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Abstract The modelling of splicing systems is simulated by the process of cleaving and
recombining DNA molecules with the presence of a ligase and restriction enzymes which
are biologically called as endodeoxyribonucleases. The molecules resulting from DNA
splicing systems are known as splicing languages. Palindrome is a sequence of strings that
reads the same forward and backward. In this research, the splicing languages resulting
from DNA splicing systems with one non-palindromic restriction enzyme are determined
using the notation from Head splicing system. The generalisations of splicing languages
for DNA splicing systems involving a cutting site and two non-overlapping cutting sites
of one non-palindromic restriction enzyme are presented in the first and second theorems,
respectively, which are proved using direct and induction methods. The result from the
first theorem shows a trivial string which is the initial DNA molecule; while the second
theorem determines a splicing language consisting of a set of resulting DNA molecules
from the respective DNA splicing system.

Keywords DNA; splicing system; splicing language; non-palindromic; restriction en-
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1 Introduction

Deoxyribonucleic acid (DNA) splicing systems were introduced by Head [1] in 1987 as a study
between formal language theory and molecular biology. The splicing systems are initially known
as Head Splicing System, Sy, The systems are simulated by experimental procedures which are
inspired by the biological process of recombinant DNA where DNA molecules react with ligase
and restriction enzymes through wet lab experiment [2]. In the modelling of splicing systems,
the restriction enzymes act as rules to cut and recombine DN A molecules (or strings) to generate
further molecules.

The strings resulting from DNA splicing system depict a language known as a splicing
language which is analysed using formal language theory. In formal language theory, a language
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consists of a set of strings of symbols derived from an alphabet [3]. Some notations in formal
languages can be applied in the modelling of DNA splicing system such as A or 1, +, e and
* which indicate the empty string, union, concatenation and star-closure respectively [3]. In
splicing system, the splicing language is associated with three sets using formal language theory.
The first set consists of double stranded DNA (dsDNA) symbols generated from Watson-Crick
complementarity: adenine (A) pairs with thymine (T), while cytosine (C) pairs with guanine
(G) [4]. The second set is the set of initial DNA molecules [1]. Lastly, the third set consists
of the recombination behaviours allowed by formation rules of enzymatic activities [1]. The
rule for the cleavage pattern of restriction enzymes is denoted in term of a triple: left context,
crossing and right context [5]. The symbols | and T denote the upper and lower cutting sites of
the restriction enzymes respectively. In this research, the length of cutting sites must be taken
into consideration since overlapped cutting sites of restriction enzymes may affect enzymatic
activity [6].

Over the years, several models had been extended and developed like Paun [7], Pixton [8],
and Yusof-Goode [9] splicing systems. Besides that, Laun [10] also developed a new model of
splicing system known as Goode-Pixton splicing system. Morever, a new extension of splicing
systems known as a simple splicing system had also been introduced [10]. The comparison
between Head’s and these splicing models was studied in [9].

The modelling of DNA splicing systems involving palindromic sequences has been discussed
by Head in [1]. Yusof [11] had also studied and mentioned the definition of palindromic string
in DNA splicing systems. Palindrome is a sequence of strings that reads the same forward and
backward [12]. Palindromic sequence can be recognised in the strings of restriction enzymes.
Previously, research on the generalisations of splicing languages resulting from DNA splicing
systems has been carried out involving palindromic restriction enzyme [13].

As an extension of the previous research, the splicing languages resulting from the modelling
of DNA splicing systems with one non-palindromic restriction enzyme are presented in this
paper. The aim of this research is to generalise the splicing languages in DNA splicing systems
with at most two cutting sites of a non-palindromic restriction enzyme.

2 Methodology

In this research, DNA splicing systems with one non-palindromic restriction enzyme are mod-
elled using Head’s splicing system. The definitions of a splicing system and a splicing language
are stated in the following.

Definition 1 [1] (Splicing System and Splicing Language)

A splicing system S = (A, I, B, C) consists of a finite alphabet A, a finite set I of initial
strings in A*, and finite sets B and C of triples (c, x, d) with ¢, x and d in A*. Each such
triple in B or C is called a pattern. For each such triple the string cxd is called a site and
the string x is called a crossing. Patterns in B are called left patterns and patterns in C are
called right patterns. The language L = L(S) generated by S consists of the strings in I and
all strings that can be obtained by adjoining to ucxfq and pexdv whenever ucxdv and pexfq are
in L and (c, z, d) and (e, z, f) are patterns of the same hand. A language, L is a splicing
language if there exists a splicing system S for which L = L(S).
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Next, an example of a splicing system is given to illustrate the process of cutting and
recombining DNA strings.

Example 1

Given a DNA splicing system S = (A, I, B, C') in which A = { A C G T } is the

T G C’™ A
ACCTAGAT

set of dsDNA symbols, I = TGGATCTA

B = g , X? , g )} is the set of cleavage pattern for the restriction enzyme Bfal and

set C' is the empty set.

is the set consisting of an initial string, set

The initial string with the cutting site of the enzyme Bfal is shown in the following:

5¥— ACC | TA  GAT -3 o
3— TGG AT 1 CTA -5

or written 180 degree wise due to the complementary nature of the two DNA strands [14]

5— ATC | TA  GGT -3
3— TAG AT | CCA —¥

When the enzyme Bfal is added to the initial string,

5— ACC-3%
3— TGGAT - ¥

combines with
5 — TAGGT -3
3 — CCA -5

which gives the following string

5¥— ACCTAGGT -3

3_ TGGATCCA -5 . (2)
Then,
5 — TAGAT -3
3 —-CTA %
combines with
5— ATC -3

3— TAGAT -5
to give the following string

5— ATCTAGAT -3 (3)
3'— TAGATCTA -5 .
Thus, the set of strings in (1), (2) and (3) depicts the splicing language resulting from this
splicing system.
Next, the definition of a palindromic string is presented.
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Definition 2 [11] Palindromic String

A string I of a dsDNA 1is said to be palindromic if the sequence from the left to the right side
of the upper single strand is equal to the sequence from the right to the left side of the lower
single strand.

This research determines the generalisations of the splicing languages from DNA splicing sys-
5 — GCCCAA -3
3 — CGGGTT -¥%
is a non-palindromic restriction enzyme since the upper single strand 5 — GCCCAA — 3" does
not match with the lower single strand 3' — CGGGTT — 5" when read from backward.

tems with non-palindromic restriction enzyme. For example, the enzyme Hbal

3 Results and Discussion

In this research, the splicing languages from DNA splicing systems involving one non-palindromic
restriction enzyme, which acts as the rule, are generalised using Head splicing system and pre-
sented as theorems. Some examples are provided to determine the splicing languages from
DNA splicing systems with one non-palindromic restriction enzyme using the theorems. The
generalisation of splicing languages resulting from DNA splicing systems with one cutting site
of a non-palindromic restriction enzyme is presented in Theorem 1.

Theorem 1 Given S= (A, I, B, C) is a DNA splicing system in which A = {A CcGT }

T'G'C'A
NiNi.Ny X; Y X5 NoNy..N,
N|N!..N| X| Y' X, N}N,.N;
X, Y X

x v oxy v

15 the set of dsDNA symbols, I = { } 15 the set consisting

N Xy

here .,
) V]
Ny Xy

of an initial string with one cutting site of a non-palindromic rule

}}j, , §Z and %z are variables used to denote any arbitrary dsDNA and N7, X1,Y’', X} and N}

X Y X .
are complementaries for Ny, X1, Y, Xo and Ny respectively, set B = ; Y st s 2 18
X;7 Y X
Y

the set of the restriction site where v

1s the crossing and set C'is the empty set, the resulting

splicing language is
NiN;..N7 X7 Y X5 NoN;3...Ny
NiN{..N] X] Y' X, N}N}.N}

where{ XY X X VX }¢{ NiNi..Ny  NyNy...Ny

XV X)X, Y X NIN/..N!* N4Nj...N, }whzch indicates no other

tti ite 1 t in strings Nl Ny and No Nz Vs
A R 95 NINI..NI NNG...N}
Proof Let the rule be not palindromic, so the base sequence of the site is not the same
backward and forward
X1 Y X, X, Y X]

XV X7 XY X



Nurul Izzaty Ismail et al. / MATEMATIKA: MJIAM 35:2 (2019) 129-137 133

Xi X, Y Y’ X X
Then X! # XY # v and X! # X,
. NiN:..N7 X7 YV Xy NyN,..N, . .. X1Y Xy
The initial string NINLN' X! Y X, NINL..N with the cutting site Xy X,
is shown in the following:
NiN,..Ny X; | Y Xy NoN>...N, (4)
Ni{N{..N| X] Y' 1 X, NJNJ.N) .

Hence, the initial string is cut into two parts:

NiN,..Ny X,
NIN/..N X| Y’

And
Y Xs NoNs...Ns

X,  N}N,..N}

NiNi..N;1 Xi Y Xy NoNy...Ny

Besides that, the initial string NINLN X! YT X, NG

can be written 180 degree

wise as
NiNL..N, X4 Y X! NIN!..N| 5)
NoNs..No Xo Y X7 N{N;...Ny .

X X, Y Y’ X, X, : o

Since X! + XY + v and X! + X , then there is no cutting site in (5) and no

new resulting string.
From (4) and (5), the resulting splicing language is the initial string:

NiINL.N, X1 Y Xo NoNp..Ny
NIN[..N! X! Y' X, NiN,..N}

Thus, Theorem 1 is proved. o

Example 2 shows the splicing language obtained from a DNA splicing system with one
cutting site of a non-palindromic restriction enzyme namely Acil.

Example 2

. - TTCCCGCGAC
Given a DNA splicing system S = (A, I, B, C) where [ = { AAGGCCGOTC
c CG C
G’ GC’ G
and set C' is the empty set.

5— CCGC -%
- GGCG -¥%
base sequence of enzyme Acil do not read the same forwards and backwards.

} is the set of

initial string, set B = { ( ) } is the set of cleavage pattern for the enzyme Acil

The enzyme Acil, is a non-palindromic restriction enzyme since the
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¥— TTCC | CG CGAC ¥
3— AAGG GC 1 GCTG =%
Acil. So, by using Theorem 1, the resulting splicing language is the initial string

The initial string has one cutting site of the enzyme

5¥— TTCCCGCGAC -3
3— AAGGGCGCTG -5

Next, the splicing languages from DNA splicing systems with two non-overlapping cutting sites
of a non-palindromic restrictions enzyme are generalised and given as Theorem 2.

Theorem 2 Given S= (A, I, B, C) is a DNA splicing system in which A = %, g, g, X}
NiN,.. N XY Xo MM. M XY X, NgNg...Ng} s
NIN{..N{ XY X, M'M'...M' X]Y" X}, N,NS...NJ

the set consisting of an initial string with two non-overlapping cutting sites of a non-palindromic
X1YX2hN1X1YX2MdN2
Xy voxy TN xp Yy Xy M N
arbitrary dsDNA and Ni, X|,Y' X}, M'and N} are complementaries for Ny, X1,Y, Xo,

. X Y X , . .
M and Ny respectively, set B = {( L, o )} 1s the set of the restriction site where
XY X,

1s the set of dsDNA symbols, I =

rule are variables used to denote any

1s the crossing and set C'is the empty set, the resulting splicing language consists of strings

Y/
of the form
NMN.N, X1 Y X (MM.M X,V X\ NN\, (6)
NiN{..N; X7 Y X, \ M'M'..M X Y X NINS...NJ
) X, Y Xy X,V X ¢ NiNy..Ny MM ..M NyNs...Ny hich i
WY X1 Y XL X, Y Xy NIN..N,* M'M' ..M NLN,.N, [0
dicat i Hing site i tin stri NiNy..Ny MM ..M d NoN,...N,
cates no other cutting site is present in strings NN N MMM an NINL. N}
Proof Let the rule be not palindromic, so the base sequence of the site is not the same
backward and forward
X1 Y X, y X, Y Xj
XY X X Y Xy
Xi X, Y Y’ X X]
Then X! # XY # v and X # X

The iitialstring, VN XY Xo MMM X Y X NaNowNy
"N/NI.N| X| Y' X, M'M'..M X| Y X, N,N,.N}

cutting site is shown in the following:

XY X,
X\ Y' X,
MN..Ny Xy | Y Xy, MM.M X, Y X, NyNoNy )
N|N/.N; X; Y"1 X, M'M..M X, Y X, NyNy.Nj
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for the first cutting site and
NN,..Ny X1 Y Xo MM.M X, | Y X NoN,...N,

NINLN XY X, MMM X! Y' 1 X, NINL.N (8)
for the second cutting site.
XY X, . o . . . . .
When the rule Yy'y added to the initial string, (7) combines with (8) which gives
11 Ay

NiINL..Ni X1 Y Xy NoNy..Ny )
NIN{..N| X! Y' X, NiN},..N}

and

NING.NL X, Y Xo MM.M X, Y Xy MM.M X, Y X, NoNo..Ny
N/N/.N! X Y' X, M'M'..M X, Y X, MM ..M X, Y X, N,Nj.N,

The initial string can be written 180 degree wise as

NiN,..N, X, Y' X, M'M'..M X, Y X! N/N..N!

NoNy..Ny Xo Y Xy MM.. M X, Y Xi NiNi...N; (10)

/ / /

Xy, X, Y Y X, , X, .
Since X! + XY + v and X! + X , then there is no cutting site in (10)

By using induction, this theorem can be proved. Let string (6) be a statement

Py : Vi N Xi Y X (MM...M X, Y X2>"‘1 NyNy... Ny

CNINLND XY X\ MMM XY X NLN}...N} .

For n =1, P (1) is true since it is stated in (9). Next, let n = k € Z*. Thus,

P (k) (11)

NN X LY Xo (MMM X1V X\ NoNo. N,
CNINLNDXD YT XL\ MMM XY X NLNS...N .

Then, the string (8) combines with (11) which produces new string

NiNi.. Nt X1 Y Xo MM..M X;Y X, (MMM X1Y Xg)k_l N3 Ns...Ny (12)

NINL.NUXDY' X, MM M XY X, \ MMM XY XL ) NLNG.LNG.
By simplifying string (12), the resulting strings are:

NNL..N, X, Y Xo (MM...M X, Y X2>(k+1)‘1 NoNoy... Ny 13)

NIN[..N| X Y' Xy \ MM ..M X| Y X, NLNJ...N}

Thus, P(k + 1) is true since it depicts string (13) when n =k + 1.
Hence, Theorem 2 is proved. O

Example 3 presents the splicing language from a DNA splicing system with two non-
overlapping cutting sites of a non-palindromic restrictions enzyme namely BssSI.
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Example 3

Given a splicing system S = (A, I, B, C') where [ = { GAGTGOTCAAGTCCTCCT (18
C ACGA G
G’ TGCT * C
enzyme BssSI and set C' is the empty set.

5¥— CACGAG -3 . . . . .
Y_ QTGCOTC _5 B2 non-palindromic restriction enzyme since the

base sequence of the enzyme BssSI does not read the same forwards and backwards.

5— CTC | ACGA  GTTC | ACCGA  GCA -3
- GAC  TGCT T CAAG  TGCT 1 CCT —¥&
5— CACCAG -3
3— GTGCTC -5 °

CTCACGAGTTCACGAGGA } :

the set of initial string, set B = { ( ) } is the set of cleavage pattern for the

The enzyme BssSI

The initial string has two

non-overlapping cutting sites of the enzyme BssSI Therefore, by using

Theorem 2, the resulting splicing language is

5— CTCACGAG [ TTCACCAG \"' GA -3
3— GACGTGCTC \ AAGTGCTC CT -5

where n € ZT.

4 Conclusion

In this research, the generalisations of splicing languages in DNA splicing systems involving
one and two non-overlapping cutting sites of one non-palindromic restriction enzyme are given
as Theorem 1 and 2 respectively. The results from this research contribute to the evolution of
idea in DNA splicing systems where the resulting DNA molecules can be determined without
actual lab experiments. For further research, splicing languages from DNA splicing systems for
more than one non-palindromic restriction enzyme with same and different crossings can also
be generalised.
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