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ABSTRACT

The recent findings from the study on binding of small molecules with
DNA duplex suggested that theintercalation of atricyclic heteroaromatic
molecule, Department of Physics, Integral University, Kursi Road,
Lucknow-226026, IndiaDepartment of Physics, Integral University,
Kursi Road, Lucknow-226026, India, with natural double stranded DNA
provided thermal stabilization to the complex. In this study, we reported
theoretical analysis of thionine binding with herring testes DNA (Type
X1V, 41 mol% GC) by using an amended Zimm and Bragg theory, to revea
the melting behaviour and heat capacity of herring testes DNA with and
without thionine binding. We used experimental models of Paul et al.
(2010) for the study. The sharpness of transition has been examined in
termsof half width and sensitivity parameter (“H/c). The results of theo-
retical analysis concluded that the various parameters such as heat
capacity curve, transition profile, half widths and sharpness of the
transition are in good harmony with the experimental measurements
for interaction of thionine. Accordingly, the theoretical analysis pro-
posed in this study may be useful to understand interaction of small
moleculeswith DNA. Thisapproach may also be applied to design DNA
binding therapeutic molecules and in drug innovation.
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INTRODUCTION

Thestudy of small moleculesinteractionwith DNA
has attracted worldwide attention in recent yearsand
verity of techniquesdevoted to evidence drug-DNA
interactionsareincreasing continuoudy. Accordingly,
sincelast severa years, theinteraction of heterocyclic
moleculesto DNA hasreceived considerabl eattention
duetotheir significancein cancer chemotherapy and a
range of biological applicationd* ™. Therefore, anum-

ber of experimental studies are conducted to under-
stand the nature and thermodynamics of heterocyclic
aromatic moleculesand DNA interaction® 84, Thionine
(3,7-Diamino-5- phenothiazinium), a tricyclic
heteroaromatic molecule (Figure 1), has been studied
foritsintercaaivebindingwith DNA duplex’® andits
photoinduced mutagenic actionson bindingto DNAM2,
As per the satel lite hol e spectroscopy study, thionine
binds specificaly with guanine—cytosine (GC) contents
of DNA duplexi®® but it was not very marked¥. The
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other study suggested that thionineexistsintwo differ-
ent tautomeric formsviz. aminoformandiminoform
and only amino formisinterca aed**'. Another study
carried out through pressure tuning hole burning spec-
troscopy has exposed an external stacking mode of
thioninebinding with quadruplex structures®. Recently
Paul et al.® reported the experimental analysis of
thioninebindingtoaDNA duplex dongwith thestruc-
turd and thermodynamic aspectsof thioninebindingto
natural DNASsof varying base composition. Paul et al.®®
cond uded strong binding of thioninewith herring testes
DNA (HT DNA) that increasesthethermal stability of
theHT DNA duplex, and a saturation the duplex melts
with 7.8°C above that of the free duplex!®. They also
suggested that binding of thioninewithHT DNA isan
exothermic process. In the present study, we have at-
tempted to understand theeffect of thioninebindingwith
anative DNA duplex through thetheoretical analysis
using the experimental mode of Paul et al ' who stud-
ied thethermd and thermodynamic behaviour of thionine
binding to HT DNA. We used amended Zimm and
Bragg theory, initially considered for helix coil transi-
tionsin polypeptides, to explain lambda point anoma-
liesin heet capacitiesand order-disorder transitionin
thi onine bounded and unbounded HT DNA 2829,

+
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Figurel: Chemical structureof thionine

THEORY

Thebiophysica and cal orimetric study carried out
by Paul et al.® for the complex formation between
thionineand DNA concluded that thioninebindsro-
bugtly withtheherring testes DNA (Type X1V, 41 mol%
GC) whichresulted inthermal stabilization of thecom-
plex. The binding of thionine to the HT DNA was
intercal ative and was non-cooperativethat resulted in
significant perturbation of the conformation of the DNA
aswell asthermad stabilization®. However, thesystem
remansahighly co-operative one; consegquently theco-
operativetransitiontheory could beappliedto explain
the mdting profileand temperature dependence of ther-
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modynamicd parameter. Therefore, amended Zimmand
Bragg theory®® may be used whichisexplainedin our
earlier publicationi?V. Briefly, the Zimm and Bragg
theory consists of writing an Ising matrix for atwo-
phase system viz. the bounded state and unbounded
state. Asdiscussed previously!*92° 224 gnd by Zimm
and Bragg!*®, thelsing matrix M canbewritten as:
f f f

r k h
1/2¢ 1/2 1/2¢ 1/2
F [ f,Y2f, 0

M =fk frl/kal/2 0 fk1/2fhl/2
fh fhl/2f 1/2 fhl/2fhl/2
r

@

wheref, f, andf,_arecorresponding basepair partition
functions’ contributions in the three states i.e. ordered,
disordered and boundary or nucleation. Theeigenval-
uesof M aregiven by:

Ay =[(F, +0) +{(F, —f)% + 4 £ 1]

Ao =[(F, +F0)={(f, =fy)? +4f £ }'] %)
Ay=0

Sincewe aredealing with afinite system hence the
effect of initial and final states becomesimportant.
The contribution of thefirst segment to the partition
functionisgivenby:

U=(f"2,00) 3
wherethe column vector V givesthe state of the last
segment,

1/2
fr

V=2
1/2 4
fr

The partition function for an N-segment chainisgiven
by;

Z=UMMV (5
Thematrix T which diagnolizesM consists of the
column vectorsgiven by:

MX =AX (6)
Xl

Where, X=X,
X3

By substituting thevalues of M from Eq. (6), we
Qet:
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T=—"5513 oo~
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12¢ 12 12¢ 1/2
(fh fr ) (fh fl’ ) _(fh1/2f 1/2)
A -ty A, —f, '

Similarly, we get T from the matrix equation
YM =AY (8)
where, Y =[Y Y, Y ]

Again by substituting the values of M from Eq.
(1) inEq. (8), weget:

1/2 1/2 1/2 .1/2

C Q"R GUel 1)
: A, A(Ar—fp)
r=|c, R Uk )
Az A2(Az—Fp) (9)
c, GIEAENE GRS
Az Az(Az—fn)

Thenormalization constantsare:

Ai—fn A2—fn -~
.= , — = 0
A Ay—Ay° . Ag—Ay° 3

If welet 5 - -1 bethediagonalized formof M,
the partition function can be written as:
Z=UTAN'T vV (1)
On substituting thevaluesfrom Eqgs (1), (3), (4), (7),
(9) and (10) in Eq. (11), the partition function be-
COMmes:

(10)

N N
Z=CA _ +C,A
o TRy (12)

Thefraction of the segmentsin the disordered form
isgiven by

Q, =[8InZ /&f,1/N

Solving the above equation, we get:

1 (1-s)(24-1)  (1+s){(2A-1)P-1+s}

B = 2 2P 2P2N (13)
Wherep — 21742
fr
y I
fr
;oL
5

A=[(fr = f)? +4fifr]™
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A=[(f - )=+4f f]?

Heresis propagation parameter, which for sm-
plicity is assumed to be 1. In fact, in most of the
systems, itisfoundto be closeto unity. If A and A,
arethe absorbancein disordered and ordered states,
respectively, thetotal absorption can bewritten as.
A=QA +(1-Q)A, (14)

The extension of thisformalism to specific heat
(C) isstraight forward. The specific heat isrelated
tothe molar enthal py and entropy changesinthetran-
sitionfrom statel to 1. From the well known ther-
modynamic relations, free energy and internal en-
ergy are F = -KTInZ and U = - T%(/38T) (F/T), re-
spectively. Differentiating internal energy with respect
to temperature we get the specific heat:

CV =38UIST =N, (AH/RT )?(S3Q,/85) (15)
Where AH isthe molar changein enthal py about the
transition point, Sisentropy whichisequal to S=
exp[(AH/R){ (1/T) - (1/Tm)}], T _isthetransition
temperature, and

SSQSr _ (2_;2) 2P(1 - S)6A

3s
(2A—1)5P  2P3A
)[PI(S+ 1) {7'+F+ 1} +{2A-1P—-1+5}

CPA—1)- 1-8)(2a- 1)6]’]

)

3S
—{(2A-DP-1+S)2(5+ 1)

( 1
2P3N

with

( )
§A S—o ) o
L@y |
2
dP/6S=(S-1)/Pand c =f /f ; c isthe nucleation
parameter and isameasure of the energy expanded/
released in the formation (uncoiling) of first turn of
the ordered/disordered state. It isrelated to the un-
interrupted sequence lengthg*8. The volume heat
capacity C_has been converted into constant pres-
sure heat capacity C ; by using the Nernst-Lindemann
approximationt?;

N(§—2Zg—1)
e

2
Cp-C, = 3RA0(CpT/CVTm) (16)

whereA isacongtant often of auniversa vaue[3.9x100
°(Kmol)] and T _isthemelting temperature.

RESULTS

Trangtion profiles
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The spectroscopic studiesof thioninebinding with
herring testesDNA (Type X1V, 41 mol % GC) showed
strong intercal ative binding and enabled the assump-
tion of two state systems consisting of bound and
free thioning®. When thioninebindswith natura HT
DNA duplex, thestructure of duplex still remainsa
very much co-operative and so two-state theory of
order-disorder transitionisapplicable. TheZimmand
Bragg!*® theory is amended so as to consider or-
dered (bounded/unbounded) and disordered states
as the two states which co-exist at the transition
point. Thetransitionis characterized mainly by the
nucl eation parameter and overall change of enthal py/
entropy, which are also the main thermodynamic
forcesdriving thetransition. The changein enthal py
obtained from differentia scanning calorimetric mea-
surementstakesall thisinto account. Thisisevident
from the enthal py change and changesin other tran-
sition parameters, such as nucleation parameter (o)
and melting point (TABLE 1).

TABLE 1: Transition parameter sfor thioninebindingto
HTDNA

Unbounded HT DNA saturated
Parameters

HT DNA with thionine
T (K) 353 362
AH Kcal/M bp 6.41x10° 9.72x10°
o 9x10° 2x107
N 28 16
An 0 0
A 1 1
Half width (Exp.) 11 12
Half width (Theo.) 1 12
Sensitivity 712x10° 486x10°

parameter (AH/o)

Theresults obtained from theoreticd analysisrec-
ommended that thebinding of thionineincreasesmelt-
ing temperature of HT DNA at saturation point. As
shownin TABLE 1, themelting point of HT DNA du-
plex wasincreased with 9°C in comparison to free du-
plex. The sharpnessof the transition may be defined
interms of half width and a sensitivity parameter
whichisdefined asAH/c. The deviations in half width
and sensitivity parameter (AH/c) scientifically re-
veded that thetrangtionissharp in case of unbounded
state and goes blunt with thionine saturation. In case
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of A-transition, the same trend in the sharpness of
transition is seen between the thionine bounded as
well asunbounded curves. Asexpected, the sharp-
ness is better in unbounded state, as compared to
bounded state. The various parameters, which give
trangition profilesin best agreement with the experi-
mental measurementsfor binding of thionineto HT
DNA are provided in TABLE 1. The heat capacity
and transition profilefor unbounded HT DNA duplex
and bounded with thionineareshowninFigure2. As
per profiletherearedight insignificant deviation at the
tail endsthat may be primarily dueto the presence of
variousdisordered states and short helical segments
found in therandom coil states. Figure 2 (A) shows
experimenta and ca culated trangtion curvesfor theHT
DNA intheabsenceof thionineand (B) showsthetran-
sitionwhentheHT DNA was saturated with thionine
(thionine/DNA=0.5). Asexpected, acooperativetran-
sition profileisobtained with cal cul ated dataobtained
through theoretical analysis. Theresultsobtained from
thetheoretical analysisarein good agreement with the
binding enthal py determined through DSC by Paul et
al.le,
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Temperature (K)
Figure?2: Heat capacity and transition profiles (inset) for
thioninebounded and unbounded HT-DNA. (A) unbounded
state, (B) bounded stateat saturation. [(—) calculated and
(e**) experimental values]

Heat capacity

The conformational and dynamical statesof a
macromolecular system are characterized by heat ca-
pacity and have been cal culated by using equation*4.
These heat capacity curvesalong with their transi-
tion profile are shown in Figure 2 which recom-
mended that the theoretically cal culated heat capac-
ity profile agreed with the experimentally reported
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ones and could be brought almost into agreement
with theuseof scaling factors, whichisvery closeto
oneintransition profilesand slightly higher for the
heat capacity curves. The sharpness of thetransition
can be characterized by the half width of the heat
capacity curvesthat arein good agreement in both
experimental and theoretical graphs (Figure 2).

Thefindings of theoretical analysisalso demon-
strated that the binding of thioninetoHT DNA isan
endothermic process and this binding increases the
melting temperatureof theHT DNA as suggested by
Paul et al.'® through cal orimetric measurement. The
specificbindingandintercaation of thioninewith DNA
have been studied by using different spectroscopic
methods*%, Nevertheless, Paul et al. used optical
melting and DSC techniquesto understand theinterac-
tion of smdl molecule, thionine, with nativeHT DNAE,
Thebinding of thioninestabilized HT DNA and change
inmetingtemperatureof 9°C was obtained under satu-
rating condition. Consequently, we can interpret our
theoretica andys sresultsinthe background of the spe-
cific structural featuresof thethionine-DNA complex
assupposed from their DSC/spectroscopic data. Fig-
ures 2 revealed that the transition of the thionine-satu-
rated HT DNA issignificantly broader thanthetrans-
tion of thethionine-freeHT DNA. Thus, in additionto
affecting thetransition enthal py and themelting tem-
perature, binding of heterocyclic aromatic molecules
asodtersthenatureof thetranstion asrevealed by the
increaseintranstion width in experimenta and calcu-
lated (theoretical) both data. Recently, an augmented
undergtanding of theroleplayed by nucleicacidsinbio-
logicd sysemsmade DNA asan aternative candidate
for thedevel opment and formulation of new drugs. The
successful applicationsof molecular modelinginvirtud
ligand screening and structure-based design of organic
and inorganic moleculesthat target specific DNA are
highlighted by Maet al.[. Thesignificance of DNA
interaction withasmall moleculesisa soreviewed by
other literatured® 229,

CONCLUSIONS

Thistheoretical analysisconcluded that the natu-
ral herring testesDNA moleculeisahighly co-op-
erative structure and when thioninebindtoit the co-

Physical CHEMISTRY o

operativity isnot so much disturbed. Thus theamended
Zimmand Bragg theory can besuccessfully gppliedtoit.
Theseresultswill alow usto cal culatethe thermody-
namic profile of the binding process. Our theoretical
studies of small moleculesbinding arebeing extended
to other synthetic and natural DNA aso, and can be
applied to understand bimolecular interactionsin bio-
medica industriesfor drug formulation.
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