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An Information Transmission Mode for DNA Numerical Calculation

LIU Wei  SUN Shou-Xia

(College of Mathematics and Information, Ludong University, Yantai , Shandong 264025)

Abstract  Numerical calculation is an important research direction in DNA computing, which
lead to the naissance of the first DNA computer in the world. A prerequisite for designing a com-
puter useful in a wide range of applications is the ability to perform numerical calculations. In this
paper, the authors propose a kind of general mode of information transmission in DNA compu-
ting, with which we can use splicing operations to implement the N-scale self-assembly addition

and subtraction model. The advantage of numerical calculation with DNA molecules computer

liken to the traditional electronic computer lie on the great parallelism DNA computing.

Keywords

1 Introduction

During the study of DNA computing, we com-
monly consider DNA computer does not precede
electronic computer in the numerical calculation.
But set up DNA numerical calculation model is one
of the essence problems of DNA computer. Since
Guarnieri'V first proposed the addition model of
DNA computing in 1996, many groups have been
joined the study of numerical calculation DNA
model. For example, Oliver'? proposed the DNA
[3]

model of matrix multiplication, Leete"’” proposed
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the algorithmic method of symbolic determinant
deploy with DNA model, Guarnieri and Bancroft
solved the horizontal chain reaction for DNA-based
addition™, Qiu and Lu proposed the numerical
calculation mode with surface-based DNA compu-
1(3—\

ting model™ , LaBean'™ et al. implemented logical

computation using algorithmic self-assembly of

DNA
Misrat™ brought binary addition in solution into
effect.

triple-crossover molecules, and Barua,
Although many works have been done,
there still absence an ideal model to implement the

numerical calculation perfectly. So the further
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study is needed.

Generally speaking, the main function of com-
puter is the expression, processing and transmis-
sion of information. The mode of information
transmission not only is in connection with the
purpose of the computation, but also in connection
with the method of operation which we adopt to
deal with DNA molecules.

surface-based DNA computing which proposed by

As we can see, in the

Guarnieri, LaBean and Qiu, respectively, due to
they adopted different molecular structures and op-
erations, the computation mode they adopted to
implement the addition carry information transmis-
sion from low-order to high-order is dissimilarity.
We set up a greatly suitable self-assembly compu-
tation model of information transmission with spli-
cing operation. It will be provided with DNA high-
ly-parallel computation capacity, furthermore the
DNA molecules which we use are simple, and the
self-assembly operation shows all-right computa-
tional automation.

The paper is organized as follows: Section 2
describes the general mode of information trans-
mission with splicing operation, section 3 proposes
a symbol expression rule which is compliant with
the addition and subtraction DNA computational
model in section 4 and section 5, respectively. Fi-

nally, a conclusion will be drawn in section 6.
2 Information Transmission of Splicing Mode

A formal definition of the splicing operation
was proposed in 1996 by Salomaa. In terms of this
definition, we specify the basic splicing rule from
DNA computing:

R=>R,R.\: R #X3$Y#R,,, — R, #R, ., $Y X
(D
The special symbol “ #” denotes a connection of
two information codes in one and the same DNA
molecule, and the symbol “$ ” denotes a spacer of
two different molecules, while symbol “r” denotes
a kind of restricted enzyme. The production de-
notes information R; and R,., are cutting from the
molecules which they belong to, respectively, and
then be bonded each other so that they come into
being one molecule, we call this operation is spli-
cing operation.

Definition 1. Let =, be a series of splicing

operations as follows:
=Tt s>y,
If Ri.=R\R,
Then R,=,, RiR,***R, 2)

In fact, each splicing operation may generate
double strands or imperfection double strands.
That is to say, some duplex in the information
transmission self-assembly model own unilateral
sticky end, others own bilateral sticky end. These
DNA strands are come forth as the in-process
product. There are maybe some imperfection doub-
le strands in both sides of symbol “ $ ”. The pro-
duction of splicing will be more complexity if exist
more than one cutting sites. For example, the fol-
lowing splicing operations will be used in this
paper:

Ri=,RiR;: R #Y,$X,%R,Y, R/ #R, $Y, $Y. X,
(3)

Ri:i 9 Ri*lRiRi 1 ¢

X, BR, 1 #Y, $1‘i £R; £Y; $Xi+l #R, 1 EY 4,

4)
i=2,3,
R,=>,,R, 1R,:
X, 18R, 1 £#Y, 1$2,#R, F. R, 1 #R,$X,$Y, #X, .
(5)
The structure figure of R; and the process of spli-

,n—1

cing acts is shown as Fig. 1;

R, L___Y, ‘ ‘x, L RL Y,‘ ‘X,,’ _____ R
] | ]

(al) (a2) (a3)

(a) structure of R; ((al) the information encode struc-
ture of R; molecule; (a2) the structure of R;, i=2,+-,
n—1; (a3) the structure of R,)

(b) the process of splicing R,;= R\ R; ,

which comes into being three molecules

‘X, L Rt Y ‘ ‘X,
1 1

(c¢) the process of splicing R;= R, R;R;

which comes into being four molecules

‘X,,,, LR, L Y B
|

(d) the process of splicing R,=,R, 1R, ,

which comes into being three molecules

Fig. 1 The structure figure of R; and the

process of splicing acts
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3 Symbol Expression Manner of DNA
Molecule

To express DNA molecules and the alteration
of biochemical reaction front-to-rear simply, this
paper takes the same rule of symbol expression to
denote DNA single-strands, imperfection double-
strands, interrelated biochemical reactions and op-
erations.

(1) The symbol “( )” and “[ ]”

Symbol “( )” denotes the unalloyed DNA sin-
gle-strands, and symbol “[ ]” denotes the unal-
loyed DNA double-strands. We can use not only
base {A,T,C,G} to denote encode, but also use
symbols and literals to express what’s the infor-
mation and meaning of this DNA molecule frag-
ment with. When we need to express different con-
tents with some DNA fragments, the symbol “ | ”
may be used. These DNA molecules denotes 5'—3’
base sequence, while “( )T” and “[ ]7” denotes
3’5’ sequence. addition,
“(ATGC)” denotes the Watson-Crick complemen-
tary of sequence “(ATGC)”.

(2) The expression of imperfection double-strand

base In sequence

The 5'—3" sticky end sequence of imperfection
double-strand is expressed by symbol “>" or
“<”, and 3’5" sticky end sequence is expressed
by symbol “>T1" or “< 17,
fragments come forth inside the imperfection doub-

If there is single-strand

le-strands, we can mark it with symbol “( )”. But
if symbol “(C )” and symbol “[ ]” come forth in
pairs, they can’t mutually nest with each other.

(3) The operational sign of biochemical reaction

The DNA molecule’ s main biochemical reac-
tion which used in this paper is paste and splicing.

Definition 2.

(1) Symbol “+4” denotes the mix of DNA mol-
ecules, but the reaction is not occurs.

(2) Symbol “@” denotes mutual paste of DNA
molecules, and “@*” denotes mutual paste and
bonded with ligase.

(3) Symbol “ },” denotes restricted enzyme r
from splicing site with 5'—3" direction interspace x
bases cut a sticky with y bases.

(4) Symbol “a=” denotes the prolong reaction
which can generate DNA double-strand structure
under the primer.

4 Self-Assembly Model of Addition

Here we use above information mode to set up
DNA computing self-assembly addition model. We
take the algorithm of parallel addition computation

which each bit of N scale can calculate at one time,
then design those DNA molecules that will be used
to execute self-assembly calculation and accomplish
parallel addition calculation with fitter operation
program.
4.1 Parallel Calculation of Addition

We get adapted to the addition mode of bit by
bit additive from low bit to high order, i. e. a mode
of “acceptance carry - additive by bit - carry”. In
stead of the traditional calculation, we introduce
some of a parallel calculation mode which we can
compute additive by bit and carry digit additive on
each bit at one time. Suppose there are two N scale
expression, one is A=(a,a,_;***a,)n» the other is

B=(b,b,_,**by)ns and a,,b; denotes the value of
N’ bit.

Algorithm.

First, let

a,+b,=S] « N+R/ (6)
Where S/=0 or 1 denotes the pre-carry value from
No.N' bit to No.N'*! bit, It is decided only by the
value of a;,b;. Obviously, when a;+b6,>N, then
S/=1,otherwise, S;=0. R} is the pre-outcome of
No.N' bit in this step.

Second, let R; denotes the outcome of No.N*
bit, and S; denotes carry value from No.N' bit to
No.N*! bit. If Ri+1#N, then R,=R,+S,_,
R, Si.1=0
RIH1, S =
And the value of S, is invariability. If Ri+1=N,
then R,=0, and S,=S|-+1.

4.2 Library of DNA Molecule
Definition 3.
in which there

R; 7

Test tube is a certain molecule

set is no biochemical reaction
occurs.

Through such definition, test tube not only
denotes those actual tubes which we use in experi-
ment, but also denotes the DNA molecule set in
specially independence area of surface method. In
fact, both the model of addition and subtraction in
this paper can be executed with surface technique.
For a DNA computing system which at most can
compute M1 bits of N scale addition, we design
M-+ 1 test tubes for the input DNA molecule li-
brary: T" (i=0,1,+,M). The DNA molecules

in these test tubes have the following structure:

Tél):{(7’|Ro‘S1‘ao‘bo)} (8

T:" ={(qlS/ IR, 7P RS |a: b0
i=1,2,~,M—1) D)

Ty ={(q|SulRy|r|Ryilaulbw)} 1o

a,‘vbi:{oslv"'yg}v izovly"'vM’
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S, ={0.1}, i=1,2,+,M, R,=0,1,-,9.
Where r is the identify site (GACGC, " cutting
pattern) of restricted enzyme Hgal.

Obviously, we encode S; and R; with five ba-
ses is enough. Because there are only two values of
S:+ so the hanming distance of five bases’ encoding
may be greater than 2. Furthermore, the mispair-
ing ratio of hybridization when R; does not engage
in hybridization reaction seldom comes forth. The
DNA segment g denotes a certain molecule which
can make sure the splicing operation unique.

In addition, to identify each bit of N’ in the
DNA molecule, we need to design some single ai-
ded molecules as follows:

K,={S,|P(1]|S,} (1)
K/={(S, ., |[PG+1D)[S: 1)} (12)
K/ ={(PG+DS,|S)H)} (13)
K,={(P(m)S,]S,)} (14)

Where P(i)(i=1,2,:+,n+1) are the identify of
N’ bit.
4.3 Operation Process of Addition Calculate

Let each pair value (a;, b;) of two addend
strings A= (a,a, 1 *"ay)y and B= (b,b, | **by )y
(n<M) correspond with a single DNA molecule
encode (a;|b,)(i=0,1,++,n), then the addition
A+ B can be executed as follows:

Stepl.
library test tube T¢", then reduce the temperature

Put the given (a;|b;) into molecular

to occur hybridize reaction and prolong reaction.
At last, divert those double stranded DNA mole-
cule into T!”. The concretely reactions take placed
in each test tube are denoted with the following
forms:
(rIRo | Sy lao by D@ a |b)==[r|R, | S |ao by ]
(15)
Tél):{(r‘R()'Sl|a0|bo)‘aovbozo91v°“’9} (16)
T ={[rIR,|S:|ay|b,], both a, and b, are given}

a7
T"=>T® (18)
Fori=1, 2, ==, n—1
(qIS/ IR 7" [r|RSii la; [6)D(a; [ b))~
Ll S; IR | 7" [ 7R |Sivy |a:|b:] av
T,('l):{(q|Si|Ri‘rT‘r‘Ri|Si+l‘az“}i)|ai’
b;=0,1,++,9; S,=0,1} 20)

sz):{[CI|S;|R,"77T""R;|S;+1 ‘az"bi:|7
both a; and b; are given; S;=0,1} (21)

T'=T7 (22)
(gl S, IR, [7" R, 1 la, [0,)D(a, [b)~~
Cql S, IR, 7[R, la,1b,] (23)

TV ={(qlS, IR, I7"[R,.1|a,[b.)]a,s
bn:O’lv"'99§Sn:Oa1} (24)

T,”={LqlS, IR, [r" IR+ |a,|b,],
both a; and b; are given; S,=0,1} (25)
Step 2.
1 test tubes T ,i=0,1,2,++,n respectively, then

Put restricted enzyme Hgal into n+

splicing reaction come forth. At last, take DNA
sequence r and 7' as primers to extract DNA mole-
cules into test tubes T'®, i=1,2,+-,n. The DNA
molecules in T show as follows:
|:r|R0 ‘ Sl ‘ao ‘bo] I—Hgal[r‘Ru]§1>+<Sl [ao ‘bo]
(26)
T ={[r|IR, ]S, >} 27
[(1| S, |R1 ‘ rt ‘ T|Rz | Si \a; ‘bi:l I—IIgnI [q]§g>+
<SR 7" [r|R;]S; -1 >+<S, [q] (28
T ={<S;[R:|7"|rIR.]S; .1 >]S;=0,1} (29
[q IS, ‘Ru ‘ rt |R11+1 ‘an |/)11] I—Hgal[q]§n>+
<S,[R, |7 |R,1|a,|b,] (30)
T ={<S,[R,|7"|R,.1|a,1b,]1S,=0,1}
3D
T®, i=1,2,++,n has two kinds of DNA molecule
which correspond with S;=0,1 respectively, While
T¢¥ only has one kind of DNA molecule. The value
of S, is decided only by a, sb,. The molecular struc-
ture sketch map of splicing reactions is shown as

Fig. 2.
‘ r TR TS Ta Ty, I_» r I R, L— S,
Hgﬂl S + e ‘ bo
(a) expression 19
Hgal
(]‘ S‘R"f’r‘r‘R’ _ S‘
E,‘\—" Sy|+ : (1,‘/),
(b) expression 21
‘ ¢ TS, TR Tr IR Ta&Tb, »
Hgal
q ﬁ+ S, TR, T7 TR T a, T b,

(c) expression 23

(TS TRT7 T TRTS Taly,

Fig. 2 The molecular structure sketch map of splicing reactions

Step 3. Mix n+1 test tubes T ,i=0,1,2,
-=+,n, reduce the temperature and add ligase at the
same time, then all the sticky ends which satisfy
Watson-Crick complementary principle will take
place connexion reaction. At last, it will come into
being all kinds of imperfection double-strands and
perfect double-strands through the agency of K lig-
ase. Here we mark this process as:

T(“:Tég)@)KTig)@K'“@KTig) (32)

In order to simplify the description, we introduce a
symbol f;(R,):

fo(Ro):[r|Ro] (33)

fi(RO=[S/ IR |r"|r|R;], i=1,2,+,n—1

34
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So(RD)=[S,|R,|r" IR, |a,|b,] (35a) difference in structure between the self-assembly

There is only one kind of DNA strand is the lon-
gest in TV .
[fo (RO /1 (R |+ | £, (R)] (35h)

And Ry,R,,**,R, R, 0f (35b) just are the val-
ues which make A+B=R((R, . R,R, **R,)~).

Step 4.
T with gel electrophoresis technique, and read
out R;,i=0,1,++,n+1 at last.

5 Self-Assembly Model of Subtraction

oo

Separate the longest strand from

Suppose A and B are minuend and subtrahend
respectively, R=A—B,a;,b; denotes the value of
N’ bit as well. Then the self-assembly model of
subtraction complete by two steps too:

Step 1. a;+b;=(R/,S) (36)
Where R] is the pre-outcome of No. N’ bit in this
step. S/=0 or 1 denotes the pre-borrow digit value
of No.N’ bit from No.N'*" bit. If a,=>b,, then S/ =
0, otherwise, S/=1.

Step 2. Let R, denote the outcome of No. N’
bit, and S; denote the pre-borrow digit value of
No.N’ bit from No.N'"! bit. We get R; of each
digit by using R; subtract it's pre-borrow digit val-
ue, If R/40, then
R;v S,/—l =0
RI—1, S/ ,=1
IfR/=0and S/_, =1, then S,=S/+1.

From the above algorithm we can see that

both the design of molecule library and domain
fragments are ipentity with those design of addi-
tion, and the difference only lies in the computa-
tion R; and S; with a;.b;. In particular, both the
self-assembly process of addition and subtraction
are confirm the carry value or borrow digit value S,
by the computational result of No. N’ bit. While
the self-assembly binding between the molecules of
N’ digit and N'*! digit are completeness controlled
by the sticky end encode S; and S;. They have the
same self-assembly mechanism, and there is no

LIU Wei,

lecturer.

born in 1977, M. S.,
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DNA computing and artificial neural net-

work.

model of addition and subtraction. So we do not to
describe it in detail any more.

6 Conclusion

The
brought forward by the splicing operation in this

information transmission mode we
paper, not only can be used in the binding control
in the carry digit and borrow digit of numerical ad-
dition and subtraction respectively, but also to be
used in constitution the computation model of mul-
tiplication, division and other computational prob-
lems, So that we can use laconic way and simple
DNA molecules to execute self-assembly model.
The further study on the algorithm model is signif-

icant to all of us.
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