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Abstract  DNA computing maps the instances of a reality problem onto specific nucleic acid mol-
ecules and protocols so that the result contains the answers to the problem’s instances to enable
successful extraction. Good DNA sequences prevent unwanted hybridization errors during the
computation and enable easy retrieval the answers in the extraction phase. At first, the paper in-
troduces two typical nucleic acid sequence methods, free energy based method and Hamming dis-
tance based method, and analyzes the influence of constraints on the quality of DNA sequences.
In addition, the paper has compared the integrity and computational cost of two methods for ex-
cluding the non-specific hybridization sequence. At last, the paper analyzes the efficiency of two
nucleic acid sequence design methods. Through the comparison we can see that the Hamming dis-
tance based DNA sequence design method can only approximately estimate the thermodynamic
stability of DNA hybridization, and can not be a perfect substitute for the minimum free energy
method. Further analysis shows that when only consider the free energy of Watson-crick base
pairs, the calculation of free energy will be equal to the Hamming distance method. So, if the

precision satisfied the requirement of experiment, Hamming distance based DNA sequence design
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method, not only can effectively distinguish between specific and non-specific hybridization, and

effectively reduce the amount of calculation, improve the efficiency of the DNA sequence designing.

Keywords

1 Introduction

In 1994, Adleman'” presented the experiment
of using molecular biology to solve a 7-vertex in-
stance of Hamiltonian path problem. Then Lip-
ton® presented a RNA-based approach for the so-
lution of another famous SAT problems. Biomolec-
ular computing shows a great potential to solve the
NP-complete problems. In 1997, Garzon™ identi-
fied that biomolecular computing maps the in-
stances of a reality problem onto specific DNA
molecules and protocols so that the result contains
the answers to the problem’s instances to enable
successful extraction. Obviously, the most impor-
tant criteria to influent the efficiency of biomolecu-
lar computing is the designing of DNA sequences.

Nowadays, most DNA computing models are
based on the specific hybridization between DNA
molecules, but the probability of a good encoding
in a randomly chosen sample goes to zero fairly
quickly with the number of errors for arbitrary en-
coding lengths. In order to prevent the interference
between different DNA molecules, and improve
the reliability and effectiveness of the experiment,
DNA computation requires reliable libraries of
DNA sequences to be designed so that specific du-
plexes are formed during annealing. In recent
years, many scholars proposed various DNA enco-
ding algorithms and constraints to design DNA se-
quences. These DNA sequences design approach
can be divided into two categories, a category is

st the other catego-

[7-8]

based on Hamming distance
ry is based on the free energy that single-
strands release during hybridization in passing to
the lower energy states of double-strands.

We will introduce two typical nucleic acid se-
quence methods, free energy based method and
Hamming distance based method, and analyze the
influence of constraints on the quality of DNA se-
quences. Then, we compared the integrity and
computational cost of two methods for excluding

In addi-

tion, we will analyze the efficiency of two nucleic

the non-specific hybridization sequence.

acid sequence design methods.
2 DNA Encoding Constraints Analysis

In order to define the DNA sequence design

DNA computing; free energy; Hamming distance; DNA sequence design

problem precisely, some definitions are necessary.
In DNA computing experiment, single-strand DNA
molecules dismissed randomly in vitro. DNA mo-
lecular, corresponding complementary sequence,
reverse sequence and reverse complementary se-
quence exist simultaneity, they may be involved in
the calculation of DNA hybridization reaction. In
—3
be a DNA sequence,and X¢ =3 —7 77...7,— 5,
Xt=3"—z,..xyx, —5 X =5 —%, 57 —3

be the corresponding complement sequence, re-

the following discussion, let X=5"—x,2,...x,

verse sequence and reverse complement sequence,
respectively.

The current models of DNA computing are
based on the specific hybridization between a given
sequence and its unique Watson-Crick comple-
ment. Non-specific hybridization can introduce er-
rors, such as false positives and negatives, and de-
grade efficiency. Obviously, the key of DNA se-
quences design is to avoid the non-specific hybrid-
ization. The specific hybridization and non-specific
hybridization are described in Fig. 1.

X=5"-27,..0,-3" w _ v Y=5"-yy,..5-3

\7/
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X'=3'-77,.73-5 « DI Y'=3'"-373,.35-5
> >

XC=3" a5 & O D8 YiI=3y Ly 5
. =<3
X“=5'-7,.. 7,73 ¥ =

Cross-hybridization (non-specific hybridization )
X=5"-xx, . .0,-3 «-————+ X=3"—x .. .x,2,-5'

Self-complement hybridization (non-specific hybridization )

Fig.1 DNA molecular specific hybridization and

non-specific hybridization

2.1 Hamming Based Constraints Analysis

The DNA sequence design methods based on
Hamming distance choose low similarity DNA se-
quences to exclude non-specific hybridization se-
quence, so that DNA molecular can be bound with
imperfect matching of complementary base pairs.
There are 5 constraints; (1) Hamming distance
constraint; (2) similarity constraint; (3) H-meas-
ure constraint; (4) reverse complement Hamming
distance; (5) self-complement Hamming distance,
the specific is described as follows.
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2.1.1 Hamming distance constraint is the ordinary Hamming distance between binary

The Hamming distance between two binary
strings is the number of corresponding places where
two characters differ. For every pair of distinct
words X=5"—x,x9...0,— 3", Y=5' — VIV Y —
3" in the set, H(X,Y)>d, here, H(X,Y) repre-
sents the Hamming distance between words X and
Y, namely, the number of positions i at which the
ith letter in X differs from the ith letter in Y.
H(X.,Y) is given by

- 0, Xi=Yyi

H(X’Y): h(‘,9 ,)’ h( i ,):
2 htey YT, ey,
(D

In DNA coding, Hamming distance is used to
describe the non-similar degree between two DNA
sequences, with the greater the Hamming dis-
tance, the less similar the degree of two base pairs
and the less likely for mismatch hybridization.
2.1.2 Similarity constraint

The similarity constraint is used to describe a
similar degree between two DNA sequences. The
similarity constraint computes the similarity in the
same direction to keep each sequence as unique as
possible including the position shift. Similarity be-
tween two binary strings is the number of the cor-
responding places where two characters are the
same. Similarity between two DNA words X, Y is
given by

Similarity(X,Y)= min H(X,c*(Y)) (2)

—n<k<n

Where £ >>0,0" is the left-shift by & positions, if
k<0, o* is the right-shift by % positions. H(* , %)
is the ordinary Hamming distance between binary
strands.

2.1.3 H-measure constraint

L) proposed the H-measure constraint

Garzon
which considers two sequences as complementary
ones. H-measure computes how many nucleotides
are complementary between the given sequences to
prevent cross-hybridization of two sequences.
H-measure takes the minimum of all the Hamming
distances obtained by successively shifting and lin-
ing up the Watson-Crick complement of Y against
X. H-measure between two DNA words X, Y is
given by

H-measure (X,Y)= min H(X,s*(Y"))

—n<k<n

HX.Y)=>bp(x; .3, (3)
=1
I, x#y;
bp(l}’}ﬁ)::{ 1‘;égla Ii,yiEf{f\’C»(},T}
0, X =Y

Where £>>0,0" is the left-shift by & positions, if
k<0, o* is the right-shift by k& positions. H(* , %)

strands. This H-measure successively lines up the
reverse of Y against X for hybridization.
2.1.4 Reverse complement Hamming

distance constraint

In DNA computing, single-stranded DNA
molecule randomly diffused in tube, X and Y* may
form non-specific hybridization. Let X, Y denote
5 —xixe..x,—3 s 5 —yiy....y, —3' respectively,
H(X,Y®) denote the reverse complement Ham-
ming distance, and its calculation can be divided in-
to two steps.

First, let W be Y ,W=5"—w, w,...w, —3 =
5/—ﬁ...ﬁﬂ— 3’. Second, we can calculate the
Hamming distance H(X,W) between X and W,
2.1.5 Self-complement Hamming distance
constraint

DNA molecules with a certain concentration
present in vitro, because of spatial nearness, DNA
sequence hybridizes itself frequently. Tanaka'®
presented the self-complement constraint to avoid
the hybridization between DNA molecular and its
reverse DNA strand. Self complement Hamming
distance is given by

H-measure (X, X)= min H(X,c"(X*)) (4)

—n<<k<n

The constraint is similar to the H-measure
constraint, Where #>0,0" is the left-shift by % po-
sitions, if £#<C0,c" is the right-shift by % positions.
X® is the reverse sequence of X.

2.2 Free Energy Based Constraint Analysis

Free energy change AG refers to the energy
change when two single-stranded DNA molecules
form hybrid double-stranded. DNA hybridization
usually emit heat, so free energy changes are usu-
ally negative, that is AG<C0. AG is a measure of
DNA double-stranded stability, the higher the ab-
solute value, the DNA double-stranded more sta-
ble. In order to prevent the non-specific hybridiza-
tion, every DNA sequences must satisfy the mini-
mum [ree energy constraint. When the AG is grea-
ter than the given threshold AG,;, for any two
DNA molecules, then can not form a stable doub-
le-stranded structure to prevent the occurrence of
non-specific hybridization.

The methods based on free energy used the
nearest-neighbor thermodynamic model, the for-
mula is given by

AG = > 1, AG(D) +AG(ini GO) +
AIG(iniAT) +AG(sym) (5)
Where AG(i7) are the standard free energy changes

for the 10 possible Watson-crick NNs (e. g.,
AG(D) =AG(AA/TT), AG(2)=AG(TA/AT), ...
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etc. ) ,n; is the number of occurrences of each nearest
neighbor, i, and AG (sym) equals—+ 0. 43 kcal/mol
(1cal=4.184]) if the duplex is self-complementary

and zero if it is non-self-complementary''!?,

3 Analysis and Comparison for Free Energy
and Hamming Distance Method

3.1 Analysis of Restrictions on Non-Specific
Hybridization

Among these Hamming based DNA encoding
constraints, Hamming distance, similarity and H-
measure constraints can prevent the non-specific
hybridization between X and Y°. Self-complement
Hamming distance can prevent the non-specific hy-
bridization between X and XX,
ment Hamming distance constraint can prevent the

Reverse comple-

non-specific hybridization between X and Y®. So
the Hamming based DNA encoding constraints in-
cludes all the relationship to restrict the non-spe-
cific hybridization, as shown in Fig. 2.

Self-complement Similarity, H-measure, Hamming distance

Hamming distance  Reverse complement Hamming distance
X=5"-xx,...x,— 3" Y=5"-y,..5,-3
X‘=3'-77,.7,-5' Y=3'33,.5-5'
XI<:3,*»T,.~~~13I\75, YI<:3/73',,...y3y175,
X=5'"—7. 7,73 Y=5'-3,.35-3'
Free energy between X and X© Free energy between different

DNA sequences

Fig. 2 Non-specific hybridization relationship

The free energy threshold AG,;, between dif-
ferent DNA sequence can prevent the non-specific
hybridization between X<>Y“ and XY™, The free
energy threshold between X and its reverse se-
quence X® can prevent the non-specific hybridiza-
tion between X <> X%, Obviously, the free energy
constraints also include all the relationship to re-
strict the non-specific hybridization, as shown in
Fig. 2.

3.2 Analysis of Calculation on Non-Specific
Hybridization
Calculation analysis of Hamming distance
method
For any two DNA sequences X and Y. let

3.2.1

WC(X.,Y) be overall complement base pairs, the
formula as following

WC(X,Y) =D we(a,»y.)
i=1

(6)

1, x;=y; .
* Y ’ 1'1'9y1'€{A9C9G9T}

0, I,iy
Let the number of complement basepairs be-
tween X and Y© is bk, i. e. WC(X,Y") =k. Obvi-

ously, the number of complement basepaires between

welx;,y,) = {

corresponding reverse DNA sequence X© and Y* is
also £, WC (X©, (YD) =k WC (X, (Y)H) =
WC(X®, Y)=r¢.

The number of complement basepaires be-
tween corresponding complemnt DNA sequence X
and Y¢ is also k, WC (X®,(Y)®) =k, WC(X®,
(YOR)=WC(X®, YR) =¢.

The number of complement basepaires be-
tween corresponding complemnt DNA sequence X*®
and Y® is also &, WC ((X®*)¢, (Y*)®) = k.
WC (XD (YD) =WC (X", Y®) =¢.

WC(X,.Y)=WC(X",Y)=WC(X®,Y*) =
WC (X®,Y®) = k. The four group of basepairs
complement relationship is equivalent, as shown in

Fig. 3.
X=5"-xx,...0—3' v Y=5"yy, -3
—~
‘}\‘
X‘=3'"-77,.7-5 Y'=3'-%93,.3,-5'
X=3"—z,..1,0-5" = v Yi=3"y yy—5
~ — -

=><

=
X=5"-% ... f“,i-‘—S’ - Sa Yl<‘77f75,”. Szyrg’

Fig. 3 X and Y“ complement basepairs equivalent relationship

And for the same reason, X and X® also con-
tain four group equivalent relationships, WC (X,
Y®)=WC(X®,Y)=WC(X®,Y")=WC(X",Y*),
as shown in Fig. 4.

Qr

X=5"-xx,..x,— 3’ s Y=5"-y3,...5,-3

C_ a1 NN N
-~ v Y =3 IRRURCIRRN k)
R A R
X=3'—z,..20-5 % > Yi=3'=y,..09-5
7 >
XM‘ZB'71'”...17'31‘*3! » A yR=5’ Y i;jfg’

Fig. 4 X and Y® complement basepairs equivalent relationship

Through the above analysis, for any given
Hamming distance constraints threshold value, the
calculation of WC(X,Y®) and WC(X,Y®) can con-
tain 8 specific types of hybridization relationship.
3.2.2 Calculation analysis of free energy method

There is a significant different between free
energy calculation and Hamming distance calcula-
tion, which is the nearest-neighbor model has the
5'—3" direction and the thermodynamic parameters
are not symmetry. Therefore Hamming distance
equivalent DNA sequences, it will not necessarily
equal free energy.

For example, DNA sequences X=5"—CACT-
CATGAA—3",Y=5"—CACACCTGAA —3". Ac-
cording to the Hamming distance constraints charac-
ter, there are equivalence Hamming distance rela-
tions WC(X,Y) =WC (X®,Y*) =WC (X, Y) =
8. However, its corresponding free energy is dif-
ferent, as shown in Fig. 5.
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X 5" CACTCATGAA 3! X* 3" AAGTACTCAC 5’ X° 3" GTGAGTACTT &'

GTGTGGACTT 5 Y« 5
H=2,WC(X,Y")=8 AG=-4.25

ye 3

TTCAGGTGTG
H=2,WC(X,Y)=8 AG=—4.25

CACACCTGAA 3’

3’ Yy 5
H=2; WC(X,Y")=8; AG=-2.68

Fig.5 Hamming distance is equal, but {ree energy is different

(D the free energy of X and Y°

X¢  5'—CACTCATGAA—3'=CA+AC+CT+GT+CA+AGHTG+GA+AA+AG(ni GO +AGCini AT)
Y¢ 3'—~GTGTGGACTT—5'=GT TG GT CT GG TA AC CT TT
= —1.45—1.44—0. 12-40. 45-0. 03+0. 02— 1. 45— 1. 30— 1. 00+0. 98-+1. 03

=—4.25
@ the free energy of X® and Y*¢
AG(XR, YR =AG(X, YY) =—4. 25.
@ the free energy of X“ and Y

D

Y 5'—CACACCTGAA—3'=CA+ACHCA+GA+CCHAT+TG+GA+AA+AG(ini GO +AG(ini AT)
X¢ 3'—GTGAGTACTT—5'=GT TG GA CA GT TC AC CT TT
= —1.45—1. 4440. 43+0. 17-40. 62+0. 73— 1. 45—1. 30— 1. 00-0. 98+1. 03

=—2.68

In addition, for any two DNA sequences X

and Y, let AG(X,Y") be the energy of X and Y,
the corresponding reverse sequences free energy is
the equal to AG(X,Y®), i.e. AG(X,Y") =
X=5"-xx,..x,—3'
X‘=3"-77,.7,—5'
X=3"—z,..x,x,—5"

RC JE -
X"=5"—-x,..5x2,—3'

(8)
AG(XR,Y®Y), And for the same reason, AG(XC,
Y)=AG (XX, Y®); AG(X,Y®) =AG(XR,Y);
AG(X®, Y =AG(X",Y®) ,as shown in Fig. 6.

RC__ - N ——
X*=5"-Zx,..x2,2,—3'

Fig. 6 Equivalent free energy calculation relationship

3.3 Comparison of Nucleic Acid Encoding
Through the above analysis we can see that
the two catalogs DNA sequences design method
can both restrict the 8 type non-specific hybridiza-
tions. The Hamming distance based method need
only calculate 2 non-specific hybridization combina-
tions, while free energy based method must calcu-
late 4 non-specific hybridization combinations. It is
clear that the computationally of free energy based
DNA sequence method greater than Hamming dis-
tance based DNA sequence design method.
However, through the comparison of formula
7 and formula 8, we can see that, if only consider
the free energy of Watson-Crick base pairs without
the free energy of internal single mismatch and

X 5" GGCTAACT 3’

Y 3" CCGAGAATS'
H=4WC(X,Y)=4; AG(X,Y)=-4.38

other DNA secondary structure, AG(X,Y®) will
be equal to AG(X",Y). At this point, the calcula-
tion of free energy equivalent to the Hamming dis-
tance, AG(X,Y) =AG(X",Y) =AG(X®,Y*) =
AG(X®,Y®),and AG(X,Y®) =AG(X®,Y) =
AG(XRC, YY) = AG (X, YR,

the free energy of Watson-crick base pairs, the cal-

When only consider

culation of free energy will be equal to the Hamming
distance method, as shown in Fig. 3 and Fig. 4.

In addition, Hamming distance based method
can only approximate estimates of the stability of
the nucleic acid hybridization. For example, X =
5" —GGCTAACT—3',Y=3"—CCGAGAAT—5',
Z=3"—CAGTTAGC —5".WC(X,Y)=WC(X,2Z),
while AG(X,Y)#AG(X.Z), as shown in Fig. 7.

X 5" GGCTAACT 3’

Z 3" CAGTTAGCS'
H=4; WC(X,Z)=4; AG(X,Z)=1.55

Fig. 7 Hamming distance can only approximately estimate the stability of hybridization
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