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Computation of Splicing Languages from DNA
Splicing System Based on Sequences of
Restriction Enzymes

Nurul Izzaty Ismail, Wan Heng Fong, Nor Haniza Sarmin

Abstract: In DNA splicing systems, restriction enzymes and
ligases cleave and recombine DNA molecules based on the
cleavage pattern of the restriction enzymes. The set of molecules
resulting from the splicing system depicts a splicing language.
In this research, an algorithm for DNA splicing systems is
developed using C++ visual programming. The splicing
languages which have been characterised through some
theorems based on the crossings and sequences of the restriction
enzymes, are generated as the output from this computation. In
order to generate the splicing languages, the algorithm detects
and calculates the number of cutting sites of the restriction
enzymes found in the initial molecules, determines whether the
sequence of restriction enzyme is a palindrome or not, and if the
restriction enzymes have the same or different crossings. The
results from this research depict the splicing languages obtained
from the manual computations, which contributes to the
development of computational software in DNA computing.

Index Terms: C++ visual programming, DNA, palindrome,
restriction enzyme, splicing system.

I. INTRODUCTION

Deoxyribonucleic acid (DNA) splicing system is
mathematically developed based on some models in DNA
computing. The idea of DNA computing is introduced by
Feynman [1] in 1959 involving computation in molecular
biology. Adleman’s experiment [2] on solving Hamiltonian
path problem contributes to the development of DNA
computing using two features: massive parallelism of DNA
strands and the Watson-Crick complementarity. DNA
strand is a nucleotide chain which is made up of four bases:
adenine (A), guanine (G), cytosine (C) and thymine (T) [3].
Watson-Crick  complementarity is generated from
nitrogenous base pairings: adenine pairs with thymine, while
cytosine pairs with guanine for the formation of
double-stranded DNA (dsDNA) [3].

The research relating between formal language theory and
molecular biology in DNA computing leads to the modelling
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of DNA splicing system. The splicing system is introduced
by Head [4] in 1987 which is also known as Head’s splicing
system. In splicing systems, DNA molecules are cut and
recombined when mixed with a ligase and restriction
enzymes  which are biologically  called as
endodeoxyribonucleases [5].

The set of molecules resulting from a DNA splicing system
is called a splicing language which is simulated using formal
language theory. A formal language consists of a set of
strings of symbols from an alphabet [6]. Some notations of
regular expression in formal language theory, namely A, +, *
and {} or () denote the empty string, union, star-closure and
parentheses respectively, are used in this research [3]. For
example, the language L for the regular expression (a+b) - ¢*
where a, b, and ¢ are the set of symbols derived from an
alphabet is shown in the following:

L((a+b)-c*)=L((a+h))L(c*)
=L(a+b)L(c*
= (L@w L(b)(L(c)*
= ({a}u {b}) {c})*
={a,b}{4,c,cc,...}
={a,ac,acc,..., b, bc,bcc...}.

By using the concepts in formal language theory, the
splicing system is associated with three sets. The first set is
the set of dsDNA symbols from nitrogenous base pairings
[3]. The second set consists of initial DNA molecules or
strings taken from the sub sequences or pattern in protein or
nucleotide chains [7]. Lastly, the third set consists of rules
for the cleavage pattern of restriction enzymes. The cleavage
pattern of restriction enzymes is made up of three sites
namely the crossing, left and right context [8].

Throughout the years, notations in Head’s splicing system
have been extended and variants of splicing models have
been developed namely Paun [9], Pixton [10], Goode-Pixton
[11] and Yusof-Goode [12] splicing systems. The variants of
splicing systems resulted in many types of splicing
languages. The splicing languages from different models of
splicing system can be obtained based on the specific
sequences of restriction enzymes. This research focuses on
palindromic and non-palindromic sequences of restriction
enzyme. Palindrome is a sequence of string that reads the
same forwards and backwards [13]. Previously, research on
generalised splicing languages
from DNA splicing systems
with palindromic and
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non-palindromic restriction enzymes has been done in
[14]-[18], in which the generalised splicing languages from
the respective splicing systems are presented as theorems.
The name, sequence and cleavage for all restriction enzymes
used in this research are obtained from the New England
Biolabs (NEB) catalogue [19].

Next, some preliminaries related to this research are
given. DNA splicing systems with palindromic and
non-palindromic restriction enzymes are modelled using
Head’s splicing system in this research. The definitions of
Head’s splicing system and splicing language are stated in
the following.

Definition 1 [4] Splicing System and Splicing Language

A splicing system S = (A, I, B, C) consists of a finite
alphabet A, a finite set | 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 1 and all strings that can be obtained
by adjoining to ucxfq and pexdv whenever ucxdv and pexfq
are in L and (c, x, d) and (e, x, 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).

After that, the definition of a palindromic string is stated.
Definition 2 [20] Palindromic String

Asstring | of a dsDNA is 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.

5 -CTAG-3

For example, the enzyme Bfal

3 -GATC-5
palindromic restriction enzyme since the upper single strand
of enzyme Bfal matches with the lower single strand when
read from backwards; while the enzyme BbvCl

5 -CCTCAGC -3

3 -GGAGTCG -5

enzyme since the upper single strand of enzyme BbvCl does
not match with the lower single strand when read from
backwards.

S a

is a non-palindromic restriction

The aim of this research is to develop an algorithm and
a coding for DNA splicing systems with one or two
restriction enzymes using C++ visual programming by
developing a user friendly graphical user interface that
generates the splicing languages from the corresponding
splicing systems.  The generalised splicing languages
resulting from DNA splicing system with palindromic and
non-palindromic restriction enzymes are applied in this
coding to generate the results. The interface is designed for
random input of initial DNA string and restriction enzyme(s)
for the purpose of generating the splicing languages in place
of the time-consuming manual computations.
In the next section, the generalised splicing languages
from DNA splicing system with one and two restriction
enzymes are discussed.

1. METHODOLOGY

The splicing languages from the DNA splicing systems are
generalised based on the number of cutting sites, the
sequences of restriction enzymes and the crossings for one
and two different restriction enzymes, where these
generalisations have been given as theorems in [14]-[18].

Table | shows the generalised splicing languages from
DNA splicing systems with one palindromic restriction
enzyme where Theorem 1 involves one cutting site; and
Theorem 2 involves two non-overlapping cutting sites of a

X, Y
XI,YI,

1

1

N
palindromic restriction enzyme. The symbols ,
N

1

X, M W Z w

, , . and
X, MWz W

N
* denote arbitrary dsDNA
N

2

symbol(s), where N', X', Y, X, M, W', 72" W

and N, are complementaries for N, X, , Y, X,, M,
W, Z,W, and N, respectively, and

Y
and are the
YI 1

crossings.

Table- I: Generalised Splicing Languages from DNA Splicing Systems with One Palindromic Restriction Enzyme

Theorem Theorem 1 [14] Theorem 2 [14]
Initial NN N, XY X, NN LN, NN, X Y X, MM .M XY X, NN, ..N,
Strin
g NSNCNS XY X NN LN NSNCNS XY X MMM XY X NN LN
Restriction X, Y X, X, Y X,
Enzyme XY X XY X
Splicing NNCN NNLNTY XY X NNLN NNCNYX Y X (MMM MMM )XY XY
Language oot o + +
N/NSGNS NN NG XY X N'NSGNS O NONGN XY X (UMMM MMM XY X
NN,..N,  N'N'.N’ NONLN, NUNCLNC
+ +
NONCGN NN N [N;N;...N; NINJ...NJJ
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Theorem 4 involves two non-overlapping cutting sites of a
non-palindromic restriction enzyme.

Table 11 shows the generalised splicing languages from

DNA splicing systems with one non-palindromic restriction
enzyme where Theorem 3 involves one cutting site; and

Table- 11:  Generalised Splicing Languages from DNA Splicing Systems with One Non-Palindromic Restriction Enzyme
Theorem Theorem 3 [15] Theorem 4 [15]
Initial String N,NN, XY X, NN LGN, NNLN, XY X, MM M X, Y X, NN LN,

NN NS XY X NN

NN N XY X MMM XY X NN N

Restriction Enzyme X Y X

XY X

X, Y X,
XY X

Splicing Language N,NN, XY X, NONLGN,

NN NS XY X NN

N.N..N. XY XZ(M M ..M XY xzj* NN ..N,

NN N XCY X MMM XY X ) NN LGN

'
2

Table 111 shows the generalised splicing languages from
DNA splicing systems with two palindromic restriction
enzymes where Theorem 5 involves the same crossing of
palindromic restriction enzymes; while Theorem 6 involves
different crossings of palindromic restriction enzymes.

Table IV shows the generalised splicing languages from
DNA splicing systems with two non-palindromic restriction

enzymes where Theorem 7 involves the same crossing of
non-palindromic restriction enzymes, while Theorem 8
involves different crossings of non-palindromic restriction
enzymes.

Table- 111: Generalised Splicing Languages from DNA Splicing Systems with Two Palindromic Restriction Enzymes
Theorem Theorem 5 [16] Theorem 6 [16]
Initial String | NN .N X Y X MM .MW YW NN_.N NN.N X YXMM.MWZW NN_..N
N'NCNY XY X MM LMW YW NN LN N'NNS XY X MM ME W ZPW NN LN
First X, Y X, X, Y X,
Restriction N N
Enzyme VX, X,
Second W YW W ZW
Restriction o Wz
Enzyme WIYW, L2 W,
Splicin 'N'.N' *
plicing NN..No X NNCLNSW, NN.N XYX[MM.MWZW MM..M X Y X
Language oot ‘ P : : : : :
NNSGNSXT NN, W N'NDNS XY X MMM W Z2ZW M MM XY X
* +
Y {(X MM MW W, MM...M X)} NN'N) MM MW, ZW, NN,..N,
. . TV ' ' +
VAKX MM MIWE WM MM X NNGN, MM MW Z0 W NN

Y (W, N,N,..N,
+

X, N'N..N;
W NNLN

% X! NN.N,

*

NNN'W ZW [ MMM X Y X MM .MW Z W

NN N W ZW MM M XY X MM MW Z0 W
NNN, MMM XY X NN

+
NNSGNS MM M XY X NN,

Table- IV: Generalised Splicing Languages from DNA Splicing Systems with Two Non-Palindromic Restriction Enzymes

Theorem Theorem 7 [17]

Theorem 8 [17]

Initial String

NN.N XYX MM.MWYW NN_..N

NUNCLNS XY X MMM WY W NN LN

NN.N X YX MM.MWZW NN_..N

2' N'NTLNS XY X MMM W ZP W NN LN
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First Restriction

X Y X, X, Y X,
Enzyme
XY X, XY X,
Second WY W W ZW,
Restriction R -
Enzyme WYW, W Z'w,
Splicing NNLN, X (Y X, MM MW ) YW NN,_..N NN..N XY X MM MW ZW NN_.N,
Language s ‘ ' Lo
NSNCGNG XY X MIMELMY WS ) YW NN LN N/NCGNS XY X MM, MW Z W NN N

Table V shows the generalised splicing languages from
DNA splicing systems with one palindromic and one
non-palindromic restriction enzymes where Theorem 9
involves the same crossing of the restriction enzymes; while

Theorem 10 involves different crossings of the restriction
enzymes.

Table- V: Generalised Splicing Languages from DNA Splicing Systems with One Palindromic and One Non-Palindromic
Restriction Enzymes

Theorem Theorem 9 [18] Theorem 10 [18]
Initial String NN.N X YX MM.MWYW NN_.N NN.N XYXMM.MWZW NN..N
NNGNS XY X MMM WY W NN LN NNGNS XY X MM MW ZP W NN LN
Palindromic X Y X X Y X
Restriction oy Ty
Enzyme XIY'X, XY X,
Non-Palindromic W YW W ZW
Restriction W YW Wz W
Enzyme LYW, L2 W,
Splicing NN NN N WY W MMM NNGCGN, NONCGNS W ZPW MMM
Language + +
NNSGNS NONCGN, W YW MMM N/NSGNS NNCN, W ZW M M ..M
X (YX, MM _MWY X, Y X,
XY X MMM W XY X
Y(W NN.N X NN'..N' MM . MW ZW NN_..N  NN..N'
2 2 2 2 + 2 1 1 1 +
YAW'N'N'"..N' X'NN..N MM ..MW ZW'N'N".N" NN_..N

The generalised splicing languages from DNA splicing
systems with palindromic and non-palindromic restriction
enzymes discussed above are applied in this coding to
generate the results. The coding is designed by inserting the
initial string and cleavage pattern of the restriction
enzyme(s) in the interface. In order to generate the splicing
languages, the coding detects and calculates the number of
cutting sites of the restriction enzyme(s) found in the initial
string, determines whether the sequence of restriction
enzyme is a palindrome or not, and determine if the
restriction enzymes have the same or different crossings.
The procedure and design of developing the algorithm of the
C++ coding are illustrated in Fig. 1.

The outputs for the coding to generate splicing languages
from DNA splicing systems with one or two restriction
enzymes are discussed next.

I1l. RESULTS AND DISCUSSION

The coding for DNA splicing systems with one or two
palindromic and non-palindromic restriction enzymes is

Retrieval Number: F10060986S319/2019©BEIESP
DOI: 10.35940/ijeat.F1006.0986S319

designed to develop a graphical user interface. The default
interface for the DNA splicing system is illustrated in Fig. 2.

Firstly, user inserts the initial string and cleavage pattern
of the restriction enzyme(s) in the interface to generate the
resulting molecules which are the results for the splicing
languages from the corresponding DNA splicing system. By
clicking the button ‘Compute’ in the interface, the coding is
run to generate the results; while the button ‘Clear’ is used to
reset the interface.

In Fig. 3, the output for the DNA splicing system
involving one cutting site of a palindromic restriction
enzyme is presented in the interface where the initial string is
aggactagtct consisting the cleavage pattern of the enzyme
Bfal which is {c, ta, g}.

In Fig. 4, the output for the DNA splicing system
involving two non-overlapping cutting sites of a palindromic
restriction enzyme is presented in the interface where the
initial string is taccggaattccggaa consisting the cleavage
pattern of the enzyme Mspl
which is {c, cg, g}.
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In Fig. 5, the output for the DNA splicing system ttcccagcgac consisting the cleavage pattern of the enzyme
involving one cutting site of a non-palindromic restriction  BseYI which is {c, ccag, c}.
enzyme is presented in the interface where the initial string is

Take inputs which are the initial string
and cleavage pattern of the restriction
enzyme(s) inserted by the user

I Detect and calculate the number of cutting sites found in the initial string I

v

| Determine whether the sequence of the restriction |
enzyme(s) is a palindrome or not

Two cleavage pattern of
restriction enzymes are
inserted by the users

Determine if the restriction enzymes have the same or
different crossings

Generate the splicing languages by referring to the number of cutting
sites, sequences and crossings of restriction enzymes in Theorem 1-10

End
Fig. 1. Procedure and design for the algorithm
n ] DNA Splicing System with Palindromic and Non-Palindromic Restriction Enzymes - = “
Instruction: Insert the initial string and the cleavage pattern of the enzyme(s].
Initial string ‘
Enzyme 1 ‘ ‘ N | | B ‘ ‘
Enzyme 2 ‘ ‘ o | | 5 ‘ ‘
Compute | ‘ Clear |
Fig. 2. The default graphical user interface
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Instruction: Insert the initial string and the cleavage pattern of the enzyme(s].

Initial string | aggactagtct |
Enzymel [ ¢ |.[ @ |-[ 9 |
Enzyme 2 | ‘ . ‘ | o | ‘

Compute | | Clear |

The initial string:
5“"AGGACTAGTCT-3
3-TCCTIGATC|/AGA-

Restriction site of the enzyme :

E-CTAG-3

IGATCs 2 palindrome.

The enzyme

The number of cutting sites found: 1
The resulting molecules: Case 1

5'- AGGA{AGA CTAG TCT*TCCTl-ﬁI
3~ TCCT TCT GATC AGA AGGA " -5

Fig. 3. The output for the DNA splicing system involving one cutting site of a palindromic restriction enzyme

Instruction: Insert the initial string and the cleavage pattern of the enzyme(s).

Initial string | taccggaaticeggaa \
Enzymel [ ¢ .| e || g |
Enzyme 2 ‘ ‘ . ‘ | o ‘ |

Compute | Clear |

The initial string:

A AT
TTS

AATT
TTAA

CCGG
GGCC

5-T A
AT

CCGG
GGCC

Restriction site of the enzyme :

5-CCGG-3 | .
The enzyme GG C C5 is a palindrome.

The number of cutting sites found: 2
The resulting molecules: Case 2

5'*[TA+TT CCGG[[AATT{
3T AT AA GGCC TTAA TTAA

Fig 4. The output for the DNA splicing system involving two non-overlapping cutting sites of a palindromic restriction

enzyme
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n ] DNA Splicing System with Palindromic and Non-Palindromic Restriction Enzymes = B “

Instruction: Insert the initial string and the cleavage pattern of the enzyme(s].

Initial string | ticccagegac

Enzyme 1 | c | . | ccag | . ‘ c ‘

Enzyme 2 | | . | | o ‘ ‘
Compute | | Clear |

The initial string:

B-TT|C C

CAGCGAC-Y
F-AAGGGTC

GCTG-5

Restriction site of the enzyme :

5-CCCAGC-3

I GGGTC G5 is not a palindrome.

The enzyme

The number of cutting sites found: 1
The resulting molecules: Case 5

B-TTCCCAGCGAC-3
AAGGGTCGCTG-H

Fig. 5. The output for the DNA splicing system involving one cutting site of a non-palindromic restriction enzyme

In Fig. 6, the output for the DNA splicing system interface where the initial string is ctcacgagttcacgagga
involving two non-overlapping cutting sites of a consisting the cleavage pattern of the enzyme BssSI which is
non-palindromic restriction enzyme is presented in the {c, acga, g}.

n) DNA Splicing System with Palindromic and Non-Palindromic Restriction Enzymes = E “

Instruction: Insert the initial string and the cleavage pattern of the enzyme(s).

Initial string | ctcacgagttcacgagga |
Enzyme 1 | c | . ‘ acga ‘ . | g |
Enzyme 2 | | . ‘ ‘ . | |

Compute | | Clear |

The initial string:

B"CTICACGAGTT CACGAGGA-I
FGAGTGCTCIAAGTGCTCCT-5

Restriction site of the enzyme :

The enzyme meacGaGy is not a palindrome
Yy eTGECcTCH P -

The number of cutting sites found: 2
The resulting molecules: Case 6

B-CTCACGAG TTCACGAG * G AT
IGAGTGCTC AAGTGCTC cT-%

Fig. 6. The output for the DNA splicing system involving two non-overlapping cutting sites of a non-palindromic restriction
enzyme

In Fig. 7, the output for the DNA splicing system  cleavage patterns of the enzymes Msel and CviQI which are
involving one cutting site each of two palindromic restriction  {t, ta, a} and {g, ta, c} respectively.
enzymes with the same crossing is presented in the interface
where the initial string is atttaactgtacaga consisting the
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m

DNMA Splicing System with Palindromic and Non-Palindromic Restriction Enzymes

e

Instruction: Insert the initial string and the cleavage pattern of the enzyme(s].

Initial string ‘ atttaactgtacaga
Enzyme 1 ‘ t | s ‘ ta | s | a |
Enzyme 2 ‘ g | . ‘ ta | 0 | c |
Compute | ‘ Clear |
The initial string:
B-ATITTAACTIGTACAGA-I
FTAAATTIGAICATGTCT-S

Restriction site of the enzyme :

5-TT A A-3
I-AATTE
5-G T A C-3'
3I-CATGHE
The enzymes 1 and 2 have the same crossing.

The enzyme is a palindrome.

The enzyme is a palindrome.

The number of cutting sites found: 2

The resulting molecules: Case 3

5
-

ATT
+
TAA

TCTG

]{TA[ACTG
AGAC AT TGAC

c
+
G

A
T

> -
- =
@0
- =
S om
- =

.
Al

Fig. 7. The output for the DNA splicing system involving two palindromic restriction enzymes with the same crossing

In Fig. 8, the output for the DNA splicing system
involving one cutting site each of two palindromic restriction
enzymes with different crossings is presented in the interface
where the initial string is ttcgaattcagcgcag consisting the
cleavage patterns of the enzymes EcoRI and HinP1l which
are {g, aatt, c} and {g, cg, c} respectively.

The example of output for the DNA splicing system
involving one cutting site each of two non-palindromic
restriction enzymes with the same crossing is not given since

there is no such enzyme available in the New England
Biolabs Catalogue [19].

In Fig. 9, the output for the DNA splicing system
involving one cutting site each of two non-palindromic
restriction enzymes with different crossings is presented in
the  interface  where the initial  string s
attagcccaaggcacgagttc consisting the cleavage patterns of
the enzymes Hbal and BssSI which are {g, ccca, a} and {c,
acga, g} respectively.

m

DNA Splicing System with Palindromic and Non-Palindromic Restriction Enzymes

“ TN

Instruction: Insert the initial string and the cleavage pattern of the enzyme(s].

Initial string ‘ ticgaattcagcgcag

Enzymel [ g |.[ aam |.[ |

Enzyme 2 | q |- [ es -] © |
Compute | ] Clear |

The initial string:

5-TTCIGAATTCAGCGCAG-3
-AAGCTTAAGTICGCGTC-S

Restriction site of the enzyme :

5-GAATTC-3
3I-CTTAAGS
5-GCGC-3
3I-CGCGH
The enzymes 1 and 2 have different crossings.

The enzyme is a palindrome.

The enzyme is a palindrome.

The number of cutting sites found: 2

The resulting molecules: Case 4

TTCGAATTC
AAGCTTAAG

AGCGCTG
TCGCGAC

CTGCG [TGAATTCAGC
GACGC ACTTAAGTCG

oo+ - >

TTC]'[GAA+AGCGCAG1}73'
AAG CTT TCGCGTC -5
l’[AG+TGAATTCGAA],73'

TC ACTTAAGCTT -5
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DNA Splicing System with Palindromic and Non-Palindromic Restriction Enzymes

Y

Instruction: Insert the initial string and the cleavage pattern of the enzyme(s].

Initial string | attagcccaaggceacgagtic
Enzymel [ g |.[ eoca |.[ a2 |
Enzyme2 [ ¢ |.[ aa |-[ @ |
Compute | | Clear |
The initial string:
BATTA[GCCCAAGGCACGAGTTC3
FTAAT|[CGGGTT|CCIGTGCTC/AAGS

Restriction site of the enzyme

5GCCCAA-TF
FCGGGTT-H
5-CACGAG-Y
FGTGCTC-H
The enzymes 1 and 2 have different crossings.

The enzyme is not a palindrome.

The enzyme is not a palindrome.

The number of cutting sites found: 2

The resulting molecules: Case 8

E-ATTAGCCCAAGGCACGAGTT
ITAATCGGGTTCCGTGCTCAA

C -3
G -5'

Fig. 9. The output for the DNA splicing system involving two non-palindromic restriction enzymes with different crossings

In Fig. 10, the output for the DNA splicing system
involving one cutting site each of one palindromic and one
non-palindromic restriction enzymes with the same crossing
is presented in the interface where the initial string is

ttcgaacacccgege consisting the cleavage patterns of the
enzymes Taql and Acil which are {t, cg, a} and {c, cg, c}
respectively.

o

DNA Splicing System with Palindromic and Non-Palindromic Restriction Enzymes

S TEN

Instruction: Insert the initial string and the cleavage pattern of the enzyme(s].

Initial string | ticgaacaccegege

Enzyme 1 | t | 0 | cg ‘ ‘ a |

Enzyme ? | c | . | g ‘ ‘ © |
Compute | | Clear |

The initial string:

5-TTCGAACACCCGC|GC-3
AMGCTTGTGGGC G|CG-5

Restriction site of the enzyme :

B-TCGA-3
-AGCT-5
"-ccCcGC-3
3G GC G-
The enzymes 1 and 2 have the same crossing.

The enzyme is a palindrome.

The enzyme is not a palindrome.

The number of cutting sites found: 2

The resulting molecules: Case 9

- T
+
3" A

GCGCGGGTGT T

] CGAA
CGCGCCCACA A

lGCTT

CACC *CG c
GT GG

Fig. 10. The output for the DNA splicing system involving one palindromic and one non-palindromic restriction enzymes
with the same crossing

In Fig. 11, the output for the DNA splicing system
involving one cutting site each of one palindromic and one
non-palindromic restriction enzymes with different crossings
is presented in the interface where the initial string is
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tgtacggaccgcge consisting the cleavage patterns of the
enzymes CviQI and Acil which are {g, ta, c} and {c, cg, c}
respectively.
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n.] DNA Splicing System with Palindromic and Non-Palindromic Restriction Enzymes = B “

Instruction: Insert the initial string and the cleavage pattern of the enzyme(s].

Initial string | ttacggaccgege |
Enzyme 1 | 0 | 0 | ta | . | c |
Enzyme 2 | c | B | cg | B | [ |

Compute | ‘ Clear |

The initial string:

5-TIGTACGGACCGC|GC-3
ACATGCCTGGCGCG-S

Restriction site of the enzyme :

-G T A C-3 | .

The enzyme FCAT G is a palindrome.
5-C CGC-3 | .

The enzyme I GCC G5 is not a palindrome.

The enzymes 1 and 2 have different crossings.

The number of cutting sites found: 2

The resulting molecules: Case 10

5'*T+GCGCGGTCC GTAC GGACCGCGC+A -3
A CGCGCCAGG CATG CCTGGCGCG T -5

Fig 11. The output for the DNA splicing system involving one palindromic and one non-palindromic restriction enzymes with
different crossings

As an additional feature, the interface also prompts the  enzymes CviQI and Bshll which are {g, ta, c} and {g, cgcg,
user if the number of cutting sites found exceeds two. The ¢} respectively.
output in  Fig. 12 shows the initial string
tgtacggacgcgcgcettgegegce consisting three cutting sites of the
n ] DMA Splicing System with Palindromic and Non-Palindromic Restriction Enzymes = = “

Instruction: Insert the initial string and the cleavage pattern of the enzyme(s).

Initial string | tgtacggacgcgegctigegcge

Enzymel [ g |.[ @ |.[ ¢ |

Enzyme 2 | g | . | cgeg | 5 | c |
Campute | Clear |

The initial string:

B-TIGTACIGGACGCGCGCTTGCGCGCH3
J“-AICATGCCTGCGCGCGAACGCGC G-

Restriction site of the enzyme :

-G T A C-3
I-CATG-H
-GCGCGC-3
IFCGCGCG-H
The enzymes 1 and 2 have different crossings.

The enzyme is a palindrome.

The enzyme is a palindrome.

The number of cutting sites found: 3

The number of cutting sites found is more than two. Please try again.

Fig. 12. The output showing three cutting sites

Besides that, the interface determines if the cutting sites of  overlapping in the initial string acggagcgcgeg as shown in
the enzyme overlap. For example, the first and second Fig. 13.
cutting sites of the enzyme HinP1l, {g, cg, c}, are
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Instruction: Insert the initial string and the cleavage pattern of the enzyme(s].

Initial string | acggagegogeg

Enzyme 1 | g ‘ o ‘ cg | 0 | c |

Enzyme 2 | ‘ . ‘ | o | |
Compute | | Clear |

The initial string:

F-ACGGAGCGCGC|G-3
I-TGCCTCGCGCG|C-H

Restriction site of the enzyme :

G CGC-3 .
The enzyme I CGCe Qs is a palindrome.

The number of cutting sites found: 2
The cutting sites are overlapping. Please try again.

TN

Fig. 13. The output showing overlapped cutting sites

Hence, the interface generates splicing languages from
DNA splicing systems with at most two non-overlapping
cutting sites of one and two restriction enzyme(s) using the
generalised splicing languages from the corresponding
splicing systems in Theorems 1-10 based on the crossings
and sequences of the restriction enzymes.

IV. CONCLUSIONS

In this research, the algorithm is developed using C++
visual programming to design a graphical user interface for
DNA splicing systems with one and two restriction enzymes.
The purpose of this interface is to generate splicing
languages, which are the output of this computation by
inserting a random initial string and cleavage pattern of the
restriction enzyme(s). In order to compute the output, the
generalised splicing languages from the theorems are applied
in the algorithm. From the theorems, the splicing languages
are determined through some cases based on the number of
cutting sites, sequences and crossings for restriction enzymes
found in the initial string.
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