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Synthesirs and results of photophysical and DNA binding studies of a series of
aryl aqridinium_ derivatives, wherein steric factors have been varied systematically
ihrougl;l substitution at the 9"-position of the acridinium ring are reported in the second
Chapter of the thesis. These compounds were synthesized by the reaction of the
f,‘qrresp:‘onding acridine derivatives with iodomethane. These derivgtives showed high
polubility in the aqueous medium and exhibited quantitative fluorescence quantum
fyields depending on the nature of the substituent present at the 9'h-position of the
Pcridinﬁum ring. In presence of the double stranded DNA (dsDNA), the derivatives 1-5
Phoweq'i a red shift of 2-3 nm in the absorption spectra and efficient quenching in the
ﬂuore#cence emission, which was attributed to the energetically feasible electron
lransfe‘r' process from the DNA bases to the singlet excited state of the acridinium
chrom#phore. The DNA association constants were found to be in the range of 6.9 - 10
x10' M. The ortho-substituted derivatives, 6-8, on the other hand exhibited negligible

 linteractions with dsDNA due to the steric crowding around the acridinium ring.

However, in presence of the single stranded DNA (ssDNA), where the nucleobases are

~ more ¢xposed, the ortho-substituted derivatives 6-8 showed significant changes in the
absorption and fluorescence properties with moderate association constants in the range
of 6.3- 7 x 10' M. Apart from the spectroscopic studies, the mode of association of
M;e derivatives with ssDNA and dsDNA were characterized using chiroptical and
AFM |techniques. The results presented in this chapter demonstrate that the subtle
warigtion in the substitution pattern has profound influence on the photqphysical and
m'binding properties of these novel acridinium derivatives.
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The third Chapter of the thesis deals with the synthesis, photophysical and DNA
binding properties of a few bisacridi.nium derivatives 1 and 2 and the model compounds
3 and 4. The synthesis of thc; bisacridinium derivatives 1 and 2‘was achieved by the
quarternization of ther corresponding  bisacridine derivatives using methyl
trifluoromethane sulphonate,'while the starting bisacridines were synthesized by the
condensation of diphenylamine with the corresponding dicarboxylic acid. All the
derivatives were characterized on the basis of analytical results and spectral data. The
bisacridinium derivatives exhibit high extinction coefficient value of 3.3 x 10 M em™
and quantitative fluorescence quantum yields of 0.91-0.98. DNA binding studies
through photophysical and biophysical techniques indicate that these systems interact
with DNA preferentially through intercalation of the acridinium chromophore with
significant DNA association constants of the order 10° - 10’ M. These derivatives,
depending on the spacer length showed interestingly both mono- and or bis-
intercalative interactions at low ionic strengths (2 mM). However, upon increasing the
ionic strength (100 mM) of the buffer, all these derivatives exhibited exclusively the
mono-intercalative interactions. The observation of efficient quenching in the
fluorescence emission of these derivatives in the presence of DNA could be attributed
to the theoretically feasible electron transfer from the DNA bases to the excited state of
the acridiniurr; chromophore. Further confirmation was obtained from the observation
of the photoproducts using laser flash photolysis studies. Laser flash photolysis studies
of these systems in buffer gave transients with absorption maxima in the range 480-500

nm and lifetimes 0.6-3 us, which can be attributed to their triplet exited states based on

X



the quenching studies with molecular oxygen. The laser excitation of these systems in
the presence of DNA and gdanosine-S’-monophosphate (GMP) led to the formation of
oxidized species like radical cations of DNA and GMP. The efficiency of oxidation of
GMP and DNA by these derivatives was further increased in the ‘presence of an
efficient electron acceptor such as methylviologen. These results indicate that ionic
strength has a profound influence on the DNA mono- and bis-intercalating préperties of
@e novel bisacridinum derivatives and further demonstrate that depending on the
.;spacer and substituents present, these molecules can act as efficient DNA
gphotooxidizing agents.

The development of a fluorimetric method for the quantification of single strand
DNA .(ssDNA) and for the determination of ratio of ssDNA to double strand DNA
(dsDNA) based on the acridinium derivatives forms the subject matter of the fourth
IChapfer. The ortho-substituted acridinium derivatives 1 and 2 were found to exhibit
jsigniﬁcant changes in their spectroscopic, biophysical and microscopic properties in the
f;presence of ssDNA, when compared to other nucleic acids such as dsDNA and RNA.
‘The selective binding of the acridinium derivatives with ssDNA could be visually
observed by the quenching of the acridinium fluorescence in the presence of
$sDNA.The sfudy of interactions of these derivatives with single strand oligomers of 19
bases indicated that these derivatives show highest affinity for (dG)y sequences,
whereas least affinity (ca. 3-fold) was observed for the cytosine rich sequences (dC);g,
| These observations led to the development of a fluorescence based method for the
quantification of ssDNA and for the determination of ratio of ssDNA to dsDNA. This

X




fluorimetric assay displayed linearity over a wide range of ssDNA concentrations
{0-1 lﬁM). The linearity.was checked in the presence of commonly found impurities
in nucleic acid assays such as proteins, micelles like sodium dodecyl sulfate (SDS),
Triton X-100, RNA and NaCl. Interestingly, these additives werle found to have
negligible effects on the assay. Results presented in this Chapter indicate that this assay
could be used to quantify the ssDNA in the presence of dsDNA and also iﬁ the blood
‘ser'um,‘ indicating the versatility of the assay based on the acridinium derivatives for

various biological applications.

Note: The numbers of the various compounds given here correspond to those
given under the respective Chapters.

Xi
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Chapter 1 |

A BRIEF OVERVIEW OF NUCLEIC ACID PROBES
|

1.1. ‘Introduction

Study of interactions of small molecules with nucleic acids has assumed
great significance over the past few decades because of their importance in
biochemical and medicinal applications. Such studies not only give insight into thre
molecular hasis of nucleic, acid 1nteractions, development and analysis of drugs
targeted to nucleic acids but also in the design of new highly specific agents whose
DNA sequence-recognition properties can be selected as desired.' Besides this.
there has also been gredt interest in understanding the natural process of DNA
recognition by biomolecules such as proteins and enzymes.” Research in these
~areas has led to the development of several probes, which are now used in a wide
rangé of applications, including DNA detection and quantificution", DNA damage
analysis’, real-time monitoring of polymerase chain reaction (PCR), DNA
hybridization® and in DNA microarrays.’

Though the double strand DNA plays a major role as the carrier of genetic
‘information, much of the biological activity of D\NA depends on the interactions

of various biomolecules at the regions of DNA, which are single stranded or have

unpaired nucleotides.® For example, the interaction between proteins and single
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stranded DNA plays an important rofe in the regulation of critical biological
processes such as telomeric-end protection,” DNA replication'® and repair. '’ A]so,'
tagged single stranded oligonucleotides are used in genetic applications such as
microarrays, which make the study of interactions of probes with éinglé stranded
DNA important.®'? In this context, we have undertaken the design and study of
interactions of a few substituted acridinium derivatives with single strand and
double strand DNA. This chapter gives a brief description of the structure and
constituents of DNA, with a particular emphasis on various ligand binding sites of
DNA, examples of different nucleic acid probes and their mode of interactions
with single strand and double strand DNA. The objectives of the present thesis are

also described in this Chapter.

1.2. Structure of DNA

Nucleic acids of all organisms are made up of a number of nucleotides
joined together by phosphodiester linkages. Each nucleotide comprises of a sugar,
phosphate and a purine or pyrimidine base. Nucleic acids may be divided into two
classes depending upon the nature of their sugar residues. Those that contain 3-2’-
deoxy-D-ribose are called the deoxyribonucleic acids (DNA), while those
containing B-D-ribose are known as ribonucl\eic acid (RNA). The common
heterocyclic bases present in DNA are adenine (A), guanine (G), cytosine (C) and
thymine (T), whereas in RNA, the thymine is replaced by uracil (U). While

adenine and guanine belong to the class of purines, the pyrimidine bases are the
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cytosine, thymine and uracil (Figure 1.1). Combination of one of these bases (N-1
of C. T or U and N-9 of A or G) with a sugar residue via the C-1 carbon
constitutes a nucleoside and phosphorylation at the 5’-hydroxyl group of the
nucleoside results in a nucleotide, the monomerie unit of the nucleic acids

(Figure 1.2). The primary structure of DNA has cach nucleoside joined by a

i N Py H.C. S
Ny NN ey 3% "“NH NH
o BN Ay

T N - e ‘NH gy - N AL
N""N N 2 "N O N0 N“ O
H H H H H
Adenine Guanine Cytosine Thymine Uracil

Figure 1.1. Structures of purine and pyrimidine bases present in nucleic acids.

NH, NH;
M i an
HO-H.C 4 \,,N'"A' N O I[Do HL O o NN
H ’ O H
HO HO
2'- Deoxyadenosine 2'- Deoxyadenosine-5'-monophosphate

Figure 1.2, Structures of a representative nucleoside, 2°-deoxyadenosine (dA) and
nucleotide, 2°-deoxyadenosine-5"-monophosphate (dAMP).

phosphodiester from its 5°-hydroxyl group to the 3'-hydroxy! group of one
peighbor and by a second phosphodiester from its 3°-hydroxyl group to the 5°-

hydroxyl of its other neighbor (Figure [.3A). This 5°-3" linkage is maintained
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throughout the entire length of DNA, which means that the uniqueness of a given
DNA primary structure resides solely in the sequence of its bases.

DNA consists of two chains, which run in opposite directions and are
coiled around each other to form a double helix. These two chains are linked
together by a large number of weak hydrogen bonds formed between

complementary bases (Figure 1.3B). The complementary base pairs are adenine-

- B
(A) o\ o/ (B) "
- \
O=R M N-H----Q
o) . (/ N
5 i :0: A /N\_Z/._<N----H~N A\
O:’_P\“ o -~
© o. G Adenine Thymine
o\’ .
o=R~0 H
L0 N T\ D, T —
o C (/N 9 H—N
3 >/;_> /‘/ >
0:\{-"’ N NN )
T N—H----- (o) N
9] /
oy g
o Guanine Cytosine
-~

Figure 1.3. (A) Schematic representation of the primary structure of DNA and (B)
Watson-Crick base pairing of adenine-thymine (A-T) and guanine-cytosine (G-C).

thymine and guanine-cytosine. The bases, which are hydrophobic and paired by
hydrogen bonding lie inside and perpendicular to the helix axis, whereas the

hydrophilic and negatively charged sugar and phosphate residues face out into the
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agueous medium. The double helical structure of DNA (dsDNA) i~ s[uhilizcd by
hydrogen bonding between the complementiry base pairs and also by hydrophobic
interactions between the stacked bases. The hydrogen bonding in nucleic acids is
vital not only in the maintenance of structure of DNA but also m the performance
of its important biologicul functions such as the cxpression of genetic infornuition,
replication and l|';111xcriplinn.” Most of these hinlégic;ll functions of the double

ule

fe

strand DNA occurs by the unwinding of the duplex and Tormation of sin
stranded regions along the double helix as well as the Tormation of single strand
DNA." The single strand DNA (ssDNA) comprises of the same basic components
as the double strand DNA (dsDNA). but, the bases in the strand are not H-bonded
to their complementary base pairs. The base stacking interactions in ssDNA have
been Wide]y reported and are found to tavor the parallel orientation of adjacent

. . . - ) - . . - 15 1%
aromatic rings of the bases giving rise o rigid helical domains (Figure |.4).

Stacked Nucleobases

—*  Sugar phosphate
backbone



Chapter 1. A Brief Overview of Nucleic Acid Probes 6

The pﬁysical characteristics of ssSDNA determine its secondary structure
and dynamics that are essential for its l;iological functions. Therefore, the
understanding of the physical basis uflderlying the formation of specific ssSDNA
conformations would be imporfant in elucidating its biological functions.
However, the available data are not sufficient to describe the extremely Variablé
conformations of ssDNA in solution, which are affected by electrostatic, base
pairing and stacking interactions.

Double strand DNA (dsDNA) is known to exist in several polymorphic
forms, of which three polymorphs are important, namely, A, B and Z forms.'* The
existence of such conformations depends on factors such as humidity, salt
concentration and the energetics of base stacking. A-DNA and B-DNA are the
important standard DNA secondary structures with right-handed double helices
and Watson-Crick base pairing (Figure 1.5). Table 1.1 summarizes the properties
| of these three morphological forms of DNA. B-form DNA is predominantly found
under physiological conditions and was first observed from the X-ray fiber
diffraction patterns of the paracrystalline DNA at a relative humidity of above
80%.'%

In B-DNA, the diameter of the helix is constant over the entire length and
equals 20 A. Each base pair is rotated approximately 36° relative to the one
preceding it, resulting in a complete helical turn for every 10 base pairs. Since

each base has a thickness of 3.4 A, and the bases are perpendicular to the helix
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-

axis, the helical puch is 34 A in B-DNA. Another important feature of the B-form
of DNA is the presence of two distinct grooves, a major groove and a minor
groove. These two grooves provide a very distinct surface with which proteins and

certain chemicals can interact. At a relative hunndity below 80 per cent or at a low

Minor Gromye Minor Grogve &,

Figure 1.5. Structures of various forms of double strand DNA, (A) A-DNA,
(B) B-DNA and (C) Z-DNA.

concentration of counter-ions in the sample, DNA exists in a crystalline form
known as the A-DNA.'™ It differs from the B-DNA in many ways. The grooves
are not as deep as in B-DNA and the bases are neither normal to the axis of the
helix (the angle with the perpendicular to the axis is about 20") nor coplanar within
a pair. The helix rise per base pair in A-DNA is much smaller and equals 2.3-2.6
A. Further, it has been found that sugar in the A-form of DNA has a C3'-endo

conformation, as compared o the 2’-endo-conformation in B-form.
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Oligo- and polynucleotides with alternating G and C sequences when
crystallized from a solﬁtion with high conclentration of salts, leads to the formation
of the left-handed DNA, also known as Z-DNA.'" It has remarkable features,
namely, alternation .cbf nucleotide conformation: the sugar moieties in 2’-
deoxycytidine (dC) @its have C2’-endo conformation and‘the base in an anti-

|
conformation, whereas in the complementary base, dG units, the deoxyriboses are

Table 1.1. Characteris}tics of A, B and Z forms of DNA.'*

i
Property - ' A : B A

Relative humidity (%) 75 92 66
Pitch (A) 28 34 31
Residues per turn 11 10 93
Inclination of base pair from 20° 0 6
horizontal ‘

Sugar ring conformation C3'endo C2'endo C3'endo(syn)

Base conformation (rotated anti anti syn
relative to sugar) -

Major groove Fully hidden A\ccessiblc Accessible
(10 A in width)

Minor groove Accessible Accessible Fully hidden
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in the C3’-endo conformation and the base is in a syr-conformation. Thus, the
repeating units in the Z form of DNA consists of two base pairs and not one as in
the case of the B-form. As a result, the line connecting the phosphate groups takes
a sharp turn and assumes a zig-zag shape. When compared to the B-DNA, the Z
foom of DNA is a higher energy conformation, where a considerable .
reorganization of the double helix takes place so that it is in the left-handed mode.
A-DNA, on the other hand is a somewhat less stable conformation of B-DNA.
Therefpre, the energy required to go from B to A form is much less than that
require¢d going from B to Z form.

In addition to the A, B and Z fqrms, DNA can adopt a wide variety of so-
called unusual structures, which are often limited to a particular base sequence.
Examples include, self-complementary single stranded DNA formed into hairpins,
single/ and multiple base bulges and quartet structures consisting of four DNA
strands.'” Ligands such as, small organic and inorganic molecules, can undergo
varioﬁs types of covalent and non-covalent interactions with DNA. They can
interafpt with both ssDNA and dsDNA, however, the complex formed with ssDNA

|
will be weaker compared to those formed with dsDNA.*® This is because of the
lessen compagt structure of ssDNA wh'en compared to the dsDNA. The ligand-
DNA non-covalent interactions and few examples of the probes developed for the

dete(jtion of ssDNA and dsDNA are described in the I‘bllowing'sections.
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1.3. Ligand-DNA Interactions: Covalent and Non-Covalent Binding
There are two principal ways through wliich a molecule can bind with
DNA. Molecules can form non-covalent ccimplexés with DNA via non-covalent
interactions such as hydrogen bondiiig and =m- stacking or undergo covalent
interactions through the formation of covalent bonds. Drugs which bind covalently
to DNA are used to either add substituents onto the base residues or to form cross-
links between different sections of DNA. An example is cis-platin,
[Pt(CD(NH,),], a well known anti-cancer drug. The chlorine atoms of cis-platin
are good leaving groups. When cis-platin enters cells with a low chlorine
concentration, ligand exchange takes place forming an activated aqua complex,
which is electrophilic. It has been shown that cis-platin preferentially react with

' Being bifunctional

the N7 of the purine bases and N3 of the pyrimidines bases.
it binds to two basc_:s, which can be from two different strands of the dsDNA
forming interstrand cross-links, preventing it from unwrapping during replication.

DNA can also undergo reversible or non-covalent interactions with a broad
range of chemical species that include water, metal ions and their complexes,
small organic molecules, drugs and proteins. All of the intricate nucleic acid
conformations which exist are stabilized by and only possible because of these
reversible interactions. The .three primary types-of non-covalent interactions are

electrostatic, groove-binding and intercalative interactions (Figure 1.6), which are

described in the following sections.
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1.3.1. Electrostatic Interactions
DNA is a negatively ch;lrged polyelectrolyte, whose phosbhatc groups
| strongly affect its structure énd interactions. Simple ions and positively charged
'moldlcules can ‘condense’ on to the anionic outer surface of DNA, which helps in
| maintaining the charge neutralization of DNA. This mode of binding is
comparatively flexible and the bound molecules or ions can move freely along the
nucleic acid chain. Metal cations such as Na', Mg2+, Ca*" and organic molecules

bearing positive charge are known to bind with DNA through electrostatic mode.
I

Intercalative Groove Electrostatic
Binding Binding Binding

Figare 1.6. Schematic representation of different binding modes of ligands with DNA.

Multiple charged simple cations such as Mg and cations of simple organic
amines such as 1,3-diaminopropane interact with DNA more strongly than
mohovalent cations (Na”, K™ etc) and displace the monocations from DNA.* Non-

specific outside stacking of cationic organic molecules on the surface of DNA
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forms another mode of electrostatic interaction. Planar aromatic mblecules can
stack on each other to form dimers and higher a.ggregates, however, in the case of
charged compounds, such as proflavine, .they repel each other electrostaticaliy. If
the cations stack along the anionic DNA sugar-phosphate chain, the charge
repulsion 1s decreased and this type of binding leads to non-specific outside

stacking of planar cations along the double helix.?

1.3.2. Groove Binﬂing

B-DNA possesses a wide major groove and a narrow minor groove through
which small molecules can interact with the duplex (Figure 1.6). The major and
minor grooves differ significantly in electrostatic potential, hydrogen bonding
characteristics, steric effects e;nd hydration. Many proteins exhibit binding
specificity primarily through major groove interactions, while small molecules in
general prefer the minof groove of DNA. Minor groove binding molecules have
several simple aromatic rings such as pyrrole, furan, or benzene connected by
bonds with torsional freedom. This helps the compounds to fit into the helical
curve of the minor groove, with appropriate twist of the bonds and thus displace
water from the groove. The DNA minor groove is generally not as wide as in A.T-
rich relative to G.C-rich regions and hence can accommodate aromatic molecules
better at A.T than at G.C sequences. Inside tl.le grooves, molecules can undergo

van der Waals contacts with the helical chains, which define the ‘wall’ of the
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groove. The contact between the bound ﬁlolecule and the edges of the base pairs
gives additional stability and speci~ﬁcity for the groove interactions. An important
feature of the groove binding ihteraction not seen in other interactions is that such
molecules can be extended to fit over many base pairs along the groove and ﬁence
can have high sequence specific recognition of nucleic acids. Antibiotics such as
netropsin and distamycin (1 and 2, Chart 1.1) are typical examples of molecules
which interact with DNA by this mechanism.”>**

Dickerson and co-workers>* obtained a crystal structure of netropsin bound
to the DNA duplex d(CGCGAATTCGCG) (Figure 1.7) which has provided

considerable structural details of the complex formation in the minor groove.

Netropsin binds at the AATT region of the duplex and displaces the spine of

Chart 1.1
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hydration seen in that fegion of the free .oligomer. The three amide NH groups
point inward and form bifurcated hydrogen bonds with N-3 of adenine and O-2
of thymine. The molecule is held in the centre of the groove by van der Waals contacts
with the atoms of DNA which form the v;falls of the groove. These contacts hold
the pyrrole rings approximately parallel to the walls of the groove and as a
consequence of the hélical twist of the groove, the two pyrrole rings are twisted by
approximately 33° with respect to one another. The two catiénic ends of netropsin
are also centred in the minor groove. Steric interactions between the pyrrole-CHs |
and the DNA bases prevent netropsin from moving more deeply into the groove.-
Binding of netropsin causes a sliéht widening of the minor groove in the AATT
region and a bending of the helix axis away from the site of binding. No other

characteristic helical parameters are significantly changed in the complex. As

Figure 1.7. Stereoviews of B-DNA minor groove interactions of (A) the spine of
hydration and (B) the netropsin molecule (1). In each case, only the central six
base pairs are drawn for the dodecamer of sequence: CGCGATAT-BrC-GCQG, as
established through single crystal X-ray structural analysis.”
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indicated above, the amino group of guanosine prevents molecules of this type
from sliding deeply into the minor groove and forming hydrogen bonds with the
bases. Netropsin binding to G.C-rich regions of DNA is thus weaker than to AT
Sequences.z‘?‘24 Factors such as water and counter-ion releasé contribute to the
overall free energy of binding of netropsin, but have little -effect on binding
specificity. Other important examples for minor groove binding interactions are
given in Chart 1.2, which include the aromaﬁc diamidines 3 and 4, methyl
viologen (5) and SN 6999 (6).**” All these molecules exhibit A.T specific minor
groove binding interactions. Among these, SN 6999 is an interesting example,

where the quinolinium ring can undergo intercalation in addition to groove binding

interactions.
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1.3.3. Intercalatiie Interactions

Many of the DNA-binding agents have been shown to associate with DNA
by inserting between two base pairs, a process described as intercalation and was
first described by Lerman.”’ Usually such association causes elongation of the
DNA and local helix unwinding. This local distortion of DNA is commonly'spread
over several base pairs and induces conformational changes in the adjacent
sequences, which résult in a pronounced alteration of the DNA structure.
Lerman’s classical model of DNA intercalation has the following features: (i) the
structure and hydrogen bonding of B-form of DNA is retained; (ii) two adjacent
base pairs are separated to create a planar vacancy (intercalation site) for
intercalation; (ii1) a local unwinding of the dquble helix is required; and (iv) the
planar polycyclic moiety of the intercalator is inserted between and parallel to the
base pairs to fit into the intercalation site created by extension and local unwinding
of the double helix.”*?® The width of the intercalation site is close to that required
to insert an anthracene or acridine ring or any other similar aromatic system. Chart
1.3 shows typical examples of classical intercalators. Creation of an intercalation
site causes separation of base pairs with a lengthening of the double helix and a
decrease in the helical twist at the intercalation site. In the classical model, the
helix is lengthened by 3.4 A, which is equi'valent to the thickness of typical
aromatic ring systems. However, in practice, the observed increase in length is

generally less than 3.4 A because of the bending of the helix at the intercalation
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Eth]dllu'm bfomld.e (R =C;Hs, 7)@ Proflavine (9) Daunomycin (R = H, 10)
Propidium bromide (R = (CH;);NMeEt,, 8) Adriamycin (R = OH, 11)

Chart 1.3
site. The helix is unwound at the site of an intercalation complex and the normal
approximately 36° rotation of one base pair with respect to the next is decreased as
a result of intercalation. The amount of unwinding varies considerably with the
wtercalator structure and DNA sequence. Of the compounds shown in Chart 1.3,
ethidium (7) and propidium (8) unwind DNA by 26", while proflavine (9) and
related acridines by 17° In contrast, significantly decreased unwinding (11°%) was

observed with anthracycline drugs, daunomycin (10) and adriamycin (11).

The intercalation model has been extended to describe the interaction of
different classes of molecules with DNA. These include mono-, bis-, poly- and
cyclic-intercalators, " threading intercala_tors as well as propeller twisted
intercalators.”** Bis-intercalators have two intercalating units connected by a
rigid or flexible chain, whereas polyintercalators contain many such systems
capable of undergoing intercalation in a polymeric fashion.***? In most of these

complexes, the neighbor exclusion principle holds good. According to this
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principle. the intercalator can at most bind at alternative possible base pair sites in
N . . . 40

DNA duplex giving a maximum of one intercalator between every second site.

Figure 1.8 schematically represents the intercalation and bis-intercalation

processes in DNA duplex. A few examples of bis-intercalators with flexible and

rigid linkers based on acridine moiety (12 and 13) are given in Chart 1.4.

i

Intercalation Bis-intercalation

Figure 1.8. Schematic representation of intercalation and bisintercalation of planar
molecules between the DNA base pairs.

In the case of the bisacridine derivatives with flexible spacer groups, the
alkyl chain length is found to be a deciding factor in the observation of mono- or
bis-imerclulation,4I When the spacer length is n < 4, the molecule binds to
DNA with only one acridine moiety intercalated while in molecules with n > 6
bis-intercalation was observed. In the case of 13, where the two intercalating
moieties are connected by a rigid spacer, bis-intercalation with the violation of

R . . . R . 41
neighbor exclusion principle due to steric constraints was observed.
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The anti-cancer drugs such as ditercalinium (14, Chart 1.5) and the quinoxaline
antitumor antibiotics, echinomycin (15) and triostin A (16, Chart 1.6) are known
to interact with DNA through bisintercalation.*'**? Ditercalinium exhibits partial
rigidity because of the linkgr and binds to DNA with the aromatic rings
intercalated at the G-C sites with the linker placed in the major groove.*'® This
molecule is one of tﬁe few examples of intercalators with major parts of the
~ molecule lying in the major groove. The aromatic parts of ditercalinium stack well
with the base pairs at the intercalation site with the long axes of the aromatic
groups roughly parallel to the base pair axes. Very little of the drug protrudes into
the minor groove, when viewed from the minor groove making the drug molecule
resemble a DNA base pair. The rigidity of the linker causes an approximately 15°
bend in the DNA double helix and hence unwinding of DNA occurs as in the case
of intercalation complexes. The greater bi;)logica! activity of this drug has been
attributed to its efficiency in inducing kinks in DNA and its resemblance to a base

pair from the minor groove side that mimic the structural distortion produced by
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ax®.

Ditercalinium (14)

Chart 1.5

many DNA lesions and could account for the ability of ditercalinium to induce
DNA repair.

In the case of echinomycin (15) and triostin A (16), the cross linked cyclic
peptides form a relatively rigid plate with two quinoxaline rings perpendicular to
the plate. These rings are parallel to each other on the same side, but at opposite
ends of the plate”” and are oriented in optimum configuration for bis-intercalation.
These molecules were found to'unwind the duplex by 40-50° and produce a length

increase of approximately twice that of the monointercalators.
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Chart 1.6
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Intercalators With substituents on opposite sides of the intercalating aromatic
system must thread one of the~substituents between the base pe;irs at -the
intercalation site during binding. Examples of intercalators of this type are,
" naphthalene bisimide (17), cationic porphyrins (19) having a planar cyclic unit
with bulky substituents and the antibiotic nogalamycin (18) (Chart 1.7). An |

interesting class of non-classical intercalators is the propeller-twisted intercalators,

which possesses the necessary characteristics of a groove binder, but interact with

N

Mlg) 4P \Me

19 (M = 2H, Zn(ID), Ni(II) or Cu(ll)

@
(H3C)2HN\/\S

Chart 1.7
DNA through intercalation. Although the Watson-Crick model for DNA has
planar base pairs, it is now well established that these base pairs can have

significant propeller-twist that could reduce = stacking energy with planar
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intercalators.*’ However, an unfused aromatic‘system can match the base pair
propeller-twist to create a more optimally ~stacked complex. A typical example for
this type of interaction is shown by .the molecule 20 given (Chart 1.7). It was
found that this molecule could unwind supercoiled DNA, lengthen linear DNA
and show characteristics, which undoubtedly establish it as an efficient

intercalator.

1.4. Probes for Double Strand and Single Strand DNA

Nucleic acids, especially ssDNA and dsDNA, are used in numerous |
molecular biological experiments that involve its quantification and selective
staining in vivo and in vitro. As a; result various dyes have been developed for the
qualitative and quantitative analysis of nucleic acids. Few examples of dyes
currently used as probesr for ssDNA and dsDNA along with their interactions are

described in the following sections.

1.4.1 Cyanine Dyes

Cyanine dyes have recently become important as nucleic acid stains,
particularly for dsDNA.>** Cationic cyanine dyes exhibit very large degrees of
fluorescence enhancement on binding to nucleic acids. In addition, the covalent -
linkage of two cyanine dyes to form a bichromophore increases the nucleic acid

binding affinity by approximately 2 orders of magnitude.”® These characteristics of *

|

fluorescence enhancement and high binding affinity are crucial for high sensitivity ‘_
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nucleic acid detection applications. TO-PRO-1 (21) and TOTO-1 (22) (Chart 1.8)
are representative examples of the cyanine dyes.***’ Both these dyes bind to

ssDNA as well as dsDNA, however, with marginal fluorescence enhancement

s = ®
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Chart 1.8
‘with sSDNA. The TOTO-1 dye is capable of undergoing bis-intercalation,
glthough it reportedly interacts with dsDNA*and ssDNA with similarly high
affinity.® NMR studies of interactions of 22 with a double stranded 8-mer indicate
that it acts as a bis-intercalator, with the aromatic units intercalating between the
bases and the linker region undergoing interactions with the minor groove of DNA

(Figurc 1.9).% Binding of this dye partially unwinds the DNA thereby, distorting
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and clongating the helix. However. studies using fluorescence  polarization
measurements saggest that an external binding mode, where the dipole of the dye
molecules is aligned with the DNA grooves 1s more important for 1t efficient
mteraction. The molecule was found to exhibit some sequence selectivity for the
site ST-CTAG-37, although it can bind to almost any sequence in dsSDNA. Pico-
Green (23) is another example of a cyanine dye.™ where its binding to d<DNA
preferentially  occurs by mtercadation  between  allernating GC base  pairs.
Intercalation 1~ also the most important associatton mode for other base-pair
conligurations. but in many cases. binding 1o the exterior of DNA efficiently

compeles with intercalation. Intercalated Pico-Green molecules in calt thymus

Figure 1.9. NMR solution structure of the TOTO-1 (22) dye bound to DNA.™

dsDNA are characterized by a monoexponential fluorescence decay, which is

independent of the base pairs surrounding the dye.”' However, it exhibited

multexponential decay in all types of ssDNA indicating that it binds to the calf
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thymus ssDNA as a monomer, further, the dominant mode of binding of this dye
was found to be intercalation between two different bases, one of them being G or
~ T. These dyes have found important applications as ultra sensitive reagents for

solution quantitation and stain of DNA in electrophoresis and blots.>

1.4.2 Phenanthridine and Acridine Dyes

Ethidium- bromide (7), propidium bromide (8), hexidium iodide (24)
dihydroethidium (25), ethidium monoazide (26), ethidium homodimer-i (27) and
ethidium homodimer-2 (28) (Chart 1.9) are some of the phenanthridium dyes used
as nucleic acid stains. These dyes exhibit ca. 20 to 30 fold enhancement in
fluorescence emission when bound to nucleic acids. The mode of binding is
intercalation with no seqﬁcnce specificity. Ethidium bromide currently is the most
commonly used general nucieic acid gel stain, while propidium iodide is
commonly use;d as a nuclear or chromosome counterstain and as a stain for dead
cells. However, both ethidium bromide and propidium bromide are potent
mutagens. Hexidium iodide, on the other hand, is a moderately lipophilic
phenanthridium dye that is permeant to mammalian cells. Ethidium homodimers-1
and 2 bind strongly to dsDNA, ssDNA and RNA with significant increase in
fluorescence yields.53 hInteresting]y, the ethidium homodimer-1 shows high affinity

to triplex nucleic acid structures when compared*to other DNA structures.” One
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molecule of it binds per four base pairs in dsDNA without any sequence

selectivity. It was originally reported that only one of the two phenanthridium
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rings of ethidium homodimer-1 is bound at a time, however the subsequent reports
indicate that bis-intercalation appears to be in-volved\in staining both double strand
and triplex DNA. The spectra and other properties of ethidium homodimers are
almost identical. However, the DNA affinity of the homodimer-2 is found to be
twice than that of the homodimer-1. The ethidium homodimer dyes, 27 and 28, are
impermeant to cells with intact membranes making them useful as dead cell

indicator. Dihydroethidium (25) is a chemically reduced ethidium derivative and_
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exhibits blue fluorescence when loca;ed in the cytoplasm.” Many viable cells
oxidize it to ethidium, which.then fluoresces red upon DNA i-ntercalation.m
Ethidium monoazide (26), oﬁ the other hand, has found application as an efﬂcient
photocrosslinking agent. It is used as a fluorescent photoaffinity label that, after
photolysis, binds covalently to nucleic acids.”” The quantum yield for covaleqt
photolabeling by ethidium monoazide was found to be unusually high (>0.4).
Acridine orange (29) belongs to the class of acridine dyes that binds with
DNA by intercalation and electrostatic interactions’ and is used as flow
cytometric dye. The acridine-homodimer (30) is an example of acridine dimer that
has extremely high affinity for A.T rich regions of nucleic acids, making it
particularly useful for chromosome.banding.59 It emits blue-green fluorescence
when bound to DNA, yielding fluorescence that is proportional to the fourth
power of the AT base pair content. 9-Amino-6-chloro-2-methoxyacridine (ACMA,

31) is a DNA intercalator® that selectively binds to polyd(A-T) with an

association constant of 2 x 10° M.
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1.4.3 Indole and Imidazole Dyes

The bisbenzimide dyes-Hoechst 33258 (32)°', Hoechst 33342 (33)** and
Hoechst 34580 (34)63 (Chart 1.11) are minor groove binding DNA stains that
fluoresce blue upon binding to DNA. These dyes show a wide spectrum of
sequence dependent DNA affinities and bind with polyd(A-T) sequences with high
association constants. They also exhibit multiple binding modes and distinct
fluorescence emission spectra that are dependent on dye:base pair ratios. Hoechst
33258 1s an antibiotic and chromosome stain and binds to AT minor groove

sequences of DNA. % This molecule has a crescent shape with hydrogen bond
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donating groups on the inner face. The binding involves both hydrogen bonds

from the benzimidazole-NH groups to O-2 of thymine and N-3 of adenine an1
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electrostatic interaction of the cationic dye with the anionic oligomer. The phenol
ring ol Hoechst 33258 makes an angle of 8" with the benzimidazole ring to which
it is attached. while the two benzimidazole ring planes are twisted 32" with respect
to each other. The piperazine moiety in this case is only shightly puckered and lies
almost i the plane of the benzimidazole moiety to which it is attached. The dye
maintains van der Waals contact with the walls of the minor groove, thus, placing
itself in a favorable position so that its n-electron system can interact with the O
atoms of deoxyribose in the minor groove.

Similar to the imidazole based Hoechst dyes, the indole based DNA
stain, DAPI (3) (Chart 1.2}, assciates with the minor groove of DNA preferentially
binding to AT clusters™ DAPI is also reported to bind to DNA sequences that
contain as few as two consecutive AT base pairs employing a different binding

mode. Figure 1.10 shows the X-ray crystal structure of DAPI bound to DNA

Figure 1.10. X-ray crystal structure of DAPT (3) bound to DNA.
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Binding of DAPI to dsDNA produces a 20 fold fluorescence enhancement,
apparently due to the displacement of water molecules from both DAPI and the
minor groove of DNA. In the presence of high salt concentrations, it exhibits

negligible interactions with ssDNA and GC pairs.

1.4.4 Other Nucleic Acid Dyes

Hydroxystilbamidine (35), a trypanocidal drug is an interesting probe of
nucleic acid conformations with high sfaining prope_rties.67 It is a non-intercalating
dye that exhibits AT-selective binding and favors regions of nucleic acids that
have secondary structure. Methylene blue (36), a phenothiazine dye, is another
well known nucleic acid stain which interacts with DNA throﬁgh intercalation.
Azure B (37), toluidine blue O (38) and thionin (39) are other methylene blue
homologues (Chart 1.12) widely used as biological stains.®® These dyes undergo
intercalative interactions with DNA along with the formation of H-bonds between
the exocyclic amines and the sugar phosphates of the DNA conferring extra
stability to the complex.69 Nile blue (40), is a catio'nic phenoxazine dye, which
binds with DNA through intercalation and exhibits quenching in fluorescence in
the presence of DNA.™

Small molecular mimics of DNA-binding proteins have been shown to be

useful as synthetic nucleases, inhibitors of protein interactions and transcriptional
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activators.”!  Recent studies have indicated that thiazole orange-peptide.

bioconjugates can act as synthetic _nucleases.72 The functionality responsible for |
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nucleic acid targeting in such systems is derived from a segment of a DNA-
binding protein comprising the protein-DNA interface. The drawback of such
systems is that they alone bind with DNA, but with low affinity. This is because
~ many of the protein-DNA contacts of such short peptides will be different from
those of the native protein from which it is obtained. Therefore,‘ many of the

- electrostatic interactions between backbone phosphate groups and positively
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charged side chains of the proteins otherwise located in nearby regions of the
native-protein are lost. To act as molecular probes for a particular DNA sequence
and structure, these peptide-dve bioconjugates need to be highly sequence--speciﬁc
due to the low ratio of specific to nonspecific sites in genomic DNA and bind with
sufficiently high affinity.

Oxazole yellow-peptide bioconjugate (41) (Chart 1.13), is an example of a
peptide-bioconjugate  that has the molecular recognition features of the
polypeptide from a DNA-binding protein and the dsDNA-dependent fluorescence
of an intercalating dye. This bioconjugate exhibits DNA recognition and binding
alfinity comparable to the native Hin recombinase protein.”* Fluorescence studies
have shown that this probe is useful to determine the presence of a given DNA
target sequence since negligible fluorescence emission was observed in the
absence of a given target site. Another example is 7-actinomycein D (42) which is a
fluorescent intercalator that undergoes spectral shift upon association with DNA.
It binds selectively to GC regions of DNA and this property has been exploited for
chromosome banding studies.”

Examples of reagents for selective detection of ssDNA are very few in
literature. OliGreen is a ssDNA quantitation reagent patented by the Molecular
Probes. This reagent exhibits signil:'lc-ant base selectivity showing a large
fluorescence enhancement when bound to poly(dT) sequence while relatively

negligible fluorescence enhancement was observed with poly(dG), poly(dA) and
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poly(dC);‘"7 The unsymmetrical cy-anine dye thiazole orange homodimer (TOTO)
(Chart 1.8) also binds to Both ssDNA and dsDNA to form stable fluorescent
complexes. However, at ionic strengths greater than 50 mM of Na* or Mg”", the
dye-dsDNA complex found to undergo dissociation as compared to the dye-

ssDNA complex indicating thereby its potential as a probe for ssDNA at high

ionic strengths. ‘"
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LS. Objectives of the Present Investigation
Development of organic molecules that exhibit selective interactions with
different nucleic acid structures has immense significance in biochemical and

medicinal applications. In this context, our interest has been to design novel

fluorescent molecules that bind with DNA through non-covalent interactions and
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can act as effective probes for nucleic acids. Our main objective has been to
investigate the influence of steric cffects on ligand-DNA binding through
intercalative interactions and thus develop fluorescent probes for efficient
discrimination between various nucleic acid structures, namely single strand
(ssDNA) and double strand DNA (dsDNA). Another objective was to develop
efticient DNA oxidizing agents through electron transfer mechanism so that they
can be used as DNA cleaving agents that functions through electron transfer
mechanism.

In this context, we were inleresled in the DNA binding interactions of
substituted acridinium and bisacridinium derivatives which can. in principle,
undergo mono-intercalative and bis-intercalative interactions with DNA. Our
strategy involves the design of molecules in which the 9"-position of the
acridinium  fluorophore is systematically varied with sterically hindered
substituents and investigate the role of steric factors in controlling their
intercalative interacti_(ms. The interactions of these derivatives with dsDNA,
ssDNA and various oligonucleotides have been investigated through

photophysical. chiroptical and microscopic techniques. Our results indicate that:

the steric factors had a significant effect in the intercalative properties of these:
derivatives. Subtle changes in the substitution pattern resulted in changing
binding preferences of the acridinium moiety making it selective for ssDNA &

compared to the dsDNA. Furthermore, we observed that spacer length and io
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strength control the mono- and/or bis-intercalative interactions of the

bisacridinium derivatives. As characterized by theoretical calculations and laser

flash photolysis studies, these molecules depending on the substitution, were

found to oxidize ssDNA or dsIDNA, thereby indicating their potential use as

efficient DNA photo-oxidizing agents.
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Chapter 2

SYNTHESIS OF SUBSTITUTED ARYLACRIDINIUM
DERIVATIVES AND STUDY OF THEIR INTERACTIONS
WITH SINGLE STRAND AND DOUBLE STRAND DNA

2.1.  Abstract

A few novel actidimiun dervatives 1-80 wherein steric Tactors have been
varied systemancally through substitation at the 9" position of the acridinium ring.
were synthesized and their iteractions with single strand and double strand DNA
have been investigated  through photophysical,  biophysical and  microscopic
techniques. These  compounds  were  synthesized  in good  vields by the
quarternization  of the  correspondmg  acridines with 1odomethane.  All the
derivatives exhibited characteristic absorption of the acridimum chromophore that
extends upto 470 nm. The acridinium derivatives 1, 2 and 6 exhibited guantitative
fluorescence yields (@, = 1) and long Lifetimes of 35, 34 and 235 n« respectively.
while significantly lower tluorescence vields (€ < 0.13) and lifetimes (< 4 nx)
were obsered for 3-5 and 7-8. DNA binding studies indicated that the derivatives
1-5 exhibited significant interactions with double strand DNA (dsDNA)Y with
association constants (K pn ) in the range 10*-10° M, while the derivatives 6-8

having oriho substituents on the phenyl moiety at the 97 position of the acridinium
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ring showed negligible interactions with dsDNA. However, the derivatives 6 and 7
showed selective interactions with single strand DNA (ssDNA) with associatior
constants of K .pvy = 6.3-6.6 x 10* M!, while, the derivative 8 exhibited negligible
interactions with botﬁ ssDNA and dsDNA. The results reveal the importance of
steric factors in determining the efficiency of DNA binding-;> of various ligands.
These derivatives with high water solubility and the ability to distinguish between
ssDNA and dsDNA can be used as fluorescent probes for understanding the role
of ssDNA in various biological processes and to study various DNA-ligand

interactions.

2.2. Introductidn

DNA-Ligand interactions have been the subject of intense investigations
for the past several years. Studies in this aspect has helped in understanding
various factors that govern the binding mode of ligands with DNA, which in turn
has provided critical insight into the design of drugs targeted to DNA and in the
development of probes for nucleic acids.'? Development of strategies to control
the DNA binding modes of ligands has enormous potential in the area of DNA
recognition. Small molecules which can undergo sequence selective interactions
with DNA and can recognize specifically, different DNA structures such as the
double strand DNA, single strand DNA, abasic sites, base bulges and G-
quadruplex and different DNA polymorphs such as the A, B and Z DNA has wide

applications in medical and biological research.”®
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Different strategies have been reported in the literature. where the ligand
structure has been tailored to bring about the required selectivity in the DNA-
ligand binding intcractions. One such strategy involves the design of chiral
ligands, where one enantiomer can selectively bind o left or right handed DNA
duplex structures by intercalation. whereas the other enantiomer can bind to the
DNA grooves or remain free in solution.”™ Design of dve-peptide conjugates
forms another strategy wherein a peptide chain is linked to a DNA intercalator to
modify its DNA binding propertics. An example i1s the thiazole orange-pepiide
onjugate, in which, the peptide unit is linked to the thiazole orange through its
endocyclic nitrogens.” The peptide chain when linked through the benzothiazole
nitrogen of the thiazole orange inhibits intercalation of the thiazole orange, while
the linkage through the quinoline nitrogen results in vastly ditlerent photophysical
and DNA binding properties of the conjugate.

Selective recognition of cither single strand DNA (ssDNA) or double strand
NA (dsDNA) by small molecules is a challenging task because most of the
wported molecules can interact with both dsDNA and ssDNA through similar
mode of binding. Comparing the structures of the ssDNA and dsDNA. the
waases in the dsDNA are situated well inside the double helix while those of
r%DNA are more cxposed (o the external media.' Hence, the extent of binding

l!smds with different substitutions to ssDNA and dsDNA will be different. It

of our interest to understand the influence ot steric and contormational factors
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on the extent ofbinding-ofthe acridinium derivatives to dsDNA and ssDNA."" We
chose acridines since they were the first chromophore to be extensively studied for
its non-covalent DNA interactions and these studies had led to the concept of
\intercalation.]2 However, the study of the steric and conformational effects on the
3

DNA binding properties of the acridine chromophore has received less attention.'

In this context, we have designed a series of acridinium derivatives 1-8 (Chart 2.1),

o
CH, !
1-8
R=H SR Q HR= @-cua
2) R=CH, CH; H;C

HR= —© 6)R = _Q 8)R-H3C
HsC
DS O A

Chart 2.1

wherein we have systematically varied the steric factors through substitution at the
9 position of the acridinium ring to assess the energetics and nature of their
DNA binding interactions. The results of these investigations indicate that the
substituent group at the 9" position of the acridinium ring has a strong influence
and controls the photophysical and DNA binding properties of these simple and

potential probes for nucleic acids.
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2.3. Results and Discussion

2.3.1. Synthesis

The acridine derivatives were synthesized by a modified Bemthsen
procedure as shown in Scheme 2.1. The condensation reaction of diphenylamine
with the corresponding carboxylic acid in the presence of anhydrous ZnCl, yielded
the acridine derivatives in 50-60% yields. *’ The quarternization of these acridine
derivatives with methy! iodide gave the corresponding acridinium derivatives
(1-8) in guantitative yields. All these compounds were characterized on the basis

of spectral data and analytical results.

N 230 C 16 h CH3CN
H CH3

Reﬂux (6-8 h)

1- 8
(HR=H R CH;CN
- 3
2 R=CH; Reflux (6-8 h) | CHal
3) R = phenyl
4) R = 4-methylphenyl
5) R = 3-methylphenyl O
6) R= 2~methylphenyl THF rt H3C CH3
7) R =2,4-dimethylpheny! _
8) R = 2,6-dimethylphenyl H“C CH3 24 h
" + yip y MgBr N,

CHZO(CHZCHZ)OCH;.,
Scheme 2.1

For example, the 'H NMR spectrum of the ortho-tolylacridinum derivative
6 showed a peak at & 1.87 corresponding to the CH; protons of the tolyl group,

whereas the N®-CH; protons appeared as a singlet at & 4.97. The *C NMR
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spectrum of 6, showed thirteen signals in .the aromatic region (seven for th(;
acridinium ring and six for the aryl groupj, whereas the peaks corresponding to the
\ -CH; of the tolyl group and N®-CH; carbons appeared at & 19.75 and 39.45,
respectively. The 'H NMR spectrum of 2,6-dimethylphenyl acridinium derivative
8 on the other hand showed a peak at & 1.71 corresponding to the two -CHj
“protons. As in the case of the derivative 6, the N®-CH, protdns appeared as a
singlet at & 4.95. The ’C NMR spectrum of 8, showed thirteen signals in the
aromatic region (seven for the acridinium ring and six for the aryl group), whereas
the peaks corresponding to the twb -CH; substituents and N®-CH; carbons
.appeared at & 19.75 and 39.39, respectively. Similarly, all compounds exhibited |
characteristic N®-CH;, signals in the 'H and C NMR spectra with small shifts in

their peaks.

2.3.2. Absorption Properties

Figure 2.1 shows the absorption spectra of the representative acridinium
derivatives in aqueous medium. The absorption maxima and the molar extinction
coefficients of all these acridinium derivatives are summarized in Table 2.1. All
the derivatives exhibited characteristic acridinium moiety absorption that extends
upto 470 nm and obeyed the Beer-Lambert’s law under our experimental
conditions. All the derivatives showed absorption maxima in the range 358-361

nm and at 425 nm. While the molar extinction coefficients of the derivatives at
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358-361 nm are in the order of 1.5-2 x 10° M'em™, the molar extinction
coefficients of the substituted arylacridinium derivatives at 425 nm are in the
range 5-7 x 10° M'em™. The unsubstituted and the methyl substituted derivatives

exhibited relatively low molar extinction coefficients of the order 3.5-3.6 x 10° M'em™.

0.30

&ZSﬁ

0.20 4

%
0.151

o G0 ~J SN

Absorbance

0.104
]

0.05-1

0.00 ; y —
300 350 400
Wavelength, nm

450 500

Figure 2.1. Absorption spectra of the representative acridinium derivatives 2-8 in

water.

2.3.3. Fluorescence Properties

Figure 2.2 shows the fluorescence emission spectra of the acridinium
‘derivatives 1-8. The acridinium derivatives 1, 2 and the ortho-tolylacridinium
derivative 6 exhibited quantitative fluorescence quantum yields (@ = 1) with an
emission maximum around 500 nm. In contrast, the fluorescence quantum yields
of the arylacridinium derivatives 3-5 (&= 0.09, 0.05 and 0.1, respectively) and 7-

8(&=0.11 and 0.02, respectively), with emission maxima in the range 500-510 nm,
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Table 2.1. Photophysical properties of the acridinium derivatives 1-8 in water.”

Compd Aaps, NN, Ao, M d}b 7, s k, Knr
(& M'em™) x10's'  x10%¢!
1 358 (20220) 491 1 35 2.86 C
415 (3600)
2 358 (18800) 493 1 34 2.96 c
415 (3500)
3 357 (20200) 508 0.09 13 6.9 7
425 (6000)
4 361 (20000) 508 0.05 0.6 8.3 15.8
427 (6900)
5 361 (15500) 508 0.11 1.7 7.6 5.1
425 (5100)
6 361 (19250) 501 1 25 4.03 c
425 (5900)
7 361 (18300) 501 0.11 3.6 3 2.47
425 (6200)
8 361 (17300) 499 0.02 1.2 0.6 8.1
424 (5200)

“Average of more than two experiments. °Fluorescence quantum yields were
calculated using 1 as the standard (&, = 1),” error ca. £10%. “The non-radiative
decay rates equals to zero, since these derivatives showed quantitative
fluorescence yields.

were found to be significantly quenched when compared to other derivatives. The
acridinium derivatives 1 and 2 exhibited single exponential decay with a lifetime

of 35 ns, whereas the ortho-derivative 6 showed a reduced lifetime of 25 ns.
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When compared to 1, 2 and 6, unusually low lifetimes were observed
for the arylacridinium derivatives 3, 4, 5, 7 and 8 (1.3, 0.6, 1.7, 3.6 and 1.2 ns,
respectively). The quenched fluorescence and reduced lifetimes for the acridinium

derivatives can be attributed to either fast non-radiative relaxation of the excited

—
=
A 1

Fluorescence Intensity (a. u.)

I

450 500 550 600 650 700
Wavelength, nm

Figure 2.2. Fluorescence emission spectra of the acridinium derivatives 2-8 in

water. Excitation wavelength, 366 nm.

state of the aryl derivatives by the rotation between the acridinium and the aryl
ring or due to the quenching of the singlet excited state of the acridinium moiety
by the aryl group through electron transfer mechanism. The radiative (k;} and non-
radiative (k) rate constants for the decay of the singlet excited states of these

molecules were evaluated from the fluorescence quantum yields (@) and lifetimes

(%), using equations 2.1 and 2.2,
k,=®¢ /10 (2.1)

knr = (I'CDJ) / Tr (22)
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and the values obtained are summarized in Table 2.1. The non-radiative decay rate
constant k,, includes both the decay rates corresponding to the processes such as
rotational relaxation and the electron transfer reaction. The involvement of the
rotational relaxation pathway in the present case may be considered as marginal,
since the 9,10-dimethylacridinium derivative 2, where such an efficient relaxation
is possible, exhibited quantitative fluorescence yield with significantly longer
lifetime of 34 ns (Table 2.1).

In support of the fluorescence quenching by the electron transfer
mechanism in the case of the arylacridinium derivatives 3-5, we have calculated
the change in free energy for the electron transfer process (AG,) from the
corresponding aryl groups to the acridinium moiety, using the Rehm-Weller'®
equation 2.3,

AGy = Egx ~ Ereg =Wy — Enyp (2.3)
where, £, 1s the singlet excitation energy in eV, w, is the work term, which was
taken as 0.056 eV in acetonitrile,’’ E,, is the oxidation potential of the donor and
E,.. 1s the reduction potential of the acceptor. Based on the oxidation potentials of
phenyl (2.3 eV vs SCE) and tolyl (1.98 eV vs SCE) groups'® and reduction
potential (-0.57 eV vs SCE)" and singlet excitation energy (2.75 eV)? of the
acridinium moiety, the change in free energies were calculated and were found to
be 0.06 and -0.26 ¢V, for the electron transfer processes from the phenyl and tolyl

groups, respectively. This indicates that the acridinium fluorescence can be
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intramolecularly quenched by these gréups through an electron transfer
mechanism.

The fluorescence with quantitative quantum vyield in the case of the
acridinium derivative 6 originates from the locally excited acridinium singlet state.
While in the case of the derivatives, 7 and 8 having ortho-substituents, the
significantly quenched fluorescence is attributed to be from locally excited state
which arises from a charge-transfer state in which the aryl group acts as the donor
and the acridinium moiety as the acceptor. Such electron transfer mechanism in
the case of the substituted acridinium derivatives was based on literature reportszo'
2 and the evidence obtained through the laser flash photolysis and time-resolved

fluorescence studies.

23.4. Double Strand DNA Binding Properties

The acridinium derivatives 1-8, should in principle interact with double
srand DNA (dsDNA) through intercalation and/or electrostatic modes. Figure 2.3
shows the change in the absorption spectra of the acridinium derivative 2 with
increasing dsDNA concentrations. The addition of CT DNA to a solution of 2

results in a strong decrease in the absorption of the acridinium chromophore, along

‘with a red shift of around 3 nm. Furthermore, with the increase in DNA
| concentration, a strong quenching of the acridinium fluorescence emission was

i

| observed. Similar changes in absorption and fluorescence emission spectra were
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observed for the acridinium derivatives 1 and 3-5. Among all the acridinium
. derivatives, the ortho- substituted acridinium derivatives 6-8 showed interesting
variation. Figures 2.4 and 2.5 show the changes in the absorption and fluorescence
emission spectra of 6 and 7, respectively with increasing concentration of dsDNA,
while Figure 2.6 shows the absorption and fluorescence changes of the

derivative 8 in the presence of dsDNA.
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Figure 2.3. Change in fluorescence spectra of 2 (32 uM) in phosphate buffer (10
mM; pH 7.4) with increasihg concentration of dsDNA. [dsDNA] (a) 0, (b) 0.05,
(c) 0.09, (d) 0.12, (¢) 0.16, (f) 0.19, (g) 0.26, (h) 0.34 an\d (i) 0.42 mM. Inset shows
the change in absorption spectra of 2 (32 uM) with increasing concentration of’
dsDNA. [dsDNA] (a) 0, (b) 0.05, (c) 0.12, (d) 0.19 and (¢) 0.34 mM. Excitation_%
Wavelength, 366 nm. R
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Figure 2.4. Change in absorption spectra of 6 (42.5 pM) in phosphate bufter (10
mM; pH 7.4) with increasing concentration of dsDNA. [dsDNA] (a) 0, (b) 0.17,
(¢)0.34 and (d) 0.42 mM. I[nset shows the change in fluorescence spectra of 6 with
increasing concentration of dsDNA. [dsDNA] (a) 0, (b) 0.17, (¢) 0.34, and (d) 1
mM. Excitation wavelength, 366 nm.
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Figure 2.5. Change in fluorescence spectra of 7 (32 uM) in phosphate buffer (10
mM; pH 7.4) with increasing concentration of ds DNA. [dsDNA] ] (a) 0, (b) 0.17,
(¢)0.34,(d) 0.42 and (e) 1 mM. Inset shows the change in absorption spectra of 7
tnder similar conditions. Excitation wavelength, 363 nm.
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Figure 2.6. Change in fluorescence spectra of 8 (28 pM) in phosphate buffer (10
mM; pH 7.4) with increasing concentration of CT dsDNA. [dsDNA] (a) 0 and (e)
I mM. Inset shows the change in absorption spectra of 8 under similar conditions.
Excitation wavelength, 366 nm.

Both the absorption and fluorescence studies indicate that the ortho-
substituted derivatives 6-8 exhibit negligible interactions with DNA. To
understand the sequence selective interactions of the derivatives, we have
investigated the changes in absorption and fluorescence properties in the presence
and absence of polyoligonucleotides of different sequences such as
poly(dG).poly(dC) and poly(dA).poly(dT). Figures 2.7 and 2.8 show the changes
in fluorescence emission of the derivative 2 with increasing conéentration of
oligonucleotides po]y(dG).poly(dC) and poly(dA).poly(dT) while the insets show

the corresponding absorption changes. The poly(dG).poly(dC) which is rich in
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Figure 2.7. Change in fluorescence spectra of 2 (32 um) in phosphate buffer (10
mM; pH 7.4) with increasing concentration of poly(dG).poly(dC).
[poly(dG).poly(dC)] (a) 0. (b) 0.08. (¢) 0.16, (d) 0.24, (e) 0.30, () 0.38 and (g) 0.5
mM. Excitation wavelength, 363 nm. [nset shows the change in absorption spectra

of 2 under similar conditions.
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Figure 2.8. Change in fluorescence spectra of 2 in phosphate buffer (10 mM; pH
14) with increasing concentration of poly(dA).poly(dT). [poly(dA).poly(dT)] (a)
0, (b) 0.08, (c) 0.17, (d) 0.25. (e) 0.33, (f) 0.48 and (g) 0.63 mM. Excitation
‘wavelength, 363 nm. Inset shows the change in absorption spectra of 2 under
similar conditions.
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guanosine base content showed an efficient quenching in fluorescence emission of
the acridinium derivative 2 when compared to poly(dA).poly(dT). The absor;ﬁtion
changes shows strong hypochromicity as well as a red shift of 3 nm in the
presence of poly(dG).poly(dC) and poly(dA).poly(dT), which indicates
intercalative interaction as reported for several known intercala‘tors.2d

Picosecond time-resolved fluorescence studies in the presence and absence
of DNA indicate that the acridinium derivative 2, exhibits a single exponential
decay in buffer with a fluorescence lifetime of 34 ns (Figure 2.9), while in the
presence of DNA it shows triexponential decay with lifetimes of 45 ps, 0.8 ns and

33 ns. The short lifetimes observed (45 ps and 0.8 ns) may be attributed to the
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Figure 2.9. Fluorescence decay profiles of 2 (32 uM) in the presence and absence

of DNA in phosphate buffer (10 mM; pH 7.4). {dsSDNA] (a) 0 and (b) 0.34 mM,
(c) Lamp profile. Inset shows the fluorescence decay profiles of 6 in the presence
and absence of DNA under similar conditions. [dsDNA] (a) 0 and (b) 0.34 mM.
Excitation wavelength, 401 nm.
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intercalative  binding of the acridinium chromophore at two different base
sequence environments. whereas the third lifetime could be due to the unbound
molecules. On the other hand. the ortho-derivative 6. having a tluorescence
lifetime of 25 ns in bufter. exhibited negligible changes in presence of DNA (inset
of Figure 2.9). These observations confirm that the acridinium chromophore in the
case of 6 undergoces neither intercalative nor greove binding interactions with DNA.

The DNA association constants (K) ol the complexces formed between the
aridinium derivatives 1-5 and DNA were determined based on fluorcscence
titration experiments. according to the method of McGhee and von Ilippel by
using the data points of the Scatehard plot™" and are reported in Table 2.2. For
example. [0-methvlacridinium (1) and the 9.10-dimethylacridinium derivative (2)
showed binding constants of 7.7 x 10" M and 7.3 x 10" M. respectively.
whereas. relatively lower values o DNA association constants were observed for
the arvlacridinium derivatives 3-5. Interestingly. the binding site size (1) was
found to be greater for the aryvlacridinium derivatives 3-5 (n = 6-7), than the
gendinium derivatives 1 and 2 1n = 2.5). Thus, a comparison of the DNA
binding constants indicate that the acridinium derivatives 1 and 2 bind to DNA by
nearly one order more cf‘ﬂcicmly- when compared with the arylacridinium
derivatives 3-5. In the casce of the aryl-substituted derivatives, the efficiency was
found to be in the order. phenvl > 4-methylphenyl > 3-methyiphenyl >>>> 2-

methiphenyl ~ 2 4-dimethvIphenyl > 2.6-dimethylphenyl, wherein the increase in



Chapter 2: ssDNA and dsDNA Binding Properties of Arylacridinium Derivatives 62

Table 2.2. Photophysical and DNA binding properties of the acridinium

derivatives 1-8.%

Compound KM le Ko (s
] 1 7.7 x 10° 2.5 1.2 x 10"
2° 7.3 % 10° 2.5 1.1 x 10"
3 I.1x10° 6 5% 10"
4 7.1 x 10* 7 6.5 % 10'°
5 6.9 x 10 6.5 3% 10"
6 f f r
7 f f f
8 f £ f

® Average of more than two experiments and error ca. +5%; "The DNA binding
properties were examined in phosphate buffer (10 mM, pH 7.4). DNA association

constants determined by the Scatchard analysis of fluorescence titration data.

23,24

“Number of nucleotides occluded by a bound ligand. 4Rate of static quenching by

DNA calculated as reported earlier.”” ¢ For compound 2, (i) K pdGydc) = 8.5 % 10°
M and Kyagpac) = 3-8 x10'° 5. (1) Ky = 4.12 x 10° M and Kypayary = 0.24

x10's™". "Negligible binding.
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steric factors around the acridine ring hinders the DNA binding interactions and
finally leads to the ncgligible binding as observed in the case of the ortho-
substituted acridinium derivatives 6-8. The association constant of the acridinium
derivative 2 with polyv(dG).polv(dC) was found to be 8.5 x 10° M, which is 1.2
times greater than that obscrved with C'TDNA (7.3 x 10°M™ ) while nearly ca. 2-

fold larger value was obscrved for poly(dA).poly(dT) (4.12 x 10° M),

*1.5. Characterization of Double Strand DNA Binding Interactions
The double strand DNA (dsDNA) viscosity measurement is an cfficient
ethod to differentiate the intercalative mode of binding from other intcractions. ™
tercalation of the planar aromatic molecules proceeds by unwinding of the double
elix to accommodate the molecule between the DNA base pairs. As a result, there is
(0t increase in the length of the DNAL which is reflected in the increase in the
nscosity of DNA. No other process. such as the electrostatic or the groove binding
mteractions can bring about effective increase in the DNA contour length.”® Figure
210 shows the results of the viscometry studies of representative examples, which
indicate that the viscosity of dsDNA increases proportionally with the binding
iffinity of the acridinium derivatives 2 and 4, whereas negligible viscosity changes
’iwere observed for the orrho-derivative 6. The change in viscosity could be

|
" i - ~ - . . . . .
| diributed to the m-stacking of the acridinium derivatives between DNA base pairs,

Whlch results in the increase in the viscosity of dsDNA. On the other hand. the

i
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ortho-derivative 6 shows negligible binding with dsDNA by intercalation as

observed from the physical and spectroscopictstudies.

00 02 04 06 08 1.0 12
[ligand] / [DNA]

Figure 2.10. Effect of increasing concentration of the acridinium derivatives (a) 2,
(b) 4 and (c) 6 on the relative viscosity of CT dsDNA (0.7 mM) at 26 £ 0.2 °Cin
phosphate buffer (10 mM; pH 7.4).

The circular dichroic (CD) studies of dsDNA in the presence and absence
of the acridinium derivatives could provide additional information regarding their
mode of binding. Location of an achiral molecule tin a chiral environment can
result in the induced optical activity of the bound species. The free acridinium
derivative (4) being achiral did not show any CD signal, however, when bound to
dsDNA, it showed an induced CD signal at the chromophore absorption region
characteristic of the intercalative interaction (Figure 2.11).”"*® On the other hand,
the ortho-substituted tolyl acridinium derivative 6, did not show any CD signal in

the presence of dsDNA, indicating its negligible interactions.
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Figure 2.11. Circular dichroism (CD) spectra of (a) 4 (40 uM) and (b) 6 (40 uM)
in the presence of dsDNA (1 mM) in phosphate buffer (10 mM, pH 7.4).

The differences observed in DNA binding affinity of these acridinium
derivatives could be rationalized in terms of the steric effects offered by the
substituents. .Thc structural analysis of the arylacridinium derivatives reveals that
the acridinium as well as the aryl substituent are out of plane to each other and the
dihedral angle (¢) according to the minimum energy conformations for 3-8 are
64.8°, 64°, 64.7°, 77.5°, 83.1° and 88.5°, respectively (Figure 2.12A and 2.12B).”
In order to achieve an effective intercalation of the acridinium chromophore, the
aryl group has to undergo a rotation during the process of intercalation. The
feasibility of this rotation is the deciding factor in effective binding of these

molecules to DNA. In the case of the ortho-derivatives 6-8, the rotation of the
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tolyl group is sterically hindered and hence no significant binding with DNA was

observed.

7 (¢ = 83.19) 8 (9 = 88.5%)

Figure 2.12. Minimum energy conformations of (A) 4-methylpheny! and 2-
methylphenyl and (B) 2,4-dimethylphenyl and 2,6-dimethylphenyl acridinium
derivatives obtained by AM1 calculations.

2.3.5. Single Strand DNA Binding Properties

The presence of ortho-substitution prevents the intercalation of the |
acridinium moiety between the dsDNA base pairs. However, since the bases in the

sSDNA are more exposed to the external medium, the interaction of these
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derivatives through intercalation between the ssDNA bases, should in principle, be
favorable. Figure 2.13 shows the changes in absorption and fluorescence spectra
of the acridinium derivative 6 with the addition of ssDNA. As shown in the figure,
we observed decrease in absorption of the acridinium chromophore along with
significant quenching of the fluorescence emission at 500 nm, with the increase in
addition of ssDNA. Similar changes in the absorption and fluorescence emission

-~

spectra were observed for the acridinium derivative 7 (Figure 2.14).
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Figure 2.13. Change in fluorescence spectra of 6 (30 puM) with increasing
goncentration of single strand CT DNA in phosphate buffer (10 mM; pH 7.4).
[ssDNA] (a) 0, (b) 0.20, (c) 0.43, (d) 0.63, (e) 0.82 and (f) I mM. Inset shows the
corresponding changes in the absorption spectra of 6 with the gradual addition of
$sDNA. Excitation wavelength, 366 nm. ‘
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Figure 2.14. Change in fluorescence spectra of 7 (30 pM) in phosphate buffer (10
mM, pH 7.4) with increasing concentration of CT ssDNA.. [ssDNA] (a) 0 and (e) 1
mM. Inset shows the change in absorption spectra of 7 under similar conditions.
[ssDNA] (a) 0 and (e) | mM. Excitation wavelength, 366 nm.

An interesting variation was observed in the case of the derivative 8 which
showed negligible changes in the absorption and fluorescence spectra in the
presence of both ssDNA and dsDNA (Figure 2.15). The extent of quenching in
fluorescence emission was observed to be greater in the presence of shorter
oligonucleotides. When compared to the 65% fluorescence quenching observed in
the presence of CT ssDNA, the short stranded random sequence oligonucleotide
(dN)9 showed >85% quenching under similar conditions (Figure 2.16). The long
ssDNA with random base s'equence shows a greater elastic nature, when compared

to short ssDNA and has a tendency to form loops which leads to the formation of
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Figure 2.15. Change in fluorescence spectra of 8 (30 uM) in the presence of
single strand CT DNA in phosphate buffer (10 mM, pH 7.4). [ssDNA] (a) 0, (b)

0.20, (c) 0.43, (d) 0.63 and (e) 1 mM. Inset shows the corresponding changes in
the absorption spectra of 8 in the presence of ssDNA. Excitation wavelength, 366

nm.
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Figure 2.16. Change in fluorescence spectra of 7 (30 pM) with increasing
concentration of 19-mer oligonucleotide, (dN)s in phosphate buffer (10 mM, pH
74). [ssDNA] (a) 0, (b) 0.20, (¢) 0.43, (d) 0.63 and (e) 0.82 mM. Excitation
wavelength, 366 nm.
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double stranded regions. The lesser extent of quenching observed in the case of
CT ssDNA could be attributed to the existence of such loops, which prevents the
efficient intercalation of these derivatives at'such regions when compared to the
oligonucleotides of shorter length.

The association constants (K.py4) of the complexes formed between _thc
acridinium derivatives 6-7 and ssDNA were determined based on fluorescence
titration experiments, according to the method of McGhee and von Hippel by

3.24 - C e . ;
232 The acridinium derivative 6 shows

\ using the data points of the Scatchard plot.
a binding constant of 6.3 x 10* M with ssDNA, while it was 6.6 x 10* M for the
derivative 7, indicating that substitution at the para-position of the phenyl group
has negligible effect on the ssDNA binding properties of the acridinium

derivatives (Table 2.3).

‘Table 2.3. Photophysical and ssDNA binding properties of the acridinium

derivatives 6-8.1%

Entry Acridinium Kpna MHP k(s
derivatives
I 6 6.3 x10° 0.5 < 10°
2 7 6.6 x10° 3.6 x 10°
3 8 d d

" Average of more than two experiments. "DNA association constants were
determined by the Scatchard analysis of the fluorescence titration data.”?* “Rate
of static quenching by DNA calculated as reported earlier.”>® Exhibits negligible

binding interactions.
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However, upon increasing the steric factors near the acridinium ring by the
introduction of another ortho-substitution as in the case of the derivative 8, results
in negligible binding with ssDNA. The rate constants for the static quenching of
the singlet excited state of the acridinium chromophore by DNA (k) ﬁere

calculated and were found to be in the order of 10"-10% s (Table 2.3).

-2.3.7. Characterization of Single Strand DNA Binding Interactions

To understand the mode of interaction of the acridinium derivatives with
ssDNA, the changes in the viscosity and circular dichroism (CD) spectra have
been investigated under different conditions. The CD spectra recorded for the
ortho-tolyl acridinium derivative 6 is shown in Figure 2.17. A weak biphasic CD‘

signal was observed at the chromophore absorption region of 300-475 nm, with a

1.5

br~

325 350 375 400 425 450 475
Wavelength, nm

Figure 2.17. Circular dichroism (CD) spectra of 6 (80 uM) in the presence of (a)
$sSDNA (1 mM) and (b) dsDNA (1 mM) in phosphate buffer (10 mM; pH 7.4).
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positive band at 370 nm and a negative band at 340 nm. In contrast, no CD signal
corresponding to the. chromophore was observed in the presence of dsDNA. The
biphasic CD signal observed at the chromophore absorption region is attributed to -
the induced chirality in the probe when bound to ssDNA.>"??

Similarly, it was observed that the viscosity of dsDNA remains unchanged in
the presence of 6, while it decreased drastically for ssDNA (Figﬁre 2.18),
indicating that the acridinium derivative 6 undergoes selective interactions with
ssDNA. In ssDNA, the repulsive columbic forces between the negatively charged

phosphate groups maintain its highly coiled structure.”® These forces are altered

when a molecule with positive charge interacts with ssDNA, leading to the partial

0.5 ——T
0.0 0.2 0.4 0.6 0.8 1.0
Ligand / DNA
Figure 2.18. Effect of increasing in concentration of 6 on the relative viscosity of -
(a) ssDNA (0.7 mM) (b) dsDNA (0.7 mM) in phosphate buffer (10 mM; pH 7.4)

at 26 + 0.2 °C,
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uncoiling of the coiled secondary structure and. hence the observed reduction in
scosity of sSDNA in the presence of the acridinium derivative 6. Moreover, such
partial uncoiling of ssDNA is supported by the observation of weak induced CD
gnal in the presence of 6. The absence of such intercalative interactions of 6 with
sDNA leads to the negligible enhancement in the viscosity of dsDNA as
ompared to the ssDNA.

Electrostatic éontribution in the binding process was estimated by
nonitoring the absorbance and fluorescence emission changes of these derivatives
vith increasing concentrations of ssDNA at different ionic strengths of the buffer.
the quenching in fluorescence intensity was found to be considerably lower
{45%), at an ionic strength of 100 mM NaCl, when compared to that observed at
lower ionic strengths of 2 mM NaCl (Figure 2.19). When the ionic strength of the
m;dium 15 increased from 2 mM to 100 mM NaCl, the association constant of 6
for SDNA decreases by one order and the logK vs. —log[Na'] gave a linear fit
With a slope of 1.1 (Figure 2.20). This indicates the release of one Na' ion per
bound ligand and confirms the role of electrostatic interactions in the binding
fiocess, which occurs prior to the intercalation of the planar acridinium ring

between the ssSDNA bases. "’ ,

The observed preference of the acridinium derivatives for ssDNA can be

ationalized in terms of the steric effects of the substituents. Figure 2.12 shows the
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Figure 2.19. Change in fluorescence spectra of 6 (30 uM) in phosphate buffer (10
mM, pH 7.4) containing 100 mM NaCl, with increasing concentration of CT
ssDNA. [DNA] (a) 0 and (¢) | mM. Excitation wavelength, 366 nm.
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Figure 2.20. Change in log of association constants with negative log of the salt
concentrations for the interaction of 6 with ssDNA.

minimum energy conformations for 6-8 with the dihedral angles of 77.5°, 83.1%

and 88.5° respectively. The quenching in the acridinium fluorescence in the |
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nresence of ssDNA occurs due 1o the free energetically favorable electron transfer
from the nucleobases 1o the excited states of the acridinium chromophore.
However, for an efficient electron transfer process to occur the acridinium
chromophore should m-stack between the nuclieobases. This is possible only in the
case of the acridinium derivatives 6 and 7, with only one ortho- substitution,
which offers lesser steric hindrance for the approach of the derivatives near the
bases. In contrast. the derivative 8 with two ortho-substitutions behaves identically
with both ssDNA and dsDNA because of the larger dihedral angle value of 88.5°

which hinders its intercalation between the nucleobases in both ssDNA and

dsDNA.

1.3.8. Microscopic Characterization of DNA Binding Interactions

Apart {rom the spectroscopic opservation of the selective interactions of
various  acridinium  derivatives, the morphological evidence for the DNA
association was obtained through the atomic force microscopic (AFM) analysis.
Figure 2.21A shows‘ the AFM image obtained for a 20 uM solution of calf thymus
GDNA drop casted on mica surface. The AFM image shows a uniform cross-
Iinked network like structure which arises from the self-assembly of the dsDNA
strands on the mica surface,” This ordered structure was found to be disrupted and
formation of aggrepates was ohserved when calf thymus dsDNA was treated with
the acridinium derivative 4. Figure 2.2 1B shows the AFM image obtained for a 20

M solution of calf thvimus dsDNA incubated with 20 uM acridinium derivative 4.
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The observation confirms the expermmental results described in the previous
sections, wherein, the derivative was found to exhibit strong intercalative
imteractions with dsDNA. Intercalation leads to the unwinding of dsDNA and
henee to structural distortions which in turn results in the observed breakage of the
DNA self-assembly. Interestingly. the network like structure of calt thymus
dsDNA is maintained in the presence of the derivative 6 (Figure 2.21C) which was

curlier proven 1o be a non-intercalator by spectroscopic techniques. However. the

Figure 2.21. (Ay AFM image of calf thymus dsDNA (20 uM) alone (B) in the

presence of 20 M 4 and (C) in the presence ol 20 pM 6.

morphological features of sSsDNA chunge drastically in the presence of derivative
6. [t has been reported that the analysis of ssDNA through AFM  gives
concentration dependent compact network structures on HOPG surface.™ Figure
2.22 shows the AFM images of ssDNA (20 uM) drop casted on mica surface in
the presence and absence of 6 (20 uM). The AFM image of <sDNA alone (Figure

N

2.22A) exhibits randomly spaced voids of 300 = 10 nm width having features with

a height of 1 £ 0.5 nm. However, on interaction of ssDNA with 6. in the place of
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-

the voids, we observed fealures with an average height of 10 + 2 nm and width 61"
300 £ 10 nm (Figure 2.228). Simi.lar studies with dsDNA showed negligible
changes in the morphological features, thus confirming the selectivity of 6 for
ssPDNA. The ssDNA  alone showed highly condensed globular structures.
However, interaction of 6 with ssDNA leads to unwinding of the coiled structure
due to the reduction in columbic repulsions between the phosphate groups of the

ssDNA strands. This results in the formation of aggregates with average height of

{0 £ 2 nm on mica.

02 04 06 08 1 12 m

Figure 2.22. (A) AFM image of calf thymus ssDNA (20 uM) alone and (B) in thé
presence of 6 (20 uM).
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2.4, Conclusions -
[n conclusion, we have demons;trated that variations in the substi_tution :
patterns can bring about extreme cHanges in the complexation preferences of the
acridinium derivatives for the double strand or single strand DNA. It was observed
that the unsubstituted and methylacridinium derivatives 1 and 2 bind with DNA by
nearly one order more efficiently when compared to the bulky arylacridinium
derivatives 3-5. Furthermore, it was observed that the presence of one ortho-
substituent, as in the case of the derivatives 6 and 7, results in negligible
interactions of the acridinium moeity with dsDNA, while they exhibitedl
significant association with ssDNA. However, the introduction of another ortho-
substituent, as in the case o‘f 8, results in negligible binding interactions with both
ssDNA and dsDNA. The results indicate that the acridinium derivatives, which
exhibit high solubility in buffer medium, can efficiently distinguish between
ssDNA and dsDNA through changes in fluorescence intensity and hence can have

applications as fluorescent probes.

2.5. Experimental Section
2.5.1. General Techniques

All melting points are uncotrected a.nd—were determined on a Mel-Temp I
melting point apparatus. 'H and *C NMR spectra were recorded on a Brucker
DPX-300 MHz NMR spectrometer using tetramethylsilane as the internal

standard.?* CHN analyses were done using a Perkin-Elmer Series-II 2400 CHN
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analyzer. The electronic absorption spectra were obtained using a Shimadzu UV-
3101PC UV-VIS-NIR scanning specttophotometer. The fluorescence spectra were
recorded on a SPEX-Fluorolog F112X spectrofluorimeter.”® The fluorescence
lifetimes were measured on an IBH picosecond single photon counting system
using a 401 nm IBH NanoLED source and a Hamamatsu C4878-02 MCP detector.
The fluorescence decay profiles were deconvoluted using IBH Data Station
software V2.1, fitted with a mono-, bi- or tri-exponential decay and minimizing
the ¥ values of the fit to 1 + 0.1.°" The fluorescence quantum yields were
measured by the relative methods using optically dilute solutions, with 10-
methylacridinium trifluoromethane sulphonate in water (O = 1) as the
standard.'"**™  Circular dichroism (CD) spectra were recorded on Jasco
Corporation, J-810 spectropolarimeter. Atomic Force Microscopy (AFM) images
were recorded under ambient conditions using a Digital Instrument Multimode
Nanoscope IV operating in the tapping mode regime. Micro-fabricated silicon
cantilever tips (MPP-11100-10) with a resonance frequency of 299 kHz and a

spring constant of 20-80 Nm™' were used. The scan rate varied from 0.5 to | Hz.*"

2.5.2. Materials

’ Polyoligonucleotides such as poly(dG).poly(dC) and poly(dA).poly(dT)
and calf thymus DNA were obtained from Amersham Pharmacia Biotech Inc.
Commercially available starting materials and solvents were purified and distilled

before use. Petroleum ether used was the fraction boiling at 60-80 °C. The
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acridinium derivatives 1-8 were prepared from the corresponding acridines, which
were synthesized by ‘the modified Bernthsen prog:edure14 and/or the reaction
between N-protected acridoﬁe and substituted Phenylmagnesium bromide.?
2.5.2.1. Preparation of the acridine derivatives. The acridine derivatives were
. synthesized by a modified Bermthsen procedure as shown in Scheme 2.1. The
condensation reaction of diphenylamine with \the corresponding carboxylic acid in
the presence of anhydrous ZnCl, yielded the acridine derivatives in 50-60% yields.
9-Methylacridine, mp 1>14-115 °C (lit. mp 116-117 °C),"* 9-phenylacridine, mp
181-182, 9-(3-methylphenyl)acridine, mp 215-216 °C, 9-(2-methylpﬁenyl)acridine, mp
212-213 °C (lit. mp 214 °C)'* and 9-(2,4-dimethylphenyl)acridine, mp 222-223 °C
(lit. mp 224 °C).'*

Synthesis of 9-(2, 6-dimet,hylphenyl)acridine. 10 mL of 2,6-dimethylphenyl
+ magnesium bromide (1 M solution in THF) was added over a period of 15 minto a-
solution of N-(2-methoxyethoxymethyl)-9-acridone (1g, 3.53 mmol) in anhydrous
THF (120 mL) at 0 °C under argon atmosphere. The mixture was stirred at room
temperature for 24 h and then heated at 50 °C for 12 h. A solution of HCI (50 mL)
and water (50 mL) was poured into the brown suspension. The resultant clea:;

4

yellow solution was stirred overnight at room temperature. The mixture was;
!

neutralized with K;CO; (aqueous) and extracted with ethyl acetate. The organic;.i

1

. A |
layer was washed with brine and dried over anhydrous sodium sulphate. The

solvent was removed and the crude product was chromatographed over silica g
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‘,:‘@Iution with a mixture (1:9) of ethyl acetate and petroleum ether gave 9-(2,6-
;klimethylphenyl)acridine in 45% yield, mp 219-220 °C, after recrystallization from
;amixture (1:1) of petroleum ether and ethyl acetate. 'H NMR (300 MHz, CDCly)
6 1.74 (6H, s), 7.26 (2H, d, ] = 7.5 Hz), 7.39 (3H, m), 7.49 (2H, d, ] = 8.5 Hz), 7.78
é‘(ZH, m), 8.30 (2H, d. J = 8.7 Hz); °C NMR (75 MHz, CDCl;) & 149.23, 146.79,
§|-137.02, 136.33, 135.18, 130.37, 130.07, 128.61, 127.79, 126.16, 126.14, 125.01,
:;:20.22. FAB-MS (m/z): Calcd for C, H7N: 283.37; Found: 284.49 (M+1).
J 15.2.2. General procedure for the synthesis of the acridinium derivatives 1-8.
To a stirred solution of the corresponding acridine derivative (1 mmol) in dry
' acetonitrile, excess methyl 1odide (20 mmol) was added at room temperature. The
reaction mixture was refluxed for 6-8 h, while circulating with cold water. The
precipitated product was filtered, washed with dry acetonitrile and recrystallized
from a mixture (1:1) of dichloromethane-ethyl! acetate to give 1-8 in good yields.
10-Methylacridinium iodide (1): 79%; mp 230-232 °C; 'H NMR (300 MHz,
DMSO-ds) & 4.87 (3H, s), 8.05 (2H, t, J = 7.5 Hz), 8.48 (2H, t, J = 8 Hz), 8.63
(4, d, ) = 8.4 Hz), 8.79 (2H, d, J = 9.2 Hz), 10.21 (1H, s); >C NMR (75 MHz,
DMSO-ds) 6 150.96, 141.69, 139.43, 131.98, 128.15, 126.60, 119.36, 39.44. Anal.
Calcd.for C4H ,IN: C, 52.36.; H, 3.77; N, 4.36. Found: C, 52.36; H, 3.51; N, 4.53.
9,10-Dimethylacridinium iodide (2): 76%, mp 248-249 °C; 'H NMR (300
MHz, DMSO-d¢) & 3.48 (3H. s), 4.77 (3H, s), .01 (2H, t, ] = 7.2 Hz), 8.41 (2H, t,

J=7.4Hz), 8.72 (2H, d, ] = 9.2 Hz), 8.89 (2H, d, J = 8.2 Hz); *C NMR (75 MHz,
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DMSO0-de) 6 149.76, 138.85, 136.22, 127.42, 125.55, 124.71, 120.51, 39.59,
15.36. Anal. Calcd. for C15H|41N: C,53.75; H. 4.?;1; N, 4.18. Found: C, 53.87; H,
407, N,4.18. |

9-Phenyl-10-methylacridinium iodide (3): 71%: mp 201-202 °C; 'H NMR
(300 MHz, DMSO-d¢) & 4.93 (3H, s), 7.54-7.56 (2H, m), 7.75-7.80 (3H, m), 7.92
(4H, d, ] = 3.7 Hz), 8.44-8.49 (2H, m). 8.88 (2H, d, J = 9.2 Hz); *C NMR (75
MHz, DMSO-d,) & ll60.95, 141.76, 138.97, 133.66, 130.67, 130.35, 130.06,
129.41, 128.49, 126.08, 119.81, 39.52. Anal. Calced. for CnglﬁlN: C, 60.47; H,
4.06; N, 3.53. Found: C, 60.55; H, 4.03; N, 3.27.

9-(4-Methylphenyl)- 1 0-methylacridinium iodide (4). 71%; mp 228-230 °C;
'H NMR (300 MHz, DMSO-d,) & 2.54 (3H, ;), 4,93 (3H, s), 747 (2H, d, J =8
Hz), 7.58 (2H, d, J = 7.9 Hz), 7.90-7.99 (4H, m), 8.46 (2H, t, ] = 7.7 Hz), 8.85
(?H, d, J = 9.3 Hz). "C NMR (75 MHz, DMSOQ-d,) § 161.26, 141.67, 140.41,
138.88, 130.66, 130.40, 130.11, 12992, 128.35, 126.09, 119.75, 39.62, 21.54.
Anal. Caled. for CyHigIN: C, 61.33; H, 4.41; N, 3.41. Found: C, 61.60; H, 4.39,
N, 3.48.

9-(3-Methylphenyl)- 1 -methylacridinium iodide (5): 68%; mp 220-222 °C;
'H NMR (300 MHz, DMSO-d;) 8 1.86 (3H. s), 4.95 (3H, 5), 7.36 (1H, d, J = 7.5
Hz), 7.57 (1H, t, J = 7.3 Hz), 7.63-7.72 (2H,-m), 7.78 (2H, d, ] = 8.6 Hz), 7.95
(2H.t, ] = 7.6 Hz), 8.48 (2H, t, ] = 7.9 Hz), 8.90 (2H, d, J = 9.2 Hz): "C NMR (75

MHz, DMSO-ds) & 160.72, 141.76, 139.04, 136.33, 133.30, 131.16, 130.72,
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129.92, 129.40, 128.75, 126..78, 125.96, 120.03, 39.63, 19.76. Anal. Calcd. for _
CyHieIN: C, 61.33; H, 441, N, 3.41. Found: C, 61.08; H, 4.18; N, 3.51.
| 9-(2-Methylphenyl)-1 O-methylacrzdzmum iodide (6): 60%; mp 224-225 °C;
lH NMR (300 MHz, DMSO-d;) & 1.87 (3H, s), 4.97 (3H, s), 7.36 (1H, d, ] = 7. 5
| Hz), 7.57 (1H, t, ] = 7.3 Hz), 7.63-7.72 (2H, m), 7.78 (2H, d, ] = 8.6 Hz), 7.95
(QH,t,] = 7.6 Hz), 8.48 (2H, t, ] = 7.9 Hz), 8.90 (2H, d, ] = 9.2 Hz); °C NMR (75
'MHz, DMSO-dg) & 160.72, 141.76, 139.04, 136.33, 133.30, 131.16, 130.72,
j129.92, 129.40, 128.75, 126.78, 125.96, 120.03, 39.63, 19.76. Anal. Calcd. for
CyHygIN: C,61.33; H, 4.41; N, 3.41. Found: C, 61.55; H, 4.17; N, 3.62.
9-(2,4-Dimethylphenyl)-10-methylacridinium iodide (7): 65%; mp 242-245
°C; 'TH NMR (300 MHz, DMSO-d) & 1.82 (3H, s), & 2.49 (3H, s), 4.92 (3H, s),
123 (1H,d,J=7.5Hz), 7.35 (1H, d, ] = 7.8 Hz), 7.44 (1H, 5), 7.80 (2H, d, ] = 8.4
Hz), 7.92 (2H, t, ] = 7.2 Hz), 8.46 (2H, t, ] = 7.5 Hz), 8.86 (2H, d, ] = 9 Hz); "°C
‘*NMR (DMSO-dg, 75 MHz) 6 160.71, 141.24, 139.79, 138.51, 135.71, 131.28,
129.95, 129.45, 129.06, 128.17, 126.90, 125.65, 119.44, 39.79, 20.94, 19.21.
;FAB-MS (m/z): Calcd for C,;;HygN: 298.40; Found: 298.23; Anal. Calced. for
%‘CZZHZOIN: C.62.28;H,4.51; N, 3.30. Found: C, 62.31; H, 4.41; N, 3.63.
9-(2,6-Dimethylphenyl)-10-methylacridinium io;iide (8): 63%; mp 255-257
i"C; 'H NMR (300 MHz, DMSO-d¢) & 1.71 (6H, s), 4.95 (3H, s), 7.44 (24, d, J =
%7.5 Hz), 7.56 (1H, m), 7.73 (2H, m), 7.94 (2H, m), 8.47 (2H, m), 891 (2H, d, J =

'9.2 Hz); °C NMR (75 MHz, DMSO-dg) 8 160.23, 141.57, 138.85, 135.87, 132.60,
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130.25, 128.83, 128.29, 128.18, 125.32, 120.02, 39.95, 19.75. FAB-MS (m/z):

Calcd for Cy,H,oN: 298.40; Found: 298.58.

2.5.3. DNA Binding Studies

DNA binding studies with various probes were carried out in 10 mM
phosphate buffer (pH 7.4) containing either 2 mM or 100 mM NaCl|. 6<%
Solution of calf thymus DNA (CT DNA) was filtered through a 0.45 pM Millipore
filter. The concentrations of CT DNA solutions were determined by using the
average extinction coefficient value of 6600 M cm™' for a single nucleotide at 260
nm.>> The absorption and fluorescence titrations with DNA were carried out by
adding small aliquots of DNA solution containing the same concentration of the
compound as that in the test solution. The concentrations of the
polyoligonucleotides such as poly(dG).poly(dC) and poly(dA).poly(dT) were
determined by using the average extinction coefficient value of 7400 M cm™ at
253 nm for poly(dG).poly(dC) and 6000 M' cm™’ at 260 nm for
poly(dA).poly(dT). For the single strand DNA, all conditions were the same
except that the CT DNA solution was heated in a boiling water bath for 30 min in
order to denature the DNA. Complete denaturation was confirmed by comparing
the absorption ratio ﬁt 260 nm for the heated (ssDNA) and non-heated (dsDNA)
samples. A value of 1.32 was obtained in good agreement with the literature

value.*® DNA association constants were calculated using fluorescence quantum



Chapter 2: ssDNA and dsDNA Bihding Properties of Arylacridinium Derivatives - 85

yields, and according to the method of McGhee and von Hippel by using the data

points of the Scatchard plot.”**

The rate constant for the static quenching of the singlet excited state®” of the
“acridinium chromophore by DNA (k) was evaluated using equation 2.4,
I/1=1+k/kg (2.4)
where, I, and I are the fluorescence intensities in the absence and presence of
ssDNA and kg; is the sum of rate constants (k. + k) of thg singlet excited state
deactivation. The counterion release that accompanies the binding of a ligand to

DNA can be obtained from the slope of log K versus —log[Na'] according to the

equation 2.5,
-0 log K

d log [Na*]}

here Z is charge of the ligand and y represents the average number of condensed

=2y (2.5)

i screened sodium ions associated with the DNA phosphate group.
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Chapter 3

MONO- AND BIS-INTERCALATING ACRIDINIUM SYSTEMS
AND STUDY OF THEIR PHOTOSENSITIZED OXIDATION OF
NUCLEOTIDES AND DNA

3.1. Abstract

Novel bisacridinium derivatives 1 and 2 with varying polymethylene spacer
group and the acridinium derivat;ves 3 and 4 were synthesized and their DNA
binding interactions as well as DNA oxidation éfficiencies have been investigated
by vartous photophysiczil and biophysical techniques. The absorption spectra of
these systems showed bands in the region 300-475 nm, corresponding to the
acridinium chromophore. The bifunctional derivatives 1 and 2, exhibited
quantitative fluorescence yields (¢ = 0.91 and 0.98) and long lifetimes (T = 38.9
and 33.2 ns). DNA binding studies through spectroscopic investigations, CD and
viscosily measurements indicate that these systems interact with DNA
preferentially through in.tercalation of the acridinium chromophore and exhibit
significant DNA association constants (Kpya = 10°-10 M. Among the
bifunctional derivatives 1 and 2, the former undergoes DNA mono-intercalation,
whereas the latter exhibits bis-intercalation, however both these wefe found to

undergo only mono-intercalation at higher ionic strength. Laser flash photolysis



Chapter 3: Mono- and Bis-intercalation and Study of DNA Oxidation .92

studies of bisacridinium derivatives and the monoacridinium derivative 4 in buffer
gave transients with absorption maxima in the range 480-500 nm having lifetimes
0.6-3 ps. These transients can be attributed to their triplet excited states based on
the quenching studies with molecular oxygen. Excitation of these derivatives in
presence of DNA and guanosine monophosphate (GMP) led to the formation of
oxidized species like radical cations of DNA and GMP. The efficiency of
oxidation of GMP and DNA by these derivatives was further increased in the
presence of an efficient electron acceptor such as methylviologen. These results
indicate that ionic strength has a profound inﬂuénce on the DNA mono- and bis-
intercalating properties of the novel bisacridinum derivatives and further
demonstrate that depending on the spacer and substituents present, these

molecules can act as efficient DNA photo-oxidizing agents.

3.2. Introduction

DNA is now seen as the prime target of most of the chemotherapeutical
agents and research in this area has made evident the importance of developing
molecules which can undergo efficient interactions with DNA. " Interactions with
DNA are not the only the factors that determine the biological activity of these
molecules, but their reactivity and selectivity are often correlated with their mode
of binding with DNA.>® Therefore, a better understanding of the factors, which

govern the interactions of small molecules with DNA, has an important role in the
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rational design of various DNA targeted drugs. Of these small molecules, the
_bifunctional derivatives that can undergo photoinduced electron transfer processes
have attracted much attention in recent.ycars for their use in DNA ‘detection,
analysis and cleavage.®'?

There has beén widespread interest in bifunctional molecules joined by
various linker groups, in order to obtain molecules of highef DNA binding affinity
for use both as chemotherapeutic agents and as probes for nucleic acids.>!*?!

VThese molecules can, in principle, bind with DNA through intercalation, bis-
intercalation, groove binding and electrostatic interactions, depending on the
nature of the chromophore and the spacer éroup present in them. Le Pecq and
coworkers® have postuléted that bisintercalative binding occurs in a molecule only
when the linker chain length is more than 10.2 A. Such molecules follow the
neighbor exclusion principle wherein the DNA interacting chromophores occlude
two base pairs between them (Figure 3.1 A). When the spacer group is rigid or
insufficient to span two base pairs, such molecules prefer mono-intercalation as
shown in Figure 3.1 B.*?* Very few examples are reported in the literature that
exhibit bis-intercalation, with the violation of the neighbor exclusion principle as
represented in Figure 3.1 C.!%%4%

Although the interactions of small molecules with DNA have been

extensively investigated, the ionic strength dependent interactions of bifunctional

molecules bearing two different DNA binding motifs have received less attention.
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. Intercalator 1 Spacer Intercalator ZJ

Figure 3.1, Schematic representation of DNA interactions of a small molecule
bearing two intercalating mouls: (A) bis-intercalation (B) mono-intercalation and
(C) bis-mtercalavon with the violanon ot neighbor exclusion principle.

I this context. we have dessgned novel acridine based bifunctional conjugates. not
only because of thew interesting chemical and physical properties. but due (o their
immense utility i the pharmaceuatical and dye industries, 0 The
derivatives ol aeridine exhibit a broad range of chemotherapeutic properties
against prokuryotic and cokaryotic cells: because of their ability o interact with
DNAL Although, the antitimor acridines are known to excrt their activity through
DNA intercalation.™® their interaction with topoisomerase [ and inhibition of
DNA processing enzymes such as polymerases and telomerase might also
contribute to the overall biological activity.” ™ Our objectives were (o study the
jonic  strength and - spacer length  dependent DNA - binding  properties of.

bisacridinmum derivatives 1 and 2 (Chart 3.1) and also to investigate their
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efficiency of DNA oxidation. These derivatives with polymethylene spacers linked
directly to the 9-position of the acridine ring are easier to synthesize and arer‘

different from the previously reported bisacridines, where the spacers are linked

CH,)- R
- - N
ﬁ’ \S O ﬁ’ G
&y &H, 2CF,SO, &, ©
I)n = 5 3)R=CHj
2)n=10 4) R = 2,4 -dimethylphenyl
Chart 3.1

through the amino functionality." The acridinium derivatives exhibit significant
quenching in the fluorescence emission in the presence of DNA and the redox
potentials and excited state properties of the derivatives indicate that the electron
transfer from the DNA bases to the acridinium moiety is responsible for the
guenching observed. Our resuits reveal that the bisacridinium derivatives 1 (r = 7.6
A) and 2 (r = 12.6 A) undergo mono- and bis-intercalation, respectively, at low
ionic strength (2 mM NaCl), but exhibit only mono-intercalative interactions at the
higher ionic strength (100 mM NaCl). These bifunctional systems which show
quantitative fluorescence yields and exhibit chromophore selective and spacer
length and ionic strength dependent inter‘actions‘ with DNA can have potential

applications as fluorescent probes in biology.
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3.3. Results and Discussion
3.3.1. Synthesis

The bisacridine derivatives with pentamethylene and decamethylene
spacers were synthesized by a modified Bemthsen procedure as shown in Scheme
3.1.® The condensation reaction of diphenylamine (5) with the correspohding
dicarboxylic acid in lthe presence of anhydrous ZnCl, yieided the acridine
derivatives 6 and 7 in 50-60% yields. The quarternization of these acridine
derivatives with methyl iodide or methyl triﬂuoromethaneéulphonate gave the
corresponding acridinium derivatives (1-2) in quantitative yields. All these

compounds were characterized on the basis of spectral data and analytical results.

CHaln (cszn-cozH
OO0 —="C - o0 10
ZnCly, 230 °c

N
)
H - 40h 6 (n =5) B(n=5)
5 7 (n = 10) 9 (n=10)
CF3504CH;,
CH.Cl,
Reflux, 4-6 h

CHZ n
CH3 c1-|3 2CF3803

1{n=5)
2({n=10)

Scheme 3.1

For example, in the 'H NMR spectrum of the bifunctional derivatives 1 and 2, twe

methyl groups linked to two quaternary nitrogen of the acridinium moieties
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appeared as singlet at § 4.81, while the aliphat{c protons of the spacer group
appeared as multiplets in the region bet;veen o 1.82-397 and & 1.15-3.98,
respectively.  Characteristically, the. bisacridinium derivatives exhibited
gymmetrica] structure and hence we obtained peaks corresponding to 11 and 13
carbon, respectively for 1 and 2, in their C NMR spectra. These derivatives
showed high solubility in aqueous medium as demonstrated by various

photophysical experiments.

'3.3.2. Absorption and Fluorescence Properties

Figures 3.2 and 3.3 show the absorption and fluorescence emission spectra,
respectively of the bifunctional derivatives 1, 2 and the mode! acridinium
derivative 3 in aqueous medium, while their photophysical properties are summarized
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.Figure 3.2. Absorption spectra of acridinium derivatives 1, 2 and 3 in water.
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Figure 3.3. Fluorescence spectra of acridinium derivatives 1, 2 and 3 in water.

in Table 3.1. In all these cases acridinium chromophore exhibits absorption in the
region 300-470 nm. As shown in Figure 3.3, the bisacridinium derivatives 1 and 2
and the model com'pound, 3 exhibit fluorescence emission in the range 425-550
nm. with quantitative fluorescence quantum yields (¢py = 0.91, 0.98 and 1.0,
respectively). While the fluorescence emission maximum of the bisacridinium
derivatives 1 and 2 were found to be 496 nm, the model acridinium derivative 3
showed an emission maximum at 490 nm. Nanosecond time resolved fluorescence
studies indicate that the compounds I and 2 showed single exponential decays

with lifetimes of 38.9 and 33.2 ns (Figure 3.4), respectively while the derivative 3

exhibited a lifetime of 33.8 ns (Table 3.1).
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Table 3.1. Photophysical and DNA Binding Properties of the Bifunctional
Derivatives 1,2 and 3?

Compd Asb, NN lemsim @D® s Kona (M) 0
(e, Mem™)
i 358 (33200) 496 091 389 43 % 10° 2.7
421 (9450) (4.5 x 10%)
2 358 (33600) 496 0.98 33.2 2.5x107 2
3 357 (19100) 490 ] 33.8 731 x10° 2.5
416 (5000) (6.34 x 10%°

® Average of more than two experiments and error ca. +5%. The photophysical and
DNA binding properties were examined 10 mM phosphate buffer containing 2
mM and °100 mM NaCl (pH 7.4), respectively. "Fluorescence quantum yields
were calculated using 10-methylacridinium trifluoromethane sulfonate as the
standard (@; = 1).”" DNA association constants determined by the Scatchard |
analysis of fluorescence titration data. ® Number of nucleotides occluded by a
bound ligand.*’

10000
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Counts

10

0 50 100 150 200 250
Time, ns
Figure 3.4. Fluorescence decay profiles of 1 and 2 in water along with the lamp

profile (L). Excitation wavelength, 355 nm.

l
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3.3.3. DNA Binding Properties

The change in the abéorption and fluorescence emission properties of the
bisacridinium derivatives 1 and 2 with added bNA concentrations are shown in
Figures 3.5-3.7, respectively. The bisacridinium derivative 1 showed significant
hypochromicity in the absorption spectrum upto a [DNA}/[Ligand] ratio of 12
(0.14 mM of DNA), after which a small increase in the absorption spectrum was
observed (Inset of Figure 3.5). Similarly, a strong fluorescence quenching of 1 was

observed upto a DNA concentration of 0.14 mM, thereafier the addition of DNA

induced a negligible effect as shown in Figure 3.6. The changes observed in

0.4 0.4
I M
1- Eo,sl t
0.3 | = (8
g f 'go.z- I
£ 0.2 01y o \\\\\_
o]
< 0.0 : . ,
300 350 400 450 500
0.1

y Wavelength, nm

0-0 v T A L S -
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Figure 3.5. Change in absorption spectra of bisacridinium derivative 1 (11.4 uM),
with increasing DNA concentrations in 10 mM phosphate buffer containing 2 mM |
NaCl. [DNA] (a) 0, (b) 0.024, (c) 0.048, (d) 0.072, (e) 0.096 and (f) 0.12 mM and

in the inset (g) 0.14, (h) 0.17, (i) 0.19, (j) 0.24, (k) 0.28, (!) 0.38 and (m) 0.47 mM.  '



Chapter 3: Mono- and Bis-intercalation and Study of DNA Oxidation 101

&

Pr— |

Fluorescence Intensity (a. u.)

450 500 550 600 650 700

Wavelength, nm
Figure 3.6. Change in fluorescence spectra of bisacridinium derivative 1 (11.4
uM), with increasing DNA concentrations in 10 mM phosphate buffer containing
2mM NaCl. [DNA] (a) 0, (b) 0.024, (c) 0.048, (d) 0.072, (e) 0.096, (f) 0.12 mM,
(2)0.14, (h) 0.17, (i) 0.19, (k) 0.28 and (m) 0.47 mM. Excitation wavelength, 363
nm.
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Figure 3.7. Change in fluorescence spectra of bisacridinium derivative 2 (12.8
M) in 10 mM phosphate buffer containing 2 mM NaCl with increasing
concentration of CT DNA. [DNA] (a) 0, (b) 0.024, (c) 0.048, (d) 0.072, (e¢) 0.096,
() 0.12 and (g) 0.14 mM. Inset shows the corresponding changes in the ab‘sorption
spectra. Excitation wavelength, 363 nm.
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the absorption and fluorescence emission spectra of the bisacridinium conjugate 2—
in the presence of DNA (Figure 3.7) were significantly higher, when compared to
‘the changes observed for the bisacridinium derivative 1. The bisacridinium
derivative 1 with polymethylene spacer n = 5, showed ca. 20% hypochromicity in
the absorption spectrum in presence of 0.14 mM DNA. In contrast, the
‘bisacridinium conjugate 2 with polymethylene spacer n = 10, exhibited nearly ca.
41% hypochromicity under similar conditions. Similarly, contrasting effects were
observed in the fluorescence properties of 1 and 2 in the presence of DNA. The
bisacridinium derivative 2 undergoes efficient fluorescence quenching upon
\binding with DNA, when compared to the -conjugate 1. At any DNA
concentration, the quenching in fluorescence emission observed in the case of the
bisacridinium derivative 2 is more than twice than that of 1, suggesting its greater
affinity for DNA. The quenching in fluorescence of the bisacridinium derivatives
is attributed to the favorable electron transfer from the DNA bases to the excited
state of the acridinium chromophore.m’37

The DNA association constants (Kpna) of 1-3 were determined based on the
fluorescence titrations and according to the method of McGhee and von Hippel
using the data points of the Scatchard plot.’' The bisac\:ridinium conjugate 1,
exhibited an association constant of Kpya = 4.3 x 10° M, which is around 6-fold

lower value than that of the bisacridinium derivative 2 (Kpna = 2.5 x 10" M™). Since

these derivatives are cationic in nature, the involvement of the electrostatic
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interactions in these derivatives was confirmed by the observation of lesser extent of
quenching in fluorescence emission in buffer containing 100 mM NaCl. The
binding constant for the bisacridinium derivative 1 (Kpna =4 x 10° M) was found
to be one order less in buffer containing 100 mM NaCl, when compared to the value
obtained at 2 mM NaCl (Table 1). In the case of the derivative 2, the binding constaﬁt
at 100 mM NaCl was found to be two orders of magnitude less than that observed at 2
mM NaCl. Similarly at even higher ionic strengths, for example, at 1 M NaCl the
binding constants were found to be in the order of 10* M for these derivatives. The
changes in the fluorescence and absorbance spectra of the bisacridinium derivatives

with increasing DNA concentrations at higher ionic strengths shown in Figures 3.8-3.11
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Figure 3.8. Change in fluorescence spectra of 1 (10 uM) in 10 mM phosphate
buffer containing 100 mM NaCl with increasing concentration of CT DNA. Inset
shows the corresponding changes in the absorption spectra. [DNA] (a) 0, (b)
0.048, (c) 0.096, (d) 0.14, (e) 0.19, (f) 0.24, (g) 0.28, (h) 0.33, (i) 0.47 and (j) 0.9
mM. Excitation wavelength, 363 nm.
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Figure 3.9. Change in fluorescence spectra of 2 (12 uM) in 10 mM phosphate
buffer containing 100 mM NaCl with increasing concentration of CT DNA. Inset
shows the corresponding changes in the absorption spectra. [DNA] (a) 0, (b)
0.048, (c) 0.096, (d) 0.14, (e) 0.19, (f) 0.24, (g) 0.28, (h) 0.38 and (i) 0.47 mM.
Excitation wavelength, 363 nm.
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Figure 3.10. Change in flourescence spectra of 1 (12 uM) in 10 mM phosphate
buffer containing 1 M NaCl with increasing concentration of CT DNA. Inset
shows the corresponding changes in the absorption spectra. [DNA]} (a) 0, (b)
0.048, (c) 0.096. (d) 0.14, (e) 0.19, (f) 0.24, (g) 0.28, (h) 0.38 and (i) 0.47 mM.

Excitation wavelength, 363 nm.
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Figure 3.11. Change in fluorescence spectra of 2 (12 uM) in 10 mM phosphate
buffer containing 1 M NaCl with increasing concentration of CT DNA. Inset
shows the corresponding changes in the absorption spectra. Excitation wavelength,
363 nm. [DNA] (a) 0, (b) 0.048, (c) 0.096, (d) 0.14, (¢) 0.19, (f) 0.24, (g) 0.28, (h)
0.38 and (i) 0.47 mM.

indicates that the extent of quenching in fluorescence emission of both the
bisacridinium derivatives decreases as the salt concentration increased. Further,
we observed significant decrease in fluorescence quenching at or above 1 M NaCl

concentration.

33.4. Characterization of DNA Binding Interactions

Circular dichroism and viscometry have been used extensively to
elucidate the mode of interaction of various DNA binding drugs. The process
of intercalation occurs by the unwinding of the double helix to accommodate

the ligand that gets stacked between the DNA bases. This process results in
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lengthening of the DNA leading to an increased viscosity of DNA ** Hence,
viscometric studies were carried out to understand the preferred mode of”

interactions of these derivatives with DNA. In the case of the bifunctional
derivative 2, we observed significant change in viscosity of DNA than that

observed for the derivative 1 (Figure 3.12). The derivative with longer spacer

1.8+

00 01 02 03 04 05
Ligand/DNA

Figure 3.12. Effect of increasing concentrations of the bifunctional derivatives 1,
2 and 3 on the relative viscosity of CT DNA (0.72 mM) at 26 = 0.2 °C in 10 mM
phosphate buffer (pH 7.4) containing 2 mM NaCl.

length {n = 10) preferentiaily undergoes bisintercalation leading to the marked
increase in the DNA viscosity when compared to the monointercalating
derivatives 1 with shorter spacer length of n = 5 and the model compound 3.
The complexation of an achiral molecule in a chiral environment can exhibit
an induced circular dichroic (ICD) signal in the region of absorption of the achiral

ligand.*> DNA, owing to the presence of asymmetric sugar moieties and helical
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structure, exhibits strong CD signal in the \;vavelength region 180-300 nm.
Interaction of ligands with DNA can resul‘t in changes in the CD spectrum of'the
DNA along with the formation of an ICD corresponding to the ligand absorption.
Based on the assumption that the interacting molecular systems are at van der
Waals distances, ICD can be attributed to the coupling of electrical transition
moments of the DNA moiety and the ligand. Hence, knowledge of the magnitude
and direction of DNA and ligand transition moments can give significant
information regarding the mode of binding.” The acridinium derivatives under
investigation, being achiral, do not show any CD signal. However, as shown in
Figure 3.13, in the presence of DNA, an ICD signal is observed in the
chromophore absorption region of the bisa;:ridinium derivatives 1 and 2,
indicating the formation of a strong complex between the derivatives and DNA.

At 3 uM concentration of the derivative 2, a bisignated CD signal is observed
with a positive band and a weak negative band. Under similar conditions, the CD
signal observed for 1 has only positive signal, however as shown in the inset of the
Figure 3.13, similar bisignated CD signal with comparatively lesser intensity is

obtained at higher concentrations of the ligand. This result further supports the
observation that the derivative 2 with longer space length (n = 10), forms

stronger complex with DNA when compared to the monointercalating

derivative 1 with shorter spacer length of n = 5. Increasing the ligand to DNA
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ratio increases the intensity of the ICD signal indicating excitonic coupling

between the acridinium moieties when bound to DNA.
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Figure 3.13. Circular dichroism (CD) spectra of 1 (3 uM) and 2 (3 uM) in the
presence of dsDNA (0.5 mM) in 10 mM phosphate buffer (pH 7.4) containing 2

- mM NaCl. Inset shows the CD spectra of 1 (8.7 uM) under similar conditions.

The dependence of the association constants on the Na' ion concentration
indicates the role of electrostatic interactions in the binding of these derivatives
with DNA. The effect of salt on the binding constant was used to calculate the
sodium ion release per bound ligand.”® The number of released Na* ions obtained
from the slopes of the plots of logK s, vs -log[Na'] were found to be 1.9, 2.04 and
0.97. respectively for the bhisacridinium derivatives 1 and 2 and the model
derivative 3 (Figure 3.14). The values obtained é:orrelates well with the number
of positive charges on these derivatives. The non-electrostatic contributions to the

binding interactions of these derivatives were calculated using equation 3.1,
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In Ko _ in K;® + Z&" In(1.8) - Z%In [Na'] (3.1)
where, K1 is the equilibrium constant tilat does not include the free energy'of ion -
release. For the B-form of dsDNA, -the dimensionless polymer charge density £ isw_
4.2. The variable & is 0.334, where b ié the average axial charge spacing (1.7 A)

for B-DNA, while y. is the mean activity coefficient at a particular salt

concentration. Using the NaCl concentration of 100 mM and its mean activity at

2 L4 L] v r M ¥ ¥ v *
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-log[Na+]

Figure 3.14. Change in the log of association constants of the acridinium
lerivatives 1-3 with the log of NaCl concentration.

his concentration as 0.78, the non-electrostatic contributions to the free energies
of association at 298 K (AG,) were calculated to be -40.6, -41.3 and -31.7 kJ/mol,
espectively for the derivatives 1, 2 and 3. 'i“he AG, values for the bisacridinium
lerivatives at 100 mM NaCl is less than double the value of the model acridinium

lerivative, indicating monointercalative interactions of the derivatives at this ionic
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strength. The bisacridinium derivatives 1 and 2 have comparable non-electrostatic
contributions to the free energy of association at 100 mM NaCl, which is 11
kJ/mol greater than the model acridinium derivative 3. The similar AG, values for
1 and 2 at 100 mM are consistent with the observation that the bisacridiniurﬁ
derivatives exhibit monointercalation at higher ionic strengths.

The bifunctional derivatives 1 and 2 contain two DNA binding motifs;
acridinium chromophores separated by a distance of 7.6 and 12.6 A, respectively.
The observation of higher DNA association constant (ca. 36-fold) for 2, when
compared to the model compound 3, clearly suggests that both the acridinium
moieties present in 2 undergo interactions with DNA through bisintercalation. In
contrast, the bifunctional system 1 exhibited only ca. 6-fold higher value of Kpna
than that of the model compound 3, indicating thereby that 1 interacts with DNA
through mono-interacalation. The length of the spacer group in this case is not
sufficient enough to allow the interaction of both acridinium chromophores
through bisintercalation. Furthermore, a comparison of the absorption and
fluorescence changes of 1 and 2, in presence of DNA at different ionic
strengths (Figures 3.15-3.16), clearly indicates that these two molecules exhibit
different modes of biﬁding interactions with DNA.***! Interestingly, at lower ionic
strength (2 mM NaCl), the bisacridinium derivative 1 exhibits relatively small
changes in the absorption as well as fluorescence properties with increasing DNA

concentration, when compared to that of the derivative 2. The observed saturation
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Figure 3.15. Change in fluorescence intensity of the bifunctional
derivatives 1 and 2 with increasing concentration of DNA in 10 mM
phosphate buffer (pfl 7.4) containing 2 mM NaCl. Inset shows the changes
in tluorescence intensity of 1 and 2 at higher ionic strength (100 mM
NaCl).
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Figure 3.16. Change in tluorescence intensity of the bifunctional derivatives 1 and
2 with increasing concentration of DNA in 10 mM phosphate buffer (pH 7.4)
containing | M NaCl.



Chapter 3: Mono- and Bis-intercalation and Study of DNA Oxidation 112

in the fluorescence changes and significant increase in the absorption bands at-
higher concentrations of DNA, show that at lower ionic strength of the buffer, 1
binds through monointercalation, whereas 2 interacts through bisintercalative

interactions. In contrast, at the higher ionic strength of the buffer medium

(Inset of Figure 3.15 and Figure 3.16), both these derivatives exhibited
identical saturation behavior as well as DNA association constants,

confirming thereby that both these systems undergo preferentially

monointercalating interactions with DNA under these conditions.

3.3.5. Photosensitized Oxidation of Nucleotides and DNA

Interaction with DNA results in efficient quenching of fluorescence
emission of the acridinium derivatives 1, 2 and the mode! compound 3. Based on
theoretical calculations this observation could be attributed to the electron transfer
from DNA bases to the excited state of acridinium chromophore. Change in free
energy values calculated for electron transfer from DNA bases to the singlet
excited state of acridinium are AG = -0.89, —0.76, -0.58 and —0.48, respectively
for guanosine, adenosine, ‘cytidine and thymidine.”® The reduction potential of
acridinivm moiety was taken as -0.57 eV vs' SCE.3\6 In order to confirm the
electron transfer process, laser flash photolysis studies of the acridinium .:-

derivatives were carried out in the presence of DNA and guanosine-5

monophosphate, which has the lowest oxidation potential among the nucleoti

The electron transfer should in principle lead to the formation of the radical cation
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of DNA and the reduced acridine radical. In the case of the bisacridinium
derivatives 1 and 2, the formation of the base radical cation could not be observed
clearly, however in the presence of strong electron acceptors such methyl
viologen, a transient absorption spectrum witﬁ three distinct maxima is observed.
Figure 3.17 shows the transient absorption spectrum of the bisacridinium
derivative 1 in buffer which could be attributed to the triplet excited state of the
“acridinium, while Figure 3.18 shows the transient spectrum.observed in the

aresence of DNA and methyl viologen. On the basis of experimental evidence and
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Figure 3.17. Transient absorption spectrum of 1 (40 puM) in argon saturated
phosphate buffer (10 mM; pH 7) recorded immediately after 355 nm laser
excitation. Inset shows the transient decay at 500 nm.

37,38

literature reports,” " the species with a lifetime of 2.2 ps could be attributed to the

i.viologcn radical cation and while the transient at 520 nm with a lifetime of 8.10 ps is
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attributed to the oxidized DNA base. Sirnilar observations were made in the case of
the derivative 2 and the model compound 3.
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Figure 3.18. Transient absorption spectrum of 1 (40 uM) in the presence of DNA
(1 mM) and methyl viologen in argon saturated phosphate buffer (10 mM; pH 7)
‘recorded at 0.8 ps after 355 nm laser excitation. [nset shows the transient decays
of (a) viologen radical cation at 390 nm and (b) DNA radical cation at 520 nm.

In order to assess the importance of m-stacking of ligands for efficient
electron transfer between the DNA bases and ligands, we had selected the
acridinium derivative 4, which was shown to have no intercalative interactions
with the double strand DNA (dsDNA).” Figure 3.19 shows the transient
absorption spectrum of 4 in buffer. On the basis of quenching experiments with
molecular oxygen (Figure 3.20), the transient species with absorption maximum at
500 nm could be assigned to the triplet excited state of 4. AS shown in the inset of

Figure 3.19, there was no observation of transient absorption corresponding to the
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DNA radical cation on exciting the derivative 4 in the presence of dsDNA. Similar

observation was made in the presence of methyl viologen.
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Figure 3.19. Transient absorption spectrum of 4 (40 uM} in the presence of dsDNA
{l mM) in argon saturated phosphate buffer (10 mM, pH 7) recorded at 1.4 ps
| afier 355 nm laser excitation.
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Figure 3.20. Transient decay of 4 (40 uM) in (a) argon saturated phosphate buffer
(10 mM, pH 7) and (b) oxygen purged conditions, immediately after 355 nm laser

excitation.
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However, in the presence of ssDNA where th;e acridinium derivative 4 was
reported to intercalate efficiently, a transient. absorption spectrum was obtained_
with two maxima having distinct lifetimes (Figure 3.21). We observed a blue shift
"of 10 nm in the absorption maximum to 490 nm and a shoulder appears at 520 nm.
The lifetime of the transient with absorption maximum at 490 nm in the presence
of ssDNA is found to be 1.6 us, while 0.85 ps was observed for the species with
absorption maximum at 520 nm. These transients at 490 nm and 520 nm can be

attributed to the formation of the acridine radical and the radical cation of DNA,

respectively as per the experimental evidence and literature reports.>’
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Figure 3.21. Transient absorption spectrum of 4 (40 uM) in the presence of
ssDNA (1 mM) in argon saturated phosphate buffer (10 mM, pH 7) recorded at 1
us after 355 nm laser excitation. Inset shows the transient decays of (a) acridine
radical at 490 nm and (b) DNA radical cation at 520 nm.
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To further confirm the formation of the DNA radical cation, similar studies
have been carried out in the presence of guanosin€ 5’-monophosphate (GMP), which
gives two transient absorption maxima at 500 nm and 520 nm with lifetimes of
43 ps and 83 ps. These transients could be assigned to the formation of which
could be assigned to the formation of acridine radical and guanosine radical

cation, respectively (Figure 3.22). On comparison with results obtained with DNA,
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Figure 3.22. Transient absorption spectrum of 4 (40 uM) in the presence of GMP
(1 mM) in argon saturated phosphate buffer (10 mM, pH 7) recorded at 1 us after
1355 nm laser excitation. Inset shows the transient decays of (a) acridine radical at
500 nm. (b) GMP radical cation at 520 nm.

the formation of the guanosine.radical cation could be seen distinctly in the
presence of methyl viologen, as shown in Figure 3.23, which showed three
absorption maxima at 395 nm, 520 nm and 610 nm. While the maxima at 395 nm

and 610 nm with lifetimes of 2.95 ps, corresponds to the methyl viologen radical
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cation, that at 520 nm with a lifetime of 0.43 ps is due to the radical cation of
ssSDNA. Since no photoproduct formation was observed upon the laser excitation
of 4 in the presence of methyl viologen, the observed formation of the viologen
radical cation could be due to the efficient electron transfer reaction from the DNA
base or GMP to the viologen moiety via the excited state of the acridinium
chromophore. This is was supported by free energy calculations which shows that
while electron transfer from the nucleobases to the excited state of acridinium is
possible, the electron transfer from the acridinium to methyl viologen is not

feasible.

0.008 -
0.006 -

0.004 - /\

0.002 J *
\

0.000 \'/ "‘\,/\

400 500 600 700
Wavelength, nm

AOD

AOD

Figure 3.23. Transient absorption spectrum of 4 (40 uM) in the presence of GMP
(1 mM) and methyl viologen (1 mM) in argon saturated phosphate buffer (10 mM,
pH 7) recorded at 1 ps after 355 nm laser excitation. Inset shows (a) viologen
radical cation at 395 nm and (b) GMP radical cation at 520 nm. ]
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34, Conclusions

In summary, we have demonstrated the chromophore depende:nt electron
transfer and competitive DNA binding interactions of systems containing‘ two
DNA binding motifs. The bifunctiénal derivatives 1 and 2 at lower ionic strength,
exhibit respectively, mono-intercalative and bis-intercalative interactions with.
DNA, but béth undergo only mono-intercalative interactions at the higher ionic
strength of the buffer medium. Laser flash photolysis studies of these systems in
buffer gave transients, which can be attributed to their triplet exited states based on
the quenching studies with molecular oxygen. Excitation of these derivatives in
presence of DNA and gudnosine—S '-monophosphate (GMP) led to the formation of
nxidized species like radical cationé of DNA and GMP. The efficiency of
xidation of GMP and DNA by these derivatives was further increased in the
iresence of an efficient electron acceptor such as methylviologen. These results
ndicate that ionic strength has a profound influence on the DNA mono- and
isintercalating properties of the novel bisacridinum derivatives and further
lemonstrate that depending on the spacer and substituents present, these
nolecules can act as efficient DNA photo-oxidizing agents. These novel

i)ifuncﬁonal systems, which are highly soluble in aqueous medium, stable under

i
1

?radiation conditions and exhibit significant fluorescence quantum yields can

sve potential applications as fluorescent probes for biological applications.
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3.5. Experimental Section

3.5.1. General Techniques

All melting points are uncorrected and were determined on a Mel-Temp 11
melting point apparatus.”’m '"H and C NMR spectra were recorded on a Brucker
DPX-300 MHz NMR spectrometer using tetramethylsilane as the internal
standard. CHN analysés were done using a Perkin-Elmer Series-11 2400 CHN
analyzer. The electronic absorption spectra were obtained using a Shimadzu UV-
3101PC UV-VIS-NIR scanning spectrophotometer. The fluorescence spectra were
recorded on a SPEX-Fluorolog F112X spectrofiuorimeter. The fluorescence
quantum yields were measured by the relative methods using optically dilute
solutions, with 9-aminoacridine in methanol (¢, = 0.99) or 10-methylacridinium
trifluoromethanesulphonate in water (@,= 1) as the reference.’

The nanosecond fluorescence lifetime studies were carried out using an
Edinburgh FL900CD single photon counting system. Fluorescence lifetimes were
determined by deconvoluting the instrumental function with a mono- or
biexponential decay and minimizing the ¥ values of the fitto 1 + 0.1.% Laser
flash photolysis experiments were carried out in Applied Photophysics model
LKS-20 laser kinetic spectrometer using the thira harmonic (355 nm) of a Quanta
Ray GCR-12 series pulsed Nd:YAG laser. Circular dichroism (CD) spectra were
recorded on Jasco Corporation, J-810 spectropolarimeter. The cyclic

voltammograms were recorded on a BAS CV-30W Voltammetric Analyser. A
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glassy carbon working electrode was used along with platinum auxiliary and
Ag/AgCl (3 M NaCl) reference electrodes. The redox potentials obtained were
calibrated using ferrocene as an internal standard.**®

DNA binding studies of the acridinium derivatives were carried out in 10
mM phosphate buffer containing either 2 mM or 100 mM NaCl (pH 7). Solution
of Calf thymus DNA (Pharmacia Biotech, USA) was sonicated for 1 h and filtered
through a 0.45 pM Millipore filter. The concentrations of DNA solutions were

! for the extinction

determined by using the average value of 6600 M' cm’
coefficient of a single nucleotide at 260 nm.*' The DNA binding affinities were
calculated according to the method of McGhee and von Hippel by using the data

points of the Scatchard plot.”’

- 35.2. Materials

9-Methylacridine, mp 116-117 °C (lit. mp 115-116 °C)** and 9,10-
dimethylacridinium iodide (3), mp 248-249 °C (lit. mp 249-250 °C )* and 2.4-
dimethylphenylacridinium iodide mp 242-245 °C were prepared as per the
reported procedures.” Commercially available starting materials and solvents
were purified and distilled before use. Petroleum ether used was the fraction
boiling at 60-80 °C.

Synthesis of bisacridines.” A mixture of diphenylamine (5, 2.5 mol), 1,7-
;heptanedioic acid (1 mol) and anhydrous ZnCl, (10 mol) was heated at 230 °C for

i
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40 h. To the reaction mixture was added 20% H,SO,4 (100 mL) and refluxed for 4
h. It was then cooled and neutralized with 25% arﬁmonia solution and the solid
product obtained was chromatographed over éilica gel. Elution of the column with
a mixture (1:4) of ethyl acetate and pefroleum ether gave bisacridine (n = 5)
‘ (57%), mp 219-220 °C, after recrystallization from a mixture (1:9) of petroleum
ether and dichloromethane. '"H NMR (300 MHz, CDCl5) & 1.15-1.95 (6H, m), 3.61
(4H,t, J=75Hz),7.53 (4H,t,J=7.6 Hz), 7.76 (4H, t, J = 7.6 Hz), 8.15-8.30 (8H,
“m); °C NMR (CDCls, 75 MHz) § 27.44, 30.55, 31.16, 124.19, 124.85, 125.58,
129.71, 130.41, 146.46 and 148.65; MS (FAB) m/z 427.10 (MH"). Anal. Calcd for
Cs HyN,: C, 87.29; H, 6.14; N, 6.57. Found: C, 87.12; H, 6.15; N, 6.62.
In a separate experiment, when the reaction of diphenylamine with 1,12-
\ dodecanedioic acid in presence of anhydrous ZnC12 was carried out as described .
above, gave 61% of the bisacridine 7 (n = 10) (mp 158-159 °C), after
recrystallization from a mixture (1:9) of petroleum ether and dichloromethane. '‘H
NMR (300 MHz, CDCls) & 1.25-1.95 (16H, m), 3.61 (4H, t, ] = 7.9 Hz), 7.54 (4H,
t,1=7.7Hz), 7.76 (44, t, J = 7.7 Hz) and 8.21-8.25 (8H, m); °C NMR (CDCl,, 75
MHz) § 27.71, 29.49, 29.54, 30.26, 31.42, 124.34, 124.89, 125.47, 129.69, 130.39,
147.16 and 148.69; MS (FAB) m/z 497.10 (MH"). Anal. Calcd for C3gHigN;: C,
87.05; H, 7.31; N, 5.64. Found: C, 87.28; H, 7.36; N, 5.88. 7
Synthesis of the bisacridinium derivatives \1-2. 1,5-Bis(acridin-9-

yl)pentane (1 mmol) was dissolved in dry dichloromethane (20 mL) and methyl
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ifluoromethanesulphonate (2 mmol) was added slowly with stirring at room
emperature. The reaction mixture was refluxed for 4 h and the residue obtained
after recrystallization from a mixture (1:4) of ethyi acetate and acetonitrile gave
fthe bisacridinium derivative 1 in 74% yield, mp 260-261 °C. 'H NMR (DMSO-dj,
300 MHz) 6 1.82-1.89 (6H, m), 3.97 (4H, t, J = 8.1 Hz), 4.81 (6H, s), 8.0 (4H, t, J=
7.8 Hz), 8.43 (4H, t, } = 8 Hz), 8.77 (4H, d, } =9.3 Hz), 8.68 (4H, d, ] = 8.5 Hz); °C
NMR (£)MSO-d6, 75 MHz) & 29.30, 30.15, 32.54, 44.91, 124.42, 127.73, 129.86,
130.39, 136.33, 141.64, 158.63. Anal. Calcd for C3sH3,FgN,OgS;: C, 55.70; H,
427;N,3.71; S, 8.50. Found: C, 55.44; H, 4.03; N, 3.78; S, 8.40.

Similar reaction of 1,10-bis(acridin-9-yl)decane (1 mmol) with methyl
trifluoromethanesulphonate (2 mmol) in dry dichloromethane, followed by the
recrystallization of the residue obtained, from a mixture (1:4) of ethyl acetate and
acetonitrile yielded 76% of bisacridinium derivative 2, mp. 255-256 °C. '"H NMR
(DMSO-d¢, 300 MHz) 6 1.15-1.78 (16H, m), 3.98 (4H, t, ] = 8 Hz), 4.81 (6H, s),
8.02 (4H, t, } = 8.3 Hz), 8.42 (4H, t, ] = 8.3 Hz), 8.76 (4H, d, ] = 9.2 Hz), 8.88 (4H,
d, J = 8.8 Hz); °C NMR (DMSO-d,, 75 MHz) & 29.30, 30.15, 32.54, 44.91,
124.42, 127.73, 129.86, 130.39, 136.33, 141.64, 158.63. Anal. Calcd for
C3sH3FeN20OgS,: C, 55.70; H, 4.27; N, 3.71; S, 8.50. Found: C, 55.44; H, 4.03; N,

3.78; S, 8.40.
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Chapter 4 '

DEVELOPMENT OF A FLUORIMETRIC ASSAY FOR
QUANTIFICATION OF SINGLE STRAND DNA AND RATIO
OF SINGLE STRAND TO DOUBLE STRAND DNA

4.1. Abstract

DNA binding properties of the acridinium based simple fluorescent probes
1 and 2 were studied and the remarkable selectivity exhibited by these derivatives
for single strand DNA (ssDNA} over dou-ble strand DNA (dsDNA) has been
employed to develop-a fluorimetric assay for the quantification of ssDNA. The
acridinium derivatives 1 and 2 with sterically hindered aryl group on the
acridinium moiety undergoes selective binding with ssDNA involving both
electrostatic and intercalative interactions as analyzed through photophysical,
biophysical and microscopic techniques. Studies with different oligonucleotides
indicate that these derivatives show greater affinity for guanosine rich sequences
(dG),y, whereas least affinity (ca. 3-fold) wz_ts observed for the cytosine rich
sequences (dC),y. The significant fluorescence changes observed with these
derivatives led to the development of a sensitive method for the quanlilficalion of
ssDNA and the ratio of ssDNA to dsDNA. This method showed linearity over a

wide range of ssDNA concentrations with high correlation coefficients and slope
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values. Only marginal errdr was observed even in the presence of additives like
RNA, free nucleotides, proteins, surfactants and in biological fluid. Our results—
_ demonstrate that the acridinium derivatives 1 and 2, exhibit high solubility and
stability in buffer media and quantitative ﬂﬁorescence yields and hence can be
used as a sensitive fluorescent probes for the quantification of ssDNA (20-1000

puM) and the ratio of ssSDNA to dsDNA in buffer and biofluids.

4.2. Introduction

Study of interactions of small molecules with nucleic acids is important
from the view point of developing new probes for quantification of nucleic acids,
in establishing carcinogenic potential of a chemical and in developing drugs
| targeted to DNA.'™ Quantification of nucleic acids is an essential step in most of
the molecular biologfca] applications, in clinical diagnostics and in the detection of
DNA damage.*” Significant advances have been made over the years in the
detection techniques of DNA damage. However, most of these techniques are
either labor intensive or based on the detection of DNA cleavage products, which
are rapidly repaired in cells.” Hence, there is 2 growing interest in recent years in
the development of new and simpler methods for the detection and quantification
of DNA damage.

Some of the general strategies employed to quantify DNA damage caused
by ionizing radiation or chemical modification include gel electrophoresis,

capillary electrophoresis, optical and electrochemical methods.®!' DNA damage
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double strand breaks.'* Ethidium bromide binding assay, comet assay, alkaline
unwinding and elution assays are some of the methods reported for the detection
of single strand breaks.”"”"!* These methods use alkaline conditions to denature or
unwind damaged DNA. Under qontrolled conditions, the degree of denaturation is
dependent on the number of single strand breaks, which can be quantified by
measux:ing the ratio of single strand DNA (ssDNA) to double strand DNA
(sDNA) and thereby the extent of DNA damage. However, most of these
methods are tedious and time consuming. In this context, the direct measurement
of DNA damage through optical methods offers several advantages. Of the optical
methods used for the quantification of nucleic acids, the fluorescence based
methods have -attracted much attention primarily because of the high sensitivity
and rapidity of the technique.'®

The fluorescence based methods generally rely on measuring either
thancement or quenching in fluorescence intensity and lifetimes of the probe
when bound to DNA.'” However, most of the available nucleic acid probes cannot
Fﬁiciently differentiate between dsDNA and ssDNA. As a result, the development
ﬁf fluorescent probes as well as methods to distinguish between various forms of

PNA, and particularly ssDNA and dsDNA is gaining importance.'®'” Dyes which

ect only the ssDNA are important not only for the determination of extent of

A damage but also for the detection and quantification of synthetic
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oligonucleotides that are used in a number of different molecular biological
techniques.”® Furthermore, ssDNA is believed to play a major role in various
biological functions.*""** For example, ssDNA is an important intermediate in the
processes of DNA replication, recombination.and repair. 1t is also an important
mediator of DNA damage-dependent cell cycle arrest in a range of organisms. In
Escherichia coli, double strand breaks (DSBs) must be proceeded by the RecBC
helicase/exonucicase and pyrimidine dimers must be replicated to generate
;SDNA, to activate RecA and induce the SOS response and cell vcycle arrest.” In
budding yeast, meiotic cell DSBs needs to be processed to ssDNA inorder to

. 4
signal arrest.***

In mammalian cells, a p53-dependent DNA damage sensor also
responds to ssDNA, but not to the nicked or covalently closed circular DNA.%
ssDNA has also been associated with DNA replication”’, transcription®, trans-
lesion synthesis®, ‘apoptosis’®, DNA repair’’, mitotic and meiotic
recombination®** and telomeres.** Hence, ssDNA selective probes will be highly
useful in understanding the role of ssDNA in cells.

Oligreen, a product by the Molecular Probes is an example of ssDNA
quantitation reagent. However this dye shows fluorescence enhancement in the
presence of dsDNA, albeit to. a lesser extent when compared to the ssDNA. !
Another example of a dye, which has been used to q'uantify\ssDNA in the presence

of dsDNA is the PicoGreen. PicoGreen is a widely used dsDNA quantitatior

reagent'® and in combination with ethidium bromide, it was reported to be efficien
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in determining the ssDNA to dsDNA ratio.'® However, a drawback of the system
was the variation in the linearity of the calibration curve with the concentration- of
the dye, owing to aggregation of the dyé. In this context, our objective has been to
dévelop sensitive fluorescent probes for the detection and quantification of sSDNA
and the ratio of ssDNA to dsDNA. With this objective we had selected two
acridinium based probes 1 and 2 (Chart 4.1) and studied their interactions with
ssDNA, dsDNA and a few synthetic oligonucleotides in the presence and absence
- of additives such as RNA, proteins and sur‘factants. Our reéults demonstrate that
the derivatives exhibit quantitative fluorescence yieids and high selectivity toward
ssDNA and hence can be successfully used as a fluorescent probe for the detection

- and quantification of ssDNA and the ratio of ssDNA to dsDNA.

: '
R )R =
(LI

CH;

Chart 4.1

)-4.3. Results and Discussion
'43.1 Synthesis and DNA Binding Properties
Reaction of 9-(2-methylphenyi)-acridine and 9-(2,4-dimethyiphenyl)-

facridine with methyl iodide gave the derivatives 1 and 2 in good yields (60-
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65%).” These derivatives exhibited high solui)ility in aqueous medium and buffer
and obeyed Beer’s law under the ekperimental conditions. They showed
characteristic absorption of the acridinium chromophore in the range 300475 nm
with molar extinction coefficient of 1.9 x10* M"'em™ at the absorption maximum
(361 nm). In buffer media, they exhibited quantitative fluorescence quantum
" yields (@; = 1) with an emission maximum around 500 nm.

To evaluate the potential of these derivatives as fluorescent probes, we
monitored their absorption and fluorescence changes in presence and absence of
both single strand DNA (ssDNA) and double strand (d&sDNA) in phosphate buffer

~at pH 7.4 under identical conditions. As shown in Figure 4.1, the fluorescence
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Figure 4.1. Change in fluorescence spectra of 1 (30 puM) with increasing
concentration of ssDNA. [ssDNA] (a) 0, (b) 0.20, (c) 0.43, (d) 0.63, (e) 0.82 and
(f) 1 mM. Inset shows the corresponding changes in the absorption spectra of 1
with the gradual addition of ssDNA. Excitation wavelength, 366 nm.
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emission spectrum of 1 is ‘efficiently quenched (60%) with 'increasing
concentrations of calt thymus ssDNA. The increase in addition of ssDNA resulted
in significant hypochromicity (17%) at 361 nm, corresponding to the _absorp(iori of
the acridinium chromophore of 1 (Inset of Figure 4.1). Similar results were
observed in the case of the derivative 2. In contrast, we observed negligible
changes in the absorption and fluorescence emission properties of 1 with
increasing in addition of dsDNA. Figure 4.2 shows the extent of fluorescence
changes obtained in the presence of ssDNA and dsDNA. Inset of Figure 4.2 shows

the visual observation of the change in fluorescence intensity of 1 (40 pM) in the

2.0

1.84

1.6

1/1

1.4+

dsDNA

0.00 025 050 075 100 125
Nucleic Acid, mM

Figure 4.2, Change in fluorescence intensity of 1 (40 pM: monitored at 501 nm)
with increasing concentrations of ssDNA and. dsDNA. Inset shows the visual
observation of change in fluorescence intensity of (a) 1 alone (40 uM) (b) 1 in the
presence of ssDNA (1 mM) and (¢) 1 in the presence of dsDNA (1. mM).
Excitation wavelength, 365 nm.
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~ presence and absence of equimolar concentrations (! mM) of dsDNA and ssDNA.
While the fluorescence intensity of 1 is retained in the presence of dsDNA, it gets
completely quenched when ssDNA 1s added, leading to the visual and selective
. detection of ssSDNA in the solution by the acridinium derivative 1.

To assess the sequence specificity of the probe 1, we investigated its
interactions with different single strand homooligomers under identical conditions.
We chose oligonucleotides consisting of 19 nucleotides such as (dA))g (dC)yy,
(dT)19 and (dG);9 and a random sequehce of (dN),q. Figures 4.3-4.7 shows the
fluorescence changes of probe 1 with increase in concentration of theA
oligonucleotides (dA)lg, (dChg, (dT)yy, (dG)i9 and random sequence (dN)q,

respectively. Figure 4.8 shows a comparison of the fluorescence intensity changes
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Figure 4.3. Change in fluorescence spectra of probe 1 (30 pM) with increasing
concentration of (dA)q. [(dA)9] (a) 0, (b) 0.03, (c) 0.08, (d) 0.13, (e) 0.20 and (f)
0.34 mM. Excitation wavelength, 366 nm.
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of probe 1 at 501 nm, with different concentrations of various homooligomers.
The derivative 1 showed a significant quenching (77%) in fluorescence intensity
when titrated with (dG),s followed by (dA),s (55%) and (dT),9 (53%) whereas
very low quenching of 30% was observed with (dC)yy. In contrast, the random
sequence oligomer (dN)y9 led to 70% quenching in the fluorescence intensity of

probe 1. The data indicates that 1 exhibits greater affinity for guanosine rich sites
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Figure 4.4. Change in fluorescence spectra of probe 1 (30 uM) with increasing
concentration of (dC),q. [(dC),4] (a) 0, (b) 0.02, (¢) 0.10, (d) 0.19, (e) 0.27 and (f)
0.34 mM. Excitation wavelength, 366 nm.

as compared to the cytidine homooligomer. Time resolved fluorescence changes
of the probe 1 in the presence of calf thymus ssDNA and oli gonucleotides with 19

bases were studied and the changes in the decay profile of probe 1 with the mixed
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Figure 4.5. Change in fluorescence spectra of probe 1 (30 uM) with increasing
concentration of (dT)e. [(dT)1s] (a) 0, (b) 0.05, (c) 0.09, (d) 0.15, (e) 0.23 and (f)
0.33. Excitation wavelength, 366 nm.
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Figure 4.6. Change in fluorescence spectra of probe 1 (30 pM) with increasing
concentration of (dG)ye. [(dG)s] (2) 0, (b) 0.03, (c) 0.07, (d) 0.11, (e) 0.14, () 0.2,
(g) 0.3 and (h) 0.35 mM. Excitation wavelength, 366 nm.
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Figure 4.7.  Change in fluorescence spectra of probe 1 (30 pM) with increasing
concentration of (dN)ye. [(dN)6) (2) 0, (b) 0.05, () 0.09, (d) 0.19, and (e)
0.35mM. Excitation wavelength, 366 nm.
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Figure 4.8. Change in fluorescence intensity of probe'l with increase in addition
of various oligonucleotide sequences (a) (dC)ys, (b) (dT)ys, () (dA)jo, (d) (dN)}
and (e) (dG),s. Excitation wavelength, 366 nm.
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base sequence oligonucleotide, (dN);, is shown in Figure 4.9. While only
negligible changes were observed in the presence of long chain CT ssDNA,
biexponential decay with lifetimes 42 ps and 20 ns were observed in the presence

of (dN)y.

Ll v 1 N 1

0 10 20 30 40 50
Time, ns

Figure 4.9. Fluorescence decay profiles of 1 (32 pM) in the presence and absence
of (dN),y in phosphate buffer (10 mM; pH 7.4). [DNA] (a) 0 and (b) 0.45 mM.

The association constants of the complexes formed between the probe 1 and the
oligonucleotide were determined by fluorescence titration experiments, according
to the method of McGhee and von Hippe! using the data points of the Scatchard
plot.”® These results are summarized in Table 4.1. Significant association constant
of Kpna = 8.5 x 10* M was observed for the guanosine homooligomer (dG))y,
while nearly ca. 3-fold less value of Kpya = 3 x 10* M was obtained for (dC)ys.

Fluorescence emission of 1 is efficiently quenched by ssDNAs of different
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Table 4.1. Association constants of the probe 1 with different DNA structures
in phosphate buffer (10 mM, pH 7.4).°

DNA Sequence Kpna MY k(7Y

DNA

Code x 10°

(dA))s  5-AAA AAA AAA AAA AAA AAA A-3 7 x10* 0.9

(dT)e S-TTT ﬂTﬁTTTTTTTTTTT-3’ 3.3 ><.104 0.6

(dC)y  5°-CCC CCC CCC CCC CCC CCC C-3° 3 x 10* 0.32

dG)s  5°-GGG GGG GGG GGG GGG GGG G-3° 8.5 x 10° 3.1
5°-CGT GGA CAT TGC ACG GTA C-3’ 7.5 x 10* 1.4

(dN)yo

* Average of more than two experiments, "DNA association constants were
determined by the Scatchard analysis of the fluorescence titration data. “Rate of
static quenching by DNA calculated as reported earlier.”’

sequences and the mechanism of quenching is attributed to the electron transfer

from DNA bases to the singlet excited state of the acridinium chromophore. This

assignment is based on the redox species characterized through laser flash

studies®® and theoretically calculated favorable change in free energy values (AG =

0.89, -0.76, -0.58 and -0.48 for guanosine, adenosine, cytosine and thymidine,

respectively). Among the nucleobases, the electron transfer from the guanosine to

he excited state of the acridinium chromophore is expected to be more facile
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theoretically and hence we observed an efficient fluorescence quenching with
(dG)y9 sequence as compared to (dC);s. As shown in Table 4.1, the probe 1
showed selectivity for all the ssDNA sequences but with binding affinity in the

order (dG)y > (dN) 9 > (dA)i > (dT)i9 > (dC)yo.

4.3.2 Quantification of Single Strand DNA in Buffer

A solution of probe 1 (30 pM) in 10 mM phosphate buffer at pH 7.4 was
 treated with aliquots of single strand DNA (ssDNA) obtained by boiling CT DNA'
in water bath for 30 nﬁin, followed by sudden quenching on ice and repeating the
process for minimum of three times. The compound-DNA solutions were
incubated at room temperature (20 °C) for 1 min. The solutions were excited at
366 nm, which is the isosbestic point observed in the absorption spectrum and the
emission intensity was monitored at 501 nm, which is the emission maximum of
of the probe 1. The fluorescence intensity ratio at 501 nm in the presence and
absence of ssSDNA was plotted against increasing concentrations (20 — 1000 pM)
of ssDNA. As shown in Figure 4.10, the data points give a linear fit with high
correlation coefficient of 0.99 and a slope value of 1.07. Similar changes in the
fluorescence emission intensity were observed in the case of the probe 2 where a
linear fit was obtained for the plot of the fluorescence intensity ratios at 505 nm

(emission maximum) against the sSDNA concentrations (Figure 4.11).
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. Figure 4.10. Demonstration of the linearity of the fluorescence assay using the
probe 1 for the quantitation of ssDNA (20-1000 pM) in phosphate buffer (10 mM;
pH 7.4).
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Figure 4.11. Demonstration of the linearity of the fluorescence assay using the
probe 2 for the quantitation of ssDNA (20-1000 pM) in phosphate buffer (10 mM;
pH 7.4). |
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Figure 4.10. Demonstration of the linearity of the fluorescence assay using the
probe 1 for the quantitation of ssDNA (20-1000 uM) in phosphate buffer (10 mM;
pH 7.4).
2.6
2.4+
22
2.0
1.8
1.6
1.4
1.2
1.0

o8+
00 02 04 06 08 10

[SS DNA], mM

1,/1

-r

Figure 4.11. Demonstration of the linearity of the fluorescence assay using the
probe 2 for the quantitation of ssSDNA (20-1000 uM) in phosphate buffer (10 mM;
pH 7.4). |
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In order to ascertain whether these dcﬁvatives showed any interaction with

RNA and proteins, we had monitored the fluorescence intensity changes of these
derivatives with increasing concentrations of RNA and bovine serum albumin. As

\ shown in Figures 4.12 and 4.13, only marginal quenching was observed in the

fluorescence emission of the acridinium derivatives. These results indicate the

selectivity of the derivatives for the ssSDNA. Proteins, detergents, inorganic salts
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Figure 4.12. Change in fluorescence spectra of the probe 1 (30 pM) with
increasing concentration of RNA. [RNA] (a) 0, (b) 0.20, (c) 0.43 and (d) ImM.
Excitation wavelength, 366 nm.

and agarose are some of the contaminants, which usually skew the nucleic acid
assays‘38 The DNA which is extracted from the cells can contain small amounts of
proteins, enzymes and RNA, which brings about error in the nucleic acid

quantification. Besides these, the separation process involves the treatment of
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the nucleic acid samples with detergents such as sodium dodecylsulphate (SDS),

buffers containing various inorganic salts and organic solvents.
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Figure 4.13. Change in fluorescence spectra of the probe 1 (30 pM) with
increasing concentration of BSA. [BSA] (a) 0 and (d) 10 pg/ml. Excitation
wavelength, 366 nm.

To understand the extent to which these contaminants can affect the ssDNA
quantification assay, we have investigated the fluorescence changes of the probe 1
with ssDNA in the presence of RNA, bovine serum albumin, salts and detergents
like SDS and Triton X-100. Since the extraction and separation of the nucleic
acids from the biological extracts involves timevconsuming protocols, experiments
were carried out to assess whether the fluorescence .assay was affected by the
presence of biological fluids. Linearity of the assay in biological fluids was
assessed by éonducting the assay in blood serum. Figure 4.14 shows the change in

fluorescence of the probe 1 with increasing concentration of ssDNA in the presence
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of bovine serum albumin as additive, while the mset shows the fluorescence
changes in the presence of RNA as additive. In both cases only negligible effect of

the additives were observed in the fluorescence changes.
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Figure 4.14. Change in fluorescence spectra of probe 1 (30 pM) with increase in
_addition of ssDNA in 10 mM phosphate buffer (pH 7.4) containing 1% BSA.
[ssDNA] (a) 0, (b) 0.20, (¢) 0.43, (d) 0.63 and (e) 0.8 mM. Inset shows the change
in fluorescence of probe 1 in the presence of 0.25 mM RNA under similar

conditions. Excitation wavelength, 366 nm.

Similarly, Figure 4.15 shows the change in fluorescence of the probe 1 with
ssDNA in blood serum and in the presence of 0.1% triton (inset), while Figure
4.16 shows the fluorescence changes with increasing concentrations of ssDNA in
the presence of SDS and 100 mM NaCl (inset). While SDS shows only negligible
effects, the extent of quencﬁing in the fluorescence emission of probe 1 with
ssDNA is decreased in the presence of 100 mM NaCl. The relative effects of all

these additives on the ssDNA detection by the probe 1 are shown in Figures 4.17-
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Figure 4.15. Change in fluorescence spectra of probe 1 (30 uM) with increase in
addition of ssDNA in 10 mM phosphate buffer (pH 7.4) containing 0.8% blood
serum. [ssDNA] (a) 0, (b) 0.20, (¢) 0.43, (d) 0.63 and (e) 0.8 mM. Inset shows the
change in fluorescence of probe 1 in the presence of 0.1% Triton X-100 under
similar conditions. Excitation wavelength, 366 nm.
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Figure 4.16. Change in fluorescence spectra of probe 1 (30 uM) with increase in
addition of ssDNA in 10 mM phosphate buffer (pH 7.4) containing 0.01% SDS.
[ssDNA] (a) 0, (b) 0.20, (¢) 0.43, (d) 0.63 and (e) 0.8 mM. Inset shows the change
in fluorescence of probe 1 in the presence of 100 mM NaCl under similar
conditions. Excitation wavelength, 366 nm.
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4.18. It was observed that the additives caused only slight or negligible changes in
the fluorescence emission characteristics of the probes 1 and 2. Interestingly, in all
cases, the linearity of the assay is maintained. While the slope of the linear fit
" obtained in the presence of ssDNA is 1.04, those obtained in the presence of BSA
(1%), SDS (0.01%) and RNA (100 pg/mL) are 0.85, 1.33 and 0.75, respectively.
The slope of the assay in blood serum was found to be 1.04, while a slope value of
1.22 was observed in the presence of 500 uM dsDNA. These observations confirm
~ that the commonly found contaminants have negligible influence on the slope

value of the fluorimetric quantification of ssDNA by probe 1.
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Figure 4.17. Effect of various additives on the linearity of the assay based on the
probe 1 for the quantitation of ssDNA. (a) ssDNA alone, and in the presence of (b)
dsDNA (0.5 mM), and (c) blood serum.
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Figure 4.18. Effect of various additives on the linearity of the assay based on the
probe 1 for the quantitation of ssDNA. (a) E.Coli RNA (100 ug/mL), (b) BSA
(1%) and (c) SDS (0.01%). '

Thus, the concentration of ssDNA in an unknown sample can be estimated
from equation 4.1,

(/1) -1
M

ssDNA = 4.1)

where, | is the fluorescence intensity of the probe in the absence of ssDNA and [
is the fluorescence intensity of the probe in the presence of ssDNA. M is the slope
of the linear fit obtained from the plot of IyI vs the concentration of ssDNA and

was found to be 1.0 + 0.2 under the experimental conditions described.



Chapter 4: Fluorimetric Assay for Quantification of- ssDNA 150

433 Quantification of Ratio of Single Strand DNA to Double Strand DNA

The fluorimetric method based on the probe 1 showed high selectivity for
ssDNA and also in the presence of various additives including the duplex DNA
(dsDNA). Figure 4.19 shows the changes in fluorescence emission of the probe 1
with increasing concentrations of ssDNA in the presence of 0.25 mM dsDNA,
In this context, it was of our interest to evaluate the potential use of the probe 1 for
quantification of the ratio of ssDNA to dsDNA, since such a ratio is directly

proportional to the extent of the DNA damage.’ To test this view, the DNA samples

Fluorescence Intensity (a. u)

s

500 550 600
Wavelength, nm

450 650 700
Figure 4.19. Change in fluorescence spectra of probe 1 (30 uM) with increase in
addition of single stranded (ssSDNA) in 10 mM phosphate buffer (pH 7.4) .

containing 0.25 mM dsDNA. [ssDNA] (a) 0, (b) 0.20, (c) 0.43, (d) 0.63 and (¢) 0.8
mM. Excitation wavelength, 366 nm.
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samples containing both ssDNA and dsDNA in different r.atios of 0, 1,2.1,3.2 and
4.4 were prepared and titrated with 30 uM of thé probe 1. These samples were
excited at 366 nm and the emission inteﬁsity was monitored at 501 nm,
corresponding to the maximum of the acridinium chromophore. The ratio of |
fluorescence intensity (Io/I) in the absence and presence of DNA was then plotted
against the ratios of ssDNA to dsDNA. A linear regression was obtained with a

correlation coefficient of 0.99 and the slope value of 0.26 (Figure 4.20) under

the physiological pH conditions.

2.81
2.44
::. 2.04
Slope = 0.26
1-6] R’=0.99
1.2 .— Unknown sample

6o 1 2 3 4 5
ssDNA:dsDNA
Figure 4.20. Variation in the fluorescence intensity of the probe 1 (30 uM) with

the addition of samples contaiﬁing different ratios of ssDNA to dsDNA.

To assess the ability of this assay to measure the ratio of ssDNA to dsDNA,
a sample containing ssDNA and dsDNA in the ratio of 2:1 was prepared and

classified as unknown. The fluorescence intensity at 501 nm was measured in the



Chapter 4. Fluorimetric Assay for Quantification of ssDNA ‘ 152

absence and presence of the unknown concentration of DNA. The fluorescence
intensity ratio (Iy/T) value-measured is founfi to be very close to the predicted
valuefor the corresponding ratio of ssSDNA to dsDNA in the standard curve aé‘.
. shown by the dotted lines in Figure 4.20. On the other hand, the ratio of ssDNA to
dsDNA and the percentage of ssDNA in a sémplc containing ssDNA and dsDNA

can be accurately determined in an unknown sample from equations 4.2 and

43,
1/1)-1
ssDNA = 02101 (4.2)
0.26
% ssDNA = | 0/ 101 |00 43y
| 0.26

where, Ij is the fluorescence intensity of the probe in the absence of DNA and I is
the fluorescence int'ensityrof the probe in the presence of DNA and 0.26 is a
constant slope value obtained from the graph. To determine the sensitivity and
robustness of the method for quantification of ssDNA, we have evaluated the
effect of concentration of the probe 1 on the fluorimetric detection of ssDNA and
ratio of ssDNA to dsDNA. The piot of (I/} vs the ratio of ssDNA to dsDNA,
gave a slope value of 0.23. £ 0.04 at all concentrations of the (5 - 40 uM) tested
(Figure 4.21). These results demonstrate that the probe concentration has
negligible effect on the fluorimetric quantification method for ssSDNA as well as

the ratio of ssDNA to dsDNA.
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Figure 4.21. Effect of the probe concentration on the linearity of assay by
following the change in fluorescence intensity with DNA samples containing
different ratios of ssDNA to dsDNA. [1] (a) 20, (b) 30 and (c) 40 pM.

4.4. Conclusions

In conclusion, of the two probes investigated, we observed that the probe 1
with quantitative fluorescence quantum yield (@5 = 1) exhibited unusually high
selectivity for ssDNA as compared to dsDNA due to the inherent steric factors
(Figure 4.22). It showed significantly high binding affinity for various single
strand DNA sequences in the range Kpna = 3-8.5 x 10° M and the mode of
binding involves both intercalapive and electrostatic interactions. The unusual
selectivity of the probe 1 was effectively employed to develop and demonstrate a
sensitive fluorimetric method for the quantification of ssDNA. and also the ratio of
ssDNA to dsDNA. This assay showed linearity over a wide range of ssDNA

concentrations (20-1000 pM), the probe concentrations (10-50 uM) and have



Chaprer 42 Fluorimetric Assay for Quantification of ssDNA ' 154

negligible error even in the presence of dsDNA. RNA, proteins and surfactants.
These results clearly demonstrate the use of the probe 1 as an efficient and
sensitive  {lnorescent  probe “for the quantification  of ssDNA under the

physiological pH conditions and also in biologica) MNuids.

Fl ]

Probe | + dsDNA Prabe | Probe | + ssDNA
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Figure 4.22. Visual detection of ssDNA by the probe 1. Excitation Wavelength,
365 am. ;

4.5. Experimental Section

4.5.1. General Aspects
The equipment and procedure for spectral recordings are described

50K
The fluorescence spectra were recorded on a SPEX-Fluorolog

elsewhere.”
F112X spectrofluorimeter. The fluorescence quantum yields were measured by the
relative methods using optically dilute solutions, with  [0-methylacridinium-
uitluoromethane sultonate m water (P = 1) as the s[andurd.m Circular dichroism
(CDy spectra were recorded on Jasco Corporation, J-810 spectropolarimeter. The

fluorescence lifetimes were measured on an IBH picosecond single photon

counting system using a 401 nm IBH NanoLED source and a Hamamatsu C4878-
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02 MCP detector. The fluorescence decay profiles were deconvoluted using IBH
Data Station software V2.1, fitted with a mono-, bi- or tri-exponential decay and

minimizing the ¥’ values of the fitto 1 +0.1.
4.5.2. Chemicals

Calf thymus DNA (from Sigma Aldrich, India) was used without further
purification. The RNA (Sigma Aldrich) used was RNA-Core Type from Baker’s
Yeast and RNA Transfer Type from E. Coli. The oligonucleotide sequences 5°-
AAA AAA AAA AAA AAA AAA A-3°, (dA); 5°-TTT TTT TTT TTT TTT
TTT T-37, (dThe; 5’-CCC CCC CCC CCC CCC CCC C-37, (dCyy; 5°-GGG GGG
GGG GGG GGG GGG G-3’ (dG)ye; and 5°-CGT GGA CAT TGC ACG GTA C-
3" (dN)9; were purchased from Sigma Genosys (India). All solvents used were
distilled and purified before use. The synthesis of the compounds 1 and 2 were
carried out by first synthesizing the corresponding acridines in 50-60% yields by a
modified Bernthsen procedure as described in chapter 2. The quarternization of
these acridine derivatives with methyl iodide gave the corresponding acridinium

derivatives 1 (60 %), mp 224-225 °C and 2 (65 %), mp 242-2453 °C.
4.5.3. DNA Binding Studies

All binding studies were carried out in 10 mM phosphate buffer (pH 7.4)
containing either 2 mM or 100 mM NaCl. Solution of calf thymus DNA (CT

DNA) was filtered through a 0.45 uM Millipore filter. The concentrations of CT
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DNA solutions were determined by using the average extinction coefficient value
of 6600 M"' cm™ for a single nucleotide at 260 nm.*' The absorption and
fluorescence titrations with DNA were car;ied out by adding small aliquots of
DNA solution containing the same conéentration of the probe as that in the test
solution. For ssDNA, all conditions were the same except that the CT DNA
solution was heated in a boiling water bath for 30 min in order to denature the
DNA. Complete denaturation was confirmed by comparing the absorption ratio at
260 nm for the heated {ssDNA) and non-heated (dsDNA) samples. A value of 1.32
was obtained in good agreement with the literature value.*

DNA association constants were calculated using fluorescence quantum
yields, and according to the method of McGhee and von Hippel by using the data
points of the Scatchard plot.”® By using the fluorescence data, the concentration o‘f

the free probe was determined from equation 4.4,

cF=cT[L-p]/(1-p) (4.4)
IO

where, Cy is the total concentration of the added probe, Cy: is the concentration of
the free ligand, I and I, are the fluorescence intensities in the presence and absence
of DNA and p is the ratio of the observed fluorescence quantum yield of the probe
in bound form to that of frf;e form. The value of-p was obtained from a plot of I/l |

vs 1/[DNA] such that the limiting fluorescence yield is given by the Y-intercept.
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The amount of bound pronbe (Cg) at any concentration is given by the equation 4.5,

Cy = C1-C; .(4.59)

Scatchard analysis was done according to the McGhee and von Hippel equation 3,

. - n-|
—L—=Km41unnE—i;m¥—ﬂ (4.6)
Ce l—(n-Dr

where, r is the extent of ligand molecules bound per unit amount of
nracromolecule at a free ligand concentration of C (M), K, is the intrinsic binding
constant to an isolated site, n is the number of nucleotides occluded by the
compounds. The analysis was done using the plot of r / Cg vs 1, where r is equal to

Cy / [DNA].

4.5.4. Processing of Blood Samples

Fresh blood samples were immediately treated with EDTA and centrifuged
at 3000 rpm for 5 min and the supernatant was collected. This supernatant was
divided into two portions. One of the portions was subjected to deproteinization by
stirring with 20% trichloroacetic acid followed by centrifugation at 3000 rpm for 5
min as described in the literature,” and used for further studies after diluting with
water (100-fold). The other portion was used as such after dilution with water. The

pH of all blood samples is maintained at 7.4.
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