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The mathematical modelling of DNA splicing system with Palindromic and
Non-Palindromic restriction enzymes

Nurul Izzaty Ismail*, Wan Heng Fong, Nor Haniza Sarmin

Depariment of Mathematical Sciences, Faculty of Science, Universiti Teknologi Malaysia, 81510 UTM
Johor Bahru, Johor, Malaysia
E-mail: *Corresponding author: nurulizzatyl112@gmail.com

Abstract: The mathematical modelling of DNA splicing system is introduced by Head where restriction
enzymes and a ligase cleave and recombine DNA molecules in particular ways based on the cleavage
pattern of restriction enzymes. The set of molecules resulting from the splicing system is called a
splicing language, which can be analysed using formal language theory. The restriction enzymes are
also known as restriction endonucleases which made up of three sites namely the crossing, left and right
context. Palindrome is a sequence of string that reads the same forwards and backwards. The restriction
enzymes also recognize palindromic and non-palindromic sequences. In this research, DNA splicing
systems with one cutting site each of palindromic and non-palindremic restriction enzymes are modelled
via Head’s splicing system. The splicing languages from the splicing systems for same and different
crossings are generalized and presented as theorems, which are proved using induction and direct
methods respectively. Some examples of DNA splicing systems with palindromic and non-palindromic
restriction enzymes are also provided to obtain the corresponding splicing languages using these theorems.

Keywords: DNA, splicing system, splicing language, palindromic, restriction enzyme.

1 Introduction

In 1987, DNA splicing system is introduced by Head [1] and mathematically modelled from a relation
between formal language theory and molecular biology. The splicing system is also known as Head’s
Splicing System. In splicing systems, deoxyribonucleic acid (DNA) molecules are cut and recombined

when react with a ligase and restriction enzymes which are biologically called as endodeoxyribonucleases

[2]-

The set of molecules resulting from a DNA splicing system is called as a splicing language which
is simulated using formal language theory. A formal language consists of a set of strings of symbols from
an alphabet [3]. Some notations in formal language theory, namely X, +, i and * which denote the empty
string, union, concatenation and star-closure respectively, are used in this research [3]. By using the
concepts in formal language theory, the splicing language from a splicing system is associated with three
sets. The first set is the set of double stranded DNA (dsDNA) symbols from nitrogenous base pairings:
adenine (A) pairs with thymine (T), while cytosine (C) pairs with guanine (Q) [4]. The second set
consists of initial DNA molecules taken from the sub sequences or pattern in protein or nucleotide chains
[5]. Lastly, the third set consists of the cleavage pattern of restriction enzymes. The rule for the cleavage
pattern of restriction enzymes is made up of three sites namely the crossing, left and right context

[6]. The symbols | and 1 indicate the upper and lower cutting sites of the restriction enzymes respectively.
Throughout the years, notations in Head’s splicing system had been extended and variant of
splicing models had been developed namely Paun [7], Pixton [8], Goode-Pixton [9] and Yusof-Goode

[10] splicing systems. The variant of splicing systems resulted in many types of splicing languages.
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The splicing languages from different model 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 strings that rcads the same forwards and backwards [11].
Previously, Fong [12] had studied the modelling of DNA splicing system with palindromic restriction
enzyme. Research on DNA splicing system with non-palindromic restriction enzymes had also been done
in [13].

In this paper, the generalisations of splicing languages from DNA splicing system with one cut-
ting site of each palindromic and non-palindromic restriction enzymes for same and different crossings

are presented.

In the next section, some preliminaries related to this research are given.

2 Preliminaries

In this research, DNA splicing systems with palindromic and non-palindromic restriction enzymes are
modelled using Head’s splicing system. The definitions of Head's splicing system and splicing language
are stated in the following.

Definition 2.1 (1). Splicing System and Splicing Language A splicing system § = (A, I, B, C)
consists of a finite alphabet A, a finite set I of initial strings in 4 %, and finite sets B and ¢ of triples
(¢, 7, d) with ¢, 7 and d in A* Each such triple in B or C is called a pattern. For each such triple the
string czd is called a site and the string = is called a crossing. Patterns in B are called left patterns and
patterns in (' are called right patterns. The language L — L(S) generated by & consists of the strings in
I and all strings that can be obtained by adjoining to ucfq and perdv whenever uczdv and pexfg are in
I and (¢, 7, d) and (e, 7, f) are patterns of the same hand. A language, L is a splicing language if there
exists a splicing system § for which L — I(S).

Next, the definition of a palindromic string is stated.

Definition 2.2 (14). Palindromic String A string I of a dsDNA is 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.

In this paper, generalisations of splicing languages from DNA splicing system involving palindromic

and non-palindromic sequences for restriction enzymes are done. For example, the enzyme Bfal

5 —CTAG — ¥ i ;
;, GATC — 5 is a palindromic restriction enzyme since the upper single strand of enzyme Bfal matches

H,_ AN S L I — f
with the lower single strand when read from backwards; while the enzyme BbuC1 a’ GOLGAG0-—3
3 —GGAGTCG — 5

is & non-palindromic restriction enzyme since the upper single strand of enzyme BbvCI does not match
with the lower single strand when read from backwards.
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3 Results and findings

In this research, the splicing languages from DNA splicing systems involving one cutting site each of
palindromic and non-palindromic restriction enzymes are generalised and given as theorems. These
theorems are mathematically proved. Some examples of DNA splicing systems with one cutting site each
of palindromic and non-palindromic restriction enzymes are provided to determine the corresponding
splicing languages by using these theorems. The generalisation of splicing languages from DNA splicing
system with one cutting site each of palindromic and non-palindromic restriction enzymes and same
crossing is presented in Theorem 1.

Theorem 3.1. Given S = (A, I, B, C) is a DNA splicing system in which A =

1 L %

A C G T
T @ @t A
NN .. N X Y XoM M...MW; YWaNaNy ... Ny -

e .1 is the set
NN, .. NXYX MM . MWY W,N,N,...N,
consisting of an initial string with one cutting site each of palindromic and non-palindromic restriction
XY X, J Wi YW,

an

is the set of dsDNA symbols, I - {

enzymes _, ., ., . .. respectively, set
XY X, WY W,
X Y X W, Y W

B = ; % wlh % ) fl 3 e . is the set of cleavage pattern for the restriction
X, ¥ X, Wy ¥ Wa

enzymes and set C is the empty set, the resulting splicing language consists of strings of the form
Bt oo I T, n-1 Fecn '
NN N NN NIV M MM Yx (v, MMM W, Ty Wy Nolp.. Mo XN \NLUN; (3.1)
NNLN O NNl NWRYWMM .M \YE MMM W Y\ W, NN GNaNLN

. : N:
V% i X} s Yr j X? i ﬁ{ i qu} § Wiz, and 2, , denote arbitrary dsDNA
N, X Y X, M Wi W, N,

symbol(s), Ny, X1, Y, Xo, M', W), W, and Ny are complementarities for N1, X1, Y, X2, M, Wi, Wa,

where n € 77T

3

-

. . ¥
and Na respectively, v s the crossing, and

Xi¥YX, WiYW, W Yw, NNy ...Ny, MM.. M NaNs...Ny
X\Y'X, WYW, W,YW NN,..N; ' MM..M’ NN,..N,

XiYXs | ¥ ;
T s palindromic, so the base sequence of enzyme reads

Proof Suppose the restriction enzyme o
f  Supp ym Xy X,

the same backwards and forwards:

X\ ¥X:  XY'X)

XVx XY X

Wy YW
WY W,

Since the restriction enzyme is not palindromic, so the base sequence of enzyme is not the
same backwards and forwards: AT
WY W WY W,

WY W, a WaY Wy

129



CONFERENCE PROCEEDINGS BOOK, Tth INTERNATIONAL CONFERENCE ON APPLIED ANALYSIS AND
MaTHEMATICAL MODELING (ZCAAMMIE,) JUNE 20-24, 2018, ISTANBUL-TURKEY

¢ X ¥ A ¢ X, W W, W, W,
Then )‘} T g oy o= TR L PR oand o2 % e g
X X ¥ v X, X' oW W, W, W

NN .. N XY XoM M. MW, YWaNoNy ... No

tial string | UL R T U ., with the cutting site of the enzymes
NN, Ny XY XM M .. MW,Y'W,;N,N,...N,
X 7 YW
,IY,XE, and H{ ; :f is shown respectively in the following:
X\¥'X, wiY'w,
NNt .. N Xy ¥ XeMM.. MW, Y WyNyNy...No @2)
NNy .. Ny X Yt xMM .. .Mw, Y W,N,N,...N, i
for the first cutting site and
N1N1 . Ile]_ Y Xg MM...M Tﬂ'V]_ .1’ Y W’zf\f’}[\frg el .NQ (3 3)
NNy .. NX, Y X MM . MW, Yt WoN;N,...N, :
for the second cutting site.
The initial string can be written 180 degree wise as
NylNy. .. NW, Y WM M. M XY XN, N,. .. N, 3.4
NoNop. . .NoWo ¥V WiM M .. MXoY XiNN;...N;
X e ¢ Xy
Since Tt = 72 3 gy ¥ o , string (3.4) can be written as
L By YR &
NNy .. N,Wo YW, M'M .. M X, Y XoN\N;... Ny (35)
i : ‘ ' 1)
NaNp. . . NoWo ¥ WiM M ... MX, Y 1T XNN...N

XY X, il Wi YW,

i s are added to the initial string, (3.2) combines with (3.3)
0 8 o WY W,

When the enzymes
which gives

NNy N XYW NoNg . N

e ol & ) (3.6)
NNy ...N{X;Y' WyN,N, ... N,
and
NN .NX, Y XaMM..MW: Y XaMM..MW, Y WyNyNy.. Ny
NN ..NX; Y XMM . MW, Y MM .. MW, Y W,NN,...N,
The results of the combination of strings (3.2} and (3.5) are
NiNy ...NiXy Y XpN|N,...N, s
-

NNy NX, Y XoNiN N,

130




CONFERENCE PROCEEDINGS BOOK, 7th INTERNATIONAL CONFERENCE ON APPLIED ANALYSIS AND
MATHEMATICAL MODELING (ZCAAMMIE,) June 20-24, 2018, IsTANBUL-TURKEY

and

NNy NWoY WiMM .. MX Y XaMM. . .MWi Y  WNN.. N,
NolNo. NoWo Y WM M .. MX, Y XMM . MW, ~ Y t WNN..N

Next, when string (3.3) combines with string 3.5), the other new strings arise:

NN, ..NiX; Y XoMM..MW: Y XyNN,.. N,
NN,..NX, Y xX.MM.. MW, Y XNN..N

and

NyNy . NoWo ¥ WM M ..M Xy Y WaNyNo...N;
NpNp.. . NaWo V¥V WM M ... MX; Y WiN,Ny...N,

(3.8)

(3.9)

By using induction, this theorem can be proved. For n = 1, the string (3.1) is stated in (3.4), (3.6), (3.7)

and (3.9). Next, let n =k € ZT, string (3.1) becomes:

ot T T : k-1 P ’
NN NN NWYWMM LM \ X (Y MMM W\ Y [ NNoN LN
NN NN N YWMM LM\ Y MM W) Y L, NN, NN

The following strings are among the strings in (3.10):

k—1
NNy N Xy ( YX, MM...M W ) Y Wa NaNz...Na

NiN;...N, X; \YX, MM..M W Y W, NyN,...N,

k—1 ¢ v
NNy ... Ny Xy ( YXo MM.. M Wl) Y XN,N,...N;

NiN,...Ny X1 \YXxXs MM.. .M W Y X,NiNi...Np

Y W, NyN;...N,

V) ooty P 3 k-1
NNp  NW YW MM .. MX, [ YXy, MM..M W Y Wy NaNa...Np
NoNe. NaWa Y WiM M . .MX, \Y'X, MM ..M W

and

Bl - Forrribh vk ‘ k-1 #of ‘
NoNoo NW YW MM .. MX; [ YXy MM..M W Y XN N...N;
NpNp. NoWa Y WM M .. MX, \YX, MM ..M W Y XNINiL LN

By expanding strings (3.11), (3.12), (3.13) and (3.14), the string can be written respectively as:

'

k=2
MMM X Y X MMM W, [ YX, MM..M W Y Wy, NpNg.. N
Y W, NN,.N,

NNLN X T Y 1 X, MMM WYX, MMM W

k-2 ) v
NN N X ; Y X, MM..M W, [ YX, MM..M W Y XNN. N
NNLN X TY rx MMM WYX MMM W, Y XpMN LN
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ro () P B ' £-2
NN WY WMM. MY, Y X MMM W (Y% MMM WY ¥ W NN.N 3.17)
Ny Moo Y MMM ..M, * Y + Xy MMM W \YX MW.M W, | Y W NN.N, &
and
L o ' k-2 Vo 3
NN NyWyY WM M M X, ; Y X MMM W [ YX MM..M W\ Y XKNN..N (3.18)
NN, Nyl ¥ WlMM...MX; Yt X MMM W \YE MMM W] Y XNM.§ '
Next, string (3.3) combines with (3.15) and (3.16) which produces new strings
k-2
MM ..NMX Y XMMOMW, Y X, MMM W, [ YX, MM.. M W Y Wy NNy K, (3.19)
NNMNX Y MM MW, Y X MMM W\ YE, MMM W, Y W, NN
and
k-2 ' '
Ml NE Y K MM MW Y X MMM W (Y5 MMM W\ ¥ XNN.A; cibh)
NN..NX Y M W, Y X MMM W\ YE MM W, Y XNN..N ’
Then, the other recombinations between string (3.8) with (3.17) and (3.18) can be shown as:
N NV M M ¥ RMMMW Y X MMM W (Y MMM W Y om .. (3.21)
Nl oW Y WM M . MX, ¥ X MW, ¥ % MMM W\YY MMM W] YW, Azng...N , ’
and
) T W ' k- s b '
Ny NWMY. MKy ¥ R MM MW Y LMM MW (Y, MMM W Y OKEN.N (322)
Moy Ny Y Wi M MY, Y XMW, ¥ MM MW\ YL MMM W Y XENLN .
By simplifying strings (3.19), (3.20), (3.21) and (3.22), the resulting strings are:
(k+1)-1
NN .NX [ Y MM.. M W Y Wa NoNp.. N, (3.23)
NN NX \YX, MM ..M W Y W, NNy, ’
(k+1)-1 i r
NN L NX  YX, MM... M W, Y XNN,...N, (3.24)
NN.NX\YX, MM ..M W Y X NNLN, '
dieah sy P ‘ (k+1)-1
NNy N Wy YW MM MX, (YX MM..M W Y Wo NyNz... Ny (3:25)
NoNp.. . NoWo Y WM M . MX, \ Y'X, MM ..M W, YW, NN,..N, | -
and
rot sy e ’ . (k+1)-1 o :
NNy N YW MM .. MX [ YXa MM..M W Y XyN\Np...N, (3.26)
NoNy NoWo YV WIM M .. MX, \Y'X, MM ..M W, Y XNiNp... N -
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Therefore, from (3.23), (3.24), (3.25) and (3.26), the resulting splicing language can be summarized as

£t gy Foy ' it1)-1 Vo ]
NN M NN\ X (v M WA\ Y (W mm . XaNiNLL N
MNLN O NN MR YWMY LM X\ Y MMM W Y (W; Ny N, NN

which depicts string (3.1) when n = k + 1. Hence, Theorem 1 is proved.

The splicing language from a DNA splicing system with one cutting site of each palindromic and
non-palindromic restriction enzymes with same crossing is illustrated through Example 1. |

ATCCGGGTCCGCGA } .

Example 3.1. Given a DNA splicing system § = (4, I, B, C) where T is
TAGGCCCAGGCGCT

C ] T > L,CG, C
the set of initial string, set B — 145 G ) ( 8]

G GC C G € G
fer the enzymes Hpoll and Acil and set C is the empty set.

) is the set of cleavage pattern

5 —CCGG — 3

Solution 3.1. The enzyme Hpall, _,
3 -GGCC -5

is palindromic since the base sequence of enzyme

5 —-C0GC -3
5 -GGCG -
base sequence of enzyme Acil does not read the same forwards and backwards. The enzymes Hpall and
5 O3

3-GC—5" "

Hpall reads the same forwards and backwards; while Acil, is not palindromic since the

Aeil also have the same crossing,

’

—ATC G GGTC . CG CGA -3
3 —-TAG GC 1 CCAG G0 1T GCT—%
each of the enzymes Hpall end Acil. Thus, by using Theorem 1, the splicing language is

The initial string has one cutting site

’

g (AT TCGCGGAC ) C ( CCGGGTCCC )“ fale] (CGA GAT) _3

. +
3 - TA i AGCGCCTG G \ GGCCCAGGC GC GCT CTA -5

where n € Z1.

Next, the generalization of splicing languages from DNA splicing system with one cutting site
each of two non-palindromic restriction enzymes and different crossings is presented in Theorem 3.2.

A C G T
TG eg" A }
NNy ... N Xh Y XoM M... MW, ZI-VszgNz Ny } i the
NNy NX Y XM M . MW, Z WyN,N; ... N,

set consisting of an initial siring with two non-overlapping cutting sites of one palindromic and non-

Theorem 3.2. Given § — (A, I, B, C) is a DNA splicing system. in which A = {

is the set of dsDNA symbols, T — {
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X 1 Y.»Yz s I'Vl Z H"Q
XWX, Wy Z'W,

s l{ % v x Wi, Z, W,
N ¥ K )V\w 2 w

is the set of cleavage patiern for the restriction enzymes and set C is the empty set, the resulting splicing

palindromic restriction enzymes respectively, set

language consists of strings of the form

(:vq,-\q N NN NI WM M M ) 0y, ( MM..MW, Z WyN,N,...N, N{N{...N;)

NN N Nl Ny ZWMM M | XY\ MM LMW, 2 WNN, N T NN,

N X Y X2 M W zZ W A _
shere . i = o w5 Py i . and 5, denote arbit dsDNA ~
Y N x v X' M w2 w N, ¢ Fentose arourary L

bol(s), Ny, X, Y', X;, M', W}, Z', W, and N, are complementaries for Ny, X, Y, Xo, M, W1, Z,

V4
Wa, and Ny respectively, . and 5 OTe the different crossings, and

XiYXy Wi ZW, WoZ'W, NN ..Ni MM...M  NaNs...N,
XX, WZW,  W.Zwi NNy ..My MM ..M NLN,...N.

» is palindromic, so the base sequence of enzyme reads

XY
Proof  Suppose the restriction enzyme ,,1 v
XY X,

the same backwards and forwards:

Xi¥%e Xyxy
XYX: Xy

Wy ZWsy | ; :
Since the restriction enzyme IVIIZ'VV:: is not palindromie, so the base sequence of enzyme is not the
L 2

same backwards and forwards: -
Wy ZW, Wo2Z W,
WiZW, T W, 2w,
. X’ r w5 5 5 . N 5
Then)i}: 21}”:1”} ?iX].‘."V]’%‘{Q’ ,#Zandw?aéwl
X; Xo Y Y X X3 W w,  Z Z Wy Wi
NNy . NXG Y XM M. MW, ZWaNoNs ... N,
gy T P R , with the cutting site
NN . NXYXMM. M W1 Z WyN,N, ... N,
XY X, Wi ZW,

i . an ¢ s+ 15 shown respectively in the following:
xy'x, W, Z'W, e R

The initial string,

of the enzymes

NN, .. N X, 0 XoMM.. MW, gz WoNoNy... Ny @4
NNLNX T Y Y oMM MW, 2 WNN,...N, :

134



JONFERENCE PROCEEDINGS BooK, Tth INTERNATIONAL CONFERENCE ON APPLIED ANAIYSIS AND

MATHEMATICAL MODELING (ZCAAMMIS,) Jung 20-24, 2018, IsTANBUL-TURKEY

for the first cutting site and

NN .. X,
NN NX Y XM M. MW,

Y MM .. MW1 2 WNMNe.. N
Z 1t W.N;N,...N,

for the second cutting site.

The initial string can be written 180 degree wise as

NyNy...NWo2 WM M .. .M X,Y' X,N,N,...N,
NoNop. . .NoWo ZWiM M ... MX, ¥ XiNyNy... N,
X X, Y ¥ X X5 .
Since X} = "2 " = g R = 1 string (3.29) can be written as
X, %y v X
Ny, . NW,Z WiM'M' .. M X, 14 XN (Ny... N,
NaNp.. . NoWo Z WiM M ... MX, Y 1t XoNMN .. N
W W, Z 2 W z Y z
Since v o B A = 5 : 2 “ and the crossings _, #
W, W' Z z' w, Wy Y ¥

there is no new resulting molecule to combine with string (3.28).

X YX.

When the enzymes ,1 y 2
X

which gives

NNy . NXiYX; NN;...N;

NNy .. N X Y X, NiNyp...Ny

and

NyN,.. . NW,Z WiM'M' ... M X,
NoNp...NoWo Z WM M ... MX,

Y XoMM.. MW,

From (3.27), (3.30), (3.31) and (3.32), the resulting splicing language is simplified as

MM..MWy Z WNNs... N

NV N, MM MW, Z WNN,..N,

MM N
NoNo.. NoWo ZWAM M ... M

NoNo . NWo Z WM . M ) XYX, (

XX

Thus, Theorem 3.2 is proved.

Z WaoNyN;...
Y XXMM .. MW, Z W;N,N,...

(3.28)

(3.29)

(3.30)

are different, then

. 15 added to the initial string, string (3.27) combines with (3.30)

(3.31)
e
: (3.32)
N,
NN,...N,
NNy
u

Example 3.2 shows the splicing language from a DNA splicing system with one cutting site of

each palindromic and non-palindromic restriction enzymes for different crossings.

TGTACGGACCGCGU
le 3.2. Given a DN, lice A, I, B, C) where I = .
Example Given a DNA splicing system S — (A, I, ') where ACATGOCTGGCGCE ™
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G ,TA, C ¢ ,CG, C
the set af initial string, set B — 2 ) 5

¢ AT G G GC G
for the enzymes CvidAll and Acil and set C is the empty set.

) is the set of cleavage pattern

5 —~GTAC — 3

3 _CATG - 5 15 palindromic since the base sequence of enzyme
- i

Solution 3.2. The enzyme CwiAll

5 -CCGC - 3

3'-GGCG -

base sequence of enzyme Acil does not read the same forwards and backwards. The enzymes CviAll and
5—TA -3 5-CG~¥

Acil hove different crossings where crossing sites CwiAll and Acil are and
3 —-AT -5 3 -GC -5

CuiAll reads the same forwards and backwards; while Acil, is mot palindromic since the

respectively.

5-TG TA CGGAC CG cGe -3 ) .
7 i has one cutting site
3 -AC AT 1 GCCTG GC 1+ GCG-¥§

each of the enzymes CviAll and Acil. Thus, by using Theorem 2, the splicing language is

The initial string

’
5

3— AC CGCGCCAGG CATG CCTGGCGCG o GCG

5 (TG GCGOGETCC ) CGTAC (GGACCGCGO CGC) 3!

4 Conclusion

In this research, the generalizations of splicing languages from DNA splicing system with one cutting
site of each palindromic and non-palindromic restriction enzymes for same and different crossings are
presented as Theorem 1 and 2 respectively. The respective theorems are proved using induction and
direct methods. By using these theorem, the splicing languages from different DNA splicing system are
obtained when any initial string, palindromic and non-palindromic restriction enzymes are used.
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