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Abstract

This PhD thesis describes the synthesis of modified DNA containing electrochemical
active labels such as anthraquinone, benzofurazane, azide and nitrophenyltriazole with the
application in bioanalysis. The methodology of the construction of base-modified
triphosphates based on Suzuki-Miyaura coupling of halogenated deoxynucleoside
triphosphates with arylboronic acids, Sonogashira coupling of dNTPs with terminal
acetylenes or triphosphorylation of modified nucleosides was developed. Enzymatic
incorporation of functionalized dNTPs into DNA by primer extension experiment and the
electrochemical properties of DNA bearing redox labels were studied by cyclic and square-
wave voltammetry. At first anthraquinone was tested as an electrochemical label. Modified
2’-deoxynucleoside triphosphates bearing anthraquinone attached through an acetylene or
propargylcarbamoyl linker at 5-position of 2’-deoxycytidine 5’-triphosphate and at the 7-
position of 7-deaza-2’-deoxyadenosine-5’-triphosphate were prepared by Sonogashira cross-
coupling. Enzymatic incorporation of the anthraquinone-labeled dNTPs into DNA by primer
extension has been developed. The electrochemical properties of the anthraquinone-labeled
nucleosides, dNTPs and DNA were studied by cyclic voltammetry which shows a reversible
couple of peaks around -0.4 V. The combination of two reducible labels, anthraquinone and
nitrophenyl group, was tested by voltammetry. One unresolved broad peak was observed.
Then benzofurazane as a new redox label has been attached to nucleosides and dNTPs either
directly or through the acetylene linker. The benzofurazane-modified dNTPs were
incorporated into DNA Dby primer extension. The voltammetric properties of the
benzofurazane-modified nucleosides, nucleotides and DNA were studied by using cyclic
voltammetry which produced intense cathodic peaks in the region -0.70 and -0.85 V. By
combination of benzofurazane, nitrophenyl and aminophenyl labels we have successfully
developed a three-potential coding of DNA bases. The combination of benzofurazane and
nitrophenyl reducible labels has proved to be excellent for ratiometric analysis of nucleotide
sequences and is suitable for bioanalytical applications. New redox labeling of DNA by azido
group which can be chemically transformed to nitrophenyltriazole or silenced to
phenyltriazole was developed. This tranformation was utilized in the electrochemical
detection of DNA-protein interactions (p53 protein) since only those azidophenyl groups in
the parts of the DNA which was not shielded by the bound p53 protein were transformed to

nitrophenyltriazoles whereas those covered by the protein were not.



Abstrakt

Disertacni prace popisuje syntézu modifikované DNA nesouci elektrochemické
aktivni znacky (antrachinon, benzofurazan, azidoskupinu a nitrofenyltriazol) pro aplikaci v
bioanalyze. Byla vyvinuta metoda ptipravy modifikovanych trifosfatd, ktera je zalozena na
vodné Suzukiho cross-couplingové reakci halogenovanych deoxynukleosid trifosfati s
arylboronovymi kyselinami, na Sonogashirové cross-couplingové reakci jodovanych
deoxynukleosid trifosfati s termindlnimi alkyny, nebo na fosforylaci jiz modifikovanych
nukleosidi. Enzymatick4 inkorporace funcionalizovanych nukleosid trifosfati do DNA byla
testovana prostiednictvim primer extension experimentu a elektrochemické vlastnosti DNA
nesouci redoxni znacky byly studovany pomoci cyklické a "square wave" voltametrie. Jako
prvni byl jako elektrochemicka znacka testovan antrachinon. Modifikované 2’-
deoxynukleosid trifosfaty nesouci antrachinon pfipojeny pfes acetylenovy nebo pfies
propargylkarbamoylovy linker v pozici 5 2’-deoxycytidin 5’-trifosfatu a v pozici 7 7-deaza-
2’-deoxyadenosin-5’-trifosfatu  byly pfipraveny pomoci Sonogashirova cross-couplingu.
Deoxynukleosid trifosfaity znacené antrachinonem byly inkorporovany do DNA
prostiednictvim primer extension experimentu. Elektrochemické vlastnosti antrachinonem
znac¢enych nukleosidii, nukleotidi a DNA byly studovany pomoci cyklické voltametrie, pti
které byla pozorovana reverzibilni dvojice piki pti -0.4 V. Kombinace dvou redukovatelnych
znacek, antrachinonu a nitrofenylu byla testovdna pomoci voltametrie a poskytla jeden
nerozliSeny Siroky signdl. Benzofurazan jako nova elektrochemickd znacka byl pfipojen k
deoxynukleosidim a deoxynukleosid trifosfatim piimo, nebo pfes acetylenovy linker.
Benzofurazanem znacené nukleotidy byly inkorporovany do DNA prosttednictvim primer
extension experimentu. Elektrochemické vlastnosti nukleosidt, nukleotidi a DNA znacenych
benzofurazanem byly studovany pomoci cyklické voltametrie, kterd zobrazuje intenzivni
katodicky signal v oblasti -0.7 a -0.85 V. Kombinaci benzofurazanu s nitrofenylem a
aminofenylem jsme uspé$né¢ vyvinuli trojpotencidlové kodovani DNA bazi. Kombinace
benzofurazanu s nitrofenylem je vynikajici pro pomérové analyzy nukleotidovych sekvenci a
je vhodna pro bioanalytické aplikace. Redoxni znaceni DNA azido skupinou, ktera mtze byt
chemicky transformovana na nitrofenyltriazol nebo na fenyltriazol bylo vyuzito pro
elektrochemickou detekci interakce DNA-protein (protein p53). Pouze azidofenylové skupiny
v usecich DNA, které nejsou zakryty proteinem p53, byly transformovany na

nitrofenyltriazoly.



List of abbreviations

AQ antraquinone

CuAAC copper catalysed alkyne-azide cycloaddition

Cv cyclic voltammetry

dATP 2’-deoxyadenosine triphosphate

dCTP 2’-deoxycytidine triphosphate

dGTP 2’-deoxyguanosine triphosphate

DMF N,N-dimethylformamide

DMSO dimethylsulfoxid

DNA deoxyribonucleic acid

dNTP 2’-deoxyribonucleoside triphosphate
dppf 1,1’-bis(diphenylphosphino)ferrocene
dsDNA double-stranded DNA

dTTP 2’-deoxythymidine triphosphate

equiv. equivalents

Fc ferrocene

HMDE hanging mercury drop electrode

iPr isopropyl

ON oligonucleotide

PAGE polyacrylamide gel electrophoresis

PEX primer extension experiment

PGE pyrolytic graphite electrode

Ph phenyl

RP-HPLC reverse phase high performance liquid chromatography
SWV square wave voltammetry

TBTA tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine
TEAB triethylammonium bicarbonate

TPPTS tris(3-sulfophenyl)phosphine trisodium salt
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1 Introduction

DNA is important in living cells because it is a carrier of the genetic information.! Base-
modified oligonucleotides are synthesized either chemically by the phosphoramidite method
on solid support? or by enzymatic synthesis of modified 2'-deoxynucleoside triphosphates. In
the 1950’s E. Paledek discovered the electrochemical activity od DNA®. The electrochemical
properties of DNA were studied by square-wave voltammetry at HMDE by Palecek.* For the
study of the reduction of nucleic acids the mercury electrode is preferable whereas solid
electrodes such as carbon electrode are suitable for the oxidation study of nucleic acids.’
Electrochemical detection of redox-labeled DNA® is a less expensive alternative to
fluorescence techniques for DNA sequencing and diagnostics. Our research is focused on
seeking redox labels or their combinations to develop a generally applicable and orthogonal
multicolor coding scheme for electrochemical DNA labeling, which could be applied in
detection of multiple variants of mutations of certain important genes. Redox labeling by
polymerase incorporation of base-modified deoxynucleoside triphosphates bearing a number
of redox labels based on ferrocene,” amino- and nitrobenzene,® Ru- and Os(bpy)s complexes,’
tetrathiafulvalene,'® sulfides,"* hydrazones? have been developed. Although the proof of
concept for multicolor redox coding was succesful, the first-generation labels were not
practical and there is still a need to develop other redox labels in order to provide a set of four
labels which can be readily incorporated into DNA and be independently readable in the

presence of all the other labels.

2 Specific aims of the thesis

1. Synthesis of anthraquinone-modified nuleosides, nucleotides and DNA for
electrochemical detection.

2. Synthesis of benzofurazane-modified nuleosides, nucleotides and DNA and their
electrochemical study with combination of nitrophenyl and aminophenyl labels.

3. Synthesis of azidophenyl-modified nuleosides, nucleotides and DNA and their
transformation to nitrophenyltriazole for electrochemical detection of DNA-protein

interactions.



3 Results and discussion

3.1 Anthraquinone-labeled nucleosides and dNTPs. Synthesis, enzymatic

incorporation and electrochemical detection

3.1.1 Synthesis of anthraquinone-modified nucleosides and dNTPs

3.1.1.1 Synthesis of EAQ-modified nucleosides and dNTPs

The Sonogashira cross-coupling reactions of iodinated nucleosides 1 (dC') and 2 (dA")
with 2-ethynylanthraquinone 3 (EAQ) in DMF in the presence of [Pd(PPhs).Cl;], Cul and
(iPr)2EtN proceeded very smoothly (Scheme 1) to give the corresponding EAQ-nucleoside
conjugates 4 (dC*?) and 5 (dA™*?) in good yields of 79 % (Table 1, entries 1, 2). Attempted
cross-couplings under aqueous conditions of nucleosides 4 (dC*?) and 5 (dAF*?) with 3
(EAQ) did not proceed (Table 1, entries 3, 4).

HO

OH 1 (dC OH 4 (dCFAQ) 8 (dCEAQTP)  OH

2 (dA') 5 (dAFAQ) 9 (dAFAQTP) =
T 3(EAQ) O
m
NH, NHy [
L e o 9 9
- A | L “0-P-0-P-0-P-0
= | | |
O l?l N 'T‘ o o o (o]
N= c A 6 (dC'TP) OH

7 (dA'TP)
Scheme 1. Synthesis of EAQ-modified nucleosides 4 (dCF4?), 5 (dA¥*?) and nucleotides 8 (dCF°TP), 9
(dAFA?TP): i) 3 (EAQ), [Pd(PPh;),Cl,], Cul, (iPr),EtN, DMF, 1h, 75 °C; ii) 1. PO(OMe);, POCls, 0 °C; 2.
(NHBUs3),H,P,05, BusN, DMF, 0 °C; 3. TEAB; iii) 3 (EAQ), [Pd(PPh;),Cl,],Cul, (iPr),EtN, DMF:H,0 (4:1), 1
h, 75 °C.

Attempted cross-couplings of 3 (EAQ) with halogenated triphosphates 6 (dC'TP) and
7 (dA'TP) under the same aqueous conditions did not proceed either (Table 1, entries 5-7).
Therefore | have also tried the cross-coupling of halogenated triphosphates 6 (dC'TP) and 7
(dA'TP) with 2-ethynylanthraquinone 3 (EAQ) in DMF:H,O (4:1) and the reaction
proceeded to give the desired 8 (dCEA°TP) and 9 (dAF*?TP) in moderate yields of ca 30 %
(Table 1, entries 8, 9). Triphosphorylation of modified nucleosides 4 (dCF?) and 5 (dAF Q)

with POCI; in PO(OMe); followed by the addition of (NHBu3),H,P,O7, BusN and treatment
8



with TEAB (Scheme 1) gave the desired 8 (dC¥**TP) and 9 (dAF*°TP) in good yields (65-

68 %)(Table 1, entries 10, 11) after isolation by RP-HPLC.
Table 1. Synthesis of EAQ-modified nucleosides 4 (dCFA?), 5 (dA™?) and nucleotides 8 (dCFA?TP), 9

(dAFARTP).

Starting o Yield
Entry Reagent Catalyst Additives Solvent Product
compound (%)?
1 2 (dA" 3 [Pd(PPh3)Cl] Cul, (iPr);NEt DMF 5 (dAFQ) 79
2 1(dC" 3 [Pd(PPh3);Cl;] Cul, (iPr);NEt DMF 4 (dCFQ) 79
3 2 (dA" 3 Pd(OAc),, TPPTS Cul, (iPr);NEt CH3CN:H,0 (1:2) 5 (dAFAQ)
4 1(dC" 3 Pd(OAc),, TPPTS Cul, (iPr);NEt CH3CN:H,0 (1:2) 4 (dCEQ)
5 7 (dA'TP) 3 Pd(OAc),, TPPTS Cul, (iPr);NEt CH3CN:H,0 (1:2) 9 (dAFRTP)
6 6 (dC'TP) 3 Pd(OAc),, TPPTS Cul, (iPr),NEt CH5CN:H,0 (1:2) 8 (dCFA°TP)
7 7 (dA'TP) 3 [Pd(PPhs;),Cl;] Cul, (iPr),NEt CH5CN:H,0 (1:2) 9 (dAFA°TP)
8 7 (dA'TP) 3 [Pd(PPh;),Cl;] Cul, (iPr),NEt DMF:H,0 (4:1) 9 (dAF*°TP) 30
9 6 (dC'TP) 3 [Pd(PPhs),Cl;] Cul, (iPr),NEt DMF:H,0 (4:1) 8 (dCEA°TP) 31
10 5 (dAFQ) 1. PO(OMe)s, POClIs, 0 °C; 2. (NHBu3);H,P,07, BusN, DMF, 0 °C; 3.TEAB 9 (dAFA°TP) 65
11 4 (dCFQ) 1. PO(OMe)s, POClIs, 0 °C; 2. (NHBu3);H,P,07, BusN, DMF, 0 °C; 3.TEAB 8 (dCFA°TP) 68
#isolated yield
3.1.1.2 Synthesis of PAQ-modified nucleosides and dNTPs
Nucleosides 1 (dC') and 2 (dA') easily reacted with  2-(2-

propynylcarbamoyl)anthraquinone 10 (PAQ) in DMF in presence of [Pd(PPhs),Cl;], Cul and
(iPr)2EtN to give the desired derivatives 11 (dC™?) and 12 (dA™?) in good yields of 80-83
% (Scheme 2) (Table 2, entries 1, 2), whereas the reaction under aqueous conditions did not
proceed (Table 2, entries 3,4). Modified nucleotides 13 (dC™"°TP) and 14 (dA™*°TP) were
prepared under the aqueous Sonogashira reaction of halogenated triphosphates 6 (dC'TP) and
7 (dA'TP) with 10 (PAQ) in presence of Pd(OAc); TPPTS, Cul and (iPr):EtN in

CH3CN:H,0 (1:2) in excellent yields of ca 80 % (Table 2, entries 5, 6).

Table 2. Synthesis of PAQ-modified nucleosides 11 (dC™?), 12 (dA™?) and nucleotides 13 (dC™?TP), 14
(dAPAQTP).

Entry Starting Reagent Catalyst Additives Solvent Product Yield
compound %)
1 2 (dA) 10 [Pd(PPh3).Cl;] Cul, (iPr).NEt DMF 12 (dAPAQ) 80
2 1(dc') 10 [Pd(PPhs),Cl,] Cul, (iPr);NEt DMF 11 (dC™) a3
3 2 (dA) 10 PA(OAC), TPPTS | Cul, (iPruNEt | CHsCN:H;0 (12) 12 (dAPR9)
4 1(dC) 10 Pd(OAC),, TPPTS | Cul, (iP),NEt | CHsCN:H,O (1:2) 11 (dC™9)
5 7 (dA'TP) 10 Pd(OAC), TPPTS | Cul, (iP):NEt | CH.CN:H,O (1:2) | 14 (dAPARTP) 80
6 6 (dC'TP) 10 PA(OAC),, TPPTS | Cul, (iPr),;NEt | CHCN:H,0 (1:2) | 13 (dC™RTP) -

%isolated yield
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Scheme 2. Synthesis of PAQ-modified nucleosides 11 (dC™?), 12 (dA™<) and nucleotides 13 (dC™*°TP), 14
(dAPATP): i) 10 (PAQ), [Pd(PPhs),Cl,], Cul, (iPr),EtN, DMF, 1h, 75 °C; ii) 10 (PAQ), Pd(OAC),, TPPTS,
Cul, (iPF),EN, CHsCN:H,0 (2:1), 1h, 75 °C.

3.1.2 Enzymatic incorporation of anthraquinone-modified dNTPs into DNA

Multiple incorporations of anthraquinone-modified nucleotides into the random

sequence containing all four bases (temp™°

) were tested (Table 3) using DNA polymerases
such as KOD XL, Vent (exo-), PWO and Deep Vent (exo-). Both flexible propargylamide
linked dNTPs 13 (dC™?TP) and 14 (dA™**TP) (Figure 1, lanes 6, 8) gave the fully extended
ON whereas the rigid dNF**TPs gave either a shorter ON in case of 9 (dA®*?TP) (Figure 1,
lane 5) or a full-length but slightly impure product in case of 8 (dCF*°TP) (Figure 1, lane 7).
| tried to increase the concentration of the modified triphosphates dN*QTPs 10 times
relatively to the natural dNTPs in order to increase the efficacy of the incorporation of the
modified dN*A*TPs by KOD XL polymerase (Figure 1, lanes 9-12). Increased concentration
of 8 (dCFARTP), 9 (dAFA?TP), 13 (dC™*?TP) and 14 (dA™?TP) resulted in an inhibition of
the PEX reaction.

Table 3. Primer and template used for PEX experiments.

Sequences

Prim™ 5’-CATGGGCGGCATGGG-3’

Temp™® | 5-CTAGCATGAGCTCAGTCCCATGCCGCCCATG-3’

10



P:+ A- C-:AFAQAPAQCEAQ CPAQ AEAQ APAQ CEAQ CPAQ

PO-HOPO0HO0O>-HOOAHA>»®

e o | -
.2 3 4:5 ¢ 7% 9 10M1E

Figure 1. PEX incorporations into 31-nt DNA using anthraquinone-modified dNTPs 8 (dCFA°TP), 9
(dAFAQTP), 13 (dC™A°TP) and 14 (dA”A?TP), template temp™®®, prim™ and KOD XL polymerase. P: primer;
+: natural dNTPs; A-: dCTP, dGTP, dTTP; C-: dATP, dGTP, dTTP; A®? dA®*°TP, dCTP, dGTP, dTTP;
A™Q: dAPARTP, dCTP, dGTP, dTTP; C*% dATP, dC™?TP, dGTP, dTTP; C™?: dATP, dC™?TP, dGTP,
dTTP.

3.1.3 Electrochemical studies of anthraquinone-modified nucleosides, dNTPs
and DNA

Electrochemical properties of the anthraquinone-modified nucleosides, dNTPs and
ONs were studied by cyclic and/or square-wave voltammetry at hanging mercury drop
electrode (HMDE) and pyrolytic graphite electrode (PGE). The voltammetry of
anthraquinone/anthrahydroquinone moiety in building blocks, nucleosides, dNTPs and ONs
shows a distinct reversible couple of peaks around -0.4 V. We tested the combination of two
reducible labels in DNA- AQ labels and previously reported nitrophenyl (PhNO,)* (Scheme
3). We studied how easily can we distinguish between them. For this experiment we prepared
pex™8(C*) and pex™®(A%) products in which 15 (dAP™O°*TP) and 14 (dAPASTP) were
combined at various ratios (in Figure 2a shown for A*). Reduction of the nucleobases occurs
at potentials around -1.5 V (C, A) or more negative at -1.8 V (G) and there is no interference
between signals resulting from nucleobase reduction and signals due to the external reducible
tags such as nitrophenyl and AQ. Reduction peaks of anthraquinone label at -0.41 V and
nitrophenyl at -0.49 V could be distinguish independently. In case both labels are in the same
ON chain, their reduction signals overlapped with small difference in their peak potentials
(~80 mV). It is difficult to detect peak AQ"™ if one PAQ per three PhNO, (or vice versa)

were incorporated. CV can distinguish between these two labels since the reduction of AQ is

11



reversible whereas reduction of PhNO., is irreversible. The PhNO; labels could be observed
indirectly during the anodic voltage scan using a signal at -0.01 V corresponding to reversible
oxidation of hydroxylamine (the product of four-electron reduction of the nitro group) to

nitroso group (Figure 2a).

60

NHOH®
a) |
304 extended stretch: 5'— AXCTGAXGCTCAXTGCTAXG-3*
<
=
0-
.30
NO, only
3NO, : 1AQ
INO, : 3AQ
-60 1 AQ only
T T T T
0.6 0.4 -0.2 0.0
EV]
b) extended stretch: 5'— AXGGG-3' NHOHo*
20 dNTP mixes: APAQ+CPNO2 4 G |

APINO2,.CPAQ 4 G

Figure 2. a) CV responses of pex™® (A% products with incorporated A™*? and A"™°2 conjugates at different
ratios (given in the panel); b) CV responses obtained for sequence-specific incorporation of a single A* bearing
either PAQ or PhNO; label. PEX reactions were performed with temp” template and dN®TP mixes given in
the panel. CVs were measured with initial potential 0.0 V, switching potential -0.7 V and final potential +0.05 V.

NH,
N7 N7 NO,
SN | ) o O o )\ |
I N [} I 1] O N
O—IID—O—IID—O—IID—O "0-P-0-P-0-P-0
o o o o o O %
5 (dAPhNO2TPp) 16 (dCPNO2TP)  OH

Scheme 3. Structures of modified dNTPs used for study.

In Figure 2b we tested the possibility of electrochemical monitoring of the sequence-
specific incorporation of a single nucleotide labeled with either PAQ or PhNO, tag. We
performed PEX reaction with the temp” template and mixtures containing either 14

(dAPARTP) + 16 (dCP™O*TP) + dGTP, or 15 (dAP™O?TP) + 13 (dC™?TP) + dGTP. CV
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responses resulting from these experiments showed perfectly specific incorporation of labeled
A’ against thymine residue in the template strand: in case the reaction mixture contained 14
(dAPARTP), only peaks AQ"™ and AQH,™ were detected and no presence of peak NO,™ and
NHOH® what signified no misincorporation of the labeled cytosine 16 (dC”™°2TP). The
same results are shown in case for the reaction mixture contained 15 (dAP™°2TP) + 13
(dC™TP) + dGTP (Figure 2b).

3.2 Benzofurazane-labeled nucleosides and dNTPs. Synthesis, enzymatic

incorporation and electrochemical detection

3.2.1 Synthesis of benzofurazane-modified nucleosides and dNTPs

Directly linked benzofurazane modified derivatives of nucleosides 18 (dC®%) and 19
(dAPF) were prepared by Suzuki-Miyaura cross-coupling'* of unprotected halogenated
nucleosides 5-iodocytidine 1 (dC') and 7-deaza-7-iodoadenosine 2 (dA') (Scheme 4) with
benzol[c][1,2,5]oxadiazole-5-boronic acid (17) in the presence of Pd(OAc),, TPPTS, Cs,COs
in CH3CN:H,0 (1:2) at 75 °C for 1 h in good yields of 69-74 % (Table 4, entries 1, 2).

Table 4. Preparation of benzofurazane-modified nucleosides and nucleotides.

Starting o Yield
Entry Reagent Catalyst Additives Solvent Product
compound (%)?
1 2 (dA") 17 Pd(OAC),, TPPTS | Cs,CO; | CHLCN:H,0 (1:2) 19 (dA®F) 74
2 1(dch 17 Pd(OAC),, TPPTS | Cs,CO; | CHZCN:H,0 (1:2) 18 (dCBF) 69
3 7 (dA'TP) 17 Pd(OAC),, TPPTS | Cs,CO; | CHaCN:H,0 (1:2) | 21 (dAPFTP) 22
4 6 (dC'TP) 17 Pd(OAC),, TPPTS | Cs,CO; | CHCN:H,0 (1:2) | 20 (dCBFTP) 10
1. PO(OMe);, POClIs, 0 °C; 2. (NHBu3),H,P,07, BusN, DMF,
5 19 (dABF) ( )3 3 (N 3)2 ANvA 3 21 (dABFTP) 70
0°C; 3.TEAB
1. PO(OMe),, POClIs, 0 °C; 2. (NHBu3),H,P,07, BusN, DMF,
6 | 18(dc®) (OMe)., POCl, (NEBus)2HzP20r, By 20 (dCP°TP) | 24
0°C; 3.TEAB

%isolated yield
Under the same aqueous conditions of the aqueous Suzuki-Miyaura cross-coupling of

halogenated dNTPs 6 (dC'TP) and 7 (dA'TP) I observed the desired benzofurazane-modified
dNTPs 20 (dCBFTP) and 21 (dAB"TP) in moderate yields (10-22 %, Table 4, entries 3, 4). |
have applied the triphosphorylation of the corresponding nucleosides 18 (dC®F) and 19
(dAPF) (Scheme 4) and | observed the desired triphosphates 20 (dCETP) and 21 (dA® TP)
(Table 4, entries 5, 6) in 24 or 70 % yield after isolation by RP HPLC.
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2 (dA')
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19 (dABF)
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17 (BF-B(OH),)

\

!

20 (dCBFTP)
21 (dABFTP)

6 (dC'TP)
7 (dA'TP)

Scheme 4. Reagents and conditions: i), iii) 17 [BF-B(OH),], Pd(OAc),, TPPTS, Cs,CO3, CH3CN:H,0 (1:2), 1h,

75 OC; 11) 1. PO(OMe)3, POCI3, 0 OC; 2. (NHBU3)2H2P207, BU3N, DMF, 0 OC; 3. TEAB.

For attachment of benzofurazane-moiety linked through an acetylene tether I used the

Sonogashira cross-coupling reactions****® of 5-ethynyl-benzo[c][1,2,5]oxadiazole’® 22 with

unprotected halogenated nucleosides. The reactions of 5-ethynyl-benzo[c][1,2,5]oxadiazole

22 with 5-iodocytidine 1 (dC') and 7-deaza-7-iodoadenosine 2 (dA'") were performed in the
presence of [Pd(PPh3),Cl;], (iPr);EtN, Cul in DMF at 75 °C for 1 h to give the desired
nucleosides 23 (dCF5F) and 24 (dA®®F) in good yields (60-70 %; Scheme 5, Table 5, entries

1, 2). The same reactions under aqueous conditions in the presence of Pd(OAc),, TPPTS, Cul
and (iPr);EtN in CH3CN:H,O (1:2) proceeded less efficiently to give 23 (dCF®F) and 24
(dA®PF) in moderate yields (28-45 %; Table 5, entries 3, 4).

Table 5. Preparation of BF-modified nucleos(t)ides.

Entry Starting Reagent Catalyst Additives Solvent Product Vield
compound (%)°

1 2 (dA") 22 [Pd(PPh;),Cl;] Cul, (iPr),EtN DMF 24 (dAFPF) 70

2 1(dC") 22 [PA(PPh3),Cl,] | Cul, (iPr),EtN DMF 23 (dCFFF) 60

3 2 (dA) 22 Pd(OAC),, TPPTS | Cul, (iPr),EtN | CHsCN:H,O (1:2) | 24 (dAFBF) 28

4 1(dCh 22 Pd(OAC),, TPPTS | Cul, (iPr),EtN | CH3CN:H,0 (1:2) 23 (dC) 25

5 7 (dA'TP) 22 Pd(OAC),, TPPTS | Cul, (iPr);EtN | CHyCN:H,0 (1:2) | 26 (dAZPFTP) 54

6 6 (dC'TP) 22 Pd(OAC),, TPPTS | Cul, (iPr),EtN | CH,CN:H,0 (1:2) | 25 (dCF'TP) | 52

%isolated yield
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Scheme 5. Reagents and conditions: i) 22 (BF-C=CH), [Pd(PPh3),Cl,], (iPr),EtN, Cul, DMF, 1h, 75 °C; ii) 22,
Pd(OAC),, TPPTS, (iPr),EtN, Cul, CH3CN:H,O (1:2), 1h, 75 °C.

For the synthesis of modified nucleotides 25 (dC®®"TP) and 26 (dA®®"TP) I applied
the analogous aqueous Sonogashira cross-coupling. The reactions of 6 (dC'TP) and 7
(dA'TP) with 5-ethynyl-benzo[c][1,2,5]oxadiazole 22 (Scheme 5) in the presence of
Pd(OAc),, TPPTS, Cul and (iPr),EtN in CH3CN:H20 (1:2) gave the desired 25 (dCEEFTP)
and 26 (dAF®"TP) in good 52-54 % vyields (Table 5, entries 5, 6).

3.2.2 Enzymatic incorporation of benzofurazane-modified dNTPs into DNA

3.2.2.1 PEX of benzofurazane-modified dNTPs

Incorporations of all four modified nucleotides 20 (dCPFTP), 21 (dAPFTP), 25

(dCEBFTP) and 26 (dAFB"TP) into random sequences were tested using a temp™®®

template
in the presence of several DNA polymerases: KOD XL, PWO, Vent (exo-), Deep Vent, Deep
Vent (exo-) was studied. Three of the modified nucleotides 20 (dC®"TP), 25 (dCF*"TP) and
26 (dAFBFTP) were succesfully incorporated into DNA providing full lenth products in
PAGE analysis, whereas 26 (A TP) gave an ON product that was apparently shorter on

PAGE (Figure 3).
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Figure 3. PEX incorporations into 31-nt DNA using benzofurazane-modified dNTPs 20 (dC®"TP), 21
(dAPFTP), 25 (dCE®"TP) and 26 (dASEFTP), temp™® template and DNA polymerase: a) PWO DNA
polymerase; b) KOD XL DNA polymerase. P: primer; +: natural dNTPs; A-: dCTP, dGTP, dTTP; C-: dATP,
dGTP, dTTP; AP%: dABFTP, dCTP, dGTP, dTTP; A®®": dAF® TP, dCTP, dGTP, dTTP; C®": dATP, dCBFTP,
dGTP, dTTP; CE®": dATP, dC®®" TP, dGTP, dTTP.

3.2.2.2 Multipotential coding of DNA

The synthesis of ONs with three different redox labels 20 (dCBFTP), 15 (dAN9?TP)
and 27 (dTM2TP) (Scheme 6) by PEX was tested using template temp™6. The results from
Figure 4 indicated that the combination of 20 (dC®FTP), 15 (dAN9?TP) and 27 (dT"HTP)
resulted in good incorporation of all modified ONs in the PEX experiments and the desired

full-length ONs were obtained.

5|_CATGGGCGGCATGGGANOZCBFTNHZGANOZGCBFTNH2CBFANOZTNHZGCBFTNHZANOZG_3|

ANOZ
KOD XL o

P §A+ ACT §A1- C,-T,-A-C, T,A-C,- T3-§AN°2 CBF T NH2 TNH2

12 3 4 5i6 7 8:9 10 11i12 13 14i15 16 17 18

Figure 4. PEX incorporation of 15 (dAN°?TP), 20 (dC®FTP) and 27 (dT""?TP) in one ON using temp™"®
template to form 31-nt DNA products. P: primer; +: natural dNTPs; A-: dCTP, dGTP, dTTP; C-: dATP, dGTP,
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dTTP; T-: dATP, dCTP, dGTP; A;-: dC® TP, dGTP, dTTP; Cy-: dATP, dGTP, dT""*TP; T,-: dAV°*TP, dCTP,
dGTP; A, dCTP, dGTP, dT"™*TP; C,: dAN*TP, dGTP, dTTP; T,-: dATP, dC® TP, dGTP; A;-: dCBFTP,
dGTP, dTV*TP; Cs-: dAVO?TP, dGTP, dTV™TP; T;-: dANO*TP, dCP TP, dGTP; AN% dANY’TP, dCTP,
dGTP, dTTP; C®: dATP, dCBFTP, dGTP, dTTP; dT""% dATP, dCTP, dGTP, dTVTP; ANOZ+CBF+TNM2:
dAN°?TP, dCB TP, dGTP, dTV™2TP.

NH, NO,
N=
& X
o o N=Ny
1] 1} Il
0-P-0-P-0-P-0 H N
o o O o 2 o
z N
15 (dANO2TR) O j‘\ |
¢ ¢ 9 07N
0-P-0-P-0-P-0
| | |
o O O o
o 20 (dCBFTP) OH
? 9 9 07N

'O—Ff—O—l?—O—FI’—O PEX
< o < o primer, template
+dGTP

27 (dTNH2TP) OH

DNA polymerase

Scheme 6. Structures of modified dNTPs 20 (dC®FTP), 15 (dAV°?*TP) and 27 (dT""?TP) and PEX for
multipotential coding of DNA.
Table 6. ONs used for multipotential coding of DNA.

ON?3A%IT 5'-CATGGGCGGCATGGGGA "’ GCF GAN’GC* GT ' GA"GG-3'
ON?3ALCST 5'-CATGGGCGGCATGGGT " GAN I’ GTVGA ' G TV GANGC " G-3'
ON?™Ase2T 5-CATGGGCGGCATGGG T *GGC* GT" “GGC TGA"’GC " G-3'
ON™2C3T 5'-CATGGGCGGCATGGGT " GGC T GT " GGC T"GA" G-3'

ONAICST 5'-CATGGGCGGCATGGGT " *GAT GG T *GCP GTV "GA"°GG-3'
ON?ZASCIT 5'-CATGGGCGGCATGGGGA " ’GCF GT " GGC * GAV*GC""-3'

ONACET 5-CATGGGCGGCATGGGT " ?GAN?CPFG TV 2 AN?GCFF T2 G AN’ CEFG-3'
ONBAPET 5'-CATGGGCGGCATGGGT " GA GG T GA N’ G T GAN*GG-3'
ON?3ASCOT 5'-CATGGGCGGCATGGGGA "’ GCP GGAN’GCPFrGAN’GCPF-3'

ONOASCET 5-CATGGGCGGCATGGGT " “GGC* GT" *GCP GT *GGCF™-3'

After the successful incorporation of three different redox labels 20 (dC®FTP), 15
(dAN92TP) and 27 (dTVH2TP) into DNA, | designed 10 templates for synthesis of ON probes
containing different combinations of three redox labels in different sequences (Table 6).

These labelled ON probes (Table 6) were then used for the electrochemical characterization.
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3.2.3 Electrochemical studies of benzofurazane-modified nucleosides, dNTPs
and DNA

The voltammetric properties of benzofurazane-modified nucleosides, nucleoside
triphosphates and DNA were studied using cyclic voltammetry at a hanging mercury drop
electrode or a basal-plane pyrolytic graphite electrode. My proposed mechanism of the
electrochemical reduction of benzofurazane is irreversible reduction process and involves six
electrons and six protons to reduce two C=N double bonds in the furazane ring and releases of
a water molecule, giving rise to a diaminobenzene derivative. The benzofurazane conjugates
18 (dC®F), 19 (dA®F), 23 (dCFPF), 24 (dAFEF), 20 (dCPFTP), 21 (dAPFTP), 25 (dCFBFTP)
and 26 (dAFB"TP) produced intense cathodic peaks (denoted as BF™) at the HMDE in the
region between -0.70 and -0.85 V, in addition to signals known to correspond to reduction of
cytosine or adenine at potentials more negative than -1.2 V. All PEX products containing
AP AFBFCBF or CF5F produced well developed, symmetrical, and irreversible cathodic

peaks at around -0.8 V which could be assigned to reduction of the BF moieties.

3.2.4 Multipotential redox coding of DNA (in collaboration with Doc. Fojta
research group)

We focused our attention on multipotential DNA coding by combining benzofurazane
with previously developed irreversibly reducible nitrophenyl (PhNO,) tag with multiple
electrons and an irreversibly oxidizable aminophenyl (PhNHy) label.*® At first we tested if the
incorporation of two reducible tags 20 (dC®"TP) and 15 (dAV9?TP) into one PEX product

would allow their independent detection without significant mutual interference.
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Figure 5. CV responses at HMDE (A) and SWV responses at PGE (B) obtained for PEX product synthesized
with temp*3“®" template and combinations of BF and/or PhNO, dN*TP with unmodified dNTPs, as indicated by

nucleobase symbols in legend (valid for both panels).

Figure 5a shows the voltammetric responses of PEX products obtained with the
temp>**<*T template and dNTP mixes containing either 20 (dC®"TP), 15 (dAN*TP) or the
combination of both incorporated in one reaction. Signals in voltammograms of PEX products
containing three BF and/or three PhNO; labels at the HMDE reflected the composition of the
PEX products (Figure 5). The relative intensities of the signals corresponded to the number of
electrons expected to be involved in the given reduction process per label (6e” for
benzofurazane and 4e” for PANO;) and no overlapping of signals was observed. Figure 5b
shows analogous results which were obtained from the same PEX products measured at the
PGE. ON probes which were designed for incorporating the three labeled nucleotides at
different quantities and ratios were used for the electrochemical characterization. Figure

red

6A shows intensities of peak BF"™ and peak NO,™ obtained for the individual PEX products.
The intensities of the reducible label signals varied consistently with the variation in the
number of respective conjugates incorporated as dictated by the template nucleotide sequence.
In case complementary base was missing in the template, a negligible signal corresponding to

the given tag was observed (probably due to a small level of misincorporation).
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Figure 6. a) Areas of AdTS CV peaks BF™, NO,™ and G obtained at the HMDE for PEX products synthesized
with temp™®cT
graph) and 20 (dC®"TP) + 15 (dAN9?TP) + 27 (dT""?TP) + dGTP mix; b) Ratios of areas of peaks BF*/NO,"™

obtained for the same PEX products. Blue numbers indicate expected values calculated from number of labels

templates (numbers of A, C and T residues in the synthesized sequences are indicated in the

per ON and number of electrons consumed per label.

Absolute signal intensities (Figure 6) obtained from the PEX products containing
identical number of labeled nucleotides (e.g., three C®Fs) varied to a small extent with
samples with an identical number of label, which can be explained in terms of natural
variations in the yields of individual ONs after the isolation procedure. The method how to
eliminate the effect of DNA concentration variations is the calculation of the ratio between
the intensities of signals yielded by two independently detectable labels. Figure 6b shows
ratios of peak areas BF™Y/NO,™ which are plotted. Blue numbers in Figure 6b indicate
expected values calculated from number of labels per ON and number of electrons consumed

per label.

3.3 Azidophenyl as a click-transformable redox label of DNA suitable for

electrochemical detection of DNA-protein interactions

3.3.1 Synthesis of modified nucleosides and dNTPs bearing azido and
(nitrophenyl)triazole group
The syntheses of the azidophenyl-modified nucleosides were based on the Suzuki-

Miyaura cross-coupling reaction 5-iodocytidine 1 (dC') and 7-deaza-7-iodoadenosine 2 (dA")
20



with 4-azidophenyltrifluoroborate’” 30 in the presence of [PdCl,(dppf)] and Cs,COs in
MeOH. The reactions provided the desired modified nucleosides 31 (dC*) and 32 (dA®) in
good yields of 58-63 % (Scheme 7, Table 7, entries 1, 2). The Huisgen-Sharpless CUAAC
reaction’® between the azidophenyl-modified nucleosides 31 (dC*) and 32 (dA®) and an
alkyne 33 (phenylacetylene) or 34 (1-ethynyl-4-nitrobenzene) gave 1,4-disubstituted 1,2,3-
triazoles 35 (dC'™), 36 (dA™), 37 (dC™%?) and 38 (dA™°%) in good yields of 40-94 %
(Scheme 7, Table 7, entries 5-8). For the preparation of 43 (dC*TPs) and 44 (dA*TPs) I have
applied a triphosphorylation of the corresponding nucleosides dN”s and gave the desired 43
(dC*TPs) and 44 (dA”TPs) (Table 7, entries 3, 4) in 21 and 34 % yield after isolation by RP
HPLC. Triazole-modified triphosphates 39 (dC™"TP), 40 (dA™"TP), 41 (dC™°°TP), 42
(dC™°2TP) were prepared by the same way by triphosphorylation of modified nucleosides
35 (dC™), 36 (dA™), 37 (dC™°?) and 38 (dA™°?) (Scheme 7, Table 7, entries 9-12) in 13-
52 % yield.

HO

o- O o
OH 31 (dch) OH  35(dC™) 39 (dC™PTP) OH
32 (dA%) 36 (dA™P) 40 (dATPTP)
37 (dC™02) 41 (dC™NO2TP) R
ii 38 (dATNO?) 42 (dATNO2TP) iv

OH ' 43 (dCATP)

44 (dAATP)
NH, NHy w,
3
YO .
o o KF3B 0 Z 33 F 34
N= ¢ A

Scheme 7. Synthesis of modified nucleosides: i) Suzuki-Miyaura cross-coupling: 30 (4-
azidophenyltrifluoroborate), PdCl,(dppf). Cs,CO3, MeOH, 2 h, 80 °C; ii) CuAAC: 33 (phenylacetylene) / 34 (1-
ethynyl-4-nitrobenzene), sodium ascorbate, CuSO,.5H,0, tBuOH:H,O (1:1), 12 h, rt; iii) Triphosphorylation of
modified nucleosides: 1. PO(OMe);, POCIs, 0 °C; 2. (NHBu3),H,P,0,, BusN, DMF, 0 °C; 3. TEAB; iv) PEX
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experiment; v) Azide-alkyne Huisgen cycloaddition: 33 / 34, sodium ascorbate, CuBr, TBTA ligand,
tBuOH:DMSO (1:3), 2 h, 37 °C.

Table 7. Synthesis of modified nucleosides and nucleotides.

Entry Cg’;?ggﬂg d Reagent Additives Solvent Product Ri?r(;]tieon \((0'/(6);3
1 2 (dA)) 30 Pdgligg':f)’ MeOH 32(dAY | 2h80°c | 58
2 1(dc" 30 Pdg;zg’g‘zf)' MeOH 31 (dCh) 2h,80°C | 63
3 32 (dA%) é‘iﬁf%”?f&%%ﬁ’%%é (NHBU3)2H,P;07, 43 (dA*TP) 6h,0°C 34
4 31 (dC) éuzg(gwA?SopgcffEié (NHBuU3)zHP2O7, 44 dCATP) | 6h0°Cc | 21
5 32 (dA%) 33 Sogﬂsmoifgﬂfgte' tBUOH:H,O (1:1) 36 (dA™) 12h, rt 72
6 | 31(dch 33 S°‘gﬁg‘oifgﬂfg‘e’ {BUOH:H,O (1:1) | 35 (dC™) 12hrt | 40
7 | 3200 34 S°‘£Sg‘oif;ﬂfg‘e’ {BUOH:H,O (1:1) | 38(dA™%) | 12hrt | o4
8 31 (dCh) 34 Socgﬂsmoifgﬂfgte' tBUOH:H,O (L:1) | 37 (dC™N%?) 12h, rt 62
o | 36@A™ é.uzg,(oDl\l\//II?,s’Oﬁ’g;C;’]?gggz' (NHBUs)zH2PO7, 40 @AT™PTP) | 18h0°C | 13
10 | 35(dC™ é‘uzg‘(g'k"ﬂ?fbiggéﬁggg' (NHBus)zH2PO7, 39 (dC™TP) | 18h0°C | 52
11 | 38 (dA™) EUZSF?)'R"A?%E%%'TOE‘XEZ' (NHBuU3)H2PO7, 42 A™°?TP) | 18h,0°C | 18
12| 37 (dC™°? é.uzg,(oDl\l\//II?,s’Oﬁ’g;C;’]?gggz' (NHBus)zH2PO7, 41(dC™°TP) | 18h0°C | 18

%isolated yields

3.3.2 Electrochemical studies of modified dNTPs

Electrochemical properties of all six modified dNTPs 44 (dA*TP), 43 (dC*TP), 40
(dATPTP), 39 (dC™"TP), 42 (dA™°?TP) and 41 (dC™°?TP) were studied by cyclic
voltammetry at the hanging mercury drop electrode. The azidophenyl modified nucleotides 44
(dA”TP) and 43 (dC*TP) exerted a strong reduction peak at -0.9 V (peak N3, whereas the
phenyltriazole derivatives 40 (dA™"TP) and 39 (dC'FTP) did not give any redox signal of the
label. On the other hand, the nitrophenyltriazole derivatives 42 (dA™°?TP) and 41
(dC™O2TP) gave a strong reduction peak at -0.4 V (peak NO,™). The azidophenyl
derivatives can be easily transformed to both types of triazoles by CUAAC reactions with
alkynes. The click reaction with phenylacetylene can be utilized for silencing of the redox
signal of the azido group whereas the click reaction with nitrophenylacetylene can be used for
conversion of one redox label (azido) into another one (nitro) exerting a different redox

potential.

22



3.3.3 Enzymatic synthesis of modified DNA

The next aim was the polymerase-catalyzed synthesis of DNA bearing azidophenyl
labels and the study of their conversion to (nitro)phenyltriazole groups by CuAAC of the
azidophenyl modified DNA with acetylenes (33 phenylacetylene or 34 1-ethynyl-4-
nitrobenzene) in presence of CuBr, TBTA ligand and sodium ascorbate in aqueous
tBUOH:DMSO (1:3) at 37 °C for 2 hours. Figure 7 shows PEX products after Cu(l)-catalyzed
CUuAAC reaction with no apparent degradation of DNA. In comparison, the direct
incorporation of triazole-modified nucleotides, using 40 (dAT°TP), 39 (dC™TP), 42
(dA™O2TP) and 41 (dC™TP) as substrates into DNA were also attempted (not shown).

KOD XL
Pitias A<CE GARAT ATNOZCA TP CTNOZ

Q {b.!

2 & W5 .6 78 9 10

Figure 7. PEX incorporations into 31-nt DNA using 44 (dA“TP) and 43 (dC*TP), template temp™"® and KOD
XL polymerase followed by click reaction with 1-ethynyl-4-nitrobenzene 34 and phenylacetylene 33.

3.3.4 Electrochemical studies of the modified DNA

The voltammetric properties of modified DNA (PEX products) containing N*, N™°

NTNOZ

and were studied by using cyclic voltammetry at the HMDE. Figure 8 shows cyclic

rnd16

voltammograms of PEX products prepared with temp template containing azidophenyl-

modified nucleobase (A" or C*). The irreversible cathodic peak at around -0.9 V corresponds

to the reduction of azido group (peak N3™

, red curves). Negative control experiment of PEX
reactions with no polymerase added to the mixture detected no signal of azido group what
exclude the presence of unremoved dN“TPs in the mixture. PEX products containing
phenyltriazole group A™ and C™" which were prepared by click reaction of N*-modified

DNA with 33 (phenylacetylene) gave no redox signal of label (blue curves). On the other
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hand, the CUAAC click reaction of N*-modified DNA with 34 (1-ethynyl-4-nitrobenzene)

TNO2 TNO2
A C

gives DNA products containing nitrophenyltriazole group and which exert the
irreversible cathodic peak at around -0.4 V due to the reduction of nitro group (peak NO,™,

green curves).
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PEX dA* —> click dATN®?
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Figure 8. Detail of CV responses at HMDE of PEX products synthesized with temp™®® template and dNTP
mixes containing dN*TP conjugate (as specified in legend) complemented with three respective unmodified

dNTPs and PEX products after click reaction with 33 (phenylacetylene) / 34 (1-ethynyl-4-nitrobenzene).

3.3.5 Application of the click transformations of the redox labels in detection

of DNA-protein interactions

The transformation of azido redox label to nitrophenyltriazole could be applied as a
new method for detection of DNA-protein interaction (Scheme 8). | supposed that if |
incorporate several azidophenyl-modifications into DNA probe, incubate the probe with
protein and perform the CUAAC click reaction with nitrophenylacetylene, only the freely
accessible azido-groups (not shielded by the protein) should be converted to
nitrophenyltriazoles and the ratio of azido/nitro redox signals should indicate whether the

protein was bound.
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Scheme 8. The principle of electrochemical detection of protein-DNA interaction.

| have chosen tumor-suppressor protein p53'*% (p53CD_GST) as a biologically
relevant example of a sequence-specific®! binder to DNA. | designed two different sequences
of 50-bp DNA (templates temp”>-1%2¢ and temp**-*““N) in which 6 azido-groups are inside

and 6 azido-groups are outside of sequence specifically recognized by p53.
Table 8. Sequences of ONs?

Sequences
ON Ps3-2CON4 5-GAATTCGATATCAAGAGACATGTCTAGACATGTCTATTATGGATAAGGTA-3'
ON P53-1a26 5-GAATTCGATATCAAGAGACATGCCTAGACATGTTTATTATCCATAACCTA-3'

2 p53 recognition sequence are in italics and nucleotides bearing modification are in bold and underlined

After all tested experiments of stability of DNA-protein complexes
(DNA _p53CD_GST complex), | proceeded to the experiments with electrochemical detection
of DNA-protein interactions. Cyclic voltammetry of the A*-linked DNA (50-bp, ONP*3-122C)
containing 12 azidophenyl groups shows the characteristic peak of N3 reduction at -0.9 V
(Figure 9, red curve). This A”*linked DNA was then reacted with 34 (4-
nitrophenylacetylene), CuBr, TBTA ligand, sodium ascorbate at 20 °C for 1 h under the
previously optimized conditions which are suitable for survival of DNA-protein complexes
(Figure 9). The voltammetric analysis shows full conversion of all azido-groups to
nitrophenyltriazoles which was confirmed by the disappearance of the signal at -0.9 V and
appearance of the new signal at -0.4 V due to reduction of NO, group (Figure 9, green curve)
In next experiment A*-linked DNA was incubated with 1.2 equiv. of p53CD_GST (for 45
min on ice) to form the DNA_p53CD_GST complex and then treated with 34 (4-
nitrophenylacetylene) under the above mentioned conditions, followed by denaturation. CV of

the product (Figure 9, violet curve) revealed a ca. 50 % decrease in intensity of the peak N3™

of reduction of azido-group and an increase of the peak NO,"™

corresponding to the reduction
of the nitro group (to ca. 50 % intensity compared to the reaction in the absence of p53). This

confirms that only those azido-groups which are not shielded by the protein binding can
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undergo the click tranformation to nitrophenyltriazole whereas the N3 groups covered by the
protein remain intact. As a control, | carried out the CUAAC reaction of A*-linked DNA in
presence of bovine serum albumine (BSA), which does not bind DNA, to give the same
results as the experiment in the absence of any protein (Figure 9, black curve, all azido groups

were converted to nitrophenyltriazoles).
ONP%-126; 5. GAATTCGATATCAAG ATTATCCATAACCTA-3'

) ﬁ

0.04

-0.14

I [wA]
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A
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Figure 9. Detail of CV responses at HMDE of PEX products synthesized with temp template and 44

(dA*TP) conjugate complemented with three respective unmodified dNTPs (red curve) and PEX products after
click reaction with 34 (4-nitrophenylacetylene) (green curve), DNA-p53 complex after click reaction followed

by denaturation (violet curve), the control with BSA (black curve).

4 Conclusion

Anthraquinone-modified nucleosides and nucleotides linked via conjugate acetylene or
non-conjugate propargylcarbamoyl linker were prepared and anthraquinone-modified
nucleotides were tested as substrates for DNA polymerases. In multiple incorporations, the
more flexible dN"A9TPs were better substrates than the rigid dN®**TPs. Under 10-fold
higher concentration of dN*A°TPs, inhibition of the polymerase was observed.
Electrochemical studies of the anthraquinone-modified nucleosides, nucleotides and DNA by
voltammetry showed peaks of reversible reduction of the anthraquinone moiety at -0.4 V. The
combination of anthraquinone modification with previously reported nitrophenyl label gave
one unresolved broad reduction peak. However cyclic voltammetry can distinguish between
these two labels since the reduction of NO; is irreversible and reduction of anthraquinone is
reversible. The independent detection of the nitrophenyl in the presence of anthraquinone is
possible through oxidation of hydroxylamine, product of the nitrophenyl reduction. Since the

dCPA°TP and dA™CTP linked via propargylcarbamoyl group are good substrates for
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polymerase incorporation, the antraquionone can be used to complete the palette of redox
labels for multicolor DNA coding in combination with some of the previously reported or
future novel redox-labels.

In the second part of the project, benzofurazane attached to nucleosides and dNTPs
directly or through acetylene linker were prepared. Benzofurazane-labeled nucleotides were
successfully tested as substrates for DNA polymerases exhibiting facile and precise
incorporation of the benzofurazane-labeled nucleotides into different DNA sequences by
primer extension. Electrochemical reduction of the furazane ring consumes 6 e and gives rise
to the intense cathodic signal measurable at both mercury and carbon electrodes, occuring at a
potential -0.8 V not overlapping with potentials of reduction of natural nucleobases. DNA
labeling with combinations of reducible labels benzofurazane, nitrophenyl and the oxidizable
label aminophenyl showed no significant interference between benzofurazane and nitrophenyl
reductions and no effect of the aminophenyl on signals of any of the reducible tags. ON
probes which were designed for incorporating the three labeled nucleotides dAN°*TP,
dCBFTP and dT"2TP at different quantities and ratios were used for the electrochemical
characterization. Quantities of benzofurazane and nitrophenyl labels incorporated into a
nucleotide sequence could be determined independently and relative intensities of their
signals exhibited excellent correlation with number of complementary bases in the template,
making them applicable for ratiometric analysis of nucleotide sequences (such as
electrochemical detection of mutations in a DNA stretch based on a change in ratio of two
nucleobases encoded by two different redox labels). Aminophenyl has appeared to be suitable
for qualitative but not (semi)quantitative ratiometric electrochemical probing of nucleotide
sequences.

In the third part of the project, azidophenyl-modified nucleosides and dNTPs were
prepared and the polymerase incorporation of azidophenyl-modified nucleotides to DNA by
primer extension using azidophenyl-modified nucleotides as substrates was developed.
Nucleotides and DNA bearing the azidophenyl modifications exert the strong reduction peak
around -0.9 V in voltammetry. The azido-group was transformed to phenyltriazole or
nitrophenyltriazole by the CUAAC click reaction. The phenyltriazole-modified dNTPs do not
give any reduction signal in voltammetry whereas nitrophenyltriazoles gave the strong
reduction signal at -0.4 V. The azidophenyl-modified nucleotides are useful redox labels for

DNA which can be either silenced or transformed to the different redox label with distinctly
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different redox potential. This transformation was utilized in detection of DNA-protein
interactions. Azidophenyl-labeled DNA which was incubated with the protein, binding to a
part of its sequence, followed by the CUAAC reaction with 4-nitrophenylacetylene, the free
azidophenyl-groups not covered by the protein reacted with 4-nitrophenylacetylene whereas
the azides in close contact with the protein remained intact. The electrochemical readout is
used for the analysis of the outcome and one can not only distinguish whether or not the
protein formed a stable complex with the DNA but also directly deduce the length of the
sequence in contact with the particular protein (from the ratio of transformed versus not
transformed labels resulting in changes in intensity of the corresponding redox peaks in

voltammetry).
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5 Uvod

DNA je nositelkou genetickej informacie zivych org_d,ranizmov.l Modifikované
oligonukleotidy sa pripravuju bud’ chemicky fosforamiditovou syntézou na pevnej faze alebo
enzymatickou syntézou modifikovanych 2'-deoxynukleozid trifofatov. V roku 1950 E.
Palecek objavil elektrochemické vlastnosti DNA?, ktoré boli $tudované pomocou "square-
wave" voltametrie na ortutovej elektrode.® Pre $tadium redukénych vlastnosti nukleovych
kyselin sa pouziva ortut'ova elektroda, zatial’ ¢o pevné elektrody ako napr. uhlikova elektroda
sa pouZiva pre §tadium oxidaénych vlastnosti nukleovych kyselin.* Elektrochemické detekcia
redoxne znadenej DNA® je cenovo dostupnou alternativou fluorescenénym technikim pre
DNA sekvenovanie a diagnostiku. Pracujeme na vyvoji novych redoxne-aktivnych znackach a
na plne ortogonalnej sade redoxnych znaciek, ktoré mézu byt pouzité pre redoxné kodovanie
DNA na detekciu mutacii uritych doélezitych génov. Redoxné znacenie pomocou
polymerazovej inkorporacie modifikovanych deoxynukleozid trifosfatov nesucich redoxné
znaCky ako napr. ferocén,® amino- a nitrobenzén,” Ru a Os komplexy,8 tetratiafulvalén,®
sulfidy,'® hydrazény®' bolo §tudované. Hoci uZ bola pripravena prva generacia redoxnych
znaciek, je potrebné hl'adat’ d’alSie pre plny set Styroch znaciek, ktoré budu inkorporované do

DNA a budu elektrochemicky detekovatelné bez prekryvu.

6 Ciel’e prace

4. Syntéza antrachinbnom modifikovanych nuleozidov, nukleotidov a DNA pre
electrochemicku detekciu.

5. Syntéza benzofurazdnom modifikovanych nuleozidov, nukleotidov a DNA a $tidium
ich elektrochemickych vlastnosti v kombindcii s nitrofenylovou a aminofenylovou
znackou.

6. Syntéza azidofenylom modifikovanych nuleozidov, nukleotidov a DNA a ich premena

na nitrofenyltriazol pre elektrochemicku detekciu interakcie DNA-protein.
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7 Vysledky a diskusia

7.1 Antrachinonom-modifikované nukleozidy a nukleotidy. Syntéza,

enzymaticka inkorporacia a elektrochemicka detekcia

7.1.1 Syntéza antrachinonom-modifikovanych nukleozidov a nukleotidov

7.1.1.1 Syntéza EAQ-modifikovanych nukleozidov a nukleotidov

Sonogashirovd reakcia jodovanych nukleozidov 1 (dC') a 2 (dA') s 2-
etynylantrachinénom 3 (EAQ) v DMF v pritomnosti [Pd(PPhs3),Cl,], Cul a (iPr);EtN (Schéma
1) poskytla EAQ-nukleozidové konjugaty 4 (dCF?) a 5 (dAF*?) vo vytazku 79 % (Tabulka
1, riadok 1, 2). Vodné cross-couplingové reakeie tychto nukleozidov 4 (dCFA?) a 5 (dAF*9) s
3 (EAQ) neprebiehali (Tabul’ka 1, riadok 3, 4).

HO
o} i

OH 1 (dC OH 4 (dCFAQ) 8 (dCEAQTP)  OH

2 (dA! 5 (dAEAQ 9 (dAEAQTP FZ
(dA) ( ) ( ) =

T 3(EAQ) O
m
NH, NHp =, [
e e o o 9
- | L “0-P-0-P-0-P-0
= N I_ I_ I_
(o] l?l N | O O O (o]
N= c A 6 (dC'TP) OH

7 (dA'TP)
Schéma 1. Syntéza EAQ-modifikovanych nukleozidov 4 (dCF9), 5 (dAFA?) a nukleotidov 8 (dCFARTP), 9
(dA°TP): i) 3 (EAQ), [Pd(PPhs),Cl,], Cul, (iPr),EtN, DMF, 1h, 75 °C; ii) 1. PO(OMe)s, POCls, 0 °C; 2.
(NHBU3);H,P,0;, BuzN, DMF, 0 °C; 3. TEAB; iii) 3 (EAQ), [Pd(PPhs),Cl,],Cul, (iPr),EtN, DMF:H,0 (4:1), 1
h, 75 °C.

Cross-couplingové reakcie 3 (EAQ) s halogenovanymi trifosfatmi 6 (dC'TP) a 7
(dA'TP) za rovnakych podmienok neprebiehali (Table 1, riadok 5-7). Preto sme skusali cross-
couplingové reakcie halogenovanych trifosfatov 6 (dC'TP) a 7 (dA'TP) s 2-
etynylantrachinénom 3 (EAQ) v DMF:H,0 (4:1) a ziskali sme 8 (dCFA°TP) a 9 (dAFA°TP)
vo vytazku 30 % (Tabulka 1, riadok 8, 9). Trifosforylaciou modifikovanych nukleozidov 4
(dCFAQ) a 5 (dAFA?) s POCI; v PO(OMe); a naslednom pridani (NHBu3),H;P;07, BusN a
spracovanim s TEAB-om (Schéma 1) sme ziskali 8 (dCEAQTP) ag (dAEAQTP) v dobrom

vytazku (65-68 %)(Tabulka 1, riadok 10, 11) po separacii na RP-HPLC.
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Tabulka 1. Syntéza EAQ-modifikovanych nukleozidov 4 (dCF9), 5 (dAFA?) a nukleotidov 8 (dCFA°TP), 9

(dAFAQTP),
Poradie Vyehodiskova Reagent Katalyzator Aditiva Rozpistadlo Produkt Vytaiok
latka (%)

1 2 (dA") 3 [Pd(PPh3)Cl] Cul, (iPr);NEt DMF 5 (dAFAQ) 79
2 1(dC") 3 [Pd(PPh3),Cl;] Cul, (iPr);NEt DMF 4 (dCEAQ) 79
3 2 (dA") 3 Pd(OAc),, TPPTS | Cul, (iPr),NEt | CH3;CN:H,0 (1:2) 5 (dAFAQ)

4 1(dC") 3 Pd(OAc),, TPPTS | Cul, (iPr),NEt | CH3;CN:H,0 (1:2) 4 (dCEQ)

5 7 (dA'TP) 3 Pd(OAC);, TPPTS | Cul, (iPr);NEt | CHsCN:H,O (1:2) | 9 (dAFARTP)

6 6 (dC'TP) 3 Pd(OAC),, TPPTS | Cul, (iPr);2NEt | CHCN:H,0 (1:2) | 8 (dCF*?TP)

7 7 (dA'TP) 3 [Pd(PPhs),Cl;] Cul, (iPr);NEt | CHsCN:H,0 (1:2) | 9 (dAFA?TP)

8 7 (dA'TP) 3 [Pd(PPhs),Cl,] Cul, (iPr),NEt DMF:H,0 (4:1) 9 (dAFA°TP) 30
9 6 (dC'TP) 3 [Pd(PPhs),Cl,] Cul, (iPr),NEt DMF:H,0 (4:1) 8 (dCEA?TP) 31
10 5 (GA™) 1. PO(OMe)s, POCls, 0 °C; 2. (NHBu3),H;P,0;, BusN, DMF, 0 °C; o (GAZTP) 65

3.TEAB
1 4 (dC5) ; TF’ECJA(ZMe)3, POCIs, 0 °C; 2. (NHBu3);H2P,07, BusN, DMF, 0 °C; 6 (dCRTP) o

#izolovany vytazok

7.1.1.2 Syntéza PAQ-modifikovanych nukleozidov a nukleotidov

Nukleozidy 1 (dC') a 2 (dA'") reaguji s 2-(2-propynylkarbamoyl)antrachinénom 10

(PAQ) v DMF v pritomnosti [Pd(PPh3):Cl,], Cul a (iPr),EtN a poskytli 11 (dC™?) a 12
(dA™A9) vo vytazku 80-83 % (Schéma 2, Tabulka 2, riadok 1, 2), zatial o za vodnych

podmienok reakcia neprebieha (Tabulka 2, riadok 3, 4). Modifikované nukleotidy 13

(dC™TP) a 14 (dA”"°TP) boli pripravené pomocou vodnej Sonogashirovej reakcie
halogenovanych trifosfatov 6 (dC'TP) a 7 (dA'TP) s 10 (PAQ) v pritomnosti Pd(OAC),,
TPPTS, Cul a (iPr)2EtN v CH3CN:H,O (1:2) vo vytazku 80 % (Tabulka 2, riadok 5, 6).

Tabulka 2. Syntéza PAQ-modifikovanych nukleozidov 11 (dC™9), 12 (dA™9) a nukleotidov 13 (dC™°TP),

14 (dA™A°TP).
Poradie Vychodiskova Reagent Katalyzator Aditiva Rozpistadlo Produkt Vytaiok

latka (%)

1 2 (dA" 10 [Pd(PPhs),Cl5] Cul, (iPr),NEt DMF 12 (dAPAQ) 80

2 1 (dC" 10 [Pd(PPhs),Cl5] Cul, (iPr),NEt DMF 11 (dCPAQ) 83

3 2 (dA") 10 Pd(OAc),, TPPTS | Cul, (iPr);,NEt | CH3;CN:H,0 (1:2) 12 (dAPAQ)

4 1 (dC") 10 Pd(OAc),, TPPTS | Cul, (iPr);,NEt | CH3;CN:H,O (1:2) 11 (dC™Q)

5 7 (dA'TP) 10 PA(OAC),, TPPTS | Cul, (iPr);NEt | CHsCN:H,O (1:2) | 14 (dAPA?TP) 80

6 6 (dC'TP) 10 Pd(OAC),, TPPTS | Cul, (iPr);NEt | CHsCN:H,O (1:2) | 13 (dC™?TP) 79

%izolovany vytazok
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Schéma 2. Syntéza PAQ-modifikovanych nukleozidov 11 (dC™9), 12 (dA™9) a nukleotidov 13 (dC™A°TP), 14
(dA™CTP): i) 10 (PAQ), [Pd(PPh;),Cl], Cul, (iPr),EtN, DMF, 1h, 75 °C; ii) 10 (PAQ), Pd(OAc),, TPPTS,
Cul, (iPr),EtN, CH3CN:H,0 (2:1), 1h, 75 °C.

7.1.2 Enzymaticka inkorporacia antrachinonom-modifikovanych
nukleotidov do DNA

Inkorporacia antrachindbnom-modifikovanych nukleotidov do DNA (temprndle

Tabul'ka 3) bola testovana pomocou DNA polymeraz KOD XL, Vent (exo-), PWO a Deep
Vent (exo-). Flexibilné propargylamidom viazané nukleotidy 13 (dC™A9TP) a 14 (dA”A°TP)
(Obrazok 1, pas 6, 8) poskytli plne dosyntetizovany oligonukleotid, zatial ¢o rigidné
dNFARTP poskytli bud’ kratsi ON v pripade 9 (dAF*9TP) (Obrazok 1, pas 5) alebo
dosyntetizovany, ale znegisteny produkt v pripade 8 (dCFA?TP) (Obrazok 1, pas 7). Zvysili
sme koncentraciu modifikovanych trifosfatov dN*9TP desatnasobne v porovnani s
prirodzenymi trifosfatmi kvoli zvySeniu efektivity inkorporacie s KOD XL DNA
polymerazou (Obrazok 1, pas 9-12). Inhibicia PEX reakcie pomocou 8 (dCEATP), 9
(dAFARTP), 13 (dC™°TP) a 14 (dA™A°TP) bola pozorovana.

Tabulka 3. Primer a templat pre PEX experimenty.

Sekvencie

Prim™ 5’-CATGGGCGGCATGGG-3’

Temp™® | 5-CTAGCATGAGCTCAGTCCCATGCCGCCCATG-3’
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P > + A_ C_ ;AEAQ APAQ CEAQ CPAQ‘ AEAQ AF‘AQ CEAQ CPAQ
. -
: L

PO-HOPO0HO0O>-HOOAHA>»®

- -

1;2 3 455 BT 829 10 11" 12
Obrazok 1. PEX inkorporacie do DNA (31 baz) pomocou antrachinbnom-modifikovanych nukleotidov 8
(dCEARTP), 9 (dAFAQTP), 13 (dC™°TP) a 14 (dA™°TP), templatu temp™®, prim™ a KOD XL polymerézy.
P: primer; +: prirodzené dNTPs; A-: dCTP, dGTP, dTTP; C-: dATP, dGTP, dTTP; AF?: dAFA°TP, dCTP,
dGTP, dTTP; A™2 dAPATP, dCTP, dGTP, dTTP; C% dATP, dCE°TP, dGTP, dTTP; C™°: dATP,
dC™A°TP, dGTP, dTTP.

7.1.3 Elektrochemické S$tudie antrachinénom-modifikovanych nukleozidov,

nukleotidov a DNA

Elektrochemické vlastnosti antrachindnom-znafenych nukleozidov, nukleotidov a
DNA boli Studované pomocou cyklickej a "square-wave" voltametrie na ortutovej a uhlikovej
elektréde. Antrachinénova skupina v nukleozidoch, nukleotidoch a DNA pomocou
voltametrie poskytuje nevratni dvojicu signalov (antrachinén/antrahydrochinén) pri -0.4 V.
Skusali sme kombinaciu dvoch redukovatelnych znaciek v jednej DNA- AQ znacku a
nitrofenyl (PhNO,)™* (Schéma 3). Studovali sme ako I'ahko je mozné rozpoznat’ medzi tymito
zna&kami. Pre tento experiment sme pripravili pex™*¢(C*) a pex™™8(AX) produkty, v ktorych
15 (dAP™O?TP) a 14 (dA™*?TP) boli kombinované v r6znych pomeroch (Obrazok 2a pre
A”). Redukcie nukleobéz st pozorované v oblasti okolo -1.5 V (C, A) a pri -1.8 V (G) a nie je
pozorovany ziaden prekryv signalov nukleobaz s externymi znackami nitrofenylom a AQ.
Reduk¢né signaly antrachinonu sa vyskytuju pri potenciali -0.41 V a u nitrofenylu pri -0.49 V.
V pripade, Ze oba znacky sa nachadzaji v tom istom ON, ich redukéné signély sa prekryvaju s
malym rozdielom v potenciali (~80 mV). Je obtiazné detekovat signal AQ™, ak je
inkorporovanych pomerovo 1:3 (PAQ:PhNO;) modifikacii a opac¢ne. CV rozpozna tieto
znacky, pretoze redukcia AQ je vratna, kym redukcia PhNO; je nevratna. Znacka PhNO;

moze byt detekovana tiez nepriamo cez anodicky signal pri -0.01 V, ktory odpoveda vratnej
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oxidacie hydroxylaminu (produkt 4¢ redukcie nitro-skupiny) na nitrozo-skupinu (Obrazok

2a).

60

NHOH®X
a)
30 extended stretch: 5‘— AXCTGAXGCTCAXTGCTAXG-3*
<
=
04
.30
NO, only
3NO, : 1AQ
1INO, : 3AQ
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T T T T
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b) extended stretch: 5'— AXGGG-3* NHOH%*
20 dNTP mixes: APAQ+CPINO2 + G
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Obrazok 2. a) CV zaznamy pex™® (AX) produktov s inkorporovanymi A™? a A"™O? konjugatmi v réznych

pomeroch; b) CV ziskané pre sekvenéne $pecifickt inkorporaciu A* nesuca bud’ PAQ alebo PhNO,. PEX

reakcie boli uskutoénené s temp” templatom a AN®TP zmesou. CV boli merané s pogiatoénym potencialom 0.0

V, "switching potencial" -0.7 V a kone¢nym potencialom +0.05 V.

NO
NH, 2 NH,
N7 NO
o o o KW o o o o
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| | | | | |
o O O o o O O o
15 (dAPTNO2TP)  OH 16 (dCPhNO2TP)  OH

Schéma 3. Struktira modifikovanych trifosfatov.

Obrazok 2b zobrazuje moznost elektrochemického monitorovania sekvencéne
Specifickej inkorporacie znacenym nukleotidom bud’ pomocou PAQ alebo PhNO; znacky.
Uskuto¢nili sme PEX reakcie s temp” templatom a zmesou obsahujticou bud’ 14 (dAPAQTP) +
16 (dCP™O*TP) + dGTP alebo 15 (dAP™O?TP) + 13 (dCP*?TP) + dGTP. CV zobrazuje
Specificku inkorporaciu znaceného A® oproti tyminu v template. V pripade, ze reakénd zmes

obsahuje iba 14 (dAPARTP), tak iba signaly AQ"™ a AQH,™ boli pozorované a Ziaden signal
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NO,® a NHOH® nebol pozorovany. Z toho vyplyva, Ze nenastala chybna inkorporacia
znadeného cytozinu 16 (dCP™°?TP). Rovnaky vysledok bol ziskany v pripade, ak reakéna

zmes obsahovala 15 (dA""™?TP) + 13 (dCPARTP) + dGTP (Obrazok 2b).

7.2 Benzofurazanom-modifikované nukleozidy a nukleotidy. Syntéza,

enzymaticka inkorporacia a elektrochemicka detekcia.

7.2.1 Syntéza benzofurazanom-modifikovanych nukleozidov a nukleotidov

Benzofurazanom modifikované nukleozidy 18 (dC®F) a 19 (dA®F) boli pripravené
Suzuki-Miyaurovou  cross-couplingovou  reakciou'**
nukleozidov 5-jodocytidinu 1 (dC') a 7-deaza-7-jodoadenozinu 2 (dA') (Schéma 4) s
benzo[c][1,2,5]oxadiazol-5-boronovou kyselinou'® 17 v pritomnosti Pd(OAc),, TPPTS,
Cs2C0O3 v CH3CN:H20 (1:2) pri 75 °C pocas 1 h vo vytazku 69-74 % (Tabulka 4, riadok 1,

2).

nechranenych halogenovanych

Tabulka 4. Priprava benzofurazanom modifikovanych nukleozidov a nukleotidov.

. Vychodiskova Vytazok
Poradie Reagent Katalyzator Aditiva Rozpistadlo Produkt
latka (%0)?

1 2 (dA") 17 Pd(OAC),, TPPTS Cs,CO; CH5CN:H,0 (1:2) 19 (dABF) 74

2 1 (dC" 17 Pd(OAC),, TPPTS Cs,CO; CH4CN:H,0 (1:2) 18 (dCBF) 69

3 7 (dA'TP) 17 Pd(OAc),, TPPTS Cs,CO; CH5CN:H,0 (1:2) 21 (dAPFTP) 22

4 6 (dC'TP) 17 Pd(OAc),, TPPTS Cs,COs CHiCN:H,0 (1:2) 20 (dCBFTP) 10
1. PO(OMe)s, POCls, 0 °C; 2. (NHBu3),H,P,07, BusN, DMF, 0 °C;

5 19 (dA®") (OMe)s, POCh (NHBu)zHaP2Or, Bus 21 (dAPFTP) | 70
3.TEAB
1. PO(OMe)s, POCls, 0 °C; 2. (NHBu3),H,P,07, BusN, DMF, 0 °C;

6 BEcn | A(B o POCK (NHBu)zHaP2Or, Bus 20 (dC*TP) 24

#izolovany vytazok
Za rovnakych podmienok vodnej Suzuki-Miyaurovej cross-couplingovej reakcie
halogénovanych  trifosfatov 6 (dC'TP) a 7 (dA'TP) sme ziskali benzofurazanom
modifikované trifosfaty 20 (dC®FTP) a 21 (dAPFTP) vo vytazku (10-22 %, Tabulka 4,
riadok 3, 4). Aplikovali sme aj fosforylaciu modifikovanych nukleozidov 18 (dC®) a 19
(dAPF) (Scheme 4) a ziskali sme modifikované trifosfaty 20 (dCPFTP) a 21 (dAPFTP)
(Tabulka 4, riadok 5, 6) vo vytazku 24 alebo 70 % po izolacii na RP HPLC.
Benzofurazanova skupina méze byt tieZ pripojena k nechranenym halogénovanym
nukleozidom cez acetylénovy mostik. Pomocou Sonogashirovej cross-couplingovej reakcie'*
5-iodocytidinu 1 (dC') a 7-deaza-7-jodoadenozinu 2 (dA'") s 5-etynyl-
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benzo[c][1,2,5]oxadiazolom 22 pomocou [Pd(PPhs).Cly], (iPr)2EtN, Cul v DMF pri 75 °C
pocas 1 h boli pripravené modifikované nukleotidy 23 (dC®%) a 24 (dA®BF) vo vytazku (60-

70 %; Schéma 5, Tabulka 5, riadok 1, 2). Za pouzitia vodnych podmienok v pritomnosti
Pd(OAc),, TPPTS, Cul a (iPr);EtN v CH3CN:H,O (1:2) reakcia prebiechala s nizSou
efektivitou a poskytla 23 (dCFEF) a 24 (dA®EF) vo vytazku (28-45 %; Tabulka 5, riadok 3, 4).

HO

N=

OH

NH,

NHy «
NS NN

| I b
O)\lTl i

(o3 A

18 (dCBF)
19 (dAFBF)

o
OH
iii}

? 9

P-0-P-0

o O o
OH

/N\
(OH),B N

17 (BF-B(OH),)

20 (dCBFTP)
21 (dABFTP)

6 (dC'TP)
7 (dA'TP)

Schéma 4. Reakéné podmienky: 1), iii) 17 [BF-B(OH),], Pd(OAc),, TPPTS, Cs,CO3, CH3;CN:H,0 (1:2), 1h, 75
°C; ii) 1. PO(OMe)s, POCI3, 0 °C; 2. (NHBus3),H,P,07, BusN, DMF, 0 °C; 3.TEAB.

Pre syntézu modifikovanych nukleotidov 25 (dCE®FTP) a 26 (dA®PFTP) sme

aplikovali analogicki Sonogashirovii cross-couplingovu reakciu. Reakcie 6 (dC'TP) a 7
(dA'TP) s 5-ethynyl-benzo[c][1,2,5]oxadiazolom?! 22 (Schéma 5) v pritomnosti Pd(OAC)s,
TPPTS, Cul a (iPr),EtN v CH3CN:H,0 (1:2) poskytli 25 (dCF TP) a 26 (dAF*FTP) vo
vytazku 52-54 % (Tabul'ka 5, riadok 5, 6).

Tabulka 5. Priprava benzofurazanom-modifikovanych nukleozidov a nukleotidov.

Poradie Vychodiskovd Reagent Katalyzator Aditiva Rozpistadlo Produkt Vitalok
latka %)
1 2 (dA)) 22 [PA(PPh3):Cl;] Cul, (iPr),EtN DMF 24 (dAFPF) 70
2 1(dCh 22 [Pd(PPh3):Cl;] Cul, (iPr),EtN DMF 23 (dCF®F) 60
3 2 (dA" 22 Pd(OAC),, TPPTS | Cul, (iPr);EtN | CH3CN:H,0O (1:2) 24 (dAF®F) 28
4 1 (dC") 22 Pd(OAC),, TPPTS | Cul, (iPr).EtN | CHiCN:H,0 (1:2) 23 (dCF®F) 45
5 7 (dA'TP) 22 Pd(OAC),, TPPTS | Cul, (iPr);EtN | CHiCN:H,O (1:2) | 26 (dAFEFTP) 54
6 6 (dC'TP) 22 Pd(OAc),, TPPTS | Cul, (iPr);EtN | CHsCN:H,O (1:2) | 25 (dC**"TP) 52

%izolovany vytazok
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Schéma 5. Reakéné podmienky: i) 22 (BF-C=CH), [Pd(PPhs),Cl,], (iPr),EtN, Cul, DMF, 1h, 75 °C; ii) 22,
Pd(OAC),, TPPTS, (iPr),EtN, Cul, CH3CN:H,O (1:2), 1h, 75 °C.

7.2.2 Enzymaticka inkorporacia benzofurazanom-modifikovanych

nukleotidov do DNA

7.2.2.1 PEX experiment benzofurazdanovych nukleotidov

Inkorporacie vsetkych §tyroch modifikovanych nukleotidov 20 (dCPFTP), 21
(dABFTP), 25 (dCEBFTP) a 26 (dAFBFTP) pomocou temp™ templatu v pritomnosti
niekol’kych DNA polymeraz: KOD XL, PWO, Vent (exo-), Deep Vent, Deep Vent (exo-) boli
studované. Modifikované nukleotidy 20 (dC®FTP), 25 (dC®®"TP) a 26 (dAFPFTP) boli
uspesne inkorporované do DNA s poskytnutim plne dosyntetizovanych produktov na PAGE,
zatial’ ¢o 26 (dAS®"TP) poskytol kratdi ON produkt (Obrazok 3).
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Obrazok 3. PEX inkorporacie do DNA (31 baz) pouzitim benzofurazdinom-modifikovanych nukleotidov 20
(dCB TP), 21 (dAPFTP), 25 (ACE®"TP) a 26 (dAFEFTP), temp™™ templatu a DNA polymeréazy: a) PWO DNA
polymeraza; b) KOD XL DNA polymeraza. P: primer; +: prirodzené dNTPS; A-: dCTP, dGTP, dTTP; C-: dATP,
dGTP, dTTP; AP%: dABFTP, dCTP, dGTP, dTTP; A®®": dAFP*TP, dCTP, dGTP, dTTP; C®": dATP, dCB TP,
dGTP, dTTP; CE®": dATP, dC®®" TP, dGTP, dTTP.

7.2.2.2 Multipotencidlové kédovanie DNA

Syntéza oligonukleotidov s troma roznymi redoxnymi znatkami 20 (dC®FTP), 15
(dAN?TP) a 27 (dTVM?TP) (Schéma 6) pomocou PEX experimentu bola testovand pomocou
templatu temp™*. Vysledky z Obrazok 4 zobrazuji, 7e kombinacia znagiek 20 (dC®"TP), 15
(dAN?TP) a 27 (dT"2TP) je vhodna pre inkorporaciu do DNA v PEX experimentoch a boli

ziskané plne dosyntetizované oligonukleotidy.

5|_CATGGGCGGCATGGGANOZCBFTNHZGANOZGCBFTNHZCBFANOZTNHZGCBFTNHZANOZG_3|

ANOZ
CBF
PiA+ A- C- T-/A-C,-T-A-C; T,-A-C,; T,-ANOZCH T2 k2

KOD XL

. L

12 3 4 56 7 89 1011;121314515161718

Obriazok 4. PEX inkorporacie 15 (dAN?TP), 20 (dCBFTP) a 27 (dT""?TP) v jednom ON pouzitim temp™*®
templatu pre formovanie DNA (31 baz) produktov. P: primer; +: prirodzené dNTPs; A-: dCTP, dGTP, dTTP; C-:
dATP, dGTP, dTTP; T-: dATP, dCTP, dGTP; A;-: dCBFTP, dGTP, dTTP; C;-: dATP, dGTP, dT""?TP; T;-:
dANO?TP, dCTP, dGTP; A,-: dCTP, dGTP, dTVM2TP; C,-: dAN®?TP, dGTP, dTTP; T,-: dATP, dC®" TP, dGTP;
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Ag-: dCBFTP, dGTP, dTV™TP; Cs-: dANY?TP, dGTP, dT"™TP; T dANY?TP, dCP TP, dGTP; ANY%
dANC?TP, dCTP, dGTP, dTTP; C®": dATP, dCB TP, dGTP, dTTP; dT""?: dATP, dCTP, dGTP, dT"?TP;
ANOZLCBRyTNH2. g ANOZTP qCBFTP, dGTP, dTV2TP.

NH, NO,
N=
N/ \
O O O NNy
1] 1] Il
0-P-0-P-0-P-0 NH N
o O O 0 2 e
% N
15 (dANO2TP) OH j\ |
g ¢ 9 07N
‘0-P-0-P-0-P-0
| | |
o O O o
o 20 (dCBFTP) OH
HN | NH,
1] (H) (n) [e) N
"0-P-0-P-0-P-0 PEX
o i o © primer, templat
27 (dTNH2TP)  OH +dGTP | bNA polymeraza

Schéma 6. Struktira modifikovanych nukleotidov 20 (dC®7TP), 15 (dAN9?TP) a 27 (dT“"*TP) a PEX

experiment pre multipotencidlové kddovanie DNA.

Tabul’ka 6. ON pre multipotencialové kodovanie DNA.

ON?3A%IT 5'-CATGGGCGGCATGGGGA "’ GCF GAN’GC* GT ™ GA"’GG-3'
ONBAICST 5-CATGGGCGGCATGGGT " *GAT G TV GAN’G T2 GAN*GCP" G-3'
ON™3¢2T 5'-CATGGGCGGCATGGGT " GGC " GT " GGC GA*GCF G-3'
ON™MAZET 5-CATGGGCGGCATGGGT " *GGCP GT " ?GGCP TV *GAN’G-3'

ONZALCT 5'-CATGGGCGGCATGGGT " GA"’GG T *GCP GT " "GA"°GG-3'
ONZASCIT 5'-CATGGGCGGCATGGGGA "’ GCF GT " GGC * GAN*GC""-3'

ONACET 5-CATGGGCGGCATGGGT " ?GAN’CPF G TV 2 AN?GCFF T2 G AN’ CEFG-3'
ON?3ACST 5'-CATGGGCGGCATGGGT " GA’GGT " *GAN "’ GT " GA"’GG-3'
ON3ASCT 5'-CATGGGCGGCATGGGGAY’GCP GGAT*GCP GAT*GCPF-3'

ONOASCST 5'-CATGGGCGGCATGGGT " GGC " GT " GC* GT""*GGC"™-3'

Po tspesnych inkorporaciach troch roznych redoxnych znaciek 20 (dC®FTP), 15
(dAN9?TP) a 27 (dT""*TP) do DNA sme navrhli 10 templatov pre syntézu ON obsahujtcich
rozdielné kombinacie tychto redoxnych znaciek v réznych sekvenciach (Tabulka 6). Tieto

modifikované ON (Tabul’ka 6) boli pouzité pre electrochemické studie.
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7.2.3 Electrochemické Studie benzofurazanom-modifikovanych nukleozidov,

nukleotidov a DNA

Elektrochemické vlastnosti benzofurazanom-modifikovanych nukleozidov,
nukleotidov a DNA boli studované pomocou cyklickej voltametrie na ortutovej alebo
uhlikovej elektrode. Predpokladany mechanizmus elektrochemickej nevratnej redukcie
benzofurazanu zahtiia Sest’ elektronov a Sest’ proténov a dochédza k redukcii dvoch C=N
dvojitych vizieb a k uvolneniu molekuly vody. Benzofurazanové konjugaty 18 (dCBF), 19
(dAPF), 23 (dCFBF), 24 (dAFBF), 20 (dCBFTP), 21 (dABFTP), 25 (dCEBFTP) a 26 (dAFEFTP)
produkuju na ortutovej elektréde intenzivny katodicky signél (prislachajioc k BFrEd) %
rozmedzi -0.70 a -0.85 V a signaly prislichajuce redukciam cytozinu alebo adeninu pri
potenciali -1.2 V°. Vietky PEX produkty obsahujuce APF, AFBF, CBF alebo CFBF poskytuju
nevratny symetricky katodicky signdl pri potenciali -0.8 V, ktory je priradeny k redukcii BF
skupiny.

7.2.4 Multipotencialové redoxné kodovanie DNA (v spolupraci so skupinou
Doc. Fojty)

NaSu pozornost’ sme zamerali na multipotencidlové DNA kddovanie kombinéciou
benzofurazanu s redukovatel'nou nitrofenylovou (PhNO;) a oxidovate'nou aminofenylovou
(PhNH>) znagkou.® Najprv sme testovali inkorporacie dvoch redukovatelnych znadiek 20
(dCBFTP) a 15 (dAN9?TP) do jedného vldkna DNA, &o by niam malo umoznit nezéavisli

detekciu modifikacii bez zna¢ného vzajomného prekryvu.
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Obrazok 5. CV zaznamy na ortutovej elektrode (A) a SWV na uhlikovej elektrode (B) ziskané z PEX
produktov syntetizované pouzitim temp**“*" templatov a kombiniciou BF a/alebo PhNO, dN*TP s

nemodifikovanymi dNTPS, ako je zndzornéné symbolmi in popise platné pre oba obrazky.

sAsCaT templatov

Obrazok 5a zobrazuje voltamogram PEX produktov ziskanych z temp
a dNTP zmesi obsahujucej bud’ 20 (dCBFTP), 15 (dAN*TP) alebo kombinaciu oboch
inkorporovanych v jednej reakcii. Signaly vo voltamogramoch PEX produktov obsahujtcich
tri BF a/alebo tri PhNO; znacky na ortutovej elektrode zobrazuju zlozenie PEX produktov
(Obrazok 5). Intenzity signalov odpovedaji poctu ofakavanych elektronov, ktoré by sa mali
podielat’ na redukénom procese kazdej znacky (6e” pre benzofurazan a 4e” pre PhNO,) a
zaroven ziaden prekryv signalov nebol pozorovany. Obrazok 5b zobrazuje analogické
vysledky ziskané z tych istych PEX produktov meranych na uhlikovej elektrode.
Oligonukleotidy, ktoré boli navrhnuté pre inkorporacie troch znafenych nukleotidov v
roznych pomeroch boli pouzité pre -elektrochemické stadie (Tabulka 6). Obrazok
6A zobrazuje intenzity signalov BF™® a NO,"™ ziskanych pre jednotlivé PEX produkty.

Intenzity signalov redukovatelnych znadiek sa liSia so zmenou poctu inkorporovanych

modifikacii v DNA v jednotlivych sekvencidch.
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Obrazok 6. a) CV signaly BF™, NO,™ a G ziskané na ortutovej elektrode z PEX produktov syntetizovanych s

tempryCzT

(dANO?TP) + 27 (dTM™?TP) + dGTP zmes; b) Pomery signalov BF®Y/NO,™ ziskané¢ z tych istych PEX

templatmi (pocet A, C a T v syntetizovanych sekvenciach st znazornené v grafe) a 20 (dCBFTP) + 15

produktov. Modré hodnoty znazornujii o¢akavané hodnoty vyratané z pomeru pocétu znaciek v ON a poctu

elektronov spotrebovanych modifikaciou pocas redoxného procesu.

Intenzity signalov (Obrazok 6) ziskané z PEX produktov obsahujucich identicky pocet
znacenych nukleotidov (napr. tri CP) sa ligia v malej miere v porovnani so vzorkami
obsahujucich rovnaky pocet znaciek. Vysledkom moéze byt rozdielny vytazok jednotlivych
ON po izolacii. Spdsob ako eliminovat’ tento efekt rozdielnych koncentracii DNA je uréenie
pomeru intenzit signalov dvoch nezavisle detekovatelnych znaciek. Figure 6b zobrazuje
pomery signalov BF*/NO,", pri¢om modré hodnoty v Obrazok 6b zobrazuji odakévané
hodnoty pomerov poctu znaciek v ON a poctu elektronov spotrebovanych pocas redoxného

procesu znackou.

7.3 Azidofenylova akupina ako transformovatePna redoxna znacka

vhodna pre elektrochemicku detekciu interakcii DNA-protein

7.3.1 Syntéza modifikovanych nukleozidov a nukleotidov nestucich azido- a

(nitrofenyl)triazolovu skupinu

Syntéza azidofenyl-modifikovanych nukleozidov je zalozend na Suzuki-Miyaurovej

cross-couplingovej reakcii 5-jodocytidinu 1 (dC") a 7-deaza-7-jodoadenozinu 2 (dA") s 4-
plingovej ] yt )
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azidofenyltrifluoroboratom® 30 v pritomnosti [PdCl,(dppf)] a Cs;CO3; v MeOH poskytla
modifikované nukleozidy 31 (dC*) a 32 (dA™) vo vytazku 58-63 % (Schéma 7, Tabulka 7,
riadok 1, 2). Huisgen-Sharplessova reakcia’® medzi azidofenylom-modifikovanymi
nukleozidmi 31 (dC®) a 32 (dA®) a alkinmi 33 (fenylacetylén) alebo 34 (1-etynyl-4-
nitrobenzén) poskytli 1,4-disubstituované 1,2,3-triazoly 35 (dC™"), 36 (dA™"), 37 (dC™?) a
38 (dA™?) vo vytazku 40-94 % (Schéma 7, Tabulka 7, riadok 5-8). Pre pripravu 43
(dCATPs) a 44 (dA*TPs) sme aplikovali trifosforylaciu modifikovanych nukleozidov dN” a
ziskali sme 43 (dC*TP) a 44 (dA*TP) (Schéma 7, Tabulka 7, riadok 3, 4) v 21 a 34 %
vytazku po izolacii na RP HPLC. Triazolom-modifikované trifosfaty 39 (dC'"TP), 40
(dATPTP), 41 (dC™°?TP), 42 (dC™2TP) boli pripravené trifosforylaciou modifikovanych
nukleozidov 35 (dC™), 36 (dA™), 37 (dC™%?) a 38 (dAA™°?) (Schéma 7, Tabulka 7, riadok
9-12) vo vytazku 13-52 %.

HO. R R
0]

OH 1 (dcC!

|
o- o o
OH 31 (dc#) OH 35 (dC™P) 39 (dC™TP) OH
32 (dAR) 36 (dATP) 40 (dATPTP)
37 (dCTNO2) 41 (dC™NO2TP) R
ii 38 (dATNOZ) 42 (dATNO2TP) iv

OH 43 (dCATP)

44 (dAATP)
NH, NHp
Y
% j\/ | N[ N\ N, NO,
- LT W o P
b o KF38 0 Z 33 & 34
N= C A

Schéma 7. Syntéza modifikovanych nukleozidov: i) Suzuki-Miyaurova cross-couplingova reakcia: 30 (4-
azidofenyltrifluoroborat), PdCl,(dppf) Cs,CO3z, MeOH, 2 h, 80 °C; ii) CuAAC: 33 (fenylacetylén) / 34 (1-etynyl-
4-nitrobenzén), askorbat sodny, CuSO4.5H,0, tBuOH:H,0 (1:1), 12 h, rt; iii) Trifosforylacia modifikovanych
nukleozidov: 1. PO(OMe)s, POCls, 0 °C; 2. (NHBu3),H,P,0, BusN, DMF, 0 °C; 3. TEAB; iv) PEX experiment;
v) Azid-alkinova cykloadicia: 33 / 34, askorbat sodny, CuBr, TBTA ligand, tBuOH:DMSO (1:3), 2 h, 37 °C.
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TabulPka 7. Syntéza modifikovanych nukleozidov a nukleotidov.

. Vychodiskova o o Reakény | Vytazok
Poradie litka Reagent Aditiva Rozpistadlo Produkt cas (%)?
1 2 (dA") 30 PdCl,(dppi), MeOH 32 (dA%) | 2h,80°C 58
Cs,CO;4
2 1(dc) 30 PdCly(dppf), MeOH 31(dC” | 2h,80°C 63
Cs,CO;4

A 1. PO(OMe),, POCI3, 0°C; 2. (NHBU3),H,P,0>, A .

3 32 (dAR) BU.N. DMF. 0 °C; 3 TEAB 43 (dA*TP) | 6h,0°C 34
A 1. PO(OMe)g, POC|3, OOC; 2. (NHBU3)2H2P207, A o

4 31 (dCh) BU.N. DMF. 0°C: 3 TEAB 44 (dC*TP) | 6h,0°C 21
A askorbat sodny, tBuOH:H,0O TP

5 32 (dA%) 33 CUSO,5H,0 (1:1) 36 (dA™) 12 h, 1t 72
A askorbat sodny, tBuOH:H,0O TP

6 31 (dCh) 33 CUSO,.5H,0 (1:1) 35 (dC™) 12 h, 1t 40
A askorbat sodny, tBuOH:H,0 TNO2

7 32 (dAR) 34 CUSOL.5H,0 (1:1) 38 (dA™%?) | 12h,r1t 94
A askorbat sodny, tBuOH:H,0O TNO2

8 31 (dCh) 34 CuSO,.5H,0 (1:1) 37 (dC™%%) | 12h,rt 62
TP 1. PO(OMe)s, POC|3, 0 OC; 2. 40 o,

9 36 (dA™) (NHBuU3),H,P,07, BusN, DMF, 0 °C; 3. TEAB (dATPTP) 18h,0°C 13
™ 1. PO(OMe);, POClIs, 0 °C; 2. 39 o

10 35(dC™) (NHBu3),H,P,0-, BusN, DMF, 0 °C; 3. TEAB (dC™"TP) 18h,0°C 52

TNO2 1. PO(OMe)g, POCI3, 0°C; 2. 42 o
1 38 (dA) (NHBUj3),H,P,07, BusN, DMF, 0°C; 3. TEAB | (dA™°°TP) 18h,0°C 18
TNO2 1. PO(OMe)s, POC|3, 0 OC; 2. 41 o,
12 87(dC) (NHBUj3),H,P,05, BusN, DMF, 0 °C; 3. TEAB | (dC™°?TP) 18h,0°C 18

# izolovany vyt'azok

7.3.2 Electrochemické Stidie modifikovanych trifosfatov

Elektrochemické vlastnosti modifikovanych trifosfatov 44 (dA”TP), 43 (dC*TP), 40
(dATPTP), 39 (dC™"TP), 42 (dA™°?TP) a 41 (dC™°?TP) boli Studované pomocou
cyklickej voltametrie na ortutovej elektrode. Azidofenylom-modifikované nukleotidy 44
(dA*TP) a 43 (dC*TP) poskytuji signal pri potenciali -0.9 V (signdl N3™), zatial o
fenyltriazolové derivaty 40 (dAAT"TP) a 39 (dC™"TP) neposkytli Ziaden redoxny signal. Na
druhej strane nitrofenyltriazolové derivaty 42 (dA™°?TP) a 41 (dC™°?TP) poskytli
redukény signal pri potenciali -0.4 V (peak NO,™). Azidofenylové derivaty mozu byt Iahko
transformovatel'né na oba typy triazolov pomocou CuAAC reakcie s alkinmi. CUAAC reakcie
s fenylacetylénom moézu byt pouZzité pre stratu redoxnych vlastnosti, alebo reakciou s
nitrofenylacetylénom pre zmenu jednej redoxnej znacky na ini so zmenou redoxného

potencialu.

7.3.3 Enzymaticka syntéza modifikovanej DNA

Dal§im cielom bola polymerazou katalyzovana syntéza DNA nesuca azidofenylové
znacky a Stadium ich premeny na (nitrofenyl)triazolové skupiny pomocou CUAAC reakcie

azidofenylom-modifikovanej DNA s acetylénami (33 fenylacetylén alebo 34 1-etynyl-4-
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nitrobenzén) za pritomnosti CuBr, TBTA ligandu a askorbatu sodného v tBuOH:DMSO (1:3)
pri 37 °C pocas 2 hodin. Obrazok 7 zobrazuje PEX produkty po Cu(l)-katalyzovanej CUAAC
reakcie bez degradicie DNA. Pre porovnanie, aj priama inkorporacia triazolom-
modifikovanych nukleotidov pomocou 40 (dAT°TP), 39 (dC™"TP), 42 (dA™°*TP) a 41
(dC™O2TP) ako substratov do DNA bola testovana (vysledok nie je zobrazeny).

KOD XL
P + A- C-.A* AP ATNOZCA ~TP CTNOZ

Q n.l

B BB s 789 10

Obrazok 7. PEX inkorporacie do DNA (31 baz) pomocou 44 (dA*TP) a 43 (dCTP), templatu temp™® a
KOD XL polymerazy a nasledovhou CUAAC reakciou s 1-etynyl-4-nitrobenzénom 34 a fenylacetylénom 33.

7.3.4 Electrochemické studie modifikovanej DNA

Voltametrické vlastnosti modifikovanej DNA (PEX produkty) obsahujtce;j N* N™ a
N™92 boli studované pomocou cyklickej voltametrie na ortutovej elektrode. Obrazok 8
zobrazuje cyklicky voltamogram PEX produktov pripravenych pouzitim templatu temprndlﬁ
obsahujucich azidofenylom-modifikované nukleobazy (A" alebo C*). Nevratny katodicky
signal pri potenciali -0.9 V odpoveda redukcii azido skupiny (signal N3™, ervena krivka).
Kontrolny experiment PEX reakcie bez pouzitia polymerazy v zmesi detekuje nepritomnost’
signalu azido-skupiny, &m sa vyluduje pritomnost dN“TPs v zmesi. PEX produkty
obsahujuce fenyltriazolovii skupinu A™™ a C™ | ktoré boli pripravené pomocou CuAAC
reakcie N”-modifikovanej DNA s 33 (fenylacetylén) a neposkytli Ziaden redoxny signal
(modré krivka). Na druhej strane CUAAC reakcia N”-modifikovanej DNA s 34 (1-etynyl-4-

nitrobenzénom) poskytla DNA produkty obsahujice nitrofenyltriazolové skupiny ATNO?

a
C ™02 ktoré poskytli nevratny katodicky signal pri potenciali -0.4 V, &o odpoveda redukcii

nitro-skupiny (signal NO,™, zelena krivka).
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Obrazok 8. Detail CV PEX produktov syntetizovanych s temp templatom a ANTP zmesou obsahujicou

dNATP konjugaty a PEX produkty po CUAAC rekcii s 33 (fenylacetylénom) / 34 (1-etynyl-4-nitrobenzénom)

merané na ortutovej elektode.

7.3.5 Transformacie redoxnych znaciek pomocou CuAAC reakcie s

aplikaciou v detekcii interakcii DNA-protein

Premena azidovej redoxnej znacky na nitrofenyltriazolovi méze byt’ pouzita ako nova
metoda pre detekciu interakcii DNA-protein (Schéma 8). Predpokladali sme, Ze ak
inkorporujeme niekol’ko azidofenylovych modifikacii do DNA, nasledne DNA inkubujeme s
proteinom a uskutocnime CuAAC reakciu s nitrofenylacetylénom, tak iba volne dostupné
azido-skupiny (neprikryté proteinom) moézu byt transformované na nitrofenyltriazoly a pomer

azido/nitro redoxnych signalov indikuje, ¢i protein bol naviazany na DNA alebo nie.

Schéma 8. Princip elektrochemickej detekcie interakcii DN A-protein.
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Zvolili sme tumor supresorovy protein'®® p53 (p53CD_GST) pre jeho sekvenéne-

specifickt® vizbu k DNA. Navrhli sme dve rézne sekvencie 50-bazovej DNA (templaty

p53_1a2G p53_2CON4

temp a temp , Tabul'ka 8), v ktorej 6 azido-skupin je vo vnutri a 6 azido-

skupin je mimo dosah sekvencie $pecificky rozpoznavanou proteinom p53.

Tabulka 8. Sekvencie ON?

Sekvencie
ONPS3-2CON4 | 5 GAATTCGATATCAAGACARC AN ARCAACAR AATTAMTGGANTANANGGTAN-3!
ON P53-1a26 5-GAATTCGATATCAAGA*CAMC AN ARCAACAR AATTAATCCAATARANCCTAR-3!

% p53 rozpoznavacia sekvencia je ozna¢ena kurzivou a nukleotidy nestice modifikdcie st znazornené tu¢ne a su pod&iarknuté.

Po vSetkych experimentoch testovania stability ~komplexu DNA-protein
(DNA _p53CD_GST komplex) sme uskuto¢nili experimenty s electrochemickou detekciou
interakcii DNA-protein. Cyklicka voltametria A”-viazanej DNA (50-baz, ONP*3-12%C)
obsahujuca 12 azidofenylovych skupin zobrazuje signal N3 redukcie pri potenciali -0.9 V
(Obrazok 9, &ervena krivka). A”-viazana DNA reagovala s 34 (4-nitrofenylacetylénom),
CuBr, TBTA ligandom, askorbatom sodnym pri 20 °C pocas 1 h za optimalizovanych
podmienok, ktoré st vhodné bez porusenia komplexu DNA-protein. Voltametrickd analyza
ukazuje plnu premenu vSetkych azido-skupin na nitrofenyltriazoly, ¢o potvrdzuje zanik
signalu pri potenciali -0.9 V a vznik nového signalu pri -0.4 V, ¢o odpoveda redukcii NO;
skupiny (Obrazok 9, zelena krivka). V dalsom experimente A”-viazana DNA bola
inkubovana s 1.2 ekvivalentom p53CD_GST (pocas 45 min. na l'ade) pre vznik komplexu
DNA_p53CD_GST. Komplex DNA-protein reagoval s 34 (4-nitrofenylacetylénom) za vyssie
spominanych podmienok (CUAAC reakcia) s naslednou denaturaciou. CV tohto produktu

red

(Obrazok 9, fialova krivka) ukazala 50 % tbytok intenzity signalu N3

red

redukcie azido-skupin
a narast signalu NO, (50 % rozdiel intenzity signalu v porovnani s produktom bez
pritomnosti proteinu p53). To potrvdzuje, Ze iba volné azido-skupiny (nezakryté proteinom)
podliehajt transformacii na nitrofenyltriazoly pomocou CuAAC reakcie, zatial’ ¢o N3 skupiny
prikryté proteinom sa nemenia. Ako kontrolu sme este uskutoénili reakciu A”-viazanej DNA
vV pritomnosti BSA proteinu, ktory sa neviaze na DNA s rovnakym vysledkom ako u

experimentu bez pritomnosti proteinu (Obrazok 9, Cierna krivka, vsetky azido-skupiny su

premenené na nitrofenyltriazoly).
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Obrazok 9. Detail CV PEX produktov syntetizovanych s temp templatom a 44 (dA”TP) konjugatom a

PEX produkty po CuAAC reakcii s 34 (4-nitrofenylacetylénom) (zelena krivka), DNA-p53 komplex po CUAAC

reakcii nasledovana denaturaciou (fialova krivka), kontrola s BSA (Cierna krivka) na ortutovej elektrode.

8 Zaver

Antrachinbnom-modifikované nukleozidy a nukleotidy viazané cez konjugovany
acetylénovy linker alebo cez nekonjugovany propargylkarbamoylovy linker boli pripravené a
testované ako substraty pre DNA polymerazy. V enzymatickych inkorporaciach bol
flexibilnejsi dN"ACTP lepsi substrat neZ rigidny dN®ATP. 10-nasobne vyssia koncentracia
dN*ARTP sposobuje inhibiciu polymerazy. Elektrochemické Studie antrachinbnom-
modifikovanych nukleozidov, nukleotidov a DNA pomocou voltametrie zobrazuje signaly
vratnej redukcie antrachinonovej skupiny pri potenciali -0.4 V. Kombinacia antrachinénovej
modifikacie s nitrofenylovou skupinou poskytla jeden nerozliSeny signal. AvSak cyklicka
voltametria moZe rozliSit medzi tymito znackami, pretoze redukcia NO; je nevratna a
redukcia antrachinonu je vratna. Nezavisla detekcia nitro-skupiny v pritomnosti antrachinonu
je mozna pomocou oxidacie hydroxylaminu, ktory je produktom nitrofenylovej redukcie.
Ked7e dC™9TP a dAPAQTP viazané cez propargylkarbamoylovy mostik su vhodnymi
substratmi pre polymerdazovi inkorporaciu, antrachindbn moéze byt pouzity pre
multipotencidlové DNA kddovanie v kombinacii s inymi znackami.

Vdruhej cCasti projektu bol benzofurazan pripojeny k nukleozidom a nukleotidom
priamo alebo cez acetylénovy mostik. Benzofurazdnom modifikované nukleotidy boli
testované ako substraty pre DNA polymerdzy a boli inkorporované do rozdielnych sekvencii
pomocou PEX experimentu. Elektrochemické redukcia furazdnového kruhu spotrebuvava 6e”

a poskytuje intenzivny katodicky signal pri potenciali -0.8 V meratelny na ortutovej a
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uhlikovej elektrode bez prekryvu s potencidlmi prirodzenych baz. DNA znacenie
redukovatelnymi znaCkami benzofurazanom, nitrofenylom a oxidovatel'nou znackou
aminofenylom neukazuje ziaden prekryv medzi tymito znackami. Oligonukleotidy, ktoré boli
navrhnuté pre inkorporaciu troch rézne znadenych nukleotidov dANO*TP, dCP TP a
dTVeTP roznych pomeroch boli pouzité pre elektrochemické Stadia. Pocet
benzofurazanovych a nitrofenylovych znaciek inkorporovanych do réznych sekvencii je
mozné urcit’ nezavisle na sebe. Intenzity signalov jednotlivych modifikacii odpovedaju poctu
modifikacii v sekvencii, ¢o by mohlo byt vyuzité v "ratiometric analysis of nucleotide
sequences” (napr. elektrochemicka detekcia mutacii v DNA zalozena na zmene v pomere
dvoch nukleobaz znacenych dvoma rozdielnymi redoxnymi znackami). Aminofenyl sa javil
ako vhodna znacka vhodna pre kvalitativnu analyzu, ale nie pre (semi)kvantivne pomerové
elektrochemické analyzy nukleotidovej sekvencie.

V tretej Casti projektu boli pripravené azidofenylom-modifikované nukleozidy a
nukleotidy a polymerazova inkorporacia azidofenylom-modifikovanych nukleotidov do DNA
pomocou PEX experimentu pouzitim azidofenylom-modifikovanych nukleotidov ako
substratov bola $tudovana. Nukleotidy a DNA nesuca azidofenylovii skupinu poskytuji
pomocou voltametrie signal pri potenciali -0.9 V. Azido-skupina bola tranformovana na
nitrofenyltriazol pomocou CuAAC reakcie. Fenyltriazolom modifikované nukleotidy
neposkytuji Ziaden redoxny signal, zatial’ ¢o nitrofenyltriazoly poskytuju redukény signal pri
potenciale -0.4 V. Azidofenylom-modifikované nukleotidy st uzito¢né redoxné znacky pre
DNA, ktoré¢ mdzu byt pouzité pre stratu redoxnych vlastnosti, alebo pre zmenu jednej
redoxnej znacky na inll so zmenou redoxného potencialu. Tato transformacia bola pouzita v
detekcii interakcii DNA-protein. Pripravou azidofenylom-modifikovanej DNA, inkubéciou
DNA s proteinom a naslednou CuAAC reakciou s nitrofenylacetylénom, iba vol'ne dostupné
azido-skupiny (neprikryté proteinom) moézu byt transformované na nitrofenyltriazoly a
azidofenylové-skupiny prikryté proteinom zastavaju nezmenené. Elektrochemické merania su
pouzité pre analyzu vysledku a je mozné urcit, ¢i bol vytvoreny komplex DNA-protein alebo

nie na zaklade pomeru intenzit signalov transformovanych a netransformovanych znaciek.
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