, tree, and graph, some-
10]

times a conceptual unit" Being similar to elec-
tronic computer, data structure can help to organ-
ize the information processed by DNA computer
correctly and efficiently, and make DNA computer
for practical application.

In this paper, we propose a model of general-
ized list in DNA computer. We discuss the storage
structure and DNA encodings for the nodes of gen-
eralized list. And, the implementations of all bio-
operations on generalized list are described in
detail.

2 Design of Generalized List in DNA
Computer

2.1 Storage Structure of Generalized List

The generalized list has been widely applied in
computer. For example, they are the essential data
structure in the programming language LISP.
They extend the list and the elements may be alone
atoms or sub-list.

For generalized list, it is hard to store the ele-

ments in sequence, because the structures of the
elements are different. We usually use linked list
as the storage structure of generalized list, and we
use one node to represent for each element. It will
split into head and tail for a nonempty generalized
list. That is to say, a pair of head and tail can
make sure a certain generalized list.

Because the element may be atom or list, it
needs two types of nodes. One is list node, and the
other is atom node. As shown in Fig. 1, the list
node contains three parts: tag, hp and tp. While
the atom node contains two parts: tag and atom. If
the value of tag is one, it means this is a list node.
If the value of tag is zero, it means this is an atom
node. The value of hp indicates the pointer of head
of the generalized list. The value of 7p indicates
the pointer of tail of the generalized list. The atom
is the value of the data.

‘ tag=1 ‘ hp tp ‘

(a) list node

‘ tag=0 ‘ atom ‘

(b) atom node

Fig. 1 The structure of the link-list-node of

the generalized list

2.2 k-Arms DNA Molecule

Computing with k-arms molecule was pro-
posed by Jonoska et al. in 199971, The DNA al-
gorithm was used to solve 3-SAT and 3-VCP, and
the steps was equal to the number of the variable.
In 2002, Jonoska et al. constructed corresponding
three dimensional DNA graph with this k-arms
molecule'. In this graph, they used k-arms mol-
ecule to represent the vertex which the degree was
k. The molecules similar with k-arms already exist
in the nature, such as Holliday. It is feasible to

DNA graph with

k-arms molecule in the biological lab. Taking

construct three dimensional
2-arms, 3-arms and 4-arms as example, the struc-
tures of these molecules are shown in Fig. 2. Based
on these characters, we use 3-arms molecule to re-
present the node of generalized list.

A =

3-arms

2-arms 4-arms

Fig. 2 The structure of the k-arms DNA
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2.3 DNA Encodings for the Node of Generalized List

As mentioned above, there are two types of
nodes in generalized list. To intuitively represent
the logical structure of generalized list in DNA
computer, we use 3-arms molecule to construct the

two nodes (see Fig. 3).

Eh Ec element

stick  EG) E()

stick

Et
Fig. 3 The node of generalized list.

(1) E(i): The recognition site of one restric-
tion enzyme. The aim to use this enzyme is that
the node will be cut from the generalized list at the
arm of E(i). This is very important in the process
of generalized list traversal.

(2) Eh: The recognition site of another re-
striction enzyme. Under the active condition of this
enzyme, the node will be cut and leave a sticky end
at the arm of Eh. This will make preparations to
produce a new head node of the generalized list by
linking with the node designed in advanced.

(3) Et: The recognition site of another re-
striction enzyme. Under the active condition of this
enzyme, the node will be cut and leave a sticky end
at the arm of Ez. This will make preparations to
produce a new tail node of the generalized list by
linking with the node designed in advance.

(4) stick: A specifically single-stranded DNA
sequence. The node designed in advance will link
to the generalized list by ligation at this position.

(5) element: A specifically double-stranded
DNA sequence. This sequence represents the data
of the element.

(6) Ec: The recognition site of another re-
striction enzyme. Under the active condition of this
enzyme, the value of the element will be distin-
guished from each other.

In order to make the new node link to the gen-
eralized list, the sticky ends produced by Et and
Eh must be the same. The operations of linking a
new node and distinguishing the element are not
happened at the same time, so the enzyme E¢ and

Eh

(a) element node

(b) value segment

Eh must be different. If they are the same, the one
of these two operations will be touched by the oth-
er. Otherwise, to complete the traversal on the
generalized list, the enzyme E(i) for ith node must
be different from the others.

3 Operations on Generalized List in DNA
Computer

In this section, we will discuss the basic oper-
ations on generalized list in DNA computer. These
operations include initializing an empty list, crea-
ting a list and traversing a list. Here, we denote a
generalized list in DNA computer with symbol L.
3.1 Initializing an Empty Generalized List

An empty generalized list with none element is
shown in Fig. 4. Here, fragment sign is special
base pairs designed in advance, and they are at the
position of cutting site of enzyme EO. To judge the
node is at the head of the generalized list or not,
the digestion reaction will be implemented under
the active condition of the enzyme EO0. The judg-
ments will be known by the detector molecule cor-
responding with the fragment sign.

Fig. 4 The empty generalized list with none element

Because DNA molecule can be synthesized in
the biological lab by gene engineering. the initial-
izing operation will be completed by synthesizing
or obtaining this 3-arms DNA molecule.

3.2 Creating a Generalized List

To create a generalized list, we construct an
empty list firstly. Then the element will be insert-
ed into the generalized list one by one according to
its logical order. In the process of creating a gener-
alized list, we need to prepare the following DNA
fragments besides the empty list.

(1) Element node. As shown in Fig. 5(a), all
nodes finally inserted into the generalized list are
obtained from the corresponding element nodes by

S2  EQ)
—
el ——

S1

Ec element

(¢) node segment

Fig. 5 DNA fragments for a generalized list
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the following operations. Here, E is some restric- these restriction enzymes. For a generalized list
tion enzyme. with n data and m list nodes, the number of

(2) Value segment. As shown in Fig. 5(b), it value segments and node segments is n and m re-
is used to construct atom node with element node, spectively.

and it is a linear DNA molecule. This segment con-
tains three parts. One is a sticky end named S.
The other is a recognition site of an enzyme named

Ec.

ment named element. To add this element to the el-

The third is to represent the value of the ele-

ement node, the sticky end of S must be comple-
mented with the sticky end produced by enzyme Eh
in the element node.

(3) Node segment. As shown in Fig. 5(c¢), it
is used to construct the finally node with element
node. This segment contains three parts too. One
is a restriction enzyme named E (7). The other two
are sticky ends named S1 and S2 respectively. To
add this enzyme E (i) to the element node, the
sticky end of ST must be complemented with the
sticky end produced by enzyme E in the element
node. The sticky end of S2 must be complemented
with the sticky end produced by enzyme E(i—1) in
the (i—1)th node.

When we construct these three DNA seg-
ments, we must design the rest DNA sequences
according to the recognition site and cutting site of

We take L=C(a,b,c) as an example to illumi-
nate the steps of creating a generalized list.
Step 1.

three value segments, two node segments and one

Synthesize an empty generalized list,

element node.
Step 2.
active condition of enzyme Eh; form a sticky end

Digest the generalized list under the

named S’; hybrid and ligate the value segment to
the generalized list.

Step 3.
active condition of enzyme E; form a sticky end

Digest the generalized list under the

named S1’; hybrid and ligate the node segment
named nodel with a complemented sticky end to
the element node.

Step 4.
active condition of enzyme Et; form a sticky end

Digest the generalized list under the

named S2’; hybrid and ligate the element node ob-
tained in step 3 to the generalized list.

Step 5.
(b,c) to the generalized list.

Repeat step 2 ~ step 4, add data

The process of adding one data a to the gener-
alized list is illustrated in Fig. 6.

step result
o K . [ /,
En S Ec ele_a sz El Enh
. element segment a 51
sign EO ) Ec ele_b nodel - E
1
element segment b S2 E2
S Ec ele_c ez S1 Et
- : node! E
empty generalized list element segment ¢ element node
) Ec ele_a
. S’
, digest s1gn EO0 hybrid & ligate sign 1o
El
' element segment a
Et
Eh Eh Eh
hybrid ¢. ligate .
3 E digest Sl Sz El
I:E> nodel
Et Et Et
e d Ec ele_a Ec ele_a
¢ ele_a
- - hybrid ¢. ligate
digest s18n  Eo sign E0
sign E0 |:,‘g > - :>
1 Et node from (3)
S2'

Fig. 6

The procedure of adding element a
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3.3 Traversing a Generalized List

To traverse a generalized list, we must begin
with the last node until the first one. For the head
node, we need design appropriate detector mole-
cule to detect the symbol sequence sign.

Here, we explain the procedure to traverse
the element ¢ based on the generalized list L =
(a,b,c) constructed in section 3. 2.

Step 1. Digest the generalized list under the

Ec ele_a

Ecele_b

sign
EO Fad

active condition of enzyme E2; the last node is cut
from the generalized list.

Step 2.
condition of enzyme Ec; form a sticky end corre-

Digest the last node under the active

sponding to the data c¢; detect the sticky end by de-
tector molecule designed in advance.

The process of getting ¢ from the generalized
list is illustrated in Fig. 7.

Ec ele_c

. sticky end encoding element ¢
digest —
>

E Ec

Fig. 7 The procedure of getting element ¢

4 Conclusion

This paper studied the implementation of the
generalized list in DNA computer. We discussed
the storage structure, the DNA encodings of ele-
ment and the main bio-operations of generalized list
in DNA computer. The model proposed in this pa-
per is good only for this generalized list which is
linear in logic. The model which is effect to the re-
cursive generalized list is the advanced work.
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