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ABBREVIATIONS 

ACN acetonitrile 

AMCA 7-amino-4-methylcoumarin-3-acetic acid 

AMV avian myeloblastosis virus  

AUC area under the curve 

cDNA complementary DNA 

CuAAC 
copper-catalyzed alkyne-azide 1,3-dipolar 

cycloaddition 

ddNITP 
5-iodo- or 7-iodo-7-deaza-2′,3′-dideoxynucleoside 5′-

triphosphate 

ddNN3TP 
5- or 7-deaza-7-(3-(2-azidoacetamido)prop-1-ynyl)-2′, 

3′-dideoxynucleoside 5′-triphosphate 

ddNTP 2′,3′-dideoxynucleoside 5′-triphosphate 

DMSO dimethyl sulfoxide 

dN*TP 
base-modified 2′-deoxynucleoside  

5′-triphosphate 

DNA-seq DNA sequencing 

dNMP 2′-deoxynucleoside 5′-monophosphate 

dNTP 2′-deoxynucleoside 5′-triphosphate 

dsDNA double-stranded DNA 

DTT 1,4-dithiothreitol 

EDTA ethylenediaminetetraacetic acid 

EMP Earth Microbiome Project 

exo- exonuclease-deficient 

FAM fluorescein amidite 

gDNA genomic DNA 

HIV human immunodeficiency virus 

HPLC high performance liquid chromatography 

HRP horseradish peroxidase 

IVT in vitro transcription 

LC-MS liquid chromatography – mass spectrometry 

M-MLV Moloney murine leukemia virus 

MNase-seq micrococcal nuclease digestion with deep sequencing 

MPE-seq multiplexed primer extension sequencing 

mRNA messenger RNA 

MTAS-seq mRNA sequencing by terminator-assisted synthesis 

N*TP base-modified ribonucleoside 5′-triphosphate 

NGS next-generation sequencing 

NTP ribonucleoside 5′-triphosphate 

ON oligonucleotide 

OTDDN or ddNONTP 
oligonucleotide-tethered 2′,3′-dideoxynucleoside 5′-

triphosphate 
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OTU operational taxonomic unit 

PAGE polyacrylamide gel electrophoresis 

PAP poly(A) polymerase 

PBS phosphate-buffered saline 

PCA principal component analysis 

PCR polymerase chain reaction 

PDB Protein Data Bank 

PEG polyethylene glycol 

PEX primer extension 

PPase pyrophosphatase 

PUP poly(U) polymerase 

R110 rhodamine 110 chloride 

REG carboxyrhodamine 6G 

RNAP RNA polymerase 

RNA-seq RNA sequencing 

ROC receiver operating characteristic 

ROX carboxy-X-rhodamine 

rRNA ribosomal RNA 

RT reverse transcriptase or reverse transcription 

SAM S-adenosyl-L-methionine 

SBS sequencing by synthesis 

scRNA-seq single-cell RNA sequencing 

SELEX 
systematic evolution of ligands by exponential 

enrichment 

ssDNA single-stranded DNA 

st16S-seq semi-targeted 16S rRNA gene sequencing 

STAMP single-cell transcriptomes attached to microparticles 

TAMRA carboxytetramethylrhodamine 

TAP Thermoplasma acidophilum inorganic pyrophosphatase 

TBE tris-borate-EDTA 

TdT terminal deoxynucleotidyl transferase 

TEAAc triethylammonium acetate  

THPTA tris-hydroxypropyltriazolylmethylamine 

TSO template switching oligonucleotide 

UHRR universal human reference RNA 

UMI unique molecular identifier 

UTR untranslated region 

V1-V9 hypervariable regions of 16S rRNA gene  

WGS whole genome sequencing 

wt wild type 
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INTRODUCTION 

While natural nucleotide modifications, such as methyl, hydroxymethyl, 

formyl, carboxy moieties, play important role in epigenetic regulation 

(Bilyard et al., 2020), the availability of synthetic modified nucleotides 

expanded the applicability repertoire of nucleic acids to many exciting fields, 

such as therapeutics, bioanalysis, chemical biology, catalysis, biosensing, and 

others (Dhuri et al., 2020; Xu et al., 2017; Lapa et al., 2016; Hollenstein, 

2015; Hollenstein et al., 2008). Base modifications are usually introduced at 

the C5-position of pyrimidines or at the C7-position of 7-deazapurines (Jäger 

et al., 2005), and can range from small to bulky functional groups, including 

entities as large as proteins. Remarkably, natural DNA and RNA polymerases 

exhibit some plasticity in substrate recognition and can accept synthetic 

nucleotide analogs as substrates. This opens doors for the convenient 

enzymatic synthesis of functionalized nucleic acids. 

Practical utility of modified nucleic acids in many cases relies on their 

biocompatibility. Although it was reported that phosphodiester, amide and 

triazole-based backbones are functional in vitro and even in vivo (Ciafrè et al., 

1995; Kuwahara et al., 2009; El-Sagheer et al., 2011; Birts et al., 2014), 

template properties of modified DNA and RNA receive relatively less 

attention than studies of enzymatic catalysis with nucleotide analogs. Previous 

studies revealed that phosphate group itself is not essential for the ability to 

copy synthetic templates, and suggested CuAAC “click” reaction as good 

means to assemble biocompatible modified nucleic acids. High-fidelity 

replication through unnatural backbones would allow to unequivocally 

analyze the sequence of functionalized nucleic acids. It was observed that 

proofreading DNA polymerases stall at modification sites within template 

leading to the introduction of multibase deletions, while exonuclease-deficient 

enzymes are less likely to read through artificial backbones incorrectly 

(Shivalingam et al., 2017). Modified nucleic acids together with compatible 

enzymes make an attractive toolbox for the development of new molecular 

biology applications.   

Chemoenzymatic approaches are paving their way to improve sample 

preparation for next-generation sequencing (NGS). “Click” reaction, termed 

chemical ligation, enables specific addition of alkyne-modified sequencing 

adapters to azido-modified chain terminators enzymatically introduced into 

sequenceable molecules. The technology proved to be feasible in various 

DNA and RNA sequencing workflows (Miura et al., 2018; Routh et al., 2015), 

offering easy generation of DNA and cDNA fragments, lower rates of chimera 

formation and the ability to prepare NGS libraries from ssDNA. Nonetheless, 
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copper-mediated degradation of DNA, very low conversion efficiency and 

cumbersome protocols thus far impede wider adoption of such methods.   

Aim and tasks 

The aim of this study was to investigate the properties and utility of 

oligonucleotide-tethered 2′,3′-dideoxyribonucleoside 5′-triphosphates 

(OTDDNs, Fig. 1), with emphasis on labeling of DNA and cDNA molecules 

for high-throughput sequencing applications.  

Figure 1. Chemical structure of oligonucleotide-tethered 2′,3′-dideoxyribonucleoside 

5′-triphosphates. NB – nucleobase. 

The following tasks have been defined to reach this aim: 

1. To identify enzymes suitable for incorporation of OTDDNs into DNA or 

RNA. 

2. To explore enzyme engineering possibilities in order to create new ways 

of synthesis of OTDDN-tagged nucleic acids. 

3. To investigate template properties of OTDDN-containing nucleic acids 

and identify DNA polymerases able to read through unnatural triazole-

based linkage. 

4. To study the utility of OTDDNs for DNA and RNA sequencing. 

5. To employ genomic DNA labeling by OTDDNs for the characterization of 

microbial communities. 

6. To apply cDNA labeling by OTDDNs for high-throughput gene expression 

analysis. 

Scientific novelty and practical value 

In this work, oligonucleotide modification was used as a universal primer 

hybridization site to initiate the synthesis of a complementary strand for the 

amplification of labeled DNA fragments. Moreover, the use of 
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dideoxynucleotides enabled termination of the nascent DNA or cDNA strand 

to obtain fragments of suitable length for short-read sequencing. 

We demonstrated that efficient DNA labeling by OTDDNs can be 

achieved by Thermo Sequenase, CycleSeq, Sequenase V2.0 and TdT 

enzymes, cDNA can be labeled by Maxima, SuperScript IV, SuperScript II, 

RevertAid and HIV reverse transcriptases, and RNA – by poly(U) polymerase. 

Moreover, it was demonstrated that T7 RNA polymerase variant V783M, 

engineered towards the relaxed substrate discrimination, can synthesize 

chimeric dNMP-containing transcripts labeled by OTDDNs, which can be 

further directly used as PCR templates. Triazole-based linker within OTDDN 

is bypassed during the synthesis of complementary strand by Phusion exo-, 

Klenow fragment exo-, Thermo Sequenase and SuperScript IV DNA 

polymerases, with Phusion exo- exhibiting the best performance. Successful 

identification of enzymes for labeling and read-through enabled us to apply 

OTDDN technology for the preparation of fragment libraries for NGS. 

Importantly, it was demonstrated that oligonucleotide modification can 

contain regions of randomized sequence or affinity labels for convenient 

molecular barcoding or specific enrichment of tagged molecules, respectively. 

Stochastic nature of OTDDN incorporation and simultaneous tagging of 

nascent strand with the universal oligonucleotide laid the foundation for the 

development of semi-targeted sequencing approach. It was demonstrated that 

labeling of random primer extension products allows to prepare whole genome 

or whole transcriptome libraries, while the extension of specific primers opens 

doors to study a priori unknown sequence regions nearby defined target loci. 

This strategy proved to be useful for the analysis of microbial communities. 

A new method, termed semi-targeted 16S rRNA gene sequencing (st16S-seq), 

was developed in this work to capture regions of bacterial genomes upstream 

of 16S rRNA gene. This technique offers substantial advantages over 

conventional approaches, including precise determination of 16S rRNA gene 

copy numbers, better characterization accuracy and less prominent 

dependency of taxon capture efficiency on primer design. 

In RNA sequencing field, a new method, termed mRNA sequencing by 

terminator-assisted synthesis (MTAS-seq), was developed to simplify gene 

expression analysis workflows for both bulk and single-cell analyses. It was 

demonstrated that MTAS-seq streamlines protocols, enables easy molecular 

barcoding of cDNA fragments, is compatible with direct library preparation 

from cell lysates and generates data of equivalent or better quality than 

conventional techniques. Moreover, 3′UTR enrichment via oligo(dT) primed 

reverse transcription enables the analysis of alternative polyadenylation 

patterns in eukaryotic transcriptomes. Interestingly, the use of OTDDN with 
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oligonucleotide modification corresponding to the full-length sequencing 

adapter enabled to sequence cDNA libraries without PCR amplification, 

which was not previously possible on Illumina™ DNA sequencing machines. 

This work suggests OTDDNs as a promising tool for NGS applications, 

offering more convenient protocols and opportunity to develop new library 

preparation methods. Techniques developed in this study are covered by 

international patent application. 

Statements to be defended 

1. OTDDNs may act as substrates for DNA and RNA polymerases with 

natural or engineered ability to incorporate nucleotide analogs. 

2. OTDDN-labeled DNA can serve as a template for the synthesis of 

complementary strand. Exonuclease-deficient DNA polymerases can copy 

through triazole-based linker. 

3. Primer extension and OTDDN incorporation by Thermo Sequenase or 

SuperScript IV RT and subsequent synthesis of a complementary strand 

starting from the primer hybridization site within OTDDN enable DNA 

and RNA sequencing applications. Template coverage depends on the 

sequence of primers used in labeling reaction. 

4. Semi-targeted sequencing of bacterial 16S rRNA gene improves high-

throughput characterization of microbial communities by providing 

precise information about 16S rRNA gene copy numbers and improving 

classification accuracy at species level. 

5. OTDDN labeling improves gene expression analysis workflows by 

providing single-tube protocol, easy molecular barcoding of cDNAs via 

randomized sequences embedded within OTDDNs and offering 

compatibility with direct reverse transcription from whole cell lysates. 
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1. LITERATURE OVERVIEW 

Naturally occurring non-canonical nucleotides enrich the chemical 

diversity of DNA and RNA and enable them to effectively execute complex 

functions in a cell. The position of the modified nucleotides and their chemical 

structure establishes a second layer of genetic information which defines the 

research areas of epigenetics. While the repertoire of nucleotide modifications 

found in RNA is remarkably wide, the number of modifications found in DNA 

is small. This is related to the crucial but limited function of DNA as a carrier 

of genetic information (Carell et al., 2012).  

The interest in non-canonical nucleotides and functionalized DNA and 

RNA polymers has been growing for the past decades (Nakatani & Tor, 2016), 

with rapidly expanding applications in chemical biology, bioanalysis, 

therapeutics, as illustrated by the development of molecular reporters (Xu et 

al., 2017), aptamers (Lapa et al., 2016; Zhou & Rossi, 2017), catalytic nucleic 

acids (Hollenstein, 2015), biosensors (Hollenstein et al., 2008), artificial 

biomolecules used in programmable coding of a certain function in vivo 

(Tarashima et al., 2016), and many more. 

Chemical alterations of nucleic acids include the diversification of 

nucleobase, sugar moiety or phosphodiester backbone, and various 

combinations of these modifications (Fig. 1.1). To unlock the full potential of 

increasing number of nucleotide analogs, the availability of polymerases with 

an expanded range of acceptable substrates is necessary. Interestingly, natural 

polymerases exhibit some plasticity in substrate recognition – modifications 

at certain positions are readily tolerated, moreover, even the creation and 

replication of unnatural base pairs are possible, which allows to expand the 

genetic code (Hoshika et al., 2019; Marx & Betz, 2020). 

This overview will focus on diverse opportunities offered by 

implementation of modified nucleic acids as synthetic biomolecular blocks. 

Furthermore, the progress made in understanding of structural prerequisites 

for successful catalysis of incorporation of modified nucleotides by 

polymerases will be reviewed. The spectrum of nucleic acid modifications 

will be confined to base alterations which is the subject of the present 

dissertation.  
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Figure 1.1. An illustration of various chemical modifications of DNA structure 

ranging from simple site-specific atomic substitutions to more complex molecular 

replacements bearing little resemblance to the natural structure (by Ochoa & Milam, 

2020). 

1.1 Base-functionalized nucleic acids: a versatile toolbox 

For successful utilization, the design of functionalized nucleotides should 

comply with the following conditions, originally defined for the process of 

systematic evolution of ligands by exponential enrichment (SELEX; Perrin 

et al., 1999), however applicable for other molecular biology techniques: 

• should not interfere with the base pairing (Watson-Crick and 

Hoogsteen); 

• nucleotides should be substrates of the corresponding DNA or 

RNA polymerases; 

• the incorporation of a modified nucleotide should be efficient at 

any position or context of the sequence; 

• in some instances, the functionalized sequence should be a 

template for the corresponding polymerases. 
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Base modifications are usually attached at the C5-position of pyrimidines 

or at the C7-position of 7-deazapurines because such substituents are well 

accommodated in the major groove of DNA without disturbing the helical 

structures (Jäger et al., 2005). Purines modified at C8-position were also 

reported, however those with bulky groups appeared to be poor substrates for 

polymerases (Cahová et al., 2008). Interestingly, N4-acylated 2′-

deoxycytidines were found to be efficiently incorporated by a variety of 

polymerases, even when N4-substituents were sterically demanding, e.g. 

benzoylbenzoyl moiety (Jakubovska et al., 2018).      

The classical synthesis approach for base-modified precursors consists of 

multistep synthesis of aminopropargyl-, aminopropenyl- or aminopropyl-

substituted dNTPs or NTPs through palladium-catalyzed cross-coupling 

reaction (Shaughnessy & DeVasher, 2005; Sonogashira et al., 1975) of 

halogenated nucleosides with CF3CO-protected modifications, followed by 

triphosphorylation and deprotection. The desired functional group is then 

attached to the amino group via amide bond formation. Such workflow is 

rather laborious and produces low yields of the desired product, as may be 

exemplified by a 5-step synthesis of amidine-modified dUTP with overall 

yield of 8% (Jäger et al., 2005).  

Palladium-catalyzed cross-coupling reactions are widely used for C-C 

bond formation, however they were hardly adaptable for nucleotides, since 

reaction media usually led to poor solubility of nucleotide precursors. With 

the discovery of water-soluble catalytic systems, aqueous-phase cross-

coupling reactions have been developed, allowing a straightforward 

introduction of unprotected functional groups directly into dNTPs or NTPs 

(Fig. 1.2). The Sonogashira cross-coupling reactions of 5-iodo-dUTP with 

fluorescein-linked terminal acetylenes demonstrated by Thoresen et al. were 

the very first cross-coupling reactions with iodo-modified dNTPs (Thoresen 

et al., 2003). The required halogenated nucleotides are accessible by chemical 

triphosphorylation of halogenated nucleosides (5-I-dU, 5-I-dC, 7-I-7-deaza-

dA and 7-I-7-deaza-dG; Kovacs & Ötvös, 1988). 

Most base-modified nucleotides reported in literature are C5-substituted 

uracil derivatives, whereas the 7-deazaguanines are only scarcely reported due 

to difficult multistep synthesis process of the nucleoside intermediates 

(Hocek, 2014).  
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Figure 1.2. General scheme for the construction of base-functionalized nucleotide 

analogs (by Hocek & Fojta, 2008).  

Cycloaddition reactions are one of the most useful and popular approaches 

for conjugation of functional groups, in particular copper-catalyzed alkyne-

azide 1,3-dipolar cycloaddition (CuAAC), or “click“ reaction. “Click“ 

chemistry has been extensively used for bioconjugations and modifications of 

DNA because of its bioorthogonality and efficiency. For compatibility, 

nucleobases within DNA should be modified either by terminal alkyne or by 

azido groups. The alkynes are compatible both with phosphoramidite 

synthesis and polymerase incorporations, and a number of alkyne-modified 

phosphoramidites or dNTPs were used for synthesis of alkyne-labeled DNA 

with subsequent CuAAC modifications in the major groove. Azido group is 

not compatible with phosphoramidite synthesis on solid support, but it can be 

still introduced into DNA by enzymatic incorporation of azido-modified 

nucleotides (Ivancová et al., 2019; Panattoni et al., 2018). It is worth noting 

that typically DNA labeling is a postsynthetic process, i.e. the substrate for 

CuAAC modification is dsDNA, ssDNA or oligonucleotides (ONs) 

containing one, several or many modified nucleotides introduced by various 

enzymatic methods, such as primer extension (PEX) or PCR. 

1.1.1 Dye-labeled nucleotides  

Fluorescent nucleobases have emerged as an extraordinary tool for the 

molecular-level understanding of nucleic acid structure, function, locations 

and interactions. Aromatic heterocycles within purines and pyrimidines are 

receptive to diverse modifications, and even minimal structural and electronic 

perturbations can dramatically transform their photophysical properties. 

Moreover, the boundaries of natural molecular skeletons of purines and 

pyrimidines can be broken further by complete substitution of natural 

nucleobases by fluorescent non-canonical analogs. 
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One strategy to produce chromophoric base analogs is replacing the natural 

nucleobases with known fluorophores, typically polycyclic aromatic 

hydrocarbons. Such compounds constitute a non-canonical family of 

chromophoric base analogs that are unable to form Watson-Crick hydrogen 

bonds, however, can be used to investigate enzyme-substrate recognition 

mechanisms. Pyrene nucleotide was employed to demonstrate that nucleotides 

should be of correct size and shape to fit the enzyme active site against a 

template base, indicating the importance of steric complementarity in the 

fidelity of DNA synthesis (Matray & Kool, 1999). Advances in bioorganic 

chemistry field led to the introduction of hundreds of fluorescent nucleobases, 

all of which exhibit distinct base pairing and stacking abilities or emission 

profiles (Sinkeldam et al., 2010). 

Among the base-modified fluorescent nucleotides, extended nucleotides 

carrying chromophores tethered to the nucleobase with or without a linker are 

the most frequently reported due to their broad structural variety and retained 

ability to form Watson-Crick hydrogen bonds. In studies conducted by 

Wagenknecht and co-workers, “click“ chemistry was employed to 

postsynthetically conjugate ethynyl-modified fluorophore Nile Red to the C5-

position of uridine after incorporation of 5-iodo-2'-deoxyuridine into ON and 

in situ formation of the intermediate azide. Researchers aimed to investigate 

aspects of ON structure and effects of chromophore stacking using an acyclic 

linker scaffold (Beyer & Wagenknecht, 2010; Lachmann et al., 2010). 

Another example is the work by Østergaard et al. who attached a pyrene 

residue to the C5-position of uridine through a triazole moiety. The resulting 

compound exhibited favorable mismatch discrimination by significantly 

decreasing its quantum yield in the presence of mismatched sequence – this 

feature proved to be useful for the detection of single nucleotide 

polymorphisms using fluorescence (Østergaard et al., 2010). Hocek and co-

workers developed modified 2′-deoxycytidines bearing environment-sensitive 

fluorophores and designed DNA probes for sensing protein-DNA interactions. 

After the conversion of nucleoside to its triphosphate analog, fluorophores 

including dimethylaminobenzylidene cyanoacetamide or tryptophan-based 

imidazolinone were incorporated into DNA probes within modified dCTPs 

and showed light-up response upon binding to p53 or single-strand binding 

protein (Hocek, 2019). 

Seela et al. have synthesized various 7-deaza and 8-aza-7-

deazanucleosides related to 2′-deoxyadenosine and 2′-deoxyguanosine 

containing 7-octadiynyl or 7-tris(propargylamine) pendant groups and the 

corresponding ONs containing these modifications. The authors afterwards 

chemically ligated fluorophores, such as 9-azidomethylanthracene, 3-azido-7-
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hydroxycoumarin or 1-azidomethylpyrene using “click“ reaction to obtain 

fluorescently labeled ONs (Seela & Pujari, 2010; Ingale et al., 2012).  

In the field of nucleic acid analysis, sequencing technologies – 

undoubtedly revolutionary – contribute substantially to the development of 

biological sciences for several decades now. Modern version of Sanger 

sequencing (Sanger et al., 1977), as well as certain next-generation 

sequencing (NGS) platforms, e.g. sequencing by synthesis (SBS) 

commercialized by Illumina™, rely on fluorescence detection.  

 

Figure 1.3. A four-color set of energy-transfer dye-labeled terminators (by Kumar & 

Fuller, 2007).  

Automated Sanger DNA sequencing can be performed in two ways: 

employing dye-labeled primer, where fluorescent dyes are conjugated to the 

5′ terminus of the primer ON or using dye-labeled chain terminators 

(dideoxynucleoside triphosphates). The latter option is more convenient since 

a single primer extension reaction is required per template (Rosenblum et al., 

1997). The rhodamine dyes (R110, REG, TAMRA and ROX) are widely 

adopted for DNA sequencing as these dyes absorb and emit light optimally at 

different wavelengths, however their quantum yields are different. To 

compensate for these differences, energy transfer principle can be employed 

by attaching an additional donor chromophore at a certain distance from an 
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acceptor chromophore. An example of energy-transfer dye-labeled 

dideoxynucleoside triphosphates containing fluorescein (FAM) donor dye and 

an acceptor rhodamine dye modification is given in Fig. 1.3. These modified 

terminators proved to be good substrates for Thermo Sequenase DNA 

polymerase (Kumar & Fuller, 2007).  

Ultra-high-throughput SBS has become possible by exploiting reversible 

terminators – nucleotides bearing fluorescent dye attached via a cleavable 

linker to the nucleobase and having a 3′-OH group capped with a small 

chemically reversible moiety (3′-O-azidomethyl). It was shown that these 

nucleotide analogs can be efficiently incorporated during a solution-phase 

DNA extension reaction, and both modifications can be subsequently 

removed in aqueous solution by tris(2-carboxyethyl)phosphine treatment. 

Various alternatives of sequencing by synthesis chemistry were reported, 

including the use of two types of modified nucleotides – cleavable 3′-O-

azidomethyl-blocked dNTP reversible terminators together with fluorescently 

tagged ddNTP irreversible terminators (Ju et al., 2006; Guo et al., 2008; 

Knapp et al., 2011). 

1.1.2 Functional oligonucleotides 

Although some examples of functional oligonucleotide activities exist in 

nature, as in the case of ribozymes, microRNAs or riboswitches, a set of 

catalytic (ribozymes and DNAzymes) and molecular recognition (aptamers) 

oligonucleotides have been synthetically prepared, since they can be obtained 

using in vitro evolution techniques. This methodology was simultaneously 

developed by three independent groups in 1990s (Ellington & Szostak, 1992; 

Robertson & Joyce, 1990; Tuerk & Gold, 1990) and was named SELEX. 

Eventually, many different variations of the technique were developed to 

achieve better selectivity, binding constants and simpler experimental 

protocols.  

Historically, proteins have dominated the pool of available catalysts and 

affinity reagents, likely because of the diverse array of available amino acid 

side chains. In contrast, DNA and RNA comprise of only four nucleotide 

building blocks, and they all possess a relatively similar repertoire of 

functional groups. Moreover, wild type based nucleic acid biocatalysts and 

aptamers have limited tolerance to nucleases and might also be degraded 

chemically. To overcome these limitations and augment the structural 

diversity, functional oligonucleotides with various structural chemical 

modifications can be obtained either via modified-SELEX (mod-SELEX) or 

through post-selection modification (Fig. 1.4; Dellafiore et al., 2016; Meek et 
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al., 2016). A number of research groups have succeeded in generation of 

functional oligonucleotides with base-modified nucleotides. 

Figure 1.4. Schematic illustration of the alternative routes to obtain modified 

functional oligonucleotides. Py* - modified pyrimidines; Pu* - modified purines; X – 

F, OMe, NH2; W – O, S; Z – phosphate, phosphorothioates, boronate esters (by 

Dellafiore et al., 2016).  

An early example of successful application of mod-SELEX was reported 

by Latham and co-workers who selected an aptamer for thrombin from a 

library in which all thymines were replaced by 5-pentynyl-dU. This aptamer 

showed unique secondary and tertiary structures as compared to previously 

selected wild type DNA aptamer (Latham et al., 1994). Jensen et al. generated 

a base-modified RNA aptamer specific to the HIV REV protein from the 

library of modified RNA containing 5-iodouridine. The aptamer demonstrated 

higher binding affinity than its natural counterpart and was able to form a 

crosslink with the target protein upon UV irradiation (Jensen et al., 1995). 

Sawai and colleagues reported an example of in vitro selection of DNA 

aptamer for thalidomide from a library containing dUTP analog decorated 

with a cationic amine attached via a hexamethylene linker arm to the C5-

position of the nucleobase. Researchers showed that the most proficient 

aptamer crucially depended on the presence of modifications since the 

corresponding natural DNA sequence lost all binding-propensity (Sawai et al., 

2001; Shoji et al., 2007). While first fruitful examples established precedence 
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for the idea of using unnatural nucleotides in SELEX, the true potential of 

such approach was demonstrated by SomaLogic, Inc. who executed selection 

from oligonucleotide libraries containing dU/C bearing a hydrophobic 

functional group (e.g. benzyl, tryptamino) at the C5-position of the 

nucleobase. SELEX was used to screen libraries of such oligonucleotides 

equipped with amino acid mimics to identify slow off-rate aptamers called 

SOMAmers. SomaLogic team has established multiple SOMAmer based 

proteome assays with over 3000 different protein targets identified so far 

(Gold et al., 2010; Ochoa & Milam, 2020). 

To allow the access to a larger palette of bulkier functional groups and 

avoid enzymatic incompatibility that often restricts the use of such 

modifications, SELEX variants with post-selection modification were 

developed, including click-SELEX (Pfeiffer et al., 2018). In this method, all 

dT nucleotides in the library are replaced with C5-ethynyl-2′-deoxyuridine 

which introduces multiple alkyne functional groups into the sequences. The 

library is then functionalized via a “click“ reaction with an azide, which in the 

case of initial demonstration was 3-(2-azidoethyl)indole. Tolle et al. used this 

approach to select an aptamer for the cycle-3 GFP. In addition, a series of 

azides were utilized to evaluate the importance of the specific indole moiety 

used for the selection process. Aptamer variants functionalized with the 

alternative azides were not capable of binding the target protein even when 

the azide was structurally similar to the indole used during the selection 

process (Tolle et al., 2015). This highlights the importance of the appended 

functional groups in target binding.  

A very similar strategy, termed SELMA (selection with modified 

aptamers), was applied to generate DNA scaffolds with C5-ethynyl-2′-

deoxyuridine moieties that were further glycosylated using glycan azides. 

After selection of the most antigenic clusterings of glycan, enriched sequences 

were amplified and reglycosylated to be used in next selection steps (Horiya 

et al., 2014). 

The versatility with which side chains having a wide variety of sizes and 

chemical properties can be conveniently introduced using SELEX with post-

selection modification is anticipated to greatly accelerate the discovery of 

nucleic acid catalysts and affinity agents possessing novel functions (Meek et 

al., 2016). 

1.1.3 Bulky modifications 

Large functional groups are often attached to the nucleobases via linkers 

that vary in composition, length and flexibility. Employing this strategy, a 

variety of even very bulky modifications can be incorporated into DNA. 
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Along these lines, it has been shown that some DNA polymerases are capable 

of efficient incorporation of nucleotides modified with entities as large as 

proteins. 

Sørensen and co-workers demonstrated that TdT can accept nucleoside 

triphosphates tethered to large biomolecules as substrates and incorporate 

such conjugates to the 3′ terminus of any native ON. Five different 

macromolecules that belong to different structural classes were tested as 

“cargos“ on the nucleobases of dNTPs: cyclic integrin targeting peptide, two 

polyethylene glycol polymers of different length, G3.5 PAMAM dendrimer 

and streptavidin. Labeling of oligonucleotides with functionalized dNTPs was 

highly efficient – all reactions achieved 99% conversion or better except for 

streptavidin which yielded 93% of streptavidin-labeled product (Sørensen et 

al., 2013). 

Welter and colleagues succeeded in site-specific incorporation of 

approximately 40 kDa glycoprotein horseradish peroxidase (HRP) from 

Amoracia rusticana into a nascent DNA strand without compromising the 

ability of the enzyme to produce colorimetric signals through the oxidation of 

dye substrates. Horseradish peroxidase activated with maleimide group 

through the conversion of the lysine residues with maleimidocaproic acid N-

hydroxysuccinimide ester were tethered to two variants of thymidine analogs 

bearing ω-mercaptocarboxylic acid-based linkers of different lengths at the 

C5-position (dT7SHTP and dT15SHTP). Conjugation was performed through 

thiol-maleimide reaction (Fig. 1.5). 

 

Figure 1.5. Conjugation of horseradish peroxidase to the nucleobase of dTTP. (A) – 

size comparison between HRP C1A, KTq DNA polymerase and a modified dTTP 

bearing a C15 thiol linker (dT15SHTP). (B) – coupling of dTnSHTP with malHRP (by 

Welter et al., 2016).  
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Enzyme-labeled nucleotides, despite being more than 100-fold larger than 

the natural substrates, were accepted by the KlenTaq DNA polymerase. 

Modified nucleotide having longer C15 linker appeared to be a better substrate 

than the one with the shorter linker. Even multiple incorporations of HRP-

modified dT15SHTP but not dT7SHTP were observed indicating that too short 

distance between the nucleotide and its bulky modification interferes with 

DNA polymerase activity. The authors used template-dependent protein-

modified nucleotide incorporation to create site-specific DNA-protein 

conjugates with the possibility of naked-eye detection of the presence or 

absence of target sequence (Welter et al., 2016). 

Later, the authors from the same research group reported the development 

of antibody-modified nucleotides whose modification was larger than the 

DNA polymerase employed for incorporation. Nucleotide analogs dCpAbTP 

were incorporated into growing DNA strand in a sequence-specific manner by 

KOD DNA polymerase. The recognition of the antibody was not abolished by 

the conjugation – it was recognized by a secondary antibody bearing a signal-

generating HRP enzyme thus enabling a colorimetric read-out of nucleotide 

incorporation (Balintová et al., 2018). 

Naked-eye detection of DNA with single-base resolution was also 

achieved through the use of oligonucleotide-modified nucleotides. ON-

conjugated dUTP was accepted by Klenow Fragment (exo-) and KlenTaq 

DNA polymerases and successfully participated in PEX. Subsequently, ON 

modification served as a primer to initiate rolling circle amplification in the 

presence of complementary circular template. Extended single stranded 

product then captured 3′-flanking region of a G-quadruplex DNAzyme 

sequence which possesses HRP-like activity. Colorimetric signal was 

generated via hemin-mediated oxidation of 2,2′-azino-bis(3-ethyl-

benzothiazoline-6-sulfonate) (ABTS2-) by H2O2 (Verga et al., 2016). 

The opportunity to incorporate nucleotides that are covalently attached to 

large biomolecules, even whole proteins, is highly promising for future 

applications, such as high-performance diagnostic assays, fundamental 

research on molecular recognition, synthesis of DNA nanostructures, and 

others (Niemeyer, 2010). 

1.1.4 (De)stabilizing effects of modified nucleotides 

High potential of oligonucleotides as agents in diagnostic and therapeutic 

applications is hinged on high affinity and specificity of Watson-Crick 

hybridization. Nevertheless, much research has been devoted to the discovery 

of modifications which would improve the biostability of ONs while 

maintaining the hybridization characteristics of natural DNA. 
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Buhr and colleagues described the properties and antisense activities of 

ONs containing 7-(1-propynyl)-7-deaza-2′-deoxyguanosine and 7-(1-

propynyl)-7-deaza-2′-deoxyadenosine. Researchers showed that 7-propynyl 

analogs bind to target RNA with higher affinity than natural purines. The 

increase in binding affinity is likely due to increased stacking interactions 

leading to more favorable enthalpy of binding. Interestingly, 7-propynyl-dG 

did enhance the antisense activity of ONs, however 7-propynyl-dA decreased 

the activity. The possible reason for such dichotomy may be the influence of 

adjacent sequence context or different ability to recruit RNase H cleavage of 

the complementary RNA (Buhr et al., 1996). 

The properties of more than 200 modifications within ONs were evaluated 

by Freier and co-workers. In agreement with abovementioned study, the 

authors identified 7-propynyl-7-deazapurines as well as 7-halo-7-

deazapurines as the most stabilizing purine base modifications and explained 

this effect by increased stacking of the modified purine rings. Experiments 

with thymine showed that substitution of the 5-methyl group with a halogen 

had little effect and substitution with a methoxy-ethoxy-methyl group was 

destabilizing. The highest stabilizing effect was obtained with 5-propynyl dU. 

Analogs containing amino-ethyl-3-acrylimido modifications at the 5-position 

showed some stabilizing effect most probably due to acrylimido group 

contribution to stacking, similarly to the propyne substitution. Slight positive 

effect on duplex stability was also observed for 5-amino-hexyl-substituted 

pyrimidines and was attributed to shielding of the negative phosphate charges 

in unmodified hybrid duplexes (Freier & Altmann, 1997). 

Seela and colleague reported the synthesis and enzymatic incorporation of 

pyrazolo[3,4-d]pyrimidine 2′-deoxyribonucleoside triphosphates, of which 

the 7-bromo derivative harmonized the stability of DNA duplexes, i.e. the 

stability was no longer dependent on the base pair composition as dA•dT base 

pair became as stable as dG•dC without compromising sequence specificity 

(Seela & Becher, 2001). The same group also investigated the effects of 

unpaired terminal nucleotides (dangling ends) on thermal stability of DNA 

duplexes. They reported that the incorporation of a highly polarizable 

nucleotide residue (e.g. 8-aza-7-deaza-2′-deoxyisoguanosine or its 7-bromo or 

7-iodo-substituted derivatives) into the inner part of a parallel or an 

antiparallel ON with a random sequence can enhance duplex stability if the 

ability to form Watson-Crick hydrogen bonds is retained (Rosemeyer & Seela, 

2002).  

SomaLogic, Inc. team systemically evaluated stabilizing effects of various 

modifications in the context of thermodynamic properties of 5-N-

carboxamide modified SOMAmers (see chapter 1.1.2). The results indicated 
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that bulky hydrophobic modifications, such as 5-[N-(1-naphthylmethyl)- 

carboxamide]-2′-deoxyuridine or 5-[N-(2-naphthylmethyl)carboxamide]-2′-

deoxyuridine, were destabilizing, while the most stabilizing modification was 

an aliphatic isobutyl moiety. The hydrophilic modifications were also 

stabilizing, however the overall effect was modest. Smaller aromatic groups 

had neutral or mildly positive effect. Changes in thermal stability of the hybrid 

duplexes relative to DNA were explained by offsetting effects of enthalpy and 

entropy, with the enthalpic effect being dominant (Wolk et al., 2015). 

In some instances, it is desirable to exploit modifications to destabilize 

DNA duplex, as in the case of caged ONs whose activity is triggered by 

photolabile protecting groups. Upon irradiation with light, the protecting 

group is removed, restoring the activity of ON with high spatial and temporal 

control. Seyfried et al. investigated the destabilization of duplexes by single 

photolabile protecting groups attached at the Watson-Crick site of 

nucleobases. Researchers showed that diphenylmethyltriazole-coumarin 

conjugated in (S)-configuration to the nucleobase exhibits the largest duplex 

destabilization (ΔTm=15.8°C) ever measured for a single base-caged DNA 

(Seyfried et al., 2018). 

1.2 Enzymatic processing of modified nucleic acids 

The wide variety of modified nucleotides and the plethora of commercially 

available polymerases are two powerful tools in the molecular biologists′ 

workshop. Enzymatic routes to obtain modified nucleic acids are flexible, can 

produce single- or double-stranded products, and have fewer restrictions on 

product length (Whitfield et al., 2018). 

Research on polymerases and their interplay with modified substrates 

strongly indicate that both the position at which the modification is introduced, 

and the type of modification play crucial roles in the acceptance of a modified 

nucleotide by a polymerase. The incorporation efficiency also depends on the 

linker used to anchor the modification to the nucleobase, especially if 

sterically demanding groups are attached – typically, bulky modifications are 

accepted when being attached via a long flexible linker. 

Natural polymerases exhibit some plasticity in substrate recognition, 

although obviously they have not been evolved by nature to tolerate unnatural 

nucleotides, thus it is intriguing how they are able to do so and what structural 

prerequisites might guide further engineering of improved enzyme variants. 

The studies unanimously report that DNA polymerases from family B are 

superior catalysts for unnatural substrates than members of the family A (Jäger 

et al., 2005; Kuwahara et al., 2006; Lapa et al., 2016). As for the synthesis of 
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modified RNA, it almost exclusively relies on the use of T7 RNA polymerase 

to avoid the need for complex transcription factors (Milisavljevič et al., 2018). 

1.2.1 Incorporation of modified substrates by DNA polymerases 

The acceptance of base-modified nucleotides by DNA polymerases had 

been hardly predictable until first structural data of KlenTaq polymerase in 

complex with C5-modified pyrimidines came out in 2010. As compared to the 

structures with natural nucleotides, interaction with dUTP analog bearing 

nitroxide modification attached via rigid acetylene linker differs in the 

position of amino acid side chain Arg660, which is suggested to stabilize the 

closed and active conformations through hydrogen bonding with the 

phosphate backbone of the primer 3′ terminus. The Arg660 is substantially 

displaced as a result of steric hindrance of the bulky modification, which in 

turn may account for nearly 2500-fold decrease in incorporation efficiency. In 

contrast, modified nucleotide containing dendron anchored via the 

propargylamide linker, that is able to form hydrogen bonds with enzyme, was 

better substrate for the polymerase probably because of stabilization of the 

closed complex poised for catalysis. Despite the differences in Arg660 

orientation, it seems that enzyme follows similar mechanisms to promote 

catalysis of polymerization of both natural and unnatural nucleotides, i.e. the 

formation of a stable clamp between the finger domain of the polymerase and 

the primer/template duplex is required for successful catalysis and may be 

achieved either via natural molecular contacts or via interactions with 

nucleotide modifications. Amino acid sequence alignment of several family A 

DNA polymerases revealed that the abovementioned arginine is conserved in 

bacteria, thus, it is likely that observed mechanism of enzyme-substrate 

complex stabilization applies to other DNA polymerases in this sequence 

family (Obeid et al., 2010). 

Researchers continued their exploration of KlenTaq structures with 

pyrimidine and purine analogs bearing longer modifications, such as 

(hydroxydecanoyl)-aminopentynyl. The crystal structures revealed that 

modifications extend outside the protein, taking different orientations: C5-

position of pyrimidine orients the modification through the cavity formed by 

Arg587 and amino acid residues from the O-helix, while purine modification 

at C7-position was oriented above the 5′-triphosphate group through the cleft 

formed by residues from the palm domain, O-helix and Arg587 (Fig. 1.6). The 

possibility of a modification to extend to the outside of the protein through the 

described cavities enables enzymatic incorporation of even very bulky groups 

into DNA, if they are attached via a sufficiently long linker. All in all, these 

studies revealed that DNA polymerases interact with the modifications and 
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stabilize unnatural conformations that may improve substrate properties. 

Positively charged amino acids, such as arginine and lysine, located near the 

active site undergo hydrogen bonding with functional groups of the 

modifications – this should be considered in the design of modified 

nucleotides to be efficient substrates (Bergen et al., 2012; Hottin & Marx, 

2016; Hottin et al., 2017).  

Figure 1.6. Structures of KlenTaq DNA polymerase bound to base-modified dNTPs. 

(A-D) – close-up views depicting KlenTaq DNA polymerase in complex with dT*TP 

(A), dC*TP (B), dA*TP (C) and dG*TP (D). (E-F) – close-up view of long 

modifications of dTTP (E) and dATP (F) pointing outside the protein. The finger, 

thumb and palm domains are indicated in pale blue, green and orange, respectively 

(by Hottin & Marx, 2016). 

Kropp and co-workers further analyzed the elongation process on a 

structural level to understand how KlenTaq is able to execute 

postincorporation elongation from the modified nucleotide. Surprisingly, 

modifications adopted several distinct conformations, depending on their 
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positioning in the primer – KlenTaq conformations were modulated by the 

modification and, in turn, the protein environment modulated the 

conformation of the modified nucleotide, all without compromising the 

enzyme′s activity. This indicates the remarkable plasticity of the system that 

may play role in the substrate properties of KlenTaq polymerase (Kropp et al., 

2018). 

A selection of successful examples of the utilization of family A DNA 

polymerases for the incorporation of various base-modified nucleotides is 

provided in Table 1.1. For detailed descriptions of the structures of modified 

nucleotides, testing conditions and obtained incorporation efficiencies, please 

refer to the original publications. 

Table 1.1. Family A DNA polymerases capable of base-modified nucleotide 

incorporation. The structure of a single representative – KlenTaq – is shown as a 

cartoon model (PDB code 4BWJ). 

Family A Polymerase dN*TP References 

 

KlenTaq 

(Hydroxydecanoyl)-

aminopentynyl-

dATP/dUTP 

Hottin et al., 2017 

ON-dUTP 
Baccaro et al., 2012 

Verga et al., 2015 

Nitroxide-dUTP 
Hollenstein, 2012 

Dendron-dUTP 

HRP-dUTP Welter et al., 2016 

Taq 

Biotin-dUTP 

Anderson et al., 

2005 

AMCA-dUTP 

Rhodamine-dUTP 

Fluorescein-dUTP 

Propynyl-dUTP 

Kuwahara et al., 

2003 

Methyl-dCTP 

Thermo 

Sequenase  

Propynyl-dUTP 

Methyl-dCTP 

FAM-rhodamine-

ddNTP 
Kumar et al., 2007 

DyNAzyme™ 

Ferrocene-

dATP/dUTP 
Hocek et al., 2008 

Nitrophenyl-

dATP/dUTP/dCTP 

Klenow Fr. 

(exo-) 
ON-dUTP Verga et al., 2015 

Klenow Fr. 
Urea-dUTP 

Hollenstein, 2012 
L-proline-dUTP 
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Sulfamide-dUTP 

Ferrocene-

dATP/dUTP 
Hocek et al., 2008 

Nitrophenyl-

dATP/dUTP/dCTP 

Biotin-dUTP Anderson et al., 

2005 AMCA-dUTP 

Interactions of unnatural substrates with the family B polymerases have 

been studied in less detail. The binary structure of KOD DNA polymerase 

revealed that the primer-template duplex adopts a B-form DNA conformation, 

with most 2′-deoxyribose moieties showing the ideal folding for B-DNA. In 

contrast, DNA observed near the insertion site of KlenTaq as well as other 

family A polymerases is in A-form conformation. B-form DNA is more 

elongated with a wide-opening major groove as compared to A-form DNA, 

thus DNA duplex conformation in family B DNA polymerases might favor 

the acceptance of modified substrates. 

Comparison of the protein-DNA contacts between A and B family 

polymerases demonstrated some differences related to nucleobase contacts: 

six DNA nucleobases interact with five amino acid side chains in KlenTaq 

polymerase while only five nucleobases interact with three amino acid 

residues in KOD DNA polymerase. Further differences were found in the 

thumb domain – the tip of the thumb domain interacts with the primer strand 

in both types of polymerases, however the contact area in KOD polymerase 

structure is positioned above the minor groove whereas the corresponding area 

in KlenTaq extends into the major groove. As a result, nucleobase 

modifications located in the major groove clash with the tip of the domain 

when processed by KlenTaq. These observations might explain the better 

efficiency of family B polymerases in incorporating modified nucleotides 

(Hottin & Marx, 2016).  

Wynne and colleagues sought to elucidate the structural details of mutant 

Pfu E10 polymerase, which was derived from an exonuclease-deficient Pfu 

variant using in vitro evolution techniques, in a complex with Cy5-modified 

dCTP (Wynne et al., 2013). Pfu E10 exhibits unique activity for high-density 

incorporation of cyanine-labeled dCTP (Ramsay et al., 2010). Although only 

apo form and its binary complex with DNA were obtained in this study, the 

modeling of the ternary complex suggested that bulky cyanine residue might 

be accommodated in the active center without any significant rearrangements 

of the enzyme amino acids, with the dye moiety located in the major groove 

of the duplex. Four mutations in Pfu E10 (E399D, N400D, R407I, Y546H) 
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were attributed to those conferring the ability to incorporate cyanine-labeled 

substrates. Interestingly, particular variants of other polymerases from 

families A and B with an improved ability to accept unnatural substrates have 

mutations at equivalent positions.  

A variety of family B DNA polymerases experimentally tested for base-

modified nucleotide incorporation ability are listed in Table 1.2. It is worth 

noting that substantial part of adopted enzymes are exonuclease-deficient 

variants. Strong 3′-5′ exonuclease activity interferes with the ability to 

incorporate and extend nucleotide analogs presumably because proofreading 

ability results in the removal of unnatural nucleotides (Anderson et al., 2005). 

Table 1.2. Family B DNA polymerases capable of base-modified dNTP 

incorporation. The structure of a single representative – KOD – is shown as a cartoon 

model (PDB code 5OMF). 

Family B Polymerase dN*TP References 

 

KOD 

dUAATP(a) Liu et al., 2015 

Vinyl-

dUTP/dCTP/dATP 

Mačková et al., 

2014 

Antibody-dCTP 
Balintová et al., 

2018 

Therminator™ 
dUAATP(a) Liu et al., 2015 

ON-dUTP Baccaro et al., 2012 

Vent™ (exo-) 

dUAATP(a) Liu et al., 2015 

Thiophene-dUTP Le et al., 2017 

7-amino-2,5-dioxa-

heptyl-dUTP/dCTP 

Kuwahara et al., 

2003 

Urea-dUTP 

Hollenstein, 2012 L-proline-dUTP 

Sulfamide-dUTP 

Vinyl-

dUTP/dCTP/dATP 

Mačková et al., 

2014 

Biotin-dUTP 

Anderson et al., 

2005 

AMCA-dUTP 

Rhodamine-dUTP 

Fluorescein-dUTP 

DeepVent™ 

(exo-) 

Iodo-dCTP 

Whitfield et al., 

2018 

Octadiynyl-dCTP 

Bromo-dUTP 

7-deaza-7-iodo-dATP 

7-amino-2,5-dioxa-

heptyl-dUTP/dCTP 

Kuwahara et al., 

2003 
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Biotin-dUTP 

Anderson et al., 

2005 

AMCA-dUTP 

Rhodamine-dUTP 

Fluorescein-dUTP 

Tgo-Pol-Z3 

(exo-) 

Iodo-dCTP 

Whitfield et al., 

2018 

Octadiynyl-dCTP 

Bromo-dUTP 

7-deaza-7-iodo-dATP 

9°N 
PEG-dUTP 

Baccaro et al., 2010 
Dendron-dUTP 

Pwo 

 

 

 

 

Pwo 

PEG-dUTP 
Baccaro et al., 2010 

Dendron-dUTP 

7-amino-2,5-dioxa-

heptyl-dUTP/dCTP 

Kuwahara et al., 

2003 

Urea-dUTP 

Hollenstein, 2012 L-proline-dUTP 

Sulfamide-dUTP 

Vinyl-

dUTP/dCTP/dATP 

Mačková et al., 

2014 

Phenylalanine-

dATP/dUTP 
Hocek et al., 2008 

Pfu 

7-amino-2,5-dioxa-

heptyl-dUTP/dCTP 

Kuwahara et al., 

2003 

Cy3-dCTP 
Ramsay et al., 2010 

Cy5-dCTP 
(a)  dUAATP stands for 5-amino-dUTP bearing amino acid-like functional groups.  

Terminal deoxynucleotidyl transferase (TdT) – a family X DNA 

polymerase – was reported to be substrate promiscuous, especially in the 

presence of cacodylate buffer and cobalt ions (Hatahet et al., 1993), although 

early reports on enzyme compatibility with base-modified substrates focused 

on nucleotide analogs with small modifications (Motea & Berdis, 2010). 

Sørensen et al. proposed to employ TdT for template-independent direct 

ligation of polymers, proteins and other large biomolecules to the 3′ terminus 

of any native ON (Sørensen et al., 2013). The crystal structure of TdT reveals 

how the enzyme is able to accept nucleotides with bulky modifications on the 

nucleobase. The nucleobase is facing towards a wide, open crevice near the 

outer sphere of the enzyme. This might allow binding of the macromolecule-

conjugated nucleotide at the active site without significant steric interference. 

Moreover, the substrate DNA strand is oriented away from the open crevice 

in a way that would also not cause significant steric hindrance. 
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Reports on compatibility of other DNA polymerases, such as reverse 

transcriptases, with unnatural substrates are scarce, probably due to the limited 

repertoire of applications which would require biochemical properties not 

exhibited by enzymes of families A, B and X. Nevertheless, reverse 

transcriptases which were included in screening studies demonstrated the 

ability to use base-modified analogs. The examples of modified nucleotides 

that were shown to serve as substrates for TdT and RTs are listed in Table 1.3. 

Table 1.3. DNA polymerases from families X and RT capable of base-modified dNTP 

incorporation. The structures of representatives are shown as cartoon models. PDB 

codes are 4I29 (mouse TdT) and 6HAK (HIV-1 RT). 

Family Polymerase dN*TP References 

X 

 

TdT 

Peptide-dCTP 

Sørensen et al., 

2013 

PEG-dUTP 

Dendrimer-dUTP 

Streptavidin-ddUTP 

RT 

 

M-MLV RT 

Biotin-dUTP 

Anderson et al., 

2005 

AMCA-dUTP 

Rhodamine-dUTP 

Fluorescein-dUTP 

AMV RT 

Biotin-dUTP 

AMCA-dUTP 

Fluorescein-dUTP 

 

1.2.2 Incorporation of modified substrates by RNA polymerases 

Both chemical and enzymatic methods for synthesis of modified RNA are 

less well established despite the extensive efforts in the use of modified RNA 

probes for imaging, chemical biology and therapeutic applications (Anhäuser 

& Rentmeister, 2017). The enzymatic synthesis can be based either on the 

incorporation of modified NTPs into RNA or on enzymatic posttranscriptional 

modifications of RNA, e.g. alkylation by methyltransferases. Alternatively, 

posttranscriptional chemical modifications might be introduced via 

bioorthogonal chemistry (Milisavljevič et al., 2018). 

T7 RNA polymerase (T7 RNAP) is one of the simplest enzymes known to 

synthesize RNA – it produces RNA transcripts from a dsDNA template 

without the use of additional transcription factors, which makes it ideal for in 

vitro applications (Vaught et al., 2004). T7 RNAP requires specific promoter 

and the presence of guanosines in the +1, +2 and/or +3 positions to ensure 

efficient transcription initiation (Rong et al., 1998; Kennedy et al., 2007). 
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Modified nucleotides bearing small base modifications were reported to be 

almost as good substrates for T7 RNAP as natural nucleotides, while bulky 

modifications resulted in less efficient transcription. The known examples of 

T7 RNAP incorporation of base-modified substrates are summarized in Table 

1.4. Because of the inherent dependency of transcription initiation on the 

presence of GTPs, processing of base-modified GTPs is more difficult – it 

seems that T7 RNAP does not tolerate unnatural bulky modifications at the 

+1 position (Milisavljevič et al., 2018).  

T7 RNAP is specialized in synthesizing RNA rather than DNA strands. 

Previous studies indicated that wild type enzyme efficiently discriminates 

between NTPs and dNTPs. Structural analysis suggested that substrate 

selection occurs in the T7 RNAP preinsertion site through Mg2+-mediated 

interaction of the Tyr639 hydroxyl with the 2′OH group of substrate ribose. 

To allow the nucleotide incorporation, Tyr639 has to move out of the active 

site during the insertion process. When dNTP occurs in the preinsertion site 

of the wild type RNAP, Tyr639 associates with dNTP under the mediation of 

localized water molecules and its side ring stacks strongly to the end base pair 

of the RNA-DNA hybrid at the 3′ end of the nascent RNA strand resulting in 

the blockage of the active site and rejection of dNTP. The role of Tyr639 

residue in substrate selection process was further illustrated upon 

characterization of T7 RNAP Y639F mutant, which exhibits 20-fold increase 

in dNTP incorporation relative to wild type enzyme but maintains the wild 

type level of activity in the NTP incorporation (Sousa & Padilla, 1995; 

Temiakov et al., 2004; Duan et al., 2014). 

Table 1.4. Base-modified NTPs reported to be substrates of T7 RNA polymerase. The 

structure of the enzyme is shown as a cartoon model (PDB code 1H38). 

T7 RNAP N*TP References 

 

Biotin-UTP Langer et al., 1981 

Vinyl-UTP George et al., 2017 

Iodo-UTP Walunj et al., 2018 

Phenyl-UTP 

Vaught et al., 2004 

4-pyridyl-UTP 

2-pyridyl-UTP 

Indolyl-UTP 

Isobutyl-UTP 

Imidazole-UTP 

3-aminopropyl-UTP Vaish et al., 2000 

Diazirine-UTP Smith et al., 2014 
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Naphthalimide-UTP Tanpure et al., 2014 

Furan-UTP Srivatsan et al., 2007 

Benzo[b]thiophene-UTP Pawar et al., 2011 

Thiophene-UTP Srivatsan et al., 2009 

Benzofuran-UTP Tanpure et al., 2011 

Ferrocene-UTP 
Di Giusto et al., 2004 

Anthraquinone-UTP 

Trans-cyclooctene-CTP Asare-Okai et al., 2014 

2-thienyl-7-deaza-ATP Perlíková et al., 2016 

7-ethynyl-8-aza-7-deaza-ATP Zheng et al., 2016 

Methyl-ATP/GTP 

Milisavljevič et al., 

2018 

Ethynyl-ATP/UTP/CTP 

Phenyl-ATP/UTP/CTP 

Benzofuryl-ATP/UTP/CTP 

Dibenzofuryl-UTP/CTP 

Certain transcriptomic applications rely on the analysis of poly(A) tail 

related events and benefit from the opportunity to label 3′ termini of RNA with 

ATP analogs (Curanovic et al., 2013). Zheng and co-workers have 

demonstrated that 7-ethynyl-8-aza-7-deaza-ATP is substrate not only for T7 

RNAP, but also for Escherichia coli poly(A) polymerase (Zheng et al., 2016). 

Such observations further expand the toolbox of nucleotide analogs and 

enzymes useful for RNA labeling. 

1.2.3 Biocompatibility of modified nucleic acids 

An essential requirement for the use of modified nucleic acids in molecular 

biology is that the modifications should be benign, with the modified nucleic 

acids being a functional mimic of their natural counterparts (Sanzone et al., 

2012). Relatively few studies have focused on replication or transcription 

through artificial backbones. It was reported that minor phosphodiester 

modifications are accepted by polymerases (Ciafrè et al., 1995), an amide 

variant was imperfectly bypassed in primer extension experiments (Kuwahara 

et al., 2009), and certain triazole-based backbones are functional in vitro and 

even in vivo in bacterial and mammalian cells (El-Sagheer et al., 2011; Birts 

et al., 2014). 

Shivalingam and colleagues aimed to understand molecular requirements 

for high-fidelity replication of artificial DNA backbones (Shivalingam et al., 

2017). They have synthesized ONs containing several structurally and 

electronically varied artificial linkages based on triazole, amide and 

phosphorothioate modifications. The results of linear primer extension and 
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PCR amplification showed that even minor phosphorothioate modifications 

can impair the copying process while some radical triazole and amide 

backbones performed surprisingly well, indicating that the phosphate group 

itself is not essential. Reading through the backbone linkage was identified as 

a rate limiting step in copying process: the speed of replication correlated well 

with the steric demands of respective artificial backbones. Phusion™ (exo+) 

DNA polymerase generally replicated artificial linkages more efficiently than 

Taq (exo-) polymerase at shorter extension times. As these times were 

lengthened, product yields for Phusion did not increase as significantly as for 

Taq. 

The authors have assessed the fidelity of replication by NGS. Strikingly, 

despite being far more similar to natural phosphodiester backbone than other 

studied modifications, phosphorothioate linkages showed significant 

insertions, the length and position of which depended upon the polymerase 

used for copying. Strong interaction between the sulfur atom and the 

polymerase may have inhibited polymerase passage through the template 

thereby promoting multiple dNTP additions.  

Multibase deletions were more prominent for polymerases exhibiting 

proofreading activity. It was suggested that exo+ polymerase stalls at the 

modification site and passes the primer terminus to the 3′-5′ exonuclease site 

which arbitrarily digests the extended primer. This extension and digestion 

process may continue until either the modification is passed, or the polymerase 

loops the modified backbone out of the template to enable its unimpeded 

extension. For exo- polymerases, the looping mechanism is only accessed 

once, thus reducing the possibility of multibase deletions. This phenomenon 

appears to be also linked to sugar distortions – lower-level multibase deletions 

were observed for amide backbone which does not significantly perturb sugar 

placement or conformation. 

The point deletions around the artificial linkage correlated well with the 

hybridization of the atom immediately adjacent to the 5′-3′-side nucleosides 

(sp2 vs sp3), and poorly – with internucleoside bond separation or the backbone 

functional group. This observation is consistent with the known phenomenon 

that polymerases bend the backbone of the template by ~90° immediately 5′ 

to the site of dNTP addition (Arias-Gonzalez, 2017), indicating the importance 

of backbone flexibility. 

Overall, this study elucidated general prerequisites for biocompatibility of 

artificial backbones (Fig. 1.7) and demonstrated that certain triazole linkers 
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are good DNA backbone analogs, which is encouraging for the use CuAAC 

“click” ligation as means to assemble biocompatible modified DNA. 

Figure 1.7. Suggested features that the ideal artificial backbone must avoid or fulfill. 

(A) – the mechanism by which backbone-induced distortion of the sugar position 

might generate multibase deletions around the linkage. (B) – the 90° twist in template 

geometry induced by polymerases to enable dNTP addition. (C) – the requirements 

of an artificial backbone to enable the mechanism depicted in part (B) and thereby 

allow accurate recognition of the adjacent 5′/3′ bases (by Shivalingam et al., 2017).  

Many of the observed effects were highly dependent on the polymerase, 

suggesting that it may be possible to artificially evolve polymerases to 

perfectly accommodate modified DNA linkages. 

1.3 High-throughput techniques for nucleic acid analysis 

We are witnessing the rapid development of next generation sequencing 

(NGS) technologies for almost two decades. NGS allows not only faster high-

throughput analysis of disease-related genes at lower costs than traditional 

approaches (D'Argenio et al., 2015), but also the sequencing of panels of 

genes up to complete exomes or genomes (Miller et al., 2017). In this way, it 

is possible to increase the diagnostic sensitivity, to discover novel disease-

related genes and obtain data on other genes potentially acting as disease-

phenotype modifiers (Weber et al., 2016). Due to higher sensitivity and 

flexibility, NGS techniques are also useful for prenatal diagnostics (Maxwell 

et al., 2016) and other applications, such as sequencing of circulating free 

DNA (Huang et al., 2017). 

In transcriptomics, NGS-based approaches have outcompeted the use of 

microarrays by allowing the analysis of virtually all RNA molecules, known 

and unknown, present in a sample, at a lower cost (Sandhu et al., 2018). 

Moreover, alternative splicing isoforms, fusion genes, long non-coding 

transcripts and small RNAs can be sequenced and analyzed both structurally 
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and quantitatively in a hypothesis-free manner (Precone et al., 2015; Chen et 

al., 2018; Ilott & Ponting, 2013; Motameny et al., 2010). In addition, recent 

technological advances are showing the tremendous potential of NGS for 

single cell analysis (Hwang et al., 2018). 

NGS has prompted the high-throughput studies of the epigenome and of 

the microbiome. By using the specific library preparation protocols, it is 

possible to analyze the methylation status of DNA at a genome-wide level or 

by focusing on a custom set of genomic regions of interest (Widschwendter 

et al., 2017; Pu et al., 2017). Moreover, chromatin immunoprecipitation 

sequencing approaches have shown their efficacy in the studies of the 

regulatory networks of gene expression at the genome-wide level, by allowing 

the identification of the targets of specific transcription factors (Pavesi, 2017). 

NGS-based techniques gave a significant boost to metagenomics for the study 

of microbial relationships with human physiology and pathology, and for the 

identification of specific microbial signatures related to a disease of interest, 

by eliminating the need of microbial cultivation (Malla et al., 2019). The most 

impressive result of the first studies that sequenced all DNA molecules within 

a metagenomic sample was that up to ten times more organisms were 

encountered than seen previously, giving an idea of the complexity and 

constitution of entire ecosystems (Venter et al., 2004). 

As the costs of NGS continue to decrease, it is conceivable to hypothesize 

that these and many other applications will become even more common and 

will be eventually implemented into clinical practice (D'Argenio, 2018).  

All currently available sequencing platforms require some level of nucleic 

acid pre-processing into a library suitable for sequencing. Generally, these 

steps include fragmentation of DNA or RNA into an appropriate platform-

specific size range, followed by end polishing to generate termini suitable for 

ligation. Specific adapters are then attached to these fragments. A functional 

library requires specific adapter sequences to be added to the 3′ and 5′ termini 

(Buermans & den Dunnen, 2014) and then to be amplified by PCR, if 

necessary. 

Commonly used adapter addition methods are based on enzymatic ligation 

or introduction via PCR (Menzel et al., 2014). As PCR may introduce artifacts 

through stochasticity, template switches and polymerase errors (Kebschull & 

Zador, 2015), ligation-based PCR-free library preparation methods are 

preferred if the amount of starting material permits to obtain sufficient library 

yield (Huptas et al., 2016). Nevertheless, ligation also distorts the original 

library composition because of sequence- or secondary structure-dependent 

biases of DNA and RNA ligases (Zhuang et al., 2012; Seguin-Orlando et al., 

2013). Moreover, ligation efficiency obtainable by commercially available 
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kits varies between 3-20%, which further reduces library complexity (Aigrain 

et al., 2016). 

Next chapters will focus on demonstrated DNA and RNA library 

preparation techniques that benefit from the use of chemically modified 

nucleic acids and chemical ligation. 

1.3.1 DNA sequencing 

Efficient adapter tagging of ssDNA is of interest for many DNA-seq 

applications: methods originally developed for the genomic analysis of highly 

degraded ancient DNA (Gansauge & Meyer, 2013) have later been adopted 

for other fragmented sample types, such as cell-free DNA and DNA purified 

from formalin fixed paraffin embedded sections. Among the advantages of 

such approaches is the correspondence of sequencing reads to the natural 5′ 

and 3′ ends so that data mapped to the reference genome reveals the exact 

genomic locations of the input fragments, which is an important feature for 

researchers studying biological fragmentation patterns (Troll et al., 2019).  

Miura and co-workers developed an alternative chemoenzymatic approach 

termed TdT-assisted, CuAAC-mediated ssDNA ligation, or TCS ligation 

(Miura et al., 2018). Here, TdT is used to incorporate a single 3′-azide-

modified dideoxynucleotide onto the 3′ end of target ssDNA, followed by 

CuAAC-mediated “click” ligation of the azide-incorporated 3′ end to a 5′-

ethynylated synthetic adapter. After second strand synthesis, the second 

synthetic adapter is added by T4 DNA ligase (Fig. 1.8, A). The authors were 

able to optimize the efficiency of chemical ligation up to 20-30%. An 

important task was to find conditions for the efficient second strand synthesis 

through the triazole linkage: out of 16 tested DNA polymerases 14 failed to 

produce extension products in PEX assays, and two (Klenow fragment and 

Klenow fragment exo-) exhibited adequate read-through activity. Proof-of-

principle library preparation experiments were conducted on a mixture of 

synthetic ONs. Libraries were successfully obtained, although 12-step 

protocol yielded conversion efficiency of only 0.6%.  

Upon sequencing, several other undesirable effects were observed. First, 

more than a half of the reads (57.8%) were shorter than the expected 102 nt, 

which was attributed to the degradation of DNA during CuAAC ligation (Fig. 

1.8, B). In addition, the nucleotide composition was somewhat distorted from 

the average at the beginning of sequencing read (Fig. 1.8, C). Because no 

similar deviations were visible in the control library, the 3′-proximal region of 

the target DNA likely influenced the efficiency of the TCS ligation-based 

workflow. The authors further demonstrated the applicability of their 
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approach for MNase-seq, however the need for significant optimization of 

conversion efficiency was noted. 

  

Figure 1.8. Library preparation from ssDNA. (A) – schematic overview of the library 

preparation workflow, using 100-mer ONs as input. (B) – read length distribution after 

trimming of adapter sequences. (C) – mean base composition of reads at each position. 

Sequencing was performed starting from the chemical ligation site (by Miura et al., 

2018).  

Chemical ligation appeared to be instrumental for the development of 

epigenome profiling methods. Staševskij and colleagues introduced a method 

for high-resolution profiling of unmodified CG sites, termed tethered 

oligonucleotide-primed sequencing, or TOP-seq (Staševskij et al., 2017). This 

technique involves selective tagging of unmodified genomic CG sites with an 

azide group using an engineered variant of the SssI methyltransferase and a 

synthetic analog of the SAM cofactor. Next, alkyne-bearing DNA 

oligonucleotide is chemically tethered to azide-tagged loci employing “click“ 

chemistry. This enables the tethered ON-primed synthesis of the 

complementary DNA strand in the proximity to the target site, obtaining 

nested DNA strands that sequentially include the CG site and its adjacent 

genomic region (Fig. 1.9). 

CuAAC ligation in TOP-seq protocol was highly efficient as assessed by 

HPLC-MS analysis of reaction products obtained in a model system. The 
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synthesis of a TO-primed complementary strand was executed using Pfu DNA 

polymerase. Although the reaction yielded fragments of a correct structure, 

which were able to participate in subsequent indexing PCR, the efficiency of 

read-through was not reported. TOP-seq was applied for the analyses of 

bacterial and human genomes and showed better agreement with published 

bisulfite sequencing datasets as compared to widely used MBD-seq (Serre et 

al., 2010) and MRE-seq (Maunakea et al., 2010) methods. TOP-seq offered 

an appealing combination of single CG resolution, genome-wide coverage and 

affordable cost, expanding the toolbox for high-throughput epigenome 

profiling. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9. Overview of the TOP-seq approach. (A) – selective tagging of 

unmethylated CG sited with an azide group using engineered SssI methyltransferase 

(eM.SssI) and a synthetic SAM analog. (B) – tethered oligonucleotide-primed DNA 

polymerase activity at an internal covalently tagged CG site (by Staševskij et al., 

2017). 

1.3.2 RNA sequencing 

Routh and co-workers explored the possibility to exploit “click” chemistry 

to simplify RNA-seq library preparation workflow (Routh et al., 2015). In the 

approach termed ClickSeq, the authors performed randomly primed reverse 

transcription reactions supplemented with azido-2′,3′-dideoxynucleotides that 

stochastically terminated cDNA synthesis and generated 3′-azido blocked 

cDNA fragments in a process similar to Sanger sequencing. Purified 
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fragments were then “click”-ligated via CuAAC to DNA ONs modified with 

5′-alkyne group. This resulted in ssDNA molecules containing an unnatural 

triazole-linked DNA backbone that was found to be compatible with PCR 

amplification.  

The efficiency of chemical ligation was estimated to be ~10%, and 

subsequent reading through an unnatural linkage by Taq DNA polymerase 

was found to be even less efficient (<4%), but nevertheless the libraries of 

randomly distributed fragments covering viral genomes were obtained and 

sequenced. The authors reported lower rates of artifactual recombination in 

ClickSeq data as compared to other commercially available kit. This 

observation was attributed to the removal of the fragmentation step and 

selectivity of chemical ligation which prevented the formation of RNA 

fragments able to ligate to one another; and the fact that 3′-azido blocked 

cDNAs cannot form a priming substrate for artefactual template switching. 

Low chimera rates allowed confident detection of natural recombination 

events, which is a valuable feature for diverse areas of research, including 

mRNA splicing, detection of chromosomal rearrangements and others. 

Later, the same group published an altered version of ClickSeq, called 

poly(A)-ClickSeq or PAC-seq (Routh et al., 2017). This approach uses 

poly(T) reverse transcription primer instead of random ONs, which leads to 

the construction of RNA-seq libraries enriched for 3′UTR/poly(A) junctions 

(Fig. 1.10). The authors envisioned numerous advantages of employing 3′ end 

sequencing for characterizing quantitative changes in the transcriptome (Elrod 

et al., 2019): 

• Library complexity is limited to one fragment per transcript. This 

saves on the amount of sequencing that must be performed as 

compared to standard RNA-seq covering the whole transcript 

length. 

• As transcripts have only one poly(A) tail, this negates the need for 

computation normalization of read counts assigned to mRNA as a 

function of their length. 

• Short transcripts that would otherwise receive very low sequence 

coverage in standard RNA-seq can be accurately quantified in an 

equivalent manner to longer transcripts. 

• Only mature mRNA transcripts that contain long poly(A) tails are 

captured, thus allowing accurate representation of the translating 

mRNAs. 

A notable limitation of 3′ end sequencing is possible priming from A-rich 

sequences within mRNAs. This may result in absolute read counts being 
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elevated for particular transcripts. However, the authors expect that the 

frequency of internal priming from A-rich regions should correlate with 

transcript abundance and be conserved among multiple replicates. In this case, 

internal priming may not excessively perturb differential gene expression 

analysis. 

 

 

Figure 1.10. An overview of poly(A)-ClickSeq technique. (A) – RT-PCR is initiated 

from a non-anchored poly(T) primer containing a portion of the Illumina P7 adapter. 

The reaction is performed in the presence of azido-modified ddATP, ddGTP and 

ddCTP. (B) – azido-blocked cDNA fragments are “click”-ligated to 5′-hexynyl-

functionalized DNA ONs containing the P5 Illumina adapter (by Routh et al., 2017).  

To illustrate the utility of PAC-seq, the authors depleted a component of 

the Drosophila Integrator complex in DL1 cells using RNA interference 

technique and compared the changes of gene expression relative to control 

using both standard RNA-seq and PAC-seq. In addition to providing 

information on the position of poly(A) tail, PAC-seq revealed global changes 

in mRNA transcript abundance which closely matched those observed in 

RNA-seq data. From technical perspective, PAC-seq protocol proved to be 

feasible with total RNA inputs down to 125 ng and generated ~50% of usable 

reads. 

Recently, Mikutis and colleagues proposed an elegant approach for 

epitranscriptomic sequencing which relies on “click” chemistry (Mikutis et 

al., 2020). The group reported the development of click-degraders – small 

molecules that can be covalently attached to RNA via “click” reaction and can 

degrade them like ribonucleases. Click-degraders have become the basis of 

meCLICK-Seq (methylation CLICK-degradation sequencing) method useful 
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for identification of RNA modification substrates with high resolution at 

intronic and intergenic regions. The technique hijacks RNA methyltransferase 

activity to introduce an alkyne, instead of methyl, group on RNA. Subsequent 

CuAAC reaction with the click-degrader leads to targeted RNA cleavage 

(Fig. 1.11). 

Figure 1.11. The proposed mechanism of action of meCLICK-Seq, a small molecule-

based methylated RNA editing platform (by Mikutis et al., 2020).  

 

Impressively, meCLICK-Seq successfully applied “click” chemistry 

directly on live cells, with a quantifiable output. The authors note that unlike 

antibody-based methods, meCLICK-Seq does not require large quantities of 

RNA, does not rely on the availability of an antibody against a particular 

modification and does not involve enzymatic or any other kind of in vitro 

RNA processing prior to library prep. Moreover, the technique depends 

strictly on the catalytic activity of RNA methyltransferases, such that it can 

determine their transcript and locus specificity. 

The applicability of meCLICK-Seq was illustrated by identifying 

transcript substrates of N6-methyladenosine (m6A) writers METTL3 and 

METTL16 in human MOLM-13 cells treated with methionine surrogate 

PropSeMet. Moreover, the authors demonstrated that m6A is widespread in 

long non-coding RNAs as well as in intronic and intergenic regions.  

 

These early examples open doors for the introduction of chemoenzymatic 

methods of nucleic acid processing into established and emerging high-

throughput nucleic acid analysis techniques. The interplay between chemistry 

and molecular biology allows not only simplification of protocols, but also 

gaining previously inaccessible biological insights. 
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2. MATERIALS AND METHODS 

All oligonucleotides used in this work were synthesized by Metabion 

GmbH requesting HPLC purification. 

2.1 Synthesis of oligonucleotide-tethered dideoxynucleotides 

All reaction components were added to the reaction mixture as solutions in 

nuclease-free water unless specified otherwise. Modified oligonucleotides 

used for coupling to dideoxynucleotides are listed in Table 2.1.  

Table 2.1. Modified oligonucleotides used in this study 

Name Oligonucleotide sequence 

ON1 5′-(AldU)-AGATCGGAAGAGCACACGTCTG-biotin-3′ 

ON2 5′-hexynyl-AGATCGGAAGAGCACACGTCTG-biotin-3′ 

ON3 5′-hexynyl-AGATCGGAAGAGCACACGTCTG-pho-3′ 

ON4 5′-hexynyl-AGATCGGAAGAGCACACGT*C*T*G-pho-3′ 

ON5 5′-hexynyl-NNNNNNNNAGATCGGAAGAGCACACGTCTG-biotin-3′ 

ON6 5′-hexynyl-NNNNNNNNAGATCGGAAGAGCACACGT*C*T*G-pho-3′ 

ON7 5′-(AldU)-NNNNNNNNAGATCGGAAGAGCGTCGTGTA-biotin-3′ 

ON8 5′-hexynyl-NNNNNNNNAGATCGGAAGAGCGTCGTGTA-biotin-3′ 

ON9 5′-hexynyl-NNNNNNNNAGATCGGAAGAGCGTCGTGTAGGGAAAGAG-pho-3′ 

ON10 
5′-(AldU)-AGATCGGAAGAGCACACGTCTGAACTCCAGTCACATGCCTAAA 

TCTCGTATGCCGTCTTCTGCTTG-biotin-3′ 

„AldU“ stands for 5-(octa-1,7-diynyl)-dUTP, „pho“ – phosphate, * - phosphorothioate 

bonds.  

Oligonucleotides were conjugated to azido-modified dideoxynucleotides 

using “click” chemistry. Dideoxynucleotide precursors were either 5-(3-(2-

azidoacetamido)prop-1-ynyl)-2′,3′-dideoxypyrimidine-5′-triphosphates or 7-

deaza-7-(3-(2-azidoacetamido)prop-1-ynyl)-2′,3′-dideoxypurine-5′-

triphosphates. ddCN3TP, ddUN3TP, ddGN3TP or ddAN3TP (3 eq.) solution was 

added to 5′-alkynyl modified oligonucleotide (200-210 nmol) solution in 

sodium phosphate buffer (1 mL, 100 mM, pH 7). A premixed solution of 

CuSO4 (100 mM, 12 eq.) and THPTA (250 mM, 5 eq. to CuSO4) was then 

added to the reaction mixture, followed by the addition of sodium ascorbate 

(1 M, 50 eq. to CuSO4). Reaction mixture was stirred for 20 min at 42℃, 

quenched with 0.5 M EDTA-Na2 solution (1 ml, pH 8). The products were 

purified by C18 reversed-phase chromatography using 100 mM TEAAc/ACN 
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(10-30%, depending on the nature of azido-modified dideoxynucleotide and 

ON modification) as eluent and desalted using water/ACN (0-100%) as eluent. 

Oligonucleotide-tethered dideoxynucleotides (OTDDNs or ddNONTPs) 

were typically obtained with >20% yield and >95% purity. The purity of 

obtained products was evaluated by HPLC, and molecular mass was verified 

by LC-MS. The synthesis principle and the structures of studied ddNONTPs 

are shown in Fig. 2.1. 

 

Figure 2.1. (A) – a brief depiction of ddNONTP synthesis principle. „N“ stands for a 

nucleobase. (B) – the structure of ddNONTP which ON modification is attached using 

hexynyl on the 5′-terminal phosphate group as exemplified by ON2 oligonucleotide 

conjugate with azido-ddUTP (ddUON2TP). (C) – the structure of ddNONTP which ON 

modification is attached using alkyne moiety on the 5′-terminal nucleobase as 

exemplified by ON1 conjugate with azido-ddUTP (ddUON1TP). 

2.2 Assays to test incorporation and read-through 

A selection of various DNA polymerases, including representatives from 

family A, family B, family X and reverse transcriptase (RT) family, as well as 

RNA polymerases were tested for capability of incorporating OTDDNs. The 

experimental system for testing of DNA polymerases was based on the filling 

of 5′-protruding ends of the oligonucleotide duplexes. RNA polymerases were 

tested in in vitro transcription reaction using plasmid template containing 

appropriate promoter sequence or using 100 nt transcript for template-

independent tailing. 

Templates for incorporation testing. To prepare oligonucleotide 

duplexes with different protruding ends, oligonucleotides listed in Table 2.2 
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were annealed in 1× annealing buffer (10 mM Tris-HCl pH 8, 1 mM EDTA, 

50 mM NaCl) to obtain 2 µM final solution. Primers were purchased with a 

fluorescent dye modification for subsequent detection of PEX products on a 

gel.   

Table 2.2. Oligonucleotide duplexes used for OTDDN incorporation testing.  

Name Oligonucleotide duplex 

DupA 
5′-AAAAAAAAAATACGCCAAGGATGCCTACCCATGTCTGCA-3′ 

          3′-ATGCGGTTCCTACGGATGGGTACAGACGT-Cy5-5′ 

DupT 
5′-TTTTTTTTTTTACGCCAAGGATGCCTACCCATGTCTGCA-3′ 

          3′-ATGCGGTTCCTACGGATGGGTACAGACGT-Cy5-5′ 

DupG 
5′-GGGGGGGGGGTACGCCAAGGATGCCTACCCATGTCTGCA-3′ 

          3′-ATGCGGTTCCTACGGATGGGTACAGACGT-Cy5-5′ 

DupC 
5′-CCCCCCCCCCTACGCCAAGGATGCCTACCCATGTCTGCA-3′ 

          3′-ATGCGGTTCCTACGGATGGGTACAGACGT-Cy5-5′ 

DupN 
5′-GTCGCTCAACTCAGCTACAGTACGCCAAGGATGCCTACCCATGTCTGCA-3′ 

                  3′-ATGCGGTTCCTACGGATGGGTACAGACGT-Cy5-5′ 

PEX reaction conditions for incorporation testing. Primer extension 

reactions were performed in commercial buffers and optimal or near-optimal 

temperatures for each tested polymerase. Control reactions with native dNTPs 

were conducted to ensure that polymerase of interest is capable to perform 

conventional primer extension at given conditions. 

Tested polymerases and specific reaction conditions are listed in Table 2.3. 

In all cases, 2 pmol of oligonucleotide duplex (or single-stranded primer for 

TdT) and 20 pmol of OTDDN or corresponding native dNTP were used per 

reaction. Those polymerases which exhibited good OTDDN incorporation 

capability were later tested for competitive incorporation of OTDDN when 

modified terminators were mixed with native dNTPs in 1:1, 1:2 or 1:3 ratios, 

respectively. To test polymerases which do not exhibit 3′-5′ exonuclease 

activity, dideoxynucleotide conjugates with ON2 were used, whereas for 

testing of proofreading enzymes, conjugates with ON4 were used so that 

oligonucleotide modification would be resistant to polymerase-mediated 

degradation. 

All polymerases and reaction buffers are manufactured by Thermo Fisher 

Scientific unless specified otherwise. 
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Table 2.3. Polymerases tested for OTDDN incorporation 

Family Polymerase, amount per reaction Conditions 

A 

Taq DNA polymerase 2.5 U 

95°C 1 min → 

60°C 30 min 

Taq (exo-) 2.5 U 

Tth DNA polymerase 2.5 U 

Platinum™ II Taq 2.5 U 

DyNAzyme™ II 2 U 

DyNAmo™ IV 1.2 U 

Thermo Sequenase 40 U 

CycleSeq™ 32 U 

KlenTaq 2.5 U 

Sequenase™ V2.0 13 U 

37°C 30 min 

T7 DNA polymerase 10 U 

Klenow fragment (exo-) 5 U 

Bsm DNA polymerase 8 U 

DNA polymerase I 10 U 

B 

Platinum™ SuperFi™ 2 U 

95°C 1 min → 

60°C 30 min 

Phusion (exo-) 2 U 

Pfu (exo-) 2 U 

Phusion U 2 U 

T4 DNA polymerase 1 U 
37°C 30 min 

Phi29 polymerase 10 U 

X TdT 30 U 37°C 40 min 

RT 

Maxima™ RT 200 U 

50°C 30 min 

SuperScript™ IV 200 U 

SuperScript™ IV Q190N 200 U 

SuperScript™ IV Q190F 200 U 

SuperScript™ IV K103A 200 U 

SuperScript™ II 200 U 

42°C 30 min 
RevertAid™ RT 200 U 

AMV RT (NEB) 10 U 

MarathonRT (Kerafast) 200 U 

HIV RT (Cambio) 30 U 37°C 30 min 

RNAP 
T7 RNAP V783M 200 U 37°C 3 h 

PUP (NEB) 2 U 37°C 10 min 

Reaction products were resolved on 15% TBE-Urea PAGE. Prior to 

loading on a gel, samples were mixed in a 1:1 ratio with 2× DNA loading 

buffer (98% formamide, 10 mg/mL blue dextran, 10 mM EDTA), heated at 
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95°C for 5 min and then immediately cooled on ice. Electrophoresis was 

carried out in 1× TBE buffer at 400 V for 1 h at 55°C. Gels were imaged with 

Typhoon™ FLA 9500 system (GE Healthcare).   

 

Figure 2.2. OTDDN incorporation testing assays used in this study. In all cases 

unprocessed primers were used as negative controls, while reaction products after 

incorporation of unmodified nucleotides – as positive controls. (A) – PEX assay 

employed for testing of DNA polymerases. (B) – tailing assay used for TdT testing. 

(C) – tailing assay used for PUP testing. BA – Agilent 2100 Bioanalyzer system. 

Testing of RNA polymerases. RNA polymerases were examined in in 

vitro transcription or tailing reactions, following protocols recommended by 

manufacturers (TranscriptAid™ T7 High Yield Transcription Kit, Thermo 

Scientific, and Poly(U) Polymerase, Cat. No. M0337S, NEB), except that 

reaction mixtures were supplemented with OTDDN. Reaction products were 

purified using Agencourt AMPure XP beads (Beckman Coulter) following a 
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standard PCR purification protocol, except that for the binding step 2× sample 

volume of beads and the equal amount of 96% ethanol were added, and 

binding step was prolonged for 15 min at room temperature. Moreover, elution 

was performed at 65 °C for 5 min in nuclease-free water. Products were 

analyzed with Agilent 2100 Bioanalyzer system using either RNA 6000 Pico 

kit or Small RNA kit (Agilent Technologies). 

The schematic depiction of OTDDN incorporation testing assays is given 

in Fig. 2.2. 

Template for read-through testing. To assess which polymerases are 

able to read through an unnatural linker within the OTDDN, incorporation 

product was used as a template for PEX.  

DNA primer was labeled by OTDDN upon incorporation by SuperScript 

IV enzyme. The primer (5′-TGCAGACATGGGTAGGCATCCTTGGCGTA 

-3′) was first annealed with RNA template oligonucleotide (5′- 

auacgccaaggaugccuacccaugucugca-3′) in a 1× annealing buffer. The duplex 

contained a single 5′-A overhang which was used as a template for the 

incorporation of ddUON2TP. Reaction conditions were as described above. 

After incorporation by RT, RNA template was degraded by RNase H (Thermo 

Scientific) treatment, and reaction products along with free OTDDN were 

purified by affinity capture of biotinylated moieties with Dynabeads™ M-270 

Streptavidin (Thermo Scientific) magnetic beads according to the protocol for 

nucleic acid purification. To remove free OTDDN, purified nucleic acids were 

resolved on a 4% E-Gel EX (Thermo Scientific) and full-length incorporation 

product was gel extracted using PureLink™ Quick Gel Extraction Kit (Thermo 

Scientific). ~100 fmol of purified incorporation product were used as a 

template for subsequent PEX.   

  PEX reaction conditions for read-through testing. For successful 

application of OTDDN for nucleic acid detection and analysis, it is highly 

desirable to identify a thermostable DNA polymerase able to read through the 

linker – this would make OTDDN-containing nucleic acids compatible with 

PCR amplification. 

Read-through was tested with several thermostable family B polymerases 

and several representatives of families A and RT. Tested polymerases and 

specific conditions are listed in Table 2.4. In all cases, 1 pmol of primer         

(5′-CAGACGTGTGCTCTTCC-3′) complementary to ON2 modification was 

used per reaction. PEX was performed in commercial buffers and with optimal 

amounts of dNTPs for each tested polymerase. 
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Table 2.4. Polymerases tested for reading through OTDDN linker 

Family Polymerase, amount per reaction Conditions 

A 
Klenow fragment (exo-) 5 U 30ºC 30 min 

Thermo Sequenase 40 U 95ºC 1 min → 

60ºC 1 min → 

72ºC 5 min/10min/ 

15 min* 

B 

Platinum™ SuperFi™ 2 U 

Phusion (exo-) 20 U 

Phusion U 2 U 

RT SuperScript™ IV 200 U 50ºC 30 min 
*Here, three different extension times were tested. 

 Free primer was removed by Exo I (Thermo Scientific) treatment. Double-

stranded read-through products were purified by ethanol precipitation. 

Briefly, the volume of each reaction mixture was brought to 180 µL with 

nuclease-free water, then 18 µL of 3 M sodium acetate (Thermo Scientific), 4 

µL of 5 mg/mL glycogen (Thermo Scientific) and 600 µL of 96% ethanol 

(Vilniaus degtinė) were added. Precipitation was conducted at -20ºC for 1 h. 

Next, the samples were centrifuged at 10,000 × g for 30 min at 4ºC. 

Supernatant was discarded and pellet was washed twice with 200 µL of cold 

70% ethanol. Pellet was dried at 37ºC for 5 min and dissolved in nuclease-free 

water. PEX products were analyzed with Agilent 2100 Bioanalyzer system 

using Small RNA kit (Agilent Technologies). Annealed oligonucleotide 

duplex of the exact same sequence and size as anticipated read-through 

product was used as a positive control which helped to distinguish between 

full-length read-through product and primer extended only until the linker, 

while mixtures processed in the absence of enzymes were used as negative 

controls. Read-through efficiency was calculated as a molar ratio between 

full-length extension product and the amount of the starting template.  

The principle of read-through testing is schematically depicted in Fig. 2.3. 
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Figure 2.3. The workflow of OTDDN read-through testing. (A) – the principle of 

template preparation. (B) – primer extension (PEX) and downstream processing. BA 

– Agilent 2100 Bioanalyzer system (Small RNA kit was used for the analysis).  

2.3 Fragment library generation via in vitro transcription 

Engineering of T7 RNAP. In certain applications it might be desirable to 

amplify nucleic acids in linear fashion to avoid biases and errors associated 

with exponential amplification (Chen et al., 2017). To streamline the 

sequencing of linear amplification products we sought to engineer T7 RNA 

polymerase towards the ability to synthesize transcripts in ssDNA form – this 

would allow direct usage of transcripts as templates in PCR, while OTDDN 

tagging would simplify fragment library generation from intact (i.e. not 

linearized) templates. Moreover, enzymatic synthesis of ssDNA would be an 

attractive platform for the production of oligonucleotides for general 

molecular biology applications.  

To select T7 RNAP variants with reduced substrate specificity, an in vitro 

evolution scheme based on fluorescence-activated droplet sorting was created 

and validated as described in Kapustina et al., 2021b (Fig. 2.4). Briefly, single 

Escherichia coli cells expressing mutant T7 RNAP variants were encapsulated 

in the presence of lysozyme, in vitro transcription (IVT) template and reaction 

components, where ribopyrimidines were completely substituted by 2′-

deoxypyrimidines. Chimeric transcripts were detected in a sequence-specific 

manner by molecular beacon probes, while all native RNA was digested by 
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RNase A. Fluorescent droplets were then sorted to retrieve variants with 

desired activity. From the library of 1463 T7 RNAP mutants, we selected 

several enzymes able to incorporate 2′-deoxypyrimidines and 

opportunistically tested them with various combinations of NTPs/dNTPs. 

Variant V783M exhibited the best performance with dTTP, dCTP, dATP and 

2′-F-dGTP substrate mixture.  

 

Figure 2.4. Evolution of T7 RNA polymerase variants able to incorporate 

deoxynucleotide triphosphates. The workflow is based on the fluorescence-activated 

droplet sorting technique. 

Generation of OTDDN-labeled fragment library via IVT. To test the 

hypothesis that linear amplification can readily generate tagged fragments that 

are stable enough to directly serve as PCR templates, IVT was performed in a 

reaction mixture containing 250 ng of circular pTZ19R plasmid DNA with a 

segment of Illumina P7 adapter cloned downstream of T7 promoter (PT7), 2 

mM of 2′-F-dGTP or GTP, 2.5 mM of dATP, 2.5 mM of dCTP, 2.5 mM of 

dTTP, 0.5 µM of either ddUON8TP or ddCON8TP, 0.1 U of PPase, 8% of 

DMSO, 200 U of T7 RNAP V783M and 1× TranscriptAid™ reaction buffer. 

Reaction mixture was incubated at 37ºC for 3 h. Transcripts containing 3′-

biotinylated OTDDNs were purified using Dynabeads™ M-270 Streptavidin 

magnetic beads and amplified in a reaction mixture containing 1× Invitrogen™ 

Collibri™ Library Amplification Master Mix (Thermo Scientific), 20 U of 

Phusion exo- enzyme, 1 µM of indexing primers from the Invitrogen™ 

Collibri™ Stranded RNA Library Prep Kit (Thermo Scientific) and nuclease-

free water to 50 µL. Cycling conditions were as recommended by the 

manufacturer. Fragment libraries were then purified using Dynabeads™ 
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Cleanup Beads according to the post-PCR purification protocol from the  

Invitrogen™ Collibri™ Stranded RNA Library Prep Kit (revision C.0, “Purify 

the amplified cDNA”). The overview of the experimental scheme is given in 

Fig. 2.5.   

 

Figure 2.5. The experimental scheme of linear DNA amplification and simultaneous 

generation of labeled fragments suitable for sequencing by in vitro transcription with 

T7 RNA polymerase mutant V783M.  

2.4 DNA sequencing applications 

Oligonucleotide-modified chain terminators hold the potential to greatly 

improve sample preparation for NGS because of their dual functionality: (i) 

stochastic incorporation of dideoxynucleotides can replace fragmentation step 

and (ii) simultaneous labeling of corresponding DNA strand with a pre-

designed oligonucleotide can replace adapter addition via ligation (Medžiūnė 

et al., submitted). This notion was extensively tested on all major DNA and 

RNA sequencing applications, making use of identified polymerases able to 

incorporate OTDDNs and perform read-through. 

In DNA sequencing field, any application which is (or may be) based on 

primer extension reaction, can be re-designed to be compatible with OTDDN 

technology.   
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2.4.1 Whole genome library preparation 

NGS libraries covering whole genomes can be prepared by employing 

random priming. For proof-of-principle demonstration, Escherichia coli 

genomic DNA (Thermo Scientific) was used as a template. 100 ng of DNA 

were used for primer extension reaction with 1 pmol, 10 pmol or 100 pmol of 

anchored random primers of sequence 5´-TACACGACGCTCTTCCGATCT 

(N)10-3′, 20 pmol of dNTP (each), 2 pmol or 0.2 pmol of ddUON2TP and 40 U 

of Thermo Sequenase with TAP in 1× Thermo Sequenase Reaction buffer 

(Thermo Scientific), reaction volume was 20 µL. Here, the use of 

thermostable enzyme allows to perform several cycles of linear primer 

extension with termination by OTDDN. Primer extension reaction was 

executed as follows: denaturation at 92ºC for 3 min followed by cooling to 

16ºC with subsequent incubation for 5 min, slow (+0.1ºC/s) temperature rise 

to 68ºC with incubation for 15 min, and 15 cycles of denaturation at 92ºC for 

30 s, annealing/extension at 68ºC for 5 min, and final extension at 68ºC for 30 

min. Half of the primer extension reaction was used directly for indexing PCR 

which introduced full-length Illumina™ adapters into resulting fragment 

library. Primer extension reaction mixture was supplemented with 25 µL of 

2× Invitrogen™ Collibri™ Library Amplification Master Mix (Thermo 

Scientific), 20 U of Phusion exo- enzyme (Thermo Scientific), 50 pmol of 

each of the unique dual indexing primers (see below) and nuclease-free water 

to 50 µL.  

i5 primer: 5´-AATGATACGGCGACCACCGAGATCTACAC[8 nt index] 

ACACTCTTTCCCTACACGACGCTCTTCCGATCT-3´ 

i7 primer: 5´-CAAGCAGAAGACGGCATACGAGAT[8 nt index]GTGAC 

TGGAGTTCAGACGTGTGCTCTTCCGATCT-3´ 

Cycling was performed as follows: denaturation at 98°C for 30 s, followed by 

30 cycles of denaturation at 98°C for 10 s, annealing at 60°C for 30 s, 

extension at 72°C for 1 min, and final extension at 72°C for 1 min. Each PCR 

reaction was then purified using Dynabeads™ Cleanup Beads (Thermo 

Scientific). DNA binding to the beads was performed by mixing 65 µL of bead 

suspension with 50 µL of sample and subsequent incubation at room 

temperature for 5 min. Sample was then placed on magnet, supernatant was 

removed and beads were resuspended in 50 µL of elution buffer containing 10 

mM Tris-HCl (pH 8.0). 75 µL of fresh beads were added again to the sample 

and binding was repeated. After room temperature incubation, sample was 

placed on magnet, supernatant was removed, and beads were washed twice 

with 85% ethanol. To elute libraries, beads were resuspended in 20 µL of 

elution buffer and incubated for 1 min at room temperature. 



55 

 

 

2.4.2 Semi-targeted NGS library preparation from low and high complexity templates 

To sequence only specific regions within the template, target-specific 

primers might be used instead of random primers. The possibility to use only 

a single primer to capture the region of interest enables so-called semi-targeted 

design, i.e. one is able to capture known sequence and in addition a priori 

unknown region nearby. 

Library preparation from low complexity template. For proof-of-

principle demonstration, low complexity 6407 base single-stranded genome 

of M13mp18 bacteriophage (Thermo Scientific) was used as a sample input. 

Specific primers were designed to contain partial Illumina P5 adapter anchor 

sequence and target-specific sequence (Table 2.5). Both primers were oriented 

in the same direction. The experimental scheme is given in Fig. 2.6. 

Table 2.5. Target-specific primers used for library prep from M13mp18 DNA 

Name Oligonucleotide sequence 

M13-1 5′-TACACGACGCTCTTCCGATCTAACGGTACGCCAGAATCTTG-3′ 

M13-2 5′-TACACGACGCTCTTCCGATCTAGAGCCACCACCGGAAC-3′ 

 

 

Figure 2.6. The experimental scheme of semi-targeted library preparation from 

M13mp18 DNA by 2-plex primer extension and tagging of corresponding extension 

products by OTDDN. 
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Briefly, 0.125 pmol of each of the primers were mixed with 200 ng of 

M13mp18 DNA in a reaction mixture containing 2 pmol of ddUON2TP, 20 

pmol of dNTPs (each) and 40 U of Thermo Sequenase in 1× Thermo 

Sequenase Reaction buffer. Primer extension was executed as follows: 

denaturation at 95°C for 30 s, followed by 15 cycles of denaturation at 95°C 

for 30 s, annealing/extension at 60°C for 2 min and final extension at 60°C for 

30 min. Half of the reaction was used directly for indexing PCR as described 

above. Final libraries were purified using Dynabeads™ Cleanup Beads.  

Library preparation from high complexity template. Semi-targeted 

design was further tested on high complexity human genomic DNA (Thermo 

Scientific). Five primers complementary to specific targets within ALK gene 

were designed for this experiment (Table 2.6). 

Table 2.6. Target-specific primers used for library prep from human gDNA 

Name Oligonucleotide sequence 

ALK-1 
5′-CTCTTTCCCTACACGACGCTCTTCCGATCTGTAGTTGGGGTTGTAGTCGGT 

CATGATG-3′ 

ALK-2 
5′-CTCTTTCCCTACACGACGCTCTTCCGATCTTTATATAGGGCAGAGTCATGT 

TAGTCTGG-3′ 

ALK-3 
5′-CTCTTTCCCTACACGACGCTCTTCCGATCTGTGTTTCCTATAGTTGGAGAA 

CTGCCAAG-3′ 

ALK-4 
5′-CTCTTTCCCTACACGACGCTCTTCCGATCTCATTATCACTCCTACATGTGA 

GGATGTTCG-3′ 

ALK-5 
5′-CTCTTTCCCTACACGACGCTCTTCCGATCTCTTGGCTCACAGGCTGAACAG 

AAATATAC-3′ 

Each primer was tested individually. Primer extension reactions were 

performed with 50 ng or 500 ng of human gDNA, 500 pmol of dNTPs (each), 

5 pmol of ddUON2TP, 2 pmol of ddCON2TP, 10 pmol of primer and 40 U of 

Thermo Sequenase in 1× Thermo Sequenase reaction buffer. Here, two 

different OTDDNs were used to increase sequence diversity at the position of 

OTDDN incorporation – this is important to ensure base calling of good 

quality (Kircher et al., 2011). Cycling conditions were as follows: 

denaturation at 95°C for 4 min, followed by 15 cycles of denaturation at 95°C 

for 1 min, annealing at 60°C-67°C (depending on the melting temperature of 

each individual primer), extension at 72°C for 1 min, and final extension at 

72°C for 5 min.   

To remove residual oligonucleotides and template, primer extension 

products were enriched utilizing biotin modification within OTDDN. 

Reaction products were purified with Dynabeads™ M-270 Streptavidin 

magnetic beads and then subjected to indexing PCR as described above, 

except that the number of PCR cycles was 20. After post-PCR cleanup, 
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libraries were reamplified using Invitrogen™ Collibri™ Library Amplification 

Master Mix with Primer Mix (Thermo Scientific), the number of PCR cycles 

was 12. Such reamplification is needed to achieve sufficient library yield for 

Illumina sequencing as capturing single region within high complexity 

template results in very limited amounts of target molecules. After 

reamplification samples were purified using Dynabeads™ Cleanup Beads as 

described above, except that for the first binding 45 µL of beads were used, 

and for the second bind step – 50 µL. 

2.4.3 Development of a new approach for characterization of bacterial communities 

After semi-targeted DNA library preparation proved to be feasible, we 

sought to apply it to solve some inherent issues of amplicon sequencing. The 

capture of unknown genomic region adjacent to the bacterial 16S rRNA gene 

can help to determine gene copy number and achieve higher taxonomic 

resolution which would make the characterization of bacterial communities 

much more accurate. This assumption was firstly checked by in silico 

modeling. Next, the workflow for semi-targeted bacterial sequencing was 

developed and benchmarked against currently available solutions (Kapustina 

et al., 2021a). 

Samples. For proof-of-principles experiments, genomic DNA extracted 

from Escherichia coli BL21 cells was used as a sample. Cells were cultured 

from a single colony, and DNA was extracted using GeneJET™ Genomic 

DNA Purification Kit (Thermo Scientific).   

The performance of the developed workflow was then tested on 

commercially available microbial community standards: ZymoBIOMICS™ 

Microbial Community DNA Standard (Zymo Research, Cat. No. D6305) and 

ATCC 20 Strain Even Mix Genomic Material (ATCC® MSA-1002™). 

To test the workflow on real metagenomic samples, DNA was extracted 

from 250 mg of soil using ZymoBIOMICS™ DNA Miniprep Kit (Zymo 

Research). Soil microbial communities contain the highest level of 

prokaryotic diversity of any environment (Delmont et al. 2011) making it an 

interesting yet challenging sample type for DNA metabarcode sequencing 

studies.  

Semi-targeted 16S rRNA sequencing. Primers complementary to the 

conservative 16S rRNA gene site between V2 and V3 variable regions and 

oriented towards the upstream of the gene were designed (Table 2.7). 

Sequences were selected on the basis of SILVA (Quast et al., 2013) release 

132 dataset “SSU Ref NR 99” in a way which maximizes sensitivity toward 

bacterial rRNA genes ensuring that the annealing temperature would not drop 

below a certain threshold due to mismatches. 
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Table 2.7. Target-specific primers used for semi-targeted 16S rRNA sequencing 

Name Oligonucleotide sequence 

PR-1 
5′-CTCTTTCCCTACACGACGCTCTTCCGATCTTCCCCACTGCTGCCTCCCG 

TAGGAG-3′ 

PR-2 
5′-CTCTTTCCCTACACGACGCTCTTCCGATCTACGCGGCGTCGCTGCATCA 

GG-3′ 

PR-3 
5′-CTCTTTCCCTACACGACGCTCTTCCGATCTGCAAGATTCCCCACTGCTG 

CCTCCCGTAGG-3′ 

 

Library preparation from 30 ng of metagenomic DNA was based on the 

extension of an equimolar primer mix using Thermo Sequenase enzyme and 

OTDDNs bearing ON2 modification as described in Kapustina et al., 2021a 

(see Methods). Tagged fragments were then enriched using Dynabeads™ M-

270 Streptavidin magnetic beads and amplified. The schematic representation 

of the workflow is provided in Fig. 2.7. 

 

 

Figure 2.7. The experimental scheme of semi-targeted library preparation from 

metagenomic DNA. (A) – library preparation starts from the extension of primers 

specific to 16S rRNA gene; extension products are then enriched and amplified 

introducing full-length sequencing adapters. (B) – primers are designed to target 

conservative part of the 16S rRNA gene (marked in red). Primer extension captures 

16S rRNA V1-V2 regions and also extends into genomic sequences which are more 

diverse than the sequence of 16S rRNA gene. (C) – an example of semi-targeted 

library electropherogram. 

Whole metagenome sequencing. Unbiased characterization of microbial 

composition of metagenomes was conducted by WGS. Briefly, 20 ng of DNA 

in 50 µL volume of 10 mM Tris-HCl (pH 8) were sheared with Covaris™ E220 

Evolution Focused-ultrasonicator applying the following conditions: peak 

incident power – 175 W, duty factor – 10%, cycles per burst – 200, treatment 
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time – 50 s. Such conditions result in DNA fragment size distribution median 

at ~300 bp. 

25 µL of fragmented DNA solution were then used for library preparation 

using the Invitrogen™ Collibri™ PS DNA Library Prep Kit according to the 

manufacturer´s recommendations. 

Benchmarking against conventional 16S rRNA sequencing 

techniques. To compare the performance of semi-targeted method with 

conventional approaches, benchmarking study was conducted. Libraries were 

prepared from microbial community standards and soil DNA with the kits 

listed in the Table 2.8. DNA input amount was within the recommended range 

for each individual kit (1-10 ng). All libraries were prepared with two 

technical replicates. 

Table 2.8. Commercially available NGS library preparation kits for high-throughput 

16S rRNA gene sequencing selected for comparative analysis 

Kit/Protocol Cat. No. Supplier 
Analyzed 

region 

QIAseq™ 16S/ITS 

Screening Panel 
333812 Qiagen Whole gene 

Swift™ Amplicon 

16S+ITS Panel 
AL-51648 

Swift 

Biosciences 
Whole gene 

NEXTFLEX™ 16S V1-

V3 Amplicon-Seq Kit  
NOVA-4202-02 PerkinElmer V1-V3 

NEXTFLEX™ 16S V4 

Amplicon-Seq Kit 2.0  
NOVA-4203-02 PerkinElmer V4 

Quick-16S™ NGS 

Library Prep Kit 
D6410 

Zymo 

Research 
V1-V2 

16S Illumina amplicon 

protocol 
N/A EMP V4 

2.5 RNA sequencing applications 

To sequence transcriptomes on a short read sequencer, RNA should be 

converted into cDNA fragment library flanked by the appropriate adapters. 

This makes RNA library preparation a more technically complex process than 

DNA library prep, with additional challenges related to the capture of RNA 

molecules of interest and to retaining the accurate quantitative representation. 

OTDDNs were tested in whole transcriptome and gene expression 

applications, both in bulk and single-cell levels. 
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2.5.1  PCR-free cDNA fragment library preparation 

Direct sequencing of first-strand cDNA without PCR amplification is not 

possible with conventional library preparation approaches because there is no 

convenient way to add an adapter on a 3′ terminus of a cDNA fragment. 

OTDDNs may hold the solution, however sequencing chemistry should accept 

OTDDN-containing DNA as a template for bridge amplification on the 

surface of a flow cell. 

To test the tolerance of sequencing chemistry to an unnatural linker within 

OTDDN, a model system was created. 10 pmol of oligonucleotide containing 

full-length P5 Illumina adapter and a short sequence which served as a 

sequencable insert (P5-miR) was labeled with OTDDN bearing long ON10 

modification by TdT treatment in a reaction mixture containing 50 pmol of 

ddCON10TP and 40 U of TdT in 1× TdT reaction buffer. Tailing reaction was 

performed at 37ºC for 1 h and then stopped by the addition of EDTA to 50 

mM final concentration. Reaction products were purified using Dynabeads™ 

M-270 Streptavidin beads. Successful tailing was confirmed by capillary 

electrophoresis using Agilent 2100 Bioanalyzer Small RNA Kit (Fig. 2.8).  

 

Figure 2.8. (A) - the depiction of a control system used to test the tolerance of Illumina 

sequencing chemistry to OTDDN linker. (B) – electropherogram showing 

oligonucleotides used for tailing and tailing product.  

To account for any effects which may arise during sequencing because of 

the presence of an unnatural OTDDN linker, control fragment with exactly the 

same insert was prepared. Oligonucleotide P5-miR-biot (50 pmol) was 

annealed with either P7-ix2 (55 pmol) or P7-ix4 (55 pmol) in Klenow buffer. 

Then, reaction mixture was supplemented with dNTPs (0.2 mM final 

concentration of each) and 5 U of Klenow exo-. Oligonucleotide extension 

was performed at 30ºC for 30 min. The resulting duplex was immobilized on 

Dynabeads™ M-270 Streptavidin beads and non-biotinylated DNA strand was 

dissociated by NaOH treatment according to the manufacturer′s instructions. 
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Biotinylated strand, which mimics the OTDDN tailing product, was then 

eluted. Tailing product and two control fragments were pooled and sequenced. 

Oligonucleotides used in this experiment are listed in Table 2.9.  

Table 2.9. Oligonucleotides used to design a control system for direct sequencing of 

OTDDN-tagged ssDNA. Sequences which correspond to the insert are underlined. 

Name Oligonucleotide sequence 

P5-miR 
5′-AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGC 

TCTTCCGATCTAACCACACAACCTACTACCTCA-3′ 

P5-miR-biot 
5′-biotin-AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC 

ACGACGCTCTTCCGATCTAACCACACAACCTACTACCTCA-3′ 

P7-miR-ix2 
5′-CAAGCAGAAGACGGCATACGAGATTCAGATTCGTGACTGGAGTTCAG 

ACGTGTGCTCTTCCGATCTGATGAGGTAGTAGGTTGTGTGGTT-3′ 

P7-miR-ix4 
5′-CAAGCAGAAGACGGCATACGAGATTCGAAGTGGTGACTGGAGTTCAG 

ACGTGTGCTCTTCCGATCTGATGAGGTAGTAGGTTGTGTGGTT-3′ 

 

Once compatibility with Illumina sequencing chemistry was confirmed, 

the generation of PCR-free cDNA libraries was attempted. 500 ng of universal 

human reference RNA (UHRR; Thermo Scientific) were reverse transcribed 

in a following reaction mixture: 50 pmol of RT primer (5′- 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGAC

GCTCTTCCGATCT(T)30-3′), 20 pmol of dNTP (each), either 20 pmol or 2 

pmol of ddCON10TP, 5 mM DTT and 200 U of SuperScript IV in 1× RT buffer. 

RT was performed at 50ºC for 30 min, reverse transcriptase was then 

inactivated by heating at 80ºC for 10 min. To remove template RNA, RT 

reaction mixture was treated with RNase H at 37ºC for 20 min. Single-

stranded cDNA fragments labeled by OTDDN were purified with 

Dynabeads™ M-270 Streptavidin beads and sequenced. During template 

preparation for MiSeq™, NaOH denaturation step was omitted.  

2.5.2  Whole transcriptome library preparation 

Similarly to WGS, OTDDN labeling might be applied for random primed 

cDNA library prep covering the whole transcript length. Whole transcript 

coverage enables not only quantitative gene expression measurements but also 

structural studies of splice isoforms. 

To capture only the coding portion of the transcriptome, mRNA was first 

converted into cDNA, and during the second strand synthesis step tagged 

library fragments were generated (Fig. 2.9). 1 µg of UHRR were reverse 

transcribed in a following reaction mixture: 50 pmol of RT primer (5′-

AAGCAGTGGTATCAACGCAGAGTAC(T)30-3′), 0.5 mM dNTP (each), 
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5 mM DTT, 200 U of SuperScript IV in 1× RT buffer. Reaction was 

performed at 50ºC for 10 min and terminated by heating at 80ºC for 10 min. 

RNA templates were digested by RNase H at 37ºC for 20 min. Reaction 

products were purified with Dynabeads™ Cleanup Beads according to the 

protocol described in Collibri™ Stranded RNA Library Prep Kit user guide 

(revision C.0, section „Purify the fragmented RNA“).  

Purified cDNA was transferred to the second strand synthesis reaction 

containing 5-0.005 µM of anchored random primers (5´- TACACGACGCTC 

TTCCGATCT(N)10-3´), 2 pmol of each of ddUON2TP and ddCON2TP, 20 pmol 

of dNTP (each) and 40 U of Thermo Sequenase enzyme in 1× Thermo 

Sequenase reaction buffer. Primer annealing and extension was performed as 

described in section 2.3.1, except that here a single extension cycle was 

performed. Reaction products were subjected to indexing PCR as described in 

2.3.1, except that the number of PCR cycles was 20.  

 

Figure 2.9. (A) – the principle of whole transcriptome library preparation with 

OTDDNs, focusing specifically on protein coding RNAs. (B) – typical 

electropherograms of whole transcriptome libraries. Green and blue traces correspond 

to technical replicates for each condition. The number above the traces stands for the 

concentration of random primers used in second strand synthesis reaction. 
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2.5.3  Gene expression profiling 

mRNA 5´end enrichment. To capture protein coding transcripts and 

specifically enrich for 5′ termini, 100 ng – 1 µg of UHRR were reverse 

transcribed in a following reaction mixture: 50 pmol of oligo(dT)30 RT primer, 

0.5 mM dNTP (each), 5 mM DTT, 200 U of SuperScript IV in 1× RT buffer. 

Reaction was performed at 50ºC for 10 min, then 20 pmol of template 

switching oligonucleotide (TSO) of sequence 5′-CCAGGACCAGCGATTC 

ggg-3′ were added to the reaction and reverse transcription was continued at 

50ºC for 15 min. Afterwards, nucleic acids were purified with Dynabeads™ 

Cleanup Beads following the Collibri™ Stranded RNA Library Prep Kit user 

guide (revision C.0, section „Purify the fragmented RNA“). To synthesize 

second strand tagged by OTDDN, cDNA was transferred to the following 

reaction mixture: 1 pmol of second strand synthesis primer (5′-

CAGTGGTATCAACGCAGAGTACCCAGGACCAGCGATTC-3′), 2 pmol 

of ddUON2TP, 20 pmol of each of dNTP and 40 U of Thermo Sequenase in 1× 

Thermo Sequenase Reaction buffer. Second strand synthesis reaction was 

executed as follows: denaturation at 95ºC for 3 min, 10 cycles of denaturation 

at 95ºC for 30 s and annealing/extension at 60ºC for 2 min, and a final 

extension at 60ºC for 5 min. Reaction products were purified using 

Dynabeads™ M-270 Streptavidin beads and subjected to PCR. Amplification 

conditions were as described in 2.3.1, except that the i5 primer was replaced 

with the following oligonucleotide: 5′- AATGATACGGCGACCACCGAGA 

TCTACACGCCTGTCCGCGGAAGCAGTGGTATCAACGCAGAGTAC-

3′, and the number of PCR cycles was 25. The final library was purified using 

Dynabeads™ Cleanup Beads.   

The principle of the described workflow is summarized in Fig. 2.10. 

 

 

 

 

 

 

 

 

 

Figure 2.10. The principle of library construction with OTDDNs targeting 5′ termini 

of mRNA transcripts. 
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mRNA 3´end enrichment. The enrichment for 3′ termini is technically 

less complex than that for 5′ termini and is widely adopted for single-cell gene 

expression profiling, thus 3′-end sequencing was explored in more detail. 

Proof-of-principle was demonstrated using well-characterized human total 

RNA – UHRR and HeLa – as sample input. Libraries were prepared from 

100 pg – 1 µg of RNA and spiked with Invitrogen™ ERCC ExFold Spike-In 

Mixes (Thermo Scientific). In addition, direct library construction from 

eukaryotic cell lysates was tested using 10 – 10 000 HEK-293 or BALB/3T3 

cells suspended in 1× PBS, pH 7.4. To compare the library prep performance 

from cell lysates and from purified RNA, total RNA was extracted from 1 M 

HEK-293 cells using the Invitrogen™ PureLink™ RNA Mini Kit according to 

the manufacturer′s instructions. 

Reverse transcription was performed in 20 µL reaction mixture containing 

200 U of SuperScript IV reverse transcriptase, 50 pmol of RT primer of 

sequence 5′-CTGGAGTTCAGACGTGTGCTCTTCCGATCT(T)30-3′, 20 

pmol of dNTP mix, 40 U of RiboLock RNase Inhibitor, 5 mM DTT, 2 pmol 

of ddUON9TP, 0.4 pmol of ddCON9TP in 1× of SuperScript IV RT buffer. For 

library preparation from cell lysates, reverse transcription reaction was 

supplemented with 0.3% IGEPAL™ CA-630 (Sigma-Aldrich) to ensure cell 

lysis. Reaction was performed for 30 min at 50°C followed by termination at 

80°C for 10 min. After reverse transcription, reaction mixture was used 

directly for cDNA amplification. Amplification conditions were as described 

in 2.3.1., the number of PCR cycles was 10-25 depending on the amount of 

starting material. 

Each PCR reaction was then purified using Dynabeads™ Cleanup Beads. 

DNA binding to the beads was performed by mixing 45 µL of bead suspension 

with 50 µL of sample and subsequent incubation at room temperature for 5 

min. Sample was then placed on magnet, supernatant was removed and beads 

were resuspended in 50 µL of elution buffer containing 10 mM Tris-HCl (pH 

8.0). 50 µL of fresh beads were added again to the sample and binding was 

repeated. After room temperature incubation, sample was placed on magnet, 

supernatant was removed, and beads were washed twice with 85% ethanol. 

To elute libraries, beads were resuspended in 15 µL of elution buffer and 

incubated for 1 min at room temperature. 

To generate enough material for sequencing, low RNA inputs (100 pg – 

500 pg) required an additional amplification step. Reamplification was 

performed in a 50 µL reaction with Invitrogen™ Collibri™ Library 

Amplification Master Mix with Primer Mix for 6-12 cycles according to the 

recommended temperature conditions. Final libraries were purified using 

Dynabeads™ Cleanup Beads as described above. 
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The overview of the library construction principle is shown in Fig. 2.11. 

 

Figure 2.11. (A) – the principle of library construction employing OTDDNs and 

targeting 3′ termini of mRNA transcripts. (B) – an example of a typical library trace. 

Blue and black traces correspond to technical replicates. (C) – the structure of the 

sequencing read: first 8 nt of Read 1 correspond to the in-line UMI, the next nucleotide 

corresponds to the ddNTP base within OTDDN, and afterwards a cDNA fragment is 

being sequenced. 

Benchmarking against conventional 3´end sequencing techniques. To 

assess the performance of the developed gene expression profiling technique, 

it was compared to commercially available Collibri™ 3′ mRNA Library Prep 

Kit for Illumina™ Systems (Thermo Scientific). Libraries were prepared from 

500 pg, 10 ng, 100 ng and 500 ng UHRR and HeLa total RNA, with ERCC 

ExFold mixes. Using commercial kit, libraries were prepared with strict 

adherence to manufacturer′s instructions. All samples were processed in 

triplicates. 

2.5.4  Single-cell RNA sequencing 

 

Sequencing transcriptomes of thousands of cells at single-cell level 

resolution became possible once high-throughput cell isolation techniques 

emerged. From the technological perspective, apart from cell isolation the 

chemistry behind library construction is very similar to that of bulk 

sequencing methods. We reasoned that OTDDN technology can be applied 

for labeling of cellular cDNAs captured on barcoding beads. To analyze this 

possibility, we sequenced Drop-seq libraries prepared from mixtures of HEK-

293 and BALB/3T3 cells and compared technical data parameters with the 
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dataset obtained from same cell mixtures through OTDDN-based Drop-seq 

workflow. 

Conventional Drop-seq workflow. In 2015 Macosko et al. published the 

Drop-seq technique developed using in-house microfluidic devices (Fig. 

2.12). Briefly, cells are encapsulated in microdroplets with beads coated with 

barcoded RT primers, and lysis buffer. Upon cell lysis, released mRNA 

hybridizes to the beads. The emulsion is then broken, and beads are subjected 

to RT with template switching. Obtained STAMPs (single-cell transcriptomes 

attached to microparticles) are used as templates for transcriptome 

preamplification PCR. Subsequently, amplification reaction products are used 

as input for transposase-based library preparation methods, such as Nextera™ 

XT DNA Library Prep Kit (Illumina). 

 

Figure 2.12. The overview of single-cell RNA library preparation according to the 

conventional Drop-seq protocol (by Macosko et al., 2015). 

In this study, we co-encapsulated cells with barcoded beads using 

Dolomite Bio Nadia™ instrument (Blacktrace Holdings Ltd). Barcoded beads 

were obtained from ChemGenes (Cat. No. MACOSKO-2011-10). Preparation 

of cells, encapsulation conditions and subsequent library preparation steps 

were executed as described in Dolomite Bio user guide “DropSeq on the Nadia 

Instrument”, version 1.2, with the following exceptions: (i) Maxima™  H 

Minus Reverse Transcriptase and its reaction buffer (Thermo Scientific) were 

replaced with SuperScript IV RT, and the incubation step at 42°C for 90 min 

during reverse transcription was replaced with incubation at 50°C for 60 min; 

(ii) tagmentation of amplified cDNA was performed using the MuSeek™ 

Library Preparation Kit, Illumina compatible (Thermo Scientific). 

Tagmentation protocol was optimized to be compatible with low DNA 

inputs. MuSeek Enzyme Mix was diluted 100-fold with MuA dilution buffer 
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(Thermo Scientific) prior to use. 600 pg of amplified cDNA were combined 

with 0.9 µL of diluted MuSeek Enzyme Mix and MuSeek Fragmentation 

Reaction Buffer in a total volume of 12 µL. Tagmentation was conducted at 

30°C for 30 min. Reaction was terminated by the addition of 1.2 µL of 

MuSeek Stop Solution. Tagmented DNA was purified using Dynabeads™ 

Cleanup Beads as described in 2.3.1, except that only one round of binding 

was performed using 40 µL of magnetic beads. Tagged fragments 

corresponding to barcoded 3′ termini were then amplified as specified in the 

user guide for MuSeek™ Library Preparation Kit, except that MuSeek indexed 

primer M5XX was replaced with the oligonucleotide of sequence 5′-AATGA 

TACGGCGACCACCGAGATCTACACGCCTGTCCGCGGAAGCAGTGT

ATCAACGCAGAGTAC-3′. Libraries were sequenced using custom primers 

listed in Table 2.10. 

Table 2.10. Primers used to sequence conventional Drop-seq libraries 

Name Oligonucleotide sequence 

Read 1 5′-GCCTGTCCGCGGAAGCAGTGGTATCAACGCAGAGTAC-3′ 

Index Read 5′-TGAACTGACGCACGAACTGCACTCGACCTCG-3′ 

Read 2 5′-CGAGGTCGAGTGCAGTTCGTGCGTCAGTTCA-3′ 

 

 

Figure 2.13. Adaptation of OTDDN technology for single-cell sequencing. cDNA 

labeling eliminated the need for template switching and transcriptome 

preamplification. 
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Modified Drop-seq workflow. cDNA fragmentation and labeling by 

OTDDN eliminates the need for template switching and preamplification 

steps (Fig. 2.13). This results in nearly twice as fast protocol as compared to 

the conventional technique. The modified protocol includes an additional 

second strand synthesis step before Exo I treatment – this is necessary to avoid 

degradation of tagged cDNAs through the hydrolysis of ddNTP. The protocol 

does not include tagmentation library prep because sequencing-ready libraries 

are obtained after the amplification of STAMPs.  

Cell mixture was co-encapsulated with barcoded beads as described in 

Dolomite Bio user guide “DropSeq on the Nadia Instrument”, version 1.2. 

After emulsion breakage and bead wash steps, beads were resuspended in 200 

µL of RT reaction mix containing 1× SuperScript IV RT buffer, 20 pmol of 

ddCON2TP, 200 pmol of dNTP mix, 5 mM DTT, 4% Ficoll PM-400, 1 U/µL 

RiboLock™ RNase Inhibitor, and 10 U/µL SuperScript IV reverse 

transcriptase. Beads were incubated at 25°C for 30 min and then at 50°C for 

1 hour in a thermomixer with shaking at 1400 rpm. Afterwards, beads were 

collected by centrifugation at 1000× g for 1 min, reaction mixture was 

removed, and beads were washed with 1 mL of TE/SDS (10 mM Tris-HCl pH 

8.0, 1 mM EDTA pH 8.0, 0.5% SDS) three times, then with 1 mL of TE/TW 

solution (10 mM Tris-HCl pH 8.0, 1 mM EDTA, 0.01% Tween™-20) once, 

and finally with 1 mL of nuclease-free water. For the second strand synthesis 

step, beads were resuspended in 200 µL of reaction mixture containing 1× 

Phusion™ GC buffer, 1 U/µL Phusion exo- enzyme, 1 µM second strand 

synthesis primer of sequence 5′-CAGACGTGTGCTCTTCC-3′ and 0.1 mM 

dNTP mix. Suspension was divided into four PCR tubes in 50 µL aliquots and 

placed into thermal cycler. Second strand synthesis conditions were as 

follows: denaturation at 95°C for 1 min, annealing at 60°C for 1 min, 

extension at 72°C for 15 min. Next, reaction mixtures from a single sample 

were combined, beads were collected by centrifugation and washed with 

TE/SDS twice, then with TE/TW once, and finally with 10 mM Tris-HCl (pH 

8.0) once. To remove the excess of free primers on beads, they were 

resuspended in 200 µL of reaction mixture containing 1× Exonuclease I buffer 

and 1 U/µL Exo I (Thermo Scientific). The suspension was incubated at 37°C 

for 45 min in a thermomixer with shaking at 1400 rpm. Thereafter, beads were 

washed with TE/SDS once, twice – with TE/TW, and finally with nuclease-

free water once. Beads were resuspended in 200 µL of nuclease-free water. 

~2000 beads were used in a single library amplification reaction. Bead 

concentration was determined using Fuchs-Rosenthal hemocytometer 

(NanoEnTek), the concentration was adjusted to ~200 beads/µL with 

nuclease-free water. Library amplification was performed as described in 
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2.3.1, except that KAPA™ HiFi™ DNA polymerase (Roche) was used. 

Libraries were purified using Dynabeads™ Cleanup Beads as described for 

bulk 3′ mRNA libraries. 

2.6 NGS library quality control and sequencing  

The quality of all sequencing-ready libraries was assessed via capillary 

electrophoresis either with Agilent 2100 Bioanalyzer High Sensitivity DNA 

kit or Fragment Analyzer NGS High Sensitivity kit (Agilent Technologies). 

The concentration of sequenceable molecules was determined by qPCR 

using the Invitrogen™ Collibri™ Library Quantification Kit according to the 

manufacturer´s recommendations.  

Sequencing was performed on an Illumina™ MiSeq™ instrument using the 

following reagent kits: 

• MiSeq Reagent Nano/Micro Kits v2 (300-cycle) for pilot and quality 

control runs or low complexity samples; 

• MiSeq Reagent Kit v2 (300-cycle) for routine DNA and RNA 

sequencing (WGS, whole transcriptome sequencing); 

• MiSeq Reagent Kit v3 (150-cycle) for gene expression analysis runs; 

• MiSeq Reagent Kit v3 (600-cycle) for 16S rRNA gene sequencing. 

Deeper sequencing was performed on an Illumina™ NovaSeq™ 6000 

system at Novogene Europe (Cambridge, United Kingdom). Sequencing runs 

were performed either in paired-end (2×150 bp, 2×300 bp, 21+100 bp) or 

single-read (1×150 bp) modes depending on the library structure. 

Low complexity samples were mixed with 5-20% of PhiX Control v3 

library (Illumina) prior to sequencing.  

2.7 Data analysis 

NGS data analysis included standard pre-processing steps, such as quality 

filtering, adapter trimming, sequencing depth normalization, with subsequent 

read alignment to the reference genome and downstream analyses which 

pipelines depended on the studied library preparation assay. Data analysis was 

performed by a team of bioinformaticians – dr. Gediminas Alzbutas, dr. 

Varvara Dubovskaja, Karolis Matjošaitis and Gytis Mackevičius. 
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3. RESULTS 

The results of this thesis constitute three major parts: (I) enzymatic 

incorporation of OTDDNs and their biocompatibility; (II) utility of OTDDNs 

for high-throughput DNA sequencing and the development of new 

microbiome analysis method; (III) utility of OTDDNs for high-throughput 

RNA sequencing and the development of gene expression analysis technique. 

The synthesis of OTDDNs used in this work was executed by J. Medžiūnė and 

will be described in detail elsewhere. 

3.1 Enzymatic processing of OTDDNs 

A plethora of commercially available and internally developed DNA and 

RNA polymerases were tested for the ability to process OTDDNs. From a 

practical perspective, the enzymes desired to incorporate OTDDNs should 

have been representatives from family RT and thermostable DNA 

polymerases from either family A or B. A compatible RT enzyme would 

enable cDNA labeling, while thermostable DNA polymerase would allow to 

execute workflows with dsDNA templates. In the majority of applications, 

OTDDN-labeled DNA fragments would be subsequently subjected to PCR 

amplification, thus DNA synthesis through an unnatural triazole linkage 

should ideally be carried out by a thermostable DNA polymerase. As will be 

described in following chapters, enzymes exhibiting appropriate properties 

were identified. 

3.1.1 Substrate properties of OTDDNs 

Incorporation assays tested not only enzyme′s ability to accept bulky ON 

modification attached to the nucleobase, but also the discrimination against 

ddNTPs. As could be expected, the best candidates among DNA polymerases 

from families A and B were exonuclease-deficient enzymes with intrinsic or 

engineered tolerance to nucleotide analogs, such as Thermo Sequenase, 

CycleSeq and Sequenase V.2.0. Many reverse transcriptases were able to 

catalyze the incorporation of OTDDN. Moreover, TdT, T7 RNAP variant and 

PUP were found to accept modified substrate well. 

All enzymes were tested with ddUONTP analogs, and selected candidates 

(Thermo Sequenase and SuperScript IV RT) were additionally challenged 

with all other nucleotide analogs. The results of screening are summarized in 

Table 3.1. The data supporting successful incorporation is provided in 

Supplementary Fig. 1. 
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Table 3.1. Incorporation of oligonucleotide-tethered dideoxynucleotides by DNA and 

RNA polymerases 

Polymerase 
OTDDNs 

ddUONTP ddCONTP ddGONTP ddAONTP 

Taq - nt nt nt 

Taq (exo-) - nt nt nt 

Tth - nt nt nt 

Platinum™ II Taq - nt nt nt 

DyNAzyme™ II - nt nt nt 

DyNAmo™ IV - nt nt nt 

Thermo Sequenase ++ ++ ++ + 

CycleSeq™ ++ nt nt nt 

KlenTaq - nt nt nt 

Sequenase™ V2.0 ++ nt nt nt 

T7 DNA polymerase + nt nt nt 

Klenow fragment (exo-) - nt nt nt 

Bsm DNA polymerase - nt nt nt 

DNA polymerase I - nt nt nt 

Platinum™ SuperFi™ - nt nt nt 

Phusion™ (exo-) + nt nt nt 

Pfu (exo-) - nt nt nt 

Phusion™ U - nt nt nt 

T4 DNA polymerase - nt nt nt 

Phi29 polymerase - nt nt nt 

TdT  ++ nt nt nt 

Maxima™ RT ++ nt nt nt 

SuperScript™ IV ++ ++ + + 

SuperScript™ IV Q190N ++ nt nt nt 

SuperScript™ IV Q190F - nt nt nt 

SuperScript™ IV K103A + nt nt nt 

SuperScript™ II ++ nt nt nt 

RevertAid™ RT ++ nt nt nt 

AMV RT - nt nt nt 

MarathonRT - nt nt nt 

HIV RT ++ nt nt nt 

T7 RNAP V783M ++ ++ nt nt 

PUP ++ nt nt nt 

- no incorporation, + incorporation to a small extent, ++ efficient incorporation, nt – not tested 
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Competitive incorporation assays allowed to elucidate the level of 

discrimination against base-modified terminators characteristic to various 

polymerases (Fig. 3.1). Structurally different (Das & Georgiadis, 2004) M-

MLV-based SuperScript IV and HIV RTs demonstrated different behaviors: 

HIV RT showed nearly equal rate of incorporation of both dTTP and 

ddUON2TP while SuperScript IV displayed clear discrimination against 

OTDDN. This result is consistent with previously reported substantially more 

error-prone DNA-dependent cDNA synthesis by HIV RT as compared to M-

MLV and AMV RTs, however the authors found that these differences were 

not so profound on RNA templates (Sebastián-Martín et al., 2018).  

Figure 3.1. Competitive incorporation assay. PEX experiments were performed with 

DupA primer-template duplex either with ddUON2TP alone (1:0) or with various 

ddUON2TP ratios relative to dTTP (1:1, 1:2, 1:3). Different enzymes show different 

levels of discrimination against OTDDN. C- - negative control, C+
T – positive control, 

green arrow indicates OTDDN-labeled products. 

Both SuperScript IV and HIV RTs were tested in oligo(dT) primer 

extension and termination by OTDDNs on mRNA templates with further 

amplification of labeled cDNA fragments. HIV RT catalyzed the 

incorporation of OTDDNs more efficiently than SuperScript IV which is 

evident from the accumulation of short labeling products (Fig. 3.2), however 

SuperScript IV was selected for further development of transcriptome 

sequencing techniques. The efficiency of competitive OTDDN incorporation 

exhibited by SuperScript IV appeared to be sufficient for the generation of 

cDNA fragment libraries even from small amounts of RNA (see chapter 3.3), 

moreover, SuperScript IV synthesizes cDNA with higher fidelity than HIV 

RT which allows to obtain higher quality sequencing data, and some 

discrimination against OTDDN prevents the extensive formation of labeled 

fragments with extra-short inserts that do not generate informative sequencing 

data. 
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Figure 3.2. The libraries of cDNA fragments produced by SuperScript IV and HIV 

RTs in the presence of 1:5 ratio of ddUON2TP and ddCON2TP to their natural dNTP 

counterparts. The numbers in brackets stand for the average length of the obtained 

cDNA fragments measured in the range from 100 bp to 1000 bp. 

Interestingly, Thermo Sequenase as well as T7 RNAP mutant preferred 

OTDDNs over natural dNTPs, with ~2-fold and >1000-fold better usage of 

tested OTDDNs than unmodified dNTPs, respectively. Thermo Sequenase 

appeared to be an excellent candidate for DNA fragment library preparation 

by primer extension and labeling with OTDDNs from dsDNA templates.  

 

 

 

 

 

 

 

 

 

 

Figure 3.3. The dependency of fragment size distribution on the ratio of OTDDN to 

its natural dNTP counterpart. The Bioanalyzer traces show three DNA fragment 

libraries obtained by primer extension with Thermo Sequenase and termination with 

ddUON2TP and ddCON2TP (here, both OTDDNs were used in a single reaction in 

equimolar amounts). The lower the total amount of OTDDNs is, the longer is the 

average fragment size. 
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This notion was tested by primer extension on complex gDNA templates with 

various ratios of OTDDNs to dNTPs – stochastic nature of OTDDN 

incorporation should enable the control over the average length of labeled 

DNA fragments by modulating this ratio. Indeed, the average length of DNA 

fragments was dependent on the relative amounts of OTDDNs to dNTPs. 

When higher excess of dNTPs was used, the rates of OTDDN incorporation 

were lower and thus longer fragments were obtained (Fig. 3.3). The ability to 

regulate the average insert size makes NGS library preparation method more 

flexible in terms of compatibility with sequencing instrumentation and with 

sequencing applications.  

3.1.2 Biocompatibility of unnatural triazole linkage 

In this study, two configurations of OTDDNs were considered: where 

dideoxynucleotide and ON were attached (i) base-to-phosphate (Fig. 2.1 B; 

modifications ON2, ON3, ON4, ON5, ON6, ON8, ON9) or (ii) base-to-base 

(Fig. 2.1 C; modifications ON1, ON7, ON10). The latter option was 

eventually rejected because C8-alkyne motif attached to a nucleobase within 

an ON was only available for pyrimidines which in turn forced us to introduce 

an additional base into the Illumina adapter sequences. On the other hand, 

base-to-phosphate linkage was sequence-independent and thus allowed for 

seamless tagging of sequenceable inserts. This configuration was further 

tested for biocompatibility, i.e. the ability of various polymerases to 

synthesize the complementary DNA strand through the unnatural linker using 

ON modification as a priming site. We identified exonuclease-deficient 

polymerases able to read through the linker (Table 3.2). 

Table 3.2. Read-through activity of various DNA polymerases 

Polymerase Conditions Read-through 

Klenow fragment (exo-) 30ºC 30 min + 

Thermo Sequenase 

95ºC 1 min, 60ºC 1 min, 72ºC 15 min 

+ 

Platinum™ SuperFi™ - 

Phusion U - 

Phusion (exo-) ++ 

Phusion (exo-) 95ºC 1 min, 60ºC 1 min, 72ºC 10 min ++ 

Phusion (exo-) 95ºC 1 min, 60ºC 1 min, 72ºC 5 min + 

SuperScript™ IV 50ºC 30 min + 

- undetectable read-through, + inefficient but detectable read-through (up to 10% efficiency), 

++ good read-through activity (>20% efficiency) 
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We identified Phusion (exo-) as a best performing enzyme with the single-

cycle read-through efficiency of 25-30%. The efficiency depended on the 

reaction time, Phusion (exo-) reached its maximum single-cycle efficiency in 

10 min reaction. Having in mind that most of the OTDDN-based NGS library 

preparation applications require PCR to introduce full-length adapters, 

Phusion (exo-) was a fortunate discovery because of its thermal stability and 

compatibility with other Phusion-based polymerases. This in turn allowed the 

use of polymerase blends for the amplification of OTDDN-containing 

libraries (see Methods).  

3.2 Labeling of linear amplification products 

DNA and RNA polymerases have evolved mechanisms to efficiently 

discriminate against substrates containing non-cognate sugar moieties. 

Understanding the determinants of substrate selection would enable the 

expansion of catalytic properties, of which the transformation of RNA 

polymerase into DNA polymerase is of great interest due to the possibility to 

isothermally synthesize ssDNA. 

To create a new method for linear DNA amplification with an integrated 

opportunity to label amplification products for subsequent high-throughput 

sequencing, in vitro evolution was used to select T7 RNAP variants able to 

catalyze the incorporation of dNTPs and thus synthesize highly stable 

transcripts. Mutant variant V783M exhibited the best performance with 

substrate mixture consisting of dTTP, dCTP, dATP and 2′-F-dGTP (Fig. 3.4) 

and was used for further feasibility experiments. Neither of tested mutants 

were able to synthesize unmodified ssDNA products most probably because 

of intrinsic requirement for GTP to stabilize the initiation complex (Koh et al., 

2018). 2′-fluoro modification does not substantially change transcript 

conformation as compared to RNA because highly electronegative fluorine 

atom confers an RNA-like C3′-endo conformation of nucleotide sugar moiety 

(Manoharan, 1999; Zhu et al., 2015), thus substitution of GTP to 2′-F-dGTP 

appeared to be highly successful. 
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Figure 3.4. Selection of T7 RNAP variants with reduced substrate discrimination. (A) 

– T7 RNAP mutants able to incorporate various combination of NTPs and dNTPs as 

well as to synthesize chimeric ssDNA containing 2′-F-dG. (B) – a capillary 

electrophoresis trace of a transcript consisting of dTTP, dCTP, dATP, and 2′-F-dGTP 

synthesized by V783M mutant. 

Isothermal amplification of a portion of intact plasmid DNA downstream 

of T7 promoter in the presence of dNTPs and OTDDNs enabled to produce 

libraries of randomly terminated labeled transcription products. Subsequent 

PCR amplification using IVT products as templates successfully generated 

sequencing-ready samples. Interestingly, empirical screening for optimal 

OTDDN to dNTP ratio revealed high preference of T7 RNAP mutant to 

OTDDNs – libraries of average size of ~300 bp were obtained with 5000× 

deficiency of OTDDN relative to respective dNTP. On average, 93.5% (89.7-

95.2% among replicates) of reads aligned to the reference plasmid sequence 

and covered an expected region immediately downstream of T7 promoter 

(Fig. 3.5). Read structure was of the expected composition: first 8 bases of 

forward reads had random base distribution attributable to the randomized 

region within OTDDN, while the dominance of G and A bases at the 9th 

position corresponded to ddCTP and ddUTP incorporation sites, respectively 

(Fig. 3.6). 
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Figure 3.5. Sequencing of directly PCR-amplified IVT products synthesized by T7 

RNAP V783M using dTTP, dCTP, dATP, 2′-F-dGTP and OTDDN. The obtained read 

coverage of pTZ19R template plasmid. Each line graph represents an individually 

prepared sample.   

 

 

Figure 3.6. Base composition of forward reads obtained upon sequening of OTDDN 

labeled 2′-F ssDNA transcripts. First 8 bp correspond to the randomized region within 

OTDDN, and the base at 9th
 position should be complementary to the 

dideoxynucleotide. Clear dominance of G and A bases at 9th
 position confirm the 

incorporation of ddCTP and ddUTP, respectively. 
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The proposed approach opens doors for convenient linear isothermal 

amplification of DNA with introduced T7 promoter sequences and simple  

downstream processing and handling of highly stable transcripts in 2′-F 

ssDNA form. 

3.3 OTDDNs for DNA sequencing applications 

DNA sequencing can be global, when all DNA molecules in a sample are 

sequenced, e.g. in whole genome or metagenome sequencing applications, or 

targeted, when sample is enriched for loci of interest, e.g. by sequencing 

specific gene panels. Both approaches are compatible with OTDDN 

technology. For whole genome sequencing, OTDDNs offer a convenient 

protocol that accepts intact DNA as an input. Typically, DNA fragmentation 

prior to adapter addition is performed either by physical methods, such as 

acoustic shearing, or enzymatic methods, such as digestion by non-specific 

endonucleases (Head et al., 2014). Integration of fragment generation together 

with adapter addition step eliminates the need for specialized equipment or 

nucleic acids cleaving enzymes. As for targeted approach, the stochastic 

OTDDN incorporation enables the unique opportunity to terminate the 

extension of specific primers in the a priori unknown genomic regions nearby. 

This feature has a number of advantages over traditional PCR enrichment as 

will be exemplified by 16S rRNA gene sequencing for microbiome 

characterization. 

3.3.1 Labeling of primer extension products 

Whole genome sequencing by extension and OTDDN labeling of random 

primers was tested on Escherichia coli gDNA. Intact DNA was denatured 

allowing the annealing of random primers which were then extended and 

tagged by OTDDN. This step generated DNA fragments (average size ~350-

550 bp depending on the concentration of random primers and OTDDNs) 

suitable for sequencing, thus eliminating the need for a separate fragmentation 

step. Amplified libraries were subjected to Illumina paired-end sequencing.  

85% of reads aligned to the reference genome and covered the whole 

E. coli chromosome (Fig. 3.7 A). The GC coverage was in good agreement 

with the GC content reported for the E. coli genome (Fig. 3.7 B). Random 

priming enables an additional layer of control over the insert size through the 

modulation of random primers to gDNA ratio. Here, keeping OTDDN to 

dNTPs ratio constant, we tested two concentrations of random primers and 
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indeed observed that higher concentration of primers resulted in denser 

annealing pattern and thus shorter inserts (Fig. 3.7 C). 

Figure 3.7. Escherichia coli genome sequencing by random primer extension and 

termination with OTDDNs. (A) – E. coli genome coverage obtained in proof-of-

principle experiment. Green and red lines represent two different libraries. (B) – the 

obtained sequence GC content distribution agrees well with that reported for the E. 

coli genome (GC = 50.79%; UCSC Genome Browser, Kent et al., 2002). (C) – insert 

size distribution depends on the ratio of random primers to the template. The graph 

shows obtained insert sizes in libraries prepared from 100 ng of E. coli genomic DNA 

and different amounts of random primers. 

Labeling of specific primer extension products was first tested on a low-

complexity M13mp18 viral genome. Two specific primers oriented in the 

same direction and targeting loci 2980 bp apart from each other were both 

annealed and extended in a single reaction. OTDDN-labeled extension 

products were sequenced, with priming sites comprising the beginning of 

forward reads. 71% of reads aligned to the reference genome, and the obtained 

median insert size was 191 bp. The coverage profile matched the theoretical 

design very well: 5′-terminal regions of sequenced inserts aligned at fixed 

positions that corresponded to target loci, while 3′-terminal regions were 

dispersed indicating random OTDDN incorporation events (Fig. 3.8 A). We 
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termed this approach semi-targeted sequencing, emphasizing that only a 

single target-specific primer is used to generate sequencing-ready amplicons. 

 

Figure 3.8. Semi-targeted sequencing with OTDDNs. (A) – the coverage of 

M13mp18 genome concentrates in two loci that correspond to two target sites. The 

fixed termini of sequenced inserts correspond to the priming sites while randomly 

distributed termini illustrate the stochastic nature of OTDDN incorporation. Each line 

graph represents a technical replicate. (B) – the coverage of human ALK gene which 

was obtained upon sequencing of semi-targeted libraries. Each line graph depicts 

results obtained with each of the 5 tested ALK-specific primers. The length of ALK is 

~730 kb, thus the coverage graphs appear as a peak.  

Single primer extension-based approaches are more prone to specificity 

issues because each mispriming event will be captured in the final library. 

Semi-targeted sequencing was challenged with complex human gDNA 

template. Five primers specific to ALK gene were designed and tested 

individually. Surprisingly, one of the primers (ALK-2, see Table 2.6) 

generated ~73% on-target reads (68-80% among different samples) while 

others were not able to reach 50%. As could be expected, on-target reads 

concentrated near the priming locus (Fig. 3.8 B). Considering the size of the 

human genome, obtaining ~73% of correct reads from a single primer 

extension is remarkable, and encourages the application of semi-targeted 

approach for complex templates. 

3.3.2 Semi-targeted sequencing of 16S rRNA gene 

16S rRNA gene is widely used to differentiate operational taxonomic units 

(OTUs) for the profiling of microbial communities. High-throughput 

sequencing of 16S rRNA amplicons led to rapid growth of available gene 

sequence data, which to this day outnumbers complete genome assemblies. 

Despite its versatility, intragenomic heterogeneity of 16S rRNA gene copies 

impairs classification accuracy as well as quantitative representation of 

microbial communities. We developed a new semi-targeted 16S rRNA gene 

sequencing method (st16S-seq) which directly links each 16S rRNA gene 
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copy with adjacent genomic locus upstream of the gene and enables highly 

accurate classification and unambiguous quantification of taxa (Kapustina et 

al., 2021a). 

Diagnostic potential of the proposed approach was first evaluated in silico 

by the analysis of publicly available 13 570 unique bacterial genome 

assemblies. Indeed, the inclusion of near-16S regions increased the 

classification accuracy at species level when strains were left out (Fig. 3.9). 

The accuracy increased with increasing length of included genomic fragment 

up to 400 bp. The mean classification accuracy using 16S rRNA sequences 

alone was comparable to that of near-16S regions linked to V1-V2. For 

individual hypervariable regions, the classification accuracy was substantially 

lower as compared to both full-length gene and near-16S linked to V1-V2. 

Figure 3.9. Krona charts depicting in silico estimated classification accuracy at the 

species level. The outer ring corresponds to the genus/family level. The size of circular 

fragments is proportional to the number of sequences belonging to the rank. For 

sequences upstream of 16S rRNA gene the length of included genomic fragment is 

indicated (100 bp, 400 bp, 1000 bp). In all cases near-16S regions were linked to V1-

V2 16S rRNA sequences.  
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Figure 3.10. The percentage of identifiable 16S rRNA gene copy numbers as assessed 

by various regions of 16S rRNA gene. V1-V9 indicate 16S rRNA hypervariable 

regions that were included in the analysis. 
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The ability to identify 16S rRNA gene copy numbers would significantly 

improve quantification of taxa. Within individual genomes, 16S rRNA 

hypervariable regions were able to differentiate between up to ~50% of gene 

copies. The full-length gene sequence raised the fraction of identifiable copies 

to 60%. The inclusion of near-16S region in conjunction with either V1-V2 or 

V1-V9 increased the discrimination to 99.7%. Microbiome samples often 

contain a mixture of closely related bacterial lineages which complicates 

quantitative assessment because of the presence of identical 16S rRNA genes 

in genomes of different strains. To evaluate inter-strain 16S rRNA gene copy 

differentiation, we included species with at least two strains in the analysis. 

Although neither sequence allowed for absolute discrimination, we observed 

>80% of identifiable 16S rRNA copies for near-16S and 16S rRNA sequence 

combination in contrast to ≤70% for within-gene sequences. At higher 

taxonomic level, inter-species sequence variation somewhat lowers the 

discriminatory power of full-length 16S rRNA sequence and sequences of 

hypervariable regions, however there is almost no impact on near-16S region 

thus allowing for absolute gene copy number identification (Fig. 3.10). 

Practical st16S-seq feasibility studies were first performed on well 

characterized E. coli genome which is known to contain 7 copies of rRNA 

operon (Maeda et al., 2015). st16S-seq analysis was able to identify all 7 

copies by the assembly of 16S rRNA proximal regions. Likewise, almost all 

gene copies were identified within the genomes of 8 prokaryotic members of 

ZymoBIOMICS™ mock microbial community (Fig. 3.11). In some instances, 

not all gene copies were resolved because intragenomic sequence differences 

occur at a marginal distance which can be captured and reliably sequenced by 

st16S-seq using short reads. In bacteria with multiple 16S rRNA gene copies, 

the evolution of 16S rRNA genes is thought to occur not only by vertical 

transmission of mutations, but also by non-reciprocal recombination with 

either horizontally acquired or intragenomic donors (Hashimoto et al., 2003; 

Espejo, Plaza, 2018). Intragenomic recombination events might in turn result 

in duplications of the chromosomal regions nearby bringing more complexity 

to the identification of gene copy numbers. 
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Figure 3.11. 16S rRNA gene copy number identification from st16S-seq data. (A) – 

the number of 16S rRNA gene copies detected within genomes of the members of 

ZymoBIOMICS™ Microbial Community DNA standard that equates to the number of 

16S rRNA contigs after removal of artifactual sequences. (B) – read coverage of each 

of the six 16S rRNA gene copies and upstream regions within Listeria monocytogenes 

genome. 

Identification of 16S rRNA gene copy numbers allows to normalize read 

counts for accurate quantitative estimation of taxa. st16S-seq data strongly 

correlated with the expected abundance distribution in two analyzed mock 

communities, with Pearson′s correlation coefficients of 0.96-0.97 and 0.88-

0.90 for ZymoBIOMICS (Fig. 3.12 A) and ATCC (Fig. 3.12 B) standards, 

respectively. In contrast, PCR-based techniques demonstrated poorer (Quick-

16S and NEXTFLEX V1-V3) or inconsistent (EMP, NEXTFLEX V4, 

QIAseq and Swift) performance as compared to st16S-seq, which is 

attributable to widely acknowledged limitations posed by PCR primer design 
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and unequal discriminatory power of individual 16S rRNA variable regions 

(Klindworth et al., 2013; Winand et al., 2019; Soriano-Lerma et al., 2020). 

 

Figure 3.12. Validation of st16S-seq on mock community DNA standards and 

comparison with conventional techniques. (A) – read distribution across bacterial 

genera in libraries prepared from ZymoBIOMICS™ Microbial Community DNA 

standard with various commercially available kits and st16S-seq approach. The 

numbers above the bars indicate Pearson′s correlation coefficients between the 

expected and obtained read distributions. Two replicates are shown for each sample. 

(B) – read distribution across bacterial genera in libraries prepared from ATCC 

microbiome standard (ATCC MSA-1002™) DNA with various commercially 

available kits and st16S-seq approach. The numbers above the bars indicate Pearson′s 

correlation coefficients between the expected and obtained read distributions. Two 

replicates are shown for each sample. 

The inclusion of sequences upstream of 16S rRNA gene into sequencing 

library improved the classification accuracy at species level. We have assessed 

the ability of targeted methods and st16S-seq to discern bacterial species 

within mock communities employing both unmerged and merged paired-end 
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reads for the analysis. The use of unmerged reads placed st16S-seq on a par 

with V1-V2-containing amplicons. In contrast, the analysis of assembled 

genome-linked contigs in st16S-seq datasets allowed to correctly identify all 

members of mock communities, except for Streptococcus agalactiae, while 

the precision of PCR-based methods did not improve from the use of merged 

reads. 

To analyze the utility of st16S-seq for the characterization of highly 

complex communities, we sequenced libraries prepared from soil-derived 

DNA. Principal component analysis (PCA) considering the relative 

abundances of reads assigned per bacterial species across soil samples 

sequenced using different methods revealed that data based on V4 and 

NEXTFLEX V1-V3 amplicon sequencing form distinct clusters, while st16S-

seq and Quick-16S can approximate the variability of read fractions detected 

by WGS. Moreover, when st16S-seq data is analyzed as pseudocontigs, 

meaning that all reads associated with individual OTUs are analyzed as a 

whole, st16S-seq clusters with WGS even better (Fig. 3.13). 

Figure 3.13. Species-level discriminatory power of st16S-seq on complex samples 

and comparison with conventional techniques. PCA analysis considering the relative 

abundance of reads assigned per bacterial species across different soil samples 

processed by various library preparation techniques. The graph on the right depicts 

data that clusters near WGS. 

Taken together, we demonstrated that direct linking of adjacent genomic 

sequences to those of V1-V2 16S rRNA region gives a number of significant 

methodological advancements to microbiome characterization.  
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3.4 OTDDNs for RNA sequencing applications 

While direct RNA sequencing is possible (Ozsolak et al., 2009; Garalde et 

al., 2018), currently most RNA-seq experiments are performed on instruments 

that sequence DNA molecules due to their technical maturity. This means that 

to prepare RNA-seq library RNA must be converted into cDNA of certain size 

flanked by adapter sequences. The cDNA library preparation methods may 

vary depending on the RNA species under investigation, which in turn can 

differ in size, sequence, structural features and abundance (Hrdlickova et al., 

2017). Here, we demonstrate that OTDDNs can be applied for rapid, simple 

and accurate cDNA library preparation and ensure the retention of strand 

specificity, which is important for the identification of antisense expression 

and novel RNA species. Our efforts focused on the most common application 

of RNA-seq – sequencing of polyadenylated RNA, either throughout the 

whole transcript length or targeting terminal regions. 

3.4.1 Labeling of cDNA 

To test the utility of OTDDN-based cDNA labeling approach for 

sequencing mRNAs along their full length, oligo(dT)-primed first strand 

cDNA synthesis was performed with well-characterized UHRR total RNA. 

Then, second strand synthesis was primed by random oligonucleotides and 

extension products were labeled by OTDDNs. 

On average, 95.3% (94.4-97.2% among replicates) of sequencing reads 

mapped to the human genome. With 0.9 M reads we detected over 17 100 

unique genes, with the mean strand specificity value of 98.4% (97.8-98.7% 

among replicates). The read coverage of transcripts was slightly biased 

towards 3′ terminus which is attributable to the oligo(dT)-primed RT step. 

Except for this, the gene body coverage was comparable to that obtainable by 

the conventional technique (Fig. 3.14).  

The analysis of detected transcript biotypes exposed an area for further 

improvement – substantial contamination with rRNA reads (on average 

42.8%) was observed. This might be explained by the capture of intragenic 

polyA stretches within rRNA transcripts during the RT step. Specificity for 

mRNAs could be improved by optimizing RT conditions or by performing 

mRNA enrichment from total RNA before the library preparation. 

Alternatively, not-so-random primers (Armour et al., 2009) might be used to 

prepare tagged cDNA fragments during RT with simultaneous depletion of 

abundant RNA species. 
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Figure 3.14. RNA sequencing along the whole transcript length. (A) – gene body 

coverage obtained in libraries prepared with OTDDNs. (B) – gene body coverage 

typical to standard RNA sequencing. Here, libraries were prepared with the Collibri™ 

Stranded RNA Library Prep Kit. Each line represents a technical replicate. The ideal 

coverage value of 1 is shown with a dashed line.  

One interesting opportunity raised by OTDDN labeling is the preparation 

of cDNA libraries without PCR amplification. To do so, RT primer must have 

a full-length adapter sequence at the 5′ terminus and OTDDN must contain a 

full-length adapter modification. Moreover, bridge amplification on the 

surface of a flow cell must be compatible with templates containing unnatural 

linkages. We were able to synthesize OTDDN having a 67 nt oligonucleotide 

modification (ddCON10TP) which corresponded to an indexed P7 Illumina 

adapter. Model experiments (see chapter 2.4.1) revealed that Illumina random 

clustering chemistry tolerates triazole-based linkage within DNA template 

very well: within an equimolar sample pool, OTDDN-containing sample 

constituted 42.0% of all identified reads, while control samples constituted 

40.9% and 17.1%. If polymerase used for bridge amplification would not be 

able to synthesize DNA through the OTDDN linker, we would expect to 

retrieve disproportionately less clusters for OTDDN sample than for controls.   

Next, we tested PCR-free library preparation from UHRR by oligo(dT) 

primer extension and labeling. As could be expected, 93% of obtained reads 

corresponded to human protein coding genes, and the majority of reads 

mapped near the 3′ termini. We observed that all reverse reads started with A 

and G bases that correspond to AldU and ddCTP, respectively. Further 

exploration of this PCR-free opportunity would enable easiest possible 

sequencing-ready RNA-seq library preparation. 
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3.4.2 Gene expression profiling 

Whole transcriptome sequencing generates the most comprehensive 

transcriptomic datasets, however the sensitivity and accuracy of detection of 

relative changes in gene expression across sample groups is hindered by read 

coverage bias towards longer transcripts (Mortazavi et al., 2008; Gao et al., 

2011). While long-read sequencing technologies allowing full-length 

transcript analysis, such as Iso-Seq, may solve this issue by producing single 

read per transcript with no tradeoff in regard to structural information, 

currently this approach is mostly adopted to study non-model organisms 

(Minio et al., 2019; Chen et al., 2019). For gene expression profiling 

employing short-read sequencers, library preparation techniques that generate 

only one fragment per transcript, usually adjacent to either 5′ or 3′ terminus, 

are acknowledged as a good cost-effective alternative to whole transcriptome 

RNA-seq and were rapidly adopted for high-throughput single-cell 

sequencing (Xiong et al., 2017; Ma et al., 2019; Islam et al., 2012).  

We created and tested the workflow for the capture of mRNA 5′ termini, 

which is based on reverse transcription with template switch and subsequent 

second strand synthesis in the presence of OTDDNs. Second strand synthesis 

was primed targeting the template switch oligonucleotide which labeled the 5′ 

terminus of the original mRNA. 83% of sequenced reads mapped to human 

genome, and among those 78% of reads corresponded to protein coding genes. 

Proof-of-principle experiment detected 10 233 unique genes with strand 

specificity of 91.1%. Gene body coverage analysis revealed the increased 

coverage of 5′ termini, however 3′ termini were also overrepresented (Fig. 

3.15).  

Figure 3.15. 5′-end RNA sequencing with OTDDNs. (A) – the obtained gene body 

coverage. 5′ terminal regions are highly represented, however overrepresentation of 

3′ termini is also visible. (B) – captured transcript biotypes. Most reads, as expected, 

correspond to protein coding genes. 
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This peculiar effect might have been caused by strand invasion (Tang et 

al., 2013), i.e. interruption of cDNA synthesis by premature annealing of TSO 

to cDNA, which results in oligo(dT)-primed cDNA synthesis termination 

closer to the 3′ end. 

The enrichment for 3′ UTRs allows insights about 3′UTR isoform choice 

variability which was reported to contribute to phenotypic diversity across 

individual cells (Velten et al., 2015). We developed a new method for high-

throughput gene expression profiling which generates fragment libraries from 

the 3′-terminal transcript regions with rapid and simple single-tube protocol. 

We termed this approach mRNA sequencing via terminator-assisted synthesis, 

or MTAS-seq. 

To validate the technique, we sequenced MTAS-seq libraries prepared 

from well characterized HeLa and UHRR total RNA samples spiked with 

ERCC transcript mixes, with three technical replicates per RNA input, which 

ranged from 0.5 ng to 500 ng. The obtained libraries were of similar size 

indicating that OTDDN incorporation rate is robust across different RNA 

inputs given the same OTDDN ratio to corresponding dNTPs (Supplementary 

Fig. 2 A-B). 99.4 – 99.8% of sequencing reads from each sample mapped to 

the human genome and ERCCs after UMI trimming, with strand specificity of 

>99 %. We obtained sequences for more than 19 000 genes in UHRR samples 

and nearly 15 000 genes in HeLa samples with only 2 M reads. Reverse 

transcription conditions demonstrated high specificity for mRNAs even 

though starting material was total RNA: there were virtually no traces of 

rRNA reads indicating no mispriming events, and read coverage, as expected, 

concentrated at the 3′ terminal region of RNA transcripts (Fig. 3.16 A-B).   

To assess dose-response in MTAS-seq libraries, we compared the detected 

ERCC counts to expected ones and observed that with at least 50 unique 

ERCC transcripts identified the correlation (R2) with the expected distribution 

was 0.91-0.94 (Fig. 3.16 C). We next evaluated the discriminatory power of 

differential expression detection by assessing ERCC ratio performance with 

receiver operating characteristic (ROC) curves and area under the curve 

(AUC) statistics. With at least 13 ERCC spikes detected per abundance ratio, 

AUC analysis indicated good diagnostic power of MTAS-seq assay, with 

AUC values >0.96 for all ratios (Fig. 3.16 D). This suggests the utility of 

MTAS-seq for highly accurate gene expression profiling, with an additional 

advantage of UMI labeling which is especially important for low-input 

applications prone to high PCR duplication rates (Supplementary Fig. 2 C-D). 
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Figure 3.16. Data quality obtained with MTAS-seq. (A) – RNA species captured in 

MTAS-seq libraries prepared from well characterized RNA (note that “Other” 

category includes ERCC RNA Spike-Ins which were captured via their polyA tails). 

(B) – typical gene body coverage. (C) – the correlation coefficient (R2) of detected 

ERCC counts versus expected in MTAS-seq library prepared from 500 ng of UHRR 

with ~2% of ERCC mix was 0.93, with 55 different ERCCs detected. (D) – ROC 

curves indicate erccdashboard analysis to assess the performance of differential 

expression estimation. FPR – false positive rate, TPR – true positive rate. 

To assess whether high-quality libraries might be produced directly from 

eukaryotic cell lysates leaving behind RNA extraction, we first purified total 

RNA from HEK-293 cells and determined the approximate amount of RNA 

per cell, which was ~12 pg. Next, we prepared MTAS-seq libraries from 

various amounts of HEK-293 cells and, in parallel, from purified RNA which 

amount corresponded to the cellular RNA contents used in crude lysate 

experiment. Libraries for each input were prepared in quadruplicates. 

On average, 99.1% (98.6-99.3%) of sequencing reads aligned to human 

genome in crude lysate samples, and 99.2% (96.7-99.5%) - in RNA samples. 

We observed a good agreement of gene detection capacity between 

corresponding lysate and RNA samples (Fig. 3.17) as well as good technical 

reproducibility of library prep from whole cells. 
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Figure 3.17. Numbers of detected genes in MTAS-seq libraries prepared from 

different amounts of RNA and cells. 1 – 120 ng RNA or 10 000 cells, 2 – 12 ng RNA 

or 1000 cells, 3 – 6 ng RNA or 500 cells, 4 – 1.2 ng RNA or 100 cells, 5 – 0.12 ng 

RNA or 10 cells. 

We further applied the direct approach for a different cell type – mouse 

BALB/3T3 fibroblasts – and obtained high-quality data confirming the 

reliability and robustness of MTAS-seq as well as the ability to generate 

libraries from sub-nanogram quantities of total RNA (Fig. 3.18). 

The performance of MTAS-seq was compared to that of a conventional 

commercially available library preparation kit. MTAS-seq clearly 

outperformed the conventional method in terms of specificity to mRNAs, 

however detected less genes from very low amounts of starting material 

(Table 3.3). 

Table 3.3. The comparison of technical parameters obtained in conventional 3′ 

mRNA sequencing dataset (Kit) and OTDDN-based MTAS-seq (OTDDN). Samples 

were prepared in triplicates; sequencing depth was normalized to 2 M reads/sample. 

Values are reported as mean ± standard deviation. 

Parameter 
UHRR HeLa 

OTDDN Kit OTDDN Kit 

Mapped reads, % 99.45±0.03 99.05±0.39 99.68±0.05 99.01±0.77 

Strand specificity, % 99.21±0.06 98.58±0.30 99.50±0.04 99.14±0.10 

Protein coding genes, % 91.71±0.31 74.07±4.74 91.38±0.18 73.90±2.16 

rRNA contamination, % 0.06±0.02 7.51±3.94 0.03±0.01 9.51±3.73 

Detected genes (500 ng) 19046±23 19124±54 14874±20 15032±10 

Detected genes (100 ng) 18745±38 18656±22 14443±22 14794±59 

Detected genes (10 ng) 15633±163 15134±926 11877±15 11554±334 

Detected genes (0.5 ng) 7273±73 9938±393 5055±55 7388±602 
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Figure 3.18. Gene expression profiling in BALB/3T3 cell lysates by MTAS-seq. (A) 

– the percentages of reads aligned to mouse genome in libraries prepared from various 

amounts of cells. (B) – the numbers of detected genes in libraries prepared from 

different amounts of starting material. (C) – captured RNA species. (D) – gene counts 

correlation matrix. The percentages indicate Pearson correlation coefficients. L1 

samples correspond to 10 000 cells, L2 – 1000 cells, L3 – 500 cells, L4 – 100 cells, 

L5 – 10 cells. 
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3.4.3 Single-cell sequencing applications 

 

We reasoned that generation of oligonucleotide-tagged cDNA fragments 

can be applicable for high-throughput single-cell sequencing, eliminating the 

need for transcriptome preamplification and subsequent tagmentation. To test 

this notion, we performed classical species mixing model experiments, using 

a mixture of HEK-293 and BALB/3T3 cells for encapsulation together with 

barcoded polystyrene beads originally designed for Drop-seq. The protocol 

was adapted such as to accommodate optimal reverse transcription conditions 

for OTDDN incorporation. Indeed, time- and labor-saving advantages of such 

modified protocol were apparent, with workflow time reduced by ~50% as 

amplification step readily generated sequenceable cDNA fragment library. 

Upon sequencing, 80-90% of reads aligned to combined human and mouse 

genome reference after quality trimming. Among them, >90 % of identified 

transcripts were of protein coding genes. We obtained species cross-

contamination levels of 2-8 % which are typical for the type of cell processing 

approach used for proof of principle studies, indicating that modified 

workflow as such does not introduce any additional undesirable molecular 

recombination events (Fig. 3.19). The side by side comparison of technical 

parameters between conventional and OTDDN-based Drop-seq datasets is 

given in Table 3.4. Similarly to bulk sequencing, here OTDDN-based method 

underperformed only in terms of gene detection sensitivity. Careful further 

optimization of reverse transcription and amplification conditions, enabling 

more efficient incorporation and copying through OTDDN linker would 

encourage wide adoption of the proposed technique. 

Table 3.4. The comparison of technical parameters obtained in standard and modified 

Drop-seq datasets 

Parameter Standard Modified 

Mapped reads, % 84.4 83.8 

Cross-contamination level, % 2.5 2.7 

Assigned features, % 55.4 63.0 

Transcript capture efficiency, % 11.8 0.5 

Protein coding genes, % 93.3 93.5 
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Figure 3.19. Cross-contamination level obtained with modified Drop-seq protocol. 

(A) – the fractions of reads aligned to either human or mouse genomes per cell 

barcode. Here, the fraction of reads aligned to human genome is shown in blue, and 

the fraction of reads aligned to mouse genome – in red. (B) – the numbers of human 

and mouse transcripts detected with 100 most abundant cell barcodes. 

The proposed approach is in principle compatible with a variety of 

experimental designs: either with protocols based on reverse transcription in 

drops with hydrogel beads, such as inDrop (Klein et al., 2015), or those 

performing reverse transcription in bulk after mRNA capture on hard beads, 

such as Drop-seq (Macosko et al., 2015). The modified protocol is also 

applicable to emulsion-free approaches, such as SPLiT-seq (Rosenberg et al., 

2018). The only prerequisite is the release of cellular RNA contents within 

optimal reverse transcription reaction mixture containing oligonucleotide-

modified dideoxynucleotides.  
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4. DISCUSSION 

As NGS technologies become increasingly affordable, technology 

developers around the globe are racing to improve sample preparation 

methods to maximize the efficiency and informativeness of sequencing. Most 

current library preparation protocols introduce significant biases, including 

uneven coverage, artificial chimera, clonal bias caused by amplification, 

allelic dropouts, length bias in RNA-seq, and more. Several chemoenzymatic 

library preparation methods have emerged to tackle some of the 

abovementioned challenges, however such approaches are still in their 

infancy. Here, we explored the potential of chain terminators bearing bulky 

oligonucleotide modifications as carriers of sequencing adapters. 

4.1 Enzymatic processing of OTDDNs 

The idea to employ base-modified chain terminators for nucleic acid 

analysis is not new, with Sanger sequencing being the closest analog to the 

approaches developed in this study. Discovery or engineering of polymerases 

exhibiting low discrimination between dNTPs and ddNTPs played a key role 

in the improvement of chain termination sequencing performance. T7 DNA 

polymerase is known to incorporate ddNTPs much more efficiently than wild 

type DNA polymerases from E. coli and T. aquaticus, with molecular basis 

for such activity residing in a single amino acid Y526. Mutations at equivalent 

positions – F762Y and F667Y in E. coli and Taq polymerases, respectively – 

enabled relaxed substrate discrimination and laid the foundation for the 

engineering of superior enzymes for DNA sequencing (Tabor & Richardson, 

1995). This sparked great interest to study sugar recognition mechanisms in 

other enzymes as well, including T. litoralis DNA polymerase, also known as 

Vent (Gardner & Jack, 1999), DeepVent, 9ºN (Gardner & Jack, 2002), Pfu 

(Evans et al., 2000), Taq polymerase Stoffel fragment (Schultz et al., 2015; 

Chen et al., 2016), and variants of RNA polymerases, such as T7 RNAP 

(Sousa & Padilla, 1995; Sasaki et al., 1998; Kapustina et al., 2021b) and multi-

subunit RNAPs (Mäkinen et al., 2021). 

With the emergence of automated terminator sequencing, polymerases 

encountered a yet more complicated task to incorporate ddNTPs bearing bulky 

dye modifications. T7 DNA polymerase was found to accept dye-modified 

dideoxynucleotides consisting of propargylamino linkages to fluorescein dyes 

(Lee et al., 1992). Studies of Taq polymerase variants revealed that the nature 

of dye modification is important as certain modifications might interfere with 

a conformational change step which the polymerase undergoes following 
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nucleotide binding (Brandis, 1999). This highlights the importance of careful 

design of modification as well as conjugation linker. Eventually, sets of highly 

modified terminators, such as those containing energy-transfer dye labels, 

were developed and proved to be good substrates for sequencing polymerases 

like Thermo Sequenase (Kumar & Fuller, 2007). In this study, the molecular 

design of OTDDNs was found to be compatible with all tested DNA 

polymerases used in Sanger sequencing – Thermo Sequenase, CycleSeq, 

Sequenase V2.0 and T7 DNA polymerase – although ON modification is 

much larger than fluorescent dyes. ON had no apparent adverse effect on 

polymerases′ discrimination between dNTPs and ddNTPs, e.g. Thermo 

Sequenase was found to prefer OTDDNs over dNTPs ~2-fold which is 

consistent with ~2-fold preference for unmodified ddNTPs over dNTPs 

observed for F667Y Taq mutant by Tabor & Richardson, 1995. This allows to 

expect that any DNA polymerase without proofreading activity able to 

incorporate ddNTPs would also accept OTDDNs.   

Unexpected results were obtained with T7 RNAP mutant V783M able to 

synthesize transcripts consisting of dTTP, dCTP, dATP and 2-F′-dGTP 

(Kapustina et al., 2021b). The mutant enzyme was hyper efficient at OTDDN 

incorporation, exhibiting >1000-fold preference for OTDDNs over dNTPs. 

The molecular basis of this effect as well as exact roles of sugar and base 

modification within OTDDN are not clear. It is known that base-modified 

NTPs are substrates for wild type T7 RNAP (Milisavljevič et al., 2018) but 

sugar recognition mechanisms of this enzyme should be explored more 

thoroughly to understand how substrate selection can be modulated.  

To sequence RNA molecules, chain termination method was adapted to 

work with reverse transcriptases (Bauer, 1990). Reverse transcriptases do not 

possess 3′-5′ exonuclease activity and exhibit relatively low DNA synthesis 

fidelity which is believed to be linked with retroviral variation (Menéndez-

Arias, 2009). The ability to incorporate ddNTPs and general sugar recognition 

mechanisms are often studied in the context of the development of anti-

retroviral therapies (Harris et al., 1998; Selmi et al., 2001). In this study, M-

MLV-based RTs as well as HIV RT were able to efficiently utilize OTDDNs 

as substrates. HIV RT exhibited virtually no discrimination between OTDDNs 

and dNTPs, which is consistent with more error-prone DNA-dependent cDNA 

synthesis by HIV RT as compared to M-MLV and AMV RTs (Sebastián-

Martín et al., 2018). Structural comparison of HIV RT to M-MLV RT 

suggested M-MLV residues K103, R110, D153, A154, F155 and Q190 to 

interact with incoming dNTPs (Halvas et al., 2000). Mutations at K103 and 

Q190 positions of SuperScript IV reduced the efficiency of OTDDN 

incorporation, which may reflect more stringent substrate discrimination of 
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these enzyme variants. Interestingly, AMV RT was not able to use OTDDNs 

as substrates although it is known to incorporate ddNTPs and was used for 

direct RNA sequencing (Hahn et al., 1989). Probably AMV RT is less tolerant 

to bulky base modifications or the structure of linker arm within OTDDNs. 

MarathonRT enzyme, which originates from eubacterial group II intron, was 

also not able to catalyze OTDDN incorporation, although this activity might 

have been overlooked because of overall low activity of MarathonRT in PEX 

assays used in this study. MarathonRT is known for its remarkably high 

processivity, however it exhibits substantially lower primer utilization 

efficiency as compared to SuperScript IV (Zhao et al., 2018). 

Template-independent enzymes investigated in this study – TdT and PUP 

– both were capable to add a single OTDDN at the 3′ terminus of DNA or 

RNA, respectively. TdT is well known to tolerate large nucleotide 

modifications and utilize ddNTPs as substrates as may be exemplified by 

efficient TdT-mediated addition of streptavidin-modified ddUTP to an ON 

(Sørensen et al., 2013). PUP was less extensively studied in this respect. 

Examination of Cid 1 PUP crystal structure in the presence of UTP revealed 

that C5-position of uridine does not contact with neighboring amino acid 

residues and thus the enzyme might tolerate modifications at this position. 

This notion was confirmed by efficient RNA labeling with AMUTP, APUTP 

and ATUTP bearing azide group attached to a nucleobase via increasingly 

longer linkers with methyl, propyl and tetraethylene glycol spacers, 

respectively (George et al., 2020). Some plasticity in sugar recognition by 

PUP was observed in the study where azide groups were introduced into 3′ 

terminus of RNA with 2′-N3-2′-dNTPs (Winz et al., 2012). 

A key feature which enabled the development of OTDDN-based nucleic 

acid analysis applications is the biocompatibility of OTDDN conjugation 

linker. Triazole backbones were previously shown to be very good DNA 

backbone analogs (Shivalingam et al., 2017). Although the presence of 

triazole modification affects DNA replication in vitro as DNA polymerase 

either slows down or stalls at modification site, DNA polymerases Taq, Pfu 

and Klenow fragment (exo-) were able to read through the modified 

backbones even when multiple modifications were present (Kukwikila et al., 

2017). In this study, Klenow fragment (exo-) as well as other exonuclease-

deficient enzymes, such as Thermo Sequenase, SuperScript IV and Phusion 

(exo-), copied DNA strand through the triazole-containing OTDDN linker 

with varying efficiencies. In our case, read-through efficiency depends not 

only on enzyme′s tolerance to triazole modification but also on the ability to 

bypass the linker arm. To explain and predict read-through efficiency of 
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different polymerases, more thorough structural and kinetic studies are 

needed. 

4.2 OTDDNs for DNA sequencing applications 

Semi-targeted sequencing approach developed in this work offers an 

elegant way to study unknown sequence regions nearby the defined loci. Until 

now, two main technologies employed for this purpose have been inverse PCR 

and anchored PCR combined with NGS. With the emergence of long-read 

sequencing technologies (Clarke et al., 2009; Eid et al., 2009), the studies of 

structural variation have become more straightforward, although enrichment 

techniques are still used to increase the coverage of regions of interest (Stangl 

et al., 2020). 

Structural variation in which genomic rearrangements act to amplify, 

delete or reorder chromosomal material at scales ranging from single genes to 

entire chromosomes is an especially important class of somatic mutations 

leading to cancer development (Li et al., 2020). Long-distance inverse PCR is 

widely used in cancer research to detect de novo DNA rearrangements. 

Thorsen et al. demonstrated the feasibility of this technique to detect TAF15-

ZNF384 and BCR-ABL1 fusion genes in leukemia samples (Thorsen et al., 

2011). Pradhan et al. used this assay to screen leiomyoma samples for 

potential de novo breakpoints and identified a novel rearrangement upstream 

of HMGA2 (Pradhan et al., 2016). Abelleyro and colleagues used inverse PCR 

for long-distance direct haplotype phasing to improve hemophilia genetic 

counseling (Abelleyro et al., 2019). Inverse PCR procedure includes 

restriction digestion of genomic DNA and circularization of resulting 

fragments. Circular molecules are then used as templates for PCR with 

primers targeting known sequence region and oriented outwards.   

Anchored PCR is an alternative approach which employs universal adapter 

ligation to randomly fragmented dsDNA molecules, and subsequent PCR 

enrichment using one primer complementary to the adapter and the second 

primer targeting known fusion partner gene. The technique was proved to be 

a robust diagnostic assay as well as a discovery tool: new ARHGEF2-NTRK1 

and CHTOP-NTRK1 gene fusions were identified in glioblastoma, MSN-

ROS1, TRIM4-BRAF, VAMP2-NRG1, TPM3-NTRK1 and RUFY2-RET in 

lung cancer, FGFR2-CREB5 in cholangiocarcinoma and PPL-NTRK1 in 

thyroid carcinoma (Zheng et al., 2014). Anchored PCR technology was 

eventually commercialized by ArcherDX, Inc. 

In terms of protocol complexity, semi-targeted sequencing with OTDDNs 

outperforms both abovementioned methods as no laborious manipulations 
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with sample DNA are needed prior to primer extension. The end result of 

semi-targeted library preparation is similar to that of anchored PCR. In this 

study, we looked beyond the traditional applications of probing structural 

variation and applied semi-targeted sequencing for the characterization of 

microbial communities. We hypothesized and experimentally proved that 

direct linking of 16S rRNA gene sequences with regions upstream of the gene 

enables unambiguous identification of 16S rRNA gene copy numbers as well 

as more accurate bacteria classification at species level as genomic sequences 

are less conserved than 16S rRNA gene sequence. In fact, similar reasoning 

led to the development of RiboFR-seq method by Zhang and colleagues 

(Zhang et al., 2016). RiboFR-seq utilizes inverse PCR to capture regions 

flanking 16S rRNA gene (Fig. 4.1). Even though the technique was shown to 

generate meaningful results, the amount of on-target “bridge reads” in 

sequencing data was <8% which means that the specificity of RiboFR-seq 

needs serious improvement. In contrast, we obtained >95% of on-target reads 

by st16S-seq developed in this work. 

 

Figure 4.1. Capture of both ribosomal RNA variable regions and their flanking 

sequences by RiboFR-seq (by Zhang et al., 2016). 

We thoroughly benchmarked st16S-seq against commercially available 

PCR-based microbiome characterization techniques with both mock 

community standards and soil-derived DNA. In our study, amplicons 

containing 16S rRNA V1-V2 or V1-V3 regions exhibited better performance 

in terms of species-level classification accuracy and captured alpha diversity 

in soil samples than those consisting of V4 sequence. In other study involving 

soil communities (Soriano-Lerma et al., 2020) it was observed that V4-V5 

domain data clustered separately from all other analyzed 16S rRNA regions 

in soil samples, indicating that V4-V5 domain was skewed regarding the 

detection of certain phyla. Our results showed that soil data derived from V4-

containing amplicons likewise tended to group together, although we also 

observed that V1-V3 amplicon formed a distinct cluster. Only st16S-seq and 
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V1-V2 amplicon datasets clustered along with WGS. Sequencing long-range 

PCR products, spanning the full-length 16S rRNA gene (Johnson et al., 2019; 

Callahan et al., 2019) or 16S-23S rRNA region (Sabat et al., 2017), by either 

short-read or long-read technologies was reported to improve the diagnostic 

yield in clinical samples. While the rationale to include long-range 

information lies in capturing greater sequence differences, these techniques 

are still vulnerable to biases typical for amplicons. Given that st16S-seq 

requires only one target-specific primer, it is reasonable to believe that robust 

performance of st16S-seq would depend to a lesser extent on the application 

and source of bacterial community as is the case with PCR primers 

(Klindworth et al., 2013).  

Here, we extensively tested semi-targeted sequencing approach in high-

throughput microbiome characterization, however preliminary experiments 

with more complex templates, such as the capture of ALK in human gDNA, 

provide a promising prospect to develop methods for probing structural 

variation in human genome. Semi-targeted sequencing design is modular: 

specific primers can be designed to target any gene of interest and 

oligonucleotide modification conjugated to dideoxynucleotides can also be of 

any desired sequence, meaning that the same principle might be adapted for a 

plethora of applications where highly variable regions are adjacent to defined 

loci. Moreover, sequencing can be conducted on any platform. 

4.3 OTDDNs for RNA sequencing applications 

Within the gene expression analysis field, OTDDNs provided means to 

simplify sample preparation workflows as well as interesting opportunity to 

sequence cDNA fragments without prior amplification. 

PCR-amplified NGS libraries might have reduced complexity compared to 

the original sample, because different fragments tend to amplify with unequal 

efficiencies. This in turn causes drop-out of certain transcript species and 

excessive amplification of others. These pitfalls can be overcome by using 

UMIs to account for PCR duplicates during data analysis or avoiding library 

amplification altogether, however conventional library preparation methods 

are not able to attach sequencing adapters to first-strand cDNA directly. To 

sequence RNA directly and avoid PCR biases, scientists from the Wellcome 

Sanger Institute tailored sequencing chemistry to perform reverse 

transcription on the flow cell, the method was termed flow-cell surface reverse 

transcription sequencing, or FRT-seq (Mamanova et al., 2010). The authors 

were able to sequence human poly(A)-containing transcripts with 2×37 nt 

reads. Helicos BioSciences Corporation took over the development of direct 
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RNA sequencing platform, which feasibility was demonstrated by sequencing 

Saccharomyces cerevisiae RNA with 20-60 nt reads (Ozsolak et al., 2009; 

Lipson et al., 2009; Ozsolak & Milos, 2011). Unfortunately, Helicos 

sequencing system has not achieved commercial success. Here, we used 

OTDDN coupled to a full-length adapter to label cDNA fragments for loading 

on a conventional Illumina sequencing machine. This allowed to generate 

strand-specific transcriptomic data with minimal sample manipulation but 

retaining good sequencing quality, i.e. efficiency of cluster generation on the 

flow cell as well as quality of base calling and read lengths standard for 

Illumina chemistry.  

RNA sequencing application which was extensively examined in this study 

was gene expression analysis by sequencing of mRNA 3′ termini, or MTAS-

seq. The closest analog to the method developed herein is Poly(A)-ClickSeq 

technique, which uses “click” ligation to attach alkyne-functionalized adapter 

to 3′-azide modified cDNA fragments (Routh et al., 2017). Although Poly(A)-

ClickSeq procedure is relatively easy to execute, separate chemical ligation 

step does not allow the development of single-tube protocol and requires an 

intermediate purification step which inevitably leads to the loss of material. 

The authors demonstrated that 125 ng of total RNA are minimally required to 

generate a library, while single-tube MTAS-seq was able to process sub 

nanogram quantities of starting material. Finally, Poly(A)-ClickSeq generated 

~50% of usable reads while >99% of MTAS-seq reads were aligned to the 

reference genome and processed further. This illustrates the superior technical 

characteristics of MTAS-seq, retaining all general benefits of 3′ mRNA 

sequencing approach. Moreover, MTAS-seq was fully functional when whole 

cell lysates were used instead of purified RNA. 

A notable limitation of MTAS-seq emerged upon single-cell RNA 

sequencing. Although we succeeded to retrieve libraries, transcript capture 

efficiency was substantially behind that of conventional techniques – more 

than 20-fold lower than generated by Drop-seq. Systematic benchmarking of 

available scRNA-seq technologies revealed that Quartz-seq2 (Sasagawa et al., 

2018) was exceptionally efficient at transcript detection, capturing nearly 

6000 genes in HEK293T cells with 20000 reads (Mereu et al., 2020). To 

achieve comparable sensitivity, MTAS-seq protocol should be tailored for 

ultra-low RNA input amounts. Moreover, the efficiency of DNA synthesis 

through OTDDN linker should be improved. 

For global gene expression profiling, we used oligo(dT) primer at RT step, 

however modular primer extension and OTDDN labeling design in principle 

allows to use gene-specific primers as well. This would open up the 

opportunity to capture specific splice isoforms or fusion transcripts with 
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implications similar to those observed for multiplexed primer extension 

sequencing (MPE-seq) method (Xu et al., 2019). MPE-seq procedure starts 

with gene-specific RT primer pool extension in the presence of aminoallyl-

dUTP. Resulting cDNAs are then functionalized with biotin and affinity-

purified using streptavidin-coated beads. Afterwards, randomly primed first 

strand extension step generates library of adapter-tagged fragments. MPE-seq 

was demonstrated to work in a highly multiplexed manner, with nearly 4000 

RT primers targeting splice junctions of Schizosaccharomyces pombe. Given 

that OTDDN-based protocols are substantially simpler, we believe that this 

technology would be successful in targeted RNA-seq applications as well. 

 

Taken together, this work provides a versatile toolbox for high-throughput 

nucleic acid analysis with a wide spectrum of applications ranging from whole 

genome and whole transcriptome sequencing to targeted approaches and even 

exotic possibilities, such as PCR-free RNA sequencing or isothermal 

synthesis of labeled chimeric nucleic acids. In addition, this work describes 

substrate and template properties of a novel class of modified chain 

terminators bearing oligonucleotide modifications and encourages wider 

adoption of modified nucleotides as tools in genomics research.    
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CONCLUSIONS 

1. C5-substituted 2′,3′-dideoxypyrimidine and C7-substituted 7-deaza-2′,3′-

dideoxypurine nucleotide analogs bearing 22-67 nt oligonucleotide 

modifications attached via triazole-based linker are substrates for Thermo 

Sequenase, CycleSeq, Sequenase V2.0, T7 DNA polymerase, Phusion 

(exo-), terminal deoxynucleotidyl transferase, Maxima RT, SuperScript IV 

RT, SuperScript II RT, RevertAid RT, HIV RT and poly(U) polymerase 

enzymes. 

2. T7 RNA polymerase mutant V783M, engineered towards the reduced 

substrate discrimination, is able to synthesize transcripts using dTTP, 

dCTP, dATP, 2′-F-dGTP substrate mixture and incorporate OTDDN to 

obtain randomly terminated products with labeled 3′ termini. 

3. Klenow fragment (exo-), Thermo Sequenase, Phusion (exo-) and 

SuperScript IV RT are able to synthesize complementary DNA strand 

through an unnatural linker within oligonucleotide-tethered 

dideoxynucleotides. 

4. Thermo Sequenase labels nascent DNA strand with oligonucleotide-

tethered dideoxynucleotides in primer extension reactions in the presence 

of either random or target-specific primers and ssDNA or dsDNA 

templates of variable complexity. Resulting DNA fragments constitute a 

sequenceable library with a characteristic structure: 5′ terminus 

corresponds to primer sequence while 3′ terminus is dispersed indicating 

stochastic incorporation of modified dideoxynucleotides. 

5. Novel semi-targeted sequencing approach substantially improves 

microbiome characterization by bridging 16S rRNA gene V1-V2 regions 

with genomic loci upstream of the gene. New method enables 16S rRNA 

gene copy number estimation and improves bacteria classification 

accuracy at species level. 

6. SuperScript IV RT labels cDNA with oligonucleotide-tethered 

dideoxynucleotides in reverse transcription reaction in the presence of 

either random or oligo(dT) primers and RNA templates. Resulting cDNA 

fragments constitute sequenceable libraries covering whole transcripts or 

3′ termini. 

7. Novel 3′ mRNA sequencing method based on oligonucleotide-tethered 

dideoxynucleotides is feasible for both bulk and single-cell RNA 

sequencing, and compatible with library preparation from cell lysates 

without RNA extraction. The technique outperforms conventional methods 

in terms of specificity to mRNAs, however, underperforms in terms of 

transcript capture efficiency when RNA inputs are low (<10 ng total RNA).  
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FUTURE OUTLOOK 

Here, the potential of oligonucleotide-modified dideoxynucleotides as 

tools for high-throughput nucleic acid analysis applications was demonstrated, 

however there is no doubt that further efforts should be made to optimize 

proposed nucleic acid labeling methods and create new ones.  

A comprehensive study on the mechanisms of OTDDN incorporation and 

read-through by polymerases would guide enzyme engineering to further 

improve nucleic acid labeling efficiency. Gene expression analysis 

applications especially strive for more sensitive transcript capture efficiency, 

thus pushing the limits of reverse transcription sensitivity as well as the 

efficiency of amplification of OTDDN-tagged fragments would encourage 

wider adoption of techniques described herein. Notably, workflow 

optimization is not a prerogative of enzyme improvement. Further work on 

the improvement of molecular design of OTDDN linker would also greatly 

contribute towards the optimization of OTDDN-based methods. 

Semi-targeted sequencing might eventually replace traditional targeted 

amplicon sequencing methods because of substantially higher discovery 

potential, yet the adoption of this method for highly complex templates 

requires deeper understanding of oligonucleotide hybridization kinetics. 

While the overall specificity of PCR is determined by the selectivity of 

hybridization of both primers and occasional non-specific binding might not 

reach exponential amplification stage, e.g. if one primer unintendedly 

hybridizes at a large distance from the other primer, labeling of single primer 

extension products captures all hybridization events, including imperfect 

unintended binding which is stable enough to allow the extension of the 3′ 

terminus. Linear cycles of single primer extension do not contain a specificity 

compensation mechanism characteristic to exponential PCR, thus new rules 

for primer design must be created. 

Finally, exciting opportunities offered by the attachment of synthetic 

oligonucleotide to a nucleobase can be further explored not only with 

dideoxynucleotides, but also with other types of nucleotide analogs. For 

example, oligonucleotide-tethered cap analogs would enable 5′ end labeling 

of in vitro transcription products, given that oligonucleotide modification is 

attached via its 3′ terminus and copying enzyme is able to read through the 

tether linkage in downstream reaction. 

Studies in the abovementioned directions will allow to further expand the 

applicability of base-modified nucleotides and unlock the full potential of 

chemoenzymatic assays for high-throughput nucleic acid analysis.  
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SUMMARY/SANTRAUKA 

Natūralios nukleotidų modifikacijos, tokios kaip metil, hidroksimetil, 

formil, karboksi grupės, atlieka svarbų vaidmenį epigenetinėje reguliacijoje 

(Bilyard et al., 2020). Sintetiniai modifikuoti nukleotidai reikšmingai praplėtė 

nukleorūgščių pritaikomumo spektrą tokiose srityse kaip terapija, bioanalizė, 

cheminė biologija, katalizė, biojutikliai, ir kitose (Dhuri et al., 2020; Xu et al., 

2017; Lapa et al., 2016; Hollenstein, 2015; Hollenstein et al., 2008). 

Nukleotidų bazių modifikacijos dažniausiai įvedamos į pirimidinų C5 padėtį 

arba 7-deazapurinų C7 padėtį (Jäger et al., 2005). Sintetinės modifikacijos gali 

varijuoti nuo mažų funkcinių grupių iki didelių konjuguotų junginių, tokių 

kaip baltymai. Gamtinės DNR ir RNR polimerazės pasižymi stebėtinu 

substrato atpažinimo plastiškumu ir neretai geba naudoti sintetinius 

nukleotidų analogus kaip substratus. Tai atveria galimybes fermentinei 

funkcionalizuotų nukleorūgščių sintezei.  

Praktinis modifikuotų nukleorūgščių pritaikomumas daugeliu atvejų 

remiasi jų suderinamumu su fermentinėmis reakcijomis. Nors žinoma, kad 

fosfodiesteriniai, amidiniai ir triazoliniai DNR karkasai funkcionalūs in vitro 

ir net in vivo (Ciafrè et al., 1995; Kuwahara et al., 2009; El-Sagheer et al., 

2011; Birts et al., 2014), modifikuotų nukleorūgščių replikacija tiriama 

sąlyginai mažiau nei nukleotidų analogų įterpimas. Tyrimai rodo, kad 

fosfatinės grupės pačios savaime nėra būtinos sintetinių matricų kopijavimui, 

kas leido pritaikyti CuAAC „click“ reakciją fermentinių sistemų toleruojamų 

modifikuotų nukleorūgščių gamybai. Aukšto tikslumo nenatūralių 

nukleorūgščių karkasų replikacija įgalintų tirti funkcionalizuotų 

nukleorūgščių sekas. Pastebėta, jog DNR polimerazės, pasižyminčios klaidų 

taisymo aktyvumu, sulėtėja ties modifikacijos vieta matricoje, kas veda prie 

delecijų įvedimo, tuo tarpu fermentai be egzonukleazinio aktyvumo turi 

mažesnę tikimybę klaidingai prašokti sintetinės modifikacijos sritį 

(Shivalingam et al., 2017). Modifikuotos nukleorūgštys kartu su suderinamais 

fermentais nukleotidų analogų įterpimui ir modifikuotų matricų replikacijai 

sudarytų patrauklų įrankių komplektą naujų molekulinės biologijos metodų 

vystymui. 

Siekdami gerinti mėginių paruošimo naujos kartos sekoskaitai (NKS) 

procesus bei kurti naujus taikymus mokslininkai žvalgosi į 

chemofermentinius metodus. „Click“ reakcija, dar vadinama cheminiu 

ligavimu, leidžia specifiškai prijungti alkino grupe modifikuotą sekoskaitos 

adapterį prie azido grupe funkcionalizuotų terminatorių, fermentiniu būdu 

įterptų į sekoskaitai ruošiamas molekules (Miura et al., 2018; Routh et al., 

2015). Šis principas turi pranašumų: tinka tiek DNR, tiek kDNR fragmentų 
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bibliotekų paruošimui, pasižymi žemesniu nepageidaujamos rekombinacijos 

dažniu, taip pat suteikia galimybę ruošti NKS bibliotekas iš viengrandinės 

DNR. Vis dėlto, vario jonų sąlygota DNR degradacija, žemas konversijos 

efektyvumas ir daugiastadijiniai protokolai mažina chemofermentinių metodų 

patrauklumą. Paprasti ir efektyvūs nukleorūgščių žymėjimo sintetiniais 

oligonukleotidais metodai, nepasižymintys dabartinių chemofermentinių 

technologijų trūkumais, tačiau išsaugoję jų privalumus, galėtų tapti patraukliu 

įrankiu nukleorūgščių analizei.    

Tikslas ir uždaviniai 

Šio darbo tikslas buvo ištirti oligonukleotidais modifikuotų 2′,3′-

dideoksiribonukleozidų 5′-trifosfatų (ddNONTP) savybes ir pritaikomumą 

plataus masto nukleorūgščių analizei, ypatingą dėmesį skiriant DNR ir kDNR 

molekulių žymėjimui naujos kartos sekoskaita paremtiems taikymams. 

Tikslui pasiekti buvo iškelti šie uždaviniai: 

1. Ištirti ddNONTP, kaip substrato, savybes ir nustatyti fermentus, tinkamus 

DNR ir RNR žymėjimui. 

2. Ištirti fermentų inžinerijos galimybes, siekiant sukurti naujus metodus 

nukleorūgščių, žymėtų ddNONTP, sintezei. 

3. Ištirti nukleorūgščių, žymėtų ddNONTP, matricines savybes ir nustatyti 

DNR polimerazes, gebančias vykdyti sintezę per nenatūralią triazolo žiedą 

turinčią jungtį. 

4. Įvertinti ddNONTP pritaikomumą DNR ir RNR sekoskaitos taikymams, 

tiriant tiek visą genomą arba transkriptomą, tiek tikslinius regionus. 

5. Pritaikyti DNR žymėjimą ddNONTP mikrobiomo charakterizavimui. 

6. Ištirti kDNR žymėjimo ddNONTP potencialą genų raiškos analizėje. 

Šiame darbe polimerizacijos metu įterpto nukleotido sudėtyje esanti 

oligonukleotidinė modifikacija buvo panaudota kaip universali pradmens 

hibridizacijos vieta komplementarios grandinės sintezei, taip sukuriant 

galimybę specifiškai padauginti šiuo modifikuotu nukleotidu pažymėtus DNR 

arba kDNR fragmentus. Svarbu ir tai, kad dideoksinukleotidų naudojimas 

įgalino atsitiktinę sintetinamos DNR grandinės terminaciją suformuojant 

tinkamo sekoskaitai ilgio fragmentus. 

Darbo metu parodyta, kad efektyvų fermentinį ddNONTP įterpimą vykdo 

Thermo Sequenase, CycleSeq, Sequenase V2.0 ir TdT polimerazės, o 

kopijuojant iRNR sintetinama kDNR gali būti efektyviai pažymėta naudojant 

Maxima, SuperScript IV, SuperScript II, RevertAid ir ŽIV atvirkštines 
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transkriptazes. RNR žymėjimui tinka poliU polimerazė, tuo tarpu šiame darbe 

in vitro evoliucijos pagalba atrinktas T7 RNR polimerazės mutantas V783M, 

gebantis sintetinti iš dTTP, dCTP, dATP ir 2′-F-dGTP sudarytus vgDNR 

transkriptus, taip pat geba įjungti ddNONTP  atsitiktinėse transkripto vietose. 

Tai leidžia pažymėti transkripcijos produktų 3′ galus universalia seka, o tuo 

pačiu leidžia linijiškai padauginti NKS tinkamas DNR sekas – tai yra ypač 

aktualu dirbant su itin mažais DNR kiekiais. Nustatyta, kad triazolo žiedą 

turinti netipinė jungtis tarp bazės ir prie jos prijungto oligonukleotido 

(ddNONTP sudėtyje) komplementarios grandinės sintezės metu toleruojama 

Phusion exo-, Klenow fragmento exo-, Thermo Sequenase ir SuperScript IV 

DNR polimerazių, iš kurių Phusion exo- pasižymėjo geriausiu perskaitymo 

efektyvumu. Sėkmingas įterpimo ir netipinės jungties perskaitymo  fermentų 

identifikavimas įgalino pritaikyti ddNONTP technologiją fragmentų bibliotekų 

paruošimui naujos kartos sekoskaitai. Be to, parodyta, kad oligonukleotidinė 

modifikacija gali turėti randomizuotos sekos regionus arba afininius ligandus, 

kurie vėliau tarnauja atitinkamai kaip molekuliniai barkodai arba afininiai 

žymenys patogiam tikslinių molekulių gryninimui. 

Atsitiktinis ddNONTP įterpimo pobūdis ir tuo pat metu vykstantis 

sintetinamos grandinės žymėjimas universalia seka tapo naujo sekoskaitos 

bibliotekų konstravimo metodo vystymo pagrindu. Parodyta, kad atsitiktinių 

pradmenų pratęsimo produktų žymėjimas leidžia paruošti visą genomą arba 

visą transkriptomą dengiančias NKS bibliotekas, o tuo tarpu specifinių 

pradmenų pratęsimas ir žymėjimas konstruojant pusiau taikinines (angl. semi-

targeted) bibliotekas leidžia tirti nežinomos sekos regionus šalia pasirinktų 

lokusų. Įrodyta, kad ši strategija yra naudinga mikrobiomo charakterizavimui 

– sukurtas naujas st16S-seq metodas, įgalinęs tirti a priori nežinomus 

genominius lokusus, esančius prieš 16S rRNR geną. Naujas metodas turi 

rimtų pranašumų prieš tradicinius: tikslus 16S rRNR geno kopijų nustatymas, 

tikslesnis bakterinių rūšių charakterizavimas ir mažesnė metodo 

priklausomybė nuo pradmenų dizaino, kadangi st16S-seq metodui reikia tik į 

vieną pusę orientuotų specifinių pradmenų. 

RNR sekoskaitos srityje buvo sukurtas naujas genų raiškos analizės 

metodas MTAS-seq, kuris įgalino ženkliai supaprastinti mėginio paruošimo 

procesą ir užtikrino aukštos kokybės NKS duomenis dirbant tiek su išgryninta 

RNR, tiek ir ruošiant mėginius tiesiogiai eukariotinių ląstelių lizatuose. Be to, 

3′UTR regionų praturtinimas leidžia analizuoti alternatyvaus poliadenilinimo 

profilius eukariotiniuose transkriptomuose. Įdomu tai, kad ddNONTP su 

modifikacija, atitinkančia pilno ilgio sekoskaitos adapterį, įgalino sekvenuoti 

kDNR fragmentus be PGR amplifikacijos, kas anksčiau nebuvo įmanoma su 

standartinėmis NKS sistemomis.  



109 

 

 

Šis darbas siūlo ddNONTP kaip perspektyvų įrankį NKS taikymams, kuris 

leidžia kurti tiek patogesnius protokolus, tiek ir visiškai naujus nukleorūgščių 

analizės metodus. Suformuluotos darbo išvados: 

1. 5-pakeisti 2′,3′-dideoksipirimidinų ir 7-deaza-7-pakeisti-2′,3′-

dideoksipurinų nukleotidų analogai, turintys 22-67 nt oligonukleotidines 

modifikacijas, konjuguotas per triazolo žiedą turinčią jungtį, yra substratai 

Thermo Sequenase, CycleSeq, Sequenase V2.0, T7 DNR, Phusion (exo-), 

TdT polimerazėms, Maxima, SuperScript IV, SuperScript II, RevertAid, 

ŽIV atvirkštinėms transkriptazėms bei poliU RNR polimerazei. 

2. In vitro evoliucijos būdu identifikuotas T7 RNR polimerazės mutantas 

V783M, gebantis sintetinti transkriptus iš dTTP, dCTP, dATP ir 2′-F-

dGTP bei įterpinėti ddNONTP, generuojant atsitiktinai terminuotus 

transkripcijos produktus, pažymėtus oligonukleotidu 3′ gale. 

3. Klenow fragmentas (exo-), Thermo Sequenase, Phusion (exo-) ir 

SuperScript IV geba sintetinti komplementarią DNR grandinę per 

nenatūralią ddNONTP jungtį. 

4. Thermo Sequenase fermentas pažymi sintetinamas DNR grandines 

ddNONTP pradmenų pratęsimo reakcijose esant pradmenims ir vgDNR 

arba dgDNR matricoms. Gaunami fragmentai sudaro charakteringos 

struktūros sekoskaitai paruoštą biblioteką: fragmentų 5′ galai atitinka 

pratęsimui naudotų pradmenų sekas, o 3′ galų pozicijos pasiskirsčiusios 

atsitiktinai dėl stochastinio modifikuotų dideoksinukleotidų įterpimo 

pobūdžio. 

5. Naujas pusiau taikininės sekoskaitos metodas, sujungęs 16S rRNR geno 

V1-V2 regionų sekas su genominėmis sekomis, esančiomis prieš 16S 

rRNR geną, reikšmingai pagerino mikrobiomo charakterizavimą. Naujas 

metodas įgalina nustatyti 16S rRNR geno kopijų skaičių bei reikšmingai 

pagerina klasifikacijos tikslumą rūšių lygmenyje. 

6. SuperScript IV pažymi sintetinamas kDNR grandines ddNONTP 

atvirkštinės transkripcijos reakcijoje esant pradmenims ir RNR matricoms. 

Gaunami kDNR fragmentai sudaro sekoskaitai tinkamą biblioteką, 

praturtintą 3′ UTR/poliA regionais arba dengiančią visą transkripto ilgį, 

priklausomai nuo naudotų pradmenų sekų. 

7. Naujas 3′ iRNR sekoskaitos metodas paremtas ddNONTP žymėjimu tinka 

tiek tradicinei RNR sekoskaitai, tiek pavienių ląstelių analizei. Naujas 

metodas lenkia tradicinius bibliotekų ruošimo būdus specifiškumu iRNR, 

tačiau nusileidžia jautrumu, kuomet mėginyje RNR kiekis labai mažas 

(<10 ng suminės RNR).  
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SUPPLEMENTARY MATERIAL 

 

Supplementary Figure 1. Incorporation of OTDDNs by DNA and RNA 

polymerases. (A) – incorporation by SuperScript IV RT. (B) – incorporation by 

SuperScript IV mutant variants. (C) – incorporation by Thermo Sequenase. (D) – 

incorporation by wild type T7 DNA polymerase and its engineered variant Sequenase 

V2.0. (E) – incorporation by various reverse transcriptases. (F) – incorporation by 

thermostable DNA polymerases CycleSeq and Phusion (exo-). (G) – incorporation by 

TdT into double-stranded DNA duplex (ds) or single-stranded ON (ss). (H) – 

incorporation by PUP RNA polymerase. C- - negative control; C+
T/C/G/A – positive 

control. 
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Supplementary Figure 2. The robustness of OTDDN incorporation rate across 

various RNA inputs and the use of a randomized region within OTDDN as a UMI. 

(A) – MTAS-seq generates libraries of very similar traces from various amounts of 

total RNA. (B) – the coefficients of variation of the average library size across 

different RNA inputs and technical replicates. (C) – typical base composition within 

UMI region. (D) – fraction of PCR duplicates identified by UMIs across genes for a 

series of MTAS-seq libraries prepared from different amounts of starting material. 
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