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Abstract 

The aim of the thesis was to synthesize new nucleosides, nucleotides and  

the corresponding DNA probes bearing various fluorescent labels, which can be used 

for bioanalytical applications. 

In the first part of the thesis, 2'-deoxycytidine and the corresponding nucleoside 

triphosphate bearing tryptophan-based imidazolinone fluorophore were synthesized by 

Sonogashira cross-coupling reaction. The fluorophore showed sensitivity to pH and 

viscosity. Nucleotide was used for the construction of modified oligonucleotides (ON) 

and DNA by primer extension (PEX) or polymerase chain reaction (PCR). Labelled 

ON probe was used for sensing interaction with single-strand binding protein, which 

resulted in increased fluorescence intensity of modified ON. 

Next, thymidine and thymidine triphosphate labelled by bezylidene-

tetrahydroxanthylium fluorophore were synthesized by copper-catalyzed azide-alkyne 

cycloaddition (CuAAC). Fluorescence of the fluorophore is dependent on the polarity 

and viscosity of the environment. Incorporation of the modified nucleotide into DNA, 

by PEX or PCR, led to dramatic increase of the fluorescence presumably due to the 

interactions of the fluorophore in the major groove. Unfortunately, the modified 

nucleotide was not suitable for in cellulo imaging due to its cytotoxicity. The modified 

dsDNA was used as fluorescent probe for sensing interactions with small molecules 

and proteins by change of fluorescence. Finally, the nucleotide was applied in real-time 

PCR as a new approach to directly visualize the DNA synthesis. Benzylidene-

tetrahydroxanthylium fluorophore was also attached to 2'-deoxycytidine via triethylene 

glycol linker to address issues with cell experiments, however, the incorporation into 

DNA in live cells was not successful. 

Additionally, thiazole orange (TO) modified 2'-deoxycytidine and  

the corresponding triphosphate were synthesized by CuAAC. TO is known to bind 

nucleic acids and change fluorescence intensity and lifetime depending on viscosity. 

The nucleotide was incorporated into DNA probes by PEX and PCR and their 



 

 

 

photophysical properties were evaluated. TO-modified nucleotide was successfully 

transported into live cells and incorporated into genomic DNA, what allowed real-time 

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

Further, 2'-deoxycytidine and its triphosphate bearing near-infrared BODIPY 

fluorophore tethered via propargylether or triethylene glycol linker were synthesized. 

New nucleosides showed dependence of fluorescence 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 proteins by changing fluorescence lifetime. Nucleotide bearing BODIPY via 

triethylene glycol linker was also incorporated into DNA in live cells. 

Finally, 2'-deoxycytidine triphosphate bearing silicon rhodamine fluorophore 

was prepared by strain-promoted azide-alkyne cycloaddition reaction. Photophysical 

properties, as well as enzymatic incorporation into DNA, were studied. New nucleotide 

was transported into cells and incorporated into genomic DNA, what allowed  

super-resolution imaging of DNA. 

 

 

 

 

 

 

 

 

 

 



 

 

 

Abstrakt 

Cílem této dizertační práce byla syntéza nových nukleosidů, nukleotidů a 

příslušných DNA sond nesoucích různé fluorescenční značky pro bioanalytické 

aplikace. 

V první části práce byl pomocí Sonogashiry cross-kapling reakce syntetizován  

2'-deoxycytidin a jeho trifosfát nesoucí imidazolinový fluorofor na bázi tryptofanu. 

Daný fluorofor vykazoval citlivost na pH a viskozitu. Nukleotid byl použit pro 

konstrukci modifikovaných oligonukleotidů (ON) a DNA prodlužováním primeru 

(PEX) nebo polymerázovou řetězovou reakcí (PCR). Značená ON sonda byla použita 

pro snímání interakce se single-strand vazebným proteinem, což vedlo ke zvýšení 

intenzity fluorescence modifikovaného ON. 

Dále byl připraven thymidin a thymidin-5'-O-trifosfát, nesoucí benzyliden-

tetrahydroxanthyliový fluorofor, pomocí mědí katalyzované azid-alkynové cykloadice 

(CuAAC). Fluorescence fluoroforu je závislá na polaritě a viskozitě prostředí. 

Inkorporace modifikovaného nukleotidu do DNA pomocí PEX nebo PCR vedlo 

k dramatickému zvýšení fluorescence, pravděpodobně díky interakcím fluoroforu 

ve velkém žlábku. Bohužel, modifikovaný nukleotid nebyl vhodný pro vizualizace 

v buňkách kvůli své cytotoxicitě. Modifikovaná dsDNA byla použita jako 

fluorescenční sonda pro snímání interakcí s malými molekulami a proteiny změnou 

fluorescence. Nakonec byl nukleotid aplikován v real-time PCR, jako nový způsob 

přímé vizualizace syntézy DNA.  Benzyliden-tetrahydroxanthyliový fluorofor byl také 

připojen k 2'-deoxycytidinu přes triethylenglykolový linker, aby se vyřešili problémy 

s buněčnými experimenty, nicméně začlenění do DNA v živých buňkách nebylo 

úspěšné. 

Následně, 2'-deoxycytidin a jeho trifosfát modifikovaný thiazol orange (TO) 

byly také syntetizovány pomocí CuAAC. Je známo, že TO váže nukleové kyseliny a 

mění intenzitu fluorescence a lifetime v závislosti na viskozitě. Nukleotid byl 

inkorporován do DNA sond pomocí PEX a PCR a byly hodnoceny jejich fotofyzikální 



 

 

 

vlastnosti. TO-modifikovaný nukleotid byl úspěšně transportován do živých buněk a 

začleněn do genomové DNA, což umožnilo zobrazení syntézy DNA v živých buňkách 

v reálném čase pomocí fluorescenčního zobrazování. 

Dále byl připraven 2'-deoxycytidin a jeho trifosfát nesoucí near-infrared 

BODIPY fluorofor navázaný přes propargylether nebo triethylenglykolový linker. 

Nové nukleosidy prokázaly závislost doby života fluorescence na viskozitě prostředí. 

Odpovídající nukleosidtrifosfáty byly použity jako substráty pro enzymovou syntézu 

DNA. Modifikované DNA sondy byly použity pro monitorování interakcí s proteiny 

změnou doby života fluorescence. Nukleotid nesoucí BODIPY vázaný přes 

triethylenglykolový linker byl také enzymově zabudován do DNA v živých buňkách. 

Nakonec byl připraven i 2'-deoxycytidintrifosfát nesoucí křemíkový rhodamin 

fluorofor pomocí strain-promoted azid-alkyn cykloadiční reakce. Byly studovány 

fotofyzikální vlastnosti a také enzymatická inkorporace do DNA. Nový nukleotid byl 

transportován do buněk, inkorporován do genomové DNA a umožnil zobrazení DNA 

s vysokým rozlišením. 

 

 

  



 

 

 

List of abbreviations 

ACN    acetonitrile 

BODIPY   4,4-difluoro-4-bora-3a,4a-diaza-s-indacene 

BSA    bovine serum albumin 

CCVJ    9-(2-carboxy-2-cyanovinyl)julolidine 

CFP    cyan fluorescent protein 

COSY    correlation spectroscopy 

Ct    threshold cycle 

CuAAC   copper-catalyzed azide-alkyne cycloaddition 

Da    Dalton 

DAF    dimethyl aniline furaldehyde 

DAPI    4',6-diamidino-2-phenylindole 

DCM    dichloromethane 

DCVJ    9-(2-carboxy-2-cyanovinyl)julolidine 

DIPEA   N,N-diisopropyl(ethyl)amine 

DMF    dimethylformamide 

DMSO   dimethyl sulfoxid 

DNA    deoxyribonucleic acid 

dNTP    2'-deoxynucleoside-5'-O-triphosphate 

ds    double-stranded 

EDTA    ethylenediaminetetraacetic acid 

equiv.    equivalent 



 

 

 

ESI    electrospray ionization 

FAM    6-carboxyfluorescein 

FLIM    fluorescence lifetime imaging 

FPs    fluorescent proteins 

FRET    Fӧrster resonance energy transfer 

GFP    green fluorescent protein 

GQ    G-quadruplex 

HMBC   heteronuclear multiple bond correlation 

HPLC    high performance liquid chromatography 

HRMS   high resolution mass spectrometry 

HSQC    heteronuclear single quantum coherence spectroscopy 

iEDDA   inverse electron-demand Diels Alder 

MALDI-TOF   matrix-assister laser desorption/ionization-time of flight 

max.    maximum 

MG    methyl green 

min    minutes 

n.d.    not determined 

NIR    near infrared 

NMR    nuclear magnetic resonance 

nt    nucleotide 

NTC    no template control 

NTP    nucleoside-5'-O-triphosphate 

ON    oligonucleotide 



 

 

 

PAGE    polyacrylamide gel electrophoresis 

PBS    phosphate-buffered saline 

PCR    polymerase chain reaction 

PEX    primer extension 

pm    parts per milion 

RdRP    RNA-dependent RNA polymerase 

RNA    ribonucleic acid 

rpm    rounds per minute 

r.t.    room temperature 

rt    real-time 

RT    reverse transcription 

SNI    single nucleotide incorporation 

SNTT    synthetic nucleoside triphosphate transporter 

SPAAC   strain-promoted azide-alkyne cycloaddition 

ss    single-stranded 

SSB    single-strand binding protein 

STED    stimulated emission depletion 

TAMRA   5-carboxytetramethylrhodamine 

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

TCA    trichloroacetic acid 

TEAB    triethylammonium bicarbonate 

TFA    trifluoroacetic acid 

THF    tetrahydrofuran 



 

 

 

THPTA   tris((1-hydroxy-propyl-1H-1,2,3-triazol-4-yl)methyl)amine 

TCSPC   time-correlated single photon counting 

TLC    thin-layer chromatography 

TO    thiazole orange 

U2OS    human bone osteosarcoma cells 

UV    ultraviolet 
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1 INTRODUCTION 

1.1 Discovery and structural characteristics of DNA 

Deoxyribonucleic acid (DNA) is a biomacromolecule with the role of carrying 

the genetic information. The DNA was first discovered and isolated in 1869  

by Friedrich Miescher, who was studying chemical composition of leukocytes. 

Miescher distinguished isolated product from the proteins based on different 

properties, resistance to protease digestion and presence of large amounts  

of phosphorus.1,2 However, the correct structure of the DNA was established in 1953 

by James Watson and Francis Crick.3 

DNA is polyanionic biopolymer which is composed from nucleotide 

constituents. Nucleotides consist of deoxyribose sugar moiety with phosphate group at 

5' position and nucleobase (adenine, cytosine, guanine or thymine) attached to  

the anomeric position of the sugar moiety. The nucleotides are connected to each other 

by phosphordiester bond between sugar moiety of one nucleotide and phosphate group 

of the other. This linear linkage of nucleotides represents primary structure of the 

nucleic acids.  The secondary structure of DNA represents the shape of the nucleic 

acids and is influenced by interactions between nucleobases. In double helix DNA, the 

strands are held together due to the interactions of complementary nuclebases through 

hydrogen bonding. The nucleobases pair according to the Watson-Crick base-pairing 

rule (Figure 1), cytosin (C) pairs with guanine (G) and adenine (A) pairs with thymine 

(T). Base-stacking between adjacent nuclebases also contributes to the stability of 

DNA.4–7 

DNA duplexes exist in three major helical forms, A-DNA, B-DNA and Z-DNA 

(Figure 2)8 depending on humidity and the amount of salts.9 A-DNA and B-DNA are 

right-handed double helixes, while Z-DNA helix twists in a left-hand direction.  

B-DNA, which is the most occurring DNA structure in nature, contains wide major 

groove and narrow minor groove, which serve as binding sites for interactions of  

the DNA with proteins.10 A-DNA, shorter and more compact structure, mostly occurs 
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under dehydrated or low water content conditions.11 The Z-DNA helix is unstable 

structure and its formation can be promoted by alternating purine-pyrimidine 

sequences (such as GCGC).12 

 

Figure 1 Watson-Crick base pairing of nuclebases through hydrogen bonds. 

 

 

Figure 2 DNA structures A-DNA, B-DNA and Z-DNA from left to right. 

(Figure was taken from reference8) 



18 

 

 

1.2 Methods of DNA synthesis 

1.2.1 Solid-phase oligonucleotide synthesis 

Chemical synthesis of oligonucleotides (ONs) is a rapid and inexpensive 

technique that provides short DNA sequeneces.13 The synthesis can be performed by 

various approaches such as H-phosphonate14,15, phosphite triester16, phosphodiester17 

or phosphotriester18,19 method. The most commonly used technique is phosphoramidite 

synthesis (Scheme 1). Full automation of this process was achieved in the late 1980s.20 

 

Scheme 1 Phosphoramidite synthesis of oligonucleotides. 

Chemical synthesis of ONs proceeds from 3'- to 5'-end. The first step of  

the synthesis is detritylation under acidic conditions. Subsequently coupling reaction 

with nucleoside 3'-phosphoramidite takes place and leads to formation of phosphite 

triester. Following coupling, capping of unreacted 5'-OH groups takes place  

in presence of acetic anhydride and N-methylimidazole. Next, oxidation of phosphite 

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

spin-columns.  

This method is advantageous for preparation of short ONs in high amounts, 

however it is difficult to prepare oligonucleotides that are longer than 100 nt. Another 

problem might also arise if the goal is to synthesize functionalized ON, in which case 

compatibility of functional groups with reaction conditions must be taken into 

consideration. 

 

1.2.2 Enzymatic synthesis of DNA 

The enzymatic synthesis of DNA is very useful alternative to chemical 

synthesis,21 especially if it is desired to prepare longer ONs (>100 nt) or introduce 

modification that is not compatible with solid-phase synthesis. Unlike the chemical 

synthesis, enzymatic synthesis proceeds in the 5' to 3' direction. The most common 

enzymatic methods to prepare DNA are primer extension (PEX; Scheme 2) and 

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

PEX is used to prepare short DNA with modification in single strand.  

The reaction is promoted by a DNA polymerase in suitable buffer and in presence of  

2'-deoxynucleoside triphosphates (dNTPs; natural, modified or mixture), primer and 

template. The primer is usually radioactively (32P) or fluorescently labelled at 5'-end to 

allow detection of products on gel. 

 

Scheme 2 Enzymatic synthesis of DNA by primer extension. 
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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 1980s.22  

This process is based on repetition of thermal 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 out at 45-55°C.  

At the end the primer is extended usually at 75°C. 

PCR is very useful in combination with fluorescence detection because it can 

monitor amplification of target DNA during PCR (in real time).23 This technique is 

called real-time 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 real-time utilizes non-emissive fluorescent dyes that emit light once 

intercalated into DNA (Scheme 3).24–26 The most commonly used intercalator is SYBR 

Green I dye (Figure 3).27,28 However, DNA-binding dyes bind to all DNA present in 

PCR and therefore false positive results can be produced if, for example, primer dimers 

are formed. This problem can be overcome using specific hybridization probes, such 

as TaqMan probes.29,30 

 

Figure 3 Structure of SYBR Green I. 
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Scheme 3 Real-time polymerase chain reaction using intercalating dye. 

TaqMan probes are oligonucleotides that are labelled by a fluorophore at  

the 5'-end and by a quencher at the 3'-end. The probe is non-fluorescent due to  

the quenching of the fluorophore by quencher via Förster resonance energy transfer 

(FRET).31 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. During the PCR amplification, the probes are hydrolyzed by polymerase 

(usually Taq polymerase) due to the 5'-3' exonuclease activity of the enzyme. Cleavage 

of the probe separates the fluorophore from the quencher and results in the fluorescence 

signal (Scheme 4).32 
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Scheme 4 Real-time PCR using TaqMan 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 of the DNA. To overcome these limitations, the post-synthetic introduction 

of modification to the DNA can be very useful. In this approach, the DNA (prepared 

by chemical or enzymatic synthesis) bears small reactive groups which 

chemoselectively react with the desired modification.  

For example, single-stranded DNA with an azido group reacted with 

fluorescein derivative 1 through Staudinger ligation (Scheme 5 A). Fluorescein 

modified oligonucleotide was then utilized as a primer in a Sanger dideoxy sequencing 

reaction.33 Panattoni et al.34 described enzymatic and chemical synthesis of ONs 

containing alkyne linkers of various length and polarity. These alkyne-linked ONs were 

used for copper-catalyzed azide-alkyne cycloaddition (CuAAC) with  

5-carboxyltetramethylrhodamine azide 2 (Scheme 5 B). The kinetic study revealed that 

the reaction with hydrophilic propargyl-diethylene glycol-linked ON reacted the fastest 

and it was approximately twice faster than the DNA bearing octadiynyl modification. 
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Scheme 5 Post-synthetic modification of oligonucleotides using Staudinger ligation or 

CuAAC. 

Group of Tom Brown35 reported enzymatic synthesis of DNA bearing azido or 

trans-cyclooctene moiety using primer extension, PCR amplification or  

reverse-transcription. The DNA product bearing azido group was labelled by  

Cy3-bicyclo[6.1.0]non-4-yne derivative 3 utilizing the strain-promoted azide-alkyne 

cycloaddition (SPAAC; Scheme 6 A). The DNA bearing trans-cyclooctene underwent 

the inverse electron-demand Diels-Alder (iEDDA; Scheme 6 B) reaction with  

6-methyl-tetrazine-sulfo-Cy3 4. 
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Scheme 6 Post-synthetic modification of DNA using SPAAC and iEDDA. 
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1.4 Synthesis of base-modified nucleosides and nucleotides 

Base-modified 2'-deoxynucleoside triphosphates are usually modified in  

the positions 5 of pyrimidine36 and 7 of 7-deazapurine37 derivatives due to the tolerance 

of DNA polymerase. The most common method for functionalization of dNTPs 

involves metal-catalyzed reaction with halogenated nucleosides followed by 

Yoshikawa phosphorylation (Scheme 7, Path A). Alternatively, copper-catalyzed or 

strain-promoted azide-alkyne cycloaddition reaction can be utilized to prepare 

modified nucleosides and nucleotides (chapter 1.4.3 and chapter 1.4.4). In 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 used (Scheme 7, Path B). 

 

Scheme 7 General synthetic pathway for modified nucleos(t)ides employing  

cross-coupling and phosphorylation reaction. 
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1.4.1 Yoshikawa phosphorylation 

The most commonly used method for phosphorylation of nucleosides (Scheme 

8) was developed by Yoshikawa.38 The phosphorylation starts by reaction of POCl3 

with 2'-deoxynucleoside 5, which leads to phosphorodichlorate nucleoside 6. 

Subsequently, compound 6 undergoes cyclization reaction with pyrophosphate. Final 

hydrolysis of cyclic triphosphate 7 yields desired product 8. 

 

Scheme 8 Yoshikawa’s phosphorylation of nucleosides. 

 

1.4.2 Sonogashira cross-coupling reactions 

The Sonogashira reaction is useful for the formation of carbon-carbon bond 

using terminal alkynes and vinyl or aryl halides in presence of palladium catalyst and 

copper co-catalyst.39 The mechanism of cross-coupling reaction consists of two 

catalytic cycles (Scheme 9).40 In the beginning of the catalytic cycle it is required to 

generate 14-electron palladium complex Pd(0)L2, which is generally done in situ by 

reduction of palladium(II) complexes by solvents and electron donating ligands 

(amines, phosphanes). In the first step, the palladium(0) complex undergoes oxidative 

addition in presence of R1-X (R1 = vinyl, aryl, hetaryl; X = I, Br, Cl, OTf). 

Subsequently, transmetallation with the copper acetylide takes place and  
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R1Pd(-C≡CR2)L2 complex is formed. Finally, trans-cis isomerization and reductive 

elimination step affords the final product as well as regenerates the catalyst. 

 

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

cross-coupling reaction. 

This reaction found broad application including modification of nucleosides by 

fluorescent labels. For example, Sonogashira coupling of 7-iodo-7-deaza- 

2'-deoxyadenosine 9 with 4-(dimethylamino)phthalimide derivative 10 or 5-iodo- 

2'-deoxycytidine 12 with fluorene-linked acetylene 13 resulted in fluorescently labelled 



29 

 

 

nucleosides 1141 and 1442 (Scheme 10 A, B) which, after phosphorylation, were used 

for the construction of DNA probes for studying interactions with proteins. Morpholine 

naphthalimide deoxyuridine nucleoside 17 was prepared by coupling of 5-iodo- 

2'-deoxyuridne 15 with alkyne 16 (Scheme 10 C). Corresponding nucleoside 

triphosphate was utilized for the detection of miRNA through rolling circle 

amplification.43 

 

Scheme 10 Synthesis of selected fluorescent nucleosides utilizing Sonogashira 

coupling. 
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1.4.3 Copper-catalysed azide-alkyne cycloaddition reactions 

The copper-catalyzed click reaction is 1,3-dipolar cycloaddition between  

an azide and terminal alkyne leading to formation of 1,5-disubstituted 1,2,3-triazoles. 

The reaction is catalyzed by Cu(I) catalyst which can be used directly or generated  

in situ from Cu(II) salts in presence of reducing agents (such as sodium-L-ascorbate).  

CuAAC was studied and introduced by Meldal44 and Sharpless45. There were 

various reaction mechanism proposals, however a recently suggested pathway (Scheme 

11) by Fokin et al.46 was confirmed by new research.47 In the first step, Cu(I) 

coordinates the alkyne and forms π complex which makes the hydrogen of terminal 

alkyne more acidic. Subsequent deprotonation leads to Cu-acetylide bearing additional 

π-bound copper. The acetylide coordinates the azide forming a six-membered 

metallacycle, which afterwards contracts to triazol-copper derivative that finally 

undergoes protolysis to form the desired triazol product. 

 

Scheme 11 A) General reaction scheme and B) mechanism of copper-catalyzed  

azide-alkyne cycloaddition. 
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The click reaction has been extensively used for modification of nucleic 

acids.48,49 Noticeably, CuAAC was achieved even in live cell using 5-ethynyl- 

2'-deoxyuridine50 for labelling of genomic DNA. Later, Luedtke group prepared new 

ethynyl modified nucleosides to study metabolic incorporation into genomic DNA and 

subsequent CuAAC with fluorescent dyes.51–53 Recently, they designed new 

phosphotriester derivative of 5-azidomethyl-2'-deoxyuridine which showed enhanced 

incorporation into the DNA of cells and even animals.54 CuAAC was also found to be 

useful for attaching fluorescent dyes on nucleosides and nucleotides. For example, 

coumarin-modified pyrimidine nucleoside55 20 was synthesized by click reaction of 

alkyne-modified coumarin 19 and methylazido-modified uridine 18 (Scheme 12 A) or 

TAMRA-, Sulfo-Cy3-, BODIPY-modified purine nucleotides56 22-24 were prepared 

by click reaction of ethynyl-modified nucleotide 21 with azido derivative of 

corresponding fluorophore (Scheme 12 B). 
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Scheme 12 Synthesis of selected fluorescent nucleos(t)ides utilizing CuAAC. 

 

1.4.4 Strain-promoted azide-alkyne cycloaddition reactions 

The strain-promoted 1,3-dipolar cycloaddition of an azide and cyclooctyne 

derivatives was developed by Bertozzi.57 Unlike in copper-catalyzed click reaction, 

SPAAC proceeds in absence of copper and utilizes strained cycloalkynes instead. This 

copper-free alternative found broad application for labelling of biomolecules35,58–60 and 

also cells61–63. SPAAC using nucleosides was also explored and described.  

For instance, the reactions of 8-azido-2'-deoxyadenosine 25 with dibenzocyclooctyne 

26 and cyclooctyne 28 led to the formation of click adducts 27 and 29 respectively 

(Scheme 13).64 
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Scheme 13 Synthesis of modified nucleosides utilizing SPAAC. 
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1.5 Fluorescent dyes 

Fluorophores are frequently used for labelling and detection of biomolecules 

such as amino acids, proteins or antibodies.65 Among the other labelling methods,  

such as radioactive labelling,66 isotope marking,67 electrochemical68 or calorimetric69 

sensors, the fluorescent labelling is preferable due to the non-destructive nature and 

high sensitivity of the technique.65 Derivatization of synthetic fluorophores produced 

an array of various fluorophores with broad range of different properties and 

applications.  

Biomolecules are commonly labelled by fluorescein (Figure 4 A) and cyanine 

dyes (Figure 4 B). Fluorescein is polycyclic dye with absorption maximum at 490 nm 

and emission at 512 nm in water. An advantage of the dye is the possibility to use  

488 nm argon laser which makes it ideal for microscopy.70 On the other hand, 

derivatives of fluorescein are prone to photobleaching71 and are sensitive to pH72 which 

makes analysis difficult. 

Cyanine 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 commonly used are Cy3 (λAbs = 548 nm, λEm = 563 nm, φ = 0.10),  

Cy5 (λAbs = 646 nm, λEm = 662 nm, φ = 0.28) and Cy7 (λAbs = 750 nm, λEm = 773 nm, 

φ = 0.30). The drawbacks of cyanine dyes include short fluorescence lifetimes, low 

fluorescence quantum yields and tendency to undergo aggregation in aqueous 

solution.73–75 

 

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 properties. This type of 

probes has been utilized for characterization of cellular structures.76,77 

Fluorescent molecular rotors are probes generally useful for sensing local 

viscosity.78,79 These dyes are usually weakly fluorescent and/or have short fluorescence 

lifetime due to the intramolecular rotation which causes non-radiative relaxation. One 

of the most known representatives of fluorescence intensity based probes are  

9-(dicyanovinyl)julolidine (DCVJ) and 9-(2-carboxy-2-cyanovinyl)julolidine (CCVJ). 

These dyes are weakly fluorescent due to the rotation around the julolidine-vinyl bond, 

however, if the rotation is blocked in highly viscous environment the fluorescence 

intensity increases (Figure 5).78–81 

 

Figure 5 Fluorescence response of A) DCVJ and B) CCVJ in solvents of different 

viscosity and polarity.81 

Fluorescence lifetime is another parameter which is useful for probing local 

environment, particularly because of the independence on the concentration of the 

fluorophore.82–84 Probes based on meso-substituted boron dipyrromethene (BODIPY) 

display excellent sensitivity of fluorescence intensity and lifetime to viscosity.  

This sensitivity stems from the free intramolecular 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 lifetime. These properties 
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made some rotational BODIPY dyes (Figure 6) very useful for fluorescence lifetime 

imaging (FLIM) and probing viscosity in biological systems.85–87 

 

Figure 6 A) Fluorescence spectra and B) decay of BODIPY dye at different viscosity.86 

Solvatochromic (polarity-sensitive) dyes are based on push-pull systems,  

in which electron-donating group (push; eg. tertiary amine) and electron-withdrawing 

group (pull; nitrile, carbonyl or sulfonyl) are connected to a polarizable π-system. Upon 

excitation the dyes increase dipole moment, the subsequent relaxation of the excited 

fluorophore is influenced by dipole-dipole interactions with the environment, which 

influences various photophysical properties of the fluorophores such as emission 

maxima, fluorescence lifetime and fluorescence quantum yield.88  

One of the most known solvatochromic dyes is Prodan (Figure 7 A), however 

this dye absorbs in the UV region and that led to development of new derivatives with 

extended conjugation such as fluorene analogue (FR0, Figure 7 A) which absorbs  

at 400 nm. Emission of FR0 range from 434 nm in toluene to 570 nm in methanol.88,89 
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Figure 7 A) Structure of Prodan and FR0. B) Emission of FR0 in different solvents.88 

Some solvatochromic dyes, for example Nile Red (Figure 8 A), exhibit 

dramatic increase of fluorescence in hydrophobic environment. This feature has been 

exploited for detection of lipids and hydrophobic domains.90,91 Another example of 

such dye is dimethyl aniline furaldehyde (DAF, Figure 8 A). This dye shows strong 

fluorogenic response from water (buffer) to oil (2000-fold increase of fluorescence 

intensity, Figure 8 B) and was employed for imaging and studying of lipid droplets.92 

 

Figure 8 A) Structure of Nile Red and DAF. B) Fluorescence response of DAF in 

hydrophobic environment.92 
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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 chapter 1.2.1, chemical synthesis of DNA is based  

on nucleoside phosphoramidites and produces short DNA sequences.  

Usage of modified nucleoside phosphoramidites, for example fluorene 

modified 2'-deoxyuridine (dUFL), allows synthesis of modified oligonucleotide probes. 

Some fluorene-labelled ONs show decrease of fluorescence intensity upon 

hybridization with not fully complementary ON strand (mismatched base opposit to 

dUFL; dC, dG or dT) but exhibit increase of fluorescence selectively in case of fully 

matched target (dA opposite to dUFL) and therefore can be applied for single nucleotide 

polymorphism (Figure 9 A).93 

Another, conceptually different, probe for detection of DNA hybridization was 

prepared by introducing pyrene derivative (dUPyr) into DNA. Pyrene-modified ssDNA 

probe showed dual fluorescence at 440 nm and 540 nm and upon hybridization with 

complementary strand the fluorescence intensity at emission maxima changed, which 

results in the shift of emission color (Figure 9 B).94 

Human telomeric DNA probes prepared by incorporation of 5-benzofuran-

modified 2'-deoxyuridine (dUBF) were used for sensing different DNA G-quadruplex 

(GQ) structures by change in fluorescence intensity (Figure 9 C). Moreover,  

these probes allowed detection of small GQ binding molecules.95 
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Figure 9 Chemical synthesis of DNA probes using modified nucleoside A) dUFL, inset 

shows response of ssDNA probe in presence of matched or mismatched target,93  

B) dUPyr, inset shows response of ssDNA upon hybridization with complementary 

strand,94 C) dUBF, inset shows fluorescence response to different GQ structures.95 

 

1.6.2 Application of DNA probes prepared by enzymatic synthesis 

Synthesis of DNA using DNA polymerases and modified nucleotides enables 

preparation of various probes for studying DNA. For example, 2'-deoxycytidine  

5'-triphosphate bearing dimethylaminobenzylidene fluorophore (dCVDPTP) was used 

to construct intensity-based DNA probe for studying DNA-protein interactions.  

The probe exhibited 4-fold increase of fluorescence intensity upon binding of single-

strand binding protein (SSB; Figure 10 A).96 



40 

 

 

Incorporation of BODIPY-modified nucleotide (dCBDPTP) allowed synthesis 

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

p53 protein and lipids by changes of fluorescence lifetime (0.5-2.2 ns; Figure 10 B).97 

Acetophenyl-thienyl-aniline modified nucleotide (dCATATP) was utilized for 

preparation of solvatochromic DNA probes. These probes showed weak red emission 

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

(to yellow or green) and an increase of fluorescence was observed (Figure 10 C).98 

 

Figure 10 Enzymatic synthesis of DNA using modified nucleotide A) dCVDPTP, inset 

shows fluorescence increase of modified ON upon binding with protein,96  

B) dCBDPTP, inset shows fluorescence lifetime increase of modified ON upon binding 

with protein,97 C) dCATATP, inset shows change of emission color and intensity of 

modified ON upon binding with protein.98 
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1.6.3 Transport of fluorescent nucleosides and nucleotides into cells 

Fluorescent labelling and imaging of genomic DNA are important tools  

for gaining better understanding of cellular processes.99–101 Cellular DNA is most 

commonly stained using DNA groove binders102 or intercalators103. However, these 

approaches are unable to monitor dynamic cellular events such as cell cycle and 

replication.104 One possibility to overcome this problem is to use nucleoside bearing a 

small functional group which undergoes phosphorylation by cellular kinases and then 

gets incorporated into DNA. Subsequent chemical reaction of modified genomic DNA 

with fluorescent dye allows localization of DNA (Figure 11 A).50,52,54,105,106  

On the other hand, the common drawback of this method is low efficiency of 

phosphorylation of modified nucleosides by kinases.107 Another 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 methods represent microinjection.108–111 For example, microinjection 

of dUCy3TP into living human cells enabled detection of chromosome areas in  

the nuclei (Figure 11 B).112 Recently, Zawada et al. developed a new method based  

on synthetic nucleoside triphosphate transporter (SNTT). The transporter consists of 

cyclodextrin that forms non-covalent inclusion complex with triphosphate moiety of 

NTP and cell-penetrating peptide capable of crossing the cell membrane.  

It is hypothesized that upon penetrating to the cell, the transported NTP would be 

displaced from SNTT complex by cellular NTPs and thus available for DNA synthesis. 

Described mechanism is illustrated in Figure 11 D. Simplicity and efficiency of this 

approach makes it very promising for metabolic labelling of DNA.113 For instance, 

SNTT in combination with hexamethyl phenyl-BODIPY-dCTP (dCmBDPTP) was 

utilized for staining of chromatin and monitoring of mitosis in living cells  

(Figure 11 C).114 
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Figure 11 A), B), C) Methods for labelling of genomic DNA using modified 

nucleos(t)ides. D) Proposed mechanism for SNTT method.113 
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2 SPECIFIC AIMS OF THE WORK 

 

1. Design and synthesis of modified nucleoside, nucleotide and DNA probes 

bearing tryptophan-based imidazolinone fluorophore to study DNA-protein 

interactions. 

 

2. Design and synthesis of modified nucleoside, nucleotide and DNA probes 

bearing benzylidene-tetrahydroxanthylium fluorophore for bioanalytical 

applications. 

 

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

probe for visualization of DNA synthesis in cells. 

 

4. Design and synthesis of modified nucleosides, nucleotides and DNA probes 

bearing near-infrared BODIPY fluorophore to study DNA-protein 

interactions. 

 

5. Design and synthesis of silicon rhodamine modified nucleotide for  

super-resolution imaging of DNA in cells. 
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2.1 Rationale of the specific aims 

Fluorescent labelling of DNA using fluorescent nucleosides and nucleotides  

is very important for biochemical43,115–117 and cell-based56,112–114,118,119 assays.  

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 or, on the contrary, environment-sensitive dNTPs that change 

photophysical properties depending on the microenvironment. 

Tryptophan-based imidazolinone fluorophore naturally occurs in cyan 

fluorescent protein. This fluorophore is fluorescent in native protein, however, free 

molecule prepared by chemical synthesis or upon denaturation of protein shows very 

low fluorescence.120–125 Therefore, this fluorophore has potential for studying 

interactions of DNA with DNA binding proteins, which could enhance 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 to the deep tissue penetration and 

minimal interference with autofluorescence of biomolecules.126,127 Therefore, we opted 

to use benzylidene-tetrahydroxanthylium128 NIR dye as new modification for 

nucleotides and DNA. This fluorophore shows structural characteristics of molecular 

rotors and also solvatochromic dyes due to the possible rotation between aromatic rings 

and presence of push-pull-push system. Thus, this fluorophore may exert interesting 

photophysical behavior and could be promising for studying interactions of DNA with 

other biomolecules and for imaging applications. 

Thiazole orange is well known for its ability to bind nucleic acids and change 

fluorescence intensity and lifetime depending on the microenvironment.129–131  

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 unique as it could potentially allow real-time imaging of 

DNA synthesis in live cells. 
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BODIPY dyes were previously reported as labels for nucleoside triphosphates 

and DNA, however, the dyes used showed green emission and the environment-

sensitives ones were not suitable for cell experiments.97,114,132 Therefore, we decided to 

use rotational NIR BODIPY133 dye that could be useful for sensing in vitro 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, 

photostability and compatibility with stimulated emission depletion (STED) 

microscopy. Silicon rhodamine shows decreased background signal of non-specific 

hydrophobic interactions due to the propensity to form non-fluorescent spirolactone in 

nonpolar environment.134–136 Thus, we planned to use silicon rhodamine modified 

nucleotide as new tool for super-resolution 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) represent an important 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 biomolecules can have significant effect on spectral 

properties.137 One of the most commonly used representative of FPs is green 

fluorescent protein (GFP).138 This fluorescent protein contains 4-hydroxybenzylidene 

imidazolinone fluorophore (Figure 12 A), which is weakly fluorescent as free molecule 

prepared by chemical synthesis or upon denaturation of protein. The low fluorescence 

of the free fluorophore is caused by the free rotation between phenol and imidazoline 

moiety which leads to non-emissive pathway.139–141 The fluorescence can be induced 

by blocking the bond rotation, for example by interactions with RNA142 or proteins143. 

Various fluorescent tags with different photophysical properties were prepared by 

replacement of tyrosine residue in GFP by other amino acid residues, such as 

phenylalanine (Figure 12 B), histidine (Figure 12 C) or tryptophan (Figure 12 D).120 

 Inspired by tryptophan-based fluorophore from cyan fluorescent protein 

(Figure 12 D),121–123 which is widely used for FRET studies,124,125 we decided to use 

the fluorophore as new modification for DNA. Utilizing Sonogashira cross-coupling 

reaction we prepared 2'-deoxycytidine and its triphosphate bearing tryptophan-based 

imidazolinone fluorophore and studied their photophysical properties. The modified 

triphosphate was tested as substrate for enzymatic incorporation into DNA and the 

modified DNA probe was used for sensing of DNA-protein interactions. 
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Figure 12 Structure of the chromophore in A) green, B) Sirius, C) blue and  

D) cyan fluorescent protein. E) Design of our new modification. 

 

3.1.2 Synthesis 

The synthesis of modified nucleoside and nucleotide was achieved by  

the Sonogashira cross-coupling reaction of 5-iodo-2'-deoxycytidine (dCI) or the 

triphosphate (dCITP) with alkyne of the corresponding fluorophore 34 (Scheme 14). 

The synthesis of alkyne-linked fluorophore 34 was done in analogy to the synthesis of 

related derivatives.144,145 

First, utilizing Vilsmeier-Haack formylation, the indole 30 was converted  

to indole-3-carbaldehyde 31 which subsequently underwent condensation with N-

acetyl glycine in acetic anhydride and afforded oxazolone 32 as previously 

described.146,147 Acrylamide 33 was then prepared in 60% yield by reaction of 

oxazolone 32 with propargylamine in DMF. Subsequent dehydration in pyridine led to 

formation of corresponding propargyl-imidazolinone 34 in 67% yield. The propargyl-

linked chromophore 34 was then coupled with a nucleoside utilizing Sonogashira 

coupling with dCI, forming dCTrp in 67% yield. The triphosphate dCTrpTP was 

prepared in similar manner using dCITP. Iodinated triphosphate dCITP was prepared 

following the literature.148 According to the previous work,137 the fluorophore can form 
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inseparable Z/E-isomers. We observed that according to the NMR spectra of compound 

34 and nucleoside dCTrp the Z-isomer was the major one and the E-isomer was  

the minor isomer (12-20%). It is noteworthy that the ratios of isomers in solution 

changed under daylight – seemingly due to the photoisomerization. The NMR spectra 

of nucleotide dCTrpTP showed no isomerization (pure Z-isomer). 

 

Scheme 14 Synthesis of dCTrp and dCTrpTP. 
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3.1.3 Photophysical properties 

First, we studied solvatochromic properties of dCTrp by measuring  

the absorption and emission spectra in solvents of different polarity. The results showed 

moderate solvatochromic effect with absorption maxima between 393-416 nm and 

emission maxima at 454-470 nm (Figure 13 A, Table 1). Absorption and emission 

spectra of dCTrp were sensitive to pH (Figure 13 C, D). Due to the deprotonation of the 

indole ring, we observed a transition in absorption spectra at pH 11.5 and two maxima 

appeared at 453 nm and 473 nm. At pH 12.8, the emission maximum shifted from  

469 nm to 498 nm and the fluorescence intensity increased ca. 3-fold. 

The modified nucleoside dCTrp showed very low quantum yields (0.02-0.04%) 

in low viscosity solvents (Table 1). On the other hand, significant increase  

of fluorescence was observed in viscous glycerol (Figure 13 B). These results indicated 

that the fluorophore could be useful for sensing changes of viscosity and pH in vicinity 

of DNA. 

 

Figure 13 A) Normalized absorption (dashed lines) and fluorescence (solid lines; 

excitation wavelength was equivalent to the corresponding absorption maxima) spectra 

of dCTrp in solvents of different polarity, B) comparison of fluorescence intensity 
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(excitation wavelength was 395 nm) of modified nucleoside in low viscosity solvent 

(dioxane) and viscous glycerol, C) absorption and D) fluorescence spectra (excitation 

wavelength was 408 nm) of dCTrp at different pH in phosphate buffer. 

 

Table 1 Photophysical properties of dCTrp in different solvents. 

Solvent λabs
a 

(nm) 

εb 

            (M-1cm-1) 

λem
c 

(nm) 

Φd  

              (%) 

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 0.42 

a Position of the absorption maximum, b molar extinction coefficients, c position of the 

emission maximum, d fluorescence quantum yield measured using quinine sulfate  

in 0.5 M H2SO4 (Ф = 0.55 at 25°C) as reference. 
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3.1.4 Enzymatic synthesis of modified DNA 

The modified nucleotide dCTrpTP was first tested as a substrate for enzymatic 

synthesis of DNA by PEX using KOD XL polymerase (Figure 14 A). We studied 

incorporation using templates encoding for incorporation of one, two or four modified 

nucleotides (Temp1PEX, Temp3PEX, Temp2PEX, Table 16). In all cases  

the polyacrylamide gel electrophoresis (PAGE) analysis showed that the primer 

extension using modified nucleotide gave full length products (Figure 14), which were 

additionally confirmed by MALDI-TOF analysis (Table 2). In all cases, 30 min 

reaction time at 60°C was enough to observe full length products. 

 

Figure 14  A) Scheme representing PEX with modified nucleotide for gel visualization. 

PAGE analysis of PEX using dCTrpTP, KOD XL DNA polymerase and B) Temp1PEX, 

C) Temp2PEX or D) Temp3PEX templates encoding for 1, 4 or 2 modifications, 

respectively. P: primer (Prim1PEX-FAM). Positive control (+): PEX with all four natural 

dNTPs. Negative control (-):  PEX with dATP, dGTP and dTTP in absence of dCTP. 

PEX with modified dNTP (*): PEX with dCTrpTP, dATP, dGTP and dTTP. 
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Table 2 Table of oligonucleotides prepared in this study. 

Oligonucleotide Sequence (5′→3′). C*: modified nucleotide. Mcalculated 

(Da) 

Mfound 

(Da) 

ON19_1CTrp CATGGGCGGCATGGGC*GGG 6212.2 6212.5 

ON31_4CTrp CATGGGCGGCATGGGAC*TGAGC*TC*ATGC*TAG 10662.5 10661.3 

ON30_2CTrp TCAAGAGACATGCCTAGAC*ATGTC*TATTAT 9711.7 9711.7 

 

Then we measured absorption and fluorescence spectra of the PEX product 

bearing 4 modifications DNA31_4CTrp. Graphs in Figure 15 show that when the PEX 

was done in absence of KOD XL there was no fluorophore present in DNA, whereas 

in presence of the polymerase the purified DNA showed absorption and fluorescent 

properties corresponding to the chromophore. 

 

Figure 15 A) UV-vis absorption spectra (λabs = 416 nm) and B) fluorescence spectra 

(λex = 416 nm, λem = 489 nm) of DNA obtained after incubation of the PEX reaction 

mixtures containing Prim1PEX, Temp2PEX, dATP, dGTP, dTTP, dCTrpTP either with 

(red line) or without (black line) KOD XL DNA polymerase. 

For testing PCR amplification, we used 98-mer (Temp1PCR) and 235-mer 

(Temp2PCR) DNA template. The amplification was done with different proportions of 

dCTrpTP and dCTP in presence of natural triphosphates (dATP, dTTP and dGTP).  

The PCR using 98-mer template was efficient even if the dCTP was completely 

replaced by dCTrpTP, on the other hand the amplification with 235-mer template was 
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less efficient and the sufficient amplification was observed at the percentage of 40% 

dCTrpTP in regard to dCTP. In 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 gels (Figure 16). 

 

Figure 16 Agarose gel electrophoresis analysis of PCR amplification of 98-mer A) and 

235-mer B) template with KOD XL polymerase and dCTrpTP. L: DNA ladder.  

Positive control (+): all natural dNTPs are present. Negative control (-): absence of 

natural dCTP. PCR with modified dNTP (lane 1-5): dGTP, dTTP, dATP and a mixture 

of dCTP and dCTrpTP (the content of dCTrpTP decreases from 100% (lane 1) to 20% 

(lane 5)) is present. 

 

3.1.5 Interaction of modified DNA with proteins 

To test the potential of dCTrp nucleotide for sensing interactions with proteins, 

we prepared single-stranded oligonucleotide bearing 1 modification (ON19_1CTrp). 

This ON was prepared by primer extension and subsequent magnetoseparation149.  

With the ON probe ON19_1CTrp in our hands, we studied its interaction with single-
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strand binding protein from E. coli (SSB),150,151 in similar manner as in previous 

works.96,143 Upon addition of SSB (0.5 equivalents) to ON probe we observed ca.  

2-fold increase in fluorescence intensity of the probe (Figure 17). The ratio of ON and 

SSB was 2:1 in accordance to the previous reports151 stating that it is necessary to have 

at least 56-mer 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 control experiment with DNA non-binding protein bovine serum albumin 

(BSA), which resulted in no change of fluorescence intensity. This control experiment 

clearly shows that the increase in ON19_1CTrp fluorescence is due to the interaction 

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

 

Figure 17 Emission spectra of ON19_1CTrp 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 bioimaging applications. Main advantages of NIR dyes 

include deep tissue penetration and minimal interference with autofluorescence  

of biomolecules. These fluorophores emit at 650-900 nm and the most used 

representatives are cyanine dyes.126,127 However, the drawback of common NIR dyes 

is problematic solubility in aqueous solutions, tendency to form aggregates and small 

Stokes shifts (<30 nm).152 In contrast, fluorescent dyes based on benzylidene-

tetrahydroxanthylium systems show large Stokes shifts (≈80 nm), solubility in aqueous 

solutions and emission in the NIR region (≈740 nm).128 

Inspired by tetrahydroxanthylium-based fluorophores (Figure 18 A),  

we designed new alkyne derivative of the dye (Figure 18 B), attached it to the 

nucleoside and nucleotide using CuAAC reaction and subsequently studied their 

photophysical properties. The modified nucleotide was enzymatically incorporated 

into DNA and the modified DNA was used as probe to study DNA hybridization and 

interactions with other (bio)molecules. Use of modified nucleotide was also tested for 

real-time PCR and for cell-based experiments. 
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Figure 18 Structure of A) reported benzylidene-tetrahydroxanthylium dyes and  

B) our new fluorescent label based on benzylidene-tetrahydroxanthylium skelet. 

 

3.2.2 Synthesis 

The synthesis of fluorescent nucleoside and nucleotide was accomplished by 

CuAAC reaction of azido modified thymidine (dTN3) or the triphosphate (dTN3TP) 

with alkyne 43 (Scheme 17). 

Azido modified thymidine dTN3 and its triphosphate dTN3TP were prepared 

according to the literature.35,61 First step of the synthesis is protection of thymidine 35 

using tert-butyldiphenylsilyl chloride. Protected thymidine 35 then undergoes radical 

bromination followed by substitution using sodium azide. Finally, deprotection  

of protected azido thymidine 37 yields dTN3 which is subsequently phosphorylated to 

triphosphate dTN3TP. 
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Scheme 15 Synthesis of dTN3 and dTN3TP. 

 

6-(Diethylamino)-1,2,3,4-tetrahydroxanthylium 39 was prepared by reaction of 

4-(diethylamino)salicylaldehyde 38 with cyclohexanone in sulfuric acid as previously 

described.128 The benzaldehyde 42 was prepared by propargylation of N-methylaniline 

40 and subsequent formylation reaction of aniline 41.153 

 

Scheme 16 Synthesis of tetrahydroxanthylium 39 and benzaldehyde 42. 
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The alkyne 43 was prepared by condensation of tetrahydroxanthylium 39 with 

benzaldehyde 42 in acetic acid, similarly as the synthesis of related fluorophores.128 

Utilizing CuAAC reaction of alkyne 43 with dTN3 and dTN3TP, the modified 

nucleoside dTNNIR and nucleotide dTNNIRTP were obtained in 55% and 25% yield 

respectively. 

 

Scheme 17 Synthesis of dTNNIR and dTNNIRTP. 
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3.2.3 Photophysical properties 

UV-vis absorption and fluorescence spectra of nucleoside dTNNIR were 

measured in different solvents in order to evaluate solvatochromic properties. 

Absorption maxima were significantly dependent on solvent polarity  

(λabs = 622-694 nm), in the most polar solvent (water) the absorption maximum was at 

622 nm and in dioxane at 694 nm. Emission maxima showed moderate sensitivity 

towards polarity (λem = 749-760 nm) and the modified nucleoside showed overall lage 

Stokes shifts (Δλ = 60-127 nm). On the other hand, the intensity of fluorescence was 

strongly dependent on polarity and we observed ca. 14-fold increase of fluorescence 

quantum yield in dioxane (Φ = 4.55%) in comparison with quantum yield in water  

(Φ = 0.33%). Photophysical properties and summarized in Table 3. 

The fluorogenic response was illustrated by measuring fluorescence of 

nucleoside in dioxane/water mixtures of different proportions. Figure 19 C shows  

that gradual increase of fluorescence was observed when the polarity of solvent mixture 

decreased. NNIR modification shows similar structural characteristics of common 

solvatochromic dyes due to the presence of push-pull-push system, therefore  

the relaxation of the excited fluorophore might be influenced by dipole-dipole 

interactions with the environment and lead to increased fluorescence intensity.  

To study the sensitivity of dTNNIR 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 24.8-fold higher quantum yield in glycerol (Φ = 8.2%) than the 

quantum yield in water (Φ = 0.33%). Moreover, the response of dTNNIR to the viscosity 

was demonstrated by measuring the solution of modified nucleoside in glycerol at 

different temperatures (viscosity), which showed gradual increase of fluorescence 

intensity due to the inhibited rotation of the fluorophore (Figure 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 of dTNNIR in solvents of different polarity. B) Fluorescence spectra of dTNNIR 

(λex = 690 nm) in glycerol at different temperature (viscosity). C) Emission of dTNNIR 

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

Sample Solvent λabs
a 

(nm) 

εb  

(M-1 cm-1) 

λem
c 

(nm) 

Δλd  

(nm) 

Φe  

(%) 

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 

dTNNIRTP Water 623 11746 745 122 0.37 

DNA19_1TNNIR Phosphate 

buffer 

690 n.d. 

 

745 55 6.84 

a Position of the absorption maximum, b molar extinction coefficients, c position of  

the emission maximum, d Stokes shift, e fluorescence quantum yield measured using 

indocyanine green in DMSO (Ф = 0.13 at 25 °C) as reference, n.d. = not determined. 

 

Table 4 Fluorescence quantum yields of modified dTNNIR at different viscosity 

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

Temperature (°C) Viscosity (cP) Φe (%) 

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 2.5 
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3.2.4 Enzymatic synthesis of modified DNA 

The enzymatic incorporation of modified nucleotide dTNNIRTP was examined 

in primer extension (Figure 20 A) and polymerase chain reaction experiments using 

KOD XL DNA polymerase. At first we tested incorporation of one fluorescent 

modification into DNA by PEX with short 19-mer template (Temp5PEX) encoding  

for incorporation of one modification. PAGE analysis showed that dTNNIRTP was 

accepted as substrate by enzyme and full length product was observed (Figure 20 B). 

The incorporation was somewhat slower and extended reaction time (60 min at 60°C) 

was required. Identity of product was also confirmed by MALDI-TOF analysis  

(Table 5). However, PEX with 31-mer template (Temp2PEX) encoding for 

incorporation of 4 modifications failed and we did not observe full length product 

(Figure 20 C). 

 

Figure 20 A) Scheme representing PEX with modified nucleotide for gel visualization. 

PAGE analysis of PEX using dTNNIRTP, KOD XL DNA polymerase B) Temp5PEX,  

C) Temp2PEX. Primer (P), positive control (lane 1, 4; PEX with all natural dNTPs), 

negative control (lane 2, 5; PEX in absence of dTTP). PEX with dTNNIRTP (lane 3, 6). 
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Alternatively, longer DNA was prepared by single-nucleotide incorporation 

(SNI), followed by extension of primer with natural dNTPs (Figure 21). Use of 

biotinylated template (Temp6PEX-bio) allowed separation of ssDNA by  

magneto-separation. 

 

Figure 21 A) Illustration of SNI-PEX method with dTNNIRTP. 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 control for SNI (no dNTPs present); lane 3: SNI with modified 

nucleotide (only dTNNIRTP 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 extended by dTNNIRTP (all natural dNTPs present). 
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Table 5 Table of oligonucleotides prepared in this study. 

Oligonucleotide Sequence (5′→3′). T*: modified nucleotide. Mcalculated 

(Da) 

Mfound 

(Da) 

ON16_1TNNIR 5´-CATGGGCGGCATGGGT*-3´ 5430.6 5431.7 

ON19_1TNNIR 5´-CATGGGCGGCATGGGT*GGG-3´ 6418.2 6419.6 

ON19_1TN3 5´-CATGGGCGGCATGGGT*GGG-3´ 6006.9 6007.9 

ON31_1TNNIR 5´-CATGGGCGGCATGGGT*CTGAGCTCATGCTAG-3´ 10060.6 10060.6 

ON31_4TN3 5´-CATGGGCGGCATGGGACT*GAGCT*CAT*GCT* 

AG-3´ 

9781.4 9782.0 

 

Fluorescently labelled DNA was also prepared by CuAAC reaction of alkyne 

43 with azido-modified DNA.  Oligonucleotides containing 1 (ON19_1TN3) or  

4 (ON31_4TN3) azido groups were prepared by PEX with dTN3TP (Figure 22 shows 

PAGE) and subsequent magneto-separation. CuAAC reaction was analyzed by PAGE, 

showing successful reaction (Figure 23 B, C).  

 

Figure 22 PAGE analysis of PEX using dTN3TP, KOD XL DNA polymerase  

A) Temp5PEX B) Temp2PEX-TINA. Primer (P), positive control (lane 1, 4; PEX with all 

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) Illustration of CuAAC reaction of alkyne 43 with azido-modified DNA. 

Page analysis of CuAAC reaction performed using B) ON19_1TN3 or B) ON31_4TN3 

with alkyne 43. Lane 1, Nat. ctrl: natural ssDNA (ON19_1T) control before click 

reaction. Lane 2, Nat.: natural ssDNA (ON19_1T) treated in the conditions of click 

reaction. Lane 3, TN3 ctrl: ON19_1TN3. Lane 4, TN3: click reaction with ON19_1TN3. 

Lane 5, Nat. ctrl: natural ssDNA (ON31_4T) control before click reaction.  

Lane 6, Nat.: natural ssDNA (ON31_4T) treated in the conditions of click reaction. 

Lane 7, 4TN3 ctrl: ON31_4TN3. Lane 8, 4TN3: click reaction with ON31_4TN3. 

Polymerase chain reaction was tested using different ratio of modified 

nucleotide dTNNIRTP or dTN3TP and natural dTTP (in presence of the natural dCTP, 

dATP and dGTP). In case of dTNNIRTP, the PCR was problematic and a good 

amplification was observed when using only 10% or 5% of dTNNIRTP, in experiment 

with 20% of dTNNIRTP we observed formation of shorter product. Identity of modified 

DNA was proved by measuring fluorescence spectra of isolated PCR products  

(Figure 25). PCR amplification with dTN3TP was efficient even in the absence of 
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natural dTTP, which was not surprising as the azido modification is very small and 

therefore tolerated by DNA polymerase. Agarose gels of PCR are shown in Figure 24. 

 

Figure 24 Agarose gel electrophoresis analysis of PCR amplification of 98-mer 

template (Temp1PCR) with KOD XL polymerase and A) dTNNIRTP or B) dTN3TP.  

L: DNA ladder. Positive control (+): all natural dNTPs are present. Negative control  

(-): absence of natural dTTP. PCR with modified dNTP (*): dTN3TP, dATP, dGTP and 

dCTP is present. PCR with modified dNTP (lane 1-7): dGTP, dCTP, dATP and  

a mixture of dTTP and dTNNIRTP (the content of modified nucleotide decreases from 

100% (lane 1) to 5% (lane 7)) is present. 

 

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 6 – product loaded on gel in  

Figure 23 A, Lane 7 – product loaded on gel in Figure 24 A). 
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3.2.5 Photophysical properties of modified DNA 

At first we performed the same experiment as in previous chapter  

(chapter 3.1.4, Figure 15) using dTNNIRTP. This experiment shows absorption and 

fluorescence spectra of purified DNA after PEX with dTNNIRTP and in presence  

or absence of KOD XL DNA polymerase (Figure 26). The result of this experiment 

excludes non-specific binding of free dTNNIRTP to DNA, as no absorption and 

fluorescence signal of fluorophore was detected in control experiments without 

enzyme. 

 

Figure 26 A) UV-vis absorption spectra (λabs = 690 nm) and B) fluorescence spectra 

(λex = 690 nm, λem = 745 nm) of DNA obtained after incubation of PEX reaction 

mixtures containing dTNNIRTP. 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 on ice. DNA 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 DNA DNA19_1TNNIR exerted significantly 

red-shifted absorption to 690 nm (67 nm shift) in regard to nucleotide dTNNIRTP  

(λabs = 623 nm). The emission maximum was not altered and the intensity of 

fluorescence was 59-fold higher (excited at 690 nm) in comparison with dTNNIRTP. 

Due to the shift of the absorption maximum, the modified DNA could be excited at  

720 nm and the enhancement of fluorescence intensity was 348-fold. The shift in 
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absorption resembles to absorption spectra of nucleoside dTNNIR in dioxane  

(Figure 19 A, Table 3) and indicates increased hydrophobicity in the 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. These observations are in good correlation with polarity and 

viscosity sensitivity experiments of dTNNIR in chapter 3.2.3.  

 

Figure 27 A) UV-vis absorption spectra of modified DNA (λabs = 690 nm) compared 

to dTNNIRTP (λabs = 623 nm). B) Fluorescence spectra of modified dsDNA compared 

to dTNNIRTP (λex = 690 nm). D) Fluorescence spectra of modified dsDNA compared 

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

According to the results in chapter 3.2.5, it is apparent that the NNIR 

modification is not completely exposed out of the DNA and it is most likely interacting 

with the DNA. Previously, it has been shown that small molecules can interact with 

DNA154–156 and the factors that can influence the binding include hydrophobicity and 

presence of cationic charge.157 The most common binding modes are minor or major 

groove binding and intercalation.158 To determine the binding mode of the fluorophore 

with DNA, we performed displacement assay159 with thiazole orange  

(TO; intercalator),160 4',6-diamidino-2-phenylindole (DAPI; minor groove binder)161 

or methyl green (MG; major groove binder).162 Solution of modified DNA 

DNA19_1TNNIR in phosphate buffer was titrated with the dyes mentioned above. 

Gradual increase of TO and DAPI concentration had small influence on fluorescence 

intensity of modified DNA. In case of MG, we observed gradual decrease  

of fluorescence intensity, probably due to the displacement of the fluorophore from its 

binding site by MG (Figure 29). 

 

Figure 28 Structure of dyes used for determination of binding mode between DNA and 

fluorophore. 
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Figure 29 Fluorescence spectra of DNA19_1TNNIR 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 melting temperature of DNA19_1TNNIR  

(Tm = 79.5°C) and compared it with natural DNA DNA19_1T (Tm = 79.6°C). The result 

showed that the modification had negligible effect on stability of double-stranded DNA 

and also supports the hypothesis of groove binding, since it is known that intercalators 

stabilize duplex by increasing melting temperature.163,164 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 results suggest that NNIR modification interacts 

with DNA predominantly by major groove binding. 
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Figure 30 UV melting curves of A) DNA19_1T (Tm = 79.6°C) and B) DNA19_1TNNIR 

(Tm = 79.5°C). 

 

 

Figure 31 Concentration of DNA19_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 the NNIR modification can distinguish between ssDNA 

and dsDNA, we performed hybridization experiment (Figure 32). DNA used in this 

experiment was prepared using 5'-phosphorylated (5'-P) template. 5'-P DNA strand can 

be digested by lambda exonuclease165 and this allows preparation of single-stranded 

DNA. We measured fluorescence intensity of ssDNA ON19_1TNNIR, then upon its 
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hybridization with 5'-P complementary strand and subsequently after treatment with 

lambda exonuclease. The results revealed that upon hybridization of ssDNA 

ON19_1TNNIR with complementary strand the fluorescence intensity decreased 

approximately 2-fold and after subsequent reaction with lambda exonuclease  

the fluorescence intensity again increased (Figure 33 A). Moreover, it was possible to 

monitor digestion in real time and the kinetics revealed that the reaction performed  

at 37°C is finished within 60 minutes (Figure 33 B). Therefore, the fluorophore could 

be useful for sensing DNA hybridizations. 

 

Figure 32 Illustration of digestion and hybridization experiment. 
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Figure 33 A) Hybridization and λ exonuclease digestion. Purple line represents 

ON19_1TNNIR (ssDNA), red line shows fluorescence upon annealing with 

complementary strand (ssDNA + complementary strand), black line shows response 

after subsequent digestion of 5'-P strand (ssDNA + complementary strand + digestion). 

B) Kinetics of digestion in real time. Red line (Digestion) represents digestion reaction 

mixture with and purple line (Control 1) without lambda exonuclease, Control 2  

(black line) contains reaction mixture with DNA19_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 of DNA19_1TNNIR with spermine (Figure 34). 

In presence of spermine, the fluorescence of modified DNA decreased ca. 2.2-fold. 

This change of fluorescence was observed in presence of high amounts of spermine 

(32 equivalents) and it is logical as this polyamine is minor groove binder.166  
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Figure 34 A) Fluorescence spectra of DNA19_1TNNIR after addition of 0-256 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 protein (Figure 35). 

DNA19_1TNNIR was titrated by 1-4 equivalents of histone or BSA. The results revealed 

significant 5-fold decrease of fluorescence intensity upon titration of DNA by histone 

with a stoichiometry of interaction 1:2, further titration had negligible influence on 

fluorescence intensity. Experiment with non-DNA binding protein BSA showed 

negligible change in fluorescence intensity. 
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Figure 35 Fluorescence spectra of DNA19_1TNNIR after A) addition of 0-4 equiv. of 

histone and B) addition of 0-4 equiv. of BSA. C) Comparison of fluorescence of 

DNA19_1TNNIR without protein (red line), with 4 equiv. of histone (black line) and 

with 4 equiv. of BSA (purple line). D) Fluorescence intensity plotted against 

concentration of the protein (histone or BSA). Samples were excited at 690 nm  

in phosphate buffer at 25°C. 

 Next, we treated DNA19_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 fluorescence. The results in Figure 36 

confirmed our expectations, and we observed that the fluorescence restored after 

digestion of the histone by proteinase K. Therefore, this probe could be also useful for 

monitoring activity of some enzymes. When the complex of DNA-histone was treated 

with 1 equiv. of 98-mer dsDNA, we also observed recovery of the fluorescence  

(Figure 36). We assume, that the decrease in fluorescence intensity of the modified 

DNA is due to the crowding out of the fluorophore from its binding site in DNA once 

it interacts with histone. The longer 98-mer dsDNA is more anionic than 19-mer 
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modified DNA and presumably acts as competitor and releases modified DNA from 

the complex with protein.  

 

Figure 36 Fluorescence spectra of complex of DNA19_1TNNIR with histone  

(black line) and after digestion of protein with proteinase K (red line) or after addition 

of 98-mer dsDNA (1 equiv.; purple line). Samples were excited at 690 nm in phosphate 

buffer at 25°C. 

The modified DNA was then titrated by protamine (mixture of nuclear 

proteins)167. Figure 37 A, B shows that with increasing concentration of protamine the 

fluorescence of dsDNA was almost completely diminished (31-fold decrease). This 

effect can be also ascribed to displacement of fluorophore from DNA binding site.  

It is known, that protamine has strong affinity to heparin168 and therefore we tested 

interaction of DNA19_1TNNIR-protamine complex with heparin. Titration of  

DNA-protamine complex by heparin revealed that heparin behaved as strong 

competitor and we observed gradual increase of fluorescence (Figure 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 of DNA19_1TNNIR after addition of 0-1.75 equiv. 

of protamine. B) Fluorescence intensity plotted against concentration of protamine.  

C) Fluorescence spectra of complex of DNA19_1TNNIR with protamine after addition 

of 0-0.7 equiv. of heparin. D) 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 

Encouraged by fluorogenic character of modified triphosphate dTNNIRTP,  

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

At first, it was essential to find out if the free triphosphate also lights-up in presence of 

DNA, because that would create background fluorescence and it would be problematic 

to interpret the results. In 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 intensity of dTNNIRTP increased 2-fold and in the case of 

alkyne 43 the increase was 23-fold (Figure 38). We assume, that this minor (2-fold) 
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fluorescence increase of dTNNIRTP is due to the low affinity to the DNA, which stems 

from repulsion between negatively charged DNA backbone and triphosphate moiety of 

dTNNIRTP. 

 

Figure 38 Fluorescence spectra of A) free nucleotide dTNNIRTP and nucleotide in 

presence of natural DNA or B) free alkyne 43 and alkyne in presence of natural DNA. 

Then we tested dTNNIRTP for real-time monitoring of primer extension by 

single nucleotide. This experiment was performed in fluorimeter holder at 60°C,  

the reaction mixture contained template Temp8PEX, primer Prim1PEX, dTNNIRTP, 

corresponding reaction buffer and KOD XL DNA polymerase. After addition of 

polymerase, the fluorescence spectra were recorded in time intervals. The results 

showed that fluorescence was increased with time when the polymerase was present 

and after 2 minutes 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 increase of fluorescence (12.5-fold) is due to the successful incorporation of 

modified nucleotide which results in light-up effect. 
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Figure 39 A) Fluorescence spectra of SNI reaction at 0 and 25 minutes, B) fluorescence 

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 by success of this SNI experiment, we decided to explore application 

of dTNNIRTP in real-time PCR. Particularly, we opted for detection of SARS-CoV-2 

virus,169 the coronavirus responsible for COVID-19 pandemic. RdRP gene  

(encodes RNA-dependent RNA polymerase) was chosen as sequence of interest. First, 

RdRP DNA standard was prepared from the viral RNA. This RNA was reversely 

transcribed to DNA, then the RNA was hydrolyzed by RNase H and complementary 

DNA (cDNA) was obtained – 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 columns and analyzed on gel. Preparation of DNA standard is shown in 

Figure 40 A. Agarose gel of purified PCR product is shown in Figure 40 B. 
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Figure 40 A) Preparation of RdRP DNA standard. B) Agarose gel electrophoresis 

analysis of purified PCR product (Temp3PCR) after amplification of RdRP gene region 

of cDNA. L: DNA ladder. Purified product (+): all natural dNTPs are present. 

DNA standard was then prepared in 10-fold serial dilutions (5.71 x 107 to  

5.71 x 10 DNA copies) and was used as template for real-time PCR using modified 

nucleotide. The reaction mixture contained DNA standard (Temp3PCR), reverse and 

forward primers (Prim5PCR and Prim6PCR), KOD XL DNA polymerase and 

corresponding buffer, natural dATP, dGTP, dCTP and dTTP: dTNNIRTP 95:5.  

Figure 41 A, B shows observed amplification and standard curve. The 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 performed and revealed a single peak for 

product (Figure 41 C, D). The PCR products were also analysed by agarose gel 

electrophoresis (Figure 41 E, F). 

 

Figure 41 A) Amplification curve of rtPCR with dTNNIRTP using 10-fold serial 

dilutions (5.71 x 107 to 5.71 x 10 DNA copies) of xyz template. B) Standard curve 

(5.71 x 107 to 5.71 x 103 DNA copies), C) melting curves, D) melting peaks.  

E), F) Agarose gel electrophoresis analysis after rtPCR amplification of Temp3PCR 

(5.71 x 107 to 5.71 x 10 DNA copies) with KOD XL polymerase, Prim5PCR, Prim6PCR, 

dGTP, dCTP, dATP and a mixture of dTTP and dTNNIRTP (95:5). L: DNA ladder. 

Lanes 1-7: Reaction with 5.71 x 107 to 5.71 x 10 DNA copies. NTC = no template 

control. E) Gel scanned using laser for GelRed, F) gel scanned using 635 nm laser. 

 Next, we attempted one-step reverse transcription (RT) real-time PCR using 

dTNNIRTP 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 analysed by agarose gel (Figure 42 B, D). Melting curve 

analysis is shown in Figure 42 D, C. These results revealed that dTNNIRTP could be 

also useful for visualization of DNA synthesis. 

 

Figure 42 A) RT real-time PCR using dTNNIRTP and viral RNA.  

B), C) Agarose gel electrophoresis analysis of products after reverse transcription 

rtPCR. L: DNA ladder. Reaction was performed in presence (+) and absence (-) of 

RNA. B) Gel scanned using laser for GelRed, C) gel scanned using 635 nm laser.  

D) Melting curves, E) melting peaks. Red lines represent experiments with and gray 

lines without RNA. 
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3.2.10 Transport of dTNNIRTP into cells using SNTT 

As a final task, we wanted to transport dTNNIRTP into cells using synthetic 

nucleoside triphosphate transporter (experiments were performed by Dr. Tomáš 

Kraus). The experiment was performed using human bone osteosarcoma cells  

(U-2 OS), which were treated with a mixture of dTNNIRTP and SNTT (1:1). 

Unfortunatelly, in this experiment we did not observe incorporation into genomic 

DNA, most probably due to the high cytotoxicity (shrunk nuclei visible in bright field) 

and low substrate activity of modified nucleotide (Figure 43).  

 

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 modified nucleotide dTNNIRTP was 

not suitable for cell experiments probably due to the low substrate activity and toxicity. 

To address these issues, we decided to tether NNIR modification to the nucleotide via 

longer and hydrophilic triethylene glycol linker. We expected that the use of linker 

would increase recognition of the nucleotide by DNA polymerases and at the same 

time lower the propensity to bind hydrophobic organelles (possible source of toxicity). 

We designed new azido-propargyloxy-triethylene glycol modified 

deoxycytidine triphosphate and using CuAAC we attached NNIR modification. The 

modified nucleotide was then tested for enzymatic incorporation into DNA.  

Light-up effect and cell-based experiments were also studied 

 

3.3.2 Synthesis 

Azido-propargyloxy-triethylene glycol conjugated dCTP was prepared by the 

Sonogashira cross-coupling reaction of 5-iodo-2'-deoxycytidine (dCI) with the 

corresponding triethylene glycol alkyne 46, followed by substitution with NaN3 and 

phosphorylation. Alkyne 43 was then attached to the nucleotide using CuAAC 

(Scheme 19). 

First, following the literature, tosyl-propargyloxy-triethylene glycol 46 was 

prepared by alkylation170 of triethylene glycol 44 with propargyl bromide followed by 

tosylation171. 
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Scheme 18 Synthesis of tosyl-propargyloxy-triethylene glycol 46. 

 

Sonogashira cross-coupling of dCI with alkyne 46 in the presence of 

PdCl2(PPh3)2 and CuI in DMF and DIPEA afforded nucleoside dCpegOTs in 89% yield. 

Substitution of tosylate in dCpegOTs by sodium azide provided azido modified 

nucleoside dCpegN3 which was subsequently converted into triphosphate dCpegN3TP 

with 22% yield. CuAAC of dCpegN3TP with alkyne 43 afforded nucleotide 

dCpegNNIRTP in 31% yield. 
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Scheme 19 Synthesis of azido-propargyloxy-triethylene glycol conjugated dCTP 

(dCpegN3TP) and labelled nucleotide dCpegNNIRTP. 

 

3.3.3 Enzymatic synthesis of modified DNA, photophysical properties 

of DNA, cell experiments 

Modified nucleotide dCpegNNIRTP was tested as substrate for KOD XL DNA 

polymerase in primer extension (Scheme 44 A) and polymerase chain reaction 

experiments. PEX was tested using 19-mer template (Temp1PEX) encoding for 

incorporation of one modification. PAGE analysis showed that the PEX product was 

formed and the mobility of modified DNA was faster than the natural DNA  

(Figure 44 B). Incorporation of dCpegNNIRTP into DNA was slow and it was necessary 
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to perform reaction at 60°C for 60 min. Product was confirmed by MALDI-TOF 

analysis (Table 6). Absorption and fluorescence spectra of modified DNA were then 

compared with modified nucleotide. The modified DNA DNA19_1CpegNIR exerted  

red-shifted absorption to 690 nm (35 nm shift) in regard to nucleotide dCpegNNIRTP 

(Figure 45 A). The emission maximum remained the same (746 nm) and the intensity 

of fluorescence was 13-fold higher than in case of dCpegNNIRTP (Figure 45 B).  

 

Figure 44 A) Scheme representing PEX with modified nucleotide for gel visualization. 

B) PAGE analysis of PEX using dCpegNIRTP, KOD XL DNA polymerase. Primer (P), 

positive control (+; PEX with all natural dNTPs), negative control (-; PEX in absence 

of dCTP). PEX with dCpegNIRTP (*). 

 

Table 6 Oligonucleotide prepared in this study. 

Oligonucleotide Sequence (5′→3′). C*: modified nucleotide. Mcalculated 

(Da) 

Mfound 

(Da) 

ON19_1CpegNNIR 5´-CATGGGCGGCATGGGC*GGG-3´ 6573.2 6574.6 
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Figure 45 A) UV-vis absorption spectra of modified DNA (λabs = 690 nm) compared 

to dCpegNNIRTP (λabs = 655 nm). B) Fluorescence spectra of modified dsDNA compared 

to dCpegNNIRTP (λex = 690 nm). 

PCR was tested using different ratio of modified nucleotide dCpegNNIRTP and 

natural dCTP (in presence of the natural dTTP, dATP and dGTP). Good amplification 

was observed when 5-40% of dCpegNNIRTP was used (Figure 46). At 60% of 

dCpegNNIRTP the PCR was inefficient and shorter product was observed. In comparison 

with dTNNIRTP (PCR worked with max. 10%), the PCR with dCpegNNIRTP was more 

efficient. Fluorescence light-up effect was also tested in real-time PCR using 

dCpegNNIRTP. Figure 47 shows that indeed the nucleotide enhances its fluorescence 

during amplification and gradual increase of fluorescence was observed.  

 

Figure 46 Agarose gel electrophoresis analysis of PCR amplification of 98bp template 

(Temp1PCR) with KOD XL polymerase and dCpegNIRTP. DNA ladder (L),  

positive control (C+, PCR with all natural dNTPs), negative control (C-, PCR in absence 
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of dCTP), PCR with mixture of modified nucleotide with natural dCTP (C100-C5, 

content of modified nucleotide decreases from 100% to 5%). A) Gel scanned using 

laser for GelRed, B) gel scanned using 635 nm laser. 

 

Figure 47 Amplification curve of real-time PCR with dCpegNNIRTP using template 

Temp3PCR with KOD XL polymerase, Prim5PCR, Prim6PCR, dGTP, dCTP, dATP and  

a mixture of dCTP and dCpegNNIRTP (95:5). NTC = no template control. 
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3.3.4 Cell experiments 

Transport of modified nucleotide into cells was performed by treatment of cells 

with a mixture of dCpegNNIRTP and SNTT (1:1; experiments were performed by  

Dr. Tomáš Kraus).  Incorporation into DNA was not detected and fluorescence signal 

was localized mostly outside of nucleus (Figure 48 A, B, C). Apparent toxicity was 

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

 

Figure 48 Fluorescence microscopy (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 incorporation into DNA and applications 

3.4.1 Introduction 

Our previous nucletides dTNNIRTP and dCpegNNIRTP showed increase  

of fluorescence upon incorporation to DNA and allowed visualization of DNA 

synthesis in vitro (chapter 3.2 and chapter 3.3 respectively). However, the nucleotides 

were not suitable for cell experiments and therefore 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 light-up properties. 

Thiazole orange (TO; Figure 49 A) belongs to the group of asymmetrical 

cyanine dyes. TO consists of benzothiazole and quinoline aromatic rings conjugated 

via methine bridge. Free dye exhibits negligible fluorescence due to the intramolecular 

rotation around methine bond, however, blocking this motion by increased viscosity 

leads to dramatic increase of fluorescence intensity. Moreover, TO can stack between 

DNA base pairs or inside grooves of DNA which also leads to enhanced fluorescence 

and fluorescence lifetime.129–131 It was also described that TO is well tolerated by cells 

and stains both cytoplasm and nucleus.172 

Encouraged by the properties of TO, we synthesized dC and dCTP modified 

with TO tethered via triethylene glycol linker (Figure 49 B). Photophysical properties 

of new compounds were studied. Thiazole orange modified nucleotide was tested for 

enzymatic incorporation into DNA. Modified nucleotide was transported into live cells 

and its incorporation into genomic DNA was then studied by fluorescence microscopy.  
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Figure 49 Structure of A) thiazole orange and B) our modification. 

 

3.4.2 Synthesis 

Thiazole orange modified nucleoside and nucleotide were prepared by CuAAC 

of azido-propargyloxy-triethylene glycol modified dC or dCTP with thiazole orange 

alkyne 51 (Scheme 21). 

Alkyne 51 was prepared according to the literature.173,174 Quinoline 47 was 

alkylated by propargyl bromide and benzothiazole 49 was methylated by iodomethane. 

Reaction of compound 48 and 50 in ethanol in presence of triethylamine led to 

formation of thiazole orange alkyne 51. 

 

Scheme 20 Synthesis of thiazole orange alkyne 51. 
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CuAAC of dCpegN3 or dCpegN3TP with alkyne 51 afforded nucleoside dCTO or 

nucleotide dCTOTP in the yields of 43% and 15% respectively. 

 

Scheme 21 Synthesis of thiazole orange modified nucleoside dCTO and nucleotide 

dCTOTP. 

 

3.4.3 Photophysical properties 

Absorption and emission spectra of modified nucleoside dCTO were measured 

in various solvents in order to evaluate effect of the polarity and viscosity on 

photophysical properties of thiazole orange modified nucleoside (Table 7). The spectra 

revealed mild solvatochromic effect with absorption maxima at 506-513 nm.  

As expected, the modified nucleoside was non-fluorescent in low viscosity solvents 

(H2O, MeOH, dioxane) and the fluorescence was observed only in glycerol  

(quantum yield of 4.6%). Sensitivity of dCTO to the viscosity was also demonstrated 

by measuring solution of the nucleoside in glycerol at different temperatures  
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(Figure 51, Table 8). When the viscosity increases, the rotation of the fluorophore is 

inhibited and gradual increase of fluorescence quantum yield is observed (Figure 52). 

 

Figure 50 Normalized absorption spectra of dCTO in different solvents. 

 

Table 7 Photophysical properties of modified nucleoside and nucleotide. 

Compound Solvent λabs
a (nm) εb (M-1 cm-1) λem

c (nm) Φd (%) 

dCTO H2O 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. 
a Position of the absorption maximum. b Molar extinction coefficients. c Position of the 

emission maximum. d Fluorescence quantum yield measured using fluorescein in  

0.1 M NaOH (Ф = 0.92 at 25°C) as standard, n.d. = not determined. 
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Figure 51 Fluorescence spectra of dCTO in glycerol at different temperature 

(viscosity). 

 

 

Figure 52 Fluorescence quantum yield of dCTO in glycerol plotted against the 

viscosity. 
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Table 8 Fluorescence quantum yields of dCTO in glycerol at different temperature 

(viscosity). 

Temperature (°C) Viscosity (cP) Φ (%) 

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 of dCTOTP was tested by primer extension (Figure 53 A) 

and polymerase chain reaction. PEX was performed with 19-mer template encoding 

for incorporation of single modification with adjacent AT pairs (Temp7PEX-2P) or  

GC (Temp1PEX-P). Products were analysed by PAGE, interestingly the mobility of 

modified DNA containing GC pairs (ON19_GC_1CTO) was faster than the 

corresponding natural DNA or DNA containing AT pairs (ON19_AT_1CTO,  

Figure 53 C, B). In case of DNA with adjacent AT pairs it was necessary to incubate 

the reaction mixture for 45 min at 60°C, 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 performed at 60°C for 60 min and 

no shorter product was observed. Primer used was Cy5-labelled instead of FAM due 

to the interference of TO fluorescence with FAM. Modified single-stranded DNA was 

prepared by PEX with 5'-phosphorylated templates followed by λ exonuclease 

digestion of the phosphorylated strand. All the PEX products were confirmed by 

MALDI-TOF analysis (Table 9). PCR was studied using different proportions  

of modified nucleotide dCTOTP and natural nucleotide dCTP (100-0%). PCR amplicon 
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was observed when maximum 10% of dCTOTP was used in combination with 90%  

of dCTP (Figure 53 D). PCR was not very efficient, at 20% of dCTOTP small amount 

of desired product and substantial amount of shorter product were observed, indicating 

inhibition of the PCR. Nevertheless, it was possible to monitor the amplification in 

real-time during the PCR due to the light-up effect of thiazole orange modification 

(Figure 54). 

 

Figure 53 A) Scheme representing PEX with modified nucleotide for gel visualization. 

PAGE analysis of PEX using dCTOTP, KOD XL DNA polymerase, B) Temp7PEX-2P 

or C) Temp1PEX-P, Primer (P), positive control (+; PEX with all natural dNTPs), 

negative control (-; PEX in absence of dCTP). PEX with dCTOTP (*). D) Agarose gel 

electrophoresis analysis of PCR amplification of 98bp template with KOD XL 
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polymerase using dCTOTP. DNA ladder (L), primer (P), positive control (C+, PCR 

with all natural dNTPs), negative control (C-, PCR in absence of dCTP), PCR with 

mixture of modified nucleotide with natural dCTP (C100-C5, content of modified 

nucleotide decreases from 100% to 5%). 

 

Table 9 Table of oligonucleotides prepared in this study 

Oligonucleotide Sequence (5′→3′). C*: modified nucleotide. Mcalculated 

(Da) 

Mfound 

(Da) 

ON19_GC_1CTO 5´-CATGGGCGGCATGGGC*GGG-3´ 6492.6 6493.7 

ON19_AT_1CTO 5´-CATGGGCGGCATAAAC*AAA-3´ 6396.6 6397.9 

 

 

Figure 54 Real-time PCR using different proportions of modified nucleotide dCTOTP 

and natural nucleotide dCTP (100-0%). 

 

3.4.5 Properties of modified DNA 

Photophysical properties of modified dsDNA and ssDNA were studied and the 

results are summarized in Table 10. Figure 55 shows absorption and fluorescence 

spectra of modified dsDNA. Modified dsDNA with adjacent GC pairs 

DNA19_GC_1CTO showed quantum yield of 12% and the corresponding ssDNA 

ON19_GC_1CTO showed higher quantum yield (18%). DNA19_AT_1CTO containing 
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adjacent AT pairs showed quantum yield of 8% and ssDNA ON19_AT_1CTO showed 

lower quantum yield (5%). Comparison of quantum yield is shown in Figure 56.  

As it was expected and desired, the nucleotide dCTOTP is non-fluorescent in PBS 

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

interactions with DNA that most likely inhibit rotation of the fluorophore. Moreover, 

mean fluorescence lifetime of dCTOTP is very short (0.1 ns) and increases to 1.1 ns  

(in case of DNA19_GC_1CTO) or to 0.7 ns (in case of DNA19_AT_1CTO) upon 

incorporation into DNA (lifetime measurements in this chapter were performed by  

Dr. Tomáš Kraus). 

 

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

A) DNA19_GC_1CTO and B) DNA19_AT_1CTO. 

Table 10 Photophysical properties of modified ssDNA and dsDNA. 

DNA λabs
a 

(nm) 

λem
b (nm) Φc (%) 

DNA_GC_1CTO 515 534 0.12 

DNA_AT_1CTO 513 534 0.08 

ON_GC_1CTO 517 534 0.18 

ON_AT_1CTO 516 534 0.05 

a Position of the absorption maximum. b Position of the emission maximum.  

c Fluorescence quantum yield measured using fluorescein in 0.1 M NaOH (Ф = 0.92 at 

25°C) as standard. 
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Figure 56 Fluorescence quantum yields of thiazole orange modified dsDNA and 

ssDNA. 

Modified dsDNA products were further characterized by measuring UV 

melting temperatures (Figure 57). Melting curve analysis revealed that in case of 

DNA19_GC_1CTO the melting temperature (81.5°C) did not differ from natural DNA. 

On the other hand, we observed increased melting temperature of DNA19_AT_1CTO 

(73.5°C) in comparison with natural DNA (69.5°C). The variability in quantum yields, 

fluorescence lifetime and melting points suggests that thiazole orange could be useful 

for sensing various DNA structures of different composition. 
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Figure 57 UV melting curves of A) DNA19_GC_1CTO and C) DNA19_AT_1CTO 

compared with corresponding natural DNA. Normalized derivatives  

B) DNA19_GC_1CTO and D) DNA19_AT_1CTO compared with corresponding 

natural DNA 

 

3.4.6 Transport of dCTOTP into cells using SNTT 

U-2 OS cells were treated with a mixture of dTTOTP and SNTT  

(1:1; experiments were performed by Dr. Tomáš Kraus). The cells were visualized  

10 minutes after treatment of cells (Figure 58 A) and the fluorescence signal was 

detected both inside and outside of nucleus and it was difficult to differentiate between 

background signal of non-incorporated nucleotide or incorporated nucleotide. 

However, 2 hours after treatment of cells (Figure 58 B) we observed disappearance of 

the non-incorporated nucleotide, probably by the means of cellular efflux, and the 
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incorporation into DNA was apparent (indicated by visible nuclear foci). Desired  

light-up effect was not observed due to the excessive background signal of  

non-incorporated nucleotide, which most likely interacts with cellular nucleic acids and 

thus emit fluorescent signal. To address this issue, we employed fluorescence lifetime 

imaging (FLIM). Figure 58 C shows FLIM of cell 10 minutes after treatment and shows 

different mean fluorescence lifetimes corresponding to non-incorporated (3.3 ns) and 

incorporated nucleotide (1.7 ns). Figure 58 D (2 hours after treatment confirms that  

the shorter mean fluorescence lifetime (1.7 ns) corresponds to the incorporated 

nucleotide. At first sight it might seem that mean fluorescence lifetime decreases upon 

incorporation, however, free nucleotide dCTOTP can interact with nucleic acids 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 cause less favorable interaction with DNA. Consequently, the increase of 

lifetime is lower as compared to non-incorporated dCTOTP. 

 

Figure 58 Comparison of intensity (A, B) vs. fluorescence-lifetime (C, D) imaging of 

live cells; 10 min (A, C) and 120 min (B, D) after treatment with a dCTOTP/SNTT 

complex. DNA foci represented in blue. Bottom: fluorescence-lifetime scale in ns. 
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Figure 59 shows FLIM of cells treated with a mixture of dTTOTP 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 (Figure 59 A-F). 

This result clearly shows that indeed we can use thiazole orange modified nucleotide 

for real-time 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 early S-phase and thus can not be neccessary 

acredited to light-up effect of dTTOTP. 
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Figure 59 FLIM of live cells after treatment with a dCTOTP/SNTT complex.  

Minutes after treatment: A) 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 60). In case of dead cell,  

we can see signal outside of nucleus, which might be due to the degradation of nuclear 

DNA by endonucleases in apoptopic cell.175 

 

Figure 60 FLIM comparison of live vs dead cell nucleus. 

To the best of our knowledge, nucleotide that changes fluorescence lifetime 

upon incorporation into genomic DNA in live cells has never been reported. Nucleotide 

dCTOTP can be potentially used for investigation of DNA in healthy and cancer cells, 

or cells infected by virus. Moreover, it would be interesting to monitor processes such 

as reactivation of quiescent cells,51 DNA repair176,177 or pathogen entry and 

replication178. 
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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 (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene) dyes were first 

synthesized by Treibs and Kreuzer in 1968.179 The spectroscopic properties of 

BODIPY dyes can be finely-tuned by introducing various modifications to BODIPY 

core, which led to array of BODIPY derivatives that are widely used as fluorescent 

labels.180–187 Introduction of aryl substituents at the meso position of the BODIPY 

decreases the quantum yield of the fluorophore but makes it excellent viscosity sensor 

(as explained in chapter 1.5.).188 

Previously, Hocek group reported labelling of DNA using dNTP bearing 

phenyl-BODIPY (BDP, Figure 61 A)189 linked through flexible linker or bearing 

tetramethylated thiophene-BODIPY (TBDP, Figure 61 C)132 conjugated with 

nucleobase. These rotational BODIPY labels are sensitive to viscosity and were used 

for monitoring DNA-protein interactions by change of fluorescence lifetime.97,132 

Moreover, dCTP bearing hexamethyl-BODIPY (mBDP, Figure 61 B),98 which has 

hindered rotation, was used as strongly fluorescent nucleotide for staining of DNA even 

in live cells.190 However, these modified dNTPs have some drawbacks for biological 

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 alkoxy-substituted NIR BODIPY dyes was 

developed.133 Particularly inspired by dimethoxy-, diphenyl-BODIPY analogue 

(Figure 61 D), we designed new derivatives (Figure 61 E, F), the fluorophore was 

attached to dC and dCTP via short propargylether and long triethylene glycol linker 

using Sonogashira cross-coupling reaction. Modified nucleosides and nucleotides were 

then used for the study of photophysical properties and incorporation into DNA. 
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Modified DNA was used as fluorescence lifetime probe for DNA-protein interactions. 

Transport of modified nucleotides into cells and subsequent incorporation into genomic 

DNA was also studied. 

 

Figure 61 Structures of BODIPY dyes previously used for labelling of DNA - A) BDP, 

B) mBDP, C) TBDP. D) Structure of dimethoxy-, diphenyl-BODIPY analogue.  

E), F) Structures of new BODIPY derivatives for labelling of DNA. 
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3.5.2 Synthesis 

Modified nucleosides and nucleotides were prepared by the Sonogashira  

cross-coupling reaction of 5-iodo-2'-deoxycytidine (dCI) or the triphosphate (dCITP) 

with alkyne of the corresponding fluorophore (61a or 61b, Scheme 23). 

 The synthesis of BODIPY fluorophore was done in analogy to the synthesis  

of related derivatives.133 The required  3-methoxy-2-phenylpyrrole 57 for the synthesis 

of BODIPY was prepared according to the literature.191 First, N-tosylimine 53 was 

prepared by the reaction of benzaldehyde 52 with p-toluenesulfonamide in presence  

of TFA. Then, methoxyallene 54 was lithiated in presence of BuLi and underwent 

reaction with N-tosylimine 53, affording adduct 56 in 82% yield. The synthesis of the 

pyrrole 57 was finished by cyclization of allenylamine 56 in dry DMSO in presence  

of potassium tert-butoxide. 

 

Scheme 22 Synthesis of methoxy pyrrole 57. 
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Dipyrrin 59 was then prepared by one-pot two-step synthesis consisting  

of condensation reaction of benzaldehyde 58 with pyrrole 57 in presence of TFA and 

subsequent oxidation by chloranil. Solution of dipyrrin 59 in dry toluene was treated 

with triethylamine and then with boron trifluoride diethyl etherate, providing BODIPY 

60 in 70% yield. Conversion of BODIPY 60 into alkyne 61a or alkyne 61b was 

achieved by alkylation of 60 using propargyl bromide or tosyl-propargyloxy-

triethylene glycol 46 in acetonitrile in presence of K2CO3. Finally, the Sonogashira 

cross-coupling of dCI or dCITP with alkyne 61a or 61b in the presence  

of PdCl2(PPh3)2 and CuI in DMF and Et3N provided nucleosides 62a, 62b and 

nucleotides 63a, 63b in yields of 84%, 77%, 28% and 28% respectively. 
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Scheme 23 Synthesis of dCMOBTP and dCpegMOBTP. 

 

3.5.3 Photophysical properties 

Table 11 summarizes basic photophysical properties of new compounds, Figure 

62 shows corresponding absorption and fluorescence spectra. Absorption  

of nucleosides dCMOB and dCpegMOB in MeOH shows band with maximum at 625 nm 

and the corresponding nucleotides dCMOBTP and dCpegMOBTP show slightly  

blue-shifted absorption (616 nm and 617 nm respectively) in PBS buffer. dCMOB and 
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dCMOBTP show emission at 671-672 nm, dCpegMOB and dCpegMOBTP possessing 

triethylene glycol linkage show slightly red-shifted emission at 677-678 nm. 

Fluorescence quantum yields of nucleosides dCMOB and dCpegMOB in MeOH were 18% 

and 19%. The quantum yield of corresponding triphosphates dCMOBTP and 

dCpegMOBTP in PBS buffer was approximately 2 times lower (8% and 10% 

respectively), probably due to the formation of less fluorescent aggregates in aqueous 

buffer.  

 

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

of modified nucleosides and nucleotides. 

 

Table 11 Photophysical properties of studied nucleosides and nucleotides. 

Compound Solvent λabs
a  

(nm) 

εb  

(M-1 cm-1) 

λem
c  

(nm) 

Δλd  

(nm) 

Φe 

dCMOB MeOH 625 23425 672 47 0.18 

dCpegMOB MeOH 625 21316 677 52 0.19 

       

dCMOBTP 

dCpegMOBTP 

PBS 

PBS 

616 

617 

19142 

22263 

671 

678 

55 

61 

0.08 

0.10 

a Position of the absorption maximum. b Molar extinction coefficients. c Position of the emission 

maximum. d Stokes shift. e Fluorescence quantum yield measured using Cresyl violet perchlorate in 

MeOH (Ф = 0.54) as standard. 
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The fluorescence lifetime response of both nucleosides to viscosity was 

evaluated by measuring mean fluorescent lifetime in the mixtures of methanol/glycerol 

at different ratios at 25°C (Table 12). Mean τ of dCMOB increased from 1.6 ns  

(at 0.6 cps) to 4.2 ns (at 793.0 cps) and from 1.7 ns (at 0.6 cps) to 4.6 ns (at 793.0 cps) 

for dCpegMOB. Figure 63 shows mean τ plotted against viscosity, fluorescence lifetime 

decay curves are shown in Figure 64. The increase of fluorescence lifetime is due to 

the inhibited rotation between phenyl ring and boron dipyrromethene system at higher 

viscosity, and shows potential of these modifications for sensing local viscosity in 

vicinity of DNA. Comparison of new nucleosides with viscosity sensitive bodipy 

derivatives (structures shown in Figure 61) developed in Hocek lab is shown in  

Figure 65. 

 

Figure 63 Mean fluorescence lifetime of nucleosides dCMOB and dCpegMOB at different 

viscosity. 
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Figure 64 Fluorescence decays of nucleosides dCMOB and dCpegMOB at different 

viscosity. Black curves represent instrument response function. 

 

Figure 65 Comparison of fluorescence lifetime response of deoxycytidine bearing 

either BDP, TBDP, MOB or pegMOB at low viscosity (0.6-1.2 cP) or high viscosity 

(793-800 cP). 
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Table 12 Mean fluorescence lifetime of nucleosides dCMOB and dCpegMOB at different 

viscosity. 

Nucleoside Glycerol/Methanol 

%molar ratio 

Mean τ (ns) 𝜂 (cP) 

dCMOB 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 

dCpegMOB 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 of dCpegMOB and dCpegMOBTP was examined  

in primer extension (Figure 66 A) and polymerase chain reaction experiments. At first, 

we tested incorporation of single fluorescent modification into DNA by PEX with short 

19-mer template (Temp1PEX) encoding for incorporation of one modification using 

different enzymes. KOD XL and Vent (exo-) DNA 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 (Figure 66) and MALDI-TOF spectromectry (Table 13). Primer extension using 

KOD XL DNA polymerase with 31-mer template encoding for incorporation of  

4 modifications was also efficient and we observed full length products (Figure 68 A), 

products appeared as smears on gels probably as effect of multiple lipophilic 

modifications. However, we did not observe molecular mass of products 

ON31_4CMOB or ON31_4CpegMOB in MALDI-TOF spectra, probably due to the 
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possible degradation of modification during ionization. To explore the influence of 

linker on incorporation to DNA we performed kinetic experiments of single nucleotide 

extension of primer using Temp4PEX, dCTP, dCMOBTP and dCpegMOBTP. The results 

show that  

the extension of primer with dCpegMOBTP is somewhat faster (75% conversion after 5 

min) than with dCMOBTP (55% conversion after 5 min) and the extension with natural 

dCTP is the fastest (95% conversion after 5 min, Figure 67). Modified nucleotides were 

then compared in PCR amplification using KOD XL DNA polymerase and 98-mer 

template (Temp1PCR). In case of dCMOBTP, the PCR amplicon was obtained when  

a max. 40% of modified nucleotide was used in mixture with natural dCTP, at 40%  

of dCMOBTP the inhibition of PCR was observed. In case of dCpegMOBTP  

the amplification was somewhat less efficient and the amplicon was obtained when  

a max. 20% of modified nucleotide was used in mixture with natural dCTP and at 40% 

of dCpegMOBTP we observed shorter products (Figure 68 B, C).  
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Figure 66 A) Scheme representing PEX with modified nucleotide for gel visualization. 

PAGE analysis of PEX using template Temp1, dCMOBTP or dCpegMOBTP and  

B) KOD XL polymerase, C) Vent (exo-) polymerase, D) BST LF polymerase. Primer 

(P), positive control (+, PEX with all natural dNTPs), negative control (-, PEX in 

absence of dCTP), PEX with dCMOBTP (1), PEX with dCpegMOBTP (2). 
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Table 13 Table of oligonucleotides prepared in this study. 

Oligonucleotide Sequence (5′→3′). C*: modified nucleotide. Mcalculated 

(Da) 

Mfound 

(Da) 

ON16_1CMOB 5´-CATGGGCGGCATGGGC*-3´ 5496.5 5496.2 

ON16_1CpegMOB 5´-CATGGGCGGCATGGGC*-3´ 5628.9 5629.6 

ON19_1CMOB 5´-CATGGGCGGCATGGGC*GGG-3´ 6484.1 6484.9 

ON19_1CpegMOB 5´-CATGGGCGGCATGGGC*GGG-3´ 6616.5 6617.6 

 

 

Figure 67 PAGE analysis of kinetics of single nucleotide incorporation. A) SNI using 

natural dCTP, B) scheme of SNI, C) SNI using dCMOBTP and D) SNI using 

dCpegMOBTP. C – conversion, primer (P), time is given in minutes (0.5-90). 
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Figure 68 A) Page analysis of PEX using KOD XL polymerase, dCMOBTP  

or dCpegMOBTP and template Temp3. Primer (P), positive control (+, PEX with  

all natural dNTPs), negative control (-, PEX in absence of dCTP), PEX with dCMOBTP 

(1), PEX with dCpegMOBTP (2). Agarose gel electrophoresis analysis of PCR 

amplification of 98-mer template Temp4 with KOD XL polymerase using  

B) dCMOBTP or C) using dCpegMOBTP. DNA ladder (L), primer (P), positive control 

(C+, PCR with all natural dNTPs), negative control (C-, PCR in absence of dCTP), PCR 

with mixture of modified nucleotide with natural dCTP (C60-C5, content of modified 

nucleotide decreases from 60% to 5%). 

The 19-mer PEX products containing single modification were also tested by 

measurement of UV-vis and fluorescence spectra. Absorption maximum  

of DNA19_1CMOB (618 nm) was slightly higher than in case of nucleotide dCMOBTP 

(616 nm), emission of modified DNA was lower (667 nm) than in case of modified 

nucleotide (671 nm). DNA19_1CpegMOB shows absorption maximum at higher 

wavelength (622 nm) than the corresponding nucleotide dCpegMOBTP (617 nm), 

modified DNA emits at lower wavelength (669 nm) than the modified nucleotide  

(678 nm; Figure 69). 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, A) DNA19_CMOB  

(λabs = 618 nm, λem = 667 nm) and B) DNA19_CpegMOB (λabs = 622 nm, λem = 669 nm). 

Inset – 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_1CMOB and DNA19_1CpegMOB were tested as fluorescence lifetime 

probes for in vitro studies of DNA-protein interactions. In this study recombinant H2A 

histone was chosen as protein of interest and non‐DNA binding protein bovine serum 

albumin (BSA) was used as negative control. Corresponding modified dsDNA was 

titrated by histone or BSA and fluorescence decays were recorded (Table 14). Mean 

fluorescence lifetime of DNA19_1CMOB increased from 3.2 ns to 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 ns; Figure 71 A). In case of DNA19_1CpegMOB the lifetime 

increased from 3.5 ns to 5.6 ns (Figure 70 B), however the experiment with BSA 

showed stronger non-specific interaction (the lifetime increased from 3.5 ns to 4.4 ns) 

than with DNA bearing fluorophore via shorter linker (Figure 71 B). It is possible, that 

the fluorophore in DNA19_1CpegMOB is more exposed due to the length of the linker 

and therefore it might interact even with proteins that have low affinity to DNA. 

Nevertheless, observed increase of fluorescence lifetime is probably due to the 
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restriction of BODIPY rotation upon binding of the protein to DNA and indicates 

potential of this label for sensing interactions. 

 

Figure 70 Fluorescence decays of A) DNA19_1CMOB and B) DNA19_1CpegMOB 

before and after binding to H2A histone. 

 

 

Figure 71 Changes of the mean fluorescence lifetime of A) DNA19_1CMOB and  

B) DNA19_1CpegMOB in the presence of H2A histone (red) or BSA (green). 
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Table 14 Mean fluorescence lifetime of DNA19_1CMOB and DNA19_1CpegMOB upon 

addition of H2A histone or BSA protein. 

Concentration of H2A 

histone (µM) 

DNA19_1CMOB 

Mean τ (ns) 

DNA19_1CpegMOB 

Mean τ (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 

(µM) 

DNA19_1CMOB 

Mean τ 

DNA19_1CpegMOB 

Mean τ 

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 nucleotides into cells was performed by treatment  

of cells with dCMOBTP/SNTT or dCpegMOBTP/SNTT complex (experiments were 

performed by Dr. Tomáš Kraus). In case of dCMOBTP, the incorporation into DNA 

was not detected even after 24 hours (Figure 72 A, B). On the other hand, incorporation 

of dCpegMOBTP into genomic DNA was observed (Figure 72 C, D).  

However, unusually high power of the laser for the excitation of the fluorophore and 

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 dCpegMOBTP nucleotide in genomic DNA.  
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The reason behind low incoporation of dCpegMOBTP 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 DNA synthesis in nucleus. 

 

Figure 72 Fluorescence microscopy. Treatment of cells with dCMOBTP/SNTT,  

A) 2 hours, B) 24 hours after treatment or with dCpegMOBTP/SNTT, C) 24 hours after 

treatment, D) detail of few cells. 
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3.6 2'-Deoxycytidine triphosphate bearing silicon rhodamine 

fluorophore. Synthesis, phyotophysical properties, 

enzymatic incorporation into DNA and applications 

3.6.1 Introduction 

Silicon rhodamine derivatives, such as SiR-carboxyl (Figure 73 B), differ from 

classical rhodamines (for example 6-carboxytetramethylrhodamine – 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 of the excitation 

and emission wavelengths of the fluorophore. It is known, that rhodamines capable  

of forming spirolactones exist in a dynamic equilibrium between a non-fluorescent 

spirolacton and a fluorescent zwitterion form depending on the polarity  

of environment. Another feature of silicon in SiR-carboxyl is that it reduces the 

electron density of the xanthene, and thus increases its propensity to form  

non-fluorescent spirolactone in solvents of low dielectric constant. This effect of  

SiR-carboxyl dyes is very beneficial for cell-based imaging because it can lower 

background fluorescence signal of non-specific interactions of the fluorescent label 

with hydrophobic structures. On top of that, SiR-carboxyl shows high fluorescence 

brightness, photostability and is also compatible with stimulated emission depletion 

(STED) microscopy. SiR-carboxyl was previously used for cell super-resolution 

microscopy of cellular proteins and for imaging of cytoskeletal structures.134–136 

Inspired by SiR-carboxyl and its properties, we synthesized new dCTP 

derivative bearing silicon rhodamine modification. Photophysical properties of new 

nucleotide were tested, as well as its enzymatic incorporation into DNA. Modified 

nucleotide was transported into live cells and its incorporation into genomic DNA was 

then studied by confocal and super-resolution microscopy.  
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Figure 73 A) Structure of 6-carboxytetramethylrhodamine, B) structure of  

SiR-carboxyl and the formation of spirolactone. 

 

3.6.2 Synthesis 

Silicon rhodamine modified nucleoside triphosphate dCSiRTP was prepared by 

strain-promoted azide-alkyne cycloaddition reaction of azido-propargyloxy-triethylene 

glycol modified 2'-deoxycytidine triphosphate dCpegN3TP with bicyclononyne-linked 

silicon rhodamine fluorophore SiR-BCN (commercially available). The product was 

isolated in 50% yield after purification by reverse-phase HPLC. 

 

Scheme 24 Synthesis of silicon rhodamine modified nucleotide dCSiRTP. 
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3.6.3 Photophysical properties 

The modified nucleotide dCSiRTP in PBS buffer shows absorption and 

emission maximum at 651 nm and 672 nm respectively (Figure 74). Extinction 

coefficient and quantum yield were calculated to be 124800 M-1cm-1 and 54% 

respectively. To study the influence of polarity on the spirolactone-zwitterion 

equilibrium, the absorption and fluorescence spectra of dCSiRTP were measured in 

water/acetonitrile mixtures of different proportions (Figure 75). When the content of 

acetonitrile increased, we observed decrease of both absorbance (at 651 nm and  

421 nm) and fluorescence intensity (at 672 nm). Also, the absorption at 309 nm 

decreased and the increase of absorption was observed at 286 nm, indicating formation 

of spirolactone. These results indicate that the fluorophore retained its fluorogenic 

character even after attachment to the nucleotide. 

 

 

Figure 74 Absorption (dashed line) and fluorescence (solid line) spectra of dCSiRTP. 
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Figure 75 A) Absorption and B) fluorescence spectra of dCSiRTP in acetonitrile/water 

mixtures of different proportions. 

 

3.6.4 Enzymatic synthesis of modified DNA, photophysical properties 

of DNA 

Silicon rhodamine modified dCTP was tested as substrate for KOD XL DNA 

polymerase in primer extension (Figure 76 A) and polymerase chain reaction 

experiments. PEX with 19-mer encoding for incorporation of one modification 

(Temp1PEX) proceeded smoothly and the product was analyzed by PAGE  

(Figure 76 B) and by MALDI-TOF spectrometry (Table 15). The labelled DNA shows 

the same absorption and emission maximum as the corresponding nucleotide dCSiRTP 

(651 nm and 672 nm respectively; Figure 77). The quantum yield of the modified DNA 

(48%) is slightly lower than the quantum yield of the triphosphate dCSiRTP (54%). 

PCR was tested using mixtures of different proportions of dCSiRTP and dCTP  

(100-0%). Agarose gel on Figure 76 C shows that the amplification was successful 

when maximum 60% of modified nucleotide was used, at 80% or 100% of dCSiRTP 

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 polymerase, dCSiRTP and template 

Temp1PEX. Primer (P), positive control (+, PEX with all natural dNTPs),  

negative control (-, PEX in absence of dCTP), PEX with dCSIRTP (*). C) Agarose gel 

electrophoresis analysis of PCR amplification of 98-mer template Temp1PCR with KOD 

XL polymerase using dCSiRTP. DNA ladder (L), primer (P), positive control (C+, PCR 

with all natural dNTPs), negative control (C-, PCR in absence of dCTP), PCR with 

mixture of modified nucleotide with natural dCTP (C100-C10, content of modified 

nucleotide decreases from 100% to 10%). 

 



128 

 

 

Table 15 Oligonucleotide prepared in this study. 

Oligonucleotide Sequence (5′→3′). C*: modified nucleotide. Mcalculated 

(Da) 

Mfound 

(Da) 

ON19_1CSiR 5´-CATGGGCGGCATGGGC*GGG-3´ 6942.19 6940.9 

 

 

Figure 77 Normalized absorption and fluorescence spectra of DNA19_1CSiR. 

 

3.6.5 Cell experiments 

Transport of modified nucleotide dCSiRTP into cells was performed by 

treatment of cells with a mixture of nucleotide and SNTT (experiments were performed 

by Dr. Tomáš Kraus). Transport and incorporation of the nucleotide was monitored in 

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

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

modified nucleotide into DNA. 



129 

 

 

 

Figure 78 Fluorescence microscopy images of live cells after their treatment with  

a dCSiRTP/SNTT complex. Minutes after treatment: A) 5, B) 20, C) 30, D) 55. 

 

 

Figure 79 Detail of live cell 55 minutes after treatment with a dCSiRTP/SNTT 

complex. 

Additionally, the nucleotide was tested for super-resolution microscopy  

(using STED; experiments were performed at BIOCEV). Super-resolution microscopy 

revealed roughly 2.5-fold improvement in resolution in comparison with confocal 
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microscopy (Figure 80). To the best of our knowledge, it is the first nucleotide 

described for super-resolution imaging of genomic DNA in cells. Potential applications 

of dCSiRTP include live-animal imaging,56 monitoring dynamic processes such as 

asymmetric segregation of sister chromatids192 or DNA repair176,177. 

 

Figure 80 Detail of fixed cell 2 hours after treatment with a dCSiRTP/SNTT complex. 

A) Confocal microscopy, B) super-resolution microscopy. C) STED vs confocal line 

intensity profiles. 
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4 CONCLUSION 

This thesis describes synthesis of new fluorescently modified nucleoside 

triphosphates as tools for metabolic labelling and for the construction of DNA probes 

useful for bioanalytical applications. 

New 2'-deoxycytidine nucleoside and nucleotide labelled with  

viscosity-sensitive dye based on CFP fluorophore were designed, prepared and 

characterized. The nucleoside dCTrp is weakly fluorescent in low viscosity solvents, 

however, in viscous glycerol the fluorescence was enhanced approximately 10-fold. 

The nucleotide dCTrpTP was a good substrate for KOD XL DNA polymerase in primer 

extension and polymerase chain reaction. The labelled oligonucleotide probe showed 

ca. 2-fold increase of fluorescence upon binding to single-strand binding protein.  

These results show that the new probe can be potentially useful for studying  

DNA-protein interactions. 

New thymidine nucleoside and nucleotide labelled with benzylidene-

tetrahydroxanthylium dye were designed, prepared and characterized. The nucleoside 

dTNNIR changes fluorescence intensity depending on the polarity and viscosity of the 

environment. The nucleotide dTNNIRTP was incorporation into DNA by PEX or PCR, 

which resulted in significant increase of fluorescence. Observed light-up effect is most 

probably due to a combination of the restricted bond motion of the fluorophore and less 

polar environment in the major groove of DNA. Unfortunately, the dTNNIRTP was not 

suitable for in cellulo imaging due to its cytotoxicity. The labelled DNA probes were 

used for sensing interactions with small molecules and proteins by a change of 

fluorescence. The light-up effect after incorporation into DNA was applied in real-time 

PCR as a new approach to directly visualize the DNA synthesis. Bezylidene-

tetrahydroxanthylium fluorophore was also attached to 2'-deoxycytidine triphosphate 

via triethylene glycol linker to address issues with cell experiments, however, the 

incorporation into DNA in live cells was not successful. Therefore, new nucleotides 

are useful for monitoring enzymatic reactions and sensing interactions with other 
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biomolecules, however, the use is limited to in vitro experiments. 

New 2'-deoxycytidine triphosphate labelled with thiazole orange was designed, 

prepared and characterized. Incorporation of the dCTOTP into DNA was tested in PEX 

and PCR. Thiazole orange binds nucleic acids and changes fluorescence intensity and 

lifetime depending on the environment. The dCTOTP was delivered into live cells and 

found to be good substrate even for cellular polymerases. The new probe allowed real 

time-imaging of DNA synthesis in live cells using fluorescence lifetime imaging. 

New 2'-deoxycytidine nucleosides and nucleotides bearing new near-infrared 

BODIPY dye tethered via propargylether or triethylene glycol linker were designed, 

prepared and characterized. The fluorophore-linked nucleosides dCMOB and dCpegMOB 

change fluorescence lifetime depending on viscosity. The nucleotides dCMOBTP and 

dCpegMOBTP were incorporated into DNA by PEX or PCR. The corresponding DNA 

probes were utilized for sensing interactions with histone by changing fluorescence 

lifetime. The probe containing BODIPY attached via longer triethylene glycol shows 

stronger non-specific interaction with non-DNA binding protein BSA than in case of 

the probe with propargylether linker. Therefore, only the DNA probe labelled by 

BODIPY via short linker has potential as lifetime probe for sensing DNA-protein 

interactions. On the other hand, the dCpegMOBTP was substrate even for cellular 

polymerases and incorporation into genomic DNA was observed, albeit the use for the 

cell experiments is limited as high power of the laser for the excitation of the 

fluorophore and long incubation (24 hours) of treated cells were required. 

New 2'-deoxycytidine triphosphate labelled with silicon rhodamine was 

designed, prepared and characterized. The modified nucleotide dCSiRTP was tested as 

a substrate for KOD XL DNA polymerase in PEX and PCR. The dCSiRTP was 

transported into the cells using synthetic nucleoside triphosphate transporter and 

incorporated to genomic DNA, allowing super-resolution imaging of DNA. 
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5 EXPERIMENTAL SECTION 

5.1 General remarks for chemical synthesis 

Solvents and reagents were purchased from commercial suppliers  

(Sigma-Aldrich, AlfaAesar). Thymidine (35) was purchased from SANTIAGO. 

Bicyclo[6.1.0]nonyne derivative of silicon rhodamine (SiR-BCN) was purchased from 

Spirochrome. The reactions were monitored by thin-layer chromatography (TLC) 

using Merck silica gel 60 F254 plates and visualized by UV (254 nm). Purification by 

column chromatography was performed using silica gel (40–63 µm). Separations of 

nucleotides were performed using HPLC (Waters modular HPLC system) on a column 

packed with 10 μm C18 reversed phase (Phenomenex, Luna C18). NMR spectra were 

measured on a Bruker AVANCE 400 (1H at 401.0 MHz, 13C at 100.8 MHz and 31P 

at 162.0 MHz), Bruker AVANCE 500 (1H at 500.0 MHz, 13C at 125.7 MHz and 31P 

at 202.3 MHz) and Bruker AVANCE 600 (1H at 600.1 MHz and 13C at 150.9 MHz) 

NMR spectrometers in corresponding deuteratured solvent at 25°C.  

Chemical shifts (in ppm, δ scale) were referenced to the residual solvent signal in 1H 

spectra (δ((CHD2)SO(CD3)) = 2.5 ppm, δ((CHD2)OD) = 3.31 ppm) or to the solvent 

signal in 13C spectra (δ((CD3)2SO) = 39.7 ppm, δ(CD3OD) = 49.0 ppm). Coupling 

constants (J) are given in Hz, chemical shifts in ppm (δ scale). Complete assignment 

of all NMR signals was achieved by using a combination of H,H-COSY, H,C-HSQC 

and H,C-HMBC experiments. Mass spectra and high resolution mass spectra were 

measured by ESI ionization technique and spectra were measured on a LTQ Orbitrap 

XL spectrometer (Thermo Fisher Scientific). 

5.2 General remarks for biochemistry 

Oligonucleotides used in presented work were purchased from Generi Biotech. 

Enzyme KOD XL DNA polymerase and the corresponding reaction buffer were 

obtained from Merck Millipore. Natural nucleoside triphosphates (dCTP, dATP, 

dGTP, dTTP), Bst DNA polymerase Large Fragment, Vent(exo-) DNA polymerase, 

corresponding reaction buffers and histone human recombinant protein (H2A) were 
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purchased from New England Biolabs. Streptavidin coated magnetic beads were 

obtained from Roche. Isolated RNA and corresponding cDNA were provided by 

virology department at IOCB Prague. All solutions for biochemistry experiments were 

prepared in Milli-Q water and in case of RNA experiments RNase free water was used. 

GelRed was obtained from Biotium. QIAquick nucleotide removal kit was purchased 

from QIAGEN. Stop solution contained 80% (v/v) formamide, 20 mM EDTA, 0.025% 

(w/v) bromophenol blue, 0.025% (w/v) xylene cyanol in water. Concentration of DNA 

solutions were calculated using A260 values measured on a Nanodrop 1000 

Spectrophotometer (Thermo Scientific) and values obtained with OligoCalc.193 Mass 

spectra of oligonucleotides were measured by MALDI-TOF mass spectrometry, on 

UltrafleXtreme MALDITOF/TOF mass spectrometer (Bruker Daltonics, Germany), 

with 1 kHz smartbeam II laser. All gels were analysed by fluorescence imaging using 

Typhoon FLA 9500 (GE Healthcare) or using transilluminator equipped with GBox 

iChemi-XRQ Bio imaging system (Syngene, Life Technologies). All oligonucleotide 

sequences used in enzymatic synthesis are shown in Table 16. Cell-based experiments 

were performed by Dr. Tomáš Kraus at IOCB Prague, super-resolution imaging was 

performed at BIOCEV. 

  

 

Table 16 Table of oligonucleotide sequences used in enzymatic synthesis. 

Oligonucleotide Length Sequence (5′→3′) 

Prim1PEX 15-mer 5´-CATGGGCGGCATGGG-3 

Prim1PEX-FAM 

(a) 

15-mer 5´-FAM-CATGGGCGGCATGGG-3´ 

Prim1PEX-Cy5 (b) 15-mer 5´-Cy5-CATGGGCGGCATGGG-3´ 

Temp1PEX 19-mer 5´-CCCGCCCATGCCGCCCATG-3´ 

Temp1PEX-bio (c) 19-mer 5´-bio-CCCACCCATGCCGCCCATG-3´ 

Temp1PEX-P (d) 19-mer 5´-P-CCCACCCATGCCGCCCATG-3´ 

Temp2PEX 31-mer 5´-CTAGCATGAGCTCAGTCCCATGCCGCCCATG-3´ 
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Temp2PEX-bio 31-mer 5´-bio-CTAGCATGAGCTCAGTCCCATGCCGCCCATG-3´ 

Temp2PEX-TINA 

(e) 

31-mer 5´-TINA-CTAGCATGAGCTCAGTCCCATGCCGCCCATG-3´ 

Prim2PEX  15-mer 5´-TCAAGAGACATGCCT-3´ 

Prim2PEX-FAM 15-mer 5´-FAM-TCAAGAGACATGCCT-3´ 

Temp3PEX 30-mer 5´-ATAATAGACATGTCTAGGCATGTCTCTTGA-5´ 

Temp3PEX-bio 30-mer 5´-bio-ATAATAGACATGTCTAGGCATGTCTCTTGA-5´ 

Temp4PEX 16-mer 5´-GCCCATGCCGCCCATG-3´ 

Temp5PEX 19-mer 5´-CCCACCCATGCCGCCCATG-3´ 

Temp5PEX-bio 19-mer 5´-bio-CCCACCCATGCCGCCCATG-3´ 

Temp5PEX-P 19-mer 5´-P-CCCACCCATGCCGCCCATG-3´ 

Temp6PEX 31-mer 5´-CTAGCATGAGCTCAGACCCATGCCGCCCATG-3´ 

Temp6PEX-bio 31-mer 5´-bio-CTAGCATGAGCTCAGACCCATGCCGCCCATG-3´ 

Prim3PEX 15-mer 5´-CATGGGCGGCATAAA-3´ 

Prim3PEX-Cy5 15-mer 5´-Cy5-CATGGGCGGCATAAA-3´ 

Temp7PEX-2P (f) 15-mer 5´-P-TTTGTTTATGCCGCCCATG-P-3´ 

Temp8PEX 16-mer 5´-ACCCATGCCGCCCATG-3´ 

Prim1PCR 20-mer 5´-GACATCATGAGAGACATCGC-3´ 

Prim2PCR 25-mer 5´-CAAGGACAAAATACCTGTATTCCTT-3´ 

 

Temp1PCR 

 

 

98-mer 

5´-

GACATCATGAGAGACATCGCCTCTGGGCTAATAGGACTA 

CTTCTAATCTGTAAGAGCAGATCCCTGGACAGGCAAGGA 

ATACAGGTATTTTGTCCTTG-3´ 

Prim3PCR 24-mer 5´-CGTCTTCAAGAATTCTATTTGACA-3´ 

Prim4PCR 18-mer 5´-GGAGAGCGTTCACCGACA-3´ 

 

Temp2PCR 

 

 

235-

mer 

CGTCTTCAAGAATTCTATTTGACAAAAATGGGCTCGTGTT 

GTACAATAAATGTGTCTAAGCTTGGGTCCCACCTGACCCC 

ATGCCGAACTCAGAAGTGAAACGCCGTAGCGCCGATGGT 

AGTGTGGGGTCTCCCCATGCGAGAGTAGGGAACTGCCA 

GGCATCAAATAAAACGAAAGGCTCAGTCGAAAGACTGG 

GCCTTTCGTTTTATCT GTTGTTTGTCGGTGAACGCTCTCC 

Prim5PCR 22-mer 5´-GTGARATGGTCATGTGTGGCGG-3´ 

Prim6PCR 26-mer 5´-CARATGTTAAASACACTATTAGCATA-3´ 
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Temp3PCR 

 

 

100-

mer 

5´-

GTGAAATGGTCATGTGTGGCGGTTCACTATATGTTAAACC 

AGGTGGAACCTCATCAGGAGATGCCACAACTGCTTATGCT 

AATAGTGTCTTTAACATTTG-3´ 

Underlined: segments of templates complementary to primers. R is G/A; S is G/C.  

a 6-carboxyfluorescein (6-FAM) used for oligonucleotide labelling at 5'-end,  

b Cyanine-5 (Cy5) used for oligonucleotide labelling at 5'-end, c template biotinylated 

at 5'-end, d template phosphorylated at 5'-end, e template labelled by ortho-TINA at  

5'-end, f template phosphorylated at 5'- and 3'-end. 

 

5.3 Determination of photophysical properties 

5.3.1 Molar absorption coefficients 

Absorption coefficients were measured using 1 mL quartz cuvettes. 

 The absorption coefficients were calculated using the following equation 

𝐴 =  𝜀 ×  𝑐 ×  𝑙 

where A is the absorbance of the sample, ε is absorption coefficient, c is the 

exact concentration of the sample and l is the length of the path that the light travels 

through the cuvette. 

 

5.3.2 Fluorescence quantum yields 

Relative determination of the fluorescence quantum yields (Ф) was performed 

using quinine sulfate in 0.5 M H2SO4 (Ф = 0.55 at 25°C) as reference  for compounds 

dCTrp and dCTrpTP, indocyanine green in DMSO (Ф = 0.13 at 25°C) as reference for 

compounds dTNNIR, dTNNIRTP and DNA19_1TNNIR, fluorescein in 0.1 M NaOH  

(Ф = 0.92 at 25°C) as reference for compounds dCTO, dCTOTP and corresponding 

dsDNA and ssDNA, Cresyl violet perchlorate in MeOH (Ф = 0.54) as reference for 

compounds dCMOB, dCpegMOB, dCMOBTP, dCpegMOBTP, dCSiR, dCSiRTP and 
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DNA19_1CSiR. The absorbance of sample solutions was kept below 0.10 to avoid inner 

filter effects. The quantum yields were calculated using the following equation194 

𝛷𝑓,𝑥 =  𝛷𝑓,𝑠𝑡  ×  
𝐹𝑥

𝐹𝑠𝑡
 ×  

1 − 10−𝐴𝑏𝑠𝑠𝑡

1 − 10−𝐴𝑏𝑠𝑥
 ×  

𝑛𝑥
2

𝑛𝑠𝑡
2  

 where Φf is the quantum yield, F is the integrated fluorescence intensity, Abs 

is the absorbance of the solution at the excitation wavelength, n is the refractive index 

of the solvent, the subscripts x and st stand for the sample and standard respectively. 

 

 

 

 

 

 

 

 

 

 

 

 



138 

 

 

5.4 2'-Deoxycytidine and its triphosphate modified by 

tryptophan-based imidazolinone fluorophore. Synthesis, 

photophysical properties, enzymatic incorporation into DNA 

and applications 

5.4.1 Chemical synthesis 

(Z)-2-acetamido-3-(1H-indol-3-yl)-N-(prop-2-yn-1-yl)acrylamide (33) 

 

Propargylamine (86 mg, 1.56 mmol) was added to the solution of 32 (200 mg, 0.75 

mmol) in DMF (15 mL) and the mixture was stirred at room temperature for 5h. 

Solvent was evaporated and crude product was purified by column chromatography 

with methanol in dichloromethane (0-5%). The desired product was obtained as 

yellowish solid (125.8 mg, 60%).  

1H NMR (500.0 MHz, DMSO-d6): 2.07 (s, 3H, CH3); 3.07 (t, 1H, 4J = 2.5, HC≡C); 

3.94 (dd, 2H, 3J = 5.7, 4J = 2.5, CH2N); 7.12 (ddd, 1H, J5,4 = 8.1, J5,6 = 7.0, J5,7 = 1.3, 

H-5); 7,17 (ddd, 1H, J6,7 = 8.1, J6,5 = 7.0, J6,4 = 1.3, H-6); 7.44 (ddd, 1H, J7,6 = 8.1, J7,5 

= 1.3, J7,4 = 0.8, H-7);  7.55 (s, 1H, CH=); 7.70 (d, 1H, J2,1 = 2.7, H-2); 7.72 (m, 1H, 

H-4); 8.27 (t, 1H, 3J = 5.7, NHCH2); 9.17 (bd, 1H, 4J = 1.2, NHC=CH); 11.60 (bd, 1H, 

J1,2 = 2.7, H-1).  

13C NMR (127.5 MHz, DMSO-d6): 23.40 (CH3); 28.67 (CH2N); 72.63 (HC≡C); 81.99 

(HC≡C); 109.27 (C-3); 112.09 (CH-7); 118.29 (CH-4); 120.18 (CH-5); 122.21 (CH-

6); 122.63 (CH=); 124.40 (C=); 127.07 (CH-2); 127.31 (C-3a); 135.67 (C-5); 165.10 

(NHCOC); 169.33 (NHCOCH3).  
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HRMS-ESI for C16H15O2N3Na [M + Na]+: calculated 304.10565, found 304.10577. 

 

(Z)-5-((1H-indol-3-yl)methylene)-2-methyl-3-(prop-2-yn-1-yl)-3,5-dihydro-4H-

imidazol-4-one (34) 

 

Compound 33 (160 mg, 0.57 mmol) was dissolved in pyridine (2 mL) and the mixture 

was heated to reflux. After complete consumption of starting material, the mixture was 

concentrated and the product was obtained as orange solid (100 mg, 67%) after 

purification by column chromatography (hexane/ethyl acetate 2:1 as eluent). Mixture 

of Z/E-isomers 7:1.  

1H NMR (500.0 MHz, DMSO-d6): 2.36 (s, 3H, CH3-E); 2.43 (s, 3H, CH3-Z); 3.36 (t, 

2H, 4J = 2.5, HC≡C-E,Z); 4.46 (d, 2H, 4J = 2.5, CH2N-Z); 4.50 (d, 2H, 4J = 2.5, CH2-

E); 7.15 – 7.26 (m, 4H, H-5,6-indole-E,Z); 7.38 (s, 1H, indole-CH=imidazole-Z); 7.48 

(m, 1H, H-7-indole-Z); 7.51 (m, 1H, H-7-indole-E); 7.70 (s, 1H, indole-CH=imidazole-

E); 7.94 (m, 1H, H-4-indole-E); 8.23 (m, 1H, H-4-indole-Z); 8.41 (s, 1H, H-2-indole-

Z); 9.29 (s, 1H, H-2-indole-E); 12.00 (bs, 1H, NH-1-indole-Z); 12.07 (bs, 1H, NH-1-

indole-E).  

13C NMR (127.5 MHz, DMSO-d6): 14.96 (CH3-E); 15.50 (CH3-Z); 29.06 (CH2N-Z); 

29.11 (CH2N-E); 74.56 (HC≡C-E); 74.62 (HC≡C-Z); 78.91 (HC≡C-Z); 78.96 (HC≡C-

E); 110.61 (C-3-indole-E); 111.28 (C-3-indole-Z); 112.42 (CH-7-indole-Z); 112.54 

(CH-7-indole-Z); 118.32 (CH-4-indole-E); 119.97 (CH-4-indole-Z); 121.05 (CH-5-

indole-Z); 121.08 (indole-CH=imidazole-Z); 121.17 (CH-5-indole-E); 122.83 (CH-6-
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indole-Z); 122.88 (CH-6-indole-E); 126.85 (C-3a-indole-Z); 127.04 (indole-

CH=imidazole-E); 128.05 (C-3a-indole-E); 132.51 (CH-2-indole-E); 133.09 (C-5-

imidazole-Z); 133.51 (CH-2-indole-Z); 133.73 (C-5-imidazole-E); 136.21 (C-7a-

indole-E); 136.62 (C-7a-indole-Z); 154.00 (C-2-imidazole-E); 157.74 (C-2-imidazole-

Z); 166.08 (C-4-imidazole-E); 168.17 (C-4-imidazole-Z).  

HRMS-ESI for C16H14ON3 [M + H]+: calculated 264.11314, found 264.11317. For 

C16H13ON3Na [M + Na]+: calculated 286.09508, found 286.09512. 

 

5-(3-((Z)-4-((1H-indol-3-yl)methylene)-2-methyl-5-oxo-4,5-dihydro-1H-imidazol-

1-yl)prop-1-yn-1-yl)-2'-deoxycytidine (dCTrp) 

 

A flask containing 5-iodo-2'-deoxycytidine (42 mg, 0.12 mmol), alkyne 34 (40 mg, 

0.15 mmol), PdCl2(PPh3)2 (5 mg, 6% mol), CuI (1.5 mg, 6% mol) was purged and 

refilled with argon multiple times and the content was dissolved in dry DMF (2.5 mL). 

Triethylamine (300 μL, 2.15 mmol) was added and the mixture was stirred at 60°C for 

2h. Then the reaction mixture was concentrated on rotavap and purified by column 

chromatography eluted with methanol in dichloromethane (0-20%) to give the 

modified nucleoside as orange solid (50 mg, 67%). Mixture of Z/E-isomers 5:1. 
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1H NMR (500.0 MHz, DMSO-d6): 1.99 (dt, 2H, Jgem = 13.0, J2ʹb,1ʹ = J2ʹb,3ʹ = 6.5, H-2ʹb-

E,Z); 2.13 (ddd, 2H, Jgem = 13.0, J2ʹa,1ʹ = 6.0, J2ʹa,3ʹ = 3.6, H-2ʹa-E,Z); 2.39 (s, 3H, CH3-

E); 2.47 (s, 3H, CH3-Z); 3.50 – 3.64 (m, 4H, H-5ʹ-E,Z); 3.75 – 3.79 (m, 2H, H-4ʹ-E,Z); 

4.16 – 4.22 (m, 2H, H-3ʹ-E,Z); 4.69 (s, 2H, CH2N-Z); 4.74 (d, 2H, CH2-E); 6.09 (dd, 

2H, J1ʹ,2ʹ = 6.5, 6.0, H-1ʹ-E,Z); 7.03 (bs, 2H, NHaHb-E,Z); 7.14 – 7.25 (m, 4H, H-5,6-

indole-E,Z); 7.37 (s, 1H, indole-CH=imidazole-Z); 7.48 (m, 1H, H-7-indole-Z); 7.50 

(m, 1H, H-7-indole-E); 7.69 (s, 1H, indole-CH=imidazole-E); 7.77 (bs, 2H, NHaHb-

E,Z); 7.94 (bd, 1H, J4,5 = 7.8, H-4-indole-E); 8.19 (s, H, H-6-cyt-E); 8.20 (s, H, H-6-

cyt-Z); 8.23 (bd, 1H, J4,5 = 7.8, H-4-indole-Z); 8.41 (d, 1H, J2,1 = 2.8, H-2-indole-Z); 

9.29 (d, 1H, J2,1 = 2.9, H-2-indole-E); 12.03 (bd, 1H, d, 1H, J1,2 = 2.8, NH-1-indole-Z); 

12.08 (bd, 1H, d, 1H, J1,2 = 2.9, NH-1-indole-E).  

13C NMR (127.5 MHz, DMSO-d6): 15.29 (CH3-E); 15.83 (CH3-Z); 30.38 (CH2N-E,Z); 

40.92 (CH2-2ʹ-E); 40.95 (CH2-2ʹ-Z); 60.97 (CH2-5ʹ-E); 61.09 (CH2-5ʹ-Z); 70.06 (CH-

3ʹ-E); 70.15 (CH-3ʹ-Z); 75.25 (C5-C≡C-E); 75.34 (C5-C≡C-Z); 85.44 (CH-1ʹ-E); 

85.56 (CH-1ʹ-Z); 87.56 (CH-4ʹ-E); 87.64 (CH-4ʹ-Z); 88.98 (C-5-cyt-E); 89.03 (C-5-

cyt-Z); 89.82 (C5-C≡C-Z); 89.90 (C5-C≡C-E); 110.63 (C-3-indole-E); 111.32 (C-3-

indole-Z); 112.44 (CH-7-indole-Z); 112.56 (CH-7-indole-E); 118.33 (CH-4-indole-E); 

119.97 (CH-4-indole-Z); 120.85 (indole-CH=imidazole-Z); 121.07 (CH-5-indole-Z); 

121.16 (CH-5-indole-E); 122.83 (CH-6-indole-Z); 122.89 (CH-6-indole-E); 126.84 

(indole-CH=imidazole-E); 126.86 (C-3a-indole-Z); 128.07 (C-3a-indole-E); 132.45 

(CH-2-indole-E); 133.27 (C-5-imidazole-Z); 133.45 (CH-2-indole-Z); 133.91 (C-5-

imidazole-E); 136.22 (C-7a-indole-E); 136.63 (C-7a-indole-Z); 145.11 (CH-6-cyt-

E,Z); 153.61 (C-2-cyt-E,Z); 154.46 (C-2-imidazole-E); 158.19 (C-2-imidazole-Z); 

164.47 (C-4-cyt-E); 164.54 (C-4-cyt-Z); 166.24 (C-4-imidazole-E); 168.39 (C-4-

imidazole-Z).  

HRMS-ESI for C25H25O5N6 [M + H]+: calculated 489.18809, found 489.18812. 
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5-(3-((Z)-4-((1H-indol-3-yl)methylene)-2-methyl-5-oxo-4,5-dihydro-1H-imidazol-

1-yl)prop-1-yn-1-yl)-2'-deoxycytidine-5'-O-triphosphate (dCTrpTP) 

 

Flask containing 5-iodo-2'-deoxycytidine 5'-triphosphate (Et3NH+ form, 22 mg, 0.037 

mmol), alkyne 34 (16 mg, 0.061 mmol), PdCl2(PPh3)2 (2.6 mg, 10% mol), CuI (0.7 

mg, 10% mol) was purged and refilled with argon multiple times and the content was 

dissolved in dry DMF (0.5 mL). Triethylamine (50 uL, 0.36 mmol) was added and  

the mixture was stirred at 55°C for 45 min. The solvent was evaporated in vacuum and 

product was purified by HPLC with the use of linear gradient methanol (5-100%) in 

0.1 M TEAB buffer. Isolated product was co-evaporated with distilled water several 

times. Conversion of the product to sodium salt on an ion-exchange column (Dowex 

50WX8 in Na+ cycle) and freeze-drying from water afforded the final nucleotide as 

yellow solid (12 mg, 44%).  

1H NMR (500.0 MHz, D2O, ref(dioxane) = 3.75 ppm): 2.24, 2.34 (2 × bm, 2 × 1H, H-

2ʹ); 2.38 (s, 3H, CH3); 4.07 – 4.33 (m, 3H, H-4ʹ,5ʹ); 4.48 (bs, 2H, CH2N); 4.57 (bm, 

1H, H-3ʹ); 6.05 (bm, 1H, H-1ʹ); 7.18 – 7.28 (bm, 2H, H-5,6-indole); 7.30 (bs, 1H, 

indole-CH=imidazole); 7.43 (bm, 1H, H-7-indole); 7.81 (bm, 1H, H-4-indole); 8.07 

(bs, H, H-6-cyt); 8.11 (bs, 1H, H-2-indole). 

13C NMR (127.5 MHz, D2O, ref(dioxane) = 69.3 ppm): 17.11 (CH3); 33.32 (CH2N); 

41.80 (CH2-2ʹ); 67.83 (b, CH2-5ʹ); 72.8 (CH-3ʹ); 88.22 (CH-4ʹ); 89.55 (CH-1ʹ); 90.51 
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(C-5-cyt); 92.30 (C5-C≡C); 113.28 (C-3-indole); 115.03 (CH-7-indole); 121.29 (CH-

4-indole); 124.40 (CH-5-indole); 126.04 (CH-6-indole); 126.85 (indole-

CH=imidazole); 129.78 (C-3a-indole); 133.56 (C-5-imidazole); 136.05 (CH-2-indole); 

138.68 (C-7a-indole); 147.72 (CH-6-cyt); 161.17 (C-2-imidazole); 172.51 (C-4-

imidazole); (C5-C≡C-E, C-5-imidazole and C-2,4-cyt not detected).  

31P NMR (202.4 MHz, D2O): -22.50 (br, P ); -10.59 (br, P ); -5.75 (br, P ).  

HRMS-ESI for (C25H25O14N6P3)/2 [(M + 2H)]2-: calculated 363.03263, found 

363.03214 

 

5.4.2 Biochemistry 

5.4.2.1 Primer extension experiments 

Enzymatic synthesis of modified DNA bearing one or two modifications by primer 

extension (gel analysis) 

The reaction mixture (20 μl) contained FAM labelled primer Prim1PEX–FAM or 

Prim2PEX–FAM (for sequence see Table 16; 3 μM, 1 μL), template Temp1PEX or 

Temp3PEX (for sequence see Table 16; 3 μM, 1.5 μL), KOD XL DNA polymerase (0.25 

U/µL, 0.125 μL),  natural dNTPs (dATP, dGTP and dTTP 4 mM each, 0.3 μL), either 

natural dCTP (4 mM, 0.3 μL) or modified dNTP (dCTrpTP, 4 mM, 0.3 μL) in 

corresponding reaction buffer (10x, 2 μL) supplied by the manufacturer. The reaction 

mixture was incubated at 60°C for 30 min in thermal cycler. The reaction was stopped 

by the addition of PAGE stop solution (20 uL) and the reaction mixture was denatured 

at 95°C for 5 min and analyzed using 12.5% denaturing PAGE. Visualization was 

performed on Typhoon biological imager FLA 9500 (PAGE gels are shown in Figure 

14 B, D). 
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Enzymatic incorporation of four modifications by primer extension (gel analysis) 

The reaction mixture (20 μl) contained FAM labelled primer Prim1PEX–FAM (for 

sequence see Table 16; 3 μM, 1 μL), template Temp2PEX (for sequences see Table 16; 

3 μM, 1.5 μL), KOD XL DNA polymerase (0.25 U/µL, 0.3 μL),  natural dNTPs (dATP, 

dGTP, dTTP, 4 mM each, 0.7 μL), either natural dCTP (4 mM, 0.7 μL)  or modified 

dNTP (dCTrpTP, 4 mM, 0.7 μL) in corresponding reaction buffer (10x, 2 μL) supplied 

by the manufacturer. The reaction mixture was incubated at 60°C for 30 min in thermal 

cycler. The reaction was stopped by the addition of PAGE stop solution (20 μL) and 

the reaction mixture was denatured at 95°C for 5 min and analyzed using 12.5% 

denaturing PAGE. Visualization was performed on Typhoon biological imager FLA 

9500 (PAGE gel is shown in Figure 14 C). 

Preparation of modified oligonucleotides ON19_1CTrp, ON31_4CTrp and 

ON30_2CTrp by primer extension and subsequent magnetic separation 

The reaction mixture (50 µL) containing primer (for sequences see Table 16; Prim1PEX 

or Prim2PEX, 100 µM, 1.7 µL), biotinylated template (for sequences see Table 16; 

Temp1PEX-bio, Temp2PEX-bio or Temp3PEX-bio, 100 µM, 1.7 µL), dNTPs (dATP, 

dGTP, dTTP, dCTrpTP; 4 mM each, 1.6 µL, KOD XL DNA polymerase (2.5 U/µL, 

0.5 µL), corresponding  reaction buffer (10×, 3  µL) was incubated at 60°C for 30 min. 

Reactions were stopped by cooling at 4°C. Streptavidin magnetic beads (50 μl, Roche) 

were washed with binding buffer TEN 100 (3 × 300 μl, 10 mM Tris, 1 mM EDTA,  

100 mM NaCl, pH 7.5). Then PEX solution (50 µL) and binding buffer (50 μl) were 

added to the magnetic beads. The mixture was incubated for 30 min at 15°C and  

1400 rpm. Then the magnetic beads were separated and washed with washing buffer 

TEN 500 (3 × 200 μl, 10 mM Tris, 1 mM EDTA, 1 M NaCl, pH 7.5) and with milli-Q 

water (4 × 200 μl). Then 50 μl of milli-Q water was added and the sample was 

denatured for 2 min at 90°C and 900 rpm. The solution containing modified ssDNA 

was quickly transferred into clean Eppendorf and analysed by MALDI-TOF mass 

spectrometry. 
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5.4.2.2 Polymerase chain reaction experiments 

Enzymatic incorporation of dCTrpTP by polymerase chain reaction 

The reaction mixture (20 µL) contained primer (for sequences see Table 16; Prim1PCR 

and Prim2PCR or Prim3PCR and Prim4PCR, 10 µM, 4 µL of each), template (Temp1PCR 

or Temp2PCR, 10 µM, 0.5 µL), dNTPs (dATP, dGTP, dTTP, dCTrpTP; 0.4 mM, 1.5 µL 

of each), KOD XL DNA polymerase (2.5 U/µL, 1.1 µL) and corresponding reaction 

buffer (10×, 25 µL). After the initial denaturation for 3 min at 94°C, 30 (in case of 

template Temp1PCR) or 40 (in case of template Temp2PCR) PCR cycles were run under 

the following conditions: denaturation for 1 min at 94°C, annealing for 1 min at 51°C, 

extension for 2 min at 72°C. This PCR process was terminated with a final extension 

step for 5 min at 72°C. The reaction was stopped by cooling to 4°C. The reaction was 

stopped by cooling to 4°C. The PCR products were analyzed by agarose gel 

electrophoresis in 2% agarose gel stained with GelRed™ (Biotium, agarose gels are 

shown in Figure 16). 

 

5.4.2.3 Interaction of modified DNA with protein 

Binding study using SSB protein 

SSB Protein from E. coli was purchased from Sigma-Aldrich.  The measurements were 

performed in a 100 µL quartz cuvette at room temperature in 50 mM phosphate buffer 

pH 7.4 using three parallel samples for exact comparison (ssDNA mixed with SSB 

protein, ssDNA diluted with phosphate buffer, and ssDNA mixed with BSA protein 

and glycerol as control). To refine the data from the effect of glycerol present in  

the stock solution of SSB protein an appropriate amount of glycerol was added to 

negative control. The measurements were performed on a Fluoromax 4 

spectrofluorimeter (HORIBA Scientific). 
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5.5 Thymidine and its triphosphate modified by benzylidene-

tetrahydroxanthylium fluorophore. Synthesis, 

photophysical properties, enzymatic incorporation into DNA 

and applications 

5.5.1 Chemical synthesis 

6-(diethylamino)-4-(4-(methyl(prop-2-yn-1-yl)amino)benzylidene)-1,2,3,4-

tetrahydroxanthylium (43) 

 

6-(diethylamino)-1,2,3,4-tetrahydroxanthylium (39, 887 mg, 3.46 mmol) and 

benzaldehyde 42 (1349 mg, 7.79 mmol) were dissolved in acetic acid (60 mL).  

The reaction mixture was stirred at 110°C for 2h. Then, the mixture was concentrated 

on rotavap and the crude product was purified by column chromatography using 

CH2Cl2 to CH2Cl2/methanol (20:1) as eluent. The alkyne 43 was isolated as a black 

solid in 50% yield (712 mg) after purification by column chromatography. 

1H NMR (500.0 MHz, DMSO-d6): 1.24 (t, 6H, Jvic = 7.1, CH3CH2N); 1.83 – 1.89 (m, 

2H, H-2); 2.84 (t, 2H, J1,2 = 5.9, H-1); 2.92 – 2.97 (m, 2H, H-3); 3.05 (s, 3H, CH3N); 

3.23 (m, 1H, 4J = 2.2, HC≡C); 3.67 (q, 4H, Jvic = 7.1, CH3CH2N); 4.30 (d, 2H, 4J = 

2.2, CH2N); 6.94 – 6.98 (m, 2H, H-m-phenylene); 7.24 (d, 1H, J5,7 = 2.5, H-5); 7.37 

(dd, 1H, J7,8 = 9.4, J7,5 = 2.5, H-7); 7.62 – 7.67 (m, 2H, H-o-phenylene); 7.84 (d, 1H, 

J8,7 = 9.4, H-8); 8.07 (s, 1H, CH=C4); 8.41 (s, 1H, H-9). 

13C NMR (125.7 MHz, DMSO-d6): 12.76 (CH3CH2N); 21.21 (CH2-2); 27.12 (CH2-1); 

27.24 (CH2-3); 38.15 (CH3N); 41.16 (CH2N); 45.52 (CH3CH2N); 74.97 (HC≡C); 79.81 

(HC≡C); 95.64 (CH-5); 113.34 (CH-m-phenylene); 117.47 (CH-7); 117.72 (C-8a); 

123.18 (C-9a); 123.60 (C-4); 124.37 (C-i-phenylene); 131.76 (CH-8); 133.85 (CH-o-
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phenylene); 138.64 (CH=C4); 147.54 (CH-9); 150.54 (C-p-phenylene); 155.28 (C-6); 

158.37 (C-4b); 164.03 (C-4a).  

HRMS (ESI+): calculated for C28H31ON2: 411.24309; found 411.24333. 

 

6-(diethylamino)-4-((E)-4-(((1-((1-((2R,4S,5R)-4-hydroxy-5-

(hydroxymethyl)tetrahydrofuran-2-yl)-2,4-dioxo-1,2,3,4-tetrahydropyrimidin-5-

yl)methyl)-1H-1,2,3-triazol-4-yl)methyl)(methyl)amino)benzylidene)-1,2,3,4-

tetrahydroxanthylium (dTNNIR) 

 

dTN3 (140 mg, 0.494 mmol), CuSO4.5H2O (24.7 mg, 0.099 mmol), sodium ascorbate 

(39.23 mg, 0.198 mmol) and alkyne 43 (233.8 mg, 0.568 mmol) were placed in a round 

bottom flask and dissolved in mixture of H2O/THF (1:3, 8 mL). The reaction mixture 

was stirred at room temperature until complete consumption of starting material (dTN3) 

was observed according to TLC (CH2Cl2/methanol 10:1 as eluent). After evaporation 

the reaction mixture was purified by column chromatography using CH2Cl2 to 

CH2Cl2/methanol (10:1) as eluent. The nucleoside dTNNIR was isolated in 55% yield 

(188.7 mg) as a black solid after column chromatography purification. 

1H NMR (500.0 MHz, DMSO-d6): 1.24 (t, 6H, Jvic = 7.1, CH3CH2N); 1.82 – 1.89 (m, 

2H, H-2″); 2.08 (ddd, 1H, Jgem = 13.3, J2ʹb,1ʹ = 7.2, J2ʹb,1ʹ = 6.0, H-2ʹb); H-2ʹ); 2.13 (ddd, 

1H, Jgem = 13.3, J2ʹa,1ʹ = 6.2, J2ʹa,1ʹ = 3.6, H-2ʹa); 2.83 (t, 2H, J1″,2″ = 6.0, H-1″); 2.90 – 

2.95 (m, 2H, H-3″); 3.13 (s, 3H, CH3N); 3.53 (ddd, 1H, Jgem = 11.9, J5ʹb,OH = 5.3, J5ʹb,4ʹ 
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= 4.3, H-5ʹb); 3.58 (ddd, 1H, Jgem = 11.9, J5ʹa,OH = 5.3, J5ʹa,4ʹ = 4.0, H-5ʹa); 3.66 (bq, 4H, 

Jvic = 7.1, CH3CH2N); 3.78 (ddd, 1H, J4ʹ,5ʹ = 4.3, 4.0, J4ʹ,3ʹ = 3.7, H-4ʹ); 4.22 (dddd, 1H, 

J3ʹ,2ʹ = 6.0, 3.6, J3ʹ,OH = 4.3, J3ʹ,2ʹ = 3.7, H-3ʹ); 4.70 (s, 2H, CH2NMe); 5.04 (t, 1H, JOH,5ʹ 

= 5.3, OH-5ʹ); 5.16 (s, 2H, CH2N); 5.28 (d, 1H, JOH,3ʹ = 4.3, OH-3ʹ); 6.13 (d, 1H, J1ʹ,2ʹ 

= 7.2, 6.2, H-1ʹ); 6.95 – 7.00 (m, 2H, H-o-phenylene); 7.22 (d, 1H, J5″,7″ = 2.3, H-5″); 

7.34 (dd, 1H, J7″,8″ = 9.4, J7″,8″ = 2.3, H-7″); 7.59 – 7.63 (m, 2H, H-m-phenylene); 7.81 

(d, 1H, J8″,7″ = 9.4, H-8″); 8.00 (s, 1H, H-5-triazole); 8.06 (s, 1H, CH=); 8.12 (s, 1H, 

H-6); 8.36 (s, 1H, H-9″); 11.58 (s, 1H, NH). 

13C NMR (125.7 MHz, DMSO-d6): 12.77 (CH3CH2N); 21.19 (CH2-2″); 27.17 (CH2-

1″); 27.31 (CH2-3″); 38.46 (CH3N); 39.94 (CH2-2ʹ); 45.45 (CH3CH2N); 46.36 (CH2N); 

46.74 (CH2NMe); 61.43 (CH2-5ʹ); 70.42 (CH-3ʹ); 84.63 (CH-1ʹ); 87.74 (CH-4ʹ); 95.67 

(CH-5″); 107.93 (C-5); 112.64 (CH-o-phenylene); 117.71 (CH-7″); 117.31 (C-8″a); 

122.70 (C-4″); 123.13 (C-9″a); 123.30 (CH-5-triazole); 123.57 (C-p-phenylene); 

131.62 (CH-8″); 134.28 (CH-m-phenylene); 139.35 (CH=); 141.20 (CH-6); 143.36 (C-

4-triazole); 147.07 (CH-9″); 150.40 (C-2); 150.87 (C-i-phenylene); 155.04 (C-6″); 

158.24 (C-4″b); 162.81 (C-4); 164.37 (C-4″a).  

HRMS (ESI+): calculated for C38H44O6N7: 694.3353; found 694.3341. 
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((2R,3S,5R)-5-(5-((4-(((4-(((E)-6-(diethylamino)-2,3-dihydroxanthylium-4(1H)-

ylidene)methyl)phenyl)(methyl)amino)methyl)-1H-1,2,3-triazol-1-yl)methyl)-2,4-

dioxo-3,4-dihydropyrimidin-1(2H)-yl)-3-hydroxytetrahydrofuran-2-yl)methyl 

triphosphate (dTNNIRTP) 

 

dTN3TP (Et3NH+ salt; 9.45 mg, 11.4 μmol), CuSO4.5H2O (1.1 mg, 6.9 μmol), sodium 

ascorbate (5 mg, 25.2 μmol) and alkyne 43 (13.8 mg, 33.5 μmol) were placed in a round 

bottom flask and dissolved in mixture of H2O/THF (1:3, 1.6 mL). The reaction mixture 

was stirred at room temperature until complete consumption of starting material 

(dTN3TP) was observed according to TLC (reverse phase; methanol/water 1:1 as 

eluent). After evaporation the reaction mixture was purified by HPLC with the use of 

linear gradient of methanol (5-100%) in water. The nucleotide dTNNIRTP was isolated 

in 25% yield (3.65 mg) as a dark blue solid after HPLC purification. Nucleotide was 

susbsequently converted to sodium salt (Dowex 50WX8 in Na+ cycle).  

Substantial broadening of the peaks was observed in D2O, probably due to  

the formation of aggregates or some particles. This problem was fixed using MeOD as 

solvent, which probably disrupted the particles. 

1H NMR (500.0 MHz, CD3OD): 1.29 (bt, 27H, Jvic = 6.7 CH3CH2NH+); 1.33 (t, 6H, 

Jvic = 7.1, CH3CH2N); 1.90 – 1.97 (bm, 2H, H-2″); 2.26 – 2.35 (bm, 2H, H-2ʹ); 2.80 – 

2.86 (bm, 2H, H-1″); 2.92 – 2.97 (m, 2H, H-3″); 3.14 – 3.21 (bm, 21H, CH3N, 

CH3CH2NH+); 3.69 (bq, 4H, Jvic = 7.1, CH3CH2N); 4.01 (bm, 1H, H-4ʹ); 4.27 – 4.36 

(bm, 2H, H-5ʹ); 4.69 (bm, 1H, H-3ʹ); 4.73 (s, 2H, CH2NMe); 5.43 (s, 2H, CH2N); 6.25 
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(t, 1H, J1ʹ,2ʹ = 6.2, H-1ʹ); 6.84 – 6.90 (m, 2H, H-o-phenylene); 7.11 (d, 1H, J5″,7″ = 2.0, 

H-5″); 7.22 (bd, 1H, J7″,8″ = 9.0, H-7″); 7.51 – 7.58 (m, 2H, H-m-phenylene); 7.60 (bd, 

1H, J8″,7″ = 9.0, H-8″); 7.99 (s, 2H, H-9″, CH=); 8.27 (H-5-triazole); 8.49 (s, 1H, H-6). 

13C NMR (125.7 MHz, CD3OD): 9.08 (CH3CH2NH+); 12.89 (CH3CH2N); 22.48 (CH2-

2″); 28.65, 28.73 (CH2-1″,3″); 39.20 (CH3N); 41.20 (CH2-2ʹ); 46.83 (CH3CH2N); 

47.32 (CH3CH2NH+); 47.80 (CH2N); 48.03 (CH2NMe); 66.30 (d, JC,P = 3.8, CH2-5ʹ); 

71.53 (CH-3ʹ); 86.66 (CH-1ʹ); 87.59 (d, JC,P = 8.5, CH-4ʹ); 96.68 (CH-5″); 109.77 (C-

5); 113.76 (CH-o-phenylene); 117.65 (CH-7″); 118.53 (C-8″a); 123.56 (C-4″); 124.53 

(C-9″a); 124.96 (CH-5-triazole); 125.32 (C-p-phenylene); 132.50 (CH-8″); 135.69 

(CH-m-phenylene); 141.72 (CH=); 143.19 (CH-6); 145.10 (C-4-triazole); 147.63 (CH-

9″); 152.06 (C-2); 152.50 (C-i-phenylene); 156.56 (C-6″); 159.83 (C-4″b); 164.71 (C-

4); 166.53 (C-4″a). 

31P{1H} NMR (202.4 MHz, CD3OD): -21.61 (bt, J = 20.9, P); -9.73 (d, J = 20.9, P); 

-8.62 (d, J = 20.9, P). 

HRMS (ESI-): calculated for (C38H44O15N7P3)/2: 465.60596; found 465.60571. 
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5.5.2 Biochemistry 

5.5.2.1 Primer extension experiments 

Enzymatic synthesis of modified DNA bearing one NNIR modification by primer 

extension (gel analysis) 

The reaction mixture (20 μl) contained FAM labelled primer Prim1PEX-FAM  

(for sequence see Table 16; 3 μM, 1 μL), template Temp5PEX (for sequence see Table 

16; 3 μM, 1.5 μL), KOD XL DNA polymerase (0.25 U/µL, 0.25 μL), natural dGTP  

(4 mM, 0.6 μL), either natural dTTP (4 mM, 0.3 μL) or dTNNIRTP (4 mM, 0.3 μL) in 

corresponding reaction buffer (10x, 2 μL) supplied by the manufacturer. The reaction 

mixture was incubated for 60 min at 60°C in thermal cycler. The reaction was stopped 

by the addition of PAGE stop solution (20 uL) and the reaction mixture was denatured 

at 95°C for 5 min and analyzed using 12.5% denaturing PAGE. The gel was visualized 

by a fluorescent scanner (PAGE gel is shown in Figure 20 B). 

 

Enzymatic synthesis of modified DNA bearing one azido modification by primer 

extension (gel analysis) 

The reaction mixture (20 μl) contained FAM labelled primer Prim1PEX-FAM  

(for sequence see Table S3; 3 μM, 1 μL), template Temp5PEX (for sequence see Table 

S3; 3 μM, 1.5 μL), KOD XL DNA polymerase (0.25 U/µL, 0.125 μL), natural dGTP 

(4 mM, 0.3 μL), either natural dTTP (4 mM, 0.3 μL) or dTN3TP (4 mM, 0.3 μL) in 

corresponding reaction buffer (10x, 2 μL) supplied by the manufacturer. The reaction 

mixture was incubated for 30 min at 60°C in a thermal cycler. The reaction was stopped 

by the addition of PAGE stop solution (20 uL) and the reaction mixture was denatured 

for 5 min at 95°C and analyzed using 12.5% denaturing PAGE. The gel was visualized 

by a fluorescent scanner (PAGE gels are shown in Figure 22 A). 
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Enzymatic synthesis of modified DNA bearing four NNIR modification by primer 

extension (gel analysis) 

The reaction mixture (20 μl) contained FAM labelled primer Prim1PEX-FAM  

(for sequence see Table 16; 3 μM, 1 μL), template Temp2PEX (for sequence see Table 

16; 3 μM, 1.5 μL), KOD XL DNA polymerase (0.25 U/µL, 0.3 μL), natural dNTPs 

(dATP, dGTP, dCTP, 4 mM each, 0.7 μL), either natural dTTP (4 mM, 0.7 μL) or 

dTNNIRTP (4 mM, 0.7 μL) in corresponding reaction buffer (10x, 2 μL) supplied by 

the manufacturer. The reaction mixture was incubated for 60 min at 60°C in a thermal 

cycler. The reaction was stopped by the addition of PAGE stop solution (20 μL) and 

the reaction mixture was denatured for 5 min at 95°C and analyzed using 12.5% 

denaturing PAGE. The gel was visualized by a fluorescent scanner (PAGE gel is shown 

in Figure 20 C). 

 

Enzymatic synthesis of modified DNA bearing one azido modification by primer 

extension (gel analysis) 

The reaction mixture (20 μl) contained FAM labelled primer Prim1PEX-FAM  

(for sequence see Table 16; 3 μM, 1 μL), template Temp2PEX (for sequence see Table 

16; 3 μM, 1.5 μL) KOD XL DNA polymerase (0.25 U/µL, 0.3 μL), natural dNTPs 

(dATP, dGTP, dCTP, 4 mM each, 0.7 μL), either natural dTTP (4 mM, 0.7 μL) or 

dTN3TP (4 mM, 0.7 μL) in corresponding reaction buffer (10x, 2 μL) supplied by  

the manufacturer. The reaction mixture was incubated for 30 min at 60°C in a thermal 

cycler. The reaction was stopped by the addition of PAGE stop solution (20 μL) and 

the reaction mixture was denatured for 5 min at 95°C and analyzed using 12.5% 

denaturing PAGE. The gel was visualized by a fluorescent scanner (PAGE gel is shown 

in Figure 22 B). 
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Single nucleotide incorporation of dTNNIRTP and subsequent primer extension 

(SNI-PEX; gel analysis) 

The reaction mixture (20 μl) contained FAM labelled primer Prim1PEX-FAM  

(for sequence see Table 16; 3 μM, 1 μL), template Temp6PEX (for sequence see Table 

16; 3 μM, 1.5 μL), KOD XL DNA polymerase (0.25 U/µL, 0.125 μL), either natural 

dTTP (0.04 mM, 0.5 μL) or dTNNIRTP (0.04 mM, 0.5 μL) in corresponding reaction 

buffer (10x, 2 μL) supplied by the manufacturer. The reaction mixture was incubated 

for 10 min at 60°C in a thermal cycler. For the subsequent extension, a mixture of all 

natural dNTPs (8 mM, 0.5 μL) was added and the reaction mixture was incubated for 

further 20 min at 60°C. The reaction was stopped by the addition of PAGE stop solution 

(20 μL) and the reaction mixture was denatured for 5 min at 95°C and analyzed using 

12.5% denaturing PAGE. The gel was visualized by a fluorescent scanner (For scheme 

of reaction see Figure 21 A, PAGE gel is shown in Figure 21 B, C). 

 

Preparation of modified oligonucleotide ON19_1TN3 by primer extension and 

subsequent magnetic separation 

The reaction mixture (200 µL) contained primer (for sequence see Table 16; 

Prim1PEX,100 µM, 10 µL), template (for sequence see Table 16; Temp5PEX-bio,  

100 µM, 10 µL), dGTP (4 mM, 5 µL), dTN3TP (4 mM, 5 uL), KOD XL DNA 

polymerase (2.5 U/µL, 1.14 µL) in corresponding reaction buffer (10x, 25 µL) supplied 

by the manufacturer. The reaction mixture was incubated for 30 min at 60°C in  

a thermal cycler. The reaction was stopped by cooling at 4°C. Streptavidin magnetic 

beads (100 μl, Roche) were washed with binding buffer TEN 100 (3 × 600 μl, 10 mM 

Tris, 1 mM EDTA, 100 mM NaCl, pH 7.5). Then PEX solution (200 µL) and binding 

buffer (200 μl) were added to the magnetic beads. The mixture was incubated for  

30 min at 15°C and 1400 rpm. Then the magnetic beads were separated and washed 

with washing buffer TEN 500 (3 × 400 μl, 10 mM Tris, 1 mM EDTA, 1 M NaCl, pH 

7.5) and with milli-Q water (4 × 400 μl). Then 100 μl of milli-Q water was added and 
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the sample was denatured for 2 min at 70°C and 900 rpm. The solution containing 

modified ssDNA was quickly transferred into clean Eppendorf and analysed by 

MALDI-TOF mass spectrometry. Product was used for click reactions. 

 

Preparation of modified oligonucleotide ON31_4TN3 by primer extension and 

subsequent magnetic separation 

The reaction mixture (200 µL) contained primer (for sequence see Table 16; Prim1PEX, 

100 µM, 10 µL), template (for sequence see Table 16; Temp2PEX-bio, 100 µM, 10 µL), 

dNTPs (dATP, dGTP, dCTP, 4 mM each, 5 µL), dTN3TP (4 mM, 5 uL), KOD XL 

DNA polymerase (2.5 U/µL, 1.14 µL) in corresponding reaction buffer (10×, 25 µL) 

supplied by the manufacturer. The reaction mixture was incubated for 30 min at 60°C 

in a thermal cycler. The reaction was stopped by cooling at 4°C. Streptavidin magnetic 

beads (100 μl, Roche) were washed with binding buffer TEN 100 (3 × 600 μl, 10 mM 

Tris, 1 mM EDTA, 100 mM NaCl, pH 7.5). Then PEX solution (200 µL) and binding 

buffer (200 μl) were added to the magnetic beads. The mixture was incubated for  

30 min at 15°C and 1400 rpm. Then the magnetic beads were separated and washed 

with washing buffer TEN 500 (3 × 400 μl, 10 mM Tris, 1 mM EDTA, 1 M NaCl, pH 

7.5) and with milli-Q water (4 × 400 μl). Then 100 μl of milli-Q water was added and 

the sample was denatured for 2 min at 70°C and 900 rpm. The solution containing 

modified ssDNA was quickly transferred into clean Eppendorf and analysed by 

MALDI-TOF mass spectrometry. Product was used for click reactions. 

 

Preparation of modified oligonucleotides ON16_1TNNIR and ON31_1TNNIR by SNI 

or SNI-PEX and subsequent magnetic separation 

The reaction mixture (100 μl) contained primer Prim1PEX (for sequence see Table 16; 

100 μM, 1 μL), template Temp6PEX-bio (for sequence see Table 16; 100 μM, 1.2 μL), 

KOD XL DNA polymerase (0.25 U/µL, 0.5 μL), dTNNIRTP (0.04 mM, 20 μL) in 
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corresponding reaction buffer (10x, 10 μL) supplied by the manufacturer. The reaction 

mixture was incubated for 10 min at 60°C in a thermal cycler. For the subsequent 

extension, a mixture of all natural dNTPs (24 mM, 2 μL) and additional KOD XL DNA 

polymerase (0.25 U/µL, 0.2 μL) were added and the reaction mixture was incubated 

for further 60 min at 60°C. Reactions were stopped by cooling at 4°C. Streptavidin 

magnetic beads (100 μl, Roche) were washed with binding buffer TEN 100  

(3 × 450 μl, 10 mM Tris, 1 mM EDTA, 100 mM NaCl, pH 7.5). Then PEX solution 

and binding buffer (100 μl) were added to the magnetic beads. The mixture was 

incubated for 30 min at 15°C and 1400 rpm. Then the magnetic beads were separated 

and washed with washing buffer TEN 500 (3 × 350 μl, 10 mM Tris, 1 mM EDTA, 1 

M NaCl, pH 7.5) and with milli-Q water (4 × 350 μl). Then 100 μl of milli-Q water 

was added and the sample was denatured for 2 min at 70°C and 900 rpm. The solution 

containing modified ssDNA was quickly transferred into clean Eppendorf and analysed 

by MALDI-TOF mass spectrometry. 

 

Preparation of modified dsDNA bearing one NNIR modification by primer 

extension (DNA19_1TNNIR; semi-preparative scale) 

The reaction mixture (125 µL) containing primer (for sequence see Table 16; Prim1PEX, 

100 µM, 5 µL), template (for sequence see Table 16; Temp5PEX, 100 µM, 5 µL), dGTP 

(4 mM, 2.5 µL), dTNNIRTP (4 mM, 2.5 uL), KOD XL DNA polymerase (2.5 U/µL, 0.6 

µL) in corresponding reaction buffer (10×, 12.5 µL) supplied by the manufacturer. The 

reaction mixture was incubated for 60 min at 60°C in a thermal cycler. The reaction 

was stopped by cooling at 4°C. The modified dsDNA was purified using spin columns 

(QIAquick® Nucleotide Removal Kit, QIAGEN) and eluted by milli-Q water. 

Prepared dsDNA was used for fluorescence measurements. To prepare dsDNA for 

lambda exonuclease digestion, the PEX and purification was performed as described 

above using phosphorylated template (for sequence see Table 16; Temp5PEX-P). 
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Preparation of modified ssDNA bearing one NNIR modification using lambda 

exonuclease digestion (ON19_1TNNIR) 

The reaction mixture (100 µL) containing modified dsDNA (prepared using  

Temp5PEX-P as described above; 0.2 nmol), lambda exonuclease buffer 10x (4 uL) and 

lambda exonuclease enzyme (10 U/µL, 3 µL) was incubated for 60 min 37°C in  

a thermal cycler. The reaction was stopped by cooling at 4°C. The modified ssDNA 

was purified using spin columns (QIAquick® Nucleotide Removal Kit, QIAGEN) and 

eluted by milli-Q water. Product was analysed by MALDI-TOF mass spectrometry. 

Prepared ssDNA was used for fluorescence measurements. 

 

5.5.2.2 Polymerase chain reaction experiments 

Enzymatic incorporation of dTNNIRTP by polymerase chain reaction 

The reaction mixture (20 µL) contained primer (for sequences see Table 16; Prim1PCR 

and Prim2PCR, 10 µM, 4 µL of each), template (Temp1PCR, 10 µM, 0.5 µL), natural 

dNTPs (dATP, dGTP, dCTP, 0.4 mM each, 1.5 µL) and either dTTP (0.4 mM, 1.5 uL), 

dTN3TP (0.4 mM, 1.5 μL), dTNNIRTP (0.4 mM, 1.5 μL) or mixture of dTNNIRTP with 

natural dTTP (0-95%), KOD XL DNA polymerase (2.5 U/µL, 1 µL) and corresponding 

reaction buffer (10×, 2 µL) supplied by the manufacturer. After the initial denaturation 

for 3 min at 94°C, 30 PCR cycles were run under the following conditions: denaturation 

for 1 min at 94°C, annealing for 1 min at 51°C, extension for 2 min at 72°C. The PCR 

process was terminated with a final extension step for 5 min at 72°C. The reaction was 

stopped by cooling to 4°C. The PCR products were analyzed by agarose gel 

electrophoresis in 2% agarose gel stained with GelRed™ (Biotium, agarose gel is 

shown in Figure 24 A). The PCR products (Figure 24 A, lane 6 and 7) were purified 

using spin columns (QIAquick® Nucleotide Removal Kit, QIAGEN) and  

the fluorescence spectra were measured (Figure 25).  
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Preparation of template Temp3PCR by PCR 

The reaction mixture (20 µL) contained primer (for sequences see Table 16; Prim5PCR 

and Prim6PCR, 10 µM, 0.8 µL of each), cDNA (provided by virology department at  

the IOCB Prague, 1 μL), all natural dNTPs (0.4 mM, 1.5 µL), KOD XL DNA 

polymerase (2.5 U/µL, 0.5 µL) and corresponding reaction buffer (10x, 2 µL).  

After the initial denaturation for 3 min at 94°C, 40 PCR cycles were run under  

the following conditions: denaturation for 20 sec at 94°C, annealing/extension for  

10 sec at 64°C. The reaction was stopped by cooling to 4°C. PCR was performed  

4 times and products were purified by nucleospin® Gel and PCR Clean-up columns 

(MACHEREY-NAGEL). Products were subsequently loaded on 2% agarose gel 

(Figure 40 B) and then calculated concentration using Nanodrop and OligoCalc. 

 

Real-time PCR using dTNNIRTP 

The reaction mixture (20 µL) contained primer (for sequences see Table 16; Prim5PCR 

and Prim6PCR, 10 µM, 0.8 µL of each), template (Temp3PCR, 10-fold serial dilutions, 

100 pM – 100 aM, 1 µL), natural dNTPs (dATP, dGTP, dCTP, 0.4 mM, 1.5 µL), 

mixture of dTTP:dTNNIRTP 95:5 (dTTP, 0.4 mM, 1.43 μL, dTNNIRTP, 0.04 mM,  

0.75 μL), KOD XL DNA polymerase (2.5 U/µL, 0.5 µL) and corresponding reaction 

buffer (10x, 2 µL). After the initial denaturation for 3 min at 94°C, 40 PCR cycles were 

run under the following conditions: denaturation for 20 sec at 94°C, 

annealing/extension for 10 sec at 64°C. Samples were excited at 672-684 nm and 

emission was detected 705-730 nm (as Quasar 705, dye predefined in machine).  

Then, melting curve analysis was performed under the following conditions: 10 sec at 

94°C, 5 sec at 65°C, then followed by a slow increase from 65°C to 95°C with a speed 

of 0.5°C per second. The reaction was stopped by cooling to 4°C. Standard curve 

(established from results obtained using 5.71 x 107 to 5.71 x 103 DNA copies) was 

determined to be y = -4.8678x + 57.138 (Figure 41 B). The efficiency was calculated 

to be 60.5% and the correlation coefficient (R2) was 0.9993. Melting curve analysis 
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revealed a single peak for product (Figure Figure 41 C, D). The PCR products were 

analyzed by agarose gel electrophoresis in 2% agarose gel stained with GelRed™ 

(agarose gels are shown in Figure 41 E, F).  

 

Reverse transcription real-time PCR using dTNNIRTP 

The reaction mixture (20 µL) contained primer (for sequences see Table 16; Prim5PCR 

and Prim6PCR, 10 µM, 0.8 µL of each), RNA (provided by virology department at  

the IOCB Prague, 4 µL), natural dNTPs (dATP, dGTP, dCTP, 0.4 mM, 1.5 µL), 

mixture of dTTP:dTNNIRTP 95:5 (dTTP, 0.4 mM, 1.43 μL, dTNNIRTP, 0.04 mM,  

0.75 μL), KOD XL DNA polymerase (2.5 U/µL, 0.5 µL) and corresponding reaction 

buffer (10x, 2 µL), SuperScript III Reverse Transcriptase (200 U/μL, 0.5 μL), DTT 

(0.1 M, 2 uL), RNase Inhibitor (1 uL). First, reverse transcription was run for 30 min 

at 50°C followed by denaturation for 3 min at 94°C and then 40 PCR cycles were run 

under the following conditions: denaturation for 20 sec at 94°C, annealing/extension 

for 10 sec at 64°C. Samples were excited at 672-684 nm and emission was detected 

705-730 nm (as Quasar 705 dye predefined in machine). Then, melting curve analysis 

was performed under the following conditions: 10 sec at 94°C, 5 sec at 65°C, then 

followed by a slow increase from 65°C to 95°C with a speed of 0.5°C per second.  

The reaction was stopped by cooling to 4°C. Melting curve analysis revealed a single 

peak (at 80.5°C) for product (Figure 42 E). The PCR products were analyzed by 

agarose gel electrophoresis in 2% agarose gel stained with GelRed™ (agarose gels are 

shown in Figure 42 B, C). 
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5.5.2.3 Copper-catalysed azide-alkyne cycloaddition reaction on ssDNA 

CuAAC reaction of ON19_1TN3 or ON31_4TN3 with alkyne 43 

To ssDNA (ON19_1TN3 or ON31_4TN3; 2 nmol) in 30 µL H2O were added 3 µL of 

DMSO/tBuOH 3:1 mixture, DMSO/tBuOH 3:1 solution of alkyne 43 (50 mM, 2 μL) 

and a freshly prepared solution of TBTA (50 mM) and CuBr (25 mM) 5:1 (5 µL) in 

DMSO/tBuOH 3:1. The reaction mixture was incubated at 37°C and 800 rpm 

overnight. Then the reaction mixtures were freeze-dried, re-suspended in 50 µL water 

and purified by QIAquick Nucleotide Removal kit (QIAGEN). Control experiments 

were performed using non-modified ssDNA following the same procedure. Samples of 

single-stranded DNA for MALDI-TOF MS analysis were prepared following the same 

procedure. To analyze the product of click reaction using PAGE, the reaction was 

perfomed as described above using ssDNA (0.5 nmol in 30 µL H2O) after PEX with 

FAM labelled primer and DMSO/tBuOH 3:1 solution of alkyne 43 (50 mM, 1 μL). The 

click reaction products were purified with QIAquick® Nucleotide Removal kit 

(QIAGEN). The products were analysed using 20% PAGE gel and visualized by a 

fluorescent scanner (PAGE gel is shown in Figure 23 B, C). 

 

5.5.3 Absorption, fluorescence measurements and applications 

UV melting temperatures of DNA19_1T and DNA19_1TNNIR 

All solutions of DNA (1 nmol) were prepared in 25 mM phosphate buffered saline  

(1 mL). Melting curve analysis was performed by a slow increase of temperature from 

10°C to 90°C with a speed of 1°C per minute. Then samples were cooled to 10°C with 

a speed of 1°C per minute. The process of denaturation and annealing was repeated 

three times. Figure 30 shows UV melting curves. 

 

 



160 

 

 

Hybridization and digestion studies 

A series of 3 solutions (final volume of each solution was 100 μL) were prepared by 

mixing ON19_1TNNIR (104.8 pmol), lambda exonuclease buffer (10x, 1.5 μL) and 

either just diluting with milli-Q water (solution 1) or adding phosphorylated 

complementary strand (for sequence see Table 16; Temp5PEX-P, 100 μM, 1.15 μL, 

solution 2) or adding phosphorylated complementary strand (Temp5PEX-P, 100 μM, 

1.15 μL) and lambda exonuclease enzyme (10 U/µL, 1.2 μL, solution 3). All solutions 

were heated to 95°C for 3 min and then left to cool down at room temperature. All 

solutions were then incubated for 60 min at 37°C in a thermal cycler. After cooling 

down to room temperature each sample was equilibrated for 2 min in fluorimeter holder 

(100 μL quartz cuvette, 25°C) before recording the fluorescence spectrum (λex = 690 

nm). 

 

5.5.3.1 Interaction of modified DNA with small molecules and 

biomolecules 

Interaction of DNA binding dyes with DNA19_1TNNIR 

Titrations were performed in 100 µL quartz cuvette at 25°C. Solution of modified 

dsDNA (100 µL, 50 pmol) in phosphate buffer (4.5 mM, pH 7.4) was titrated by either 

thiazole orange, DAPI or methyl green. After every addition (0-20 equiv.) the solution 

was mixed carefully with a pipette and equilibrated for 1-2 min before recording  

the fluorescence spectrum (λex = 690 nm).  

 

Interaction of spermine with DNA19_1TNNIR 

Titrations were performed in 100 µL quartz cuvette at 25°C. Solution of modified 

dsDNA (100 µL, 2 µM) in phosphate buffer (4.5 mM, pH 7.4) was titrated by solution 

of spermine (0.4 mM, in the same buffer). After every addition (0-256 equiv.)  

the solution was mixed carefully with a pipette and equilibrated for 1-2 min before 
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recording the fluorescence spectrum (λex = 690 nm).  

 

Interaction of histone with DNA19_1TNNIR 

Titrations were performed in 100 µL quartz cuvette at 25°C. Solution of dsDNA  

(100 µL, 2 µM) in phosphate buffer (4.5 mM, pH 7.4) was titrated by H2A histone and 

by BSA (Bovine serum albumin) as control experiment. After every addition  

(0-4 equiv.) the solution was mixed carefully with a pipette and equilibrated for  

1-2 min before recording the fluorescence spectrum (λex = 690 nm).  

 

Interaction of protamine with DNA19_1TNNIR 

Titrations were performed in 100 µL quartz cuvette at 25°C. Solution of dsDNA  

(100 µL, 2 µM) in phosphate buffer (4.5 mM, pH 7.4) was titrated by solution of 

protamine (protamine sulfate; 0.1 mM, in the same buffer). After every addition  

(0-1.75 equiv.) the solution was mixed carefully with a pipette and equilibrated for  

1-2 min before recording the fluorescence spectrum (λex = 690 nm). 

 

5.5.3.2 Displacement assays 

Displacement assay using 98-mer dsDNA 

Titrations were performed in 100 µL quartz cuvette at 25°C. Solution of dsDNA 

(DNA19_1TNNIR) and histone H2A (in the ratio 1:2) was prepared in phosphate buffer  

(4.5 mM, pH 7.4). Solution of dsDNA-histone complex was titrated by 98-mer dsDNA. 

After every addition (0-1.75 equiv.) the solution was mixed carefully with a pipette and 

equilibrated for 1-2 min before recording the fluorescence spectrum (λex = 690 nm). 
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Displacement assay using heparin 

Titrations were performed in 100 µL quartz cuvette at 25°C. Solution of dsDNA 

(DNA19_1TNNIR) and protamine 1:1.75 (in the ratio 1:1.75) was prepared in phosphate 

buffer (4.5 mM, pH 7.4). Solution of dsDNA-protamine complex was titrated by 

solution of heparin (40 µM, in the same buffer). After every addition (0-0.7 equiv.)  

the solution was mixed carefully with a pipette and equilibrated for 1-2 min before 

recording the fluorescence spectrum (λex = 690 nm). 

 

5.5.3.3 Monitoring of enzymatic reactions 

Kinetics of lambda exonuclease digestion 

Digestion was performed in 100 µL quartz cuvette at 37°C in fluorimeter holder.  

The initial solution (100 μL) contained DNA19_1TNNIR-P (0.2 nmol) and buffer for 

lambda exonuclease (4 μL). The mixture was equilibrated in fluorimeter holder for 3 

min at 37°C and then fluorescence spectrum was recorded. Then lambda exonuclease 

(3 μL) was added and fluorescence spectra were recorded in time intervals (0-75 min). 

 

Digestion of histone with Proteinase K 

Solution of dsDNA (DNA19_1TNNIR) and histone H2A (in the ratio 1:2) was prepared 

in phosphate buffer (4.5 mM, pH 7.4). Equilibrated for 2 min at 25°C and measured 

fluorescence. Then Proteinase K (40 µM, 0.3 µL) was added and fluorescence spectra 

(λex = 690 nm) were recorded in 10 sec intervals reaching peak at 20 min. 

 

Real-time monitoring of single nucleotide incorporation (SNI) 

SNI was performed in 100 µL quartz cuvette at 60°C in fluorimeter holder. The initial 

solution (100 μl) contained primer Prim1PEX (for sequence see Table 16; 100 μM,  

1 μL), template Temp8PEX (for sequence see Table 16; 100 μM, 1.2 μL), dTNNIRTP 
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(0.04 mM, 20 μL), corresponding reaction buffer (10x, 10 μL) supplied by  

the manufacturer and KOD XL polymerase (2.5 U/µL, 0.5 µL). After addition of 

polymerase the cuvette was placed in fluorimeter holder (preheated to 60°C) and 

fluorescence spectra were recorded in time intervals (0-25 min). Control experiments 

contained reaction mixture without enzyme (control 1) or without template (control 2). 

All samples were excited at 690 nm. 
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5.6 Attachment of benzylidene-tetrahydroxanthylium 

fluorophore to 2'-deoxycytidine triphosphate via triethylene 

glycol linker. Synthesis, photophysical properties, enzymatic 

incorporation into DNA and applications 

5.6.1 Chemical synthesis 

Tosyl-propargyloxy-triethylene glycol modified deoxycytidine (dCpegOTs) 

 

A reaction flask containing 5-iodo-2'-deoxycytidine (202 mg, 0.57 mmol), alkyne 46 

(391.3 g, 1.15 mmol, 2 equiv.), PdCl2(PPh3)2 (25.2 mg, 0.036 mmol, 6.3% mol), CuI 

(9.7 mg, 0.051 mmol, 9% mol) was evacuated and refilled with argon 3 times and  

the content was dissolved in dry DMF (5.5 mL). Then N,N-diisopropylethylamine  

(0.5 ml, 2.29 mmol, 4 equiv.) was added dropwise and the reaction mixture was stirred 

at room temperature overnight. The reaction mixture was concentrated on rotavap and 

purified by silica column chromatography eluted with methanol in dichloromethane  

(0-10%). Product was isolated as orange sticky oil (288.8 mg, 89%). 

1H NMR (500.0 MHz, CD3OD): 2.14 (dt, 1H, Jgem = 13.6, J2ʹb,1ʹ = J2ʹb,3ʹ = 6.3, H-2ʹb); 

2.39 (ddd, 1H, Jgem = 13.6, J2ʹa,1ʹ = 6.3, J2ʹa,3ʹ = 4.0, H-2ʹa); 2.45 (s, 3H, CH3-Tos); 3.54 

– 3.60 (m, 4H, H-8″,9″); 3.63 – 3.68 (m, 4H, H-6″.11″); 3.69 – 3.72 (m, 2H, H-5″); 

3.73 (dd, 1H, Jgem = 12.1, J5ʹb,4ʹ = 3.7, H-5ʹb); 3.82 (dd, 1H, Jgem = 12.1, J5ʹa,4ʹ = 3.1, H-

5ʹa); 3.94 (ddd, 1H, J4ʹ,3ʹ = 4.0, J4ʹ,5ʹ = 3.7, 3.1, H-4ʹ); 4.13 – 4.16 (m, 2H, H-12″); 4.36 

(dt, 1H, J3ʹ,2ʹ = 6.3, 4.0, J3ʹ,4ʹ = 4.0, H-3ʹ); 4.42 (s, 2H, H-3″); 6.20 (t, 1H, J1ʹ,2ʹ = 6.3, H-

1ʹ); 7.41 – 7.46 (m, 2H, H-m-Tos); 7.76 – 7.82 (m, 2H, H-o-Tos); 8.37 (s, 1H, H-6). 

13C NMR (125.7 MHz, CD3OD): 21.59 (CH3-Tos); 42.44 (CH2-2ʹ); 59.79 (CH2-3″); 



165 

 

 

62.43 (CH2-5ʹ); 69.75 (CH2-11″); 70.28 (CH2-5″); 70.94 (CH2-12″); 71.48, 71.52, 

71.53 (CH2-6″,8″,9″); 71.67 (CH-3ʹ); 78.13 (C-1″); 88.00 (CH-1ʹ); 89.08 (CH-4ʹ); 

92.03 (C-5); 92.46 (C-2″); 129.07 (CH-o-Tos); 131.06 (CH-m-Tos); 134.44 (C-i-Tos); 

146.34 (CH-6); 146.49 (C-p-Tos); 156.70 (C-2); 166.38 (C-4). 

HRMS (ESI+): calculated for C25H34O10N3S: 568.1959; found 568.1963. 

 

Azido-propargyloxy-triethylene glycol modified deoxycytidine (dCpegN3) 

 

dCPegOTs (399 g, 0.703 mmol) was dissolved in dry DMF (3.8 mL) under argon 

atmosphere, then NaN3 (104 mg, 1.6 mmol, 2.3 equiv.) was added. The reaction 

mixture was stirred for 2 hours at 50°C under argon atmosphere. After 2 hours solvent 

was evaporated and crude reaction mixture was purified by silica column 

chromatography eluted with methanol in dichloromethane (0-8%). Product was 

isolated as pale yellow sticky oil (207 mg, 67%). 

OH and NH2 are partially exchanged with D => therefore we see more than 1 set of 

signals in NMR. 

1H NMR (500.0 MHz, DMSO-d6): 1.99 (ddd, 1H, Jgem = 13.2, J2ʹb,1ʹ = 7.0, J2ʹb,3ʹ = 6.1, 

H-2ʹb); 2.15 (ddd, 1H, Jgem = 13.2, J2ʹa,1ʹ = 6.0, J2ʹa,3ʹ = 3.6, H-2ʹa); 3.37 – 3.40 (m, 2H, 

CH2N3); 3.51 – 3.64 (m, 12H, H-5ʹ, CH2O); 3.79 (q, 1H, J4ʹ,3ʹ = J4ʹ,5ʹ = 3.5, H-4ʹ); 4.20 

(m, 1H, H-3ʹ); 4.36 (s, 2H, CH2C≡C-); 5.08 (t, 1H, JOH,5ʹ = 5.1, OH-5ʹ); 5.21 (d, 1H, 

JOH,3ʹ = 4.3 OH-3ʹ); 6.10 (dd, 1H, J1ʹ,2ʹ = 7.0, 6.0, H-1ʹ); 6.90, 7.74 (2 × bs, 2 × 1H, 

NH2); 8.20 (s, 1H, H-6). 
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13C NMR (125.7 MHz, DMSO-d6): 41.01 (CH2-2ʹ); 50.17 (CH2N3); 58.64 (CH2C≡C); 

61.15 (CH2-5ʹ); 68.84, 69.44, 69.82, 69.87, 69.98 (CH2O); 70.26 (CH-3ʹ); 77.96 

(C≡CCH2); 85.58 (CH-1ʹ); 87.66 (CH-4ʹ); 89.26 (C-5); 91.64 (C≡CCH2); 145.09 (CH-

6); 153.62 (C-2); 164.52 (C-4). 

HRMS (ESI+): calculated for C18H26O7N6Na: 461.1755; found 461.1758. 

 

Azido-propargyloxy-triethylene glycol modified deoxycytidine-5-O-triphosphate 

(dCpegN3TP) 

 

dCPegN3 (42 mg, 0.096 mmol) was dried overnight at room temperature and then 1h at 

70°C under vacuum. After cooling down to room temperature dry trimethyl phosphate 

(300 μL) was added, the solution was cooled down to 0°C and then POCl3 (10.9 μL, 

1.2 equiv.) was added dropwise. After 2 hours of stirring at 0–4°C (water/ice bath) all 

starting nucleoside was consumed according to the TLC (CH2Cl2:MeOH 10:1).  

Then ice-cold solution of bis-tributylammonium pyrophosphate (308 mg, 0.542 mmol) 

and tributylamine (70 μL, 0.297 mmol) in dry DMF (0.9 mL) was added. After stirring 

for 1 hour at 0–4°C the reaction was quenched by addition of 2 M solution of TEAB 

(1 mL). The reaction mixture was concentrated on rotavap and the residue was  

co-evaporated with HPLC-grade water. The product was purified by HPLC with the 

use of gradient methanol (0-100%) in 0.1 M TEAB buffer. Isolated product was  

co-evaporated with HPLC-grade water several times. Freeze-drying from water 

afforded the final nucleotide as sticky oil (23 mg, 22%). 
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1H NMR (500.0 MHz, D2O, ref(tBuOH) = 1.24 ppm): 1.27 (t, 36H, Jvic = 7.3, 

CH3CH2N); 2.32 (dt, 1H, Jgem = 14.0, J2ʹb,1ʹ = J2ʹb,3ʹ = 6.6, H-2ʹb); 2.43 (ddd, 1H, Jgem = 

14.0, J2ʹa,1ʹ = 6.6, J2ʹa,3ʹ = 4.4, H-2ʹa); 3.19 (q, 24H, Jvic = 7.3, CH3CH2N); 3.47 – 3.50 

(m, 2H, H-12″); 3.69 – 3.76, 3.81 – 3.83 (2 × m, 10H, H-5″,6″,8″,9″,11″); 4.17 – 4.28 

(m, 3H, H-4ʹ,5ʹ); 4.48 (s, 2H, H-3″); 4.58 (ddd, 1H, J3ʹ,2ʹ = 6.6, 4.4, J3ʹ,4ʹ = 3.8, H-3ʹ); 

6.25 (t, 1H, J1ʹ,2ʹ = 6.6, H-1ʹ); 8.19 (s, 1H, H-6). 

13C NMR (125.7 MHz, D2O, ref(tBuOH) = 32.43 ppm): 11.05 (CH3CH2N); 41.97 

(CH2-2ʹ); 49.43 (CH3CH2N); 53.00 (CH2-12″); 61.42 (CH2-3″); 67.78 (d, JC,P = 5.4, 

CH2-5ʹ); 71.66, 72.04, 72.31, 72.36 (CH2-5″,6″,8″,9″,11″); 72.75 (CH-3ʹ); 79.85 (C-

1″); 88.43 (d, JC,P = 8.8, CH-4ʹ); 88.98 (CH-1ʹ); 94.36 (C-2″); 94.75 (C-5); 148.08 (CH-

6); 158.86 (C-2); 167.92 (C-4). 

31P NMR (202.4 MHz, D2O): -22.0 (t, J = 20.0, P); -10.64 (d, J = 20.0, P); -6.02 (bd, 

J = 20.0, P). P); 

HRMS (ESI-): calculated for C18H28O16N6P3: 677.0780; found 677.0778. 
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 ((2R,3S,5R)-5-(4-amino-5-(3-(2-(2-(4-(((4-(((E)-6-(diethylamino)-2,3-

dihydroxanthylium-4(1H)-ylidene)methyl)phenyl)(methyl)amino)methyl)-1H-

1,2,3-triazol-1-yl)ethoxy)ethoxy)prop-1-yn-1-yl)-2-oxopyrimidin-1(2H)-yl)-3-

hydroxytetrahydrofuran-2-yl)methylhydrogen triphosphate (dCpegNNIRTP) 

 

Alkyne 43 (8 mg, 0.0194 mmol) in schlenk flask was evacuated and purged with argon 

3 times, then 100 μL of degassed DMSO was added under flow of argon and the 

mixture was stirred. Then solution of dCPegN3TP (10.4 mg, 0.0096 mmol) in  

HPLC-grade water (50 μL) was added and stirred for 2 minutes. Freshly prepared 

solution of Cu(CH3CN)4PF6 (5.4 mg, 0.0145 mmol) in degassed DMSO (50 μL) was 

added and the reaction mixture continued to stir at room temperature under argon. After 

1 hour the reaction mixture was diluted with HPLC-grade water (0.8 mL), centrifuged 

and transferred to new eppendorf in order to remove insoluble particles.  

Then the residue was filtered through dowex (Dowex 50WX8 in Na+ cycle). Final 

freeze-drying from water afforded the final nucleotide dCpegNNIRTP as dark blue solid 

(3.4 mg, 31%). 

1H NMR (500.0 MHz, D2O, ref(tBuOH) = 1.24 ppm): 1.33 (bt, 6H, Jvic = 6.5, 

CH3CH2N); 1.84 – 2.01 (m, 3H, H-2ʹb, H-2-xanth); 2.23 (m, 1H, H-2ʹa); 2.66 – 2.82 

(bm, 4H, H-1,3-xanth); 3.02 (s, 3H, CH3N); 3.19 – 3.41, 3.45 – 3.52 (2 × m, 8H, 

OCH2CH2O); 3.58 – 3.68 (m, 4H, CH3CH2N); 3.85 – 3.92 (m, 2H, OCH2CH2N); 3.95 

(m, 1H, H-4ʹ); 4.02 (bm, 1H, H-5ʹb); 4.10 (d, 1H, Jgem = 15.9, CHaHbC≡C); 4.11 (m, 

1H, H-5ʹa); 4.15 (d, 1H, Jgem = 15.9, CHaHbC≡C); 4.43 (m, 1H, H-4ʹ); 4.51 – 4.61 (m, 



169 

 

 

4H, CH2NCH3, OCH2CH2N); 5.65 (t, 1H, J1ʹ,2ʹ = 6.3, H-1ʹ); 6.52 – 6.64 (m, 3H, H-5-

xanth, H-o-phenylene); 7.12 (d, 1H, J7,8 = 9.0, H-7-xanth); 7.28 – 7.34 (m, 2H, H-m-

phenylene); 7.37 (bs, 1H, CH=); 7.45 (d, 1H, J8,7 = 9.0, H-8-xanth); 7.67 (s, 1H, H-6); 

7.79 (bs, 1H, H-9-xanth); 7.94 (s, 1H, H-5-triazole). 

13C NMR (125.7 MHz, D2O, ref(tBuOH) = 30.29 ppm): 12.78 (CH3CH2N); 21.44 

(CH2-2-xanth); 27.78, 27.85 (CH2-1,3-xanth); 38.80 (CH3N); 40.13 (CH2-2ʹ); 46.60 

(CH3CH2N); 47.16 (CH2NCH3); 50.90 (NCH2CH2O); 59.06 (CH2C≡C); 65.40 (d, JC,P 

= 4.4, CH2-5ʹ); 69.37 (NCH2CH2O, OCH2CH2O); 69.91, 70.01 (OCH2CH2O); 70.40 

(CH-3ʹ); 70.60 (OCH2CH2O); 77.44 (CH2C≡C); 86.33 (d, JC,P = 8.0, CH-4ʹ); 87.02 

(CH-1ʹ); 91.75 (C-5, CH2C≡C); 95.39 (CH-5-xanth); 112.80 (CH-o-phenylene); 

117.42 (CH-7-xanth); 117.80 (C-8a-xanth); 123.11, 123.56 (C-4,9a-xanth); 124.50 (C-

p-phenylene); 125.02 (CH-5-triazole); 131.69 (CH-8-xanth); 134.86 (CH-m-

phenylene); 139.23 (CH=); 144.65 (CH-6); 144.88 (C-4-triazole); 164.55 (CH-9-

xanth); 150.58 (C-i-phenylene); 155.74 (C-2, C-6-xanth); 158.34 (C-10a-xanth); 

164.25 (C-4a-xanth); 164.87 (C-4). 

31P{1H} NMR (202.4 MHz, D2O): -21.49, -10.69, -5.61 (3 x bm). 

HRMS (ESI-): calculated for C46H58O17N8P3: 1087.3138; found 1087.3129. 

 

5.6.2 Biochemistry 

5.6.2.1 Primer extension experiments 

Preparation of modified DNA bearing one pegNNIR modification by primer 

extension (DNA19_1CpegNNIR; semi-preparative scale, gel analysis) 

The reaction mixture (125 µL) containing primer (for sequence see Table 16; Prim1PEX, 

100 µM, 5 µL), template (for sequence see Table 16; Temp1PEX, 100 µM, 5 µL), dGTP 

(4 mM, 2.5 µL), either dCTP (4 mM, 2.5 µL), or dCpegNIRTP (4 mM, 2.5 µL), KOD 

XL DNA polymerase (2.5 U/µL, 0.6 µL) in corresponding reaction buffer (10×, 

12.5 µL) supplied by the manufacturer. The reaction mixture was incubated for 60 min 
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at 60°C in a thermal cycler. The reaction was stopped by cooling at 4°C. The modified 

dsDNA was purified using spin columns (QIAquick® Nucleotide Removal Kit, 

QIAGEN) and eluted by milli-Q water. Prepared DNA was used for fluorescence 

measurements. To prepare DNA for PAGE analysis (gel is shown in Figure 44 B),  

the PEX and purification was performed as described above using FAM-labelled 

primer (for sequence see Table 16; Temp1PEX-FAM). 

 

5.6.2.2 Polymerase chain reaction experiments 

Enzymatic incorporation of dCpegNNIRTP by polymerase chain reaction 

The reaction mixture (20 µL) contained primer (for sequences see Table 16; Prim1PCR 

and Prim2PCR, 10 µM, 4 µL of each), template (Temp1PCR, 1 µM, 0.5 µL), natural 

dNTPs (dATP, dGTP, dTTP, 0.4 mM each, 1.5 µL) and either dCTP (0.4 mM, 1.5 µL), 

dCpegNNIRTP (0.4 mM, 1.5 µL) or mixture of dCpegNNIRTP with natural dCTP (0-95%), 

KOD XL DNA polymerase (2.5 U/µL, 1 µL) and corresponding reaction buffer (10×, 

2 µL) supplied by the manufacturer. After the initial denaturation for 3 min at 94°C, 

30 PCR cycles were run under the following conditions: denaturation for 1 min at 94°C, 

annealing for 1 min at 55°C, extension for 1 min at 72°C. The PCR process was 

terminated with a final extension step for 5 min at 72°C. The reaction was stopped by 

cooling to 4°C. The PCR products were analyzed by agarose gel electrophoresis in 2% 

agarose gel stained with GelRed™ (Biotium, agarose gels are shown in Figure 46).  

 

Real-time PCR using dCpegNNIRTP 

The reaction mixture (20 µL) contained primer (for sequences see Table 16; Prim5PCR 

and Prim6PCR, 10 µM, 0.8 µL of each), Temp3PCR (cDNA provided by virology 

department at the IOCB Prague, unknown concentration, 1 µL), natural dNTPs (dATP, 

dGTP, dTTP, 0.4 mM, 1.5 µL), mixture of dCTP:dCpegNNIRTP 95:5 (dTTP, 0.4 mM, 

1.43 μL; dCpegNNIRTP, 0.04 mM, 0.75 μL), KOD XL DNA polymerase (2.5 U/µL,  
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0.5 µL) and corresponding reaction buffer (10x, 2 µL). After the initial denaturation 

for 3 min at 94°C, 40 PCR cycles were run under the following conditions: denaturation 

for 20 sec at 94°C, annealing/extension for 10 sec at 64°C. Samples were excited at 

672-684 nm and emission was detected 705-730 nm (as Quasar 705, dye predefined in 

machine). 
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5.7 2'-Deoxycytidine and its triphosphate modified by thiazole 

orange fluorophore. Synthesis, photophysical properties, 

enzymatic incorporation into DNA and applications 

5.7.1 Chemical synthesis 

Thiazole orange modified deoxycytidine (dCTO) 

 

Alkyne 51 (42.6 mg, 0.0936 mmol), dCPegN3 (34.2 mg, 0.078 mmol) and 

Cu(CH3CN)4PF6 (43.6 mg, 0.117 mmol) were weighted into reaction flask, evacuated 

and purged with argon 3 times. Then the content of the reaction flask was dissolved 

with 1.5 mL of DMSO:H2O (3:1) solution and the reaction was stirred at room 

temperature under argon atmosphere for 75 min. The reaction mixture was then freeze-

dried from water and subsequently purified by silica column chromatography eluted 

with methanol in dichloromethane (0-10%). Product was isolated as orange solid  

(26 mg, 43%). 

1H NMR (500 MHz, DMSO-d6): 1.97 (ddd, 1H, Jgem = 13.1, J2ʹb,1ʹ = 7.1, J2ʹb,3ʹ = 6.1, H-

2ʹb); 2.14 (ddd, 1H, Jgem = 13.2, J2ʹa,1ʹ = 6.0, J2ʹa,3ʹ = 3.6, H-2ʹa); 3.41 – 3.44, 3.45 – 3.49 

(2 × m, 6H, OCH2CH2O); 3.51 – 3.56 (m, 3H, H-5ʹb, OCH2CH2O); 3.60 (bddd, 1H, 

Jgem = 11.8, J5ʹa,OH = 5.0, J5ʹa,4ʹ = 3.6, H-5ʹa); 3.76 – 3.80 (m, 3H, H-4ʹ, OCH2CH2N); 

4.04 (s, 3H, CH3N); 4.19 (m, 1H, H-3ʹ); 4.33 (s, 2H, OCH2-C≡C); 4.45 – 4.55 (m, 2H, 
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NCH2CH2O); 5.08 (bt, 1H, JOH,5ʹ = 5.0, OH-5ʹ); 5.21 (bd, 1H, JOH,3ʹ = 3.5, OH-3ʹ); 5.90 

(s, 2H, CH2N); 6.09 (dd, 1H, J1ʹ,2ʹ = 7.1, 6.0, H-1ʹ); 6.90 (bs, 1H, NHaHb); 6.94 (s, 1H, 

CH=C4-Q); 7.42 (d, 1H, J3,2 = 7.3, H-3-Q); 7.43  (ddd, 1H, J6,7 = 8.0, J6,5 = 7.3, J6,4 = 

0.9, H-6-BZT); 7.63 (ddd, 1H, J5,8 = 8.5, J5,6 = 7.3, J5,7 = 1.2, H-5-BZT); 7.71 (ddd, 

1H, J6,5 = 8.3, J6,7 = 7.0, J6,8 = 1.1, H-6-Q); 7.74 (bs, 1H, NHaHb); 7.81 (ddd, 1H, J4,5 

= 7.9, J4,6 = 0.9, J4,7 = 0.6, H-4-BZT); 7.93 (ddd, 1H, J7,8 = 8.7, J7,6 = 7.0, J7,5 = 1.3, H-

7-Q); 8.07 (dd, 1H, J7,6 = 8.0, J7,5 = 1.2, H-7-BZT); 8.18 (s, 1H, H-6); 8.20 (dd, 1H, 

J8,7 = 8.7, J8,6 = 1.1, H-8-Q); 8.28 (s, 1H, H-5-T); 8.76 (dd, 1H, J5,6 = 8.9, J5,7 = 1.3, H-

5-Q); 8.77 (d, 1H, J2,3 = 7.3, H-2-Q). 

13C NMR (125.7 MHz, DMSO): 34.15 (CH3N); 41.02 (CH2-2ʹ); 49.18 (CH2N); 49.80 

(NCH2CH2O); 58.65 (C≡C-CH2O); 61.15 (CH2-5ʹ); 68.78, 68.83, 69.71, 69.73, 69.78 

(OCH2CH2N, OCH2CH2O); 70.24 (CH-3ʹ); 78.00 (C≡C-CH2O); 85.62 (CH-1ʹ); 87.67 

(CH-4ʹ); 88.81 (CH=C4-Q); 89.20 (C-5); 91.65 (C≡C-CH2O); 108.02 (CH-3-Q); 

113.43 (CH-4-BZT); 118.52 (CH-8-Q); 123.13 (CH-7-BZT); 124.25 (C-4a-Q); 124.35 

(C-7a-BZT); 124.72 (CH-5-T); 124.93 (CH-6-BZT); 125.92 (CH-5-Q); 126.95 (CH-6-

Q); 128.46 (CH-5-BZT); 133.28 (CH-7-Q); 137.25 (C-8a-Q); 140.67 (C-3a-BZT); 

141.14 (C-4-T); 144.74 (CH-2-Q); 145.06 (CH-6); 148.86 (C-4-Q); 153.55 (C-2); 

160.83 (C-2-BZT); 164.46 (C-4). 

HRMS (ESI+): calculated for C39H43O7N8S: 767.2970; found 767.2968. 
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Thiazole orange modified deoxycytidine-5-O-triphosphate (dCTOTP) 

 

Alkyne 51 (12.1 mg, 0.0266 mmol) in schlenk flask was evacuated and purged with 

argon 3 times, then 254 μL of degassed DMSO was added under flow of argon and  

the mixture was stirred. Then solution of dCPeg3N3TP (14.9 mg, 0.0137 mmol) in water 

(127 μL) was added and stirred for 2 minutes. Freshly prepared solution of 

Cu(CH3CN)4PF6 (7.67 mg, 0.0206 mmol) in degassed DMSO (127 μL) was added and 

the reaction mixture continued to stir at room temperature under argon. After 2.5 hours 

the reaction mixture was freeze-dried from water. Then the lyophilized reaction 

mixture was dissolved in 40 mL H2O and washed with 40 mL dichloromethane and  

40 mL ethyl acetate respectively. Water phase (red solution) was lyophilized, then 

redissolved with 5 mL H2O and filtered using ultra filtration (Millipore, Ultrafiltration 

Discs, 1 kDa), and washed with additional 60 mL H2O. Retentate was dissolved with 

water, lyophilized, filtered through dowex (Dowex 50WX8 in Na+ cycle). Final  

freeze-drying from water afforded the final nucleotide dCTOTP as orange solid 

(2.26 mg, 15%). 

Due to the nature of the compound, it was difficult to assign the peaks due to  

the substantial broadening of the peaks. The compound contains both positive and 

negative charge and therefore it might self-aggregate or form some kind of particles 

that interfere with the measurement. Use of MeOD, mixtures of MeOD with D2O or 

using triethylammonium salt of the triphosphate, did not solve this issue. 
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1H NMR (500.0 MHz, D2O, ref(tBuOH ext) = 1.24 ppm): 1.77 (bm, 1H); 2.02 (bm, 

1H); 3.03 (bm, 5H); 3.25 (bm, 3H); 3.43-3.57 (bm, 8H); 3.79 (bm, 6H); 3.83 (bm, 3H); 

4.00 (bm, 1H); 5.36-5.49 (bm, 3H); 6.90-7.11 (bm, 4H); 7.49 (bm, 3H); 7.64 (bm, 2H); 

8.20 (bm, 3H). 

13C NMR (125.7 MHz, D2O, ref(tBuOH) = 30.29 ppm): 33.23; 39.24; 48.71; 50.31; 

58.20; 85.28; 87.98; 107.80; 112.13; 117.22; 122.07; 123.52; 123.90; 124.57; 126.96; 

127.98; 133.04; 136.15; 139.10; 142.98; 147.24; 159.95. 

31P{1H} NMR (202.4 MHz, D2O): -21.82, -10.64, -6.81 (3 × bm). 

HRMS (ESI-): calculated for C39H44O16N8P3S: 1005.1814; found 1005.1807. 

 

5.7.2 Biochemistry 

5.7.2.1 Primer extension experiments 

Enzymatic synthesis of modified DNA (adjacent GC pairs) bearing one thiazole 

orange modification by primer extension (gel analysis) 

The reaction mixture (20 μl) contained Cy5 labelled primer Prim1PEX–Cy5  

(for sequence see Table 16; 3 μM, 1 μL), template Temp1PEX (for sequence see Table 

16; 3 μM, 1.5 μL) KOD XL DNA polymerase (0.25 U/µL, 0.3 μL), dGTP (4 mM,  

0.6 μL), either dCTP (4 mM, 0.3 μL) or modified dNTP (dCTOTP, 4 mM, 0.3 μL) in 

corresponding reaction buffer (10x, 2 μL) supplied by the manufacturer. The reaction 

mixture was incubated at 60°C for 60 min in thermal cycler. The reaction was stopped 

by the addition of PAGE stop solution (20 μL) and the reaction mixture was denatured 

at 95°C for 5 min and analyzed using 12.5% denaturing PAGE. Visualization was 

performed on Typhoon biological imager FLA 9500 (PAGE gel is shown in  

Figure 53 C). 
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Preparation of modified dsDNA (adjacent GC pairs) bearing one thiazole orange 

modification by primer extension (DNA19_GC_1CTO; semi-preparative scale) 

The reaction mixture (100 µL) containing primer (for sequence see Table 16; Prim1PEX, 

100 µM, 5 µL), template (for sequence see Table 16; Temp1PEX, 100 µM, 5 µL), dGTP 

(4 mM, 1 µL), dCTOTP (4 mM, 1 uL), KOD XL DNA polymerase (2.5 U/µL, 0.6 µL) 

in corresponding reaction buffer (10×, 10 µL) supplied by the manufacturer.  

The reaction mixture was incubated for 60 min at 60°C in a thermal cycler. The reaction 

was stopped by cooling at 4°C. The modified dsDNA was purified using spin columns 

(QIAquick® Nucleotide Removal Kit, QIAGEN) and eluted by milli-Q water. 

Prepared dsDNA was used for fluorescence measurements. 

 

Preparation of modified ssDNA (adjacent GC pairs) bearing one thiazole orange 

modification using lambda exonuclease digestion (ON19_GC_1CTO) 

The reaction mixture (75.6 µL) containing modified dsDNA (prepared using 

Temp1PEX-P as described above; 0.48 nmol), lambda exonuclease buffer 10x (5 uL) 

and lambda exonuclease enzyme (10 U/µL, 2 µL) was incubated for 90 min at 37°C in 

a thermal cycler. The reaction was stopped by cooling at 4°C. The modified ssDNA 

was purified using spin columns (QIAquick® Nucleotide Removal Kit, QIAGEN) and 

eluted by milli-Q water. Prepared ssDNA was used for fluorescence measurements. 

 

Preparation of modified dsDNA (adjacent AT pairs) bearing one thiazole orange 

modification by primer extension (DNA19_AT_1CTO; semi-preparative scale, gel 

analysis) 

The reaction mixture (100 µL) containing primer (for sequence see Table 16; Prim1PEX, 

100 µM, 5 µL), template (for sequence see Table 16; Temp7PEX-2P, 100 µM, 5 µL), 

dATP (4 mM, 1 µL), either dCTP (4 mM, 1 uL) or dCTOTP (4 mM, 1 uL), KOD XL 

DNA polymerase (2.5 U/µL, 0.6 µL) in corresponding reaction buffer (10×, 10 µL) 
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supplied by the manufacturer. The reaction mixture was incubated for 45 min at 60°C 

in a thermal cycler. The reaction was stopped by cooling at 4°C. The modified dsDNA 

was purified using spin columns (QIAquick® Nucleotide Removal Kit, QIAGEN) and 

eluted by milli-Q water. Prepared dsDNA was used for fluorescence measurements.  

To prepare DNA for PAGE analysis, the PEX and purification was performed as 

described above using Cy5 labelled primer (for sequence see Table 16; Prim1PEX-Cy5). 

PAGE gel is shown in Figure 53 B. 

 

Preparation of modified ssDNA (adjacent AT pairs) bearing one thiazole orange 

modification using lambda exonuclease digestion (ON19_AT_1CTO) 

The reaction mixture (50 µL) containing modified dsDNA (prepared using  

Temp7PEX-2P as described above; 0.1 nmol), lambda exonuclease buffer 10x (5 uL) 

and lambda exonuclease enzyme (10 U/µL, 2 µL) was incubated for 90 min at 37°C in 

a thermal cycler. The reaction was stopped by cooling at 4°C. The modified ssDNA 

was purified using spin columns (QIAquick® Nucleotide Removal Kit, QIAGEN) and 

eluted by milli-Q water. Prepared ssDNA was used for fluorescence measurements. 

 

5.7.2.2 Polymerase chain reaction experiments 

Enzymatic incorporation of dCTOTP by polymerase chain reaction 

The reaction mixture (20 µL) contained primer (for sequences see Table 16; Prim1PCR 

and Prim2PCR, 10 µM, 1 µL of each), template (Temp1PCR, 1 nM, 0.5 µL), natural 

dNTPs (dATP, dGTP, dTTP, 0.4 mM each, 1.5 µL) and either dCTP (0.4 mM, 1.5 uL), 

dCTOTP (0.4 mM, 1.5 uL) or mixture of dCTOTP with natural dCTP (0-95%), KOD 

XL DNA polymerase (2.5 U/µL, 0.5 µL) and corresponding reaction buffer (10×,  

2 µL) supplied by the manufacturer. After the initial denaturation for 3 min at 94°C, 

30 PCR cycles were run under the following conditions: denaturation for 20 sec. at 

94°C, annealing for 30 sec. at 58°C, extension for 30 sec. at 72°C. The reaction was 
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stopped by cooling to 4°C. The PCR products were analyzed by agarose gel 

electrophoresis in 2% agarose gel stained with GelRed™ (Biotium, agarose gel is 

shown in Figure 53 D). Samples were excited after each cycle at 672-684 nm and 

emission was detected 705-730 nm (as Quasar 705, dye predefined in machine).  

Figure 54 shows fluorescence signals observed during PCR. 

 

5.7.3 Absorption measurements 

UV melting temperatures of DNA19_GC_1C, DNA19_GC_1CTO, 

DNA19_AT_1C, DNA19_AT_1CTO 

All solutions of DNA were prepared in PBS buffer (1 mL). Melting curve analysis was 

performed by a slow increase of temperature from 10°C to 90°C with a speed of 1°C 

per minute. Then samples were cooled to 10°C with a speed of 1°C per minute.  

The process of denaturation and annealing was repeated three times. Figure 57 shows 

UV melting curves and normalized derivatives. 
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5.8 2’-Deoxycytidines and their triphosphates bearing 

dimethoxy-, diphenyl-BODIPY fluorophore. Synthesis, 

photophysical properties, enzymatic incorporation into DNA 

and applications 

5.8.1 Chemical synthesis 

(Z)-4-((4-methoxy-5-phenyl-1H-pyrrol-2-yl)(4-methoxy-5-phenyl-2H-pyrrol-2-

ylidene)methyl)phenol (59) 

 

To a solution of 3-methoxypyrrole 57 (200 mg, 1.154 mmol) in DCM (6 mL) was 

added mixture of 4-hydroxybenzaldehyde (70 mg, 0.577 mmol, dissolved in 6 mL 

DCM) and TFA (2 drops). After stirring at room temperature for 1 hour, p-chloranil 

(156 mg, 0.635 mmol) was added and stirred at r.t. After 1 h the reaction mixture was 

filtered and concentrated on rotavap. Purification of the crude product by column 

chromatography eluted with ethyl acetate in dichloromethane (0-10%) provided 

product 59 (171 mg, 66%) as purple solid. 

1H NMR (500.0 MHz, DMSO-d6): 3.79 (s, 6H, CH3O); 6.04 (s, 2H, H-3); 6.90 – 6.95 

(m, 2H, H-m-C6H4OH); 7.35 – 7.42 (m, 4H, H-o-C6H4OH, H-p-Ph); 7.51 – 7.56 (m, 

4H, H-m-Ph); 7.98 – 8.02 (m, 4H, H-o-Ph); 9.91 (bs, 1H, OH); 13.33 (bs, 1H, NH). 

13C NMR (125.7 MHz, DMSO-d6): 58.40 (CH3O); 105.92 (CH-3); 115.23 (CH-m-

C6H4OH); 126.16 (CH-o-Ph); 127.35 (C-i-C6H4OH); 128.47 (CH-p-Ph); 129.24 (CH-

m-Ph); 132.14 (C-i-Ph); 132.35 (CH-o-C6H4OH); 135.83 (C-6); 137.51 (C-2); 140.19 

(C-5); 153.55 (C-4); 158.55 (C-p-C6H4OH). 
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HRMS (ESI+): calculated for C29H25O3N2: 449.1860; found 449.1857. 

 

4-(5,5-difluoro-2,8-dimethoxy-3,7-diphenyl-5H-4l4,5l4-dipyrrolo[1,2-c:2',1'-

f][1,3,2]diazaborinin-10-yl)phenol (60) 

 

Solution of dipyrrin 59 (1061 mg, 2.366 mmol) in toluene (76) was heated to 70°C and 

then triethylamine (4.9 mL, 35.226 mmol) was added dropwise. After stirring at 70°C 

for 30 min BF3.Et2O (8.75 mL, 70,909 mmol) was added dropwise and the mixture was 

heated to 110°C (reflux). After 1 hour all the starting material was consumed and the 

reaction mixture was cooled down to room temperature. Then the reaction was 

quenched with cold 1M aqueous solution of NaOH (10 mL/mmol), organic phase was 

separated and aqueous phase was acidified by 1 M HCl to pH 5-6 and then extracted 

with ethyl acetate. The combined organic phases were dried with anh. Na2SO4, filtered 

and concentrated on rotavap. Purification of the crude product by column 

chromatography eluted with ethyl acetate in dichloromethane (0-10%) provided 

product 60 (826 mg, 70%) as black solid. 

1H NMR (500.0 MHz, DMSO-d6): 3.72 (s, 6H, CH3O); 6.43 (s, 2H, H-3); 6.99 – 7.02 

(m, 2H, H-m-C6H4OH); 7.36 – 7.43 (m, 6H, H-m,p-Ph); 7.52 – 7.56 (m, 2H, H-o-

C6H4OH); 7.58 – 7.62 (m, 4H, H-o-Ph); 10.20 (bs, 1H, OH). 

13C NMR (125.7 MHz, DMSO-d6): 58.35 (CH3O); 108.20 (CH-3); 115.81 (CH-m-

C6H4OH); 124.70 (C-i-C6H4OH); 127.95 (CH-m-Ph); 129.19 (CH-p-Ph); 129.91 (C-i-
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Ph); 130.20 (t, JC,F = 2.8, CH-o-Ph); 131.10 (C-2); 132.69 (CH-o-C6H4OH); 141.06 

(C-6); 144.52 (C-5); 153.02 (b, C-4); 159.95 (C-p-C6H4OH). 

19F NMR (470.4 MHz, DMSO-d6): -131.02 (4lines, JF,B = 31.6). 

11B NMR (160.4 MHz, DMSO-d6): 037 (t, JB,F = 31.6). 

HRMS (ESI+): calculated for C32H25O3N2BF2Na: 557.1830; found 557.1819. 

 

5,5-difluoro-2,8-dimethoxy-3,7-diphenyl-10-(4-(prop-2-yn-1-yloxy)phenyl)-5H-

4l4,5l4-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinine (61a) 

 

Propargyl bromide (80% w/w solution in toluene, 2.253 mmol, 0.25 mL) was added to 

pressure tube containing bodipy 60 (616 mg, 1.241 mmol), K2CO3 (523.7 mg, 3.961 

mmol) and acetonitrile (25 mL, HPLC-grade). The reaction mixture was stirred at 60°C 

for 2 h. After cooling down to room temperature the reaction mixture was filtered, 

concentrated on rotavap, redissolved with ethyl acetate and washed with water. Organic 

phase was dried over anhydrous Na2SO4, filtered and concentrated on rotavap to give 

product 61a (590 mg, 89%) as black solid. 

1H NMR (500.0 MHz, DMSO-d6): 3.71 (t, 1H, 4J = 2.4, HC≡C); 3.72 (s, 6H, CH3O); 

4.96 (d, 2H, 4J = 2.4, CH2O); 6.39 (s, 2H, H-3); 7.21 – 7.25 (m, 2H, H-m-C6H4O); 7.37 

– 7.44 (m, 6H, H-m,p-Ph); 7.59 – 7.62 (m, 4H, H-o-Ph); 7.65 – 7.69 (m, 2H, H-o-
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C6H4O). 

13C NMR (125.7 MHz, DMSO-d6): 55.87 (CH2O); 58.38 (CH3O); 79.01 (HC≡C); 

79.28 (HC≡C); 108.03 (CH-3); 115.12 (CH-m-C6H4O); 126.93 (C-i-C6H4O); 127.98 

(CH-m-Ph); 129.29 (CH-p-Ph); 129.82 (C-i-Ph); 130.20 (CH-o-Ph); 131.20 (C-2); 

132.39 (CH-o-C6H4O); 140.22 (C-6); 145.01 (C-5); 153.14 (C-4); 159.15 (C-p-

C6H4O). 

19F NMR (470.4 MHz, DMSO-d6): -127.29 (4lines, JF,B = 31.6). 

11B NMR (160.4 MHz, DMSO-d6): 0.58 (t, JB,F = 31.6). 

HRMS (ESI+): calculated for C32H25O3N2BF2Na: 557.1830; found 557.1819. 

 

5,5-difluoro-2,8-dimethoxy-3,7-diphenyl-10-(4-(2-(2-(2-(prop-2-yn-1-

yloxy)ethoxy)ethoxy)ethoxy)phenyl)-5H-4l4,5l4-dipyrrolo[1,2-c:2',1'-

f][1,3,2]diazaborinine (61b) 

 

Bodipy 60 (104 mg, 0.209 mmol) and K2CO3 (99 mg, 0.716 mmol) were stirred in 

acetonitrile (5.4 mL, HPLC-grade) for 5 min at room temperature. Then tosylate 46 (99 
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mg, 0.291 mmol) was added and the reaction mixture was heated to 70°C and stirred 

for 14 hours. After cooling down to room temperature the reaction mixture 

concentrated on rotavap, redissolved with ethyl acetate and washed with water and 

saturated solution of NaCl. Organic phase was dried over anhydrous Na2SO4, filtered 

and concentrated on rotavap. Purification of the crude product by column 

chromatography eluted with increasing gradient of cyclohexane/ethyl acetate (4:1 to 

1:1) provided product 61b (97.7 mg, 70%) as sticky black solid. 

1H NMR (500.0 MHz, DMSO-d6): 3.44 (t, 1H, 4J = 2.4, HC≡C); 3.55 – 3.60, 3.61 – 

3.65 (2 × m, 8H, OCH2CH2O); 3.72 (s, 6H, CH3O); 3.80 – 3.84 (m, 2H, phenylene-

OCH2CH2O); 4.15 (d, 2H, 4J = 2.4, CH2C≡CH); 4.22 – 4.26 (m, 2H, phenylene-

OCH2CH2O); 6.40 (s, 2H, H-3); 7.17 – 7.22 (m, 2H, H-m-phenylene); 7.36 – 7.44 (m, 

6H, H-m,p-Ph); 7.58 – 7.66 (m, 6H, H-o-phenylene, H-o-Ph). 

13C NMR (125.7 MHz, DMSO-d6): 57.69 (OCH2C≡CH); 58.35 (CH3O); 67.62 

(phenylene-OCH2CH2O); 68.71 (OCH2CH2O); 69.05 (phenylene-OCH2CH2O); 69.74, 

70.01, 70.11 (OCH2CH2O); 77.34 (HC≡C); 80.54 (HC≡C); 108.73 (CH-3); 114.84 

(CH-m-phenylene); 126.28 (C-i-phenylene); 127.93 (CH-m-Ph); 129.23 (CH-p-Ph); 

129.82 (C-i-Ph); 130.16 (t, JC,F = 3.1, CH-o-Ph); 131.18 (C-2); 132.38 (CH-o-

phenylene); 140.42 (C-6); 144.88 (C-5);  153.11 (C-4); 160.40 (C-p-phenylene). 

19F NMR (470.4 MHz, DMSO-d6): -131.05 (4lines, JF,B = 31.6). 

11B NMR (160.4 MHz, DMSO-d6): 0.37 (t, JB,F = 31.6). 

HRMS (ESI+): calculated for C38H37O6N2BF2Na: 689.26049; found 689.26083. 
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Dimethoxy-BODIPY modified deoxycytidine (dCMOB, 62a) 

 

A flask containing 5-iodo-2'-deoxycytidine (50 mg, 0.142 mmol), alkyne 61a (90 mg, 

0.168 mmol), PdCl2(PPh3)2 (6 mg, 6% mol), CuI (1.8 mg, 6.6% mol) was purged and 

refilled with argon multiple times and the content was dissolved in dry DMF (3 mL). 

Triethylamine (0.3 mL, 2.15 mmol) was added and the mixture was stirred at 70°C for 

2 hours. Then the reaction mixture was concentrated on rotavap and purified by column 

chromatography eluted with methanol in dichloromethane (0-20 %) to give the 

nucleoside 62a as black solid (90 mg, 84%). 

1H NMR (500.0 MHz, DMSO-d6): 1.99 (ddd, 1H Jgem = 13.2, J2ʹb,1ʹ = 7.0, J2ʹb,3ʹ = 6.0, 

H-2ʹb); 2.16 (ddd, 1H Jgem = 13.2, J2ʹa,1ʹ = 6.0, J2ʹa,3ʹ = 3.7, H-2ʹa); 3.55, 3.62 (2 × ddd, 

2 × 1H, Jgem = 11.9, J5ʹ,OH = 5.1, J5ʹ,4ʹ = 3.5, H-5ʹ); 3.71 (s, 6H, CH3O); 3.80 (q, 1H, J4ʹ,3ʹ 

= J4ʹ,5ʹ = 3.5, H-4ʹ); 4.20 (m, 1H, H-3ʹ); 5.13 – 5.17 (m, 3H, CH2O, OH-5ʹ); 5.27 (d, 1H, 

JOH,3ʹ = 4.3, OH-3ʹ); 6.09 (dd, 1H, J1ʹ,2ʹ = 7.0, 6.0, H-1ʹ); 6.39 (s, 2H, H-3″); 7.09 (bs, 

1H, NHaHb); 7.30 – 7.34 (m, 2H, H-m-phenylene); 7.36 – 7.44 (m, 6H, H-m,p-Ph); 

7.58 – 7.62 (m, 4H, H-o-Ph); 7.65 – 7.69 (m, 2H, H-o-phenylene); 7.83 (bs, 1H, 

NHaHb); 8.29 (s, 1H, H-6). 

13C NMR (125.7 MHz, DMSO-d6): 41.19 (CH2-2ʹ); 57.00 (CH2O); 58.47 (CH3O); 

61.17 (CH2-5ʹ); 70.26 (CH-3ʹ); 79.65 (CH2C≡C); 85.81 (CH-1ʹ); 87.77 (CH-4ʹ); 89.00 

(C-5); 90.50 (CH2C≡C); 108.11 (CH-3″); 115.32 (CH-m-phenylene); 126.92 (C-i-

phenylene); 128.08 (CH-m-Ph); 129.41 (CH-p-Ph); 129.89 (C-i-Ph); 130.28 (t, JC,F = 

2.8, CH-o-Ph); 131.27 (C-2″); 132.52 (CH-o-phenylene); 140.34 (C-6″); 145.08 (C-

5″); 145.75 (CH-6); 153.24 (b, C-4″); 153.70 (C-2); 159.43 (C-p-phenylene); 164.71 
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(C-4). 

19F NMR (470.4 MHz, DMSO-d6): -126.93 (“q“, JF,B = 31.5). 

11B NMR (160.4 MHz, DMSO-d6): 0.57 (t, JB,F = 31.5). 

HRMS (ESI+): calculated for C41H36O7N5BF2Na: 782.25681; found 782.25751. 

 

Triethylene glycol dimethoxy-BODIPY modified deoxycytidine (dCpegMOB, 62b) 

 

A flask containing 5-iodo-2'-deoxycytidine (18.1 mg, 0.051 mmol), alkyne 61b (47.5 

mg, 0.071 mmol), PdCl2(PPh3)2 (2 mg, 5.5% mol), CuI (1.05 mg, 10.8% mol) was 

purged and refilled with argon multiple times and the content was dissolved in dry 

DMF (1.25 mL). Triethylamine (0.1 mL, 0.716 mmol) was added and the mixture was 

stirred at 60°C for 1 hour. Then the reaction mixture was concentrated on rotavap and 

purified by column chromatography eluted with methanol in dichloromethane (0-10 

%) to give the nucleoside 62b as black solid (35 mg, 77%).  

1H NMR (500.0 MHz, DMSO-d6): 1.99 (ddd, 1H Jgem = 13.2, J2ʹb,1ʹ = 7.0, J2ʹb,3ʹ = 6.0, 

H-2ʹb); 2.14 (ddd, 1H Jgem = 13.2, J2ʹa,1ʹ = 6.0, J2ʹa,3ʹ = 3.7, H-2ʹa); 3.52 – 3.65 (m, 10H, 

H-5ʹ, OCH2CH2O); 3.72 (s, 6H, CH3O); 3.79 (q, 1H, J4ʹ,3ʹ = J4ʹ,5ʹ = 3.5, H-4ʹ); 3.80 – 

3.83 (m, 2H, phenylene-OCH2CH2O); 4.20 (m, 1H, H-3ʹ); 4.22 – 4.25 (m, 2H, 

phenylene-OCH2CH2O); 4.38 (s, 2H, OCH2C≡C); 5.09 (t, 1H, JOH,5ʹ = 5.0, OH-5ʹ); 

5.21 (d, 1H, JOH,3ʹ = 4.3, OH-3ʹ); 6.10 (dd, 1H, J1ʹ,2ʹ = 7.0, 6.0, H-1ʹ); 6.39 (s, 2H, H-

3″); 6.91 (bs, 1H, NHaHb); 7.15 – 7.21 (m, 2H, H-m-phenylene); 7.36 – 7.45 (m, 6H, 
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H-m,p-Ph); 7.57 – 7.66 (m, 6H, H-o-Ph, H-o-phenylene); 7.76 (bs, 1H, NHaHb); 8.22 

(s, 1H, H-6). 

13C NMR (125.7 MHz, DMSO-d6): 41.02 (CH2-2ʹ); 58.35 (CH3O); 58.64 (CH2O); 

61.14 (CH2-5ʹ); 67.60 (phenylene-OCH2CH2O); 68.84 (OCH2CH2O); 69.05 

(phenylene-OCH2CH2O); 69.82, 70.02, 70.10 (OCH2CH2O); 70.25 (CH-3ʹ); 78.14 

(CH2C≡C); 85.66 (CH-1ʹ); 87.66 (CH-4ʹ); 89.64 (C-5); 91.70 (CH2C≡C); 108.03 (CH-

3″); 114.82 (CH-m-phenylene); 126.28 (C-i-phenylene); 127.93 (CH-m-Ph); 129.23 

(CH-p-Ph); 129.82 (C-i-Ph); 130.16 (t, JC,F = 2.9, CH-o-Ph); 131.18 (C-2″); 132.38 

(CH-o-phenylene); 140.41 (C-6″); 144.88 (C-5″); 145.05 (CH-6); 153.09 (b, C-4″); 

153.53 (C-2); 160.38 (C-p-phenylene); 164.56 (C-4). 

19F NMR (470.4 MHz, DMSO-d6): -131.03 (“q“, JF,B = 31.5). 

11B NMR (160.4 MHz, DMSO-d6): 0.59 (t, JB,F = 31.5). 

HRMS (ESI-): calculated for C47H47O10N5BF2: 890.33895; found 890.33825. 

 

Dimethoxy-BODIPY modified deoxycytidine-5-O-triphosphate (dCMOBTP, 63a) 

 

A flask containing 5-iodo-2'-deoxycytidine 5'-triphosphate (Et3NH+ form, 19.5 mg, 

0.022 mmol), alkyne 61a (25 mg, 0.046 mmol), PdCl2(PPh3)2 (1.5 mg, 9.7% mol), CuI 

(0.8 mg, 19% mol) was purged and refilled with argon multiple times and the content 

was dissolved in dry DMF (0.5 mL). Triethylamine (46 μL, 0.33 mmol) was added and 

the mixture was stirred at 60°C for 1 hour. The reaction mixture was diluted with water 

https://www.sciencedirect.com/topics/chemistry/triphosphate-5
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and lyophilized. Then the crude product was purified by HPLC with the use of linear 

gradient of methanol (5–100%) in 0.1 M TEAB buffer followed by additional 

purification with the use of linear gradient of methanol (50–100%) in 0.1 M TEAB 

buffer. Isolated product was co-evaporated with HPLC-grade water several times and 

freeze-drying from water afforded the final nucleotide 63a as dark blue solid (9.3 mg, 

28%). 

1H NMR (500.0 MHz, D2O+CD3OD (1:1)): 1.28 (t, 27H, Jvic = 7.3, CH3CH2N); 2.21 

(ddd, 1H Jgem = 13.8, J2ʹb,1ʹ = 7.0, J2ʹb,3ʹ = 6.4, H-2ʹb); 2.37 (ddd, 1H Jgem = 13.8, J2ʹa,1ʹ = 

6.2, J2ʹa,3ʹ = 3.9, H-2ʹa); 3.17 (q, 18H, Jvic = 7.3, CH3CH2N); 3.61 (s, 6H, CH3O); 4.14 

(qd, 1H, J4ʹ,3ʹ = J4ʹ,5ʹ = 3.9, JH,P = 1.5, H-4ʹ); 4.18 (ddd, 1H, Jgem = 11.0, JH,P = 5.3, J5ʹb,4ʹ 

= 3.9, H-5ʹb); 4.25 (ddd, 1H, Jgem = 11.0, JH,P = 6.9, J5ʹa,4ʹ = 3.9, H-5ʹa); 4.58 (dt, 1H, 

J3ʹ,2ʹ = 6.4, 3.9, J3ʹ,4ʹ = 3.9, H-3ʹ); 5.08, 5.12 (2 × d, 2 × 1H, Jgem = 16.7, CH2O); 6.16 

(dd, 1H, J1ʹ,2ʹ = 7.0, 6.2, H-1ʹ); 6.25 (s, 2H, H-3″); 7.17 – 7.21 (m, 2H, H-m-phenylene); 

7.33 – 7.40 (m, 6H, H-m,p-Ph); 7.44 – 7.47 (m, 2H, H-o-phenylene); 7.54 – 7.58 (m, 

4H, H-o-Ph); 8.16 (s, 1H, H-6). 

13C NMR (125.7 MHz, D2O+CD3OD (1:1)): 9.19 (CH3CH2N); 40.63 (CH2-2ʹ); 57.68 

(CH2O); 58.83 (CH3O); 66.25 (d, JC,P = 5.4, CH2-5ʹ); 71.44 (CH-3ʹ); 78.96 (CH2C≡C); 

86.97 (d, JC,P = 8.8, CH-4ʹ); 87.55 (CH-1ʹ); 91.58 (CH2C≡C); 92.24 (C-5); 108.73 (CH-

3″); 116.02 (CH-m-phenylene); 128.36 (C-i-phenylene); 128.79 (CH-m-Ph); 130.34 

(CH-p-Ph); 130.68 (C-i-Ph); 131.00 (t, JC,F = 2.8, CH-o-Ph); 132.53 (C-2″); 133.21 

(CH-o-phenylene); 141.35 (C-6″); 146.51 (CH-6); 146.61 (C-5″);  154.13 (b, C-4″); 

156.55 (C-2); 160.14 (C-p-phenylene); 165.93 (C-4). 

31P NMR (202.4 MHz, D2O+CD3OD (1:1)): -22.33 (t, J = 20.5, P ); -10.55 (d, J = 

20.6, P ); -9.26 (bd, J = 20.6, P ). 

19F NMR (470.4 MHz, D2O+CD3OD (1:1)): -129.24 (“q“, JF,B = 31.0). 

11B NMR (160.4 MHz, D2O+CD3OD (1:1)): 0.63 (t, JB,F = 31.0). 

HRMS (ESI-): calculated for C41H38O16N5BF2P3: 998.15930; found 998.15878. 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/distilled-water
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Triethylene glycol dimethoxy-BODIPY modified deoxycytidine-5-O-

triphosphate (dCpegMOBTP, 63b) 

 

A flask containing 5-iodo-2'-deoxycytidine 5'-triphosphate (Et3NH+ form, 20 mg, 

0.023 mmol), alkyne 61b (25 mg, 0.038 mmol), PdCl2(PPh3)2 (1.5 mg, 9.2% mol), CuI 

(1.4 mg, 32% mol) was purged and refilled with argon multiple times and the content 

was dissolved in dry DMF (0.8 mL). Triethylamine (65 μL, 0.466 mmol) was added 

and the mixture was stirred at 60°C for 1 hour. The reaction mixture was diluted with 

water and lyophilized. Then the crude product was purified by HPLC with the use of 

linear gradient of methanol (5–100%) in 0.1 M TEAB buffer followed by additional 

purification with the use of linear gradient of methanol (50–100%) in 0.1 M TEAB 

buffer. Isolated product was co-evaporated with HPLC-grade water several times and 

freeze-drying from water afforded the final nucleotide 63b as dark blue solid 

(13.68 mg, 28%). 

1H NMR (600.1 MHz, CD3OD): 1.21 – 1.38 (bm, 27H, CH3CH2N); 2.16 (bm, 1H, H-

2ʹb); 2.36 (bm, 1H, H-2ʹa); 3.08 – 3.25 (bm, 18H, CH3CH2N); 3.64 – 3.80 (m, 16H, H-

5ʹ, OCH2CH2O, CH3O); 3.86 – 3.95 (bm, 2H, phenylene-OCH2CH2O); 4.09 (bm, 1H, 

H-4ʹ); 4.20 – 4.28 (bm, 2H, phenylene-OCH2CH2O); 4.47 (bs, 2H, OCH2C≡C); 4.56 

(bm, 1H, H-3ʹ); 6.21 (bm, 1H, H-1ʹ); 6.32 (bs, 2H, H-3″); 7.12 – 7.18 (m, 2H, H-m-

phenylene); 7.32 – 7.49 (m, 6H, H-m,p-Ph); 7.54 – 7.58 (m, 2H, H-o-phenylene); 7.76 

– 7.72 (m, 4H, H-o-Ph); 8.16 (bs, 1H, H-6). 

13C NMR (150.9 MHz, CD3OD): 9.09 (CH3CH2N); 41.42 (CH2-2ʹ); 47.34 

(CH3CH2N); 58.67 (CH3O); 59.87 (CH2O); 66.36 (b, CH2-5ʹ); 68.97 (phenylene-

OCH2CH2O); 70.42 (OCH2CH2O); 70.77 (phenylene-OCH2CH2O); 71.56, 71.59 

https://www.sciencedirect.com/topics/chemistry/triphosphate-5
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/distilled-water
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(OCH2CH2O); 71.73 (CH-3ʹ); 71.76 (OCH2CH2O); 87.76 (CH-1ʹ,4ʹ); 108.41 (CH-3″); 

115.74 (CH-m-phenylene); 128.30 (C-i-phenylene); 128.57 (CH-m-Ph); 129.94 (CH-

p-Ph, C-i-Ph); 131.44 – 131.54 (m, CH-o-Ph); 132.94 (C-2″); 133.34 (CH-o-

phenylene); 141.59 (C-6″); 145.78 (CH-6); 146.90 (C-5″);  154.69 (b, C-4″); 162.05 

(C-p-phenylene); (CH2C≡C, C-2,4,5 not detected). 

31P{1H} NMR (202.4 MHz, CD3OD): -22.41, -9.93, -9.06 (3 × bs). 

11B NMR (160.4 MHz, CD3OD): 0.51 (t, JB,F = 31.1). 

HRMS (ESI-): calculated for C47H50O19N5BF2P3: 1130.23794; found 1130.23820. 

 

5.8.2 Biochemistry 

5.8.2.1 Primer extension experiments 

Enzymatic synthesis of modified DNA (19-mer) bearing one MOB of pegMOB 

modification by primer extension (DNA19_1CMOB and DNA19_1CpegMOB;  

gel analysis) 

The reaction mixture (20 μl) contained FAM labelled primer Prim1PEX-FAM  

(for sequence see Table 16; 3 μM, 1 μL), template Temp1PEX (for sequence see Table 

16; 3 μM, 1.5 μL), either KOD XL DNA polymerase (0.25 U/µL, 0.3 μL),  

Vent (exo-) (10x dil 0.3 uL) or BST LF (10 x dil 0.6 uL), natural dGTP (4 mM, 0.6 

μL), either natural dCTP (4 mM, 0.3 μL) or dCMOBTP or dCpegMOBTP (4 mM, 0.3 μL) 

in corresponding reaction buffer (10x, 2 μL) supplied by the manufacturer. The reaction 

mixture was incubated for 30 min at 60°C in thermal cycler. The reaction was stopped 

by the addition of PAGE stop solution (20 uL) and the reaction mixture was denatured 

at 95°C for 5 min and analyzed using 12.5% denaturing PAGE. The gel was visualized 

by a fluorescent scanner (PAGE gels are shown in Figure 66). 
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Enzymatic synthesis of modified DNA bearing four MOB of pegMOB 

modification by primer extension (DNA31_4CMOB and DNA31_4CpegMOB;  

semi-preparative scale, gel analysis) 

The reaction mixture (142.1 μl) contained FAM labelled primer Prim1PEX-FAM  

(for sequence see Table 16; 3 μM, 7 μL), template Temp2PEX-TINA (for sequence see 

Table 16; 3 μM, 10.5 μL), KOD XL DNA polymerase (0.25 U/µL, 2.1 μL), natural 

dNTPs (dATP, dGTP, dTTP, 4 mM each, 4.9 μL), either natural dCTP (4 mM, 7 μL)  

or dCMOBTP or dCpegMOBTP (4 mM, 7 μL) in corresponding reaction buffer (10x,  

14 μL) supplied by the manufacturer. The reaction mixture was incubated for 60 min 

at 60°C in a thermal cycler. The reaction was stopped by cooling at 4°C. The modified 

dsDNA was purified using spin columns (QIAquick® Nucleotide Removal Kit, 

QIAGEN) and eluted by milli-Q water. The purified reaction mixture was mixed 1:1 

with PAGE stop solution and then the mixture was denatured for 5 min at 95°C and 

analyzed using 12.5% denaturing PAGE. The gel was visualized by a fluorescent 

scanner (PAGE gel is shown in Figure 68 A). 

 

Preparation of modified dsDNA (16-mer) bearing one MOB or pegMOB 

modification by primer extension (DNA16_1CMOB and DNA16_1CpegMOB;  

semi-preparative scale) 

The reaction mixture (125 µL) containing primer Prim1PEX-FAM (for sequence see 

Table 16; 100 µM, 5 µL), template Temp4PEX (for sequence see Table 16; 100 µM,  

5 µL), dCMOBTP or dCpegMOBTP (4 mM, 1 uL), KOD XL DNA polymerase (2.5 U/µL, 

0.6 µL) in corresponding reaction buffer (10×, 12.5 µL) supplied by the manufacturer. 

The reaction mixture was incubated for 30 min at 60°C in a thermal cycler. The reaction 

was stopped by cooling at 4°C. The modified dsDNA was purified using spin columns 

(QIAquick® Nucleotide Removal Kit, QIAGEN) and eluted by milli-Q water.  
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Preparation of modified dsDNA (19-mer) bearing one MOB or pegMOB 

modification by primer extension (DNA19_1CMOB and DNA19_1CpegMOB;  

semi-preparative scale) 

The reaction mixture (100 µL) containing primer Prim1PEX (for sequence see Table 16; 

100 µM, 5 µL), template Temp1PEX (for sequence see Table 16; 100 µM, 5 µL), dGTP 

(4 mM, 1.25 µL), dCMOBTP or dCpegMOBTP (4 mM, 1 uL), KOD XL DNA polymerase 

(2.5 U/µL, 0.6 µL) in corresponding reaction buffer (10×, 12.5 µL) supplied by the 

manufacturer. The reaction mixture was incubated for 30 min at 60°C in a thermal 

cycler. The reaction was stopped by cooling at 4°C. The modified dsDNA was purified 

using spin columns (QIAquick® Nucleotide Removal Kit, QIAGEN) and eluted by 

milli-Q water. Prepared dsDNA was used for fluorescence measurements. 

Kinetic study of incorporation of dCMOBTP or dCpegMOBTP 

The reaction mixtures (10 µL) contained primer Prim1PEX-FAM (for sequence see 

Table 16; 100 µM, 0.1 µL), template Temp4PEX (for sequence see Table 16; 100 µM, 

0.12 µL), dCTP, dCMOBTP or dCpegMOBTP (0.04 mM, 2 uL), KOD XL DNA 

polymerase (2.5 U/µL, 0.05 µL) in corresponding reaction buffer (10×, 1 µL) supplied 

by the manufacturer. The reaction mixture s were incubated for at 60°C for indicated 

time intervals (0.5, 1, 2, 5, 10, 15, 20, 40, 60 and 90 min) in a thermal cycler. The 

reactions were stopped by the addition of PAGE stop solution (10 uL) and the reaction 

mixtures were denatured at 95°C for 5 min and analyzed using 12.5% denaturing 

PAGE. The gel was visualized by a fluorescent scanner (PAGE gels are shown in 

Figure 67). 

 

5.8.2.2 Polymerase chain reaction experiments 

Enzymatic incorporation of dCMOBTP or dCpegMOBTP by polymerase chain 

reaction 

The reaction mixture (20 µL) contained primer Prim1PCR and Prim2PCR (for sequences 
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see Table 16; 10 µM, 3 µL of each), template Temp1PCR (10 nM, 0.5 µL), natural 

dNTPs (dATP, dGTP, dTTP, 0.4 mM each, 1.5 µL) and either dCTP (0.4 mM, 1.5 uL) 

or mixture of dCMOBTP or dCpegMOBTP with natural dCTP (0-95%), KOD XL DNA 

polymerase (2.5 U/µL, 0.5 µL) and corresponding reaction buffer (10×, 2 µL) supplied 

by the manufacturer. After the initial denaturation for 3 min at 94°C, 30 PCR cycles 

were run under the following conditions: denaturation for 1 min at 94°C, annealing for 

1 min at 55°C, extension for 1 min at 72°C. The PCR process was terminated with a 

final extension step for 5 min at 72°C. The reaction was stopped by cooling to 4°C. 

The PCR products were analyzed by agarose gel electrophoresis in 2% agarose gel 

stained with GelRed™ (Biotium, agarose gels are shown in Figure 68 B, C).  

 

5.8.3 Fluorescence lifetime measurements 

Fluorescence lifetime 

Time-correlated single photon counting (TCSPC) was performed using FluoroMax-4 

spectrofluorometer (NL-C2 Pulsed diode Control, DH-HT High throughput TCSPC 

controller, DataStation software). The samples were thermostated at 25°C. TCSPC was 

performed using pulsed diode laser (model: N-455, HORIBA Jobin Yvon IBH Ltd, U. 

K; peak wavelength 452 nm, pulse duration 25 nm, repetition rate 1 MHz), detector 

HV: 900 volts. Fluorescence decays were fitted to biexponential functions using 

iterative reconvolution procedure in DAS6 software. Mean fluorescence lifetime was 

calculated using formula: 

∫ 𝐷(𝑡)𝑡𝑑𝑡
∞

0

∫ 𝐷(𝑡)𝑑𝑡
∞

0

−
∫ 𝐼𝑅𝐹(𝑡)𝑡𝑑𝑡

∞

0

∫ 𝐼𝑅𝐹(𝑡)𝑑𝑡
∞

0

 

D(t) is the measured fluorescent decay, IRF(t) is instrument response function, and t is 

time after electronic excitation. 
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Measurement of the mean fluorescence lifetime at different viscosity 

Nucleosides dCMOB and dCpegMOB were dissolved in different mixtures of 

glycerol/methanol (final concentration of each nucleosides was 1.84 µM). The samples 

were thermostated at 25°C and fluorescence lifetime decays were measured.  

The viscosities of the mixtures were estimated using equation195 

ln𝜂𝑚𝑖𝑥 = 𝑤𝑀𝑒𝑂𝐻  ×  ln𝜂𝑀𝑒𝑂𝐻  +  𝑤𝑔𝑙𝑦𝑐𝑒𝑟𝑜𝑙  ×  ln𝜂𝑔𝑙𝑦𝑐𝑒𝑟𝑜𝑙 

where 𝜂 stands for viscosity, w stands for weight fraction. 

 

Interaction of DNA19_1CMOB and DNA19_1CpegMOB with histone or BSA 

Titrations were performed in 100 µL quartz cuvette at 25°C. Solution of dsDNA  

(100 µL, 0.4 µM) in phosphate buffer (25 mM, pH 7.4) was titrated by H2A histone 

and by BSA (Bovine serum albumin) as control experiment. After every addition of 

the protein the solution was mixed carefully with a pipette and equilibrated for 1-2 min 

before measuring the fluorescence lifetime decays. 
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5.9 2’-Deoxycytidine triphosphate bearing silicon rhodamine 

fluorophore. Synthesis, phyotophysical properties, 

enzymatic incorporation into DNA and applications 

5.9.1 Chemical synthesis 

Silicon rhodamine modified deoxycytidine-5-O-triphosphate (dCSiRTP) 

 

Solution of SiR-BCN (2.5 mg, 3.23 µmol, in 420 µL DMSO) was added to solution of 

dCpegN3TP (3.5 mg, 3.23 µmol, in 140 µL HPLC grade H2O) and the reaction mixture 

was stirred overnight at room temperature. Then, the DMSO was removed by 

lyophilization and the reaction mixture was purified by reverse-phase HPLC (eluent: 

H2O/0.1 M triethylammonium acetate/acetonitrile 37/20/43). Collected fractions were 

lyophilized, excess of buffer was removed by repetitive freeze-drying from water.  

The product was obtained as pale yellow solid (2.84 mg, 50%). 

1H NMR (500.0 MHz, D2O, ref(tBuOH) = 1.24 ppm): 0.46, 0.58 (2 × s, 2 × 3H, CH3Si); 

0.66 – 0.78 (bm, 2H, H-5a,6a-CPCOT); 0.86 (bm, 1H, H-6-CPCOT); 1.10 – 1.24 (bm, 

2H, H-5b,7b-CPCOT); 1.27 (t, 27H, Jvic = 7.3, CH3CH2N); 1.91, 2.02 (2 × bm, 2 × 1H, 

H-5a,7a-CPCOT); 2.18, 2.38 (2 × bm, 2 × 1H, H-2ʹ); 2.54 – 2.66 (bm, 1H, H-4b,8b-

CPCOT); 2.69 – 2.83 (bm, 1H, H-4a,8a-CPCOT); 2.95 – 3.15 (bm, 2H, NCH2CH2O); 

3.15 – 3.30 (bm, 30H, (CH3)2N, CH3CH2N); 3.40 – 3.56, 3.56 – 3.71, 3.71 – 3.77, 3.77 

– 3.85, 3.92 (5 × bm, 22H, OCH2CH2O, NCH2CH2O, triazoleNCH2CH2O, CH2O); 

4.09 – 4.23 (bm, 3H, H-4ʹ,5ʹ); 4.30 – 4.41 (bm, 4H, CH2C≡C, triazoleNCH2CH2O); 

4.55 (bm, 1H, H-3ʹ); 6.12 (bm, 1H, H-1ʹ); 6.49, 6.60 (2 × bm, 2 × 1H, H-2,8-DHBS); 
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6.90 – 7.04 (bm, 2H, H-1,9-DHBS); 7.20 – 7.29 (bm, 2H, H-4,6-DHBS); 7.69 (bm, 

1H, H-3-Ph); 7.95 – 8.03 (H-5,6-Ph); 8.05 (bm, 1H, H-6). 

13C NMR (125.7 MHz, D2O, ref(tBuOH) = 30.29 ppm): -2.79, -0.31, -0.28 (CH3Si); 

8.92 (CH3CH2N); 17.65, 17.69 (CH-6-CPCOT); 19.28, 19.36, 19.78, 19.81 (CH-5a,6a-

CPCOT); 21.79, 22.23 (CH2-5,7-CPCOT); 23.04, 25.87 (CH2-4,8-CPCOT); 40.14 

(CH2-2ʹ); 40.50 (NCH2CH2O); 40.70, 40.75, 40.79 ((CH3)2N); 40.84 (NCH2CH2O); 

47.36 (CH3CH2N); 48.46 (triazoleNCH2CH2O); 59.19 (CH2C≡C); 63.80 (CH2O); 

65.90 (CH2-5ʹ); 69.45, 69.65, 69.79, 70.07, 70.22, 70.78 (OCH2CH2O, 

triazoleNCH2CH2O, NCH2CH2O); 71.21 (CH-3ʹ); 77.61 (CH2C≡C); 86.27 (d, JC,P = 

7.3, CH-4ʹ); 87.10 (CH-1ʹ); 92.40 (C-5, CH2C≡C); 114.28, 114.42, 114.49 (CH-2,8-

DHBS); 121.02, 121.07, 121.16 (CH-4,6-DHBS); 128.12 (CH-5-Ph or CH-6-Ph); 

128.58 (C-9a,10a-DHBS); 129.28 (CH-3-Ph); 129.78 (CH-5-Ph or CH-6-Ph); 135.64 

(C-4-Ph); 140.21, 140.25, 140.53 (CH-1,9-DHBS); 140.63 (C-1-Ph); 145.69 (CH-6); 

147.64, 147.67, 147.79 (C-4a,5a-DHBS); 153.85, 153.95 (C-3,7-DHBS); 155.95 (C-

2); 158.69 (OCONH); 165.20 (C-4); 169.88 (CONH-4-Ph); 173.66 (COO-1-Ph); C-2-

Ph, C-10-DHBS and C-3a,8a-CPCOT not detected. 

31P{1H} NMR (202.4 MHz, D2O): -22.52, -10.90, -10.18 (3 × bm). 

HRMS (ESI-): calculated for C62H82O23N10P3Si: 1455.4542; found 1455.4529. 

 

5.9.2 Biochemistry 

5.9.2.1 Primer extension experiments 

Enzymatic synthesis of modified DNA bearing one silicon rhodamine modification 

by primer extension (gel analysis) 

The reaction mixture (20 μl) contained FAM labelled primer Prim1PEX-FAM (for 

sequence see Table 16; 3 μM, 1 μL), template Temp1PEX (for sequence see Table 16; 3 

μM, 1.5 μL), KOD XL DNA polymerase (0.25 U/µL, 0.3 μL), natural dGTP (4 mM, 

0.6 μL), either natural dCTP (4 mM, 0.3 μL) or dCSiRTP (4 mM, 0.3 μL) in 
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corresponding reaction buffer (10x, 2 μL) supplied by the manufacturer. The reaction 

mixture was incubated for 30 min at 60°C in thermal cycler. The reaction was stopped 

by the addition of PAGE stop solution (20 uL) and the reaction mixture was denatured 

at 95°C for 5 min and analyzed using 12.5% denaturing PAGE. The gel was visualized 

by a fluorescent scanner (PAGE gel is shown in Figure 76 A). 

 

Preparation of modified dsDNA bearing one silicon rhodamine modification by 

primer extension (semi-preparative scale) 

The reaction mixture (50 µL) containing primer (for sequence see Table 16; Prim1PEX, 

100 µM, 2.5 µL), template (for sequence see Table 16; Temp1PEX, 100 µM, 2.5 µL), 

dGTP (4 mM, 1 µL), dCSiRTP (4 mM, 2.5 uL), KOD XL DNA polymerase (2.5 U/µL, 

1.5 µL) in corresponding  reaction buffer (10×, 5 µL) supplied by the manufacturer. 

The reaction mixture was incubated for 75 min at 60°C in a thermal cycler. The reaction 

was stopped by cooling at 4°C. The modified dsDNA was purified using spin columns 

(QIAquick® Nucleotide Removal Kit, QIAGEN) and eluted by milli-Q water. 

Prepared dsDNA was used for measurement of photophysical properties. 
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5.9.2.2 Polymerase chain reaction experiments 

Enzymatic incorporation of dCSiRTP by polymerase chain reaction 

The reaction mixture (20 µL) contained primer (for sequences see Table 16; Prim1PCR 

and  Prim2PCR, 10 µM, 1 µL of each), template (Temp1PCR, 1 nM, 0.5 µL), natural 

dNTPs (dATP, dGTP, dTTP, 0.4 mM each, 1.5 µL) and either dCTP (0.4 mM, 1.5 uL), 

dCSiRTP (0.4 mM, 1.5 uL) or mixture of dCSiRTP with natural dCTP (0-95% of dCTP), 

KOD XL DNA polymerase (2.5 U/µL, 0.5 µL) and corresponding reaction buffer (10×, 

2 µL) supplied by the manufacturer. After the initial denaturation for 3 min at 94°C, 

40 PCR cycles were run under the following conditions: denaturation for 20 sec. at 

94°C, annealing for 30 sec. at 58°C, extension for 30 sec. at 72°C. The reaction was 

stopped by cooling to 4°C. The PCR products were analyzed by agarose gel 

electrophoresis in 2% agarose gel stained with GelRed™ (Biotium, agarose gels are 

shown in Figure 76 B). 
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