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ABSTRACT

INSIGHTS INTO THE ACTION MECHANISM OF AZACYANINES:
THEIR TOPOISOMERASE Il " INHIBITION POTENTIAL
AND
NUCLEIC ACID SELECTIVITY

Guloj lu, Sercan
M.Sc., Department of Biochemistry
Supervisor: Assc. Prof. Dr. Ozgiil Persil Cetinkol

May 2018,117 pages

Topoisomerase lhlpha (Topo | | I8 )one of the essential enzymes in cell
viability. It is required for cell cycle progression due to its role in regulating the
topological constraints during DNA replication and transcription. Due to its role, Topo
I1U became one of the extensively expedi targets in chemotherapy, and there is an
ortgoing research in design afmall molecules targeting topss o mer aseds cat

activity at different stagessing different mechanisms.

Within the scope of this thedisst, the effects ofive azacyaninelerivativeson
TopoisomerasiUenzyme (TopdlU) at mo | hawe bdem assedsed usngd
anin-vitro TopdsomeraseDrug Screaing kit. Three of the azacyanines (Azamethyl,

Azaethyl and Azaisobutyl) used were benzimidazole derivatives differorg &ach



other in €rms of the alkyl chain lengtmdhebenzimidazole ringnd two of them were
benzothiazoles (Aza4 and AzaS5gecond,the affinity and selectivity of these
compounds towards different nucleic acsgquences andtructures have been
invesigatedby using competition dialysis metho@ur primary goal was taccentuate
azacyanines as probable TopdbU i nhi bitor s, and provi de SO

explanationgor their effects

Our results revealed thdireeof thefive azacyanine molecules iestigated in
here decreasebe catalytic activity offopo Il U Detailed investigation of the effect of
Azamethyl onTopo IIU revealed that thesffect onTopo IU was concentratio
dependentsuch that the bgher Azamethyl concentratised to stronger déct as
determined by the intensity of the DNA bands in ethidium bromide (EtBr) stained
agarose geldMoreover, when used at the same concentrai{is0® pM), Azamethyl
showed stronger effethan Etoposide which is a weknown Topoll Uinhibitor being
used in bemotherap. Even better, the efficiency of e M Az amet hy | was hi gt
than 5000 ¢ MEtoposide.

To shed light onto the mechanism of Topt catalytic activity changewe
further investigated the affinitand selectivity of zacyanines towards different nucleic
acid sequences and structuré@a competition dialysis. We includethree more
azacyanines (Azapropyl, Azabutyl and Azgsaopyl) in our competition dialysis setup
to understand the effect tife chainlength and branéhg on the benzimidazole ring in
nucleic acidbinding affinity and selectivityOur results revealed that the azacyanines
were highly selective towards tripkelicalnucleic acid structure polgd).[poly(dT)]..
More importantly, their affinity and selecily towards poly(dA).[poly(dT)] was
decreasing with the increasing linear alkyl chain length, anddsitrg branchingThe
order ofaffinity was Azamethyb Azaethyl> Azapropyl> Azabutyl > Azaisobutyl>
Azaisopropyl.

Altogether, the findings presenteth here demonstrate the potential of
azacyanineso inhibit Topoll (b satalyticactivity.

Vi



Keywords: Azacyanine,Catalytic Activity Change Topoisomerasédl Alpha,
Seletivity, Nucleic Acid StructureCompetitionDialysis.
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AZASKYANKNLERKN ETKK MEKANKZMASI
TOPOKZOMERANGIEILULEME POTANSKYELK
VE
N! KLEKK SABSIKKICK L K J K

Guloj lu, Sercan
Yuksek Lisans, Biyokimya Bolumu
D a n & kDoa Dr. Ozgul Persil Cetinkol

Ma y 238,117 sayfa

Topoizomeraz |l alffTopo 1IU) hilcrey a k a ngéravdakan temednzimlerden

birisidir. DNA replikasyonu v e transkripsbDNAMuepolsjkr as énda

kéeséethamzglarcasi de]j shpéeéme d°nge¢gse¢e il erleyikind
enzimdir. Bu rolii sebebi ile TopoUlkemot er api de sék-a kull anél an
topoizomeraz enziminin katalitik aktivitesini
etkileyebil ecek k¢- ¢k mol ek ¢l | erbiimseldi zayneé k

-al ékma bulunmaktadeéer.

Bu t ez k a g s aonhéanrdaak, biel k farkl e lazlasi yanin
Uzerindeki etkisi molekuler dizeyde -witro Topoizomeraz tarama Kkiti ile

i ncel ennmiudtliarnél an ¢ - azasiyanin molek¢l ¢ (Az

viii



benzimidazol turevi olugpenzimidazolh a | k @& € y ahffilzinciri u zunl wek | ar é
dal | amanaésmé nd an farkl F&gdstetmektedirterd eDhi ] er 1 ki aza
molekilu (Aza4 ve Azab) ise benzotiyazol turevidirk i nci,b wltagzakkapsamé
azasiyanin mol ek¢l | esreikrainrs |yaaapeddlagrvaen g alg &k ¢
se-iciliji yomtdmikludtl -ain éd iay alBuz naxled emann & | & s «
azasiyanin molekiillerinin Topd | lizerine olabilecek muhtemel etkileri - € | a

- & k ar t\webuielkilerézkrine mekanistibira - € k | a ma almimekta y a k oy

El de et i ] iimmicze |seonneun- |baur ,b dikderigiaius Topcaa ni n m
1 U enzikmitmmil i ti k akg?vié¢rehsyirkgntrégz &l titnécjed ne
etidyum bomir (EtBr) boyal € agaroz jellerindeki ban:
Azametil molekilunink u | | akorsdnteayon a b aj | € o poo éakirtknia
katalitik aktivitesine negatif olarak etkiet t QP r ¢ m¢g kKt ¢r . ¥zell
konsantrasyonlarda(50.0 pM) kul | anél déj énda Azamet il m
mol ek¢l ¢ne g°re - ok daHaosid ndekilikemotedapdeu ] u s a
kul | anekiik an & e biraTopmlélk U i n h iDaha ta®6nemiisB010 uM
Azametil mdekulinin5000 pM Etoposid molekilinden bile datekili bi r ke ki | de

Topolhénhén kataliti k aetiewmiltearsni kit i degegkerde] ¢

Topol Bdkat al i ti k akti @kélksiat aaddij@pinmk mes i

molekdlle r i ni n far kb ek axngskll aeri &kn ak avek € y aod @alnar iéln@g

se-iciliji yoetdmakbue tl-ain éd iay tabkr za r Daakht & r °énl o2 K- a
ucZzasi yanin molek¢l ¢ (Azapropil, Azabg¢gtil
ve hal ka yapeéeseébnagn amgnaldeaikk a4 ikti Ise rna i nce
diyali z d¢zenejine ezksy anmnk tmorl.ekgbheri ar ¢

sar mall y a pely(dd).[poldinik na kR | ei k a puksek afinie ve& s € n a
se-icilik il e b a jDlale nda edheinhise bu gl§i své eeciolik Kk t i r .
benzi mi dazol haltlham yame&s &ndakinl uju ve zin
g°r e azal maMolgKkilerinealy(A).fpolWdi)].¢ -1 ¢ DNA yapeéseén,;
olanilgileriak aj €édak i ge B alkthkzaueil >eAzaetil > Azapropil >

Azabutil > Azaisobutil> Azaisopropil



Burada sunulan bulgulazasiyanin molekillerinin muhtemel Topol kakalitik

inhibit°rg¢g olabil me potansiyellerine ékék tut

Anahtar kelimeler: Azasiyanin Katalitk Ak t i vi t e , Tomgomara IkAlfa, ] i
Seicilik, N¢ k | ei k ARekabetciDygli# s €
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CHAPTER 1

INTRODUCTION

1.1.DNA Structures:

Deoxyribonucleic acid (DNA)which is the carrier of genetic information, plays a
central role in life. It is the main player in replication and transcription, and therefore
responsible dr the develpment and maintenance of lif®NA that is mainly
condensed inside the nucleus is mostl form, WatsorCrick DNA. It is made up of
two antiparallel polynucleotide strands that wind around each other with a-right
handed twistforming the double helcd structure In double helical structure, thmses
occupytheinside ofthe helix andthe sugaphosphate chainfaceto the outside.lts
conformation provides a direct and easy access to replication and transcription related
proteins like polymerases. fhermore, Bform DNA is the most compatible form for
packaging the long polymer inside the nucleus due to its tight bending capability. Its
stability, flexibility and dynamic conformation amhought to be the main reason
behind the selection of DNA ake genetic material instead ribonucleic acid (RNA).
(Travers & Muskhelishvili, 2015)

After the discovery of righhanded double helical structure off@@m DNA by
Watson and Cricln 1953 (Watson & Crick, 1953jhere have been mamgvolutions
in ourunderstandingf the DNA structureand unction

Besides Bform DNA, otherkinds of DNA structuressuch asA-DNA, Z-DNA, i-

motifs, hairpirs, bulges, stemloops, pseudoknots,cruciforns, triplexes and G-



guadruplexs have been discoveredBachurin, Kletskii, Burov, & Kurbatov, 2018)
(Figurel). All of these s$ructures that mostly haweoncanonical (noANVatsonrCrick)
base pairing arrangemenare found to play distinctive crucial roles in celfcle
regulation.Especiallytriple helial (triplex) and quadruplex structuresceived great
attention in the last two decades due to thi&ely roles in gene expression and
uncontrolled cell divisio associated with formation of cancerous tum@ts Han &
Hurley, 2000; Van Dyke & Nelson, 2013)t has been shown that triplex and
guadruplex structures alsbave essential roles such as protecting DNA from
degradation and keeping promoters sil@Rigo, Palumbo, & Sissi, 2017; Toscano
Garibay & AquineJarquin, 2014)

a b
B-DMNA Z-DMNA
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!

» DA ?AY}RYAE{W
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Figure 1. DNA structures observed in the ce#lB-form DNA and Zform DNA.
b. Cruciform. c¢. Triplex. (Bochman, Paeschke, & Zakian, 2012)
Reprinted from Nat. Rev. Genegt. Vol.13, Copyright (2012) with permission from
(Springer Nature).



Triplex structures argenerally formed by the placement of a third strand in the
major groove of the double helical structure. Four strandegl&lruplex structure are
generally formed by the association of guanine rich strgBassler, 2007; Gacwgt al,
1998; Hanahan & Weinberg, 2011)

1.1.1. Triplex DNA and DNA/RNA Hybrids:

Although triple helial structuresare known for a long timet took quite some
time to realizetheir importanceln triple helix formations asically a third strand, so
called triplexforming oligonucleotide (TFO), binds a duplex DNA structure via nen
canonical Hoogsteen base pairiffigankKamenetskii & Mirkin, 1995) Triple helical
structures are mostly classified@gine moti§ or pyrimidine motis. In a purine motif
purine richTFO binds tothe purine strandf the duplexvia reverseHoogsteerbase
pairing in an antiparallel orientation. On the other handtha pyrimidine motif
pyrimidine rich TFO bindsto the purine strandof the duplexvia Hoogsteen base
pairing in a parallel orientatiofBing et al, 2017) DNA itself and RNAs such as long
noncoding RNAs, promoterassociated RN# promoter inhibiting RNA, promoter
RNAs, small interfering RNA, and micro RNA are all considered as potential TFOs

(ToscaneGaribay & AquineJarquin, 2014§Figure2).
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Figure 2. Possible tiplex structures in theell. (ToscaneGaribay & AquineJarquin,
2014) Reprinted from Biochim. Biophys. Ac)a Vol.1839, @pyright (2014) with

permission from (Elsevier).

Triplex forming oligonucleotides gained great attention in the last two decades
with respect to controlling gene expressiddligonucleotides can be used for
controlling gene expression ventisenseapproach, which is composed of different
strategies such as antiserss® antigenestrategiegHelene, Thuong, & Harel, 1992;
Rakoczy, 2001)In the antisense stedy, oligonucleotides can be used to target
messenger RNAs therefodomwnregulating protein productio®n the other handn
the antgene strategy, oligonucleotides can be used as triplex forming oligos (TFOs) by
binding specific sequences on DNA therabfiibiting the transcription of the gene
(Heleneet al, 1992; Rakoczy, 2001As for controlling the gene expressidah,has
been shown that triple helices are related to gene siler@iogcaneGaribay &
Aquino-Jarquin, 2014)DNA damage andDNA repair mechanism@Ni et al, 2018)
Therefore triplex formation can be used in silencitige oncogene® prevent tumo

growth



Furthermore, there amdso several hvitro studies, published recentishowing
theemerging role®sf triplex nucleic acid structures various areas such as biosensors,
sequence specific labeling, DNA based nanostructuresRaiidbiology (Chenet al,
2015; Conrad, 2014; M. S. Han, Lyttdean, & Mirkin, 2006; Hu, Cecconello, Idili,
Ricci, & Willner, 2017)

Nevertheless,triplex structures @ generally unstable compared to their
corresponding duplex structures because of the weaker Hoogsteen base pairing. Since
their stability is essential in impeding gene expression and/or regulation, stabilizing
such structures has become a major focuational drug design research. One way to
increase the stability of these structures is to design small molecules that tightly and
selectively bind to them. Despite many different types of stabilizing small molecules
presentthere is still a need for betteand more effective triplex binding molecules
(Chaireset al, 2003; Escudét al, 1998; M. S. Haet al, 2006)

On the other handhe formation ofstable triplex sequences-vivo could be
harmful for normal cells. It has been shown that polypurpaypyrimidine mirror
repeats (triplex forming sequencesjuld give rise tovarious diseases by causing
mutations or altering gene expressi@mssler, 2007) There area number of inherited
as well as acquired diseases associated wittpoiential formation ofstable triple
helical structures due to the presence of trinucleategeeats such as Friedreicls
ataxia, Tuberosisclerosis omplex, Autosomal dominant polycystic kidney disease,

and Follicular lymphoméBissler, 2007)

Among these diseasdsr i edr ei chbés ataxi a, i's an a
which exhibits pogressive degeneration of nerve tissues located in the spinal cord and
nerves in the legs and arms. The gene, responsible for this disease, is located on
chromosome 9 andormally contains 22 GAA repeats However, in Fri
ataxia patients numbef repeats increasesruptly, to hundreds or thousandsiese
increased numbers of repeats are in rettansethe formation of hinged DNA (H

DNA) that interferes with the gene expression. This process gives rissduced



number of frataxin protein whicis a mitochondrial protein that controls cellular iron
homeostasis. Reduced number of frataxin, then, causes reduced muscle activity
(Bissler, 2007; Frankamenetskii & Mirkin, 1995)

1.1.2. Quadruplex DNA Structures:

It is known thatlhe formation ofquadruplex structures is dependentguanine
nucleotides. Planar arrangement of four guanine bases forrtpi&tets, where the
stacking of these @uartets results in the formation of theqGadruplex structures
(Bing et al, 2017) There arestructurallydifferent quadruplezsbased on the number

of guanine baseand the number dadtrandsinvolved in the formation of the structure
(Figure3).

Basket Hybrid-1 (3+1) Hybrid-2 (3+1)

Figure 3. Different forms of Gquadruplexeg¢Harkness & Mittermaier, 2017)

Reprinted from Biochim. Biophys. Ac)aVol.1865, Copyright (2017) with permission
from (Elsevier).



The formation ofG-quadruplex structurem-vitro is well established and the
propensity of guanine rich sequenceddon G-quadruplex structures -wivo is well
accepted Genomewide bioinformatic analyses revealed thahe guanine rich
sequences are particularly present at the end of the chromosomes, telomeres, and in

promoter regions such as the ones seemmyc gae (Rigoet al, 2017)(Figure4).

/
/
/

Ribosome \‘

Figure 4. Possible dcations oiG-quadruplex structures in tleell. (Rigo et al, 2017)
Reprinted from Biochim. Biophys. AcjaVol.1861, Copyright (2017) with pernsi®n

from (Elsevier).

Guanine rich sequences are believed to pkxy important roles in regulation of
many cellular functionsuch astelomere maintenance, transcription regulation, and
translational & postranslational regulation of RNA@ing et al, 2017) For instance,
roles of guanine rich sequences at the end oftélmmeresinclude prevention of



chromosome fusionsvhich would otherwisegive rise togenomic instabilityand
prevention of degradation of chromosome efdsthermoreguanine rich sequencas
transcripion start sites are believed to control the gene exprefRigo et al, 2017)
Another function ofguanine rich sequenceppearsn RNA biology. G-quadruplex
structures on RNA molecules could have many roles such as translation regulation,
3 énd formation, transcription termination, RNA localization, splicing regulation, and
ribonucleoprotein formatio(Fay, Lyons, & lvanov, 2017)

Due their possible roles in gene expression and gene regulgtianine rich
sequenceare one of the most sought after structuresaimcer treatmengor instance,
it is proposedhatdriving the formation of quadruplex structures atabilizingthem
in guanine richoncogenesuch as-Myc, could be enougto halt theoverexpression

of these genesicancer cell§SiddiquiJain, Grand, Bearss, & Hurley, 2002)
1.1.3. Targeting DNA by Using Small Molecules

Nucleic acids play essential roles in various biological processes like gene storage,
transcripion, replication etc. Thereforene can regulatmany biological processelsy
targeting the nucleic acid structuresvino. This approachiorms the basis of the most
conventionaldrug design studie@. Wang, Yu, Liag, Lu, & Zhang, 2016)Nucleic
acics are the most preferred targets compared to proteins and gikegefactors
mainly due totheir upstream rolesAdditionally, the existence of alternativeicleic
acid structuregsnamely duplex, triplex, and quaghex makes them desirable targets

for various drugs$n the treatment aeveraddisease$M. Wanget al, 2016)

Wang et al summarized the importance and the recent advances in developing
small molecules that target nucleic acid structures. Small molecules could interfere
with biological processes by binding to the nucleic acid structures, and altering either
their structure otheir interactions with other proteins and/or nucleic acid structures.
For instance, the binding of a small molecule to a DNA sequence could block the
enzyme binding, such as topoisomerase or DNA polymerase, to that very same

sequence by blocking the repotion of the sequence by these proteins due to a



change triggered in DNAOGs con f(M Waeéti on
al., 2016)

There are numerous examples of small molecules targeting duplex u3iwg
different modes of binding. For instance, psoralen, aflatoxin &G-éthylN*C,
mitomycin C, and KG-ethyFN?G target DNA duplex by forming covalent bonds with
the DNA structure. On the other hand, while netropsin, distamycin, DAPI, berenil,
pentamidhe, and Hoechst 33258 are targeting DNA duplex by binding to the minor
groove, neomycin, nogalamycin, and neocarzinostatins are targeting DNA duplex by
binding to the major groove via naovalent interactions. Additionally, daunomycin,
adriamycin, diteralinium, and cryptolepine which are known as intercalators are also
targeting DNA duplex via neoovalent interactions, mainly by stacking between base
pairs. Furthermorethere are molecules targeting DNA duplex via multiple binding
modes such as PBBIMZ and PBDnaphthalimidgM. Wanget al, 2016)

On the othe hand, there are also numerous studies targeting triplex nucleic acid
structures. For exampléenzopyridoindole derivatives such as benzo[e]pyridoindole
(BePl) and benzo[g]pyridoindole (BgPI) yebeendemonstratecs successful triplex
stabilizing small macules. Moreover, coralyne, a berberine alkaloid, wseltknown
natural product that stabilizes triplex structures. Other studies also showedding bin
and selectivity of naphtylquinoline, b#@midoantraquinones, and amidoglycosides
towards triplex DNA structure@~ox & Darby, 2004)Additionally, neomycinpyrene
computational modellingalso demonstrated thahat these small molecules target
triplex DNA structures throughoth groove bindingandintercalation(M. Wanget al,

2016)

Quadruplex DNA structures are also targets for small molecules as mentioned
before. For instance, distamycin A, daunomycin, RHPS4, Tmpyp4, Telomestatin, and
BRACO 19 targets quadruplex structur@d. Wang et al, 2016) Moreover, it hd

been recetly shown that -newly synthesized small molecul€X-5461, which is a

up



polymerase | derived rRNA inhibitor, has the ability of stabilizingg@druplex
structures on DNAXu et al, 2017)

1.2. Topoisomerass:

ThroughoutDNA transcriptionreplication, and recombinatigeveral proteinand
enzymes play crucial rolePuring these processes unwinding DNAaiprerequisite
for proteins to enter tthe site However, mwinding DNA subsequently creates some
topological problems since unwinding one site would give tseovemwinding
elsewhere o the DNA. This topological problem is solved by topoisomerase enzymes
They are responsible from linearizing and/or releasivggtorsion on the DNA. By
doing so other proteins can enter to the site and required process may continue.
Linearizing DNA by topoisomerasgsoweverjs a very complex mechanism involving
DNA cleavage, DNA relaxation, and finally religation of the phosphate backbone in
order to restore thentegrity of the DNA continuity (Winkler, 2011) Detailed

molecular mechanisms are giverthe following sections.
1.2.1. Classification of Topoisomerasg

Topoisomeraseare classified mainly into two groupsTge | (Topo I)and Type
Il (Topo Il) based on theiability to cleaveonly one orboth of theDNA strands
respectively. In other words, hite Type | topoisomeraseintroduce single strand
breaks, ¥pe Il topoisonerass introducedouble strand breaK€hampoux, 2001; J. C.
Wang, 1998)Odd number ed enzymegeneralyéll igtotypBll 6 or
topoi somer ases, wher eas evenl ygenperalyidler e d
into type Il topoisomerase$here are also margub classifications of topoisomerases
where lettersi A 0 , i B andicate the siib@/pe. Subtypes usually differ from each
other inamino acid sequengetructure, antr function (Vos, Tretter,Schmidt, &
Berger, 2011)

There are six functionally different topoisomerases encodetidlyuman genome

which are organized into three main groups; tygiyde la and type Ib)type Il (type

10



lla and type lIb), and type Il (type llla and type llIommier, 2013)All of these
enzymes hee distinctive roles in the cell. Moreover, while topoisomerase type | and
type Il enzymes arebundant in the nucleugopoisomerasdype Ill enzyme is
abundant immitochondria The distinctive roles ofopol and Topoll enzymes irthe

cell are explained in detdielow.
1.2.2. Topoisomerasd:

Type | topoisomerase enzyme hefpgk movement during relaxatioof DNA and
all higher eukaryotes contain at least one type | topoisomerase enzyme. Type |
topoisomerases afertherdivided into two suldamilies; type &which relaxes only the
negatively supercoiled DNAand type Ib which relaxes both the negatively and
positively supercoiledDNA (Goto, Laipis, & Wang, 1984; Liu & Miller, 1981)
Mammaliancells havetype b subfamily. Type b topoisomerases shame homology
with the other type of topoisomerases aade functionally distinct from type d
topoisomerase@dJday Bhanu & Kondgi, 2010)

Topoisomerasé (Topol) has essential roles for the normal development of the cell
(Morham, Kluckman, Voulomanos, & Smithies, 1998)simply relaxes supercoiled
DNA thus ease the entrance of other enzyared/or proteinsnto the required site.
UnlessTopo Iworks properly helical constraints athe supercoiled DNA @y hinder
DNA replication or/and transcriptioprocessegGilmour, Pflugfelder, Wang, & Lis,
1986; J. Wu, Phatnani, Hsieh, & Greenleaf, 201i0has leen shown that inactivation
of Topo Ireduced the transcription rate ®ccharomyces cerevisiaad disturbed the

development obrosophila melanogastdtJday Bhanu & Kondapi, 2010)

The working principle ofTopo | is illustratedin Figure5. It is based on trans
esterification reactionthat occurs between the tyrosine residue located in the
topoisomerase active site( t yr osine 723 i n humaeckisope and 3
of the DNA Then rotation of free 56 hydroxyl
place. After the relaxation dhed up | e x , 56 hy dmuleopHlile aachd act

reversetransesteification occurs towards the phosphotyrosil bond. Topo | is liberated
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after DNA religation and catalyzes another nicking, closing, relaxation cycle
elsewhere in the genonffommier & Cherfils, 2005)After relaxation,DNA or RNA
polymerasewill continue with replication orranscription(Barroset al, 2013; Uday
Bhanu & Kondapi, 2010)

Double-stranded
helix
Double 3y
helix
Topol Nick DNA; form Pass cut 3'end
covalent DNA- under other
(4 Binding \ phosphotyrosine strand and Dissociation
of Topo | bond p reseal DNA of Topo| ()
" )
(=)
{Lwn)
3 negative 2 negative
supercoils DNA-gnzyme supercolls
i Intermediate

Figure 5. Working principle of Topoisomeras€Lllodischet al, 2000)

However, despite thanportance in relieving the torsional stress, Topso
possesses serious dangersthe cells. It can trigger genom instability when
encounterswith a norB DNA structure ormight interfere with contining gene
expression. As a resudf interferencenegatively supercoiled strandgghtaccumulate
at one siteandeventually promot¢he formation of Roops andbr stable norB DNA
structures like quadruples This action, at the endyas thecapability of interfeling
with DNA replication andprovide highly toxic double strand breaksl. Kim & Jinks
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Robertson, 2017)hus,targeting Topo | and/or interfering with its activity can be used

in thetreatmentegime ofcancerto kill the malignantcells.
1.2.3. Topoisomerase It

Topdsomerase IlenzymegqTopo Il) are believed tplay a rolein DNA replication,
chromosome condensation, chromosome segregation, transcription, DNA repair, and
neuronal activitieslthough some of these roles are controver@diaNitiss, 2009; Vos
et al, 2011) In mammalian cellsthere are twodlopo Il isozymes (type Ml andtype

IIb) while in other eukaryoticells there is onlpneTopoll (J. L. Nitiss, 2009)

As mentioned before,ni order to solve the topological problems in DNA,
introduction of DNA strand breaks @bligatory Topoisomerases provide a safe way
for DNA breaks by protectinthe cut edges othe breaks. Topél6 s f uncti on
more important in this aspect because it creates double strand breaks whilé Topo
createssingle strand break which can be compensated by other strand of the.DINA
the cut site is not protected by the enzyme &aftgroll cleavagemutatiors might arise
due to theunrepaireddouble strand breakopoisomerasé enzyme function in two
different ways;decatenation of catenated DNA #@mrdrelaxation of supercoiled DNA
(Figure6).
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Figure 6. Functions ofTopoisomerasdl (J. Nitiss, 2009)Reprinted from at. Rev.
Cance), Vol.9, Copyright (2009) with permission from (Springeatiie).

1.2.4. Working Principle of Topoisomerasell :

Topoisomerasél enzymes are homodimeric wherach subunit breaks one DNA
strand o createa double strand breals illustrated in Figur&, Topoll interacts with
two strands of DNA to complete the passage. It introduces a double stranded break in
one DNA strand which is called as G segment (gate segment), and then passes the other
DNA strand, which is callethe T segment, through the break.segmat is passed
through theG segmenby the emyme via ATP dependent reaction. Thka breakn G

segments resealedJ. Nitiss, 209)

Enzyme cleavage of G strandashieved in the presence of My forming a
phosphotyrosine linkage betweeach of the DNA single strandsn@he other handt
producesa freetyrosine in each subunit of the enzyme. Then a closed clafopmed
by ATP binding to the enzyme. This closed clamp captlireegmentand passes it
through the break in the &gment After the passageT segmentieaves the enzyme
through the carboxy terminus. ATP hgdtl/sis occurs twice during the whgbeocess.

First ATP is used to assist in strand passage. The second ATP is usexpém ithe
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clamp.G segment may be released after the process or, if it is necessayyme may
go through another catalytic cycle without dissoogithe G £gment(Figure 7). This
mechanism of Topdl providessomeadvantages like protection &NA ends of the
break andheability of quick and efficient religation of DNA break$. Nitiss, 2009)

T segment __ -
g F !,.ll

G segment S §
// T T AT I/\ 4 § \s\
‘~, ‘: t
<o <$~ .
3 ’
‘ ADP + P,

Figure 7. Working principle of Topoisomerase (0. Nitiss, 2009) Reprinted from
(Nat. Rev. CancgrVol.9, Copyright (2009) with permission from (Springer Nature).

1.2.5. Biological Functions of Topoisomerasd :

As mentioned abovelopo Il enzymehas a vital role irseveralprocessesluring
cell cycle and metabolisnThe role of Topdl in some of these speciffrocesssare
discussed in detail belo{frerguson & Baguley, 1994, J. Nitiss, 2009; \ébvsl, 2011)
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1.2.5.1.Topoisomerasdl During DNA Replication:

DNA replication is a semtonservativgorocess which occusga unwindingof
two DNA strandsfollowed by the replication of each stranith the absence of a
functional topoisomerasein the replication fork, positively supercoiled DNA
accumulatesThe accumulation of DNA results iseveral topological problems and
ultimately blocks the replicationEarly stages of replication only require Topo
activity to relax the DNA. But in the later stages of replication when two replication
forks impinge on eaclother, Topol cannot fit into thereplicationsite to relax the
DNA. At this stage where two interlinked catenanes present, Tbctivity is
required for decatenation of the dinfé@r Nitiss, 2009; Vost al, 2011) Topoll action
during the replication elongation includes catenation ofcatenane structurékucas,
Germe, ChevrieMiller, & Hyrien, 2001)

Type |l topoisomerases are composetodb s ubt ypes; Topo 11U and
It is believed that human Toptd has di f f e rndopollbf amdt oeamert hype
Il topoisomerases at lower eukaryotic cells.is observed that Topo llefaxes
positively supercoiled DNAmore actively than nedgively supercoiled DNA
(McClendon, Rodriguez, & Osheroff, 200%)ince it is thepositively supercoiled DNA
thatis accumulatingduring the replication fork movemerfopo IlUis hypothesized to
play a more crucial role then Toplbb .Yet, several studies have proven this
hypothesis. Liet. al had shown that thehosphorylation of TopttU d u rphaseyis S
a prerequisite for the replication procé€bsLi, Wang, & Liu, 2008) Moreover,it has
been show thatwhile Topollb knockout cell s can be recover ec
replication,TopollU knocked down c e Wwihshe fedidatio®d t o cont i
Nitiss, 2009)

1.2.5.2.Topoisomerasdl During ChromosomeSegregation:

During mitosis,duplicated chromosomes must &egregatedrom each other
once the replication iscompleted. Topoisomerases aid during this process by

compactingDNA and holding sister chromatidsgether during chromosome ling at
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the centerof the cell Afterwards sister chromatids are separated fronh edlcer by
topoisomerase actiorAlthough atenated DNAis a problemfor early replication
processat chromosome segregation st&atended sister chromatid generatitvelps
for proper chrsnosomdining at thecenterof the cell DNA compactiorvia catenation,
performed by topoisomerasdacilitatesthe chromosome segregatigd. Nitiss,2009;
Voset al, 2011)

It was once believed thaatenated DNAs were the sole reasoibehind the
staying ofsister chromatisitogether But it had been clearly shown thatdtspecialized
proteins called cohesins are theain playersin keeping sister chromatids together
(Diaz-Martinez, Gimene&Abian, & Clarke, 2008; Losada & Hirano, 2008)had been
observed thaéventhough thecohesins are essential for the sister chromatid cohesion,
their absence is pidy tolerated(Huang, Milutinovich, & Koshland, 2005; Michaelis,
Ciosk, & Nasmyth, 1997) One possible explanatiofior this situationis the

maintenance of cohesion with catenated DNA formation.

Another relation of topdl enzyme with the chromosome segregation is its
association with the factors like aurora B kinase and thelp@dinase (PIkl) which
are responsible for centromere formation and segreg@@ioalhoet al, 2008; H Liet
al., 2008) Although these interactions are not wetiderstoodco-localization of topo
Il with Plk-1 and aurora kinase B might be important for centromere resolMaset
al., 2011)

1.2.5.3.Topoisomerasdl During Transcription:

During transcription, RNA polymerase action gives rise to localized positively
supercoiled DNAs ahead of transcription bubfhlier & Wang, 1987; H. Y. Wu, Shyy,
Wang, & Liu, 1988) (Figure 8). If these positively supercoiled strandse left
uncheckedstable R loop(RNA-DNA hybrids) formation might be observe(Marc
Drolet, Bi, & Liu, 1994) Since the formation ofugh structures cause genomic
instability, the cell growthwill be impaired due to théormation of DNA breaks(M
Drolet et al,, 1995; Tuduret al, 2009)
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Figure 8. Topoll action during transcriptio(Vos et al, 2011) Reprinted from at.
Rev. Mol. Cell Bio), Vol.12, Copyright (2011) with permission from (Springer

Nature).

Although it has been shown that topol enzymes work more actively at
transcription site to remove the negative supercoils, ayqgof topoll enzyme, topo
lIb  shbaen observed at many promoter sites of highly transcribed @gé&nbigiss,
2009; Voset al, 2011) Juet al showed topdib | o coadnithe @rdmoter of genes
which were activated by nuclear hormone receptdnsy means of chromati
immuroprecipitation(ChIP) experimentgJu et al, 2006; Ju & Rosenfeld, 2006)he
finding in their studieswas the colocalization oftopollb wi t h DNA repai-r rel
proteins (PARP, Ku70/Ku86, and DNA dependent protein kinase) at the transcription
initiation site This type of localization and function is different than the function of
topo IIb in double strande@®NA brealage.lt is believed thattopdlb i s recrui ted t
promoters for its enzymatic functioievertheless, the absolute functiorand the
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underlying mehanismof topollb  dur i n g still reeeds to beielpcidatel.ri.
Nitiss, 2009)

1.2.5.4.Topoisomerasdl in Neuronal Cells:

Topollb dbaenalsofound to havea unique role in certain neuronal celdo
other type oftopoisomerase has been found to have such aJole Nitiss, 2009)
Topo IIb  ch lzeen established as one of thecrucial enzymesfor the neural
development(Lyu & Wang, 2003; Yang, Li, Prescott, Burden, & Wang, 2000)
Experimentsn these studiesierebased orthe loss of function of topdlb . Mi ce wi t'l
homozygous deleted togth g e n e sviableebecausei of several neuronal deficits
related to motor neuron failures. Microarray analysis of the same mice showed,
approximately 34% of expressed genes were different. Furthernsaientistsshowed
that the localization of topollb on various gees that are mostly related to
developmentally regulated genes. Together these findingseshiv importance of
topollb on newur al Ioothditecthdaadvirairectf.nheNitiss, 2009)

1.2.5.5.Topoisomerasdl in Recombination, Checkpoints, anddNA Repair:

Various types otopoisomerases in the cell give rise to double stranded DNA
(dsDNA) breaks. TasedsDNA breaks in a wayimpacts different mechanisms in the
cell such agell cycle checkpoint response activation, meiotic recombination, and DNA
repair(J. Nitiss, 2009; Vost al, 2011)

Several other topoisomerase like proteins accompany topoisomerase enzymes
throughout these processes. For example: lidpé subunt homolog,Spo 11 creates
dsDNA breaks during homologous recombinati@ergeratet al, 1997; Keeney,
Giroux, & Kleckner, 1997; Peciat al, 2002) After formation of dsDNA break by
Spoll, protein must be detached from the DNA to prevent mutgtheae, Pan, &
Keeney, 2005)At this point, double strand break repair proteins like Radbfl1-

Nbsl (MRN) complex(Keeney, 2008; Nealet al, 2005) Rad51 andDmcl-like
factors (Baudat, Manova, ¥en, Jasin, & Keeney, 2000; W. Li & Ma, 200&nd
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nuclease Sae2/CtlfHartsuikeret d., 2009) remove Spoll from the DNA in an
independent mechanisirom ATM (ataxia telangiectasia mutated) and ATR (ATM
Rad3related) which are the most known repair pathways.

As a consequence of their role mtroducing strand breaks, topoisomerases
also promote DNA repair mechanisi@liby et al. showed ATM and ATR pathway
activation upon Topo | causedbrealage (Cliby, Lewis, Lilly, & Kaufmann, 2002)
Moreover Treszezamskgt al showed BRCA1 and BRCA2 pathway activation after
topoisomerase IcauseddsDNA breaks(Treszezamskyet al, 2007) All of these
pathways are known to have a role both cell cycle arrest and DNA repair
mechanism.Several other stlies showed that SUMOylation and ubiquitinylation
mediated destruction of topoisomerase enzyrresvhich they inadvertently trapped
with DNA in a covalent complexOnce the topoisomerase is destroye@pairing
enzymes such as Tdpl and Tdp2 help to répeiccovalent tyrosin®NA adducts In
other wordsthe activation othe checkpoint response and DNA repair is dependent on
both the type ofthe breakageandthe enzymes involved in the processowever, the

exact mechanism isotelucidaed in detail ye{Voset al, 2011)

There are also severstudies showng therole of Topoll in cell cycle arrestin
one study, it hdobeen show in yeast cellshatwhereas a complete depletion of Topo
Il did not lead to cell cycle delay during mitosis, expressiaheinactive Topall led
to a mitotic delay(Baxter & Diffley, 2008) This observationsuggests that Topb
presence is needed to triggidme cell cycle arrest{Andrewset al, 2006) On the
contrary,in another studyit had been observed that removal of Toplovia Tetoff
system caused a mitotic delay bie depletion of TopdlU vi a si RNA system di
induce mitotic delay(Hongchang Li, Wang, & Liu, 2008)The latter experiment
suggests that knockdown of Topd) was i nsufficient to induce
supports theonclusion of Andrewst al. (Andrewset al.,, 2006)
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1.2.6. Topoisomerases as Targets in Cancer Treatment

Although topoisomerase enzymes are very important for cell vigbiaty
corruption on their DNA cleavage activity would give rise to mutagenic DNA breaks
which may eventuallylead to cell death Scientists exploited this situation to
deliberately killmalignantcells via toppisomerase inhibitionn cancer therapgince
1980s Several proteinssmall moleculesand proteidike factors that can inhibit
topoisomerase activithad beendiscoveed The mode of action of thesmolecules
variesgreatly One kind attenuates the DNA binding activitytioéseenzymes, another
attenuatesheenzymé ability to cleave DNA(Voset al, 2011)

1.2.7. Targeting Topoisomerases Using Small Molecules

1.2.7.1.Examples of Snall molecules Targeting Topoisomerases

There are twdroadclasses of topoisoerase targeting small molecsilbased on
t heir mode of acttheem:zz y men laichiitvont o aafdf et
DNA-enzyme complexXWhereashe effects of inhibitorsire reversiblethe effects of
poisonsare irreversibleAnd therefore poisons are considered to be more toxic for cells
than inhibitorgNitiss, 2009)

There are several molecules used for decades in significant therapeuriciito
the topoisomerase activity but their mechanisms of action have only been understood
rather recently. For example; Camptothecin and its derivatives like Topoaachn
irinotecan (Figure 9) affect Topol My intercalatingbetween the active site ola
enzyme and the cleaved DNA endsus blocking DNA religation and relaxation of
supercoils. Therefor¢hey are classified as TopopoisongBarroset al, 2013; Staker
et al, 2002) Another example is Fluoroquinolones, whose targets are gyraSeopad
IV in bacteria, are used as antibiotigsdditionally, ssmisynthetic pdophyllotoxin
derivatives such astoposide and Teniposide (Figure 10) are being used as
chemotherapeutic agenEtoposideas a Topoll paison which binds between &hd 3'
end of a brokerDNA and preventghe resealing andhe releasng of the strand

(Laponogovet al, 2010) Other examples are novand chlorobiocingLewis et al.,
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1996; Tsaiet al, 1997) radicicol (Corbett & Berger, 2006)and bisdioxopiperazines
(Classen, Olland, & Berger, 2003)hey all block the ATPase adty of the enzyme.
Moreover, simocyclinone Da&ffects DNA binding(Edwardset al, 2009)and NTBI
GSK29942&ffects DNA cleavagéBaxet al, 2010).

In addition to aformentionedexamples, FAMSA (Amsacrine)(Figure 11) needs
particular attention. Because it is the first synthetic compound which targets
topoisomerasdl (Hornedo & Van Echo, 1985)lts working principle is based on
intercalationand blocking the movement of DNénzyme compleXKetron, Denny,
Graves, & Osheroff, 2012)its discovery led scientists to exmonew, less toxic

synthetic compoursifor topoisomerase inhibition.

Together these findings not only highlight the variety of topoisomerase targeting
molecules but also show the abundance of molecular scaffolds capable of

topoisomerase inhibitiofVoset al, 2011)
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Figure 9. Some Dpol poisors. a.camptothecinb.topotecanc.irinotecan.
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Figure 10. SomeTopoll poisors. a.etoposideb.teniposide.

Figure 11. SyntheticTopoll poison:Amsacrine

1.2.7.2.Cell Response to Topoisomerase Targeting Small Molecules

In most of the cellsaccumulation of mutations, ubiquitinylation, SUMOylation,
andthe formation ofreactive oxygen species (ROiS)observedupon the intake o&

topoisomerase inhibitor or poisoAll of these changes occurring inside the k=t to
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mitotic delay induce DNA repair mechanisnasd ultimately induceell deathdue to
unrepaired DNA break@/oset al, 2011)

For instance, n bacteria, it hd been observed thatome fluoroquinolones
(Topo IV poison)promote cell death bindudng ROS productior{Dwyer, Kohanski,
Hayete, & Collins, 2007; Kohanski, Dwyer, Hayete, Lawrence, & Collins, 2007)
Interestingly, some other fluoroquinolones like mimxfcin and PD161144 were
shown tokill cells eventhough theROS cascaal is blocked (oxygen absence). This
result suggests that themmight beother pathwag for anti-topoisomerasaction (X.
Wang, Zhao, Malik, & Drlica, 2010)

In eukaryotespoth Topo | and Topo Ipoisons induce ubiquitinylation and
SUMOylation(Vos et al, 2011) Theseprocesses are needed tdiaie repair response
as described earlieRepair response mechanism acts to decrease the effect of the
poison on topoisomerase. One way to mitigate the effect of the repair response
mechanism is to administer the repair response mechanism intutourently with
the poison For instance, it had been shown tfiatoblasts of mice lacking PARPE,
one of the crucial enzymes in repair mechanarafound to bemore sensitive to topo
Il inhibitor (C-1305) ( Wi si-6asd&ek, Schloffer, Gueor
Skladanowski2004) In anotherstudy, it had been shown thatoxorubicird ¢topo I
inhibitor) activity in liver cellswas enhanced by ANMhich is aPARP inhibitor
(MufiozGamezet al, 2011)

1.3. Effects of Azacyanines in Yeast Cells

Azacyanins (Figurel2 a, b, and ¢ werefirst synthesizedy Kurth et.al. as ion
channel inhibitors(Haddadin, Kurth, & Olmstead2000) The interactions othese
azacyanines named as Azameitmgmed as Aza3 in previous studjeSya4 and Aza5
with different DNA structures had also been established byalatardies. By using
NMR, UV-Vis and CD spectroscopy, it had been shown that these molecules bind
selectively to Gguadruplex forming human telomeric sequence (tel24) over duplex
DNA sequenceéCetinkol, Engelhart, Nanjunda, Wilson, & Hud, 200Bhey had also
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been able to induce the formatiof the poly(A) selstructure invitro (Cetinkol &
Hud, 2009)

Moreover, it ha been showrthat theseazacyaning were able tanduce genomic
instability in yeast cellsin his thesis Kim showed thatazacyanine derivatives
(Azamethyl, Aza4, and Aza5) induce chromosomal fragility in yeast celés.
hypothesized that this might be due to thebifitaation of triple helical structures
formed by (GAA), triplex repeats Moreover, it hasbeen shownthat increased
chromosome fragility, caused by azacyanimediicedDNA repair surveillancesystem
and causg G2/M phasearrest. It isalso emphasized that azacyanines inhibit cell

growth in a dose dependent man(&m, 2009)

However, there is no study, up to dat e, sho

towards triple helical structures nor their selectivity togadifferent nucleic acid

structures. Though their chemical structure resembles especially to the intercalators

mentioned above, meaning that they might have a potential to target several structures

in a cell such as DNA, RNA, and/or DNRNA hybrids in adition to their complexes

such as DNAtopoisomerase complexed.herefore, inspired by these findings

mentioned aboveve hypothesized that the observed effects of azacyanines in yeast

cells might be due to their binding ability to different nucleic acidcstires, especially

to triplex and quadruplex structures and/or topoisomerase |l alpha.
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1.4Thesis Focus:

This thesis focuses on the effect of severa
their selectivity towards different nucleic acid struetgirOur main goal is to have a
grasp on the mechanism of action of azacyanines observite yeast cells(Kim,

2009) Chemical structuresf azacyanines used in patudies are given in Figufe.

Here first we focused on the effect @zacyanines on Topoisomerase Il alpha
enzyme (Topo | 1 U) exmrdssed type ill sopoisdmeragerthei n
mammalian cells.Recently, a number of studies about synthetic topoisomerase
inhibitors showed successful inhibition 3fopo | | U. fas (Fgweely)zacyani
share similararomatic ringstructures with these moleculemmely camptothecin,
topotocen, irinotecgn etoposide, teniposide, and amsacrine (Figurekl)9 we
hypothesized that the cell cycle arrest observed in yeast cells might be their to
ability to (KmBio®it Topo |1 U

Secondly we focused onrevealing the binding affinity and selectivity diese
azacyaninesowards differentucleic acid structuregia using competition dialysis to
test Kimbébs hypothesis on theirOubgmhvs ng abi |l it
to shed light tahe effect of azacyanines on genome instability observed in yeast cells

via understandintheir interactions with different DNA structurékim, 2009)

As a whole, at the end of this thesis, we aim to propose some alternative
mechanisms on toxic effectf these azacyanineolecues in cells and reveal their

potential as possible topoisomerase inhibitorsc@motherapeutiagents.
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CHAPTER 2

POSSIBLE EFFECTS OF AZACYANINE DERIVATIVES ON
TOPOI SOMERASE | I ALPHA (TOPO 11 U)

2.1.Introduction:

Topoisomerasell alpha (Topo l1U) has l ong been inutil i z
chemotherapeutic applications in clinical oncologysage of small molecules as
therapeutic agensuch as ®poside and doxorubiciftlassified asTopo U poisons) to
target Topo 11U due totheir toxicity is one of the most commonly applied practices.
TopollUpoi sons® mai n f un cTopoollt)DNAscomplex, asdt a b i | i
eventually lead to apoptosis due to the accumulation of DNA damage. Though, it
should also be noted that thglization of suchTopo llUpoisons bears also the risk of
secondary malignancies and cardiotoxiditypshultz et al, 2010; Vroomaret al,

2011)

In addition toTopo 11U poisons, there are sevemthersmall moleculesdentified
as catalytic inhibitors. Catalytic inhibitoishibit TopollU enzyme at di ffer
of its catalytic cycle without stabilizing the DNAopo enzyme compleigure 13)
(Bau, Kang, Austin, & Kurz, 2013; Larsen, Escargueil, & Skladanowski, 2003;
Pommier, 2013)
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Figure 13. Common Topoisomerasél catalytic inhibitorsand poisongBau et al,
2013)

Based on thestructuralsimilarity, such as the ¢éended aromatic ring system

with the positive chargepf many topoisomerasé inhibitors to ourazacyaning
(Figures 912), we hypothesized that our molecules migilsb havethe capabiliy of
inhibiting Topo IP.

We utilized a kit from TopoGEN IndBuena Vista, USA) which is optimized

for revealing the catalytic inhibition efficiency of small molecul@e poposed

reaction mechanisms witthe catenated DNAKDNA) substrate provided by the

supplier are given in Figurg4. We have investigated theffect of Azamethyl, Aza4

and Aza5on Topo I avhich were shown to triggerelt cycle arrest in yeast cells

(Kim, 2009) In additionto these three moleculege have included Azaethyl and

Azaisobutyl compounds in our assay in order to understand the effect of small
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molecule structure, mainly the effect of chain length and branching on the
benzimidazole ring, on inhibition efficiencyfter the incubation of the ecopounds
with the enzyme (Topo'll) and substrate (catenated DNA), the inhibition efficiency

of azacyanines were assessidagarose gel electrophoresis.

D

Cat.  Linear &
kDNA ¥DNA >
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Nicked
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Catenated kDNA
Substrate

AT
* " -

2 .

i 3

>

Decatenation |

* %= Relaxed | products
clrgulas

Lane: 1 2 3 4

Linear kDNA

Figure 14. Proposed reaction mechanisinor Topoi somerase |1 U Kk
screening kitkDNA: catenated DNA (substrate), VB (Etoposide): proved topid
poison, CPT (Camptothecin): proved tdpahibitor. Image taken frooma nuf act ur er

user manual (TopoGEN Inc., Catalog no: TG1@)9

2.2.Materials and Methods:;

All the small moleculesveresynthesized and characterized in our lab according to
previously published protoco($laddadinet al, 2000) Stock solutions of azacyanines
were prepared bydissoling in DMSO (Sigma Aldrich, M81802and further diluted
with Tris-HCI therefore the effect of DMSO on the enzyme was minimized.
Preparation of 10.0 mM THBICI is described in detail in Appendix AThe
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concentrationsof the stock solutionsvere determined using calculated extinction
coefficient values given in Tablg (the BeerL a mb e r t @sorbdn@e w extinction
coefficient x path length x conceation) via U\Vis spectrometerMillipore de-

ionizedwater wasusedthroughout all othe experiments.

Table 1.Extinction coefficients of azacyanines.

Name of thecompounds Extinction Coefficient (M ™.cm™)

Azamethyl 343 nmi 45,700

Aza4 387 nmi 24,240

Aza5 407 nmi 25,000

Azaethyl 343 nmi 44,700
Azaisobutyl 343 nmi 44,700
Azapropyl 343 nmi 43,300
Azabutyl 343 nmi 44,000
Azaisopropy! 343 nmi 45,100

Topoisomerase 1l Drug Screening Kit (kKDNA based) (TG1R1%as purchased
from TopoGEN Inc. (Buena Vista, USAExperiments wereonducted asstructed by
the supplier Briefly, required amount of ingredients (water, buffer, DNA, test
compound, and enzyme) wagreoled togethein aneppendorf tuben ice followed by
37°C, 40 minutes incubation. Theactions were stopped by addition of 13®S at
37°C and followed byhe addition of Proteinase K and 30 minuitesubation at 37°C
to digest the enzymeAfterwards loading dye was added @éach sampleand the
samples were loaded into 1% agarose gel with EtBr. Agarosenvgeésprepared in
1XTAE buffer as described befo(eee, Costumbrado, Hsu, & Kim, 2012amples
werepoured toThemo Fischer Owl Easyca®2 mini gel electrophoresis systeamd
thenrun for 180 minutesat 100 Volt. At the end of the electrophoresis, gels were
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stained with EtBr and dstained in waterGels were visualizedising BioRad XR
Molecular Gel ImagerDetails of preparation of 50X TAE buffer, 1%agarose gel, and

EtBr solution are given in Appendix A.

2.3.Resultsand Discussion
2.3.1. Determination of the Optimal Concentration of Azamethyl for

Topoisomerasdl Alpha Inhibition:

We started oui nvestigations on the &effect
determining the effect of different concentrations of Azamethyl on TopoU al ong
the proven Topo Il poisorkEtoposide (VP16) (Liu, 1989) Here all the reaction
mixtures, unless saidotherwise, includethe substrate2000 ng KDNA (catenated
DNA) and 50 units of Topo It.

The resultof our initial screening is given in FigurEs. In lane 1kDNA,
which was our substrate in our assags used as a control. Linearized aedatenated
DNA productswere also used as control markers in lanes 2 and 5 respedtiaet/.3
and 4 were our positive controD®e M a n de B0 & respectively. VA6 is

expected to decrease the enzyme activity in a concentration dependent hmalamer.

6,a Ablanko well t h a tDM8Ohahdythe ibuffe(Tris-ldG) svast h e

also used as a control in ordersee the effect of our solutision Topol | attivity.

Here the ratio of DMSO:Tri$ICl was 1:9 which was the ratio used in preparation of

of

Wi

SO

positive control VR16 samples in lanes 3 andléane?7 a A no whsangher wel |

control which only includes the reaction mixture without any inhiblteare we expect
to see the full enzyme activity on our substrate. Lang$ Bad different concerattions

of Azamethyladdedo the reaction mixture.

As shown in Figure 15our enzyme was active undere reaction conditions
and our solutiorused in thepreparatiorof VP-16 and azacyanindsd little effect on
our enzymebs activity (Lanes 6 and 7).
gel (Lane 1). But in the presence of

observed due to the formation of decatenated kDNA products by TdDledatenated
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bands in lanes 3,4, andl@are not at the same alignment with the decatenated DNA

marker because of the long running time (3 hours) and should not be considared as
linearbandVP-16 i s clearly inhibitimagnerfTlamEe®3 |1 U in a
and 4). The intensity of the decatenated DNA bands was decreased in the presence of

500e M M®& The measured intensities of the decatenai¢d bands were given

in Figure16. Here, the intensitiesf decatenated DNA bands in all saegWere

normalizedto the intensityof the decatenated DNA band belonging to the sample that
hasfullTop o | | ©htheaabsence of any inhibitdane 7 no drug). The intensity

decreased to 0.63n t he pr e s e n-tée(lane Bobdparedtdhe Iohe YV P

which was taken as 1.00. The intensity of the band decreased further to 0.20 in the
presence of 500 M M®& Our compound, Azamethyl, showed increditd¢alytic

activity decrease&ompared to VAL6. The intensities of the bands were 0026,

0.12 and 0.01 in the presence A& M, .04 ™M, .08 ™M a n d¢e MAz&Methyl

respectively. lis clear that Azamethydecreases the catalytic activiybfopo | 1 U i n a
concentration dependent mannekowever, & this point, we cannotlassify its

inhibition efficiencyas a T o p o sintelwe digpnotiolsserve thand belonging

to the linear DM\ in the presence of Azamethylhe linear band formation, even

though it was weak, was observed in the presence low concentreitiois16. More

importantly, our results revealed that #féect of Azamethylon T o p o wak $trohger

compared to VR6. Even at 50 e M concentration Azamethyl 6s
greater than 500e M o f16.V P
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Figure 15. Agarose gel electphoresis results fahe effect ofAzamethylon Topo | |

U

Lane 1:7/kDNAO, cat enat edlLaRRALsobatr HNeo poarlklielr o

poisonindicator, lane 3 and 4:Topo Ih and kDNA in the presence d¢f V-B 6 0
(Etoposid¢ which is aproven Topo IIh poison Lan e 5 fi[MNA anarkee n .
decatenated DNA products as adicator of the enzyme activityan e Hanko dnly

drug solvents (DMSO:TrisICl - 1:9), Lan e no:drug@ i n cohlytkeeeazyme

Topo Ih. Lane 811:Topolhand kDNA i n tAzanetyh ewkincle iod$
tested drugGel conditions:1%agarosen 1xTAE buffer; 100 V; 180 minutesun.

Black arow indicates the band that is the main indicatothefenzyme activityRed

circle: al intensities are normalized according to this band.
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Normalized Intensities
(relative to red circled

Normalized Intensities

1.0

0.8

0.6

0.4

bandin figure 15)
VP-16-50 uM (lane 3) 0.63 0.2 I I
VP-16-500 uM (lane 4) 0.20 0.0 ..._
Blank (lane 6) 0.85 Zzz=¥=z=z=z=2
No drug (lane 7) 1.00 § % = E ;E ﬁ §
Azamethyl-1 pM (lane 8) 0.75 E %_ g 5 % ;T
Azamethyl-10 uM (lane 9) 0.26 > T EEg
Azamethyl-50 uM (lane 10) 0.12 © 2= 5
Azamethyl-100 puM (lane 11) 0.01 Samples

Figure 16. Agarose gel electrophoresis results obtained by analyhieggel image
given in Figurel5. Left table is the normalized intensity values. Normalization was
performed relative to our negative control (no drug sample) that only includes the
substrate (kDNARNnd the enzyme (TopolloThe contents ofhie samples were given

in Figure 15. Error bars represent 5% of the normalized intensities. Intensities

measured by Image Lab, Version 5.2.1 (BioRad Laboratories).
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2.3.2. Determination of the Effects of Different Azacyanines on Topoisomerasdl
Alpha:

Once we have seen thAzamethyl wasdecreasing the catalytic activity of
Topo | | Uedtoineestigate ¢hie effects of othar acyani nes al so on
We included &a4 and Aza5 in our assay sinbese two molecules were studied by
Kim in his studies along with AzamethgKim, 2009) In addition, we included two
Azamethyl analogs named as Azaethyl and Azaisokotylnderstand the effect of
al kyl chain | engt h etagic divity nOnde iagaig, we lmveT 0 p o
included VR16 as our positive control. Since the efficiency of Azamethyl was strong at
500e M concentration, here we testedoml | t he
5 units of Topo NH. Again we have included kDNAs our substrate along with
linearized anddecatenated DNA markers. No drug lane and the blank lane

(DMSO:TrisHCI, 1:9) were also used as our negative controls.

Our results given in Figurg?7 clearly demonstrated thaizamethy|] Aza4 and
Azab5 candecrease the catalytic activity ®bpo Ih ®he intensity of thelecatenated
DNA decreasedin the presence ofAzamethy] Aza4 and Aza5. The measured
intensites given in Figurel8 were 0.6, 0.26 and 0.37 respectivelWe did not
observe the formation @he linear band in the presence of Azamethyl, Aza4 and Aza5
thus cannotlassify themaspoisors. Decatenated bands in lanes 3l Fare not at the
same alignment with the decatenated DNA marker because of the long running time (3
hours) and should not bersidered as a linear bantb our surpriseAzaethyl and
Azaisobutyl did not show anghange onTopo lI" catalytic activity (Figures 17 and
18. On the contrary, t sheenedta mdraase islightly io fhe T o p o
presence of Azaethyl amdizaisobutyl The intensities of thelecatenated DNA band
were measured as 1.20 and 1.21 in the presence of Azaethyl and Azaisobutyl

respectively.
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Figure 17. Agarose gel electrophoresis results for différ@acyanine on Topollh.
Lane 1:fkDNAO , catenatedlLaizRALs mlesatr r ODitNBanerBar ker o0,
kDNA and Topo It in the presence af V-B 6 0 ( Et whighois aprver) Topo

Ih poi son, Lane 4: AfDecat en. DNA mar ker o, de
indicator of the @8&naryme arclty vd t@ygisHC@Inwee vt s A( D
-1:9) , Lane 6: Ano dr uTgpo Ihi lracel 7L1dk®ONA andn | y t he er

Topolhin the presence of 50.0 OM azacyanine de
Lane 8oL daarMe a@: AAzabet hitlhae 1LDs o MGzl o

conditions: 1%agarose in 1xTAE buffer; 100 V; 180 mtas run. Black arrow

indicates the band that is the main indicatortlaf enzyme activity. Red circleall

intensities are normalized according to this band.
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Normalized Intensties
(relative to red circled
band in figure 17)

VP-16-50 PM (lane 3) 0.87
Blank (lane 5) 0.84
No drug (lane 6) 1.00
Azamethyl-50 uM (lane 7) 0.16
Aza4-50 uM (lane 8) 0.26
Aza550 uM (lane 9) 0.37
Azaethyl-50 uM (lane 10) 1.20
Azaisobutyl-50 uM (lane 11) 1.21

Figure 18. Agarose gel electrophoresis results obtained by analyhegel image
given in Figurel?. Left table is the normalized intensity values. Normalization was
performed relative to our negative control (no drug sample) that only includes the
substrate (kDNA) and the enzyme (Top® BThe contents ofhie samples were given

in Figure 17. Error barsrepresent 5% of the normalized intensities. Intensities
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measured by Image Lab, Version 5.2.1 (BioRad Laboratories).

2.4Conclusions

Our results revealed that Azamethyl, Aza4 and Azabse to decrease Topo

U satalytic activity while Azaethyl and Azaisobutylo not.
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Among the molecules investigated in here, Azamethyl showed the hdgwstse
in Topol |l Ubs . Theetf dleytti o fa cAtziauriettogngehtraiom Topo | | [
dependent, such that there was a sligdtrease on calfytic activityof Topo 11 U even
in the presence 010 e M Az amet hyl . More i mportantly, ou
Azamethylis more paverfult han t he pr ov e rEtopdsiwe ¥P-16).1 U poi son,
While the topoisomerase was 63% active in the presence®f 3@ M® its activity
was only 12% in the presence of. 8@ M Az amet hyl . e Mour suropr
Azamethyl showed stronger effetttan 5000 ¢ M \M®& We have also tested the
effect of Azaethyl, Azaisobutyl, Aza4 and Aza5 at .®0¢ M small molecule
conentration. Our results revealed that while Aza4 and Azl® decrease the
catalytic activityofTopo | | U, Az a et hoydt shawsuthablilityaOns o b ut y | d
the contraryto our surpris¢ he act i vi segmedtd incfeasp slightlylinihe
presaéice of Azaethyl and Azaisobutylhe interactions of these molecules with Topo
| 1 nged to be investigated in detail in order to be able to explain such an increase.
However, we think that the underlying cause might be related to the interactions of
thesemolecules with th©& NA r at h er . Aswdl e exptame linlchépter 3,
azacyanines have the capability of binding to different nucleic .adidsrefore if
Azaethyl and Azaisobutyl do naiterfere withthe Topo It *hey might be binding to

decatenated DNA producasid this couldause the increased intensities.

Resultsobtained hergprovide us an alternative explanation on how azacyanines
might beaffecting the cells in addition tthe observations by KinKim, 2009) It is
now clear that Azamethyl, Aza4, and Azdbcrease§ opo | 1 U enzymeds cat
activity. This might be one of the reasons behind the cell cycle arrest observed by Kim
(Kim, 2009). They might beinterfering with the enzyme at different steps of its
catalytic cycle For example,itey might be interfering with the binding of the enzyme
to DNA, stabilizing the nomovalent DNAenzyme complex, or inhibiting ATP
binding to the enzymé@.arsenet al, 2003) Yet, atwhich stage of its catalyticycle

that our small moleculasterfere withTopo 1h needto be elucidated further.
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CHAPTER 3

SELECTIVITY OF AZACYANINES TOWARDS NUCLEIC ACID
STRUCTURES

3.1.Introduction:

For more than 40 years, mainly because of the participation of small molasules
therapeutic drugs, designing of small molecules that have the ability to bind nucleic
acids has been an active area (Waring & Wakelin, 2003). Targeting nucleic acid
structures(DNA and/or RNA) with small molecules gives an opportunity for the
geneticaly originateddiseased t r eat ment ( Nbarcia 2005eThurs€on,Ch a c o
1999). Particularly, small molecule binding to Amanonical nucleic acid structures
such as triplex and quadruplexes has been a major focus for rational drug design.
However, designing molecules that can bind to nucleic acid structures tightly and
selectivelyis the first step to understand such interactions (Hurley, 1989; Mergny &
Helene, 1998; Thurston, 1999).

Small molecules upon binding to certain nucleic acidstructures change the
conformation and thereforeould either stabilize or destabilize these structures and
causeproblemssuch asmpairedgene expression patterns and/or mutatigBsssler,
2007) This subequentlyinduces DNA repair systems awldives cells to celtycle
arrest anccould even leado cell death Their stabilization abilityhave beerwidely
used in drug design for several treatmesnish as canceo get rid of undesired cells

(M. Wanget al, 2016) Moreover, slectivity of variousothersmall molecules towards
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specific nucleic acid sequencesdhzeen show with different studiegChaireset al,
2003; Ren & Chaires, 199€haires, 1998

Selectivity of Azamethyl, Aza4, and Aza5 to quadruplex structumémng with
duplex DNA structures an@oly(A) had beernreportedpreviously (Cetinkol et al,
2008 Cetinkol & Hud, 2003 Additionally, Kim investigated the effects of these
moleculesin-vi vo using yeast cell s, exprassing GAA/
been revealed that all the molecules were blocking the DNA synthesis, inducing
chromosome fragility and inhibiting cell grolwin these yeast cells in a dose dependent
mannerBased on his results, Kim hypothesized that the observed results might be due
to the binding of these molecsldo triple helical structuresde even suggested that
these moleculesan form the basis fohé development of novel antitumor drugs that
bind to triple helical structures tightly and act via the inhibition of cellular proliferation
(Kim, 2009).

In Chapter 2, w haveobservedthat Azamethyl, Aza4, and Aza5 catalytically
inhibit Topo Ih. Yet at whichcatalyticstep do they inhibithee n z y me 6 Ssnatct i vi ty
known. Therefore we hypothesized that if azacyanines have the capability of binding
to different nucleic acid structureghey might be affectinghe enzyme at the first step
of its caalytic activity, which is the binding of the enzyme@iNA as shown in Figure
7. Azacyanines might be interfering with the DNA and thharging the conformation
of theDNA. This might be prevening the enzyme bindingo DNA and thusinhibiting
theenzymeactivity.

Here using compgtion dialysis method we have investigated the selectivity of
azacyanines towards various nucleic acid structureshé#vealsoincludedAzaethyl,
Azapropyl, Azaisoprogy Azabuty and Azaisobutyin addition toAzamethyl, Aza4,
and Azab, inour competiton dialysisexperimentsto see theeffect of alky chain
length and branching ofoenzimidazolering on nucleic acidbinding affinity and

selectivity,

42



3.2.Materials and Methods;

Competition dialysis experiments were conducted as previously des@@haaes
et al, 2003; Ragazzon, Garbett, & Chaires, 2007; Ren & Chaires, .1088)ponents
and preparation ahe buffersused throughout the experiments are given in Appendix
A and the oligonucleotidesused in he experimentsare givenin Appendix B.

Constructiorof standard curves are given in Appendix C.

The oligonucleotide samples were prepared as descitb&en & Chaires, 1999.
Briefly, oligonucleotides including poly(dA poly(dT), poly(dA).poly(dT),
poly(dAdT).poly(dAdT), poly(rA).poly(rU), poly(dGdC).poly(dGdC) were purchased
from SigmaAldrich (St. Louis, MO, USA). Natural DNA dflicrococcus lysodeikticus
purchased from Sigmaldrich (St. Louis, MO, USA)wassonicated for 30 mintes (5
minutes soniation following 5 minutes restpllowed byphenotchloroform extraction
(Chaires, Dattagupta, & Crothers, 1983p baselong oligonucleotides including
(dA);, and (dT}; and guadrupl ex segquences i N
TTGGG[TTAGGGBA-3 06) am@hT,5306 wer e purchased from
TechnologiegIDT) (Coralville, IA, USA). Remaining oligonucleotides were puodd
by mixingthe required nucleic acids described below:

0 Triplex DNA - poly(dA).[(poly(dT), was prepared by mixing

poly(dA).poly(dT)andpoly(dT) in a 1:1 equimolar ratio,
U Triplex DNA - (dA)s,.[(dT)3), was prepared by mixingdA)s, and

(dT)s2in a 1:2 equimolar ratio,

U Triplex RNA - poly(rA).[poly(rU)], was prepared by mixing either

poly(rA).poly(rU) andpoly(rU) in a 1:1 equimolar rati@r poly(rA) and
poly(rU) in a 1:2 equimolar ratio
U Duplex DNA - (dA)s,.(dT)s, was prepared by mixin@lA)s; and (dT)s;

in a 1.1 equimolar ratio.

43



All the prepared oligonucleotides were annealed by heating at 95°C for 5
minutes in a water bath and then left overnight at room temperature for cooling down
slowly to assure the formation of the proper secondary steidbefore used in

competition dialysis experiments.

For each competition dialysis experiment, 0.5 mL of0O7GM of each
oligonucleotide in a monomeric unit (nucleotd base pair, triplet, quartetyere put
into Pierce (Thermofischer Scientific, USAPOO Da molecular weight cutoff dialysis
cassettes. Therassettesvere dialyzed against 5@mL of 1.0 uM of the selected
ligand (Azamethyl, Azaethyl, Azapropyl, Azabutyl, Azaisobutyl, Aogiropyl, Aza4,
orAzab)solution for 24 hours. 1XBPES buffel. mM NaEDTA, 6.0 MM NaHPQO,,
2.0 mM NaH,PQy, and 183 mM NacCl); pH 7.0, was preparddee Appendix ARs

previously describe(Ren & Chaires, 1999nd usedn all experiments.

At the end of the dialysiperiod aliquots were taken from each dialysis
cassettes, andd (w/v) SDSwas addedo release the bound ligands from nucleic acids
and to ensure that theigands were free in theassettesAfterwards, theligand
concentrationgn each cassetigere determined via fluorescence spesttapy(Varian,
Cary Eclipse). Device setup was as follogii Emission spectraollected 325 to 675
nm, excitation wavelength 324 nm excitation and emission slits: 2.5 and ,5.0
respectively. For each aaamnine derivativestandard cung&were constructedusing
the same fluorescence spectrophotometer pri@otopetition dialysigfsee Appendix
C). This allowed us to determine the concentration of ligands by using fluorescence
intensities.Appropriate corrections were mamtecalculating the ligand concentration
in each cassette considering tfikition due to he addedSDS and X BPESbuffer.
Two independent experimentere performed for each molecule.

The ratio of the bound ligandto free ligand concentratioiCy/C;) was
determined by: @Ci=(C/C;)-1 where ¢ (total ligand concentration) is the
concentratiorof the ligand in each dialysis cassette and(feee ligand concentration)

is the concentration ofhe ligand in a positive control dialysis cassette (that only
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includes 1XBPES buffer) which typically did not significantly vary from initsinall

moleculeconcentration that wek0 pM.

Descriptive statiste was usedto analyzeour competition dialysis results.
SPSSv23.0.0.0 (IBM corp., Armonk, NY) was utilized for statistical analysis. Kruskal
Wallis nonparametric test was performed for aoormal distributions. Onevay
ANOVA test was performed, with Bonferronni and Sidak gust tests, for normal

distributions (see Appendix D).

3.3.Resultsand Discussions
3.3.1. Azamethyl:

At the end ofthe 24 hours long competition periodhet concentration of
Azamethyl vas different in each dialysis cassette indicated by the varying
fluorescerce intensiesamongthe casettescontaining different nucleic acids shown
in Figure 19. And more importantly, the fluorescence intensities in certain cassettes
were alsohighly different than the fluorescence intensity obtained for the control
cassette that is only containing buffer solution. This means that Azamethyl was binding
to certain nucleic acid structures and therefore diffusing into the cassettes that are
containng these nucleic acid structurddsing the fluorescence intensities, the exact
concentration of Azamethyl in each dialysis cassette was calculated as explained in
Appendix C.In eachtrial, Cy/C; for each cassetteascalculatedand thenC,/C; ratios
for both of the replicatexperiments were averaged out and recorded as the final result
(Table 2).The final averag€,/C: values for each nucleic acid structure were plotted as

shown inFigure20. Our statistical results were algigen in Figure 20
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500 - — poly(dA).[poly(dT)],
Azamethyl = (dA)5; [(@T)y,],

= §'-T,G,,T,-3'

— poly(rA).[poly(rU)I,

= M.lysodeiktus

— tel24
poly(dGdC).poly(dGdC)

= poly(dA).poly(dT)
poly(rA).poly(dT)

=== poly(rA).poly(rU)

—— poly(dAdT).poly(dAdT)
(dA);,.(dT);,
poly(rA)

== poly(dT)

— poly(rl)

400 -

300

200
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100+
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Figure 19. Average fluorescence spectra of Azamethyl. Measurementsol&med
at the end of the 24 hours long competition dialggjainst Azamethyfrom dialysis

cassettes containing different nucleic acid structures
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Table 2. Compdition dialysis results for Azaethyl.

Folds over buffer (G,/Cy)
. . 1% 2" Standard
SligeElEnieEs replicate  replicate AR deviation
poly(dA).[poly(dT)] ; - triplex DNA 1011 13.28 11.69 2.24
(dA)3,.[(dT) 3] - triplex DNA 10.78 1052 10.65 0.18
5'-T,G,T2 1 3 -Oquadruplex DNA 251 2.54 2.53 0.03
poly(rA).[poly(rU)] - triplex RNA 1.60 1.76 1.68 0.11
M.lysodeiktus - dsDNA 1.32 1.37 1.34 0.04
tel24 - quadruplex DNA 1.26 0.98 112 0.20
poly(dGdC).poly(dGdC) - dsDNA 1.14 0.95 1.05 0.13
poly(dA).poly(dT) - dsDNA 0.77 0.97 0.87 0.14
poly(rA).poly(dT) - DNA-RNA hybrid 0.48 0.56 0.52 0.06
poly(rA).poly(rU) - dsRNA 0.64 0.17 0.40 0.33
poly(dAdT).poly(dAdT) - dsDNA 0.27 0.21 0.24 0.04
(dA)3,.(dT)3. - dSDNA 0.09 0.11 0.10 0.02
poly(rA) - ssRNA 0.13 0.08 0.10 0.04
poly(dT) - ssDNA 0.02 0.02 0.02 0.00
buffer 0.00 0.00 0.00 0.00
tank 0.03 -0.04 -0.01 0.05
poly(dA) - ssDNA -0.01 -0.09 -0.05 0.05
poly(rU) - ssRNA 0.06 -0.03 0.01 0.06

The ratio of the bound ligand to free ligacmhcentration (¢C;) was determined by: {iC=(C/Cy)-1 where ¢(total

ligand concentration) is the concentration of the ligand in each dialysis cassette(fiad Ijand concentration) is

the concentration of the ligand in a positive control dialysis cassette (buffer) that only includes 1X BPES buffer
which typically did not significantly vary from initial small molecule concentration that was 1.0 uM irolingos

(tank).
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Figure 20. Compdition Dialysis results for Azaethyl. *; p<0,05 from control by
Kruskal Wallis norparametric test. Error bars are +1 standard deviations of the mean

with a confidence level of 95%.

Our competition dialysis results realed undoubtedly that Azamethyl is
binding totriple helical structures of polgld).poly[(dT)]> and (dA)s2.[(dT)so]> with
high affinity and selectivity The amountof Azamethyl collected in the dialysis
casettes containing poly(dA).poly[(dT)]. and (dA)s..[(dT)szj2 was substantial
compared to other samplegheaveragecalculated @/C; values werel1l.69and 1.65
with significance levels of p=0.@Land p=0.04 respectivelyaccording to non
parametricKruskal Wallis test Azamethyl also showed significaninding to 5 -6
T2GyoT2 -3 @uadruplex and poly(rA)poly(rU)]. RNA triplex with GJ/C; values of
2.53 and 1.68respectively Our results also revealed thatz a met hy |l 6s affinity
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double stranded structures wasv with evenlower affinity towards RNAstructures
comparedo DNA structures Furthermore, Azamethyl had radfinity towards single
stranded nucleic acid structures under these conditions, where the obigadiOes

were within the experimental errors

3.3.2. Azaethyl:

The fluorescence spectra of the sampgsinst Azaethylin each dialys
cassette were given in Figued. The concentration of Azaethyl was atfifferent in
each dialysis cassettesfter 24 hours long competition dialysi$hen G/C; was
calculated as mentioned in materials and methods, angCCratio for both of the
replicak experiments were averaged out and recorded as the final result (Table 3). The

average g C; values with the stattical analysis were plotted Figure 22.

500 - = poly(dA).[poly(dT)],
Azaethyl = (dA)3.[(dT)3,],
5-T,G,, T, -3'
= poly(dA).poly(dT)
400 N —— M, lysodeiktus
tel24
poly(dGdC).poly(dGdC)

_ tank
300 ——— poly(dAdT).poly(dAdT)
d(A);,.d(T);,
buffer
poly(rA).[poly(rU)],
— poly(dA)
poly(rA).poly(dT)
= poly(rA)
poly(rU)
poly(dT)
—— poly(rA).poly(rU)

200

Intensity

100

350 400 450 500 550 600
Wavelength (nm)

Figure 21. Average fluorescence spectra of Azaethyl. Measurements aiéaened at
the end of the 24 hours long competition dialyagainst Azaethylfrom dialysis

cassettes containingfiéerent nucleic acid structuse
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Table 3. Compuition dialysis results for Azethyl.

Folds over buffer (G,/Cy)
_ _ 18t ond Standar
Oligonucleotides . . Average d
replicate replicate e

poly(dA).[poly(dT)] ; - triplex DNA 6.95 6.88 6.92 0.05
(dA)32.[(dT) 372 - triplex DNA 1.75 1.00 1.37 0.53
5'-T,GyT, 1 3 -6quadruplex DNA 0.88 0.72 0.80 0.11
poly(rA).[poly(rU)] ; - triplex RNA -0.02 -0.01 -0.02 0.01
M.lysodeiktus - dsDNA 0.49 0.32 0.40 0.12
tel24 - quadruplex DNA 0.24 0.15 0.19 0.06
poly(dGdC).poly(dGdC) - dsDNA 0.20 0.13 0.17 0.05
poly(dA).poly(dT) - dsDNA 0.36 0.42 0.39 0.04
poly(rA).poly(dT) - DNA-RNA hybrid 0.08 -0.02 0.03 0.08
poly(rA).poly(rU) - dsRNA 0.00 -0.08 -0.04 0.05
poly(dAdT).poly(dAdT) - dsDNA 0.04 0.03 0.03 0.01
(dA)32.(dT)32 - dsDNA 0.00 0.02 0.01 0.01
poly(rA) - ssRNA -0.03 -0.03 -0.03 0.00
poly(dT) - ssDNA 0.00 -0.04 -0.02 0.03
buffer 0.00 0.00 0.00 0.00
tank 0.04 0.03 0.04 0.01
poly(dA) - ssDNA -0.03 -0.02 -0.03 0.01
poly(rU) - ssRNA -0.07 -0.04 -0.05 0.02

The ratio of the bound ligand to free ligand concentratigfGiCwas determined by: fC=(C/C;)-1 where ¢(total
ligand concentration) is the concentration of the ligand in each dialysis cassette(fied IZjand concentration) is

the concentration of the ligand in a positive control dialysis cassette (buffer) that only includes 1>0HRES
which typically did not significantly vary from initial small molecule concentration that was 1.0 uM in the solution
(tank).
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Figure 22. Compdition Dialysis results for Azethyl. *; p<0,05from control by
Kruskal Wallis norparametric test. Error bars are +1 standard deviations of the mean

with a confidence level of 95%.

Azaethyl also showed significant selectivity, though not as dramatic as
Azametlyl Otewardspoly(dA)[poly(dT)]l, and (dA)s2[(dT)s2)2 triplex DNA structures
with average @C; values 0f6.92 and 1.37 and significance levels of p=@6 and
p=0.3, respectivelyaccording to nofparametricKruskal Wallis test Other than its
binding topoly(dA)[poly(dT)], and (dAx[(dT)s2)2 triplex DNA structuresits binding
to 5-0,GT2-3 6 q u a das algolsignficant according to our statistical analysis
(p=0.044) Its binding was found to b@onsignificanto anyother sequense
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3.3.3. Azapropyl:

The fluorescence spectra of the samptesach dialys cassette wergepicted
in Figure 23 The concentration of Apaopyl was also different in each dialysis
cassettesfter 24 hours long competitioif he calculatedC,/C; valuesfor both of the
replicate experiments weggven in Table4 alng with the average y&; values.The

average @ C; values with the statistical analysis waiteo plotted irFigure24.

= poly(dA).[poly(dT)],
Azapropyl = 5 TyGy T, -3
= (dA)5,.[(dT)5,],
M, lysodeiktus
poly(dA).poly(dT)
tel24
poly(dGdC).poly(dGdC)
300 d(A);,.d(T);,
tank
= poly(rA).poly(dT)
=== poly(rA).poly(rU)
—— poly(rA)
buffer
== poly(dAdT).poly(dAdT)
poly(rA).[poly(rU)],
poly(dA)
— poly(dT)

Intensity

450 500 550 600
Wavelength (nm)

350 400

Figure 23. Average fluorescence spectra of Azapropyl. Measurementsob&xaed at
the end of the 24 hours long competitidialysis against Azapropyfrom dialysis

cassettes containing different nucleic acid structures
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Table 4. Compdition dialysis results for Azaropy!.

Folds over buffer (G,/Cy)
. . 1% 2" Standard
SligeElEnieEs replicate  replicate AEEYE deviation
poly(dA).[poly(dT)] ; - triplex DNA 4.62 5.73 5.18 0.78
(dA)3,.[(dT) 3] - triplex DNA 0.65 0.85 0.75 0.14
5'-T,GT 21 3 Oquadruplex DNA 1.27 1.30 1.28 0.02
poly(rA).[poly(rU)] , - triplex RNA 0.13 -0.01 0.06 0.10
M.lysodeiktus - dsDNA 0.39 0.35 0.37 0.03
tel24 - quadruplex DNA 0.24 0.25 0.25 0.01
poly(dGdC).poly(dGdC) - dsDNA 0.21 0.15 0.18 0.04
poly(dA).poly(dT) - dsDNA 0.32 0.35 0.33 0.02
poly(rA).poly(dT) - DNA-RNA hybrid 0.05 0.06 0.05 0.01
poly(rA).poly(rU) - dsRNA -0.05 0.05 0.00 0.06
poly(dAdT).poly(dAdT) - dsDNA -0.02 0.00 -0.01 0.01
(dA)3..(dT)32 - dsDNA 0.10 0.11 0.10 0.00
poly(rA) - ssRNA -0.02 0.01 0.00 0.03
poly(dT) - ssDNA 0.05 -0.05 0.00 0.07
buffer 0.00 0.00 0.00 0.00
tank 0.16 0.08 0.12 0.05
poly(dA) - ssDNA 0.08 -0.03 0.03 0.08
poly(rU) - ssRNA 0.03 -0.05 -0.01 0.05

The ratio of the bound ligand to free ligand concentratigfGCwas determined by: {iC=(C/Cy)-1 where ¢(total

ligand concentration) is the concentration of the ligand in each dialysis casse@e(fiad ligand concentration) is

the concentration of the ligand in a positive control dialysis cassette (buffer) that only includes 1X BPES buffer
which typically did not significantly vary from initial small molecule concentration that was 1.0 uM sothton

(tank).
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Figure 24. Compdition Dialysis results for Azaropyl. *; p<0,05 from control by
Kruskal Wallis norparametric test. Error bars are +1 standard deviations of the mean

with a confidence level of 95%.

Our resultshave revealed thatAzapropyl also shows the highestaffinity
towards poly(dA)[poly(dT)], triplex DNA structure. However, its affinity tdb -0
T,GxoT2-3 6 g u a seqgueredvas kigher than its affinity t¢dA)s2[(dT)sz]2 triplex
DNA unlike Azamethyl and Azaethyl moleculeShe obtained G/C; values for
poly(dA)[poly(dT), -To@oT2-3 0and(dA)s(dT)s2]. were5.18 (p=0.024) and..28
(0.031) and 0.75 (p=0.041pespectively
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3.3.4. Azabutyl:

The fluorescence spectra of thezabutyl samplesobtained fromdialysis
cassette after24 hours of competitiodialysis weredisplayedin Figure 25 Again, the
concentration of Aautyl was varied betweendifferent dialysis cassetteslhe
calculatedCy/C; ratios for both of the replicate experiment®re given inTable5 and

the average §IC; values with the stagtical analysis were plotted Figure26.

—— poly(dA).Ipoly(@T)],
Azab utyl = §"-T,Gy, T, -3'
tel24
e M,lysodeiktus
400 - —— poly(dA).poly(dT)
tank
(dA)3,.[(dT)5,],
] poly(dGdC).poly(dGdC)
300 —— poly(rA).poly(dT)
= poly(dT)
= poly(rA).poly(rU)
200 - poly(dA)
poly(dAdT).poly(dAdT)
= d(A);,.d(T);,
= poly(rA).|poly(rU)],
poly(rU)
buffer
poly(rA)

500

Intensity

- T I
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Figure 25. Average fluorescence spectra of Azabutyl. Measurements ottagned at
the end of the 24 hours long competition dialyagainst Azabutylfrom dialysis

cassettes containing different nucleic acid structures
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Table 5. Compdition dialysis results for AZautyl.

Folds over buffer (G,/Cy)
Oligonucleotides 1.St z.nd Average Standz_ard
replicate  replicate deviation
poly(dA).[poly(dT)] > - triplex DNA 4.36 5.53 4.94 0.82
(dA)32.[(dT) 3] - triplex DNA 0.31 0.31 0.31 0.00
5'-T,G,T» 1 3 -Oquadruplex DNA 4.30 494 4.62 0.45
poly(rA).[poly(rU)] » - triplex RNA 0.04 0.03 0.03 0.00
M.lysodeiktus - dsDNA 0.71 0.57 0.64 0.10
tel24 - quadruplex DNA 0.64 0.61 0.62 0.02
poly(dGdC).poly(dGdC) - dsDNA 0.18 0.29 0.23 0.08
poly(dA).poly(dT) - dsDNA 0.26 0.37 0.32 0.08
poly(rA).poly(dT) - DNA-RNA hybrid 0.18 0.16 0.17 0.02
poly(rA).poly(rU) - dsRNA 0.04 0.11 0.07 0.05
poly(dAdT).poly(dAdT) - dsDNA 0.10 0.07 0.09 0.02
(dA)32.(dT)s2 - dSDNA 0.13 0.07 0.10 0.05
poly(rA) - ssRNA 0.07 -0.02 0.02 0.07
poly(dT) - ssDNA -0.01 0.16 0.07 0.12
buffer 0.00 0.00 0.00 0.00
tank 0.19 0.34 0.26 0.11
poly(dA) - ssDNA 0.00 0.10 0.05 0.07
poly(rU) - ssRNA 0.04 0.01 0.03 0.02

The ratio of the bound ligand to free ligand concentratigfGfCwas determined by: Ji=(C/C;)-1 where ¢(total

ligand concentration) is the concentration of the ligand in each dialysis cassette(fiad l@jand concentration) is

the concentration of the ligand in a positive control dialysis cassette (buffer) that only includes 1X BPES buffer
which typically did not significantly vary from initial small molecule concentration that was 1.0 uM irohhigos

(tank).
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Figure 26. Compeition Dialysis results for Azautyl. *; p<0,05 from control by

Kruskal Wallis norparametric test. Error bars are +1 standard deviations of the mean

with a confidence level of 95%.

Azabutyl showedsimilar affinity towards poly(dA)[poly(dT)t r i p | e x

T2GoT2-3 6

it did not show any significant affinityo (dA)s[(dT)s2)2 triplex. Such a result indicates
that theaffinity of the small moleules depends not only to tegucture of the nucleic
acid but also its length. Converselfxzabutyl alsoshowed statistically significant

g u a with Gyl values of 4.94 and 4.&, respectively Interestingly,

bindingto Micrococcus lysodeikticu&C,/C; = 0.64 foldg and tel24 Cy/C; =0.62 folds)

according to our analysis.
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3.3.5. Azaisopropy!l:

The fluorescence spectra of tAeaisopropylsamplesrecovered frondialysis
cassette wereprovidedin Figure 27 The concentration of Armopropyl was only
slightly different in each dialysis cassets given in Table 6. verage G/C; values

given in Figure 28 were also not that different from each other

— 5'-T,G,,T, -3
Azaisopropyl —— poly(dA).[poly(dT)l,
—— M,lysodeiktus
poly(dGdC).poly(dGdC)
tank
—— poly(dA).poly(dT)
buffer
. poly(ruU)
300 d(A);.d(T)s,
— {dA)jrl(dT)]zlz
— poly(rA).[poly(rU)],
200+ poly(dAdT).poly(dAdT)
poly(dA)
— tel24
- poly(rA).poly(rU)
] 00 === poly(rA).poly(dT)
== poly(rA)

0 !,—--.—_ poly(dT)
350 400 450 500 550 600
Wavelength (nm)

500

400 -
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Figure 27. Average fluorescence spectra of Azaisopropyl. Measurements were
obtained at the end of the 24 hours long competition diadgggst Azaisopropytom
dialysis cassettes containing different nucleic acid structures
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Table 6. Compdition dialysis results for Azaopropyl

Folds over buffer (G,/Cy)
. . 1 2 Standard
OlERAE EeEEs replicate  replicate AR deviation
poly(dA).[poly(dT)] 2 - triplex DNA 0.22 0.13 0.17 0.06
(dA)32.[(dT) 372 - triplex DNA 0.13 -0.02 0.05 0.10
5'-T,GyT, 1 3 -6quadruplex DNA 0.26 0.14 0.20 0.08
poly(rA).[poly(rU)] , - triplex RNA 0.01 -0.02 -0.01 0.02
M.lysodeiktus - dsDNA 0.15 0.09 0.12 0.05
tel24 - quadruplex DNA 0.12 -0.03 0.05 0.11
poly(dGdC).poly(dGdC) - dsDNA 0.08 0.08 0.08 0.01
poly(dA).poly(dT) - dsDNA 0.06 0.03 0.04 0.02
poly(rA).poly(dT) - DNA-RNA hybrid 0.07 -0.06 0.01 0.09
poly(rA).poly(rU) - dsRNA 0.11 -0.04 0.03 0.11
poly(dAdT).poly(dAdT) - dsDNA -0.03 -0.02 -0.03 0.00
(dA)32.(dT)32 - dsDNA 0.02 -0.02 0.00 0.02
poly(rA) - ssRNA 0.01 -0.06 -0.03 0.05
poly(dT) - ssDNA 0.02 -0.08 -0.03 0.07
buffer 0.00 0.00 0.00 0.00
tank 0.09 0.06 0.07 0.02
poly(dA) - ssDNA 0.05 -0.02 0.01 0.05
poly(rU) - ssRNA -0.02 0.00 -0.01 0.01

The ratio of the bound ligand to free ligand concentratigfGCwas determined by: {i=(C/Cy)-1 where ¢(total

ligand concentration) is the concentration of the ligand in each dialysis casseiix(free ligand concentration) is

the concentration of the ligand in a positive control dialysis cassette (buffer) that only includes 1X BPES buffer
which typically did not significantly vary from initial small molecule concentration that was 1.0 piMeisolution

(tank).
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Figure 28. Competition Dialgis results for Azaopropyl. *; p<0,05 from control by

Oneway ANOVA parametric test followed by Bonferronni and Sidak Post

Hoc tests. Error bars are +1 standard deviations of the midaa confidence level of

95%.

Azai sopropyl 6s

behavior

wa s

significantly

bear a linear alkyl chain in their benzimidazole ring. It did not showsatectivity to

any kind of nucleic acid structure. The amount of Amisopropyl concentration in

dialysis cassettes containing different nucleic acid structures was no different than the

control dialysis cassette containing only the buffer solution. Since the data showed

normal distribution (Kolmogorassmirnov; p=0.200 ath ShapireWilk; p=0.620), we

performed onavay ANOVA following Bonferroni and Sidak pesioc tests in here,
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and confirmed that the binding of Azaisopropyl to any of the nucleic acids structures

was not statistically significant.

3.3.6. Azaisobutyl:

Averagefluorescence spectra of Azabutylsamples obtained at the end of the
24 hours long competition dialysis from dialysis cassettes containing different nucleic
acid structuresvere given in Figur@9. C,/C; values are given in Table 7 and statistical

analyss of the samples wasotted in Figure 30.

_ . —— 5-T,Gy T, -3'
500 Azaisobutyl —— poly(dA).[poly(dT)],
— tel24
e M,lysodeiktus
400 - —— poly(dGdC).poly(dGdC)
= tank
= (dA)y, [(dT)y,],

300 . poly(dAdT).poly(dAdT)
— poly(rl)
buffer
— d(A),,.d(T);,
200 —— poly(dA).poly(dT)
— poly(dA)
= poly(rA).|poly(rU)],
= poly(dT)
poly(rA).poly(dT)
poly(rA).poly(rU)
— poly(rA)
— ‘

350 400 450 500 550 600
Wavelength (nm)

Intensity

Figure 29. Average fluorescence spectra of Azaisobutyl. Measurementsobtamed
at the end of the 24 hours long competition dialysiainst Azabutyfrom dialysis

cassettes containing different nucleic acid structures
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Table 7. Compdition dialysis results for Azaobutyl

Folds over buffer (G,/Cy)
Oligonucleotides 1.St z.nd Average Star_ldgrd
replicate replicate deviation
poly(dA).[poly(dT)] > - triplex DNA 116 0.97 1.07 0.13
(dA)32.[(dT) 3] - triplex DNA 0.58 0.02 0.30 0.39
5'-T,G,T» 1 3 -Oquadruplex DNA 2.49 2.52 2.50 0.02
poly(rA).[poly(rU)] » - triplex RNA 0.05 -0.13 -0.04 0.13
M.lysodeiktus - dsDNA 0.31 0.28 0.30 0.02
tel24 - quadruplex DNA 0.24 0.29 0.27 0.04
poly(dGdC).poly(dGdC) - dsDNA 0.22 0.10 0.16 0.09
poly(dA).poly(dT) - dsDNA 0.51 -0.08 0.21 0.42
poly(rA).poly(dT) - DNA-RNA hybrid 0.02 -0.14 -0.06 0.11
poly(rA).poly(rU) - dsRNA 0.06 -0.17 -0.06 0.16
poly(dAdT).poly(dAdT) - dsDNA 0.02 0.01 0.01 0.00
(dA)32.(dT)s2 - dSDNA 0.33 -0.06 0.13 0.28
poly(rA) - ssRNA 0.00 -0.32 -0.16 0.23
poly(dT) - ssDNA 0.10 -0.14 -0.02 0.17
buffer 0.00 0.00 0.00 0.00
tank 0.32 0.09 0.20 0.16
poly(dA) - ssDNA 0.04 -0.13 -0.05 0.11
poly(rU) - ssRNA -0.12 0.01 -0.06 0.09

The ratio of the bound ligand to free ligand concentratigfGiCwas determined by: f==(C/C;)-1 where ¢(total

ligand concentration) is the concentration of the ligand in each dialysis casgkti(free ligand concentration) is

the concentration of the ligand in a positive control dialysis cassette (buffer) that only includes 1X BPES buffer
which typically did not significantly vary from initial small molecule concentration that was 1.0 jiMeisolution

(tank).
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Figure 30. Compdition Dialysis results for Azaobutyl. *; p<0,05 from control by
Kruskal Wallis norparametric test. Error bars are +1 standard deviations of the mean

with a confidence level of 95%.

Our compétion dialysisresults for Azaisbutyl revealed that Azaisobutyl was
not that different fromAzaisopropyl in term of its binding affinity and selectivity
towards differentnucleic acid stratures. It did not show any significant binding
affinity to any ofthe structuresve investigated as affirmed by the lack of a significant
variation amongCy/C; values (Table 7 and Figure 30Azabutyl only showed slight
bi ndi RTG T, @ 65 Qquadr upl e x/Caug A.8)but cur statisticdl C
analysis revealed the bimgdj was not significant (palue=0.198).
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3.3.7. Aza4:

The nucleic acidaffinity and selectivity of Aza4 and Aza5, which are

benzothiazole derivatives, was also investdatusing competition dialysisThe

fluorexcence spectra of thAza4 samplesobtained fromeach dialys cassette were

shownin Figure 31 The Cy/C; ratios for both of the trials along with the averd@gCs

values were given in Tabl® and the averag€y/C; valuesalong with the statistical

analysiswere plotted in Figur82.

- — poly(dA).|poly(dT),
500 Aza4 (dA)5,.[(dT)y, 1,
— 5"T,G,,T,-3'
= poly(dA).poly(dT)
400 - —— M.lysodeikticus
— tel24
e poly(dGdC).poly(dGdC)
2 300- —— poly(rA).[poly(rU)],
& poly(dT)
5 — (@A) (dT)y,
- buffer
Eq 200 N tank
= poly(rA).poly(dT)
—— poly(dAdT).poly(dAdT)
_ — poly(rA).poly(rU)
100 = poly(dA)
= poly(rA)
poly(rl)
0 T T T T T \ T T T \ 1 T | ' |
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Figure 31. Average fluorescence spectra of Aza4. Measurements aiaeed at the

end of the 24 hours long competition dialysigainst Aza4from dialysis cassettes

containing different nucleic acid structures
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Table 8. Competitiondialysis results for Az&

Folds over buffer (G,/Cy)
Oligonucleotides 1.St 2.nd Average Star_ldgrd
replicate replicate deviation
poly(dA).[poly(dT)] ; - triplex DNA 10.23 10.94 10.59 0.50
(dA)3,.[(dT) 3] - triplex DNA 2.19 1.94 2.06 0.18
5'-T,G,T» 1 3 -Oquadruplex DNA 0.97 0.88 0.92 0.06
poly(rA).[poly(rU)] - triplex RNA 0.25 0.20 0.23 0.03
M.lysodeiktus - dsDNA 0.45 0.39 0.42 0.04
tel24 - quadruplex DNA 0.33 0.34 0.33 0.01
poly(dGdC).poly(dGdC) - dsDNA 0.18 0.19 0.19 0.01
poly(dA).poly(dT) - dsDNA 0.67 0.66 0.66 0.01
poly(rA).poly(dT) - DNA-RNA hybrid 0.00 0.01 0.01 0.01
poly(rA).poly(rU) - dsRNA 0.06 0.04 0.05 0.01
poly(dAdT).poly(dAdT) - dsDNA 0.05 0.02 0.04 0.02
(dA)32.(dT)s2 - dSDNA 0.10 0.02 0.06 0.06
poly(rA) - ssRNA 0.01 -0.01 0.00 0.01
poly(dT) - ssDNA 0.05 0.02 0.04 0.02
buffer 0.00 0.00 0.00 0.00
tank 0.06 0.01 0.04 0.04
poly(dA) - ssDNA 0.06 -0.01 0.02 0.05
poly(rU) - ssRNA 0.03 -0.05 -0.01 0.06

The ratio of the bound ligand to free ligand concentratigfGCwas determined by: {iC=(C/Cy)-1 where G(total

ligand concentration) is the concentration of the ligand in each dialysis cassette(fiad ®and concentration) is

the concentration of the ligand in a positive control dialysis cassette (buffer) that only includes 1X BPES buffer
which typically did not significantly vary from initial small molecule concentration that was 1.0 pM in the solution
(tank).
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Figure 32. Compdition Dialysis results for Aza4*; p<0,05from control by Kruskal
Wallis nonrparametric test. Error bars are +1 standard deviations of the mean with a

confidence level of 95%.

Azad and
poly(dA)[poly(dT)] and (dA},[(dT)s]2 triplex DNA structures with thaverage @Cs
values of 10.59 and 2.06 with the significance levels of p=01% and p=0.@0,
nd.i
poly(dA)[poly(dT)]. triplex DNA wasvery sinilar to Azamethyd .sOn the other hand

also showed significant affinity selectivity towards

respectively,according to norparametricKruskal Wallis test 't ds bi

ng
its bindng affinity to (dA)sz[(dT)sz2 triplex DNA was significantly lower than
to 5 -d_szoTz-3 8]

poly(dA).poly(dT)dsDNA was also significant according to our statistical analysis

Azamethyb s Additionally, its binding guadand pl e x
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with p=0.027 and p=0.038espectively. Its binding tany other sequence was not

statistically significant

3.3.8. Azab:

The fluorescence spectra of the Aza5 samples in each dialysis cassette were
depictedn Figure33. The concentration of Aza5 was also found to be different in each
dialysis cassett@able 9 The average gC; values with the statistical analysis were

plotted in Figure 34.

500 - —— poly(dA).[poly(dT)],
Aza$ = (dA)3[(dT)y,],
— 5-T,G,,T,-3'
— tel24
400 poly(rA).[poly(rU)],
= M.lysodeiktus
= poly(dA).poly(dT)
poly(dGdC).poly(dGdC)
poly(rA).poly(dT)
= poly(rA).poly(rU)
= poly(dAdT).poly(dAdT)
(dA);,.(dT);,
tank
— poly(rA)
~— buffer
= poly(dT)
poly(rU)
poly(dA)

Intensity

600 650

Wavelength (nm)

Figure 33. Average fluorescence spectra of Aza5. Measwents werebtained at the
end of the 24 hours long competition dialysigainst AzaS5from dialysis cassettes

containing different nucleic acid structures
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Table 9. Compuition dialysis results for Aza5

Folds over buffer (G,/Cy)
Oligonucleotides .1St an Average Star)dgrd
replicate  replicate deviation
poly(dA).[poly(dT)] > - triplex DNA 11.99 12.58 12.29 0.42
(dA)3,.[(dT) 3] - triplex DNA 5.48 5.38 5.43 0.07
5'-T,GyT21 3 -6quadruplex DNA 4.07 413 4.10 0.04
poly(rA).[poly(rU)] - triplex RNA 1.90 2.00 1.95 0.07
M.lysodeiktus - dsDNA 1.06 1.17 1.11 0.08
tel24 - quadruplex DNA 2.32 2.54 2.43 0.16
poly(dGdC).poly(dGdC) - dsDNA 0.49 0.64 0.56 0.11
poly(dA).poly(dT) - dsDNA 0.80 0.83 0.82 0.02
poly(rA).poly(dT) - DNA-RNA hybrid 0.29 0.51 0.40 0.16
poly(rA).poly(rU) - dsRNA 0.06 0.12 0.09 0.05
poly(dAdT).poly(dAdT) - dsDNA 0.03 0.14 0.08 0.08
(dA)32.(dT)s2 - dsDNA 0.07 0.07 0.07 0.00
poly(rA) - ssRNA 0.01 -0.04 -0.01 0.04
poly(dT) - ssDNA -0.04 -0.01 -0.02 0.02
buffer 0.00 0.00 0.00 0.00
tank 0.02 0.05 0.04 0.02
poly(dA) - ssDNA -0.04 -0.06 -0.05 0.01
poly(rU) - ssRNA -0.03 -0.02 -0.03 0.00

The ratio of the bound ligand to free ligand concentratigfGiCwas determined by: Ji=(C/C;)-1 where ¢(total

ligand concentration) is the concentration of the ligand in each dialysis cassette (fnre@ Ggand concentration) is

the concentration of the ligand in a positive control dialysis cassette (buffer) that only includes 1X BPES buffer
which typically did not sigificantly vary from initial small molecule concentration that was 1.0 pM in the solution
(tank).
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Figure 34. Competition Dialysis results for Aza%*; p<0,01 from control by Kruskal
Walllis nonrparametric test*; p<0,05 from control by Kruskal Wallis ngparametric

testError bars are +1 standard deviations of the mean with a confidence level of 95%.

Our competition dialysis results reveal@adoubtedlythat Azab is alsobinding
to triple helical structure of poly@A).[poly(dT)]. and (dA)s..[(dT)s2]. with very high
affinity and selectivity (Figure 334, Table 9) The amounf Azab collectedin the
dialysis casettes containingoly(dA).[poly(dT)], and (dA)s2.[(dT)s2]» was substantial
The average @C; values of12.29and 5.43 with significance levels of p=00F and
p=0.009, were obtained respectivelgccording to noparametridkruskal Wallis test
Compared to Azamethyl, its binding affinity to poly(dA).[poly(dTjfiplex DNA
structure was slightly higher, wleas its binding affinity t¢dA)s,.[(dT)sz]2 was lower.
Aza5 also showedtatisticallys i gni fi can{T.GhTb-886i qgowatdoupbex,
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poly(rA).[poly(rU)]. RNA triplex, Microccoccus Lysodeiktusduplex DNA,
poly(dA).poly(dT) duplex DNA, poly(dGdC).poly(dGdC) duplex DNA, and
poly(rA).poly(dT) DNA-RNA duplex hybrid with ¢/C; values of 4.10, 2.43, 1.95,
1.11, 0.82, 0.56, and 0.40 respectively. Furthermore, Aza5 had no affinity towards
single strandd nucleic acid structures under these conditions, where the obtaiGed C
values were within the experimental errors. Aza5 showed the highest selectivity

towards triplex and quadruplex structures amdhgzacyanins studied here.
3.4. Conclusiors:

Here we have examined the affinity and selectivityeigit azacyanines towards
different nucleic acid sequences and structu&s. of them were benzimidazole
derivatives differing in alky chain length and branching on theib@dazole ring from
each otler. Two of them were benzothiazole derivatives differing in substitaiiothe

sixth carbon of the benzimidazole ring from each other.

Our results revealed that Azamethyl, Azaethyl and Azapropgdssess high
selectivity and binding affinity twardspoly(dA).[poly(dT)]. T triplex DNA structure
Especially Azamethgl sffinity towards poly(dA).[poly(dT)], was remarkable. §C;
value was 1.7 (p = 0.012)meaning that L. 7 & NhetBybwas accumulated to the
dialysis cassette that contains poly(dpgly(dT)]. due to high binding affinity where
the free Azanethyl concentration was only aboutOle Moutside Azabutyl was also
binding poly(dA)[poly(dT)], with relatively high affinity. However, it was not really
selective towards poly(dApoly(dT)],. Its affinty towards poly(dA).[poly(dT)]2
triplex DNA structureand 5 -3,G,0T2- 3 GuadruplexDNA structurewere similar.
Overall, theaffinity of benzimidazolalerivativestowardspoly(dA).[poly(dT)]. triplex
DNA structurewas decreasing witlthe increasing alkychain length. The order of
affinity was Azamethyb Azaethyl> Azapropyl> Azabutyl. In other words, the effect
of molecular structure on binding abilitygf the small molecules to nucleic acid

structures wasracial.
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Also for theseazacyanines with the lemar alkyl chain length in thieenzimidazole
ring, we observed that their affinity wards DNA structures was higher than their
affinity to RNA structures.Moreover, heir affinity tovards DNA-RNA hybrid
structures was in betweeklVe also observed that nomd the azacyanines showed
significant binding affinity towards any of the single stranded nucleic anidtstes

under these conditions.

Azaisopropyl and Azaisobutylwhich bear a branched alkyl chain in their
benzimidazole ringshowed no significanbinding affinity statistically to any of the
nucleic acid structures examined. Especially, in the cageaisopropyl there was no
binding at all. It was evident that the branching on the benzimidazole ring was
detrimental, preventing these molecules frawnding to any of the nucleic acid

structuresncluded in our assay

Based on benzotliale derivatives, ar results revealed that AZaand Aza5also
possess high selectivity and binding affinityverds poly(dA).[poly(dT)], T triplex
DNA structure Espeially Azab 6 sffinity towards poly(dA).[poly(dT)]. was
remarkable. gC; value was 2.3 (p = 0.007). Aza5 showed the most dramatic results
in terms of its affinity and selectivitypwards triplexpoly(dA).[poly(dT)] triplex DNA
structure among all of thezacyanine derivatives

Aza4 also showed highffinity and selectivity towards poly(dA).[poly(dT3]
triplex DNA structure. @Cs value was 10.6 with the p value: 0.015. Furthermore, its
binding to (dA)..[(dT)sz]2 triplex DNA was also noteworthyith the Cy/C; value 2.06
(p = 0.020).

Previously, using surface plasma resongi8feR)spectroscopy it lebeen shown
that the binding affinity of Azamethyl, Aza4 and Aza5 towardguadruplex tel 24
structure were quitesimilar (Cetinkol et al, 2008) Furthermore in term of their
binding affinity to poly@) at high drug concentrations, Azamethyl and Azedl
similar bnding affinities butthe binding affinity of Aza4 was quitewer (Cetinkol &

Hud, 2009) Moreover, in his studies Kim revealed that Aza5 showed the most
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remarkable effect on yeast cells with (GAAgpeats. In addition, Kim hypothesized
that the effect they observed was due to the binding and the stabilizing effect of
azacyanines to triple helical nucleic ac{#sm, 2009) Here our results confirmed the
studies of Kim that azacyanines were bindingptdy(dA).[poly(dT)]. triplex DNA
structure withhigh affinity and selectivity. fieir affinity orderwas Aza5> Azamethyl
>Azad4 in an agr e e(KmmR009)witernts ofkheimbinding dbdittes

to tel24, even though their binding affinity is way lower compared to their affinity to
poly(dA).[poly(dT)]. triplex DNA, we observed a very similar trend. Aza5 had slightly
higher affinity than Azamethyl,ral Azamethyl had slightly higher affinity than Aza4.

In conclusion, our competition dialysis results revealed that certain azacyanine
molecules possess higtifinity and selectivity towards triplex and quadruplex DNA
structures. More specifically Aza5, Azamethyl, and Aza4 showed the most dramatic
binding selectivity towards poly(dA).poly(dZyriplex DNA structure. Theiability of
binding to other triplex and quadruplexrsctures was also statistically significant.
Moreover, our results showed that, among the benzimidazole derivativdsndiirey
affinity of the small molecules towards poly(dA).poly(dT)riplex DNA was
decreasing with the increasing alkyl chain lengtd &ranching. Especially the effect
of branching on binding affinity of these molecules was significant. Neither
Azaisopropyl nor Azaisobutyl showed significant binding affinity towards any of the

nucleic acid structures included in our competition dialgsisay.
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CHAPTER 4

THESIS CONCLUSION

4.1.Azamethyl, Aza4 and AzaSCatalytically Inhibit Topo Il h:

Here, we first investigated the effect of different azacyanine3 onp o. Ourl U
results revealed th&zamethyl, Aza4, and Aza5 calecrease theatalytic activity of
T o p o with high efficiency More importantly, theirefficiency was higher than the
provenT o p o poisdn Btoposide). Etoposide(also known as Toposar and VePesid)
is one of the medications used ¢chemotherapy and included the World Health
Or gani zidtiisan 6osf E s s e n2015a$ an Matichnceridmf@asldd i n
Health Organization, 2015)

In our assay, we have observed that 50.0 Akémethyl decreaseT op o | |
catalytic activityeven more strorg than 500.0 uM ofEtoposide.However, ve have
observed that AzamethyffectsT o p o catalytidally. In other words, azacyanines
cannot be considered as poisdit®e Etoposide This means that they are probably less
toxic than theEtoposide. The lowetoxicity of azacyanines might have a significant
impact on thg potential use in chemotheraven thoughEtoposide is a commonly
used medicine, it cannot be used in high doses due to its highly toxic side effects to
normal cells which limit its effecteness in chemotheragilarigny, Aubin, Burgot,

Le Gall, & Gandemer, 2005 herefore, azacyanines with low toxicity, meaning lower
side effects, might also be good chside inhibit T o p o inlchebhotherapeutic
applicatiors.

73



Unlike Azamethyl, Aza5, and Aza4; Azaethyl and Azaisobuliyl not change
T o p 00 sctivity. Surprisingly they both strengthen thimtensity of thebands
belonging to decatenated DNA products in our. géiis indicates that they do not
decrease theatalytic activity of T o p o enkzyim®l but ratheincreaseits activity.

However this outcome requirdsirther detailed investigation.

The results obtained here provide an alternative insight about the mechanistic
explanation of a z &asyiraynasstoels oldserved alsotby Kims 6 e f f
(Kim, 2009)and demonsate the potentials of Azamethyza4 and Aza5However,
their effect on different types of canceells should also be examined byvivo
studies. Only after suckxaminations, theireal potential asT o p o interfeithg

moleculeswill be truly realized.

4.2.Azamethyl, Aza4, and Aza5 Bind to Triplex and Quadruplex Nucleic Acid
Structures with High Affinity and Selectivity:

Our competition dialysis results showed that Azamethyl, Aza5, and Aza4 bind with
high affinity and selectivity especially t@oly(dA).[poly(dT)]. -t r i pl ex DNA and 50
ToGyoT2- 3 6 quadruplex DNA structures. In addition to these molecules, Azaethyl,
Azapropyl, and Azabutyl also showed differentahding affinity towards the same
triplex and quadruplex structurgdn the other handzaisopropyl and Azaisobutdid
not showanybinding affinity towards any of the nucleic acid structures examined here

In terms of their triplex binding affinityAza5 showed the highest binding affinity.

Its G,/Cs values were 12.3 (p=0.007) and 5.4 (p=0.009) towards poly(dA).polyk(dT)]

and (dAX,.[(dT)sz)2 triplex DNA structures respectively. This means that Aza5 binds to
poly(dA).poly(dT) triplex DNA sequence 12.3 folds more than our control (includes

only buffer). Its affinity to quadruplex structures was also high wificalues of 4.1

(p=0.011) and 2. 43TGCppEB004a8BY tewdddguadrupl e:
respectively. These findings are important becauseexplainedin chapter 1.1,

stabilizing triplex and quadruplex structuresuld bea promising strategy incancer

treatment.
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Moreover,Azamethyl also showed higiffinity andselectivity towards triplex and
quadruplex DNA structures. ItspC; values were 11.7 (p=0.012) and 10.7 (p=0.014)
towards poly(dA).poli(dT)], and (dA}..[(dT)s2]2 triplex DNA structuresrespectively.
FurthermoreAza4 also showetklativelyhigh affinity towards triplex DNA structures.
Azaethyl, Azapropyl, and Azabutglso showed highaffinity and selectivity towards
poly(dA).poly[(dT)]. triplex DNA structurebut their binding affinity axd selectivity
were notas high as AzamethylsAza4 ,sor Aza% .0n the other hand\zaisopropyl
and Aaisobutyl showed no notable affinityowards any nucleic acid structsre

investigated here

Amongthe benzimidazole derivatives (Azamethyl, Azaethyl, Azapropyl, Azabutyl,
Azaisopropyl, and Azaisobutyl)nvestigated, it is obvious that the affinity and
selectivity of these molecules towards poly(dA).poly[(dTjplex DNA structure is
highly dependent orme linear alkyl chain length and branching. With the increasing
length of linear alkyl chain and/or branching, the binding ability of azacyanines to
poly(dA).poly[(dT)L triplex DNA structure was decreasing. To our knowledge, this is
the first work displayg how the systematic change in molecular structure of the small
molecule can alter the triplex binding affinity and selectivity.

Our competition dialysis results also provide an alternative explanation about the
mechani sm of azac yaebservedee\iousty byf KefKim,s2000)n c e | |
He hypothesized that the reason behind the observed double stranded breaks in yeast
cells might bedue tothe high binding #inity and selectivity of Azamethyl, Aza4 and
Aza5 toward triplexes. Herave have clearly demonstrated that all three molecules

have high affinity and selectivity towards certain triplex structures.
4.3Concluding Remarks

In conclusion, we have found twagiable explanations about the observed effects
of Azamethyl, Aza4 and Aza5 in yeast cells demonstrated by(Kim, 2009)
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The first explanationis the ability of these molecules twhange the catalytic
activity of Topo 1IN @ur results explicitly revealed thaatalytic activity ofTopo IIh
decreased with Azamethyl, Aza4, and Aza5. Moreover, the effast significantly
higher than the inhibition ability of Etoposidewhich is a prove Topo | 1 U poi son.
Therefore, these molecules might have a high potential to be effective
chemotherapeutic agent However, further investigation on their effectdriferent

cancer cell lineare needed to realizedin full potential.

Our second explanation, which supports the findings and hypothesizes of Kim
(Kim, 2009) is the fact that these molecules have high binding affinity and selectivity
especially towards certain tripleRNA structures.They were also shown to have
relatively high binding affinity towards certain quadruplex structures.

At this pointwe do not know exactly at which catalytic s{igure7) Topo | 1 U i s
affected but we suspect that theinding of thesemolecules (Azameth, Aza4, and
Azab)to higher order nucleic acid structures might be the reason behineftfieeis on
Topo IIUb satalytic activity These molecules might be bindingetazyme binding sites
on theDNA before the enzyme antthereforeprevening the formaion of an intact
DNA-enzyme complex by changing the DNA conformatmrthey might bedirectly
targeting the enzymand bloclng its binding to the DNA.

Overall, these molecules might have potential to be used in chemotherapy due to
their negative effects offopo 1IUB gatalytic activityand can also be used in gene
targetingdue to heir triplex binding affinity.The findingspresented in this thesis,

inspire us to further investigatez a ¢ y apaténtiaks.s 0
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APPENDIX A

PREPARATION OF BUFFERS AND STOCK SOLUTIONS

1X BPES buffer (pH:7.0) solution for competition dialysis experiments:

6.0 MM NaHPQO,, 2.0 mM NaH,PQy, 1.0 MM N&EDTA, 1850 mM NacCl.
Concentrations were arranged by using following equation;
MixVi=MsX V>

Thus for 10 L of 1X BPES buffer, following amounts of ingredients were

mixed.Preparation of each ingredient will be given next.

NaHPO, : 300 mM(stock)x V= 6 mMx 1000 mL;V,;=200mL,
NaH,PO, : 400 mM(stock)x V1= 2 mMx 1000 mL;V; =5.0mL,
NaEDTA : 100 mM(stock)x V1= 1 mMx 1000 mL;V; =100mL,
NaCl :500 mM (stock)x V= 185mM x 1000 mL;V; = 370.0 mL,
500.0 mL deionized water added 4050 mL solution,

pH was djustedto 7.0by NaOH and/or HCI,

Total volume was arranged taL with deionizedMillipore) water.

=4 =2 =4 A4 A -4 -2

300 mM NaHPO, stock solutionfor 1X BPES buffer:

For 3000 mM; 100.0 mL stock solutiort.26 gram was needed. Calculations are

below;
n (mol) = molarity (M)x volume (L)

0.3Mx 0.1 L=0.03 mol.
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m = molx M, (14196 g/mol forNaoHPO,)
0.03x 14196=4.269.

400 mM NaH»PO, stock solution for 1X BPES buffer:

For 4000 mM; 1000 mL stock solution 80 gram was needed. Calculations are

below;
n (mol) = molarity (M)x volume (L)
04 Mx 0.1 L=0.04 mol.
m = molx M, (11998 g/mol forNaH,PO,)
0.04x 11998 =480g.

100 mM Na,EDTA stock solutionfor 1X BPES buffer:

For 1000 mM; 1000 mL stock solution F2 gram was needed. Calculations are

below;
n (mol) = molarity (M)x volume (L)
0.1 Mx0.1L=0.01 mol.
m = molx M, (37224 g/mol forNaoEDTA.2H,0)
0.01x 37224 =3.724g.
pH of the solution must be 8.0 and arranged with concentrated NaQeét &l

500 mM NacCl stock solutionfor 1X BPES buffer:

For 5000 mM; 1.0L stock solution 222 gram was needed. Calculations are below;
n (mol) = molarity (M)x volume (L)
0.5Mx 1LOL =05 mol.

m = molx M, (58.44 g/mol for NaCl)
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0.5x 5844 =2922g.

10% (w/v) SDS stock solution for competition dialysis experiments

10.0 g SDS(Sigma Aldrich, 862010dlissolved in 8@ mL deionized water. Then

volume was completed to 1@0mL with deionizedMillipore) water.

1% Agarose Gel for Topoisomerase kit visualization:

1.00 g agarose(VWR-Amresco RA N605) was dissolved inl00.0 mL of
1X TAE bufer in a microwave oven After cooling down,0.5 pg/mL of EtBr was
added.Next,t he gel wa s prbeano d-idcher @QwEasycdsBMim Gel
Electrophoresisystem and left for the complete polymerization of agarose for about 30
to 40 minutes1X TAE buffer was pouredn the gel andnto the tray as a running
buffer. Later,the sampkeswere loaded into the wells. The gel was run at 100 Volt for 3
hours. Afterwards, the gel was stained wiitQ pg/mL EtBrwater mixture for about 40
minutes followed by 30 minutes of -@éaining with distilled water. Finally, the image

of the gel wasaken using BioRad XR+ molecular gel imager system.

1X TAE (Tris Acetate EDTA) buffer (pH:8.5) solution for agarose gel

electrophoresis experiments

40.0 mM Tris (pH: 7.6), 200 mM acetic acid, and.@ mM EDTA.
50X TAE buffer was prepad and diluted taX TAE buffer,

1X TAE buffer (1.0 L): 20 mL of 50X TAE buffer and 980 mL Millipore

deionized water.

Preparation of 50X TAE buffer;

For 1000 mL 50X TAE buffer, following amounts of ingredients were mixed.

Preparation of ingredients will be given next.

1 24.209g Tris base (M: 12114 g/mol),

M 50.0 mL deionized water to dissolve Tris base,
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5.71 mL glacial acetic acid,
10.0 mL; 05 M (pH:80) EDTA,

1
1
1 Arrange pH around.B using concentrated NaOH and/or HCI,

1 Complete total volume to 10DmL with deionized water.

For 1X TAE buffer, dilute 2@ mL of 50X TAE buffer with 98® mL deionized water.

0.5 M, pH: 8.0 EDTA solution for 50X TAE buffer:

For 5000 mM; 1000 mL stock solution 11 gram was needed. Calculations are

below;
n (mol) = molarity (M)x volume (L)
0.5M x 0.1 L = 0.05 mol.
m = molx M, (37224 g/mol for NaEDTA.2H,0)
0.05x 37224=1861g.

10.0 mM, pH: 7.5 TrissHCI solution for drug dilutions:

For 10.0 mM 100.0 mL stock solution 0.1 gfamTr i s and 20. ere L 11.

needed. Calculations are below;
n (mol) = molarity (M)x volume (L)
0.01 M x 0.1 L=0.001 mol.
m = molx My, (121.1 g/mol for Tris)
0.01 x121.1=0.12g. pH was arranged to 7.52 with HCI.

EtBr solution for staining of nucleic acids

2.80 mg EtBr(Sigma Aldrich, E1510yvas dissolved in.20 mL deionized wateas a
stock solution2.0 pg/pL). To have 0.5 pg/mL EtBr in a gel and 1.0 pg/mL in staining

water, following amounts of EtBrvas added to the gel andistag water;
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For 1000 mL gel,we put 5.0 uL of EtBr stock solutionnto 100.0 mL 1X TAE buffer
thus50.0 pg EtBr will be in the gel. At the endakes (& pug/mL.

For 4000 mL staining waterwe put 2000 pL of EtBr into 400.0 mL distilledvater
therefore 40M pg EtBr will be in the waterAt the end,  makes 10 pug/mL for

staining.
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APPENDIX B

OLIGONUCLEOTIDES USED IN COMPETITION DIALYSIS

Oligonucleotides given in Table B.1 were purchased from different companies
and used throughout the competition dialysis experimddsailed instruction for
preparation of double stranded oligonucleotides, BRMA hybrid, RNA double
stranded oligonucleotides, triplex DNA structures, and quadruplex DNA structures are
giveninchapter 3. 2. Extinction chkeefromithei ent
literature or purchased company. Monomoric units (nucleotide, base pair, triplet, and
quartet) were used to prepare 75.0 uM of stock solutions.
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Table B.1. Oligonucleotidesusedthroughoutthe competitiondialysis experiments.

i Monomeric

: o 3 Aol )
Conformation Index Nucleic Acid (nm) e (Mlcm?) Unit Company
: . ; - Sigma-
' 1 polv(dA) 257 86002 Nucleotide Aldrich P08S7
Single-stranded o
DNA ; < \ : igma-
2 poly(dT) 264 85202 Nucleotide Aldrich P6905
3 polv(rA) 258 08002 Nucleotide Merck
Single-stranded
e, 8 poly(rU) 260 93502 Nucleotide Merck
5 o * (dA)s2: 3874000 .
5 (dA)32.(dT)s2 260 (dT)s2: 2508007 Base pair IDT
. . : Sigma-
6 poly(dA).poly(dT) 260 120002 Base pair Aldrich PO764
7 poly(dAdT) poly(dAdT) 262 13200¢ Basepait .0 oo
Double-stranded
= 8 poly(dGdC) poly(dGdC) 254 168002 Base pair Stgma:
" B Aldrich P9389
: s Sigma-
Microccoccus Lysodeikticus : 3 2 2
9 (72% GC) 260 138462 Base pair  Aldrich P8259
\ \ - ATV 258 poly(rA): 98002 : Sigma-
DNA-RNA 10 poly(rA).poly(dT) 264 poly(dT): 85204 Base pair Aldrich

Hybrid
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Double-stranded |, poly(rA).poly(rU) 260 142802 Base pair Sigma-

RNA Aldrich P1537
- 387400°
12 (@A)n.[(@Dx)’ 260 %‘;%)j:_' gfg;ggb Triplet IDT
Triplex DNA —
260  poly(dA).poly(dT):
13 poly(dA).[poly(dT)]." 120002 Triplet Sigma Aldrich
264 poly(dT): 85208
poly(rA).polv(rU): Sigma Aldrich
Triplex RNA 14 poly(rA).[poly(rU)]2* 260 142802 Triplet &
poly(rU): 93502 Merck
15 5°-T2G20T2-3" (OPCy) 260 2356000 Quartet IDT
Quadruplex DNA o T
ig AT EEREICOeRT" 280 2443000 Quartet IDT

*from (Ragazzon et al., 2007) ;>from Integrated DNA Technologies (IDT); “prepared from more than one nucleic acid — for
detailed information see the section 3.2. Materials & Methods.
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APPENDIX C

CONSTRUCTION OF STANDARD CURVES

C.1. Standard Curve Preparation:

The standard curves used in determination of the small molecule concentrations

were prepared for each small molecule (azacyanine) using Fluorescence Spectroscopy.

For eachsmall molecule,samples withvarying concentration®f the small
moleculewere prepred from a stock solution of & M. The concentrat|
50.0 ¢ Mstock solutionwas determinedia UV-Vis spectroscopysing the calculated
extinction coeffcients for each molecule (Tablg. Samples were preparéy taking
appropriate volumesf 50.0 uM small moleculestock solution 1X BPES buffer, and
10%SDS As shown in Table C1, all components (1X BPES buffer E08SDS were
kept at the same volume except the added small molecutock solution A
representative calculation usedthe preparation of the first and the second sample
were given below. The concentrations of all the other samples were calculated the same
way and the samples were prepared accordingly:

MixVi=Max Vs,

7 50.0 uMx V1 =0.1 uMx 20000 pL; V; =40 L.
1 500 uM x V2=0.2 uMx [2000+V, uL]; V2 =80 puL 17 4.0 pL (already in the
mixture)therefore4.0 uL from the stock is added to get & fM sample.
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Table C1.Preparation of samples for the standard curve construction

Concentration Added drug Total drug 10% SDS 1X BPES Total volume

(uM) volume (pL) volume (pL) (uL) buffer (pL) (uL)

Drug Stock 0.1 4.0 4.0 32.0 1964.0 2000.0

Solution -50uM 0.2 4.0 8.0 32.0 1964.0 2004.0

0.3 4.1 12.1 32.0 1964.0 2008.1

0.4 4.1 16.2 32.0 1964.0 2012.2

0.5 4.1 20.3 32.0 1964.0 2016.3

0.6 4.2 24.5 32.0 1964.0 2020.5

0.7 4.2 28.7 32.0 1964.0 2024.7

0.8 4.2 32.9 32.0 1964.0 2028.9

0.9 4.3 37.2 32.0 1964.0 2033.2

1.0 4.3 41.5 32.0 1964.0 2037.5

1.1 4.3 45.8 32.0 1964.0 2041.8

1.2 4.4 50.2 32.0 1964.0 2046.2

1.3 4.4 54.6 32.0 1964.0 2050.6

1.4 4.4 59.1 32.0 1964.0 2055.1

1.5 4.5 63.6 32.0 1964.0 2059.6

1.8 11.1 74.7 32.0 1964.0 2070.7

2.1 11.6 86.3 32.0 1964.0 2082.3

2.6 23.3 109.6 32.0 1964.0 2105.6

3.2 24.8 134.4 32.0 1964.0 2130.4

3.7 26.0 160.4 32.0 1964.0 2156.4

4.3 27.2 187.5 32.0 1964.0 2183.5

4.9 28.4 216.0 32.0 1964.0 2212.0

55 29.8 245.8 32.0 1964.0 2241.8

Afterwards, the emission spectra for all samples were collected Wgargan, Cary

Eclipsefluorescence spectrometer using the parameters given;below
Azamethyl, Azaethyl, Azapropyl, Azabutyl, Azaisopropyl, and Azaisobutyl;
Excitation: 324 nm. Emission: 325 nm. Slits: 2.5/5.0. Scan rate: 300 nm/min.
Aza4,

Excitation: 389 nm. Emissio390-650 nm. Slits: 2.5/5.0. Scan rate: 300 nm/min.
Aza5;

Excitation: 399 nm. Emission; 4060 nm. Slits2.5/5.0. Scan rate: 300 nm/min.
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Later, two standard curves wererstructedor each small moleculesing the
fluorescence intensitieat two different wavelengths (reference wavelengthByo
equat i ofusreséence imensity vs. the concentrabignaphs were derived for
each sampléy performing linear regressionThese equations were used to calculate
the ®oncentrationsof the small mdecules in thesamplesobtained fromeachof the
competition dialysicassetteg¢section3.3). The concentratisobtained fora sample
by using both ofthe standard curvesare averaged out, and recorded as the final

concentration.

The reason behind cbsing two different wavelengths was to minimize our
experimental errors. The first wavelength we choose was the wavelength where the
maximum absorbance was occurring. However, at that wavelength the fluorescence
intensity was out of range for our concetgthsamples hence we could not observe
any absorbance for the first chosen wavelength. Therefore, we chose another
wavelength whose intensity was not out of range for the small molecule concentration

we have examined.

Since all azacyanine molecules haviedent chemical structures (Figude),
obtained spectra from fluorescence spectrophotometer were different for some of the
molecules. Thereforalifferent excitationwavelengths werehosenas a reference for
each mol ecul eds st andar dexciatonwaelengtbosswere r uc t |
379 nm & 440 nm for Azamethyl, Azaethyl, Azapropyl, Azabuftaisopropyl, and
Azaisobutyl, 445 nm & 465 nm for Aza4, add5 nm & 520 nm for Azab5.

Smadl molecule o©ncentrationsof the samples obtained from 24 hours long
competitiondialysis (section 3.3) were calculated based on the equations obtained
through the linear regression. Here, the measured fluorescence inbehsitging to a
sampleobtainedfrom the dialysis cassette containiagcertain nucleic acid structure
was put in place of Y value on the equation after dilution corrections. Then, the

concentrations corresponding to the X valandlee equation were calculated.
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C.2. Standard Curve for Azamethyl:

a.
1000 Azamethyl
800 —— 5.5uM
£ 600 \ll
wn
=
=
= 400
— 0.1 pM
200
0 ——— T T T T
360 400 440 480 520 560 600 640
Wavelength (nm)
b.
1000 Azamethyl
379 nm °
800 - standard curve
£ 600
wn
=
&
= 4007 y =304.00.x + 5.43
200+ R"2 = 0.999376
04 r—+ v + r [ ‘v T v Tr [ T T ¢+ T [ T T T T [ 1 ™
0.5 1.0 1.5 2.0 2.5 3.0
Concentration (uM)
C.
1000 Azamethyl
440 nm
800 - standard curve
£ 600
w
=
=
= 4007 y = 144.25.x + 13.65
200+ R"2 = 0.998757
0 o T T T T T T T T T 1
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Concentration (nM)

Figure C.1. Standard curve construction for Azamethyl.Fluorescencentensity vs

wavelength measurements for different concentration of Azamethyl. b. The standard
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curve using thdluorescence intensitieat 379 nm vs concentration (circles). The
standard curveising thefluorescencentensites at 440 nm vs concentration (circles).
The linear regression lisend the obtained equat®were also given on the graphs in

b andc.

C.3. StandardCurve for Azaethyl:

a.
1000
Azaethyl
800 -
Z 600
wn
=
]
= 400
200 -
0 — T T T T T - ;
360 400 440 480 520 560 600 640
Wavelength (nm)
b.
1000~ Azaethyl
379 nm
800 - standard curve
Z 600
w
=
2
= 4007 y =231.74.x + 2.87
200 - R”2 = 0.999727

0 o T T T T T T T T T 1
0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2 3.6 4.0

Concentration (nM)
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1000 Azaethyl
440 nm
800 standard curve
600

y=116.92.x + 2.78

R*2 = 0.999503
1.0 2.0 3.0 4.0 5.0
Concentration (uM)

Figure C.2. Standard curve construction for Azaethyl. a. Fluorescence intensity vs
wavelength measurements for different concentration of Azaethyl. b. The standard
curve using the fluorescence intensities at 379 nmovgentration (circles). c. The
standard curve using the fluorescence intensities at 440 nm vs concentration (circles).

The linear regression lines and the obtained equations were also given on the graphs in

b and c.

C.4. StandardCurve for Azapropyl:

Azapropyl

T T T T T T I T T T
360 400 440 480 520 560 600 640
Wavelength (nm)
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1000 Azapropyl
379 nm
800 standard curve
£ 600
&
2
= 4007 y =276.05.x + 10.08
200 R”"2 = 0.999785
O - T T T T T T T T
0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2
Concentration (uM)
C.
1000 Azapropyl
440 nm
800 standard curve
£ 600
=
=
= 400+
y =133.36.x + 8.20
200 R"2 = 0.999347
O - T T T T T T T T T T T T T 1
1.0 2.0 3.0 4.0 5.0
Concentration (uM)

Figure C.3. Standard curve construction for Azapropyl. a. Fluorescence intensity vs
wavelength measurements for different concentration of Azapropyl. b. The standard
curve using the fluorescence intensities at 379 nmovgentration (circles). c. The
standard curve using the fluorescence intensities at 440 nm vs concentration (circles).

The linear regression lines and the obtained equations were also given on the graphs in

b and c.
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C.5. StandardCurve for Azabutyl:

a.
Azabutyl
0 7_'_ T T T T -
360 400 440 480 520 560 600 640
Wavelength (nm)
b.
1000+ Azabutyl
379 nm °
800 - standard curve
£ 600
wn
=
2
= 4007 y = 301.96.x + 4.90
200+ R"2 = 0.999464
0+ r—+ v + r [ ‘v T v Tr [ T T ¢+ T [ T T T T [ 1 ™
0.5 1.0 1.5 2.0 2.5 3.0
Concentration (uM)
C.
1000+ Azabutyl
440 nm
800 - standard curve
£ 600
w
=
=
= 400 y=14431.x +11.45
200+ R"2 = 0.999241
0 o T T T T 1
1.0 2.0 3.0 4.0 5.0
Concentration (nM)

Figure C.4. Standard curve construction for Azabutyl. a. Fluorescence intensity vs

wavelength measurements for different concentration of Azabutyl. b. The standard
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curve using the fluorescence intensities at 379 nm vs concent(atioles). c. The
standard curve using the fluorescence intensities at 440 nm vs concentration (circles).

The linear regression lines and the obtained equations were also given on the graphs in

b and c.

C.6. Standard Curve for Azaisopropyl:

a.
1000 Azaisopropyl
800 —— 5.5uM

£ 600

wn

=
]
= 400

200+
0 " T T T T -
360 400 440 480 520 560 600 640
Wavelength (nm)
b.
1000+ Azaisopropyl 5
379 nm
800 - standard curve

Z 600

w

=

]

= 4004 y =322.10.x + 13.90

200+ RA2 = 0.99902
0 o T T T 1
0.5 1.0 1.5 2.0 2.5 3.0
Concentration (nM)
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1000 Azaisopropyl
440 nm
800 - standard curve <

y = 159.05.x + 16.98

R"2 = 0.998409

1.0 2.0 3.0 4.0 5.0
Concentration (uM)

Figure C.5. Standard curve construction for Azaisopropyl. a. Fluorescence intensity vs
wavelength measurements for different concentration of Azaisopropyl. b. The standard
curve using the fluorescence intensities at 379 nm vs concent(atioles). c. The
standard curve using the fluorescence intensities at 440 nm vs concentration (circles).

The linear regression lines and the obtained equations were also given on the graphs in

b and c.

C.7. StandardCurve for Azaisobutyl:

Azaisobutyl

—— 5.5uM

360 400 440 480 520 560 600 640
Wavelength (nm)
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1000 - Azaisobutyl .
379 nm
800 standard curve
£ 600
=
2
= 4007 y = 387.90. x + 13.25
200 R”"2 = 0.999309
O 1 T T T T
0.5 1.0 1.5 2.0 2.5
Concentration (uM)
C.
1000 Azaisobutyl
440 nm
800 standard curve °©
£ 600
&
2
= 400 v =168.15.x + 19.35
200 R”2 = 0.998315
O B T T T T T T T T T T T 1
1.0 2.0 3.0 4.0 5.0
Concentration (uM)

Figure C.6. Standard curve construction for Azaisobutyl. a. Fluorescence intensity vs
wavelength measurements for different concentration of Azaisobutyl. b. The standard
curve using the fluorescence intensities at 379 nm vs concentratioleg)cic. The
standard curve using the fluorescence intensities at 440 nm vs concentration (circles).
The linear regression lines and the obtained equations wergiasoon the graphs in

b and c.
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C.8. StandardCurve for Aza4:

a.
— 55 uM
——— 0.1 pM
400 450 50 550 600 650
Wavelength (nm)
b.
1000 Azad
445 nm
800 - standard curve
£ 600
wn
=
=
= 4007 y=1242.91.x - 4.91
200 R"2 = 0.999965
0= T ) T T T T T T T T T T T T T T T T 1
0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2 3.6 4.0
Concentration (uM)
C.
1000 Azad
465 nm
800 - standard curve
£ 600
w
=
=
= 400 y = 181.60.x - 2.39
200 R"2 = 0.999904
0 B T T T T 1
1.0 2.0 3.0 4.0 5.0
Concentration (nM)

Figure C.7. Standard curve construction for Aza4. a. Fluorescence intensity vs

wavelength measurements for different concentration of Aza4. b. The standard curve
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using the fluorescence intensities at 445 nm vs concentration (circles). c. The standard
curve using the fluorescence intensities at 465 nm vs concentration (cif¢dled)near
regression lines and the obtained equations were also given on the graphs in b and c.

C.9. StandardCurve for Azab:

a.
1000
AzaS
800
£ 600
W
=
2
= 400+
200+
O B 1
600 700
Wavelength (uM)
b.
1000 AzaS
475 nm
800 standard curve ©
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=
e
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200 - R”2 =0.999102
O o T T T T T T T T T T T T T T T T T T T T
1.0 2.0 3.0 4.0 5.0
Concentration (uM)
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Figure C.8. Standardcurve construction for Aza5. a. Fluorescence intensity vs
wavelength measurements for different concentration of Aza5. b. The standard curve
using the fluorescence intensities at 475 nm vs concentration (circles). c. The standard
curve using the fluorescea intensities at 520 nm vs concentration (circl€sg linear

regression lines and the obtained equations were also given on the graphs in b and c.

Table C2.Equations derived from standard curvesdach azacyaninaolecule

379 nm 440 nm
Azamethyl y =304.09.x +5.3 y = 144.25.x + 13.65
Azaethyl y =231.74.x + 2.87 y=116.92.x + 2.78
Azapropyl y =276.05.x + 10.08 y = 133.36.x + &0
Azabutyl y = 301.96.x + 4.90 y=14431x+118
Azaisopropyl y =322.10.x + 130 y =159.05.x + 16.8
Azaisobutyl y =387.90.x + 13.2 y=168.15.x + 193
445 nm 465 nm
Aza4d y =242.91x71 4.92 y=181.@.x7T 2.39
475 nm 520 nm
Aza5 y =163.83x +5.29 y =96.30x +2.77
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