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Part 1:
DNA Computing

* Introduction to DNA computing

 Development of DNA splicing
systems

*  Wet splicing system
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Part 2:
Splicing System in
Graph Theory

» Evolution of splicing system
in the form of graphs

* n-cut splicing in describing
the cleavage pattern of the
DNA molecules



» » DNA Computing

* DNA computing has emerged in the last twenty years as an exciting new
research field at the intersection of Computer Science, Biology, Engineering
and Mathematics.

Biology
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DNA Computing (Cont.)

e Although anticipated by Feynman from the 1950s, the notion of performing
computations at the molecular level was only realized in 1994, with
Adleman’s experiment on solving the Hamiltonian Path Problem using DNA.

Adleman, L. M. (1994). Molecular Computation of Solutions to Combinatorial Problems. Science, 265(5187), 1021-1024.
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DNA Computing (Cont.)

 Since then the field has blossomed rapidly, with development of significant

theoretical and experimental results by researchers from interdisciplinary
areas.

* Different models of molecular computation have been proposed in scientific
society including Splicing Models and Sticker Models.
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Structure of DNA

Restriction
Enzymes

DNA Splicing System

DNA Ligase
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®» = Structure of DNA

* DNA, or deoxyribonucleic acid, is the hereditary material in humans and
almost all other organisms (animals, plants etc).

Fdn Cell Nucleus Confaihing
" 23 Pairs of Chromgeo
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®» = Structure of DNA (Cont.) & X2

DNA - Deoxyribonucleic Acid

made up of

Sugar phosphate bond

0 -

5
HOC)%S ™ Adenine (A)
T A Cytosine (C)
73 2 = Guanine (G)
B B Thymine (T)
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Structure of DNA (Cont.)

e The name of a nucleotide is taken from its base. Each DNA has four kinds of
bases, that are adenine, guanine, cytosine and thymine, which are usually

abbreviated by A, G, Cand T.

) Pyrimidines H\ /H
Thymine
| Cytosine
H,C H H
3 N/ c
\Cn'f‘< N \C/"G%N
cQ c (![ l
g No 4 T W
H
Nitrogenous Bases of DNA
(o]
Guanine || v
C. 7
N c *
H—C y
C Cc
T N \N/
I
Purines H H
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®»  Structure of DNA (Cont.)

e Two single strands of DNAs can be linked together with the hydrogen bonds
between their bases and hence form a helical shape called double stranded
DNA (dsDNA).
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Structure of DNA (Cont.)

* In 1953, it was shown that the bases can join only complimentarily,
A with T and G with C respectively.

.o ® O
g}"j: )
Guanine s} Cytosine
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®»  Structure of DNA (Cont.)
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» = Restriction Enzymes

* DNA molecules can be cut by restriction enzymes at specific places based
on the cutting sites of the restriction enzymes.

Sticky end (e.g. Acil)
5..CYCGC...3’
3...GGC,G...5
Blunt end (e.g. Afel)
5..AGCYGC(CT...3’
3’'..TCG,CGA...5’
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®» = Restriction Enzymes (Cont.)

e Every restriction enzyme has a triple known as the cleavage pattern of the
enzyme.

* The triple is denoted as a rule for the restriction enzyme which consists of left
context, crossing and right context (Head, 1998).

* The restriction enzyme EcoRl is isolated from the bacterium Escherichia coli
with strain serotype R; | indicates the first enzyme discovered from the

bacterium.
* The cleavage pattern of restriction enzyme EcoRl is

(g, aatt, c)
S mpin s

left context crossing right context

Head, T. (1998). Splicing Representations of Strictly Locally Testable Languages. Discrete Applied Mathematics, 87(1), 139-147.

14
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®» = Restriction Enzymes (Cont.)

* A restriction enzyme is an enzyme that cuts double-stranded or single
stranded DNA at specific recognized nucleotide sequences, known as
restriction sites.

G 1 FR 11
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Restriction Enzymes (Cont.)

EcoR: ([G/C],[A/T],[A/TL[T/A],[T/AL[C/G]) Mfel: ([C/G],[A/T],[A/T],[T/AL[T/A],[G/C])
GEAATTC CEAATTG

GTTAAC

CTTAAG
v v
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» = Restriction Enzymes (Cont.

@ Enzyme Finder | NEB x + 5 7 >< L The ||nk tO f|nd the

C 8 htips://enzymefinder.neb.com/#!#nebheader 4

i Apps @B YouTube B¥ Maps @ News M Gmail @ Transforming Regul.. [ NEB Tm Calculator | enzymes (N eW
By England BiolLabs)

ioLabs;.

Enzyme Finder ...- () FEEDBACK 9 HELP HISTORY

Locate commercially available restriction 288 matching enzymes
enzymes by category, name, recognition
sequence, or overhang. Enzyme ©  Sequence @ Overhang Properties @
Category: G,ACGTiC 3 ACGT [37°Jcutsmart] @ YA CoG I RRR
NEB Enzymes v
mmCNs, NN 3NN [25° Nousmart A | RRR ] C: |

Search within: - . =

AccES clemac.c 5 GTAC 37°J31] @ I\& ] Co Jacm | RRE
m Sequence Overhang !
Search for: GT:MK,AC 5" MK [ 87°Jcutsmart] €0 INA N CoG IR R
L | Aci clee.c 5'CG 37" outsmart] @ YA N CoG I RRR
Avarlibii:yj‘ N Acl AAlCGTTT 5 CG Mmmmﬂ

Available elsewhere Acul CTGAAG:\‘uTNNl 3'NN  CotSmar {4 | Sl Li n k
L]

Ambiguity Codes AGCHGCT Blunt | 37°Ncatsmart | XA N CoG | RRE

N=AorCorGorT (any)

B=CorGorT (not A) ARl ClTTAA,G 5 TTAA rmm“ https://enzvmefinder-n

D=AorGorT(notC)

— — e .~ eb.com/#!#nebheader
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» » DNA Ligase

* DNA ligase is an enzyme that can catalyze the linking of DNA strands together
by forming a phosphodiester bond.

hydrogen

Sticky End

XX Aoy MOUEXCX

Sticky End

iLigation covalent
phosphodiester

Recombinant DNA bonds

SHHEMEDXOOC
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» » DNA Ligase (Cont.)

Nitrogenous base

. Nucleotide chains Restriction enzymes
pairings

4 v v
dsDNA DNA strings rules
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DNA Ligase (Cont.)

Restriction
Molecule A enzyme Recombinant DNA
T Cleavage T
TGTACA point TGTACA
10 I I I I A Y O N [ O O
ACATGT ACATGT

Molecule B :>

|1 | 1l I ” || H || ||

TGTACA TGTACA

11 U A O Y O I AR M R K

ACA TG T ACATGT

l | | | | | 1| ||
G: Guanine A: Adenine C: Cytosine T: Thymine

20
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» » DNA Splicing System

Definition 1 (Head, 1987) Splicing System and Splicing Language
A splicing system, S = (A, I, B, C) consists of
A: finite alphabet

I: a finite set of initial strings in A*

B and C: finite sets of triples (c, x, d) withc, xand d in A*

Triples in B are called left patterns

Triples in C are called right patterns

For each such triple the string cxd is called a site and the string x is called
a crossing.

A language, L is a splicing language if there exists a splicing system S for
which L = L(S).
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®» > DNA Splicing System (Cont.)

Example 1
A C G, Ty .
Suppose that S = (A, /, B, C) is a splicing system in which A = {T GC A} is the set
_ (GAATTCTCTGTAAT . - .
of dsDNA symbols, | = {CTTAAGAGACATTA} is the set consisting of an initial
G AATT C

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

C TTAA' G
enzyme EcoRl and set C is the empty set.

The initial string is shown in the following:
5 —GAATTCTCTGTAAT—3’
3'—CTTAAGAGACATTA—5""’
or written 180 degree wise,
5'—ATTACAGAGAATTC—3’
3'—TAATGTCTCTTAAG—5"
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» » DNA Splicing System (Cont.) PN

______ ql____q

b ___ .
' 5'~GAATT CTCTGTAAT — 3/ 1702 180° 1 5 ATTACAGAGAATT C - 3')
| 3'=CTTAA GAGACATTA — 5' | " 3'~TAATGTCTC TTAA G — 5'I
R i A it

I_ ______________ 1 IF [ | | [ | [ | | [ | I
] : | I
] : I
_______________ l I | [ | | [ | | [ | | -
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DNA Splicing System (Cont.)

Head'’s Splicing Paun’s Splicing Pixton’s Splicing Goode-Pixton Yusof-Goode Fuzzy Splicing
System System System Splicing System Splicing System System
1987 1996 1996 2004 2013 2014

Head, T. (1987). Formal Language Theory and DNA: An Analysis of the Generative Capacity of Specific Recombinant Behaviors. Bulletin of mathematical biology,
49(6), 737-759. doi:https://doi.org/10.1007/BF0248177

Paun, G. (1996). On the Splicing Operation. Discrete Applied Mathematics, 70(1), 57-79. doi:https://doi.org/10.1016/0166-218X(96)00101-1

Pixton, D. (1996). Regularity of Splicing Languages. Discrete Applied Mathematics, 69(1-2), 101-124. doi:https://doi.org/10.1016/0166-218X(95)00079-7

Goode, E., & Pixton, D. (2004). Splicing to the Limit. In N. Jonoska, G. Paun, & G. Rozenberg (Eds.), Aspects of Molecular Computing, Lecture Notes in Computer
Science (pp. 189-201). Germany: Springer-Verlag.

Yusof, Y., Sarmin, N. H., Fong, W. H., Goode, T. E., & Ahmad, M. A. (2013). An Analysis of Four Variants of Splicing System. Paper presented at the 20th National
Symposium on Mathematical Sciences - Research in Mathematical Sciences: A Catalyst for Creativity and Innovation (SKSM 2012).

Karimi, F., Turaey, S., Sarmin, N. H., & Fong, W. H. (2014). Fuzzy Splicing Systems. In D. Hwang, J. J. Jung, & N. T. Nguyen (Eds.), Computational Collective
Intelligence. Technologies and Applications, ICCCI 2014, Lecture Notes in Computer Science (pp. 20-29). Cham, Switzerland: Springer International Publishing.
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DNA Splicing System (Cont.)

Yusof-Goode

Splicing Head Paun Pixton Goode-Pixton
System | S=(A1,B,C)| o=(AR) {=(R,1) (w, W)k S=(A1,R)

Initial ucxdv uuqU,V
String pexfq u'usugv'
Rule (c, x, d) u#u,Susttu,
(e, x;, f)
Splicing ucxfq Ul
Language pexdv

S: splicing system

o and (: splicing schemes
A: finite alphabet

T € A: terminal alphabet

innovative e entrepreneurial e global

Fuzzy
S = (AI TI /I RI O)

Ean W = Xuvy auxvf (ua, x)
&a'n' w' =x"u'vy Yyzo (b, y)
x,y €[0,1]
(a,a:B) r=(,v;u;Vv) (ux,v:y,x,2) u#taSh#v
éBn’ z=xuv'y' auxzd (ur, x © y)
yyxvf Q is fuzzy
operation

* [:set of initial strings

e B:set of rules with left pattern
e (:set of rules with right pattern
* R=BUC:setofrules

25
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»  Wet Experiment on Splicing System

26



o 4 UNIVERSITI TEKNOLOGI MALAYSIA

y » Wet Experiment on Splicing System (Cont.)

Previous Molecular Works on Splicing Systems

I

Laun and Reddy The first experiment on the splicing system using restriction enzymes Bgl/l and Dralll
1999
Fong The adult and limit languages from Head’s splicing model using restriction enzymes Hpall and Acil
2008
Karimi Verification of the persistency properties of splicing systems
2013 involving restriction enzymes CvaQl and Acc65l|
Yusof et al. Yusof-Goode splicing system with restriction enzymes Acl/l and Acil using limit graph approach
2015
Ahmad et al. Experiment on second order limit language from Yusof-Goode splicing system using restriction enzyme Dpnl|
2018
Ismail Experiment using the restriction enzymes CviQl and Acil to verify the generalisation of splicing system
2020 involving palindromic and non-palindromic rules

Laun, E., & Reddy, K. J. (1999). Wet Splicing Systems. Paper presented at the 3rd DIMACS Workshop on DNA Based Computers, University of Pennsylvania, Philadelphia.

Fong, W. H. (2008). Modelling of Splicing Systems using Formal Language Theory. (Ph.D. Thesis), Universiti Teknologi Malaysia, Skudai, Malaysia.

Karimi, F. (2013). Mathematical Modelling of Persistent Splicing Systems in DNA Computing. (Ph.D. Thesis), Universiti Teknologi Malaysia, Johor, Malaysia.

Yusof, Y., Lim, W. L., Goode, T. E., Sarmin, N. H., Heng, F. W., & Wahab, M. F. A. (2015). Molecular Aspects of DNA Splicing System. Paper presented at the International
Conference on Mathematics, Engineering and Industrial Applications 2014 (ICOMEIA 2014), Penang, Malaysia.

Ahmad, M. A., Sarmin, N. H., Abdul-Wahab, M. F., Heng, F. W., & Yusof, Y. (2018). Biomolecular Aspects of Second Order Limit Language. Malaysian Journal of
Fundamental and Applied Sciences, 14(1), 15-19.

Ismail, N. I. (2020). Generalisations of Splicing Languages From DNA Splicing Systems. (Ph.D. Thesis), Universiti Teknologi Malaysia, Skudai, Malaysia.

. . . 27
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Visit to wet lab, State University of New York,
Binghamton, New York, USA
2007

innovative e entrepreneurial e global 28



Universiti Teknologi Malaysia, 2007
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Research collaboration with State University of New York, Binghamton, New York, and Towson University, USA

2010
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» » Wet Experiment on Splicing System (Cont.)

Universiti Teknologi Malaysia, 2012
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Universiti Teknologi Malaysia, 2015
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Universiti Teknologi Malaysia, 2020
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»  Splicing System in Graph Theory

____Agraph _
G=(N,E L)

over

alphabet A

where

N : Nodes/Vertices
E : Edges A={a, b, c, d}
L :N—->A
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®»  Splicing System in Graph Theory (Cont.)

5 _GAATTCTCTGTAAT-3’
3’ _CTTAAGAGACATTA-5’

|
S000S0 S0 0S8:

\/

Graph representation of the DNA string
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Splicing System in Graph Theory (Cont.)

* Graph splicing system is originally introduced by Freund in 1995 to describe
the DNA splicing system in the form of graphs instead of one-dimensional

strings.

DNA Splicing System

Graph Splicing
System

focuses on the recombination
behaviors of DNA molecules

emphasizes on the cuts at various
edges on graphs and reconnects

them in another way

with the presence of restriction
enzyme(s)

defined and described in the
graph splicing scheme and graph
splicing rule

Freund, R., Splicing systems on graphs, in 1st Int. Symp. On Intelligence in Neural and Biological Systems, INBS’95 (IEEE, Washington, DC, 1995), 189-194.

innovative e entrepreneurial e global
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ici ° UTM
®» » Splicing System in Graph (Cont.) OUTM

is modeled as are described in

in adequate to explain the intricacy of processes
involving three-dimensional DNA molecule in one-
dimensional string

V
Graph splicing
system
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Splicing Scheme

Graph Splicing System Splicing Rule

n-Cut Splicing
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»  Graph Splicing Scheme

Definition (Freund, 1995) Graph Splicing Scheme
A graph splicing scheme is a pair o = (A, P) where A is a set of finite alphabets and P is a set of finite
splicing rules. A finite set P with k number of graph splicing rules, can be written in the form

((h[1],E°[1]); (h[2],E'[2]), ..., (RIK];E'[K]);R)
such that k > 1 where k€ N and for all i with 1 < < k, where

* h[i] = (N[i],E[il,L[i]) weakly connected graph, where E[i] is the edges of the ith graph splicing rule,
* F’[i] € E[i], where E’[i] is the cutting pattern for the ith graph splicing rule,

* the nodes NJ[i] are mutually disjoint,

* R obeys the following rules:

i. Each edge (n,m) € E’[i] is supposed to be divided into two parts; i.e the start part (n,m] and the
end part [n,m),

ii. The elements of E are of the form ((n,m], [n’,m’)), where (n,m) and (n’,m’) are edges from
U1<i<kE'l1],

iii. Every element from {(n,m], [n,m) | (n,m) € U;<;<xE’[i] must appear exactly once in a pair of E.

innovative e entrepreneurial e global 39



Graph Splicing Scheme (Cont.)

* Graph splicing scheme described the whole process of the graph splicing
system where the graph splicing rule(s) is defined.

e Similar as enzymes in DNA splicing, splicing rules are used to control and
restrict the edges to be cut on the initial graphs.

Cleavage pattern of
restriction enzyme, EcoRlI

D (D) (D (D)<

{GAATT c} :> iﬂQ N N Y g

C'TTAA G NN NN @
),

&

Graph representation of EcoRl
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®» » Graph Splicing Scheme (Cont.)

Consider the set of natural numbers denoted by N = {0, 1, 2, ...} and N, = N U co. Let M be any set,
and r be a function representing N, -subset of set M, r : M = N, where r can be written as formal
power series r = ),y (r(m) o m). The idea of r(m) is to count the number of occurence of the object
m. Since there is an infinite number of copies of m, then r(m) = co. The set {m € M| r(m) # 0} is called
as the support of r, denoted as supp(r). Assume every N, -subset to have finite support and denote

the set of all N, -subset of M by ((I\/I)). Then r € ((M)) can be written as

r={(m, r(m)) | mé€ supp(r)}.
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Graph Splicing Rule

Definition (Freund, 1995) Graph Splicing Rule

Let p = ((h[1], E’[1]), .., (h[K], E’[K]); R) be a graph splicing rule and r € {{(y.(A))) where y.(A) is a set of
connected graphs over alphabet A. If there are k different graphs g[1], ..., glk] from r, in the sense that n
copies of the graph g € y.(A) are n objects selected, provides that r(g) = n, then p can be applied to r,
which yields some s € ((VC(A))) in the following way:

i. foralliwith1l < i<k, hli]is asubgraph of g[i], where f[i] establishes the injective node embedding
h[i] into gli],

ii. the union of g[i], ..., g[k] can be looked at as a single graph g € y.(A) and the union of the functions
fli] as single function f embedding hl[i] into g. Eliminate all edges from U;.;<; f(E’[i/]) from g and add
all edges (f(n), f(m’)) such that ((n,m], [n’,m’)) € E, which yields the uniquely determined union of k’
connected graphs g’[i], ..., g’[K],

iii. the new N, -subset s is obtained from r by successively decrementing r(g[1]), ..., r(g[k]) by one and
incrementing r(g’[1]), ..., r(g’[k]) by one.
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» » Graph Splicing Rule (Cont.)

Graph Splicing Rule

Regular Not regular
Freund, 1995

Self-splicing
Freund, 1995
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Graph Splicing Rule (Cont.)

* A graph splicing rule consisting the enzyme EcoRl can be written as follows.

p = ((WED; R) Ecorl: {2,557 ¢

C' TTAA' G
D)) OB O ORGNC
"= i (hE) = NI
O OO

\/
’Q (A —(T)—(T)—(c
p:( 7 \‘é \5/; \‘2]0 :(1,2), (3,4"), (5,6"), (7,8"), (9°,10), (11',12'))
C /:\ @ @ A K /

1112 Y
R
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Graph Splicing System

Definition (Freund, 1995) Graph Splicing System

Let ¢ = (A, P) be any graph splicing scheme and consider I € {(y.(A))) where I = {(g, k)}, for any
g € ((yC(A))) and k = 0 is the number of copies of g. Then there exists the set of all I' €
((yC(A))) denoted by o({/}), obtained by applying one graph splicing rule of P to /. By applying the
graph splicing rule repeatedly, for every n = 2, a"'({1}) is defined by a({}) = o(¢""~1({1})) and note that
a®({}) ={1}. Also, note that " ({l}) is simply denoted as o*({I}) = Upey " ({/}), by extending a"({1}),
where N is the set of natural numbers. Hence, there is a set of triple S = (A, P, /) is called as a graph
splicing system.
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n-Cut Splicing

* In 2011, Jeyabharathi et. al. introduced one type of splicing called as n-cut
splicing.

Graph splicing system

n-cut splicing and
n-cut spliced semigraph

cleavage pattern of DNA
splicing

semigraphs

S. Jeyabharathi, J. Padmashree, S. S. Selvi, and K. Thiagarajan, Semigraph structure on DNA splicing system, in 6th Int. Conf. on Bio-Inspired Computing: Theories and
Applications, BIC-TA (IEEE Computer Society, Washington, DC, 2011), 182-187.
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n-Cut Splicing (Cont.)

* n-cut splicing is introduced in 2011 by Jeyabarathi et al. to illustrate the
cleavage pattern of DNA molecules in the form of semigraphs.

* Every n-cut splicing will generate two components of n-cut spliced semigraphs
which can be denoted as SSG = (V,V,E,E’) where V,V,E and E’ denote the
set of vertices, the set of semivertices, the set of edges and the set of
semiedges, respectively.

* Semivertices and semiedges are generated by the decomposition of the
edges.

innovative e entrepreneurial e global
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®» » n-Cut Splicing (Cont.)

Head 1987 Freund 1995 N Sampathkumar 2000
Introduced DNA splicing Graph Splicing System l Introduced semigraph

( Jeyabharathi et al. 2011
L Introduced n-cut splicing

Jeyabharathi et al.

2012, Applied the concept of
bipartite on the n-cut spliced Aisah et al.
semigraph.

2019, Determine the norms of Parikh
matrices for 2-cut splicing and 4-cut
splicing.

2013, Study the concept of
automata involving n-cut splicing.

2014, Characterized the self-
assembled semigraphs in DNA Thiagarajan et al.
splicing.

2013, 2016, 2018, Apply the concept of
graph folding technique on n-cut
spliced semigraph

2016, Determine the norms of
Parikh matrices on n-cut splicing.
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» » n-Cut Splicing (Cont.)

Two components of n-cut spliced
semigraphs are generated

An n-cut splicing is applied
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®» » n-Cut Splicing (Cont.)

Example of n-cut splicing & n-cut spliced semigraph

n n-cut splicing

1 3 ) 1 3 5
1" 2!
? I N . T I
| D I;L
.
5! 6'
2 4 6 2 4 6

1-cut splicing

1 % ? 7 1 3 5 7
I . i vl
—
2 4 6 8 2 4 6 8

2-cut splicing

JRESSHEIESS MR RN

3-cut splicing
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» » n-Cut Splicing (Cont.)

* An n-cut splicing will cut n+2 number of edges and the two vertices from the
left most of the graphs as well as the two vertices from the right most of the
graphs will never be cut.

Never be cut Never be cut

n+ 2

edges to be cut
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Folding Technique n-Cut Semigraphs

SSG, PR

i. dim(f(v))<dim(v) forve Vv,
i. dim(f(e))<dim(e) fore € E;

Mapping: V1 )

IFF f maps vertex (semivertex) to vertex (semivertex) and edge

Folding:
olding (semiedge) to edge (semiedge)
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®» » Folding Technique n-Cut Semigraphs (Cont.)

1 1" 1 1
: fla -
G SN
4 5 5 4 5

SSG, S5G14
1 1 1 1
4' f
:
4 5 4
S5G\., SSGw

Examples of n-cut spliced semigraphs folding
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®» » Folding Technique n-Cut Semigraphs (Cont.)

Proposition:
Every n-cut spliced semigraph can be folded for n+1 times.

Proof:
Let K(n) denotes the maximum number of foldings for an n-cut spliced semigraph. It can be shown that the

maximum number of foldings on a 1-cut spliced semigraph, a 2-cut spliced semigraph and a 3-cut spliced
semigraph are K(1)=2, K(2)=3 and K(3)=4, respectively. By sequence, K(n) can be written as K(n)=K(1)+(n—1)d
where d is the common difference between two consecutive or adjacent terms. Since it is known that K(1) = 2,
then the general equation for the maximum number of foldings of an n-cut spliced semigraph can be written as

K(2) = K(1) + (2—1)d
3=2+(1)d
d=1.

Hence,

K(n) = K(1) + (n—1)d
=2+ (n—1)(1)
=n+1.

Muhammad Nur Syiham Abdul Razak, Wan Heng Fong, Nor Haniza Sarmin. Folding Technique on n-Cut Spliced Semigraph in Splicing System. In. AIP Conference Proceedings 2266: 060011 (2020); 1-10.
(doi: 10.1063/5.0026045)
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