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Abstract

The aim ofthe thesis was to synthesize new nuclecsideucleotidesand
the corresponding DNA probéearing various fluorescent labgelghich can be used

for bioanalytical applications.

In the first part of the thesis'-@eoxycytidine and the corresponding nucleoside
triphosphate bearing tryptophdésased imidazolinone fluorophore were synthesined
Sonogashira crossoupling reactionThe fluorophore shoed sensitivity to pH and
viscosity.Nucleotide was used fdine corstruction of modified oligonucleotidé®N)
and DNA by primer extensio(PEX) or polymerase chain reaction (PCRpbelled
ON probe was used for sensing interaction with sisgiend binding protein, which

resulted in increaskluorescence intensityf modified ON

Next, thymidine and thymidine triphosphate labelled by bezp
tetrahydroxanthylium fluorophore were synthesized by cepptalyzed azidalkyne
cycloaddition (CuUAAC). Fluorescence of the fluorophore is dependent on the polarity
and viscodly of the environment. Incorporation of the modified nucleotide into DNA,
by PEX or PCR, led to dramatic increase of the fluorescpresumably due to the
interactionsof the fluorophorein the major groove. Unfortunatelyhe modified
nucleotidewasnotsuitable for in cellulo imaging due to its cytotoxicity. The modified
dsDNA was used as fluorescent probe for sensing interactions with small molecules
and proteins bghangeof fluorescence. Finally, the nucleotide was applied intiesd
PCR as a new g@poach to directly visualize the DNA synthesBenzylidene
tetrahydroxanthylium fluorophore was also attached-tie@xycytidine via triethylene
glycol linker to address issues with cell experiments, however, the incorporation into

DNA in live cells washot successful.

Additionally, thiazole orange (TO) modified 2-deoxycytidine and
the corresponding triphosphate were synthesized by CuAACis known tobind
nucleic acids andhangefluorescencentensity and lifetimedepending on viscosity
The nucleotide was incorporated into DNgrobesby PEX and PCR and their



photophysical properties were evaluated.-Mm@dified nucleotide was successfully
transported into live cells and incorporated into genomic DiMAat allowedeaktime

imaging of DNA syntlsis in live cells using fluorescence lifetime imaging.

Further, 2deoxycytidine and its triphosphate bearing Aa&mared BODIPY
fluorophore tethered via propargylether or triethylene glycol linker were synthesized.
New nucleosides shad dependence ofluorescence lifetime on the viscosity
of environment. Corresponding nucleoside triphosphates were used as substrates for
enzymatic synthesis of DNA. Modified DNA probes were used for sensing interactions
with proteinsby changing fluorescence lifetim&ucleotide bearing BODIPY via

triethylene glycol linker waalso incorporated into DN/ live cells

Finally, 2-deoxycytidine triphosphate bearing silicon rhodamine fluorophore
was prepared by strapromoted azidalkyne cycloaddition reaction. Photopioad
properties, as well as enzymatic incorporation into DNA, were studied. New nucleotide
was transported into cells and incorporated into genomic DNBat allowed

superresolution imaging of DNA.



Abstrakt

C2lem t®to dizeynta®mna& rmoBiceh brywlkl eosi dT

pS2slugnich DNA sond nesouc?2ch rTzn® fl uo.

aplikace.
Vprvnz?2 | § spomoci§onogashir crdsskapling reakce syntetizovan
2'-deoxycytidin a jeho trifosfat nesouci imidazoMyofluorofor na bazi tryptofanu.
DanT fluorofor vykazoval citlivost na pH
konstrukci modi fi kovanTch oligonukleotidT

(PEX) nebo polymer8zovou SethDzoaomoucdeiatka 2 (
pro snimani interakce se singlet r and vazebnTm proteinem, cCo

intenzity fluorescence modifikovaného ON.

Dale bylp Si p rthymidinna thymidin5-O-trifosfat, nesoucibenzylicen-
tetrahydroxanthyliovy fluorofopomocim d 2 yZowar€ azidalkynowé cykloadie
(CuAAC) . FIl uorescence fluoroforu je z8vi sl
Inkorporace modifikovaného nukleotidu do DNA pomoci PEX nebo PCR vedlo
kdramatick®mu zvIigen? fl uor es c e n cfay pravdbp
vevel k®&m ¢l 8bku. Bohugel, modifikovanl nukl
vbuRk&ch kvTli sv® <cytotoxicithn. Modi fi ko
fluorescen| n2 sondamabfmi smdmEkd&| amit eaakbecdt
fluorescence. Nakonduayl nukleotid aplikovan veatt i me PCR, jako novl
pS2m® vizual i zac e enserahyd®zagthylDW Auorofor Bybtake y | i d
pSi poideero xkycyti di nu pSes triethylenglykol ov]
s bunhDlInTmi em@PeBi mahtennNmd do DNA v gi vl
Yas pNgN®.

N § s | edleokycytidina jeho trifosfatmodifikovany thiazol orange (TO)
bylytakés ynt et i zov8ny pomoc2 CuAAC. Je zn8mo, ¢
min 2 i ntenzitu fl vbvs kesenceraa vi skerzi mB. v N
inkorporovan do DNA sond pomoci PEX a PCR a byly hodnoceny jejich fotofyzikalni



vlastnosti. TGmo di fi kovanT nukl eotid byl YaspDgnND tr
zallenNn do genomov® DNA, clov@iwrmhadnibluiRkBathr

vie8l n®m | ase pomoc? fluorescen|n?2ho zobraz

D&l e byl 2pediygytidiaa o trifosfat nesouci nemfrared
BODI PY fluorofor navsgzanl pSes propargyl et
Nové nukleosidy prokazaly zavisod o by §l votascence na viskozi
Odpov2daj2c?2 nukleosidtrifosf gusyntézul v pougi
DNA. Modi fi kovan® DNAmosimmovadnjintetakci syprotpimyu gi ty pr
zmNDndaby gfluovescenae. Nukleotid nesouci BODIPY § z an 1 pSes

triethylenglykolovylinker byl takée n z y mo v D doaDblAvd ovi§ml ch bu Rk §c h

Nakonec byiP-dp8kpcgvedintrifosf&t nesouc?
fluorofor pomoci strairpromoted aziehlkyn cyklbo a di | n 2 reakce. Byl y
fotofyzikalni vlastnosti a také enzymaticka inkorporace do DNA. Novy nukleotid byl
transportovg8n do bunBRk, inkorporovg&8n do gen

s vysokim rozligen2m.
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1 INTRODUCTION

1.1 Discovery and structural characteristics of DNA

Deoxyribonucleic acid (DNA) is a biomacromolecule witle role of carrying
the genetic information. The DNA was first discovered and isolated in 1869
by Friedrich Miescher, who was studying chemical cortos of leukocytes.
Miesdcher distinguished isolated product frothe proteins based on different
properties, resistance to protease digestion and presence of large amounts
of phosphorus:2 However the correct structure of the DNA was established in 1953

by James Watson and Francis Crck.

DNA is polyanionic biopolymerwhich is composed from nucleotide
constituents. Nucleotides consist of deoxyribose sugar moiety with phosphataigroup
5 position and nucleobaséadenine, cytosine, guaniner thymine) attached to
the anomeric position of the sugar moiéite nucleotides are connected to eatieiot
by phosphordiester bond between sugar moiety of one nucleotide and phosphate group
of the other. Thidinear linkage of nucleotidesrepresentgprimary structure of the
nucleic acids The secondary structure of DNA represents the shapleeafucleic
acidsand is influenced by interactions between nucleobases. In doelddONA, the
strands are held together due to titeriactions of complementary nuclebasgsugh
hydrogen bonihg. The nucleobases pair according to the WatSaok basepairing
rule (Figure 1) cytosin C) pairs with guanine®) and adenineX) pairs with thymine
(T). Basestacking between adjacent nuclebases also cotdslto the stability of
DNA. 47

DNA duplexes exist in three major helical formsPAA, B-DNA and ZDNA
(Figure 22 depending on humidity and the amount ofsaA-DNA and BDNA are
right-handed double helixes, while-@NA helix twists in a lefthand direction.
B-DNA, which is the most occurring DNA structure in nature, contains wide major
groove and narrow minoigroove, which serve as binding sites for interactions of

the DNA with proteing? A-DNA, shorter and more compact structure, mostly occurs
16



under dehydrated or low watepntentconditionst! The ZDNA helix is unstable
structure and its formation can be promoted by alternating ppyineidine

sequences (such as GCGE).

mmmm\‘o
N—H"" NPAN 3-end
5'-end H \ 7
’ \N\\\““‘\‘ N G N OH
C =N
O:i:\,\_ N/k\ \\““H‘N O
O O H \\\\O
O \\\““\ \ O //O -
\\\\ \P/O
HN-H N1\ 4
N AN \\\\\\“‘\\\\H )\N
oZl‘D </ | A/';\l © o
7 Qo N N/
O o 6
\ /
WP:O
OH O
3"end 5'-end

Figure 1 WatsonCrick base pairing of nuclebases through hydndgends.

Figure 2 DNA structures ADNA, B-DNA and ZDNA from left to right

(Figure was taken fromeferencé)
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1.2 Methods of DNA synthesis

1.2.1 Solid-phase oligonucleotide synthesi s

Chemical synthesis of oligonucleotides (ONs)aigapid and inexpensive
technique that provides short DNA sequenéé@he synthesis can be performed by
variousapproachesuch as Hphosphonaté'> phosphite triesté, phosphodiestéf
or phosphotriestét®method. The most commonly used technique is phosphoramidite

synthesis $chemel). Full automation of this process was achieved in the late £880s.

BZ
DMTO
o

81

BZ
DMTO o
o i J\ DMTO o
o NC A~ P

o °

O
Solid °© o P .
support 1. Detritylation O
2. Activation (tetrazole

and coupling 3. Capping ] 4
M AcZO \f B

(o]
Solid N- methyllmldazole fo)
B? support
HO O
o Continue to next cycle 4. Oxidation
12, H20, O

yrldlne

DMTO

5. Detritylation

wwom
& e

6. Cleavage from solid support

7. Deprotection (NH3) M

Schemel Phosphoramidite synthesis of oligonucleotides

Chemical synthesis of ONs proceeds fromt8 5-end. The first step of
the synthesis is detritylationnder acidic conditions. Subsequently coupling reaction
with nucleosi@ 3-phosphoramidite takes place and leads to formation of phosphite
triester. Following coupling, capping of unreactedObl groups takes place
in presence of acetic anhydride andaréthylimidazole. Next, oxidation of phosphite

triester by iodine in mixture of water/pyridine takes place and phosphate triester is

18



formed. Final step is detritylation followed by repetition of cycles to achieve
oligonucleotides with length and sequence of interest. At the end, ONs are cleaved
from solid support, deprotected and then purified by HPLC or desalted using

spincolumns.

This method is advantageous for preparation of short ONs in high amounts,
however it idifficult to prepare oligonucleotides that are longer than 100 nt. Another
problem might also arise if the goal issgnthesizdunctionalized ON, in which case
compatibility of functional groups with reaction conditionsust be taken into

consideration.

1.2.2 Enzymatic synthesis of DNA

The enzymatic synthesis of DNA is very useful alternative to chemical
synthesig?! especially if it is desired to prepare longer ONs (>100 nt) or introduce
modification that is not compatible with sojphase synthesis. Unlike the chemical
synthesis, enzymatic synthesis proceedian3 to 3 direction. The most common
enzymatic methods to prepare DNA are primer extension (FEXeme P and

polymerase chain reaction (PCR; Scheme 3, 4).

PEX is used to prepare short DNA with modification in single strand.
The reaction is promoted ayDNA polymerase in suitable buffer and in presence of
2'-deoxynucleoside triphosphates (ANTPs; natural, modified or mixture), primer and
template. The primer is usually radioactivel§P() or fluorescently labééd at 5end to
allow detection of produs on gel.

primer template
. 5 L3‘ l 3 DNA polymerase . 5 3
3 dCTP, dGTP, 3 >
‘= Fluorescent or radioactive label dATP, dTTP

Scheme2 Enzymatic synthesis of DNA by primer extension
19



Polymerase chain reaction is used for amplification of longer DNA sequences
and allows detection of very low amounts of DNA. This method was developed in
the 1980%?

This process is based on repetition of thal cycles. First step of each cycle is
denaturation of template (usually around 95°C). Subsequent annealing of primers is
dependent on their sequence and length and is generally carried oubBtC45

At the end the primer is extendeduallyat 75°C.

PCR is very useful in combination with fluorescence detection because it can
monitor amplification of target DNA during PCR (in real tim&)This technique is
called reaitime PCR and is frequently used for detection of small quantities of DNA
in diagnostic applications. One of the most commonly used methods for detection of
PCR amplicons in redlme utilizes noremissive fluorescent dyes that emit light once
intercalated into DNA (Scheme 3)2° The most commonly used intercalais SYBR
Green | dygFigure 3)*"? However,DNA-binding dyes bind to all DNA present in
PCR and therefefalse positive resultsan be producedl for example, primer dimers
are formedThis problem can be overcome using specific hybridization prchbes

asTagMan probe$®°

Figure 3 Structure of SYBR Green |

20
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Scheme3 Realtime polymerase chain reaction using intercalating dye.

TagMan probes are oligonucleotides that are lduk by a fluorophore at
the 5-end and by a quencher at theeBd. The probe is neifuorescent due to
the quenchingf the fluorophoreby quencher via erster resonance energy transfer
(FRET)3! Quenching occurs due to the close proximity of quencher and fluorescent
dye in oligonucleotide. These probes are designed to anneal to the specific sequence of
amplicons. Dumg the PCR amplification, the probes are hydrolyzed by polymerase
(usually Taq polymerase) due to the8%exonuclease activity of the enzyme. Cleavage

of the probe separates the fluorophore from the quencher and results in the fluorescence
signal (Scheme 4}
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Scheme4 Realtime PCR usingagMan probe.
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1.3 Post-synthetic functionalization of DNA

In some cases, the modified nucleotides are not accepted as substrates by DNA
polymerases and at the same time the modification is not suitable for chemical
synthesis othe DNA. To overcone these limitationsthe postsyntheticintroduction
of modificationto the DNA can bevery useful.In this approachhe DNA (prepared
by chemical or enzymatic synthesis) bears small reactive groups which

chemoselectivelyeact with the desired modificafi.

For example, singistranded DNA with an azido groupeacted with
fluorescein derivativel through Staudinger ligatioriScheme 5 A) Fluorescein
modified oligonucleotide was then utilized as a primer in a Sanger dideoxy sequencing
reaction>® Panattoni et ai* described enzymatic and chemical synithesf ONs
containing alkyne linkers of various length and polarity. These alkigked ONs were
used for coppecatalyzed azidalkyne cycloaddition (CuAAC) with
5-carboxyltetramethylrhodamirezide2 (Schemes B). The kinetic study revealed that
the reation withhydrophilicpropargytdiethylene glycelinked ONreacted the fastest

and it was approximately twice faster than the DNA bearing octadiynyl modification.
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Schemeb Postsyntheticmodification of oligonucleotides using Staudinger ligation or
CuAAC.

Group of Tom Brow?? reported enzymatic synthesis of DNA bearing azido or
transcyclooctere moiety using primer extension, PCR amplification or
reversetranscription. The DNA product bearing azido group wabeled by
Cy3-bicyclo[6.1.0]nor4-yne derivative 3 utilizing the strairpromoted azidalkyne
cycloaddition (SPAACScheme 6 A The DNA bearindgrans-cyclooctene underwent
the inverse electredemand DielsAlder (IEDDA; Scheme 6 B reaction with

6-methyttetrazinesulfo-Cy3 4.
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Scheme6 Postsynthetic modification of DNA using SPAAC and iIEDDA.
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1.4 Synthesis of base-modified nucleosides and nucleotides

Basemodified 2-deoxynucleoside triphosphates are usually modified in
the positions 5 of pyrimidirf€and 7 of Zdeazapurin¥ derivatives due to the tolerance
of DNA polymerase. The most common method for functionalization of dNTPs
involves metakatalyzed reaction with halogenated nucleosides followed by
Yoshikawa phosphorylatio(Scheme 7Path A. Alternatively, coppecatalyzedor
strainrpromoted azidealkyne cycloadditina reaction can be utilized to prepare
modified nucleosides and nucleotidebdpter 1.4.3 and chapter 1 )4 some cases
the functional groups are incompatible with acidic conditions of phosphorylation.
In such case, the alternative approach consisting of phosphorylation and subsequent

attachment of modification can be ug&theme7, Path B)

Ha o |
I 1 6 16 7
#: %)j/ %)5/4 K HN r\}

N4 N HN N 4

\_ J
Y

PathA o Path B
(6]

Cross- coupll/ \f’hosphorylation

HO 01?*O*P*O*P*O

s

Scheme 7 General synthetic pathway for modified nucleos(t)ides employing
crosscoupling and phosphorylation reaction.
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1.4.1 Yoshikawa phosphorylation

The most commonly used method for phosphorylation of nucleosdbgihe
8) was dveloped by Yoshikaw®. The phosphorylation starts by reaction of POCI
with 2-deoxynucleoside5, which leads to phosphorodichlorate nucleosile
Subsequently, compour@lundergoes cydation reaction with pyrophosphate. Final

hydrolysis of cyclic triphosphatéyields desired produ@&

o] I
HO o poci3 Cl— F’ O nBu3NH H,P,0- O;‘ﬁ,/O‘F(-O o
\ 0
“Po(OMe), Bu3N DMF 0P,
°C

(EtzNH)HCO; | H,0

Scheme8Yos hi kawadés phosphoryl ation of nucl eosi

1.4.2 Sonogashira cross-coupling reactions

The Sonogashira reaction is useful tbe formation of carbortarbon bond
using terminal alkynes and vinyl or aryl halides in presence of palladium catalyst and
copper cecatalyst®® The mechanism of cros®upling reaction consts of two
catalytic cycles $cheme 9% In the beginning of the catalytic cycle it is required to
generate 14lectron palladium compleRdO)L2, which is generally done situ by
reduction of palladium(ll) complexes by solvents and electron donating ligands
(amines, phgphanes). In the first stefhe palladium(0) complex undergoes oxidative
addition in presence of X (R' = vinyl, aryl, hetaryl; X = |, Br, Cl, OTf).

Subsequently, transmetallation with the copper acetylide takes place and
27



R!Pd(-CI CR?L, complex is formed. Finbl, trans-cis isomerization and reductive

elimination step affords the final product as well@generates the catalyst.

Pd cat., Cu cat.
A) R1-X + H—R? RI—R?
base

Pd(0) or Pd(ll)

B) precatalyst
RI—R2 / preactivation
R1-X
reductive
N Pd(0)L,
elimination oxidative
addition
T
L—Pd——=—R?
R
1
trans-cis l':{
isomerization L_Fl)d_L
IT X
R1-|:I>d — R2
L

transmetallation

CuX

Cu* X

Scheme 9 A) General reaction scheme and B) mechanism of Sonogashira

crosscoupling reaction.

This reaction fountroad application including modification of nucleosides by
fluorescent labels. For example, Sonogashira coupling of-iodo-7-deaza
2'-deoxyadenosin® with 4-(dimethylamino)phthlamide derivative 10 or 5iodo-

2'-deoxycytidinel2with fluorenelinked acéylenel3resulted in fluorescently labed
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nucleosided 1** and 14* (Schemel0 A, B) which, after phosphorylation, were used
for theconstruction of DNA probes for studying interactions with protévfwpholine
naphthalimide deoxyuridin@ucleosidel7 was prepared by coupling of-iédo-
2'-deoxyuridne 15 with alkyne 16 (Scheme 10 C) Corresponding nucleoside
triphosphate was utilized for the detection of miRNA through rolling circle

amplification®?

o
A) O
NHy | N //
NZ N\ / o 10 N/
N 5,

Pd(PPh3)2C|2 Cul

HO
0 DIPEA, DMF,
70°C, 2h

OoH 9 OH 11

. Kf/ éNo
o

d(PPhg),Cly, Cul

HO HO
Et;N, DMF, o
45°C, 3h

2 oo L) %

0" N PdPPh,),, Cul 0" N
HO HO '\(j
0 DIPEA, DMF, S 0
80°C, 6h

OH 15 OH 17
Scheme 10 Synthesis of selected fluorescent nucleosides utilizing Sonogashira

coupling.
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1.4.3 Copper-catalysed azide -alkyne cycloaddition reactions
The coppercatalyzedclick reaction is 1,3lipolar cycloaddition between
an azide and terminal alkyne leading to formation ofdisbibstituted 1,2;8iazoles.
The reaction is catalyzed by Cu(l) catalyst which can be used directly or generated

in situfrom Cu(ll) salts in presence of reducing agents (such as sedtastorbate).

CuAAC wasstudied and introduced by Mel@aband Sharpleéd There were
various reaction mechanism proposhtsyever aecentlysuggestegathway Scheme
11) by Fokin et af® was confirmed by new researthin the first step Cu(l)
coordinates the al kyne athehydfogen ofgerminalc o mp | e x
alkyne more acidic. Subsequent deprotonation lea@s+acetylide bearing additional
“-bound copper. The acetylide coordinates the azide formirgx-membered
metallacycle which afterwards contracts to triazabpper derivative that finally

undergoes protolysis form thedesired triazol product.

Cu cat. N 2
A) RI—=—H + NzR? N'_N’R
R1
B) N ) R'——H
- sg-R
N” °N c
= K 4 rcu
i . +
REH [Cu] R'-=—H &/
[Cu]
H* :
R'——cu
2
/N\ 2 N3-R
N VN-R
R’ [Cu]
R2 R?
N-N. + NN
N// \‘\\ (IN“ [Cu]
oy N/
Cu ‘s !
[Cul R'  [Cu] R'——=—cCu

Schemel1ll A) General reaction scheme and Bechanism of copperatalyzed

azidealkyne cycloaddition.
30



The click reaction has been extensively used for modification of nucleic
acids?4° Noticeably, CUAAC was achieved even in live cell usingtBynyk
2'-deoxyuridiné® for labeling of genomic DNA. Later, Luedtke group prepared new
ethynyl modified nuleosides to study metabolic incorporation into genomic DNA and
subsequent CuAAC with fluorescent dy&s® Recently, they designed new
phosphotriester derivative ofdzidomethyl2'-deoxyuridine which showed entzed
incorporation into the DNA of cells and even anintAlSUAAC was also found to be
useful for attaching flu@scent dyes on nucleosides and nucleotides. For example,
coumarinmodified pyrimidine nucleoside 20 was synthesized by click reaction of
alkynemodified coumarirl9 and methylazidenodified uridinel8 (Scheme 12\) or
TAMRA -, Sulfo-Cy3-, BODIPY-modified purine nucleotidé$22-24 were prepare
by click reaction of ethynyiodified nucleotide21 with azido derivative of

corresponding fluorophor&¢heme 1B).
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Schemel2 Synthesis of selected fluorescent nus(@ades utilizing CUAAC.

1.4.4 Strain-promoted azide -alkyne cycloaddition reactions

The strainpromoted 1,3ipolar cycloaddition of an azide and cyclooctyne

derivativeswas developed by BertozZi.Unlike in coppescatalyzed click reaction,

SPAAC proceeds in absence of copged utilizesstrainedcycloalkynes instead his

coppetfree alternative fountroad applicatio for labelling of biomolecule€$°8%°and

also cell?¥®3 SPAAC using nucleosides was also explored and described.

For instance, the reactions of8ido2'-deoxyadenosing5 with dibenzocyclooctyne

26 and cyclooctyne8 led to the formation of click adduct7 and 29 respectively
(Scheme 13§*
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Schemel3 Synthesis ofmodified nucleosides utilizing SPAAC.
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1.5 Fluorescent dyes

Fluorophores are frequently used for ldiogl and detection of biomolecules
such as amino acids, proteins or antiboffite8mong the other labkhg methods
such as radioactive labiglg,®® isotope marking’ electrochemic&® or calorimetric®
sensorsthe fluorescent labkng is preferabledue to thenon-destructive nature and
high sensitivity of the technigg® Derivatization of synthetic fluorophores produced
an array of various fluorophores withrdad range of different properties and

applications.

Biomolecules are commonly lalbedl by fluoresceirfFigure 4A) and cyanine
dyes(Figure 4B). Fluoresceins polycyclic dye with absorption maximum at 490 nm
and emission at 512 nm in watén advantag of the dye ighe possibility to use
488 nm argon laser which makes it ideal for microsc8p®n the otherhand,
derivatives of fluorescein are prone to photobleachimgd are sensitive to gHwvhich
makes analysis difficult.

Cyanne dyes possess two heteroaromatic rings (indole, quinoline,
benzothiazole etc.) connected by a polymethine chain. The classification and properties
of cyanines are dependent on the number of methine groups and the nature of aromatic
ring. The most commonlused are Cy3ahbs = 548 nm,@em = 563 nm,l = 0.10),

Cy5 (@abs = 646 NnM2em = 662 nm,i = 0.28) and Cy7&abs = 750 nm2em = 773 nm,
G = 0.30).The dawbacls of cyanine dyes include short fluorescence lifetimes, low
fluorescence quantum yields andndency to undergo aggregation in aqueous

solution/3 7

A)

B)
HO 0 O 0,8 SO, n=1,Cy3
o
Z n=3,Cy7
COOH N
/ noo\

Figure 4 Structure of A) fluorescein and B) cyanine dyes.
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Some fluorescent dyes are sensitive to local environment and respond to
changes of viscosity or polarity by changing fluorescence propeftmes.type of

probeshas been utilizedor characteriation ofcellular structureg®’’

Fluorescent molecular rotors are probes generallyjuuger sensing local
viscosity/®°These dyes are usually weakly fluorescent and/or have short fluorescence
lifetime due to the intramolecular rotation isth causes nomadiative relaxationOne
of the most known representatives of fluorescence intensity based probes are
9-(dicyanovinyl)julolidine (DCVJ) and-@2-carboxy2-cyanovinyl)julolidine (CCVJ).
These dyes are weakly fluorescent due to the rotatimmd the julolidinezinyl bond,
however, if the rotation iblockedin highly viscous environmerthe fluorescence

intensity increase@~igure §.7%8!

A) 4000 B) 000
ethanol ethanol
';: — methanol = — methanol
S 3000 === glycerol & 6000- === glycerol
- ‘f \‘ : ..
& [ \ — 10% sucrose ‘E : 5 — 10% sucrose
€ ; 1 5 ~
8 f \ == buffer S \ (7 = buffer
£ 2000 N l £ 4000 : N ]
] '-_. [ “\[:-"" “'l‘l CN 8 ! 5 [ N CN
5 L N S .~;.'J~.\ 5 ! i /;J\.
g 7 N N ey g ; "N NP c00H
g 1000 DEVJ g 2000+ . CCWJ
: e e i M ___________
500 550 600 650 450 500 550 600 650
wavelength [nm] wavelength [nm]

Figure 5 Fluorescence response Af DCVJ andB) CCVJin solvents of different

viscosity and polarit§*

Fluorescence lifetime is another parameter which is useful for probing local
environment, particuldy because of the independence on the concentration of the
fluorophore®?8* Probes based on mesobstituted boron dipyrromether@GDIPY)
display excellent sensitivity of fluorescence intensity and lifetime to viscosity
This sensivity stemsfrom the freeintramolecular rotation between phenyl ring and
boron dipyrromethene system, which can be restricted in more viscous environment

and results in increased quantum yield and/or fluorescence lifefimse properties
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made some rot@nal BODIPY dyes Figure § very useful for fluorescence lifetime

imaging (FLIM) and probing viscosity in biological syste?A§’

—
[=]

Viscosity / cP 1

950
630
250
130

58
0-6 0.1

Emission intensity / arb. units
o
wn

0.01*

500 550 300

Wavelength / nm Time / ns
Figure 6 A) Fluorescence spectra aBjidecay oBODIPY dyeat different viscosity®

Solvatochromic (plarity-sensitivé dyes are based on puphll systems
in which electrondonating group (pusleg.tertiary amine) and electremithdrawing
group (pull; nitrile carbonyl or sulfonyl)are onnect ed t esyseemppohar i zabl ¢
excitation the dyes increase dipole momém,subsequentelaxation ofthe excited
fluorophoreis influenced by dipola@ipole interactions withhe environment, which
influences various photophysical properties of the fluoropheteh as emission

maxima, fluorescence lifetime and fluorescencangum yield?®

One of the most known solvatochromic dyes is Prqéagure 7A), however
this dye absorbs in the UV region and that leddeelopment of new derivatives with
extended conjugation such as fluorene analogue ,(FR@ire 7A) which absorbs

at 400 nm. Emission of FRO range from 434 nm in toluene to 570 nm in meth&hol.

36



S
& ~ i
7 N\ G

— T e

| ©
S S
O Prodan FRO = | [}
2 I =

O ——

Figure 7 A) Structure of Prodan and FRO. B) Emission of FRO in diffesettents?

Some solvatochromic dyes, for example Nile R&iure 8 A) exhibit
dramatic increase of fluorescence in hydrophobic environment. This feature has been
exploited for detection of lipids and hydrophobic domd#ts.Another example of
such dye is dimethyl aniline furaldehyde (DAFgure 8 A. This dye shows ging
fluorogenic response from water (buffer) to oil (260@ increase of fluorescence

intensity Figure 8 B and was employed for imaging and studying of lipid dropfets.

A)

=,

600
i il (Labrafac)

'y
=4
o

Fluorescence
enhancement
2000-fold

H
Nile Red DAF 400 450 500 550 600
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=
O
O

=
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~n
(=
o

o

Figure 8 A) Structure of Nile Red and DAF. Bjluorescence response of DAF in
hydrophobic environmerit.
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1.6 Fluorescent nucleosides and nucleotides as tools for
studying DNA

1.6.1 Application of DNA probes prepared by chemical synthesis
As it was mentioned in chaptér2.1 chemical synthesis of DNA is based

on nucleoside phosphoramidites and produces short DNA sequences.

Usage of modified nucleoside phosphoramidités; example fluorene
modified 2-deoxyuriding(dU™"), allows synthesis of modified oligodeotide probes.
Some fuorenelabeled ONs show decrease of fluorescence intensity upon
hybridizationwith not fully complementary ON strand (mismagtctbhase opposit to
dUFL; dC, dG or dT) but exhibit increase of fluorescence selectively in case of fully
matched targetl@d opposite talU) and therefoecan be applied for single nucleotide

polymorphism(Figure 9A).%3

Another, conceptually different, probe for detection of DiNAridization was
prepared by introducing pyrene derivat{d&J™") into DNA. Pyrenemodified sSDNA
probe showd dual fluorescence at 440 nm and 540 nm and upon hybridization with
complementary strand the fluorescence interaitgmission maximchangedwhich

results inthe shift of emission colofFigure 9B).%

Human telomeric DA probes prepared by incorporation ofbé&nzofuran
modified 2-deoxyuridine(dUBF) wereused for sensing different DNA-Guadruplex
(GQ) structures by change in fluorescence intengfjgure 9 C). Moreover,

these probes allowed detection of small GQ binding moleétles.
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Figure 9 Chemical synthesis of DNArobesusingmodified nucleosidé) dU, inset
shows response of ssDNA probe in presence of matchedisonatched targéf
B) dUPY", inset shows response of ssDNA upon hybridization with complementary

strand®* C) dUPF, inset shows fluorescence response to different GQ struétures.

1.6.2 Applicat ion of DNA probes prepared by enzymatic synthesis

Synthesis of DNA using DNA polymerases and modified nucleotides enables
preparation ofvarious probes for studying DNAFor example, 2deoxycytidine
5'-triphosphate bearing dimethylaminobenzylidene flpbare (dCVPPTP) was used
to constructintensitybased DNA probe for studying DNAprotein interactions.
The probeexhibited 4fold increase of fluorescence intensity ugmnding of single
strand binding protein (SSEigure 10 A.%®
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Incorporation ofBODIPY-modified nucleotidgdCBPPTP) allowed synthesis

of fluorescence lifetime DNA probes which were used for sensing interactions with

p53 protein and lipids by changes of fluorescence lifetimeZ@Hs Figure 10 B.%7

Acetophenitthienytaniline modified nucleotidedCA™ TP) was utilized for

preparation of solvatochromic DNA probes. These probes showedragaRkiission

but upon interaction with proteins or lipids a significant shift of emission color

(to yellow or greenaindanincrease of fluorescence was obser{dure 10 C)y®
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F N
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o 9 o
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Figure 10 Enzymatic synthesis of DNA using modified nucleottedCVPPTP, inset

shows fluorescence increase of modified ON upon binding with prétein,

B) dCBPPTP, inset shows fluorescence lifetime increase of modified ON buating

with protein?’ C) dCATATP, inset showshange of emission color and intensity of

modified ON upon binding with proteff.
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1.6.3 Transport of fluorescent nucleosides and nucleotides into cells
Fluorescent labéng and imaging of genomic DNA are impant tools
for gaining better understanding of cellular proce€%é%. Cellular DNA is most
commonly stained sing DNA groove bindet§? or intercalators®® However, thee
approaches aranable tomonitor dynamic cellular events such as cell cycle and
replication* One possibility to overcome this problem is to ngeleoside bearing a
small functional groupvhich undergoes phosphorylation by cellular kinases and then
gets incorporated into DNA. Subsequent chemical reaction of modified genomic DNA
with fluorescent dye allows localization of DNAFigure 11 A).50:5254105106
On the other hand, the common drawback of this method is low efficiency of
phosphorylation of modified nucleosides by kina$ésAnother option is to use
nucleoside triphosphates (NTPs), however, various delivery methods had to be
developed due to the impermeability of anionic NTPs through the cell membrane.
One of the older methodspresentmicroinjectioni®® 1! For examplemicroinjection
of dU®Y3TP into living human cellsenabled detectiomf chromosomeareas in
the nuclei(Figure 11B).}'2 Recently,Zawada ¢ al. developed a new method based
on synthetic nucleoside triphosphate transporter (SNTT). The transporter consists of
cyclodextrinthat forms norcovalentinclusioncomplex withtriphosphate moiety of
NTP and celpenetrating peptide capable of crossing the cell membrane.
It is hypotheszed that upon penetrating to the cell, the transported NTP would be
displaced from SNTT complex lmgllular NTPsand thus available for DNA synthesis.
Described mechanism iustratedin Figure 11 D. Simplicity and efficiency of this
approach makes it vefyromisingfor metabolic labéing of DNA.!*® For instance,
SNTT in combination with hexamethyl pherBODIPY-dCTP (dC™BPPTP) was
utilized for staining of chromatin and monitoring of mitosis in living cells
(Figure 11C).114
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2 SPECIFIC AIMS OF THE WORK

1. Design and synthesis of modified nucleoside, nucleotide and DNA probes
bearing tryptophatased imidazolinone fluorophore to study Digfotein

interactions.

2. Design and synthesis of modified nucleoside, nucleotide and DNA probes
bearing benzylidentetrahydroxanthylium fluorophore for bioanalytical

applications.

3. Design and synthesis of thiazole orange modified nucleotide as fluarescen

probe forvisualization of DNA synthesis in cells.
4. Design and synthesis of modified nucleosides, nucleotides and DNA probes
bearing neamfrared BODIPY fluorophore to study DNprotein

interactions.

5. Design and synthesis of silicon rhodamine modified nucleotmte f

supetresolution imaging of DNA in cells.
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2.1 Rationale of the specific aims

Fluorescent labhg of DNA using fluorescent nucleosides and nucleotides
is very importantfor biochemical®!3117 and cellbased® 112114118119 5553ys,
It is highly desired to develop new fluorescent nucleotides with various characteristics,
such as different color of emission, high fluorescence brightness and insensitivity to
environment qr on the contrary environmentsensitive dNPs that change

photophysical properties depending on the microenvironment.

Tryptophanbased imidazolinone fluorophore naturally occurs in cyan
fluorescent protein. This fluorophore is fluorescent in native protein, however, free
molecule prepared by cheral synthesis or upon denaturation of protein shows very
low fluorescencé?®'?®> Therefore, this fluorophore has potential for studying
interactions of DNA with DNA binding proteins, which couhhance fluorescence by

restricting rotation of the fluorophore.

Fluorophores that emit in the near infrared (NIR) region of spectrum are of high
interest especially for bioimaging applications due todbep tissue penetration and
minimal interference with autofluorescence of biomolectd®&¥’Therefore, we opted
to use benzylidentetrahydroxanthyliudf® NIR dye as new modification for
nucleotides and DNA. This fluorophostows structural characteristics of molecular
rotors and also solvatochromic dyes due to theiplesrotation between aromatic rings
and presence of pughull-push system. Thus, thikiorophore may exert interesting
photophysical behavior and could be promising for studying interactions of DNA with

other biomolecules arfdr imaging applications.

Thiazole orange is well known for its ability to bind nucleic a@idd change
fluorescence intensityand lifetime depending on the microenvironméat3t
We anticipated that nucleotide bearing thiazole orange would change fluorescence
intensity and/or lifetime upon incorporation into DNA. The nucleotide with such
feature would be immensely uniqas it could potentiallallow reattime imaging of

DNA synthesis in live cells.
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BODIPY dyes were previouskeportedaslabels fornucleoside triphosphates
and DNA, however, the dyes used showed green emissiorthandnvironment
sensitives ones were not suitable for cell expenits®’114132Therefore, we decided to
use rotational NIR BODIP¥3dyethat could be useful for sensiimgvitro interactions
of DNA with proteins by change of fluorescence lifetime and also for sensing changes

in cellular environment.

Silicon rhodamine is NIR fluorophore that shows high fluorescence brightness,
photostabity and compatibility with stimulated emission depletion (STED)
microscopy. 8icon rhodamine shows decreased background signal ofspedific
hydrophobidnteractiongdue to the propensity to form ndimorescent spirolactone in
nonpolar environment£¥1%® Thus, we planned to use silicon rhodamine modified

nucleotide as new tool fauperresolution imaging.
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3 RESULTS AND DISCUSSION

3.1 2'-Deoxycytidine and its triphosphate modified by
tryptophan -based imidazolinone fluorophore . Synthesis,
photophysical properties, enzymatic incorporation into DNA
and applications

3.1.1 Introduction

Fluorescent proteins (FPs) represantimportant tool for imaging of cellular
structures and processes by fluorescence microscopy. Photophysical properties of FPs
depend on structure and state of the fluorophore. For example, isomerism, ionization
and interaction of fluorophore with biomoleeslcan have significant effect on spectral
properties:®” One of the mostcommonly usedrepresentativeof FPsis green
fluorescent protein (GFP8 This fluorescent protein contaidshydroxybenzylidene
imidazolinondluorophore Figure 12A), which is weakly fluorescent as free molecule
prepared by chemical synthesis or upon dentiuraf protein. The low fluorescence
of thefree fluorophore is caused liye freerotation betweeiphenoland imidazoline
moiety which leads to neamissive pathwa3?® 4 The fluorescence can be induced
by blocking the bond rotation, for example by interactions with BRidr proteins*:
Various fluorescent tags with differephotophysicalproperties weregreparedby
replacementof tyrosine resdue in GFPby other amino acidesidues such as
phenylalaningFigure 12B), histidine(Figure 12C) or tryptophan(Figure 12D).1°

Inspired by tryptophanbased fluorophore from cyan fluorescent protein
(Figure 12D),12¥123\which is widely used for FRES$tudies'**1?°we decided to use
the fluorophore as new modification for DNA. Utilizing Sonogashira ecosgpling
reaction weprepared 2deoxycytidine and its triphosphate bearing tryptopbased
imidazolinone fluorophoreand stualied their photophysical propertied’he modified
triphosphate was tested as substrate for enzymatic incorponatito®NA andthe

modified DNA probe was used feensingof DNA-proteininteractiors.
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Figure 12 Structure ofthe chromophore in A) greenB) Sirius, C) blue and

D) cyan fluorescent proteit) Design of ounewmodification.

3.1.2 Synthesis

The synthesis of modified nucleoside and nucleotide was achieved by
the Sonogashira crossupling reaction of Siodo-2'-deoxycytidine C') or the
triphosphatedC'TP) with alkyne ofthe corresponding fluorophor@4 (Scheme 14
The synthesis of alkyrknked fluorophore34 was done in analogy to the synthesis of

related derivative§**14°

First, utilizing VilsmeierHaack formylation, the indol&0 was converted
to indole3-carbaldehyde31 which sibsequently underwent condensation with N
acetyl glycine in acetic anhydride and afforded oxazol@2e as previously
described?614” Acrylamide 33 was then prepared in 60% yield by reaction of
oxazolone32 with propargylamine in DMF. Subsequent dehydration in pyridine led to
formation of corresponding propargyhidazolinone34in 67% yield. The propargyl
linked chromophore84 was then coupled with a nucleoside utilizing Sonogashira
coupling with dC', forming dC™ in 67% vyield. The triphosphatdC™™ TP was
prepared in similar manner usid@'TP. lodinated triphospha@C' TP wasprepared

following the literature*® According to the previous work/ the fluorophore can form
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inseparable Z/Hsomers. We observed that according to the NMR spectra of compound
34 and nucleosidelC™ the Zisomer was the major one and thdsBmer was

the minor isomer (1:20%). It is noteworthy that the ratios of isomers in solution
changed under gaght i seemingly due to the photoisomerization. The NMR spectra

of nucleotidedC™ TP showed no isomerization (pureigomer).

CHO
oy y
N 0 NH, Z
H N = H
\\ DMF, POCl, 31 Ac,0, AcONa N DMF 3B N Nm/
N B + —_— 32 B Io)
N 78% 0 100°C V4 60% HN”™ 0

N 38% N

30 \[r OH /Qo 0 \\\

o) pyridine, reflux
HN AN A

N N
dC', Pd(PPhs),Cl,, Nt 34
N
0 Cul, EtzN /QN o
N~ O
NHz DMF, 2h, 60°C /// dC'TP, Pd(PPhj;),Cl,
NN Cul, Et;N
A | DMF, 45 min, 55°C
07N ! !
HO : :
O~ q4c™ 5 ! N
67% : JN N N
! N 1
o P A : /
! \ : /
i minor E-isomer (12-20%): NH, P
' in 34 and dCTP ! N7 4
........................ 1 |
0 9 9 o
HO~P~0-P-0-P-0
O O O O~J dac™rP
44%
OH

Schemel4 Synthesis ofiC™ anddC™™TP.

48



3.1.3 Photophysical properties

First, we studied solvatochromic properties dC™™ by measuring
the absorption and emission spectra in solvents of different polarity. The results showed
moderate solvatochromic effect with absorption maxima betweetB®31m and
emission maxima at 45470 nm(Figure 13 A, Table 1)Absorption and emission
spectra ofIC™™ were sensitive to pkFigure 13 C, . Due to the deprotonation of the
indole ring we observed a transition in absorption spectra at pH 11.5 and two maxima
appeared at 458m and 48 nm. At pH 12.8, the emission maximum shifted from

469nmto 498 nm and the fluorescence intensity increasedfodd 3

The modified nucleosideC™ showedvery low quantum yield€0.020.04%)
in low viscosity solvents(Table 1). On the other handsignificant increase
of fluorescencavas observed in viscous glyce(Bigure 13 B. These results indicated
that the fluorophore could be useful for sensing changes of viscosity anasaithity
of DNA.
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Figure 13 A) Normalizal absorption (dashed lines) and fluorescence (solid lines;
excitation wavelength was equivalent to the corresponding absorption maxima) spectra

of dC™ in solvents of different polarityB) comparison of fluorescence intensity
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(excitation wavelength wa98 nm) of modified nucleoside in low viscosity solvent
(dioxane) and viscous glycerd) absorption and) fluorescence spectra (excitation

wavelength was 408 nm) dfc™® at different pH in phosphate buffer.

Table 1 Photophysical properties dC™" in different solvents

Solvent Ambd V) den® ad
(nm) (M-tem) (nm) (%)
Acetonitrile 393 26645 465 0.027
Dioxane 395 25955 464 0.041
MeOH 406 29361 466 0.029
DMSO 402 25917 460 0.03
Water 408 25696 476 0.032
Glycerol 416 24361 474 042

2 Position of the absorption maximufmolar extinction coefficients,position of the
emission maximum® fluorescence quantum yield measured ugioénine sulfate
in0.5MHSO;( A 55at®5°C) as reference.
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3.1.4 Enzymatic synthesis of modified DNA

The modified nucleotiddC™ TP wasfirst tested as a substrate for enzymatic
synthesis of DNAby PEX using KOD XL polymerasgFigure 14 A) We studied
incorporation using templates enawgifor incorporation of one, two or four modified
nucleotides (Tempf®X, Temp3® TempZ®X Table 16). In all cases
the mlyacrylamide gelelectrophoresis (PAGEanalysis showedhat the primer
extension using modified nucleotide gave full lengtbduds (Figure 14)which were
additionally confirmed byMALDI-TOF analysis(Table 2). In all cases, 30 min
reaction time at 60°C was enough to observe full length products.

A) B) C) D)
) 5'
' - —_
3 L
o
8 OH
dcTPTP
—_—l sl
3 DNA polymerase 3 ) - -

Figure 14 A) Scheme representing PEX with modifimacleotidefor gel visualization
PAGE analysis of PEX usirdC™ TP, KOD XL DNA polymerase anB) TempT&X,

C) TempZ®X or D) Temp3E* templates encoding for 1, 4 or 2 modifications,
respectively. P: primdPrim1°E*-FAM). Positive control (+): PEX withlifour natural
dNTPs. Negative controt)f PEX with dATP, dGTP and dTTP in absence of dCTP.
PEX with modified dNTP (*): PEX witldC™™ TP, dATP, dGTP and dTTP.
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Table 2 Table of oligonucleotides prepared in this study

Oligonucleotide| S e q u e n ¢ e C*{ nodijieBrNfeotide. Mecaiculated | Mfound
(Da) (Da)
ON19_IC™ | CATGGGCGGCATGGE GGG 6212.2 | 6212.5
ON31 4C™ | CATGGGCGGCATGGGA TGAGC TC'ATGC'TAG | 10662.5| 10661.3
ON30_2C™® TCAAGAGACATGCCTAGAC'ATGTC ' TATTAT 9711.7 | 9711.7

Then we measured absorption and fluorescence spectra of the PEX product
bearing 4 modificationDNA31_4C'™. Graphs irFigure 15 showthatwhen the PEX
was done in absence of KOD Xhere was no fluorophore present in DN#hereas
in presence ofhie polymeras¢he purified DNA showed absorption and fluorescent
properties corresponding to the chromophore.
A) B)

——polymerase (+) 14 —— polymerase (+)

06 — polymerase (-

= polymerase (-}
0.8

04 A 06 A

Absorbance

0.4 4
0.2 4

Fluorescence intensity

0.2 1

T T T 0 T T T T T
225 325 425 525 425 475 525 575 625 675

Wavelength (nm) Wavelength (nm)

Figure 15 A) UV-vis absorption spectrass= 416 nm) and B) fluorescence spectra
(®ex = 416 nm,a=m = 489 nm) of DNA obtained after incubation of the PEX reaction
mixtures containing PrintE*, Temp2&X dATP, dGTP, dTTPJCTPTP either with
(red line) or without (black line) KOD XL DNA polymerase.

For testing PCRamplification, we used 98ner (Tempf°®) and 235mer
(TempZ“R) DNA template. The amplification was done with different proportions of
dC™ TP and dCTP in presence of natural triphosphates (dATP, dTTP and dGTP).
The PCR using 98ner template was efficient even if the dCTP was completely
replacel bydCT™ TP, on the other hand the amplification with 23&r template was
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less efficient and theufficientamplificationwas observed at the percentage of 40%
dC™ TP in regard to dCTPIn all cases, the mobility of modified DNA was slower
than the natural DNA (positive control), which can be seen by visible shift on the

agarose geldqgure 14.

L + -1 2 3 45 L #= 12 34 5

Figure 16 Agarose gel electrophoresis analysis of PCR ampliGioadf 98merA) and
235mer B) template with KOD XL polymerase andiC™TP. L: DNA ladder.
Positive control (+): all natural dNTPs are present. Negative conjrak{sence of
natural dCTP. PCR with modified dNTP (lan®&t dGTP, dTTP, dATP and a mix&ur
of dCTP andiC™ TP (the content oflCT™ TP decreases from 100% (lane 1) to 20%

(lane 5)) is present.

3.1.5 Interaction of modified DNA with protein s

To test the potential afC™™ nucleotide for sensing interactions with proteins,
we prepared singlstranded oligonucleotide bearing 1 modificati@N@L9_1C).
This ON was prepared by primextension and subsequent magnetosepatéation
With the ON probeéON19 _1C in our hands, we studied its interaction with single
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strand binding protein from E. coli (SSBf®!in similar mannerasin previous
works 143 Upon addition of SSB (0.5 equivalents) to ON probe we observed ca.
2-fold increase in fluorescence intensity of the prfhgure 17) The ratio of ON and

SSB was 2:1n accordancéo the previous repoit® stating that it is necessary to have

at least 58ner ON in order to wrap around the SSB tetramer. In order to prove that the
increase of fluorescence was due to the interaction of DNA with protein, we performed
negative cotrol experiment with DNA noibinding protein bovine serum albumin
(BSA), which resultedh no change of fluorescence intensityis control experiment
clearly shows that the increaseON19 _1C™ fluorescencés due to the interaction

with SSB, which maslikely increases viscosity in proximity of the modification.

——ssDNA + SSB
——ssDNA + BSA
——ssDNA

0.8 A

0.6 A

04 A

Fluorescence intensity

0.2 A

440 490 540 590 640 690
Wavelength (nm)

Figure 17 Emission spectra @N19_1C' in absence and in presence of SSB protein
or BSA.
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3.2 Thymidine and its triphosphate modified by  benzylidene -
tetrahydroxanthylium fluorophore. Synthesis,
photophysical properties, enzymatic incorporation into DNA
and applications

3.2.1 Introduction

Fluorescent dyes emitting in the near infrared (NIR) region of spectrum are
widely used in biosensing and bmaging applications. Main advantages of NIR dyes
include deep tissue penetration and minimal interference with autofluorescence
of biomolecules. Thesdluorophoresemit at 658900 nm and themod used
representatives are cyanine dy&s-?’However, the drawback of common NIR dyes
is problematic solubility in aqueous solutions, tendency tm faggregates and small
Stokes shifts (<30 nmy? In contrast, fluorescent dyes based on benzylidene
tetrahydroxanthylium systems show large Stokess&it0 nm), solubility inraqueous

solutions and emission in the NIR regi@740 nm)!?8

Inspired by eétrahydroxanthyliurbased fluorophores (Figure 18 A)
we designed new alkyne derivative of the dy#gure 18 B) attached it to the
nucleosideand nucleotie using CUAAC reaction and subsequentlystudied their
photophysical propertiesThe modified nucleotide was enzymaticailhcorporaed
into DNA and the mdified DNA was use@s probdo studyDNA hybridization and
interactiors with other (bio)moleculedJse of modified nucleotide was also tested for

reattime PCR and for celbased experiments.
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R= -NH2, - NMez, -H, -N3

Figure 18 Structure of A) reportedbenzylidengetrahydroxanthyliumdyes and

B) our new fluorescenabel based on benzylidetetrahydroxanthylium skelet.

3.2.2 Synthesis

The synthesis of fluorescent nucleoside and nucleotide was accomplished by
CUuAAC reaction ofazido modified thymidingdTN3) or the triphosphatedTN3TP)
with alkyne43 (Scheme 17)

Azido modified thymidine dTN? and its triphosphatd TN*TP were prepared
according to the literatur&5! First step of the synthesis is protection of thymidse
using tertbutyldiphenylsilyl chloride. Protected thymidii3® then undergoes radical
bromination followed by substitution using sodium azide. Finallgprdtection
of protectecazido thymidine37 yieldsdTN3 which is subsequently pholsorylated to
triphosphatal TN3TP.
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1. NBS, AIBN,
HN)j/TBDPSCI' dazol HN | benzene, reflux HN | Ng
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OH dTYTP 3 OH dT
3. TEAB

30%

Schemel5 Synthesis ofi TN andd TN3TP.

6-(Diethylamino}1,2,3,4tetrahydroxanthyliun39 was prepared by reaction of
4-(diethylamino)salicylaldehyd®8 with cyclohexanone in $furic acid as previously
described?® Thebenaldehydet2 was prepared by propargylation ofrhethytaniline

40 and subsequent formylation reactimimaniline41.1%3

CHO Q
O & ey
e
N OH HCIO, /\N 6/
38

77 % § 39

= e CHO

© K,CO3, ACN © DMF, POCI,
Ar NV 90°C NV
HN quant. \\/N\ 65% \\/N\

40 41 42

Schemel6 Synthesis of tetrahydroxanthyliug® and benzaldehydé2.
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The alkyne43 was prepared by condensation of tetrahydroxanthy8@mvith
benzaldehydd?2 in acetic acidsimilarly as the synthesis of related fluorophdrés.
Utilizing CUuAAC reaction of alkyne43 with dTN® and dTN3TP, the modified
nucleosidedTNNR and nucleotided TNNIRTP were obtained in 55% and 25% vyield

respectively.

CHO

NN

42

+ 2
N o) K

50%
§ 39

dT"? or dTV*TP
(+)-Na L-ascorbate
CUSO4.5H20
H,O:THF 1:3

RO

R =H, dTNNR (55%)
R = P30%, dTNNIRTP (25%)

OH

Schemel7 Synthesis ol TNNIR anddTNNRTP,
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3.2.3 Photophysical properties

UV-vis absorption and fluorescence spectra notleosidedTNNR were
measured in different solvents in order to evaluate solvatochromic properties.
Absorption maxima were significantly dependet on solvent polarity
(Bmps= 622694 nm), in the most polar solvent (water) thlesorptiormaximum was at
622 nm and in dioxane at 694 nmmission maxima showed moderate sensitivity
towards polarity gem= 749760 nm)and the modified nucleoside showed overall lage
Stokes shiftsgpa= 60-127 nm). On the other hand, the intensity of fluorescence was
strongly dependent on polarity and we observed cdoltidincrease of fluorescence
guantum yield in dioxanel( = 4.55%) in comparison with quantum yield in water

(0 = 0.33%).Photophysial properties and summarized in Table 3

The fluorogenic response was illustratbg measuring fluorescence of
nucleoside indioxane/watemixtures of different proportiongFigure 19 Cshows
thatgradual increase of fluoresceneas observewhen the pdarity of solvent mixture
decreasedNNIR modification shows similar structural characteristics of common
solvatochromic dy® due to the presence of pyshl-push system, therefore
the relaxation of the excited fluorophore might be influenced by duliplae
interactions with the environmerdnd lead to increased fluorescence intensity.
To study the sensitivity ofl TNNIR to viscosity, we measured the fluorescence of
the nucleoside in viscous solvent (glycerol) and compared it with the fluorescence in
water. As expected, the fluorophore attached to the nucleoside behaved as molecular
rotor and we observed 24{8ld higher quantum yield in glycer@li = 8.2%)than the
guantum yield in watefi = 0.33%) Moreoves the response afTNNIR to the viscosity
was demonstrated by measuritig solution of modified nucleoside in glycerol at
different temperatures(viscosity), which showed gradual increase of fluorescence
intensity due to the inhibited rotation of the fluorophdFegure 19 B Table 4).

This behavior of the fluorophore is very interesting and could be useful for sensing

environmental changes in proximity of DNA.
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Figure 19 A) Normalized absorption (dashed lines) and fluorescence (solid lines)
spectra ol TNNR in solvents of different polarity. B) Fluorescence spectrdTdfN'R
( @= 690 nm) in glycerol at different temperature (viscosity). C) Emissiat8FR

( @= 613 nm) in various dioxane/water ratios.
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Table 3 Photophysical properties ofodified nucleoside, nucleotide and DNA

Sample Solvent Aap ¥} den® P& ae
(nm) M1cm?) (nm) (nm) (%)
dTNNIR Water 622 20826 749 127 0.33
MeCN 664 30703 760 96 0.28
MeOH 666 35116 754 88 0.56
1,4-Dioxane 694 16160 754 60 4.55
dTNNRTP Water 623 11746 745 122 0.37
DNA19 1TNNIR Phosphate 690 n.d. 745 55 6.84
buffer

2 Position of the absorption maximufhmolar extinction coefficients ¢ position of
the emission maximund, Stokes shifté fluorescence quantum yield measured using

indocyanine greem DMSO( A 0.%3at 25 °C) as referenca.d. = not determined.

Table 4 Fluorescence quantum yields of modifiddNNR at different viscosity

(solution of nucleoside in glycerol was measured at different temperatures)

Temperature (°C) Viscosity (cP) 0 © (%)
10 3900 11.0
20 1410 9.0
25 945 8.2
30 612 7.4
40 284 6.2
50 142 4.6
70 50.6 25
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3.2.4 Enzymatic synthesis of modified DNA

The enzymatic incorporation of modified nucleotdiENN'RTP was examined
in primer extensior{Figure 20 A and polymerase chain reaction experiments using
KOD XL DNA polymerase. At firstwe tested incorporation of oneuflrescent
modification into DNA by PEX with short9-mer templatgTemp5&X) encoding
for incorporation of one modificatiorPAGE analysis showed thdT"NRTP was
accepted as substrate by enzyme and full length product was obgegted20 B).
The inorporation was somewhat slower and extended reacti@(6minat 60°C)
was required.ldentity of product was also confirmed by MALDIOF analysis
(Table 5). However, PEX with 3Iner template (Tem@2F®*) encoding for
incorporation of 4 modifications failed and we did not observe full length product
(Figure 20C).

A) B) )
5 N
3I
O [ ]
OH
d P :
—_— o
DNA polymerase 3 Lok -
-
- -
P 1 2 314 56

Figure 20A) Scheme representing PEX with modified nucleotategel visualization
PAGE analysis of PEX usingTNN'RTP, KOD XL DNA polymeraseB) Tem®B"®,
C) Tem@PEX. Primer (P), positive control (lane 1, 4; PEX with all natural dNTPs),
negative control (lane 2, 5; PEX in absence of dTTP). PEXdWith'R TP (lane 3, 6.
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Alternatively, longerDNA was prepared bysinglenucleotide incorporation
(SNI), followed by extension of primer with natural dNTHSgure 21).Use of
biotinylated template (Temp&&*bio) allowed separation of ssSDNA by

magneteseparation.

natural dNTPs, DNA polymerase

OH
DMNA polymerase
—_ T
Single-nucleotide incorporation Primer extenstion

Magneto-separation

o

\ B) C)

o / —
-

-
-

"-
P 1 2 3|/4 56

Figure 21 A) lllustration of SNHPEX method withdTNNRTP, Page analysis of

products of polymerase synthesis of oligonucleotides bearing a single modification by

SNI-PEX. Primer (P); lane 1: positive control for SNI (only natural dTTP present);

lane 2: negative cdrol for SNI (no dNTPs present); lane 3: SNI with modified
nucleotide (onlydTNNIRTP is present); lane 4: positive control for PEX (all natural

dNTPs present); lane 5: negative control for PEX (absence of natural dTTP);

lane 6: PEX with primer extendeg¢ HTNN'RTP (all natural dNTPs present).
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Table 5 Table of oligonucleotides prepared in this study

Oligonucleotide| S e q u e n ¢ e T*(MBdWj¥dhleatide. Mcaiculated| Miound
(Da) (Da)
ON16_ITWNR | 5. CATGGGCGGCATGGG*-3 5430.6 | 5431.7
ON19_ITMNR | 5"-CATGGGCGGCATGGGE*GGG3 6418.2 | 6419.6
ON19_1T™ | 5'-CATGGGCGGCATGGGE*GGG3 6006.9 | 6007.9

ON31_ITMWR | 5"-CATGGGCGGCATGGG* CTGAGCTCATGCTAG3 | 10060.6 | 10060.6
ON31_4r™ | 5'-CATGGGCGGCATGGGAT™* GAGCT* CAT*GCT* 9781.4 | 9782.0
AG-3

Fluorescentlylabeled DNA wasalso prepared by CuAAC reaction of alkyne
43 with azidemodified DNA. Oligonucleotides containing (0ON19_1T?3) or
4 (ON31_4T3) azido groups werprepared by PEX witdTN3TP (Figure22 shows
PAGE) and subsequent magneteparation. CUAAC reaction wasalyzedy PAGE,

showing successful reactighigure B B, C).

A) B)
-‘
- -
-
- a
P 1 2 314 5 6

Figure 22 PAGE analysis of PEX usingTN3TP, KOD XL DNA polymerase

A) TempFEXB) TempZEX-TINA. Primer (P), positive control (lane 1, 4; PEX with alll
natural dNTPs), negative control (lane 2, 5; PEX in absence of dTTP). PEX with
dTN3TP (lane 3, 6).
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Figure 23 A) lllustration of CUAAC reaction of alkyné3 with azidemodified DNA.
Page analysis dEUAAC reaction performed usirig) ON19_ 1T\ or B) ON31_4T\®
with alkyne 43. Lane 1, Nat. ctrl: natural ssSDNA (ON19_1T) control before click
reaction. Lane 2, Natnatural ssDNA (ON19 1T) treated in the conditiafislick
reaction. Lane 3, ctrl: ON19_1TN3, Lane 4, T click reaction withON19 1TN3,
Lane 5, Nat. ctrl: natural ssDNAON31_4T) control before click reaction.
Lane 6, Nat.: natural ssSDNA (ON31_4T) treated in ¢baditions of click reaction.
Lane7, 4TV ctrl: ON31_4T3, Lane 8, 4% click reaction withON31_4TN3,

Polymerase chain reaction was tested using different ratio of modified
nucleotidedTNNRTP or dTNSTP and natural dTTP (in presence of the natural dCTP,
dATP and dGTP). In case @TNNRTP, the PCR was problematic and a good
amplification was observed when using only 10% or 5@TOfNRTP, in experiment
with 20% ofdTNNRTP we observed formation of shorter produdentity of modified
DNA was proved by measuring fluorescence spectrasofated PCR products
(Figure ). PCR amplification withdTN3TP was efficient even in the absence of
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natural dTTR which was not surprising as the azido modification is very small and

therefore tolerated by DNA polymeragegarose gels of PCR are showrHigure 2.

A) B)

L+-12 34567 | =3 = B

Figure 24 Agarose gel electrophoresis analysis of PCR amplification ein&g
template (TempTR) with KOD XL polymerase and AYTNNRTP or B) dTN3TP.

L: DNA ladder. Positive control (+): all natural dNTPs are present. Negative control
(-): absence of natural dTTP. PCR with modified ANTPdT**TP, dATP, dGTP and
dCTP is present. PCR with modified dNTP (lan€)1 dGTP, dCTP, dATP and

a mixture of dTTP anddTNNIRTP (the content of modified nucleotide decreases from
100% (lane 1) to 5% (lane 7)) is present.
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Figure 25 Fluorescence spectra of isolated PCR products and control experiments
(PCR mixtures in absence of enzyme). Product of PCR with A) 10% or B) 5%
dTNNIRTP in mixture with natural dTTP. Lane & product loaded on gel in
Figure23 A, Lane 7i product loaded ogel in Figure24 A).
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3.2.5 Photophysical properties of modified DNA

At first we performedthe same experiment as in previous chapter
(chapter 3.1.4, Figure5) usingdTNNRTP, This experiment shows absorption and
fluorescence spectra of purified DNA after PEX waiNN'RTP and in presence
or absence of KOD XL DNA polymerag€igure 26) The result of tis experiment
excludes norspecific binding of freedTNNRTP to DNA, as no absorption and
fluorescence signal of fluorophonas detectedin control experiments without

enzyme.
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Figure 26 A) UV-v i s a b s or p 4sF 690 nny aneBrfluareacenCesspectra
(&= 690 emmr M5 nm) of DNA obtaing after incubation of PEX reaction
mixtures containingiTNNIRTP. Red lines represent experiments with and black lines
without KOD XL DNA polymerase. The reaction mixtures were incubated at 60°C for
1 hour, then the reactions were stopped by cooling obidé& from solutions were
purified using QIAquick Nucleotide Removal Kit (QIAGEN).

Properties of modified DNA were then compared with modified nucleotide
(Figure 27) We observed that the modified DNDNA19 1 TNNIR exerted significantly
red-shifted absorptim to 690 nm (67 nm shift) in regard to nucleotd®\N'RTP
(®abs = 623 nm) The emission maximum was not altered and the intensity of
fluorescence was 5@ld higher(excited at 690 nmin comparison witlddTNNIRTP,

Due to the shift othe absorption maximm, the modified DNA could be excited at

720 nm and the enhancement of fluorescence intensity waolB¥8he shift in

67



absorption resembles to absorption spectra of nucleodid&'R in dioxane

(Figure 19 A, Table 3and indicates increased hydrophobicityttie vicinity of the
fluorophore. The observed fluorescence increase is presumably caused by less polar
environment and also by restriction of intramolecular rotation of the fluorophore in
environtment of DNA. Thes observations ar@ good correlation with polarity and

viscosity sensitivity experiments dfNNIR in chapter3.2.3
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Figure 27A)UV-vi s absorpti on s p est690am)cdmpareddi f i ed
to dTNNRTP (' <= 623 nm).B) Fluorescence spectra of modified dsDNA compared

to dTNNRTP ( &= 690 nm). D) Fluorescence spectra of modified dsDNA compared

to dTNNIRTP (- @= 720 nm).
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3.2.6 Mode of interaction of NNIR modification with DNA

According to the results in chapt&2.5 it is apparent that th&NIR
modification is notompletelyexposed out of the DNA and it is most likely interacting
with the DNA. Previously it has been showthat small molecules can interact with
DNA4156 gandthe factors thatan influence the binding include hydrophobicity and
presence of cationicharge!>’ The most common binding modes arenor or major
groove binding and intercalati}*® To determine the binding modetb# fluorophore
with  DNA, we performed displacement asSdy with thiazole orange
(TO; intercalator}?° 4',6-diamidino-2-phenylindole(DAPI; minor groove bindet$!
or methyl green (MG; major groove bindéff. Solution of modified DNA
DNA19 1TWNIR in phosphate buffer was titrated with the dyes mentioned above.
Gradual increasefdO and DAPI concentration had small influence on fluorescence
intensity of modified DNA. In case of MG, we observed gradual decrease
of fluorescence intensitprobably due to the displacement of the fluoroplitre its
binding siteby MG (Figure 29)

Cho  amot o,

Thiazole orange ( TO intercalator DAPI - minor groove binder Methyl green (MG) - major groove binder

Figure 28 Structure oflyes used for determination lsihding modeoetween DNA and

fluorophore
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Figure 29 Fluorescence spectra BNA19_1TVNR with increasing concentration of

A) TO, C) DAPI or E) MG and fluorescence intensity plotted against concentration of
B) TO, D) DAPI or F) MG. Samples were excited at 690 nm in phosphate buffer
(4.5 mM, pH 7.4) at 25°C.

Furthermore, we determined UV malgi temperature oDNA19 1TNNIR
(Tm=79.5°Q and compared it with natural DNBANA19 1T (Tm= 796°C). The result
showed that the modification had negligible effect on stability of destidended DNA
and also supports the hypothesis of groove binding, since it is known that intercalators
stabilize duplex by increasing melting temperat§?é® Possible effect of
intermolecular interaction of one modified DNA with other DNA was excluded by
simple dilution experiment, which showed linear decrease of fluorescence upon
dilution of DNA (Figure 31) These resudtsuggest thaNIR modification interacts

with DNA predominantly by major groove binding.
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Figure 31 Concentration oDNA19 1TNNIR plotted against fluorescence intensity

(at 743 nm)Samples were excited at 690 nm in phosphate buffer at 25°C

3.2.7 Hybridization and digestion studies of modified DNA

To investigate whether ti¢éNIR modification can distinguish between ssDNA

and dsDNA, we performed hybridization experim@figure 32) DNA used in this

experiment was prepared usingphosphorylateds'-P) template. 5P DNA strand can

be digested by lambda exonuclédsand this allows preparation of singlanded

DNA. We measured fluorescence intensity of ssDRAN19 1TNNIR “then upon its
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hybridization with5-P complementary strand and subsequently after treatment with
lambda exonucleaseThe results revealed that updrybridization of ssDNA
ON19_1TWR with complementary strand the fluorescence intensity decreased
approximately Zold and after subsequent reaction with lambda exonuclease
the fluorescence intensity again increaiéidure 33 A) Moreover, it was possie to
monitor digestion in real time and the kinetics revealed that the reaction performed
at37°Cis finished within 60 minute@igure 33 B) Therefor, the fluorophore could

be useful for sensing DNA hybridizations.

lambda exonuclease

Exonuclease digestion
.

Hybridization

8P complementary 3-
strard

ssMA

Figure 32 lllustration of digestion and hybridization experiment.
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Figure 33A) Hybri di zati on and @& exonucl ease di gec¢
ON19 1TNR (ssDNA), red line shows fluorescence upon annealing with
complementary stran@ssDNA + complementary stranddlack line shows response

after subsequent digestion off5strandssDNA + complementary strand + digestion)

B) Kinetics of digestion in real tim&edline (Digestion)represents digestion reaction

mixture with andpurple line (Control 1) withoutlambda exonuclease, Control 2

(blackline) contains reaction mixture withNA19 1TNNIR without 5-P label. Samples

were excited at 690 nm at 37°C.

3.2.8 Sensing interactions of DNA with small molecules and
biomolecules

At first we examined interaction @NA19_1TNR with spermingFigure 34)
In presence of spermine, the fluorescence of modified DNA decreased -6ald2.2
This change of fluorescence was observed in presence ohimnghntsof spermine

(32 equivalents) anitlis logical as this polyamine is minor groove bindé.
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Figure 34 A) Fluorescence spectra PNA19 _1TNNIR after addition of €256 equiv.
of spermine. B) Fluorescence intensity plotted against concentration of spermine.

Samples were excited at 690 nm in phosphate buffer at 25°C.

Then we studied interaction of DNA with H2A histone protétigure 35)
DNA19 1TWNIR was titrated by # equivalents of histone or BSA. The results revealed
significant 5fold decrease of fluorescence intensity upon titration of DNAibione
with a stoichiometry of interaction 1:2, further titration had negligible influence on
fluorescence intensityExperiment withnonDNA binding protein BSA showed

negligiblechangean fluorescence intensity.
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Figure 35 Fluorescence spectra DPNA19 1TNNIR after A) addition of 04 equiv. of
histoneand B) addition of 8} equiv. of BSA.C) Comparison ofluorescence of
DNA19 1TNIR without protein (red line), with 4 equiv. of histone (black liaa)
with 4 equiv. of BSA (purple line)D) Fluorescence intensity plotted against
concentration ofthe potein (histone or BSA)Samples were excited at 690 nm

in phosphate buffer at 25°C.

Next, we treatedNA19 1TNNIR_histone complex with proteinase K and we
expected that in the presence of enzyme the histone could be hydrolyzed and separated
from DNA, which could lead to recovery of the fluorescenidee results in Figurd6
confirmed our expectations, and we obsertieat the fluorescence restorafter
digestion of the histone by proteinaseTKerefore, this probe could be also useful for
monitoring activity of some enzymaa/hen the complex of DN/istone was treated
with 1 equiv. of 98mer dsDNA, we also observed recovery of the fluorescence
(Figure 36) We assumethat the decrease in fltgscence intensity dhe modified
DNA is due to the crowding out of the fluorophore from its binding site in DNA once

it interacts with histoneThe longer 98ner dsDNA is more anionic than -bSer
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modified DNA and presumably acts as competitor and redemselified DNA from

the complexwith protein

——dsDNA-histone complex

ey
L

——after protein digestion

0.8 1 ——addition of 98-mer dsDNA

0.6 A

04 A

02 M

700 750 800 850

Fluorescence intensity

(=]

Wavelength (nm)

Figure 36 Fluorescence spectra of complex BINA19 1TNNIR with histone
(black line) and after digestion of protein with proteinase K (red line) or after addition
of 98- mer dsDNA (lequiv.; purple line)Samples were excited at 690 nm in phosphate
buffer at 25°C.

The modified DNA wasthen titrated by protamine (mixture of nuclear
proteins§®’. Figure37 A, B shows that with increasing concentration of protamine the
fluorescence of dsDNA was almost completely diminishedf¢&1 decrease)This
effect can be also ascribed to displacement of fluorophore from DNA binding site.
It is known, that protamine has strong affinity to hepg&fiand therefoe we tested
interaction of DNA19_ 1TNR-protamine complex with heparin. Titration of
DNA-protamine complex by heparin revealed that heparin behaved as strong
competitor and we observedagiual increase of fluorescen@égure 37 C, D)From
these results we can conclude that the modified DNA probe can be used for sensing
interactions with other biomolecules and could be potentially useful for sensing other

biologically relevant molecules.
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Figure 37 A) Fluorescence spectra DNA19_1TWNR after addition of €1.75 equiv.

of protamine. B) Fluorescence intensity plotted against concentration of protamine.
C) Fluorescence spectra of complexDifiA19 1TNNIR with protamine after addition

of 0-0.7 equiv. of heparirD) Fluorescence intensity plotted against concentration of

heparin. Samples were excited at 690 nm in phosphate buffer at 25°C.

3.2.9 Real-time monitoring of in vitro DNA synthesis and replication
Encouaged by fluorogenic character of modified triphosphdféNRTP,

we planned to usé for monitoring of DNA synthesis by PEX and also by PCR.

At first, it was essential to find outtifiefree triphosphate also lightgp in presencef

DNA, because thatould create background fluorescencd @mwould be problematic

to interpret the resultdn this experiment, we prepared mixture of natural dsDNA

DNA19 1T with nucleotide or alkyne in 1:1 ratio and we measured fluorescence.

The results revealed that the intensitd®N'RTP increased Zold and in the case of

alkyne 43 the increase was Z8ld (Figure 38) We assume, that igiminor (2fold)
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fluorescence increase dT"N'RTP is due to the low affinity tthe DNA, which stems
from repulsion between negatively charged DNA backbone and triphosphate moiety of

dTNNRTP,

A) B) Ik
——alkyne
——nucleotide - !

> 1 = ——alkyne:dsDNA 1:1

G ——nucleotide:dsDNA 1:1 2 0.8

c o 08 A

g 0.8 4 ‘é‘
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Figure 38 Fluorescence spa of A) free nucleotid@d TNNRTP and nucleotide in

presence of natural DNA or B) free alky#i@and alkynen presence of natural DNA

Then we testedlTNNRTP for reattime monitoring of primer extension by
single nucleotide. This experiment was performed in fluorimeter holdé0O%t,
the reaction mixture contained templafemp&=X, primer Primf®* dTNNRTP,
corresponding reaction buffer and KOD XL DNA polymerase. After addition of
polymerasethe fluorescence spectra were recorded in timtervals. The results
showed that fluorescence was increased with time when the polymerase was present
and after 2 mintes the intensity was constant, indicating that the reaction was finished
(Figure 39 B).Control experiments without enzyme and control experiment without
template show no difference in fluorescence with time. This result clearly indicates that
observed inrease of fluorescence (1Zdd) is due to the successful incorporation of

modified nucleotide which resslin light-up effect
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Figure 39A) Fluorescence spectra of SNI reaction at 0 and 25 mirBitéisiorescence
intensity(at 745 nm) plotted against time. Red line represents experiment (SNI) with
and purple line (Control 1) without KOD XL DNA polymerase, Control 2 (black line)
contains reaction mixture without template. Samples were excited at 690 nm at 60°C

Motivated bysuccess of this SNI experiment, we decided to explore application
of dTNNRTP in reattime PCR. Particularly, we opted for detection of SAR®/-2
virus,'®® the coronavirus responsible for COVI® pandemic. RARP gene
(encodeskRNA-dependent RNA polymeraseps chosensasequence of interesiirst,

RdRP DNA standard was prepared from the viral RNA. This RNA was reversely
transcribed to DNA, then the RNA was hydrolyzsdRNase Hand complementary

DNA (cDNA) was obtainedi this cDNA was provided by virology department

of IOCB. Subsequently the cDNA was used as template in PCR and in presence of
specific primers only desired RdRP region was amplified, product was purified
by nucleospin columnand analyzed on gdPreparation of DNA standard is shown in

Figure 40 A. Agavse gel of purified PCR product is shown in Figure 40 B.
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Figure 40 A) Preparation of RARP DNA standar8) Agarose gel electrophoresis
analysis of purified PCR product (TeB%5) after amplification of RARP gene region
of cDNA. L: DNA ladder. Purified product (+): all natural dNTPs are present.

DNA standard was then prepared in-fb@ serial dilutions %.71 x 106 to
5.71 x 10 DNA copigsand was used as template for +iq@e PCRusing modified
nucleotide The reaction mixtureontained DNA standd (Temp3°R), reverse and
forward primers (Prim5°°R and Prim6c%), KOD XL DNA polymerase and
corresponding buffer, natural dATP, dGTP, dCTP and dTadPNRTP 95:5.
Figure41 A, B shows observed amplification and standard cufbe efficiency of

PCR was calculated to be 60.5% and was able to detect minimum of around 5710 DNA
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copies.Then, melting curve analysis was perforneadl revealed a single peak for

product (Figure 41 C, D) The PCR products were also analysed by agardse ge

electrophoresisHigure 41 E, k.

A) DNA copies
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Figure 41 A) Amplification curve of rtPCRwith dTNNRTP using 106fold serial
dilutions (5.71 x 10 to 5.71 x 10 DNA copiesdf xyz template. BStandard curve
(5.71 x 10 to 5.71 x 18 DNA copies), C) melting curves,D) melting peaks.

E), F) Agarose gel electrophoresis analysis after rtPCR amplification of 3%Mp
(5.71 x 1Gto 5.71 x 10 DNA copies) with KOD XL polymeragerim5°°R PrimgPR
dGTP, dCTP, dATRand a mixture of dTTP andTNN'RTP (95:5). L: DNA ladder.
Lanes 17: Reaction with 5.71 x Go 5.71 x 10 DNA copies. NTC = no template

control.E) Gel scanned using laser for GelREjgel scanned using 635 nm laser.

Next, weattemptedonestep reverse transcription (RT) rd¢mhe PR using

dTNNRTP and isolated viral RNA from a real sample. This experiment also showed
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successful amplification and we detected fluorescence signal with Ct value 22.7
(Figure 42 A. Produt was also analysby agarose gel (Figure 42 B, D). Melting curve
analysis is shown in Figure 42 D, These results revealed trENN'RTP could be

alsouseful forvisualization of DNAsynthesis
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Figure 42 A) RT realtime PCR using dTNNRTP and viral RNA

B), C) Agarose gel electrophoresisadysis of products after reverse transcription

rtPCR. L: DNA ladder. Reaction was performed in presence (+) and absgmte (

RNA. B) Gel scanned using laser for GelR€, gel scanned using 635 nm laser

D) Melting curves, E) melting peakBed lines represent experimenwith and gray

lines without RNA.
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3.2.10 Transport of dT NNIRTP into cells using SNTT

As a final task, we wanted to transpdmNN'RTP into cells using synthetic
nuclesside triphosphate transport€experiments were performed by Dr. Teng
Kraus) The experiment was performed using human bone osteosarcoma cells
(U-2 0OS), which were treated with a mixture dT"NRTP and SNTT (1:1).
Unfortunatelly, in this expenment wedid not observe incorporation into genomic
DNA, most probably due to thegh cytotoxicity(shrunk nuclevisible in bright field
and low substrate activity of modified nucleoti@egure 43)

A) 8)

Figure 43 A) Fluorescence microscopy and B) bright field images
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3.3 Attachment of benzylidene -tetrahydroxanthylium
fluorophore to 2 '-deoxycytidine triphosphate via triethylene
glycol linker. Synthesis, photophysical properties, enzymatic
incorporation into DNA and applications

3.3.1 Introduction

As it was mentioned in chapter 3.2.10, the rffiedinucleotided TNN'RTP was
not suitable for cell experiments probably due to the low substrate activitgacitly.
To address these issues, we decided to tBlINER modification tothenucleotide via
longer and hydrophilic triethylene glycol linkée expected that these oflinker
would increase recognition of the nucleotide YA polymerases and at the same

time lower the propensity to bind hydrophobic organe(fesssible source of toxicity)

We designed new azidepropargyloxytriethylene glycd modified
deoxycytidine triphosphate and using CUAAC we attaddBidR modification. The
modified nucleotide wasthen tested forenzymatic incorpor&in into DNA.

Light-up effect and celbased experiments were also studied

3.3.2 Synthesis

Azido-propargyloxytriethylene glycol conjugated dCTP was prepdrgdhe
Sonogashira crossoupling reaction of fodo-2'-deoxycytidine ¢(C') with the
corresponding triethylene glycol alkydé, followed by substitution with Nahl and
phosphorylation.Alkyne 43 was then attachetb the nucleotideusing CuAAC
(Schemel9).

First, following the literature, tosydropargyloxytriethylene glycol46 was
prepared by alkylatior® of triethylene glycol4 with propargyl bromide followed by
tosylatiort’%,
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= TsCl, 0°C
0 Br o : %V
HO/<\:4 95/\0H — ///\Oﬁ 92/\0H ?%> "0 O%/\OTS
KOtBu, THF, Ar 46
71%

Schemel8 Synthesis of togd-propargyloxytriethylene glycol6.

Sonogashira crossoupling of dC' with alkyne 46 in the presence of
PdCk(PPh); and Cul in DMF andDIPEA affordednucleosided CPe9°Tsin 89% yield
Substitution of tosylaten dCPe9°Ts by sodium azide provided azido modified
nucleside dCPe9N3 which was subsequently converted into triphosplai&ieeoN3TP
with 22% yield CuAAC of dCPeINSTP with alkyne 43 afforded nucleotide
dCPedNNIRTP i 319% yield.
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Scheme 19 Synthesis of azidpropargyloxytriethylene glycol conjugated dCTP
(dCPeaN3TP) and labdied nucleotidelCPeINNIRTP,

3.3.3 Enzymatic synthesis of modified DNA, photophysical properties
of DNA, cell experiments

Modified nucleotile dCPe9NNRTP wastestedas substrate for KOD XL DNA
polymerasein primer extension(Scheme 44 A)and polymerase chain reaction
experiments PEX was tested using.9-mer template (Tempf®9) encoding for
incorporation of one modificatiolPAGE analysis showed thie PEX product was
formed and the mobility of modified DNA was faster than the natural DNA

(Figure 4 B). Incorporation oftlCPeINNIRTP jnto DNA was slow and it was necessary
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to perform reaction at 8C for 60 min. Product wasconfirmed by MALDI-TOF
analysis(Table6). Absorption and fluorescence speatfamodified DNA were then
compared with modified nucleotide. The modified DNDNA19_1CPeNIR exerted
red-shifted absorption to 690 nm (35 nm shift) in regard to nucleol@R&NNRTP
(Figure & A). The emission maximum remained the sd@ nm)and the intensity

of fluorescence was #®ld higherthan in case oflCPe9NNRTP (Figure 4 B).

A) B) Excited at 473 nm (FAM)  or 635 nm (pegNNIR)
5' 5'
3
o L)
OH e .
N [
DNA polymerase 3 5' .
P + - * *

Figure 44 A) Scheme representing PEX with modified nucleotaayel visualization
B) PAGE analysis of PEX usimdCPeNRTP, KOD XL DNA polymerasePrimer (P),
positive control €; PEX with all natural dNTPs), negative cont(glPEX in absence
of dCTP). PEX withdCPeNRTP (*).

Table 6 Oligonucleotide prepared in this study

Oligonucleotide | Se q u e n ¢ e Cx(madiffEFdnigleotide. Moeaiculated| Miound
(Da) (Da)
ON19_ICPeNNIR | 5. CATGGGCGGCATGGE*GGG3’ 6573.2 | 6574.6
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Figure 45 A) UV-vis absorption spectraaio d i f i e dbs= B9 Am) Comnpared
to dCPeINNRTP ( g= 655nm). B) Fluorescence spectra of modified dSDNA compared
to dCPeSNNIRTP (- 2= 690 nm).

PCR was tested using different ratio of modified nucleadi@eNNRTP and
natural dCTP (in presencéthe natural dTTP, dATP and dGTP). Good amplification
was observed when-&0% of dCPeNNRTP was used(Figure 4). At 60% of
dCredNNIRTP the PCR was inefficient and shorter product was observed. In comparison
with dTNNIRTP (PCR worked with max. 10%), the PCR wiEPeINNRTP was more
efficient. Fluorescence lighip effect was also tested ireattime PCR using
dCPeNNIRTP  Figure 4 shows that indeed the nucleotide enhances its fluorescence

during anplification and graduahcrease of fluorescence was observed

A) B)

- -

L ct C CIUU C&U CbU CI‘IU CZU CIU CIJ L ctC CIUU CSU CbU C".U CZU CIU CS

Figure 46 Agarose gel electrophoresis analysis of PCR amplification of 98bp template
(Tempf©R) with KOD XL polymerase anddCPeNRTP. DNA ladder (L),

positive control (C, PCR with alnatural dNTPs), negative control (ECR in absence
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of dCTP), PCR with mixture of modified nucleotide with natural dCTE%C>,
content of modified nucleotide decreases from 100% to B%{sel scanned using

laser for GelRedB) gel scanned using 635 Haser

350 -

——PCR with modified
g 300 4 nucleotide
Vi
§ 250{ —NTC
3
£
o 200 -
(&)
c
g 150 A
vy
5 100 A
=
w 50 A
0 i — = - /
= _
I 5 10 15 20 25 30 35 40
-50 - Cycle

Figure 47 Amplification curve of reatime PCR with dCPeINNRTP ysing template
Temp3 Rwith KOD XL polymerasePrim6"°R Primg"“R dGTP, dCTPJATP and
a mixture of €TP anddCPeINNIRTP (95:5). NTC = no templateontrol.
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3.3.4 Cell experiments

Transport of modified nucleotide into cells was performed by treatment of cells
with a mixture ofdCPe9NNIRTP and SNTT (1:1 experiments were performed by
Dr. Tom8 g K).r llacarporation into DNA was not detected and fluorescence signal
was localizedmostly outside of nucleus (Figure 48 A, B, C). Apparent toxicity was

visible after 8 days (shrunk nuclei; Figure 48 D).

A) B) c) D)

Figure 48 Fluorescence micraspy (top row), bright field (bottom row) images.
Time after treatment: A) 2 hours, B) 24 hours, C) 48 hours, D) 8 days.
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3.4 2'-Deoxycytidine and its triphosphate modified by thiazole
orange fluorophore. Synthesis, photophysical properties,
enzymatic i ncorporation into DNA and applications

3.4.1 Introduction

Our previous nucletide dTNNRTP and dCPe9NNIRTP  showed increase
of fluorescence upon incorporation to DNA and allowed visualization of DNA
synthesisn vitro (chapter 3.2 and chapter 3.3 respectivetigwever, the nucleotice
werenot suitable for cell experiments atierefoe we were not able to monitor DNA
synthesis in live cells. In order to pursue this goal we opted to use different fluorescent

dye with similar lightup properties.

Thiazole orangdTO; Figure ® A) belongs to the group of asymmetrical
cyaninedyes TO consists of benzothiazole and quinoline aromatic rings conjugated
via methine bridgeFree dyeexhibits negligible fluorescence due to the intramolecular
rotation around methine bondowever, blocking this motion by increased viscosity
leads to dramatic increase of fluorescence interigibyeover, TOcan stack between
DNA base pairs or inside grooves of DNA which also leads to enhanced fluorescence
and fluorescence lifetim&¥ 13! |t was also described that TO is well tolerated by cells

and stains both cytoplasm and nucl&ds.

Encouraged byhe properties of TO, weynthesized dC and dCTP modified
with TO tethered via triethylene glycol link@figure 4 B). Photophysical properties
of new compounds were studied. Thiazole orange modifieteotidewastested for
enzymatic incorporain into DNA. Modified nucleotide was transported into live cells

andits incorporation into genomic DNA wabkenstudiedby fluorescence microscopy.
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Figure 49 Structure of A) thiazole orangad B) our modification.

3.4.2 Synthesis

Thiazole orange modified nucleosided nucleotide were prepared by CUAAC
of azidopropargyloxytriethylene glycolmodifieddC or dCTP with thiazole orange
alkyne51 (Scheme?l).

Alkyne 51 was prepared according to the literatt/et’* Quinoline 47 was
alkylated by propargyl bromide anditzothiazol@9was methylated by iodomethane
Reaction of compound8 and 50 in ethand in presence of triethylamine led to

formation of thiazole orange alky’®4.

rt. 2 days Br 48
40% K

EtOH, Et;N
.
60°C to r.t.
s S 44%,
Mel, MeCN /
(Lo (L )s
N 50°C 20h N\+ I
49 22% 50

Scheme20 Synthesis of thiazole orange alkysie
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CUAAC of dCredN3or dCPeIN3TP with alkyne51 afforded nucleosiddCT™ or
nucleotidedCT™°TP in the yields o#3%and15%respectively.

NH, _ O{Vo?{\NS

~
A/ S
(@) N + / \
RO R = H, dCPegN? N+
0 R = P30gH, dCPesN3TP ! \
51 N

OH

Cu(MeCN),PF, Vi
DMSO:H,0, 3:1
Ar, r.t.

NH (0]
. |2 = 0/6\/ t/\N’l\l:}"’\N
O)\N \\

RO R = H, dCTO (43%) N\
o R = P40g*, dCTOTP (15%) Ni=
s
OH @

Scheme21 Synthesis of thiazole orange modified nucleosi@®® and nucleotide
dCTOoTP.

3.4.3 Photophysical properties

Absorption and emission spectra of modified nucleodidE were measured
in various solvents in order to evaluate effect of the polarity and viscosity on
photophysical properties of thiazole orange modified nucle¢$mlade 7) The spectra
revealed mild solvatochromic effect with absorption maxima at 18 nm.
As expected,hte modified nucleoside was neftuorescent in low viscosity solvents
(H20, MeOH, dioxang and the fluorescence was observed only in glycerol
(quartum vyield of 4.6%. Sensitivity ofdC™® to the viscosity was also demonstrated
by measuring solution of the nucleoside in glycerol at different temperatures
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(Figure 3, Table §. When the viscosity increases, the rotation of the fluorophore is

inhibited and gradual increase of fluoresa@goantum yield is observed (Figure 52).

—H20
— MeOH
——Glycerol

——Dioxane

Normalized absorbance

450 475 500 525 550

Wavelength (nm)

Figure 50 Normalized absorption spectradi®® in different solvents.

Table 7 Photophysical properties of modified nucleoside and nucleotide

Compound Solvent o (nm) B (MTcm?) den’ (NM) a9 (%)
dcTo H20 509 19109 n.d. n.d.
MeOH 507 24690 n.d. n.d.
Glycerol 513 20340 535 4.6
Dioxane 506 23388 n.d. n.d.

2 Position of the absorption maximufMolar extinction coefficients Position of the
emission maximum¢ Fluorescence quantum yield measured using fluorescein in
0.1 M NaOH (A = 0. %2 =adtdeterinided.) as standar d
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Figure 51 Fluorescence spectra afC™ in glycerol at different tengrature

(viscosity).
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Quantum vyield (%)
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Figure 52 Fluorescence quantum vyield aiC™ in glycerol plotted against the

viscosity.
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Table 8 Fluorescence quantum yields @€' in glycerol at different temperature

(viscosity)

Temperature®C)  Viscosity (cP) a (%)
10 3900 14.4
20 1410 6.5
25 945 4.6
30 612 2.9
40 284 1.3
50 142 0.5

3.4.4 Enzymatic synthesis of modified DNA

In vitro incorporation oflCT°TP was tested by primer extensifigure 53 A)
and polymerase chain reaction. PEX was performed wiimd9template encoding
for incorporation of single modification with adjaceAT pairs (Temp7t*-2P) or
GC (TempT®XP). Products were analysed by PAGRterestingly the mobility of
modified DNA containing GC pairON19 GC _IC™) was faster than the
corresponding natural DNA or DNA containing AT pai(®ON19 AT _1CT°,
Figure B C, B). In case of DNA with adjacent AT pairs it was necessary to incubate
thereaction mixture for 45 min at 8G, at longer reaction time we observed formation
of shorter product due to the exonuclease activity of polymerase. On the other hand,
incorporation into DNA with adjacent GC pairs was perfor@ie&D°C for 60 min and
no storter product was observerimer used was Cyfabelled instead of FAM due
to the interference of TO fluorescence with FAWMbdified singlestranded DNA was
prepared by PEX with “phosphorylatedtemplates followed bye- exonuclease
digestion of the phospinylated strandAll the PEX products were confirmed by
MALDI -TOF analysis(Table 9). PCR was studied using different proportions
of modified nucleotidel CT°TP and natural nucleotide dCTP (:0@6). PCR amplicon
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was observed when maximum 10%d&©TP was used in combination with 90%
of dCTP(Figure 38 D). PCR was not very efficient, at 20% @€ TP small amount

of desired product and substantial amount of shorter product were observednigdicat
inhibition of the PCRNeverthelessit was possibléo monitor the amplification in
reattime during the PCR due to the ligipp effect of thiazole orangmodification
(Figure ).

A) B)
Excited at 635 nm (Cy5)
5! 5!
-
3I
@]
A OH
dc™Tp ' -
—_—
3 5' DNA polymerase 3 5' P + 5 *
Excited at 473 nm (TO)
-
C)
D) P + *
» -
= =
P + - * L ct C CIOO C&D cGO cﬂﬂ C)O ch CS

Figure 53 A) Scheme representing PEX with modified nucleotaayel visualization
PAGE analysis of PEX usingC"™®TP, KOD XL DNA polymeraseB) Temp7t*-2P
or C) Templ®XP, Primer (P), positive control (+; PEX with all natural dNTPs),
negative control-{ PEX in absence of dCTP). PEX with TP (*). D) Agarose gel
electrophoresis anais of PCR amplification of 98bp template with KOD XL

97



polymerase usingC™TP. DNA ladder (L), primer (P), positive control {CPCR
with all natural dNTPSs), negative control (®CR in absence of dCTP), PCR with
mixture of modified nucleotide witmatural dCTP (&°C° content of modified

nucleotide decreases from 100% to 5%).

Table 9 Table of oligonucleotides prepared in this study

Oligonucleotide | Se g u e n ¢ e C:(madifjEdndleotide. Mecatculated| Mfound
(Da) (Da)

ON19 GC 1C™ | 5"-CATGGGCGGCATGGE*GGG3’ 6492.6 | 6493.7

ON19 AT _1C™ | 5-CATGGGCGGCARAAC*AAA-3 6396.6 | 6397.9

—— positive
110 A
——negative

w
[=]
1

100% modified

80% modified
—— 60% modified
——40% modified
—— 20% modified
——10% modified

{4 A ——5% modified

30 40

70 A

50 A

30 4

Fluorescence intensity

10 A

-10 9

Figure 54 Realtime PCR using different proportions of modified nucleotd@2°TP
and natural nucleotide dCTP (:000).

3.4.5 Properties of modified DNA

Photophysical properties of modified dsDNA and ssDNA were studied and the
results are summarized in Tall®. Figure 55 shows absorption and fluorescence
spectra of modified dsDNA.Modified dsDNA with adjacent GC pairs
DNA19 GC_1C© showed quantum vyield of 12% and the corresponding ssDNA

ON19 GC_1C™ showed higher quantum yield (18%BNA19 AT_1CT° containing
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adjacenfAT pairs showed quantum yield of 88 dssDNAON19 AT _1C'™© showed

lower quantum vyield (5%). Comparison of gtiam yield is shown in Figuré6.

As it was expected and desired, the nucleoti@é°TP is nonfluorescent in PBS

buffer butbeginsto emit at 534 nm once it gets incorporated into DNA due to the

interactions with DNA that most likely inhibit rotation tife fluorophoreMoreover,

mean fluorescence lifetime diCTOTP is very short (0.1 ns) and increagesl.1 ns
(in case ofDNA19 GC_1CP©) or to 0.7 ns (in case dNA19 AT _1C™) upon
incorporation into DNA(lifetime measurements in this chapter were performed by

Dr.Tom8 g Kr aus)

2

—— DNA_GC_1C™®

08 A

0.6 -

0.4 A

0.2 4

Absorbance/Fluorescence

400 500 600 700
Wavelength (nm)

o

Absorbance/Fluorescence

0.8 -

0.6 A

0.4 A

0.2 A

—— DNA_AT_1C™

400

500 600 700

Wavelength (nm)

Figure 55 Absorption (dashed lines) and fluorescence (solid lines) spectra of

A) DNA19 GC_1CT© and B)DNA19 AT _1CT°,

Table 10 Photophysical properties of modified ssDNA and dsDNA

DNA Bmbs® aen? (NM) 0 ° (%)

(nm)
DNA_GC_1C™© 515 534 0.12
DNA_AT_1CTO 513 534 0.08
ON_GC_1c© 517 534 0.18
ON_AT_1CT© 516 534 0.05

2 position of the absorption maximurfi. Position of the emission maximum.

‘Fl uorescence quantum yield measured us

25°C) as standard
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0.14 4
0.12 4
0.1 1
0.08 4
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0.02 4
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GC dsDNA AT dsDNA GC ssDNA AT ssDNA

Quantum yield

Figure 56 Fluorescence quantum yields of thiazole orange modified dsDNA and
SssDNA

Modified dsDNA products were further characterized by measuring UV
melting temperature¢Figure ). Melting curve analysis revealed that in case of
DNA19 GC_1C™© the melting temperature (82() did not differ from natural DNA.

On the other hand, we observed eased melting temperatureDNA19 AT 1C™©
(73.5°C) in comparison with natural DNA (696). Thevariability in quantum yields
fluorescence lifetimand melting points suggeghat thiazole orange could be useful
for sensing various DNA structures of different composition.
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Figure 57 UV melting curves of ADNA19 GC 1C™© and C)DNA19 AT 1C™
with DNA. derieativ
B) DNA19 GC_1C™© and D) DNA19 AT 1C™ compared with corresponding
natural DNA

compared corresponding  natural Normalized

3.4.6 Transport of dC TOTP into cells using SNTT

U-2 OS cells were treated with a mixture offT°TP and SNTT
(1:1; experiments were performed by Dr. T9anj  K).rTheucslls were visualized
10 minutes after treatmewf cells (Figure 58 A andthe fluorescence signalas
detected both inside and outside of nucleus andstifficult to differentiate between
background signal of nemmcorporated nucleotide or ingmrated nucleotide.
However,2 hours after treatment of cells (Figure 58/&) observed disappearance of
the nonincorporated nucleotideprobablyby the means of cellular flux, and the
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incorporation into DNAwas apparent (indicated byisible nuclear fai). Desired
light-up effect was not observeduel to the excessive background signal of
nonincorporated nucleotidevhich most likely interacts with cellular nucleic acids and
thus emit fluorescent signal. To address this issuemmoyedfluorescencdifetime
imaging(FLIM). Figure 58 C shows FLIM of cell 10 minutes after treatment and shows
differentmean fluorescenddetimes corresponding to nancorporated3.3 ns)and
incorporated nucleotidél.7 ns) Figure 58 D (2 hours after treatmemnfirmsthat

the shortermean fluorescencéfetime (1.7 ns) corresponds to the incorporated
nucleotide At first sight it mightseemthatmean fluorescence lifetime decreases upon
incorporation, howevefree nucleotidelCT°TP can interact with nucleiacids in cells

in any preferred way and that could possibly lead to increased lifetime. On the other
hand, once the nucleotide is incorporated, it is forced to be at certain position which
might causeless favorable interaction with DNA. Consequently, timerease of

lifetime is lower as compared to namcorporatectiCT™OTP.

Figure 58 Comparison of intensity (A, B) vs. fluorescedifetime (C, D) imaging of
live cells; 10 min (A, C) and 120 min (B, D) after treatment withCI°TP/SNTT
complex. DNA foci represented in blue. Bottom: fluorescdiieéme scale in ns.
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Figure 59 shows FLIM of cells treatedth a mixture ofdT™°TP and SNTT

(1:1) at different time intervals. In the beginning of the experiment, mostly green signal
was detected (Figure 59 A). Eventually, new blue signal (indicating shorter lifetime)
appeared and the green signal (longer lifetime) gradually disappeared (Figu#e) 59 A
This result clearly shows that indeed we can use thiazole orange modified nucleotide
for reattime imaging of DNA synthesis in live cells. Interestingly, we observed one
cell that actually showed increase of intensity with time (Figure 59; cell highlighted
with red circle). However, this phenomenon was probably caused by the cell being
weakly permeable and at the same time in eafhh&se and thus can not be neccessary

acredited to lightp effect ofdTTOTP.
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Figure 59 FLIM of live cells after treatment with adlCTOTP/SNTT complex
Minutes after treatmenf) 18,B) 26, C) 34, D) 42, E) 54, F) 90.
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Moreover, we also observed different lifetime in nucleus of live cell that is
synthesising DNA and in the nucleus of dead cell (Figure I603ase of dead cell,
we can see signal outside of nucleus, which might beadilnee degradation of nuclear

DNA by endonucleases in apoptopic c¢étl.

Figure 60 FLIM comparison of live vs dead cell nucleus.

To the best of our knowledge, nucleotithat changes fluorescence lifetime
upon incorporation into genomic DNA in live cells has neearreported. Nucleotide
dCTOTP can be potentially used for investigation of DNA in healthy and cancer cells,
or cells infected by virusMoreover, it would be interesting to monitor processes such
as reactivation of quiescent cells,DNA repait’®'’” or pathogen entry and

replicatiort’®,
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3.5 2'-Deoxycytidines and their triphosphates bearing
dimethoxy -, diphenyl -BODIPY fluorophore. Synthesis,
photophysical properties, enzymatic incorporation into DNA
and applications

3.5.1 Introduction

BODIPY (4,4difluoro-4-bora3a,4adiazas-indacene) dyes were first
synthesized by Treibs and Kreuzer in 1968The spectroscopic properties of
BODIPY dyes can be finelyuned by introducing various modifications to BODIPY
core which led to array oBODIPY derivativesthat arewidely usel as fluorescent
labek.*®% 187 |Introduction of aryl substituents at tmeesoposition of the BODIPY
decreases the quantum yieldthe fluorophore but makes it excellent viscosity sensor
(as explained in chapter 1).588

Previously, Hocek group reported lalreyy of DNA using dNTP bearing
phenytBODIPY (BDP, Figure 61 A)*® linked through flexible linker or bearing
tetramethylated thiopher2ODIPY (TBDP, Figure 61 C)¥2 conjugated with
nucleobase. ThesetationalBODIPY labels are sensitive to viscosity and were used
for monitoring DNA-protein interactions by change of fluorescence lifefifrté?
Moreover, dCTP bearing hexametfBODIPY (mBDP, Figure 61 B),%® which has
hindered rotation, was used as strongly fluorescent nucleotide for staining of DNA even
in live cells!® However, these modified dNTPs have some drawbacks for bialogic
applications. For example, they emit in green region of spectrum and the environment

sensitive dNTPs were bad substrates for eukaryotic polymerases in live cells.

Recently, a small library of new alkosspbstituted NIR BODIPY dyes was
developed?® Particularly inspired by dimethoxy diphenytBODIPY analogue
(Figure 61 D), we designed newlerivatives(Figure 61 E, F), the fluorophore was
attachedo dC anddCTP viashort propargylether and long triethylene glycol linker
using Sonogashira cressupling reactionModified nucleosides and nucleotides were
then used fortthe study of photophysical properties and orporation into DNA.
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Modified DNA was used as fluorescence lifetime probe for Bétein interactions
Transport of modified nucleotides into cells and subsequent incorporation into genomic

DNA was also studied.

Figure 61 Structures of BODIPY dygzreviouslyused for labkding of DNA - A) BDP,
B) mBDP, C) TBDP. D) Structure ofdimethoxy, diphenytBODIPY analogue
E), F) Structures of new BODIPY derivatives for |Hing of DNA.
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3.5.2 Synthesis

Modified nucleoside and nucleotide were preparedoy the Sonogashira
crosscoupling reaction of $odo-2'-deoxycytidine ¢C') or the triphosphatedC' TP)
with alkyne ofthecorresponding fluorophoré&{aor 61b, Scheme 2).

The synthesis oBODIPY fluorophore was done in analogy to the synthesis
of related derivative!*3 Therequired 3-methoxy2-phenypyrrole 57 for thesynthesis
of BODIPY wasprepared according to the literatdfé First, N-tosylimine 53 was
prepared bythe reaction of benzaldehyds? with p-toluenesulfonamide in presence
of TFA. Then, methoxyallen®4 was lithiated in pesence of BuLi and underwent
reaction with Ntosylimine53, affording adducb6 in 82%yield. The synthesis of the
pyrrole 57 was finished bycyclization of allenylaminé6 in dry DMSO in presence

of potassiuntert-butoxide.

A)
CH20|2, TFA N/TS

molecular sieves |
+ Ts-NH, 60°C ©)\H
—_—
CHO 52 quant. 53

B) OCH,

. 53, THF,
OCH, nBuli OCH;  7g8°c

—_—
HN
54

-78°C, THF 55 Li 82% \
56 IS

KOtBu

DMSO
OCHs ,///;;;1h

0,
| N\ Bh 82%
N
H 57

Scheme22 Synthesis of methoxy pyrrok.
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Dipyrrin 59 was then prepared bgnepot twostep synthesisonsisting
of condensatiomeaction of benzaldehyds8 with pyrrole57 in presere of TFAand
subsequent oxidation phloranil. Solution ofdipyrrin 59 in dry toluene wagreated
with triethylamine and then withoron trifluoride diethyl etherate, providiBODIPY
60 in 70% yield. Conversion of BODIPY0 into alkyne6la or akyne 61b was
achieved by alkykbon of 60 using propargyl bromide otosylpropargyloxy
triethylene glycold6 in acetonitrile in presence ofoBOs. Finally, he Sonogashira
crosscoupling of dC' or dC'TP with alkyne 61la or 61b in the presence
of PdCh(PPh)2 and Cul in DMF and BN provided nuctosides62a, 62b and
nucleotides3a, 63b in yields of 84%, 77%, 28% and 28% respectively.
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1h atr.t.
[ Ph + _—
H 2. Chloranil,
CHO 1hatrt.
57 58 66%

1. dry toluene,
Et3N, 70°C, 30 min
‘ ‘ 2. BF3.Et,0, reflux
70%

Br/OTs 46

K,CO3. MeCN,
60C, 2h/70°C, 14h

NN
PR ¢  Ph
o o dC'TP, Pd(PPh3),Cl,, 60
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60°C, 1h

dC', Pd(PPh3),Cl,,
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70°C, 2h/60°C, 1h Z4

> o o o
HO-P-0-P-0-P-0—
O 0 O
OH
NHa ®\ MOB:
P dCMOBTP (63a, 28%) or
;\l\/ ‘ OCHjz dCPeaMOBTP (63b, 28%)
07N
HO
0
OH H3CO ~_O L~ /\/LH"—
dCMOB (623, 849%) or = ®\‘ /a\f ///b\o o
dCPeaMOB (521 779 *°

Scheme23 Synthesis ol CMOBTP anddCPeaMOBTP,

3.5.3 Photophysical properties

Table 11 summarizdmasicphotophysical properties of new compounds, Figure

62 shows corresponding absorption and fluorescence spectrabsorption
of nucleosideslCM©B anddCPeMOB in MeOH shovs band with maximum at 625 nm

and the corresponding nucleotidessCM°BTP and dCPeMOBTP show slightly

blue-shifted absorption (616 nm and 617 nm respectivepBS buffer dCM°B and
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dCMOBTP show emission at 67872 nm, dCPeMOB gnd dCPeMOBTP possessing
triethylene glycol linkage show slightly reshifted emission at 676878 nm.
Fluorescace quantum yields of nucleosid#sMOB anddCPeMOB jn MeOH were 18%
and 19%. The quantum vyield of corresponding triphospha@%¥°®TP and
dCPeMOBTP in PBS buffer was approximately 2 times lower (8% and 10%
respectively) probably due to the formation l&fss fluorescent aggregates in aqueous
buffer.

chCIE

dCpeamos

—_dcvosTp
dcpegMCBTP

Normalized
absorbance/fluorescence
N

550 650 750
Wavelength (nm)

Figure 62 Normalized absorption (dashed lines) and fluorescence spectra (solid lines)

of modified nucleosides and nucleotides.

Table 11 Photophysicapropertiesof studied nucleosides and nucleotides

Compound Solvent Bnbe® ¥} dent P& ae
(nm) (M1cm?) (nm) (nm)
dcMos MeOH 625 23425 672 47 0.18
dCpegvos MeOH 625 21316 677 52 0.19
dCMOBTP PBS 616 19142 671 55 0.08
dCPeMOBTP PBS 617 22263 678 61 0.10

2 Position of the absorption maximurh.Molar extinction coefficients® Position of the emission
maximum.? Stokes shift® Fluorescence quantum yield measured usingsyl violet perchlorate in
Me OH ( Ad4) as stdhdafd.
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The fluorescencdifetime response of both nucleosides to viscosity was
evaluated by measuring mean fluorescent lifetime in the mixtures of methanol/glycerol
at different ratios at 25°GTable 12) Mean U of dCMO8 increased from 1.6 ns
(at 0.6 cps) to 4.2 ns (at 793.6s¢@nd from 1.7 ns (at 0.6 cps) to 4.6 ns (at 793.0 cps)
for dCPedMOB  Figure63 showsmeanUplotted against viscosity, fluorescence lifetime
decay curves are shown in Figu4 The increase of fluorescence lifetime is due to
the inhibited rotation betvem phenyl ring and boron dipyrromethene system at higher
viscosity, and shows potential of these modifications for sensing local visaosity
vicinity of DNA. Comparison of new nucleosides wiiscosity sensitivebodipy
derivatives $tructures shown in §ure 61) developed in Hocek lalis shown in

Figure65.

@ dcmos
[ dcpegMOB

Mean t (ns)
=

0 200 400 600 800

Viscosity (cP)

Figure 63 Mean fluorescence lifetime of nucleosidks'B anddCPedMOB at different

Viscosity
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Figure 64 Fluorescence decays of nucleosids"°® and dCPeMOB at different

viscosity.Black curves represent instrument response function.
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Figure 65 Comparison of fluorescence lifetime response of deoxycytidine bearing
either BDP, TBDPMOB or pedMOB at low viscosity (0.6L.2 cP) or high viscosity

(793800 cP).
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Table 12 Mean fluorescence lifetime of nucleosidsMCB anddCPreMOB gt different

viscosity.
Nucleoside Glycerol/Methanol Mean U(ns) —(cP)
%molar ratio
dcMos 90 1.64 0.6
80 1.82 1.8
70 2.04 5.2
60 2.31 13.2
50 3.01 66.0
40 3.50 133.2
30 3.81 253.5
20 4.15 458.6
10 4.24 793.0
dCpegvoB 90 1.70 0.6
80 1.83 1.8
70 2.04 5.2
60 2.23 13.2
50 3.02 66.0
40 3.83 133.2
30 4.36 253.5
20 4.45 458.6
10 4.60 793.0

3.5.4 Enzymatic synthesis of modified DNA

The enzymatic incorporation afCPeMOB and dCPeMOBTP was examined
in primer extensiolfFigure 66 A)and polymerase chain reactiexperiments. At first,
we tested incorporation of sindglaorescent modification into DNA by PEX with short
19-mer templatgTemplP®) encoding for incorporation of one modificatiaising
different enzymes. KOD XL and Vent (ejJoDNA polymerases were found to
incorporate both modified nucleotides. PEX with BST large fragment DNA
polymerase showed low amounts of the extended product. Products were analysed by
PAGE (Figures6) and MALDI-TOF spectromectrTable13). Primer extension using
KOD XL DNA polymerase with 34mer template encoding for incorporation of
4 modifications was also efficient and we observed full length prodeicfsré @ A),
products appeared as smears on gels pitpbas effect of multiple lipophilic
modifications However, we did not observe molecular mass of products
ON31_4CM0B or ON31_4C°eMOB in MALDI-TOF spectra probably due to the
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possible degradation of modification during ionization. To explore the inffuehc
linker on incorporation to DNA we performed kinetic experiments of single nucleotide
extension of primer usinfempt™X, dCTP,dCMOBTP anddCPeMOBTP, The results
show that

the extension of primer withCPeMOBTP is somewhat faster (75% conversioteab

min) than withdCMOBTP (55% conversion after 5 min) and the extension with natural
dCTP is the fastest (95% conversion after 5 min, Fi§dreModified nucleotides were
then compared in PCR amplification using KOD XKINA polymerase and 98er
templae (Tempf©R). In case ofdCMOBTP, the PCR amplicon was obtained when
a max. 40% of modified nucleotide was used in mixture with natural deT40%

of dCMOPBTP the inhibition of PCR was observedn case ofdCPeMOBTP

the amplification was somewhat less efficient and the amplicon was obtained when
a max. 20% of modified nucleotide was used in mixture with natural @@dRt 40%

of dCPe9MOBTP we observed shorter produ¢Egure68 B, C).
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dCMOBTP or
dcregMoBTp

T

DNA polymerase

Excited at 473 nm (FAM)

B)

KOD XL

C) Vent (exo-)

D) BSTLF

Figure 66 A) Scheme representing PEX with modified nucleotide for gel visualization
PAGE analysis of PEX using template TempCMOBTP or dCPeMOBTP and

B) KOD XL polymerase(C) Vent (exe) polymeraseD) BST LF polymerase. Primer
(P), positive control (+, PEX with all natural dNTPs), negative contoPEX in
absence of dCTP), PEX wittCMOBTP (1), PEX withdCPeMOBTP (2),
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Table 13 Table of oligonucleotides prepared in thisdstu

Oligonucleotide | Se q u e n ¢ e C*(madiffEdndgleotide. Mecarculated| Mtound
(Da) (Da)
ON16_1CMoB 5-CATGGGCGGCATGGE*-3 5496.5 | 5496.2
ON16_1CPedMOB | 5-CATGGGCGGCATGGE*-3 5628.9 | 5629.6
ON19_1cMos 5-CATGGGCGGCATGGE*GGGT 6484.1 | 6484.9
ON19 1CPesMOB | 5. CATGGGCGGCATGGE*GGGJ3 6616.5 | 6617.6
A) B) Single nucleotide incorporation

il YRE
34852 S790 95 = 96 O8 OR

DNA polymerase,
dCTP/

-
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- - - dCPegMoBTR
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5 20 4355 79 80 838891 93 13 38 5775818383858788
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P
-
P051 2 510 15 20 40 6090 P 05 12 5 101520406090

Figure 67 PAGE analysis of kinetics of single nucleotide incorporation. A) SNI using
natural dCTP, B) scheme of SNI, C) SNI usidgM°BTP and D) SNI using
dCPeMOBTP C17 conversion, primer (P}ime is given in minutes (0-90).
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Figure 68 A) Page analysis of PEX using KOD XL polymeras#GMOBTP

or dCPeMOBTP and template Temp3. Primer (P), positive control (+, PEX with
all natural dNTPskegative control-( PEX in absence of dCTP), PEX wilkMOBTP

(1), PEX with dCPeMOBTP (2), Agarose gel electrophoresis analysis of PCR
amplification of 98mer template Temp4 with KOD XL polymerase using
B) dCMOBTP or C) usingdCPeMOBTP. DNA ladder(L), primer (P), positive control
(C*, PCR with all natural dNTPs), negative control, fCR in absence of dCTP), PCR
with mixture of modified nucleotide with natural dCTP?{C®, content of modified

nucleotide decreases from 60% to 5%).

The 19mer PEX poducts containing single modification were also tested by
measurement of UWis and fluorescence spectraAbsorption maximum
of DNA19_1CY°B (618 nm) was slightly higher than in case of nuclecd@¥°ETP
(616 nm),emission of modified DNA was lower (667m) than in case of modified
nucleotide (671 nm)DNA19_1C*MOB shows absorption maximumat higher
wavelength (622 nm) than the corresponding nucleati@g*9M°BTP (617 nm),
modified DNA emits atlower wavelength (66%\m) than the modified nucleotide

(678 nm; Figure69). In both cases, the fluorescence is nicely visible by naked eye.
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Figure 69 UV-vis absorption spectra (dashed lines) and fluorescence spectra
(solid lines) of purified modified dsDNA obtained after PEX, BNA19 CMOB

(@= 6 1 8emmG67 nmpand BPNAL19 C°MOB (= 6 2 2 emP 6B NMp:
Inseti photography of modified DNA solution under irradiation with 365 nm UV lamp
(top pictures) or no irradiation (bottom pictures).

3.5.5 Interaction of modified DNA with proteins

DNA19 1CY©°® and DNA19 1CeMOB were tested as fluoresaenlifetime
probes foiin vitro studies oDNA-proteininteractions. In this study recombinant H2A
hi stone was chosen as protein of interest
albumin (BSA) was used as negative conti©brresponding modifiedsDNA was
titrated by histone or BSA and fluorescence decays were rec(rdbte 14) Mean
fluorescence lifetime ddNA19 1CVOB increased from 3.8sto 5.3 ns in presence of
histone(Figure 70 A), whereas in presence of BSA there was only minor effect on
lifetime (from 3.2 ns to 3.62 n&igure71A). In case 0DNA19_1(PeMOB the lifetime
increased from 3.msto 5.6 ns(Figure 70 B), howeverthe experiment with BSA
showed strongemon-specific interactiorfthe lifetime increased from 3.5 ns to 4.4 ns)
than with DNA bearing fluorophore via shorter linkergure71 B). It is possible, that
the fluorophore iDNA19_1C°MOB js more exposed due to the length of the linker
and therefag it might interact even with proteins that have low affinioyDNA.

Nevertheless, lwserved increase of fluorescence lifetime is probably due to the
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restriction of BODIPY rotation upon binding of the protein to DIMAd indicates

potential of this label fosensing interactions

A) B)
1A 19 —IRF
L —— DNA19_1Cpesvios
MOB =
s AL —— DNA19_1CPeMC® 4 histone
—— DNA19_1C“°® + histone 01 4 =
01 @ '
2z 5
5 8
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Figure 70 Fluorescence decays of ANA19 1CYCE® and B) DNA19 1(pedMoB
before and after binding to H2A histone.
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Figure 71 Changes of the mean fluorescence lifetime of DNA19 1CV©® and
B) DNA19_1(¢MOB in the presence of H2A histone (red) or BSA (green).
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Table 14 Mean fluorescence lifetime &NA19 1CY©B andDNA19_1C°9MOB ypon
addition of H2A histone or BSA protein.

Concentration of H2A DNA19 1CVoB DNA19_1(re9vioB
histone (UM) Mean U(ns) Mean U(ns)
0.00 3.22 3.50
0.30 3.56 3.88
0.86 4.38 4.43
1.31 4.65 4,72
2.06 5.02 5.15
2.61 5.16 5.28
3.76 5.33 5.63
Concentration BSA DNA19 1CVoB DNA19 1(pegvoB
(M) Mean U Mean U
0.78 3.32 3.93
1.54 3.56 4.19
2.62 3.64 4.37
3.64 3.62 4.44

3.5.6 Cell experiments

Transport of modified nucleotideinto cells was performed by treatment
of cells with dCMCBTP/SNTT or dCPeIMOBTP/SNTT complex (experiments were
performed by Dr. To® g K.rlracase ofdCMOBTP, theincorporation into DNA
was not detecteglven after 24 hour&igure72 A, B). On the other hand, incorporation
of dCPeIMOBTP into genomic DNA was observedFigure 72 C, D)
However, unusually high power of the laser for the excitation of the flhorepand
long incubation of treated cells (24 hours) were required. Taking into account
the relatively high brightness of the fluorophore, both observed phenomena indicate a

low incorporation density of dCPeIMOBTP nucleotide in genomic DNA.
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The reason Bend low incoporation ofdCPeSMOBTP could be lipophilicity of

the fluorophore which might increase the propensity of the triphosphate to bind
hydrophobic structures outside of nucleus, and therefore decrease the amount of
the nucleotide available for DNgynthesis in nucleus.

A) B)
Q) D)
Figure 72 Fluorescence microscopyireatment of cells withdCMOBTP/SNTT,

A) 2 hours, B) 24 hourafter treatment or witdCPeIMOBTP/SNTT, O 24 hoursafter
treatmentD) detail of few cells
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3.6 2'-Deoxycytid ine triphosphate bearing silicon rhodamine
fluorophore.  Synthesis,  phyotophysical  properties,
enzymatic incorporation into DNA and applications

3.6.1 Introduction

Silicon rhodamine derivatige such aSiR-carboxyl (Figure73B), differ from
classical rhodamines (for exampecarboxytetramethylrhodaminie Figure 73 A)
by replacement of the oxygen atom with silicon moiety of the pyronine skelet. This
substitution of the oxygen with silicon results in a bathochromic shift aixtbigation
and emission wavelengths of the fluorophore. It is knawat rhodamines capable
of forming spirolactones exist in a dynamic equilibrium between aflmonescent
spirolacton and a fluorescent zwitterion formepending on the polarity
of envronment Another feature of siliconn SiR-carboxyl is that it reduces the
electron density of the xanthenand thusincreasesits propensity to form
nonfluorescent spirolactone in solvents of low dielectric constant. This effect of
SiR-carboxyl dyes & very beneficial for celbased imagindecause it can lower
backgroundfluorescencesignal of norspecific interactions of the fluorescent label
with hydrophobic structure®©n top of thatSiR-carboxyl shows high fluorescence
brightness, photostabilitgnd is also compatible with stimulated emission depletion
(STED) microscopy.SiR-carboxyl was previously used for cell supesolution

microscopy of cellular proteins and for imaging of cytoslkelstructures34 %

Inspired by SiR-carboxyl and its properties, we synthesized new dCTP
derivative bearing silicon rhodamine modification. Photophysical propetiasw
nucleotide were tested, as well asatszymatic incorporan into DNA. Modified
nucleotide was transported into live cells #sdncorporation into genomic DNA was

then studied by confocal and supesolution microscopy.
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Aex = 543 nm
Aem = 575 nm

Figure 73 A) Structure of 6ecarboxytetramethylrhodamine, B) structure of

SiR-carboxyl and the fomation of spirolactone.

3.6.2 Synthesis

Silicon rhodamine modified nucleoside triphosphld#@&'RTP was prepared by
strainpromoted azidalkyne cycloaddition reaction of azigwopargyloxytriethylene
glycol modified 2'-deoxycytidine triphosphatéCPeINSTP with bicyclononynéeinked
silicon rhodamine fluorophor8iR-BCN (commercially available)The product was
isolated in 50% yield after purification by reveysiease HPLC.
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}\ ‘ /\Nk\/ 2 /o)

o o 0~ °N S0

O
I Il I : H
HO-P-0-P-0-P-0
o o & o * SiR-BCN
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OH |
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o™
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50% \ k\/o%ﬁm O >
NH2¢ OJ(VOVN \
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N/‘ 2
0 9 9 o
HO—-P-0-P-0-P-0 o
O O O
oH dCSRTP

Scheme24 Synthesis of siton rhodamine modified nucleotidCSRTP.
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3.6.3 Photophysical properties

The modified nucleotidedCSRTP in PBS buffer shows absorption and
emission maximum at 651 nm and 672 nm respecti{Elgure 74). Extinction
coefficient and quantum yield were calculate be 124800 Mcm?! and 54%
respectively. To study the influence of polarity on the spirolactovigerion
equilibrium, the absorption and fluorescence spectrdGRTP were measured in
water/acetonitrile mixtures of different proportiofisgure 5). When the content of
acetonitrile increased, we observed decreafsboth absorbance (at 651 nind
421 nn) and fluorescence intensity (at 672 nm). Also, the absorption at 309 nm
decreased and the increase of absorption was observed at A&@inatingformation
of spirolactone These results indicate that the fluorophore retained its fluorogenic

character even after attachment to the nucleotide.

0.8 4
0.6 -
0.4 A

0.2 A V3

Normalized
absorbance/fluorescence

500 550 600 650 700 750 800
Wavelength (nm)

Figure 74 Absorption (dashed line) and fluorescence (solid line) spectt@ ¥t TP.
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Figure 75A) Absorption and Bfluorescence spectcd dCSIRTP in acetonitriléwater

mixtures of different proportions

3.6.4 Enzymatic synthesis of modified DNA, photophysical properties
of DNA

Silicon rhodamine modified dCTRas tested as substrate for KOD XL DNA
polymerase in primer extensiofFigure 76 A)and polymerase chain reaction
experiments. PEX with Xfher encoding for incorporation adne modification
(Tempf®) proceeded smoothly and the product was analyzed by PAGE
(Figure76 B) and by MALDFTOF spectrometryTablel15). The labdied DNA shows
the sameabsorption and emission maximas the corresponding nucleotid€SRTP
(651 nm and 672 nm respectiveigure 7). The quantum yield of th@odifiedDNA
(48%) is slightly lower than the quantum yield of the triphosph@®*RTP (54%).
PCR was tested using mixtures of different proportionsd@fRTP and dCTP
(100-0%). Agarose gel orFigure 76 C shows that the amplification was successful
when maximum 60% of modifieducleotide was useat 80% or 100% oflCSIRTP

the PCR was inhibited
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Figure 76 A) Scheme representing PEX with modified nucleotide for gel visualization
B) Page analysis of PEX using KOD XL polymerast;SRTP and template
Tem@dPE*. Primer (P), positive control (+, PEX with all natural dNTPs),
negative control-( PEX in absence of dCTP), PEX wditS'RTP (*). C) Agarose gel
electrophoresis analysis of PCR amplification of8& templatd@ emplP“Rwith KOD

XL polymerase usindCSRTP. DNA ladder (L), primer (P), positive control {PCR
with all natural dNTPSs), negative control (®CR in absence of dCTP), PCR with
mixture of modified nucleotide with natural dCTP¥&C, content of modified
nucleotide de@ases froni00% to 10%).
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Table 15 Oligonucleotide prepared in this study

Figure 77 Normalized absorption and fluorescence spectiah419 1CSR,

500 550 600 650 700

Wavelength (nm)

3.6.5 Cell experiments

Transport of modified nucleotideCSRTP into cells was performed by

800

Oligonucleotide | Se g u e n ¢ e C:(nmBdifj¥Fdndgleotide. M caiculated | Miound
(Da) (Da)
ON19 ICSR 5-CATGGGCGGCATGGE*GGG 3 6942.19| 6940.9
@
L=}
[ =
1]
a
- o
g o
= 3
M o=
€9
— ]
)
=
2
e
(1]

treatment of cells with mixture of nucleotide arfsNTT (experiments werperformed

by Dr. Ton8 ¢

time intervals. Figure 78 shows fluorescence microscopy images of the cells

5-55 minutes after treatment, revealing successful incorporation of silicon rhodamine

K rTeamspo)t and incorporation of the nucleotide was monitored in

modified nucleotide into DNA.
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Figure 78 Fluorescence microscopy imageslioke cells after theirtreament with
adCSRTP/SNTT complex Minutes after treatmeng) 5, B) 20, C) 30, D) 55.

Figure 79 Detail of live cell 55 minutes after treatment with @CSRTP/SNTT

complex.

Additionally, the nucleotide was tested for supesolution microscopy
(using STED experiments were performed at BIOCE8upefresolution microscopy

revealed roughly 2:fold improvement in resolution in comparison with confocal
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