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Graphical abstract Abstract

The notation of representing restriction enzymes in the form of double-triple in order to
formulate Yusof-Goode (Y-G) splicing system was mathematically proposed by Yusof in
2012. The aim of introducing Y-G splicing system was to study the process of recombinant
deoxyribonucleic acid or DNA strand in a translucent way. In real situation, when the
recombination action occurs, the recombinant DNA strands which will arise often contain
the patterns of the restriction enzymes. Persistency and permanency are two properties of
splicing system, which show whether the recombinant DNA strands will be split by the
existence of restrictions enzymes or not if the reaction goes to the second stage. In this
research, the persistency and permanency of two stages splicing languages according to
the number of cutting sites of initial strings as well as crossing sites and context factors of
splicing rules are investigated. Therefore, a Y-G splicing system consisting of two initial
strings (with two cutting sites) and two rules is used to present the above properties of two
stages DNA splicing languages.

Keywords: Y-G splicing system, two stages splicing languages, persistent, permanent

Abstrak

Tatatanda untuk mewakili enzm pembatas dalom bentuk gandaan-tiga bagi
memformulasikan sistem hiris-cantum Yusof-Goode (Y-G) secara matematik telah
dicadangkan oleh Yusof pada tahun 2012. Tujuan memperkenalkan sistem hiris-cantum
Y-G adalah untuk mengkaiji proses rekombinan asid deoksiribonukleik atau rantaian DNA
secara felus. Dalam situasi sebenar, apabila findakan penggabungan berlaku, rantaian
rekombinan DNA yang akan terhasil sering mengandungi bentuk enzim pembatas.
Konsep berterusan dan kekal adalah dua sifat sistem hiris-cantum, yang menunjukkan
sama ada rantaian rekombinan DNA akan berpisah dengan kewujudan enzim pembatas
atau tidak jika tindakbalas menuju ke peringkat dua. Dalam kajian ini, konsep berterusan
dan kekal bagi bahasa hiris-canfum dua peringkat mengikut bilangan bahagian
pemotfongan bagi jujukan permulaan serta lintasan dan faktor konteks bagi perafturan
hiris-cantum dikaiji. Oleh itu, sistem hiris-cantum Y-G yang terdiri daripada dua jujukan awal
(dengan dua bahagian pemotongan) dan peraturan  digunakan  unfuk
mempersembahkan ciri-ciri dua peringkat bahasa hiris-cantum DNA di atas.

Kata kunci: Sistem hiris cantum Y-G, bahasa hiris cantum dua peringkat, berterusan, kekal
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1.0 INTRODUCTION

Deoxyribonucleic acid (DNA) is a sequence of
nucleotides consisting of three basic parts: phosphate
group, deoxyribose sugar and nitrogenous base. The
nifrogenous bases are categorized into purines
(adenine, guanine) and pyrimidynes (cytosine and
thymine). According to consensus, the notations A, G,
C and T are used for representing the four bases,
which are the abbreviations of adenine, guanine,
cytosine and thymine, respectively. Double-stranded
DNA (dsDNA) is formed by two types of chemical
bonds, named phosphodiester bonds and hydrogen
bonds. Nucleotides are connected by phosphodiester
bonds, and the two strands of DNA are joined by
hydrogen bonds. There are two hydrogen bonds
between A and T and three hydrogen bonds between
G and C and vice-versa [1]. Restriction enzymes (RE)
are proteins, which cut the strand of DNA from specific
sequences (restriction sites) in different ways, resulting
in molecules with staggered or blunt ends [2]. Then the
fragments of DNA with its complementary can
combine by the existing ligase to produce new DNA
strands. There are different types of restriction enzymes
(RE) that have been isolated from bacteria and play
arole as cell defence against invading viruses info the
host's genome. In reality, the RE cleaves the genome
site involving invading bacteriophages into fragments
and destroys it before interpolating into host genome
and indwelling the cell [3].

The mathematical modelling of Splicing system was
first formulated by Head [4] under a framework of
formal language theory. In addition, the concept of
persistency in splicing system was discussed and its
definition was presented. Besides, the equalities of
persistent splicing languages and strictly locally
testable (SLT) languages were shown. Some sufficient
conditions for splicing languages o be strictly locally
testable languages were provided [5]. It has been
shown by Karimi that every finite language is an SLT
language [6]. Then, another important property of
splicing system, which is the permanency of splicing
system was infroduced by Gatterdam [7]. Despite the
persistency and permanency of splicing system are
two different properties, but the splicing languages
that are produced by these two splicing languages
are equal [8]. Some sufficient conditions for the
persistency and permanency of splicing system were
provided [?, 10]. Recently, Yusof [11] infroduced a
new variant of splicing system named Y-G splicing
system. In addition, by using the notfation of Y-G
splicing rule, the non-semi simple splicing system was
defined as well as the persistency and permanency of
this splicing system were studied and discussed [12].
Mudaber [13] investigated on the persistency and
permanency of two stages splicing languages and
provided some sufficient conditions with respect to
two initial strings (with one cutting site) and two rules
for splicing languages to be persistent and
permanent. In addition, the relations between stage
one and stage two splicing languages were
investigated based on the number of cutting sites of

initial strings and the crossing sites properties of splicing
rules using the Y-G approach [14].

In this study, some properties of two stages splicing
languages are investigated based on two initial strings
(with two cutting sites) and two rules (the crossing site
of the first rule is palindromic and the crossing site of
the second rule is non-palindromic) in terms of
persistency and permanency presented as lemmas,
theorem and corollary.

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

2.0 PRELIMINARIES

This section contains definitions of Y-G splicing system,
persistent and permanent. In this investigation, the
persistent and permanent properties of splicing system
are studied using Y-G model in order to ensure the
results from this study are applicable and beneficial in
molecular biology. Therefore, since Y-G approach is
used in this research, its definition is first given.

Definition 2.1: [11] Yusof-Goode Splicing System

If r :(a,x,b : c,x,d) eR and s =caxbp and s, = ycxds
are elements of 1, then splicing s;and s, using r
produce the initial string | together with aaxds and
yexbpB, presented  in either order  where
a,p,7,0,a,b,candd € A are free monoids generated
by Awith the concatenation operation and 1 as the
identity element.

Next, the original definition of persistent, which was
proposed by Head based on a biological problem in
order fo present the recombination process
mathematically, is viewed.

Definition 2.2: [4] Persistent
Let S :(A,I,B,C)be a splicing system. Then S s
pgkrsis’ren’r if for each pair of strings ucxdv and pexfg in
A with (c,x,d)ond (e, X, f)po’r’rerns of the same
hands: if yis a sub segment of ucx (respectively xfq )
that is crossing of a site in ucxdv (respectively pexfq )
then this same sub segment yof ucxfqcontains an
occurrence of a crossing of a site in ucxfq .

The definition of persistent according to Y-G
notation can be written as below.
Let S= (A, I,R) be a splicing system. Then S s
pgkrsisfem‘ if for each pair of strings ucxdv and pexfg in
A with (c, x,d e X, f) patterns of the same hands: if
yis a sub segment of ucx (respectively xfq) that is
crossing of asite in ucxdv (respectively pexfq ) then this
same sub segment y of ucxfq contains an occurrence
of a crossing of a site in ucxfq .o

The concept of permanent was intfroduced by
Gatterdam’ as a proper case of persistent based on
the ideas from DNA recombination. However, in the
case of considering two initial strings and two rules to
form DNA hybrid, persistent and permanent are equal
as investigated in this research. Thus, the definition of
permanent is given next.
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Definition 2.3: [7] Permanent
Let S :(A,I,B,C)be a splicing system. Then S is
pe*rmonen‘r if for each pair of strings ucxdv and pexfq in
A with (c,x,d)ond (e,x, f)poﬁems of the same
hands: if yis a sub segment of ucx (respectively xfq )
that is crossing of a site in ucxdv (respectively pexfq )
then this same sub segment yof ucxfgis an
occurrence of a crossing of a site in ucxfq .

In the following section, the results and discussions of
this research are presented.

3.0 RESULTS AND DISCUSSION

AS In this section, the main results from this
investigation are presented. In the world of biology,
particularly in terms of DNA recombination, predicting
the persistency and permanency of recombinant
DNA fragments by mathematical theorems are the
most interesting issues. The process of second stage
recombinant DNA molecules can be achieved if the
splicing system has a persistent property. Naturally,
the sequences of all restriction enzymes, which are
chosen from New England Biolabs (NEB) are not
palindromic. Thus, after acting RE on dsDNA, the
generated DNA templates are not always persistent
as well as permanent. In other words, the sequence of
RE does not match with DNA strands and in this
sifuation; RE cannot recognize any specific
nucleotides on DNA strands. Therefore, the persistency
and permanency of two stages splicing languages
are investigated by mathematical lemmas, theorem
and corollary. Additionally, an example is provided to
support the theorem in the biological point of view.
First of all, the two stages splicing languages is defined
below.

Definition 3.1: Two Stages Splicing Languages

Llet S= (A, l, R) be a splicing system. Furthermore, let
L(S)be the set of stage one splicing languages
produced by splicing system Sand L'(S) be the set
of stage two splicing languages produced by S that
consists of L(S)and all splicing languages that can be
resulted by splicing L(S). Then, the union of stage one
and stage two splicing languages are called two
stages splicing languages.

In the following lemma, the persistency of two
stages splicing languages with respect to two inifial
strings and two rules, where the first rule cuts the first
initial string and the second rule cuts the second string,
is investigated.

Lemma 3.1: Let S =(AI,R)be a Y-G splicing system
consisting of two inifial strings (with two cutting sites),
and two rules, where the crossing site of first rule is
palindromic and the crossing site of the second rule is
non-palindromic. If the first rule cuts the first initial string
and the second rule cuts the second string af two
specific places, then the set of two stages splicing
languages that is produced by Y-G splicing system is
persistent.o

Proof: Suppose S =(A1,R) is a Y-G splicing system
consisting two initial strings  s;,s, el and two rules
r,rhbeR. Thus, the rules nr,rLeR are presented as
r=(ay, &8, 8 18y, &3p,8;) ANd 1, = (by, by, b, 1 by, biby, by )
such that a is complementary with a,, b is not
complementary with b, and vice-versa and
a,a,,b,b, € A", Let s, and s, be initial strings in A",
which have the forms s, =aaaaaxaaa,f and
S, = ybbbobobybybob,6, where the strings o and o', B
and g are complementary, [a/aland [8/ 5], and s;
can be cut by nand s,can be cut by r, at two
specific places, Using Y-G splicing system and
applyingrule non s andrule r, on s, the following
4 DNA splicing languages will be generated at stage
one, namely

k k '
aal(alazaaal) 2,8, aay(aya,8)) adaa

B'ag(ag2p3081 ) adza, 8, yby (bibobyhy )" bibob, 5, where
keN.

Since the family of stage one splicing languages,
L(S) have the sites to be carved by the rules above.
Therefore, when splicing occurs among the family of
stage one splicing languages, the following splicing
languages will be resulted at stage two,

n n ’
aal(alaza%al) 2,38, aay(24aya,8)) yaa,a

By (aaza081) aaza2 /8, yby (bibobyby ) bibob,s , where
n=k+i, i=012,...k .

Now the persistency of two stages splicing languages
should be proven. To prove that the families of two
stages splicing languages are persistent, the pattern
with the same crossing should be considered.
According to the definition of persistent, if aa, is a sub
segment of aaaa,, that is the crossing of
08y 8,8,8 338, . This sub segment aa, contains an
occurrence of the crossing of a site in the resulted
string aal(alazazal)k 3,8’ and all splicing languages
of two stages that have a pattern  of
(ag,aa3,8, 18, 8@p,y). Also, by using the same
approach the persistency of splicing languages,
which have a pattern of (by,bb,,b, :by,bb,,b,) can be
proven. Consequently, the families of two stages
splicing languages are persistent.m

In the next lemma, the persistency of two stages
splicing languages with respect to two initial strings
and two rules, where the first rule cuts the first inifial
string and both splicing rules cut the second string, is
discussed.

Lemma 3.2: Let S=(A,1,R)be a Y-G splicing system
consisting of two inifial strings (with two cutting sites),
and two rules, where the crossing site of first rule is
palindromic and the crossing site of the second rule is
non-palindromic. If the first rule cuts the first initial, and
both first rule and second rule cut the second string at
two specific places, then the set of two stages splicing
languages that is produced by Y-G splicing system is
persistent.o

Proof: Suppose S=(Al1,R) is a Y-G splicing system
consisting two initial strings  s;,s, el and two  rules
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., €eR. Thus, the rules rpand r, are represented as
f =(ay,&a,8, 18y, &dy,ay) and 1, =(by,byby, by :by, byb, by )
, respectively, such that a; is complementary with a,,
b, is not complementary with b, and vice-versa and
&,8,,b,b, e A", Let s ands,be initial strings in A",
which have the forms s =aaaaaayaa,f and
Sy = yaqaabbb,b,d , where s, can be cutby rands,
by both rulesr,r, e R atf two specific places. Let the
complementary relations of the strings be in the form
of[ala'l, [B! A1, [y/y1and [6/57]. Splicing the initial
strings by applyingrule ron s; and r,r, €R ons,, the
following 10 DNA splicing languages will be generated
at stage one as listed below,

aal(alazazakl)k 2,8, , aay (32,3, Kaja,a.a’,
ﬂ’al(alazaza]’) Y80, aal(alazaza]Q aa,bbyh, 5,
ady (322853 ) 2132857, B2y (2435881 ) &12pa,bibibobys
. v (aa28081 ) 4398, , yay (24828281 ) &a287"
yal(alaza%al) asabobsb, 5,
5'bobsbib’a (aja98,3; ) &a@asybibob, 5, where ke N .

To generate the stage two splicing languages, the
rules rp and r, are added to the resulted DNA splicing
languages of stage one. By splicing operation the
following DNA splicing languages will be produced at
stage two namely,

aal(alazaza%)n a2, , g (22208 )" aazaza’
ﬁ’al(alazaza%) 2,3, , aay(aaana) aaahbbyh, s,
aay (aa,aya ) 2037 '3 (2432308 ) 2g3p2bibyh3
. vog(a@pa8) ajaaf '731(313251231)“ CICPLYYA
7oy (aa28281 ) aazazbibbyby &,
5'bybsbib'ay (ayazaya; )" agazagbibbob, 5, where
n=k+i,1=012,..,k.

To prove the families of two stages splicing languages
are persistent, the pattern with same crossing should
be considered. According to the definition of
persistent if aa, is a sub segment of aaaa,, that is
crossing of aagdqa,ayaaf . This sub segment aa,
also contains an occurrence of the crossing of asite in
the obtained splicing language aa (aa,aa ) &ajayy’
and all splicing languages of two stages which have
a patternin the form of (a, aay,a; :a;,3,,a,) . Similarly,
the persistency of those splicing languages of two
stfages, which contain the sequence of rule
(b, by, by 1by, ik, by ), can be proven. Consequently,
the families of two stages splicing languages are
persistent.m

In Lemma 3.3, the persistency of two stages splicing
languages with respect to two inifial strings and two
rules, where both rules are applied on the first initial
string and the second rule is applied on the second
string, is investigated.

Lemma 3.3: Let S=(A,I,R)be a Y-G splicing system
consisting of two initial strings (with two cutting sites),
and two rules, where the crossing site of first rule is
palindromic and the crossing site of the second rule is
non-palindromic. If both first and the second rules cut
the first initial string, and the second rule cuts the
second string at two specific places, then the set of

two stages splicing languages that is produced by Y-
G splicing system is persistent.o

Proof: Suppose S=(Al,R) is a Y-G splicing system
consisting two initial strings s;,8, €1 and two rules
n,rneR. Thus, the rules rpand r, are represented as
n=(ay,aa,,8, 8,8,8) and 1, =(by,bb,,b, :by,bb,,by)
, respectively, such that a; is complementary with a,,
b, is not complementary with b, and vice-versa, and
a,a,,b,b, e A", Let s =aaaaabbbb,8  and
s, = ybybo,b,bybb,b,S be two initial strings in A", where
s, can be cut by r,ands; by both rulesr,r, e R from
two specific places. Suppose the complementary of
a,B,y and 6 are o', B,y and &', respectively.
Splicing s; and s, using Y-G approach and applying
rule non s, and r,rn eR on s, the following 6 DNA
splicing languages will be generated at stage one
namely,

cragaygaghy (Dibaboby ) DI , 701 (Dibgoyhy ) Doy,

7y (bbyhyhy )™ byboby 8 'aalalaZaZDl(%beZbl) byoyby 5,
ﬂ'bébébibialalazazbl(bllazbzbl) bibob, 5,

Bosbibibianaayazhy (bibaboby )< bibbyd . where k < N .

To obtain the set of stage two splicing languages, the
rules n and r,are applied on the resulted DNA
splicing languages of stage one. When splicing takes
place among them, the following DNA splicing
languages will be resulted at stage two,

aalalaZaZbl(El)lebel)n boyb, 5, 7b1(b1b2b2b1): boyby6
7y (bbybyhy ) bybob,y B aa1a1a2a2bl(b%b2b2bl) bibyb, 6,
Bosbobibiajaazashy (blebel)n biooby 5,
Boababibiajagazazhy (bibybyby ) bibobyd
where n=k+i,i=0,12,...,k

Now the persistency of two stages splicing languages
should be proven. To prove the families of two stages
splicing languages are persistent, the pattern with
same crossing should be considered. According fo
the definition of persistent, if the string ga, is a sub
segment of string aaaa,abbb, , that is crossing of a
site in aaayabbb,b, 8. This sub segment aa, also
contains an occurrence of the crossing of a site in the
yielding string aalalazazbl(blbzbzbl)k bib,b,5 and also the
rest of splicing languages with the pattern of
(a,aa0,8, 18, 84ap,ay) . By using the same approach,
the persistency of those two stages splicing
languages, which have a pattern in the form of
(b.biby,by 1by,biby by ) . can be proven. Consequently,
the families of two stages splicing languages are
persistent.m

In the last lemma, the persistency of two stages
splicing languages with respect to two initial strings
and two rules, where both splicing rules are applied on
each of the initial strings, is considered and discussed.

Lemma 3.4: Let S=(A1,R)be a Y-G splicing system
consisting of two inifial strings (with two cutting sites)
and two rules, where the crossing site of first rule is
palindromic and the crossing site of the second rule is
non-palindromic. If both first and second rules cut
each of the initial strings at two specific crossing sites,
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then the set of two stages splicing languages that is
produced by Y-G splicing system is persistent.o
Proof: Suppose S :(A,I,R) is a Y-G splicing system
consisting two initial strings s;,5, €1 and two rules
n.rn eR. Thus, the rules rpand r, are represented as
f=(ay,a@,, 8, 1 8,88p,8) and 1, =(by,bb,,b, :by,biby, b, )
. respectively, such that a; is complementary with a,,
b, is not complementary with b, and vice-versa and
&,8,b,b, e A", Let s;ands, be initial strings in A"
which have the forms s =aaaaabbbb,f and
Sy = yarqarabbbb,6, where [alal,[B8/811y/y] and
[6/51 are complementary, and both stringss; and s,
can be cut be by r,rp,eR at two specific places.
Therefore, applying rules r,r, e Ron stringss;ands,
the following 8 splicing languages will be generated
besides the initial string 1 itself, at stage one namely,

aa@aaaa’, 5'bybbibiajaiaras0ibsh5 , aagdasayy”
raaayy’ , yadaabbob, B, Bbibisbrayagazabyboh, B,
aa@aabobys, Ahybobibaiasarasbibby, 5.

However, if the splicing occurs among the resulted
splicing languages of stage one; no distinct splicing
languages will be resulted at stage two. To show the
families of two stages splicing languages are
persistent, the patftern with the same crossing should
be considered. Therefore, if y=#a, is a sub segment
of aaaa, , thatis crossing of aajaasabbib,b, 4 . This sub
segment y=aa, also contains an occurrence of the
crossing of a site in aaaasabbyb,b,5 and all splicing
languages that have a pattern of
(2, aap,@ 13y, &@y,8,). Similarly, the persistency of
those splicing languages, which contain the
sequence of rule (b, bbb, 1y, lyb,,by) can be proven.
Consequently, the families of two stages splicing
languages are persistent.m

In the following theorem, the persistency and
permanency of two stages DNA splicing languages,
which are produced by Y-G splicing system consisting
two inifial strings (with the two cutting sites) and two
rules where the crossing site of the first rule is
palindromic and the crossing site of the second rule is
non-palindromic, is investigated.

Theorem 3.1: Let S = (A, I, R) be a Y-G splicing system
consisting of two initial strings (with two cutting sites)
and two rules, where the crossing site of first rule is
palindromic and the crossing site of the second rule is
non-palindromic. Then, the set of two stages splicing
languages, which is produced by S , is persistent.o
Proof: Suppose S :(A,I,R) is a Y-G splicing system
consisting two initial sfrings  s;,8, €1 and two rules
n.rneR.Thus, therules b and r, are represented as
f =(ay, 88,8, 18y, &ay,ay) and 1, =(by,byby, by :by, byby by )
, respectively, such that a; is complementary with a,,
by is not complementary with b, and vice-versa and
&,8,,b,b, € A". To prove the persistency of two stages
splicing languages, four cases need to be considered
according to the cutting sites of initial strings:

Case 1: The first rule is applied on the first initial string,
and the second rule on the second inifial string,

Case 2: The first rule is only applied on the first initial
string, and both first and second rules are applied on
the second initial string,

Case 3: Both splicing rules are applied on the first initial
string, and second rule is only applied on the second
initial string,

Case 4: Both of the splicing rules are applied on each
of the initial strings.

Case 1, Case 2, Case 3 and Case 4 can be proven by
Lemma 1, Lemma 2, Lemma 3 and Lemma 4,
respectively. Thus, Theorem 3.1 is proven.m

The following corollary can be obtained from
Theorem 3.1, which shows the above splicing
languages are also permanent.

Corollary 3.1: Let S =(A I,R)be a Y-G splicing system
consisting of two initial strings (with two cutting sites)
and two rules, where the crossing site of first rule is
palindromic and the crossing site of the second rule is
non-palindromic. Then, the set of two stages splicing
languages, which is produced by S , is permanent.o

To apply the theorem in biology, a test tube
consisting of two initial DNA strands named s and s,
is considered. Suppose that Hpall and Avall are two
restriction enzymes added in the test tube, which are
supplied with NEB CutSmart™ Buffer to make the
process of DNA recombination convenient. When an
appropriate ligase is added, the recombinant DNA
strands that will arise during this process are persistent
and also permanent. This process of DNA
recombination is presented mathematically in the
following example.

Example 3.1: Let S=(A I,R) be a Y-G splicing system
such that A={a,c,g,t} and the set of splicing rules R
consists of two rules namely, (c;cg,g:c;cg,g) and
(g;gwe,c:g;gwe,c), where w=a or t. Suppose
S, = pccggeeggq  and S, =uggwccggweey - where
p,q,u,ve A", are two arbitrary initial strings in | . Since
the crossing site of the first rule is palindromic and the
crossing site of the second rule is non-palindromic, thus
according to Case 1 of Theorem 3.1 (Lemma 3.1), the
two stages DNA splicing languages that are produced
by S are persistent and permanent. m

In the last section, the conclusion to this paper is
stated.

4.0 CONCLUSION
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