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A PhD tale - down and up again

While watching Lord of the Rings one day, I surprisingly noticed the resem-
blance between Frodo’s quest and my PhD. No, I was not chased by hordes
of orcs, nazgûl or the creature Gollem and my adventure during 4 years of
PhD was not illed with fear of life (although the smell of thiols in the lab
might resemble the air in Mordor). Nevertheless, I saw a lot of similarities
between Frodo’s journey and mine. Walking a ring into Mordor is not an
easy task and conducting a PhD isn’t either. It’s a long and winding road
with lots of hurdles to overcome. Looking back at it now, it strikes me that
it is mostly a self-re lecting journey; one that allows you to grow as a sci-
entist and as a person. To say it with Frodo’s own words: the ring was his
burden to carry and a PhD was mine, but just like him I didn’t have to do it
alone. Therefore I would like to take the opportunity to thank a few people.

First of all, I would like to thank Prof. Annemieke Madder, not only for giv-
ing me the opportunity for performing my PhD in her research group, but
more importantly for being understanding and motivational when needed.
Dr. Alex Manicardi is thanked for proof-reading the manuscript and his
guidance in the PNA project. Also special thanks to Prof. Pieter Mestdagh
and Prof. Sven Eyckerman for allowing me to conduct my research in their
lab and for the hours they spend giving most valuable input. Also a BIG
thank you to Louis and Nurten, guiding me into the fascinating world of
ChiRP and qPCR and always ready to answer my questions. This work
would not have been possible without your help.

Frodo had his companions in the Fellowship and I had my colleagues from
OBCR. I will never forget the Friday afternoon gossip sessions with Smita,
the long talks with Dorien, the OBCR nights out and the nice conversations
in the of ice. To the OBCR crew: thanks for making the Sterre a nicer place.
In addition, a special appreciation to Yentl, who managed to be my fume
hood buddy and neighbor in the of ice, it has only strengthened our friend-
ship and I couldn’t have wished for a better lab companion.

Of course, besides all the working, there should also be time for relaxing
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moments, which would not have been possible without my friends. I want
to thank my chemistry buddies and my high school friends for all nice and
funny moments we had throughout the years. I really enjoy our yearly
weekend trips, hang-out sessions and dinners, your friendship means a lot
to me.

At least but certainly not last, Frodo had his most truthful companion Sam
and I was lucky to have more than one in my life. To my parents, my brother
Jan and Glenn: you were always there to support me in the most dif icult
times and I cannot express my gratitude enough. Besides being my rock, I
also cannot count the times I had tears in my eyes from laughing, so a very
well-meant thank you for brightening up my world.

Like Frodo returned back to the shire after 13 months, it is now time for
me to conclude my PhD story. However, this is not a farewell, yet the start
of a new journey already lying ahead.
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1 | Preface

Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) are the informa-
tion carrier molecules in living organisms. The functional importance of
these nucleic acids can hardly be overestimated as emphasized by the cen-
tral dogma of molecular biology, stating DNA as key holder of the genetic
information.1 By transcription of DNA into messenger RNA (mRNA), pro-
tein synthesis is directed (Figure 1.1, purple balloons). The complex inter-
twining of DNA, RNA and protein interactions is vital for controlling and
regulating molecular- and cellular events. Recently, a new class of RNA
molecules was discovered: the regulatory non-coding RNAs (ncRNAs)†.
These ncRNAs are versatile structures of utmost importance in gene reg-
ulation. To date, the mechanism of action of many ncRNAs remains un-
known and further insight in their function is required for understanding
biological processes (Figure 1.1).2,3
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Figure 1.1: The complex interactions between proteins and nucleic acids are im-
portant for regulating biological processes. Misregulation at a protein or nucleic
acid level results in defects and diseases. Screening assays can be useful for disease
diagnosis. ncRNA function can be studied via identi ication and characterization of
ncRNA interaction partners.

†‘Recently’ is meant in respect to the discovery of DNA (1869) and the discovery of the
housekeeping ncRNAs (1955-1960). The irst regulatory ncRNA was only discovered in 1989,
so 34 years later than the discovery of the irst housekeeping RNA, and is therefore considered
a recent discovery. Additionally, the interest in regulatory ncRNAs only started booming in the
late 1990’s.

1
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For many years, disease onset was attributed to misregulation of protein
levels, incorrect protein folding or protein aggregation. As protein synthe-
sis is directed by nucleic acids (central dogma), problems occurring at a
protein level, can often be extrapolated to issues arising on a nucleic acid
level. Genetic mutations, translational errors and incomplete complex for-
mation were factors determined to play a role in disease development. The
non-coding RNAs, involved in regulating the transcriptional and transla-
tional machineries, evoked special interest as their up- or downregulation
has proven correlation with disease onset. To date, the misregulation of
non-coding RNAs have been traced-back to cancer, infectious and neurode-
generative diseases (Figure 1.1). Commonly used methods for decipher-
ing ncRNA functions are hybridization based pull-down assays, in which
a ncRNA-protein complex is captured and characterized.4 These methods
however rely on weak and transient non-covalent interactions and could
bene it from improved ef iciency and speci icity. In the current work we
hope to contribute to that by developing a new type of crosslinking cap-
ture probe for pull-down assays.

The fact that proteins and nucleic acids can act as effectors of diseases
makes them interesting biomarkers. Consequently, screening assays al-
lowing their detection in body luids are useful for disease diagnosis and
prognosis, and enable a more ef icient and targeted health-care. Aptamers,
RNA or DNA molecules capable of recognizing a variety of targets by their
speci ic three-dimensional structure, are viable candidates for the devel-
opment of such sensing devices. The ef iciency of these aptamer-based
sensors is determined by the ability of the aptamer to recognize and bind
its target but also limited by the robustness of the device itself. While ap-
tamers feature high target af inity and selectivity, modi ications can be in-
troduced to further improve their properties.5,6 These modi ications could
enable the development of higher ef iciency aptamer-based biomarker de-
tection systems and in the current work, we further envisage using crosslink-
ing approaches to develop aptamers with an enhanced robustness.

In conclusion, in this doctoral dissertation, we ought to contribute to the
ield of non-coding RNA capture/enrichment assays and aptamer-based

biomarker detection, by de ining two main research objectives. In a irst
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part, we set goal to develop an improved method for in vitro capture of
ncRNA sequences to facilitate isolation of ncRNA-complexes. In a second
part, we explored the possibility to design modi ied aptamers which can be
subsequently stabilized by intrastrand aptamer crosslinking. The effect of
this covalent linkage on the binding event will be investigated. If binding
is retained, we envision that these aptamers could be useful in the devel-
opment of more robust aptamer-based sensors.
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2 | Updatedviewofnucleic acid

structure and function

In this introductory chapter, the state of the art on nucleic acids will be dis-

cussed, with focus on the topics that are touched upon throughout themanu-

script. First, the general basics of nucleic acids will be explained, including

their structure and general function, followed by a section that covers the

most common types of nucleic acid modi ications and their structural fea-

tures. Next, a more in-depth discussion on non-coding RNAs is given. This

section includes a discussion on hybridization-based pull-down assays used

for non-coding RNA isolation and characterization. As this is a booming

ield, the recent literature concerning this topic is very extensive. In view

of readibility, the discussion is restricted to the information required for this

manuscript. In a following section, crosslinking agents employed for the in-

terstrand crosslinking of nucleic acids will be discussed, with attention for

crosslinker-modi ied nucleic acid probes designed for improved identi ica-

tion and detection of nucleic acids. In a inal part, an introduction is given

on aptamers, which are oligonucleotides capable of binding with a variety of

analytes such as small molecules and proteins.

Parts of this chapter were published in the review articles: ‘Chemical Modi i-

cation of Aptamers for Increased Binding Af inity in Diagnostic Applications:

Status and Future Prospects (International Journal of Molecular Sciences,

2020)’7 and in ‘Crosslinker-modi ied nucleic acid probes for improved target

identi ication and biomarker detection (RSC Chemical biology, 2021).’8

5
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2.1 Structure and general function of DNA and

RNA

DNA and RNA molecules are complex structural molecules involved in tran-
scription, translation and the regulation of these processes. RNA molecules
have further been shown to possess catalytic properties, as they have been
demonstrated to operate as enzymes to carry out biochemical reactions.
Nucleic acids can exert their regulatory role due to their ability to form, be-
sides their primary structure, more complex secondary, tertiary and even
quaternary structures. Consequently, in order to better understand the
mode of action of nucleic acids, insight in the interactions responsible for
forming these highly-ordered but dynamic complexes is required.

The primary structure of nucleic acids refers to their linear nucleotide se-
quence and is denoted as the sequence of the nucleobases from the 5’ to
the 3’ end. The order of the nucleobases determines the genetic informa-
tion that is stored in the nucleic acid sequence.9 Nucleic acids are com-
posed out of a concatenation of nucleotide building blocks, linked via a
phosphodiester bond. These nucleotides are built up by three structural
elements: a nucleobase, a phosphate group and a sugar moiety (Figure
2.1). The sugar moiety is a 5-membered furanose ring: ribose for RNA and
2’-deoxyribose for DNA. The absence or presence of the 2’ hydroxyl deter-
mines the sugar conformation. In ribose, the 2’ OH pushes the sugar pucker
into a so-called North conformation, for deoxyribose a South conformation
is adopted. While the phosphate group and sugar moiety are ixed for ev-
ery repeating unit, the nucleobases can vary. They can be subdivided into
two classes: the purine bases adenine (A) and guanine (G), and the pyrim-
idine bases cytosine (C), thymine (T) and uracil (U). Thymine is present in
DNA, while uracil is inherent for RNA sequences.

Interactions between the nucleobases lie at the fundament of the nucleic
acid secondary structure. In 1953, Watson and Crick discovered that a
DNA:DNA duplex adopts a helical conformation held together by base pair-
ing interactions.10 This speci ic hydrogen-bonding pattern, referred to as
Watson-Crick base pairing, imposes that a purine base can only interact
with pyrimidine base, implying that only A-T (A-U) and G-C base pairs can
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Figure 2.1: Structural elements of nucleotides. (A) South and North conformation
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form (Figure 2.2, blue bonds). In this way, the sequence of one strand dic-
tates the sequence of the complementary strand. Later, similar duplex con-
formations were observed in RNA:RNA and RNA:DNA hybrids, as well as in
single stranded nucleic acids. DNA and RNA secondary structure is further
stabilized byπ-π stacking interactions between consecutive bases. Besides
Watson-Crick base pairing, also other hydrogen-bonding interactions ex-
ist. Hoogsteen base pairing occurs when three or more nucleobases are
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interacting and has been observed in A-T (A-U) base pairs, protonated cy-
tosine (C+) and guanines (C+-G) base pairs, but also in G-tetrads, secondary
structure elements in which four guanine bases, located in a square plain,
are held together by Hoogsteen interactions (Figure 2.2, purple bonds).

Besides duplexes, triplexes and G-tetrads, also other secondary structure
elements can be distinguished (Figure 2.3). In bulges, a double stranded
region is disrupted at one site, which provides local lexibility. Junctions
are formed when three or more helices come together. Loops are single
stranded regions connecting two regions of secondary structure and in-
crease the lexibility of the nucleic acid. More complex secondary structure
elements are often composed out of loop regions. For example, hairpins
are formed when two self-complementary regions end in a loop. A variant
hereof are the pseudo knots, a double hairpin-structure with one shared
strand, that is connected via loop regions. These structural elements are
important for the formation of nucleic acid tertiary structure.11

JunctionBulge PseudoknotHairpin

Loop

Stem
Loop

Figure 2.3: Secondary structure elements found in single stranded oligonu-
cleotides.

Nucleic acid tertiary structure is determined by the behavior of the atoms
in the three-dimensional space. Based on structural, steric and geometri-
cal constraints, different tertiary structures exist.12 Most common for du-
plexes are the A- and B-type helical conformations. Under physiological
conditions, DNA duplexes are occurring as a right-handed antiparallel B-
helix as described by Watson and Crick (Figure 2.4A). In this helix form,
the bases are pointing inwards, perpendicular to the axis of the helix, while
the anionic phosphodiester backbone is located on the outside. The right-
handed helix makes a turn every 3.4 nm and contains about 10 base pairs
per turn. This results in two grooves, a major and minor groove, which are
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slightly differing in width. In an A-helix, base pairs are tilted instead of per-
pendicular to the helical axis, resulting in a wider helix with a narrow but
deep major groove and a broad more shallow minor groove (Figure 2.4B).
The A-form is most common for RNA:RNA and DNA:RNA duplexes, as the
presence of the 2’ OH imposes steric hindrance. A third possibility is a left-
handed Z-helix, which is de ined by a zig-zag pattern of the bases (Figure
2.4C).13 Although thermodynamically disfavored under physiological con-
ditions, this helical form is naturally occurring and observed in alternating
d(CG)n sequences.† Nucleic acid tertiary structure is not limited to double
stranded helices, also triple helices exist, in which a third oligonucleotide
strand binds to the minor or major groove of RNA/DNA duplexes (Figure
2.4D).

Major groove

Minor groove

Major groove

Minor groove

(A) (B) (C)

M

M

(D)

Figure 2.4: Structure of (A) a B-DNA helix, (B) an A-DNA helix, (C) a Z-DNA helix
and (D) a DNA triple helix.

In guanine rich sequences, G-quadruplexes are often recurring motifs. These
structures are formed when G-tetrads are stacked on top of each other (Fig-
ure 2.5).15 G-quadruplexes are stabilized by cations and can be intramolec-
ular (1 strand), bimolecular (2 strands) or tetramolecular (4 strands). These
quadruplexes have roles in DNA replication, transcription and translation
and are potential therapeutic targets. An alternative tertiary structure is
found in the i-motif or intercalating motif, a four stranded cytosine quadru-
plex interacting via C+-C base pairing (Figure 2.5).16 The function of i-motifs

†In nature, the formation of Z-helices requires lipping the right-handed A- or B-type helix
to a left-handed Z-helical structure. This is promoted by negative supercoiling and alternating
CG sequences. The biological signi icance of Z-helices can be illustrated by e.g. the correla-
tion between Z-DNAs and Alzheimer disease, where it was illustrated that the B- to Z-DNA
transition was promoted with the progression of Alzheimer disease.14
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is not completely understood to date.

G-quadruplex i-motif 

G-tetrad 

C+C interaction 

Figure 2.5: Example of a G-quadruplex and an i-motif. Figure reprinted with per-
mission from Nature Chemistry volume 10, pages 631-637 (2018).

Metal ions play a signi icant role in stabilizing tertiary nucleic acid struc-
ture. For example, G-quadruplex formation is promoted by the presence of
monovalent cations, in particularly potassium ions, while triplexes and du-
plexes are often stabilized by bivalent ions. Metal ions can stabilize struc-
tures in two distinct ways: they can function as charge screens, shield-
ing unfavorable electrostatic interactions by associating with the nucleic
acid backbone, or they can stabilize tertiary structures by inner and out-
her sphere interactions. These are either directly mediated by the metal
ion or mediated by the water molecules present in the ion’s coordination
sphere.

The tertiary structure of nucleic acids is dynamic and allows interactions
with other biomolecules. These interactions, responsible for nucleic acid
quaternary structure, lay at the basis of cell regulation. DNA quaternary
structure refers to the winding of DNA around histone proteins, which makes
up the chromatin network. Most common examples of RNA quaternary
structure are the ribosomes, RNA-protein complexes that function as trans-
lation machineries in cells, and the riboswitches, responsible for the regu-
lation of gene expression.
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2.2 Nucleic acidmimics for interferingwithnat-

ural nucleic acid processes

In cellular applications, the use of unmodi ied oligonucleotides is often
restricted by rapid nuclease degradation. To circumvent these problems,
different oligonucleotide mimics have been developed. Most common are
modi ications of the furanose ring and the phosphodiester backbone (Fig-
ure 2.6). The former class encompasses 2’ sugar modi ications such as
2’- luorinated (F), 2’-O-Methylated (OMe) and 2’-O-Methoxyethyl (MOE)
modi ied oligonucleotides. By substituting the 2’ hydrogen with a bulkier
group, the sugar ring is pushed into a North conformation, which bene its
duplex stability and nuclease resistance. 2’ modi ied oligonucleotides have
been used in RNAse H based antisense applications, as siRNAs, as splice
modulating antisense oligonucleotides, and as antisense gapmers.17
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Figure 2.6: Structure of some oligonucleotide mimics, categorized into furanose
modi ications or backbone modi ications. F = Fluor; OMe = O-Methyl; MOE =
methoxyethyl; LNA = locked nucleic acid; PNA = peptide nucleic acid.

A second example of furanose modi ications are locked nucleic acids (LNA).
LNA differs from regular nucleosides as their conformational structure is
‘locked’ in a North conformation, via a methylene bridge linking the 2’ oxy-
gen and the 4’ carbon atoms of the sugar ring (Figure 2.6).18 The rigidity
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of the system enforced by this modi ication accounts for the high thermal
stability and nuclease resistance of LNA-modi ied oligonucleotides, which
increases their potential in therapeutic and diagnostic applications. LNAs
have been used in a wide variety of applications including in the devel-
opment of LNAzymes, LNA modi ied DNA enzymes with RNA endonucle-
ase activity. DNAzymes are single stranded DNA molecules that can be
considered the non-naturally occurring nucleic acid counterparts of en-
zymes. These LNAzymes are able to cleave the phosphodiester bond with
improved ef iciency compared to DNAzymes.19 Furthermore, LNA modi-
ied oligonucleotides have been used as probes in luorescent in situ hy-

bridization assays20, in microarray applications for single nucleotide poly-
morphism (SNP) detection21,22 and as antisense oligonucleotides.23

Phosphorothioates are chiral oligonucleotide mimics obtained by replac-
ing a nucleotide’s non-bridging phosphate oxygen by a sulphur atom. This
backbone modi ication resulted in altered characteristics of phosphoroth-
ioates compared to regular oligonucleotides, such as increased nuclease
resistance and stronger binding towards protein targets. The latter is linked
to the soft anion character of sulfur (compared to the hard anion character
of oxygen), which results in a less favorable soft–hard interaction between
the sulfur anion and hard cationic counterions surrounding the phosphate
backbone, like sodium or potassium. As a result, upon protein binding, less
energy is needed to strip away these counterions from the sulfur anions
as compared to oxygen, which, in turn, results in the observed enhanced
binding af inity of phosphorothioates. Consequently, care must be taken
when considering these backbone modi ications, as a too high substitution
ratio of oxygen atoms with sulfur results in non-speci ic binding interac-
tions. No general guidelines concerning the maximal or optimal amount of
phosphorothioate linkages are reported in literature. Researchers merely
rely on try and error approaches to de ine the number and position of the
phosphorothioate modi ications.24 In addition, the oxygen to sulfur sub-
stitution results in the generation of a stereogenic center on the phosphor
atom during synthesis, which results in the concomitant formation of di-
astereoisomers (2n, with ‘n’ the number of phosphorothioate linkages).
Two possible con igurations exist: the Rp or Sp con iguration, each with
their own characteristics. While the Rp isomer results in increased duplex
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stability, the Sp isomer is responsible for the increased nuclease stabil-
ity. Consequently, the overall effect of the introduction of a phosphoroth-
iate linkage is the net effect of each individual isomer. Phosphorothioates
found applications as anti-miR oligonucleotides, as antisense gapmers and
as enzyme inhibitors.25

A promising alternative are peptide nucleic acids (PNAs), nucleic acid mim-
ics in which the sugar-phosphate backbone is replaced by repeating N-(2-
aminoethyl)-glycine units, to which the nucleobases are linked via a carboxy-
methyl spacer (Figure 2.6). In analogy to amino acids, PNA monomers have
a free amine functionality and a carboxylic acid group.26 The uncharged
nature of PNA minimizes electrostatic repulsion upon hybridization with
oligonucleotides, and the pseudo-peptide backbone renders those resis-
tant towards proteases and nucleases. Consequently, PNA is able to form
very stable complexes with single and double stranded nucleic acids through
hydrogen bonding, obeying the Watson-Crick or Hoogsteen rules for base
pairing. The formed complexes show great thermal selectivity, allowing
detection of one single-base mismatch. It is not surprising that PNA ap-
plications range from nucleic acid targeting to the use of PNAs as diagnos-
tic tools. They are used as steric blockers in antisense27,28 and antigene
strategies.29 Further work has been reported where PNAs are used for
gene editing30, as arti icial restriction enzymes31, as probes for RNA tar-
geting32–34 and as anti-miR agents.35,36 PNAs have also successfully been
used in microarray applications.37,38

2.3 non-coding RNAs: versatile cellular regu-

lators

In 1958, Francis Crick proposed a pathway for the sequential information
low between biomolecules, which was based on two general principles;

the sequential hypothesis and the central dogma.39 In this work, he stated
that:

“The speci icity of a piece of nucleic acid is expressed solely by the sequence

of its bases, and that this sequence is a (simple) code for the amino acid se-
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quence of a particular protein. Once ‘information’ has passed into protein it

cannot get out again. In more detail, the transfer of information from nu-

cleic acid to nucleic acid, or from nucleic acid to protein may be possible, but

transfer from protein to protein, or from protein to nucleic acid is impossi-

ble. Informationmeans here the precise determination of sequence, either of

bases in the nucleic acid or of amino acid residues in the protein.” (Francis
Crick, 1958)

For many years, this theory was (wrongly) simpli ied as an irreversible
low from DNA to messenger RNA (mRNA), and from mRNA to proteins.

DNA was considered the key holder of the genetic information which di-
rects biological processes via protein synthesis. RNA was merely a helper
molecule, serving the main purpose of assisting and controlling the pro-
cesses involved in protein synthesis. As only a very small part of the hu-
man genome codes for proteins, researchers in the ield wondered what
the function of the remaining non-coding portion could be. Certain house-
keeping RNAs were known to be expressed and to be important for nor-
mal cell functioning, but they could not account for all non-protein cod-
ing sequences in the genome. It was only with the discovery of regulatory
non-coding RNAs (ncRNAs) that the importance of these non-coding re-
gions started to be revealed.2 These ncRNAs exert their function by form-
ing highly ordered dynamic structures capable of interacting with DNA,
RNA and proteins.

Non-coding RNAs are classi ied into housekeeping RNAs and regulatory
RNAs. The former class is important for cell viability and is involved in
different ‘housekeeping’ functions. These include transfer RNAs (tRNA),
ribosomal RNAs (rRNAs), small nuclear RNAs (snRNAs) and small nucle-
olar RNAs (snoRNAs). Transfer RNAs and ribosomal RNAs are closely in-
volved in translation. Ribosomal RNAs makes up the ribosomes, protein-
RNA structures that enclose mRNAs prior to the start of translation. These
ribonucleoprotein (RNP) complexes are responsible for connecting amino
acids to the growing peptide chain. The amino acids are delivered by the
transfer RNAs, which bind inside the ribosome and recognizes speci ic trin-
ucleotide sequences (codons) in the mRNA sequence. The small nuclear
RNAs are involved in splicing events, in which a precursor mRNA (pre-
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mRNA, formed after transcription) is converted in a mature mRNA, by re-
moval of the introns (non-coding regions) from the pre-mRNA strand. This
post-transcriptional modi ication is directed by the spliceosome, a large
protein-snRNA complex. Small nucleolar RNAs are involved in post-trans-
criptional modi ications of tRNAs, rRNAs and snRNAs. These modi ica-
tions, including 2’-O-methylation and pseudouridylation, are required for
the correct functioning of the housekeeping RNAs. SnoRNAs exert their
function by forming ribonucleoprotein complexes, the snoRNPs. Herein,
the snoRNA is important for recognizing and binding an RNA target via
base pairing interactions, after which the proteins catalyze the modi ica-
tion of a selected nucleotide.40

In contrast to the housekeeping RNAs, the regulatory RNAs exert, as the
name implies, a regulatory function and are not constitutively expressed
in cells. When looking at their distribution, ncRNAs are mainly located
in the nucleus or the cytoplasm, which gives an indication of the level at
which they regulate gene expression. ncRNAs abundant in the cytoplasm
are mainly involved in post-transcriptional regulation, while ncRNAs with
a mode of action in the nucleus function at a transcriptional or epigenetic
level.2 Non-coding RNAs are subdivided based on their length into small or
long ncRNAs. The small regulatory ncRNAs (< 200 nucleotides) include the
small interfering RNAs (siRNAs), the piwi-interacting RNAs (piRNAs) and
the micro-RNAs (miRNAs). These ncRNAs act as key regulators of gene ex-
pression. For example, processed siRNAs and miRNAs carry out their func-
tion by forming a RNA-protein complex with Argonaute proteins, the RNA
induced silencing complex (RISC). This RISC complex is then responsible
for mRNA targeting, resulting in degradation or translational inhibition of
the latter and concomitant gene silencing.41 While their mechanism of ac-
tion is the same, their complementarity can be different. To induce gene si-
lencing, miRNAs should be partially complementary with the mRNA target,
in which the miRNA seed-region is responsible for target binding and se-
lection. In contrast, most siRNAs inhibit gene expression upon full comple-
mentarity with mRNAs, although siRNAs acting via a seed-binding mech-
anism have also been reported. piwi-RNAs differ from miRNA and siRNAs
in length (typically 26-31 nucleotides) and are mostly active in the germ
line and stem cells of mammals. They are involved in epigenetic or post-
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transcriptional gene silencing of transposable elements†, by forming an
RNA-protein complex with Piwi-proteins, in analogy to the RISC complex
of siRNA and miRNAs. This complex can either degrade transposon RNA
(post-transcriptional level) or induce methylation of transposon DNA.42

The long non-coding RNAs (lncRNAs), with a length over 200 nucleotides,
are the most numerous but least comprehended regulatory RNAs to date.
This is correlated with the high diversity by which they exert their func-
tions. LncRNAs can function as protein decoys, in which protein binding
with a target is prevented by forming a lncRNA-protein complex. Exam-
ple of such a decoy lncRNA is Myod, which associates with the IGF2 mRNA
binding protein, thereby inhibiting IGF2 mediated translation (Figure 2.7A).
A second function is illustrated by the lncRNA LincRoR, which acts as a
molecular miRNA sponge and segregates the miR-145, thereby preventing
binding of the miRNA to its mRNA target. This evokes upregulation of the
SOX9 transcription factor, involved in organ development and embryoge-
nesis (Figure 2.7B).43 LncRNAs can also function as guide molecules, in
which they bind a target and direct it to a speci ic location. An example
hereof is given by the nucleolar lncRNA PAPAS. Able to bind both double
stranded DNA and chromatin remodeling protein complexes, PAPAS can
modulate the accessibility of chromatin and consequently steers the acti-
vation or repression of genes (Figure 2.7C). LncRNAs can also exert their
function via structure-dependent gene activation. The lncRNA MEG3 ac-
tivates the transcription factor regulating p53 expression, resulting in up-
regulating of the tumor suppressor protein p53. Activation of the tran-
scription factor is directed by a kissing-loop interaction between pseudo
knots in the tertiary structure of MEG3. A shift in tertiary structure of these
pseudo knots disrupts MEG3 architecture and disables its function (Fig-
ure 2.7D).44 Finally, lncRNAs can act as scaffolds with the main purpose of
providing a binding site for one or multiple protein targets. By doing so,
lncRNAs can bridge protein interactions and coordinate their functions.
For example, the lncRNA HOTTIP directs the assembly of the WDR5 and
the MLL protein, which results in transcriptional activation. The protein-
lncRNA complex hence facilitates the regulation of enhancer and promotor
activity crucial for gene activation (Figure 2.7E).

†A transposable element or transposon is a DNA sequence that can jump from one posi-
tion in the genome to another.
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Function of nuclear lncRNAs 

Function of cytoplasmic lncRNAs 

C D E

Figure 2.7: Function of cytoplasmic and nuclear lncRNAs. Cytoplasmic lncRNAs
can act as (A) protein decoys or as (B) miRNA sponges. Nuclear lncRNAs can regu-
late gene expression by acting as (C) chromatin remodelers, (D) by changing their
speci ic tertiary structure or (E) by functioning as protein scaffolds. Reprinted
(adapted) with permission from J Pathol 2020; 250: 480–495.

The expression levels of certain ncRNAs are associated with disease on-
set45,46 and various non-coding RNAs have been discovered to be involved
in pathological pathways including cancer47, neurodegenerative48,49- and
infectious diseases.50 For this reason, ncRNAs can be relevant biomarkers.
One such RNA is the lncRNA SAMMSON, acronym for Survival Associated
Mitochondrial Melanoma Speci ic Oncogene RNA, which is overexpressed
in more than 90% of melanoma cells. SAMMSON expression is regulated
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by the melanoma speci ic transcription factor SOX10 and is mostly located
in the cytoplasm, with a small fraction present in the mitochondria. Puri i-
cation of SAMMSON-RNA complexes allowed identifying binding of SAMM-
SON with the protein p32, often upregulated in cancers and involved in mi-
tochondrial oxidative phosphorylation necessary for ATP production. Ex-
pression levels of p32 were found to be proportional with SAMMSON ex-
pression, and depletion of SAMMSON disrupts the mitochondrial metabolism
in melanoma cells. Consequently, SAMMSON can be considered as a highly-
selective and broad-spectrum anti-melanoma therapeutic target and as a
biomarker of melanoma malignancy.51

2.3.1 Hybridization-based RNA capture/enrichment

strategies

For many years the function of RNA as regulatory unit was underestimated
and just a tip of its full potential is comprehended to this day. It is esti-
mated that more than 16,000 lncRNAs exist, while currently only the func-
tion of approximately 50 lncRNAs is understood.45 Considering their role
in regulating biological processes, further insight into ncRNAs function is
pivotal. To achieve this, identi ication of the ncRNA interaction partners
(e.g. proteins and other nucleic acids) is of major importance. For this pur-
pose, different hybridization-based technologies such as ChiRP (chromatin
isolation by RNA puri ication)52, CHART (capture hybridization analysis
of RNA targets)53, RAP (RNA antisense puri ication)54 assays and vari-
ants thereof have been developed. These assays make use of nucleic acid
capture probes for puri ication of ncRNA complexes and merely differ in
buffer conditions and oligonucleotide design.4,55 However, the modularity
of these assays and the cross-fertilization between strategies imply that
names such as ChiRP, CHART and RAP do not specify the exact experimen-
tal conditions.

Simon et al. nicely postulated that all hybridization-based assays are in-
terrelated and can be stripped down to a series of steps (Figure 2.8).56

First, interactions with the ncRNA of interest should be locked, which can
be achieved via crosslinking agents (step 1). By ixing the cells, a repre-
sentation of the interactions at a certain point in time is obtained. This
is of crucial importance, as the molecules interacting with the ncRNA tar-
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get should be retained throughout the assay. Originally, formaldehyde was
used as crosslinking agent in CHART assays.53 Bifunctional agents such as
glutaraldehyde57 and disuccinimidyl glutamate58 were used for the cap-
ture of direct and indirect interactions for ChiRP and RAP protocols respec-
tively. Nowadays, formaldehyde crosslinking became standard practice in
hybridization-based assays due to the reversibility and the short range of
the reaction.59 When only interested in directed interactions, UV cross-
linking is the method of choice. DNA and RNA nucleobases can be easily
activated through irradiation with 254 nm, and throughout the years UV-
activatable crosslinking agents such as psoralen60 have been explored.

In a second step, cells are lysed (Figure 2.8, step 2) and the ncRNA com-
plex of interest (e.g. a ncRNA and its crosslinked interaction partners) is
captured (step 3). In hybridization-based assays this is achieved via the
use of biotinylated capture probes (CP). These probes are complementary
to speci ic regions of the ncRNA, and are therefore capable of hybridizing
with it. In this step, a ncRNA-CP complex is formed. In general, these cap-
ture probes are standard DNA oligonucleotides, although LNA-modi ied61

and 2’OMe-modi ied62 probes have also been proposed. Important con-
sideration is that only a limited number of regions in the ncRNA are ac-
cessible for binding, as the presence of secondary structure elements and
bound proteins imparts nucleic acids hybridization. To ensure maximal
capture different approaches can be used. Chu et al. tiled the entire length
of the RNA with capture probes.57 In contrast, the accessible hybridization
sites can also be determined via RNAse H mapping of single stranded re-
gions, prior to the design of the capture probes. By using this approach, the
number of capture probes could be reduced to a minimum.53,63 A second
consideration is the af inity and the speci icity of hybridization. Hybridi-
zation-based pull-down assays are typically performed under high ionic
strength† as this ensures minimal non-speci ic protein interactions with
the ncRNA target. On the other hand, at high ionic strength, the repulsive
interaction between the phosphate backbone of oligonucleotides is mini-
mized, which increases af inity but also non-speci icity of oligonucleotide
hybridization. To attain selective hybridization, short (20 - 25 nt) capture
probes are standard practice. Nevertheless, also the use of long (120 nt)

†Typically, a buffer system at 20 - 50 mM concentration is used. Additionally, monovalent
ions are often added at concentrations varying from 150 - 800 mM.
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biotinylated capture probes has been reported.54,64

Crosslinked 

ncRNA-complex

Capture probes

(CP)

Streptavidin purification (STEP 4)

Rinsing (STEP 5)

Elution of the different fractions

(STEP 6)

ncRNA-CP 

complex

Cell lysis (STEP 2)

Capture ncRNA-complex (STEP 3)

Fixation (STEP 1)

Figure 2.8: Principle of hybridization-based pull-down assays. First, cells are ixed
to lock protein, DNA and RNA interactions with the ncRNA target (step 1). Next,
cells are lysed (step 2) after which biotinylated capture probes are added. These
capture probes are complementary to the ncRNA and form a ncRNA-CP complex
(step 3). The ncRNA-CP complex is next puri ied via a streptavidin-based af inity
puri ication (step 4), after which non-speci ic interactions are rinsed away (step
5). Finally, the DNA, RNA and protein fractions are eluted and analysed (step 6).
Adapted with permission from ACS Chem. Biol. 2016, 11, 8, 2091-2100. Copyright
(2020) American Chemical Society.

After hybridization, the ncRNA-CP complexes are immobilized on strepta-
vidin beads (step 4). The streptavidin-biotin interaction is the strongest
non-covalent interaction known in biological systems (KD = 10-15 M), and
assures selective isolation.65 After immobilization of the hybridized com-
plexes, selectivity can be further increased by excessive rinsing (step 5).
Off-target molecules can be washed away, while the molecules that are
crosslinked to the RNA will not dissociate as these are covalently linked.
The stringency of the rinsing step can be ine-tuned and increased if de-
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sired, as long as the capture probe remains bound to the ncRNA target.
In a inal step, the streptavidin-biotin interaction is broken, the crosslink
reaction reversed and the different fractions (DNA, RNA, proteins) eluted
(step 6). Subsequent analysis yields information on the ncRNA target and
can help in deciphering its function. The protein fraction is typically ana-
lyzed via mass spectrometry, the DNA and RNA fractions via sequencing.
As alternative, the RNA fraction can also be analyzed via reverse transcrip-
tase quantitative polymerase chain reaction (RT-qPCR).

2.3.2 Crosslinking agents for RNA capture/enrichment

and biomarker detection

Nucleic acid RNA capture/enrichment assays make use of oligonucleotide
capture probes that recognize complementary nucleic acid targets. Hy-
bridization of the capture probe enables isolation and characterization of
the target and associated biomolecules (Figure 2.9A).4,56,66 During the iso-
lation, multiple rinsing steps ensure the selectivity of the assay. The more
stringent the washing, the higher the selectivity but the lower the assay’s
ef iciency (e.g. less target is isolated), as stringent conditions often dis-
rupt the capture probe-target interaction resulting in loss of the target se-
quence. The delicate balance between selectivity (no off-target interac-
tions) and ef iciency (no loss of the target sequence) that these assays re-
quire is however dif icult to obtain with regular oligonucleotides. A way
around this problem is using capture probes modi ied with a crosslinking
agent. After hybridization of the crosslinker modi ied capture probe with
its target oligonucleotide, an interstrand covalent linkage is introduced,
rendering the interaction irreversible (Figure 2.9B). This ensures that dur-
ing isolation, stringent washing conditions can be used without risk of los-
ing the target sequence, which bene its both ef iciency and selectivity. In
what follows, a series of methodologies exploiting the use of crosslinker-
modi ied nucleic acid probes for interstrand nucleic acid crosslinking will
be discussed.
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Figure 2.9: Difference between (A) a non-covalent hybridization-based RNA cap-
ture/enrichment assay and (B) a covalent crosslink-based hybridization-based
RNA capture/enrichment assay.

2.3.2.1 Oligonucleotides containing abasic sites as inherently reac-

tive crosslinking agents

Abasic sites (APs), also referred to as apurinic or apyrimidinic sites (Figure
2.10), are one of the most occurring types of DNA damage. They are gen-
erally formed upon hydrolysis of the glycosidic bond connecting the nucle-
obase with the sugar backbone in nucleotides, but can also be generated
upon exposure to radiation, anticancer drugs or mutagens.67 AP sites ex-
ist in two forms that are in equilibrium with each other, namely the cyclic
hemiacetal form and the ring-opened aldehyde form (Figure 2.10). Their
reactivity is inherently linked to the electrophilic nature of the aldehyde,
which makes them prone to react with nearby purine bases (Figure 2.11).
Consequently, APs are highly mutagenic as they can introduce crosslinks
in duplex DNA, which might hinder replication, transcription or cellular
repair mechanisms. Moreover, abasic sites lack the heterocyclic purine
or pyrimidine bases that form stabilizing hydrogen bonding interactions
upon base-pairing, which results in destabilization of the DNA duplex.67,68
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Figure 2.10: Equilibrium between the cyclic hemiacetal form and the ring-opened
aldehyde form of the abasic site.

The inherent reactivity of APs has inspired researchers to exploit this moi-
ety for interstrand oligonucleotide crosslinking. Consequently, methods
compatible with solid phase DNA synthesis, have been developed for the
generation of APs in oligonucleotides. For example, APs can be generated
upon reaction of 2’-deoxyuridine with the enzyme uracil DNA glycosylase,
through periodate oxidation of a vicinal diol or upon irradiation of a pho-
tolabile o-nitrobenzyl acetal.69 Sequences containing APs have been em-
ployed as crosslinking agents for the detection of single nucleotide poly-
morphisms. Gates et al. designed AP probes targeting a T → A mutation
at position 1799 in the human BRAF kinase gene.70 The APs have proven
to be reactive towards the N6 exocyclic amino group of 2’-deoxyadenosine,
when positioned one nucleotide closer to the 3’ site of the opposing strand
(Figure 2.11A).71 Probes fully complementary to the wildtype sequence
and modi ied with an AP, successfully discriminated between the T-containing
wildtype and the A-containing mutant gene, with crosslinking yields up to
83% for the latter and no detectable yields for the former. Detection of
the crosslinked product and hence the single nucleotide polymorphism,
could be achieved via a variety of standard-used methods such as luo-
rescent72, colorimetric73 or electrochemical detection.74 Additionally, a
nanopore detection strategy was developed based on an α-hemolysin ion
channel. When applying an electric potential over the nanopore, a detectable
ion current is generated and nucleic acids are forced to migrate through
the pore. Nucleic acids passing the pore induces speci ic current blocks,
characteristic for the structure of the nucleic acid.70 As such, the measured
readout is signi icantly different for crosslinked duplexes (persistent cur-
rent blocks) compared to their non-crosslinked counterparts (short cur-
rent blocks), thus allowing the ef icient detection of the mutant genes.
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Figure 2.11: Mechanism of crosslink formation between the abasic site on one
oligonucleotide strand and the N6-exocyclic amine of 2’-deoxyadenosine (A) or the
N2-exocyclic amine of 2-deoxyguanosine (B) on the opposite strand. Reaction be-
tween the N2-exocyclic amine of 2-deoxyguanosine and the abasic site proceeds
via the formation of an imine intermediate, which can be reduced with NaBH3CN
to form a stable covalent linkage.

A similar strategy was employed for targeting the cancer driving C→G mu-
tation at position 35 in the human KRAS gene.75 Reaction between the N2-
exocyclic amine of 2-deoxyguanosine and the abasic site proceeds via the
formation of an imine intermediate, which can be reduced with NaBH3CN
to form a stable covalent linkage (Figure 2.11B). In contrast to 2’-deoxy-
adenosine crosslinking, the AP should be located one nucleotide closer to
the 5’ site of the opposing strand (at position 34). This discrepancy is a
consequence of the position of the exocyclic amine within a DNA duplex
(major groove for adenine vs minor groove for guanine).71 Interestingly,
AP probes introducing non-canonical structures such as loops and bulges
drastically increased the yield of the crosslinking reaction, most likely due
to the increased lexibility.75 Overall, APs offer elegant and ef icient pos-
sibilities for interstrand nucleic acid crosslinking and have proven useful
for SNP detection. The ease of incorporating AP precursors in DNA se-
quences via solid phase synthesis, the ef iciency of AP generation and the
compatibility of the resulting AP probes with different detection strategies,
have paved the way for further exploration of such crosslinking agents in
biology-related applications.
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2.3.2.2 Pro-reactive agents: activation via photo-irradiation

Photo-activatable crosslinking agents such as psoralen, vinylcarbazoles, 4-
thiouridines and diazirines require light to initiate the crosslinking reac-
tion. Light activation enables a more selective reaction compared to inher-
ent reactive probes (e.g. abasic sites) as spatiotemporal control of the re-
action is possible; the light beam can be directed to a speci ic area and the
irradiation can be halted and resumed at any time. Most agents are further-
more activated with long wavelength UV or visible light, which makes them
biocompatible. When irradiation with short wavelength UV is required, the
irradiation time should be limited to prevent UV-mediated DNA damage.

Psoralen

Psoralen and derivatives thereof belong to the family of furocoumarins and
are characterised by a planar tricyclic structure that allows intercalation in
any AT or AU region of double stranded DNA and RNA sequences respec-
tively. Upon irradiation with long wavelength UV-A (365 nm), psoralens
are able to react via a [2+2] cycloaddition reaction with the C5-C6 bond of
pyrimidines (Figure 2.12A), either via their furan or pyrone photoreactive
site. Consequently, one psoralen moiety is able to react with two different
pyrimidine residues. Hence, both mono-or di-photo adducts exist of which
only the cis-syn products are formed. The syn nomenclature refers to the
positioning of the N1 amine of the pyrimidine bases relative to the C2 of the
pyrone or the O1’ of the furan moiety. In the syn product, these are located
on adjacent corners of the cyclobutene ring (Figure 2.12A). The cis con ig-
uration indicates the position of the psoralen compared to the pyridimine
base. After photo-crosslinking, both are located on the same side of the
cyclobutane ring. This photo-reaction can be reversed upon irradiation at
254 nm.76

Psoralens can also be incorporated in oligonucleotide sequences to allow
sequence-speci ic photo-crosslinking. For this purpose, different psoralen-
modi ied nucleotides have been designed (Figure 2.12B).77–84 These con-
structs have been applied for crosslinking triplex forming oligonucleotides
to double stranded DNA,81,84 psoralen-modi ied oligonucleotides are also
used in the context of biomarker detection. More speci ically, Yamayoshi
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et al. con irmed in a proof-of-concept study the utility of psoralen in the
discrimination of C5-methylated cytosine from non-methylated cytosine
bases in DNA.78 Cytosine methylation-demethylation is involved in the epi-
genetic regulation of gene expression and determination of the position
and frequency of methylation provides crucial information to understand
this process. Psoralen crosslinking proved up to 5-fold higher with C5-
methyl cytosine as compared to cytosine, in single as well as in and dou-
ble stranded DNA, thus allowing to discriminate between the two modi-
ications. The same research group also tested the ability of 2’ psoralen

modi ied deoxyadenosine residues to identify a G → T single nucleotide
polymorphisms in the H-ras gene.80 Discrimination between the mutant
and wild type form is based on the observed pyrimidine selectivity of pso-
ralen crosslinking. As such, crosslinking proceeded in moderate yield with
the mutant H-ras gene while almost no crosslinking was observed with
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the wild type. However, while promising, this method would bene it from
improved crosslinking ef iciencies, which could be achieved by careful de-
sign of the linker connecting the psoralen moiety to the sugar ring of de-
oxyadenosine.

Psoralens have also been intensively used for the in vivo identi ication of
miRNA targets. The miR-TRAP strategy (miRNA-target RNA af inity pu-
ri ication), was developed for the direct identi ication of miRNA targets,
thereby avoiding the use of antibodies typically employed in classical im-
munoprecipitation strategies.85 The miR-TRAP strategy exploits the re-
cognition of miRNAs by the Argonaute proteins and uses psoralen-modi-
ied miRNAs for photo-crosslinking of miRNA-RNA complexes. These mod-

i ied miRNAs were 3’-biotinylated and after crosslinking with their tar-
gets, the complexes were isolated via streptavidin pull-down and analysed
via RT-qPCR. Photo-crosslinking resulted in a 4 to 20-fold enrichment of
miRNA targets. An alternative strategy for the identi ication of miRNA tar-
gets was developed by Hall et al., and relied on miRNA crosslinking in com-
bination with immunoprecipitation.86 Their strategy, called miR-CLIP (mi-
RNA crosslinking and immunoprecipitation), was applied for miR-106a tar-
get identi ication by using a modi ied miR-160a bearing psoralen and bi-
otin. Upon transfection of the miRNA-106a probe into HeLa cells and sub-
sequent photo-crosslinking, the complexes were puri ied via Argonaute
immunoprecipitation. Subsequently, the RNA was isolated and miRNA-
target complexes were further puri ied via streptavidin af inity puri ica-
tion. During this step only miRNA crosslinked targets are isolated. Analy-
sis via deep sequencing identi ied hundreds of targets, with amongst them
the H19 lncRNA which is involved in cell proliferation and is regarded as
an important cancer biomarker.

Vinylcarbazole-based crosslinking agents

Psoralens are embedded as thymine selective photo-crosslinkers. How-
ever, the necessity for an AT or AU region restricts their general applicabil-
ity. Moreover, the short wavelength UV (254 nm) required for their photo-
reversibility results in the formation of pyrimidine dimers, a common type
of DNA damage. To circumvent these drawbacks, the research group of
Fujimoto reported on the synthesis of a 3-cyanovinylcarbazole nucleoside
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(CNVK) as a novel photo-activatable crosslinking agent for site-speci ic in-
termolecular nucleic acid crosslinking.87 This agent is selectively activated
by short exposure to long-wavelength UV-A light (366 nm) and possesses
higher photo-reactivity compared to psoralens and other crosslinking agents.
Indeed, the crosslinking reaction with thymine was reported to proceed at
97% yield upon 1 second of photo-irradiation. Moreover, the possibility
to reverse the crosslink at 312 nm proceeds without DNA damage. Molec-
ular modelling studies indicated that the vinyl group of the CNVK moiety
is stacked onto the C5-C6 double bond of pyrimidine nucleobases located
1 position closer to the 3’ end of the complementary strand. This allows
the photochemical [2+2] cycloaddition reaction to take place (Figure 2.13).
Kinetic, thermodynamic and NMR structural analysis indicated that the
photo-crosslinking reaction with thymine proceeds via the trans-isomer
of CNVK, yielding one single photoadduct.88
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Figure 2.13: Mechanism of the photo-crosslinking reaction between 3-
cyanovinylcarbazole (CNVK) and thymine (T) upon UV-A irradiation (366 nm).
Photo-reversibility of the crosslinking reaction can be achieved by irradiating the
product at 312 nm.

This ultrafast nucleic acid crosslinking strategy proved to be clean, high-
yielding and controllable in terms of selectivity and reversibility. More-
over, its biocompatibility was demonstrated both in vitro and in vivo (vide
infra). Throughout the past years, improved variants of the CNVK moiety
have been designed to operate via a similar [2+2] cycloaddition mecha-
nism. For example, the pyranovinylcarbazole derivative PCX could be se-
lectively activated by visible light irradiation (400 nm) (Figure 2.14).89

Substitution of the rigid deoxyribose sugar in CNVK with a more lexible
D-threoninol linker (CNVD) was also explored and allowed to increase the
crosslinking reaction rate substantially as the increased lexibility intro-
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duced by the D-threoninol linker minimizes entropic loss during hybridiza-
tion (Figure 2.14).90–92
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Figure2.14: Structure of 3-cyanovinylcarbazole (CNVK), pyranocarbazole (PCX) and
3-cyanovinylcarbazole with D-threoninol linker (CNVD).

CNVK crosslinkers have been used in the design of shielded covalent probes.
These are nucleic acid hairpin structures containing a single stranded tail
sequence and a crosslinking moiety in their stem region (Figure 2.15A).93

In the presence of a complementary DNA or RNA target, hybridization be-
tween the target and the tail sequence (step A) triggers the unfolding of the
hairpin structure and results in probe-target binding (step B). After com-
plete hybridization (step B), selective crosslinking to the target can be ini-
tiated using UV-A irradiation, thereby locking the probe-target interaction
(step C). By optimizing the length of the single stranded tail, ef icient mis-
match discrimination could be achieved, even for single nucleotide poly-
morphism detection. The observed high selectivity is a consequence of
the conformational change imposed by the probe-target binding event. In-
deed, any mismatch destabilizes the probe-target complex and favors the
hairpin structure. CNVK crosslinkers were also used in a pull-down exper-
iment for the identi ication of miR-29b targets, a miRNA involved in the
regulation of apoptosis and cell differentiation.94 In this assay, biotin and
CNVK modi ied miR-29b were employed. Addition of these probes to intact
or lysed mouse and human cell lines, successfully induced complex forma-
tion with the endogenous Argonoute 2 protein present in these cells, with
no observed cytotoxicity. Isolation of the complex then allowed the iden-
ti ication of both known and novel miR-29b targets. By using CNVK modi-
ied probes, a 3.9 to 20-fold enrichment was achieved as compared to non-

crosslink-based methodologies.
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Figure 2.15: (A) Principle of the shielded covalent probe approach. Upon hy-
bridization of a DNA or RNA target with the probe’s tail sequence (step A), the hair-
pin structure unfolds (step B). After complete hybridization, the probe-target inter-
action can be locked by initiation the crosslinking reaction (step C). Figure adapted
with permission from J.Am.Chem.Soc. 2013,135,26,9691-9699; further permis-
sion related to the material excerpted should be directed to ACS . (B) Principle of
the molecular beacon approach applied in the luorescence in situ hybridization
assay. Cy3 = cyanine luorophore, Dabcyl = quencher, X = CNVK or PCX crosslinker
moiety. Figure adapted from K. Fujimoto, M. Hashimoto, N. Watanabe and S. Naka-
mura, Bioorganic Med. Chem. Lett., 2019, 29, 2173-2177, Copyright (2020) with
permission from Elsevier.

Both CNVK and PCX crosslinkers have been used in wash-free luorescence
in situ hybridization assays (FISH). This methodology is commonly em-
ployed for investigating the localization of nucleic acids in cells.95,96 The
principle of FISH relies on the use of a molecular beacon that is modi ied
at the 5’ end with a cyanine luorophore (Cy3) and which contains a dabcyl
quencher at the 3’ end (Figure 2.15B). Prior to target binding, luorophore
and quencher are in close proximity to each other suppressing the luo-
rescent signal. Upon target binding, the beacon unfolds, thereby increas-
ing the distance between the luorophore and quencher and resulting in
a luorescence switch-on. The probe-RNA interaction can subsequently
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be locked through photo-irradiation of the crosslinker moiety. As such,
CNVK and PCX modi ied molecular beacons have been applied for the visu-
alisation of E. Coli 26S rRNA in ixed and living cells respectively (Figure
2.15B). The fast photo-crosslinking reaction allowed the targeting of RNA
molecules with complex secondary structures and improved the detection
sensitivity of the assay. Applications of cyanovinyl-based crosslinkers are
not limited to the examples given above. Indeed, these fascinating con-
structs have paved their way in applications such as 19F-NMR based detec-
tion of nucleic acid sequences97, DNA-peptide photo-crosslinking98, DNA
assemblies99 and antisense applications100,101 to name a few.

4-thiouridines

Within the realm of photo-activatable crosslinking agents, 4-thiouridines
have not received the same attention as vinylcarbazole-based crosslinkers.
The photo-reactive properties of these uridine analogues are obtained by
replacing the carbonyl oxygen at position 4 by a sulphur atom rendering
them capable of forming adducts with nucleobases and amino acids. Upon
UV irradiation at 365 nm, 4-thiouridines react with nearby cytosines via
a [2+2] cycloaddition reaction (Figure 2.16).102,103 The unstable thietane
intermediate formed, ring opens with concomitant formation of a stable
covalent bond. Contrary to previous photo-activatable crosslinkers, this
reaction is irreversible. 4-thiouridines are easily incorporated into RNA se-
quences with minimal distortion due to their small size and retained base
pairing ability. Consequently, they have been used in the identi ication
of protein-RNA interactions (e.g. in immunoprecipitation approaches104),
and RNA-nucleic acid interactions. For example, binding of miRNA-10a
to the 5’ untranslated region of ribosomal protein mRNAs was discovered
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by employing 4-thiouridine crosslinking in combination with streptavidin
af inity puri ication.105

Diazirines

A last example of photo-activatable crosslinking agents concerns the di-
azirines. Unlike aforementioned photo-crosslinkers, diazirines do not re-
act via a [2+2] cycloaddition mechanism. Instead, irradiation with UV-A
light generates a reactive carbene intermediate, which is capable of react-
ing with a variety of chemical groups, even unreactive C-H bonds (Figure
2.17).
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Figure 2.17: Mechanism of diazirine activation shown for a 3-phenyl-3-
tri luoromethyl-3H-diazirine, incorporated into an oligonucleotide sequences.

Diazirines have been incorporated into peptides and nucleic acids, and have
been used for interstrand crosslinking of nucleic acids and to study nucleic
acid-protein or protein-protein interactions. It should therefore not come
as a surprise that throughout the years a plethora of diazirine analogues
have been developed and synthesized for this purpose.106–110 Diazirines
possess certain properties which renders them superior compared to other
existing (photo-)crosslinking methods in certain applications. For instance,
the long wavelength UV-A photo irradiation (365 nm) minimizes UV-medi-
ated damage in biological systems and the small nature of diazirines min-
imizes steric hindrance compared to its contesters. Furthermore, the high-
reactivity of carbenes and their ability to react with all 4 nucleobases makes
them ideal for the identi ication of unknown nucleic acid targets (e.g. miRNA
targets).107 Nakamoto et al. investigated the use of RNA probes modi ied
with 3-phenyl-3-tri luoromethyl-3H-diazirines for capturing miRNA tar-
gets. In a irst proof-of-concept study, they substituted the nucleobases of
ribonucleosides with a tri luoromethyl diazirine moiety, which was con-
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nected via an acetal linkage to the sugar ring. This was followed by testing
the ef iciency and gene silencing ability of these analogues.111 Later, the
authors assessed the applicability of the most promising photo-reactive
diazirine moiety for the labelling of mRNA targets in living cells.112 The
model system of choice was the miRNA-145, which targets the known mR-
NAs FSCN1 and KLF4. Transfection of dual crosslinker- and biotin-modi ied
miRNA probes in DLD-1 cancer cells, followed by subsequent photo-cross-
linking, streptavidin puri ication and quanti ication of the isolated cross-
linked product, showed an enhanced enrichment of the FSCN1 and KLF4
mRNA targets with the crosslinker modi ied probes compared to the un-
modi ied control probes. This illustrates the applicability of diazirine cross-
linkers for labelling and targeting miRNAs targets. In 2018, an alkyne-
modi ied diazirine nucleoside was designed for the development of tag-
free miRNA probes.113 Indeed, biotinylation of miRNAs hampers ef icient
RISC loading and consequently interferes with mRNA targeting.106 By in-
troducing the biotin moiety after photo-crosslinking, here achieved via a
copper catalysed azide-alkyne cycloaddition reaction (CuAAC) between the
alkyne modi ied diazirine nucleoside and the azide-modi ied biotin moi-
ety, the degree of RISC-loading was increased. Moreover, these alkyne-
modi ied miRNAs showed comparable gene silencing abilities as their un-
modi ied counterparts.

2.3.2.3 Pro-reactive agents: activation via chemical triggers

Light-controlled activation of crosslinking agents represents a biocompat-
ible strategy which is often applied in a biological context. The ef iciency
of photo-activation depends on the transparency of the sample and the lim-
ited penetration depth of UV and visible light might hamper photo-activation
in turbid samples or in tissues. In these cases, crosslinking probes acti-
vated by chemical agents might be preferred.

Phenylselenides

A irst example of crosslinking agents that can be activated by chemical
means are the phenyl selenides. The major advantage of these pro-reactive
probes is their dual mode of activation in which one can choose a chemical-



34 C 2. U

or photo-activation approach. Chemical activation requires addition of an
oxidant (e.g. singlet oxygen, 1O2 or sodium periodate, NaIO4)114,115, which
converts the phenyl selenide into a selenoxide (Figure 2.18A, step a), which
reacts further via a [2,3] sigmatropic rearrangement (Figure 2.18A, step
b). The formed methide species acts as a powerful Michael-acceptor and
reacts with the N1 amine of purine nucleobases (Figure 2.18A, step d).
Alternatively, when photo-irradiation is employed to activate the phenyl
selenide, a radical intermediate is formed (Figure 2.18A, step c) which is
capable of alkylating the N1 position of purine bases. In the case of ade-
nine alkylation, the formed N1 crosslinked adduct isomerizes further to
the more stable N6-adduct (Figure 2.18A, step e).116
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Structure of bifunctional phenyl selenide modi ied phenol derivatives and phenyl
selenide modi ied pyrimidine nucleobases. PhSe-dT = phenyl selenide modi-
ied 2’-deoxythymidine; PhSe-5-Me-dC = phenyl selenide modi ied 5-methyl-2’-

deoxycytidine.
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To explore the utility of phenyl selenides for interstrand nucleic acid cross-
linking, multiple analogues have been developed either as bifunctional phe-
nols117 or as modi ied pyrimidine nucleobases114,116 (Figure 2.18B). The
major advantage of the latter is their compatibility with solid phase DNA
synthesis. Phenyl selenide analogues have been applied for single nucleotide
discrimination in plasmid DNA, with an ef iciency of 193:1.118 The tar-
get sequence was codon 248 in exon 7 of the p53 gene, which is often
prone to G → A mutations in human cancer. In this assay, biotinylated
oligonucleotide probes containing a phenyl selenide modi ied 2’-deoxy-
thymidine moiety (PhSe-dT) were crosslinked to target DNA sequences.
The formed adducts were subsequently detected using a luorescent re-
porter assay based on an avidin-horseradish peroxidase conjugate, which
allowed detection of the target DNA in the low nanomolar range without
the need for PCR ampli ication.

Furan

In our research group, crosslinking probes have been previously devel-
oped based on furan as a masked reactive moiety.119 The idea to use fu-
ran as pro-reactive group was inspired by the intrinsic reactivity of this
molecule in the body. Oxidation of furan by the enzyme cytochrome P450
leads to a highly electrophilic di-aldehyde that can react with diverse nu-
cleophiles such as those present on amino acid side chains or nucleic acid
bases. In a lab setting, furan activation can be achieved chemically via ox-
idation with N-bromo-succinimide (NBS) or via singlet oxygen. Furan ac-
tivation via NBS, a bromonium donor, proceeds via an electrophilic alkene
addition forming a stable cation, which is prone to react with water. Subse-
quent ring-opening generates the reactive aldehyde (Figure 2.19A).120 In
the singlet oxygen strategy, furan is oxidized through a [4+2] cycloaddition
reaction with concomitant formation of the corresponding endoperoxide
(Figure 2.19B). Hydrolysis of this intermediate followed by elimination of
hydrogen peroxide yields the 4-oxo-2-enal moiety.121 The required singlet
oxygen is produced upon visible light irradiation of a suitable photosensi-
tizer such as methylene blue (MB) or rose bengal (RB). A suitable photo-
sensitizer should be photostable and should have a triplet state and exci-
tation wavelength of appropriate energy. In previous research performed
in the OBCR research group, different types of photosensitizers were tested
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including phtallocyanines, ruthenium bispyridinium complexes and organic
dyes (MB or RB). The organic dyes gave the best result and were therefore
selected. The natural occurrence of singlet oxygen in biological systems
and the possibility to perform singlet oxygen mediated reactions in aque-
ous solutions renders this approach biocompatible. Furthermore, the need
for furan activation guarantees spatiotemporal control. Hence, it should
not come as a surprise that this crosslinking strategy has been success-
fully implemented for interstrand crosslinking of nucleic acids121–124 and
PNA125,126, crosslinking of DNA and RNA with proteins120 and crosslinking
of peptides with proteins.127
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Figure 2.19: Mechanism of furan activation via reaction with (A) N-
bromosuccinimide or (B) singlet oxygen.

For nucleic acid crosslinking, hybridization of a furan-modi ied oligonu-
cleotide with its complementary strand brings both reaction partners in
close proximity. Subsequent activation of the furan by singlet oxygen or
NBS triggers the reaction with the exocyclic amines of opposing adenine or
cytosine bases in the complementary strand, resulting in crosslink forma-
tion (Figure 2.20). Recently, furan reactivity towards guanine residues was
also demonstrated in G-quadruplexes. By employing a G4-binding photo-
sensitizer and red-light activation, furan-containing G4-ligands could be
activated and selective photo-alkylation was observed.128

Multiple nucleosidic and non-nucleosidic furan building blocks have been
designed throughout the years.119,122,123,129,130 The cyclic variants (Figure
2.21, compound 1-4) are modi ied nucleosides, in which furan was either
incorporated as a base substitution or as a 2’ modi ication. Whilst the furan
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Figure 2.20: Reaction of the electrophilic aldehyde 4-oxo-2-enal with adenine
(A), cytosine (C) and guanine (G). Guanine crosslinking was only observed in G-
quadruplexes.

moiety introduces a certain amount of destabilization, the rigidity of the
cyclic structure minimizes duplex distortion. Minimal destabilization was
observed when the Watson-Crick base pairing ability was retained (com-
pound 1-3). In addition, some more lexible non-nucleosidic analogues
were designed (Figure 2.21, compound 5-6). With these, duplex distor-
tion is expected to be considerably higher although this was not necessar-
ily re lected in duplex destabilization. The acyclic phenyl furan building
block (compound 5) introduces local distortion of the duplex, while the
phenyl moiety introduces a favorable π-stacking interaction, which min-
imizes duplex destabilization. The designed furan building blocks differ
in selectivity and yield of crosslinking, a consequence of the altered orien-
tation of the furan moiety once the different compounds are incorporated
into a duplex. The variety of available analogues makes it possible to select
the furan moiety which is best-suited for a given application. For example,
when high target base-selectivity is required, such as in the detection of
single nucleotide polymorphism, the C-selective compounds 1 and 2 would
be the agents of choice. In contrast, compounds 3-6 are less selective and
crosslink to adenine as well as cytosine, with highest yields obtained with
the acyclic phenyl-furan building block 5. Consequently, if single base se-
lectivity is not required and a high yield is desired, compound 5 would be
the building block of choice.
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The furan crosslinking strategy was further tested in a templated reac-
tion set-up for singlet oxygen induced interstrand DNA crosslinking. In-
terstrand DNA crosslinking of a furan modi ied oligonucleotide via singlet
oxygen activation was proven successful upon irradiation of a photosensi-
tizer in solution, but under high diluted conditions, this methodology re-
sulted in low crosslinking yields. However, when, in the templated set-up,
the photosensitizer is included in a probe that targets the same DNA sub-
strate as a furan modi ied probe, the DNA thus serving as a template, in-
terstrand crosslinking (ICL) under diluted conditions was proven success-
ful (Figure 2.22A). The close proximity between the photosensitizer and
the furan moiety, ensured by the templating strand, resulted in a highly
localized singlet oxygen production, which bene it the reaction ef iciency
signi icantly.131 A similar approach was recently applied in a diagnostic
context, for the detection of 22-mer DNA and RNA targets by using furan-
PNA probes.132 This assay is based on the templated ligation of a furan
modi ied PNA strand, immobilized on a surface, and a PNA strand modi-
ied with a photosensitizer and a nucleophilic moiety. The photosensitizer

enables local singlet oxygen production, while the nucleophile is capable of
reacting with the furan warhead. Ligation between both PNA strands is ob-
tained upon furan activation with visible light, but only occurs in presence
of a complementary oligonucleotide target serving as template for both
strands (Figure 2.22B). This templated set-up enables selective enzyme-
free detection of oligonucleotide sequences, and is potentially valuable for
the detection of miRNA targets.
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Figure 2.22: (A) Templated DNA-interstrand crosslinking. A furan modi ied
oligonucleotide (blue) and a photosensitizer (PS) modi ied probe (purple) target
the same DNA strand (black). Upon photo-irradiation, an interstrand crosslink
(ICL) is formed between the DNA target and the furan modi ied oligonucleotide.
(B) Principle of the templated ligation of two PNA strands: a furan modi ied PNA
strand (blue) and a PNA strand (purple), dually modi ied with a nucleophile (Nu)
and a photosensitizer (PS). Ligation is only observed upon hybridization with an
oligonucleotide target (black strand).

2.4 Aptamers as biomarker detectors - the nu-

cleic acid antibodies

Aptamers are single stranded DNA or RNA oligonucleotides that act as syn-
thetic receptors for the recognition of analytes and exhibit high target se-
lectivity and af inity. These properties are driven by the secondary and ter-
tiary structure of aptamers, including motifs such as loops, bulges, hairpins
and pseudoknots.133 This allows aptamers to exist in a wealth of shapes
explaining their remarkable ability to recognize a wide variety of analytes.
The molecular shape complementarity between the aptamer and its lig-
and, together with the presence of intermolecular aptamer-ligand contacts
(hydrogen bonding, dipole-dipole interactions, ion-ion interactions, Lon-
don dispersion forces and aromatic π-π stacking) are of crucial importance
to obtain high-af inity binding.134,135 The outstanding molecular recogni-
tion between aptamers and their targets, makes them powerful tools in
diagnostic applications. As a consequence, the development of so-called
aptasensors has received considerable attention, which resulted in an ex-
tensive variety of strategies ranging from electrochemical, colorimetric to
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gravimetric detection.136 These aptamer-based biosensors use aptamers
to recognize and detect various analytes such as cocaine, antibiotics and
disease biomarkers to name just a few.137–139

Due to their three-dimensional folding pattern and target recognition abili-
ties, aptamers are often referred to as ‘chemical antibodies’.140 Hence, they
can be regarded as promising substitutes for antibodies in diagnostic ap-
plications, especially in view of some of the disadvantages related with the
latter. The most prominent method for generating antibodies relies on
the immunization of animals with an immunogenic analyte, which makes
them highly priced products. In addition, small analytes are typically non-
immunogenic due to their low molecular weight thus rendering the gen-
eration of suitable antibodies dif icult, and while methods have been de-
veloped to remediate this drawback, these procedures are costly and time
consuming.141,142 Furthermore, antibodies are unstable under most con-
ditions deviating from physiological ones and refolding of antibodies af-
ter denaturation may be dif icult to achieve. The labelling of antibodies
is frequently required for certain applications (e.g. antibody-drug conju-
gates, labelled antibodies for immuno sensors, etc.). However, the site-
selective labelling of antibodies is particularly dif icult and is restricted
to a small set of possible chemical reactions including native cysteine lig-
ations or conjugations with active esters or maleimides to name a few.
Poorly controlled labelling can lead to conformational changes and loss
of binding af inity.143,144 In contrast to antibodies, the production of ap-
tamers is rather straightforward and delivers constant quality as it relies
on reproducible solid phase or enzymatic synthesis. Aptamers can more-
over be generated agains a wide range of analytes, such as ions145, small
molecules146, proteins147, viruses148, bacteria149 and even whole cells.150

Furthermore, the higher physical stability of aptamers, as compared to an-
tibodies, results in a more robust analytical tool. Even after denaturation,
given the reversibility of base-pairing, aptamers are able to refold upon
change in pH, solvent composition or temperature, which restores their
properties and increases their shelf-life.151 A major advantage of aptamers
over antibodies is the possibility for selective chemical modi ication. The
chemical synthesis of aptamers allows introduction of backbone modi ica-
tions or modi ied nucleotides at speci ic positions in the aptamer sequence,
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with an almost endless variation in accessible structure. These modi ica-
tions can increase the binding af inity of the aptamer with its target. Ap-
tamers with a thiol-modi ied backbone have been synthesized, as well as
aptamers consisting of nucleotides with amino acid-like side chains or ar-
ti icial nucleobases (vide infra). Taken all together, aptamers show con-
siderable advantages over antibodies, and the more cost-ef icient produc-
tion process of aptamers could lead to cheaper diagnostic tests and cost-
effective healthcare.152

Aptamers are highly lexible molecules that can adopt a variety of confor-
mations. In presence of a target, a conformational change directs the for-
mation of a binding competent state (conformation II, Figure 2.23). This
target-induced conformational change is represented by an equilibrium
constant KF, which displays the equilibrium between the unbound state
(I) and the binding competent state (II). The aptamer state II is capable of
binding the target, an equilibrium that is characterized by the dissociation
constant KD (conformation III, Figure 2.23). The KD value is a measure for
the aptamer’s binding af inity and is determined by an enthalpic and an
entropic factor. By optimizing one of these factors, binding af inities can
be altered. The enthalpic factor is correlated with the presence of attrac-
tive and repulsive forces between the aptamer and the target, and should
account for the enthalpy loss caused by desolvation of the aptamer upon
binding. In chemically modi ied aptamers, the presence of additional func-
tional groups introduce novel interactions with the target, which, if placed
correctly, bene its the enthalpic factor. The entropic factor is merely deter-
mined by the conformational change of the aptamer upon binding, which
involves loss of conformational freedom. If the bound state resembles the
unbound state, this entropic loss can be minimized, which would bene it
the binding af inity. Although not yet reported, it’s likely that the presence
of chemical modi ications in aptamer sequences could pre-organize their
conformation, which would reduce entropy loss upon binding, thereby fa-
voring interaction.
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Unbound state (I) Binding-competent state (II) Target bound state (III)

Figure 2.23: Equilibrium between the unbound aptamer state (I) and its bind-
ing competent state (II) with corresponding equilibrium constant KF. The binding
competent state (II) is able to bind the target (conformation III), an equilibrium
characterized by the dissociation constant KD.

2.4.1 The SELEX strategy for aptamer discovery

Discovery of new aptamer sequences with af inity for a speci ic target of
interest is typically achieved by screening a random library of chemically
synthesized oligonucleotides (1013-1015 sequences) via a process called
Systematic Evolution of Ligands by Exponential Enrichment (SELEX). This
method was irst published in 1990 by two independent research groups
for screening a library of RNA sequences153,154 and has since rapidly evolved
as the method of choice for both DNA and RNA aptamer selection. The
conventional SELEX procedure (Figure 2.24) starts with the synthesis of
a randomized library of DNA sequences, which are lanked by primer re-
gions necessary for further ampli ication through polymerase chain reac-
tion (PCR). For the screening of RNA aptamers, the DNA library should irst
be converted into RNA sequences via in vitro transcription. In the next
step, the target molecule is incubated with the synthetic library (step 1),
after which a irst selection round can be performed (step 2). A key aspect
herein, is the ef icient separation of target-bound sequences from unbound
sequences followed by ampli ication of the former via PCR (DNA aptamers)
or reverse transcription PCR (RNA aptamers) (step 3). The enriched li-
brary pool is then used for a next screening round (step 4). This process
is repeated until the initial library is reduced to a limited number of high
af inity aptamers, obtained by steadily increasing the stringency of the se-
lection process in each cycle. After the last cycle, the enriched aptamer
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pool is sequenced and additional assays can be performed to characterize
the binding behavior of each aptamer to the target. In recent years, multi-
ple adaptations to the original protocol have been described for improving
the aptamer selection process and to allow the screening of modi ied ap-
tamers.155–159

DNA or RNA library (1013 - 1015 sequences) 

Step 1: incubation with target

Unbound sequences

Step 2: separation

Sequencing

Affinity tests

Step 4

SELEX

Target-bound sequences 

Step 3: 
amplification

Figure 2.24: Schematic representation of a conventional SELEX process for the
selection of aptamers with high af inity against a target of interest. General prin-
ciple: a chemically synthesized library is incubated with a target of interest (step
1). Next, the bound sequences are separated from the unbound sequences (step
2), after which the target-bound sequences are ampli ied (step 3). The enriched li-
brary pool is then used in a next screening round (step 4). This process is repeated
until a limited number of high af inity aptamers is obtained. After the last cycle, the
selected aptamers are sequenced and additional af inity tests are performed.

2.4.2 Modi ied aptamers with improved binding af inity

The ability of aptamers to recognize a wide variety of targets plus their ad-
vantages over antibodies (vide supra) makes them ideal antibody-substitutes
and resulted in the development of aptamer-based diagnostic assays. Since
the limited functional diversity of aptamers compared to proteins may lead
to suboptimal target binding, aptamer modi ications have been introduced
to extend or ine-tune the range of possible intermolecular interactions
with its target.7 The introduction of extra chemical functionalities provides
an elegant and ef icient approach for enhancing the stability and binding
af inity of aptamers.
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2.4.2.1 Exploiting the extended genetic alphabet: arti icial nucle-

obase incorporation into aptamers

Expanding the genetic code by means of unnatural base pairs is an elegant
strategy for generating customized nucleic acid libraries with increased
functionalities and variability. Until now, different unnatural base pairs
have been designed for diverse purposes160 and throughout the years, these
building blocks have been optimized for high idelity incorporation by poly-
merases, in PCR ampli ication and sequencing efforts.161 Herein, we will
solely focus on the dDs-dPx (Ds: 7-(2-thienyl)-imidazo[4,5-b] pyridine, Px:
2-nitro-4-propynylpyrrole) and the dZ-dP (dZ: 6-amino-5-nitro-3-(1’-β-D-
2’-deoxyribofuranosyl)-2(1H)-pyridone, dP: 2-amino-8-(1’-β-D-2’-deoxy-
ribofuranosyl)-imidazo[1,2-a]-1,3,5-triazin-4(8H)-one) base pairs, as these
have been implemented during the development of speci ic diagnostic tools
such as enzyme-linked oligonucleotide assays (ELONA), a variant of the
conventional ELISA, and aptasensors (Figures 2.25). Both bases (dDs and
dZ) recognize their complementary unnatural base (dPx and dP, respec-
tively) in different ways. The dDs-dPx base pair complementarity is me-
diated by hydrophobic interactions, and thereby, exploits the use of shape
complementarity of the unnatural bases. The large thienyl moiety of dDs
successfully prevents interaction with natural nucleobases, while the nitro-
group of dPx allows avoiding of the potential interaction with natural ade-
nine due to electrostatic repulsion between the nitro-group and the N1 ni-
trogen of adenine (which is absent in the dDs complement). The propy-
nyl group of dPx was introduced to increase the hydrophobicity of the nu-
cleobase, as this enables additional hydrophobic interactions with amino
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Figure 2.25: Structure of the dDs-dPx and the dZ-dP unnatural base pair.
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acids present in the active site of polymerases and therefore, increases the
af inity for polymerases.161 In contrast, the dZ-dP pair uses the classical hy-
drogen bonding complementarity (the pyrimidine variant dZ interacts via
a donor-donor-acceptor hydrogen-bonding pattern with the purine base
dP). This interaction pattern is orthogonal to that of the natural pyrimi-
dine nucleobases, as these interact via an acceptor-donor-acceptor (T) or a
acceptor-donor-donor (C) pattern with their complementary purine bases,
thereby preventing mismatch formation.162,163

dDs modi ied aptamers against the vascular endothelial growth factor VEGF-
165,164 the interferon-γ cytokine (IFN-γ)164, and the Von Willebrand Fac-
tor165 were designed. The former two showed more than a 100-fold in-
crease in binding af inity compared to the aptamer sequences containing
solely natural nucleobases. Selected dDs-modi ied aptamers were exam-
ined for their applicability in ELONA assays, and favored the applicability
of dDs-modi ied aptamers over regular aptamers for the development of
improved diagnostic devices.166

Recently, Tan et al. intertwined the advantages of dZ-dP-modi ied aptamers,
electrochemical sensing and DNA nanostructures for detection of the hep-
atocellular HepG2 exosomes.167 Exosomes mediate intercellular commu-
nication and are identi ied as early cancer biomarkers. By immobilizing
DNA nanostructures bearing the dZ/dP-modi ied aptamer on a gold sur-
face, hepatocellular cancer exosomes were ef iciently detected with a 100-
fold enhanced selectivity as compared to regular aptamers. The technol-
ogy showed potential for the development of future detection assays tar-
geting disease biomarkers in complex biological luids. Other applications
of aptamers containing unnatural nucleobases can be found in the devel-
opment of nested PCR assays for the multiplexed detection and quanti i-
cation of viral DNA/RNA.168,169 As the world of arti icial nucleobases is
still emerging and evolving at a rapid pace, as recently demonstrated by
Hachimoji eight-letter DNA/RNA170 and the design of semi-synthetic or-
ganisms171, we foresee, in the near future, an increase in diagnostic appli-
cations which exploit the advantages of aptamers with an extended genetic
alphabet.
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2.4.2.2 Nucleotides with Amino Acid Like Side Chains

To meet the problem of limited functional diversity in nucleic acids, the
nucleobases can be decorated with a wide variety of functional groups.
Gold et al. proposed a clever strategy to combine into one single molecule
the best characteristics of both nucleic acids and proteins. By decorat-
ing the C5-position of deoxyuridine triphosphates (dUTP) with a benzyl-
, naphthyl-, tryptamino- or isobutyl derivatives, Gold et al. succeeded in
combining the conformational lexibility of nucleic acids (responsible for
the unique ability of aptamers to bind with their target), with the func-
tional diversity of proteins (Figure 2.26).172,173 These modi ications greatly
enhanced the binding af inity of the corresponding aptamers towards pro-
teins. The structural basis behind the increased binding strength lies in the
formation of additional hydrophobic interactions between the dUTP mod-
i ications and the hydrophobic pockets of proteins.172,174 These aptamers
were named SOMAmers (Slow Off-rate Modi ied Aptamers), which refers
to the stringent selection criteria used for their isolation. Indeed, only high
af inity aptamers with slow dissociation rates (t1/2 > 30min) were selected
from the initial DNA library. Gawande et al. further expanded this con-
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the synthesis of so-called SOMAmers. PPP = triphosphate. 5-benzylaminocarbonyl
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cept and developed ‘next-generation’ SOMAmers, which are characterized
by modi ications at the C5 position of two pyrimidine bases; deoxycytidine
triphosphate (dCTP) and deoxyuridine triphosphate (dUTP). A total of two
modi ications on dCTP (naphthyl and phenyl) and ive modi ications on
dUTP (naphthyl, phenyl, tyrosine, morpholino and threonine, Figure 2.26)
were combined and used for designed aptamers against the human model
protein PCSK9.175,176 Hydrophobic modi ications on both dCTP and dUTP
increased the binding af inity, with KD values in the picomolar range. The
enhanced binding strength and speci icity observed with double modi ied
SOMAmers emphasizes the importance of hydrophobic interactions for the
selective binding of proteins. The unique characteristics of single or double
modi ied SOMAmers makes them ideal candidates for diagnostic assays.

In the year 2000, Larry Gold founded the company SOMALogic which de-
veloped the SOMAscan platform (Figure 2.27).177 In this DNA microarray
platform, SOMAmers modi ied at their 5’-end with a biotin, a photocleav-
able linker and a luorescent tag, are coated on streptavidin beads. The ob-
tained functionalized beads are incubated with the sample (blood, plasma,
serum), allowing speci ic and non-speci ic interactions between the SO-
MAmers and the proteins (Figure 2.27, step a). Subsequently, unbound
proteins are removed from the beads via a washing step (step b), followed
by biotinylation of the bound proteins (step c). Next, the SOMAmer-protein
complexes are released from the beads via UV irradiation of the photo-
cleavable linker (step d) and non-speci ic interactions are disrupted us-
ing a polyanionic competitor (step e). Next, the target protein–SOMAmer
complexes are recaptured on a new set of streptavidin-coated beads (step
f), thereby further increasing the speci icity of the process. Finally, the
surface bound protein-SOMAmer complex is disrupted under denaturing
conditions (step g) and the released SOMAmers are hybridized to their
complementary immobilized sequences in a microarray format (step h).
The subsequent luorescent read-out gives a direct quanti ication of the
amount of protein present in the sample, as the SOMAmer forms a 1:1 com-
plex with its target protein. This assay highlights two key features of SO-
MAmers: (1) their dual ability to bind proteins and hybridize with their
complementary nucleic acid strand and (2) their ability to refold after de-
naturing conditions.178 Hence, the SOMAscan platform is a powerful alter-
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native to antibody assays, which allows a high degree of multiplexing (more
than 1000 proteins measured simultaneously) with a sensitivity compara-
ble to ELISA-type assays.177 As such, this platform is ideal for studying the
proteome in health and disease, and was for example successfully used for
the identi ication of protein biomarkers of pulmonary tuberculosis. This
lead to the discovery of new proteins not previously associated with tu-

Figure 2.27: Schematic representation of the SOMAscan assay. Beige structure
= protein in sample, purple structure = SOMAmer with af inity for target protein,
grey circle = biotin on streptavidin-coated bead, yellow square = photocleavable
linker, red circle = luorophore. In this DNA microarray platform, 5’-biotinylated
SOMAmers are modi ied with a photocleavable linker and a luorescent tag fol-
lowed by coating on streptavidin beads. The obtained functionalized beads are
incubated with the sample (e.g., blood, plasma, serum) allowing speci ic and non-
speci ic interactions between the SOMAmers and the proteins (step a). Subse-
quently, unbound proteins are removed from the beads via a washing step (step
b) followed by biotinylation of the bound proteins (step c). Next, the SOMAmer–
protein complexes are released from the beads via UV irradiation of the photocleav-
able linker (step d) and non-speci ic interactions are disrupted using a polyanionic
competitor (step e). Next, the target protein–SOMAmer complexes are recaptured
on a new set of streptavidin-coated beads (step f), thereby further increasing the
speci icity of the process. Finally, the surface bound protein–SOMAmer complex
is disrupted under denaturing conditions (step g) and the released SOMAmers are
hybridized to their complementary immobilized sequences in a microarray format
(step h). The subsequent luorescent read-out gives a direct quanti ication of the
amount of protein present in the sample as the SOMAmer forms a 1:1 complex with
its target protein. Reprinted with permission from ASGCT, Mol Ther Nucleic Acids.
2014 Oct; 3(10): e201.
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berculosis (e.g. TSP4, TIMP-2, Antithrombin III, LBP), for which the expres-
sion pro iles drastically differed prior or after treatment of tuberculosis.179

The pertinence of the SOMAscan technology is exempli ied by the variety
of applications describing its use and can hardly be overestimated. The SO-
MAscan assay has been employed for the detection of cancer180–184, lung-
185,186, neurological-187,188, renal-173, in lammatory- and infectious disease
biomarkers.179,189–194 Other health-related problems such as cardiotoxi-
city195, metabolic dysregulation196 and aging197 have also been investi-
gated with the technology. Moreover, the assay can be applied for compar-
ative biomarker studies198 or for monitoring deviations in plasma protein
constitution during pregnancy for the early detection of abnormalities in
fetal development.199

In addition to their use in the SOMAscan platform, SOMAmers have been
employed in sandwich-type diagnostic assays. One documented strategy
is the combination of antibodies and SOMAmers for the detection of toxin
A, B and binary toxins, which are indicators of Clostridium dif icile infec-
tions.200 A similar strategy was applied in single molecule arrays (Simoa
array) for the detection of the tumor necrosis factor α cytokine.201 An al-
ternative and antibody-free strategy based on SOMAmers was developed
for the detection of the binary toxin from Clostridium dif icile (the so-called
Luminex platform).202 The sandwich SOMAmer assay was also used for
the discrimination and detection of the two protein isoforms, GDP-8 and
GDP-11.203 In a similar approach, a SOMAmer named HVP-07 was selected
against the Type 16 virus-like particle and used in a sandwich-like mix
and read assay. The use of SOMAmers in this assay greatly improved the
simplicity of the system (no wash steps required) and allowed a fast read-
out.204 While the majority of applications are performed with single base
modi ied SOMAmers, as is the case for the SOMAscan platform or sandwich
assays, the possible modi ications and applications of SOMAmers reach far
beyond this scope. For example, sandwich assays are described with dou-
ble base-modi ied SOMAmers205 and SOMAmers can be used for on-chip
electrophoretic assays206, the development of gravimetric aptasensors207

or even for af inity pull-down experiments208, highlighting the potential of
aptamers containing modi ied nucleobases.
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2.4.2.3 Thioaptamers

Chemical modi ication of aptamers can also be envisioned on the phos-
phodiester linkage instead of at the nucleobase level. Thioaptamers are
aptamer derivatives, where one (monothio) or both (dithio) non-bridging
phosphodiester oxygens are substituted with sulfur (Figure 2.28). In the
case of monothioaptamers, a chiral center is generated on the phosphor
atoms during synthesis, with concomitant formation of diastereomers. For
dithioaptamers, the backbone phosphor atoms are achiral. Replacing one
or more oxygen with sulfur results in altered characteristics of thioaptamers
compared to regular oligonucleotides, such as increased nuclease resis-
tance and stronger binding towards protein targets.209 However, care must
be taken when considering these backbone modi ications, as a too high
substitution ratio of oxygen atoms with sulfur results in non-speci ic bind-
ing interactions, hence, emphasizing the need for selection methods where
the number and position of thiosubstitutions can be controlled.
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Figure 2.28: Structure of mono- and dithioaptamers.

To date, mono- and dithioaptamers have been selected against multiple
pharmaceutical targets, such as the transcription factors NF-IL6210 and
NF-κB211, the reverse transcriptase of HIV212, the transforming growth
factor TGF-β1213 and the receptor activator of NF-κB (RANK).214 An appli-
cation of thioaptamers is found in the development of an electrochemical
biosensor for the detection of TGF-β1, released from stellate cells. TGF-β1
are proteins associated with ibrosis of the liver and other organs. In the
liver, these proteins are secreted by activated stellate cells. In the assay, an
amino-modi ied aptamer targeting TGF-β1 was conjugated to methylene
blue as a redox label and immobilized on gold electrodes. This set-up was
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integrated in a micro luidic device. Upon activation of the stellate cells,
TGF-β1 is secreted and binds to the thioaptamers on the electrode sur-
face, which generates a measurable electrochemical signal proportional
to the TGF-β1 concentration and secretion rate.215 As a inal example, a
thioaptamer against NF-κB was utilized for the development of an inte-
grated electrophoretic on-chip gel-shift detection assay.216
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3 | Aim and objectives

Throughout the years, a variety of crosslinking nucleic acid derivatives have
been designed that have proven their utility in therapeutic and diagnostic
applications, as derived from the many papers that have been published
in this area of research (vide supra, previous chapter). From these agents
however, only a limited number are commonly applied in cellular biology
labs. This is mainly due to the need for such reactions to be fast, high
yielding, biocompatible and to occur with high speci icity leading to sta-
ble conjugates. While a myriad of successful technologies has been de-
veloped over the last few years, and the bene its of crosslinking over the
mere hybridization approaches have been demonstrated, cellular biology
labs tend to stick to the commercially available kits, which are based on
non-crosslinking probes to date. Furthermore, systematic studies where
different crosslink approaches are compared for one and the same appli-
cation are scarce. Further optimization and investigation of existing agents
for speci ic applications is still required and can help improving the general
applicability of crosslinking agents in a biological context. In order to com-
mercialize crosslinker modi ied capture probes, it should be proven that
besides the improved ef iciencies, also the amount and number of probes
can be drastically reduced as compared to the non-crosslinking probes.
This ensures the overall cost-ef iciency, as synthesis of crosslinker mod-
i ied oligonucleotides is more expensive compared to the synthesis of reg-
ular oligonucleotides.

In this work, we attempt at evaluating and optimizing two crosslinking
agents, the acyclic phenyl-furan building block with glycerol linker ACPF
and the 3-cyanovinylcarbazole with D-threoninol linker CNVD (Figure 3.1)
for use in two speci ic applications, situated in the ield of RNA capture/enrich-
ment assays (part I) or biomarker detection (part II). In a irst part of the
work, we aim at increasing the speci icity and ef iciency of RNA capture/enrich-
ment assays by designing ACPF and CNVD containing capture probes. In a
second part, we focus on evaluating the binding af inities of ACPF and CNVD
modi ied aptamers, with the long-term vision of developing more robust
aptamer biosensors for biomarker detection.
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The selected agents are complementary in nature as they require differ-
ent activation methods. The CNVD crosslinker was chosen for its fast re-
action kinetics and high yield of crosslinking. Crosslink formation occurs
selectively with pyrimidine nucleobases (T, C, U) located 1 position closer
to the 3’ end of the complementary strand. Selective photo-activation is
possible upon irradiation with long wavelength UV-A (366 nm). The furan
crosslinker ACPF, on the other hand, reacts slower and requires activation
by oxidative means, conditions that can be obtained by visible light irradi-
ation of a photosensitizer present in solution. Indeed, during irradiation,
singlet oxygen is produced and oxidizes the furan moiety into a reactive
4-oxo-2-enal derivative, capable of reacting with opposing adenine and cy-
tosine bases. Compared to CNVD, this activation step is slightly more com-
plicated as it requires external reagents, but the required irradiation with
light in the visible region offers at the same time a more biologically com-
patible alternative to UV crosslinking.
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O

O
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ACPF CNVD

Figure3.1: Structure of the acyclic phenyl-furan building block with glycerol linker
ACPF and the 3-cyanovinylcarbazole building block with D-threoninol linker CNVD.

Part I: Paving thepath towardsan improvedRNAcapture/enrichment

assay

Hybridization-based RNA capture/enrichment assays are standard prac-
tice for the isolation and characterization of regulatory non-coding RNAs
and the biomolecules they interact with. These assays make use of biotiny-
lated capture probes, which upon incubation in a cellular extract, form a
non-covalent ncRNA-CP complex. This complex can be isolated and the in-
teraction partners of the ncRNAs characterized (Figure 3.2A). Such assays
are currently in use to decipher ncRNA function and to generate insight in
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their mechanism of action, but could bene it from improved speci icity and
ef iciency of pull-down.
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Figure 3.2: (A)General principle of hybridization-based RNA capture/enrichment
assays. The ncRNA-CP interaction is non-covalent resulting in loss of target se-
quence during streptavidin pull-down. (B) Our proposed strategy. The capture
probes are modi ied with an ACPF or CNVD crosslinking agent to covalently link the
ncRNA-CP interaction. The lncRNA SAMMSON is the model system of choice. ICL =
interstrand crosslink.

In this project, we explore the possibility of using ACPF or CNVD modi ied
capture probes to design an improved hybridization/crosslinking-based
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RNA capture/enrichment assay. The crosslinker modi ied probes are used
in chromatin isolation by RNA puri ication (ChiRP)-based experiments for
isolation of SAMMSON, a long non-coding RNA which is constitutively ex-
pressed in melanoma cells and our model system of choice (Figure 3.2B).51†

The general idea is that the overall assay speci icity and ef iciency could be
improved when the interaction between the lncRNA target and the capture
probes is irreversibly anchored, and hence is made more robust. Indeed,
a covalent interaction will ensure that a larger fraction of the lncRNA is
retained throughout the assay, while allowing more stringent washings to
increase speci icity. ChiRP experiments in combination with sequencing
(ChiRP-seq) were originally designed for the study of RNA-chromatin in-
teractions. Nowadays, ChiRP in combination with MS (ChiRP-MS), is also
used for the identi ication of RNA-binding proteins. In this context, the ab-
breviation ChiRP is often referred to as ‘Comprehensive Identi ication of
RNA-binding Proteins’. In the thesis work, we aimed to develop an im-
proved RNA capture/enrichment strategy to enable ef icient isolation of
lncRNA targets, with the long-term prospective of characterizing RNA-protein
complexes. It can be expected that a more ef icient pull down of lncRNA
targets will bene it a inal ChiRP experiment.

To reach this aim, a series of objectives were set, that will be discussed
throughout the different chapters:

• First, careful design of the crosslinker modi ied capture probes is re-
quired. Chapter 4 contains an in-depth study, in which the design of
the ACPF and CNVD probes is explained along with the pitfalls here-
with related. In addition, a discussion on the synthesis of the ACPF
and CNVD crosslinking agents is included.

• As a second objective, efforts are undertaken to optimize the crosslink-
ing reaction under biological relevant conditions. To this end, the
crosslinking ability of an ACPF and CNVD modi ied capture probe with
a complementary RNA sequence will be investigated at low concen-
tration of the target sequence. By varying different parameters such
as irradiation time, probe concentration and, in case of ACPF, the pho-

†Throughout the course of the manuscript, the term hybridization-based assay, pull-
down assay, RNA capture/enrichment assay and ChiRP assay will be used as synonyms. Note
that ChiRP assays are a subclass of hybridization-based assays.



57

tosensitizer concentration, optimal crosslinking conditions will be
determined (chapter 5).

• Thirdly, the ACPF and CNVD capture probes will be tested and evalu-
ated as capture probes in ChiRP assays for isolation of the lncRNA
SAMMSON (chapter 6). Ideally, the crosslinking reaction would im-
prove the ef iciency of the RNA pull-down signi icantly. Here, it should
be mentioned that at places were proteins or other biomolecules are
binding the ncRNA target, the capture probes cannot bind. As there
is no prior knowledge on the quaternary structure of the ncRNA, it is
however not possible to distinguish the probes that target a protein
or nucleic acid binding site from those who are not.

• As a last objective, the use of furan-modi ied PNA probes as DNA cap-
ture reagents will be evaluated (chapter 7). To this end, different
furan-PNA monomers, differing in side chain and nucleobase, will be
designed and incorporated in PNA sequences. The in luence of the
side chain on the overal crosslinking ef iciency will be investigated.
These furan-modi ied PNAs could be valuable substitutions for reg-
ular oligonucleotide probes in hybridization-based assays and diag-
nostic tests, in view of the improved stability against nucleases and
increased binding af inities of PNAs as compared to regular oligonu-
cleotides.

Part II: Modi ied aptamers for biomarker detection

In a second part, the potential of crosslinker modi ied aptamers as im-
proved biomolecular recognition elements is investigated, with the long
term perspective of developing more robust crosslinker-based aptasen-
sors that enable sensitive detection of biomarkers such as small molecules,
proteins and potentially non-coding RNA targets. Aptamers are dynamic
structures that are regularly employed in biosensing devices as detecting
agents for a speci ic analyte. In these assays, aptamer-target binding is re-
quired to attain a measurable signal, but is only possible when the aptamer
folds in a ‘binding competent state’, a conformation capable of recogniz-
ing and binding a speci ic target. The overall sensitivity of these aptasen-
sors is hence determined by the ability of the aptamer to retain its ‘binding
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mode’, but unfortunately, this conformation is held together by transient,
non-covalent interactions and is furthermore susceptible to environmen-
tal conditions and changes. Consequently, aptamer-based biosensors of-
ten lack the required robustness that capacitates sensitive detection. We
envision that a more robust biosensor could be developed by covalently
stabilizing the aptamer in its binding competent conformation, which can
be enabled by the incorporation of a crosslinking agents in the aptamer
sequence, provided that the covalent linkage formed upon reaction still
permits target binding (Figure 3.3). To this end, two small molecule bind-
ing aptamers are selected as test systems, the L-Argininamide binding ap-
tamer 1OLD and the cocaine binding aptamers MN4 and MN19, of which
ACPF or CNVD variants are designed (Figure 3.3). Both crosslinking agents
will be evaluated for their intrastrand crosslinking properties and the bind-
ing af inities of the crosslinked aptamers with their corresponding targets
will be subsequently assessed (chapter 8).

X XL
XL

Binding competent state

covalently stabilized 

ACPF or CNVD

modified aptamer

Figure 3.3: ACPF or CNVD modi ied aptamers are covalently locked in their binding
competent state and binding af inities assessed. XL = intrastrand crosslink; X = ACPF
or CNVD moiety.
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4 | Designandsynthesisof the

DNA capture probes

Hybridization-based assays, used for the identi ication of regulatory ncRNAs

and the molecules they interact with, rely on the non-covalent hybridiza-

tion of capture probes with their nucleic acid target. We want to design a

new hybridization-based approach in which the capture probe-ncRNA inter-

action is covalently locked by designing crosslinker modi ied DNA capture

probes. For this purpose, two orthogonal and biocompatible crosslinking

agents are synthesized: an acyclic phenyl-furan moiety ACPF and a 3-cyano-

vinylcarbazolemoietymodi ied with a D-threoninol linker CNVD. In this chap-

ter, we focus on the synthesis of the ACPF and CNVDmonomers, aswell as on the

design and synthesis of the crosslinker modi ied capture probes. The synthe-

sized probes are complementary to the lncRNA SAMMSON, our model system

of choice.

Joke Elskens performed the synthesis and all chemical characterization. The design
of the probes and the thermal stability studies were also performed by Joke Elskens.
Prof. Dr. Annemieke Madder supervised the project.
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4.1 Synthesis of the crosslinking moieties

4.1.1 Synthesisof theacyclicphenyl-furanbuildingblock
ACPF

In previous research of our group, the acyclic furan-phenyl building block
ACPF was identi ied as the monomer that results in the highest interstrand
crosslinking yield upon targeting complementary nucleic acid sequences,
and for this reason, it was selected as our monomer of choice. The D-
enantiomer was chosen for the ACPF backbone as this resembles the stere-
ochemistry of β-D-deoxyribose, the naturally occurring sugar in DNA se-
quences. Synthesis of ACPF is straightforward and achieved in ive steps, as
previously published in Stevens et al. (Figure 11.1.4).129 Characterization
of the products was done via NMR and LC-MS (materials and method sec-
tion 11.1.4).
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Figure 4.1: Synthesis of the acyclic phenyl-furan building block. a) toluene, 135°C,
24 h; b) MeOH, Na2CO3, Pd(PPh3)4, 85°C, overnight; c) 4M HCl, 0°C, 2 h; d)
DMTCl, pyridine, 0°C, 2 h; e) 2-cyanoethyl-tetraisopropyl phosphordiamidite, N,N-
diisopropylammonium tetrazolide, DCM, RT, 1 h.

The synthetic route starts from the commercially available (S)-solketal, which
is reacted with 4-bromobenzylbromide (Figure 11.1.4, step a). The pri-
mary alcohol of (S)-solketal attacks the carbon of the benzylic C-Br via
an SN2 substitution, yielding product 4.1. The furan moiety is then intro-
duced via a Suzuki-Miyaura cross-coupling between intermediate 4.1 and
2-furanylboronic acid (step b).
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Next, acid-catalyzed acetal deprotection of 4.2 with a 4M hydrogen chlo-
ride solution generates diol4.3 (step c). Subsequently, the primary alcohol
of the diol can be selectively protected with dimethoxytrityl (DMT), upon
reaction with dimethoxytritylchloride (DMTCl) (4.4, step d). The corre-
sponding phosphoramidite4.5, necessary for incorporation of the building
block via standard solid phase DNA synthesis, was generated upon reac-
tion with 2-cyanoethyl-tetraisopropyl phosphordiamidite and diisopropy-
lammonium tetrazolide (step e). The acyclic compound 4.5 in which the 5’
OH is protected with a DMT-group and the 3’ OH converted into the corre-
sponding phosphoramidite is, due to its unstable nature, directly used in
standard solid phase DNA synthesis. Therefore, no yield is calculated for
the phosphoramidite synthesis step (step e) and cannot be reported.

4.1.2 Synthesisof the3-cyanovinylcarbazolebuildingblock
CNVD

The 3-cyanovinylcarbazole building block of choice was the acyclic 3-cyano-
vinylcarbazole with D-threoninol linker CNVD. The synthesis was conducted
as reported in literature, and is depicted in Figure 4.2.217 Characterization
of the products was done via NMR and LC-MS (materials and method sec-
tion 11.1.5).

The synthesis route starts with a microwave-assisted Heck reaction, which
is a Palladium-catalyzed reaction between an unsaturated halide and an
alkene moiety (Figure 4.2, step a).218,219 The reaction is stereoselective
and gives a trans-substituted alkene as reaction product. In our case, re-
action occurred between 3-iodocarbazole and acrylonitrile. Pd(II)acetate
was used as a catalyst, tributylamine as a base.

The 3-cyanovinylcarbazole intermediate 4.6 is further reacted with ethyl
bromoacetate (step b), which yields ester 4.7. Product 4.7 is then hydrol-
ysed to the corresponding carboxylic acid 4.8 (step c), which is coupled in
a next step to the D-threoninol linker leading to 4.9. The coupling of the D-
threoninol linker requires prior activation of the carboxylic acid (step d).
As a inal step, compound 4.9 needs to be converted into a building block
suitable for solid phase DNA synthesis. For this purpose, the primary al-
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cohol of 4.9 was selectively reacted with DMTCl, yielding DMT-protected
compound 4.10 (step e). Reaction of 4.10 with 2-cyano-ethyl-tetraiso-
propyl phosphordiamidite and BTT as tetrazole catalyst yields the corre-
sponding phosphoramidite 4.11 (step f).
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Figure 4.2: Synthesis of the 3-cyanovinylcarbazole building block with D-
threoninol linker. a) DMF, Pd(II)Acetate, tributylamine, acrylonitril, H2O, mi-
crowave 60 W (160 °C, 10 min); b) NaH, ethylbromoacetate, DMF, RT, 3 h; c) NaOH
in THF/MeOH/H2O (3:2:1), RT, 4 h; d) D-threoninol, EDC/HOBt, DMF, RT, 5 h; e)
DMTCl, DMAP, pyridine, RT, 3 h; f) 2-cyanoethyltetraisopropylphosphordiamidite,
BTT, ACN, RT, 2 h.

4.2 Design and synthesis of the capture probes

4.2.1 DNA synthesis: general principle

Synthesis of oligonucleotides is mostly done via automated DNA synthesis
using phosphoramidite building blocks of the corresponding nucleobases
(Figure 4.3A). During the synthesis, phosphoramidites are sequentially at-
tached to a solid support. In each cycle, the 3’ end of the phosphoramidite
is coupled via a phosphodiester linkage to the 5’ OH of the previous nucle-
oside. Hence, automated DNA synthesis occurs from the 3’ to the 5’ end, in
contrast to DNA synthesis in nature. To ensure selective reaction, orthog-
onal protection of the 5’ OH of the phosphoramidite compared to the ex-
ocyclic amine functionalities of the nucleobases is required (Figure 4.3B).
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For this purpose, the phosphoramidite’s 5’ OH is DMT protected, as the
mild acidic conditions required for its deprotection do not affect the pro-
tecting groups of the nucleobases.
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Figure 4.3: (A) General structure of a phosphoramidite. (B) Structure of the nu-
cleobases and their protective groups.

The irst nucleoside building block is attached via the 3’-end to a solid sup-
port. This is the starting point of the DNA synthetic cycle (Figure 4.4).
Detritylation with TCA liberates the 5’OH of the nucleoside attached to
the solid support (step a), which is now able to react with the phospho-
ramidite of the following nucleoside in the sequence (step b). This cou-
pling step requires prior activation of the phosphoramidite with tetrazole.
By using an excess of reagent, coupling ef iciencies reach near-quantitative
yields. Nevertheless, the presence of any unreacted nucleophiles should be
avoided as this will result in the synthesis of deletion sequences. Therefore,
a capping step (step c) is introduced in the cycle which ef iciently acetylates
unreacted hydroxyl functionalities. In a last step, the oligonucleotide back-
bone is constructed by oxidizing the phosphite triester linkage, formed
during phosphoramidite coupling, with an iodine solution (step d).

When the synthesis of the desired oligonucleotide has been achieved, the
resulting sequence is cleaved from the solid support by treatment with
an ammonium hydroxide solution (Figure 4.4, step e). This step also re-
moves the protecting groups from the nucleobases. The presence of the 5’-
DMT on the last nucleoside allows subsequent puri ication of the oligonu-
cleotide via a reverse phase C18 cartridge. The high af inity of the DMT-
group for the hydrophobic C18 column, immobilizes the oligonucleotide
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strand, while capped sequences and protective group residues can be eas-
ily washed away. Detritylation on column with a 3% TFA solution allows
to then recover the oligonucleotide.

O

O

DMTO
BASE

O

O

HO BASE

O

O

DMTO
BASE

P
(iPr)2N O

O

O

DMTO BASE

O

O

O BASE

P O
CN

O

O

DMTO BASE

O

O

O BASE

P O

O

O

O BASE

O

O

O BASE

P O

O

O

DMTO BASE

O

OH

O BASE

P

n

n

n

n

capping
(step c)

Final
deprotection

(step e)

deprotection
(step a)

COUPLING
(step b)

OXIDATION (step d)DEPROTECTION
(step a)

START

O

O O

O

CN
CN

CN

Figure4.4: Synthetic cycle of the automated DNA synthesis using phosphoramidite
building blocks. Detritylation with TCA liberates the 5’OH of the nucleoside at-
tached to the solid support (step a), which is now able to react with the phospho-
ramidite of the following nucleoside in the sequence (step b). Next, a capping step
(step c) is performed which ef iciently acetylates unreacted hydroxyl functional-
ities. In a last step, the oligonucleotide backbone is constructed by oxidizing the
phosphite triester linkage, formed during phosphoramidite coupling, with an io-
dine solution (step d). When the synthesis of the desired oligonucleotide has been
achieved, the resulting sequence is cleaved from the solid support by treatment
with an ammonium hydroxide solution (step e). This step also removes the pro-
tecting groups from the nucleobases.

4.2.2 Design and synthesis of the capture probes

The Watson and Crick rules for base pairing imply that two nucleic acid se-
quences with base complementarity can hybridize to form a double stranded
helix. This structure can be covalently locked when one strand is modi-
ied with a crosslinking agent. To ensure the formation of an interstrand

linkage between two complementary nucleic acid sequences a few require-
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ments should be met. Most crosslinking agents, including ACPF and CNVD
moieties, rely on a proximity-effect, which ensures the selectivity of the re-
action. This indicates that a crosslinking reaction can only be successful
when (1) the hybridization-event is successful and (2) the orientation and
position of the crosslinking agent enables reaction with suitably located
functional groups in the complementary strand.

Crosslinking modi ied capture probes can be useful in hybridization-based
pull-down assays, as they can increase the assay ef iciency by locking the
interaction between a capture probe and the ncRNA target. When design-
ing such capture probes, it is important to irst consider the general prin-
ciples underlying the success of a pull-down experiment. Such assays rely
on base pair complementarity to capture and isolate ncRNA sequences and
the molecules they interact with. The overall ef iciency depends on the
af inity of a capture probe for a speci ic ncRNA target and the strength
of their transient interaction. Taken into account the complex structure
of ncRNAs, this implies that capture probes should target single stranded
regions in the ncRNA which are not involved in binding events with bio-
molecules or secondary structure, as only those regions are available for
hybridization. As the secondary structure of ncRNAs is often unknown,
capture probes are frequently tiled across the entire length of the ncRNA
target. Predictions of ncRNAs secondary structure can be made using RNAse
H mapping, nevertheless, predicted single stranded regions can be inac-
cessible for capture probe binding when involved in binding events with
other biomolecules. In case of crosslinker modi ied capture probes, an ex-
tra prerequisite should be met. When considering the above-mentioned
requirements for binding and crosslinking, it is of utmost importance for
the success of the crosslinking reaction, that the reactive moiety is posi-
tioned in a single stranded region, in the proximity of accessible reactive
sites.

As a model system for the design of ChiRP assays with crosslinker modi-
ied capture probes, the SAMMSON lncRNA was chosen. In 2016, Leucci et
al. described a ChiRP-MS assay for the puri ication of SAMMSON RNA com-
plexes and identi ied 18 different SAMMSON associated proteins.51 In the
experiment, they made use of 10 different capture probes tiled across the
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entire length of the SAMMSON lncRNA (Table 4.1, upper table, probe S.1-
S.10). The probes were 3’-biotinylated to enable streptavidin-biotin puri i-
cation. Secondary structure prediction of the lncRNA SAMMSON foretells
the segment of the capture probes which are likely to interact with a single
stranded region in the lncRNA. Figure 4.5 depicts the secondary structure
of SAMMSON, as predicted via the RNAfold webserver†, as well as the bind-
ing sites of the capture probes, which are highlighted by black circles in
the lncRNA target (zoomed regions). The unpaired regions are underlined
and emphasized in Table 4.1 and uncover probe S.6 as a ‘high con idence
probe’, indicating the probability of successful hybridization with SAMM-
SON. In contrast, probe S.8 lacks single strand complementarity and is pre-
sumably unable to hybridize. Nevertheless, it should be mentioned that
while the predicted secondary structure re lects the lowest energy confor-
mation SAMMSON can adopt, it is only one of many possible conformations.
Moreover, these predictions do not take into account the lncRNA interac-
tion with other biomolecules. For this reason, and in view of the complex-
ity of the SAMMSON lncRNA and the biological environment, probes with
little to no predicted binding were not discarded as capture probes, as the
actual conformation in vitro can drastically differ from the predicted one.

ACPF and CNVD variants of probe S.1-S.10 were synthesized following stan-
dard solid phase automated DNA synthesis. To maximize the success of
the crosslinking reaction, the crosslinking agents were positioned in such
a way that they end up opposite predicted single stranded regions (un-
derlined bases, Table 4.1), thereby taking into account the base-selectivity
of the crosslinking agents. The ACPF moiety was positioned opposing an
adenine or cytosine nucleobase, while the CNVD moiety was placed adja-
cent to pyrimidine nucleobases in the complementary strand. DNA syn-
thesis was performed on a 1 µmol scale, the coupling time of the ACPF and
CNVD phosphoramidites was extended to 20 minutes instead of 2 min for
regular phosphoramidites. The 3’ biotin linker molecule was loaded on
the solid support, DMT protection then allowed coupling of the next nu-
cleoside. Besides the 10 capture probes, also random 3’ biotinylated se-
quences not complementary to regions of the SAMMSON RNA were de-

†Secondary structure simulation tools use algorithms to calculate possible conforma-
tions. Consequently, predicted structures can vary from tool to tool, depending on the al-
gorithms used to calculate the possible conformations.
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signed. These random sequences will be used as negative control probes
when performing ChiRP experiments. A total of four different ACPF modi-
ied random probes (F.R1 - F.R4) and one CNVD modi ied probe (C.R1) were

synthesized. The synthesized DNA sequences were analyzed via HPLC and
MALDI. The HPLC chromatograms and MALDI spectra of the ACPF and CNVD
modi ied probes can be found in the experimental section 12.1.2 and 12.1.3.

The complex environment in which ChiRP assays are performed could di-
minish the ef iciency of the crosslinking reaction, not only by the diluted
conditions in which the reaction should proceed, but also by the presence
of other biomolecules which could compete with the hybridization event of
the capture probes. Consequently, prior to using the crosslinker modi ied
ACPF and CNVD capture probes in ChiRP assays, one should try to predict the
behavior of these probes in a biological environment. For this reason, non-
biotinylated (nb) ACPF and CNVD variants of the high con idence probe S.6,
probe F.6 nb and C.6 nb respectively, were synthesized and the crosslink-
ing properties of both probe types in conditions mimicking the biological
environment were evaluated. A detailed study of the optimization of the
crosslinking reaction is covered in chapter 6.
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4.2.2.1 Melting temperature analysis

The stability of oligonucleotide duplexes is dependent on a few distinct fac-
tors including: (1) the length and base composition of the oligonucleotide
sequence; (2) the ionic strenght and (3) strand complementarity. Longer
oligonucleotides, a high GC content or a high salt concentration are bene i-
cial for the duplex stabilities, while the presence of any base mismatch or
abasic sites induces destabilization. Consequently, introducing ACPF and
CNVD moieties into a DNA strand, will affect the stabilities of the corre-
sponding duplexes. Indeed, at the position of the abasic site, the hydro-
gen bonding interaction with the opposing nucleobase is missing, thereby
causing a local destabilization, which is re lected as a decrease in melting
temperature. Aim is to investigate if this destabilization would interfere
with oligonucleotide hybridization. Melting curves were obtained by mea-
suring the absorbance at 260 nm in function of temperature. To this end,
a heating and cooling cycle from 10°C to 90°C and from 90°C to 10°C was
conducted at 1 µM CP:DNA strand concentration in PBS buffer (100 mM
NaCl, 10 mM NaH2PO4). The heating rate was set at 0.3 °C/min. Upon
heating, the absorbance increases (hyperchromicity) as the H-bonding in-
teractions between the nucleobases are broken, resulting in denaturation
of the CP:DNA duplex. From these curves, the melting temperatures were
calculated by taking the irst order derivative. The measured Tm values
are depicted in Table 4.2. The destabilization observed for CNVD modi ied
capture probes was higher as compared to the ACPF modi ied ones. This
was nicely re lected with probe F.5/C.5 (∆Tm(F.5) = - 8.4; ∆Tm(C.5) = -
9.6) and F.9/C.9 (∆Tm(F.9) = - 6.2; ∆Tm(C.9) = - 7.6) in which the ACPF and
CNVD moieties are placed at the same position in the oligonucleotide se-
quence. This trend can be correlated to the size of the incorporated mod-
i ication. The more bulky CNVD moiety introduces more disruption of the
helical structure, which is re lected in lower melting temperatures. Evi-
dently, the destabilizing effect was less pronounced when the crosslinking
moiety was closer to the 5’ or 3’ end, as was the case for probe F.7 (∆Tm =
- 2), F.8 (∆Tm = - 0.2), C.1 (∆Tm = - 5.6), C.7 (∆Tm = - 1.4) and C.10 (∆Tm
= - 3.3).

The melting temperature analysis was performed with complementary DNA
sequences, which upon hybridization with the capture probe, form a B-
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Table 4.2: Melting temperatures for CP:DNA or CP:RNA duplexes measured in PBS
buffer pH 7.0 (100 mM NaCl, 10 mM NaH2PO4) at 1 µM strand concentration. Tem-
peratures inside parentheses indicate the Tm difference compared to the Tm value
obtained for the fully complementary DNA or RNA duplex.

Tmwith complementary DNA probes
Regular CP Tm ACPF CP Tm CNVD CP Tm

S.1 63.5 °C F.1 56.9 °C (- 6.6) C.1 57.9 °C (- 5.6)
S.2 61.6 °C F.2 57.3 °C (- 4.3) C.2 51.8 °C (- 9.8)
S.3 65.4 °C F.3 58.96 °C (- 6.5) C.3 58.7 °C (- 6.7)
S.4 62.6 °C F.4 56.9 °C (- 5.7) C.4 56.1 °C (- 6.5)
S.5 62.5 °C F.5 54.1 °C (- 8.4) C.5 52.9 °C (- 9.6)
S.6 61.7 °C F.6 56.3 °C (- 5.4) C.6 53.2 °C (- 8.5)
S.7 60.5 °C F.7 58.5 °C (- 2) C.7 59.1 °C (- 1.4)
S.8 63.7 °C F.8 63.5 °C (- 0.2) C.8 54.5 °C (- 9.2)
S.9 63.4 °C F.9 57.2 °C ( - 6.2) C.9 55.8 °C ( - 7.6)
S.10 55.6 °C F.10 51.9 °C (- 3.7) C.10 52.3 °C (- 3.3)

Tmwith complementary RNA probe
Regular CP Tm ACPF CP Tm CNVD CP Tm

S.6 59.9 °C F.6 51.5 °C (- 8.4) C.6 50.2 °C (- 9.7)

type helix. Question is whether the observed analogies can be extrapo-
lated to complementary RNA sequences, as will be the case in the ChiRP
experiments. For this reason, the melting temperatures of F.6:RNA and
C.6:RNA duplexes were measured, and the destabilization introduced by
the crosslinking moiety calculated. A destabilization of - 8.4 °C and - 9.7 °C
was observed for capture probe F.6 and C.6 respectively. For the CP:DNA
interaction, the relative destabilisations were found to be - 5.4 °C (F.6) and
- 8.5 °C (C.6). Hence, the destabilization introduced by the ACPF and CNVD
crosslinking moieties is higher in the RNA hybrid, but did not prevent sta-
ble duplex formation in PBS buffer at room temperature.

In PBS buffer, the destabilization introduced by the ACPF (∆Tm = -[0.2 -
8.4]) and CNVD (∆Tm = -[1.4 - 9.8]) moieties were substantial, but did not
prevent stable duplex formation with complementary DNA and RNA se-
quences. Next, we wondered whether these indings can be extrapolated to
ChiRP assays, which will be performed in lysis buffer (20 mM Tris.HCl, 200
mM NaCl, 2.5 mM MgCl2). Compared to PBS, the ionic strength is higher in
lysis buffer, due to the presence of monovalent Tris+ ions and bivalent Mg2+

ions. The stabilizing effect of Tris+ is similar compared to other monova-
lent ions such as Na+ or K+, while the in luence of the bivalent Mg2+ ions
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is more substantial, as even low concentrations have a larger effect on du-
plex stability.220 The effect of increased ionic strength on the melting tem-
peratures was predicted using the IDT oligonucleotide analyzer software,
which shows that the increased ionic strength would bene it CP:RNA sta-
bilities with an expected increase of Tm within 5-6 °C. In the lysis buffer,
sodium dodecylsulfate (SDS, 0.1%), NP-40 (0.05%) and sodium deoxycholate
(0.1%) are present and ensure ef icient cell lysis. The in luence of these
detergents on duplex stabilities should be understood. Literature reports
indicate that SDS stabilizes oligonucleotide duplexes, but at concentrations
of 0.1% this effect is negligible.221 The in luence of NP-40 and sodium de-
oxycholate on duplex stabilities is unknown and cannot be predicted, but
even if these detergents would impose destabilization, we expect no sig-
ni icant in luence due to the low concentration of these compounds in the
buffer, in analogy to SDS. Besides buffer composition, also the concentra-
tion plays a determining factor when evaluating duplex stabilities. Higher
oligonucleotide concentrations favor duplex formation, which in turn in-
crease duplex stabilities. In ChiRP assays, the melting temperatures are
in luenced by the concentration of the CPs, as the latter are used in ex-
cess compared to the RNA target. This concentration effect would result
in higher melting temperatures of the corresponding duplexes.

4.3 Conclusion

In this chapter, an ACPF and CNVD building block were synthesized and in-
corporated via standard solid phase DNA synthesis in oligonucleotide se-
quences targeting the lncRNA SAMMSON. As no information concerning
the precise in vitro secondary structure of SAMMSON is on hand, secondary
structure analysis via the RNAFold Webserver helped in predicting single
stranded regions in the SAMMSON lncRNA sequence. Based on this anal-
ysis, the positions of the ACPF or CNVD modi ications were chosen so that
the crosslinking moiety is targeting a single stranded region in the lncRNA.
Here, it should be noted, that the SAMMSON structure in vitromight deviate
from our predicted one, and that capture probe design might be subopti-
mal. Melting temperature analysis of the ACPF and CNVD modi ied capture
probes and extrapolation of the obtained results to conditions relevant in
ChiRP experiments, indicated that, even though the crosslinking moiety in-
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troduces destabilization, the capture probes should be able to form stable
duplexes with the RNA target in a biological environment.
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5 | Crosslinkingoptimizationex-

periments

In this chapter, the crosslinking reactionof ACPFand CNVDmodi iedDNAprobes

targeting a complementary RNA sequence is reported. The aim was to opti-

mize the crosslinking reactions under biologically relevant conditions and

assess the potential of ACPF and CNVD probes in crosslink-based target iden-

ti ication assays. Experiments are performed to understand and optimize

the parameters in luencing the crosslinking reaction. Before discussing the

crosslinking optimization experiments, an introduction on singlet oxygen is

given, the key reagent in the furan crosslinking strategy. We will touch upon

its main characteristics and explain potential hurdles associatedwith its use.

RNA ACPF or CNVD

modified DNA

probe

+

DNA:RNA

ICLX

Joke Elskens designed and performed the experiments, including the characteri-
zation via HPLC, PAGE and MALDI, as well as the analysis of the data. Prof. Dr.
Annemieke Madder supervised the project.

77



78 C 5. C

5.1 Introduction on singlet oxygen

5.1.1 Electronic structure of singlet oxygen and its gen-

eration

Molecular oxygen is normally present in its most stable triplet state 3 ∑ g-.
Besides the triplet state, also two excited singlet energy states, 1∆g and
1 ∑ g+, exist. These three states only differ in arrangement of the elec-
trons in the π*-antibonding orbitals (Figure 5.1). In the diradical energy
states 3 ∑ g- and 1 ∑ g+, both electrons are located in different π* orbitals
and have same or opposing spin, respectively. In the lowest singlet state
1∆g, the electrons are paired in the same π* orbital. While the 1 ∑ g+ ↔
1∆g transition is spin allowed and thus a fast process, the singlet to triplet
transition 1∆g ↔ 3 ∑ g- is spin forbidden. As a consequence, 1 ∑ g+ is a
short-lived excited state, while 1∆g is a relatively long-lived energy state
and is therefore considered as the most important singlet oxygen state.222

!"#$%$&"'#($()'

*+),%$&"'#($()'

!!"
#

$%"

$!"
&

'
(

'
(

'
(

Figure 5.1: Energy states and orbital illing of molecular oxygen.

Singlet oxygen can be generated in different ways. The ‘dark’ or chemical
methods do not require photoactivation and include the reduction of ozone
and oxidation or disproportionation reactions with hypochloride and hy-
drogen peroxide. Unfortunately, these conditions for singlet oxygen gen-
eration are not biocompatible.223 An alternative was found in naphtalene
endoperoxides as singlet oxygen generators, which are able to liberate sin-
glet oxygen upon gentle heating at 37 °C (Figure 5.2).224,225 Different mod-
i ications at the 1 or 4 positions of the napthalene endoperoxide moiety
have been introduced to increase the stability or water solubility of these
compounds. Some of these derivates are used in biological applications as
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they show no cytotoxicity, are able to penetrate the cell membrane and al-
low controlled singlet oxygen release.226–229

37 °C

Figure 5.2: Napthalene endoperoxides release singlet oxygen upon heating at 37
°C.

As alternative to the dark methods, singlet oxygen can be generated upon
photoactivation of a photosensitizer. In these cases, a series of events take
place, depicted in Figure 5.3. First, a photosensitizer is irradiated with
light and absorbs a photon of a particular energy, enabling its excitation
from the singlet ground state S0 to a higher energy state Sn. The excited
state rapidly decays to the lowest vibrational level S1. At this point three
possible pathways can be followed: either the molecule relaxes back to its
ground state by emitting a photon ( luorescence), via thermal relaxation,
or undergoes intersystem crossing (ISC) to its triplet excited state T1. Once
in the triplet state, the remaining energy can be emitted via phosphores-
cence or can be transferred to molecular oxygen, resulting in the excitation
of the latter to singlet oxygen.222

This approach is one of the most widely used methods for singlet oxygen
production and relies on certain key features of photosensitizers: (1) the
ability of the photosensitizer to absorb light of a particular wavelength; (2)
a high triplet state energy that provides suf icient energy transfer to molec-
ular oxygen; (3) a long triplet state life time; (4) a high photostability. A
wide variety of photosensitizers are available, each with its own character-
istic properties. Examples of photosensitizers are organic dyes like methy-
lene blue (MB) and rose bengal (RB) or phtallocyanines and ruthenium(II)
based transition metal complexes (Figure 5.4).222,225
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Figure 5.3: Jablonski diagram - Generation of singlet oxygen by means of a pho-
tosensitizer. A photosensitizer is irradiated with light, enabling its excitation from
the singlet ground state S0 to a higher energy state Sn. The excited state rapidly de-
cays to the lowest vibrational level S1. At this point three possible pathways can be
followed: either the molecule relaxes back to its ground state by emitting a photon
( luorescence), via thermal relaxation, or undergoes intersystem crossing (ISC) to
its triplet excited state T1. Once in the triplet state, the remaining energy can be
emitted via phosphorescence or can be transferred to molecular oxygen, resulting
in the excitation of the latter to singlet oxygen. F = luorescence; P = phosphores-
cence; ISC = intersystem crossing.

S

N

NN
Cl

OO

I

I

I

I

O

Cl

Cl

Cl

Cl

COO

Rose bengal (RB)
480 - 550 nm

  = 0.76

Methylene blue (MB)
550 - 700 nm

 = 0.52

N

N

N

N

N

N

N

N

Zinc phthalocyanine (ZnPt)
580 - 700 nm

 = 0.3

N
N

N

N
N

N
Ru2+

Ruthenium tris 

bypiridine [Ru(bpy)3]2+

450 - 480 nm

 = 0.22

Na

Na

Zn

Figure 5.4: Structure, quantum yield and excitation wavelength of different pho-
tosensitizers used for the production of singlet oxygen.
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5.1.2 Singlet oxygen mediated damage

Singlet oxygen is one of the most reactive oxygen species.230 Its reactivity
can be explained by its electrophilic nature, inherently linked to its empty
π* orbital, rendering it prone to react with electron rich compounds. Sin-
glet oxygen is known to react via ene reactions, as well as via [2+2] and
[4+2] cycloaddition reactions with a variety of biological substrates, in-
cluding nucleic acids, proteins, lipids and sterols, which can cause dam-
age to these systems.231–234 If damage is not desired, conditions of singlet
oxygen generation should be carefully ine-tuned in order to minimize ox-
idative damage to these components.

To better understand the effect of singlet oxygen mediated damage to nu-
cleic acids, the rate by which singlet oxygen reacts with the different RNA
and DNA nucleobases is an important parameter.223 For this purpose, dif-
ferent studies have been performed in which singlet oxygen was generated
photochemically235,236, chemically via reaction with hypochloride and hy-
drogen peroxide237 or via the use of napthalene endoperoxides.238 All data
showed that, independently of the solvent, guanine was the base predom-
inantly reacting, while oxidative damage to other nucleobases could be at-
tributed to the presence of other reactive oxygen species, mostly hydroxyl
radicals. Characterization of the guanine oxidation products showed that
guanine reacts via a [4+2] cycloaddition with singlet oxygen. The reaction
mechanism is shown in Figure 5.5.

The reactivity of singlet oxygen has inspired researchers to employ this
reagent in applications like photodynamic therapy or photodynamic inac-
tivation, in which high singlet oxygen levels are used to induce cell apop-
tosis. However, its use is not limited to applications aiming for cellular
damage. By regulating the production of singlet oxygen e.g. by means of
irradiation time or photosensitizer concentration, its reactivity can be di-
rected to speci ic targets and collateral cellular damage can be minimized.
Table 5.1 compares the reactivity of different (cellular) components with
singlet oxygen. Furan compounds showed the highest reactivity, with re-
action rates exceeding the ones of cellular molecules. The fast reaction of
furan and the limited lifetime of singlet oxygen in aqueous environment
(3.5 µs in water, 1.6 µs in cells)239 makes singlet oxygen an ideal candi-
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date for selective furan activation in biological environments.
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Figure 5.5: Reaction of singlet oxygen with guanine.

Table 5.1: Reaction rates of singlet oxygen with different compounds.

Molecule Reaction rate (L mol-1 s-1) Media
Glutathione240 2.4 x 106 in vivo
Ascorbate240 8.3 x 106 in vivo

DNA241 7 x 104 water, pH 7
Unsaturated fatty acids242 7.4 - 24 x 104 CCl4

Furan compounds243 108 various solvent (EtOH, MeOH,
H2O)

5.2 Previous results

Previous work conducted in the OBCR research group, showed that furan
derivatives can be selectively oxidized into reactive 4-oxo-enals by means
of singlet oxygen, the latter generated upon irradiation of a photosensi-
tizer in solution.121,244 In the exploitation of this strategy for interstrand
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oligonucleotide crosslinking, a series of photosensitizers were tested and
evaluated for their ability to activate furan and induce a crosslink forma-
tion. Keeping in mind that singlet oxygen can cause oxidative damage to
oligonucleotides, singlet oxygen levels should be optimized such that a high
crosslinking yield is obtained with minimal oxidative damage. A total of
four photosensitizers were tested: methylene blue, rose bengal, ruthenium
tris bipyridinium (Ru(bpy)32+) and zinc phtalocyanine (ZnPt). To deter-
mine the optimal conditions for crosslinking, photosensitizer concentra-
tions and irradiation times were varied for each photosensitizer, thereby
taking into account the different quantum ef iciencies of the photosensitiz-
ers and their optimal wavelength for activation. Crosslinking experiments
were performed with a 15-mer furan oligonucleotide at 20 µM oligonu-
cleotide concentration. The obtained data identi ied methylene blue and
rose bengal as best photosensitizers, allowing to obtain yields up to 40%
with minimal oxidative damage. In contrast, only 13% yield was observed
for Ru(bpy)32+ and no crosslinking reaction proceeded with ZnPt due to its
limited water solubility. Table 5.2 gives an overview of the tested photo-
sensitizers and the optimal crosslinking conditions.

Table 5.2: Overview of tested photosensitizers and their optimal crosslinking con-
ditions at 20 µM oligonucleotide concentration. MB = methylene blue; RB = rose
bengal; Ru(bpy)3

2+ = ruthenium tris bipyridinium; ZnPt = zinc phtalocyanine.

[PS] Irradiation time Irradiation wavelength Maximum yield
MB 5 µM 25’ 625-700 nm (red) 41%
RB 1 µM 15’ 500-565 nm (green) 38%

Ru(bpy)32+ 5 µM 30’ 450-485 nm (blue) 13%
ZnPt N.A. 120’ 625-700 nm (red) /

5.3 Evaluationof singletoxygengenerationwith

ABDA

In previous work, an in-depth understanding of the different parameters
that control singlet oxygen production was missing, and for this purpose,
experiments were performed that enable quantitative monitoring of sin-
glet oxygen production over time. To this end, the reagent 9,10-Anthracene-
diyl bis(methylene)dimalonic acid (ABDA) was employed as it reacts with
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singlet oxygen via a [4+2] cycloaddition reaction, resulting in the formation
of an endoperoxide (Figure 5.6A).245–247 This reaction is accompanied by
a decrease in the absorption bands of ABDA in the 360 nm, 380 nm and
470 nm region (Figure 5.6B). Consequently, by monitoring the absorption
pro ile of ABDA under oxidative conditions, one can evaluate the amount
of singlet oxygen produced and identify the parameters controlling its pro-
duction.
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Figure 5.6: (A) Reaction of ABDA with singlet oxygen. (B) Absorption spectrum
of ABDA upon prolonged exposure to singlet oxygen. ABDA has three distinct ab-
sorption bands at 360 nm, 380 nm and 470 nm, that diminish upon singlet oxygen
exposure. These band represent the spin allowed π → π* transition. Black curve:
absorption spectrum at t = 0 min; Red curve = after 10 min irradiation; Blue curve
= after 20 min irradiation; Pink curve = after 30 min irradiation; Green curve = af-
ter 40 min irradiation; Purple curve = after 50 min irradiation; Light purple curve
= after 60 min irradiation. ABDA containing-samples were irradiated with white
light (Halogen lamp, 150 W, 3200 K) for 60 min in total. Samples were taken every
10 minutes.247

A series of parameters were identi ied that could in luence the singlet oxy-
gen production: (1) the wavelength of irradiation (full spectrum or spe-
ci ic region) and connected herewith (2) the used photosensitizer as well
as (3) the distance between the sample and the light source. Understand-
ing the in luence of these parameters on the singlet oxygen production is
important to understand to which extent the experimental setup might in-
luence the ef iciency of the crosslinking reaction. The experiments were

performed at ixed photosensitizer concentrations, with a 100 µM ABDA
solution that was kept at 10 °C. Methylene blue and rose bengal were used
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as photosensitizers. To eliminate experimental variation due to a differ-
ence in oxygen content of the ABDA solutions, air was bubbled through the
solution prior to addition of the photosensitizer. Next, the sample was ir-
radiated, thereby varying the irradiation wavelength or the distance from
the light source (0 cm or 1 cm). The intensity of each lamp (100 W halo-
gen lamp) was set to 6.7 klux using a TES 1335 luxmeter. Samples were
either irradiated with full spectrum white light, red light (625-700 nm) or
green light (500-565 nm). These wavelengths were chosen as the absorp-
tion maxima of methylene blue and rose bengal are situated in the red or
green light region, respectively. The singlet oxygen production was moni-
tored by following the ABDA absorbance at 380 nm.

Figure 5.7 shows the degradation of ABDA in function of time for both
photosensitizers. When the samples were irradiation with red or green
light, no signi icant difference in the rate of ABDA degradation could be ob-
served, regardless of the distance between the sample and the light source
(Figure 5.7a). For both distances, complete degradation of ABDA was seen
after 20 min of irradiation for methylene blue and after 35 min for rose
bengal, following a similar ABDA degradation pro ile. Upon white light ir-
radiation, the ABDA gets degraded much faster, and the distance effect on
the singlet oxygen production was more profound, especially with methy-
lene blue (Figure 5.7b). Upon increasing the distance between the sample
and the light source, the singlet oxygen production was signi icantly re-
duced for methylene blue, thereby extending the life-time of ABDA from 5
min (no distance) to 15 min (1 cm distance). With rose bengal, the ABDA-
life time was only slightly increased from 10 min (no distance) to 15 min
(1 cm distance).

With these experiments we were able to identify different parameters that
in luence the ef iciency of singlet oxygen production. The spectral region
of irradiation appeared a critical parameter for controlled singlet oxygen
generation, as it determines the amount of excited photosensitizer states.
As such, irradiation with a more narrow spectral region (e.g. red or green
light) showed less experimental luctuations and, moreover, allowed a slower
and hence more controlled singlet oxygen production, which is preferable
for speci ic oxidation of a given target while minimizing collateral oxidative
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Figure 5.7: (a) Absorbance at 380 nm of ABDA in function of time for rose ben-
gal and methylene blue as photosensitizer. The samples were irradiated with (a)

green, red or (b)white light. The distance between the light source and the sample
was 0 cm or 1 cm. Concentration of ABDA was 100 µM, concentration of photosen-
sitizer 1 µM.

damage. In view of the biological setting in which the crosslinking exper-
iments will be conducted, irradiation with red or green light is hence pre-
ferred. Therefore, red or green light irradiation was chosen as standard
setting in the following crosslinking optimization experiments, to ensure
a controlled singlet oxygen generation with methylene blue or rose bengal
as photosensitizer.

5.4 Crosslinking experiments with ACPF modi-

ied DNA probes

In order to perform hybridization-based pull-down assays with ACPF mod-
i ied capture probes, the crosslinking ability of these oligonucleotides to-
wards RNA sequences should irst be assessed. While in previous studies
DNA interstrand crosslinking has been intensively studied,119,121,123,124,129

RNA targets remained largely unexplored. Preliminary data in which fu-
ran modi ied 2’OMe RNAs were tested as RNA crosslinking probes showed
the potential of the furan crosslinking methodology in the context of RNA-
RNA crosslinking120, but up to this point, RNA-DNA crosslinking remains
uninvestigated. Therefore and in what follows, the crosslinking behavior
and optimal crosslinking conditions of a synthesized ACPF modi ied DNA
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oligonucleotide (probe F.6 nb†: 5’-GTG TGA ACT XGG CTA AAG GT-3’) to-
wards a fully complementary RNA target (5’-ACC UUU AGC CAA GUU CAC
AC-3’) was investigated under biologically relevant conditions. The RNA
target represents a relevant part of the SAMMSON sequence.

When de ining the optimal crosslinking conditions, two factors are taken
into account: the crosslinking yield and the oxidative damage caused by
singlet oxygen. Ideally, little to no oxidative damage and a high yield are
desired. The crosslinking reaction is in luenced by a series of parameters
including (1) the ratio and concentration of RNA and CP; (2) the type and
concentration of the photosensitizer and (3) the irradiation time. These
parameters were varied to de ine the optimal conditions for crosslinking.
All experiments were performed in lysis buffer (20 mM Tris-HCl, pH 7.5),
mimicking the conditions in which the ChiRP experiments will be carried
out. Experiments were analyzed via HPLC and denaturing PAGE. Crosslink
samples were irradiated up to 60 minutes with red or green light for methy-
lene blue and rose bengal respectively and samples were taken at ixed time
points. Table 5.3 gives an overview of all tested conditions, optimal condi-
tions are highlighted in blue.

Table 5.3: Overview of performed crosslinking experiments. Optimal irradiation
times are highlighted in blue for each tested condition. Ideally, crosslinking reac-
tions were performed at 2 µM photosensitizer concentration, irradiation time be-
tween 10 and 20 min. XL = crosslink; CP = capture probe; / = condition not tested.

ratio RNA:CP [RNA]↓/[Rose bengal]→ 0.2 µM 0.5 µM 1 µM 2 µM 5 µM 10 µM 20 µM
1:1 5 µM No XL No XL 10-20’ 10-20’ / / /
1:1 2 µM No XL No XL 20-30’ 10-20’ / / /
1:1 1 µM No XL No XL 10-20’ 10-20’ / / /
1:1 0.5 µM / / / / / / /
1:2 1 µM 30’ 30’ 20’ 10-20’ / / /
1:5 1 µM 30’ 30’ 20’ 10-20’ / / /
1:10 1 µM 30’ 30’ 20’ 10-20’ 10’ 10’ 5’

ratio RNA:CP [RNA]↓/[Methylene blue]→ 0.2 µM 0.5 µM 1 µM 2 µM 5 µM 10 µM 20 µM
1:1 5 µM / / / 10-20’ 5-10’ 10’ 5’
1:1 2 µM / / / 10-20’ 5-10’ 5’ 5’
1:1 1 µM / / / 10-20’ 5-10’ 5-10’ 5’
1:1 0.5 µM / / / 10-20’ 5-10’ 5-10’ 5’
1:2 1 µM / / / 10-20’ 5’ 2-5’ 2-5’
1:5 1 µM / / / 10-20’ 5’ 2-5’ 2-5’
1:10 1 µM 20’ 20’ 10’ 10-20’ 5’ 2-5’ 2-5’

In a irst series of experiments, the RNA concentration was varied from 0.5
– 5 µM (1:1 ratio of RNA:CP), while the concentration of photosensitizer

†‘nb’ stands for ‘no biotin’.
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was varied between 0.2 µM and 20 µM (Table 5.3). Since the quantum
yield of rose bengal is higher compared to methylene blue (Φ = 0.76 vs
0.52), it was chosen to work at lower concentrations for rose bengal (0.2
µM to 2 µM) and at higher concentrations for methylene blue (2 µM to 20
µM). Figure 5.8 shows the PAGE analysis of the crosslinking experiment at
2 µM RNA and CP concentration. The gel analysis of the other experiments
can be found in the experimental section 12.2.1. The RNA and CP probes
are visible as two low molecular weight bands very close to each other (gel
1-8, t = 0’). For the CP, a second low molecular weight band is visible, re-
lated to impurities present in the sample. The crosslinked product is the
hybridized RNA-CP duplex irreversibly linked by means of a covalent bond.
As this product has a higher molecular weight, it will migrate more slowly
through gel, and will appear as a slow migrating band.
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Figure 5.8: PAGE analysis of the crosslinking reaction at 2 µM RNA concentration.
Ratio 1:1 of RNA:capture probe. Photosensitizer concentrations were varied from
0.2µM to 2µM for rose bengal and from 2µM to 20µM for methylene blue. Samples
were irradiated for 30 minutes with green or red light for rose bengal and methy-
lene blue respectively. The crosslinked product appears as a slow migrating band.
MB = methylene blue; RB = rose bengal; ICL = crosslinked product; CP = capture
probe; X = ACPF.
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When using rose bengal at concentrations below 1 µM, (gel 1-2), almost
no crosslinked product is formed, as indicated by the low intensity of the
slow migrating band. At concentrations of 1 µM and 2 µM (gel 3 and 4),
the crosslinking band is clearly visible, together with a decrease in inten-
sity of the CP and RNA band over time. In all cases, the RNA and CP are not
completely consumed, probably related to incomplete activation of the CP,
which prevents the crosslinking reaction to occur. Longer irradiation times
do not result in an increase in intensity of the crosslinked band, but does re-
sults in further activation of the ACPF modi ied capture probe, as indicated
by the decrease in intensity of the CP band. This activation is more pro-
nounced at higher rose bengal concentrations (1µM or higher). Further-
more, the crosslinking reaction gives, besides the crosslinked product, rise
to the formation of multiple slow migrating products. The identity of these
products is unknown, but increases upon prolonged irradiation. In addi-
tion to the slow motility of these side-products, this suggest that these are
related to the crosslinked species and could be oxidation products thereof.
Based on PAGE analysis, 2 µM rose bengal and an irradiation time of 10-
20 min gave the best crosslinking yield with minimal damage (gel 4). For
methylene blue a similar conclusion can be drawn. From all tested con-
centrations 2 µM and 10-20 min irradiation gave the best yield with min-
imal damage (gel 5). Longer irradiation resulted in crosslink degradation
and not in increased crosslinking yield. Indeed, at methylene blue concen-
trations of 5 µM and higher (gel 2-4), the singlet oxygen production is so
high that the RNA, CP and crosslinked product gets almost immediately de-
graded, indicated by the decrease in intensity of the corresponding bands.
As a consequence, at a photosensitizer concentration of 5 µM or higher, ir-
radiation should be limited to 5 min to avoid extensive damage.

To obtain a more quantitative indication of the crosslinking ef iciency, the
reaction was monitored via HPLC. Figure 5.9 shows the HPLC data for the
crosslinking reaction between RNA and CP F.6nb (1:1 ratio) at 5 µM RNA
and 2µM photosensitizer concentration. These data are in agreement with
the results obtained via PAGE. Independently of the used photosensitizer,
a new peak is formed at 11.5 min (*), corresponding with the crosslinked
product as con irmed by PAGE (Figure 5.9). Longer irradiation times give
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rise to a higher yield†, with a maximum yield of 8% and 13% for methylene
blue and rose bengal respectively after 20 minutes of irradiation.
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Figure 5.9: HPLC and PAGE analysis of the crosslinking reaction at 5 µM RNA
concentration and 2 µM photosensitizer concentration. Ratio 1:1 of RNA:capture
probe. Samples were irradiated for 20 minutes with green or red light for rose ben-
gal and methylene blue respectively. Left chromatogram represents the crosslink-
ing reaction with methylene blue. Right chromatogram represents the crosslinking
reaction with rose bengal. Retention times: RNA = 8.24 min; ICL = 11.6 min; CP =
12.2 min. The peak marked with an * was collected and analysed via PAGE. MB =
methylene blue; RB = rose bengal; ICL = crosslinked product; CP = capture probe;
X = ACPF.

In contrast with the previously reported yields of 41% when performing
DNA interstrand crosslinking experiments at 20 µM DNA concentrations,
the crosslinking yields are drastically reduced in our system. This reduced
ef iciency can be a consequence of the A-type helical RNA-DNA duplex, in
which the orientation of the ACPF moiety might be suboptimal for crosslink-
ing as compared to the B-type helix common for DNA-DNA duplexes, or
may on the other hand be related with the low concentration of the RNA
target. Therefore, it was investigated if the yield could be improved by us-
ing excess of CP. To test this hypothesis the in luence of a 2-fold, 5-fold
and 10-fold capture probe excess on the crosslinking ef iciency was inves-
tigated. This situation is more representative to the in vitro pull-down ex-
periment, since the use of large excesses of capture probe is standard prac-
tice. It was chosen to perform further experiments at 1µM target RNA con-

†In this chapter, yields were calculated from the HPLC chromatograms by dividing the
integrated area of the crosslinked peak by the integrated area of the limiting oligonucleotide
probe at time zero, thereby correcting for the molar absorptivity of the sequences.
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centration to mimic biologically relevant concentrations that still lie in the
detection range of our analysis methods. Photosensitizer concentrations
were varied from 0.2 µM to 20 µM. Irradiation time was set at 30 min-
utes, but was extended to 60 minutes for photosensitizer concentrations
below 2 µM. Samples were taken at ixed time points. Figure 5.10 and Fig-
ure 5.11 shows the HPLC and PAGE analysis of the crosslinking reaction at
10-fold CP excess. The data of the 2- and 5-fold excess can be found in the
experimental section 12.2.1. As expected, and according to Le Chateliers’
principle, higher crosslinking yields were observed compared to the 1:1
situation. The HPLC chromatogram at 2 µM photosensitizer concentration
showed the formation of the desired crosslinking product (Figure 5.10, Rt
= 13 min), with maximal obtained yields of 20% and 30% for methylene
blue and rose bengal respectively. By increasing the concentration of cap-
ture probe relative to the target RNA concentration, the crosslinking yields
were enhanced with 12% for methylene blue and 17% for rose bengal.

!"!# !"!#

!"#$%&"'"()&*" +,-"()"'./&

!"#$

%&$
!"#$ %&$

'%($ '%(

!"#$)$%&$*+*,

-$./0

*,$./0

1,$./0

,2$$$$$1,2$$$$$$$$$$$$$$$$$$$$$$$1,2$$$$

!"#

%&

'%(

!
!

! !! !

!!

3/.4$5./06 3/.4$5./06

78 !8

!"!"

Figure 5.10: HPLC and PAGE analysis of the crosslinking reaction at 1 µM RNA
concentration and 2 µM photosensitizer concentration. Ratio 1:10 of RNA:capture
probe. Samples were irradiated for 20 minutes with green or red light for rose ben-
gal and methylene blue respectively. Left chromatogram represents the crosslink-
ing reaction with methylene blue. Right chromatogram represents the crosslinking
reaction with rose bengal. Retention times: RNA = 10 min; activated CP = 10.5 - 12.5
min; ICL = 13.09 min; CP = 13.6 min. The peaks or peak areas marked with an *
or • were collected and analysed via PAGE, and corresponded to activated capture
probe. MB = methylene blue; RB = rose bengal; ICL = crosslinked product; CP =
capture probe; X = ACPF.
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The HPLC results also showed the formation of side products (Figure 5.10,
Rt = 10.5 min - 12.5 min). These side products were collected and analysed
via PAGE (Figure 5.10, collected peaks marked with * and •). Therefrom,
it was concluded that these products are activated capture probe, as they
appear at the same height as the CP band. Since 10-fold excesses of cap-
ture probe are used in the experiment, a large amount of capture probe is
not hybridized with the complementary RNA. Upon photosensitizer irra-
diation, the furan moiety is activated, this activated probe is not stable and
might partially degrade or undergo over oxidation, explaining the multiple
products formed as visible in HPLC. The multiple side products only ap-
pear as one single band in gel, as the mass difference is not large enough
to induce a signi icant shift.

The bene icial effect of excess capture probe was also observed in PAGE
(Figure 5.11). At concentrations of 2 µM or higher (gel 4-7 for methylene
blue and gel 11-14 for rose bengal), the crosslinking yield is signi icantly in-
creased with maximal yields observed after 2-20 min irradiation, depend-
ing on the photosensitizer concentration. Even crosslinking at photosen-
sitizer concentrations below 1µM proceeded with satisfactory ef iciencies
upon extended irradiation (gel 1-3 for methylene blue, gel 8-10 for rose
bengal). In this case, rose bengal was superior over methylene blue, as can
be seen by the higher intensity of the formed crosslink band. Furthermore,
in PAGE, it was observed that longer irradiation times induce damage, es-
pecially at high photosensitizer concentrations, as indicated by the disap-
pearance of the crosslinking band and the formation of multiple slower mi-
grating bands. At concentrations above 5 µM (gel 5-7 for methylene blue,
gel 12-14 for rose bengal), singlet oxygen production is so high that irra-
diation should be limited to 5 min to avoid the formation of extensive by-
products. Therefore, 2 µM photosensitizer was chosen as the ideal trade-
off between ef iciency and singlet oxygen induced damage, when limiting
the irradiation time to 10 min for methylene blue and 20 min for rose ben-
gal (gel 4 and gel 11).
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Figure 5.11: PAGE analysis of the crosslinking reaction at 1 µM RNA concentra-
tion. Ratio 1:10 of RNA:capture probe. Photosensitizer concentrations were var-
ied from 0.2 µM to 20 µM both for rose bengal and methylene blue. Samples were
irradiated for 30-60 minutes, depending on the concentration of the photosensi-
tizer, with green or red light for rose bengal and methylene blue respectively. The
crosslinked product appears as a slow migrating band. MB = methylene blue; RB =
rose bengal; ICL = crosslinked product; CP = capture probe; X = ACPF.

5.5 Crosslinking experiments with CNVDmodi-

ied DNA probes

To overcome the potential problem of oxidative damage, an alternative strat-
egy was tested using probes containing an UV-activatable crosslinker. The
crosslinker of choice for this purpose was the 3-cyanovinylcarbazole build-
ing block, modi ied with a D-threoninol linker (CNVD) developed by Fuji-
moto et al.92 CNVD reacts via a [2+2] cycloaddition with the C5-C6 bond
of pyrimidine bases located 1 nucleobase closer to the 3’ end of the com-
plementary strand (Figure 5.12). This crosslinker is activated with near
UV light at 366 nm, which is not expected to be harmfull for cellular com-
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pounds upon short irradiation times. Moreover, and in contrast to the fu-
ran strategy, the crosslinking reaction can be reversed by irradiation at 312
nm. This new approach provides an alternative to furan crosslinking, and
will allow a comparative analysis of both crosslink methodologies in terms
of pull-down ef iciency, selectivity and reproducibility.

!"#$%&'$()$* +,+$,+-$-!,$,++$!,-$--+$+,$* .)

/0-'$$$$.) * !-! -!1$$1+-$-! +-1$11!$!- * ()

Figure 5.12: Position of the crosslink site in the RNA-C.6 nb duplex. The CNVD moi-
ety crosslinks with the pyrimidine nucleobase located one nucleobase closer to the
3’ end of the complementary strand.

The crosslinking reaction between the 20-mer RNA (5’-ACC UUU AGC CAA
GUU CAC AC-3’) and a complementary CNVD modi ied capture probe C.6 nb
(5’-GTG TGA AZT TGG CTA AAG GT-3’) was investigated. In analogy with
ACPF, a series of experiments was performed, taking into account the dif-
ferent factors that are in luencing the crosslinking reaction including irra-
diation time, RNA and CP concentration, and RNA:CP ratio. Table 5.4 gives
an overview of all tested crosslinking conditions and the obtained yields.

Table 5.4: Overview of the performed crosslinking experiments and the maximal
obtained yields. Samples were irradiated for 2 min at 366 nm. CP = capture probe.

Ratio 1:1 1:1 1:10
[CP] (µM) 10 1 10
[RNA] (µM) 10 1 1

Irradiation time (min) 2 2 2
Yield 60 % 58 % 81 %

All experiments were performed in lysis buffer and samples were irradi-
ated for 2 minutes at 366 nm. The crosslinking reactions were monitored
via HPLC and PAGE. First, the in luence of the dilution effect on the ef i-
ciency of the crosslinking reaction was investigated at a 1:1 ratio of RNA:CP.
Therefore, a crosslinking experiment was performed at 10 µM and 1 µM
RNA concentration (Figure 5.13A and Figure 5.13B respectively). The cross-
linking reaction seems to be very ef icient, both at 10 µM and 1 µM RNA
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concentrations, as even after 10 second of irradiation crosslinked product
is formed. This is visible as an intense slow migrating band in gel (gel 1-2),
and as a new peak (Rt = 13.2 min, •) in HPLC. Maximal yields of 60% and
58% were obtained after 45 seconds of irradiation, for the experiments at
10 µM and 1 µM RNA respectively. The dilution factor thus does not seem
to in luence the crosslinking ef iciency. In addition, prolonged irradiation
did not further increase the crosslinking yield.
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Figure 5.13: HPLC and PAGE analysis of the crosslinking reaction with the CNVD
modi ied capture probe C.6 nb. (A) Crosslinking reaction at 10 µM RNA concentra-
tion (Ratio 1:1 of RNA:CP). (B) Crosslinking reaction at 1 µM RNA concentration
(Ratio 1:1 of RNA:CP). (C) Crosslinking reaction at 1 µM RNA concentration (Ratio
1:10 of RNA:CP). Samples were irradiated for 2 minutes. The peaks marked with an
* correspond to unreacted CP after photo-irradiation, while the peak marked with
a • is the crosslinked product. HPLC retention times: RNA = 9.8 min; ICL = 13.2
min; unreacted CP after photo-irradiation = 11.8 min, 12.5 min, 14.09 min; CP = 16
min. ICL = crosslinked product; CP = capture probe; Z = CNVD building block.

Next, the in luence of a 10-fold capture probe excess was investigated (Fig-
ure 5.13C) at 1 µM RNA concentration. The crosslinked product appears
as a slow migrating band in gel (gel 3), and as a new peak in HPLC (Rt =
13.2 min, •), for which the mass of the crosslinked product was con irmed
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via MALDI (Figure 5.14B, peak 3). HPLC yields of 81% were obtained af-
ter 45 seconds of irradiation. At this point, the RNA target is not further
consumed. Besides the crosslinking peak, also multiple other peaks could
be distinguished (marked with *, Rt = 11.8, 12.5 and 14.09 min), for which
the intensity increases upon prolonged irradiation, and seems to correlate
with the decrease in CP intensity. It was hypothesized that these newly
formed peaks are related to the photo-excitation event, and correspond to
CP that was activated but not crosslinked. This would be expected since
10-fold excesses of capture probes are used during the experiment. UV ir-
radiation of the CP in absence of RNA target supported this hypothesis, as
well as MALDI analysis of the formed peaks, for which the mass of the CP
was found (Figure 5.14). The reason why, after photo-irradation, the CP
appears as multiple peaks in the HPLC chromatogram is not known. High-
resolution mass spectrometry might help in identifying the exact nature of
these products, and should be performed in the near-future.
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Figure 5.14: (A)HPLC analysis of the crosslinking reaction with the CNVD modi ied
capture probe C.6 nb (10 µM), in absence or presence of RNA target (1 µM). The
different peaks formed during the crosslinking reaction were analysed via MALDI
(peak 1-4, marked with * or •). (B) MALDI analysis of peak 1-4 identi ies the
crosslinked product (Rt = 13.2 min, •, peak 3) and the unreacted CP after photo-
irradiation (Rt = 11.8 min (peak 1), 12.5 min (peak 2), 14.09 min (peak 4), *). Found
mass ICL: 12617.63 Da and 6310.85 Da; expected mass ICL: 12615.94 Da. Found
mass C.6 nb after photo-irradiation: 6346.41 Da, 6347.17 Da, 6345.14 Da; expected
mass C.6 nb: 6345.14 Da. ICL = crosslinked product; CP = capture probe.
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5.6 Comparative analysis ACPF and CNVD

In the previous sections, crosslinking optimization experiments with the
ACPF and CNVD crosslinkers were discussed. Both agents require differ-
ent activation methods, the ACPF crosslinker is activated with singlet oxy-
gen, generated upon visible light irradiation of a photosensitizer, while
the CNVD crosslinker requires long wavelength UV-A irradiation (366 nm).
By optimizing capture probe concentration, irradiation time and, in case
of ACPF, photosensitizer concentrations, ideal conditions were determined
and crosslinking ef iciencies maximized (Table 5.5). For the ACPF modi-
ied probe, it was observed that high photosensitizer concentrations (> 1
µM) result in higher crosslinking yields, but also leads to the formation of
degradation products. In this case, 2 µM photosensitizer and 10-20 min
red or green light irradiation were optimal (for methylene blue and rose
bengal respectively). At lower photosensitizer concentrations (< 1µM) the
reaction suffers from low ef iciency, although satisfactory yields were ob-
tained with rose bengal. Compared to ACPF, the UV-based CNVD crosslinking
method is faster and more ef icient, with maximum yields after 45 seconds
of irradiation.

Table 5.5: Overview of optimal crosslinking conditions for the ACPF and CNVD mod-
i ied capture probe F.6 nb and C.6 nb at 1 µM RNA concentration. F.6 nb = GTG TGA
ACT XGG CTA AAG GT; C.6 nb = 5’-GTG TGA AZT TGG CTA AAG GT-3’. PS = photosen-
sitizer; MB = methylene blue; RB = rose bengal; N.A. = not applicable; CP = capture
probe; X = ACPF; Z = CNVD.

[PS] Irradiation time Irradiation wavelength Ratio of RNA:CP Maximum yield
ACPF MB: 2 µM 10 min 550-700 nm (red) 1:10 20%

RB: 2 µM 20 min 500 - 565 nm (green) 1:10 30%
CNVD N.A. 45 sec 366 nm (UV-A) 1:10 81%

Furthermore, with ACPF, the yield of the crosslinking reaction had a marked
in luence; the lower the concentration of the RNA probe, the more dif icult
the reaction proceeded. Calculated yields with the CNVD crosslinker did not
show this concentration-dependence. The observed dissimilarity between
both agents can be explained by the different activation. With CNVD, the ef-
iciency of the crosslinking reaction is mostly determined by the presence

of a nearby pyrimidine base. In case of ACPF, the crosslinking ef iciency is
determined by the proximity of nearby nucleobases as well as the half life
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of singlet oxygen. In aqueous environment, singlet oxygen can travel up to
155 nm from its point of production, meaning that furan can only be acti-
vated when located in singlet oxygen’s action radius. In diluted conditions,
the distance from furan and singlet oxygen is increased, with a negative ef-
fect on the crosslinking ef iciency. This hypothesis is underscored by pre-
vious experiments in a templated-reaction set-up, which enabled a very
local singlet oxygen production and where it was shown that, in diluted
conditions, the nearby localization of the photosensitizer has a bene icial
in luence on the crosslinking yields.131 In this chapter, it was shown that
the crosslinking yields of both ACPF and CNVD modi ied probes could be sub-
stantially improved by using an excess of capture probe.

5.7 Conclusion

When using crosslinker-modi ied capture probes in hybridization-based
target identi ication assays, it is important that the crosslinking reaction
proceeds in high yield. It is however dif icult to predict the behavior of
such probes in a biological environment. Nevertheless, a simpli ied set-up
can give insight in the parameters determining the success of the crosslink-
ing reaction. In this chapter, we optimized the crosslinking reaction of ACPF
and CNVD modi ied DNA probes, targeting a complementary RNA, represen-
tative for a region of the lncRNA SAMMSON. The experiments were per-
formed under diluted conditions in order to mimic as closely as possible
the situation in a biological environment. In terms of ef iciency and sim-
plicity, the CNVD crosslinker beats the ACPF moiety, as no external reagents
are required and maximal yields are obtained after only 45 seconds of irra-
diation. In terms of biocompatibility, visible light irradiation is preferred,
as required for ACPF, although one should also consider the reactivity of sin-
glet oxygen in this case. In conclusion, both crosslinking agents are fast,
adaptable and applicable for the interstrand crosslinking of DNA-RNA se-
quences at low concentrations of target RNA.
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6 | Chromatin isolationbyRNA

puri ication experiments

Chromatin isolation by RNA puri ication experiments are standard practice

for the isolation of ncRNA complexes. Standard ChiRP protocols are per-

formed in vitro, and exploit the streptavidin-biotin interaction, the strongest

non-covalent interaction known in biology, to isolate ncRNA complexes. To

this end, biotinylated captureprobes (CPs) recognize andhybridize thencRNA

target, andare subsequently pulled-out fromacomplex cellular environment.

Over the years, these assays have contributed in deciphering the mechanism

of action of multiple non-coding RNAs. The success of a ChiRP experiment

is impacted by the ef iciency and speci icity of the assay. The latter is de-

termined by the degree of non-speci ic binding and is typically improved by

washing steps. The more stringent the washings, the higher the speci icity.

The ef iciency is determined by the ability of the capture probes to recognize

and hybridize the ncRNA target, but also by the strength of the non-covalent

RNA-CP interaction.

In the previous chapter, we optimized the conditions for crosslinking of two

different CPs towards target RNA in a series of model experiments. In the

current chapter, it was investigated whether the ef iciency of ChiRP assays

can be improved by using such ACPF and CNVDmodi ied capture probes. These

probes have the ability to crosslink to the ncRNA target after hybridization.

The key difference between this approach and the ‘standard’ ChiRP protocol,

is the covalent versus the non-covalent RNA-CP interaction. While the non-

covalent interaction can be disrupted during washing steps and the ncRNA

target thus rinsed away, covalent RNA-CP interactions do not suffer from this

limitation.

101
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ChiRP experiments in total RNA and cell lysate were performed in the lab of Prof.
Dr. Sven Eyckerman. RT-qPCR experiments were performed in the OncoRNA lab
of Prof. Dr. Pieter Mestdagh under guidance of Nurten Yugit. Prof. Dr. Sven Ey-
ckerman, Prof. Dr. Pieter Mestdagh and Prof. Dr. Annemieke Madder supervised
the project. Primer sequences for RT-qPCR and total RNA samples of SKMEL-28
cells were received from the OncoRNA lab. Louis Delhaye was responsible for the
SKMEL-28 cell culture, guidance in the ChiRP assays, and contributed to the inter-
pretation of (part of) the data. Joke Elskens performed the ChiRP experiments in
total RNA and cell lysates, the RT-qPCR and the proof-of-principle experiments.
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6.1 General work low

ChiRP protocols follow a general work low that was described earlier in
this manuscript (section 2.3.1). For each target, optimization of this pro-
tocol is required. Consequently, over the years, multiple variations have
been reported that differ in cell ixation strategy, capture probe design,
hybridization, rinsing conditions or bead elution. Also in our case, we de-
viated from the protocol that was originally developed for isolation of the
lncRNA SAMMSON, with the aim to ind optimal conditions for pull-down.
Taking into account that every additional step can in luence the inal recov-
ery ef iciency of the RNA target, it was tried to keep the work low as simple
as possible. In Figure 6.1, the work low used for isolation of the SAMMSON
lncRNA is shown.

In the original ChiRP protocol used for isolation of the SAMMSON lcnRNA,
experiments were performed with SK-MEL-28 human melanoma cells, start-
ing from 80 million cells per sample, which were ixated, lysed and soni-
cated. The so-called cell ixation step, performed by irradiation with 254
nm UV light, is required to obtain a snapshot of the ncRNA interactions and
helps in retaining the RNA-bound molecules throughout the assay. On the
other hand, ixation might hinder capture probe hybridization, as binding
can only occur at single stranded regions of the ncRNA that are not involved
in binding events with other biomolecules. Sonication of the cell lysate is
necessary to shred genomic DNA, but also acts as bottleneck of the exper-
iment as controlled shredding is time-consuming. In our adapted proto-
col, the sonication step was omitted by reducing the number of cells to 7.5
million per sample, such that the viscosity of the sample is decreased. In
addition, the ixation step was also discarded, as we aim at optimizing the
ef iciency of pull-down, while identi ication of ncRNA binding molecules
is subordinate.† Besides cell lysates, also total RNA samples of SK-MEL-28
cells were used as starting point for the experiments. Total RNA samples
provide a less complex environment as compared to cell lysates, as they
only consist of RNA molecules, and can therefore be useful for a irst round
of optimization.

†Steps were only omitted after careful consideration that these would not drastically in-
luence the outcome of the experiment.



104 C 6. C RNA

SK-MEL-28 cells

Cell lysate Total RNA SK-MEL-28

Bead-based

hybridization

Solution-based

hybridization

CP 

pre-immobilized

on beads

Biotinylated CP
RNA

target

SA beads

RNA target

+

pull-down

Washing

Elution of the RNA-CP

complex from the beads

RNA isolation

RT-qPCR

for ACPF and CNVD

modified capture probes

for Lac Z and 

SAMMSON 

capture probes

Crosslink
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Figure 6.1: Work low used for the Chromatin isolation by RNA puri ication experi-
ments for isolation of the lncRNA SAMMSON. Immobilization of the regular SAMM-
SON and Lac Z probe pools was performed via the bead-based hybridization ap-
proach, in analogy to the original protocol, in which the capture probes are pre-
immobilized on streptavidin beads. This approach showed however insuf icient
for the ACPF and CNVD capture probe pools, as in this case, the crosslinking reaction
needs to be carried out on-bead. For this reason, a solution-based hybridization
approach was used for the ACPF and CNVD probes, in which capture probes are irst
hybridized to the target in solution, crosslinked and then immobilized on beads. SA
= streptavidin; CP = capture probe; ICL = interstrand crosslink.

During a ChiRP protocol, a ncRNA target is enriched via a sequence-speci ic
puri ication that employs biotinylated oligonucleotide probes, followed by



6.1. G 105

a biotin-streptavidin based af inity puri ication. In this project and as dis-
cussed in chapter 4, different DNA probe pools will be used for SAMMSON
enrichment, each consisting of 10 different capture probes: (1) the regu-
lar non-modi ied probes S.1-S.10, in what follows referred to as the SAMM-
SON probe pool; (2) the ACPF modi ied capture probes F.1-F.10, shortened
as the ACPF probe pool; and the (3) CNVD modi ied capture probes C.1-C.10,
referred to as the CNVD probe pool. An overview of the capture probe se-
quences can be found in Table 4.1. Finally, a Lac Z probe pool, consisting
of 30 DNA probes complementary to the Lac Z gene, was used as nega-
tive control. In the previous chapter, optimization of the ACPF and CNVD
crosslinking reactions was performed with only one single capture probe
e.g. a non-biotinylated variant of the ‘high-con idence probe’ F.6 or C.6.
Ideally and in analogy to this experimental set-up, we would be able to de-
velop an adapted protocol that employs crosslinker modi ied ACPF and CNVD
capture probes, that enable a highly ef icient pull-down, such that the num-
ber of CPs can be drastically reduced (or even limited to one single probe)
without compromising on enrichment ef iciency.

Streptavidin-biotin af inity puri ication was performed using bead-based
and solution-based hybridization protocols (Figure 6.1). In the bead-based
approach, used in the original ChiRP protocol for the SAMMSON and Lac
Z probes and therefore also in our adapted version, the biotinylated cap-
ture probes are pre-immobilized onto streptavidin beads, and capture of
the RNA target occurs ‘on-bead’. Unfortunately, this strategy showed in-
suf icient for the ACPF and CNVD modi ied captures probes as in that case
the crosslinking has to be carried out on-bead, which negatively impacted
the pull-down ef iciency (experimental section 12.3.1). For this reason,
af inity puri ication with the ACPF and CNVD modi ied probe pools was per-
formed via in-solution hybridization, in which capture probes are irst hy-
bridized to the target in solution, crosslinked, and then captured on beads.

After af inity puri ication, streptavidin beads were washed and RNA-CP
complexes were regenerated from the beads using a ‘gentle’ approach in
which the beads were boiled at 95 °C for 10 minutes. The boiled solutions
were next subjected to an acidic phenol-chloroform based extraction used
for RNA isolation. During this procedure, nucleic acids are ef iciently sep-
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arated from proteins based on their difference in water solubility (nucleic
acids will dissolve in the water phase, while proteins will stay in the or-
ganic phenol-chloroform phase). DNA and RNA molecules are separated
based on pH. Indeed, at slight acidic pH (4-4.5), the negative phosphate
backbone of DNA gets neutralized and becomes less water soluble, leading
to the formation of an intermediate layer located between the protein and
RNA phase. The obtained RNA fraction was isolated and further puri ied
via NucleoSpin columns according to the manufacturer’s protocol. The pu-
ri ied RNA fractions were analyzed via reverse transcription real-time PCR
(RT-qPCR).

6.1.1 Reverse transcription real-time polymerase chain

reaction

In RT-qPCR, multiple copies of a DNA transcript are made, while the reac-
tion is monitored via a luorescent detector molecule such as SYBR Green.
The starting input is an RNA molecule, which is converted via reverse tran-
scription into a complementary DNA (cDNA), which functions as starting
template of the PCR reaction (Figure 6.2A, step 1). PCR reactions require
the presence of a DNA polymerase, deoxynucleosidetriphosphates (dNTPs)
and a reverse and forward primer, binding the sense or antisense strand of
the DNA template respectively. In a irst step of the PCR cycle, secondary
structure elements are denatured, thereby generating a single stranded
DNA transcript, to which primers anneal. Subsequently, the temperature
is raised to activate the DNA polymerase, which elongates the primer se-
quences (step 2). During this step, a irst double stranded DNA sequence is
generated. These steps are repeated over a de ined number of cycles until
the desired ampli ication is reached (step 3). Quantitative monitoring of
the DNA ampli ication by SYBR green is based on the increase in luores-
cent intensity when SYBR green binds the minor groove of double stranded
DNA. Each cycle, the luorescent signal increases as the amount of DNA
doubles. This increase in luorescence is plotted in an ampli ication curve.
After a certain number of cycles, the luorescence will reach a level above
the luorescence background signals, which is referred to as the treshold
or quanti ication cycle Cq (Figure 6.2B). The Cq value is inversely propor-
tional to the amount of input RNA; the higher the Cq value, the lower the
amount of RNA in the sample. The obtained Cq values are used to relatively
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quantify the amount of target in each sample.
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Figure 6.2: (A) Principle of reverse transcription PCR. The starting input is an
RNA molecule, that is converted via a reverse transcriptase into a complementary
DNA (step 1). Next, the DNA is denatured to remove secondary structure elements,
thereby generating a single stranded DNA transcript to which primer sequences
anneal. Subsequently, DNA polymerase is activated, which elongates the primer
sequences (step 3). This cycle is repeated until the desired amount of ampli ica-
tion is reached (step 3). (B) SYBR green as luorescent detector molecule for real-
time PCR and the typical ampli ication curves in which the luorescent increase is
plotted versus the number of cycles.

6.1.1.1 Testing primer ef iciencies

In real-time PCR (qPCR) assays, the concentration of a target can be di-
rectly measured from its ampli ication (vide supra). To ensure that the
amount of target detected is an accurate representation of the amount present
in the sample, the qPCR assay should proceed with high sensitivity (how
good is the PCR test in detecting the target?), as well as high ef iciency (how
many target molecules are ampli ied in one cycle?). Ideally, the ampli ica-
tion ef iciency should reach near-quantitative yields, such that the amount
of target molecules is doubled each cycle. Consequently, it is important
that the designed ACPF and CNVD modi ied capture probes do not interfere
with the ef iciency and sensitivity of the RT-qPCR assay. A irst consider-
ation that should be taken into account when performing ChiRP experi-
ments with ACPF and CNVD modi ied probes, is that a covalently locked RNA-



108 C 6. C RNA

CP complex could block the subsequent RT-qPCR reaction. This covalent
linkage should not impose a problem when one aims at amplifying a tar-
get region that does not contain a capture probe binding site and is thus
situated before, after or in between regions that are recognized by the PCR
primers (Figure 6.3). For this reason, the OncoRNALab (UZ Gent) designed
two primer pairs that meet this criterium (experimental section 12.3.2).

Crosslinked 

CP

PolymeraseCrosslinked 

CP

(A) Crosslink blocks amplification 

(B) Crosslink does not block amplification 

Primer

Primer

Polymerase

Figure 6.3: (A) Ampli ication is stopped when a crosslinked region is ampli ied.
(B) Ampli ication proceeds when a region is ampli ied that is not crosslinked to a
capture probe.

A second consideration is that activation of the ACPF and CNVD capture probes
may induce oxidative or UV-damage to the RNA target. To assess if these
conditions affect the RT-qPCR procedure, total RNA samples of SK-MEL-28
were subjected to crosslinking conditions. Oxidative conditions were sim-
ulated by adding methylene blue or rose bengal at inal concentrations of
2 µM or 5 µM to the total RNA sample, after which the sample was irra-
diated for 10 minutes or 20 minutes with red or green light respectively.
Alternatively, the total RNA was irradiated with UV-A light for 2 minutes, 5
minutes or 10 minutes. After having been subjected to these crosslinking
conditions, a serial dilution of the total RNA was made, followed by analy-
sis by RT-qPCR. Standard curves were generated by plotting the obtained
Cq values as function of the log of the quantity, from which ampli ication
ef iciencies (E) were calculated using the equation: E = 10-1/slope. Figure
6.4 depicts the obtained standard curves and the corresponding E-values,
which should range between 1.9-2.1. These curves show that both under
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UV- and oxidative conditions, RT-qPCR ef iciencies are near-quantitative
for both primer pairs. The only exception here is the oxidation with rose
bengal at 5µM concentration, for which a reduced ef iciency for primerpair

!"#$%&'"()*+,'*")$+*"-. !"#$%&'"()*+,'*")$+*"/.

01"23"+**$4+$5+16 !"#$# !"#$%

/",+6"23"+**$4+$5+16 !"#&% '"(()

-7",+6"23"+**$4+$5+16 !"#%* '"(+#

-8",+6"23"+**$4+$5+16 !"'!) !"#)!

!"#$%&'"()*+,'*")$+*"-. !"#$%&'"()*+,'*")$+*"/.

01"19+4$5+#'":164+5+16; !"#+% !"#%$

<="/">< !"#$& !"#%+

<="8">< !"#'+ !"#&&

?="/">< '"()! !"'#&

?="8">< '"**) !"''!

!"#

!$#

!"# # #! #!!

$!

$%

&!

&%

'()*+,-./0/12

3
4

5607869:-069#

!"# # #! #!!

$!

$%

&!

&%

'()*+,-./0/12

3
4

5607869:-069$9

!"#$#%!

&"#$#%!

!"#'#%!

&"#'#%!

!"#"$%&'(%)*#

+",&%(%",-

!"# # #! #!!

$!

$%

&!

&%

'()*+,-./0/12

3
4

5607869:-069#9

!"# # #! #!!

$!

$%

&!

&%

'()*+,-./0/12

3
4

56708975:-075$

!"#$%"&'"$(()*$)+$,%

-."#$%"&'"$(()*$)+$,%

-/"#$%"&'"$(()*$)+$,%

0,"&'"$(()*$)+$,%

Figure 6.4: Primer ef iciencies under (A) UV- and (B) oxidative conditions. Ef i-
ciencies (E) were calculated by plotting the Cq value in function of the log of the
quantity using the following equation: E = 10-1/slope. A shift in Cq value as com-
pared to a negative control sample e.g. a total RNA sample not subjected to UV- or
oxidative conditions, suggest a drop in sensitivity of the RT-qPCR assay. Primer 1
forward: 5’ - AAG GTG GGC TCA ATG TCA TC - 3’; Primer 1 reverse: 5’ - GCT TCT
AGA GGC TTC CCA CA - 3’; Primer 2 forward: 5’ - AGA CAC AGG TGG CTG GTC AT -
3’; Primer 2 reverse: 5’ - GAT GAC ATT GAG CCC ACC TT - 3’.
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1 was observed. In addition, under oxidative conditions a shift to higher Cq
values is observed, which is most prominent at increased photosensitizer
concentrations (5 µM), and suggests that the sensitivity of the RT-qPCR
assay is reduced up to a 4-fold at 5 µM rose bengal concentrations. Conse-
quently, under oxidative conditions, the RT-qPCR results will yield an un-
derestimation of the actual concentration of enriched RNA due to the oxi-
dation proneness of the target under crosslinking conditions. As this sen-
sitivity drop is less pronounced at lower photosensitizer concentrations it
was chosen to perform the experiments at 2 µM.

6.2 ChiRP experiments in cellular extracts

A irst ChiRP experiment was performed starting from SK-MEL-28 cell lysate,
using 7.5 million cells/sample. For SAMMSON enrichment, either the SAMM-
SON or ACPF probe pool was used. At this point, the CNVD probe pool was not
included as these experiments served as a irst model experiment, in which
we aimed to evaluate the ef iciency of the ACPF probe pool compared to the
SAMMSON probe pool. Only at a later stage, the ef iciency of the CNVD probe
pool will be assessed. The SAMMSON probe pool was pre-immobilized on
streptavidin beads, while the ACPF probe pool was allowed to hybridize to
the target in solution, prior to bead immobilization. Activation of the ACPF
moiety was achieved by adding methylene blue or rose bengal to the cell
lysate at inal concentrations of 2 µM. Samples were subsequently irradi-
ated for 10 minutes with red light (methylene blue) or 20 minutes with
green light (rose bengal). As negative controls, capture with the ACPF probe
pool was also tested in absence of crosslinking, and with a randomized pool
containing probes F.R1-F.R4.

Figure 6.5 shows the relative enrichment of the SAMMSON lncRNA. The
enrichment is calculated from the Cq values obtained via RT-qPCR, and re-
lects the amount of SAMMSON present after pull-down, with respect to

an RNA input sample which was taken prior to the start of the experiment.
The higher the enrichment, the more ef icient the pull-down was for a given
probe pool. The obtained data were normalized in QBase+ using a set of
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Figure 6.5: Relative enrichment of the SAMMSON lncRNA, pulled-out from an
SK-MEL-28 cell lysate obtained from 7.5 million cells. The cell lysate was incu-
bated with the Lac Z, SAMMSON or ACPF capture probe pool (1:1:1 ratio of Lac
Z:SAMMSON:ACPF). Activation of the ACPF moiety was performed by irradiating the
sample with red (methylene blue) or green light (rose bengal) for 10 min or 20 min
respectively, at a photosensitizer concentration of 2 µM. MB = methylene blue; RB
= rose bengal.

four different reference genes.† Normalization is required to correct for
experimental variation between the different samples (crf. concentration
differences, differences in ef iciency of cDNA synthesis,...). Rather unex-
pected, the SAMMSON lncRNA was enriched in all cases, also for the Lac
Z and random ACPF probe pools. In case of the Lac Z probe pool, the en-
richment even equalizes the ef iciencies obtained with the regular SAMM-
SON probes. The ACPF capture probes yielded similar ef iciencies, indepen-
dently from whether the crosslinking reaction was performed, with ex-
ception for rose bengal as photosensitizer. In this case, a small increase
in enrichment was observed. These results suggest that the ACPF modi-
ied probes are at least as ef icient as the SAMMSON probes for binding

the lncRNA target. Hence, we can carefully concluded that the destabiliza-
tion introduced by the ACPF moiety does not hamper hybridization under
the experimental conditions tested. Moreover, the improved ef iciency for
sample ACPF upon rose bengal activation suggests that the crosslinking re-
action helps in retaining the lncRNA target immobilized throughout the ex-
periment.

†Reference genes are expressed in a large number of cell types and are stably expressed
between the different samples. The normalization factor is calculated based on the geometric
mean of the reference genes for each sample.
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The above results further suggest that rose bengal is slightly superior to
methylene blue for ACPF crosslinking, and therefore, rose bengal was se-
lected as photosensitizer in the subsequent ChiRP experiments. However,
this ef iciency increase is limited and should be optimized. In chapter 5, it
was proven that crosslinking yields could be enhanced by increasing the
concentration of capture probe relative to the target, without the require-
ment for changing the irradiation time or photosensitizer concentration.
With this in mind, a second experiment was performed, for which the con-
centration of ACPF probes were increased 10-fold relative to the regular
probes and the Lac Z probes (Figure 6.6). While, as previously, similar en-
richment ef iciencies for the Lac Z and SAMMSON probes were obtained,
ef iciencies for the ACPF probes were drastically improved with increas-
ing concentration, although a big dissimilarity between primer pair 1 and
primer pair 2 was observed. In the future, it should be investigated whether
this ef iciency increase is crosslink related, concentration-dependent or a
combination of both.
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Figure 6.6: Relative enrichment of the SAMMSON lncRNA, pulled-out from an
SK-MEL-28 cell lysate obtained from 7.5 million cells. The cell lysate was incu-
bated with the Lac Z, SAMMSON or ACPF capture probe pool (1:1:10 ratio of Lac
Z:SAMMSON:ACPF). Activation of the ACPF moiety was performed by irradiating the
sample with green light for 20 min, at a rose bengal concentration of 2 µM. RB =
rose bengal.

The observed (non-speci ic) RNA enrichment with the Lac Z probes ham-
pers straightforward analysis of the results. To investigate what could cause
this enrichment, new experiments were designed, for which the in luence
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of cell ixation, sonication and number of cells was evaluated (Figure 6.7).
These steps are standard practice in ChiRP protocols, but were omitted in
our adapted version. Unfortunately, none of these parameters could ac-
count for the Lac Z enrichment, as in all cases enrichment was equal or
even exceeded the enrichment obtained with the SAMMSON probes.
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Figure 6.7: (A) Relative enrichment of the SAMMSON lncRNA, pulled-out from an
SK-MEL-28 cell lysate obtained from 80 million cells. The experiment was per-
formed with sonication and without cell ixation. The cell lysate was incubated
with the Lac Z or SAMMSON capture probe pool (1:1 ratio of Lac Z:SAMMSON). (B)
Relative enrichment of the SAMMSON lncRNA, pulled-out from an SK-MEL-28 cell
lysate obtained from 7.5 million cells. The experiment was performed with soni-
cation and cell ixation. The cell lysate was incubated with the Lac Z or SAMMSON
capture probe pool (1:1 ratio of Lac Z:SAMMSON).

6.3 ChiRP experiments in total RNA extracts

In ChiRP assays, the use of high-ionic strength buffers is standard prac-
tice to reduce non-speci ic oligonucleotide-protein interactions. However,
under these conditions oligonucleotide hybridization is favored, and non-
speci ic oligonucleotide binding might become more apparent. As buffer
composition can in luence the hybridization of oligonucleotides signi icantly,
it was investigated whether the used buffer system could be the reason
for the observed aspeci icity with the Lac Z probes. To investigate this hy-
pothesis, three different buffer systems were selected to perform ChiRP ex-
periments: (1) an hybridization buffer; (2) ChiRP lysis buffer, used in the
original and adapted protocol; (3) an ARGUS buffer. The composition of
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the buffer system can be found in the material and method section 11.4.1,
and differs in used additives, buffer type and in ionic strength. To reduce
the complexity of the system, experiments were performed in total RNA
extracts of SK-MEL-28 cells. This time, pull-down experiments were per-
formed both with the ACPF and CNVD modi ied capture probes, to allow a
comparative analysis of both crosslinker modi ied probe pools. Crosslink-
ing of the ACPF probes was initiated using rose bengal as photosensitizer,
samples containing the CNVD probe pool were irradiated for 2 min with UV-
A light. Due to a dilution error, the probe pool concentrations were a 10-
fold increased for the ACPF and CNVD probe pool as compared to the SAMM-
SON and Lac Z probe pool.

Figure 6.8 shows the relative enrichment for the lncRNA SAMMSON in hy-
bridization, lysis and ARGUS buffer. The obtained results indicate that buffer
composition is of paramount importance and determines the degree of
non-speci ic pull-down. Aspeci icity was reduced in the hybridization buffer,
which was re lected as a decreased enrichment for the Lac Z probes. The
high stringency of the hybridization buffer is most likely related to the for-
mamide present in the buffer. Formamide is a known destabilizer of DNA
as it competes with the Watson-Crick hydrogen-bonding interaction. Con-
sequently, it reduces the Tm in solution approximately with -0.65 °C per
percentage of formamide.248 Hybridization buffer is typically used in North-
ern blot analysis, and could hence be valuable for the identi ication of lncRNA
interactions with other DNA and RNA molecules present in cells. Hypo-
thetically, the high ionic strength might be too stringent to retain protein-
oligonucleotides interactions, but as cell ixation is a key step, speci ic protein-
RNA interactions will be covalently locked. Hence, the high stringency might
be an advantage as it would minimize the presence of non-speci ic protein-
RNA interactions. As compared to the hybridization buffer, non-speci ic
binding (with the Lac Z probes) was increased up to 3.6 fold in lysis buffer,
which might be related with the presence of bivalent magnesium ions, and
even up to a 107-fold in ARGUS buffer. In the latter case, the presence of
Denhardt’s reagent, a blocking agent used in Northern and Southern blot-
ting that consist of the polysaccharide icoll, bovin serum albumine and
polyvinylpyrrolidinone, might in luence oligonucleotide hybridization in a
way that is not understood at this point. The increased aspeci icity in AR-
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Figure 6.8: Relative enrichment of the SAMMSON lncRNA, pulled-out from total
SK-MEL-28 RNA extracts in (A) Hybridization buffer, (B) Lysis buffer and (C) AR-
GUS buffer. The total RNA extract was incubated with the Lac Z, SAMMSON, ACPF
or CNVD capture probe pool (1:1:10:10 ratio of Lac Z:SAMMSON:ACPF:CNVD). Activa-
tion of the ACPF moiety was performed by irradiating the sample with green light
for 20 min, at a rose bengal concentration of 2 µM. Activation of the CNVD moiety
was achieved by irradiating the sample for 2 min with UV-A light. RB = rose bengal.

GUS buffer is furthermore also re lected for the SAMMSON, ACPF and CNVD
capture probes, for which a 2.63 - 14.61 fold enrichment was observed as
compared to the enrichment obtained in hybridization or lysis buffer.
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At 10-fold increased concentrations of the ACPF probes, enrichment ef i-
ciencies were up to a 7.7-fold improved. A similar trend was however not
seen for the CNVD probes, for which enrichment was even decreased as
compared to the SAMMSON probes, with exception of the experiments per-
formed in lysis buffer. The lower RNA recovery for the CNVD probes was
unexpected, de initely in view of the superior crosslinking yield and reac-
tion rate of the CNVD moiety as compared to the ACPF crosslinker, as was
observed during the model experiments in the previous chapter. Further-
more, the long wavelength UV-A irradiation required for activation should
not impose UV-mediated damage or interfere with downstream processes,
as irradiation did not negatively impact the primer ef iciencies in RT-qPCR
(section 6.1.1.1) One possible explanation for the reduced RNA recovery
is the irreversible nature of the RNA-CP interaction which might interfere
with the phenol-chloroform based extraction for RNA isolation. During
the extraction process, a protein, DNA and RNA phase are generated (vide
supra), for which the latter is collected and used for further puri ication
and cDNA synthesis. As the RNA-CP complex is covalently locked, part of
the RNA can end up in the DNA fraction, which would explain the reduced
enrichment. This (potential) problem could be easily tackled by revers-
ing the crosslinking reaction prior to phenol-chloroform extraction. This
is easily achieved for the CNVD probes by irradiating the sample with 312
nm UV-light.92 For the ACPF probes, no additional step is required, as the
crosslinking reaction is reversed upon heating (vide infra).

6.4 Proofofprincipleexperiments inPBSbuffer

and cell lysate

The ChiRP experiments in total RNA samples identi ied the hybridization
buffer as a potentially relevant buffer that minimizes SAMMSON enrich-
ment for the Lac Z probes. Further experiments should however be per-
formed to investigate the reproducibility of the obtained results. Overall,
straightforward analysis of the experiments remained dif icult, as basic un-
derstanding of the parameters in luencing the ef iciency of enrichment and
aspeci icity of binding are lacking. Further insight is required to determine
(1) whether the improved ef iciency of the ACPF probes is crosslink related;
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(2) what causes the reduced ef iciency of the CNVD probes; (3) what could
explain the non-speci ic binding for the Lac Z probes.

With this aim, a series of proof of principle experiments were designed, in
which the complexity of the system was reduced. These experiments were
performed in PBS buffer (100 mM NaCl, 10 mM NaH2PO4) or SK-MEL-28
cell lysate, spiked with a capture probe and a 20-mer RNA sequence (5’
- ACC TTT AGC CAA GTT CAC AC - 3’), representing a speci ic region of
the SAMMSON lncRNA. In contrast to the crosslinking optimization exper-
iments discussed in chapter 5, here, the used CPs were 3’ biotinylated to
allow for a streptavidin-biotin pull-down of the RNA-CP complex. The cap-
ture probe was either a randomized sequence (probe R.1), which served as
negative control, or a probe complementary to the RNA target (probe S.6,
F.6 or C.6). Figure 6.9 depicts the general principle of the proof of prin-
ciple experiments. Crosslinking reactions were performed at 25 °C. The
ACPF modi ied capture probe F.6 was activated by irradiation in the pres-
ence of methylene blue or rose bengal, which were added to the solution
at a inal concentration of 2 µM. The solution was irradiated for 10 min
(methylene blue) or 20 min (rose bengal) with red or green light respec-
tively. Crosslinking with the C.6 capture probe was achieved by irradiating
the solution for 2 min with 366 nm UV-light. The RNA-CP solutions were
added to 25 µL of pre-washed streptavidin magnetic beads and left to in-
cubate for 15 min under gentle rotation. After incubation, aspeci ic inter-
actions were removed by washing the beads three times with 1x Washing
and Binding buffer (5 mM Tris.HCl pH 7.5, 0.5 mM EDTA, 1M NaCl), after
which the beads were resuspended in 50 µL milli-Q water and boiled for
10 min at 95°C to reverse the streptavidin-biotin interaction and liberate
the RNA-CP complex.
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Covalent RNA-CP 
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RNA Capture probe   

+
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No RNA-CP 

complex (R.1)

1. Hybridization

2. Crosslinking (F.6 and C.6)

3. Streptavidin 

    pull-down   

biotin   

RNA: 5’ - ACC TTT AGC CAA GTT CAC AC - 3’

S.6:   5’ - GTG TGA ACT TGG CTA AAG GT - Biotin - 3’

F.6:    5’ - GTG TGA ACT XGG CTA AAG GT - Biotin - 3’

C.6:   5’ - GTG TGA AZT TGG CTA AAG GT - Biotin - 3’

R.1:   5’ - CCA GTT AAG CGT GAC AGT CC - Biotin - 3’  

Figure 6.9: Principle of the proof of principle pull-down experiments. Capture
of target RNA with probe S.6 results in the formation of a non-covalent RNA-CP
complex. Capture of target RNA with probe F.6 or C.6 results, after crosslinking, in
the formation of a covalently linked RNA-CP complex. The random probe R.1 is not
capable of hybridizing the RNA target, in this case, no RNA-CP complex is formed.
Streptavidin pull-down allows isolation of the RNA-CP complex for the S.6, F.6 or
C.6 capture probes. For the random probe R.1, the RNA target is not recovered after
pull-down. X = ACPF; Z = CNVD.

Figure 6.10 shows the HPLC analysis after streptavidin pull-down, as well
as the relative RNA enrichment. As expected for the randomized sequence
R.1, no RNA enrichment was observed, and only the R.1 peak (Rt = 12.14
min) was recovered after boiling. The absence of RNA enrichment for probe
R.1 con irms that no aspeci ic binding interactions are responsible for RNA
recovery. For capture probe S.6, both the RNA target (Rt = 9.89 min) and
the S.6 probe (Rt = 12.67 min) are recovered. A similar observation was
seen for the ACPF modi ied capture probe F.6, for which both the RNA tar-
get as well as the F.6 probe (Rt = 14.33 min) are visible. When compar-
ing the enrichment of the regular probe S.6 with F.6, higher enrichment
was observed for the latter (Figure 6.10B), with a slightly better ef iciency
for methylene blue as compared to rose bengal. However, no crosslinked
product could be observed in the HPLC chromatogram. In contrast, the
crosslinking reaction with CNVD modi ied C.6 proceeded in high yield, and
the crosslinked product was recovered after pull-down (Rt = 13.92 min).
Unfortunately, the enrichment ef iciency was drastically reduced in this
case. These results suggest that the yield of a pull-down experiment is not
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solely determined by the strength of the RNA-CP interaction and, in case
of ACPF and CNVD modi ied probes, the ef iciency of the crosslinking reac-
tion. Even in a simpli ied set-up, other factors, which are not known and
comprehended at this point, come into play and determine the overall ef-
iciency of the protocol.
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Figure 6.10: (A) HPLC analysis of the proof of principle experiments after strep-
tavidin pull-down. The experiment was performed in PBS buffer at 10 µM RNA
concentration (1:1 ratio of RNA:CP). Activation of the ACPF moiety was performed
by irradiating the sample with red (methylene blue) or green light (rose bengal)
for 10 min or 20 min respectively, at a photosensitizer concentration of 2 µM. Ac-
tivation of the CNVD moiety was achieved by irradiating the sample for 2 min with
UV-A light. (B) Enrichment of the target RNA relative to the negative control probe
R.1. ICL = crosslinked product; MB = methylene blue; RB = rose bengal.

In order to clarify the absence of the RNA-F.6 crosslinked product as well
as the C.6 probe after pull-down, crosslinking experiments with capture
probes F.6 and C.6 were performed. After crosslinking, the samples were
boiled and HPLC chromatograms prior and after boiling were compared
(Figure 6.11). No streptavidin pull-down was performed in these cases.
Activation of the CNVD moiety was completed after 2 min of UV-irradiation,
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with crosslinking yields of 52%†, with the formation of one major cross-
linked product (Figure 6.11C, peak marked with *). For capture probe F.6,
the intensity of the RNA (Rt = 9.89 min) and F.6 peak (Rt = 14.33 min)
decreased after crosslinking, with the concomitant formation of multiple
peaks (zoomed area, Rt = 13.65, 13.85, 14.14 and 14.27 min, Figure 6.11A-
B). MALDI analysis of the different peaks con irmed the presence of a cross-
linked product (and oxidation products thereof; Rt = 14.27 min, marked
with *), as well as multiple oxidation products of F.6 (experimental section
12.3.3, Figure 12.37). Furan activation was incomplete, as the F.6 probe
was only partly oxidized, with crosslinking yields of 11%, independently
of whether methylene blue or rose bengal was used for activation. These
results are in line with previous crosslinking experiments performed at 5
µM RNA concentration at a 1:1 ratio of RNA:CP (Figure 5.9), here, incom-
plete furan activation was also observed with maximal obtained crosslink
yields of 13%.

This partial activation can be a consequence of shielding of the ACPF moi-
ety when present in a duplex conformation, which would also explain the
oxidative damage observed in the MALDI spectra. Indeed, oxidation prone
moieties present in the F.6 probe can be damaged by singlet oxygen, and
in this way biotin residues can be oxidized into the corresponding biotin
sulfoxides and sulfones.249 Interestingly, the F.6 and C.6 probes display a
different behavior upon boiling. While the RNA-C.6 crosslinked adduct re-
mains stable, the RNA-F.6 crosslinked product degrades with a concomi-
tant increase in intensity of the RNA peak. MALDI analysis of the RNA
peak con irmed the recovery of the intact RNA target upon boiling, with
minor oxidative damage to the RNA as a consequence of the oxidative con-
ditions required for the ACPF crosslinking (experimental section 12.3.3, Fig-
ure 12.36).

Next, proof of principle experiments were repeated in cell lysates follow-
ing the PBS experimental protocol, at a 1:1 or 1:2 ratio of RNA:CP. When
no excess of capture probe is used, the results were in line with the exper-
iments in PBS buffer, with the exception that the overall pull-down yields

†Yields were calculated from the HPLC chromatograms by dividing the integrated area of
the crosslinked peak by the integrated area of the limiting oligonucleotide probe at time zero,
thereby correcting for the molar absorptivity of the sequences.
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Figure 6.11: HPLC analysis of the crosslinking reaction prior and after boiling. The
experiment was performed in PBS buffer at 10 µM RNA concentration (1:1 ratio
of RNA:CP). Activation of the ACPF moiety was performed by irradiating the sample
with red (methylene blue) or green light (rose bengal) for 10 min or 20 min respec-
tively, at a photosensitizer concentration of 2µM. Activation of the CNVD moiety was
achieved by irradiating the sample for 2 min. The peaks marked with a * are the
crosslinked products. (A)Crosslinking reaction with F.6, activation with methylene
blue; (B) Crosslinking reaction with F.6, activation with rose bengal; (C) Crosslink-
ing reaction with C.6, activation with UV-A light. ICL = crosslinked product; MB =
methylene blue; RB = rose bengal.

were reduced (compare Figure 6.12A with Figure 6.10). This reduced ef-
iciency can be explained by the presence of other (biotinylated) cellular

compounds, that compete with the capture probes for the streptavidin bind-
ing sites. As previously, ef iciencies for the C.6 probe were reduced com-
pared to S.6. The results for the F.6 probe were also slightly deviating, as in
cell lysate, methylene blue appeared the less favorable photosensitizer (in
contrast to what was observed in PBS buffer cfr. Figure 6.10), and a slight
reduction in pull-down ef iciency was observed in this case as compared
to the S.6 probe. In terms of photosensitizer ef iciency, these observations
were in line with the ChiRP experiments (Figure 6.5), were rose bengal was
identi ied as photosensitizer of choice.

For the 1:2 experiment (Figure 6.12B), the pull-down yield with the reg-
ular S.6 probe was improved, while the opposite was observed for the F.6
probe. The reaction with the C.6 probe was not performed in this case, in
view of the limited pull-down ef iciency of these probes. These results are
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surprising, as it was shown in chapter 5 that the use of an excess of capture
probe enhances crosslinking yield, and should thus in theory have a bene-
icial effect on the pull-down ef iciencies. However, for the CNVD modi ied

capture probes it was seen, both in the ChiRP as well as the proof of princi-
ple experiments, that high pull-down ef iciencies seem to inversely relate
with crosslinking yield.
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Figure 6.12: HPLC analysis after streptavidin pull-down of the proof of principle
experiments performed in SK-MEL-28 cell lysate at 10µM RNA concentration. Acti-
vation of the ACPF moiety was performed by irradiating the sample with red (methy-
lene blue) or green light (rose bengal) for 10 min or 20 min respectively, at a pho-
tosensitizer concentration of 2 µM. Activation of the CNVD moiety was achieved by
irradiating the sample for 2 min. The enrichment of the target RNA relative to the
negative control probe R.1 is also depicted. The experiment was performed at (A)
a 1:1 ratio of RNA:CP or (B) a 1:2 ratio of RNA:CP. ICL = crosslinked product; MB =
methylene blue; RB = rose bengal.

The inverse relationship between crosslinking yield and pull-down ef i-
ciencies was further underscored by an additional experiment, in which
the F.6 and C.6 probes were used as capture probes without crosslink-
ing (Figure 6.13; 1:1 ratio of RNA:CP). In both cases, the ef iciencies ex-
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ceeded the ones obtained with the S.6 probes, and were further signi i-
cantly improved as compared to the experiments with the F.6 and C.6 probe
with crosslinking. These results seem to suggest that (1) the conditions
required for activation of the ACPF and CNVD crosslinking moiety hamper
pull-down; and (2) that the ACPF and CNVD moieties enable a higher RNA
recovery in absence of crosslinking as compared to the regular SAMMSON
probes. This might potentially be related to a favorable hydrophobic inter-
action between the aromatic crosslinkers and the streptavidin. It should
however be noted that these indings are not in line with the results of the
ChiRP experiments (Figure 6.5), for which a reduced pull-down ef iciency
was observed for the ACPF probe pool in absence of crosslinking (as com-
pared to the SAMMSON probe pool), while a higher RNA recover was ob-
tained when the sample was crosslinked with rose bengal. These results
warrant further investigation and underscore that we cannot simply ex-
trapolate the results from the proof of principle experiments to the ChiRP
experiments due to the complexity of the process factors, which we cur-
rently do not entirely control or understand (yet) and which apparently
play a role in the overall pull-down process.
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Figure 6.13: (A) HPLC analysis of the proof of principle experiment after strepta-
vidin pull-down, with F.6 and C.6 as capture probe. The experiment was performed
in SK-MEL-28 cell lysate at 10 µM RNA concentration (1:1 ratio of RNA:CP). No
crosslinking reaction was performed. (B) Enrichment of the target RNA relative to
the negative control probe R.1.
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6.5 Conclusion

With the objective of developing an improved and more ef icient pull-down
protocol for ncRNA isolation and target identi ication, an adapted ChiRP
assay was designed in which a series of ACPF and CNVD modi ied DNA oligonu-
cleotides were tested as RNA capture reagents for the SAMMSON lncRNA.
Upon crosslinking, the pull-down ef iciency when using the CNVD capture
probes was signi icantly decreased, while ef iciencies with the ACPF probes
were, in some de ined cases, slightly improved as compared to the regular
SAMMSON probes. These preliminary experiments showed the potential
of the ACPF probes as (improved) RNA capture probes. In the future, further
optimization of the crosslinking parameters is necessary to attain a signi i-
cant ef iciency gain that outweighs the extra cost and time invested for the
synthesis of the ACPF probes. It is interesting to note the reversibility of the
crosslinking reaction at elevated temperatures, which allows full recovery
of the RNA target without the need for an additional step to reverse the re-
action (i.e. as is the case for the CNVD probes).

The origin of the non-speci ic binding of the Lac Z probes was not identi-
ied and unexpected as previous ChiRP experiments proved the value of

the Lac Z probe pool as negative control. Although presumptuous, this
could potentially be related to the fact that the Lac Z probes were ordered
from a different supplier. Therefore, the Lac Z probe pool might be dif-
ferent from the one previously used, and one or multiple oligonucleotide
strands might have partial complementarity to the SAMMSON lncRNA. Un-
fortunately, this hypothesis could not be investigated as the sequence iden-
tity of the Lac Z probe pool is unknown.

It is clear that these experiments evidence the complexity of biological pro-
tocols and illustrate the dif iculty that comes with the study of molecular
interactions in a complex biological context. Nowadays, optimization of
ChiRP protocols is merely a trial-and-error approach, which is hampered
by a lack of general knowledge of the process factors in luencing the pull-
down. Additionally, a more profound understanding of nucleic acid sec-
ondary structure and biomolecule interactions at the start of the experi-
ment is required and indispensable for the smart-design of adapted ChiRP
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protocols.

Note: The datawere presented in a different order as they were originally performed,

in view of readability and story build-up. Originally, ChiRP experiments in total RNA

extractswere performed irst. The rationale behind this approachwas to test the pull-

down in an environment which is not as complex as a cell lysate, but could give valu-

able insight in the pull-down process and could therefore be useful for a irst round

of optimization. As the data were inconclusive, it was decided to test whether similar

results were obtained when going to cell lysates. Indeed, the more complex cellular

environment could in luence the pull-down process, with different results as a con-

sequence. Unfortunately, this was not the case, and it was realized that a lot of (un-

known) variables could in luence the overall pull-down ef iciency. Identifying these

variables is however complicated by the complexity of the experimental parameters.

Therefore, it was decided to monitor the basic pull-down reaction in a series of proof-

of-principle experiments, with the aim to identify critical parameters that are in lu-

encing the ef iciency of the pull-down process.
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7 | Furanmodi iedPNAsasoligo-

nucleotide capture probes

Peptide nucleic acids are a class of oligonucleotidemimics that could be valu-

able in a plethora of applications. In view of their nuclease resistance and

the high thermal stability of oligonucleotide-PNA complexes, PNAs could be

useful substitutes for nucleic acid capture probes. As discussed in the pre-

vious chapters, capture probes could furthermore potentially bene it from

the presence of a crosslinking agent, and the design of furan modi ied PNAs

could have potential use in this context. In previous research, furan-modi ied

PNA monomers were synthesized, incorporated in PNA sequences and eval-

uated for their crosslinking ability towards complementary DNA sequences.

As a next research objective, we aimed for the design of second-generation

furan modi ied PNAs. These PNAs possess improved properties such as in-

creased solubility and crosslinking ef iciencies. In this chapter, the design

and synthesis of novel furan building blocks and their incorporation in PNA

sequences is described. Also a detailed study on their crosslinking properties

is included. First, we elaborate on existing PNA modi ications and an intro-

duction on PNA synthesis is given.

Part of this work was published in ’Synthesis and Improved Cross-Linking

Properties of C5-Modi ied Furan Bearing PNAs’ (Molecules, 2017).126

This research was conducted in collaboration with the research group of Profes-
sor Roberto Corradini. Master thesis student Valentina Costi synthesized the furan
building blocks, Dr. Alex Manicardi synthesized the PNA sequences and supervised
the project. Prof Dr. Annemieke Madder was also involved in supervision of the
project. Joke Elskens performed the crosslinking experiments and did the PAGE
and HPLC analysis.

127
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7.1 Modi ied PNAs with improved properties

The uncharged and hydrophobic backbone of PNA accounts for its extraor-
dinary properties but also restricts cellular uptake and lowers water solu-
bility. Throughout the years, solutions have been proposed to overcome
these problems. PNAs have been conjugated with cell penetrating pep-
tides and different backbone modi ications have been proposed, of which
α- andγ- substitutions with amino acid side chains are most common (Fig-
ure 7.1).250,251 Furthermore, by introducing substituents in the PNA back-
bone, the binding properties of PNAs are altered. First, backbone substitu-
tion increases the rigidity of the backbone, and induces pre-organization in
the PNA strand. The stereochemistry of the side chain plays an important
role. For example, γ-PNAs derived from L-amino acids are strong induc-
ers of right handed helices and pre-organize the PNA such that antiparal-
lel binding to complementary oligonucleotides is facilitated. In contrast,
γ-PNAs derived from D-amino acids induce left-handed pre-organization
which hampers binding to right-handed nucleic acids. The effect of the
side chain stereochemistry is less pronounced inα-PNAs. Secondly, the na-
ture of the side chain modi ication is key; while the γ-position can accom-
modate a wide variety of (sterically hindered) groups, the binding af in-
ity of α-PNAs is reduced with increasing sterical hindrance evoked by the
side chain modi ication. A third effect is observed with positively charged
side chains such as L-lysine and L-arginine. In this case, a favorable elec-
trostatic interaction with the negatively charged oligonucleotide backbone
occurs, which facilitates hybridization and increases the water solubility of
the PNA. Consequently, lysine and arginine substitutions are popular side
chain modi ications and have been explored as synthetic handles for pep-
tides and luorophores252 (α- and γ-lysine substitutions) or for improving
the cellular uptake of PNA sequences (α- and γ-arginine substitutions).250

N
H

N
O

O
O

Base

R

R’

α
γ

Figure 7.1: α and γ position of a PNA monomer.
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Positively charged side chain modi ications increase the binding af inity of
PNA-DNA and PNA-RNA duplexes in vitro, but despite the high thermal sta-
bility of these complexes, in vivo applications suffer from the reversible na-
ture of this interaction as the presence of other biomolecules can compete
with the PNA hybridization event. Even upon hybridization of the PNA se-
quence, the interaction can be reversed. By locking the PNA-DNA or PNA-
RNA interaction, the stability of the complex can be improved, thereby en-
hancing certain in vivo applications. This can be achieved by designing PNA
probes modi ied with a crosslinking agent, which is capable of forming a
covalent bond with the target oligonucleotide.

In this context, PNAs conjugated with nitrogen mustards have been used
for targeting the HER-2/neu oncogene and interstrand crosslinking forma-
tion successfully repressed HER-2/neu expression.253 Nitrogen mustards
are inherently reactive probes, bearing chloroethyl side chains bound to
the nitrogen atom. Upon intramolecular alkylation, a reactive aziridinium
cation is formed, which is capable of alkylating the N7-position of gua-
nine residues (Figure 7.2A).254 Benzophenone-PNA derivatives were also
used in the context of PNA-DNA interstrand crosslinking.255 The crosslink-
ing reaction is initiated upon UV irradiation (350-360 nm), bringing the
benzoquinone in a short-lived diradical triplet state capable of reaction
with the C5-C6 bond of nearby thymidines via a [2+2] cycloaddition re-
action, leading to the formation of oxetanes (Figure 7.2B). Quinone-meth-
ides have been explored as reversible PNA-DNA crosslinking agents and
are incorporated into PNA sequences as silyl protected moieties.256 Upon
addition of an external trigger ( luoride ions), the quinone methide is liber-
ated and reacts with the N7 position of nearby guanines via a Michael-type
addition (Figure 7.2C). Modi ied nucleobases were also successfully em-
ployed in the context of interstrand PNA crosslinking. For example, phenyl
selenide modi ied thymidine allows crosslinking PNA-DNA duplexes un-
der photochemical or oxidative conditions (mechanism is shown in section
2.3.2.3).257 Also 4-amino-6-oxo-2-vinylpyrimidine (AOVP) and 2-amino-
vinylpurine (AVP) modi ied PNAs were evaluated as nucleic acid cross-
linking agents and crosslinked with high selectivity and ef iciency with op-
posing thymine or uridine residues in complementary DNA and RNA se-
quences respectively.258 The crosslinking reaction requires no prior acti-
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vation and depends on the proximity between the reactive vinyl group and
the O4 of thymine/uridine residues for AVP and the O2 position in case of
AOVP (Figure 7.2D). The AVP crosslinking agent was shown to ef iciently
target pre-miR-122 and inhibits Dicer processing in vitro.259 Finally, our
in-house developed furan strategy was also tested in a PNA-DNA crosslink-
ing context (vide infra).125 CNVK crosslinkers and derivatives have not been
applied yet in the context of PNA-nucleic acid crosslinking.
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Figure 7.2: Crosslinking agents used for the interstrand crosslinking of PNA-DNA
and PNA-RNA duplexes and their mechanism of reaction with nearby nucleobases.
AOVP = 4-amino-6-oxo-2-vinylpyrimidine; AVP = 2-amino-vinylpurine.
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7.2 PNA synthesis

Peptide nucleic acids can be synthesized, in analogy to peptides, using solid
phase synthesis. Herein, the growing PNA chain is synthesized on a solid
support via subsequent coupling of PNA monomers. Coupling of the PNA
momomers requires orthogonal protection strategies: the free amine func-
tionality of the backbone should be protected and deprotected each cy-
cle, while the amines of the nucleobases should be semi-permanently pro-
tected throughout the course of the synthesis. One of the most common
strategies is the Fmoc/Bhoc strategy, in which the N-terminus of the PNA
monomer is protected with a base-labile luorenylmethyloxycarbonyl (Fmoc)
group and the exocyclic amine groups of the nucleobases are protected
with an acid-labile benzhydryloxycarbonyl (Bhoc) group (Figure 7.3).
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Figure 7.3: Structure of the PNA monomers.

Figure 7.4 depicts the general principle of PNA synthesis. In a irst step, a
Fmoc-protected PNA monomer is attached to the solid support, followed
by Fmoc deprotection. This liberates an amine functionality which is able
to react with an activated carboxylic acid of a second PNA monomer (step
2 and 3). After coupling, unreacted amine groups are capped to prevent
their elongation (step 4). Next, the cycles are repeated until the full-lenght
PNA is synthesized. Finally, the PNA is cleaved from the solid support and a
inal deprotection removes the Bhoc protective groups of the nucleobases

(step 5).
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Figure 7.4: Scheme of solid phase PNA synthesis. First, a Fmoc-protected PNA
monomer is attached to the solid support, followed by Fmoc deprotection (step
1). This liberates an amine functionality which is able to react with an activated
carboxylic acid of a second PNA monomer (step 2 and 3). After coupling, unreacted
amine groups are capped to prevent their elongation (step 4). Next, the cycles are
repeated until the full-lenght PNA is synthesized. Finally, the PNA is cleaved from
the solid support and a inal deprotection removes the Bhoc protective groups of
the nucleobases (step 5).

7.3 Synthesis andcharacterizationof furanmod-

i ied PNAs

7.3.1 Previous results

It was envisioned that the furan crosslinking methodology could be a bio-
compatible alternative to the existing PNA crosslinking agents. To investi-
gate this hypothesis, in previous work, three different furan-PNA monomers
were designed, differing in nucleobase modi ication (F, T(N3) and N3).125

These monomers were incorporated into PNA strands yielding furan mod-
i ications OF, OT(f) and Of. In this annotation, the letter ‘O’ stands for the
standard PNA backbone while F, T(f) and f represent the modi ied nucle-
obases. The furan building blocks T(f) and f were generated post PNA
cleavage via a copper catalyzed azide-alkyl cycloaddition reaction (CuAAC)
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between 3-(furan-2-yl)-N-(prop-2-yn-1-yl)propanamide and the azide mono-
mers T(N3) and N3 (Figure 7.5).
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Figure7.5: Structure of the furan PNA monomers and their incorporation into PNA
sequences. F, T(N3), N3 are the different nucleobase modi ications of the furan
monomers. F, T(f) and f are the furan nucleobase modi ications present in the
PNA strand. O = standard PNA backbone.

The crosslinking ability of the different furan moieties was tested towards
complementary DNA targets, representative for a region of the MYC gene.125

Crosslinking reactions were performed at 10 µM concentration, furan ac-
tivation was achieved via NBS rather than singlet oxygen, in analogy to
the irst DNA-DNA interstrand crosslinking experiments. The results were
shown to depend on the tested furan moiety. Building blockOT(f) showed
unable to crosslink with its complementary target, independent of the op-
posing nucleobase. As OT(f) is the only building block with retained base
pairing ability, little to no destabilization is imposed in the PNA-DNA du-
plex (in contrast to Of and OF). This retained base pairing ability unfor-
tunately positions the furan moiety in the major groove, far from any ex-
ocyclic amine to react with. In contrast, OF and Of were able to crosslink
with opposing adenine or cytosine bases. No crosslinking for guanine and
thymine was observed, the latter was not expected as thymine does not
have an exocyclic amine, while the guanine crosslinking did not occur due
to the orientation of the exocyclic amine - pointing away from the furan
moiety. Depending on the used furan building block a slight preference for
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adenine (OF) or cytosine (Of) crosslinking was observed.

7.3.2 Second generation furan-PNAs

Based on the promising results obtained with furan-PNAs for interstrand
DNA crosslinking, we next sought if a second generation of furan-PNAs
could be designed with improved properties such as increased solubility,
target selectivity and binding af inity. Previous reports in literature sug-
gested that γ-modi ications of the PNA backbone resulted in a substantial
increase in duplex stability when targeting RNA and DNA sequences.250

Furthermore, introduction of positively charged side chains further increased
af inity and water solubility. For these reasons, it was chosen to synthesize
γ-L-arginine and γ-L-lysine backbone modi ications of the previously de-
scribed furan monomers. The designed monomers were subsequently in-
corporated into PNA sequences and their crosslinking properties towards
complementary DNA sequences were assessed.

7.3.2.1 Synthesisofγ-substituted furanmonomersandPNAsequences

The synthesis of γ-L-arginine and γ-L-lysine modi ied furan monomers
7.5a-7.5f starts from the commercially available amino acids, Fmoc-L-Arg-
(Pdf)-OH and Fmoc-L-Lys(Boc)-OH. These amino acids could be easily con-
verted into the corresponding Weinreb amides (Figure 7.6, step a), and
subsequently reduced to the corresponding aldehydes (Figure 7.6, step b).
Reductive amination of the latter generated the corresponding protected
PNA backbones (Figure 7.6, step c). From this point, furan (F) or azide
modi ied nucleobases (T(N3) and N3) were introduced to the backbone
via coupling of the corresponding carboxylic acid (Figure 7.6, step d). Se-
lective deprotection of the methylester yielded the monomers of interest
(Figure 7.6, step e). Monomers 7.5a-7.5e were incorporated as such in
PNA sequences. The azide functionality in the T(N3) and N3 nucleobases
served as a synthetic handle which allowed incorporation of the furan moi-
ety post PNA cleavage, via a CuAAC reaction with 3-(furan-2-yl)-N-(prop-
2-yn-1-yl)propanamide in solution.
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Figure 7.6: Synthesis of the γ-modi ied furan PNA monomers. a) HBTU, DI-
PEA, N,O-dimethylhydroxylamine, DMF; b) LiAlH4, THF; c) Glycine methylester hy-
drochloride, NaBH3CN, AcOH, DIPEA, MeOH; d) R2CH2COOH, EDC·HCl, DhBtOH, DI-
PEA, DMF; e) Ba(OH)2·8H2O, H2O:THF 1:1

Figure 7.7 depicts the six different furan modi ications as present in the
PNA strand. In these annotations, the letters ‘R’ and ‘K’ stand for the γ-L-
arginine andγ-L-lysine PNA backbone respectively, while F,T(f) and f rep-
resent the furan nucleobase modi ication. A total of nine PNA sequences
were synthesized using standard Fmoc/Bhoc solid phase synthesis on a
RinkAmide ChemMatrix resin (Table. 7.1). Each PNA sequence was mod-
i ied with one of the furan nucleobases F, T(f) or f either with a normal
(PNA 1, 4, 6), γ-L-lysine (PNA 2, 5, 8) or γ-L-arginine (PNA 3, 6, 9) modi-
ied backbone. The HPLC chromatograms of PNA 1-9 can be found in the

experimental section 12.4.1.2. The synthesized PNAs are complementary
to DNA 1-4, which differ in the nucleobase (A,C,G,T) opposing the furan
modi ication.
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Table 7.1: Overview of the synthesized PNA sequences (PNA 1-9) and their com-
plementary DNA targets (DNA 1-4).

Sequence (N-C) Side chain
PNA 1 Ac-GGG CAF GAT CT-Gly-NH2 Normal (O)
PNA 2 Ac-GGG CAF GAT CT-Gly-NH2 Lysine (K)
PNA 3 Ac-GGG CAF GAT CT-Gly-NH2 Arginine (R)
PNA 4 Ac-GGG CAf GAT CT-Gly-NH2 Normal (O)
PNA 5 Ac-GGG CAf GAT CT-Gly-NH2 Lysine (K)
PNA 6 Ac-GGG CAf GAT CT-Gly-NH2 Arginine (R)
PNA 7 Ac-GGG CAT(f) GAT CT-Gly-NH2 Normal (O)
PNA 8 Ac-GGG CAT(f) GAT CT-Gly-NH2 Lysine (K)
PNA 9 Ac-GGG CAT(f) GAT CT-Gly-NH2 Arginine (R)

Sequence (5’-3’) Base opposing furan
DNA 1 5’-AGA TCA TGC CC-3’ A
DNA 2 5’-AGA TCC TGC CC-3’ C
DNA 3 5’-AGA TCG TGC CC-3’ G
DNA 4 5’-AGA TCT TGC CC-3’ T

7.3.2.2 Stability of PNA:DNA duplexes with internal furan

The effect of an γ-L-lysine and γ-L-arginine substituted backbone on PNA-
DNA duplex stability was investigated via melting temperature (Tm) analy-
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sis. Melting experiments were performed with DNA 1-4 and PNA sequences
1-9 and showed that the stabilization strongly depended on the structure
of the furan building block (Table 7.2). When comparing the standard back-
bone PNAs (PNA 1,4,7) to a reference PNA (PNA REF), it was already ob-
served that incorporation of nucleobase T(f) (PNA 7) does not introduce
any destabilization into the duplex due to its retained base pairing abil-
ity with adenine. In contrast, abasic sites F (PNA 1) and f (PNA 4) exert a
strong destabilization (∆Tm(F) = -[2.8-21.5]; ∆Tm(f) = -[0.2-18.9]) . This
observed effect was less pronounced with nucleobase f, as the longer linker
length allows a favorable π-π stacking of the aromatic furan with the nu-
cleobases, with improved duplex stability as a consequence. The overall
stabilities of the PNA:DNA duplexes seemed to bene it from the introduc-
tion of a γ-L-lysine or γ-L-arginine modi ication (PNA 2-3, 5-6, 8-9). This
stabilization can be attributed to a favorable interaction between the pos-
itively charged side chain and the negatively charged DNA backbone of the
target sequence. In case of nucleobase f (PNA 5-6) and T(f) (PNA 8-9),
γ-L-lysine or γ-L-arginine modi ication induces a similar amount of sta-
bilization (∆Tm(f) = + [0.3-3.9]; ∆Tm(T(f)) = +[0.5-3.9]), indicating that
the steric hindrance of the side chains does not hamper complex forma-
tion and does not perturb the conformation of the furan moiety. Indeed,
the π-π stacking capability of f, encloses the furan inside the helical duplex
while pointing side chains outwards of the duplex. In T(f), the furan is po-
sitioned in the major groove of the PNA:DNA duplex due to the base pairing
of the building block. In this case, an extra stabilizing effect was observed
with mismatched sequences C and G (PNA 8-9), as here, partial recogni-
tion is still possible (∆Tm = +[3-3.9]). In contrast, nucleobase F did not
always bene it from the presence of a positively charged side chain (PNA 2-
3). While γ-L-lysine incorporation (PNA 2) resulted in stabilization (∆Tm
= +[2.7-3.2]), γ-L-arginine modi ication (PNA 3) had a destabilizing effect
when opposing a purine nucleobase, attributable to the bulkiness and the
con ined lexibility of the arginine side chain (∆Tm.= -[1.3-4.3]). With op-
posing pyrimidine bases a stabilization was observed (∆Tm = +[1.3-1.4]).
These results suggest that the characteristics of the γ-side chain consti-
tute an important factor to take into consideration, as the latter is able to
perturb the conformation of the furan moiety to a less favorable one for
PNA:DNA duplex formation, as observed for furan side chain F.
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Table 7.2: Melting temperatures of PNA:DNA duplexes measured in PBS buffer
pH 7.0 at 5 µM strand concentration. Temperatures insides parentheses indicate
the Tm difference compared to the Tm value obtained for the standard backbone
modi ied PNA. PNA REF = Ac-GGG CAT GAT CT-Gly-NH2; PNA 1-9: Ac-GGG CAX GAT
CT-Gly-NH2, X = T(f), f or F; DNA 1-4 = 5’-AGA TCZ TGC CC-3’ with Z =A, C, G, T; O
= standard backbone modi ied PNA, K = γ-L-lysine modi ied PNA, R = γ-L-arginine
modi ied PNA.

Z = A Z = C Z = G Z = T
PNA REF 68.9 °C 50.0 °C 55.4 °C 56.8 °C

PNA 1 (F, O) 47.4 °C 47.2 °C 48.0 °C 47.2 °C
PNA 2 (F, K) 47.3 °C (-0.1) 50.4 °C (+3.2) 50.7 °C (+2.7) 50.4 °C (+3.1)
PNA 3 (F, R) 45.7 °C (-1.3) 48.6 °C (+1.4) 43.7 °C (-4.3) 48.7 °C (+1.3)
PNA 4 (f, O) 50.0 °C 49.8 °C 59.5 °C 51.2 °C
PNA 5 (f, K) 50.3 °C (+0.3) 50.8 °C (+1) 62.3 °C (+2.8) 54.8 °C (+3.6)
PNA 6 (f, R) 51.4 °C (+1.4) 50.9 °C (+1.1) 63.4 °C (+3.9) 55.0 °C (+3.8)

PNA 7 (T(f), O) 69.0 °C 51.0 °C 55.8 °C 57.8 °C
PNA 8 (T(f), K) 71.0 °C (+2) 54.0 °C (+3) 59.6 °C (+3.8) 59.4 °C (+1.6)
PNA 9 (T(f), R) 71.0 °C (+2) 54.5 °C (+3.5) 59.7 °C (+3.9) 58.3 °C (+0.5)

7.4 Crosslinkingexperimentswith internallymod-

i ied furan-PNAs

Next, the crosslinking ability of the synthesized furan-PNAs (PNA 1-9) to-
wards complementary DNA sequences (DNA 1-4) was investigated. Aim-
ing to examine the in luence of γ-substitution on the overall crosslinking
ef iciency, we designed different crosslinking experiments in which the
crosslinking ability of the second-generation furan-PNAs (γ-L-lysine and
γ-L-arginine modi ied PNAs 2-3, 5-6, 8-9) is compared to the crosslinking
yields obtained with standard backbone substituted furan-PNAs (PNA 1, 4,
7). To be able to compare the obtained results with previously performed
experiments, the crosslinking reaction is initiated with NBS. Crosslinking
experiments were performed in a volume of 50 µL at 10 µM DNA concen-
tration (1:1 or 1:2 ratio of DNA:PNA) in PBS buffer pH 7.0. The tempera-
ture was kept constant at 25 °C. PNA was added and activation of the furan
moiety was achieved by addition of 1 equivalent NBS, from a freshly pre-
pared stock-solution. Up to 4 equivalents were added over the time course
of the experiment in intervals of 15 minutes. The principle of the crosslink-
ing experiment is depicted in Figure 7.8. Denaturing PAGE and HPLC were
used to analyse the reaction. In PAGE, molecules are separated based on
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molecular weight over charge and consequently, the crosslinked product
appears as a slower migrating band.

DNA 1-4 Furan-PNA 1-9

O

+
NBS

25°C

DNA:PNA

Crosslink

Figure 7.8: Principle of the crosslinking experiment.

As expected, crosslinking reactions only occurred with adenine (DNA 1)
and cytosine (DNA 2) as bases opposing the furan moiety (Figure 7.9). The
exocyclic amine in guanine (DNA 3) is oriented away from the furan moiety,
while thymine (DNA 4) lacks the presence of a nucleophile. The crosslink-
ing preferences strongly depended on the used furan building block. Fu-
ran moiety F (PNA 1-3) preferentially crosslinks with opposing adenine
residues (DNA 1), although crosslinking with cytosine (DNA 2) was also
observed (gel 1, lane 5-6). Surprisingly, the presence of a crosslinked prod-
uct was only visible forγ-L-lysine modi ied PNA 2 and exempli ies the side-
chain perturbation proneness of building block F, in analogy to the melting
temperature analysis. Indeed, the bulkiness of the γ-L-arginine side chain
(PNA 3) could cause a change in orientation of the furan moiety hampering
the crosslinking reaction. The crosslinking reaction with nucleobase f pro-
ceeded with highest ef iciency with γ-L-lysine and γ-L-arginine-modi ied
PNA 5-6 (gel 2, lane 5-6, lane 9-10). A slight preference for cytosine cross-
linking is observed for both PNAs, as visible by the higher intensity of the
crosslinking band (lane 6, lane 10). The crosslinking reaction with nu-
cleobase f seems to bene it from the presence of the γ-side chain as the
crosslinked product appears more intense compared to standard backbone
modi ied PNA 4 (lane 1,2). The observed migration difference of the cross-
link band for PNA 5-6, is in line with the introduction of a positive charge
in the PNA sequence. For the T(f) nucleobase, no crosslinked product was
expected as in this case, the furan moiety is positioned in the major groove,
away from any nucleophile. Nevertheless, in the gels, some slow migrating
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bands are observed, which are most evident with DNA 1:PNA 8 and DNA
1:PNA 9 (gel 3, lane 5, 9). Previous experiments performed by Manicardi
et al. suggested that these bands however correspond to non-crosslinked
PNA-DNA hybrids which are not denatured under the analysis conditions,
a consequence of the high stability of the corresponding duplexes (Tm =
71°C), as also in absence of NBS, slow migrating bands were observed.125
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Figure 7.9: (A) PAGE analysis of the crosslinking reaction at 10 µM DNA concen-
tration in PBS buffer pH 7.0 at 25 °C. Ratio 1:1 of DNA:PNA. The crosslinked product
appears as a slow migrating band and is highlighted with a red square. O = standard
PNA backbone; K = γ-L-lysine modi ied backbone; R = γ-L-arginine modi ied back-
bone. (B) HPLC analysis of the crosslinking reaction between DNA 1-4 and PNA 2.
Retention times: DNA = 9.5 min; PNA = not visible ; ICL = 11.5 min. Crosslinking
peaks are marked with an asterix *. ICL = crosslinked product.

HPLC analysis of the samples was complicated by the inherent different
characteristics of DNA and PNA probes. Although PNA is a DNA mimic,
its peptidic backbone interacts differently with the stationary phase in the
HPLC column compared to the anionic backbone of DNA. Therefore, ion-
pairing HPLC conditions used for analysis of oligonucleotides are not ideal
for the analysis of PNA and PNA-DNA duplexes. Consequently, PNA se-
quences and crosslinked products are not or merely visible in the HPLC
chromatogram. Nevertheless, the crosslinking ef iciency could be estimated
by calculating the percentage of DNA consumption, presuming that DNA
consumption is related to the formation of a crosslinked PNA-DNA hybrid.
In this chapter, crosslinking yields were therefore calculated from the HPLC
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chromatograms, by dividing the integrated peak area of the DNA probe at
a speci ic time point, by the initial integrated peak area of the DNA probe
(materials and method section ??). Figure 7.9 depicts the chromatograms
for the crosslinking reaction of PNA 2 with DNA 1-4. The crosslinked prod-
uct could be con irmed for DNA 1 (A) and DNA 2 (C) via MALDI (experimen-
tal section 12.4.1.4), and appeared as a novel peak (Rt = 11.5 min) in the
HPLC chromatogram. Throughout the course of the reaction the DNA peak
is diminishing (Rt = 9.5 min), indicating a yield of 48% and 37% for DNA 1
(A) and DNA 2(C) respectively. PNA 2 was not visible on HPLC. Crosslink-
ing with DNA 3 (G) and DNA 4 (T) did not result in the appearance of an
extra peak in the HPLC chromatogram, which is in line with the results ob-
tained from PAGE.

Experiments with a 2-fold excess of PNA con irmed above results ( Fig-
ure 7.10, gel 1-3). Crosslinking reactions with PNA 1-3 (F) were most ef-
icient with γ-L-lysine-modi ied PNA 2 and adenine (DNA 1) as comple-

mentary base (gel 1, lane 5-6). For modi ication f (PNA 4-6), crosslinking
occurred with complementary base adenine (DNA 1) or cytosine (DNA 2)
for normal backbone (gel 2, lane 1-2), γ-L-lysine (gel 2, lane 5-6) and γ-L-
arginine modi ied PNAs (gel 2, lane 9-10). A slight preference for cytosine
crosslinking was observed. An enhanced crosslinking ef iciency observed
for γ-L-lysine and γ-L-arginine modi ied PNAs (PNA 5-6) is attributed to
the positive charge introduced by theγ-side chain modi ications, which fa-
vors electrostatic interaction with the negatively charged DNA backbone.
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Figure 7.10: PAGE analysis of the crosslinking reaction at 10 µM DNA concentra-
tion in PBS buffer pH 7.0 at 25°C. Ratio 1:2 of DNA:PNA. The crosslinked product
appears as a slow migrating band and is highlighted with a red square. O = stan-
dard PNA backbone; K = γ-L-lysine modi ied backbone; R = γ-L-arginine modi ied
backbone.
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For T(f) (PNA 7-9), the crosslinking reaction did not proceed. For PNA
8 and PNA 9, a slow migrating band is visible in gel for DNA 1 (adenine
as opposing base). As previous, this band is corresponding to the non-
crosslinked PNA-DNA duplex. Based on PAGE analysis, a 2-fold excess does
not in luence the crosslinking outcome.

7.4.1 Competition experiments

Next, competition experiments were performed with PNA 1-9 and DNA 1-
2 (Figure 7.11). In this set-up, hybridization of PNA with its DNA target
is hampered by the presence of a third oligonucleotide sequence (cDNA).
This experiment allows to test the ability of PNA to compete with the hy-
bridization of other oligonucleotides present in solution. Equimolar amounts
of PNA and cDNA (5’-GGG CAT GAT CT-3’), both recognizing target DNA,
were simultaneously added to a solution of DNA 1 or DNA 2. Note that
cDNA is fully complementary to DNA 1, but introduces a C-T mismatch at
the location of the crosslinking site in DNA 2. The sequences were allowed
to hybridize for 30 min prior to crosslinking at 37 °C. Furan activation was
achieved with NBS.

DNA1 or DNA2 Furan-PNA 1-9
DNA1:cDNA

DNA2:cDNA

DNA1:PNA

DNA2:PNA

cDNA

O

NBS

37°C
OR

+ Crosslink

Figure 7.11: Principle of the competition experiment.

Surprisingly, no crosslinking with DNA 1 (A) was observed (Figure 7.12A,
gel 1, lane 1-9). Crosslinking was only observed between DNA 2 (C) in pres-
ence of γ-L-lysine modi ied PNA 2 (F, gel 2, lane 2) and γ-L-arginine mod-
i ied PNA 6 (f, gel 2, lane 6), although crosslinking yields were minimal, as
concluded from the intensity of the slow migrating band. The bene it of a
positive charge on the crosslinking ef iciency was proven in previous ex-
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periments, but the preferred crosslinking of modi ication F with cytosine
(DNA 2) was unexpected. Besides the nucleobase opposing the furan moi-
ety, also the thermal stability of the DNA:cDNA versus the DNA:PNA duplex
should be taken into account when evaluating the results of a competition
experiments (Figure 7.12B). As the thermal stability of the DNA1:cDNA
duplex is 2,95 °C higher compared to the DNA1:PNA2 duplex, the forma-
tion of the former is preferred which explains the absence of a PNA-DNA
crosslinked product for DNA 1 (gel 1). In contrast, the C-T mismatch in
DNA2:cDNA lowers the stability of the corresponding duplex drastically,
and favors PNA-DNA hybridization. Hence, the preferred cytosine selec-
tivity of F can be correlated with different duplex stabilities, as this deter-
mines the ease of PNA-DNA duplex formation.
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Figure 7.12: (A) PAGE analysis of the competition experiment at 10 µM DNA
concentration in PBS buffer pH 7.0 at 37 °C. Ratio 1:1:1 of DNA:cDNA:PNA. The
crosslinked product appears as a slow migrating band and is highlighted by a red
square. (B) Melting temperatures of the DNA:PNA and DNA:cDNA duplexes. O =
standard PNA backbone; K = γ-L-lysine modi ied backbone; R = γ-L-arginine mod-
i ied backbone.

7.4.2 Strand displacement experiments

Next, strand displacement experiments were performed with PNA 1-9, in
which the ability of the PNAs to displace the non-complementary strand in
a dsDNA helix was investigated (Figure 7.13). As previous results showed
the selectivity of furan towards adenine and cytosine bases, strand dis-
placement experiments were only performed with DNA 1 (A) and DNA 2
(C). The experimental set-up was as follows: DNA 1 and DNA 2 were al-
lowed to anneal with cDNA. Next, furan-PNAs were added and the strand
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displacement process was left to equilibrate for 14 hours at 37 °C, before
activation of the furan moiety via NBS.

DNA1:cDNA

DNA2:cDNA

Furan-PNA 1-9
DNA1:PNA

DNA2:PNA

cDNA

O Crosslink
NBS

37°C

Figure 7.13: Principle of the strand displacement experiment.

Crosslinking ef iciencies seemed to correlate with the thermal stability of
the corresponding dsDNA duplexes, in analogy to the competition exper-
iments. The lower duplex stability of DNA2:cDNA (Tm = 33.86 °C) com-
pared to DNA1:cDNA (Tm = 50.52 °C), reduces the energy required to strip
away the cDNA strand and facilitates the process of PNA strand displace-
ment. Consequently, highest crosslinking yields are obtained with DNA 2.
Cytosine crosslinking (DNA 2) was ef icient for nucleobase modi ication F

(gel 2, lane 2-3) and f (gel 2, lane 4-6), with maximal crosslinking yield
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Figure 7.14: (A) PAGE analysis of the strand displacement experiment at 10 µM
DNA concentration in PBS buffer pH 7.0 at 37 °C. Ratio 1:1:1 of DNA:cDNA:PNA.
The crosslinked product appears as a slow migrating band and is highlighted by
a red square. O = normal PNA backbone; K = γ-L-lysine modi ied backbone; R =
γ-L-arginine modi ied backbone.
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obtained with γ-L-lysine-modi ied PNA 2 (lane 2). For DNA 1 (A), only
a very faint crosslink band is visible for PNA 2 (Figure 7.14A, gel 1, lane
2). The slow migration bands appearing for T(f) (PNA 8-9) again corre-
spond with the non-crosslinked PNA-DNA duplex (gel 1, lane 8-9), as was
demonstrated in previous PAGE experiments in which the non-crosslinked
PNA:DNA duplex was appearing as slow migration bands under the analy-
sis conditions.

7.5 Crosslinking experiments with N-terminal

furan-PNAs

Besides internal modi ication of PNA sequences, N-terminal furan modi i-
cation could be valuable for interstrand PNA-DNA or PNA-RNA crosslink-
ing. With an N-terminal modi ication, the destabilization introduced in the
duplex by the furan moiety is minimized, and hence, this strategy would be
ideal when minimal distortion of the PNA-DNA duplex is required. To eval-
uate the crosslinking ability of N-terminal furan-PNAs, a total of 10 new
PNA sequences (PNA 10-19) were synthesized on a ChemMatrix-RinkAmide
resin according to the standard Fmoc/Bhoc synthesis strategy (Table 7.3).
The incorporated furan moieties F, f andT(f) contained a normal (O), γ-L-
lysine (K) or γ-L-arginine (R) modi ied backbone. Also a more lexible 2-
furan-propionate linked via a 2-(2-aminoethoxy)ethoxy-acetic acid spacer
(Fur-O) was incorporated (Figure 7.15). The HPLC chromatograms of PNA
10-19 can be found in the experimental section 12.4.2.2.

The crosslinking experiments are subdivided in facing (DNA 5-6) and tail-
ing experiments (DNA 7-10) (Table 7.3). In the former, the crosslinking
ability of the N-terminal furan PNAs 10-19 towards complementary se-
quences DNA 5-6 was investigated . The DNA sequences differ in the base
opposing the furan moiety; adenine and cytosine respectively. In the tail-
ing experiment, the in luence of an overhanging adenine, cytosine, guanine
or thymine tail (DNA 7-10) on the crosslinking ef iciency was investigated.
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Figure 7.15: Structure of the furan crosslinkers F, f, T(f) and the novel crosslinker
Fur-O, a furan moiety linked via a 2-(2-aminoethoxy)ethoxy-acetic acid linker.

Table7.3: Overview of PNAs 10-19 with an N-terminal furan moiety and their com-
plementary DNA targets used for facing (DNA 5-6) and tailing experiments (DNA
7-10). PNA 10 is modi ied with a furan-2-(2-aminoethoxy)ethoxy-acetic acid (Fur-
O), PNA11-13 are modi ied with furan nucleobase F, PNA14-16 are modi ied with
furan nucleobase f and PNA 17-19 are modi ied with furan nucleobase T(f). De
base depicted in bold is the crosslinking site in the DNA strand. The DNA tail se-
quence is underlined.

Sequence (N-C) Side chain
PNA 10 Fur-O-GGG CAT GAT CT-Gly-NH2 /
PNA 11 Ac-F-GGG CAT GAT CT-Gly-NH2 Normal
PNA 12 Ac-F-GGG CAT GAT CT-Gly-NH2 Lysine
PNA 13 Ac-F-GGG CAT GAT CT-Gly-NH2 Arginine
PNA 14 Ac-f-GGG CAT GAT CT-Gly-NH2 Normal
PNA 15 Ac-f-GGG CAT GAT CT-Gly-NH2 Lysine
PNA 16 Ac-f-GGG CAT GAT CT-Gly-NH2 Arginine
PNA 17 Ac-T(f)-GGG CAT GAT CT-Gly-NH2 Normal
PNA 18 Ac-T(f)-GGG CAT GAT CT-Gly-NH2 Lysine
PNA 19 Ac-T(f)-GGG CAT GAT CT-Gly-NH2 Arginine

Sequence Experiment
DNA 5 5’-AGA TCA TGC CCA-3’ Facing
DNA 6 5’-AGA TCA TGC CCC-3’ Facing
DNA 7 5’-AGA TCA TGC CCA AAAA-3’ Tailing
DNA 8 5’-AGA TCA TGC CCA CCCC-3’ Tailing
DNA 9 5’-AGA TCA TGC CCA GGGG-3’ Tailing
DNA10 5’-AGA TCA TGC CCA TTTT-3’ Tailing
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7.5.1 Facing experiments

Facing experiments were monitored via PAGE (Figure 7.16). As no cross-
linked products could be observed in gel, the crosslinking reaction was
monitored by comparing the DNA intensity of the crosslinking samples
with a reference sample. Although the latter approach gives only indirect
evidence of the crosslinking reaction, it facilitates the analysis since stain-
ing agents do not bind with the neutral PNA backbone, which furthermore
hampers the visualization of PNA-DNA duplexes. Similar results were ob-
tained for DNA 5 (A) and DNA 6 (C). The new crosslinker Fur-O was very
ef icient as suggested by the drastic reduction in DNA band intensity (gel
1-2, lane 2). This indicates that the lexibility of the Fur-Omoiety, imposed
by the long linker length, is bene icial for the crosslinking reaction. With
crosslinkers F (PNA 11-13) and f (PNA 14-16), a reduction in DNA band
intensity was observed in all cases. In case of F, highest ef iciency was
observed for γ-L-lysine and γ-L-arginine modi ied PNAs 12-13 (gel 1-2,
lane 4-5). In contrast, f was most ef icient with standard PNA 14 and γ-L-
arginine modi ied PNA 16 (gel 1-2, lane 6, lane 8). With T(f) the reduction
in DNA band intensity was minimal (gel 1-2, lanes 9-11).
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Figure 7.16: PAGE analysis of the crosslinking experiment at 10 µM DNA concen-
tration in PBS pH 7.0 buffer at 25 °C. Ratio 1:1 of DNA:PNA. The crosslinking re-
action is monitored by following the decrease in DNA band intensity compared to
a reference sample. REF = reference; O = standard PNA backbone; K = γ-L-lysine
modi ied backbone; R = γ-L-arginine modi ied backbone.

The crosslinking reaction with DNA 6 was also monitored via HPLC (Fig-
ure 7.17). Crosslinked products appeared as a new peak in HPLC, marked
with an asterix (*) in the chromatograms. Corresponding yields were es-
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timated by monitoring the consumption of the DNA peak and were calcu-
lated by subtracting the initial area of the DNA peak by the area of the DNA
peak after crosslinking. Subsequently, this value was divided by the ini-
tial area of the DNA peak and multiplied by 100 (see materials and method
section 11.3.8). Consumption rates were highest for Fur-O (76% DNA con-
sumption), and a new peak appeared (Rt = 11.85 min) which corresponds
to the crosslinked product (Figure 7.17A, ICL PNA 10). For furan modi-
ication F, a crosslinked product could be identi ied for γ-L-lysine modi-
ied PNA 12 (Rt = 10.74 - 10.95 min) and γ-L-arginine modi ied PNA 13

(Rt = 10.95-11 min), with a DNA consumption of 70% and 69% respec-
tively. No crosslinked product was visible for the standard backbone mod-
i ied PNA 11 (F) (Figure 7.17A) although in this case a 50% consumption
of the DNA peak was calculated, indicating that the crosslinking reaction
did occur. The moderate DNA consumption upon reaction with PNA 11
is related to the preference for adenine crosslinking of building block F.
γ-L-lysine (PNA 12) and γ-L-arginine (PNA 13) substitution substantially
improved the crosslinking yield with cytosine (DNA 6), as DNA consump-
tion yields were increased with up to 20%. This implies that the positive
charge of the γ-L-lysine and γ-L-arginine side chains, improves the over-
all af inity of the PNA for the complementary DNA target, which in turn
improves crosslinking ef iciency. For f a crosslinking peak was visible for
all three PNAs 14-16 (Rt = 11.24 min for PNA 14; 10.7 min for PNA 15 and
10.85 min for PNA 16; Figure 7.17B) with a DNA consumption of 69%, 67%
and 71% respectively. These results are in line with the PAGE results and,
moreover, demonstrate the C-selectivity of crosslinker f. Indeed, DNA con-
sumption is 19% higher with PNA 14 (f) as compared to PNA 11 (F). More-
over, with building block f, γ-L-lysine and γ-L-arginine modi ication has a
minimal effect on the crosslinking ef iciency. As expected, no crosslinked
product with T(f)was observed (Figure 7.17C), but also in this case a DNA
consumption up to 49% was calculated. The observed DNA consumption is
not related to the formation of a crosslinked product but can be attributed
to the presence of a DNA-PNA hybrid which is not denatured under the
analysis conditions, in analogy to the experiments with internally modi ied
furan-PNAs. Indeed, the T(f) building block is the only furan crosslinking
moiety with retained base pairing ability, and does not introduce a mis-
match at the position of the crosslinking site. The HPLC results were fur-
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ther in line with the results obtained via PAGE: a higher reduction in DNA
band intensity, corresponds to a more intense crosslinking peak in HPLC.
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Figure 7.17: HPLC analysis and DNA consumption of the crosslinking reaction at
10µM DNA 6 (Ratio 1:1 of DNA:PNA) in PBS buffer pH 7.0 at 25 °C. Retention times:
DNA = 8.7 min; ICL = 10.5-12 min. Crosslinked peaks are marked with an asterix *.
ICL = crosslinked product.

7.5.2 Tailing experiments

Next, the in luence of the presence of a lanking region on the crosslink-
ing ef iciency was investigated. These experiments can give a bit more in-
sight in the reactivity and selectivity of N-terminally furan-modi ied PNAs.
In contrast to internally modi ied furan-PNAs, N-terminal modi ication en-
hances the lexibility of the furan building block. Hence, besides crosslink-
ing to an opposing adenine or cytosine base, the furan moiety might also
react with bases in an overhanging sequence. To investigate this hypothe-
sis, four DNA sequences were ordered with an adenine, cytosine, guanine
or thymine tail respectively (DNA 7-10, Table 7.3). All DNAs have an ade-
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nine nucleobase opposite the furan modi ied residue in the PNA. Crosslink-
ing experiments were performed with PNA 10-19 and monitored via PAGE
and HPLC. Once again, as the crosslinked product is hard to visualize via
PAGE, the reaction was monitored by following the reduction in DNA band
intensity as compared to a reference sample.

Figure 7.18 shows the PAGE results of the different crosslinking reactions.
Similar results were obtained for all DNA sequences, with exception of DNA
9 (G-tail). As was observed previously, the furan spacer Fur-O showed to
be an ef icient crosslinker, as indicated by the appearance of a slow migrat-
ing band and by the reduction in DNA band intensity (gel 1,2,4; lane 2). The
crosslinking reaction with building blocks F and f bene ited from the pres-
ence of a positively chargedγ-L-lysine orγ-L-arginine side chain (gel 1,2,4;
lane 3-5, 6-8). Only for DNA 10 (T-tail) and furan modi ication F, a more in-
tense slow migrating band was observed with standard backbone modi ied
PNA 11 compared to the γ-L-lysine or γ-L-arginine modi ied PNAs (PNA
12-13). For modi ication T(f) (gel 1,2,4; lane 9-11), a minimal reduction
in DNA band intensity was visible, which was most eminent for PNA18 and
T-tail DNA 10 (gel 4; lane 10). HPLC analysis of theT(f)-modi ied PNAs re-
acted with T-tail DNA 10 showed DNA consumption up to 47%, which we
attributed to the formation of a reversible PNA-DNA hybrid (Figure 7.19C).
Secondly, we noticed that the tail sequence in luences the ef iciency of the
crosslinking reaction. The guanine tail (DNA 9) resulted detrimental for
crosslinking yields as no DNA consumption is visible and no slow migrat-
ing bands are formed (Figure 7.18, gel 3, lane 2-11). Possible explanation
can be attributed to the possibility of DNA 9 to form an intermolecular G-
quadruplex, which would hamper PNA hybridization. Highest intensity of
the slow migrating bands is observed with T-tail DNA 10. In case of modi i-
cation F, even full conversion with normal backbone PNA 11 was observed
(gel 4, lane 3). As the T-tail is unreactive towards furan, no side-reactions
with the lanking bases can occur which explains the overall selectivity and
yield of the reaction. As opposed to the T-tail, lanking bases in A-tail (DNA
7) or C-tail sequences (DNA 8) are prone to react with the furan nucle-
obases F or f.
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Figure 7.18: PAGE analysis of the crosslinking experiment at 10 µM DNA concen-
tration in PBS pH 7.0 buffer at 25 °C. Ratio 1:1 of DNA:PNA. The crosslinked prod-
uct appears as a slow migration band and is highlighted by a red square. ICL =
crosslinked product. O = standard PNA backbone; K = γ-L-lysine modi ied back-
bone; R = γ-L-arginine modi ied backbone.

Finally, the crosslinking reaction between DNA 10 (T-tail) and Fur-O (PNA
10),F (PNA 11-13) and f (PNA 14-16) was analyzed via HPLC (Figure 7.19A-
B). The peak of DNA 10 (Rt = 10.7 min) is clearly visible in the chromatogram,
while the PNA sequences are not visible or appear as a bump. Although the
dif iculty of visualizing PNA sequences hampers HPLC analysis, crosslinked
products could be distinguished for all samples and appear as a broad bump
in the chromatogram (Rt = 11.5 - 12.5 min). As before, the crosslinking ef-
iciency was estimated by calculating the percentage of DNA consumption.

Crosslinking moieties Fur-O and F were most ef icient with a consump-
tion of 73-74%. In case of F, γ-L-arginine modi ication decreased the ef-
iciency of the crosslinking reaction (PNA 13), as the DNA consumption is

diminished to 63% compared to 74% for standard backbone modi ied PNA
11. Previously, the bene icial effect of a positive charged side chain on the
overall crosslinking ef iciency was illustrated, provided that the side chain
does not perturb the orientation of the furan moiety. Furan crosslinker
F showed susceptible for such perturbations, especially with the rigid and
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bulky arginine side chain, which explains the observed results. Crosslinker
f was less ef icient compared to Fur-O and F due to its C-selectivity, but
the reaction bene ited from the presence of a positively charged side chain.
Compared to PNA 14, DNA consumption was increased with 4% and 25%
for γ-L-lysine and γ-L-arginine modi ied PNA respectively.
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Figure 7.19: HPLC and DNA consumption analysis of the crosslinking reaction at
10 µM DNA in PBS buffer pH 7.0 at 25 °C. Ratio 1:1 of DNA:PNA. Retention times:
DNA = 10.7 min; ICL = 11.5-12.5 min. Crosslinked peaks are marked with an asterix
*. ICL = crosslinked product. O = standard PNA backbone; K = γ-L-lysine modi ied
backbone; R = γ-L-arginine modi ied backbone.

7.6 Conclusion

Hybridization-based assays for ncRNA capture/enrichment make use of bi-
otinylated oligonucleotide probes to ish out a speci ic ncRNA target of in-
terest. The ef iciency of these assays could potentially be improved by us-
ing furan-modi ied PNAs as captures probes as (1) the crosslinking agent
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enables to covalently lock the CP-RNA interaction; and (2) PNA probes
have binding af inities that easily surpas the binding af inities of regular
oligonucleotide capture probes. In this chapter, a second generation of
furan-PNA monomers, modi ied with aγ-L-lysine orγ-L-arginine side chain,
were synthesized and incorporated into PNA sequences. The crosslinking
ef iciency of these PNAs was improved compared to standard backbone
modi ied furan-PNAs, both with an internal or N-terminal furan modi i-
cation. The designed crosslinking agents were selective for adenine and
cytosine crosslinking, with an observed nucleobase preference depend-
ing on the furan moiety. The crosslinking ef iciency of N-terminal furan-
PNAs could furthermore be improved by increasing the lexibility of the
crosslinking moiety. Overall, these experiments provided a preliminary
proof-of-concept for furan-mediated PNA-DNA crosslinking with modi ied
monomers and showed their potential as DNA capture probes. The dif-
ferent furan monomers enable a lexible system in which the best-suited
monomer can be selected based on the position of the furan crosslinker
and the nucleobase at the crosslinking site. Based on the preliminary ex-
periments discussed in this chapter, the Fur-O building block would be
the crosslinker of choice when N-terminal modi ication is required, while
building block F and f are more suitable for internal furan-modi ication.

The sequence design of the PNA probes would depend on the intended ap-
plication and the required selectivity: N-terminal modi ications introduce
less steric hindrance as compared to the internal furan modi ication, but
provide less selectivity. In the context of PNA acting as DNA/RNA capture
reagent, N-terminal modi ications would be preferred as these would not
hamper the hybridization event, and guarantee a high crosslinking yield. A
lanking region rich in A/C bases would be ideal, as this would further im-

prove the ef iciency of the crosslinking reaction. In contrast, e.g. for single
nucleotide polymorphism detection, the more selective internal modi ica-
tions would be preferred. Further research is still required in order to com-
pletely characterize and optimize the crosslinking reaction. Future exper-
iments should furthermore focus on assessing the crosslinking properties
of furan-PNAs towards complementary RNA sequences, in order to iden-
tify the ‘ideal’ furan building blocks in a PNA-RNA crosslinking context, and
assess the applicability of furan-PNAs as capture probes in lncRNA pull-
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down assays. The furan crosslinking reaction should therefore be tested
both with NBS as with singlet oxygen, as the latter provides a more bio-
compatible alternative for furan activation.
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with enhanced stability

Biomarkers are analytes present in biological luids that function as mea-

surable indicators for a certain biological (disease) state. A irst part of this

manuscript therefore focussed on the development of nucleic acid capture

probes for the identi ication and characterization of potential nucleic acid

biomarkers, with special focus on the non-coding RNAs. On the other hand,

detectionof knownbiomarkers (bothnucleic acid as non-nucleic acid biomark-

ers) can contribute to the early diagnosis of diseases and may be bene icial

for early treatment and increased survival rates. Therefore, a second part of

this work focusses on the development of modi ied nucleic acid probes that

can serve as biomarker recognition elements. Aptamers and the thereof de-

rived aptamer-based sensors have huge potential in this context, as they can

be designed for recognizing a variety of analytes with high selectivity and

af inity. The robustness of the aptasensor is key; the aptamer-ligand com-

plex should be preserved throughout the analysis, as it determines the sensi-

tivity of the assay. This means that the aptamer should maintain its binding

competent state under sometimes harsh assay conditions that can include

changes in temperature, pH and chemical environment. In practice, this is

not easy to achieve as aptamers are dynamic structures responding to exter-

nal stimuli.

We postulate that the robustness of aptasensors can be improved by stabi-

lizing the aptamer in its binding-competent state, for example, by introduc-

ing an intramolecular covalent linkage (staple), on the condition that this

stabilization does not preclude target binding. To this end, ACPF and CNVD

variants of the L-argininamide aptamer 1OLD and the cocaine binding ap-

tamers MN4 and MN19 will be synthesized. These aptamers were chosen as

model systems as these are well-studied and characterized systems. Second,

the short length of these aptamer sequences makes it feasible to synthesize

crosslinker-modi ied variants. The applicability of both the ACPF and CNVD

crosslinking agents for covalent aptamer stapling will be assessed as well as

the in luence of this covalent staple on the binding af inity of the modi ied

157
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aptamer towards its ligand.

This research was conducted in collaboration with the research group of Prof. Karo-
lien De Wael (UAntwerpen, AXES group). Native nESI-MS measurements were per-
formed by Elise Daems (UAntwerp, AXES group). Synthesis of the crosslinker mod-
i ied aptamers, the stapling experiments and puri ication of the stapled aptamers
were performed by Joke Elskens. The stapling experiments with the 1OLD aptamer
were partly conducted in collaboration with Jan Elskens (UGent, OBCR group). Prof.
Annemieke Madder supervised the project.

Note: the terms ‘crosslinked’ and ‘stapled’ will be used as synonyms through-

out the chapter.
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Folding of aptamers is necessary for target binding and requires a certain
amount of self-complementarity within the aptamer sequences. Covalent
stabilization of aptamers by means of crosslinking agents can have poten-
tial use in the design of more robust systems. The core principle is that
upon incorporation of a crosslinking moiety into a complementary region
of the aptamer sequence, an intrastrand crosslink is formed, hereafter re-
ferred to as a staple, which locks the aptamer in a speci ic conformation
(Figure 8.1). As the stapling is irreversible, we expect the robustness of
the aptamer system to increase.

X Covalent 

staple

Crosslinker

modified aptamer

Figure 8.1: Principle of covalent aptamer stapling: an aptamer is modi ied with
a crosslinking agent, which enables the formation of an intrastrand crosslink or
staple. In this way, the aptamer is locked in a speci ic conformation. X = the ACPF or
CNVD crosslinker.

8.1 TheL-argininamidebindingaptamer1OLD

as model system

The 1OLD aptamer is a 24 nucleotide DNA-mer capable of binding L-arginin-
amide with af inity in the micromolar range (KD = 165µM).260 In unbound
state, 1OLD is present as a hairpin, characterized by a right-handed heli-
cal stem and a disordered loop region. The L-argininamide binds via an
induced- it mechanism in the loop region of 1OLD, which means that in
presence of the target, the loop region undergoes an entropically unfa-
vored conformational change. This change enables stabilizing hydrogen
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bonding interactions with the guaninidinium group of L-argininamide and
the nucleobases in the loop region (Figure 8.2).

H2N N
H

NH2

NH

NH2

O

L-argininamide

Guanidinium

5’ G A T C G A A

3’ C T A G C T T C
G

A

C
C

G

A

T
GC

1 2 3 4 5 6 7

24 23 22 21 20 19 18

1OLD sequence

Figure 8.2: Structure of the 1OLD aptamer and its target L-argininamide.

8.1.1 TImH+, non-covalent stabilization of the 1OLD ap-

tamer

In section 2.4.2, aptamer modi ications were discussed that were aimed
at enhancing the binding af inity of aptamers by optimizing the binding
interactions between the aptamer and its ligand. Alternatively, modi ica-
tions can also be introduced with the purpose of stabilizing an aptamer in
its binding competent state. Since a few years, our research group has built
up experience in the design and incorporation of an imidazole-tethered
thymidine (TImH+) in synthetic DNA probes (Figure 8.3).261

Incorporation of this hydrophilic and cationic residue within a dsDNA se-
quence can result in additional H-bonding and ion-ion interactions. Pre-
vious research has resulted in the discovery of a ‘stabilizing motif’, which
has proven to signi icantly increase the thermal stability of a DNA duplex.
This motif involves a three base pair-cassette in which the TImH+ moiety is
followed by a GC/CG sequence. The increase in melting temperature could
be attributed to the formation of an extra stabilizing hydrogen bond be-
tween the imidazole N3-H on the one hand and the carbonyl oxygen (O6)
of guanine at the n+2 position in the opposing strand on the other hand.
In an earlier proof-of-principle study, the TImH+ building block was incor-
porated in the stem region of the L-argininamide binding aptamer 1OLD,
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a 24-mer hairpin with a 7 base pair helical stem and a 10 nucleotide loop
region responsible for ligand binding. By switching the C4G21 and G5C20

base pairs of the L-argininamide binding aptamer 1OLD, an ‘in-motif’ ap-
tamer was designed where the stabilizing interaction with the TImH+ build-
ing block and the n+2 guanine could take place (Figure 8.3). Introduction of
this so-called TImH+ containing in-motif three base pair-cassette within the
1OLD aptamer resulted in enhanced thermal stability of the aptamer, while
retaining binding af inity for the target.262 Also a TImH+ modi ied 1OLD ap-
tamer was synthesized in which the C4G21 and G5C20 base pairs were not
switched, the ‘non-motif’ 1OLD aptamer, for which no stabilization was
observed as the three base pair-cassette required for the stabilizing inter-
action is not present. While stabilization of the aptamer upon incorpora-
tion of the TImH+ building block results from a non-covalent interaction, we
hope to achieve a more pronounced and permanent stabilization of the ap-
tamer by incorporation of the covalent crosslinking nucleoside analogues
ACPF and CNVD.
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5’ G A T* C G A A

3’ C T A G C T T C
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Non-motif L-argininamide aptamer

In-motif L-argininamide aptamer

Figure 8.3: Structure of the TImH+ building block and sequence of the ‘non-motif‘
and ‘in-motif‘ L-argininamide aptamer with T* being the TImH+ building block. For
the ‘in-motif‘ sequence, the arrow indicates which guanine is involved via its Hoog-
steen side in duplex stabilizing hydrogen bonding interactions with the imida-
zolium moiety of the TImH+ building block.
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8.2 Covalent staplingof theL-argininamidebind-

ing aptamer 1OLD

The 1OLD aptamer was now chosen as model system for designing ACPF
and CNVD modi ied aptamers with the aim of developing a more robust ap-
tamer system. The intrastrand crosslinking properties of the ACPF1OLD and
CNVD1OLD aptamers were evaluated and the in luence of this covalent sta-
ple on the binding event was assessed. Synthesis of the modi ied aptamers
was performed on a 1µmol scale via solid phase DNA synthesis with phos-
phoramidite building blocks of the standard nucleobases. The phospho-
ramidites of ACPF and CNVD were coupled for 20 minutes. As the loop re-
gion is crucial for L-argininamide binding, the crosslinking moieties were
incorporated in the stem region, at position 3 (Figure 8.4). The HPLC and
MALDI analysis of the synthesized aptamers can be found in the experi-
mental section 12.5.1. The ACPF moiety is expected to crosslink with its
opposing adenine base (position 22), while the CNVD crosslinker will react
with the thymine nucleobase at position 23. Melting temperature analysis
of the ACPF and CNVD aptamers showed a destabilization upon introduction
of either of the two crosslinking moieties (∆Tm = 13.00, 11.52). It should
now be investigated how this destabilization impacts aptamer folding, and
whether or not it enhances or prevents target binding.
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1 2 3 4 5 6 7
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Figure 8.4: Sequence and structure of the ACPF and CNVD modi ied 1OLD aptamer.
The position of the crosslinking agent is colored in orange. X = ACPF; Z = CNVD.
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Table 8.1: Sequence of the 1OLD, ACPF1OLD and CNVD1OLD aptamer and melting
temperatures analysis, measured in PBS buffer pH 7.0 at 1 µM strand concentra-
tion. Temperatures inside parenthese indicate the Tm difference compared to the
Tm value obtained for the 1OLD aptamer. X = ACPF; Z = CNVD

Aptamer Sequence 5’-3’ Tm
1OLD GAT CGA AAC GTA GCG CCT TCG ATC 45.72 °C

ACPF1OLD GAX CGA AAC GTA GCG CCT TCG ATC 34.20 °C (- 13.00)
CNVD1OLD GAZ CGA AAC GTA GCG CCT TCG ATC 32.72 °C (- 11.52)

8.2.1 Stapling experiments with ACPF modi ied 1OLD

Stapling experiments were irst performed with the ACPF1OLD aptamer, at
10 µM concentration in PBS buffer pH 7.0. The ACPF moiety was activated
with singlet oxygen, generated by visible light irradiation of a photosensi-
tizer in solution. Methylene blue and rose bengal were the photosensitiz-
ers of choice, and were irradiated with red or green light respectively. The
concentration of the photosensitizers was varied between 0.5 µM and 10
µM, and irradiation was extended up to 60 minutes. Figure 8.5 depicts the
HPLC and PAGE analysis of the experiment at 5µM photosensitizer concen-
tration. The HPLC analysis of the other tested conditions can be found in
the experimental section 12.5.2. Upon irradiation, the sharp single peak of
the ACPF1OLD aptamer (Rt = 13.2 min) diminishes over time, with the con-
comitant formation of multiple peaks (Rt = 10 - 10.8 min), of which two
dominant products can be distinguished, as also visible in PAGE. The chro-
matograms show that after 10 min of irradiation 98.6% of the ACPF1OLD
has disappeared upon furan activation, with concomitant product forma-
tion. The intensity of the formed products is not increasing upon prolonged
irradiation but, in contrast, prolonged irradiation results in extensive peak
broadening.

We hypothesized that the formed products could have two possible ori-
gins. They can originate from the crosslinked (stapled) 1OLD aptamer, or
from activated but unreacted ACPF1OLD. The destabilization introduced in
the aptamer sequence upon incorporation of the ACPF moiety could hamper
correct aptamer folding, and consequently limit the crosslinking yield, as
the proximity between the activated furan moiety and the opposing base
is not guaranteed. Hence, while the ACPF moiety is completely oxidized
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Figure 8.5: (A) HPLC and (B) PAGE analysis of the stapling reaction with the
ACPF1OLD aptamer at 10 µM concentration. Concentration of methylene blue or
rose bengal was 5 µM. Samples were irradiated for 60 min with red or green light
for methylene blue or rose bengal respectively. HPLC retention times: ACPF1OLD
= 13.2 min; crosslinked or oxidized products = 10 - 10.81 min. In PAGE, the
crosslinked products appear as a faster migrating band. XL = crosslinked; MB =
methylene blue; RB = rose bengal.

after 10 min irradiation (Figure 8.5, peak ACPF1OLD disappears), not all
of the activated furan probe will be converted into a stable covalent in-
trastrand crosslinked probe. This would also explain the peak broadening
observed upon prolonged irradiation, as the activated furan moiety is fastly
degraded in absence of nearby nucleophiles. Furthermore, the increased
lexibility of the ACPF1OLD system as compared to the original 1OLD ap-

tamer can reduce the selectivity of the crosslinking reaction, with the con-
comitant formation of different crosslinking products. PAGE analysis of the
reaction showed the formation of two higher migration bands that most
likely correspond with crosslinked 1OLD aptamer, as crosslinked prod-
ucts are expected to move faster through the gel compared to their non-
crosslinked counterparts due to the more compact structure of the for-
mer (Figure 8.5B). In order to con irm this hypothesis, the different peaks
(Rt = 10.13, 10.38, 10.63 min) were isolated and characterized via MALDI
(supplementary section 12.5.3). MALDI analysis of the isolated products
was hampered by cross-contamination of the peaks which resulted in peak
broadening, and dif icult interpretation, as both the activated ACPF1OLD
and the crosslinked products have the same mass. Indeed, upon oxida-
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tion, ring opening of the ACPF moiety to the reactive 4-oxo-enal derivative
increases the mass of the aptamer with 16 Da. Reaction of the 4-oxo-enal
with the amino group of an nearby nucleobase results in a similar mass
increase. Nevertheless, a mass of 7365.54 Da, 7365.69 Da and 7365.73 Da
was found for all peaks respectively, which indicates that the newly formed
peaks are indeed activated or crosslinked ACPF1OLD (Expected mass acti-
vated or crosslinked ACPF1OLD = 7356.27 Da; found mass = 7465.73 Da -
Expected mass ACPF1OLD = 7340.27 Da. The mass difference of 9 Da is due
to a calibration error.)

To support the assumption that different crosslinking products are formed,
the experiment was repeated with a variant of the ACPF1OLD aptamer, ACPF1OLD_S,
in which the cytosine base at position 4 is substituted with adenine (Fig-
ure 8.6A). This ensures that the ACPF can only react with its opposing nu-
cleobase (adenine at position 22), as the bases lanking residue 22 are un-
reactive thymines (position 21 and 23). The reaction with ACPF1OLD_S at
10 µM aptamer concentration in presence of 5 µM rose bengal or methy-
lene blue, is depicted in Figure 8.6B. Irradiation was carried out for 10
minutes and the reaction was monitored via HPLC. After 10 minutes, the
peak of ACPF1OLD_S is reduced in intensity (Rt = 12.67 min), and new peaks
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Figure 8.6: (A) Sequence of the ACPF1OLD_S aptamer. (B) HPLC and PAGE anal-
ysis of the stapling reaction with ACPF1OLD_S at 10 µM aptamer concentration, in
presence of 5 µM methylene blue or rose bengal. The samples were irradiated for
10 min irradiation with red or green light irradiation for methylene blue or rose
bengal respectively. HPLC retention times: ACPF1OLD_S = 12.67 min; crosslinked or
oxidized products = 8.92 - 11.28 min. In PAGE, the crosslinked products appear as
a faster migrating band. XL = crosslinked; MB = methylene blue; RB = rose bengal.
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are formed (Rt = 8.92 - 11.28 min), of which two main peaks can be dis-
tinguished (marked with *). In PAGE only one higher migration band is
formed, which corresponds to the crosslinked ACPF1OLD. This lead us to
conclude that in the HPLC chromatogram one peak corresponds with the
stapled aptamer and the other with the aptamer with oxidized ACPF moi-
ety. Furthermore, this con irmed our hypothesis that the ACPF moiety is
capable of crosslinking with its opposing base but also with neighboring
nucleobases.

8.2.2 Stapling experiments with CNVDmodi ied 1OLD

In a second series of experiments, stapling reactions with the CNVD1OLD
aptamer were performed at 10 µM aptamer concentration in PBS buffer
pH 7.0. Samples were irradiated for 2 min at 366 nm, with or without a
10-fold excess of the L-argininamide ligand. The crosslinking experiments
were monitored via HPLC (Figure 8.7), which showed, in both cases, the
formation of a new peak (Rt = 12.1 min, *), with an intensity proportional
to the reduction of the CNVD1OLD aptamer (Rt = 16.23 min). The reaction
was very fast, and proceeded in 74% or 85% yield after 2 minutes of ir-
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Figure 8.7: Stapling reaction with CNVD1OLD at 10 µM concentration in absence or
presence of a 10-fold L-argininamide excess. Samples were irradiated for 2 min
with UV-A light (366 nm). The crosslinked product is marked with a *. HPLC
retention times: CNVD1OLD = 16.23 min; crosslinked product = 12.1 min. XL =
crosslinked.
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radiation, in absence or presence of L-argininamide. Mass analysis of the
newly formed product indicated formation of the crosslinked aptamer (ex-
perimental section 12.5.4). In absence of L-argininamide, multiple shoul-
ders could be distinguished for the crosslinking peak, while in presence of
L-argininamide these shoulders were missing. Our hypothesis is that, in
presence of L-argininamide, the templating effect ensures that the confor-
mation of the CNVD1OLD aptamer is shifted towards its binding competent
state, leading to one single stapled conformation. The multiple shoulders
visible when crosslinking in absence of L-argininamide, could hence re lect
different (folded) conformations the aptamer adopts.

Next, the stapled aptamers were analyzed for their capacity to bind the
target ligand L-argininamide via native nano-electrospray ionization mass
spectrometry (native nESI-MS), a technique commonly used for the de-
tection of non-covalent complexes.263 By using soft ionization conditions,
non-covalent complexes are transferred from solution phase into gas phase
thereby generating a ‘snapshot’ of the situation present in solution. Hence,
native nESI-MS enables the study of aptamer-ligand interactions and pro-
vides relevant information on binding stoichiometry and binding af inity.
Comparing native nESI-MS spectra of unmodi ied 1OLD and stapled CNVD1OLD,
could therefore help in understanding the in luence of a covalent staple on
the aptamer-ligand binding event. Solutions were measured at 10 µM ap-
tamer concentration, in 300 mM ammonium acetate buffer, in presence of
10 equivalents of L-argininamide. The obtained MS spectra are depicted
in Figure 8.8, in which theoretical m/z values of the aptamers are pre-
sented as red dotted lines and theoretical m/z values of aptamer-ligand
complexes as blue dotted lines. In all cases, 4+ and 5+ charge states of
the aptamers could be detected, but no aptamer-ligand complexes could be
distinguished (blue dotted lines). The absence of any aptamer-ligand com-
plex could have a two-fold origin. First, nESI-MS provides structural infor-
mation on condition that the aptamer-ligand interactions show an af inity
in the low micromolar to nanomolar range. As L-argininamide has only
moderate binding af inity for the 1OLD aptamer, with KD values in the mi-
cromolar range (KD = 165 µM), the interaction might be too weak to be re-
tained during nESI-MS measurement. Adding extra equivalents of L-arginin-
amide could help in shifting the equilibrium to the folded state. Secondly,
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ammonium ions originating from the buffer, could outcompete binding of
the polar L-argininamide ligand, by forming H-bonding or ionic interac-
tions with 1OLD or CNVD1OLD.264 To test our hypothesis, native nESI-MS
experiments were repeated with 150 mM ammonium acetate buffer, with
a 1:0, 1:10 or 1:25 ratio of aptamer:L-argininamide. In case of the sta-
pled CNVD1OLD aptamer, no complex was formed. With the 1OLD aptamer,
complex was detected upon addition of 25 equivalent of L-argininamide,
although this was attributed to non-speci ic binding as for the 1OLD ap-
tamer also the complex with 2 bound L-argininamide ligands was found
(experimental data section 12.5.5).
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Figure8.8: Native nESI-MS analysis of the 1OLD aptamer and the stapled CNVD1OLD
aptamer. The stapling reaction was performed in absence or presence of 10 equiva-
lents L-argininamide. Solutions were measured at 10µM concentration, in 300 mM
ammonium acetate buffer, at a 1:10 ratio of aptamer:L-argininamide. The theoret-
ical m/z values of the charged aptamer states are presented as red dotted lines and
the theoretical m/z values of aptamer-ligand complexes as blue dotted lines. 4+
charge state: m/z(1OLD) = 1834.56 Da; m/z (CNVD1OLD) = 1834.56 Da / 5+ charge
state: m/z(1OLD) = 1467.85 Da; m/z(CNVD1OLD) = 1492.07 Da.

8.2.3 Comparitive analysis of ACPF1OLD and CNVD1OLD

The crosslinking ef iciencies of the ACPF and CNVD crosslinking moieties
were evaluated in the context of intrastrand stapling reactions with the
1OLD aptamer. Such reactions should be fast, clean, and proceed with
high selectivity. The furan building block ACPF fell short on multiple of
these requirements. First, the reaction lacked selectivity and ef iciency,
as exempli ied by the multiple products formed when performing the sta-
pling reaction, and is therefore discarded as crosslinking agent. In contrast,
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the CNVD crosslinking moiety showed superior for intrastrand aptamer sta-
pling, as the reaction proceeded in high yield and selectivity, with the for-
mation of one major stapled product. However, with native nESI-MS anal-
ysis we were unable to detect any binding, both for 1OLD as for CNVD1OLD,
and no information concerning the in luence of the covalent staple on the
aptamer-ligand binding could be deducted.

8.3 Covalent staplingof thecocainebindingap-

tamers MN4 and MN19

Strenghtened by the ef iciency at which the stapling reaction proceeded for
the CNVD modi ied 1OLD aptamer, a new series of stapling experiments was
performed with a second aptamer system, the cocaine binding aptamers
MN4 and MN19. These aptamers were selected in view of their sub micro-
molar binding af inities for their ligands (KD(cocaine) = 7 µM for MN4 and
26.7 µM for MN19), which should facilitate native nESI-MS analysis.

MN4 and MN19 are DNA aptamers of 36 and 30 nucleobases long, respec-
tively. In folded state, these aptamers comprise of three stem regions, com-
ing together in a three-way junction that functions as binding site for co-
caine (Figure 8.9A). The difference between the two aptamers is found in
the length of stem 1, which consists of 6 and 3 base pairs for MN4 and
MN19 respectively, and determines the cocaine binding af inity. Despite
their name, these aptamers are rather peculiar as they are capable of bind-
ing multiple ligands with binding af inities similar or exceeding the ones
for cocaine. For example, quinine exhibits binding af inities up to a 30-fold
higher, with KD values of 0.23 µM and 0.7 µM for MN4 and MN19, and was
therefore chosen as ligand during this research (Figure 8.9B).265

Over the past few years, the binding mechanism of the cocaine aptamers
have been extensively studied. Some proposed an ‘induced- it’ mechanism,
in which the aptamer undergoes large structural changes upon ligand bind-
ing. Other research suggested a pre-folded conformation of the cocaine ap-
tamers, which tightly resembles the ligand-bound structure.266 The latter
is indeed the case for MN4, in which all 3 stems are pre-folded, resulting in
a quite rigid aptamer in the unbound state. For MN19, stem 2 and stem 3
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Figure 8.9: (A) Structure of the MN4 and MN19 aptamer. (B) Structure of cocaine
and quinine. The MN4 and MN19 aptamer have higher binding af inity towards
quinine as compared to cocaine.

are pre-formed, while stem 1 folds upon interaction with the ligand.267

CNVD variants of MN4 and MN19 were synthesized via solid phase DNA syn-
thesis at 1 µmol scale (Figure 8.10A). In both aptamers, the CNVD moiety
was placed in stem 1, 2 nucleobases away from the three-way junction, at
position 5 and 2 for MN4 and MN19 respectively. The stapling reaction
will occur with cytosine on the opposing strand, located at the n+1 posi-
tion (position 33 for MN4, position 30 for MN19). Melting temperature
analysis of the CNVD modi ied aptamers, showed a destabilization of -8.58
°C and -6.64 °C for MN4 and MN19 respectively, induced by the presence of
the crosslinking moiety (Figure 8.10B). The higher degree of destabiliza-
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Figure 8.10: (A) Structure of the CNVDMN4 and CNVDMN19 aptamers. (B) Melting
temperatures measured in PBS buffer pH 7.0 at 1 µM strand concentration. Tem-
peratures inside parenthese indicate the Tm difference compared to the Tm value
of the unmodi ied aptamers. The Tm value of the MN19 aptamer was calculated
with the IDT Oligo Analyzer software . Z = CNVD
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tion observed for MN4 can be explained by the preorganized structure of
stem 1, as the in luence of a local destabilization will be more profound in
an organized stem as compared to a more lexible one, as is the case for
MN19.

8.3.1 Stapling experiments with CNVDmodi iedMN4 and

MN19

Stapling experiments with CNVDMN4 and CNVDMN19 were performed at 10
µM concentration, in absence or presence of 5 equivalents quinine. Irradi-
ation of the samples was performed for 2 minutes with 366 nm UV light.
For CNVDMN4, one major product was obtained (Rt = 12.2 min, *), for which
the mass corresponded to the mass of the crosslinked product (experimen-
tal section 12.5.6), with yields of 95.2% and 97.2% in absence or presence
of 5 equivalents quinine respectively (Figure 8.11A). When performing the
stapling reaction with CNVDMN19, yields of 94.8% were obtained, indepen-
dently of the presence of quinine (Figure 8.11B).
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Figure 8.11: Stapling reaction in absence or presence of a 5-fold quinine ex-
cess. Samples were irradiated for 2 min with UV-A light (366 nm). (A) HPLC
chromatogram of the stapling reaction with CNVDMN4. (B) HPLC chromatogram
of the stapling reaction with CNVDMN19. The crosslinked product is marked with
an *. HPLC retention times: CNVDMN4 = 15.66 min; crosslinked CNVDMN4 = 12.2
min; CNVDMN19 = 17.34 min; crosslinked CNVDMN19 = 11.7 and 11.85 min. XL =
crosslinked.
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As for MN19 folding of stem 1 is driven by the presence of target, one ex-
pects that the in luence of quinine on the crosslinking ef iciency would be
more signi icant for CNVDMN19 as compared to CNVDMN4. In practice, the
opposite was observed. For both aptamers, the ef iciency of the crosslink-
ing reaction depends on the percentage of stem 1 present in a folded state
during reaction. This fraction will be higher in case of CNVDMN4 as com-
pared to CNVDMN19, due to the intrinsic structure of stem 1, which is either
preorganized (MN4) or more lexible (MN19). This difference in preorga-
nization is determined by the length of the stem (a longer length favors
preorganization), and in luences the mechanism of aptamer-target bind-
ing. In absence of the CNVD modi ication, MN4 undergoes minor structural
changes, while the binding event of MN19 proceeds partly via an induced-
it.267 The CNVD modi ication introduces lexibility in the stem region, and

hence lowers the amount of preorganization, as base pairing interactions
are broken at the position of the crosslinking site. This implies that, in case
of CNVDMN4, folding of stem 1 can partly proceed via an induced- it, in anal-
ogy to MN19, which explains the higher crosslinking ef iciency of CNVDMN4
in presence of quinine. A similar behavior was expected for CNVDMN19 but
not observed, here, the short stem length might be insuf icient to over-
come the destabilization introduced by the crosslinking moiety. In case
of CNVDM19, the lexibility of the stem region was demonstrated by the for-
mation of two products (Rt = 11.68 min and 11.86 min, *), for which the
mass of the crosslinked product was found (experimental section 12.5.7).

Next, native nESI-MS measurements were performed, at aptamer concen-
trations of 10 µM in 300 mM ammonium acetate buffer in presence of 5
equivalents of quinine (Figure 8.12). The stapled aptamers were puri ied
prior to native nESI-MS analysis. The MN4 and the MN4-quinine complex
were detected at charge states 6+ and 5+, together with some association
of ammonium and sodium ions (Figure 8.12A). 6+ and 5+ charge states
for unstapled CNVDMN4 and stapled CNVDMN4 were also visible, but no lig-
and binding was detected in this case. Similar results were obtained for
MN19 (Figure 8.12B). These results suggest that the incorporation of a
CNVD modi ication, and the herewith related destabilization, changes the
aptamer conformation to such extent that ligand binding is prevented. In-
deed, as both the MN4 and MN19 aptamer undergo minimal structural
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changes upon ligand binding, the slightest variation in conformation can
be detrimental for binding af inity.
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Figure 8.12: (A) Native nESI-MS analysis of MN4, CNVDMN4 and the stapled
CNVDMN4 aptamer. (B) Native nESI-MS analysis of MN19, CNVDMN19 and the sta-
pled CNVDMN19 aptamer. Solutions were measured at 10 µM concentration, in 300
mM ammonium acetate buffer, at a 1:5 ratio of aptamer:quinine. The theoretical
m/z values of the charged aptamer states are presented as red dotted lines and
the theoretical m/z values of aptamer-ligand complexes as blue dotted lines. 6+
charge state: m/z(MN4) = 1854.8 Da; m/z(MN19) = 1545.76 Da; m/z(CNVDMN4) =
1873.49 Da; m/z(CNVDMN19) = 1564.4 Da / 5+ charge state: m/z(MN4) = 2225.6
Da; m/z(MN19) = 1854.72 Da; m/z(CNVDMN4) = 2247.99 Da; m/z(CNVDMN19) =
1877.13 Da.

8.4 Conclusion

In this chapter, stapling experiments with ACPF and CNVD variants of the L-
argininamide aptamer 1OLD and the cocaine binding aptamers MN4 and
MN19 were performed. While the stapling reaction with ACPF proved in-
suf icient, the reaction with CNVD proceeded in high yield, and appeared a
fast and clean methodology. Native nESI-MS measurements of the stapled
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product however disclosed the negative impact of the CNVD moiety on the
aptamer’s binding af inity. However, these results do not mean that bind-
ing does not take place, as binding af inities can still range in theµM or mM
range, which would not be detected by native nESI-MS. In this prospect,
other analytical techniques used for the study of aptamer-ligand interac-
tions such as isothermal titration calorimetry, surface plasmon resonance
(SPR) or luorescence spectroscopy can be brought into play as comple-
mentary methods to native nESI-MS, and could potentially enable to derive
the binding af inity of the CNVD modi ied aptamer sequences. However, it
should be mentioned that SPR monitoring of aptamer-ligand binding might
be complicated by the requirement of immobilizing the aptamer on surface
and, in case of small molecule binding aptamers, the low molecular weight
of the ligand itself. On the other hand, luorescence spectroscopy would
be ideal for evaluating the binding af inities of the cocaïne/quinine bind-
ing aptamers MN4 and MN19, due to the intrinsic luorescence of the tar-
get, which would enable fast and easy monitoring of aptamer-ligand bind-
ing without the requirement of modifying the aptamer system with a luo-
rophore.
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9 | General conclusionandper-

spectives

Nucleic acids can be regarded as the cornerstones of life as they are in-
volved in practically every aspect of the cellular machinery. Moreover and
in analogy to proteins, they act as relevant disease biomarkers. Yet, despite
their importance, still much is to be learned about these interesting bio-
molecules. While tremendous efforts are undertaken to decipher nucleic
acid function, research is complicated by the transient nature of cellular in-
teractions. Also nucleic acid-based diagnostic applications, which involve
a.o. the detection of disease biomarkers, are hampered by the transience
of the nucleic acid detector molecule interaction with its target. In view
of these limitations, researchers have seen the potential of crosslinking
agents in assays that rely on oligonucleotide hybridization, and multiple lit-
erature reports exemplify the utility of crosslinking nucleic acid derivates
to improve the ef iciency and speci icity of such applications.

The goal of this thesis work was to evaluate the application potential of
modi ied oligonucleotide probes equipped with covalent crosslinking moi-
eties. For that purpose, two building blocks for incorporation in nucleic
acid sequences, namely the 3-cyanovinylcarbazole with D-threoninol linker
CNVD and the acyclic phenyl-furan with glycerol linker ACPF were evaluated
as crosslinking agents for inter- or intrastrand nucleic acid crosslinking.
We further aimed to assess the applicability of these agents in chromatin
isolation by RNA puri ication experiments for ncRNA capture/enrichment
(part I), and aptamer stabilization, with the long-term vision of designing
more robust aptamer-based biosensors (part II). The crosslinkers were se-
lected for their characteristic properties, summarized in Figure 9.1, and re-
quire complementary methods of activation. The ACPF moiety is activated
via a [4+2] cycloaddition reaction with singlet oxygen, generated upon vis-
ible light irradiation of a suitable photosensitizer present in solution, and
results in oxidation of the ACPF moiety into a reactive 4-oxo-enal (Figure
9.2A). The crosslinking reaction is selective for adenine and cytosine nu-
cleobases. On the other hand, the CNVD moiety requires photochemical

177
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Figure 9.1: Summary of the main characteristics of the ACPF and CNVD crosslinking
agents.

activation with long wavelength UV-A (366 nm), which initiates a [2+2]
cycloaddition reaction between the C5-C6 bond of pyrimidine residues lo-
cated one nucleobase closer to the 3’ end of the complementary strand, and
the vinylgroup of the CNVD moiety (Figure 9.2B).
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Figure 9.2: (A) Singlet oxygen activation of the ACPF crosslinker into a 4-oxo-enal,
and subsequent reaction of this intermediate with a cytosine nucleobase located in
a complementary oligonucleotide strand. Singlet oxygen is generated upon visible
light irradiation of a photosensitizer (PS) in solution. (B) Photochemical activation
of the CNVD moiety initiates a [2+2] cycloaddition with the C5-C6 bond of a pyrimi-
dine base, located one nucleobase closer to the 3’ end of the complementary strand,
and the vinylgroup of the CNVD moiety.

Part I: ChiRP assay for the RNA capture/enrichment of the SAMMSON

lncRNA

ChiRP assays (and more in general hybridization-based pull-down assays)
are standard-practice for the isolation and characterization of ncRNAs and
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the molecules they interact with, and rely on the non-covalent hybridiza-
tion of a biotinylated oligonucleotide capture probe and a ncRNA target
of interest. General principle is that upon hybridization, a non-covalent
ncRNA-CP complex is formed, which is ‘ ished out’ from the cellular envi-
ronment via biotin-streptavidin based af inity puri ication (Figure 9.3A).
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Figure 9.3: (A)General principle of hybridization-based RNA capture/enrichment
assays. The ncRNA-CP interaction is non-covalent resulting in loss of target se-
quence during streptavidin pull-down. (B) Our proposed strategy. The capture
probes are modi ied with an ACPF or CNVD crosslinking agent to covalently link the
ncRNA-CP interaction. The lncRNA SAMMSON is the model system of choice. ICL =
interstrand crosslink.
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In this work, an alternative ChiRP assay was developed that employs a
probe pool of carefully designed biotinylated ACPF and CNVD DNA oligonu-
cleotides that were tested as capture probes in ChiRP assays for the isola-
tion of the SAMMSON lncRNA, a biomarker for melanoma malignancy, and
our model system of choice.51 The advantage of crosslinker modifed CPs is
that, upon initiation of the crosslinking reaction, a more robust covalently
linked ncRNA-CP complex can be formed that is able to withstand strin-
gent washing conditions (Figure 9.3B). In this way, the ef iciency as well as
the speci icity of hybridization-based pull-down assays can potentially be
improved.

Prior to use in ChiRP assays, optimal crosslinking conditions for the ACPF
and CNVD probes were determined, in an experimental set-up that aimed to
mimic the situation of the ChiRP experiments as closely as possible. These
experiments provided insight in the speci ic parameters that in luence the
ef iciency of the crosslinking reaction. The irradiation time and, in case of
the ACPF moiety, photosensitizer concentration were identi ied as critical
variables that were ine-tuned in order to maximize the crosslinking yield.
Advantageously, crosslinking yields further improved using excess of cap-
ture probe with respect to the RNA target. This speci ic observation is a
valuable asset in ChiRP assays, as here, used excesses of capture probe are
standard practice. The optimal crosslinking conditions are summarized
in Table 9.1 and illustrate the superiority of the CNVD moiety as compared
to ACPF in terms of crosslinking ef iciency and reaction rate. On the other
hand, the visible light irradiation required for ACPF offers a more biocom-
patible approach to UV crosslinking, although in the former case also the
reactivity of singlet oxygen should be taken into account.

Table 9.1: Overview of optimal crosslinking conditions for the ACPF and CNVD mod-
i ied capture probes at 1 µM RNA concentration. MB = methylene blue, RB = rose
bengal, N.A. = not applicable, CP = capture probe.

[PS] Irradiation time Irradiation wavelength Ratio of RNA:CP Maximum yield
ACPF MB: 2 µM 10 min 550-700 nm (red) 1:10 20%

RB: 2 µM 20 min 500 - 565 nm (green) 1:10 30%
CNVD N.A. 45 sec 366 nm (UV-A) 1:10 81%

Here, it should be considered that the de ined optimal crosslinking condi-
tions might not be optimal in a cellular setting in view of potential oxidative-
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or UV-mediated damage. Additionally, it should be noted that the experi-
mental conditions used for optimization of the crosslinking reactions are
a simpli ied representation of the much more complex cellular environ-
ment, in which concentrations of the target sequence are expected to be
low (< 1 µM), and where the presence of other biomolecules as well as
the secondary structure of the ncRNA target itself might hinder hybridiza-
tion and successful crosslinking. This was nicely re lected in the ChiRP ex-
periments, that revealed an inverse relationship between crosslinking ef i-
ciency and target enrichment. For reasons uncomprehended at this point,
pull-down experiments with the CNVD probes revealed a signi icant reduc-
tion in target enrichment as compared to unmodi ied capture probes. On
the other hand, target enrichment with the ACPF probes was slightly en-
hanced and illustrated the potential of these probes as (improved) capture
reagents. Further optimization of the ACPF crosslinking variables (e.g. irra-
diation time, capture probe concentration, photosensitizer concentration)
in the speci ic situation of the ChiRP experiments is still required to im-
prove the overall RNA recovery ef iciency.

It is our believe that hybridization-based pull-down assays would bene-
it from a smart capture probe design. Far too often, knowledge on nucleic

acid secondary structure is missing, which leads to the use of dozens of cap-
ture probes without prior knowledge on which probes are capable of bind-
ing the target. In our model system, a series of 10 different capture probes
were used in order to increase the probability of binding, and hence, the ef-
iciency of pull-down. In addition, knowledge of accessible single stranded

regions is pivotal to allow hybridization of the capture probe with the ncRNA
target, and with respect to our approach, also to enable crosslinking with
the target (Figure 9.4). Secondary structure predictions partially address
this problem, but do often not accurately represent the situation in vitro,
which leads to an incorrect understanding of the structure and consequently,
a bad design of the capture probes.

Future experiments can therefore bene it from a SHAPE (2’ hydroxyl acy-
lation analyzed by primer extension) analysis, which would provide infor-
mation concerning the local RNA lexibility, and can help in deriving RNA
secondary structure. In this way, the number of capture probes could be re-
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Protein binding site

not accessible for CP binding

Single stranded region

Accessible for CP binding

Double stranded region

Not accessible for CP binding

Figure 9.4: Rationale behind the design of the capture probes.

duced to the ones targeting single stranded regions in the RNA sequences,
and a correct positioning of the crosslinking moiety would be possible.
Furthermore, knowledge on nucleic acid secondary structure would en-
able a templated-reaction set-up, in which an ACPF and a photosensitizer
modi ied capture probe are binding adjacent regions of the RNA target
(Figure 9.5). Upon photo-irradiation, an interstrand crosslink between the
furan modi ied CP and the ncRNA target will be formed resulting in a co-
valently linked ncRNA-CP complex. This set-up was previously tested in a
DNA-DNA crosslinking context, and allowed a concentration independent
crosslinking reaction with minimal off-target reactions and minimal oxida-
tive damage.131 Hence, this set-up could be of great value in ChiRP assays.
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ncRNAFuran modified CP

PS modified CP

O

Figure 9.5: Principle of the templated reaction set-up, illustrated in the context of
hybridization-based af inity pull-downs for ncRNA capture/enrichment assays. An
ACPF and photosensitizer modi ied capture probe are binding adjacent regions of an
RNA target, enabling a very local singlet oxygen production.

As an alternative strategy, the potential of furan-modi ied PNAs as RNA
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capture probes could be explored. In chapter 7, different second-generation
furan-PNA monomers were tested for their ability to function as DNA cap-
ture probes, and enabled PNA-DNA crosslinking. ChiRP assays could bene-
it from PNAs as capture probes in view of their nuclease resistance, which

is advantageous when working in cellular environments. Furthermore, the
neutral backbone of PNAs minimizes electrostatic repulsion with comple-
mentary nucleic acid targets, and consequently, PNAs as capture probes
could show binding af inities that easily surpass those of the regular DNA-
based capture probes used to date. Future experiments should therefore
focus on evaluating and optimizing the crosslinking properties of furan-
PNAs towards complementary RNA sequences.

Part II: Modi ied aptamers for biomarker detection

In the second part, it was investigated if aptamer sequences can be sta-
bilized in their binding competent state by designing ACPF and CNVD vari-
ants of the L-argininamide binding aptamer 1OLD, and the cocaine bind-
ing aptamers MN4 and MN19. For 1OLD, which adopts a hairpin confor-
mation, the crosslinking moieties were introduced in the stem region. For
the cocaine binding aptamers, the crosslinking moiety was placed in stem
1 (Figure 9.6A). The introduction of a crosslinking moiety in the aptamer
sequences enabled intrastrand aptamer crosslinking (stapling), which is
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Figure 9.6: (A) Sequence of the unmodi ied 1OLD, MN4 and MN19 aptamer. The
position of the ACPF and CNVD crosslinking moiety is marked with an *. (B) Principle
of the stapling reaction.
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expected to lock the aptamer in a speci ic conformation (Figure 9.6B). The
stapling reaction should be fast, clean and proceed in near-quantitative
yields. In view of these requirements and as illustrated in Figure 9.7 for
the 1OLD aptamer, the ACPF was discarded as valuable candidate as reac-
tion ef iciencies were low and proceeded with the formation of different
crosslinked and oxidation products. In contrast, stapling reactions with
the CNVD modi ied aptamers proceeded in high yield with the formation
of one major crosslinked product. Question remained now whether the
locked aptamers are still capable of target binding.
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Figure 9.7: HPLC analysis of the stapling reaction with the (A) ACPF modi ied 1OLD
aptamer and the (B) CNVD modi ied 1OLD aptamer. MB = methylene blue; RB = rose
bengal.

To answer this question, native nESI-MS analysis of the CNVD modi ied vari-
ants of 1OLD, MN4 and MN19, and their stapled products were performed.
As a ‘non-denaturing’ mass analysis strategy, in which non-covalent inter-
actions are maintained from solution phase to the gas phase, these experi-
ments should unveil the presence of aptamer-ligand interactions. Indeed,
if binding takes place, the mass of the aptamer-ligand complex should be
visible in the MS spectrum. Unfortunately, these experiments revealed that
introduction of the CNVD modi ication seems to con lict with target bind-
ing, as illustrated in Figure 9.8 for the MN4 aptamer. While the mass of the
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aptamer-ligand complex was visible for unmodi ied MN4, no evidence for
aptamer-ligand binding was observed in case of the CNVD modi ied MN4,
both in absence or presence of a staple.
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Figure 9.8: Native nESI-MS analysis of the MN4 and CNVDMN4 aptamer revealed
that the CNVD moiety con licts with aptamer-ligand binding. (A) Native nESI-MS of
MN4, (B) Native nESI-MS of stapled CNVDMN4, (C) Native nESI-MS of CNVDMN4 in
absence of a staple.

In order to investigate whether target binding is completely precluded or
only reduced (and therefore not visible in native nESI-MS), analysis with
complementary analytical techniques is required. Furthermore, collision
induced unfolding experiments should be performed, a technique in which
the internal energy of aptamers is increased via collisional activation with
gas phase molecules of a background gas, leading to a conformational change
(unfolding) of the aptamer sequences. These experiments can provide valu-
able input concerning the stabilities of the stapled aptamers versus their
unstapled or unmodi ied counterparts, and should help in assessing the
added value of a covalent staple in terms of aptamer stability.

Finally, the impact of the position of the crosslinking moiety on the stabil-
ity, folding and binding af inity should be investigated in more detail for the
cocaine binding aptamers MN4 and MN19. Up to this point, the CNVD was
incorporated in stem 1, which is critical for target binding. Indeed, a direct
correlation between the binding af inity and the length of stem 1 exists,
which in licts that minor distortions i.e. introduced by the CNVD moiety,
could be detrimental for target binding. It should therefore be investigated
if a similar behavior will be observed when the CNVD moiety is positioned
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in other stem regions, which are less critical for target binding. In view
hereof, novel variants of the MN4 and MN19 aptamers will be synthesized
in the near-future, for which the CNVD moiety will be positioned in stem 2 of
the aptamer sequence, as this region is potentially more tolerant for CNVD
induced destabilization. Substitution of the adenine nucleobase by a CNVD
moiety at position 11 (MN4) or position 8 (MN19) would enable stapling
with the cytosine residue at position 16 or position 13 respectively, and
is considered a suitable option for two distinct reasons (Figure 9.9). First,
at this position, it is hypothesized that the distance between the crosslink-
ing moiety and the cocaine binding side is suf icient. Secondly, position 11
(MN4) and 8 (MN19) are close to a loop region, and therefore, it is expected
that the CNVD moiety would introduce minimal destabilization.

Z Z

Stem 1

Stem 2

Stem 3

* *5

10

15

20

25

30

Figure 9.9: Variant of the CNVD modi ied aptamers MN4 and MN19, in which the
CNVD crosslinker is location in stem 2, at position 11 (MN4) or position 8 (MN19)
in the aptamer sequence. The crosslinking site is marked with an *. Z = CNVD

In conclusion, in this PhD work we expanded the applicability of the ACPF
and CNVD crosslinking moieties and showed the potential of ACPF and CNVD
modi ied oligonucleotides in the context of RNA interstrand crosslinking
and aptamer stapling. In addition, the scope was set to test these crosslinker
probes in two biologically-oriented applications that suffer from the non-
covalent nature of nucleic acid interactions, with the long-term vision of
contributing to decipher ncRNA function and mechanism of action (part
I) or to the ield of biomarker detection (part II). The performed experi-
ments disclose preliminary data that can serve as basis for future research
that should focus on attaining a better understanding of nucleic acid inter-
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actions with their respective targets, and should as well map the in luence
of crosslinking moieties and crosslinking conditions on these biomolecular
interactions.
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10 | Nederlandstalige samen-

vatting

Nucleïnezuren kunnen beschouwd worden als de hoekstenen van het leven
en zijn betrokken bij vrijwel elk aspect van de cellulaire machines. Boven-
dien, en naar analogie met eiwitten, fungeren ze als relevante (ziekte) bio-
markers. Toch valt er, ondanks hun belang, nog veel te leren over deze in-
teressante biomoleculen. Hoewel er enorme inspanningen worden geleverd
om de functie van nucleïnezuren te ontcijferen, wordt onderzoek gecom-
pliceerd door de kortstondige (non-covalente) natuur van cellulaire inter-
acties. Ook diagnostische toepassingen op basis van nucleïnezuren, die
betrekking hebben op de detectie van relevante biomarkers en waarin het
nucleïnezuur als detectormolecule fungeert, worden hierdoor belemmerd.
Gezien deze beperkingen hebben onderzoekers het potentieel van cross-
linkers gezien in toepassingen die gebaseerd zijn op oligonucleotide hy-
bridisatie, en meerdere literatuurrapporten illustreren het nut van cross-
linker gemodi iceerde nucleïnezuur derivaten, om de ef iciëntie en speci-
iciteit van dergelijke toepassingen te verbeteren.

Het doel van dit proefschrift was om het toepassingspotentieel van gemod-
i iceerde oligonucleotiden, uitgerust met covalente crosslinking moleculen,
te evalueren. Daartoe werden twee bouwstenen ontwikkeld, namelijk het
3-cyanovinylcarbazool met D-threoninol linker CNVD en het acyclische fenyl-
furan met glycerol linker ACPF, die geëvalueerd werden als crosslinkers voor
inter- of intrastrand nucleïnezuur crosslinking. We hebben verder de toepas-
baarheid van deze crosslinkers beoordeeld in ‘Chromatin isolation by RNA
puri ication’ experimenten voor het identi iceren van ncRNA-ligand inter-
acties (deel I) en aptameer stabilisatie, met de langetermijnvisie om ro-
buustere aptameer gebaseerde biosensoren te ontwikkelen (deel II). De
crosslinkers werden geselecteerd op basis van hun karakteristieke eigen-
schappen, samengevat in Figuur 10.1, en vereisen complementaire activerings-
methoden. De ACPF bouwsteen wordt geactiveerd via een [4+2] cycloaddi-
tiereactie met singlet zuurstof, gegenereerd door bestralen van een geschikte
fotosensitizer met zichtbaar licht, en resulteert in oxidatie van de ACPF bouw-
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Figuur 10.1: Samenvatting van de belangrijkste kenmerken van de ACPF en CNVD
crosslinking moleculen.

steen in een reactief 4-oxo-enal (Figuur 10.2A). De crosslink reactie is se-
lectief voor adenine en cytosine nucleobasen. Anderzijds vereist de CNVD
bouwsteen fotochemische activering met UV-A licht (366 nm), welke een
[2+2] cycloadditiereactie initieert tussen de C5-C6-binding van pyrimidines,
die zich één nucleobase dichter bij het 3’-uiteinde van de complementaire
streng bevinden, en de vinylgroep van de CNVD bouwsteen (Figuur 10.2B).
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Figuur 10.2: (A) Singlet zuurstof activatie van de ACPF crosslinker in een 4-oxo-
enal, en de daaropvolgende reactie van dit tussenproduct met een cytosine nu-
cleobase gelegen in een complementaire oligonucleotide streng. Singlet zuurstof
wordt gegenereerd door bestraling van een fotosensitizer (PS) met zichtbaar licht.
(B) Fotochemische activering van de CNVD crosslinker initieert een [2+2] cycload-
ditie tussen de C5-C6 binding van een pyrimidinebase, gelegen één nucleobase
dichter bij het 3’ einde van de complementaire streng, en de vinylgroep van de CNVD
bouwsteen.
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Deel I: ChiRP-assays voor isolatie van het SAMMSON lncRNA

ChiRP experimenten (en meer algemeen hybridisatie-gebaseerde pull-down
methoden) zijn standaard voor de isolatie en karakterisatie van ncRNAs en
de moleculen waarmee ze interageren, en zijn gebaseerd op de hybridisatie
van gebiotinyleerd oligonucleotide capture probes (CPs) met een ncRNA
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Figuur 10.3: (A) Algemeen principe van hybridisatie-gebaseerde pull-down ex-
perimenten. De ncRNA-CP interactie is niet-covalent wat resulteert in verlies van
de ncRNA molecule tijdens streptavidine pull-down. (B)Onze voorgestelde strate-
gie. De capture probes worden gemodi iceerd met een ACPF of CNVD crosslinker om
de ncRNA-CP interactie covalent te linken. Het lncRNA SAMMSON is het modelsys-
teem van keuze. ICL = interstrand crosslink.
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van interesse. Algemeen principe is dat bij hybridisatie een niet-covalent
gebonden ncRNA-CP-complex wordt gevormd, dat via een biotine-strept-
avidine gebaseerde af initeitszuivering uit de cellulaire omgeving wordt
‘gevist’ (Figuur 10.3A). In dit werk werd een alternatief ChiRP protocol
ontwikkeld dat gebruik maakt van zorgvuldig ontworpen gebiotinyleerde
ACPF en CNVD DNA-oligonucleotiden die werden getest als capture probes
voor de isolatie van het SAMMSON lncRNA, een biomarker voor melanoma,
en ons modelsysteem van keuze.51 Het voordeel van crosslinker gemodi-
iceerde CP’s is dat bij het initiëren van de crosslink reactie een robuuster

covalent gekoppeld ncRNA-CP complex kan worden gevormd, dat bestand
is tegen strenge wasomstandigheden (Figuur 10.3B). Op deze manier kun-
nen de ef iciëntie en de speci iciteit van hybridisatie-gebaseerde pull-down
experimenten mogelijk worden verbeterd.

Voorafgaand aan de ChiRP experimenten werden optimale crosslink con-
dities voor de ACPF en CNVD probes bepaald, in een experimentele opstelling
die tot doel had de situatie van de ChiRP experimenten zo nauwkeurig mo-
gelijk na te bootsen. Deze experimenten gaven inzicht in de speci ieke pa-
rameters die de ef iciëntie van de crosslink reactie beïnvloeden. De be-
stralingstijd en, in het geval van de ACPF bouwsteen, concentratie van de
fotosensitizer werden geïdenti iceerd als kritische variabelen die geopti-
maliseerd werden met als doel de crosslink opbrengst te maximaliseren.
Daarenboven konden crosslink opbrengsten verder verbeterd worden door
gebruik van een overmaat aan capture probe in vergelijking met het RNA
target. Deze speci ieke vaststelling is een waardevolle troef in ChiRP ex-
perimenten, aangezien hier capture probes standaard in overmaat worden
toegevoegd. De optimale crosslinking condities zijn samengevat in Tabel
10.1 en illustreert de superioriteit van de CNVD crosslinker in vergelijking
met ACPF in termen van crosslink-ef iciëntie en reactiesnelheid. Anderzijds
biedt de bestraling met zichtbaar licht, nodig voor activatie van de ACPF
crosslinker, een biocompatibel alternatief voor UV crosslinken, hoewel in
het eerste geval ook rekening moet worden gehouden met de reactiviteit
van singlet zuurstof.

Hierbij moet worden overwogen dat de gede inieerde optimale crosslink
condities mogelijk niet optimaal zijn in een cellulaire omgeving omwille
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Tabel 10.1: Overzicht van de optimale crosslink condities voor de ACPF en CNVD
gemodi iceerde capture probes bij 1 µM RNA concentrate. MB = methyleen blauw;
RB = roos bengaal; N.A. = niet van toepassing; CP = capture probe.

[PS] Bestralingstijd Gol lengte van bestraling Verhouding RNA:CP Maximale opbrengst
ACPF MB: 2 µM 10 min 550-700 nm (rood) 1:10 20%

RB: 2 µM 20 min 500 - 565 nm (groen) 1:10 30%
CNVD N.A. 45 sec 366 nm (UV-A) 1:10 81%

van mogelijke oxidatieve- of UV-gemedieerde schade. Bovendien moet wor-
den opgemerkt dat de experimentele omstandigheden die gebruikt zijn
voor de optimalisatie van de crosslink reactie een vereenvoudigde weer-
gave is van de veel complexere cellulaire omgeving, waarin de concentraties
van het ncRNA target naar verwachting laag zijn (< 1 µM), en waar de aan-
wezigheid van andere biomoleculen en de secundaire structuur van het
ncRNA succesvolle hybridisatie en crosslinking kunnen belemmeren. Dit
werd mooi weerspiegeld in de ChiRP experimenten, die een omgekeerde
correlatie tussen crosslink- en pull-down ef iciëntie aan het licht brachten.
Om redenen die op dit moment niet begrepen zijn, brengen pull-down ex-
perimenten met de CNVD probes een aanzienlijke vermindering van de RNA
aanrijking met zich mee, in vergelijking met de niet-gemodi iceerde cap-
ture probes. Anderzijds, de aanrijking met de ACPF probes was enigszins
verbeterd en illustreerde het potentieel van deze probes als (verbeterde)
capture reagentia. Verdere optimalisatie van de ACPF crosslink variabelen
(bijv. bestralingstijd, concentratie van de capture probes, concentratie van
de fotosensitizer) in de speci ieke situatie van de ChiRP-experimenten is
nodig om de algehele RNA aanrijking te verbeteren.

Wij zijn van mening dat hybridisatie gebaseerde pull-down experimenten
baat zouden hebben bij een slim ontwerp van de capture probes. Veel te
vaak ontbreekt kennis over de secundaire structuur van het nucleïnezuur
target, wat leidt tot het gebruik van tientallen capture probes zonder ken-
nis over welke probes in staat zijn het target te binden. In ons modelsys-
teem werd een reeks van 10 verschillende capture probes gebruikt om de
kans op binding en dus de ef iciëntie van pull-down te vergroten. Daar-
naast is kennis van toegankelijke enkelstrengs regio’s cruciaal om hybridi-
satie van de capture probes met het ncRNA target mogelijk te maken, en
met betrekking tot onze aanpak ook om crosslinking mogelijk te maken
(Figuur 10.4). Secundaire structuurvoorspellingen komen dit probleem
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gedeeltelijk tegemoet, maar weergeven vaak niet de situatie in vitro, wat
leidt tot onjuiste structuurverheldering en bijgevolg een slecht ontwerp
van de capture probes.

Proteïne bindingsplaats

Niet toegankelijk voor CP binding

Enkelstrengige regio

Toegankelijk voor CP binding

Dubbelstrengige regio

Niet toegankelijk voor

CP binding

Figuur 10.4: Redenering achter het ontwerp van de capture probes.

Toekomstige experimenten kunnen daarom baat hebben van een SHAPE
-analyse (2’ hydroxyl-acylatie geanalyseerd door primeruitbreiding), wat
informatie zou verschaffen over de lokale RNA- lexibiliteit en kan helpen
bij het a leiden van de secundaire RNA-structuur. Op deze manier kan het
aantal capture probes worden teruggebracht tot deze die enkelstrengige
gebieden in het RNA target binden, en zou daarenboven een juiste posi-
tionering van de crosslinkers mogelijk maken. Bovendien zou kennis over
de secundaire structuur van het nucleïnezuur een templated reactie mo-

1O
2

3O
2

O

O
H O

Proteïne

ncRNAFuran gemodificeerde CP

PS gemodificeerde CP

O

Figuur 10.5: Principe van de templated reactie, geïllustreerd in de context van
hybridisatie-gebaseerde pull-downs voor ncRNA capture. Een ACPF en fotosensi-
tizer gemodi iceerd capture probe binding aangrenzende regio’s van een RNA tar-
get, waardoor een zeer locale singlet oxygen productie mogelijk is.
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gelijk maken, waarbij een ACPF en een fotosensitizer gemodi iceerde cap-
ture probe aangrenzende gebieden van het RNA-target binden (Figuur 10.5).
Bij bestraling wordt een interstrand crosslink gevormd tussen de furan
gemodi iceerde CP en het ncRNA target, wat resulteert in een covalent gekop-
peld ncRNA-CP-complex. Deze opstelling werd eerder getest in een DNA-
DNA crosslinking context en maakte een concentratie ona hankelijke crosslink
reactie mogelijk met minimale off-target reacties en minimale oxidatieve
schade.131 Bijgevolg kan dergelijke set-up van grote waarde zijn in ChiRP
experimenten.

Als alternatieve strategie zou het potentieel van furan-gemodi iceerde PNA’s
als RNA capture probes kunnen worden onderzocht. In hoofdstuk 7 wer-
den verschillende furan-PNA monomeren getest als DNA capture probes
en werd aangetoond dat deze probes PNA-DNA crosslinking mogelijk maak-
ten. ChiRP experimenten kunnen baat hebben bij PNA’s als capture probes
gezien hun nuclease resistentie, wat voordelig is bij het werken in cellu-
laire omgevingen. Bovendien minimaliseert de neutrale ‘ruggengraat’ van
PNA’s elektrostatische afstoting met complementaire nucleïnezuren, waar-
door de bindingsaf initeit van PNAs gemakkelijk die van standaard DNA-
gebaseerde capture probes kan overtreffen. Toekomstige experimenten
moeten daarom gericht zijn op het evalueren en optimaliseren van de cross-
link eigenschappen van furan-PNA’s naar complementaire RNA sequenties.

Deel II: Gemodi iceerde aptameren voor biomarker detectie

In een tweede deel werd onderzocht of aptameren in hun bindingscom-
petente conformatie kunnen gestabiliseerd worden. Met dit doel werden
ACPF en CNVD varianten van het L-argininamide bindend aptameer 1OLD
en de cocaïnebindende aptameren MN4 en MN19 ontworpen. Voor 1OLD,
dat een haarspeldconformatie aanneemt, werden de crosslinkers geïntro-
duceerd in de dubbelstrengige stem regio. Voor de cocaïnebindende ap-
tameren werd de crosslinker in stem 1 geplaatst (Figuur 10.6A). De intro-
ductie van een crosslinker in de aptameersequenties maakte intrastrand
aptameer crosslinken mogelijk, wat naar verwachting het aptameer in een
speci ieke conformatie zal vergrendelen (Figuur 10.6B). Deze reactie moet
snel en zonder vorming van nevenproducten doorgaan, in bijna kwanti-
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Figuur 10.6: (A) Sequentie van het ongemodi iceerd 1OLD, MN4 en MN19 ap-
tameer. De positie van de ACPF en CNVD crosslinker is gemarkeerd met een *. (B)
Principe van de intrastrand crosslink reactie.

tatieve opbrengsten. Gezien deze vereisten en zoals geïllustreerd in Figuur
10.7 voor het 1OLD aptameer, werd de ACPF crosslinker uitgesloten van-
wege de lage reactie-ef iciëntie en de verschillende crosslink en oxidatiepro-
ducten die gevormd worden tijdens reactie. Daarentegen ging de reactie
met de CNVD gemodi iceerde aptameren in hoge opbrengst door, met de
vorming van één gecrosslinkt product. De vraag restte nu of de vergren-
delde aptameren nog steeds in staat zijn om te binden met hun ligand.

Om deze vraag te beantwoorden, werd een native nESI-MS analyse van de
CNVD gemodi iceerde varianten van 1OLD, MN4, MN19 en hun crosslink
producten uitgevoerd. Als een ‘niet-denaturerende’ massa-analyse tech-
niek, waarin niet-covalente interacties behouden blijven, moeten deze ex-
perimenten de aanwezigheid van aptamer-ligand interacties onthullen. Als
binding mogelijk is, moet de massa van het aptamer-ligand complex zicht-
baar zijn in het MS-spectrum. Helaas onthulden deze experimenten dat
de CNVD modi icatie binding bemoeilijkt, zoals geïllustreerd in Figuur 10.8
voor het MN4 aptameer. Hoewel de massa van het aptamer-ligand complex
zichtbaar was voor ongemodi iceerd MN4, werd geen bewijs voor aptamer-
ligand binding waargenomen in het geval van het CNVD gemodi iceerde ap-
tameer, zowel bij afwezigheid als bij aanwezigheid van een intrastrand cross-
link.
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Figuur 10.8: Native nESI-MS analyse van het MN4 en CNVDMN4 aptameer onthulde
dat de CNVD crosslinker aptameer-ligand binding bemoeilijkt. (A) Native nESI-MS
van MN4, (B) Native nESI-MS van gecrosslinkt CNVDMN4, (C) Native nESI-MS van
CNVDMN4 in afwezigheid van een crosslink.

Om te onderzoeken of ligand binding volledig is uitgesloten of alleen ver-
minderd is (en bijgevolg niet zichtbaar in native nESI-MS), is analyse met
aanvullende technieken vereist. Alternatief kunnen botsing geïnduceerde
ontvouwings experimenten (CIU) worden uitgevoerd, een techniek waar-
bij de interne energie van aptameren wordt verhoogd via botsingsactiver-
ing met gasfasemoleculen a komstig van een achtergrondgas, wat leidt tot
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een conformationele verandering (ontvouwen) van de aptameer sequen-
ties. Deze experimenten kunnen waardevolle input leveren met betrekking
tot de stabiliteiten van de gecrosslinkte aptameren versus hun niet-gecross-
linkte of ongemodi iceerde tegenhangers, en moeten helpen bij het beoordelen
van de toegevoegde waarde van een covalente link in termen van aptameer
stabiliteit.

Ten slotte moet de impact van de positie van de crosslinker op de stabiliteit,
aptameer opvouwing en bindingsaf initeit nader worden onderzocht voor
de cocaïne bindende aptameren MN4 en MN19. Tot nu toe was de CNVD
crosslinker geïncorporeerd in stem 1, welke van cruciaal belang is in lig-
and binding. Er bestaat namelijk een directe correlatie tussen de bind-
ingsaf initeit van het aptameer en de lengte van stem 1, waardoor kleine
verstoringen, d.w.z. geïntroduceerd door de CNVD bouwsteen, nadelig kun-
nen zijn voor ligand binding. Daarom moet worden onderzocht of een
soortgelijk gedrag wordt waargenomen wanneer de CNVD crosslinker in
een stem regio wordt geplaatst die minder kritiek is voor binding. Met
het oog hierop zullen in de nabije toekomst nieuwe varianten van de MN4
en MN19 aptameren worden gesynthetiseerd, waarin de CNVD crosslinker
in stem 2 zal worden geïncorporeerd. Deze regio is mogelijk toleranter
voor CNVD geïnduceerde destabilisatie. Vervanging van de adenine base
op positie 11 door CNVD zou een crosslink mogelijk maken met het cyto-
sine residue op positie 16 en wordt om twee verschillende redenen als een
geschikte optie beschouwd (Figuur 10.9). Ten eerste is op deze positie de
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Figuur 10.9: Variant van het CNVD gemodi iceerde MN4 en MN19 aptameer, waarin
de CNVD crosslinker is geïncorporeerd in stem 2, op positie 11 in de aptameer se-
quentie. De crosslinking site is gemarkeerd met een *. Z = CNVD
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afstand tussen de crosslinker en de cocaïne bindingsplaats voldoende. Ten
tweede ligt positie 11 dicht bij een lusgebied, waardoor verwacht wordt
dat de CNVD crosslinker hier minimale destabilisatie zou introduceren.

Samenvattend hebben we in dit manuscript de toepasbaarheid van de ACPF
en CNVD crosslinkers uitgebreid en het potentieel van ACPF en CNVD gemod-
i iceerde oligonucleotiden aangetoond in de context van RNA interstrand
crosslinking en intrastrand aptameer crosslinking. Daarnaast werden deze
crosslinker probes getest in twee biologisch georiënteerde toepassingen,
met de langetermijnvisie om de functie en werkingsmechanisme van ncR-
NAs te ontcijferen (deel I) of om bij te dragen aan het gebied van biomarker
detectie (deel II). De uitgevoerde experimenten kunnen als basis dienen
voor toekomstig onderzoek dat zich moet richten op het verkrijgen van een
beter inzicht in nucleïnezuur interacties, en die bovendien ook de invloed
van crosslinkers en crosslink condities op deze biomoleculaire interacties
in kaart moeten brengen.
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11 | Materials and Methods

11.1 Materials andmethods for smallmolecules

11.1.1 Materials

Chemicals and solvents were purchased from TCI, Sigma Aldrich or Acros.
Reactions were followed via thin layer chromatography (TLC) using SIL G-
25 UV254 silica gel plates. Puri ication of the products via lash chromatog-
raphy was performed using silica (Grace, Davis LC pore size 60 Å, particle
size 70-200 micron).

11.1.2 NMR analyses

1H NMR, 13C -NMR and 31P-NMR were measured on a Bruker Avance 300,
400 or 500 at 300 MHz, 400 MHz or 500 MHz for 1H measurements; at 75
MHz , 100 MHz or 125 MHz for 13C measurements and at 121 MHz for 31P
measurements. Chemical shifts (δ) are represented in parts per million
(ppm) relative to the residual solvent as internal standard (CDCl3: 7.26
ppm in 1H and 77.2 ppm in 13C; DMSO-d6: 2.5 ppm in 1H and 39.51 ppm in
13C). The resonance multiplicities are abbreviated as s (singlet), br s (broad
singlet), d (doublet), dd (doublet of doublets), td (triplet of doublets), ddt
(doublet of doublet of triplets), t (triplet), q (quadruplet) or m (multiplet).

11.1.3 LC-MS/ESI-MS

LC-MS data were collected on an Agilent 1100 Series instrument with a
Phenomenex Kinetex C18 100 column (150x4.6 mm, 5 µm at 35 °C) con-
nected to an ES-MSD type VL mass detector (quadrupole ion trap mass
spectrometer) with a low rate of 1.5 mL/min (eluent: 0.1 % HCOOH in
H2O to ACN).

ESI-MS data were obtained with an electronspray ionization source ES-
MSD-single quadropole type mass detector in positive or negative mode
using 5 mM NH4OAc in H2O/ACN (1:1) eluens.

203
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11.1.4 Synthesisof theacyclicphenyl-furanbuildingblock
ACPF (product 4.5)

The synthesis of the ACPF phosphoramidite building block was performed
like published in Stevens et al.129

11.1.4.1 Synthesis of product 4.1:

O (S)

O

OH

Br

+

Toluene, 135°C
24h

O
(S)

O

O

Br

4.1
MW: 301.18 g/mol

(S)-solketal

Br

Figure 11.1: Synthesis of product 4.1

In a 500 mL lask, (S)-solketal (1.78 mL, 0.0145 mol, 1 eq) was dissolved in
160 mL toluene. To this solution, 4-bromobenzylbromide (3.3 g, 0.013 mol,
0.9 eq) and potassium hydroxide (11.2 g, 14 eq) were added. The lask was
brought to re lux and the reaction was monitored via TLC (pentane:EtOAC
9:1). After 24 hours, the reaction mixture was allowed to cool down and
washed with water (2x50 mL). The organic phase was dried over Na2SO4

and the solvent was evaporated under reduced pressure. Product 4.1 was
obtained as a yellow oil in 83% yield.

1H NMR (400 MHz, Chloroform-d) δ (ppm): 7.36 (d, 2H, 2x CH benzyl),
7.10 (d, 2H, 2x CH benzyl), 4.40 (d, 2H, CH2 benzyl), 4.25 - 4.14 (m, 1H, CH
chiral center), 3.95 (dd, J = 8.3 Hz, 6.3 Hz, 1H, CH2 ketal), 3.64 (dd, J = 8.3
Hz, 6.3 Hz, 1H, CH2 ketal), 3.48 - 3.32 (m, 2H, OCH2-CH), 1.33 (s, 3H, CH3),
1.27 (s, 3H, CH3).
13C NMR (100 MHz, Chloroform-d) δ (ppm): 137.1, 131.4, 129.4, 121.6,
109.5, 74.7, 72.2, 71.2, 66.7, 26.7, 25.5.
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11.1.4.2 Synthesis of product 4.2:

Br

O
(S)

O

O

O
B

OH

OH MeOH, Na2CO3 (aq, sat)

Pd(PPh3)4

Overnight, 85°C

O

O
(S)

O

O

+

4.1 4.2

MW: 288.34 g/mol

Figure 11.2: Synthesis of product 4.2

In a 2-neck lask, 4.1 (3.66 g, 12.15 mmol, 1 eq) was dissolved in 30 mL
toluene (solution 1), to which a saturated Na2CO3 solution (19 mL) was
added. The lask was lushed with argon and protected from light, before
addition of Pd(PPh3)4 (0.98 g, 0.85 mmol, 0.07 eq). In a separate dried
lask, 2-furanylboronic acid (1.77 g, 15.8 mmol, 1.3 eq) was dissolved in

7.5 mL MeOH (solution 2), and subsequently added to solution 1. The re-
action mixture was re luxed at 85 °C overnight and followed via TLC (i-
octane:EtOAc 9:1). Upon completion, the reaction mixture was allowed to
cool down, and was diluted with DCM (200 mL). The organic phase was
washed with Na2CO3 (3x200 mL) and dried over Na2SO4. Next, the elu-
ent was evaporated under reduced pressure. The product was puri ied via
lash chromatography (Eluens: i-octane/EtOAc 85:15). Product 4.2 was

obtained as a brown oil in 66.8% yield.

1H NMR (400 MHz, Chloroform-d) δ (ppm): 7.55 (d, 2H, 2x CH benzyl),
7.35 (d, 1H, CH furan), 7.24 (d, J = 8.3 Hz, 2H, 2x CH benzyl), 6.53 (d, J = 3.4
Hz, 0.7 Hz, 1H, CH furan), 6.35 (dd, J = 3.4 Hz, 1.8 Hz, 1H, CH furan), 4.45 (q,
2H, CH2 benzyl), 4.26 - 4.15 (m, 1H, CH chiral center), 3.95 (dd, J = 8.3 Hz,
6.4 Hz, 1H, CH2 ketal), 3.64 (dd, J = 8.3 Hz, 6.3 Hz, 1H, CH2 ketal), 3.45 (dd,
J = 9.8 Hz, 5.7 Hz, 1H, OCH2), 3.37 (dd, J = 9.8 Hz, 5.4 Hz, 1H, OCH2), 1.33 (s,
3H, CH3), 1.27 (s, 3H, CH3).
13C NMR (100 MHz, Chloroform-d) δ (ppm): 154.0, 142.3, 137.3, 130.6,
128.3, 124.0, 111.9, 109.6, 105.3, 75.0, 73.4, 71.3, 67.0, 27.0, 25.6.
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11.1.4.3 Synthesis of product 4.3:

O

O
(S)

O

O

O

O
(S)

HO

OH

4M HCl
0°C

4.2 4.3

MW: 248.28 g/mol

Figure 11.3: Synthesis of product 4.3

In a lask, 4.2 (2.34 g, 8.115 mmol, 1 eq) was dissolved in 61 mL THF and
cooled to 0 °C with an ice bath. Next, 30 mL of a 4M HCl solution was slowly
added to the cooled solution and the reaction was left to stir at 0 °C til com-
pletion. The reaction was monitored via TLC (EtOAc:Acetone 4:1). After 2
hours no further conversion was observed, and the reaction mixture was
diluted with 100 mL H2O and washed with 2x100 mL EtOAc. The organic
phase was then subsequently washed with 2x150 mL NaHCO3. The or-
ganic phase was dried over Na2SO4 and evaporated under reduced pres-
sure. Product4.3was obtained upon lash chromatograpy (i-octane:Acetone
2:1 to EtOAc:Acetone 4:1) as a light yellow transparent oil in 86% yield.

1H NMR (400 MHz, Chloroform-d) δ (ppm): 7.59 (d, 2H, 2x CH benzyl),
7.40 (dd, J = 1.8 Hz, 0.7 Hz, 1H, CH furan), 7.27 (d, 2H, 2x CH benzyl), 6.58
(dd, J = 3.4 Hz, 0.8 Hz, 1H, CH furan), 6.40 (dd, J = 3.4 Hz, 1.8 Hz, 1H, CH
furan), 4.48 (s, 2H, CH2 benzyl), 3.83 (ddt, J = 6.2 Hz, 5.4 Hz, 3.9 Hz, 1H, CH
diol), 3.70 - 3.43 (m, 4H, CH2 diol, OCH2), 2.25 (s, 2H, 2x OH diol).
13C NMR (100 MHz, Chloroform-d) δ (ppm): 153.7, 142.1, 136.7, 130.6,
128.2, 123.9, 111.7, 105.2, 73.3, 71.8, 70.6, 64.0.
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11.1.4.4 Synthesis of product 4.4:

O

O
(S)

OH

DMTCl
Pyridine, 0°C

O

O
(S)

DMTO

HO

4.3 4.4

MW: 550.65 g/mol

HO

Figure 11.4: Synthesis of product 4.4

4.3 (600 mg, 2.4 mmol, 1 eq) was dissolved in dry pyridine (10 mL), which
was subsequently evaporated. This process was repeated 3 times. After
overnight drying on the oil pump, 4.3 was dissolved in 23 mL dry pyridine
and cooled to 0 °C in an ice bath. DMTCl (820 mg, 2.4 mmol, 0.9 eq) was
added and the reaction was allowed to stir at 0 °C till completion (TLC:
i-octane:Acetone:TEA 79:20:1). The reaction was quenched with MeOH
(4 mL) and diluted with 50 mL EtOAc. The organic phase was extracted
with NaHCO3 (2x50 mL), dried over Na2SO4, and evaporated under re-
duced pressure. The crude product was puri ied via lash chromatography
(i-octane:EtOAc:TEA 64:35:1) and obtained as a white sticky product in
66% yield.

1HNMR (400 MHz, Chloroform-d) δ (ppm): 7.60 - 7.52 (m, 2H, 2x CH ben-
zyl), 7.39 (dd, J = 1.8 Hz, 0.8 Hz, 1H, CH furan), 7.37 - 7.17 (m, 5H, 2x CH
benzyl, 3x CH trityl), 7.21 - 7.05 (m, 6H, 6x CH trityl), 6.80 - 6.69 (m, 4H, 4x
CH trityl), 6.57 (td, J = 3.8 Hz, 3.3 Hz, 0.8 Hz, 1H, CH furan), 6.43 - 6.36 (m,
1H, CH furan), 4.46 (s, 2H, CH2 diol), 3.96 - 3.79 (m, 1H, CH diol), 3.69 (s,
6H, 2x CH3 DMT), 3.77 - 3.44 (m, 2H, OCH2), 3.20 - 3.08 (m, 2H, CH2 ben-
zyl), 2.34 (d, J = 5.0 Hz, 1H, OH diol).
13C NMR (100 MHz, Chloroform-d) δ (ppm): 158.5, 153.8, 144.9, 142.1,
137.2, 136.05, 136.04, 130.1, 128.2, 128.09, 127.8, 126.8, 123.8, 113.2,
111.7, 105.0, 86.1, 73.1, 71.6, 70.0, 64.4, 55.2.
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11.1.4.5 Synthesis of product 4.5:

O

O
(S)

DMTO

HO

N,N-diisopropylammonium
tetrazolide

2-cyanoethyltetraisopropyl
phosphordiamidite
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O
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N O
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4.4 4.5

MW: 750.87 g/mol

Figure 11.5: Synthesis of product 4.5

4.4 (100 mg, 0.18 mmol,1 eq) was dissolved in freshly distilled DCM (5
mL), which was subsequently evaporated. This process was repeated 3
times before the product was dried at the oil pump for 3 hours. After this,
the product was redissolved in 6 mL freshly distilled DCM, N,N-diisopropyl-
ammoniumtetrazolide (83,22 mg, 0.486 mmol, 2.7 eq) was added to the so-
lution and cooled to 0 °C with an ice bath. At any time, the solution was kept
under inert atmosphere. After cooling, 2-cyanoethyltetraisopropyl phos-
phordiamidite (113 µL, 0.36 mmol, 2 eq ) was added dropwise to the solu-
tion, after which the ice bath was removed and the solution shielded from
light. The reaction was left to stir at room temperature for 48 hours and
monitored via TLC (iso-octane:EtOAc:TEA 60:39:1). After 48 hours, the
solution was quenched with 5 mL MeOH, diluted with 22 mL EtOAc and
washed with brine (3x). The organic phase was dried over Na2SO4 and
puri ied via lash chromatography (iso-octane:EtOAc:TEA 75:24:1). The
product was obtained as an oil.

Purity of the product was determined via 31P-NMR (121 MHz, CDCl3) show-
ing two peaks at 150 ppm, representative for the two diastereomers of
compound 4.5.
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11.1.5 Synthesis of the 3-cyanovinylcarbazole building

blockwithD-threoninol linker CNVD(product4.11)

The synthesis of the 3-cyanovinylcarbazole phosphoramidite building block
CNVD was performed like published in Fujimoto et al.268

11.1.5.1 Synthesis of product 4.6:

NH

I

NH

CN
DMF
tributylamine
acrylonitrile
H2O

microwave 60W
160°C, 10min

MW: 218.26 g/mol
4.63-iodocarbazole

Figure 11.6: Synthesis of product 4.6

In a 10 mL glass vessel, 3-iodocarbazole (2.05 g, 7 mmol, 1 eq), palladium-
(II)acetate (157 mg, 0.7 mmol, 0.1 eq), DMF (1 mL), tributylamine (1.66
mL, 7 mmol, 1 eq), acrylonitrile (1.14 mL, 17.5 mmol, 2.5 eq) and water (3
mL) were added and mixed. The vessel was placed into the microwave and
irradiated at 60 W. The temperature pro ile used was from room tempera-
ture to 120 °C in 10 seconds, from 120 °C to 140 °C in 10 seconds and from
140 °C to 160 °C. The temperature was kept at 160 °C for 10 min. The re-
action was monitored via TLC (Hexane:EtOAc 4:1). After completion, the
reaction mixture was evaporated and puri ied via lash chromatography
(Hexane:EtOAc 4:1 to Hexane:EtOAc 5:3). The product 4.6 was obtained
as a yellowish solid in 85% yield.

1H NMR (300 MHz, DMSO-d6) δ (ppm): 11.64 (s, 1H, NH carbazole), 8.44
(s, 1H, CH-4 carbazole), 8.10 (d, J = 8.1 Hz, 1H, CH-5 carbazole), 7.73 (m,
1H, CH=CH-CN), 7.70 (d, 1H, CH-2 carbazole), 7.53 (dd, J = 5.4 Hz, 3.0 Hz,
2H, CH-8 carbazole), 7.4 - 7.38 (m, 1H, CH-7 carbazole), 7.23 (t, J = 8.9, 6.2
Hz, 1H, CH-6 carbazole), 6.38 (d, J = 16.6 Hz, 1H, CH=CH-CN).
13C NMR (75 MHz, DMSO-d6) δ (ppm): 151.74, 141.36, 140.22, 126.32,
125.24, 124.69, 122.70, 122.24, 120.84, 120.29, 119.60, 119.36, 111.40,
111.36, 92.24.



210 C 11. M M

LC-MS: [M+H]+ = 219.1

11.1.5.2 Synthesis of product 4.7:

N
H

CN

N

CN

O

O

NaH
BrAcOEt
DMF

4.6 4.7

MW: 304.35 g/mol

Figure 11.7: Synthesis of product 4.7

4.6 (1.1 g, 5 mmol, 1 eq) and NaH (0.24 g, 6 mmol, 1.2 eq) were dissolved in
20 mL dry DMF, after which the solution was stirred for 1 hour at ambient
temperature under argon atmosphere. Next, ethyl bromoacetate (1.1 mL,
9.9 mmol, 1.98 eq) was added dropwise to the solution over a period of 30
min, and stirred for two hours at ambient temperature. The reaction was
monitored via TLC (Hexane:EtOAc 5:3). After completion, the reaction was
poured onto water (300 mL), extracted with chloroform (3x200 mL) and
dried over Na2SO4. After removal of the solvent, the crude product was pu-
ri ied via lash chromatography (0-1% MeOH:CHCl3) to give product 4.7 in
60% yield.

1H NMR (400 MHz, Chloroform-d) δ (ppm): 8.14 (s, 1H, CH-4 carbazole),
8.10 (d, J = 7.8 Hz, 1H, CH-5 carbazole), 7.60 - 7.46 (m, 3H, CH=CH-CN, CH-
7, CH-2 carbazole), 7.41 - 7.21 (m, 3H, CH-1, CH-6, CH-8 carbazole), 5.86
(d, J = 16.5 Hz, 1H, CH=CH-CN), 4.99 (s, 2H, COOR-CH2-N), 4.22 (q, J = 7.1
Hz, 2H, OCH2CH3), 1.27 (t, J = 7.2 Hz, 3H, OCH2CH3).
13CNMR (101 MHz, Chloroform-d)δ (ppm): 168.22, 151.68, 142.51, 141.41,
127.24, 125.88, 125.46, 124.07, 123.16, 120.97, 120.76, 120.41, 119.35,
109.36, 109.19, 93.20, 62.25, 45.14, 14.46.
LC-MS: [M+H]+ = 305.1
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11.1.5.3 Synthesis of product 4.8:

N
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O

O

N

CN

OH

O

NaOH
THF/MeOH/H2O (3:2:1)

1M HCl

4.7 4.8

MW: 276.09 g/mol

Figure 11.8: Synthesis of product 4.8

4.7 (0.86 g, 2.63 mmol, 1eq) and NaOH (0.11 g, 12.7 mmol, 4.8 eq) were dis-
solved in 18 mL THF/MeOH/H2O (3:2:1) and stirred for 2 hours at room
temperature (TLC: Hex:EtOAc 5:3). Next, 1 M HCl (150 mL) was added
dropwise to the solution, after which it was extracted with EtOAc (2x150
mL) and washed with 1 M HCl (1x150 mL). The organic solvent was dried
over Na2SO4 and removed under reduced pressure, to give product 4.8 in
90% yield.

1H NMR (500 MHz, DMSO-d6) δ (ppm): 8.48 (s, 1H, CH-4 carbazole), 8.14
(d, 2H, CH-5 carbazole), 7.80 - 7.73 (m, 2H, CH=CH-CN, CH-2 carbazole),
7.66 - 7.51 (m, 2H, CH-8, CH-1 carbazole), 7.54 - 7.41 (m, 1H, CH-7 car-
bazole), 7.28 (m, 1H, CH-6 carbazole), 6.41 (d, J = 16.6 Hz, 1H, CH-CN), 5.26
(d, J = 10.4 Hz, 2H, COOH-CH2-N).
13C NMR (126 MHz, DMSO-d6) δ (ppm): 169.97, 151.39, 142.14, 141.11,
126.49, 125.53, 125.31, 122.58, 122.14, 120.68, 120.38, 119.99, 119.58,
109.96, 109.89, 92.79, 44.17.
LC-MS: [M-H]+ = 275.1
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11.1.5.4 Synthesis of product 4.9:

N

CN

OH

O

N

CN

O

NH

(S) (S)

HO OH

D-threoninol
EDC/HOBt
DMF

4.8 4.9

MW: 363.42 g/mol

Figure 11.9: Synthesis of product 4.9

EDC·HCl (0.36 g, 2.36 mmol, 1 eq) and HOBt (0.319 g, 2.36 mmol, 1 eq)
were dissolved in 10 mL dry DMF. To this solution, 4.8 (0.65 g, 2.36 mmol,
1 eq) and D-threoninol (0.25 g, 2.36 mmol, 1 eq) were added. The reac-
tion was stirred for 5 hour at ambient temperature, and monitored via TLC
(Hexane:EtOAc 1:1). After completion, the product was precipitated by ad-
dition of 10 mL brine. The precipitate was iltered and washed with cold
milliQ to remove traces of salt. The obtained water phase (250 mL) was
next extracted with EtOAc (3x200 mL). Product 4.9was obtained as a pale
yellow product in 75% yield.

1H NMR (400 MHz, DMSO-d6) δ (ppm): 8.48 (s, 1H, CH-4 carbazole), 8.15
(m, 1H, CH-5 carbazole), 7.97 (t, J = 8.5 Hz, 1H, NH), 7.82 - 7.69 (m, 2H,
CH=CH-CN, CH-3 carbazole), 7.66 - 7.57 (m, 2H, CH-2, CH-8 carbazole),
7.53 - 7.43 (m, 1H, CH-7 carbazole), 7.34 - 7.23 (m, 1H, CH-6 carbazole),
6.41 (d, J = 16.6 Hz, 1H, CH-CN), 5.24 - 5.08 (m, 2H, RNHCOOH-CH2-N),
4.70 (m, 1H, OH), 4.64 (m, 1H, OH), 3.96 - 3.85 (m, 1H, CH-OH), 3.67 - 3.59
(m, 1H, CH-COONHR), 3.56 - 3.32 (m, 2H, CH2-OH), 1.01 (dd, J = 6.4, 2.8 Hz,
3H, CH3).
13C NMR (101 MHz, DMSO-d6) δ (ppm): 167.19, 151.58, 142.28, 141.21,
126.35, 125.37, 125.14, 122.48, 122.08, 120.69, 120.30, 119.92, 119.60,
110.00, 109.35, 92.65, 64.01, 60.68, 55.89, 45.57, 20.30.
LC-MS: [M+H]+ = 364.1
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11.1.5.5 Synthesis of product 4.10:

N

CN

O

NH

(S) (S)
HO OH
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CN
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(S) (S)
DMTO OH

DMTCl
DMAP
pyridine

4.9 4.10

MW: 665.79 g/mol

Figure 11.10: Synthesis of product 4.10

4.9 (100 mg, 0.27 mmol, 1 eq) was dissolved in dry pyridine (0.5 mL), to
this solution DMTCl (100 mg, 0.29 mmol, 1.09 eq) and DMAP (7.63 mg,
0.0625 mmol, 0.22 eq) were added and the reaction was stirred for 3 hours
at ambient temperature. The reaction was monitored via TLC (EtOAc:Hex
7:3 in 1% TEA). After completion, the reaction mixture was diluted with
chloroform (50 mL) and extracted with water (2x50 mL), the organic layer
was collected, dried over Na2SO4, and the solvent removed under reduced
pressure. The crude product was puri ied via lash chromatography (Elu-
ens: EtOAc:Hex:TEA 50:49:1 to EtOAc:Hex:TEA 70:29:1) to obtain product
4.10 as a yellow solid in 69% yield.

1H NMR (400 MHz, DMSO-d6) δ (ppm): 8.50 (s, 1H, CH-4 carbazole), 8.18
- 8.14 (m, 1H, CH-5 carbazole), 7.77 (d, J = 16.6 Hz, 1H, CH=CH-CN), 7.73
- 7.65 (m, 1H, CH-2 carbazole), 7.63 - 7.55 (m, 2H, CH-6-, CH-3 carbazole),
7.45 - 7.39 (m, 1H, CH-7 carbazole), 7.38 - 7.33 (m, 2H, 2x CH DMT), 7.30 -
7.23 (m, 3H, CH-6 carbazole, 2x CH DMT), 7.24 - 7.17 (m, 5H, 5x CH DMT),
6.89 - 6.78 (m, 4H, 4x CH DMT), 6.40 (d, J = 16.6 Hz, 1H, CH=CH-CN), 5.17
(s, 2H, COOHNR-CH2-N), 3.96 - 3.88 (m, 2H, CH-OH, CH-COONHR), 3.72 (s,
6H, 2x O-CH3), 3.22 - 2.85 (m, 2H, CH2-OH), 1.01 - 0.94 (m, 3H, CH3).
13C NMR (101 MHz, DMSO-d6) δ (ppm): 167.12, 157.91, 151.54, 144.98,
142.23, 141.17, 135.73, 135.69, 129.64, 127.70, 126.45, 125.41, 125.15,
122.30, 122.09, 120.63, 120.29, 119.86, 119.55, 113.04, 109.94, 92.64, 85.19,
64.72, 62.77, 54.98, 54.12, 45.59, 20.33.
LC-MS: [M-H]+ = 664.1
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11.1.5.6 Synthesis of product 4.11:
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Figure 11.11: Synthesis of product 4.11

4.10 (125 mg, 0.187 mmol, 1 eq) was dissolved in dry ACN (4 mL), which
was subsequently evaporated. This process was repeated 2 times. Next,
product 4.10was dissolved in dry ACN and BTT (36 mg, 0.187 mmol, 1 eq)
and 2-cyanoethyltetra-isopropylphosphordiamidite (56 mg, 0.187 mmol, 1
eq) was added. The reaction was stirred for 2 hours at room temperature
under inert atmosphere. The reaction was monitored via TLC (Hex:EtOAc
1:2). After 2 hours, the reaction was not completed and extra BTT (18
mg, 0.5 eq) and 2-cyanoethyltetra-isopropylphosphordiamidite (30 uL, 0.5
eq) were added. After completion, the reaction was diluted with 10 mL
EtOAc and washed with 10 mL water, 10 mL NaHCO3 and 10 mL brine.
The organic phase was dried over Na2SO4 and the solvent removed under
reduced pressure. Crude product 4.11was puri ied via lash chromatogra-
phy (1:2 Hex:EtOAc + 1% TEA) and precipitated using cold hexane (-80°C).
The product 4.11 was obtained as a white solid and dried overnight at the
oil pump.

Purity of the product was determined via 31P-NMR (121 MHz, CDCl3).
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11.1.6 Synthesis of the PNAmonomers

11.1.6.1 Synthesis of product 7.1a:
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Fmoc-L-Arg(Pbf)-OH 7.1a
MW: 691.84 g/mol

Figure 11.12: Synthesis of product 7.1a

Fmoc-L-Arg(Pbf)-OH (3.89 g, 6 mmol, 1 eq.) was dissolved in 20 mL dry
DMF and stirred under inert atmosphere. Subsequently, the solution was
cooled down to 0 °C with an ice bath. HBTU (3.41 g, 9 mmol, 1.5 eq) and DI-
PEA (3.75 mL, 21 mmol, 3.5 eq) were added and were allowed to react for
15 minutes at 0 °C and 15 min at room temperature. Next, the reaction was
again cooled down to 0 °C and N-O-dimethylhydroxylamine hydrochloride
(1.17 g, 12 mmol, 2 eq.) was quickly added to the solution. The reagents
were allowed to react for 10 min at 0 °C and 2 hours at room tempera-
ture until completion. Next, the reaction mixture was diluted with 200 mL
EtOAc and washed with KHSO4 (2x200 mL), NaHCO3 (2x200 mL) and brine
(200 mL). The organic phase was dried over Na2SO4 and the solvent was
evaporated under reduced pressure. Product 7.1a was obtained as a pale
yellow foam in 99.8% yield.

1HNMR (400 MHz, Chloroform-d) δ (ppm): 7.77 (d, J= 7.6 Hz, 2H), 7.59 (d,
J= 6.7 Hz, 2H), 7.41 (t, J= 7.6 Hz, 2H), 7.31 (t, J= 6.6 Hz, 2H), 6.09 (br s, 3H),
5.84 (d, J= 8.4 Hz, 1H), 4.80 - 4.65 (m, 1H), 4.52 - 4.31 (m, 1H), 4.20 (t, J=
6.9 Hz, 1H), 3.74 (s, 3H), 3.21 (s, 3H), 2.94 (s, 2H), 2.60 (s, 3H), 2.53 (s, 3H),
2.10 (s, 3H), 1.84-1.54 (m, 6H), 1.46 (s, 6H).
13C NMR (100 MHz, Chloroform-d) δ (ppm): 172.1, 158.8, 156.8, 156.0,
143.7, 141.3, 138.4, 132.9, 132.4, 127.8, 127.1, 125.1, 124.6, 120.0, 117.5,
86.4, 67.2, 61.7, 50.2, 47.1, 43.2, 41.0, 32.1, 30.8, 28.6, 24.7, 19.3, 17.9, 12.5.
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11.1.6.2 Synthesis of product 7.1b:

Fmoc-L-Lys(Boc)-OH (3 g, 6.4 mmol, 1 eq) was dissolved in 20 mL dry DMF
and stirred under inert atmosphere. Subsequently, the solution was cooled
down to 0 °C by making use of an ice bath. HBTU (3.64 g, 9.6 mmol, 1.5eq)
and DIPEA (3.8 mL, 21.35 mmol, 3.5 eq) were added and were allowed to
react for 15 minutes at 0°C and 15 min at room temperature. Next, the
reaction was again cooled down to 0 °C and N-O-dimethylhydroxylamine-
hydrochloride (1.25 g, 12.8 mmol, 2 eq) was quickly added to the solution.
The reagents were allowed to react for 10 min at 0 °C and 1h20 at room
temperature until completion. Next, the reaction mixture was diluted with
200 mL EtOAc and washed with KHSO4 (2x200 mL), NaHCO3 (2x200 mL)
and brine (200 mL). The organic phase was dried over Na2SO4 and the sol-
vent was evaporated under reduced pressure. Product 7.1b was obtained
as a white foam in quantitative yield.

1HNMR (400 MHz, Chloroform-d) δ (ppm): 7.78 (d, J= 7.6 Hz, 2H), 7.63 (t,
J= 7.5 Hz, 2H), 7.42 (t, J= 7.5 Hz, 2H), 7.34 (tdd, J= 7.4 Hz, 2.9 Hz, 1.1 Hz,
2H), 5.55 (d, J= 9.1 Hz, 1H), 4.81 - 4.72 (br s, 1H), 4.65 - 4.53 (s br, 1H), 4.39
(d, J= 7.2 Hz, 2H), 4.24 (t, J= 7.0 Hz, 1H), 3.80 (s, 3H), 3.25 (s, 3H), 3.14 (t, J=
6.7, 2H), 1.86 - 1.70 (m, 2H), 1.69 - 1.58 (m, 1H), 1.56 - 1.49 (m, 2H), 1.49 -
1.36 (m, 10H).
13C NMR (100 MHz, Chloroform-d) δ (ppm): 172.6, 156.2, 156.0, 144.0,
141.3, 127.7, 127.0, 125.1, 119.9, 79.1, 67.0, 61.6, 50.7, 47.2, 40.3, 32.5,
32.1, 29.6, 28.4, 22.5.
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Figure 11.13: Synthesis of product 7.1b
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11.1.6.3 Synthesis of product 7.2a:
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Figure 11.14: Synthesis of product 7.2a

In a three-neck lask, 7.1a (1 g, 1.44 mmol, 1 eq) is dissolved in 20 mL dry
THF and cooled down to 0 °C. Next, LAH (60.33 mg, 1.58294 mmol, 1.1 eq)
is dissolved in 1.5 mL dry THF and dropwise added to the solution. The
reaction was followed via TLC (EtOAc:Hex 8:2) and after 25 minutes 0.2
eq of LAH was extra added. 10 min after addition of the extra LAH, the re-
action was quenched with 20 mL of a saturated KHSO4 solution, since no
proceeding of the reaction occurred. The organic phase was evaporated
under reduced pressure, after which 200 mL of EtOAc were added. The re-
action mixture was brought into a separation lask and washed with KHSO4

(2x100 mL) and brine (2x100 mL). Next, the organic phase was dried over
Na2SO4 and evaporated under reduced pressure. Product 7.2a was ob-
tained as white foam in 88.6% yield.

1HNMR (400 MHz, Chloroform-d) δ (ppm): 9.53 (s, 1H), 7.77 (d, J= 7.6 Hz,
2H), 7.60 (d, J= 8.4 Hz, 2H), 7.41 (t, J= 6.5 Hz, 2H), 7.32 (m, 2H), 6.56 (br s,
3H), 5.67 (br s, 1H), 5.26 (d, J= 9.9 Hz, 1H), 4.39 (d, J= 7.2 Hz, 2H), 4.21 (t,
J= 7.2 Hz, 1H), 3.77 - 3.63 (m, 1H), 3.19 (m, 1H), 2.96 (s, 2H), 2.57 (s, 3H),
2.51 (s, 3H), 2.11 (s, 3H), 1.89 - 1.50 (m, 6H), 1.47 (s, 6H).
13C NMR (100 MHz, Chloroform-d) δ (ppm): 158.0, 155.9, 155.3, 144.4,
144.3, 141.2, 138.0, 134.3, 132.0, 128.1, 127.5, 125.8, 124.9, 120.6, 116.9,
86.8, 66.1, 55.4, 51.7, 47.1, 42.9, 28.8, 24.3, 19.4, 18.1, 12.7.
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11.1.6.4 Synthesis of product 7.2b:

7.1b 7.2b

MW: 452.55 g/mol
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Figure 11.15: Synthesis of product 7.2b

In a three-neck lask, 7.1b (1.44 g, 2.8 mmol, 1 eq) was dissolved in 20
mL dry THF and cooled down to 0°C with an ice bath. LAH (117.7 mg, 3.1
mmol, 1.1 eq) was dissolved in 1.5 mL dry THF and slowly added to the
solution. The reaction was allowed to react for 32 minutes under stirring.
Next, the reaction was quenched by addition of 20 mL saturated KHSO4.
The organic fraction was evaporated under reduced pressure, after which
the resulting water phase was diluted with 200 mL EtOAc and 200 mL satu-
rated KHSO4. The organic phase was washed with saturated KHSO4 (2x100
mL) and brine (2x100 mL). The organic phase was dried over Na2SO4 and
the solvent removed under reduced pressure. Product 7.2b was obtained
as a white foam in 68.7% yield.

1H NMR (400 MHz, Chloroform-d) δ (ppm): 9.61 (s, 1H), 7.80 (d, J= 7.5Hz,
2H), 7.63 (d, J= 7.4 Hz, 2H), 7.43 (t, J= 7.3 Hz, 2H), 7.38 - 7.31 (m, 2H), 4.80
- 4.55 (m, 2H), 4.44 (d, J= 7.0 Hz, 2H), 4.26 (t, J= 6.9 Hz, 1H), 3.43 - 3.36 (m,
2H), 3.15 (br s, 1H), 1.91 - 1.37 (m, 15H).
13C NMR (100 MHz, Chloroform-d) δ (ppm): 197.0, 156.5, 143.8, 141.3,
127.7, 127.1, 125.0, 120.0, 80.4, 66.9, 57.7, 49.7, 47.1, 42.8, 28.7, 28.4,
24.00
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11.1.6.5 Synthesis of product 7.3a:
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Figure 11.16: Synthesis of product 7.3a

In a round bottom lask, glycine methylester hydrochloride (134.3 mg, 1.07
mmol, 2 eq) and DIPEA (196 µL, 1.13mmol, 2.1 eq) were added in 10 mL
of dry MeOH and allowed to react for 15 min at 0 °C. Next, 7.2a (340 mg,
0.54 mmol, 1 eq) was added and the reaction was stirred for 30 min at
room temperature. Subsequently, NaBH3CN (71 mg, 1.13 mmol, 2.1 eq)
and acetic acid (74.4 µL until pH 4.5, 1.13 mmol, 2.1 eq) were added to the
solution. The reaction was monitored via TLC (EtOAc:MeOH 9:1). After 3
hours, an extra equivalent of NaBH3CN and acetic acid were added. The
reaction was left to react overnight and followed via LC-MS. Next, the or-
ganic solvent was evaporated under reduced pressure, after which 40 mL
EtOAc and 40 mL saturated NaHCO3 were added. The reaction mixture was
brought into a separation funnel and the organic phase was washed with
2x40 mL saturated NaHCO3 and 2x40 mL brine. Next, the organic phase
was dried over Na2SO4 and evaporated. The product was puri ied via lash
chromatography (EtOAc:MeOH 95:5), which yielded 7.3a as a white foam
in 58.3% yield.

1H NMR (400 MHz, Chloroform-d) δ (ppm): 9.61 (s, 1H), 7.80 (d, J= 7.5Hz,
2H), 7.63 (d, J= 7.4 Hz, 2H), 7.43 (t, J= 7.3 Hz, 2H), 7.38 - 7.31 (m), 2H, 4.80
- 4.55 (m, 2H), 4.44 (d, J= 7.0 Hz, 2H), 4.26 (t, J= 6.9 Hz, 1H), 3.43 - 3.36 (m,
2H), 3.15 (br s, 1H), 1.91 - 1.37 (m, 15H).
13C NMR (100 MHz, Chloroform-d) δ (ppm): 197.0, 156.5, 143.8, 141.3,
127.7, 127.1, 125.0, 120.0, 80.4, 66.9, 57.7, 49.7, 47.1, 42.8, 28.7, 28.4,
24.00.



220 C 11. M M

11.1.6.6 Synthesis of product 7.3b:
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Figure 11.17: Synthesis of product 7.3b

In a 50 mL round bottom lask, 7.2b (861 mg, 1.90 mmol, 1 eq) was dis-
solved in 10 mL dry MeOH, together with glycine methyl ester hydrochlo-
ride (477.8 mg, 3.81 mmol, 2 eq) and reacted for 15 min at 0 °C and 15 min
at room temperature. Next, NaBH3CN (251.1 mg, 4.00 mmol, 2.1 eq) and
acetic acid (228 µL til pH 4.5, 4.00 mmol, 2.1 eq) were added. The reac-
tion mixture was stirred overnight at room temperature. Next, the organic
solvent was removed, the crude was dissolved in 20 mL EtOAc and washed
with saturated NaHCO3 (2x20 mL) and brine (2x20 mL). The organic phase
was dried over Na2SO4 and evaporated under reduced pressure. The crude
was puri ied using lash chromatography (DCM to DCM:MeOH 96:4), which
yielded 7.3b as a white foam in 87.2% yield.

1HNMR (400 MHz, Chloroform-d) δ (ppm): 7.79 (d, J= 7.5 Hz, 2H), 7.63 (d,
J= 7.1 Hz, 2H), 7.42 (t, J= 7.4 Hz, 2H), 7.34 (t, J= 7.4 Hz, 2H), 5.13 (d, J= 7.6
Hz, 1H), 4.61 (br s, 1H), 4.43 (d, J= 8.8 Hz, 2H), 4.24 (t, J= 6.7 Hz, 1H), 3.78
- 3.63 (m, 4H),3.49 (d, J= 15.3 Hz, 1H), 3.40 (d, J= 16.8 Hz, 1H), 3.19 - 3.03
(m, 2H), 2.80 - 2.64 (m, 2H), 1.86 (br s, 1H), 1.59 - 1.30 (m, 15H).
13C NMR (CDCl3, 100 MHz) δ (ppm): 172.8, 156.4, 156.1, 144.0, 141.3,
127.7, 127.0, 125.1, 119.9, 79.1, 66.5, 53.4, 52.8, 51.8, 50.7, 47.4, 40.2, 32.6,
29.8, 28.4, 23.
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11.1.6.7 Synthesis of product 7.4a:
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Figure 11.18: Synthesis of product 7.4a

In a round bottom lask, 2-azidoacetic acid (63.6 µL, 0.85 mmol, 2 eq) and
DhBtOH (138.7 mg, 0.85 mmol, 2 eq) were dissolved in 5 mL of dry DMF
and cooled to 0 °C. Then, EDC·HCl (162.9 mg, 0.85 mmol, 2 eq) and DIPEA
(148.2 µL, 0.85 mmol, 2 eq) were added and stirred for 10 minutes at 0 °C,
followed by 20 minutes at room temperature. Next, the reaction is cooled
again to 0 °C and 7.3a is added (300.5 mg, 0.425 mmol, 1 eq). The reaction
was stirred for 5 min at 0 °C and for 5 hours at room temperature. The re-
action mixture was then diluted with EtOAc (100 mL) and washed with sat-
urated KHSO4 (2x100mL), saturated NaHCO3 (2x100 mL), and brine (100
mL). The organic phase was dried over Na2SO4 and the solvent was evap-
orated under reduced pressure. The crude was puri ied using lash chro-
matography (EtOAc:Hexane 8:2 to EtOAc) and yielded7.4a as a white foam
in 63.9% yield.

1H NMR (400 MHz, Chloroform-d, major rotamer) δ (ppm): 7.77 (d, J= 7.6
Hz, 2H), 7.59 (d, J= 7.3 Hz, 2H), 7.40 (t, J= 7.5 Hz, 2H), 7.31 (m, 2H), 6.28 (s,
3H), 5.62 (d, J= 7.6 Hz, 1H), 4.43 - 4.30 (m, 2H), 4.22 - 4.13 (m, 1H), 4.06 (s,
2H), 3.86 (s, 2H), 3.82 - 3.77 (m, 1H), 3.74 (s, 3H), 3.44 - 3.12 (m, 4H), 2.94
(s, 2H), 2.60 (s, 3H), 2.53 (s, 3H), 2.10 (s, 3H), 1.75 - 1.50 (m, 4H), 1.45 (s,
6H).
13C NMR (100 MHz, Chloroform-d, major rotamer) δ (ppm): 169.2, 168.6,
159.2, 157.0, 155.9, 143.8, 141.3, 138.7, 132.7, 127.8, 127.1, 125.1, 124.9,
120.0, 117.8, 114.7, 86.6, 66.8, 52.9, 52.4, 51.5, 50.4, 49.8, 47.2, 43.2, 41.0,
28.6, 25.2, 25.0, 19.3, 17.5, 12.5.
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11.1.6.8 Synthesis of product 7.4b:
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Figure 11.19: Synthesis of product 7.4b

In a round bottom lask, 2-azidoacetic acid (72.6 µL, 0.97 mmol, 2 eq) and
DhBtOH (158.2 mg, 0.97 mmol, 2 eq) were dissolved in 5 mL of dry DMF
and cooled to 0 °C. Then, EDC·HCl (185.9 mg, 0.97 mmol, 2 eq) and DIPEA
(169.2 µL, 0.97 mmol, 2 eq) were added and stirred for 10 minutes at 0 °C,
followed by 20 minutes at room temperature. Next, the reaction is cooled
again to 0 °C and 7.3b is added (255.0 mg, 0.48 mmol, 1 eq). The reaction
was stirred for 5 min at 0 °C and for 3 hours at room temperature. The re-
action mixture was then diluted with EtOAc (100 mL) and washed with sat-
urated KHSO4 (2x100mL), saturated NaHCO3 (2x100 mL), and brine (100
mL). The organic phase was dried over Na2SO4 and the solvent was evap-
orated under reduced pressure. The crude was puri ied using lash chro-
matography (EtOAc:Hexane 6:4) and yielded product 7.4b as a pale yellow
foam in 74.2% yield.

1H NMR (400 MHz, Chloroform-d, major rotamer) δ (ppm): 7.79 (d, J= 7.4
Hz, 2H), 7.61 (d, J= 7.2 Hz, 2H), 7.43 (t, J= 7.3 Hz, 2H), 7.35 (t, J= 7.3 Hz, 2H),
5.05 (d, J= 5.7 Hz, 1H), 4.60 (br s, 1H), 4.52 - 4.39 (m, 2H), 4.22 (d, J= 6.8
Hz, 1H), 4.01 (s, 2H), 3.82 (s, 2H), 3.78 (s, 3H), 3.72 - 3.62 (m, 1H), 3.29 -
3.18 (m, 2H), 3.17 - 3.07 (m, 2H), 1.58 - 1.37 (m, 15H).
13C NMR (100 MHz, Chloroform-d, major rotamer) δ (ppm): 169.1, 168.4,
156.5, 156.1, 143.8, 141.3, 127.7, 127.1, 125.0, 120.0, 79.1, 66.6, 52.8, 52.4,
50.5, 49.9, 49.2, 47.3, 40.1, 32.4, 29.8, 28.4, 22.8.
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11.1.6.9 Synthesis of product 7.4c:
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Figure 11.20: Synthesis of product 7.4c

In a round bottom lask, DhBtOH (97.8 mg, 0.6 mmol, 2 eq) is dissolved
in 5 mL of dry DMF and kept for 5 minutes, until the solution has reached
the temperature of 0 °C. After 5 minutes, 2-furanyl-propionic acid (84 mg,
0.6 mmol, 2 eq), EDC.HCl (115 mg, 0.6 mmol, 2 eq) and DIPEA (104 µL,
0.6 mmol, 2 eq) are added and stirred for 10 minutes at 0 °C, followed
by 20 minutes at room temperature. Next, the reaction is cooled down to
0 °C again and 7.3a is added (210 mg, 0.3 mmol, 1 eq). The reaction is
stirred for 5 min at 0 °C and then reacted at room temperature till comple-
tion (1h30). Next, the mixture is diluted with EtOAc (100 mL) and trans-
ferred to a separation lask, where the organic phase is washed with 2x100
mL KHSO4, 2x100 mL NaHCO3 and 100 mL brine. The organic phase is
dried over Na2SO4 and the solvent was evaporated under reduced pres-
sure. The crude was puri ied using lash chromatography (EtOAc:Hexane
8:2 to EtOAc) and yielded product 7.4c as a white solid in 81.6% yield.

1H NMR (400 MHz, Chloroform-d, major rotamer) δ (ppm): 7.76 (d, J= 7.6
Hz, 2H), 7.59 (d, J= 7.5 Hz, 2H), 7.39 (t, J= 7.5 Hz, 2H), 7.32 - 7.21 (m, 3H),
6.33 - 6.23 (m, 4H), 6.02 - 5.96 (m, 1H), 5.66 (d, J= 7.4 Hz, 1H), 4.36 (d, J=
7.3 Hz, 2H), 4.20 - 4.10 (m, 1H), 4.06 (s, 2H), 3.73 (s, 3H), 3.68 - 3.58 (m,
1H), 3.35 - 3.24 (m, 2H), 3.21 - 3.09 (m, 2H), 3.00 - 2.89 (m, 4H), 2.60 (s,
3H), 2.57 - 2.50 (m, 5H), 2.10 (s, 3H), 1.70 - 1.48 (m, 4H), 1.45 (s, 6H).
13C NMR (100 MHz, Chloroform-d, major rotamer) δ (ppm): 173.9, 169.6,
159.0, 157.0, 155.9, 154.3, 143.8, 141.3, 141.1, 138.6, 132.6, 127.7, 127.1,
125.1, 124.7, 120.0, 117.6, 110.3, 105.4, 86.5, 66.7, 52.7, 52.2, 51.1, 50.4,
47.2, 43.2, 41.0, 31.4, 28.6, 25.6, 25.1, 23.5, 19.3, 18.0, 12.5.
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11.1.6.10 Synthesis of product 7.4d:
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Figure 11.21: Synthesis of product 7.4d

In a round bottom lask, 2-furanyl-propionic acid (135.9 mg, 0.97 mmol,
2 eq) and DhBtOH (158.2 mg, 0.97 mmol, 2 eq) were dissolved in 5 mL
of dry DMF and cooled to 0 °C. Then, EDC·HCl (185.9 mg, 0.97 mmol, 2
eq) and DIPEA (169.2 µL, 0.97 mmol, 2 eq) were added and stirred for 10
minutes at 0 °C, followed by 20 minutes at room temperature. Next, the
reaction is cooled again to 0 °C and 7.3b is added (255.0 mg, 0.49 mmol,
1 eq). The reaction was stirred for 5 min at 0 °C and for 3 hours at room
temperature. The reaction mixture was then diluted with EtOAc (100 mL)
and washed with saturated KHSO4 (2x100mL), saturated NaHCO3 (2x100
mL), and brine (100 mL). The organic phase was dried over Na2SO4 and
the solvent was evaporated under reduced pressure. The crude was puri-
ied using lash chromatography (EtOAc:Hexane 8:2) and yielded 7.4d as a

white solid in 75% yield.

1H NMR (400 MHz, Chloroform-d, major rotamer) δ (ppm): 7.78 (d, J= 7.6
Hz, 2H), 7.61 (d, J= 8.6 Hz, 2H), 7.42 (td, J= 7.4 Hz, 2.8 Hz, 2H), 7.33 (t, J=
7.4 Hz, 2H), 7.28 (1H), 6.26 (dd, J= 4.4 Hz, 2.5 Hz, 1H), 6.00 (dd, J= 12.1 Hz,
3.0 Hz, 1H), 5.22 (d, J= 7.8 Hz, 1H), 4.60 (br s, 1H), 4.41 - 4.34 (m, 2H), 4.23
- 4.17 (m, 1H), 4.07 - 3.95 (m, 2H), 3.81 - 3.60 (m, 4H), 3.53 - 3.30 (m, 2H),
3.18 - 3.06 (m, 2H), 3.02 - 2.92 (m, 2H), 2.54 (t, J= 7.6 Hz, 2H), 1.62 - 1.40
(m, 15H).
13C NMR (100 MHz, Chloroform-d, major rotamer) δ (ppm): 173.4, 169.6,
156.6, 156.1, 154.6, 143.9, 141.3, 141.1, 127.7, 127.1, 125.3, 120.0, 110.4,
105.4, 79.1, 66.6, 53.0, 52.6, 52.2, 49.7, 47.3, 39.8, 32.5, 31.3, 29.8, 28.4,
23.6, 22.8.



11.1. M 225

11.1.6.11 Synthesis of product 7.4e:
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Figure 11.22: Synthesis of product 7.4e

In a round bottom lask, 2-((5-azidomethyl)uracil-1-yl)acetic acid (134.0
mg, 0.59 mmol, 1.1 eq) and DhBtOH (380 mg, 0.59 mmol, 1.1 eq) were
dissolved in 2 mL of dry DMF and cooled to 0 °C. Then, EDC·HCl (72.1
mg, 0.59 mmol, 1.1 eq) and DIPEA (103.1 µL, 0.96 mmol, 1.1 eq) were
added and stirred for 10 minutes at 0 °C, followed by 20 minutes at room
temperature. Next, the reaction is cooled again to 0 °C and 7.3a is added
(380 mg, 0.48 mmol, 1 eq). The reaction was stirred for 5 min at 0 °C and
overnight at room temperature. The reaction mixture was then diluted
with EtOAc (100 mL) and washed with saturated KHSO4 (2x100mL), sat-
urated NaHCO3 (2x100 mL), and brine (100 mL). The organic phase was
dried over Na2SO4 and the solvent was evaporated under reduced pres-
sure. The crude was puri ied using lash chromatography (EtOac) and prod-
uct 7.4e was obtained as a yellowish solid in 74.7% yield.

1HNMR (400 MHz, DMSO-d6, major rotamer) δ (ppm): 11.58 (s, 1H), 7.89
(d, J = 7.5 Hz, 2H), 7.67 (t, J = 7.5 Hz, 2H), 7.60 (d, J = 10.2 Hz, 1H), 7.41 (t,
J = 7.3 Hz, 2H), 7.37 - 7.24 (m, 3H), 6.66 (br s, 1H), 6.40 (br s, 1H), 4.83 (d,
J = 16.6 Hz, 1H), 4.68 (d, J = 16.7 Hz, 1H), 4.40 - 4.20 (m, 3H), 4.03 (s, 2H),
3.70 (s, 2H), 3.61 (s, 2H), 3.39 - 3.35 (m, 1H), 3.04 (s, 2H), 2.94 (s, 2H), 2.48
(s, 3H), 2.43 (s, 3H), 2.00 (s, 3H), 1.55 - 1.28 (m, 10H).
13CNMR (100 MHz, DMSO-d6, major rotamer)δ (ppm): 169.7, 167.9, 163.9,
157.9, 156.5, 156.4, 151.1, 146.0, 144.5, 144.3, 144.2, 141.2, 138.8, 137.7,
134.7, 132.4, 131.9, 128.1, 127.5, 125.6, 124.8, 120.6, 117.7, 116.7, 107.8,
86.8, 65.7, 52.7, 52.2, 51.8, 50.0, 48.6, 48.6, 48.4, 47.3, 42.9, 28.7, 26.2, 19.4,
18.1, 12.7.
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11.1.6.12 Synthesis of product 7.4f:
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Figure 11.23: Synthesis of product 7.4f

In a round bottom lask, 2-((5-azidomethyl)uracil-1-yl)acetic acid (215.0
mg, 0.96 mmol, 2 eq) and DhBtOH (155.8 mg, 0.96 mmol, 2 eq) were dis-
solved in 5 mL of dry DMF and cooled to 0 °C. Then, EDC·HCl (183.1 mg,
0.96 mmol, 2 eq) and DIPEA (166.6 µL, 0.96 mmol, 2 eq) were added and
stirred for 10 minutes at 0 °C, followed by 20 minutes at room tempera-
ture. Next, the reaction is cooled again to 0 °C and 7.3b is added (251.0
mg, 0.48 mmol, 1 eq). The reaction was stirred for 5 min at 0 °C and for
3 hours at room temperature. The reaction mixture was then diluted with
EtOAc (100 mL) and washed with saturated KHSO4 (2x100mL), saturated
NaHCO3 (2x100 mL), and brine (100 mL). The organic phase was dried
over Na2SO4 and the solvent was evaporated under reduced pressure. The
crude was puri ied using lash chromatography (EtOAc:Hexane 8:2 to EtOAc)
and yielded 7.4f as a pale yellow foam in 71% yield.

1H NMR (400 MHz, Chloroform-d, major rotamer) δ (ppm): 9.04 (s, 1H),
7.78 (d, J= 7.4 Hz, 2H), 7.62 (d, J= 7.5 Hz, 2H), 7.41 (t, J= 7.4 Hz, 2H), 7.33
(m, 2H), 7.19 (s, 1H), 5.11 (d, 8.2 Hz, 1H), 4.81 - 4.58 (m, 2H), 4.58 - 4.40
(m, 3H), 4.36 - 4.29 (m, 1H), 4.13 - 3.94 (m, 4H), 3.81 (s, 3H), 3.82 - 3.74
(m, 1H), 3.64 - 3.27 (m, 2H), 3.21 - 3.06 (m, 2H), 1.59 - 1.32 (m, 15H).
13C NMR (100 MHz, Chloroform-d, major rotamer) δ (ppm): 169.5, 167.9,
162.7, 156.4, 150.5, 144.1, 143.8, 141.3, 127.8, 127.1, 125.1, 120.0, 109.4,
79.3, 66.5, 52.9, 52.4, 51.8, 50.4, 49.5, 47.9, 47.1, 40.0, 31.8, 29.7, 28.4, 22.9.
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11.1.6.13 Synthesis of product 7.5a:
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Figure 11.24: Synthesis of product 7.5a

7.4a (214.3 mg, 0.27 mmol, 1 eq) was solubilized in 11 mL THF and cooled
to 0 °C with an ice bath. Next, a solution of Ba(OH)2·8H2O (128.5 mg, 0.41
mmol, 1.5 eq) in 11 mL H2O was added and left to reacted for 30 min at 0 °C
and further 35 minutes at room temperature. The reaction was quenched
with 1M HCl (0.95 mL, 0.95 mmol, 2.5 eq) and the organic fraction was
evaporated under reduced pressure and the pH of the solution was ad-
justed to 3.5. The product was allowed to precipitate for 2 hours at 4 °C.
Product 7.5a was then collected as white solid through Buchner iltration
and washed with H2O (yield 68.6%).

1H NMR (400 MHz, DMSO-d6, major rotamer) δ (ppm): 8.69 - 8.50 (br s,
1H), 7.89 (d, J= 7.0 Hz, 2H), 7.66 (d, J= 7.9 Hz, 2H), 7.41 (t, J= 6.4 Hz, 2H),
7.33 (m, 2H), 7.21 (d, J= 8.3 Hz, 1H), 6.58 - 6.33 (br s, 3H), 4.29 (m, 2H),
4.21 (m, 1H), 3.97 (d, J= 17.4 Hz, 1H), 3.87 (d, J= 17.6 Hz, 1H), 3.67 (m, 1H),
3.61 (s, 2H), 3.21 (m, 2H), 3.02 (s, 2H), 2.95 (s, 2H), 2.49 (s, 3H), 2.44 (s,
3H), 2.00 (s, 3H), 1.77 (s, 2H), 1.40 (s, 8H).
13CNMR (100 MHz, DMSO-d6, major rotamer)δ (ppm): 170.7, 168.5, 158.1,
156.6, 156.4,144.3, 141.2, 137.7, 134.7, 131.9 , 128.1, 127.5, 125.7, 124.8,
120.6, 116.7, 86.8, 67.5, 51.8, 50.0, 49.6, 48.1, 47.2, 42.9, 40.4, 28.7, 25.6,
19.4, 18.1, 12.7.
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11.1.6.14 Synthesis of product 7.5b:
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Figure 11.25: Synthesis of product 7.5b

Product 7.4b (203.2 mg, 0.33 mmol, 1 eq) was solubilized in 15 mL THF
and cooled to 0 °C with an ice bath. Next, a solution of Ba(OH)2·8H2O
(157.8 mg, 0.50 mmol, 1.5 eq) in 15 mL H2O was added and left to reacted
for 30 min at 0 °C and further 11 minutes at room temperature. The reac-
tion was quenched with 1M HCl (1.2 mL, 1.2 mmol, 3.5 eq) and the organic
fraction was evaporated under reduced pressure and the pH of the solu-
tion was adjusted to 3.5. The product was allowed to precipitate overnight
at 4 °C. Product 7.5b was then collected as a beige solid through Buchner
iltration and washed with H2O in 63.3% yield.

1H NMR (400 MHz, DMSO-d6, major rotamer) δ (ppm): 13.01 - 12.45 (br
s, 1H), 7.89 (d, J= 7.5 Hz, 2H), 7.65 (d, J= 7.7 Hz, 2H), 7.42 (t, J= 7.4 Hz, 2H),
7.34 (td, J= 7.4 Hz, 1.9 Hz, 2H), 7.19 (d, J= 9.1 Hz, 1H), 6.76 (s, 1H), 4.37 -
4.25 (m, 2H), 4.23 - 4.15 (m, 2H), 4.04 (d, J= 17.2 Hz, 1H), 3.99 (d, J= 38.3
Hz, 1H), 3.87 (d, J= 17.3 Hz, 1H), 3.70 - 3.56 (m, 1H), 3.28 - 2.97 (m, 2H),
2.94 - 2.82 (m, 2H), 1.46 - 1.12 (m, 15H).
13CNMR (100 MHz, DMSO-d6, major rotamer)δ (ppm): 170.7, 168.5, 156.6,
156.0, 144.3, 141.2, 128.1, 127.5, 125.6, 120.6, 77.8, 65.8, 52.0, 49.9, 49.8,
48.1, 47.3, 39.8, 31.7, 28.8, 25.6, 23.3.
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11.1.6.15 Synthesis of product 7.5c:
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Figure 11.26: Synthesis of product 7.5c

7.4c (286.8 mg, 0.35 mmol, 1 eq) was solubilized in 15 mL THF and cooled
to 0 °C with an ice bath. Next, a solution of Ba(OH)2·8H2O (164.0 mg, 0.52
mmol, 1.5 eq) in 15 mL H2O was added and left to reacted for 30 min at 0 °C
and further 46 minutes at room temperature. The reaction was quenched
with 1M HCl (1.2 mL, 1.2 mmol, 3.5 eq) and the organic fraction was evap-
orated under reduced pressure and the pH of the solution was adjusted to
3.5. The product was allowed to precipitate for 2 hours at 4 °C. 7.5c was
then collected as a white solid through Buchner iltration and washed with
H2O (yield 64.4%).

1H NMR (400 MHz, DMSO-d6, major rotamer) δ (ppm): 8.81 - 8.59 (br s,
1H), 7.88 (d, J= 7.5 Hz, 2H), 7.68 (d, J= 6.8 Hz, 2H), 7.47 (d, J= 10.6 Hz, 1H),
7.43 - 7.36 (m, 2H), 7.33 - 7.24 (m, 2H), 7.14 (d, J= 9.5 Hz, 1H), 6.60 - 6.40
(br s, 3H), 6.34 - 6.27 (m, 1H), 6.13 - 6.03 (m, 1H), 4.35 - 4.24 (m, 2H), 4.23
- 4.13 (m, 1H), 4.01 (d, J= 16.8 Hz, 1H), 3.83 (d, J= 17.8 Hz, 1H), 3.70 - 3.54
(m, 3H), 3.33 - 3.21 (m, 2H), 3.08 - 2.96 (m, 2H), 2.94 (s, 2H), 2.83 - 2.71
(m, 2H), 2.47 - 2.51 (s, 3H) 2.43 (s, 3H), 2.00 (s, 3H), 1.80 - 1.73 (m, 2H),
1.39 (s, 6H), 1.37 - 1.20 (m, 2H).
13CNMR (100 MHz, DMSO-d6, major rotamer)δ (ppm): 172.3, 171.8, 157.9,
156.6, 156.4, 155.3, 144.3, 141.6, 141.2, 137.7, 134.8, 131.9, 128.1, 127.5,
125.6, 124.8, 120.6, 116.7, 110.8, 105.5, 86.7, 67.5, 52.4, 49.9, 48.2, 47.3,
42.9 , 40.4, 31.1, 28.7, 25.6, 23.5, 19.4, 18.1, 12.7.
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11.1.6.16 Synthesis of product 7.5d:
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Figure 11.27: Synthesis of product 7.5d

7.4d (219.6 mg, 0.34 mmol, 1 eq) was solubilized in 15 mL THF and cooled
to 0 °C with an ice bath. Next, a solution of Ba(OH)2·8H2O (160.4 mg, 0.51
mmol, 1.5 eq) in 15 mL H2O was added and left to reacted for 30 min at 0 °C
and further 46 minutes at room temperature. The reaction was quenched
with 1M HCl (1.2 mL, 1.2 mmol, 3.5 eq) and the organic fraction was evap-
orated under reduced pressure and the pH of the solution was adjusted to
3.5. The product was allowed to precipitate overnight at 4 °C. 7.5d was
then collected as beige solid through Buchner iltration in 42% yield and
washed with H2O.

1H NMR (400 MHz, DMSO-d6, major rotamer) δ (ppm): 8.17 - 8.12 (br s,
1H), 7.88 (d, J= 7.4 Hz, 2H), 7.65 (d, J= 7.1 Hz, 2H), 7.52 - 7.36 (m, 3H), 7.36
- 7.25 (m, 2H), 7.21 (d, J= 9.2 Hz, 1H), 6.75 (s, 1H), 6.36 - 6.25 (m, 1H), 6.10
(d, J= 2.6 Hz, 1H), 4.28 (m, 2H), 4.18 (m, 1H), 4.12 - 3.78 (m, 2H), 3.74 - 3.62
(s, 1H), 3.42 - 3.21 (m, 2H), 2.87 (s, 2H), 2.75 (m, 2H), 2.58 - 2.46 (m, 2H),
1.36 (m, 15H).
13CNMR (100 MHz, DMSO-d6, major rotamer)δ (ppm): 171.9, 171.2, 156.5,
156.0, 155.2, 144.3, 141.6, 141.2, 128.0, 127.5, 125.5, 120.5, 110.8, 105.6,
77.8, 66.7, 52.6, 50.2, 48.1, 47.3, 40.4, 31.6, 30.7, 29.7, 28.7, 23.6, 23.3.
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11.1.6.17 Synthesis of product 7.5e:
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Figure 11.28: Synthesis of product 7.5e

7.4e (256.6 mg, 0.28 mmol, 1 eq) was solubilized in 10 mL THF and cooled
to 0 °C with an ice bath. Next, a solution of Ba(OH)2·8H2O (133.0 mg, 0.42
mmol, 1.5 eq) in 15 mL H2O was added and left to reacted for 30 min at 0 °C
and further 46 minutes at room temperature. The reaction was quenched
with 1M HCl (0.84 mL, 0.84 mmol, 3.5 eq) and the organic fraction was
evaporated under reduced pressure and the pH of the solution was ad-
justed to 3.5. The product was allowed to precipitate for 2 hours at 4 °C.
Product 7.5e was then collected as white solid through Buchner iltration
and washed with H2O in 96.3% yield.

1H NMR (400 MHz, DMSO-d6, major rotamer) δ (ppm) 11.53 (s, 1H), 7.89
(d, J = 7.4 Hz, 2H), 7.67 (t, J = 8.3 Hz, 2H), 7.60 (d, J = 6.9 Hz, 1H), 7.41 (t, J =
7.4 Hz, 2H), 7.40 - 7.25 (m, 3H), 7.06 (br s, 1H), 6.82 (br s, 1H), 6.54 (br s,
1H), 4.52 (s, 1H), 4.44 - 4.28 (m, 2H), 4.22 (d, J = 5.9 Hz, 1H), 4.03 (s, 2H),
3.70 - 3.53 (m, 3H), 3.04 (s, 2H), 2.94 (s, 2H), 2.49 (s, 3H), 2.42 (s, 3H), 2.00
(s, 3H), 1.55 - 1.20 (m, 10H).
13CNMR (100 MHz, DMSO-d6, major rotamer) δ (ppm) 171.4, 168.0, 163.9,
157.9, 156.5, 156.3, 151.1, 146.4, 144.3, 141.2, 137.7, 134.7, 131.9, 130.1,
129.4, 129.0, 128.0, 127.5, 125.7, 124.8, 120.5, 116.7, 107.6, 86.7, 65.6,
51.7, 49.9, 49.4, 48.6, 47.3, 42.9, 28.7, 25.6, 19.4, 18.1, 12.7.
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11.1.6.18 Synthesis of product 7.5f:
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Figure 11.29: Synthesis of product 7.5f

7.4f (232.8 mg, 0.32 mmol, 1 eq) was solubilized in 14 mL THF and cooled
to 0 °C with an ice bath. Next, a solution of Ba(OH)2·8H2O (151.1 mg, 0.46
mmol, 1.5 eq) in 14 mL H2O was added and left to reacted for 30 min at 0 °C
and further 10 minutes at room temperature. The reaction was quenched
with 1M HCl (1.1 mL, 1.1 mmol, 3.5 eq) and the organic fraction was evap-
orated under reduced pressure and the pH of the solution was adjusted to
3.5. The product was allowed to precipitate overnight at 4 °C. Product 7.5f
was then collected as white solid through Buchner iltration and washed
with H2O in 77% yield.

1H NMR (400MHz, DMSO-d6, major rotamer) δ (ppm): 11.57 (s, 1H), 8.10
(m, 1H), 7.90 (d, J= 7.5 Hz, 2H), 7.69 (d, J= 7.0 Hz, 2H), 7.60 (s, 1H), 7.42 (t,
J= 7.4 Hz, 2H), 7.33 (t, J= 7.4 Hz, 2H), 7.27 (d, J= 8.7 Hz, 1H), 6.81 - 6.72 (m,
1H), 4.74 (dd, J= 57.4 Hz, 16.7 Hz, 2H), 4.40 - 4.28 (m, 2H), 4.26 - 4.19 (m,
1H), 4.13 (d, J= 7.7 Hz, 1H), 4.17 - 3.87 (m, 4H), 3.76 - 3.64 (m, 1H), 3.63 -
3.50 (m, 1H), 3.01 - 2.82 (m, 2H), 1.56 - 1.14 (m, 15H).
13CNMR (100 MHz, DMSO-d6, major rotamer)δ (ppm): 170.6, 167.7, 163.9,
156.6, 156.0, 151.1, 146.1, 144.4, 141.2, 128.1, 127.5, 125.7, 120.6, 107.7,
77.8, 65.8, 51.9 , 51.5, 50.3, 48.6, 47.3, 47.2, 40.4, 32.0, 29.8, 28.7, 23.3.
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11.2 Materials andmethods foroligonucleotides

11.2.1 Materials

Non-modi ied DNA sequences were purchased from Integrated DNA Tech-
nologies (IDT). SYBR gold staining was purchased from Thermo isher sci-
enti ic, life technologies. Standard phosphoramidites and DNA synthesis
reagents were purchased from Glen Research. CPG was purchased from
Sigma Aldrich, with the exception of biotin-CPG which was purchased from
Biosearch technologies.

11.2.2 HPLC

HPLC analysis was performed on a Agilent 1200 system equipped with a
Waters X-bridge oligonucleotide C18 column (2,5 µM, 4,6 mm x 50 mm) at
a temperature of T = 50°C. A low rate of 0.8 mL/min was used with mobile
phases: (A) 0.1 M TEAA buffer with 5% ACN and (B) ACN. First, the column
was rinsed 10 min with solvent A, next a gradient was applied from 0-20%
B in 20 minutes, after which the column was lushed 10 min with solvent B.

Puri ications were performed on the Agilent 1200 system equipped with
a Waters X-bridge oligonucleotide C18 prep column (5 µM, 10 mm x 150
mm) at a temperature of T = 50 °C. A low rate of 4.5 mL was used with
mobile phases: (A) 0.1 M TEAA buffer with 5% ACN and (B) ACN. First, the
column was rinsed 10 min with solvent A, next a gradient was applied from
0-20% B in 20 minutes, after which the column was lushed 10 min with
solvent B.

11.2.3 MALDI

Oligonucleotides and crosslink samples were analysed via MALDI-TOF on
an ABI Voyager DE-STR or on an AB Sciex 4800 Plus MALDI TOF/TOF an-
alyzer in linear negative mode. The matrix is a freshly pre-mixed solution
of 3-hydroxypicolinic acid (50 mg in 200 µL milli-Q and 250 µL ACN) and
ammoniumcitrate (35 mg in 500 µL milli-Q) in 9:1 ratio. Samples were
pretreated with DOWEX beads for desalting. Subsequently, the matrix and
sample were spotted on the MALDI plate in a 1:1 ratio and left to crystallize
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prior to analysis.

11.2.4 Native nESI-MS

Native nESI-MS data were obtained on a Synapt G2 HDMS in positive ion-
ization mode, by injecting 3-5 µL of a 10 µM sample, dissolved in 150 mM
aqueous ammonium acetate buffer (pH 6.8) or in 300 mM aqueous ammo-
nium acetate buffer (pH 6.8). Experimental conditions were ine-tuned in
order to maintain non-covalent interactions during ionization and inside
the vacuum. The spray capillary voltage was set between 1.3-1.5 kV, the
sampling cone voltage was kept between 25-50 V. The trap and transfer
collision energy were 5 V and 0 V respectively, while the trap DC bias was
set at 35 V. The IMS wave velocity was set to 800 m/s and the IMS wave
height to 35 V. Gas pressures were 2.57 mbar and 2.16·10-3 mbar for the
backing and source gas, respectively.

11.2.5 Oligonucleotide synthesis

The oligonucleotides were synthesized through automated phosphorami-
dite synthesis on an ABI 394 or Expedite 8909 DNA synthesizer on 1 µmol
scale. The sequences were synthesized on solid support (control pore glass),
the last nucleoside remained DMT-protected to allow SEP-PAK puri ica-
tion. Incorporation of the ACPF or CNVD phosphoramidite was achieved via
standard automated coupling. The ACPF or CNVD phosphoramidite were dis-
solved in dry ACN at a concentration of 0.12 M. The coupling time was ex-
tended to 20 minutes. For the synthesis of 3’- biotinylated oligonucleotides,
DMT-C3(Biotin)-CPG (control pore glass); 1000 (Biosearch Technologies)
was used as solid support.

11.2.6 Oligonucleotide cleavage, deprotection and SEP-

PAK puri ication

Cleavage of the oligonucleotides from the solid support was done overnight
in 1 mL 28% NH4OH solution at 55°C in a Thermomixer shaking at 1000
rpm. After overnight cleavage, the solution was allowed to cool down and a
sample was taken for HPLC (5µL sample + 20µL milli-Q water). Deprotec-
tion of the dimethoxytrityl group and puri ication of the oligonucleotides
was achieved by using a SEP-PAK-column. First, the column was washed
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with 10 mL ACN and 10 mL 5 mM TEAA buffer solution, after which the
DNA containing ammonia solution was brought onto the column using a sy-
ringe. To make sure all the DNA is on the column, the eluent was collected
and the latter step repeated three times. Next, the column was washed
with 15 mL 2.3% NH4OH and 10 mL milli-Q water. Deprotection of the
DMT-group was achieved by eluting a 10 mL 3 M TFA solution slowly over
the column. This deprotection step could be monitored visually, since de-
protection of the DMT group yields an orange colored DMT cation. The
column was subsequently washed with 10 mL milli-Q to remove any re-
maining traces of DMT cation and TFA. Finally, the DNA was eluted from
the column using 5 mL of 50% ACN.

11.2.7 Melting temperatures

Melting temperatures of DNA:DNA or DNA:RNA duplexes were determined
by measuring the absorbance at 260 nm upon a heating and cooling cy-
cle from 10°C to 90°C and from 90°C to 10°C at strand concentrations of
1 µM in pH 7.0 PBS buffer. The heating/cooling rate was 1°C/min. Melt-
ing curves were recorded on a Varian Cary 300 Bio instrument, and the
melting temperatures were calculated by taking the irst order derivatives
using the Cary 300 Bio software.

11.2.8 Crosslinking experiments with ACPF

ACPF modi ied DNA sequences were crosslinked towards fully complemen-
tary RNA sequences. Oxidation of the furan moiety was achieved via sin-
glet oxygen. The experiments were performed in a total volume of 50µL, at
probe concentrations ranging from 0.5 µM to 10 µM (1:1/1:2/1:5 or 1:10
ratio of RNA:DNA) in PBS buffer pH 7.0 (10 mM phosphate buffer, 100 mM
NaCl) or lysis buffer pH 7.5 (20 mM Tris.HCl, 200 mM NaCl). Crosslink-
ing experiments were performed in an Eppendorf Thermomixer comfort
at 25 °C and an Euromix 100W cold light source. Rose bengal or methy-
lene blue were used as photosensitizers and were added to the solution
prior to the start of the experiment. To initiate the crosslinking reaction,
the solution was irradiated with light of appropriate wavelength (red light
for methylene blue, green light for rose bengal). The concentration of the
photosensitizer and the irradiation time was varied.
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11.2.9 Crosslinking experiments with CNVD

CNVD-modi ied DNA sequences were crosslinked towards fully complemen-
tary RNA sequences. Activation of the CNVD moiety was achieved via UV
irradiation (366 nm, Philips PL-S Hg lamp compact PL-L). The irradiation
time was varied. The experiments were performed in a total volume of 50
µL, at probe concentrations ranging from 1 µM to 10 µM (1:1 or 1:10 ra-
tio of RNA:DNA) in PBS buffer pH 7.0 (10 mM phosphate buffer, 100 mM
NaCl) or lysis buffer pH 7.5 (20 mM Tris.HCl, 200 mM NaCl). Crosslinking
experiments were performed at room temperature.

11.2.10 Calculation of DNA-RNA crosslinking yields

• Calculate the extinction coef icient ε of the DNA and RNA oligonu-
cleotides via http://biophysics.idtdna.com/UVSpectrum.html.

• The ε of the crosslinking product is 0,9 x ( ε(DNA) + ε (RNA)).

• Use the HPLC chromatogram at 260 nm for calculation of the crosslink-
ing yields.

• Calculate the limiting factor.
A = Peak area of DNA oligonucleotide at time = 0 min / ε of DNA
oligonucleotide.
B = Peak area of RNA oligonucleotide at time = 0 min / ε of RNA
oligonucleotide.
The limiting factor is the smallest value of A and B.

• Calculate value C = Peak area of crosslink peak / ε of crosslinking
product

• The yield can be calculated via the following formula:
Yield = C/limiting factor

11.2.11 Gel electrophoresis (PAGE)

Crosslinked samples were premixed with formamide (4µL sample + 16µL
formamide) and 8 µL were loaded on a 20% polyacrylamide gel for anal-
ysis. The polyacrylamide gel was polymerized using an acrylamide:bis-
acrylamide 19:1 solution in 1x Tris-Borate-EDTA (TBE) buffer containing
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7 M urea, using APS and TEMED. The gel was run using a consort EV202
as power supply at a constant voltage of 225V, and the temperature was
kept constant at 25 °C with a Julabo F12. Staining of the gels was done
with SYBR gold and the gels were subsequently analyzed on an Autochemi
imaging system (UVP).



238 C 11. M M

11.3 Materials and methods for PNA

11.3.1 Materials

Non-modi ied DNA sequences were purchased from Eurogentec. SYBR gold
staining was purchased from Thermo isher scienti ic, life technologies. All
other solvents and chemical reagents were purchased from Sigma-Aldrich,
Acros, TCI, Novabiochem or Link Technology (Bellshill, UK) in the highest
purity available.

11.3.2 HPLC

HPLC analysis were performed on a Agilent 1200 system equipped with a
Waters X-bridge oligonucleotide C18 column (2,5 µM, 4,6 mm x 50 mm) at
a temperature of T = 50°C. A low rate of 0.8 mL/min was used with mobile
phases: (A) 0.1 M TEAA buffer with 5% ACN and (B) ACN. First, the column
was rinsed 10 min with solvent A, next a gradient was applied from 0-20%
B in 20 minutes, after which the column was lushed 5 min with solvent B.

Puri ication of PNA samples were performed on a Agilent 1100 instrument
equipped with a Phenomenex Jupiler C18 (5 µm, 300 Å, 250 × 10 mm) at
40 °C. A low rate of 4.0 mL/min was used with mobile phases: (A) H2O
with 0.1% TFA and (B) ACN with 0.1% TFA. The column was rinsed 10 min
with solvent A, next a gradient was applied from 0-50% B in 30 minutes
after which the column was lushed 5 min with solvent B.

11.3.3 MALDI

PNA sequences and PNA-DNA crosslink samples were analysed via MALDI-
TOF on an ABI Voyager DE-STR in linear negative mode. 2,5-dihydroxy-
benzoic acid (10 mg in 100 µL milli-Q H2O/ACN (2:1) with 1 % TFA) was
used as matrix. Samples were pretreated with DOWEX beads for desalting.
Subsequently, the matrix and sample were spotted on the MALDI plate in
a 1:1 ratio and left to crystallize prior to analysis.
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11.3.4 PNA synthesis

PNA synthesis was performed using a standard Fmoc/Bhoc synthesis pro-
tocol, on a Rink amide ChemMatrix resin (loading = 0.2 mmol/g). HBTU/-
DIPEA was used as activating mixture. Cleavage of the resin was performed
using a TFA/m-cresol 9:1 solution, and was carried out for 1 hour.
Protocol for the Copper-Catalyzed azide-alkyn cycloaddition reaction.
A solution of 200 mM of 3-(furan-2-yl)-N-(prop-2-yn-1-yl)propanamide in
MeOH, 200 mM copper sulfate in water, and 200 mM sodium ascorbate
in water were prepared. The CuAAC reaction was carried out with a inal
PNA concentration (crude PNA) of 2 mM using an alkyne/ascorbate/Cu(II)
ratio of 2:4:2. The reaction was left to react for 3 hour prior to puri ication.

11.3.5 Melting temperatures

Melting temperatures of PNA:DNA duplexes were determined by measur-
ing the absorbance at 260 nm upon a heating and cooling cycle from 18°C
to 90°C and from 90°C to 18°C at strand concentrations of 5 µM in pH 7.0
PBS buffer. The heating/cooling rate was 1°C/min. Melting curves were
recorded on a Varian Cary 300 Bio instrument, and the melting tempera-
tures were calculated by taking the irst order derivatives using the Cary
300 Bio software.

11.3.6 Crosslinking experiments

Furan-modi ied PNA sequences were crosslinked towards fully comple-
mentary DNA sequences. Oxidation of the furan moiety was achieved by
using NBS. The experiments were performed in a total volume of 50 µL,
at 10 µM probe concentration (1:1 or 1:2 ratio DNA:PNA) in pH 7.0 PBS
buffer (10 mM phosphate buffer, 100 mM NaCl). Crosslinking experiments
were performed in a Thermomixer at 25 °C. To start the furan oxidation, 1
equivalent NBS (= 0.5 nmol) was added to the solution. Every 15 min 1
equivalent of NBS was added, till a total of 4 equivalents.

For the competition experiments, complementary DNA sequences were
mixed simultaneously with a furan-modi ied PNA, complementary to one
of the DNA strands. The mixture was heated to 90 °C to remove any sec-
ondary structure, and next cooled down over a period of 30 min to 37
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°C. Crosslinking experiments were performed in a volume of 50 µL at 10
µM probe concentration (1:1:1 ratio) at 37°C in pH 7.0 PBS buffer. The
crosslinking reaction was initiated by adding 1 eq of NBS, every 15 min an
extra equivalent was added until a total of 4 equivalents. When perform-
ing strand displacement experiments, the complementary DNA sequences
were irst allowed to anneal by heating to 90 °C and then slowly cooled
down to 37 °C, prior to the addition of PNA. Next, the solution was left for
14 hours at 37 °C, to allow the strand displacement process to occur, before
performing the crosslinking experiment as described above at 37 °C.

11.3.7 Gel electrophoresis (PAGE)

Crosslinked samples were premixed with formamide (4 µL sample + 16
µL formamide) and thereof 8 µL was loaded on a 20% polyacrylamide
gel for analysis. The polyacrylamide gel was polymerized using an acry-
lamide:bisacrylamide 19:1 solution in 1x Tris-Borate-EDTA (TBE) buffer
containing 7 M urea, using APS and TEMED. The gel was run using a con-
sort EV202 as power supply at a constant voltage of 230V, and the tem-
perature was kept constant at 25 °C with a Julabo F12. Staining of the gels
was done with SYBR gold and the gels were subsequently analyzed on an
Autochemi imaging system (UVP).
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11.3.8 Calculation of DNA-PNA crosslinking yields

DNA-PNA crosslinking yields were calculated from the HPLC chromatograms
by calculating the DNA consumption via the following formula:

DNAconsumption(%) =
(AREADNA,t=0 −AREADNA, after XL)100

AREADNA, t=0
(11.1)

with AREADNA,t=0 = peak area of the DNA peak at t = 0 min.
with AREADNA, after XL = peak area of the DNA peak after the crosslinking re-
action.

Example for PNA 10-DNA 6 (Figure 7.17):

DNAconsumption(%) = 76% =
(1118.2− 268.3)100

1118.2
(11.2)
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11.4 Materials and methods for ChiRP experi-

ments

11.4.1 Buffer list

Table 11.1: Overview of the used buffers (1x buffer composition).

Lysis buffer Supplements
20 mM Tris.HCl, pH 7.5 60 U/mL Superase-In RNase inhibitor

200 mM NaCl 1 mM DTT*

2.5 mM MgCl2 0.5 mM PMSF*

0.05% NP-40 Protease inhibitor cocktail
0.1% SDS

0.1% Na deoxycholate

Hybridization buffer Supplements
50 mM Tris.HCl, pH 7.5 60 U/mL Superase-In RNase inhibitor

750 mM NaCl 1 mM DTT
1% SDS 0.5 mM PMSF

1 mM EDTA Protease inhibitor cocktail
15% formamide

ARGUS buffer Supplements
1x SSPE pH 7.5 60 U/mL Superase-In RNase inhibitor
1x Dernhardt’s* 1 mM DTT
0.02%Tween 0.5 mM PMSF

Protease inhibitor cockail

Washing and binding buffer
5 mM Tris.HCl (pH 7.5)

0.5 mM EDTA
1M NaCl

Solution A
DEPC-treated 0.1 M NaOH
DEPC-treated 0.05 M NaCl

Solution B
DEPC-treated 0.1 M NaCl

* DTT = 1,4-dithiothreitol; PMSF = phenylmethylsulfonyl luoride; Den-
hardt’ solution = 1% Ficoll (type 400), 1% polyvinylpyrrolidinone, 1%
bovin serum albumin. SPPE = 1mM EDTA, 150 mM NaCl, 10 mM
NaH2PO4.H2O
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11.4.2 Proof of principle pull-down experiments

The proof of principle pull-down experiments were performed in PBS buffer
pH 7.0 (100 mM NaCl, 10 mM NaH2PO4) or in SK-MEL-28 cell lysate, spiked
with a 20-mer RNA sequence (5’ AAC TTT AGC CAA GTT CAC AC 3’) , repre-
senting a speci ic region of the SAMMSON lncRNA, and a biotinylated cap-
ture probe (S.6, F.6, C.6, R.1). The inal concentrations of RNA and capture
probe were 10µM, the volume of the solution was 50µL. The capture probe
was either complementary to the RNA target (probe S.6, F.6 or C.6) or a
randomized sequence (R.1). When required, crosslinking reactions were
performed at 25 °C under constant shaking (700 rpm). The ACPF modi ied
capture probe F.6 was activated with methylene blue or rose bengal, which
were added to the solution at a inal concentration of 2µM. Afterwards, the
solution was irradiated for 10 min (methylene blue) or 20 min (rose ben-
gal) with red or green light respectively. Crosslinking with the C.6 capture
probe was achieved by irradiating the solution for 2 min with 366 nm UV-
light.

25 µL DynabeadsTM MyOneTM C1 magnetic beads (Thermo isher Scien-
ti ic) were suspended in 50µL of 2x Binding and Washing buffer ( inal bead
concentration of 5 µg/µL). Prior to use, the beads were washed 3 times
with 1x Binding and Washing buffer according to the manufacturer’s pro-
tocol (see below). To the beads, 50 µL of the RNA-CP solutions were added
and incubated for 15 min at room temperature using gentle rotation. Next,
the biotinylated coated beads were separated with a magnet for 1 min, and
washed 3 times with 1x Binding and Washing buffer. After washing, the
beads were resuspended in 50 µL milli-Q water. Release of the biotiny-
lated capture probe and target RNA was achieved by incubating the beads
for 10 min at 95 °C, without mixing.

11.4.2.1 Washing protocol for DynabeadsTM MyOneTM C1 magnetic

beads

Prior to use, the beads were resuspended by vortexing for 30 seconds.
Next, the desired volume of beads was transferred to an eppendorf tube.
The beads were washed by adding 1 mL of 1x Washing and Binding buffer
to the beads, after which the tube containing the beads was placed on a
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magnet for 1 min. The supernatant was discarded. This protocol was re-
peated for a total of 3 washes.

11.4.3 Testing primer ef iciencies

Primer ef iciencies were tested with total RNA samples of SK-MEKL-28 (50
µL) at a concentration of 54ng/µL. The total RNA sample was exposed
to either oxidative conditions or UV-conditions, required for activation of
the ACPF or CNVD moiety respectively. Also a control sample was prepared,
which contained 50 µL of the total RNA not exposed to oxidative- or UV-
conditions. For the oxidative conditions, rose bengal or methylene blue
were added to the total RNA sample, at inal concentrations of 2 µM and
5 µM. The sample was irradiated for 10 min with red light for methylene
blue, and for 20 min with green light for rose bengal. For the UV-conditions,
the total RNA sample was irradiated with 366 nm UV-A light, for 2 min,
5 min or 10 min. The total RNA samples were next converted to cDNA,
as discussed in section 11.4.5. Prior to qPCR, four-fold dilution series of
the cDNA samples were prepared. Next, 2 μL of the diluted cDNA was
pipetted in a 384-well plate together with 3 μL of a mastermix, containing
SSoAdvanced and forward and reverse primer. qPCR experiments were
performed on a Light Cycler. Analysis of the results was performed with
QBase+.

11.4.4 ChiRP protocol

11.4.4.1 Cell lysis and sonication

100 mg of cell pellet was resuspended in 1mL supplemented lysis buffer
and incubated 15 min on ice. After 15 min, the solution was sonicated until
the solution became non-viscous. The lysed cells were subsequently cen-
trifuged for 15 min at 16000g at 4 °C. The supernatant was transferred into
a new Eppendorf Tube, and stored at - 80 °C.

11.4.4.2 Equilibrium of the beads

Dynabeads MyOneTM Streptavidin C1 beads (Thermo isher Scienti ic) were
equilibrated according to the manufacturer’s protocol. For each sample,
30-100 µL of beads were washed three times with unsupplemented wash-
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ing and binding buffer (3x1 mL), twice with unsupplemented solution A
(2x1 mL) and twice with unsupplemented solution B (2x1 mL). Next, the
beads were washed with unsupplemented lysis buffer (3x1 mL), before re-
suspending them in complete lysis buffer (30-100 µL/sample, according
to the amount of beads). When desired, 3-10 µL of a 50 µM capture probe
pool were added to the beads and incubated overnight on a vertical rotator
at 4 °C.

11.4.4.3 Streptavidin pull-down

Pull-down experiments with SK-MEL-28 total RNA extracts were performed
in 500 µL at a concentration of 1 ng/µL. Pull-down experiments with SK-
MEL-28 cell lysates were performed in 2 mL starting from 7.5 million lysed
cells/sample. The samples were thawed on ice prior to pull-down. When
the capture probe pool was incubated overnight on the streptavidin beads,
the sample was added to the beads and incubated for 3 hours at 4 °C with
vertical rotation. When the capture probe pool was not incubated on beads,
the probe pool was added to the sample (total RNA or cell lysate) and in-
cubated for 3 hours at 4 °C to hybridize the probes to the target RNA. After
incubation, the beads were added to the sample and incubated for an ad-
ditional 30 min at 4 °C with end-to-end mixing to bind the capture probes
to the streptavidin beads. After incubation, the beads were washed three
times with supplemented lysis buffer (3x1 mL) and stored at -80 °C.

The crosslinking reactions with ACPF and CNVD modi ied capture probes
were performed in solution and on streptavidin beads. In solution, crosslink-
ing was carried out when the capture probes were not incubated overnight
on streptavidin beads, while on beads crosslinking was done when the
probes were incubated on beads. The crosslinking reaction with the ACPF
capture probes was initiated by adding photosensitizer to the solution at a
inal concentration of 2 µM. Irradiation was done with red light for methy-

lene blue, and green light for rose bengal over a period of 10 or 20 min
respectively. The crosslinking reaction with CNVD probes was performed
by irradiating the sample with UV-A light (366 nm) for 2 min.



246 C 11. M M

11.4.4.4 RNA isolation with phenol-chloroform and NucleoSpin ex-

traction

To 100 µL sample, 85 µL of a pre-mixed solution of Proteinase K buffer
and Proteinase K (90 µL buffer + 5 µL Proteinase K) were added and in-
cubated for 45 minutes at 50 °C with end-to-end mixing (300 rpm). Next,
the sample was incubated for 10 min at 95 °C without shaking, and cooled
on ice. 0.5 mL of QIAzol reagent was added, mixed, and incubated at room
temperature for 10 min prior to the addition of 100 µL chloroform (1:5
chloroform:qiazol). The samples were vortex vigourously for 15 seconds
and centrifuged at 16100g for 15 min at 4 °C. Afterwards, the upper aque-
ous phase (400 µL) was transferred to a new Eppendorf tube and cleaned
according to the ‘Clean-up of RNA from reaction mixtures’ Nucleospin pro-
tocol (Machery-Nagel).

11.4.5 cDNA synthesis

cDNA synthesis was performed using the PrimeScript RT Reagent kit (Takara
Bio). First, 3 µL of a pre-mixed solution containing 5x PrimScript Buffer (2
µL), Oligo dT primers (50µM; 0.5µL) and random 6-mers (100µM; 0.5µL)
was added to 6.5 µL of puri ied RNA sample (max. 500 ng). Next, Prime-
Script RT enzyme mix was added (0.5 µL) and placed in a thermal cycler
with the following program: 15 min at 37 °C, 5 sec at 85 °C, 4 °C. The sample
was stored at -20 °C.

11.4.6 Pre-ampli ication and Quantitative PCR

Prior to qPCR, the cDNA samples were pre-ampli ied using SSoAdvanced
PreAmp Supermix (Biorad). The PreAmp Supermix was premixed with a
primer pool, containing 50 nM of each primer, after which 15 µL of this
solution was added to 10 µL cDNA template. Samples were placed in a
thermal cycler with the following program: 98 °C for 15 seconds, 58 °C
for 4 min, for a total of 14 cycles. The pre-ampli ied cDNA was diluted 20
times prior to qPCR. qPCR reactions were performed in a 384-well plate to
which 2 µL of the diluted cDNA was pipetted together with 3 µL of a mas-
termix, containing SSoAdvanced (2x, 2.5 µL)and forward (0.25 µL, 5 µM)
and reverse primer (0.25µL, 5µM). qPCR experiments were performed on
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a Light Cycler. Analysis of the results was performed with QBase+.

Primer 1 Forward: 5’ - AAG GTG GGC TCA ATG TCA TC - 3’; Primer 1 Re-
verse: 5’ - GCT TCT AGA GGC TTC CCA CA - 3’; Primer 2 Forward: 5’ - AGA
CAC AGG TGG CTG GTC AT - 3’; Primer 2 Reverse: 5’ - GAT GAC ATT GAG
CCC ACC TT - 3’;
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12 | Experimental data

12.1 Experimental data Chapter 4

12.1.1 Sequence of the SAMMSON lncRNA.

Figure 12.1: Sequence of the SAMMSON lncRNA. The regions in purple are regions
complementary to the capture probes 1-10.
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12.1.2 ACPF modi ied DNA sequences

12.1.2.1 Overview

Table 12.1: Sequence of the ACPF modi ied DNA capture probes. X = ACPF.

DNA Sequence 5’-3’ Type
F.1 TAA CAG TGC CXT TCT GAG AC-biotin capture probe - 3’-biotin
F.2 TTC TGG TTT CXG GAC TTG AG-biotin capture probe - 3’-biotin
F.3 TGT CAC AGG TCA CTA XGT GT-biotin capture probe - 3’-biotin
F.4 TTG GGG XTA GGT GAA GGA AA-biotin capture probe - 3’-biotin
F.5 TGA AGT CTC CTC GTA XTG AA-biotin capture probe - 3’-biotin
F.6 GTG TGA ACT XGG CTA AAG GT-biotin capture probe - 3’-biotin
F.7 ATX CCA TGG AGT AGA TAG GC-biotin capture probe - 3’-biotin
F.8 CXC CAG CAT AGA CAC TTG AG-biotin capture probe - 3’-biotin
F.9 TCT GTG TTC AXG ACA CAG AG-biotin capture probe - 3’-biotin
F.10 TGT TCT TTT XGT CTT AAC TT-biotin capture probe - 3’-biotin

F.6 nb GTG TGA ACT XGG CTA AAG GT capture probe - no biotin
F.R1 CCA GTT AAG CGX GAC AGT CC-biotin random probe - 3’ biotin
F.R2 CCA AGG AXC GAT ACC TTC CA-biotin random probe - 3’ biotin
F.R3 GTA ATT GXG GGC ATT CGT TA-biotin random probe - 3’ biotin
F.R4 CGG CTT AGG TAG TTA AXT AT-biotin random probe - 3’ biotin

12.1.2.2 MALDI and HPLC analysis
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Figure 12.2: MALDI (left) and HPLC analysis (right) of ACPF modi ied DNA F.1. Se-
quence F.1 = 5’- TAA CAG TGC CXT TCT GAG AC-biotin - 3’. The impurities present
in the sample were not characterized. The DNA probes were used as such in the
experiments, without additional puri ication.
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Figure 12.3: MALDI (left) and HPLC analysis (right) of ACPF modi ied DNA F.2. Se-
quence F.2 = 5’- TTC TGG TTT CXG GAC TTG AG-biotin - 3’. The impurities present
in the sample were not characterized. The DNA probes were used as such in the
experiments, without additional puri ication.
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Figure 12.4: MALDI (left) and HPLC analysis (right) of ACPF modi ied DNA F.3. Se-
quence F.3 = 5’- TGT CAC AGG TCA CTA XGT GT-biotin - 3’. The impurities present
in the sample were not characterized. The DNA probes were used as such in the
experiments, without additional puri ication.
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Figure 12.5: MALDI (left) and HPLC analysis (right) of ACPF modi ied DNA F.4. Se-
quence F.4 = 5’- TTG GGG XTA GGT GAA GGA AA-biotin - 3’. The impurities present
in the sample were not characterized. The DNA probes were used as such in the
experiments, without additional puri ication.
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Figure 12.6: MALDI (left) and HPLC analysis (right) of ACPF modi ied DNA F.5. Se-
quence F.5 = 5’- TGA AGT CTC CTC GTA XTG AA-biotin - 3’. The impurities present
in the sample were not characterized. The DNA probes were used as such in the
experiments, without additional puri ication.
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Figure 12.7: MALDI (left) and HPLC analysis (right) of ACPF modi ied DNA F.6. Se-
quence F.6 = 5’- GTG TGA ACT XGG CTA AAG GT-biotin - 3’. The impurities present
in the sample were not characterized. The DNA probes were used as such in the
experiments, without additional puri ication.
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Figure 12.8: MALDI (left) and HPLC analysis (right) of ACPF modi ied DNA F.6nb.
Sequence F.6nb = 5’- GTG TGA ACT XGG CTA AAG GT - 3’. The impurities present
in the sample were not characterized. The DNA probes were used as such in the
experiments, without additional puri ication.
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Figure 12.9: MALDI (left) and HPLC analysis (right) of ACPF modi ied DNA F.7. Se-
quence F.7 = 5’- ATX CCA TGG AGT AGA TAG GC-biotin - 3’. The impurities present
in the sample were not characterized. The DNA probes were used as such in the
experiments, without additional puri ication.
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Figure 12.10: MALDI (left) and HPLC analysis (right) of ACPF modi ied DNA F.8.
Sequence F.8 = 5’- CXC CAG CAT AGA CAC TTG AG-biotin - 3’. The impurities present
in the sample were not characterized. The DNA probes were used as such in the
experiments, without additional puri ication.
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Figure 12.11: MALDI (left) and HPLC analysis (right) of ACPF modi ied DNA F.9.
Sequence F.9 = 5’- TCT GTG TTC AXG ACA CAG AG-biotin - 3’. The impurities present
in the sample were not characterized. The DNA probes were used as such in the
experiments, without additional puri ication.
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Figure 12.12: MALDI (left) and HPLC analysis (right) of ACPF modi ied DNA F.10.
Sequence F.10 = 5’- TGT TCT TTT XGT CTT AAC TT-biotin - 3’. The impurities
present in the sample were not characterized. The DNA probes were used as such
in the experiments, without additional puri ication.
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Figure 12.13: MALDI (left) and HPLC analysis (right) of ACPF modi ied DNA F.R1.
Sequence F.R1= 5’- CCA GTT AAG CGX GAC AGT CC-biotin - 3’. The impurities
present in the sample were not characterized. The DNA probes were used as such
in the experiments, without additional puri ication.

!"#"$#%&$'(%)"'*)%$+,-,./-/.-.

!"# $%&'()'*+,-..+/!-0 12)-34'*+,-..'.+/!-0 5-..+-4-67.3.+ 8')'4)394+)3,'+/8)0+:;<=+/,340

!"#$ %&$'"() %&('"*)

%&+%"&,

-./01!

-./01!2 3"
(,"()

!"#$%&'

!"(!%")

Figure 12.14: MALDI (left) and HPLC analysis (right) of ACPF modi ied DNA F.R2.
Sequence F.R2= 5’- CCA AGG AXC GAT ACC TTC CA-biotin - 3’. The impurities
present in the sample were not characterized. The DNA probes were used as such
in the experiments, without additional puri ication.
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Figure 12.15: MALDI (left) and HPLC analysis (right) of ACPF modi ied DNA F.R3.
Sequence F.R3= 5’- GTA ATT GXG GGC ATT CGT TA-biotin - 3’. The impurities
present in the sample were not characterized. The DNA probes were used as such
in the experiments, without additional puri ication.
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Figure 12.16: MALDI (left) and HPLC analysis (right) of ACPF modi ied DNA F.R4.
Sequence F.R4= 5’- CGG CTT AGG TAG TTA AXT AT-biotin - 3’. The impurities
present in the sample were not characterized. The DNA probes were used as such
in the experiments, without additional puri ication.
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12.1.3 CNVDmodi ied DNA sequences

12.1.3.1 Overview

Table 12.2: Sequence of the CNVD modi ied DNA capture probes. Z = CNVD.

DNA Sequence 5’-3’ Type
C.1 TAA CAG TGC CTT TCT GZG AC-biotin capture probe - 3’-biotin
C.2 TTC TGG TTT CTG ZAC TTG AG-biotin capture probe - 3’-biotin
C.3 TGT CAC AGG TCA CTA ZGT GT-biotin capture probe - 3’-biotin
C.4 TTG GGG GZA GGT GAA GGA AA-biotin capture probe - 3’-biotin
C.5 TGA AGT CTC CTC GTA ZTG AA-biotin capture probe - 3’-biotin
C.6 GTG TGA AZT TGG CTA AAG GT-biotin capture probe - 3’-biotin
C.7 AZT CCA TGG AGT AGA TAG GC-biotin capture probe - 3’-biotin
C.8 CTC CAZ CAT AGA CAC TTG AG-biotin capture probe - 3’-biotin
C.9 TCT GTG TTC AZG ACA CAG AG-biotin capture probe - 3’-biotin
C.10 TGZ TCT TTT TGT CTT AAC TT-biotin capture probe - 3’-biotin

C.6 nb GTG TGA AZT TGG CTA AAG GT capture probe - no biotin
C.R1 CCA GTT AAG CGZ GAC AGT CC-biotin random probe - 3’ biotin

12.1.3.2 MALDI and HPLC analysis
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Figure 12.17: MALDI (left) and HPLC analysis (right) of CNVD modi ied DNA C.1.
Sequence C.1 = 5’- TAA CAG TGC CTT TCT GZG AC-biotin - 3’. The impurities present
in the sample were not characterized. The DNA probes were used as such in the
experiments, without additional puri ication.
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Figure 12.18: MALDI (left) and HPLC analysis (right) of CNVD modi ied DNA C.2.
Sequence C.2 = 5’- TTC TGG TTT CTGZAC TTG AG-biotin - 3’. The impurities present
in the sample were not characterized. The DNA probes were used as such in the
experiments, without additional puri ication.
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Figure 12.19: MALDI (left) and HPLC analysis (right) of CNVD modi ied DNA C.3.
Sequence C.3 = 5’- TGT CAC AGG TCA CTAZGT GT-biotin - 3’. The impurities present
in the sample were not characterized. The DNA probes were used as such in the
experiments, without additional puri ication.
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Figure12.20: MALDI (left) and HPLC analysis (right) of CNVD modi ied DNA C.4. Se-
quence C.4 = 5’- TTG GGG GZA GGT GAA GGA AA-biotin - 3’. The impurities present
in the sample were not characterized. The DNA probes were used as such in the
experiments, without additional puri ication.

!"#"$#%&$'(%)"'*)%$+,-,./-/.-.

!"# $%&'()'*+,-..+/!-0 12)-34'*+,-..'.+/!-0 5-..+-4-67.3.+ 8')'4)394+)3,'+/8)0+:;<=+/,340

!"# $$%&"'& $$%(")( *+,-.! (/"')

!!"#$#%

Figure 12.21: MALDI (left) and HPLC analysis (right) of CNVD modi ied DNA C.5.
Sequence C.5 = 5’- TGA AGT CTC CTC GTAZTG AA-biotin - 3’. The impurities present
in the sample were not characterized. The DNA probes were used as such in the
experiments, without additional puri ication.
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Figure 12.22: MALDI (left) and HPLC analysis (right) of CNVD modi ied DNA C.6.
Sequence C.6 = 5’- GTG TGA AZT TGG CTA AAG GT-biotin - 3’. The impurities present
in the sample were not characterized. The DNA probes were used as such in the
experiments, without additional puri ication.
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Figure 12.23: MALDI (left) and HPLC analysis (right) of CNVD modi ied DNA C.6nb.
Sequence C.6nb = 5’- GTG TGA AZT TGG CTA AAG GT - 3’. The impurities present
in the sample were not characterized. The DNA probes were used as such in the
experiments, without additional puri ication.
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Figure 12.24: MALDI (left) and HPLC analysis (right) of CNVD modi ied DNA C.7.
Sequence C.7 = 5’- AZT CCA TGG AGT AGA TAG GC-biotin - 3’. The impurities present
in the sample were not characterized. The DNA probes were used as such in the
experiments, without additional puri ication.
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Figure 12.25: MALDI (left) and HPLC analysis (right) of CNVD modi ied DNA C.8.
Sequence C.8 = 5’- CTC CAZCAT AGA CAC TTG AG-biotin - 3’. The impurities present
in the sample were not characterized. The DNA probes were used as such in the
experiments, without additional puri ication.
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Figure 12.26: MALDI (left) and HPLC analysis (right) of CNVD modi ied DNA C.9.
Sequence C.9 = 5’- TCT GTG TTC AZG ACA CAG AG-biotin - 3’. The impurities present
in the sample were not characterized. The DNA probes were used as such in the
experiments, without additional puri ication.
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Figure 12.27: MALDI (left) and HPLC analysis (right) of CNVD modi ied DNA C.10.
Sequence C.10 = 5’- TGZ TCT TTT TGT CTT AAC TT-biotin - 3’. The impurities
present in the sample were not characterized. The DNA probes were used as such
in the experiments, without additional puri ication.



264 C 12. E

!"#"$#%&$'(%)"'*)%$+,-,./-/.-.

!"# $%&'()'*+,-..+/!-0 12)-34'*+,-..'.+/!-0 5-..+-4-67.3.+ 8')'4)394+)3,'+/8)0+:;<=+/,340

!"#$ %&''"() %%*$"'$

%%+'",*

-./01!

-./01!234"
$&"'$

!!"#$%#

!!&%$'"

Figure 12.28: MALDI (left) and HPLC analysis (right) of CNVD modi ied DNA C.R1.
Sequence C.R1= 5’- CCA GTT AAG CGZ GAC AGT CC-biotin - 3’. The impurities
present in the sample were not characterized. The DNA probes were used as such
in the experiments, without additional puri ication.
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12.2 Experimental data Chapter 5

12.2.1 PAGEexperimentswith the ACPF	modi ied capture

probe F.6 nb

12.2.1.1 PAGE analysis of the crosslinking reaction at 5µMRNA con-

centration.
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Figure 12.29: PAGE analysis of the crosslinking reaction at 5 µM RNA concentra-
tion. Ratio 1:1 of RNA:capture probe. Photosensitizer concentrations were varied
from 0.2 µM to 2 µM for rose bengal and from 2 µM to 20 µM for methylene blue.
Samples were irradiated for 30 minutes with red light for methylene blue, and 30
min with green light for rose bengal. The crosslinked product appears as a slow
migrating band. Lane 1: CP 1 µM (lower band) + RNA 1 µM (upper band); lane 2:
after 2’; lane 3: after 5’; lane 4: after 10’; lane 5: after 20’; lane 6: after 30’. MB =
methylene blue, RB = rose bengal, ICL = crosslinked product, X = ACPF.
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12.2.1.2 PAGE analysis of the crosslinking reaction at 1µMRNA con-

centration.
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Figure 12.30: PAGE analysis of the crosslinking reaction at 1 µM RNA concentra-
tion. Ratio 1:1 of RNA:capture probe. Photosensitizer concentrations were varied
from 0.2 µM to 2 µM for rose bengal and from 2 µM to 20 µM for methylene blue.
Samples were irradiated for 30 minutes with red light for methylene blue, and 60
min with green light for rose bengal. The crosslinked product appears as a slow
migrating band. Lane 1: CP 1 µM (lower band) + RNA 1 µM (upper band); lane 2:
after 2’; lane 3: after 5’; lane 4: after 10’; lane 5: after 20’; lane 6: after 30’; lane 7:
after 45’; lane 8: after 60’. MB = methylene blue, RB = rose bengal, ICL = crosslinked
product, X = ACPF.
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12.2.1.3 PAGE analysis of the crosslinking reaction at 0.5 µM RNA

concentration.
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Figure 12.31: PAGE analysis of the crosslinking reaction at 0.5µM RNA concentra-
tion. Ratio 1:1 of RNA:capture probe. Photosensitizer concentrations were varied
from 2 µM to 20 µM for methylene blue. Samples were irradiated for 30 minutes
with red light. The crosslinked product appears as a slow migrating band. Lane 1:
CP 0.5 µM (lower band) + RNA 0.5 µM (upper band); lane 2: MB after 2’; lane 3:
MB after 5’; lane 4: MB after 10’; lane 5: MB after 20’; lane 6: MB after 30’. MB =
methylene blue, RB = rose bengal, ICL = crosslinked product, X = ACPF.
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12.2.1.4 PAGE analysis of the crosslinking reaction at 1µMRNA con-

centration. 2-fold excess of capture probe F.6 nb.
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Figure 12.32: PAGE analysis of the crosslinking reaction at 1 µM RNA concentra-
tion. Ratio 1:2 of RNA:capture probe. Photosensitizer concentrations were varied
from 0.2 µM to 20 µM depending on the photosensitizer. Samples were irradiated
for 30-60 minutes, depending on the concentration of the photosensitizer, with
green or red light for rose bengal and methylene blue respectively. The crosslinked
product appears as a slow migrating band. Lane 1: CP 2 µM (lower band) + RNA
1 µM (upper band); lane 2: after 2’; lane 3: after 5’; lane 4: after 10’; lane 5: after
20’; lane 6: after 30’; lane 7: after 45’; lane 8: after 60’. MB = methylene blue, RB =
rose bengal, ICL = crosslinked product, X = ACPF.
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12.2.1.5 PAGE analysis of the crosslinking reaction at 1µMRNA con-

centration. 5-fold excess of capture probe F.6 nb.
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Figure 12.33: PAGE analysis of the crosslinking reaction at 1 µM RNA concentra-
tion. Ratio 1:5 of RNA:capture probe. Photosensitizer concentrations were varied
from 0.2 µM to 20 µM depending on the photosensitizer. Samples were irradiated
for 30-60 minutes, depending on the concentration of the photosensitizer, with
green or red light for rose bengal and methylene blue respectively. The crosslinked
product appears as a slow migrating band. Lane 1: CP 5 µM (lower band) + RNA
1 µM (upper band); lane 2: after 2’; lane 3: after 5’; lane 4: after 10’; lane 5: after
20’; lane 6: after 30’; lane 7: after 45’; lane 8: after 60’. MB = methylene blue, RB =
rose bengal, ICL = crosslinked product, X = ACPF.
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12.3 Experimental data Chapter 6

12.3.1 In solution versus on bead crosslinking
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Figure 12.34: Relative SAMMSON enrichment for the ACPF and CNVD modi ied cap-
ture probes. The pull-down experiment was performed in a SK-MEL-28 total RNA
sample (500 ng), at a concentration of 50µM for each capture probe. The crosslink-
ing reaction was performed in solution or on beads. Activation of the ACPF moiety
was performed by irradiating the sample with green light for 20 min, at a rose ben-
gal concentration of 2µM. Activation of the CNVD moiety was achieved by irradiating
the sample for 2 min with UV-A light.

12.3.2 Hybridizationsitesof thecaptureprobesandprimer

sequences in the lncRNA SAMMSON

Primer pair 1:

Forward: 5’ - AAG GTG GGC TCA ATG TCA TC - 3’
Reverse: 5’ - GCT TCT AGA GGC TTC CCA CA - 3’

Primer pair 2:

Forward: 5’ - AGA CAC AGG TGG CTG GTC AT – 3’
Reverse: 5’ - GAT GAC ATT GAG CCC ACC TT - 3’

SAMMSON sequence:
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The binding sites of primer pair 1 are in bold and emphasized. The bind-
ing sites of primer pair 2 are underlined. Note that the reverse primers
bind the sense strand (i.e. complementary cDNA sequence). The region
between a primer pair gets ampli ied during RT-qPCR. The letters in bold
and purple represent the binding site of the capture probes.

Figure 12.35: Sequence of the SAMMSON lncRNA. The binding sites of the primer
pairs and the capture probes are highlighted.
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12.3.3 MALDI analysis - proof of principle experiments

in PBS buffer

!"#$%&'($')*&+$,-./.012$34$'5$%6-*-5&05.*.7&+

!"#$%&'($')*&+$8+-55/.0(.012$34$'5$%6-*-5&05.*.7&+

!"#$%&'($')*&+$,-./.012$!4$'5$%6-*-5&05.*.7&+

!"#$%&'($')*&+$8+-55/.0(.012$!4$'5$%6-*-5&05.*.7&+

9:9;<=: >' 9:9;<?;$>'

9:9;<?;$>'9:9;<:@$>'

Figure 12.36: MALDI analysis of the RNA peak (Rt = 9.89 min), prior and after
boiling, for the crosslinking reaction with ACPF modi ied capture probe F.6 (Ratio 1:1
of RNA:F.6). Activation with methylene blue or rose bengal. The mass corresponds
to the mass of the RNA. Found mass: 6265.28 - 6265.42 Da; expected mass: 6269.8
Da. The observed mass difference is due to calibration. MB = methylene blue, RB =
rose bengal.
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Figure 12.37: MALDI analysis of the peaks formed after crosslinking (Rt = 13.65 -
14.27 min), for the crosslinking reaction with ACPF modi ied capture probe F.6 (Ra-
tio 1:1 of RNA:F.6). Activation with methylene blue or rose bengal. The analyzed
peaks are marked in the HPLC chromatogram. MALDI analysis of peak 1 was in-
conclusive. Mass differences of a few dalton are due to calibration. MB = methylene
blue, RB = rose bengal, XL = crosslinked product.
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12.4 Experimental data Chapter 7

12.4.1 Crosslinkingexperimentswith internal furanPNAs

12.4.1.1 HPLC chromatogram of DNA 1-4
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Figure 12.38: HPLC analysis of DNA 1-4 at 10 µM DNA concentration. DNA 1-4 =
5’-AGA TCZ TGC CC-3’ with Z = A, C, G, T respectively.

Table 12.3: Retention times (Rt) and the calculated mass of DNA 1-4.

Retention time (min) Calculated mass (Da)
DNA 1 8.81 3299.59
DNA 2 8.42 3275.58
DNA 3 8.35 3315.59
DNA 4 9.75 3290.58
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12.4.1.2 HPLC chromatogram of furan PNAs 1-9
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Figure 12.39: HPLC analysis of PNA 1-9 at 10 µM PNA concentration. PNA 1-9 =
Ac-GGG CAX GAT CT-Gly-NH2 with X = F, f, T(f).

Table 12.4: Retention times (Rt) and the calculated mass of PNA 1-9.

Retention time (min) Calculated mass (Da)
PNA 1 not visible 3088.40
PNA 2 not visible 3158.29
PNA 3 not visible 3186.30
PNA 4 not visible 3226.60
PNA 5 11.28 3296.35
PNA 6 11.56 3324.35
PNA 7 not visible 3340.80
PNA 8 11.35 3420.38
PNA 9 11.45 3448.38
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12.4.1.3 HPLC analysis of the crosslinking experiment betweenDNA

1-4 and PNA 1-9.
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Figure 12.40: HPLC analysis of the crosslinking reaction between DNA 1-4 and
PNA 1-9 at 10 µM DNA in PBS buffer pH 7.0 at 25°C (Ratio 1:1 of PNA:DNA).
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12.4.1.4 MALDI analysis of the crosslinking product of PNA2:DNA1

and PNA4:DNA2

!"#$%$!&'(

Figure 12.41: MALDI analysis of the crosslinking product of DNA 1 and PNA 2.
The labeled peak is attributed to the DNA-PNA crosslinked duplex (Expected mass:
6477 Da).

!"##$%&'()

Figure 12.42: MALDI analysis of the crosslinking product of DNA 2 and PNA 4.
The labeled peak is attributed to the DNA-PNA crosslinked duplex (Expected mass:
6591 Da).
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12.4.2 Crosslinking experiments with N-terminal furan

PNAs

12.4.2.1 HPLC chromatogram of DNA 5-10
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Figure 12.43: HPLC analysis of DNA 5-10 at 10 µM DNA concentration. DNA 5-6 =
5’-AGA TCA TGC CCZ-3’ with Z = A, C respectively. DNA 7-10 = 5’-AGA TCA TGC CCA
ZZZZ-3’with Z = A, C, G, T respectively.

Table 12.5: Retention times (Rt) and the calculated mass of DNA 5-10.

Retention time (min) Calculated mass (Da)
DNA 5 9.75 3612.65
DNA 6 9.07 3588.64
DNA 7 10.48 4864.88
DNA 8 9.78 4768.84
DNA 9 10.12 4928.87
DNA 10 11.13 4828.84
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12.4.2.2 HPLC chromatogram of furan PNAs 10-19
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Figure 12.44: HPLC analysis of PNA 10-19 at 10 µM PNA concentration. PNA 10-
19 = Ac-X-GGG CAT GAT CT-Gly-NH2 with X = Fur-O, F, f, T(f).

Table 12.6: Retention times (Rt) and the calculated mass of PNA 10-19 .

Retention time (min) Calculated mass (Da)
PNA 10 12.95 3361.75
PNA 11 not visible 3359.26
PNA 12 10.85 3426.39
PNA 13 10.99 3454.40
PNA 14 11.01 3493.39
PNA 15 11.03 3564.52
PNA 16 11.17 3592.53
PNA 17 not visible 3617.49
PNA 18 not visible 3688.62
PNA 19 not visible 3716.63
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12.5 Experimental data Chapter 8

12.5.1 Overview of synthesized ACPF and CNVD aptamer

sequences
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Figure 12.45: MALDI (left) and HPLC analysis (right) of ACPF modi ied 1OLD. Se-
quence ACPF1OLD = 5’-GAX CGA AAC GTA GCG CCT TCG ATC-3’
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Figure 12.46: MALDI (left) and HPLC analysis (right) of the selective ACPF modi ied
1OLD_S, with adenine substitution at position 4. Sequence ACPF1OLD_S = 5’-GAX
AGA AAC GTA GCG CCT TCG ATC-3’
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Figure 12.47: MALDI (left) and HPLC analysis (right) of CNVD modi ied 1OLD. Se-
quence CNVD1OLD = 5’-GAZ CGA AAC GTA GCG CCT TCG ATC-3’
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Figure 12.48: MALDI (left) and HPLC analysis (right) of CNVD modi ied MN4. Se-
quence CNVDMN4 = 5’-GGC GZC AAG GAA AAT CCT TCA ACG AAG TGG GTC GCC -3’
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Figure 12.49: MALDI (left) and HPLC analysis (right) of CNVD modi ied MN19. Se-
quence CNVDMN19 = 5’-GZC AAG GAA AAT CCT TCA ACG AAG TGG GTC -3’
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12.5.2 Overviewcrosslinkingexperimentswith ACPFmod-

i ied 1OLD
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Figure 12.50: Stapling reaction with ACPF1OLD at (A) 0.5 µM methylene blue or
(B) 0.5 µM rose bengal.
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Figure 12.51: Stapling reaction with ACPF1OLD at (A) 1 µM methylene blue or (B)
1 µM rose bengal.
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Figure 12.52: Stapling reaction with ACPF1OLD at (A) 2 µM methylene blue or (B)
2 µM rose bengal.
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Figure 12.53: Stapling reaction with ACPF1OLD at (A) 10µM methylene blue or (B)
10 µM rose bengal.
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12.5.3 MALDI spectraof the stapling reactionwith ACPF1OLD
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Figure 12.54: MALDI analysis of the isolated peaks with Rt = 10.13 min, 10.38
min and 10.63 min, formed after crosslinking reaction with the ACPF1OLD aptamer.
Expected mass: 7356.27 Da, found mass: 7365.54 Da (peak 1); 7365.69 Da (peak
2); 7365.73 Da (peak 3). The observed mass difference is due to calibration.



12.5. E C 8 285

12.5.4 MALDI spectraof the stapling reactionwith CNVD1OLD

Figure 12.55: MALDI analysis of the stapled CNVD1OLD aptamer. Expected mass:
7455 Da, found mass: 7458 Da.
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12.5.5 Native nESI-MS spectra of CNVD1OLD
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Figure 12.56: Native nESI-MS analysis of the 1OLD aptamer and the sta-
pled CNVD1OLD aptamer, stapled in absence or presence of 10 equivalents L-
argininamide. Solutions were measured at 10 µM concentration, in 150 mM am-
monium acetate buffer, at a 1:0, 1:10 or 1:25 ratio of aptamer:L-argininamide. The
theoretical m/z values of the charged aptamer states are presented as red dotted
lines and the theoretical m/z values of aptamer-ligand complexes as blue dotted
lines. 4+ charge state: m/z(1OLD) = 1834.56 Da; m/z (CNVD1OLD) = 1834.56 Da /
5+ charge state: m/z(1OLD) = 1467.85 Da; m/z(CNVD1OLD) = 1492.07 Da.
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12.5.6 MALDI spectraof the stapling reactionwith CNVDMN4

Figure 12.57: MALDI analysis of the stapled CNVDMN4 aptamer. Expected mass:
11234.97 Da, found mass: 11234.02 Da.
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12.5.7 MALDI spectraof the stapling reactionwith CNVDMN19

Figure12.58: MALDI analysis of the stapled CNVDMN19 aptamer, peak at 11.68 min.
Expected mass: 9380.67 Da, found mass: 9377.34 Da.

Figure12.59: MALDI analysis of the stapled CNVDMN19 aptamer, peak at 11.86 min.
Expected mass: 9380.67 Da, found mass: 9377.20 Da.
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