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1- Introduction

1- Introduction

1.1 - The Nucleic Acids: DNA and RNA

1.1.1 - The discovery of DNA, its purpose and its structure

Shortly after Georg Mendel published his famous rules of inheritance in 1866!", the swiss physician
Friedrich Miescher first described a new chemical substance found in the nuclei of leucocytes isolated
from surgical bandages in 1869. An elemental analysis of the substance he, based on its origin within the
cell, named “nuclein”, showed that in contrast to the already known proteins, it contained a substantial
amount of phosphorous.”” Over the following decades, nuclein was thoroughly studied leading to the
identification of its chemical building blocks™*, its organization in chromatin/chromosomes and its
acid-like behavior, which awarded it the name “nucleic acid”.”* Almost 60 years after Mieschers publi-
cation, experiments on Streptococcus pneumonia by Frederick Griffith suggested that the inheritance
principles described by Mendel are based on a “transforming factor” present in the cells.”) In 1944, Os-
wald Avery and co-workers identified nuclein, by then called deoxyribonucleic acid (DNA), as the trans-
forming factor Griffith had described."” However, as many researchers thought only proteins would be
specific enough to account for the plethora of information that has to be inherited, it took another sev-
eral years, until the experiments of Erwin Chargaff in 1949 and Alfred Hershey and Martha Chase in
1952 helped to establish the sole role of DNA as the carrier of genetic information in higher organisms.!"""
12 Yet, a major puzzle piece required for a more profound understanding of how DNA carries this in-
formation was still missing: the structure. This changed in 1953 when James Watson and Francis Crick
published an article in Nature, based on X-ray data by Rosalind Franklin, Raymond Gosling and Mau-

13-17]

rice Wilkins, proposing the model of a right-handed double helix.!
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1.1.2 - Properties of DNA
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Figure 1: The structure of DNA. a) Structure of the B-form of DNA that is found under physiological conditions. The deoxyri-
bose-phosphate backbone on the outside of the anti-parallel double helix (silver/orange/red) encompasses a major and a minor
groove. The nucleobases are faced towards the helix axis on the inside. b) Primary structure of the DNA. The nucleoside mono-
phosphates are connected via phosphodiester bonds between their 3’- and the 5-hydroxyl group of the next nucleotide. Thus,
a DNA strand has an orientation accordingly denoted by 5" and 3’ end. The nomenclature used for the individual positions of
the deoxyribose moiety is given in blue. B= Base c) Base pairing inside the double helix. Each purine base (Adenine, Guanine)
exclusively pairs with its corresponding pyrimidine base (Thymine, Cytosine) via hydrogen bonding. The nomenclature used
for individual atoms/positions of the purine (A, G) and pyrimidine bases (T, C) is given in blue on the A:T base pair exemplarily.

Today we know that the B-form Watson and Crick described in 1953 is the most abundant DNA form
under physiological conditions (Figure 1a). It comprises two anti-parallel strands of deoxyribonucleo-
tides in which one of the four nucleobases (Adenine, Guanine, Thymine, Cytosine) is connected to the
anomeric carbon of a 2' deoxyribose sugar moiety via a N-glycosydic bond (Figure 1b, c). Among each
other, the nucleotides are connected by a 3’, 5 phosphodiester bond resulting in the distinction of the 5’
and the 3’ end of a DNA strand. The nucleobases face towards the inside of the helix where two nucleo-
tides respectively form a base pair (bp) through hydrogen bonding at their “Watson-Crick-Face” (Figure
I¢)."® In accordance with Chargaff’s prediction, adenine pairs with thymine and guanine pairs with

cytosine.!"”!

In the B-helix, one turn stretches 33.2 A and is comprised of 10.4 bp. On the outside, the deoxyribose-
phosphate backbone entails the formation of a narrow, deep minor and a shallow, broad major groove
(Figure 1a).”® Thus, access for DNA binding proteins is more facile in the major groove allowing them

to bind to a DNA sequence specifically.

Several more DNA helix types and structures that have been identified so far depend on specific se-
quence contexts or exist only under harsh conditions. For example, the left-handed Z-DNA was ob-
served during supercoiling, a state that is associated with transcriptional control in which the DNA dou-

ble helix is over- or under wound."?"?! The A-form DNA is in contrast mostly found under dehydrating

2
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conditions.'”! Other types are mostly of theoretical nature as they solely exist under biologically not
relevant in vitro-conditions.” However, the role of different helix types in the cell is still subject of

ongoing studies.

1.1.3 - Properties of RNA
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Figure 2: Structural differences between DNA and RNA. a) Primary structure of RNA. The 2’-OH group of the ribose leads to
the preferred adaption of a C3’-endo pucker and thus an A-form helix. In DNA, the deoxyribose preferably adapts a C2’-endo
pucker, facilitating the B-form helix. b) Comparison of the DNA nucleotide thymidine and its RNA equivalent uridine. c)
Surface view of the two most common helix forms under physiological conditions for DNA (B-form) and RNA (A-form).

Twenty years before P. Levene determined 2’-deoxyribose as the sugar constituting DNA (“thymus nu-
cleic acid”) in 1929, he already found ribose to be the sugar moiety in another nucleic acid which was, at
that time, referred to as ‘yeast nucleic acid” (Figure 2a)./* *! At that time many researchers considered
yeast nucleic acid to be the plant equivalent to DNA. In 1933, however, J. Brachet found it to be localized
mostly in in the cytoplasm of eukaryotic cells while DNA is exclusively found in the nucleus.***”) Based
on several publications since then, Crick proposed his famous dogma of molecular biology in which
DNA is the universal carrier of the genetic information in higher organisms. The sequence information
is transcribed into RNA transferring it to the cytoplasm, where ultimately each base triplet is translated
into a distinct amino acid.”® Apart from the sugar moiety, the only other chemical difference of RNA
compared to DNA is the replacement of thymine with uracil (Figure 2b). However, these two seemingly
minor differences result in substantial chemical and biological differences that explain why DNA is the

carrier of the genetic information.
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First, RNA degrades fast under alkaline conditions due to the possibility of an intramolecular attack of
a deprotonated 2" hydroxyl group on the 3’ phosphodiester. The presence of the 2" hydroxyl group sec-
ondly favors the adaption of 3’-endo conformation on the ribose compared to the 2’-endo conformation
observed for deoxyribose (Figure 2a). In contrast to DNA, double-stranded RNA therefore adopts an
A-form with a less accessible major groove and significantly higher stiffness impeding the accessibility
by binders and the organization into chromatin and ultimately chromosomes (Figure 2c).*” Thirdly,
spontaneous deamination of cytosine directly yields uracil and therefore poses a high risk for mutagen-

esis in RNA.BPY

Hence, DNA became the genetic “storage molecule” in higher organisms, while RNAs evolved higher
versatility. Apart from being the information carrier (messenger RNA or mRNA), transfer RNAs
(tRNA) and ribosomal RNAs (rRNA) serve as specific mediators and catalysts in protein biogenesis,
small RNA can determine other RNAs fate (miRNA) and several other RNAs are involved in diverse

cellular processes like signaling.*"
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1.2 - DNA Polymerases

1.2.1 - Structure of DNA polymerases

The ability to duplicate genetic information is a premise for the growth of an organism and the conti-
nuity of life in general. For this task, specific enzymes have evolved: the DNA polymerases. The first of
these enzyme to be discovered was DNA polymerase I from E. coli which was isolated by A. Kornberg
and colleagues in 1956.°%** Today, 7 DNA polymerase families (A, B, C, D, X, Y, RT) are distinguished
based on sequence similarity and structure. They share a general structure resembling a right hand in
which three subdomains are distinguished: the palm domain, the finger domain and the thumb domain.
The palm domain contains the residues responsible for catalysis, while the thumb and finger domains

help to bind and position the processed DNA and nucleotides (Figure 3a).l***"!
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Figure 3: Structure and mechanism of DNA polymerases.Right-hand structure of KlenTaq DNA polymerase (PDB: 1IKTQ®))
with the finger domain, thumb domain and the palm domain that contains the catalytic center. b) Steps of the nucleoside
triphosphate incorporation. I: Enzyme (E) and the primer-template complex (DNA) form the binary complex. II: Binding of a
nucleoside triphosphate leads to the formation of a ternary complex. III: A conformational change in the enzyme tightens the
ternary complex and aligns the participants for catalysis. IV: The nucleotide is incorporated. V: Another conformational change
loosens the ternary complex. VI: Pyrophosphate is released. VII: Processivity of DNA polymerases. A new catalytic cycle begins
without the DNA polymerase leaving the DNA strand. VIII: The DNA polymerase dissociates from the DNA strand.?” ¢) Two
metal jon catalysis mechanism in the active site. The attack of the 3” hydroxyl group of the primer on the a-phosphate is facili-
tated by metal ions A and B and a base. Metal ion B in combination with several amino acid side chains of the enzyme coordinate
the leaving pyrophosphate.*®!

Shortly after the DNA structure was solved, a debate about the mechanism of DNA replication arose.
The orientation of the bases towards the “safe” inside of the helix led many researchers to believe that a
new DNA helix is manufactured next the original double-stranded helix. This mechanism was referred
to as “conservative replication”. However, this mechanism would require the enzyme conducting repli-
cation to independently transfer the sequence information from an intact DNA strand to a newly syn-
thesized one. In 1958, Meselson and Stahl showed that isotopes fed to E. coli were distributed evenly in
the DNA of the successive generations, thus proving that the mechanism of DNA replication is in fact
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semi-conservative. Hence, this meant that the double strand is split during replication into single-
stranded entities which provide the sequence information or ‘template’ for the synthesis of a new, com-

plementary strand.®”!

DNA polymerases responsible for the replication of DNA are mostly members of the families A and B.
As in general, with the exception of an X-family member called the terminal deoxynucleotidyl transfer-
ase (TdT)"*!, DNA polymerases are unable to start the synthesis de novo, they require a short RNA or
DNA fragment to first bind to the parental DNA strand so that its 3’-OH group can serve as the starting
point for the synthesis. These short DNA fragments are referred to as ‘primers’. The primer-template
pair (DNA,) is then bound by the DNA polymerase (E) in a binary complex (E:DNA) with the 3’-hy-
droxyl terminus of the primer resting in the active site of the enzyme (Figure 3b, 1)."”) Subsequently, the
finger domain facilitates the binding of a INTP, resulting in a ternary complex (II, E:DNA,:dNTP, “open
conformation”). A conformational change within the polymerase tightens the ternary complex and thus

arranges all reagents in the correct positions necessary for catalysis (III, “closed conformation”).

The attack of the 3’ hydroxyl group of the primer on the a-phosphate of the dNTP is facilitated by two
divalent metal ions (Figure 3c, Mea, Mes) that are coordinated by two well-conserved aspartic acid res-
idues in the DNA polymerase. They serve as a lewis acid to lower the energy barrier presented by the
negative charge on the a-phosphate and thus enable the attack of the hydroxyl group. One of the metal
ions additionally stabilizes the pyrophosphate leaving group.®® A third metal ion was observed in the
active site of DNA polymerases in several crystal structures. Its importance and role in catalysis is how-

ever heavily debated.*?

Following the addition of the nucleotide monophosphate (IV), the enzyme-DNA complex returns to a
relaxed state (V) and the pyrophosphate is released (VI). Ultimately, the DNA polymerase slides along
the primer-template pair to shift the new 3’ end into the active site of the polymerase (VII). Thus, mul-
tiple nucleotides can be incorporated without the enzyme leaving the primer-template complex (VIII).
With this unique skill called ‘processivity’, DNA polymerases were shown to incorporate up to several

hundred nucleotides per second in vivo.

1.2.2 - DNA polymerases as drivers of evolution

As mentioned before, the main task of DNA polymerases is to maintain the genetic information across
generations. However, to allow a gradual evolution and thus organisms to adapt to changing environ-

mental conditions, the genetic information at the same time also has to be allowed to slowly change
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across generations. In living cells, apart from large-scale transformations such as translocations, inser-
tions and deletions, this is in part accomplished by mutagenesis induced via DNA damages such as
depurination and deamination of cytosine which can cause the DNA polymerase to misread the tem-
plate sequence in replication.’ Additionally, a small, intrinsic error-rate is observed in replicative DNA
polymerases.!****) This mutability has to be carefully balanced as excessive flexibility of the genome also
increases the occurrence of pathogenic mutations. Therefore, DNA damage within cells is restored by a
set of repair mechanisms in which representatives of the DNA polymerase families X and Y are involved
in order to confine the amount of errors replicative DNA polymerases have to face. Misincorporations
made during replication can furthermore be corrected by the 3’-5 exonuclease activity found in some
DNA polymerases. In this process called ‘proof-reading’, mispaired nucleotides are removed by the
DNA polymerase itself directly following their undesired incorporation and the correct nucleotide is
inserted instead. Thus, reported error rates for common DNA polymerase show approximately one mis-

incorporation every 10° to 107 incorporations.’**+!

1.2.3 - DNA polymerases in biotechnology

DNA polymerases have evolved over millions of years leading to a myriad of different enzymes with
varying properties. With the ability to isolate these enzymes from cells and organisms, these properties
can be harnessed for biotechnological applications. The introduction of the polymerase chain reaction
(PCR) in the 1980s by K. Mullis, for example, enabled researchers to utilize the native replication ma-
chinery in vitro, allowing the amplification of DNA fragments at will.*** In PCR, the DNA sequence
of interest is targeted by two specific primers that anneal to the respective DNA strands of the original
sequence and are elongated by the DNA polymerase under consumption of added dNTPs. The tech-
nique demands a temperature gradient program in order to separate the newly synthesized double
stranded DNA at high temperatures and allow the annealing and prolongation of a new primer at lower
temperatures in each cycle. PCRs therefore are conducted in special machines called thermocyclers that
automatically run the required temperature cycles. Since most DNA polymerases which were accessible
at the time PCR was introduced are denatured at the high temperatures used for strand separation, the
polymerase had to be re-added for each replication step. The discovery of thermostable enzymes such
as the Tag DNA polymerase in the thermophilic bacterium Thermus aquaticus®” and the KOD DNA
polymerase in the archaea Thermococcus kodakaraensis*® greatly simplified the procedure as they sur-
vive the denaturation step and hence no interaction with the reaction solution during the amplification

is necessary anymore.*’!
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Beside these enzymes, other natural DNA polymerases demonstrate increased fidelity, faster processing,
a greater tolerance for buffer compositions and/or the ability to displace double-stranded DNA encoun-
tered during replication (strand displacement), which allows amplification at a constant temperature
(referred to as ‘isothermal’).?* % As this cuts out the need for thermocyclers, isothermal DNA ampli-
fication is of huge interest to reduce the requirements of nucleic acid amplification assays. A very pop-
ular method employing strand displacement DNA polymerases is the loop-mediated isothermal ampli-
fication (LAMP), which uses a set of four primers that generate self-primed hairpin loops.l** LAMP
provides a rapid amplification of target sequences and, in some cases, has been shown to be more sensi-

tive than PCR.54>%

Taken together, DNA polymerases for almost every conceivable application can be isolated from natural
sources. With the employment of synthetic evolution strategies as error-prone PCR and site directed
mutagenesis, however, researchers are nowadays able to improve and adapt the natural enzyme scaffolds
for particular applications yielding new, unique enzymes.***") N. Blatter and co-workers e.g. generated
a derivative of the N-truncated Klenow fragment of the Tag DNA polymerase, ‘Klentaq’, in which four
amino acid exchanges (L459M, S515R, 1638F and M747K) enabled the polymerase to synthesize DNA
strands on the basis of RNA templates.*® This ability was hitherto only found in specialized reverse

transcriptases.

Apart from the use of ‘tailor-made’ enzymes, the scope of DNA polymerase catalyzed reactions in bio-
technological applications can additionally be expanded by the application of modified nucleotides that

interfere with the replication process at distinct sites of interest or functionalize the synthesized DNA.
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1.3 - Modified Nucleotides

1.3.1 - Natural DNA and RNA modifications
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Figure 4: A selection of natural modifications found in DNA and/or RNA. 5mC is the most abundant epigenetic marker in the
DNA of higher eukaryotes. m°A is the predominant DNA modification in prokaryotic DNA as well as a major RNA modifica-
tion in eukaryotic RNA. Pseudouridine and Inosine are crucial modifications for tRNA function.

Beside the “standard” set of nucleotides found in RNA and DNA, a myriad of different natural modifi-
cations on the nucleobases and (deoxy)ribose moieties of these nucleotides have been reported over the

[62]

last decades (Figure 4).*! Next to hydroxyl-*’), formyl-" and carboxy-*? groups, isomeric forms!** and

alternative purine derivatives!®, they especially include methylations on the nucleobase and ribose moi-

65-68]

ety.!

In DNA i.e. modifications on the nucleobase can alter the chromatin structure and hence the accessibil-
ity of genes for transcription, which is crucial for the controlled expression of distinct proteins required
over time.l*” Since they thus account for a regulatory information on top of the sequence information
comprised by the nucleotide succession, these modifications are accordingly referred to as ‘epigenet-
ics’.l”"! Between the domains of life, the type and levels of epigenetic markers can drastically vary. In
higher eukaryotes e.g. 5-methylcytosine (5mC) is the most abundant modification while in prokaryotes

N°-methyladenosine (m°A) is the most abundant DNA modification.[>¢¢ 7!

In RNA, modifications can occur on the nucleobase as well as on the 2’-hydroxyl group of the ribose
moiety (Figure 4, 2’-OMe). Since RNA, in addition, does not have to store the genetic information, the
sequence can be heavily processed after transcription. This even includes the incorporation of non-ca-
nonical bases such as the isomeric pseudouridine and the purine derivative inosine that are crucial for
the function of tRNAs. The field of RNA modifications is thus much larger than DNA modifications
accounting for the versatility observed among RNAs. In analogy to epigenetics, the research field of RNA

modifications is termed ‘epitranscriptomics’.*!

As in DNA, their occurrence and levels varies between organisms. m°A, which is the most abundant
DNA modification in prokaryotes e.g., is among the most abundant RNA modifications in higher eu-

karyotes.”? It is among others found in mRNAs, tRNAs and rRNAs and thus is involved in key processes
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such as RNA location”, splicing” and translation”. Studies furthermore indicate that m°A might be

linked to RNA degradation.”

Another key RNA modification in higher eukaryotes is the methylation on the 2’-hydroxyl group of the
ribose moiety which is especially observed in rRNAs (Figure 4).1) It is proposed that the methylation

facilitates rRNA folding and hence is essential for correct ribosome function.””””!

For many DNA and RNA modifications, their role within the cell is not sufficiently understood. While
pull-down assays and deletion experiments can help to identify binding partners and can indicate the
effect of a modification, the location of a distinct epigenetic marker can be critical for its role. However,
the low abundance of the corresponding nucleic acids combined with the loss of the epigenetic/epitran-
scriptomic information in amplification assays impedes the direct study of these modifications. Tech-
niques that allow the site specific sensing of epigenetic markers in nucleic acids are therefore strongly
demanded by the scientific community. So far, countless approaches have been published including bi-
sulfite sequencing that allows site-specific detection of 5mC in laborious comparative experiments.*™
However, no approach that allows a fast, simple and cost effective sensing of epigenetic markers has

prevailed so far.’®"
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1.3.2 - Synthetic DNA and RNA modifications
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Figure 5: A selection of synthetic nucleotide derivatives. I: Idoxuridine®?, II: Aciclovir, III: Locked nucleic acids (LNA), IV:
Phosphothioate linked dNMP, V: Fluorescent adenine derivative phosphoramidite building block for solid phase synthesis!®’!
VI: dTTP derivative used in Illumina sequencing®, VII: Uridine derivative used in RNA aptamer catalyzed Diels-Alder reac-
tions®), VIIL: dTTP derivative connected to a 40-mer ssDNA sequence!®. Structures VI-VIII have been enzymatically intro-
duced into oligonucleotides.

With the help of synthetic organic chemistry, nucleosides and nucleotides can be modified beyond the
scope of their natural alterations. Starting in the 1960s, synthetic nucleoside analogues such as Idoxuri-
dine (Figure 5, I) and Aciclovir (II) were used in the therapy of viral infections and cancer.!*> %58 These
analogues are metabolized by the cell similarly to their natural counterparts, but later on interfere with
substantial cellular processes like replication, thus inhibiting the progeny of a virus or cell. Today, syn-
thetically modified nucleosides and nucleotides do not only play important roles in medicine, but also
help to study and influence the behavior of crucial cell components and processes. Especially in the

context of nucleic acids they now are valuable tools in daily laboratory practice.!®**!

For example, substitution of natural buildings blocks for ribose modified ones such as in locked nucleic
acids (LNA, III) can increase the stability of the oligonucleotide against elevated temperatures and de-

grading enzymes as well as the hybridization properties which make them well-suited candidates for

11
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antisense based therapeutics.”*") Modifications of the phosphate chain, like the substitution of one
none-bridging oxygen with sulphur (IV) can help to generate nuclease resistant linkages in oligonucle-
otides."”” Moreover, base-modified nucleotides constitute a wider field of tools including even the crea-

tion of non-natural, orthogonal base pairs.***

In general, modified oligonucleotides can be synthesized in three different ways. The first one is the solid
phase synthesis. In the most commonly used version of solid phase synthesis, the posphoramidite
method, protected nucleoside phosporamidite building blocks (Figure 5, V) are added stepwise to the 5°
end of each other.””**! Following each addition, the phosphorous(I1)-species is oxidized and unreacted
5" hydroxyl groups are capped in order to prevent frameshifts. After its synthesis, the oligonucleotide is
cleaved from the solid phase and deprotected. Solid phase synthesis has been employed for the prepara-
tion of oligonucleotides for several decades as it is robust, scalable and provides some flexibility in terms
of modifications. However, the particular chemistry used during the individual steps of the synthesis
sets certain restrains to the nature of possible modifications. The difficulty to synthesize longer oligonu-
cleotides due to imperfect coupling yields and the laborious preparation and purification of the nucleic

acids additionally limit the applicability of solid phase synthesis."”!

Besides the solid-phase synthesis of modified oligonucleotides, nucleic acids in general can be semi-
synthetically modified by chemical reagents and enzymes."””*” Since the nucleobases share very similar
functional groups, the selective modification of a particular base is challenging and the scope of this
approach is limited to few modification strategies with a high risk of incomplete modification and side-

reactions.””

Opposed to the (semi-)synthetic generation of oligonucleotides is the enzymatic synthesis. Here, the
modified nucleotides serve as substrates for DNA or RNA polymerases and are thus incorporated into
a nascent DNA or RNA strand by the natural machinery (Figure 5, VI-VIII).* 1192 This enables the
facile generation of long nucleic acids and by harnessing the template dependency and fidelity of repli-
cative polymerases allows the sequence specific incorporation of modifications. However, nucleic acid
polymerases have evolved over billions of years to incorporate the natural bases with high selectivity.!'”*"

1951 Nucleotide modifications hence have to meet certain criteria to serve as a substrate for these poly-

merases:

A large number of nucleotide structures has been reported for the enzymatic synthesis of modified nu-

cleic acids.* In these studies, modifications on the phosphate chain and the sugar moiety were mostly

12
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poorly accepted by the DNA polymerases, resulting in low incorporation rates.!"”'%! Modification on
the base, however, were well tolerated by the enzyme, with the position and nature of the modification
having a crucial impact on the processing by the polymerase. Modifications attached to the C5/Cé6-site
of pyrimidine and the C8/C7 positions of (deaza-)purine bases (also referred to as the ‘Hoogsten face’)
were favored as they do not interfere with the Watson-Crick base pairing which is needed for comple-
mentary base pairing. In the double-stranded helix, these modifications point away from the inside of
the helix towards the major groove in which steric restrains are looser than in the minor groove where,
e.g. modifications on the 2 position of purines are oriented to. Comparative studies have demonstrated
that the C5 position of pyrimidines and the C7 positions of deazapurines are the preferred modification
sites as nucleotides bearing additional groups on these positions are accepted best by common DNA

polymerases of the A and B-family such as KlenTaq and KOD.!'*113!

Compared to the other methods, the enzymatic modification of DNA thus offers the simplest and most

versatile approach for the generation of modified nucleic acids.

1.3.3 - Structural basis for the processing of modified nucleotides

In contrast to the elucidation of the best modification site, the reason why these modified nucleotides
are still accepted even by high-fidelity DNA polymerases was elusive for many years. Yet, understanding
the mechanism of the incorporation of these nucleotides would enable researchers to adapt the modifi-

cations and predict the likelihood for a successful incorporation.

Crystallographic studies by Obeid et al. and Bergen et al. gave first insights into how A-family DNA
polymerases process modified nucleotides."**'"*! They found that the acceptance of the C5 position of
pyrimidines and the C7 position of deazapurines relies on the presence of cavities that connect the active
center of the A-family DNA polymerase KlenTaq with the outside of the enzyme. The flexible linker on
a C5 modified dTTP analogue (Figure 64, the same linker was used for the ssDNA conjugated nucleotide
in Figure 5, VIII) protruded into a cavity above the O-helix formed by side chain of R587 and the O-
helix residues L657, M658, R660, A661 and T664 (Figure 6b). The linker itself contained an amide bond
that was stabilized by the amino acid side chains of R600 and T664. The same linker on C7 deaza-dATP
analogues (Figure 6¢), in contrast, protruded into a different cavity between Arg587, the O-helix (R659,
R660, K663) and the palm domain (N610, Q820, and K831). The amide bond was here shown to interact

with K663 and R660 of KlenTaq DNA polymerase.
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Figure 6: Crystal structures of KlenTaq DNA polymerase with synthetically modified nucleotides. a) Structures of a dTTP (left)
and dATP (right) derivative modified with a Cio w-hydroxyalkyl linker on their C5 and C7 deaza position. b) A dTTP derivative
modified with flexible Cio w-hydroxyalkyl linker in the active site of the DNA polymerase. The linker is stabilized via hydrogen
bonding of its amide bond with T664 and R660 amino acid side chains of the enzyme. c) A dATP analogue bearing the same
linker on its C7-deaza position. The linker protrudes into a different cavity and is stabilized by K663 and R660. d) Surface view
of KlenTaq DNA polymerase with the Cio w-hydroxyalkyl linker of the dTTP and the dATP analogue sticking out of the enzyme.
e) View from the side of the enzyme showing the cavity encompassing the linker. Images were created using PDB 4DFK and
4DF4.1114

In both cases, the presence of the linker chain led to only slight perturbance of the DNA polymerase
structure by shifting the position of R660. The interaction of the linker with amino acid side chains of
the enzyme via hydrogen bonding was shown to increase the acceptance of the modified nucleotide by

the DNA polymerase and in some cases even resulted in higher incorporation rates than observed for

14



1- Introduction

the natural substrate. As the active site and R660, as a member of the B-motif, are highly conserved in
bacterial DNA polymerases, a similar mechanism is assumed for the incorporation of modified nucleo-
tides in other prokaryotic DNA polymerases. In addition, studies on the archaecal DNA polymerases
KOD and 9°N revealed an even stronger tendency to incorporate modified nucleotides for B-family pol-
ymerases.'’*'8) The reason for this behavior is not yet fully understood, but a recent publication by
Kropp et al. presenting structural data for KOD DNA polymerase in closed ternary complexes indicates
that the active site of B-family DNA polymerases offers more space and interactions for the accommo-

dation of nucleotide modifications.'% 11!

If the linker attached to the modified nucleotide is long enough, it can span the whole diameter of the
cavity and thus place an attached cargo on the outside of the ternary complex (Figure 6d and e). This
circumstance enables the incorporation of ‘cargos’ significantly larger than the small functional groups
and long, thin chains as e.g. polyethylene glycol (PEG) that have been reported previously.'* Several
groups have taken advantage of this fact with the biggest ‘cargo’ attached being a 40-mer single-stranded
DNA attached to the C5 position of dTTP (Figure 5, VIII).* The spatial scope of nucleotide modifica-
tions, however, is not yet fully studied. In 2013, Serensen and co-workers have reported that TdT is able
to catalyze the incorporation of macromolecule-conjugated nucleotides to the 3’ end of a single-stranded
DNA indicating that nucleotide modifications with drastically increased size might be relevant in the
enzymatic synthesis of modified DNA.!"*!12I Since TdT is the only DNA polymerase able to synthesize
DNA strands without any template, the incorporation of nucleotides proceeds randomly with several
dNTPs being incorporated successively. This establishes TdTs role during the V(D)] recombination in
immune cells, where it plays a crucial role in providing the genetic flexibility to produce the plethora of
immunoglobulins and T-cell receptors required to deal with the myriad of antigens faced during life-
time.*!) However, as the structure and mode of catalysis of TdT show substantial differences to other
DNA polymerases, it is unclear whether these results can be transferred to template-dependent DNA
polymerases.!'#'2! TdT has previously been shown to be promiscuous in dNTP processing, probably
explained by wide crevices allowing dNTPs to diffuse directly into the active site of the polymerase and
the lacking need for precise Watson-Crick base pairing.!""'*! Replicative DNA polymerases, in contrast,
demonstrate accurate, template dependent selection of the complimentary dNTP with only small crev-
ices being found in the ternary complex.!'"* ") Modifications being as bulky as a complete protein might

therefore perturb the complex and thus the enzymatic activity.
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1.3.4 - Nucleic acid diagnostics

The role of nucleic acids as the sole carriers of genetic information make them a prime target for the
detection, identification and differentiation of individuals and organisms. Since typically only small
amounts of DNA or RNA are obtainable for testing, the sensitivity of nucleic acid based assays is critical
for the success of any method. With the development of amplification technologies like PCR in 1983,
researchers were able to amplify low amounts of DNA and thus enable nucleic acid testing based on
trace amounts of genetic material.*! A well-known example for the employment of PCR in the analysis
of small nucleic acid residues is forensic DNA profiling developed by A. Jeffreys 1984, which is routinely

used in criminal prosecution.!'*!

In the present biochemical and medicinal practice, PCR is an indispensable technique as well and its
development was thus awarded with the Nobel Prize in chemistry in 1993. Several variations of the PCR

platform today allow the analysis of distinct properties of the target sequence.

Due to the template dependency of the used DNA polymerases, the appearance of a PCR product can
confirm the presence of a particular target sequence. The use of helix intercalating dyes additionally
allows monitoring the amplification in ‘real time’ when utilizing thermocyclers equipped with fluores-
cence detectors. Analysis of the amplification curves can be used further to quantify the amount of the
target sequence in the sample and with the employment of reverse transcriptases, the PCR platform
enables the generation of complementary DNA (cDNA) based on RNA targets.!"”"?¥ Small, even single
nucleotide mutations can be detected with the help of allele-specific primers that only allow efficient
amplification if a canonical base pairing on the 3’ end of the primer is met."* In addition to these, many
more adaptions and variations of PCR have been applied over the years and still new methods are re-

ported e.g. for sensing epigenetic markers with synthetically evolved DNA polymerases. (s '*!

While the information gained via PCR based methods is mostly indirect or limited to distinct areas of
the template sequence, gene sequencing offers the direct elucidation of the base succession in DNA sam-
ples.Y) The emergence of modern sequencing platforms has lowered the cost per run and time effort
needed for sequencing and thus made sequencing available for a broader audience in research and med-
icine.® 2 Comparison of chemically treated DNA samples can moreover help to locate epigenetic

markers in the sequence such as 5mC.*"
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Next to PCR assays and sequencing, nucleic acids can be detected in the form of ‘simple” hybridization
assays in which the target is detected by its annealing to a solid phase immobilized complementary se-
quence, often in form of arrays.'** This method is, among others, used to simultaneously monitor the

level of multiple nucleic acids e.g. for gene expression analysis.!**

The techniques described above are only the most commonly used in nucleic acid diagnostics. Since this
field is of major interest in research and medicine, the demand for cheaper, easier and more sensitive or
accurate methods drives the development of new technologies. Recently, point-of-care testing (POC
testing) is gaining popularity, as the idea connected to it points out several fundamental drawbacks of

[135]

diagnostic methods applied today.

The necessity for costly equipment and trained personnel to conduct the experiments limit the execution
of the tests to specialized laboratories. Testing is hence both costly and time consuming which in urgent
cases can have serious health implications for the patient. Furthermore, in resource poor environments,
where infectious diseases repeatedly become epidemic, specialized laboratories and trained personnel
are lacking due to financial and infrastructural cutbacks. Therefore, researchers, doctors and pharma-
ceutical companies are looking for diagnostics assays that can be quickly conducted by un- or low skilled
operators in close proximity (preferentially even at the bedside) of the patients (‘point of care’). The
methods should rely on little to no machinery and give clear, explicit readouts such as a color signal.
Present examples of such POC devices include drug & pregnancy tests or blood glucose meters but POC

devices for the analysis of nucleic acids are still scarce due to the specificity and sensitivity needed.!*>'*

To avoid the necessity of thermocycling, many of the amplification based POC devices rely on isother-
mal techniques utilizing DNA polymerases with strand displacement activity or the double strand sep-
arating activity of helicases.*” *%"l Since these enzymes are inhibited by typical components of bodily
fluids, a nucleic acid purification step is placed upstream of the actual assay.!"**) With the help of mi-
crofluidic devices, purification and amplification can be thereby achieved in one small device the size of
a bank card with reasonable cost.'**! The prevalence of smartphones might also facilitate the develop-
ment of new assays since they come equipped with various sensors that can be used for sensitive

readouts.[14414%]

Despite the progress made in recent years, no ‘all-in-one’ device for nucleic acid testing that meets all

the criteria raised for POC has been approved for diagnostic market so far.!'**!
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2 - Aim of this Work

Modified nucleotides play a key role in many biotechnological techniques. Here, especially the employ-
ment in DNA polymerase catalyzed reactions offers great potential as it combines the naturally evolved
properties of DNA polymerases with the attributes of the nucleotide modification. Numerous modifi-
cations have been reported in DNA polymerase based approaches among which, for example, nucleo-

tides with cleavable fluorescent dyes form the basis of modern sequencing techniques.

While the modifications cover a broad range of functionalities and purposes, their size mostly only co-
vers the range of small molecules. The prospect of the modified nucleotide having to fit into the active
site of the DNA polymerase in the tightly bound ternary complex renders the successful employment of
larger modifications unlikely. However, several publications have reported crystal structures showing
that DNA polymerases are equipped with channels, that could encompass the modifications and thus
allow modified nucleotides to be processed. Based on these publications, it was hypothesized that if the
‘cargo’ is connected to the nucleotide via a long, flexible linker, which is able to bridge the distance from
the active site of the DNA polymerase to the outside surrounding through this channel, the’ cargo’ would
not interfere with the processing of the nucleotide and thus would allow macromolecular modifications
to be incorporated into the nascent primer strand. Earlier work within our group has shown that this
theory holds true for small DNA sequences which already represent a considerable increase in size to

the natural nucleoside triphosphates.

In this work, the size limitations of nucleotide modifications should be studied by attaching macromol-
ecules such as a whole enzyme, which are typically several orders of magnitude larger than the small
oligonucleotide-modifications used in previous studies. The generated nucleotide-macromolecule con-
jugates should be employed in DNA polymerase catalyzed primer extension reactions where the mac-
romolecule should serve as a reporter that provides a simple readout to whether the nucleotide was in-
corporated or not and thus about the presence and genotype of a certain template sequence. Finally, the
assay should be set up to meet the criteria raised by point-of-care testing (POC) in which the diagnostics
of pathogenic biomarkers is fulfilled without complex machinery or trained personnel e.g. in resource-

poor environments.
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3 - Results and Discussion

3.1 - Synthesis of Thiol-modified dTTP-Analogs
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Figure 7: Composition and nomenclature of pyrimidine and purine deoxynucleotides on the examples of dTTP (left) and

dATP (right).

The three distinctive moieties of deoxynucleotides, namely phosphoanhydride chain, deoxyribose and
nucleobase, offer plenty of opportunity for modification and functionalization. Besides the phospho-
anhydride chain and deoxyribose moiety, modifications on the nucleobase are of particular interest in
biotechnological applications. Here, the position of the modification has to be carefully considered. For
example, alterations on the Watson-Crick-Face of the nucleobase are less favorable in DNA polymerase-
based approaches as they possibly disturb base pairing and hence nucleotide processing. Moreover, this
could lead to severe cutbacks as helix perturbation or loss of sequence specificity (Figure 7). Therefore,
a functionalization at the C5 or C6 position of pyrimidines and the C7 or C8 position of purines is clearly
favored as the attached modification, is, upon incorporation, embedded in the major groove of the DNA
helix. The ability of DNA polymerases to readily process such modified nucleoside triphosphates has
been shown numerous times. Among the nucleotides used in these experiments, those modified at the
C7 position of deazapurines and the C5 position of pyrimidines have proven to be accepted best by DNA
polymerases.'> 1% 1% Since crystal structures reported by Bergen et al. suggest that a linker on the C5
position of pyrimidines extends further from the surface of the enzyme and is easier accessible than the
same linker on the C7 deaza positions of purine bases (see Figure 6), a C5 modified thymidine derivative

was chosen as the basis for the synthesis for this study.!""*!
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The synthetic route was adapted from prior publications, starting with a Sonogashira cross coupling
reaction of 5-iodo-2’-deoxyuridine with 5-trifluoroacetamidopentyne yielding 66% of the trifluoroa-
cetamido (TFA)-protected, amino-functionalized nucleoside 1 (Figure 8a).[%"'447] The nucleoside was
then converted into its corresponding 5’-triphosphate following the synthetic route described by Kovacs
and Otvds (Figure 8b).1* In detail, the nucleoside was first mono-phosphorylated with phosphoryl
chloride in trimethylphosphate at low temperatures. Next, tributylamine and bis-(tributylammonium)-
pyrophosphate were added simultaneously to the activated monophosphate species to convert it into the
corresponding triphosphate. The reaction was subsequently quenched and the desired nucleotide was
purified by anion exchange-fast protein liquid chromatography (IEX-FPLC). Following this, the lyoph-
ilized nucleotide was dissolved and stirred in 10% ammonia solution to remove the TFA protecting
group at the C5 linker. The deprotected nucleotide was then purified by reverse phase HPLC (RP-HPLC)

followed by repeated lyophilization, which yielded 16% of compound 2.

In order to conjugate the synthesized nucleotides to their macromolecular ‘cargo’, the amino-moiety
should be functionalized by amide chemistry using w-modified alkylcarboxylinkers. Studies on crystal
structures suggested that the amide bond can interact with amino acid side chains Thr664 and Arg660
in KlenTaq DNA polymerase via hydrogen bonds which might stabilize the enzyme-substrate complex
and improve nucleotide processing.""*! Considering the broad commercial availability of maleimide-

activated enzymes, a thiol group should be introduced to the nucleotide. Additionally, three different
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lengths of the w-thiol linkers ranging from an C7 to a C15 chain should be used during synthesis in

order to study the impact of the linker length on processing (Figure 8c).

Introduction of the linkers was first envisioned as previously reported by activation of the linker with
N-hydroxysuccinimide (NHS) in slightly basic sodium carbonate buffer.*® However, no product was
obtained in several attempts leading to the trial of a variety of different amide bond forming reagents.
Ultimately, the solid phase peptide coupling reagent (1-[bis(dimethylamino)methylene]-1H-1,2,3-tria-
zolo[4,5-b]pyridinium 3-oxid hexafluorophosphate (HATU)!"*! was found to provide access to the
thiol-modified nucleotides in sufficient yields. In detail, the w-thiol carboxylic acid and the nucleotide
were first separately treated with a slight excess of DIPEA in dry DMF. Then, HATU was added to the
linker to form the activated carboxylic acid intermediate followed by slowly merging both solutions. The
yields obtained varied significantly among the different linkers. Up to 70% were achieved for 3 while the
employment of 16-mercaptohexadecanoic acid led to a low yield of only 19% 5. This can partially be
explained by the increasing detergent-like properties of the compounds with the expanded hydrophobic
alkyl chain that can impede RP-HPLC purification by perturbing the retention times and thus leading
to disrupted peaks. In contrast, the poorest yields were obtained for 4 (9%). Due to the product containg
the HATU counter-ion hexafluorophosphate (PFs) an additional ion exchange-HPLC (IEX-HPLC) pu-
rification had to performed. After the additional purification steps, the protons near the thiol-group

were shifted to higher ppm, indicating that the nucleotide hat undergone an unknown side reaction.

In conclusion, C5 thiol-functionalized dTTP analogues could be synthesized starting from 5-iodo-2’-
deoxyuridine in three steps. The crucial formation of the amide bond was achieved without any protect-
ing groups, allowing a facile and direct access to the modified nucleoside triphosphates. Purification of
the thusly synthesized compounds is partially impaired by the detergent-like properties of the com-
pounds with longer alkyl chains resulting in disrupted HPLC peaks, which might become problematic
when studying even longer linker lengths. Yields for the intermediate linker length were lower than for
the other two analogues, at least partially owed to the co-elution of PF¢ in RP-HPLC, which made addi-
tional purification steps necessary. After purification, protons near the thiol were shifted, indicating a

side reaction of this nucleotide.
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3.2 - Conjugation and Purification of Enzyme-Nucleotide Chimeras

In a first approach, the modified nucleotides should be conjugated to an enzyme that is able to catalyze
to a colorigenic reaction. This enzymatic reaction should be used to visualize the incorporation of the
nucleotide into a DNA strand by the naked eye. A broad variety of enzymes suited for this purpose is
available as such reporters are frequently employed in biochemical assays e.g. in ELISA. Among these,
Horseradish Peroxidase (HRP) is one of the most commonly used enzmyes.!"**"/ HRP is a glycosylated
plant peroxidase that comprises up to 15 isoenzymes with differing amino acid chains and glycosylation
patterns that award them distinct physical and chemical properties."*” The most used and best studied
isoform of HRP is C1A, a 44 kDa isoform comprising a 34 kDa amino acid chain and 11 kDa of N-
glycoslyation. HRP is known for its high turnover, broad substrate scope and a profound robustness
against harsh environmental conditions which make it an ideal reporter enzyme. Notably, HRP isoforms
were reported to tolerate temperatures up to 70°C for several minutes and even chaotropic reagents as
urea in high concentrations.*****) The enzyme can be inhibited by high phosphate concentrations, some
divalent transition metal cations and small anions as cyanide and azide, which tightly bind to the heme

group that is crucial for catalysis.!"*!

For this study, commercially available maleimide-activated HRP (malHRP) from Sigma Aldrich was
used. It is randomly activated at its lysine residues by reacting the enzyme with maleimidocaproic acid
N-hydroxysuccinimide ester. HRP isoforms typically contain between five to 14 lysine residues, there-
fore malHRP from Sigma Aldrich is specified to contain a maximum of three maleimide groups per

protein.!*”!

To achieve the conjugation to the nucleotide, the lyophilized enzyme was first solubilized in a PBS con-
jugation buffer. However, concentration determination with A = 280 nm was not applicable as the man-
ufacturer was unable to give any detailed information about the isoform of HRP which is being sold.
The concentration of the enzyme solution was therefore measured at A = 403 nm corresponding to the
absorption of the heme group.!”*®! After the incubation with 5 eq. of 3-5 overnight, a simple centrifugal

concentration was conducted to remove the excess nucleotide (Figure 9a).
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Figure 9: Synthesis of nucleotide-malHRP conjugates. a) Michael addition of the thiol-functionalized nucleotides 3-5 with the
maleimide-activated HRP in PBS buffer overnight. FPLC run of conjugation reaction with malHRP and compound 5 on an
anion exchange chromatography column. A gradient running from 20 mM Tris pH 9 to 1 M NaCl in 20 mM Tris pH 9in 1 h
ona 1 ml HiTrap Q Sepharose column was applied. Peaks were detected at 403 nm (absorption of the heme group) and 280 nm
(absorption of proteins and the nucleotide): 1) unconjugated malHRP, 2) mono conjugate, 3) putative double-conjugate, 4)
excess nucleotide 5.

To confirm conjugation as well as to further investigate the site of conjugation and to determine which
isoform was used, digestion experiments were performed. For this, conjugated and unconjugated en-
zyme were treated with Pronase protease mixture or Proteinase K and subjected to analytical RP-HPLC.
The obtained fractions were analyzed by NanoLC-MS at the Proteomic Facility (University of Kon-
stanz), but due to the complex nature of the samples, no fragments could be assigned to any HRP iso-
form. Only traces of unconjugated nucleotide could be detected, necessitating a more thorough purifi-

cation.

Due to the strong anionic charge on the nucleotide under slightly basic conditions, it was reasoned that
anion exchange FPLC might allow the isolation of conjugate from excess triphosphate and unconjugated
enzyme. Chromatography of the reaction mixture on a anion-exchange column yielded several peaks

(Figure 9b). The pooled fractions were concentrated and subjected to ESI-MS measurement.

In comparison to unconjugated malHRP (peak 1, 43370 Da), peak 2 demonstrated a shift in mass of
+822 Da that can be assigned to the corresponding nucleotide 5 (calcd. 819 Da) within the range of error

(Figure 10). The successful conjugation is further corroborated by the appearance of peaks at approx. -

23



3 - Results and Discussion

80 and -160 m/z of the main peak that can be explained by the loss of phosphate groups on the phos-
phoanhydride chain as commonly observed for nucleoside triphosphates during ESI-MS measure-
ments."*” Peak 3 putatively contained malHRP that is conjugated with two nucleotides. Due to the small
yields, however, no signal was obtained in ESI-MS for this fraction. Excess nucleoside triphosphate was

found in peak 4 at high eluent concentrations.
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Figure 10: ESI-MS measurement in positive mode exemplarily shown for dT"*"**TP. The deconvoluted peak pattern around
the expected m/z for malHRP is shown on the left. In detail analysis compared to the unconjugated malHRP (grey, 43370 Da)
is shown on the right. The mass shift observed is +822, calculated weight of compound 5 is 819. Peaks at 44112 Da (-80) and
44033 Da (-159) are caused by the loss of the y and p phosphate group during ionization.

Conjugation of compounds 3 and 5 to malHRP typically yielded around 30-50% of the mono-conju-
gated enzymes dT7"*"TP and dT""**TP. Conjugation of the nucleotide bearing the intermediate thiol
linker (4), however, continuously led to poor yields most likely caused by thiol being blocked by the side

reaction. All further experiments were thus exclusively carried out with dT”"**TP and dT**"**TP.

In summary, thiol-modified dTTP derivatives 3-5 were successfully conjugated to malHRP. The conju-
gation took place at ambient conditions and due to the retardation caused by the triphosphate chain,
mono-labeled conjugate was easily purified from excess nucleotide, unlabeled and multiply labeled en-
zyme by IEX-FPLC. The conjugation could be verified by ESI-MS measurements for all three conjugates,
but the conjugation of the intermediate nucleotide resulted in poorer yields compared to the other nu-

cleotides and was therefore discontinued after several attempts.
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3.3 - Primer Extension Experiments employing Enzyme-Nucleotide-Chi-
meras

In the past, a wide selection of modifications has been attached to nucleotides and it has been shown
that common DNA polymerases are still capable to process many of these nucleotides. These include
dyes®, spin-'* and affinity labels!"*", nucleosides!*? and oligonucleotides®®". However, compared to
the size of a glycosylated 44 kDa enzyme, these modifications have been rather small. Serensen and co-
workers have reported that a terminal deoxynucleotidyl transferase (TdT) is able to attach nucleotide-
enzyme conjugates to the 3’ end of oligonucleotides.!'”! This reaction, however, proceeds randomly
without any sequence specificity or template dependency found in reactions catalyzed by replicative

DNA polymerases.

It was reasoned that, given the knowledge that the active site of DNA polymerases such as the KlenTaq
DNA polymerase is connected to the outside of the enzyme via a tunnel, the DNA polymerase might be
able to process nucleoside triphosphates with large modifications if they are connected to the nucleotide
with a large, flexible linker that allows the ‘cargo’ to be placed outside of the enzyme."'"*! If that linker is
long enough, the size of the ‘cargo’ should have no influence on the processing of the triphosphate.
Therefore, the two conjugates that only differ in linker length were employed to assess the influence the

length of the linker has on the incorporation into a DNA strand by a polymerase.
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Figure 11: Schematic representation of a PEx experiment. a) A 5" ?P-labeled primer (orange) is paired with a template. After
the addition of a DNA polymerase and the (modified) nucleotide, the primer is elongated (matched template). If the template
is missing (no template) or the base pairing at the incorporation site is non-canonical, no incorporation is observed. b) Scheme
of a dPAGE with samples of differing lengths/sizes. Oligonucleotides of higher length will migrate slower in the gel compared
to shorter oligonucleotides. When compared to the unextended primer, the incorporation of a single nucleotide can be visual-
ized.
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First, primer extension (PEx) experiments were carried out to see whether the conjugates can be pro-
cessed by DNA polymerases at all. In these experiments, a 5’-labeled primer was incubated with a tem-
plate sequence, a DNA polymerase and nucleoside triphosphates (Figure 11a). Due to the selectivity of
DNA polymerases, the primer should only be extended if the nucleotide, that is cognate to the base given
in the template sequence at the 3’ end of the primer (match), is present in the reaction mixture. If the
template is missing or the base pairing at the incorporation site is incorrect, no incorporation should
take place (mismatched/no template). The extension of the primer can then be visualized by autoradi-
ography of a denaturing polyacrylamide gel (dAPAGE) where the radioactive 5’-label of the primer is used
as readout (Figure 11b). Due to the increase in size, extended primers will migrate slower in these gels,
roughly proportional to the size or number of the attached nucleoside monophosphates.’* As the size
increase here is quite drastic with the conjugate being several orders of magnitude larger than the natural

substrates (approx. 43,000 A*vs. 400 A?), a drastically slower migrating band was expected (Figure 12a).

The sequence context of the template used in these experiments is based on the B type raf kinase (BRAF)
T1796A point mutation, which is strongly associated with carcinogenesis!'®®!. Starting, the 5’-radioac-
tively-labeled primer and template were first aligned at elevated temperatures, after which KlenTaq DNA
polymerase was added to the mixture. The reaction was started at 55°C by the addition of the respective
nucleotide (Figure 12c). Samples were taken after certain time points by quenching an aliquot of the

reaction in a stopping solution and afterwards analyzed by dPAGE and autoradiography.

Compared to natural dTTP (Figure 12c, 1) and the unconjugated thiol-modified nucleotide (2 and 3), a
drastically slower migrating band was observed when either one of the HRP-nucleotide conjugates was
employed in the PEx reaction (4 and 5). This on the one hand proved that the nucleotide is conjugated
to the enzyme, and on the other hand demonstrates, that KlenTaq DNA polymerase is able to process
this enzyme-nucleotide chimera despite of its huge size. As both linkers led to a considerable amount of
incorporation, a C8 linker was sufficient to place the ‘cargo’ outside of the enzyme. On the other hand,
incorporation of the C15-linked nucleotide-enzyme chimera resulted in a higher degree of turnover as
seen by the primer consumption. For dT"”"™ TP, a second band was observed migrating even slower
than the one corresponding to a conjugate incorporation. This band corresponds to a second incorpo-

ration, causing a T:G mispairing due to the lack of exonuclease activity of KlenTag DNA polymerase.!'"**

165]
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Figure 12: PEx experiments using the HRP conjugates. a) KlenTaqg DNA Polymerase (PDB: 1KTQP®), HRP C1A (PDB:
1HCH"l, without glycosylation), natural dTTP and compound 5 drawn in scale.b) Scheme of the primer/template sequence

around the incorporation site and the employed nucleotides.b) dPAGE analysis of a PEx experiment employing the conjugates
(1-5) with KlenTaq DNA polymerase and on RNA templates with RT-KTq DNA polymerase (6-7); P: Primer, 1: natural dTTP,
2: Compound 3, 3: Compound 5, 4: dTHRPTP, 5: dT/*HRPTP, 6: dT'*HRPTP (RNA template), 7: no template.

In addition to DNA templates, RNA templates have been applied in PEx experiments in order to further
broaden the application scope of the conjugates. Blatter et al. reported a mutant of the KlenTaq DNA
polymerase that exhibits reverse transcriptase activity on RNA templates.*® Employment of this RT-
DNA polymerase on an RNA version of the BRAF template with dT”"*TP led to the same migration
shift observed for the wild type KlenTaq DNA polymerase, demonstrating that the system established

can also be used on RNA sequences (Figure 12c, 6).

To further evaluate the difference the linker has on the incorporation efficiency, competition experi-
ments were performed (Figure 13a). Here, the conjugates were mixed in distinct ratios with natural
dTTP and employed in PEx reactions on the BRAF sequence context as before. After dPAGE analysis

and visualization by autoradiography, the band intensities were analyzed compared and plotted in order
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to extrapolate at which ratio an equal amount of incorporation can be observed. This experiment can be
used as an indication on how well the modified nucleotides are processed by the DNA polymerase.!"**!
With KlenTaq DNA polymerase, these experiments resulted in an approx. 33/1 ratio (dT""**TP /dTTP)
ratio for dT”*"TP and a 6/1 ratio for dT"*"® TP (Figure 13a and b). This demonstrates that while both
conjugates were efficiently processed by the DNA polymerase, the longer linker facilitates the incorpo-
ration of the nucleotide, possibly by removing spatial constraints between the polymerase and the cargo.
Furthermore, being processed only 6-fold worse than the natural nucleoside triphosphate, which is one
of the substrates the DNA polymerases has evolved over millions of years to process, was surprisingly

good considering the size difference between the two triphosphates.
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Figure 13: Competition experiments with natural dTTP and the conjugates. a) Partial sequence of the BRAF context used.
Natural dTTP and one of the conjugates are employed in PEx experiments in distinctive ratios to determine at which ratio both
are incorporated to an equal extent. b) Autoradiography of the competition experiment. dT"®TP (left): 1: 0/1, 2: 1/1, 3: 3/1, 4:
19/1,5:49/1, 6:99/1 and 7: 1/0. dT™HRPTP: 1: 0/1, 2: 1/1, 3: 3/1, 4: 4/1,5:9/1, 6: 19/1, 7: 99/1 and 8: 1/0. Samples were quenched
after 3 min and run on a 9% denaturating gel. Incorporation values were measured by the band intensity of the autoradiograph.

c) Plotted results and extrapolation for KlenTaq DNA polymerase; d) Plotted results and extrapolation for KF exo- DNA poly-
merase.

Competition assays were also carried out in presence of DNA polymerase I Klenow Fragment 3’5 exo’
(KF exo" DNA polymerase), another bacterial A-family DNA polymerase, yielding ratios of 68/1 for
dT7MR®*TP and 21/1 for dT"*"**TP, confirming the trend seen for KlenTaq DNA polymerase (Figure 13d).

The inferior processing observed for KF exo DNA polymerase could be explained by enhanced struc-
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tural conflicts between the enzyme and the modified nucleotide and the decreased conformational dy-
namics as a result of the assay being conducted at 37°C as opposed to 55°C with KlenTag DNA poly-

merase.

As in the initial PEx experiments a second band, which was considered to be caused by a T:G mismatch
due to misincorporation of the DNA polymerase, was observed, the possibility of a multiple incorpora-
tion of the conjugates should be investigated. The ability of KlenTag DNA polymerase to incorporate
nucleotides following a C5-modified dTTP was studied recently with the comparably more rigid 1,4-
diethynylbenzene modification. Conformational adaptions of both enzyme and modified nucleotide
were necessary while the nucleotide moved upstream but did not compromise the enzymatic activity of

the DNA polymerase.!'””!

For this, DNA templates encoding for either a consecutive or an iterative incorporation of the conjugates
were used (Figure 14a). First, dT”"**TP and dT"*"*"TP were employed in PEx reactions with a template
containing 11 consecutive As. The reaction was carried out as before, but samples were analyzed by
12.5% SDS-PAGE to allow a better resolution of the higher molecular weight part of the gel (Figure 14b).
Here, the occurrence of split bands was observed. The shift of the slower migrating band when the 11A
template (47 nt) was used compared to the prior BRAF template (37 nt) indicates, that this second band
represents the duplex of primer with template in this, regarding oligonucleotides, non-denaturing gel.
Employment of dT”"*TP led to no multiple incorporation of the conjugate as seen before in the lack of
misincorporation. Employment of dT”"®" TP however resulted in up to a triple incorporation. Hence,
the shorter linker of dT”"®TP does not allow the DNA polymerase to slide along the nucleic acid chain
or reattach at the +1 position for further incorporations. The longer linker of dT”"*"TP on the other
hand seems to provide the flexibility that allows for a multiple incorporation. Samples of a successful
multiple incorporation of dT****TP were also run on dPAGE for comparison (Figure 14c, left). Here,

even a fourth band emerged.

dTHR*TP was subsequently also used in PEx experiments with a template that encodes for a total of 13
iterative incorporations of the conjugate with three natural nucleotides spanning between each incor-
poration site (Figure 14c, right). This experiment was performed in the presence and absence of the other
dNTPs. Without any of the other dNTPs, a monoincorporation was observed with a slight degree of
misincorporation (Figure 14c, middle). These results were in accordance with those obtained from the
previous experiments. The addition of the dNTPs led to a multiple incorporation with up to four ob-

servable incorporations (Figure 14c,). Here, the use of dPAGE and autoradiography limits the readout
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as a less dense polyacrylamide gel would lead to diffuse bands and handling problems. Therefore, the

number of conjugate incorporations could be higher than what was disclosed by the gel.

BRAF Template: 5°-d(TGC CTG GTGTTT GGG AGA AAT CTC GAT GGA GTG GGT ()-3'
11A Consecutive: 5-d(T GCCTGG TGT TTG GGA AAA AAA AAA AGA AAT CTC GAT GGA GTG GGT C)-3'

13Alterative:  5-d(TAG GGA TCT ATT TAC TTA CCG ATT CAT TTA CGC AGT CAG GCA TTC AGA AAT CTC GAT GGA GTG GGT C)-3
b c
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Figure 14: PEx experiments with the conjugates with either a single or a multiple incorporation site. a) Sequence comparison
between the BRAF template used in the PEx experiments before and the templates encoding for a consecutive incorporation
(11A) and iterative incorporation (13A). b) Autoradiography of a 12.5% SDS-PAGE with samples of PEx reaction employing
either the BRAF template (left) or the consecutive multi-incorporation template 11A (right). ¢) Autogradiography of a 9%
dPAGE gel with samples of multi-incorporation.

In total, despite their size, dTTP-HRP conjugates are accepted well as substrates by common DNA pol-
ymerases. Incorporation of the nucleotides into a primer strand led to observable, large shifts in migra-
tion in dPAGE, confirming the covalent attachment of the enzyme to the primer strand. The use of DNA
polymerases with reverse transcriptase activity also allowed the incorporation of the conjugates on the
basis of RNA templates. Assays employing the conjugate and natural dTTP in a competitive reaction
showed that the conjugates are processed between 6- (dT”"* TP with KlenTaq DNA polymerase) and
68-times (dT”""*TP with KF exo- DNA polymerase) worse than their natural counterpart. The lower
ability of the DNA polymerase to incorporate dT”"*"TP was also confirmed in multiple incorporation
experiments, where no multiple incorporation of the shorter conjugates was observed while the appli-
cation of dT"*"**TP led to up to four incorporations within the limitations of the readout. Concluding,
especially the larger conjugate, dT"*"**TP is readily accepted by DNA polymerases and is therefore suit-

able for the use in applications based on DNA polymerase catalyzed reactions.
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3.4 - Primer Extension Experiments with dT*"*" TP on Solid Phase

Based on the results obtained in solution, a PEx experiment was envisioned which would make use of
the attached peroxidase to evaluate the incorporation of the nucleotide via a colorigenic reaction. For
this, the primer would be immobilized on a solid phase (Figure 15).1'%1%] Similar to the primer extension
reaction in solution, the template dependency and sequence specificity of the DNA polymerase will only
allow the immobilized primer to be prolonged, if a template is present and base pairing following the 3’
end of primer strand matches the employed nucleotide. If both criteria are fulfilled, the nucleoside tri-
phosphate is incorporated as its corresponding monophosphate and any modification attached to the
triphosphate is thus covalently bound to the solid support. Consequently, after washing away all un-
bound conjugates and the addition of the colorigenic substrate, a color formation should only be ob-

served in those samples in which the aforementioned requirements are met.

This test could be hence used to either detect are certain template sequence, e.g. pathogenic DNA or
RNA, or to determine the genotype of a particular DNA or RNA sequence of interest, e.g. for SNP gen-
otyping. As there is no need for expensive equipment like thermocyclers or fluorescence readers, this
test would meet the demands of point-of-care devices which enable clinical diagnostics in resource-poor

environments. 135137
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Figure 15: Schematic representation of the PEx assay with immobilized primers. The 5'-biotinylated primers are immobilized
on streptavidin coated sepharose beads. After the primer extension reaction with dT**"***TP, all unbound reagents are removed
by filtration and a colorigenic peroxidase substrate solution is added. If the conjugate was incorporated into the primer strand,
the peroxidase will convert the colorigenic substrate and a staining of the solution can be observed.
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To ensure quantitative removal of the primer extension reaction mixture, streptavidin-coated sepharose
beads were chosen as solid phase as they allow fast and quantitative removal of the supernatant by fil-
tration. The beads were first washed several times to remove the azide-containing storage buffer to pre-
vent potential deactivation of the peroxidase by blockage of the heme group and then coated with a
biotinylated version of the BRAF primer used in the PEx experiments in solution. Following an incuba-
tion with biotin to block remaining streptavidin sites, primer extension was carried out either in pres-
ence of a template containing an A opposite the 3’-end of the primer (matched), a template containing
a T opposite the incorporation site (mismatched) or no template (blank). In these experiments, only
dTHRTP was used as it proved to be better processed than dT”**TP in the competition and multiple

incorporation experiments.

After the primer extension reaction, the beads were transferred into a spin column and the supernatant
was removed by filtration in several washing steps. The beads were subsequently transferred back to
PCR tubes and a detection solution containing hydrogen peroxide and the peroxidase substrate o-dian-
isidine, a colorless solid that upon oxidation displays a brownish color (Figure 16a).""" A rapid color
change was observed when 10 pmol of the matched template were present in the PEx reaction mixture
while only minor staining was observed for the unmatched and blank sample (Figure 16b). A distin-
guishable color formation was even noticeable for only 10 fmol of the matched template. Thus, these
assays allow a rapid detection of a template sequence with strong discrimination between the matched
and the mismatched template as reported for KlenTag DNA polymerase.!'®! However, the slight color
change - especially in the blank sample where misincorporation is excluded - indicated an unspecific
binding of the conjugate to the beads. Several attempts have been undertaken to reduce the amount of
unspecific binding, which increased with longer incubation times and higher concentrations of
dTH*TP on the solid phase. Addition of bovine serum albumin (BSA) or betaine to the blocking buffer
did not decrease unspecific binding but in contrary did strongly influence handling of the beads by en-
hanced adhesion to the reaction tubes and was thus skipped. Also, the screening of several washing pro-
cedures and buffers did not yield any significant improvements. Therefore, the reaction times had to be
limited to a maximum of 10 min and the colorigenic reaction was quenched after 1 min by the addition
of 10 N sulfuric acid, which not only stops the reaction, but also shifts the absorption maximum of o-

dianisidine towards A = 520 nm.!"”!
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Figure 16: Result of a ,naked eye“-assay with dT**"”PTP on streptavidin coated beads. a) Oxidation of o-dianisidine as done by
the peroxidase in the presence of hydrogen peroxide. The absorption maximum at A = 450 nm is shifted to A = 520 nm in low
pH conditions.'7*7! b) Result of a PEx experiment as described in Figure 15 with dT*"*TP on streptavidin-coated sepharose
beads with either a matched template, no template or a mismatched template.

Subsequently, the lower limit of detection (LOD) was evaluated via a dilution series of the matched DNA
template against a blank control and the mismatched template at both a low and a high concentration.
These experiments were carried out using KlenTaq DNA polymerase (Figure 17, left) and KF exo DNA
polymerase, which would theoretically even render heating unnecessary for the procedure due to its
activity at temperatures around body heat (Figure 17, middle).'"”” For both DNA polymerases, an ulti-
mate detection limit of 1 fmol was observed by absorbance measurement and a reliable detection limit
by naked eye of around 5 fmol matched template. Discrimination against the unmatched template

proved to be sufficient at around a factor of 10-fold, allowing the genotyping of DNA sample.
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Figure 17: Evaluation of the LOD of the “naked eye” detection assay. The assay was performed on a DNA (KlenTaq / KF exo
DNA poymerase) or RNA version (RT-KTg DNA poymerase) of the BRAF template employing the indicated amounts of

BRAF template. n=3

The lower limit of detection was also determined for the BRAF RNA template with RT-KTq DNA pol-

ymerase yielding a similar LOD of 5 fmol by naked eye and 1 fmol by absorption (Figure 17, right).
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In order to demonstrate the feasibility in diagnostic applications, the assay was also carried out with RT-
KTgq DNA polymerase and a primer targeting E. coli 16S rRNA (Figure 18a).'"”” The assay allowed a
detection of 0.125 ug of an E. coli rRNA Mix containing 16s and 23s rRNA, which equals approx. 90
fmol of 16S rRNA. As a test for selectivity, an excess of human total brain RNA extract was added to a

reaction mixture containing 0.5 ug of E. coli rRNA (Figure 18b).
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Figure 18: Detection of E. coli rRNA by the naked eye. a) Assay performed with a dilution series of E. Coli rRNA mix in order
to evaluate the LOD on a biological relevant RNA target. b) Assay with 0.5 ug E. Coli rRNA in the presence of human total
brain RNA extract as a test for selectivity of the approach.

The assay allowed the detection of bacterial rRNA reliably in the presence of a six-fold excess of human
RNA, illustrating the selectivity of the approach. The slightly higher detection limit here is mainly caused
by a lack of optimization of the assay. Due to the excess amount of other nucleic acids present in the
reaction mixture, the DNA polymerase is continuously bound by competing sequences and therefore
extends the intended target at a slower rate than on an isolated template sequence. Thus, longer incuba-

tion times or higher DNA polymerases concentration could yield a sensitivity as obtained above.

While the LOD is considerably good for an assay with a naked eye-based readout, it is still far too high
for diagnostic applications. For example, the viral load of Ebola RNA in acute infections ranges from
approx. 10 zmol to 100 amol RNA copies per ml serum.!"’* For Malaria, around 11 amol/ml of P. falci-
parum 18S rRNA is found on average in blood samples."””) However, copy numbers in early or latent
infection and other common blood stream infections are estimated to typically be around 10°-10* ge-
nomic copies/ml.""® The copy number can be increased using high copy nucleic acids such as the rRNA,

but will remain in the attomolar to sub-attomolar range.!'””178l

In the case of genotyping, e.g. for the allele-specific diagnosis of cancer driving mutations such as in
BRAF, the amount of cell free cancer DNA (cfDNA) was reported to be 500 and 3500 copies/ml plasma,

far below the sensitivity of this assay.!"””!

Theoretically, the solid-phase based primer used in this setup would allow to extract a target sequence
from diluted samples. Conducting the annealing step in higher volumes such as 1 ml was, however, not

tested and would also be impracticable due to time consumption and handling issues. The lower limit
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of detection is thus still at least 1000-fold too high for the detection of relevant amounts of pathogenic

RNA in early stages of an infection.
In order to improve the sensitivity, two major issues would have to be addressed:

First, only one HRP conjugate is incorporated per template. As seen in dPAGE analysis of PEx reactions
with the conjugates, a multiple incorporation, even in directly adjacent sites, is possible. This would lead
to a linear increase in readout signal with every additional incorporation. To test this hypothesis, the
template encoding for 11 consecutive incorporations (11A) was employed in a PEx assay on the solid

phase (Figure 19a).

An obvious increase of absorbance was observed for the 11A template which suggests a multiple incor-
poration. With approx. 60%, the gain is, however, lower than the expected linear increase for the up to
quadruple incorporation seen in the experiments in solution. This can be at least partially explained by
the shorter incubation times and the hindered accessibility of the primer on the solid support leading to

a lower degree of multiple incorporation.
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Figure 19: Multiple incorporation of the conjugates in the naked eye detection assay on solid support. a) Multiple incorporation
with KlenTaq DNA polymerase on the DNA template encoding for eleven consecutive incorporations compared to a template
with one possible incorporation (1A) and a non-template control, n=3 b) Detection of 0.2 pg of E. coli 16S rRNA in the presence
or absence of the remaining dNTPs with RT-KTq DNA polymerase. The assay was conducted two times under varying condi-
tions, the depiction is exemplary. ¢) Sequence context around the stem-loop V1 region adjacent to the primer binding site
(orange). The first conjugate is incorporated opposite the A marked in blue at position 116 of the 16S rRNA (adapted from
Yarza et al. '),

To test whether this can be transferred onto the biological relevant target of E. coli 16S rRNA, a PEx
reaction as seen in Figure 18 was spiked with the deoxynucleotides dA, dG and dC to allow the incorpo-

ration of multiple conjugates opposite the remaining 31 As downstream of the incorporation site (Figure
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19b). No clear change in absorbance was observed in this case. This might be caused by the presence of
the stem-loop V1, which is situated only 12 nucleobases downstream of the primer binding site (Figure
19¢)."% ' Within these 12 bases, only one A is found at position 109, located three nucleotides upstream
of the loop. As no denaturation step is possible on the beads and the DNA polymerase has no significant
strand displacement activity!"*"), the stem-loop presumably perturbs DNA polymerase binding and ac-
tivity in close proximity, resulting in an inability to incorporate additional conjugates. The assay as it

stands is thus limited to single-stranded DNA or RNA targets.

Second, unspecific binding of the peroxidase to the sepharose prohibits longer incubation times. There-
fore, the PEx reaction as well as the peroxidase reaction have to be kept short to reduce background
staining. Horseradish Peroxidase is often used as a reporter in ELISA assays. There, developing times of
up to 30 mins are stated, allowing a much more sensitive detection of the peroxidase compared to the
1 min incubation applied in the experiments here."*2 LODs published for colorimetric readouts of HRP-
based ELISA assays are in the low attomolar range, indicating, that by removing the unspecific binding,
the assay sensitivity could be improved 1000-fold."** This is supported by recent work, where antibody-
linked nucleotides are used in a primer extension reaction on a similar setup. Similar to ELISA assays,
the incorporated antibody is then detected via a secondary antibody-HRP conjugate. This way, unspe-
cific binding of HRP to the beads could be greatly reduced and the detection limit was thus lowered 100-

fold to 10 amol.'4!

Last, unspecific binding could also be overcome by using an inert solid support. Accordingly, NHS-
activated Tentagel, NHS-activated agarose, glycidyl-activated glass beads, Neutravidin beads and strep-
tavidin-coated 8-well strips have been employed in the assay above. However, none of these solid sup-
ports led to any significant improvement over the streptavidin-coated sepharose beads used before. No

further improvements could be made with respect to the unspecific binding issue.

The proficiency of PEx and PCR based approaches greatly rely on the properties of the employed DNA
polymerase. Detection and genotyping thereby are based on the template dependency and the sequence
selectivity found in replicative DNA polymerases. However, additional properties of DNA polymerases
can be harnessed. For example, J. Aschenbrenner and co-workers were able to show that on RNA tem-
plates RT-KTq DNA polymerase shows significantly different incorporation behaviors opposite As
methylated in position 6 (m°A) or 2’0 (2’-OMeA).®" '8 This enabled a direct sensing of methylation
sites by RT-PCR. Due to the insights obtained into the crucial role of epigenetic markers over the past

years, methods for the rapid and direct sensing of these markers are strongly required.
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Figure 20: Detection of epigenetic markers in RNA samples. a) Sequence context of the incorporations in a DNA primer on
synthetic RNA templates b) detection of 2’0OMeA and m°A in synthetic RNA templates with RT-KTq DNA polymerase. n=2 c)
Detection of m°A in 18S rRNA in human RNA extracts from HeLa cells. Unmethylated template was generated by in vitro-
transcription of a PCR-amplified copy of the gene and concentration was adjusted to the 18S rRNA content of the extracted
RNA. n=3, d) Detection of 2’0OMeA in HeLa cell extract. n=3.

It was hypothesized that the assay possibly can be used to visualize the difference of a single methyl
group on the template by the naked eye. RT-KTq DNA polymerase was first employed in mono-incor-
poration experiments on synthetic RNA templates presenting either A, 2’0OMeA or m°A at the incorpo-
ration site (Figure 20a). Clear differences were observed with a 3.8-fold discrimination of the A template
over the m°A template and a 6.2-fold discrimination over the 2’0OMeA template, clearly demonstrating,

that the assay indeed can be used to discriminate a single methyl group by the naked eye.

Next, the epigenetic markers should be detected in biological relevant samples. Therefore, human total
RNA was extracted from HeLa cells using the Direct-zol™ RNA MiniPrep Kit. Primers were designed to
match the known methylation sites 2’0OMeA in position 468! and m°A in position 1832!"""! of the hu-
man 18S rRNA. Unmethylated controls, generated via in vitro-transcription of a PCR-amplified DNA
template of the 18S rRNA sequence, were kindly provided by J. Aschenbrenner. The 18S rRNA content
of both methylated and unmethylated rRNA was adjusted by band intensity in GelRed-stained agarose
gels." ' With a discrimination of 4.7-fold for m°A and 2.6-fold for 22OMeA, the assay resulted in a clear
difference in staining between the methylated and the unmethylated template in both cases (Figure 20b-

d).

Taken together, the ability of DNA polymerases to incorporate the conjugates in PEx reactions on both
DNA and RNA targets can be utilized to detect and genotype target sequences in a naked-eye based
assay with primers immobilized on a solid phase. The assay allows the detection of as little as 1 fmol of
the target sequence in under an hour with (theoretically) no need for complex machinery as i.e. thermo-

cyclers. While experiments with 16S rRNA from E. coli demonstrated that the assay works in biologically
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relevant settings, the lower limit of detection (LOD) is too high for the assay to be used in actual clinical
diagnostic. The LOD could be substantially decreased if two key issues of the assay could be overcome.
First, a multiple incorporation of conjugates was shown to be possible on synthetic targets, but failed to
be advantageous in 16S rRNA experiments. As this most likely could be solved with a more meticulous
primer design, this issue should be addressable. Multiple incorporation is, however, also restricted by
the incubation time, which itself is limited by the second key issue of the assay: unspecific binding. The
permanent background staining caused by unspecific binding of the conjugates to the sepharose beads
confines the incubation times at high temperatures (like 55°C for KlenTag DNA polymerase). Changes
in the assay procedure and the washing protocols improved the issue, but did not completely eliminate
it. Substitution of the solid phase with various other surface materials and immobilization functionalities

did also not result in a decrease of unspecific binding.

In addition to detection and genotyping, DNA polymerases with supplementary discrimination prop-
erties allow further applications of the conjugate as demonstrated in the detection of epigenetic markers
by naked eye. Here, employing RT-KTq DNA polymerase with RNA extracts yielded a strong discrimi-
nation between methylated and unmethylated sites in the target sequence, allowing a rapid and easy

detection of methylation sites in human total RNA samples.
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3.5 - PEx Reactions with Glass Slide-immobilized dATP
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Figure 21: PEx experiments with a solid-phase immobilized nucleotide. a) Schematic representation of the setup. An amine-
functionalized dATP is spotted on an NHS-activated glass slide within reaction chambers contained by a self-adhesive frame.
A PEx reaction with 5’-biotin labeled primer is conducted within the reaction chamber. Streptavidin-HRP conjugate is added
to each well and after a short incubation period, all unbound reagents are removed by washing. Finally, a colorigenic HRP
substrate solution is added. b) Chemical structure of the amino-functionalized dATP derivative 8. c) Quantification and image
of the aforementioned assay, n=3. d) Evaluation of the LOD of the slide assay via a dilution series of template concentration.
n=1-2.

With the knowledge gained during the experiments with HRP nucleotides with primers immobilized on
solid phase, an alternative setup was envisioned. This time, the nucleotide itself should be bound to the
solid phase and then employed in a PEx reaction with the 5’-biotin-labeled primer. Doing so, the primer
would only be bound to the solid phase if a successful incorporation of the immobilized nucleotide is
achieved. The 5’-biotin modification could then be used to detect the incorporation by the application
of streptavidin-coupled HRP, similar to the assay described before (a). Several advantages were expected
from this assay: First, the glass surface should minimize unspecific binding of any of the reagents to the
surface. Second, the HRP itself is removed from the PEx reaction which should further decrease unspe-
cific binding and background reactions. Third, handling and washing of the glass slides is easier as no
transfer of the beads to a spin column is required. Fourth, the 5’-biotin modification can be utilized by
many streptavidin conjugated reporter system and hence is more versatile than the direct HRP conju-

gation.

In addition to all these benefits, the glass slide is many orders of magnitude larger than any nucleotide

modification that has been reported to be incorporated by DNA polymerases before. Thus, a successful
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incorporation in this setup would prove that the modification can be almost infinitely large if the linker

connecting it to the nucleobase is long enough.

For these experiments, a deoxyadenine derivative, equipped with a Cl6-aminolinker on its C7-deaza
position (dA'""*TP, Figure 21b), kindly provided by Jana Balintova, was used. The nucleotide was spot-
ted on an NHS-activated glass slide within reaction chambers formed by self-adhesive frames (Figure
21a). A negative control with no nucleotide spotted onto the surface was prepared as a control alongside
the other samples. All reaction chambers were subsequently treated with 6-amino-hexanoic acid to block
remaining NHS-groups and to generate a negative charge on the surface in order to minimize adhesion
of the DNA strand to the glass surface. Following this, the reaction chambers were washed several times.
The PEx reaction was carried out with RT-KTg DNA polymerase and the BRAF mismatched template
sequence (matching the dATP used here) at 55°C with the slide lying on the metal surface of a ther-
moblock. Evaporation of the reaction mixture was prevented by placing plastic cover slips on top of the
reaction chambers. Subsequent to the PEx reaction, the chambers were washed thoroughly, incubated
with Streptavidin-HRP conjugate and again washed. Finally, the HRP dye solution containing o-dianis-
idine and hydrogen peroxide was added and the colorigenic reaction was followed by the naked eye and

absorbance measurement (Figure 2Ic).

Barely any absorbance was observed for the control reactions with no dATP spotted on the surface
(right) or no template present in the reaction (middle). Only if the reaction contained all necessary rea-
gents, a distinct staining of the reaction chamber was observed (left). Hence, the immobilized dATP
derivative 7 was successfully incorporated into the primer strand by RT-KTg DNA polymerase despite
the macroscopic cargo attached to it. This is most likely facilitated by the large linker consisting not only
of the C16-alkylchain between the nucleotide and the amino group on the linker, but also the NHS-
activated hydrogel on the surface of the glass slides with a thickness of 100 nm in the hydrated state.!'

Combined, the linker is long enough to circumvent any spatial conflicts between the DNA polymerase

and the cargo.

Next, the LOD of the new setup was determined by employing a dilution series of the template (Figure
21d). Due to the limitation of the assay to three reaction chambers per slide, the data points were split
up between four slides with the employed amount of template partially overlapping for comparison. By
naked eye and absorbance measurement, the assay was allowed a positive readout down to 100 fmol of
template. No significant staining was observed below 10 fmol, 5 fmol or 1 fmol compared to the no tem-

plate control. With a LOD between 100 fmol and 10 fmol this setup performed more than tenfold worse
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than the assay on the streptavidin coated sepharose beads. The use of the glass slides did not substantially

decrease background staining and detection times again had to be limited to 1 min.

Hence, the successful incorporation of an immobilized dATP with its macroscopic cargo demonstrates
the scope of nucleotide modifications in PEx experiments. By utilizing a secondary detection, a benefit
in sensitivity compared to the approaches used before was expected. However, no advantages regarding

the naked eye detection application were gained with this setup.
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3.6 - PEx based LAMP Detection on Solid Phase
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Figure 22: Scheme of the classic loop-mediated isothermal amplification reaction. Six distinct areas of the template (Flc, F2c,
F3c, B1, B2 and B3) are targeted by a set of four primers (outer primers: black/grey, inner primers: green/orange) comprising
two inner primers and two outer primers. Subsequent elongation of the inner primers and strand displacement by the extension
of the outer primers leads to a dump bell-like structure in which self-primed DNA synthesis and displacement by new inner
primers leads to the generation of concatemers and cauliflower-like structures of different sizes as amplification products. Inner

primers & elongation products: green/orange, outer primers & elongation products: black/grey; ¢ = complementary.

To increase the applicability of the approach compared to the HRP-based setups, a more sensitive de-
tection system should be utilized. In this regard, LAMP stood out because of its low detection limit,

isothermal procedure and rapid amplification that suit the envisioned POC-character of the assay.>***

138]

In classic LAMP, a set of four different primers and a DNA polymerase with strand displacement prop-
erties are used to target six distinct areas of the template sequence (Figure 22 blue, F1-F3, B1-B3). The
two inner primers (green in step I and orange in step II) comprise a site complementary to a sequence
in the target oligonucleotide and a 5" overhang that is complementary to a site within the elongated
primer (Flc, Blc). After the inner primer is elongated, the outer primer (black) binds upstream of the
inner primer at the target sequence and its elongation by the strand displacement DNA polymerase
releases the prolonged inner primer (Figure 22, step I). The procedure is then repeated at the other side
of the released, elongated inner primer (step II), generating a new sequence that is similar to the target

sequence, but instead of the outer primer binding site, it is now on both sides equipped with a sequence
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complementary to an area inside the oligonucleotide (orange, step III). Annealing of these complemen-
tary sequences will lead to a dumb bell-like structure in which first the self-primed 3’ end is elongated
by the DNA polymerase to open the dumb bell-end on the other side and second, the annealing and
elongation of new inner primer releases the stem-loop generated in the first step (step IV). Thus, a new
self-primed 3’-end is formed with which the cycle of self-primed elongation and release by an inner
primer is continued. In the end, a mixture of stem-loop like DNA concatemers and cauliflower-like
structures with various repeat count is obtained (step V). The reaction can be monitored by e.g. the
addition of dyes used for nucleic acid staining or turbidity analysis of precipitating magnesium phos-
phate. Furthermore, the use of low-buffered reaction mixtures allows amplification monitoring with pH
sensitive indicator dyes by the naked eye, as during the DNA polymerase reaction, a proton is released

for each nucleotide incorporation.*!

Due to the use of four different primers in the initiation step of the amplification, LAMP assays are
considered to offer great specificity in amplification. Optionally, a third set of primers (“loop primers”)
that anneal to the single-stranded loop regions of the DNA concatemers can be included to accelerate

the amplification.!'”!

LAMP assays have also been adapted to cover SNP genotyping and RNA detection."”*) However, in
order to work as intended, the primers needed for the amplification have to meet certain requirements
in regards to their melting temperature, spacing and concentrations.”” Thus, the design of suitable
LAMP primers can be tedious, even when done with specific design software. While setting up the
LAMP reaction, further problems can occur such as the amplification of non-template controls, which
drastically impedes the reliability of LAMP assays.!'*>'*” While optimization of the assay parameters can

help to reduce non-template amplification, this process again requires a lot of time and effort.

Therefore, combining an established LAMP assay with the simple setup and robustness of a PEx reaction
would allow sensitive detection of diverse targets without the necessity to individually optimize a LAMP
assay for each target. Following the approaches before, the LAMP template sequence should thereby be
covalently attached to a nucleotide. The nucleotide could be incorporated into an immobilized primer
during the PEx reaction in dependence of the presence and sequence of a target nucleic acid. After the
removal of all unbound modified nucleotides, a LAMP assay could be carried out in order to detect the

incorporation event.
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Oligonucleotide modified dNTPs have been described before in studies utilizing them as barcodes or as
a reporter system with DNAzyme properties.’® A LAMP template sequence, however, has to harbor six
distinct binding sites in fixed spacing. Typical sequences hence consist of around 200 or more nucleo-
tides, which vastly exceeds the oligonucleotides that have been successfully incorporated before with up

to 40 nucleobases.

189-190]

The chosen LAMP template is a 245 base sequence taken from the genome of the Lambda phage.!
In order to be accessible in reasonable yields by solid phase synthesis and ligation, the sequence was
shortened 61 nucleotides in the middle area and split up into two halves with lengths of 91 and 93. For
conjugation to the nucleotide, the oligonucleotide representing the 5-end of the target sequence was
equipped with a 5’-dibenzocyclooctyne (DBCO) modification (Figure 23). The 3’-half of the sequence
was phosphorylated on its 5’-end to allow splint ligation with T4 DNA ligase, which was carried out at

16°C overnight in presence of two equivalents of a 30-mer splint.
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Figure 23: Synthesis of LAMP template-conjugated dTTP analogs. left: 2, DMF, HATU, triethylamine, rt, ovn.; right: The two
modified halves of the LAMP template are ligated by splint ligation with T4 DNA ligase yielding a 5-DBCO-modified 184mer.
The click reaction between the azide-functionalized nucleotide and the LAMP template is carried out in PBS buffer at room
temperature overnight and the product is purified by ion-exchange HPLC at 85°C.

To accompany the 5-DBCO modified LAMP sequence, an azide-functionalized nucleotide was pre-

pared. Starting from 16-bromohexadecanoic acid, 16-azidohexadecanoic acid (6) was synthesized fol-
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lowing reported procedures with sodium azide in DMF."**! Compound 6 was then coupled to com-
pound 2 using similar conditions as for the thiol-modified deoxythymidines 3-5 with HATU and a ste-
rically hindered base in DMF yielding compound 7. Conjugation of 7 and the LAMP template by strain-
promoted 1,3-dipol cycloaddition was achieved in PBS buffer overnight and the product was purified
by ion exchange HPLC and centrifugal filtration. The generated conjugate only has a slightly higher
volume than the HRP-conjugate (approx. 57,000A° compared to 43,000 A%), but assuming a linear sec-

ondary structure, the LAMP target exceeds the HRP-conjugate by far in its extensiveness (Figure 24a).

a C Nt
» - | 1800
5nm ’
KlenTaq HRP C1A 300
DNA Polymerase 275
250
—~- 225
200
175
LAMP Target ¢ 150
dTTP
’ 125
1nm
- e R
« | 100
A
. y
-
. |75
.
b + |50
dT15LAMPTP
N,
Compound 7 i . N,
dTTP 1
o] 008t~ .
5-.TTTC -L %
3"’AA AGA GGG.. W o - .

M P123456 M

Figure 24: PEx experiment employing the LAMP-conjugated dTTP. a) The LAMP target sequence, KlenTag DNA polymerase,
natural dTTP and compound 7 drawn to size. b) Partial sequence of the incorporation site in the BRAF sequence context and
the three different nucleotides used in this experiment. c) PEx experiment with KlenTag DNA polymerase at 55°C with 1 uM
dT#LAMPTP, P: Primer, 1: dTTP, 1 min, 2: dTTP, 30 min; 3: Compound 7, 1 min, 4: Compound 7, 30 min; 5: dT**'"AMPTP, 1 min,
6: dTPUAMPTP, 30 min; M: Marker.

PEx experiments in solution were conducted with dT"”***’TP in comparison with natural dTTP and the
azide-modified derivative 7 with KTq DNA polymerase on the BRAF sequence context used for the
same experiments with dT"™**TPs (Figure 24b). Samples of the PEx reaction were again quenched and
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analyzed by dPAGE. For dTTP, the expected small shift for a mono-incorporation (Figure 24c) was ob-
served. Employment of compound 7 led to a slightly larger shift in gel migration as anticipated for the
long alkyl chain impeding migration through the gel matrix. Finally, dT"**M"TP led to a clear shift, sim-
ilar as seen for the enzyme-conjugated nucleotides. The band corresponding to the LAMP sequence-
conjugated nucleotide runs at approx. 225 nt, which is consistent with the combined volume of the 21-
mer primer, the 184-mer LAMP sequence and the connecting alkyl linker. Therefore, not only the con-
jugation between the LAMP sequence and the nucleotide was confirmed, but it was also shown that
DNA polymerases are able to incorporate nucleotides equipped with ssDNA that is considerably longer

than the sequence context used for incorporation.

Having the nucleotide-attached LAMP target in hand, the LAMP reaction itself should be optimized.
The assay was conducted as reported in the original publication with Bst 2.0 DNA polymerase, 350 pM
for each ANTP and 0.2/0.4/1.6 uM primers (outer/loop/inner) at 65°C and monitored by real-time SYBR
green I fluorescence detection."®! Using these conditions, the positive control containing 10 nM of the
ligated LAMP target amplified at a Cq value of 15.4, but all non-template controls showed a similar

amplification ranging from Cq 26.4 to 46.6 (Figure 25a).
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Figure 25: Representative results for real-time monitoring of the LAMP with SYBR green I in realtime cycler. a) LAMP Assay
using the conditions reported by Tanner et al. with Bst 2.0 DNA polymerase at 65°C, 0.2/0.4/1.6 pM outer/loop/inner primers,
8 mM MgSO. and 350 uM dNTP each. b) Optimized conditions with Isotherm2G DNA Polymerase at 55°C, 0.2/0.4/1.6 uM
outer/loop/inner primers, 2 mM MgSOs and 200 uM dNTP each.

To ensure that this behavior was not caused by a contamination with LAMP target, the experiment was
repeated several times with freshly prepared reagents. However, amplification of non-template controls
was persistent in all runs. Melting point analysis of the samples did not yield any conclusions in regard
to the source of this behavior with some false positives ranging around the positive control and others
at completely different temperatures. Similar issues were reported in other studies with persistent non-

template amplification in LAMP assays!'*>17],
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To overcome these issues, a screening of LAMP conditions was carried out including different DNA
polymerases, incubation temperatures, primer ratios and concentrations of ANTPs, Mg**, SYBR green I
and betaine. In the end, the assay conditions were changed to Isotherm2G DNA polymerase, 55°C reac-
tion temperature, 200 uM dNTP each with SYBR green I and remaining primer concentrations at their
original levels (0.2/0.4/1.6 uM outer/loop/inner primer). Primers were denatured prior to the addition
to the master mix in order to minimize the effect of primer dimers or the presence of any self-primed
secondary structures. With the optimized conditions, 0.1 nM of the ligated LAMP target were detected
at Cq 28 with no to minimal false positive reactions, which amplified at sufficiently delayed time points

(Cq 51, Figure 25b).

In order to reduce possible unspecific binding of dT”"*M*TP and to improve the washing steps of the
assay as well as the practicability, streptavidin coated 8-well plates were used as the solid phase. These
plates have been tested with HRP-conjugates, yielding similar results as the streptavidin coated beads.
However, the plates do not allow real-time monitoring of the reaction. Therefore, an endpoint readout

by agarose gel electrophoresis had to be used.

Starting, the wells were incubated with 5’ biotinylated primer in PBS and subsequently blocked with (+)-
biotin. After several washing steps, 50 ul of PEx reaction mixture was added containing 100 nM KlenTagq
DNA polymerase, 1 uM dT'*"*™*TP and 200 nM BRAF template (Figure 264, lane 1). Controls were set
up without BRAF template (lane 2) or with dTTP instead of the LAMP target modified nucleotide (lane
3). Following 30 mins of incubation at 55°C in a monitored water bath, the reaction mixture was re-
moved. After the plates were washed intensively with 1x KlenTaq reaction buffer, PBS buffer, deionized
water and 1x Isotherm2G reaction buffer, the LAMP reaction mixture was applied. Furthermore, an
additional sample (lane 4) was treated equally as the other samples but was incubated in plain 1x Klen-
Tagq reaction buffer instead of a PEx reaction mixture. Here, the LAMP reaction was spiked with 2 nM
of LAMP target to serve as a positive control. The LAMP reaction was incubated at 55°C in the water
bath for 20 mins and stopped by rapid cooling of the wells in ice water. Samples were taken and directly

subjected to 2.5% agarose gel electrophoresis.
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Figure 26: Agarose gels of PEx-based LAMP detection of DNA targets. A PEx reaction as depicted in Figure 24b employing a
LAMP target conjugated dTTP derivative and KlenTaq DNA polymerase was performed on a immobilized primer in presence
or in absence of the matched PEx template. Subsequently, the wells were washed and a LAMP reaction mixture was added.
Samples of each well were taken and analyzed on a 2.5% agarose gel. Picture colors were inverted to improve contrast. a) Result
for the assay with 1: 200 nM (10 pmol) matched BRAF template, 2: no BRAF template, 3: 200 nM BRAF template but natural
dTTP instead of dT***MPTP, 4: no PEx reactions but LAMP reaction spiked with LAMP target sequence as a positive control,
M: marker. b) Determination of the current LOD. Assay was performed as in a with 1: 200 nM/10 pmol template, 2:
20 nM/1 pmol, 3: 2 nM/100 fmol, 4: 0.2 nM/10 fmol, 5: 20 pM/1 fmol, 6: no template, 7: natural dTTP, 8: target spiked LAMP

control, M: marker.

On the agarose gel, a ladder-like pattern of bands was observed for well 1 (Figure 26a). The pattern is
consistent with the positive control in well 4, which proves the specific amplification of the LAMP target.
No amplification was observed for both negative controls 2 and 3. Hence, a LAMP reaction can be uti-

lized to detect the presence of a PEx template using LAMP target-conjugated dTTP derivatives.

However, the detection limit of the assay as it stands was found to be way higher than expected for a
LAMP assay (Figure 26b). Using the same conditions as in Figure 264, the assay was only viable to detect
100 fmol of the BRAF template used in the primer extension (Figure 26b, lane 3) and thus is around 20-
fold less sensitive than the HRP-based assay. As LAMP has been reported to enable the detection in the
low two digit range of target sequence copy numbers, the shortfall in sensitivity observed here is most
likely caused by a lack of optimization. First, due to the issue with non-template amplification, the LAMP
reaction times are kept low with only 20 min of amplification. The real-time experiments displayed in
Figure 25b show that with optimized conditions, the exponential phase of the amplification of 0.1 nM
LAMP target is observed at around 29 min. Therefore, the threshold of a maximum of 10 nM of dTTP-
conjugated LAMP target (when a 1:1 conversion of BRAF template to conjugate incorporation is as-

sumed) seen in the LOD assay is consistent with the real-time data. Further optimization of the LAMP
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assay is therefore strongly needed to avoid the amplification in any non-template controls and thus en-

able longer incubation times.

Second, the general approach of the assay includes the employment of a vast amount of LAMP target in
the sample. Due to the sensitivity of LAMP, an amplification will be observed as soon as small trace
amounts of the conjugate are not removed by the washing steps or are covalently immobilized by mis-
incorporation by the DNA polymerase. Thus, reaction and washing conditions would have to be thor-

oughly screened in order to minimize this risk.

Finally, the use of an endpoint readout is not desirable for the assay because it does not allow to differ-
entiate between early and late amplification as e.g. in template vs. non-template reactions. Real-time
monitoring could be accomplished by running the assay in a plate reader with a suitable fluorescence
detector for SYBR green I detection. Additionally, several techniques have been reported for the real-
time monitoring of LAMP reactions that do not rely on complex machinery. Among those, the detection
by pH sensitive dyes in low-buffered reaction solutions is among the most interesting, as it provides a
clear and easy readout via the naked eye. The employment of such a real-time readout would moreover

immensely ease the optimization of the assay.

In summary, a LAMP target sequence derived from the genome of the Lambda phage was generated and
conjugated to an azide-functionalized dTTP derivative via click chemistry. PEx experiments with the
LAMP conjugate revealed that KlenTaq DNA polymerase is able to incorporate the modified nucleotide
into a primer strand in spite of the length of the attached oligonucleotide. As in the experiments with
HRP-conjugated nucleotides, dT"”**’TP was employed in solid phase primer extension reactions in
which the modification should serve as reporter for the presence of the PEx template. Amplification in
the adjacent LAMP reaction was thereby only observed if the PEx template was added to the PEx reac-
tion and hence the assay setup successfully combined the robustness and simple setup of PEx based
assays with the rapid and sensitive amplification of LAMP. However, the full potential of LAMP could
not be exploited as the permanent occurrence of non-template amplification restricted the assay to short
incubation times and thus led to a LOD that is around 20-fold higher than for the HRP-based assay.
Further optimization will therefore have to address the specificity issues with the LAMP assay as well as

the washing procedure and the readout used on the solid support.
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4 - Summary and Outlook

Synthetically modified nucleotides are crucial for many biotechnological applications.!®* % 100, 109-110]
When employed in DNA polymerase catalyzed reactions, the attributes of the modification can be used
to draw conclusions about e.g. the sequence of the template strand or for the enrichment of specific
nucleic acids. Key to this approach is the premise that the modified nucleotide is still accepted as a sub-
strate by DNA polymerases albeit their evolutionary ‘training’ to process the natural substrates with high
fidelity. Crystallographic studies were able to show, that modifications placed on the C5-position of py-
rimidine and the C7 position of deaza-purines can be encompassed by a channel within the DNA poly-
merase which minimizes the perturbation in processing caused by the spatially more demanding nucle-
otide. This channel directly connects the active site of the DNA polymerase with its surface.""*''* Hence,
a linker between the nucleotide and the modification, which spans the length of the channel, allows the
usage of bigger modifications. 2" In this regard, nucleotides modified with small single-stranded DNA
fragments have been reported.’*®'**! Additionally, the untemplated addition of protein-modified nucle-
otides to the 3’ of a DNA strand by a terminal transferase has been demonstrated by Serensen and co-
workers.!"?!! However, this incorporation randomly extends single stranded DNA and therefore does not

allow any conclusions about the employed DNA strand.

To elucidate the size limitations of synthetic modifications in reactions catalyzed by replicative DNA
polymerases, macromolecule-conjugated nucleotides should be synthesized and employed in PEx ex-
periments. The attributes of the macromolecule should then be harnessed as a readout for the incorpo-

ration that is visible without any training or machinery.

In a first effort, thymidine derivatives with thiol-functionalized alkyl linkers were synthesized. The link-
ers differed in length to study the influence of the span on the incorporation behavior. Utilizing the
Michael reaction, the nucleotides were coupled to maleimide-functionalized Horseradish peroxidase, a
glycosylated 44 kDa plant enzyme.!'™'*? After purification by IEX-FPLC, the chimeric protein-nucleo-
tide hybrids retained their enzymatic activity. The two conjugates with the shortest and the longest linker
(dTM**TP and dT"*"*"TP) were subsequently employed in PEx reaction with the A-family DNA poly-
merases KlenTaq and KF exo". Both incorporated the two nucleotides despite them being several orders
of magnitude larger than the natural substrate. A clear bias towards the longer linker was observed when
compared to natural dTTP in competition experiments where dT"”"**TP was processed 5.5-fold better

than dT”**TP by KTq DNA polymerase and 3.2-fold better by KF exo- DNA polymerase. This indicated
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that a longer linker facilitates the incorporation as more spacing between the two enzymes provides a
higher degree of flexibility. Incorporation was in total higher for KlenTag DNA polymerase than for KF
exo' DNA polymerase possibly caused by less structural interference and more conformational dynamics
at the elevated reaction temperature (55°C vs 37°C). For dT”"*"TP the incorporation on basis of a RNA

template was shown utilizing a KlenTaq variant with reverse transcriptase activity (RT-KTg)."*

Knowing that the conjugates can be processed by replicative DNA polymerases, the better accepted con-
jugate dT""®TP was employed in PEx experiments with a streptavidin-bead immobilized primer
strand.""® Here, the incorporation of the modified nucleotide leads to a covalent attachment of the en-
zyme to the solid support. Following the PEx reaction, all unbound conjugate can hence be removed by
filtration and the bound enzyme can be detected by the addition of a colorigenic substrate solution. Due
to the sequence specificity and the template dependency of the employed DNA polymerase, a signal

should only be observed in case a matched template is present in the reaction mixture.

With dT"H*PTP, the addition of an HRP dye solution allowed the detection of amounts as low as 5 fmol
of the template sequence by the naked eye for KTq and KF exo- DNA polymerase with strong discrimi-
nation against a T:T mismatched template. When using RT-KTq, the assay was moreover also able to
detect RNA targets. The specificity of the approach was thereby demonstrated by the detection of

femtomole amounts of E. coli 16S rRNA in the presence of an excess of human RNA.

Harnessing the difference in incorporation opposite RNA bases equipped with epigenetic markers, the
assay allowed to sense the presence of a single methyl group in the sequence of human 18S rRNA, which

could in future be used as a method for the fast and direct sensing of methylation sites.!* %

Considering the transition to a more practical solid phase that does not require a filtration by centrifu-
gation, the proposed assay could theoretically be conducted with very little to no machinery in less than
an hour and would therefore meet the criteria raised by POC testing.!"**'**! However, several drawbacks

would have to be faced in advance:

First, unspecific binding of the conjugates restrains the lower limit of detection and thus hampers the
detection of target sequences in lower concentrations. Second, to achieve the detection of clinically rel-
evant amounts of nucleic acid targets, the signal provided by a single HRP incorporation per target se-
quence is insufficient. Therefore, either a signal amplification (e.g. a HRP multimer attached to the nu-
cleotide!"™) or a multiple incorporation of the conjugates would be necessary. The feasibility of multiple

incorporation of the conjugates was shown for KlenTaq DNA polymerase where at least four of the
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conjugates equipped with the longest linker could be incorporated even in a consecutive fashion. No
multiple incorporation was observed for the shorter linker, suggesting that the extra spacing is important
to decrease spatial interference of the two enzymes. However, an attempted multiple incorporation on
the E. coli 16S rRNA did not yield any increase in signal intensity, which is most likely caused by the
presence of a stem loop close to the primer binding site. Due to the lacking strand displacement ability
of RT-KTq DNA polymerase, the primer extension most likely stalls when encountered with the stem
loop. This directly points to the third drawback: The streptavidin-coated sepharose beads do not support
heating to high temperatures. Therefore, no annealing step can be performed on the beads and the assay

as it stands now and thus it is limited to single-stranded DNA and RNA targets.

To overcome these drawbacks, the assay would have to optimized in several regards. Most importantly,
a solid support and washing procedure that reduces the unspecific binding of the conjugates is desired
to enable longer incubation and detection times and thus allow for the whole potential of HRP to unfold.
If this solid support would also tolerate denaturation conditions and thus enable the detection of double
stranded targets with a reliable multiple incorporation, HRP-conjugates could become relevant for di-
agnostic purposes. So far multiple solid supports have been evaluated but have shown their own indi-
vidual draw backs which rendered them unsuitable for the improvement of the assay. Annealing of the
biotinylated primer with the target prior to the immobilization could provide access to double stranded
targets but would necessitate the purification of the nucleic acid samples as the biotin found e.g. in blood
serum could block the beads.”™ Furthermore, the employment of DNA polymerases with strand dis-
placement activity could help to overcome double stranded structures such as stem loops in multiple

incorporation.

To circumvent some of these issues an alternative approach was tested using a dATP derivative directly
coupled to a glass slide as the modified nucleotide. Here the C16-linker on nucleotide combined with
the hydrogel spacers of the glass slide allowed the incorporation of nucleotide despite it being attached
to a macroscopic object by its nucleobase. The biotinylated primer, which is immobilized by the incor-
poration of the nucleotide, was then detected via a colorigenic reaction after the addition of a streptavi-
din-HRP. However, this approach suffered from its own drawbacks and the laborious handling of the

slides and ultimately failed to improve the LOD.

Finally, in order to show the versatility of the approach as well as to increase the sensitivity, dTTP analogs
coupled to a 184-mer single stranded DNA sequence were synthesized. The sequence derived from the

Lambda phage genome served as the target of a loop-mediated isothermal amplification assay.!"**!"l
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Unlike in the direct amplification of a target sequence by LAMP, the nucleotide-target conjugate was
used in a PEx based approach to sense the presence and sequence of the PEx template. This way, the
laborious set up of LAMP assays for each individual target with the sophisticated primer design and
need for extensive optimization would be substituted by an easy to set up and adapt PEx assay in which

a single, robust LAMP assay would serve as the readout.

The target-nucleotide conjugate was successfully incorporated by KlenTaq DNA polymerase in PEx ex-
periments in solution as well as on a solid support, where, similar to the HRP in the first effort, the cargo
was used as a reporter for the PEx reaction. However, the LAMP assay used to detect the covalently
bound target sequence suffered from poor specificity in solution. Even after thorough optimization,
false-positive amplification was observed regularly. Therefore, the amplification times in experiments
with immobilized primers had to be limited and thus, with a detection limit 20-fold higher than with the
HRP-conjugates, the approach so far did not result in the increased sensitivity that was envisioned. The
use of a more reliable LAMP assay as well as the employment of more practicable readout mechanisms
could greatly improve the approach. However, the general assay design comes with a risk since a com-
parably large amount of LAMP target is added to each well in the PEx reaction. Insufficient washing and
unspecific binding would therefore also lead to the observation of ‘false’-positives. Hence, the washing

protocols will have to be carefully worked out to ensure complete removal of unbound conjugates.

In general, a size limit of nucleotide modifications seems non-existent, provided that a linker of suffi-
cient length is used to diminish any interference of the cargo with the DNA polymerase. With further
optimizations, PEx based approaches employing modified nucleotides with large, functional cargos
could be of relevance for diagnostic approaches as they are a robust, simple and fast platform that allows

a readout by the naked eye.

Aside from the diagnostic PEx application demonstrated in this work, the direct introduction of large
modifications into DNA is also of importance to other areas of research. For example, proteins are fre-
quently used for the functionalization of DNA nanostructures.*'*** Here, the controllable and predict-
able folding of DNA scaffolds can be used e.g. to study the influence of the spacing on protein interaction

and activity, a scenario in which accurate placing of the functionalities is indispensable.’*

DNA-DNA conjugates, as generated in the LAMP project, can be used as barcodes in screening ap-
proaches!®™, as amplifier probes in branched DNA assays®* or as branching points in DNA hydro-

gels!2l,
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Additionally, DNA-functionalized nanoparticles have emerged in several fields of research including
“(bio)sensing, labeling, targeted imaging, cellular delivery, diagnostics, therapeutics, theranostics, bioe-

lectronics, and biocomputing to name just a few amongst many others”.*"”)

Most methods applied so far for the generation of DNA with large modifications include non-covalent
binding via antibodies and aptamers or two-step procedures in which functionalized nucleotides are
incorporated and subsequently reacted with activated macromolecules.**2°52% The ability to directly
incorporate conjugates enzymatically enables the site-specific introduction of proteins and other large

conjugates in one step and thus can help to simplify the generation of the aforementioned hybrids.
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5 - Zusammenfassung und Ausblick

Synthetisch modifizierte Nukleotide sind fiir viele biotechnologische Anwendungen unabdingbar. s *>
100, 109-110) Wenn sie in von DNA-Polymerasen katalysierten Reaktionen eingesetzt werden, kénnen iiber
die Eigenschaften bestimmter Modifikationen z.B. Riickschliisse tiber die Sequenz des Templatstrangs
gezogen oder eine bestimmte Zielsequenz angereichert werden. Voraussetzung ist, dass die modifizier-
ten Nukleotide von DNA-Polymerasen weiterhin als Substrat erkannt werden, obwohl diese Enzyme
faktisch im Laufe ihrer Evolution dahingehend optimiert wurden, natiirlich vorkommende Substrate
mit hoher Selektivitdt einzubauen. Mit Hilfe von Kristallographiestudien konnte gezeigt werden, dass
sich Modifikationen an der C5-Position von Pyrimidinen oder der C7-Position von Deazapurinen in
Kanile im Inneren der DNA Polymerase fiigen konnen, was storende Einfliisse bei der Prozessierung
der deutlich vergroflerten Nukleotide minimiert. Diese Kanile verbinden das aktive Zentrum der DNA-
Polymerase direkt mit seiner Oberfliche.!'"*!"*! Wenn sich also zwischen Nukleotid und Modifikation
ein Linker von einer solchen Linge befindet, dass die gesamte Lange des Kanals tiberbriickt werden
kann, ist theoretisch auch die Nutzung von groffen Modifikationen méglich.* ** In diesem Zusam-
menhang wurde bereits der Einbau von Nukleotiden beschrieben, welche mit kurzen, einzelstringigen
DNA-Fragmenten gekoppelt waren.® '® Dartiber hinaus wurde von Serensen und Mitarbeitern auch
die templatunabhéngige Addition von Protein-modifizierten Nukleotiden an das 3‘-Ende von DNA-
Strangen durch eine terminale Nukleotidyltransferase beschrieben."?!! Da dieser Einbau jedoch das
Ende des DNA Einzelstrangs willkiirlich verldngert, lasst sich dieser Ansatz nicht dazu nutzen, Riick-

schliisse iiber die Sequenz des DNA-Strangs zu ziehen.

Um die Grof3enbeschriankung von synthetischen Modifikationen in durch replikative DNA-Polymera-
sen katalysierten Reaktionen zu ermitteln, sollten Makromolekiil-konjugierte Nukleotide synthetisiert
und in Primerverldngerungsreaktionen (PEx-Reaktion) eingesetzt werden. Im Anschluss sollte {iber
intrinsische Eigenschaften des Makromolekiils ein Readout fiir die Reaktionen etabliert werden, der

ohne jegliche Schulung oder Gerite deutbar ist.

Im ersten Ansatz wurden dazu Desoxythymidinanaloga (dTTP-Analoga) mit Thiol-funktionalisierten
Alkyllinkern synthetisiert. Die Analoga unterschieden sich dabei in der Lange des Alkyllinkers, um eine
Untersuchung des Einflusses der Linkerlange auf das Einbauverhalten des Nukleotids zu ermdglichen.

Mit Hilfe der Michaelreaktion wurden die Nukleotide an Maleimid-funktionalisierte Meerrettichper-
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oxidase (Horseradish Peroxidase, HRP) gekoppelt.'****2) Auch nach der Aufreinigung durch Ionenaus-
tauschchromatographie konnten die so entstandenen Chimaére aus 44 kDa Glycoprotein und Nukleotid
dabei ihre Aktivitit beibehalten. Die zwei Nukleotide mit dem kiirzesten und dem ldngsten Linker
(dT7"RPTP and dT""**TP) wurden anschlieend zusammen mit den DNA-Polymerasen der A-Familie,
KlenTaq und KF exo, in PEx-Reaktionen eingesetzt. Obwohl die modifizierten Nukleotide mehrere
Groflenordnungen grof3er sind als die natiirlichen Substrate, konnten sie von beiden DNA-Polymerasen
eingebaut werden. In Kompetitionsexperimenten mit natiirlichem dTTP wurde weiterhin beobachtet,
dass das Nukleotid mit dem langeren Linker von den DNA-Polymerasen bevorzugt wird. Hier wurde
dT™H*TP im Falle der KlenTag DNA-Polymerase 5,5-mal besser akzeptiert als dT7#**TP. Im Falle der
KF exo- DNA-Polymerase wurde dT"*"**TP 3,2-mal besser akzeptiert als dT”"**TP. Dies legt nahe, dass
ein langerer Linker den Einbau des Nukleotids vereinfacht, da der groflere Abstand beiden Enzymen
das System flexibler macht. Generell wurde fiir KlenTaqg DNA-Polymerase hohere Einbauraten beo-
bachtet als fiir KF exo DNA-Polymerase, was vermutlich sowohl an geringeren strukturellen Interferen-
zen als auch an der grofieren Komformationsdynamik bei erhohten Temperaturen liegt (55°C vs. 37°C).
Fir dT”"TP wurde aulerdem der Einbau auf Basis eines RNA-Templates mit Hilfe einer KlenTaq

DNA-Polymerase, welche iiber Reverse Transkriptase-Aktivitit verfigt (RT-KTq), gezeigt."*®

Mit dem Wissen, dass die Konjugate von replikativen DNA-Polymerasen prozessiert werden kénnen,
sollte das besser akzeptierte Konjugat dT”""TP in PEx-Reaktionen eingesetzt werden bei denen der
Primerstrang auf Streptavidin-funktionalisierten Sepharosekiigelchen immobilisiert ist.!"*” Dabei fithrt
der Einbau des modifizierten Nukleotids zu einer kovalenten Bindung des Enzymes an die Festphase.
Nach der PEx-Reaktioen kann daher alles ungebundene Konjugat durch Filtration entfernt und das ge-
bundene Enzym durch eine farbgebende Substratlosung detektiert werden. Durch die Sequenzspezifitt
und die Templatabhdngigkeit der verwendeten DNA-Polymerase sollte somit nur dann eine Farbent-
wicklung beobachtet werden konnen, wenn das Templat mit der korrekten Sequenz in der Reaktionslo-

sung enthalten ist.

Mit Hilfe von dT"*"* TP wurden nach Zugabe des Farbreagenz fir KlenTaqg DNA-Polymerase und KF
exo” DNA-Polymerase Mengen von nur 5 fmol der Templatsequenz verlésslich detektiert, wobei eine
klare Unterscheidung zwischen der korrekten Basenpaarung an der Einbaustelle und einer mdglichen
T:T-Fehlpaarung méglich war. Die Verwendung der RT-KTq DNA-Polymerase erlaubte zusitzlich die
Detektion von RNA-Sequenzen. Die Spezifitit des Tests wurde hier durch die Detektion von Femtomol-

Mengen an E. coli 16S rRNA in der Gegenwart eines Uberschusses an menschlicher RNA gezeigt.
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Das unterschiedliche Einbauverhalten gegeniiber RNA-Basen, welche epigenetische Marker tragen,
konnte dafiir verwendet werden, die Anwesenheit einzelner Methylgruppen in menschlicher 18S rRNA
aufzuzeigen. Dies konnte in Zukunft als Methode zur schnellen und direkten Identifizierung von

Metyhlierungsstellen genutzt werden.®" %]

Wenn man den Wechsel auf eine praktikablere Festphase voraussetzt, die keine Filtration durch Zent-
rifugation bedingt, konnte der Test theoretisch mit einem Minimum an bzw. ohne Gerite in unter einer
Stunde durchgefiihrt werden und wiirde somit die Kriterien fiir POC-Testverfahren erfiillen."**"**! Hier-

fir miisste das System allerdings in mehreren Punkten optimiert werden:

Zum einen beeintrachtigt die unspezifische Bindung der Konjugate an die Festphase das Detektionslimit
und verhindert somit die Detektion der Zielsequenzen in geringeren Konzentrationen. Zum andern ist
das Signal, welches durch einen einzelnen Einbau einer HRP pro Zielsequenz erzeugt wird, zu gering
um die Detektion von klinisch relevanten Proben zu erlauben. Daher wire entweder eine Signalampli-
fikation (z.B. durch ein an das Nukleotid gekoppeltes HRP-Multimer!"”!) oder der mehrfache Einbau
der Konjugate notwendig. Die Durchfiihrbarkeit eines Mehrfacheinbaus wurde fiir KlenTag DNA-Po-
lymerase gezeigt. Hier wurden mindestens vier der Konjugate mit dem ldngsten Linker eingebaut und
das iiberdies sogar direkt aufeinanderfolgend. Fiir den kiirzeren Linker konnte kein Mehrfacheinbau
beobachtet werden. Dies bedeutet, dass der zusitzliche Abstand zwischen beiden Enzymen wichtig ist,
da er die raumliche Beeintrachtigung minimiert. Ein versuchter Mehrfacheinbau in einem Experiment
mit E. coli 16S rRNA lieferte jedoch keinen Anstieg der Signalintensitdt, was sehr wahrscheinlich durch
das Vorkommen einer Haarnadelstruktur kurz nach der Bindestelle des Primers zu erklaren ist. Durch
die fehlende Strangverdringungsaktivitit der verwendeten RT-KTq DNA-Polymerase stockt die Pri-
merverlangerung sobald sie die Haarnadelstruktur erreicht. Hier wird auch der letzte Nachteil des Tests
deutlich: Die verwendeten, Streptavidin-beschichteten Sepharosekiigelchen konnen nicht auf hohe
Temperaturen erhitzt werden. Daher kann auf den Kiigelchen vor dem Test kein Annealingschritt voll-
zogen werden, weshalb der Test momentan auf einzelstriangige DNA- und RNA-Zielsequenzen be-

schrankt ist.

Um diese Nachteile zu iiberwinden, miisste das Nachweisverfahren in vielerlei Hinsicht optimiert wer-
den. Hier wéren vor allem eine Festphase und ein Waschverfahren wiinschenswert, die die unspezifische
Bindung der Konjugate minimieren. Dies wiirde lingere Inkubations- und Detektionszeiten ermdgli-
chen und so das volle Potential der HRP erschlieflen. Wenn diese Festphase dann zusétzlich die Dena-

turierung der Proben bei hohen Temperaturen tolerieren und somit die Detektion von doppelstrangigen
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5 - Zusammenfassung und Ausblick

Sequenzen mitsamt verldsslichem Mehrfacheinbau ermdglichen wiirde, konnten HRP-Konjugate in Zu-
kunft an Revelanz fiir diagnostische Verfahren gewinnen. Die Evaluation mehrerer Festphasen er-
brachte jedoch, dass diese wiederum ihre eigenen, individuellen Nachteile besitzen, welche sie fiir die

Verbesserung des Nachweisverfahrens unbrauchbar machten.

Das Annealen der biotinylierten Primer an die Zielsequenz vor der Immobilisierung konnte doppel-
strangige Zielsequenzen zuganglich machen, wiirde aber die vorherige Aufreinigung der Nukleinsdure-
proben erfordern da das natiirliche Biotin, welches z.B. in Blutserum zu finden ist, die Streptavidinmo-
lekiile auf der Oberfliche der Kiigelchen blockieren konnten.?™ Dariiber hinaus konnte der Einsatz von
DNA-Polymerasen mit Strangverdringungsaktivitit dabei helfen doppelstringige Abschnitte wie zum

Beispiel Haarnadelstrukturen beim Mehrfacheinbau zu iiberwinden.

Um einige der Probleme zu umgehen, wurde ein alternativer Ansatz getestet, in dem ein an eine Glas-
oberfliche gekoppeltes dATP-Analog als modifiziertes Nukleotid verwendet wurde. Der enthaltene
Cl16-Linker in Kombination mit den Hydrogelspacern der Glasplatte ermdglichte dabei den Einbau des
Nukleotids, ungeachtet der Tatsachsache, dass ein makroskopisches Objekt an die Nukleobase gebun-
den ist. Der biotinylierte Primer, welcher durch den Einbau des Nukleotids immobilisiert wird, konnte
anschliefSend nach der Zugabe von Streptavidin-funktionalisierter HRP durch eine Farbreaktion detek-
tiert werden. Die aufwendige Handhabung der Glasplatten und die Tatsache, dass das Detektionslimit

mit diesem Ansatz nicht gesenkt werden konnte fithrte jedoch zur Aufgabe dieser Strategie.

Um die Vielfiltigkeit des PEx-Ansatzes zu verdeutlichen und gleichzeitig die Sensitivitit zu erhdhen,
wurden letztendlich dTTP-Analoga synthetisiert, an die ein 184mer einer einzelstringigen DNA Se-
quenz gekoppelt war. Diese Sequenz, welche aus dem Genom der Lambdaphage stammt, sollte anschlie-
fend als Templat einer ,loop-mediated isothermal amplification’-Reaktion (LAMP-Reaktion) die-
nen."®1* Im Gegensatz zur direkten Amplifikation der Zielsequenz durch LAMP wurde das DNA-
Nukleotid-Konjugat zunéchst in einem PEx-basierten Ansatz eingesetzt, um die Prdsenz und die Se-
quenz des PEx-Templats zu ermitteln. Auf diese Art und Weise wiirde die aufwendige Etablierung der
LAMP-Reaktion fiir jede Zielsequenz mit seinem komplexen Primerdesign und der notwendigen, aus-
fuhrlichen Optimierung durch die sehr leicht zu etablierende und flexible PEx-Reaktion ersetzt werden.

Somit kdnnte eine einzige, robuste LAMP-Reaktion als Readout dienen.
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5 - Zusammenfassung und Ausblick

Das DNA-Nukleotide-Konjugat wurde in PEx-Reaktionen sowohl in Losung als auch auf der Festphase
erfolgreich durch KlenTag DNA-Polymerase eingebaut. Hierbei diente, dhnlich zur HRP, die Modifika-
tion wieder als Reporter fiir die PEx-Reaktion. Die LAMP-Reaktion wies dabei zunéchst in Lésung eine
sehr geringe Spezifitat auf, sodass sogar nach eingehender Optimierung haufig falsch-positive Reaktio-
nen erhalten wurden. Aus diesem Grund musste die Reaktionszeit in den Experimenten auf Festphase
begrenzt werden und der Ansatz erreichte mit einem Detektionslimit, welches 20-fach hoher als das der

HRP-Konjugate lag, nicht die erhoffte bessere Sensitivitt.

Die Verwendung eines verlasslicheren LAMP-Systems in Kombination mit einem praktikablerem Read-
out konnte diesen Ansatz hier deutlich verbessern. Dieser birgt jedoch generell ein hohes Risiko, da im
PEx-Schritt hohe Mengen der LAMP-Sequenz in jedes Reaktionsgefafs gegeben werden miissen. Unzu-
reichende Waschschritte sowie unspezifische Bindung konnen daher das Auftreten von ,falsch-positi-
ven‘ Reaktionen stark begiinstigen. Die Waschschritte miissen daher sehr sorgfaltig ausgearbeitet wer-

den, um das vollstindige Entfernen der ungebundenen Konjugate zu gewéhrleisten.

Unter der Voraussetzung, dass ein Linker von ausreichender Linge verwendet wird, scheint eine Gro-
Benbeschrankung fiir modifizierte Nukleotide in DNA-Polymerasen basierten Reaktionen nicht zu exis-
tieren. Nach weiteren Optimierungen konnten PEx-basierte Ansitze, in denen Nukleotide mit grofien,
funktionellen Makromolekiilen eingesetzt werden, an Relevanz fiir diagnostische Verfahren gewinnen,
da sie ein robustes, einfaches und schnelles Nachweisverfahren verkorpern, das einen Readout mit blo-

Blem Auge ermoglicht.

Neben den diagnostischen Ansitzen, die in dieser Arbeit vorgestellt wurden, ist die Moglichkeit, grofie
Modifikationen enzymatisch direkt in DNA einzufiithren, auch fiir andere Forschungszweige entschei-
dend. Beispielsweise werden Proteine haufig fiir die Funktionalisierung von DNA-Nanostrukturen ge-
nutzt.?"2 Dabei kann die kontrollierte und vorhersehbare Faltung des DNA-Geriists unter anderem
dazu dienen den Einfluss des Abstands auf die Interaktion und Aktivitiat von Proteinen zu erforschen;

ein Szenario fiir das die punktgenaue Einbringung der Funktionalititen unabdingbar ist.***!

DNA-DNA-Konjugate, wie sie im LAMP-Projekt hergestellt wurden, kénnen als Strichcode in Scree-
ningansitzen verwendet werden®, als Verstirkersonde in ,branched DNA‘-Verfahren®" oder als Ver-

zweigungspunkte in DNA-Hydrogelen.**!
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5 - Zusammenfassung und Ausblick

Dariiber hinaus haben DNA -funktionalisierte Nanopartikel in viele Forschungsfelder Einzug gefunden,
darunter ,unter anderem Biosensing, die Kennzeichnung von Nanopartikeln, zielgerichtete Bildge-
bungsverfahren, die zellgenaue Verabreichung von Medikamenten, die Diagnostik, die Therapie und

Theranostik, Bioelektronik sowie Biocomputing*.1**”!

Viele Methoden, die bisher fiir die Herstellung von DNA-Konjugaten mit groflen Modifikationen ver-
wendet wurden, nutzen die nichtkovalente Bindung iiber Antikdrper und Aptamere oder zweistufige
Verfahren, in welchen chemisch funktionalisierte Nukleotide eingebaut werden, die nachtraglich mit
den aktivierten Makromolekiilen zur Reaktion gebracht werden.?*2%2%l Die Mgglichkeit solche Kon-
jugate direkt enzymatisch einzubauen, gestattet daher Proteine und andere grofle Modifikationen se-
quenz-spezifisch in nur einem Schritt einzufithren und kann somit dabei helfen die vorher genannten

DNA-Hybride einfacher herzustellen.
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6 - Experimental Part

6 — Experimental Part

6.1 Chemical Synthesis

6.1.1 - Chemicals and buffers

Commercially available chemicals used for chemical synthesis were purchased in high purity (98%+)
from Carbosynth, Sigma-Aldrich Chemie/Merck, TCI Chemicals, Arcos, Roth, VWR or ABCR GmbH
and used without any prior purification. If not stated otherwise, the reactions were performed under the

exclusion of air and moisture in anhydrous, HPLC grade solvents from Sigma-Aldrich and VWR.

TEAB buffer for IEX-FPLC purification

5 kg of dry ice are evaporated in a sealed 5 L plastic laboratory bottle. The gas is passed into a second 5 L
laboratory bottle filled with approx. 3 L water and 5 mol NEt; (697 mmol) until the two phases have
mixed and the pH falls below 8. The pH is then adjusted to 7.5 with acetic acid and the bottle is filled up

to 5 L with MQ to give a 1 M TEAB bulffer.

TEAA buffer for RP-HPLC purification

1 mol of acetic acid was diluted in approx. 600 ml of MQ water. 1 mol of triethylamine were slowly added
to the solution and it was stirred for several minutes until it reached room temperature again. The pH
was adjusted to 7 using acetic acid and the solution was filled up to 1 L to yield a 1 M triethylammonium

acetate buffer (TEAA).

6.1.2 - Instruments and standard techniques

NMR spectroscopy

NMR spectra were recorded in deuterated solvents on either Bruker Avance III 600 or Bruker Avance
IIT 400 spectrometers at room temperature. The data was analyzed with MestReNova NMR software
Versions 12.0.3. The spectra were referenced using the undeuterated impurities of the deuterated sol-

vents as an internal standard.??'"!
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Yield determination for nucleotides / UV/Vis-spectroscopy

Due to the presence of unknown amounts of water in the lyophilized nucleoside triphosphates, the yields
were determined by UV/Vis-Spectrometry. The compounds were solubilized in an exact volume of MQ
and absorbance was measured on a Nanodrop ND-1000 Spectrophotometer (PeqLab) in the nucleic acid
mode. The concentration of the nucleotide solution was then calculated using the Lambert-Beer law

with €(290 nm) = 13300 for dTTP derivatives.

Bis(tributylammonium)pyrophosphate

In order to generate the Bis(tributylammonium)pyrophosphate used in triphosphate synthesis, a col-
umn packed with Amberlite IR-120 (proton form, Merck) was first washed until the flow-through
reached a pH of 5. 10 mmol disodium pyrophosphate were then dissolved in 50 mL MQ and passed
through the column. The flow-through was dropped into an ice-cold solution of 20 mmol tributylamine
(2 eq., 4.8 mL) in 40 mL ethanol. After the flow-through reached a pH of 5 again, the ethanol solution
was evaporated under reduced pressure, co-evaporated twice with 10 mL of ethanol, three times with
10 mL anhydrous DMF and finally the residue was diluted in 20 mL of anhydrous DMF to yield a 0.5 M

solution of Bis(tributylammonium)pyrophosphate.

IEX-FPLC purification of compound 2

After the phosphorylation, the triphosphate species is purified on a Akta Purifier FPLC System equipped
with a DEAE sephadex A-25 column at 4°C. A gradient from 0.1 M TEAB buffer to 1 M TEAB buffer is

applied and peaks are detected at 215, 254 and 280 nm by the internal UV-detector.

RP-HPLC purification of functionalized nucleoside triphosphates

HPLC purification of compounds 3-5 and 7 was accomplished on a Prominence HPLC System with
preparative LC-20AP pumps (Shimadzu) and a Nucleodur RP-18 HTec column (16 mm diameter, Ma-
cherey-Nagel). The residue of the evaporation was applied as an aqueous solution and the reaction com-
ponents were separated on a gradient running from 5% acetonitrile in 50 mM TEAA buffer to 100%

acetonitrile in 50 mins at a flow of 8 ml/min.
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IEX-HPLC purification of dT"'***TP

IEX-HPLC of compound 4 was accomplished on a Prominence HPLC System with preparative LC-
20AP pumps (Shimadzu) with a 250/4 DNAPac PA-100 from Dionex. A gradient was run from buffer

A (25 mM Tris, pH 8) to buffer B (25 mM Tris, pH 8, 0.5 NaClO4, 1 ml/min flow rate).

Mass Spectrometry

ESI-HRMS data of compounds 3-5 and 7 were recorded on a Bruker microTOF II mass spectrometer in
negative mode via direct inject. The obtained data was referenced to sodium formate clusters as an in-

ternal standard.

6.1.3 - Synthesis of 5-(trifluoroacetamidopentynyl)-2’-deoxyuridine 16 1461471

TFA-N
H

Q I\kaH N NH
d(PPh,), Cul,
M I P |
FiC N + HO N/&O Et:N, DMF HO N/&O
66%
0} O
A

Figure 27: Synthesis of 5-(trifluoroacetamidopentynyl)-2’-deoxyuridine from 5-Iodo-2’-deoxyuridine.

500 mg of 5-iodo-2’-deoxyuridine (1.4 mmol) were placed in a 100 ml round bottom flask. 54 mg Cul
(0.2 eq., 0.28 mmol) and 163 mg Pd(PPhs), (0.1 eq., 0.1 mmol) were added and the flask was flushed
with inert gas on a Schlenck line. After the solids were dissolved in 20 ml dry DMF, 501 mg N-(4-
pentynyl)-trifluoroacetamide (2 eq., 2.8 mmol) was added followed by 1.95 ml NEt; (10 eq., 14 mmol).
The reaction was stirred at room temperature for 12 h before the solvent was removed under reduced
pressure. The residue was purified by column chromatrography (0% to 10% MeOH in DCM) to yield

66% of compound 1 was a white solid.

"H NMR (400 MHz, Methanol-d4): § 8.28 (s, 1H, H-5), 6.28 (t, °] = 6.6 Hz, 1H, H-1’), 4.43 (dt, ’] = 6.8,

3.6 Hz, 1H, H-3), 3.97 (q,’] = 3.3 Hz, 1H, H-4’), 3.81 (dd, *] = 12.0 Hz, *] = 3.1 Hz, 1H, H-5’a), 3.74 (dd,
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] = 12.0 Hz, °] = 3.5 Hz, 1H, H-5b), 3.46 (t, °] = 7.0 Hz, 2H, -NHCH2-), 2.48 (t, °] = 7.0 Hz, 2H, -
CH2CH2CCH-), 2.38 - 2.19 (m, 2H, H-2’), 1.86 (p, *] = 7.0 Hz, 2H, -CH2CH2CH2-). "C NMR (101

MHz, Methanol-d4): § 151.3, 144.52, 118.96, 93.68, 89.09, 86.93, 72.03, 62.62, 41.65, 39.83, 28.58, 17.57.

Rf (MQ:MeCN 3:1) =0.2

6.1.4 - Synthesis of 5-(aminopentynyl)-2’-deoxyuridine triphosphate 2

TFA-N H2N
H a) POCI3, TMP, 0°C, Th
~ 7 b) (Bu:NH,):HzP-0%, nBusN, DMF, ~ 9
N rt, 30 min X
| /’K‘ ¢) 50 mM TEAB, 30 min o o o | /’K‘
d) 10% aq. NH4OH, 3h -
HO NTNp D10 > 0-P-0-P-0-P-0 N"So
0 16% S5 & 0
OH OH
1 2

Figure 28: Triphosphate synthesis converting compound 1 to the deprotected nucleoside triphosphate 2.

To a solution of 100 mg of compound 1 (247 umol) and 77 mg proton sponge (1.5 eq., 370 umol) in
distilled 5 ml POMe;, 26 pl (1.2 eq., 288 pmol) POCIl; were added at 0°C. Following 1 h of stirring, 589 ul
(10 eq., 2.47 mmol) tributylamine and 2.5 ml of a 0.5 M bis(tributylammonium)-pyrophosphate solu-
tion (5 eq., 1.24 mmol) were added simultaneously with syringes and the solution was allowed to reach
room temperature during 30 min of stirring. The reaction was quenched by the addition of 10 m1 0.1 M
TEAB buffer and 30 min of stirring. The reaction mixture was washed three times with 10 ml EE before
the water phase was concentrated under reduced pressure. The residue was subjected to IEX-FPLC pu-
rification. Peaks containing the product (identified by MS) were pooled, lyophilized and stirred in 10%
ammonium hydroxide for 3 h to remove the TFA protecting group. Subsequently, the deprotected nu-
cleoside triphosphate was purified on RP-HPLC to yield 16% of compound 2 as determined with

€(290 nm) = 13300 M"-.cm™ in an aqueous solution on a Nanodrop ND1000 Spectrophotometer.

'"H NMR (400 MHz, D20): § 8.18 (s, 1H, H-6), 6.32 (t,°] = 6.6 Hz, 1H, H-1’), 4.69-4.63 (m, 1H, H-3’),
4.31-4.16 (m, 3H, H-4’, H-5 a/b), 3.21 (q, *] = 7.3 Hz, 18 H, Et3N), 2.60 (t, 1H, *] = 6.4 Hz, 2H, -
CH2CH2CH2NH-), 2.47-2.31 (m, 2H, H-2’ a/b), 2.03-1.93 (p, ’] = 6.8 Hz, 2H, -CH2CH2CH2NH-), 1.29
(t, 27 H, °’] = 6.4 Hz, Et3N). *'P NMR (162 MHz, D20): § -9.1 (d, °J] = 20.1 Hz, Py), -11.36 (d, *J = 19.6

Hz, Pa), -22.4 (t, *] = 20.1 Hz, PB). HR-ESI-MS (m/z): [M-H] = calcd: 548.0242; found: 548.0249.
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6.1.5 - Synthesis of C5-thiol modified dTTP derivatives 3-5

. HST‘%)Lﬁ
(6] (@]
% NH % NH
o o o9 LI Dibta e o 9o 9 P
0-P-0-P-0-P-0 N~ ™0 ~——> 0-P-0-P-0-P-0O N~ ™0

be b oy VA &0

OH (e} OH
st)k
h OH
n= 7 -3(70%)
2 n=7,11,15 11 - 4(9%)
15 - 5(19%)

Figure 29: Conjugation of nucleoside triphosphate 2 with w-thiol-alkyllinkers to yield compounds 3-5.

To a solution of 25.0 umol 5-(aminopentynyl)-2’-deoxyuridinetriphosphate tetrabutylammonium salt
(2) in 1 ml DMF, 37.5 pmol (1.5 eq., 9.7 mg) of DIPEA were added. In parallel, 27.5 umol (1.1 eq.) of the
mercaptocarboxylic acid, 37.5 pumol (1.5 eq., 9.7 mg) DIPEA and 25 pmol HATU (1 eq., 9.5 mg) were
dissolved in 1 ml DMF and stirred for 30 min. Both mixtures were then combined and stirred at room
temperature for additional 12 h. The solvent was removed under reduced pressure and the residual oil
was subjected to Cis-RP-HPLC (95% 50 mM triethylammonium acetate (TEAA) buffer to 100% MeCN).
The yield was determined by Nanodrop ND1000 Spectrophotometer with £(290 nm) = 13300 M'-cm™.

The compounds were diluted in MQ and kept as a stock solution at -20 °C.

5-(5-(8-mercaptooctanamido)pent-1-yn-1-yl)deoxyuridine 3:
Yield: 70% of 3 as triethylammonium salt.

'H NMR (400 MHz, Methanol-d): 8 7.99 (s, 1H, H-C(6)), 6.24 (t, ’] = 6.8 Hz, 1H, H-C(1")), 4.62-4.57
(m, 1H, H-C(3")), 4.32-4.26 (m, 1H, H-C(5’a)), 4.22-4.15 (m, 1H, H-C(5’b)), 4.09-4.05 (m, 1H, H-C(4’)),
3.20 (g, = 7.3 Hz, 17H, -CH,CH,CH,NH-, Et;N), 2.48 (t, *] = 7.3 Hz, 2H, H-C(L8)), 2.44 (t, °] = 6.8 Hz,
2H, -CH,CH,CH,NH-), 2.29-2.25 (m, 2H, H-2’), 2.20 (t, *] = 7.4 Hz, 2H, H-C(L2)), 1.77 (p, *] = 6.8 Hz,
2H, -CH,CH,CH,NH-), 1.63-1.55 (m, 4H, H-C(L3+7)), 1.43-1.36 (m, 2H, H-C(L6)), 1.31 (t, *J = 7.1 Hz,
25H, H-C(L4-5), EtN). *'P NMR (162 MHz, Methanol-d,) § -10.20 (d, %J = 20.9 Hz), -11.15 (d, & = 20.8

Hz), -23.41 (t, %] = 21.1 Hz). HR-ESI-MS (m/z): [M-H] = calcd: 706.0996; found: 706.0991

65



6 - Experimental Part

5-(5-(12-mercaptohexadecanamido)pent-1-yn-1-yl)deoxyuridine 4:
Yield: 9% of 4 as triethylammonium salt.

'H NMR (400 MHz, Methanol-d.): & 8.03 (s, 1H, H-C(6)), 6.27 (t, *] = 6.9 Hz, 1H, H-C(1")), 4.67 — 4.60
(m, 1H, H-C(3")), 4.36 - 4.27 (m, 1H, H-C(5’a)), 4.24-4.16 (m, 1H, H-C(5’b)), 4.12-4.07 (m, 1H, H-
C(4)), 3.22 (qt,’] = 7.0 Hz, 10H, -CH,CH,CH.NH-, Et:N,), 3.09 (t, °] = 7.3 Hz, 2H, L12), 2.47 (t, *] = 6.8
Hz, 2H, -CH,CH,CH,NH-), 2.33-2.26 (m, 2H, H-2"), 2.23 (t, ’] = 7.4 Hz, 2H, H-C(L2)), 1.81 (p, ] = 6.7
Hz, 2H, -CH,CH,CH,NH-), 1.71 (p, ] = 7.4 Hz, 2H, H-C(L11)), 1.61 (p, ’ = 7.1 Hz, 2H, H-C(L3)), 1.51-
1.42 (m, 2H, H-C(L10)), 1.39-1.30 (m, 30H, H-C(L4-9), Et:N). *'P NMR (162 MHz, Methanol-d,) § -
9.95 (d, 7J = 20.8 Hz), -11.05 (d, % = 20.8 Hz), -22.94 (m). HR-ESI-MS (m/z): [M-H]" = calcd: 762.1633;

found: 762.1586

5-(5-(16-mercaptohexadecanamido)pent-1-yn-1-yl)deoxyuridine 5:
Yield: 19% of 5 as triethylammonium salt.

'H NMR (600 MHz, Methanol-d,) & 8.02 (s, 1H, H-C(6)), 6.26 (t, °J = 6.8 Hz, 1H, H-C(1")), 4.64-4.60
(m, 1H, H-C(3")), 4.34 — 4.29 (m, 1H, H-C(5'a)), 4.23 — 4.18 (m, 1H, H-C(5’b)), 4.11-4.08 (m, 1H, H-
C(4)), 3.22 (q, ¥ = 7.2, 20H, Et:N, -CH,CH,CH,NH-), 2.51 (t, ’] = 7.3 Hz, 2H, H-C(L16)), 2.47 (t, ] =
6.8 Hz, 2H, -CH,CH,CH,NH-), 2.32-2.27 (m, 2H, H-C(2")), 2.22 (t, *J = 7.6 Hz, 2H, H-C(L2)), 1.80 (p,
3] = 6.8 Hz, 2H, -CH,CH,CH,NH-), 1.61 (p, ] = 7.3 Hz, 4H, H-C(L3+15)), 1.47-1.38 (m, 4H, H-
C(L4/14)), 1.37-1.28 (m, 54H, H-C(5-13), EtzN). *'P NMR (243 MHz, Methanol-d,): 8 = -10.48 (d, J =
21.2 Hz), -11.39 (d, ¥J = 21.6 Hz), -23.84 (t, J = 21.8 Hz). HR-ESI-MS (m/z): [M-H]" = calcd: 818.2259;

found: 818.2279.
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6.1.6 - Synthesis of C5-azide modified pyrimidines

Synthesis of 16-azidohexadecanoic acid"**!

o NaN:, DMF, 0
/\/\/\/\/\/\/\)J\ reflux, ovn. /\/\/\/\/\/\/\)J\
—

Br OH 79% N O

6

Figure 30: Synthesis of 16-azidohexadecanoic acid starting from 16-bromohexadecanoic acid.

To a stirred solution of 16-bromohexadecanoic acid (1 g, 2.98 mmol) in DMF, NaN; was added (0.39 g,
5.96 mmol, 2 eq.). The reaction was refluxed for 16 h and then extracted three times with 50 ml ethyl
acetate. The combined organic phase was washed with water three times and brine, dried over MgSO,

and the solvent was evaporated under reduced pressure to yield 16-azidohexadecanoic acid (0.7 g, 79%).

"H NMR (400 MHz, CDCI3) 6 3.25 (t, *J=7.0 Hz, 2H, H-C(L16)-, 2.35 (t, *J=7.5 Hz, 2H, H-C(L2)-, 1.69-
1.54 (m, 4H, H-C(L3+15)-), 1.42-1.21 (m, 22H, H-C(L4+14)-). "C NMR (101 MHz, CDCI3): § 179.75,

51.66, 34.12, 29.76, 29.72, 29.68, 29.63, 29.57, 29.38, 29.30, 29.21, 28.99, 26.87, 24.84

5-(5-(16-azidohexadecanamido)pent-1-yn-1-yl)deoxyuridine (7)

0
H2N Na 15 N
0 0
N \\
0 0 0 | NH HATU, DIPEA, fe) fe) 0 | /'i-l
0-P-0-P-0-F-0 N“So 2RO, o-P-0-P-0-b-0 N"So
o O O ;0> ; o o O ;03
OH 0 OH
NsM)J\
15 OH
2 7 (58%)

Figure 31: Synthesis of azide functionalized dTTP derivate 7

To a solution of 18.9 pmol (10.3 mg) 5-(aminopentynyl)-2’-deoxyuridinetriphosphate tetrabutylammo-
nium salt (2) in 1 ml DMF, 94.5 umol (5 eq., 9.5 mg) of NEt; were added. In parallel, 37.8 umol (2 eq,
11.2 mg) of 16-azidohexadecanoic acid, 94.5 pmol (5 eq, 9.5 mg) NEt; and 37.8 umol HATU (2 eq.,
14.4 mg) were dissolved in 1 ml DMF and stirred for 30 min. Both mixtures were then combined and
stirred at room temperature for additional 12 h. The solvent was removed under reduced pressure and
the residual oil was subjected to Cs-RP-HPLC (95% 50 mM triethylammonium acetate (TEAA) buffer

to 100% MeCN). 7 was obtained in 58% yield as determined by Nanodrop ND1000 spectrometer with
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€(290 nm) = 13300 M '-cm™. The compound was diluted in MQ and kept as a 10 mM stock solution at -

20 °C.

'H NMR (400 MHz, Methanol-d) 8 8.01 (s, 1H, H-C(6)), 6.26 (t, °J = 6.8 Hz, 1H, H-C(1)), 4.63-4.57
(m, 1H, H-C(3")), 4.34 - 4.26 (m, 1H, H-C(5’a)), 4.23 - 4.17 (m, 1H, H-C(5’b)), 4.11-4.06 (m, 1H, H-
C(4)),3.29 (t,7] = 6.9, 2H, H-C(L16)-), 3.22 (q, ’] = 7.1, 17H, -CH,CH,CH,NH-, Et:N,), 2.46 (t, *] = 6.9
Hz, 2H, H-C(L2)), 2.32-2.25 (m, 2H, H-C(2")), 2.1 (t, ¥J = 7.5, 2H, -CH,CH,CH,NH-), 2.20 (t, ¥ = 7.6
Hz, 2H, H-C(L2)), 1.79 (p, *J = 6.8 Hz, 2H, -CH,CH,CH,NH-), 1.60 (p,’J = 6.8 Hz, 4H, H-C(L3+15)),
1.45-1.27 (m, 51H, H-C(4-14), Et;N). *'P NMR (243 MHz, Methanol-d,): 8 = -10.44 (d, ¥J = 20.5 Hz), -
11.33 (d, ¥ = 21.3 Hz), -23.72 (t, J = 21.3 Hz). HR-ESI-MS (m/z): [M-H]" = calcd: 827.2552; found:

827.2562.
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6.2 - Biochemical Experiments

6.2.1 - Chemicals and materials

Chemicals used for the preparations of buffers and solutions in biochemical experiments were pur-
chased from Sigma-Aldrich/Merck, Roth, Fluka, Acros Organics, Riedel-de-Haén, and VWR in “per
analysis” or molecular biology grade and used without any further purification.

Table 1: List of chemicals and materials used in biochemical experiments and their manufacturers

Chemical/Material

Manufacturer

[gamma-32P] Adenosine 5'-triphosphate

Hartmann Analytics

1.5 ml reacton tubes

Brand

10 mM solution of amino-functionalized dATP derivative 8

Provided by Jana Balintova

15 and 50 ml Falcon tubes Peske
200 pl PCR tubes TreffLab
25 Bp DNA Step ladder Promega
2-Mercaptoethanol Merck
384 Well Lightcycler Plate Sarstedt

6-Aminohexanoic acid

Sigma-Aldrich

Amicon 4 ml, MWCO 3,000

Merck

Deoxynucleotides

Jena Bioscience

Direct-zol RNA Kit

Zymo Research

Gel Loading Dye, Purple 6x NEB

Gel Red Biotium
HiTrap® Q HP 1 ml anion exchange column GE Healthcare
Human total brain rRNA Invitrogen
Hydrogen peroxide 30% Merck

Low Molecular Weight Ladder (LMW) NEB
MinElute Reaction clean up Kit Qiagen

Nexterion H NHS-activated glass slides

SCHOTT Technical Glass Solutions

o-dianisidine dihydrochloride

Sigma-Aldrich

PCR foil seal

4titude

Pierce Spin Columns

Thermo Fisher Scientific

Pierce Streptavidin Coated Plates, Clear, 8-Well Strip

Thermo Fisher Scientific
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Pipette tips w/ filter Biosphere Sarstedt
Pipette tips: TipOne StarLab

RNA, 16S- and 23S-ribosomal, E. coli MRE600 Roche
Rotiphorese sequencing gel concentrate (19:1) Roth
Rotiphorese® Gel 30 Roth
Sephadex G-25 GE Healthcare
Streptavidin Sepharose® High Performance GE Healthcare
SYBR Green I Sigma-Aldrich
Vivaspin columns 6 MWCO 10,000 Sartorius AG
Whatman 0.2 pm membrane filters, RC58 GE Healthcare
Whatman Chromatography paper GE Healthcare

6.2.2 - Instruments

Table 2: List of instruments employed and their manufacturers

Instrument Manufacturer
Agarose gel system Fisher Scientific
Akta Pure chromatography system GE Healthcare
Centrifuge 5810R Eppendorf
Centrifuge Mini Sprout Biozym
Centrifuge Minispin Eppendorf

Gel dryer (Model 583) Bio-Rad
Molecular Imager ChemiDoc XRS System Bio-Rad
Multichannel pipettes (Transferpette S-12) Brand
Nanodrop Spectrophotometer ND-1000 PeqLab

PAGE System I: Sequi-Gen GT Bio-Rad

PAGE System II Workshop at the University of Konstanz
pH electrode SevenEasy Mettler Toledo
Phosphoimager I: Molecular Imager FX Bio-Rad
Phosphoimager II: Typhoon FLA 7000 GE Healthcare
Pipettes: Research Plus Eppendorf
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PowerPac 3000 Power supply Bio-Rad
PowerPac High Voltage Bio-Rad
PowerShot A60 Digital Camera Canon
Prominence Analytical HPLC System Shimadzu
Radiography screens and cassettes Fuji
Real-time PCR cycler CFX 384 Bio-Rad
Thermoblock QBTP Grant
Thermocycler PEx in solution: T-Gradient Biometra
Thermocycler PEx on beads: LifeTouch Bioer
ThermoMixer F2.0 Eppendorf
Vortex Heidolph

6.2.3 - Software

Table 3: Softwares used for analysis, plotting and editing of data, graphs and illustrations

Software Manufacturer
Adobe Illustrator 2017 Adobe

CFX Manager Bio-Rad
ChemOffice 17 Perkin Elmer
GraphPad Prism 6.0.1 GraphPad Softwar
Image Lab 6.0.1 Bio-Rad
MestReNova 12.0.3 MestReLab
Origin 2015 Origin Lab Corp.

PyMol, Version 1.3

Schrédinger, LLC, New York, USA

Quantity One

Bio-Rad

Unicorn 6.3

GE Healthcare

WinCoot 0.8.9.1

Paul Emsley, Kevin Cowtan
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6.2.4 - Buffers and solutions

All buffers were prepared with MQ water and filtered sterile before use.

Table 4: Composition and names of all buffers that were not commercially available.

Buffer name

Composition

10x Isotherm2G reaction
buffer

800 mM Tris-HCI, 200 mM ammonium sulfate, 100 mM potassium chloride,
10 mM DTT, 0.2% Tween 20, 20 mM magnesium sulfate, pH 8.5

10x KTq reaction buffer 500 mM Tris-HCl, 160 mM ammonium sulfate, 25 mM magnesium chloride,
1% Tween 20, pH 9.2

10x TBE buffer 900 mM Tris, 900 mM boric acid, 20 mM EDTA, pH 8.0

1x TAE buffer 40 mM Tris-HCI, 40 mM acetic acid, 1 mM EDTA, pH 8.3

Binding buffer (beads)

200 mM sodium phosphate, 1.5 M sodium chloride

Conjugation buffer

150 mM sodium chloride, 100 mM sodium phosphate, pH 7

Detection buffer (HRP)

100 mM sodium citrate, pH 5

HRP dye solution

1 mM o-dianisidine dihydrochloride, 1 mM hydrogen peroxide in detection

buffer

IEX-FPLC buffer A

20 mM Tris-HCl, pH 9

IEX-FPLC buffer B

20 mM Tris-HCI, 1 M sodium chloride, pH 9

IEX-HPLC buffer A

25 mM Tris-HCI, pH 8

IEX-HPLC buffer B

25 mM Tris-HCI, 0.5 M sodium perchlorate, pH 8

PBS buffer

137 mM sodium chloride, 2.7 mM potassium chloride, 10 mM sodium hyrog-
enphosphate, 1.8 mM potassium dihydrogenphosphate, pH 7.4

SDS separation gel buffer

1.5 M Tris-HCI, pH 8.9

SDS stacking gel buffer Tris-HCI, pH 6.8

Slide spotting buffer 100 mM sodium borate, 0.01% Tween, pH 9

Slide washing buffer 500 mM sodium chloride, 100 mM sodium phosphate, pH 7, 0.1% Tween
Stopping solution 80% v/v formamide, 20 mM EDTA, 0.025% w/v bromphenol blue, 0.025% w/v

xylene cyanol

Streptavidin-plate wash-
ing buffer

25 mM Tris-HCI, 150 mM sodium chloride, 0.1% BSA, 0.05% Tween 20, pH 7.2
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6.2.5 - Oligonucleotides

All oligonucleotides were purchased from Metabion or biomers.net with HPLC or PAGE purification.

Table 5: Sequences of all oligonucleotides used. Bold letters indicate the nucleotide opposite the incorporation site.

Name

Sequence

5’-biotin 16S rRNA pri-

l,nel.[173]

5’-biotin-TEG-d(GCA GTT TCC CAG ACA TTA C)-3

5’-biotin BRAF primer

5"-biotin-d(TTT TTT TTT TTT TTT TTT TGA CCC ACT CCA TCG AGA
TTT C)-3’

5’-biotin primer epigenetic

on synth. RNA

5’-Biotin-TEG-d(ACTACAAGCCCCAAAAGCAG)-3

BRAF primer 5’-d(GAC CCA CTC CAT CGA GAT TTC)-3’

BRAF template (DNA) 5’-d(TGC CTG GTG TTT GGG AGA AAT CTC GAT GGA GTG GGT Q)-
3

BRAF template (RNA) 5’-(UGC CUG GUG UUU GGG AGA AAU CUC GAU GGA GUG GGU C)-
3

Human 18S rRNA 20Me468 | 5-Biotin-TEG-d(ATT TGC GCG CCT GCT GCC T)-3’

primer

Human 18S rRNA 6mA1832 | 5-Biotin-TEG-d(GTT CAC CTA CGG AAA CCT TG)-3’

primer

LAMP backward inner pri- 5-d(GAG AGA ATT TGT ACC ACC TCC CAC CGG GCA CAT AGC AGT

mer!*% CCT AGG GAC AGT)

LAMP backward loop pri- 5-d(ACC ATC TAT GAC TGT ACG CC)

mer!*%

LAMP backward outer pri- 5-d(GGA CGT TTG TAA TGT CCG CTC C)

mer!*%

LAMP forward inner pri- 5’-d(CAG CCA GCC GCA GCA CGT TCG CTC ATA GGA GAT ATG GTA

mer GAG CCG Q)

LAMP forward loop pri- 5-d(CTG CAT ACG ACG TGT CT)

mer!*%

LAMP forward outer pri- 5-d(GGC TTG GCT CTG CTA ACA CGT T)

mer®

LAMP_Splint

5-d(GGC TGG CTG TCC AGT GAG AGA ATT TGT ACC)
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LAMP_Target_A

5-DBCO-d(GGA CGT TTG TAA TGT CCG CTC CGG CAC ATA GCA
GTC CTA GGG ACA GTG GCG TAC AGT CAT AGAT GGT CGG TGG
GAG GTG GTA CAAATT CTCTC)-3

LAMP_Target_B

5-P-d(ACT GGA CAG CCA GCC GCA GCA CGT TCC TGC ATA CGA
CGT GTC TGC GGC TCT ACC ATA TCT CCT ATG AGC AACGTGTTA

GCA GAG CCA AGC Q)
Match template 5"-d(GGT CTA GCT ACA GAG AAATCT CGA TGG AGT GGG TC)-3’
Mismatch template 5’-d(GGT CTA GCT ACA GTG AAA TCT CGA TGG AGT GGG TC)-3

Multiple incorporation tem-

plate (consec.)

5-d(T GCC TGG TGT TTG GGA AAA AAA AAA AGA AAT CTC GAT
GGA GTG GGT C)-3

Multiple incorporation tem-

plate (iterative)

5-d(T AG GGA TCT ATT TACTTA CCG ATT CAT TTA CGC AGT CAG

GCA TTC AGA AAT CTC GAT GGA GTG GGT C)-3

Synthetic RNA template for

epigenetics

5-(AUA GGG GAA UGG GCC GUU CAU CUG CUA AAA GGA CUG

CUU UUG GGG CUU GUA GU)-3

Synthetic RNA template for

epigenetics

5-(AUA GGG GAA UGG GCC GUU CAU CUG CUA AAA GGA(2’0OMe)
CUG CUU UUG
GGGCUUGUAGU)-3

Synthetic RNA template for

epigenetics

5-(AUA GGG GAA UGG GCC GUU CAU CUG CUA AAA GGA(6m) CUG
CUU UUG GGG CUU GUA GU)-3

6.2.6 — Proteins and Enzymes

If not stated otherwise, the enzymes were used in the buffers and according to the protocols provided

by the vendors.

Table 6: Proteins and enzymes used for the experiments in this work and their manufacturers

Protein/Enzyme Manufacturer

Bst 2.0WS DNA polymerase NEB

Calf intestinal alkaline phosphatase (CIP) NEB

Isotherm2G DNA polymerase myPOLS Biotech GmbH
KF exo DNA polymerase NEB

KlenTaq DNA polymerase Provided by Kim Leitner

Maleimide-activated HRP

Sigma-Aldrich

Pronase

Sigma-Aldrich

Proteinase K

Sigma-Aldrich

RT-KTq DNA polymerase Provided by Kim Leitner
Streptavidin-HRP conjugate Sigma-Aldrich

T4 DNA Ligase NEB

T4 Polynucleotide kinase NEB
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6.2.7 — Determination of RNA/DNA concentrations
For synthetic oligonucleotides, molar attenuation coefficients were used as given by the manufacturers.
Coefficients for newly generated sequences were calculated with the IDT OligoAnalyzer 3.1 using the

nearest neighbor model.

Concentration of RNA extracts were, if not given by the manufacturer, measured using the Nanodrop

ND-1000 spectrometer at 260 nm in the nucleic acid mode.

6.2.8 — General procedure for agarose gels

35 ul GelRed nucleic acid stain were mixed with 35 ml 0.8% or 2.5% agarose solution in 1x TAE buftfer.
The mixture was poured into a gel chamber and cooled until the gel solidified. Samples were diluted in
purple loading dye and run at 120 V in 1x TAE buffer. The gel was then analysed by UV staining in a

Chemidoc™ XRS system (Bio-Rad).

6.2.9 - Conjugation of Nucleotides and malHRP

2 mg of maleimide-activated HRP (malHRP, Sigma) were reconstituted in 250 pul conjugation buffer.
The concentration was determined by Nanodrop Spectrometer with €(403 nm) = 102000 M™' cm™.['*!
75 pl of the solution were then mixed with 5 eq. of the thiol-modified nucleotides 3-5 and incubated
overnight in a thermoshaker at 30 °C. The solution was subjected to anion exchange FPLC (HiTrap Q
HP, GE Life Science) with a gradient from 20 mM Tris-HCI buffer (IEX-FPLC buffer A, pH 9) to 1 M
NaClin 20 mM Tris-HCl (IEX-FPLC buffer B, pH 9). The fractions containing the conjugate were iden-
tified by ESI-MS or PEx/dPAGE. To remove the FPLC buffer, the pooled fractions were purified via
Vivaspin 6 (10,000 MWCO, Sartorius) and subsequently washed with conjugation buffer. The thusly
concentrated conjugate was then incubated with 1.5 mM 2-mercaptoethanol in conjugation buffer over-
night to block remaining maleimide groups. Excess 2-mercaptoethanol was removed by Vivaspin con-
centration and repeated washing with MQ. The final concentration of the obtained conjugate was de-
termined via Nanodrop spectrometry with £(403 nm) = 102000 M' cm™. The conjugates were stored at

-20°C.
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6.2.10 - Mass spectrometry of dT""*"TP

Samples were analyzed using an Agilent 1200 Series HPLC and a Nucleodur 300-5 150/2 C4ec column
(Machery-Nagel) with a flow of 0.3 ml/min. 1.5 mM ammonium acetate was co-injected post-column
with a flow of 10 pl/min. The data was acquired on a Bruker microTOFII spectrometer. The resulting

spectra were deconvoluted using the maximum entropy algorithm provided by Bruker.

6.2.11 - Calculation of nucleotide and conjugate volumes

To calculate the volumina, the structures of the nucleoside triphosphates were generated in PyMol mo-
lecular graphics system V1.7.4 based on the IHCH pdb file and entered into 3V webserver. The LAMP
target sequence was rendered in WinCoot as an ideal ssDNA in B-Form and entered into 3V web-

server.?1?

6.2.12 - 5’-Radioactive labeling of ODNs

DNA oligonucleotide primers were radioactively labeled at the 5" terminus with a **P containing phos-
phate group using T4 PNK (NEB) and [y-**P]JATP. The reaction contained primer (0.4 uM), PNK reac-
tion buffer (1 x), [y-*PJATP (0.8 uCi/ul) and T4 PNK (0.4 U/ul) in a total volume of 50 ul and was
incubated for 1 h at 37 °C. The reaction was stopped by denaturing the T4 PNK for 2 min at 95° C and
buffers and excess [y-*’P]ATP were removed by gel filtration (MicroSpin Sephadex G-25). Addition of
unlabeled primer (20 pl, 10 uM) led to a final concentration of 3 uM of diluted radioactive labeled pri-

mer.

For comparison, a marker was labeled as well. For the HRP-conjugates nucleotides, low molecular

weight ladder (2 pl) was labeled as the primers. The labeled ladder was diluted 10x in stopping solution.

LAMP-target coupled nucleotides were compared to 25 bp DNA step ladder. The ladder was first
dephosphorylated with CIP according to the protocol provided by the manufacturer of the enzyme. Af-
ter denaturation, the reaction was purified with a MinElute Clean up Kit (10 ul elution volume) and
500 ng of the purified, dephosphorylated ladder were subjected to the labeling procedure. In the end,

the labeled ladder was diluted 10x with stopping solution.
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6.2.13 - General Procedure for primer Extension (PEx) in solution and dPAGE of
dT"HRPTP conjugates

To 1x polymerase buffer, 150 nM primer (100 nM for competition experiments) and 200 nM template
were added. The mixture was annealed at 95 C for 5 min. Subsequently, DNA polymerase was added
(KF ex0 0.5U, KTq 100 nM and RT-KTq 500 nM) and the reaction was started by addition of the
dNTP(s) (1 uM final concentration, 10 pM for competition experiments). Time points were collected by
quenching 2 pl of the reaction mixture with 10 ul stopping solution (80% v/v formamide, 20 mM EDTA,

0.025% w/v bromphenol blue, 0.025% w/v xylene cyanol).

Denaturing polyacrylamide gels (9 %) were prepared by polymerization of a solution of urea (8.3 M)
and bisacrylamide/acrylamide (9 %) in TBE buffer using ammonium peroxodisulfate (APS, 0.08 %) and
N,N,N’,N’-tetramethylethylene-diamine (TEMED, 0.04 %). Immediately after addition of APS and
TEMED, the solution was filled in a sequencing gel chamber (Bio-Rad) and left for polymerization for
at least 45 min. After addition of TBE buffer (1 x) to the electrophoresis unit, gels were pre-warmed by
electrophoresis at 100 W for 30 min and samples were added and separated during electrophoresis (100
W) for approx. 1.5 h. The gel was transferred to Whatman filter paper, dried at 80 °C in vacuo using a
gel dryer (model 583, Bio-Rad) and exposed to an imager screen. Readout was performed with a molec-

ular imager (FX, Bio-Rad).

6.2.14 - General procedure for SDS-PAGE of PEx experiments with dT"Hf"TP

12.5% SDS polyacrylamide gels were prepared by adding 4.2 ml Rotiphorese Gel 30 to 3.3 ml MQ mixed
with 2.5 ml separation gel buffer, 100 pul 10% SDS solution, and 10 ul TEMED. Polymerization was
started with 75 ul 10% APS solution. The solution was filled into the gel chamber and covered with
isopropanol. After the gel has solidified, the isopropanol was removed and a mixture of 0.65 ml Roti-
phorese Gel 30, 3.1 ml MQ, 1.25 ml stacking gel buffer, 20 pl 10% SDS solution, 5 ul TEMED and 35 pl
APS was placed on top of the separation gel. Gels were stored in a humid environment for up to a week

at 4°C. 1.5 pl of the quenched PEx samples were directly applied in the stopping solution and run at 5 W.

6.2.15 - Primer Extension on streptavidin-coated sepharose beads!'¢%15°!
10 pl of a streptavidin-coated sepharose bead slurry (GE Healthcare) were spun down (2400 x g) and the

supernatant was discharged carefully. The beads were then washed two times with 40 ul 1 x binding
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buffer before 9.5 ul binding buffer and 0.5 pl 5’-biotinylated primer (100 uM were added. Following
10 min of incubation with gentle mixing, 5.5 ul of 1 mM (D)-+-biotin in binding buffer were added to
block the remaining streptavidin moieties. After further 5 min, the beads were spun down again and
washed one time with 40 pl binding buffer and two times with the polymerase buffer. For the primer
extension reaction, 22.4 ul MQ, 3 ul 10x polymerase buffer and 1 pl template (amount indicated in each
experiment) were added to the beads and the mixture was mixed every minute for 10 min to prevent the
beads from settling down in the tube. Subsequently, 0.6 ul DNA polymerase solution (final concentra-
tions: KF exo™ 0.3 U, KlenTaq 100 nM, RT-KTq 200 nM) and 3 pl of 10 pM dNTP were added (1 uM
final). The reaction mixture was incubated at room temperature (KF exo, 15 min) or at 55°C (RT-
KTq/KTq DNA polymerase, 3-10 mins), then the beads were spun down and transferred to an empty
spin column cartridge. After removing the reaction mixture by short spin centrifugation in a table top
centrifuge, the beads were washed four times with 100 pl detection buffer in the same way. Subsequently,
they were transferred back to reaction tubes, the supernatant was discharged and 20 pl of the developing
solution were applied (1 mM o-dianisidine/hydrogen peroxide in detection buffer). The reaction was
quenched by the addition of 5 ul of 10 N sulfuric acid after 1 min. Pictures were taken with a Canon

PowerShot A620 digital camera.

Variations in particular experiments:

Initial solid phase experiment: 10 min PEx time

E. Coli 16S rRNA detection: 5 min PEx time

Multiple incorporation on DNA templates: 10 min PEx time

Epigenetics on synth. RNA templates: 2.5 min PEx time, 100 fmol template

Epigenetics on RNA extracts: 3 min PEx time, 250 ng extracted RNA, 100 ng unmethylated RNA
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6.2.16 - Extraction of HeLa total RNA

HeLa cells were kindly provided by Sandra Lange within the group. The RNA was extracted according
to the protocol of the Direct-zol MiniPrep RNA kit (Zymo Research) and the obtained RNA extracts
were analysed on a 0.8% agarose gel with 1% GelRed staining. Band intensities under UV light were
assessed in Quantity One to evaluate the 18s rRNA content and the total RNA concentration was ad-

justed to 100 ng/pl.

6.2.17 - Preparation of LAMP target sequence and conjugation to compound 7

The split LAMP target sequence was splint ligated using T4 DNA ligase. 1 nmol of sequences
LAMP_TARGET_A and LAMP_TARGET_B (10 pM) were mixed with 2 nmol (20 uM) of the split se-
quence in a total volume of 98 pl of 1x T4 ligase buffer provided by the manufacturer. The mixture was
heated to 95°C for 2 min and slowly cooled down to 25°C. Subsequently, 2 ul of T4 Ligase (800 U) were

added and the reaction was incubated at 16°C overnight.

The mixture was then diluted to 200 ul with MQ and subjected to 95°C for 5 min. Ion-exchange HPLC
was performed at 85°C column temperature using 100 pl of the solution on an analytical HPLC system
with a semi-preparative Thermo Scientific™ Dionex™ DNAPac™ PA100 column and a gradient from IEX-
HPLC buffer A (25 mM Tris-HCI, pH 8) to IEX-HPLC buffer B (25 mM Tris-HCI, 0.5 M sodium per-

chlorate, pH 8).

Peaks demonstrating an absorbance at A = 260 nm were collected and pooled in Amicon 4 centrifugal
filters. After repeated washing with MQ, the ligated LAMP target was transferred to a 1.5 ml reaction
tube and absorbance was measured by NanoDrop ND-1000 spectrometry at 260 nm with £(403 nm) =

1752400 M cm™.

To conjugate the 5-DBCO labeled LAMP target sequence with compound 7, the above generated oli-
gonucleotide was incubated with 10 eq of the nucleotide in 1x PBS (pH 7.4) overnight. IEX-HPLC and

Amicon purification were repeated to yield the 5’ -triphosphate-labeled LAMP target sequence.

6.2.18 - PEx in solution with LAMP target conjugated compound 7
To 1x polymerase buffer, 150 nM primer and 200 nM template were added. The mixture was annealed
at 95 C for 5 min. Subsequently, DNA polymerase was added (KTq 100 nM) and the reaction was started

by addition of the ANTP (1 uM final concentration). Time points were collected by quenching 2 ul of
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the reaction mixture with 10 pl stopping solution (80% v/v formamide, 20 mM EDTA, 0.025% w/v

bromphenol blue, 0.025% w/v xylene cyanol).

Denaturing polyacrylamide gels (9 %) were prepared by polymerization of a solution of urea (8.3 M)
and bisacrylamide/acrylamide (9 %) in TBE buffer using ammonium peroxodisulfate (APS, 0.08 %) and
N,N,N’,N’-tetramethylethylene-diamine (TEMED, 0.04 %). Immediately after addition of APS and
TEMED, the solution was filled in a sequencing gel chamber (Bio-Rad) and left for polymerization for
at least 45 min. After addition of TBE bulffer (1 x) to the electrophoresis unit, gels were pre-warmed by
electrophoresis at 100 W for 30 min and samples were added and separated during electrophoresis (100
W) for approx. 1.5 h. The gel was transferred to Whatman filter paper, dried at 80 °C in vacuo using a

gel dryer and exposed to an imager screen. Readout was performed with a molecular imager FX.

6.2.19 - LAMP assay in solution
To avoid contaminations, all LAMP reactions were pipetted with Biosphere filter tips. LAMP target

used for the positive controls was pipetted with a second pipette set.

Initial LAMP reactions were performed according to the conditions reported by Tanner and co-workers
with 8 U Bst 2.0WS DNA polymerase, 1x SYBR I, 0.2/0.4/1.6 uM LAMP primers (outer/loop/inner),
10 nM 5-DBCO LAMP target (positive control), 350 uM/dNTP, 65°C in 1x isothermal amplification

buffer (NEB) with 8 mM MgSO,.['®!

LAMP reactions in optimized conditions were carried out using 200 uM dNTPs, 0.2/0.4/1.6 uM primers
(outer/loop/inner), 1x SYBR I, 4 U of Isotherm2G DNA polymerase (myPOLS Biotech GmbH) and
0.1 nM 5-DBCO LAMP target (positive control) in a total of 10 pl of 1x Isotherm2G buffer at 55°C for
the indicated amount of time. Fluoresence of SYBR I was measured in 1 min intervals minute in a Bio-
Rad CFX384 Touch™ Real-Time PCR Detection System. Following the amplification, melting point

measurement was carried out with a gradient from 55°C to 95°C in 0.5°C steps.

6.2.20 - Primer Extension and LAMP assay on plates

Pierce Streptavidin coated 8-well strips (Thermo Fisher) were washed twice with 200 ul of 1x plate wash-
ing buffer. Subsequently, 1 ul of 500 uM 5’-biotin BRAF primer in 100 ul 1x PBS buffer were added to
each well. After 15 min of incubation at room temperature, the primer solution was removed and 200 pl

of 1 mM (D)-+-biotin in 1x PBS were added. After 5 min of incubation the liquid was removed and the
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wells were washed once with 200 pl of PBS buffer and twice with 200 ul of 1x KTq reaction buffer. Fol-
lowing this, 50 ul of PEx reaction mixture (100 nM KTq DNA polymerase, 200 nM BRAF template,
200 nM dT""*MPTP in a total of 50 pl 1x KTq buffer) were applied, the wells were sealed with PCR foil
seal and incubated at 55°C (measured with a digital thermometer) in a shallow water bath on a thermal

block for 30 min.

The supernatant was removed and the wells were washed first twice with 100 pl 1x KTq buffer, then
three times with 1x PBS buffer and finally rinsed for 2 min under a water tap with distilled water. All
liquid was removed and the wells were finally washed with 200 pl of 1x Isotherm2G buffer. 50 pl of
LAMP reaction mixture (200 uM dNTPs, 0.2/0.4/1.6 uM primers (outer/loop/inner), 1x SYBR I, 4 U
Isotherm2G) were employed in each well. For the positive control, 2nM 5DBCO LAMP target were
added. The wells were incubated at 55°C as for the primer extension. Amplification was stopped by
rapidly cooling the wells to 0°C in an ice bath. Samples were instantly collected and run on a 2.5% aga-
rose gel. The gel was read out using GelRed staining under UV light on a Chemidoc™ XRS system (Bio-

Rad).

6.2.21 - PEx reaction with immobilized dATP on glass plates

Distinct reaction chambers were created with Thermo Fisher Gene Frames (1 cm x 1 cm) on Schott
Nexterion H NHS activated glass slides. The reaction chambers were either treated with 20 ul spotting
buffer and 20 pl 10 uM compound 7 (dA"™>TP) or 40 ul 0.5x spotting buffer (negative control) for 3 h.
The supernatant was removed and 40 pl 25 mM 6-aminohexanoic acid in spotting buffer was added to
block remaining NHS groups for 60 mins. Subsequently, the chambers were washed twice each with
100 ul MQ water and 1x KlenTaq reaction buffer. 25 ul PEx reaction solution containing 4 uM BRAF
primer, 40 nM RT-KTq DNA Polymerase and 4 uM BRAF mismatch template were applied and the
slides were incubated on a thermoblock for 45 min. For the washing procedure, the position of the
frames was marked on the slides and the frames were removed. The slides were washed under MQ and
slide washing buffer several times before new frames were put on the slides. 0.5 mg/ml of Streptavidin-
HRP conjugate (Thermo Fisher) in 25 pl washing buffer was employed in each reaction chamber and
incubated at rt for 30 mins. The chambers were then washed 5x with warm slide washing buffer and 3x
with warm HRP detection buffer. Finally, 40 pl of o-dianisidine dye solution were added and the colori-

genic was quenched after 1 min by the addition of 10 pl 10 N sulfuric acid. Absorbance was measured at
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450 nm and 520 nm with NanoDrop ND-1000 using the UV/Vis mode. Pictures were taken with a Pow-

erShot A620 digital camera (Canon).
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ESI-MS measurements of conjugates
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