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Abstract

The overall goal of my work was to develop and apply new chemical methods for the study of

epigenetic DNA and protein modifications.

In Chapter 3 the development of Suzuki-Miyaura cross coupling (SMcc) for the post-synthetic
modification of DNA is described. DNA modification by SMcc is efficient (4-6h) and proceeds under
mild conditions (37°C, pH 8.5). The incorporation of various groups useful for biological investigations
is demonstrated using this methodology. Using a photocrosslinker, introduced into the DNA by SMcc

capture experiments are performed to identify potential binding partners of modified DNA.

In Chapter 4 a dehydroalanine (Dha) based chemical protein modification method is described that
enables the introduction of posttranslational modification (PTM) mimics into histones. The PTM
mimics introduced by this method are tested using western- and dot-blot and binding and enzymatic

assays, confirming they function as mimics of the natural modifications.

Chapter 5 describes the use of a generated PTM mimics to elucidate the function of O-linked B-N-
acetylglucosamine (GIcNAc) of histones in transcriptional regulation. It is shown that GlcNAcylation of
Thr-101 on histone H2A can destabilize nucleosome by modulating the H2A/B dimer — H3/H4

tetramer interface.

N- and C-terminal histone tails play an important role in transcriptional regulation. In Chapter 6,
nuclear magnetic resonance is used to investigate the structure of the histone H3 N-terminal tail in a
nucleosome. The H3 tail, while intrinsically disordered, gains some a-helical character and adopts a
compact conformation in a nucleosome context. This H3 tail structure is shown to be modulated by

Ser-10 phosphorylation.

The effect of a new covalent DNA modification, 5-hydroxymethylcytosine (5hmC), on transcription
factor binding is investigated in Chapter 7. 5hmC influences HIF1a/B, USF and MAX binding to their

native recognition sequence, implying involvement of this modification in epigenetic regulation.
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1 Introduction

It is often stated that biological information generally flows from DNA via RNA to protein. This
‘central dogma’ of molecular biology is attributed to Francis Crick towards the end of the 1950s. All
eukaryotic organisms contain much more DNA than is necessary to encode the sequences of all
expressed proteins. Indeed, in most human cells only 3% of DNA is estimated to be directly protein
coding.’ However this value varies greatly; in a species of bladderwort 36% of DNA is reported to be
protein coding.? Even of these genes only a small subset is being transcribed into RNA at one time in
every cell. The regulation of transcription is essential for almost all biological processes, including

development and responses to external cues.

One of the best studied examples of transcriptional regulation is the regulation of lactose
metabolising enzymes in Escherichia coli (E. coli).> The genes necessary for lactose metabolism are
repressed in the absence of lactose. When lactose is present and in the absence of glucose, the
preferred carbon source, repression is relieved and a specific activator is recruited resulting in the
up-regulation of these genes. In cases where lactose is the only energy source available the ability to
metabolize lactose is essential for the survival of the bacterium. When there is no lactose present, it
is proposed that expression of these proteins is be a burden for the cell, since transcription and
translation, the synthesis of proteins from RNA, requires energy and the proteins would fulfil no
function. Thus regulation of these genes enables optimal growth of the bacterium in all conditions.
Transcriptional regulation generally is accomplished by transcription factors (TF) that can either
activate or suppress transcription.4 A combination of repressing and activating mechanisms results in

tight transcriptional control of a gene.

TFs are normally modular in nature and contain one domain responsible for localisation by sequence

specific DNA binding and one domain that recruits other activating or repressing factors.’
Prokaryotes have a relatively small genome and the innate selectivity of the TF for its target DNA (6-

10 bp) is proposed to be enough to ensure accurate localisation.” Eukaryotic cells, however, have
1
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much larger genomes and site discrimination solely based on sequence is not sufficient to accurately
target transcriptional activators to their location. For this, a second layer of regulation through

organization of the DNA exists, involving the compaction of DNA into a structure called chromatin.®

1.1 Chromatin structure

The human genome contains over 6 billion base pairs, which would span over two metres when fully
extended.” To contain the genome in the cell nucleus with a 6 pm diameter it must be highly
compacted. This is accomplished by the condensation of DNA by association of various structural and
regulatory proteins into a structure called chromatin. Generally, two types of chromatin are
distinguished. Heterochromatin is tightly packaged includes telomers and centromers and is
generally inactive in transcription. Euchromatin is more loosely packed leaving DNA exposed and

competent for transcription.

The basic packing unit of chromatin is the nucleosome, which in higher eukaryotes contains a histone
protein octamer made up of two copies each of H2A, H2B, H3 and H4. A central H3/H4 tetramer is
flanked by two H2A/H2B dimers and the histone protein octamer binds around 147 bp of double
stranded DNA. The first high resolution structure of this 198 kDa complex was solved by Luger et al.®
more than 15 years ago. This structure revealed a flat disc shaped conformation that bound the DNA
in two super-helical turns with both DNA ends extruding on the same face of the nucleosome (Figure
1a). Outside the central core nucleosome an additional linker histone H1 can be present,” which has
been shown to bind near the center of the bound DNA' and can promote compaction.
Nucleosomes function to structure and compact the genomic DNA, but also fulfil an important role in
regulating transcription. Indeed, these two roles are intertwined since the regulation of DNA

accessibility and compaction is an important mechanism for transcriptional regulation.
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Nucleosome 1 (N1) (

Figure 1. a View from the side and top of the nucleosome structure with the visible N- and C-terminal tails labelled (adapted
from 1KX5).12 b Bead on a chain (left) and compact nucleosome conformation (right; adapted from Olins et a/.)13 ¢ Proposed
modes of inter-nucleosome interactions. In the solenoid interaction model (left) interactions are formed between the n and
n+1 nucleosome. In the zig-zag model (right) interactions are formed between n and n+2 nucleosomes (adapted from Luger

et 01/.).14

When multiple histone octamers are bound to on a long DNA molecule a structure resembling beads

131> This extended form is further condensed in cells into a 30 nm

on a string is observed (Figure 1b).
compact chromatin fibre (similar to Figure 1b). The exact arrangement of this fibre is still under
debate;' there are two competing models (Figure 1c). In the solenoid model, two consecutive
nucleosome are stacked and wound around a helical axis with a helix repeat of around 6
nucleosomes.™ Alternatively, a zig-zag conformation in which each nucleosome makes contact with
the n+2 nucleosome is proposed. The latter model is supported by a crystal structure of a
tetranucleosome,’” which reveals that the four nucleosomes form two separate columns connected

by straight linker DNA. However, the crystallised construct has a very short nucleosome repeat length

(NRL) and doesn’t contain H1, which is not common in packaged eukaryotic chromatin. Since most of

3



these structural experiments are performed in vitro with well-defined nucleosomal arrays containing
a constant repeat length, one might argue that they are not a very accurate representation of the in
cell structure of chromatin. Indeed, different NRL have been shown to affect fibre structure.’® It is
quite possible that in vivo both of these models are relevant and contribute to the overall folding of
chromatin. In agreement with this, a recent electron microscopy study revealed that interactions
from both models are relevant in nucleosome array folding.” To increase compaction further the 30

nm fibre can in turn be further packed into larger loops.

Important factors for the accurate compaction of chromatin are the histone tails. The N- and C-
terminal tails of the histone proteins extrude from the structured nucleosome core. The tails are not
fully resolved in the available crystal structures and are considered to be unfolded (Figure 1a).***%*

Histone tails, like the nucleosome core, function both in structuring chromatin and in transcriptional

regulation.

1.2 Histone Tails

In general, the tails of all four histones play a role in various processes relating to nucleosome and
chromatin structure, including the regulation of nucleosome positioning, chromatin compaction, and

DNA accessibility. They also play an important role in mediating protein-nucleosome interactions.

The presence of all four histone tails is required for efficient formation of compacted chromatin.?**°

The H2A, H2B and H3 tails herein function in part by interacting with inter-nucleosomal DNA. The
basic histone tails interact through electrostatic interactions with the DNA; shielding of the negative
charge by defined interactions of the tails with DNA allows for tighter compaction. The exact sites of
the interactions with the DNA of all of the tails are dependent on the precise chromatin structure,

20272 The H4 tail is essential for chromatin

which has been found to vary with assay conditions.
condensation and can make direct contacts with the protein core of the adjacent nucleosome. The

basic tail interacts with an acidic patch exposed on the surface of the H2A/B dimer. This interaction is

strong enough to be resolved in crystallographic studies.® Residues 16-26 of the H4 N-terminal tail



make extensive interactions with the H2A/B acidic patch through various salt bridges and hydrogen
bonds. Of these, Lys-20 has been shown to be essential for nucleosome-nucleosome interactions for
crystallisation. Upon mutation of this residue to cysteine, crystallisation was not observed; this lack
of crystal formation could be rescued by alkylation of the cysteine to yield a lysine mimic.® In further

studies Lys-16 has also been shown to be important for the acid patch — H4 tail interaction.?

Another important role of histone tails is to recruit proteins to chromatin in a posttranslational
modification (PTM) dependent manner. This function presents one of the cornerstones of epigenetic

regulation.

1.3 Epigenetic mechanisms

Eukaryotic DNA is highly condensed and structured in the form of chromatin. This compaction
presents a problem for all proteins requiring access to DNA, such as polymerases and TFs. When DNA
dependent RNA or DNA polymerases are required to access this structure, it has to be disassembled
‘in front’ of the polymerase, to allow efficient passage, and reassembled in its wake to conserve the
current chromatin state. TFs need accessible DNA to efficiently bind and activate transcription. By
regulating accessibility of certain regions of DNA, chromatin modifying factors are able to regulate
transcription. There are various mechanisms by which these factors can influence accessibility
including modulation of nucleosome positioning; introduction of histone variants; modification of
DNA; and addition of PTMs to proteins including histones. All of these mechanisms are proposed to

contribute to the epigenetic regulation of transcription.

As per definition, epigenetics encompasses all auxiliary mechanisms that are involved in the
regulation of gene expression that are not due to direct changes in the ‘ATCG’ of the DNA sequence.
It is proposed that, for a mechanism to be classified as epigenetic it has to fulfil several criteria:*° (i)
it has to be self-perpetuating, i.e. the transcriptional state of a gene has to be stable even when the
signal is removed; (ii) it has to be heritable, usually through cell division, but generational inheritance

may occur; (iii) it has to be reversible, with an appropriate signal, the transcriptional state of a gene



may be reset. Epigenetic regulation can happen at the DNA level, through covalent modification of
DNA bases,***? at the protein level, where PTM of histone proteins is the best studied mechanism to

convey epigenetic information,*® or by a combination of both.

1.3.1 Epigenetic regulation by DNA modification
Epigenetic regulation at the DNA level is conveyed by covalent C-5 cytosine modifications (Figure 2).
Since its first description in the 70s, the C-5 methylation of cytosine to give 5-methylcytosine (5mC)

has become one of the best studied mechanisms for epigenetic control.>***

Cytosine methylation
mainly happens in a 3’ cytosine — 5’ guanine (CpG) context, although non-CpG methylation has been
described in embryonic stem cells*® and neuronal cells.®” Spontaneous deamination of 5mC would
yield a T:G miss match, which could be repaired to either give a T:A or a C:G basepair. This
deamination results in CpGs being underrepresented in the genome.*® Regulation of transcription by

3% These regions are typical around 1kb in size and possess

CpG methylation happens in CpG islands.
an elevated CpG content. CpG islands overlap with approximately 70% of gene promoters including
almost all housekeeping genes but also various developmental genes.”® CpG islands function as
strong activators when they are unmethylated* and CpG methylation at CpG islands results in
silencing of the promoter. This is accomplished through various mechanisms such as weakening the
interaction of the DNA and transcriptional activators® and recruitment of 5mC binding proteins>**
which can promote heterochromatin formation. Cytosine methylation is performed by the DNA
methyltransferases (DNMT1 and 3a/b). DNMT1 functions as the maintaining methyltransferase,
copying the CpG methylation state to the newly synthesized DNA strand after replication.**
DNMT3a/b are de novo DNA methyltransferases and are responsible for establishing DNA
methylation patterns for gene silencing and imprinting. In 2009, the hydroxylation product of 5mC, 5-
hydroxymethylcytosine (5hmC) was described as a novel DNA modification.”” The modification is
introduced by the ten-eleven translocation (TET) 1-3 enzymes.*® The TET enzymes are 2-oxoglutarate

(2-0G), Fe’* and O, dependent oxygenases.” Products of further oxidation of 5mC by TET1-3, 5-

formyl- and 5-carboxy-cytosine (5fC and 5caC) have also been described.*®>?
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Figure 2. Regulation of transcription by cytosine C-5 modifications (adapted from Lercher et al).53

Much effort in the scientific community has recently been directed towards the elucidation of the
role of these newly identified ‘epigenetic’ DNA modifications. A major advance towards this goal was

436 5£C>"*® and 5caC.”® Together, results from

the development of sequencing methods for 5hmC,
these sequencing experiments suggest a reversal of the repressive character of 5mC by cytosine
oxidation, with cytosine modifications being preferentially located at active regulatory regions. In
addition to mapping, progress has been made in identifying effector proteins for these

modifications.®%?

5hmC and further oxidation products have also been proposed as intermediates towards active and
passive demethylation.®® For active demethylation, oxidation to 5caC and decarboxylation® or
removal by thymine DNA glycosylase (TDG)*" have been proposed. The deamination product of 5ShmC
5-hydroxymethyluracil is also a substrate for TDG and so deamination and removal by TDG is another
plausible mechanism.® Passive demethylation would happened due to dilution of 5hmC during

replication because DNMT1 does not accept hemi-5hmC containing DNA as a substrate.®

1.3.2 Epigenetic regulation by histone modification
The PTM of histone proteins is another cornerstone of epigenetic regulation in eukaryotic cells.

Various PTMs have been reported on histone proteins including lysine acetylation, acylation with

67,69 70,71

longer chain length acids,®”®® formylation, methylation and ubiquitinylation’’; arginine

methylation and citrullination;”® serine and threonine phosphorylation and GlcNAcylation;”*”
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histidine phosphorylation;’® glutamine methylation’” and glutamate and arginine mono- and poly-
ADP ribosylation. All of these modifications can function as an activating or repressing signal
favouring eu- or heterochromatin formation respectively (Figure 3a). There are at least two
mechanisms by which the PTMs on histone protein can affect the transcriptional state. Firstly, PTMs
can directly affect the biophysical / biochemical properties of the nucleosome tails. An archetype for
this mechanism is lysine acetylation, which decreases the overall charge of the tail. This can result in
a decrease of the electrostatic interaction between the DNA and the tail, resulting in more open

chromatin.”®”®

Phosphorylation and ADP ribosylation could have a similar effect, since negative
charge is introduced, resulting in a lower overall charge of the tail. The second mechanism is the
recruitment of effector proteins in a PTM dependent manner to the histone tail.** Many

transcriptional activating or repressing complexes contain PTM ‘reader’ domains, which allows

recruitment to sites containing activating or repressing PTMs.®

PTMs are transferred by ‘writer’ enzymes and can be removed by ‘eraser’ enzymes, for e.g. lysine
methylation these would be lysine methyl transferases (KMT1-8) and lysine demethylases (KDM1-8).
These modifying enzymes are often part of larger chromatin modifying complexes containing PTM
‘readers’ or contain a ‘reader’ domain themselves, thus interconnecting many histone marks.?* For
example PHD finger protein 8 (PHF8) contains a ‘reader’ plant homeodomain (PHD) finger domain
which can recognize H3K4Me;, an activating modification, and a ‘eraser’ jumonji domain that can

demethylate H3K9Me,, a repressing modification.®

While some PTMs are mainly activating, most can have different effects depending on the site of
modification on the histone tails. Lysine methylation is present at multiple sites of which many are
functionally well characterized. While Lys-4 methylation is found at active promoters, Lys-9 and Lys-
27 are found at transcriptionally repressed promoters.*® In addition to the site of modification, the
exact methylation state of the lysine is also important. Representative mechanisms for euchromatin
and heterchromatin formation as induced by histone modifications are illustrated by H3K4 and H3K9

tri-methylation.



H3K4 tri-methylation is an activating modification that is introduced by different members of the
Su(var)3-9-‘Enhancer of zeste’-Trithorax (SET) containing lysine methyl transferase KMT2 family
(KMT2A-G). At active transcription start sites (TSS), H3K4Me; is found and can activate transcription
by e.g. recruitment of transcription initiation factor TFIID subunit 3 (TAF3) which in turn can help RNA
Pol Il recruitment.®® Erasure of this mark is performed by the KDM5 family.ss'90 KDM5A can also
associate with the repressive polycomb group proteins (PcG) linking removal of an activating mark

with transcriptional repression.*

H3K9 tri-methylation is a repressive modification, introduced by KTM1 family members (A, B, E, and

F). This modification is important for heterochromatin organization through e.g. recruitment of the

92-94

H3K9Me; reader heterochromatin protein 1 (HP1). HP1 can bridge adjacent nucleosome

5

containing H3K9Me;>” which results in condensation.”® Through recruitment of KTM1 family

members, HP1 also reinforces and maintains heterochromatin.
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Figure 3. Epigenetic regulatory mechanisms on the nucleosome level. a Regulation of the transcriptional state is controlled

by different histone modifications (adapted from Fierz et a/.).82 b Occupancy of different histone variants involved in



transcriptional regulation and chromatin organization (adapted from Skene et al.).97 ¢ Regulation of DNA accessibility by

chromatin remodelers.

1.3.3 Additional mechanisms on the nucleosome level
In addition to histone PTMs, there are other mechanisms for transcriptional regulation which

modulate the chromatin landscape. These include the replacement of the canonical histones with

98-100 1

histone variants, regulation of nucleosome positioning’® and long non-coding RNA based

mechanisms, %1%

1.3.3.1 Histone variants

After replication, canonical histones are rapidly deposited on both the old and newly synthetized
DNA strand. In addition to these canonical histones, there are multiple variants®’ of histone H2A, H2B
and H3 which are deposited in a replication independent manner and play an important role in
various chromatin related processes (Figure 3b); e.g. transcriptional regulation'® and DNA damage

response.los'108

Histone H3 has two ubiquitous variants in humans, cenH3 and H3.3, and one testis specific variant,
H3.4. The variant cenH3 (also called CENP-A) is found in the centromeres and is thought to be the

109,110

main marker for centromeres in human cells, since no clear DNA sequence dependency for all

centromeres could be detected.'" It is still being debated whether CENP-A containing nucleosomes
contain two copies of CENP-A, identical to the normal nucleosomes, or only contain one copy.”*™* A
crystal structure of a CENP-A containing nucleosome revealed an octameric structure with two copies
of CENP-A."" In comparison to the canonical nucleosome the CENP-A nucleosome binds a segment of

DNA which is around 25 bp shorter and displays small rearrangements in the H3 fold. This is

exploited by specific CENP-A binding proteins to localize to centromeres.'*®

Histone H3.3 only differs in 4-5 amino acids from the replication dependent deposited H3.1 and
H3.2."” H3.3 is deposited in a replication independent fashion and deposition is dependent on the

two chaperones HIRA™®'® and DAXX."?**?* The deposition of H3.3 is proposed to mainly result from

10



RNA polymerase action causing displacement of nucleosomes.” Thus, H3.3 is mainly found at sites of

continued or abortive transcription such as active gene bodies and active and repressed

124

promoters.”" H3.3 is thought to decrease nucleosome stability resulting in an open chromatin

state.'®

Histone H2A has four main variants, H2A.Z, H2A.X, H2A.Bbd and macroH2A.*® For H2A.Z more sub-
variants have been reported.'”® H2A.Z is involved in a variety of processes such as transcriptional
activation and repression, transcriptional elongation and chromosome segregation.”” At TSS, H2A.Z is
often found in the nucleosome flanking the nucleosome depleted region.*”’**° A crystal structure of
an H2A.Z containing nucleosome revealed multiple divergent features, such as a different L1 loop
and an extended acidic patch on the H2A.Z / H2B dimer surface.” The distinct acidic patch is an
important recognition motif for targeting proteins to H2A.Z containing nucleosomes.”*"*** The H2A.X
variant contains a C-terminal extension, which is important during the repair of double-strand breaks
in DNA."”'** Upon detection of such DNA damage, a tyrosine in the C-terminus is phosphorylated
which results in recruitment of DNA repair machinery.'®® macroH2A contains an additional C-terminal

domain of ~25 kDa, twice the size of the H2A histone fold core. The x-ray structure of a nucleosome

134

containing the macroH2A histone core revealed small differences in the L1 loop.”™ The macro

134

domain is thought to function in protein recruitment. MacroH2A is mainly found in

heterochromatin and on the Xi inactivated X chromosome." H2A.Bbd on the other hand is slightly

136

smaller and has only 50% sequence identity with canonical H2A.” This variant destabilized

138

nucleosomes™’ and is mainly found at active TSS."*® In contrast to other variants, H2A.Bbd is only

highly expressed in testis and to a lower extent in brain.”®

1.3.3.2 Nucleosome positioning

The positioning of nucleosomes in vivo is regulated in part by DNA sequence preferences of

1 . . e . . 140-142
nucleosomes™ and in part by the active repositioning of nucleosome by chromatin remodelers.*****

Remodelers are large complexes that contain a central ATP dependent DNA helicase that is

%0 There are four

11

responsible for disrupting DNA-histone interactions by movement of the DNA.



distinct families of remodelers in eukaryotes that share conserved ATPase activity, but have very

different functions.**%

Remodelers can govern the accessibility of DNA by repositioning or ejecting
the nucleosome or by unwrapping the DNA from the nucleosome (Figure 3c). In a transcriptional
context, exposure of DNA to a TF can result in transcriptional activation, while occupation of a TFs
binding site by a nucleosome can hinder binding, resulting in transcriptional repression. In addition to
this, repressing remodelers can recruit other repressing complexes such as HDACs and activating
remodelers can recruit activating complexes. Also, remodelers can specifically eject canonical H2A/B

dimers and replace these with H2A.Z/B containing dimers, thus depositing histone variants.'*’ The

inverse activity, replacement of H2AZ/B dimers with canonical dimers, has also been described.'*®

1.4 Goals of the work of this thesis

Epigenetic research has greatly benefitted from developed chemical biology methods.®” These
methods have helped to address research questions in epigenetics by providing tools to investigate
protein function in vivo,'* or to generation of PTM containing proteins for study in vitro.?**° The
overall goal of my work was to develop and apply new chemical methods for the study of epigenetic
DNA and protein modifications. Development of methodology that enables the introduction of
homogeneous PTMs into proteins is important to further the role of chemical biology in this field
(Chapter 4). With robust methods in hand, these were applied to learn about the effect of PTMs on
larger chromatin structures such as nucleosomes (Chapter 5). In addition, recent advances in nuclear
magnetic resonance (NMR) spectroscopy have made it possible to study large protein complexes up

151

to the MDa scale.”™ These methods were applied to study the biophysical effect of histone PTMs on

the structure and dynamics of the histone H3 tail in the context of a nucleosome (Chapter 6).

At the DNA level, the role of the newly discovered epigenetic DNA modification is still largely
unknown. A new DNA modification methodology was developed that can be used to introduce
photo-crosslinkers for the identification of DNA interacting proteins (Chapter 3). To further elucidate
the role of 5hmC in transcriptional regulation, the effect of 5hmC on TF binding to DNA was

investigated (Chapter 7).
12
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2 Materials and methods

2.1 General considerations

2.1.1 Organic synthesis

Proton nuclear magnetic resonance (*H NMR) spectra were recorded using a Bruker DPX200 (200
MHz), a Bruker AV400 (400 MHz), or a Bruker AVII500 (500 MHz) spectrometer, as indicated. Carbon
nuclear magnetic resonance (*C NMR) spectra were recorded using a Bruker AV400 (100 MHz) or
using a Bruker AVII500 (125 MHz) spectrometer, as indicated. NMR Spectra were assigned using
COSY, HMQC, and DEPT 135. All chemical shifts are quoted on the 6 scale in ppm using residual
solvent as the internal standard (*H NMR: CDCl; = 7.26, CD;0D = 3.31; DMSO-d6 = 2.50; CD5CN = 1.94
and ©*C NMR: CDCl; = 77.0; CD;0D = 49.0; DMSO-d6 = 39.5; CD;CN = 1.94). Coupling constants (J) are
reported in Hz (to the nearest 0.5 Hz) with the following splitting abbreviations: s = singlet, d =

doublet, t = triplet, q = quartet, quin = quintet, and a = apparent.

Infrared (IR) spectra were recorded using a Bruker Tensor 27 Fourier Transform spectrophotometer
neat for both oils and solids. Absorption maxima (Unma,) are reported in wavenumbers (cm™). Low
resolution mass spectra (LRMS) were recorded using a Waters Micromass LCT Premier TOF
spectrometer Waters using electrospray ionization (ESI) and high resolution mass spectra (HRMS)
were recorded using a Bruker MicroTOF ESI mass spectrometer. Nominal and exact m/z values are

reported in Daltons.

Thin layer chromatography (TLC) was carried out using Merck aluminium backed sheets coated with
60F254 silica gel. Visualization of the silica plates was achieved using a UV lamp (A = 254 nm),
and/or ammonium molybdate (5% in 2 M H,S0,), and/or potassium permanganate (5% KMnO, in

1 M NaOH with 5% potassium carbonate).

Column chromatography was performed using a Biotage SP4 flash purification system using the

indicated cartridges and solvent systems.
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Anhydrous solvents were purchased from Fluka or Acros with the exception of dichloromethane and
THF, which were dried in an alumina column under nitrogen. All other solvents were used as supplied
(Analytical or HPLC grade), without prior purification. Deionized water was used for chemical
reactions. Protein concentrations were determined by BCA (bicinchoninic acid) assay (Pierce) and/or
0D280. Reagents were purchased from Sigma-Aldrich and used as supplied, unless otherwise
indicated. All reactions using anhydrous conditions were performed using flame-dried apparatus
under an atmosphere of argon or nitrogen. Brine refers to a saturated solution of sodium chloride.
Anhydrous magnesium sulfate (MgS0,) or sodium sulfate (Na,SO,) was used as drying agents after

reaction workup, as indicated. Solvent mixtures are given as volume / volume (v/v).

2.1.2 Used buffers and media

Common stock solution g reagent per L

0.5 M EDTA pH 8.0 146 g; adjust pH with HCI

1 MTRIS pH 8.0 121.1 g; adjust pH with HCI

1 M HEPES pH 7.5 238.3 g; adjust pH with HCI

5 M NaOAc pH 5.2 410 g; adjust pH with AcOH

4 M Nacl 233.8 g NaCl

2 MKCI 149.1 g KCl

5 X TBE 54 g TRIS base, 27.5 g boric acid, 20 mL of 0.5 M EDTA
10 x TAE obtained from life technologies (15558)

Table 1. Composition of commonly used stock solutions

Commonly used media reagent per L

LB 10 g Tryptone, 5 g Yeast Extract, 5 g NaCl Sigma-Aldrich (L3522)
2xTY 16 g Tryptone, 10 g Yeast Extract, 5 g NaCl Sigma-Aldrich (Y2627)
mo* 6 g Na,HPO,, 3 g KH,PO,, 0.5 g NaCl, 0.5 g

NH4CI; adjust pH to 7.4 then autoclave; after
autoclaving add 14 mg CaCl,-4 H,0, 120 mg
MgS0,, 10 mg Biotin, 10 mg Thiamine, 3 g

Glucose

TB 12 g Trypton, 24 g Yeast Extract, 9.4 g Sigma-Aldrich (T0918)
K,HPO,, 2.2 KH,PO,, 8 mL glycerol

SOC 2% tryptone, 0.5% yeast extract, 10 mM Inivtrogen  (15544) or
NaCl, 2.5 mM KCIl, 10 mM MgCl,, 10 mM Agilent (included with
MgS0O,, and 20 mM glucose competent cells)

Table 2. Commonly used media

Common buffers
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TAE 40mM Tris, 20mM AcOH, 1ImM EDTA

0.5x TBE 22.5 mM Tris-borate/0.5 mM EDTA

TE 10/50 10 mM TRIS pH 7.5, 50mM EDTA

TE 10/0.1 10 mM TRIS pH 7.5, 0.1mM EDTA

PBS 137 mM NacCl, 2.7 mM KCI, 10 mM Na,HPO,, 2 mM KH,PO, pH 7.4

Histone lysis and wash 50 mM TRIS pH 7.5, 100mM NacCl, 1 mM EDTA, 5 mM BME
buffer

TW buffer As wash buffer plus 1% Triton X-100

Unfolding buffer 7 M Guanidinum hydrochloride, 10 mM TRIS pH 7.5, 1 mM EDTA, 10 mM
DTT, 1 mM Benzamidine

SAU-1000 7 M Urea, 20 mM NaOAc pH 5.2, 1 M NaCl, 1 mM EDTA, 5 mM BME

SAU-100 7 M Urea, 20 mM NaOAc pH 5.2, 100 mM NaCl, 1 mM EDTA, 5 mM BME

Refolding buffer 2 M NaCl, 10 mM TRIS pH 7.5, 1 mM EDTA, 5 mM BME

Reconstitution-2000 2 M KCl, 10 mM TRIS pH 7.5, 1 mM EDTA, 5 mM BME

Reconstitution-250 250 mM KCl, 10 mM TRIS pH 7.5, 1 mM EDTA, 5 mM BME

Low salt buffer 10 mM TRIS pH 7.5, 1 mM EDTA, 5 mM BME

Reaction buffer (RB) 5 M Guanidinium chloride, 50 mM TRIS pH 8.0

Cross coupling buffer 100 mM TRIS pH 8.0

TBS-T 10 mM TRIS pH 7.8, 200 mM NaCl, 0.02% (w/w) Tween 20

TBS-BT 10 mM TRIS pH 7.8, 200 mM NaCl, 0.02% (w/w) Tween 20, 3% BSA
Alkaline lysis buffer 1 50 mM glucose, 25 mM Tris pH 8.0, 10 mM EDTA

Alkaline lysis buffer 2 0.2 M NaOH, 1% (w/v) sodium dodecyl sulfate (SDS)

Alkaline lysis buffer 3 4 M sodium acetate, 2 N acetic acid

Table 3. Commonly used buffers

2.1.3 Biological Experiments

All prepared biological solutions and equipment, such as media, plastic and glassware, used in
handling of the microbial cultures were autoclaved at 121 °C for 20 min in a Falcon LTE tabletop
autoclave. All micro-biology work was performed in a Kendro HERAsafe KS-12 Class Il Laminar Flow
Cabinet. Bacterial cultures were incubated in New Brunswick Scientific, Innova 44 Incubator Shaker
Series, or New Brunswick Scientific, Model G25 Incubator Shaker. Centrifugation was performed in a
Beckman Coulter Avanti J-25 Centrifuge (using a JLA9.100 rotor for 700-1000mL or a F10BA-6x500y
rotor for 350-450 mL or a JA-25.50 rotor for small 5-50mL volume) or Beckman Coulter Allegra X-12R
Centrifuge. Microcentrifugation was performed using an Eppendorf Centrifuge 5415R, or Beckman
Coulter Microfuge 18. Optical density was measured using a Molecular Devices Spectra Max Plus.
Protein purifications were performed using an ATKA FPLC. Water was deionized and passed through

Millipore 0.22 um filter prior to use. Heating baths used were Grant JB Series. Polymerase chain
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reaction was performed using an Applied Biosystems GeneAmp PCR System 9700. Gel
electrophoretic analysis was performed using the following equipment: Apelex PS 304
Electrophoresis Power Supply (at 110 V), Bio-Rad Mini-sub Cell GT, visualized using an UVP Mini
Benchtop UV Transilluminator TM-10E, and imaged using a Bio-Rad Universal Hood Il (software,
Quantity One 4.6.1). Determination of nucleic acid and protein concentration was performed using a
NanoDrop Spectrophotometer ND-1000. Protein analysis used the following equipments: Invitrogen
XCell SureLock™ and BioRad Power Pack Basic (at 200 V). Pre-cast NUPAGE Novex 4-12 % Bis-Tris
protein gels (life technologies, NP0321, using MES buffer) were used for protein SDS-PAGE analysis.
Protein samples were boiled for 5 min at 95% in Laemmli loading buffer (6x concentrate; 0.375M Tris

pH 6.8, 12% SDS, 60% glycerol, 0.6M DTT, 0.06% bromophenol blue).

2.2 Nucleic acid analysis

DNA analysis was performed using an Agilent 1260 Infinity system using an Agilent Eclipse Plus C18
column (4.6 x 100 mm, 3.5 pum). 0.1M triethylamine acetate (TEAA) in water (solvent A) and 0.1M
TEAA in 80:20 acetonitrile:water (solvent B) were used as mobile phase. The mixtures were
separated by a linear gradient as stated in the example. After this the column was washed and
equilibrated (5 min — 40->100% B; 10 min — 100% B; 15 min — 100->0% B; 20 min 0% B). The run was
monitored by UV absorption at 260nm. Collected fractions were freeze-dried and analyzed by
MALDI-TOF mass spectrometry using 3-hydroxypicolinic acid (hpa) as matrix or by ESI-MS. The hpa
stock was prepared as a saturated solution in water:acetonitrile 1:1 and mixed with the sample 1:1
on the MALDI target. MALDI analysis was performed using a Waters Micromass MALDI micro MX
using the manufacturer’s recommended settings. For ESI analysis, samples were dissolved in water
and injected in a flow of 1:1 Water:Methanol with 0.1mM NH,OAc. The analysis was performed using

a Micromass LCT (ESI-TOF-MS). The data was processed using MassLynx.

2.3 DNA Methods

2.3.1 Mutagenesis
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Primers for mutagenesis were designed using the Agilent QuickChange Primer Design web tool
(http://www.genomics.agilent.com/primerDesignProgram.jsp). The reactions were performed as
described by the manufactures manual, either with the quick change mutagenesis XL Il kit (Agilent;
200521) or with separately purchased components (PfuUltra Il Hotstart, Agilent, 600630; Dpnl, NEB,

RO176).

2.3.2 PCR

Reactions were performed using the PfuUltrall Hotstart PCR Master Mix (Agilent, 600850) following
the manufactures manual. In cases where this polymerase did not give satisfactory results the
OneTaq polymerase was used (OneTag® 2X Master Mix, M0482S, NEB) and annealing temperature
was optimized. PCR product were analyzed and purified by agarose gel electrophoreses (0.7-1%
agarose; 1x TEA buffer). DNA with the right molecular weight was retrieved using the gel extraction

kit (Qiagen, 28704).

2.3.3 Cloning

All restriction enzymes were purchased from NEB. Digests were performed in 10-50 pL volume with 2
pL of each restriction enzyme and the recommended NEB buffer. Reactions were performed for 4 h
at 37 °C. Subsequently, DNA was purified using the gel extraction kit following the manufactures
instructions (Qiagen, 28704). Ligations were performed using the quick ligation kit (NEB, M2200S)
following the manufactures instructions. Ligated plasmids were transformed into XL-10 gold (Agilent,

200314) following the manufactures protocol.

2.3.4 Transformations

In general, plasmid and competent cells were combined and kept on ice for 30 min. Then the cells
were heat shocked at 42 °C for 40 s and put on ice for 2 min. Then 200 pL SOC medium was added
and the cells were incubated at 37 °C for 1 h. Cells were subsequently plated on 1% LB/Agar plates
containing the appropriate antibiotics and incubated overnight at 37 °C. For complete plasmid

transformations 0.5 pL were transformed into 10 pL cells. For double transformation, mutagenesis
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and ligations, 2 pL of each plasmid were transformed into 50 pL cells using 400 pL SOC during

recovery.

2.3.5 Large scale DNA preparation

Large scale DNA preparation was performed essentially as described by Dyer et al.>. The 601 DNA
plasmid (pUC 57) was transformed into HB101 cells, which were plated on ampicillin (100 pug / mL)
containing LB-Agar plates and grown overnight. The next morning, two 15 mL pre-cultures (2xTY
containing ampicillin at the same concentration) were inoculated with one colony each and grown at
37 °C until slightly turbid (4-5 h). These where then used to inoculate four flasks (700 mL TB with
ampicillin at the same concentration). These were shaken at 37 °C for 22 h. The cells were then
harvested (7000 rpm; 7 min; F10BA-6x500y rotor) and resuspended in a total of 120 mL alkaline lysis
buffer 1 and split into two 500 mL centrifugation tubes (60 mL per tube). To each tube 120 mL
Alkaline lysis buffer 2 was added and the mixture was shaken and incubated on ice for 10 — 20 min.
Then 210 mL of cold Alkaline lysis buffer 3 was added and the mixture was shaken to mix and
subsequently incubated on ice for 20 min. The mixture is then centrifuged (10k x g, 20 min, 4 °C) and
filtered through tissue paper. Then 0.52 vol isopropanol is added the mixture is incubated at rt for 15
min and then centrifuged (10k x g, 30 min, 20 °C; in polypropylene tubes; Beckman Coulter
41121703). The supernatant was then decanted and the pellet transferred to a 50 mL Falcon tube.
Then 20 mL TE 10/50 and 21 pL RNase A (100mg/mL; Qiagen; 19101) was added and the pellet was
dissolved by shaking at 37 °C overnight. Then the mixture was centrifuged (JA25.50; 20k rpm; 15 min;
4 °C) to remove particulates. To the supernatant one-fifth of 4 M NaCl and two-fifth 40% Peg 6000
was added to precipitate the DNA. The mixture was shaken at 37 °C for 5 min, incubated on ice for 30
min and centrifuged at 3000g for 20 min. The supernatant was decanted and the pellet was dissolved
in 15 mL TE 10/0.1 and the pellet is dissolved by shaking at 37 °C (2-3 h). The DNA concentration is
then determined and 30 units of EcoRV (NEB; R0195) per nmol EcoRV site is added. The reaction is
incubated at 37 °C for 16 h and completion is checked by agarose gel. If the reaction is complete, the

plasmid is precipitated by addition of 0.18 vol 4 M NaCl and 0.31 vol 40% PEG 6000. The mixture is
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incubated on ice for 1 h and the centrifuged (JA25.50, 27k x g, 20 min, 4 °C). The supernatant is
decanted and the insert is recovered by addition of 3 vol EtOH, incubation on ice for 1 h and
centrifugation (JA25.50, 27k x g, 20 min, 4 °C). Sometimes some insert precipitates in the first PEG
precipitation step, in this case the PEG pellet is resuspendend and precipitation is repeated. The

insert is dissolved in 3-4 mL TE 10/0.1 and purified by phenol extraction and ethanol precipitation.

2.4 Protein Expression and purification

2.4.1 Histone expression and purification

The appropriate histone encoding plasmid (used plasmids are given in each Chapter) was
transformed into BL21(DE3)pLysS cells. A single colony was selected after overnight growth and used
to inoculate 20-60 mL LB medium. This culture was grown at 37 °C until slightly turbid (approx. 4 h).
The 10 mL culture was then added to 600 mL 2xTY medium containing the same antibiotics and
grown at 37 °C until OD600 = 0.4-0.6 (approx. 4h). IPTG was added, to a final concentration of 0.5
mM and the flask was shaken at 37 °C for 2 h (3 h for Histone H4). Cells expressing histones are prone
to lysis and longer expression time is detrimental on the yield. Cells were harvested by centrifugation
(7000 rpm; 7 min; JLA9.100 rotor) and the pellet was resuspended in lysis buffer with protease

inhibitor (one tablet per 50 mL, Roche, 11697498001, 40 ml total) and frozen and stored at -80 °C.

Frozen cells were thawed in a water bath, when the solution was viscous DNAase was added,
sonicated 5 x at 60 % amplitude in 30 s bursts and then centrifuged at 20k rpm for 20 min. The
supernatant was discarded and the pellet was resuspended in 40 mL TW buffer. Sonication was
repeated at 60 % amplitude for 30 s, and the suspension centrifuged at 20k rpm for 10 min. The
pellet was washed two more time with TW buffer and once with wash buffer. After addition of 0.2
mL DMSO the pellet was minced with a spatula and left at rt for 10 min. 7-15 mL unfolding buffer was
then added, and shaken for 1 h at rt, after which it was centrifuged for 10 min at 20k rpm at rt. The
supernatant was decanted and loaded onto an S200 size-exclusion column (equilibrated with 1 CV

SAU-1000 buffer. The histone was eluted with SAU-1000 buffer, and analysed by SDS-PAGE. Fractions
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containing purified histones were pooled, dialyzed against water containing 2 mM BME and

lyophilized to avoid long storage in denaturing buffer.

The histones were further purified by ion exchange chromatography using a 1 or 5 mL SP-HP Hitrap
(GE healthcare; 1mL: 17-1151-01; 5mL: 17-1152-01). For this, the lyophilised histone powder was
dissolved in 1 — 4 mL (10-40 mg) SAU-100 buffer by rotation at rt for 20 min. Then particulates were
removed by centrifugation (15k rpm) and the sample was loaded onto the Hitrap SP-HP equilibrated
in SAU-100 buffer. The protein was eluted using a linear gradient to 70% SAU-1000 buffer over 20 CV.

Pure fractions were pooled, dialyzed against water containing 2 mM BME, and lyophilized.

2.4.2 Protein Modification analysis

The chemical protein modification was monitored using liquid chromatography-mass spectrometry
(LC-MS). LC-MS was performed using a Micromass LCT (ESI-TOF-MS) and a Shimadzu Prominence
HPLC equipped (Chapter 5) or using a Micromass ZMD (single quadrupole) equipped with a HP 1100
HPLC (Chapter 4) with a Dionex Proswift RP-4H column (1 x 50 mm). The column was run at 0.4 mL /
min. Solvents used were water with 0.1 % formic acid and 95:5 Acetonitrile: water with 0.1 % formic
acid. The proteins were separated using a gradient from 5% B to 95% B in 4 min. After this the
column was washed for 2 min with 95% B and then equilibrated with 5% B for 2.5 min. The

electrospray source was set to 3200 V capillary voltage and 25 V cone voltage.

The data was analysed using Masslynx; the data was calibrated in Masslynx using a myoglobin

standard. Deconvolution was performed using the maximum entropy algorithm.

2.4.3 Octamer, Dimer and tetramer reconstitution

Histone complex reconstitution was performed as described.”® For the reconstitution, histones
(powder after freeze-drying; 3-4 mg of each histone) were dissolved in 2 mL unfolding buffer (7 M
Gd.HCl, 10 mM TRIS pH 7.5, 1 mM EDTA, 1 mM DTT) by rotating at 4 °C for 30 min. The concentration
was then measured by nanodrop-1000. The used extinction coefficients are given in Table 4. The

histones were then combinedina1/1/ 1.1/ 1.1 ratio for H3 / H4 / H2A / H2B. The solution was
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adjusted to a final concentration of 1-1.5 mg/mL and dialyzed into 3 charges of 2 L refolding buffer (2
M NaCl 10 mM TRIS pH 7.5 1 mM EDTA 5 mM BME) for at least 4 h each. After this precipitated
protein was removed by centrifugation and the refolded histones were concentrated to 1-1.5 mL and
purified by gel filtration (Superdex S200, 16/60, in refolding buffer). Octamers were concentrated to
>3 mg/mL and either used for nucleosome reconstitution or adjusted to 50% glycerol and stored at -

20 °C.

Mw E mg/mL
H2A 13950 4470 0.32043
H2B 13497 7450 0.551975
H3 15238 4470 0.293346
H4 11236 5960 0.530438

Table 4. Exctinction coefficients for the different histones used.

2.4.4 Nucleosome reconstitution by step-dialysis

Small scale reconstitutions by step-dialysis was used to find the optimal DNA-protein ratio for large
scale reconstitutions and if only little material was needed, such as for some nMS experiments. To
the desired amount of DNA (usually 0.9, 1 and 1.1 eq to protein) was added the same volume of 4 M
KCl to bring the final concentration to 2 M KCI. In addition 1/100 of the volume of 1 M DTT was
added to give a final concentration of 10 mM DTT. The mixture was incubated at 4 °C for 30 min
before 1 eq of octamer was added (refolding buffer). The refolding reaction was then adjusted to 6
1M DNA with refolding buffer. A maximum of 100 pL was used in these reconstitutions. The mixture
was then stepwise dialyzed into 2M, 850 mM, 650 mM and finally 250 mM KCl in 10 mM TRIS pH 7.5,

1 mM EDTA, 1 mM DTT. Each dialysis step was performed at least for 90 min at 4 °C.

2.4.5 Nucleosome reconstitution by salt-gradient dialysis

For large scale nucleosome reconstitutions,”* salt-gradient dialysis was used. DNA and histone
protein octamer were combined as described above and then put into a 6-8 kda MWCO dialysis tube.
The tube was then transferred into 400 mL of refolding buffer (2 M KCI, 10 mM TRIS pH 7.5 1 mM
EDTA, 1 mM DTT). Another 2 L of low-salt buffer (250 mM KCI, 10 mM TRIS pH 7.5 1 mM EDTA, 1 mM

DTT) was prepared. The low salt buffer was then added at 0.8 mL / min to the refolding buffer with
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the dialysis bag using a peristaltic pump. At the same time buffer was removed at the same speed
using another peristaltic pump from the refolding buffer beaker, keeping the total volume in the
beaker constant. This generates a slow salt gradient over 36h and results in efficient nucleosome
formation. After completion of the gradient the refolded nucleosomes were dialyzed 2 times against

no-salt buffer (10 mM TRIS pH 7.5, 1 mM EDTA, 1 mM DTT)

2.5 Protein Assays

2.5.1 Nucleosome analysis by native PAGE

Native PAGE analysis was performed using Novex TBE Gels (6%, 10 well, Invitrogen, EC6265BOX). The
gel was prerun in 0.5x TBE for 2-3 h at 4 °C. Then 1-4 nmol of nucleosome in 5 pL, supplemented with
1 pL 30% sucrose as loading buffer, was added per well. The gel was run at 4 °C for 2-3h and

subsequently stained with SYBR GOLD (Invitrogen, S-11494).
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3 Nucleic acid modification by Suzuki-Miyaura cross-coupling

3.1 Introduction

Modified DNA building blocks have become a standard tool in molecular biology and
biotechnology.”® The accessibility of DNA with spectroscopic probes, affinity tags and drug-
conjugates have greatly expanded the use of nucleic acids in these fields. DNA sequences bearing
many different modifications can be prepared by solid phase synthesis (SPS) and are commercially
available. For more specialized uses, the preparation of phosphoramidite building blocks is still often
necessary. Post-synthetic modification of commercially available building blocks is an attractive
alternative as it circumvents SPS and allows late stage diversification. Methods for this include Cu-
catalyzed*® or Cu-free alkyne-azide cylcoadditions,>® Diels-Alder cycloaddition,”® hydrazine
formation,’ reductive amination,™ Staudinger Iigation,11 nucleophilic substitution,* native chemical

ligation,” thiol-maleimide conjugation** and amide bond formation."™

Recently Pd-catalyzed Suzuki-Miyaura cross coupling (SMcc) has been reported as a method for post-

117 These two reports used phosphine based catalysts, which are

synthetic DNA functionalization.
oxidation prone, and the reaction required high temperatures, extended reaction times and inert
atmosphere. In this chapter work which adapts a recently described phosphine free ligand system
(Scheme 1) that allows rapid SMcc at 37 °C and pH 8.0 on proteins for the SMcc on
oligodeoxynucleotides (ODN) is described.’®? It is shown that SMcc is an efficient method for the
post-synthetic modification of nucleic acids and that photocrosslinker containing ODN can be
generated by this method. ODN containing photocrosslinkers were used to identify potential

interaction partners of a recently identified DNA modification 5-hydroxymethyl cytosine (hmC).>**’
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NaO NaO
N N /

/ Y—NH, | * Pd(0Ac), / YN | - Pd(OAc),
=N =N \

NaO 2 NaO

L1-Pd L2-Pd

Scheme 1. Ligand systems used for the SMcc described in this work. L1-Pd is derived from 2-aminopyrimidine-4,6-diol while

L2-Pd is prepared from 2-(dimethylamino)pyrimidine-4,6-diol.

3.2 Results

3.2.1 Synthesis of boronic acids

Boronic acid substrates for SMcc were synthesized using a modular approach. First boronic acid
pinacol esters containing an amine with or without a short PEG linker were synthesized (Scheme 2).
It was envisioned that the introduction of a hydrophilic linker would increase solubility of the boronic
ester in aqueous conditions. The 3-aminoprop-1-en-1-yl boronic acid pinacol ester 1 was synthesized
starting from propargylamine. Boc protection of the amine, followed by hydroboration with
pinacolborane catalysed by zirconocene chloride hydride (HZrCp,Cl)*® in the presence of TEA”® and
subsequent deprotection yielded 1. The synthesis of the longer boronic ester 2 containing a PEG
linker, was started from 2-(2-aminoethoxy)ethan-1-ol. Boc protection, activation of the alcohol by
mesylation and subsequent displacement with propargyl alcohol furnished the corresponding amino
alkyne. Hydroboration with pinacolborane and deprotection yielded 2 in 41% over 5 steps.

1. Boc,0, TEA (85%)
2. Pinacolborane, ZrCp,HCI, TEA (70%)

NN R0
HZN/\\\ 3. TFA (92%) . HsN Z\K

TFA"
1

54% over 3 steps

b
1. Boc,0, TEA (89%)
2. MsCI, TEA (75%
HZN/\/O\/\OH (75%) - +H3N/\/o\/\0/\/\3|/0
3. NaH, HO™ Ny (80%) TFA" ) O\K

4. Pinacolborane, ZrCp,HCI, TEA (88%) 41% over 5 steps
5. TFA (89%)

Scheme 2. Synthesis of amine containing boronic acid pinacol esters with no (a) or a short (b) PEG linker.
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Various carboxylic acids were then coupled to the boronic esters 1 and 2 using N,N'-
dicyclohexylcarbodiimide (DCC) or N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride
(EDC) in the presence of 4-dimethylaminopyridine (DMAP) and N,N-diisopropylethylamine (DIPEA;
Scheme 3). Yields were variable (37% to 91%), but sufficient material for subsequent SMcc trials
were obtained in all cases. The diazirine containing acid 3 was synthesized following a one-pot

30-33

literature procedure. All the other acids that were used were commercially available.

2 Q
fu
2

~0

1, EDC o

DMAP DIPEA N=N H C

OH > )WNV\/B
o

4 (91%)

T

2, DCC
N=N DMAP DIPEA - N—N H 9
MOH MNV\ONO\/\/B\O

o) o)
5 (35%)
C
O L
N 1, EDC NN
o DMAP DIPEA /&
o 0O o
|
OH HN. X B~g
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e
) e C o
‘O DMAP DIPEA :
o 8 (58%)

Scheme 3. Synthesis of boronic pinacol esters bearing various functional groups used for biochemical purposes.
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3.2.2 Nucleoside modification

5-lodo-deoxyuracil (IdU) was selected as reagent for SMcc because ODN containing IdU are
commercially available. To ensure that IdU is an efficient cross coupling partner, SMcc was first
tested on the nucleobase. Reactions were performed in a water:acetonitrile mixture because of the
low solubility of the nucleoside in water. With K,CO; as base, the reaction gave good conversion after
short reaction times at slightly elevated temperature (50 °C; Scheme 4). Reactions with phenyl
boronic acid and boronic esters 4 and 5 gave good yields under these conditions. Importantly, the
two diazirine moieties in boronic ester 4 and 5 were stable under these reaction conditions, allowing
the introduction of photoreactive probes by SMcc. Because of various reported ligand systems that

allow SMcc on the nucleobase level,* this reaction was not optimized.

(o] 10 mol% L1-Pd lo)
\ﬁ( OH
NH / NH
i O |
x o RS
o)

HO. e o
(o) 3eq K2C03, 3:1 Hzo:MeCN
50°C, 2-5h

OH
9; 80%
(0] 10 mol% L1-Pd
| o R
NH o NH
m R B‘o:é m
N o} N o
HO P  HO
o 3 eq K,CO3, 3:1 Hy0:MeCN o
50°C, 2-5h
OH OH
N=N N=N
Mr \/\)"1 )WNV\ONOM

O 10;64% (4) 11; 85% (5)

Scheme 4. Reaction conditions for coupling of nucleobase IdU with phenylboronic acid (a) or different diazirine containing

boronic acid pinacol esters (b). Boronic esters used are given in brackets.
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3.2.3 DNA modification - optimization
With the SMcc established as a feasible method for the modification of the IdU nucleoside, SMcc was
performed on a short ODN containing all canonical bases and IdU (Table 1; ODN1) enabling

identification of side reactions on canonical DNA bases.

Name Sequence

ODN1 AT[5-IdU] GC

ODN2 CCT GAA GCA CTG TCT AGG TCT CTG

ODN3 ACC GA[5-IdU] GCA GTA G

ODN4 [Biotin] CCT GAA GCA CTG TCT AGG TCT C[5-IdU]G
ODNS5 ACC G[5-1dU]T GA[5-IdU] GTG A

ODNG6 AT[5-1dC] GC

Table 1. ODN used in this study. Non-canonical bases and functional groups are given in parentheses.

Firstly, reaction conditions similar to those reported for protein modification were used'®*® (50 mM
phosphate buffer pH 8.0, 10 eq L1-Pd and 500 eq 4). The reactions were incubated at 37 °C for 5 h
and analysed by HPLC and MALDI. Yields were determined by integration of the observed HPLC
peaks. Full conversion of the starting material was observed, but in addition to 78% product the
reaction yielded around 20% dehalogenated ODN1 (Table 2; entry 1). To optimize the reaction the
buffer conditions and pH of the reaction were varied (summarized in Table 2). Increasing the pH to
8.5 did not significantly improve the reaction (compare entries 1 and 2). A further increase of pH was
avoided due to of the instability of nucleic acids at higher pH. Switching the buffer system to TRIS-HCI
seemed to significantly improved the yield by limiting dehalogenation. Lowering the L1-Pd and the
boronic ester concentration also resulted in higher yield. In initial trials, 0.5 eq L1-Pd was sufficient to
allow fast reactivity. When the catalyst is stored on the bench for an extended period of time (> 3-4
weeks) some precipitation and lower reactivity is observed. Therefore, in later reactions 1 eq L1-Pd
was used to compensate for this loss of activity. The reaction was also performed at room
temperature, although this required extended reaction times. This might be beneficial if very
temperature sensitive substrates are used. Further lowering the L1-Pd concentration down to 10

mol% was possible, but here longer reaction times were also necessary.
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The need for a TRIS containing buffer to allow efficient reaction was notable. The role of TRIS in
facilitating efficient SMcc could be manifold. The triol could help hydrolysis of the boronic acid ester
to the boronic acid, which is more reactive for the transmetallation.*® In addition, the presence of
TRIS could result in a transesterification from the pinacol to the neopentyl glycol type boronic acid
ester. These boronic acid esters have been shown by Carrow and Hartwig® to be significantly more
reactive in transmetallation than the pinacol ester. Also, primary amines are reported as ligands for

SMcc,* TRIS could coordinate the L1-Pd complexes yielding a more reactive complex.

o (o}
A8 “ﬁ"“
L1-Pd
Ao N" o > Ao
o
N—N
(o)
I/\/\
ODN1 4 ODN1a

Entry 4 L1-hrd Temp Buffer time Substrate Dehalogenation Product [%]

[eq] [eq] [%] [%]
1 500 10 37°C  P0,80 5h 0 22 78t
2 500 5 37°C  P0,85  5h 0 19 g1l
3 500 5 37°C  NH,0Ac  5h 0 16 84t
8.0
4 500 5 37°C  TRIS85  5h 0 5 95
5 100 0.5 37°C » 4h 0 0 95t
6 100 0.5 rt ) 4h 51 0 49"
7 100 0.5 rt » 16h 0 0 95t
8 100 0.1 37°C N 4h 72 2 26"
9 100 0.1 37°C » 16h 10 3 g7t

Table 2. Reaction optimisation for the SMcc on ODN1. [a] yield determined by relative integration of all observed peaks.

An example of an HPLC trace and MALDI characterization of the product for the SMcc with ODN1 and

boronic ester 5 is given in Figure 1.
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O
'
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Found Mass: 1590.1

Calc Mass: 1717.3
Found Mass: 1717.0

t/ min

Figure 1. Example HPLC and MALDI results for the
crosscoupling of ODN1 with 100 eq 5 with
catalysed by 0.5 eq L1-Pd. Figure adapted from

Lercher et al.!

To preclude the possibility that the product arises from an undesired reaction with another

nucleobase, a 24-mer (ODN2) that does not contain the IdU handle was subjected to the same

reaction conditions. No additional peaks were observed upon HPLC analysis (Figure 2), confirming

that the SMcc does not affect any of the canonical nucleobases.

0.5 eq L1-Pd
50 mM TRIS pH 8.5, 37°C, 4 h R N=N
e SV AVAN < X
NI\ 7aN > R= )WN\M
[o]
100 eq R-E :é o
o
4
starting material
mAU g
30005 b3
2500
20002
1500
1000
500
0 5 10 15 20 25 30 s 40 mir
after 4 h reaction
mAU =
| | L=
3000 <
2500
2000
1500
10003
5003 |
03
] 5 10 15 20 25 30 35 40 mir

Figure 2. HPLC analysis of the control reaction of ODN2 containing no IdU residue with 100 eq 4 in the presence of 0.5 eq

L1-Pd.
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3.2.4 DNA modification - boronic acid scope

Having established efficient reaction conditions for SMcc, the scope of boronic esters was explored
using various substrates with biochemically useful moieties. Towards this goal, various vinyl boronic
esters were synthesized and reacted with ODN1 under the optimized conditions. The results are
summarized in Figure 3. The diazirine containing boronic esters 4 and 5 were coupled in 90% and
93% vyield, resulting in ODN1a and ODN1b, respectively, containing a photoreactive moiety which can

be used for DNA interaction partner identification.

Azobenzenes are commonly used photoswitches in chemical biology.*” Boronic ester 6 containing an
azobenzene moiety was coupled in 71% vyield to give ODN1c. The introduced azobenzene moiety

could potentially be used to modulate protein-DNA interactions or DNA hybridization.

A third photoreactive probe, a benzophenone, was installed in 86% yield using boronic ester 7.
Pyrene moieties can be used as electron acceptor or fluorescent probes in a variety of different
settings. Using boronic ester 8 it was possible to install a pyrene moiety. This reaction was slower,
requiring 16 h reaction time resulting in 86% yield. Due to poor solubility of the pyrene containing
boronic ester, the reaction was performed in 40% (v/v) aqueous MeCN. Because of the well-defined
length and geometry of DNA, it is often used as a molecular ruler to measure distances for bivalent

1438 1 addition, the conjugation of simple

interactions for example lectin-carbohydrate interactions.
carbohydrates to DNA has been shown to be useful for improving cell uptake of ODN.* Using SMcc it
was possible to generate an ODN containing a glucose moiety (ODN1f). Extended nucleobases
containing small heterocycles at the C-5 position have fluorescent properties that are often

40-42

environment sensitive and can be used to e.g. detect abasic sites in DNA. Using 3-furanylboronic

pinacol ester, it was possible to generate ODN1g which bears a furan moiety at the C-5 position.
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0.5 eq L1-Pd, 4 h, 37°C

R
\fLNH
o N o 50 mM TRIS o N o

o 0 o

100 eq R—B
o) o o)
N\ N\
©\N¢N
N=N N=N o

MMX/\W

ODN1a; 90%( ) ODN1b; 93% (5

ea¥ M‘WW

-

ODN1d; 86% (7) ODN1e; 86%? (8)

HN\/\)-)_,

ODN1c; 71% (6)

&WM 2y

ODN1f; 88%*? ODN1g; 78%

Figure 3. Scope for the SMcc of ODN1 with different boronic esters. The boronic ester used is given in brackets for each

example. [a] Reaction was shaken for 16 h at 37 °C

3.2.5 DNA modification - intermediate isolation

When performing the reaction using 3-furanylboronic pincol ester an additional peak at a retention

time of 13.7 min in the HPLC chromatogram was noticed when monitoring the reaction by HPLC after

3 h (Figure 4).

(0] 0.5eq L1-Pd

| o
NH o /
| /& 10 > Q_B\OE

/\_o N"So -

l :0: I 50 mM TRIS pH 8.5, 37°C, 3 h
?/\/\

mAl  DADT A, Sige2608 Refzcl (LUKASN 1215000005.0)

1000

g
- ‘-I2'S.56/

A L) "

Figure 4. HPLC analysis of the reaction of ODN1 with 100 eq 3-furanylboronic pincol ester catalysed by 0.5 eq L1-Pd. The

starting material elutes at 12.6 min and the product at 15.8 min.
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After isolation the reaction product was analysed by MALDI-MS. The mass and isotope pattern
corresponds to a palladium containing species of ODN1 after de-iodination of IdU, along with one
molecule of the MALDI matrix hydroxypicolinic acid (HPA) as adduct (Figure 5a and b). Because no
such species is observed upon incubation of L1-Pd with ODN1, it was reasoned that this corresponds
to a palladated intermediate in the SMcc catalytic cycle. ODN1 was purified by HPLC in a
triethylamine acetate buffer prior to MALDI analysis, thus the coordinated L1 is probably displaced
by TEA during the purification. Because of the large excess of HPA during crystallization for the
MALDI measurement, one molecule of HPA can coordinate to the Pd bound to the ODN (Figure 5c).
The observed species could correspond to one of the boxed intermediates (Figure 5d). Similar

species have been previously observed in ESI-MS monitoring of SMcc on small molecules.®

a) 1708.6 2 3
i Ale
100
17076 | 17108
1711.6
= 1706.6 17135
0 m/z
b) 1690 1695 1700 1705 1710 1715 1720 1725 1730
1708.2
907 1710.2
1707.2
60
1712.2
301 1706.2
0 ‘ . . . ‘ J‘ [ . ‘ .
1690 1695 1700 1705 1710 1715 1720 1725 1730
m/z
0) 9 .

PAL,

OR
R-E O R-B.OH
R orR

H20
a
HO,_
Pd”‘ NH
N,ko Hi
&

Figure 5. Analysis of the palladated intermediate from the reaction of ODN1 with 3-furanylboronic pincol ester. a Observed

MALDI-MS spectra. b Theoretical MS spectra for the possible palladated ODN. ¢ Proposed structure of the intermediate. d
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Scheme of the reaction cycle for the SMcc, the boxed intermediates could give rise to the observed species. Figure is

adapted from Lercher et alt

3.2.6 DNA modification - ODN scope

With reaction conditions established for the short 5-mer ODN1, it was of interest to explore the
range of ODN that could serve as substrates in the SMcc (Table 3). Firstly, the effect of ODN length
on the reaction was investigated. For this, a 13-mer (ODN3) and a 21-mer (ODN4) were used. ODN4
also contains a biotin moiety that was later used for isolation of protein interaction partners of this
ODN. For the 13-mer reactions with the short diazirine containing boronic ester 4 and the PEG chain
containing diazirine boronic ester 5 proceeded with 71% and 73% vyield to afford ODN3a and ODN3b
respectively. The diazobenzene 6 was coupled in 59% vyield to give ODN3c. The glucose containing
boronic ester was coupled to ODN3 to yield the glycosylated ODN3f in 83% yield. The slight decrease
in yield when comparing the reaction of ODN1 with ODN3 may be attributed to increased steric
restraints on the reaction by increasing DNA length. The longer ODN4 was coupled with 4 and 5 to
yield products ODN4a and ODN4b respectively, containing both a photoreactive moiety and a biotin
tag for affinity purification. A 13-mer containing 2 IdU moieties gives decent yields for the
crosscoupling with 4 resulting in a doubly modified product ODN5a. The crosscoupling of boronic
ester 4 with ODN5 gave ODN5a in yields slightly lower than that obtained for the 5IdU containing
ODN (69% compared to 90% for ODN1). To see if 5-iododeoxycytidine (IdC) containing ODN are also
good substrates in SMcc a 5-mer containing a central IdC (ODN6) was subjected to the previously
optimized reaction conditions with boronic ester 4. The SMcc product ODN6a was obtained in 56%

yield, confirming that IdC also presents a good handle for SMcc (Figure 6).

(o} 0.5-1eqL1-Pd (o}
' NH © R NH
| /g 100 eq R—B\ :é | ,&
(o}

/N\_o N"o » N\_o N"o
| :o: | 50 mM TRIS pH 8.5, 37°C | :o: l
?/\/\ (I)/\/\

Product catalyst time yield

38



ODN3a 0.5 eq; Pd-L2 6 71 W

ODN3b 0.5 eq; Pd-L2 6 73 U
ODN3c 0.5 eq; Pd-L2 6 59 [
ODN3f 0.5 eq; Pd-L2 16 83
ODN4a 0.5 eq; Pd-L1 6 78 "
ODN4b 0.5 eq; Pd-L1 6 67 U
ODN5a 1 eq; Pd-L2 8 69 U

Table 3. Reaction of various ODN with different boronic acids. [a] Determined by HPLC (A,,x 260 nm) [b] Yield of isolated

product.

NH, NH,

SN 1eq L1-Pd SN

| |
7\ o NAO 100 eq 4 - 7\ o N/&o

(o] 50 mM TRIS pH 8.5 o
37°C, 16 h

ODN6 ODNG6a; 56%

Figure 6. SMcc of the IdC containing ODN6 with boronic ester 4. Yield was determined by HPLC (A,.x 260 nm)

3.2.7 RNA modification

RNA is a more labile biological macromolecule than DNA due to rapid degradation via chemical
hydrolysis* and by the presence of RNases.* Because of this instability, a modification method for
RNA should be as mild and fast as possible. It is of interest to adapt SMcc to modify RNA. Initially, it
was tested whether the reaction conditions caused degradation of the oligonucleotides. No
degradation was observed and excellent recovery was obtained when incubating an 5-iodouridine
(IU) containing 10-mer (AGU C[IU]G CAC G; ON1) with up to 10 eq catalyst under our standard buffer
conditions (50 mM TRIS ph 8.5; Figure 7 a-c). Using the previously established reaction conditions,

SMcc of ON1 with boronic ester 5 yielded only 30% of the diazirine containing ON1a (Figure 7 d).
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A

Figure 7. RNA cross coupling stability test. a Incubation of 10 uM RNA oligonucleotide with reaction buffer for 16h.
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Incubation of 10 uM RNA oligo with 1 eq Pd for 16h. c Incubation of 10 uM RNA oligonucleotide with 10 eq Pd for 16 h. d

Reaction with 0.5 eq Pd and 100 eq boronic acid for 4 h.

To optimise the reaction conditions, palladium and boronic ester concentrations were varied (Table

4). The highest yields, comparable to those obtained using the DNA IdU substrates, were obtained

using Pd-L2 with low ligand and high boronic ester loadings with extended reaction times (entry 8

and 9).
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Entry Ligand EqBOR2 Eq[Pd] time Start Prod

1 1 500 5 8h ===z 51%
2 L1 100 5 8h - 45
3 11 500 1 8h 41% 34%
4 11 100 1 8h 43% 21%
5 L2 500 5 6h ===z 68%
6 L2 500 1 6h - 52%
7 L2 100 1 6h ===z 30%
8 L2 500 1 16h - 82%
9 L2 100 1 16h - 76%

Table 4. Optimization of RNA reaction between ON1 and boronic ester 5

Then, the scope of the SMcc with RNA was investigated. An additional photoreactive moiety, a
benzophenone, was an effective substrate for SMcc and gave ON1b in excellent yield. Together with
the previously generated ON1a, these three ON can be used to probe protein-RNA interactions. A
pyrene moiety was introduced by SMcc to give ON1c in 40% vyield. SMcc of the furan containing
boronic ester 12 gave only 18% yield (ON1d), probably due to larger steric hindrance at the C-5

position in RNA.

. s Sk
MN%ONOWBx N\/%/ Entry Ligand eq BOR eq time Product

L2 2 7 200 16h ON1b 95%
o} 2@ L2 2 8 200 16h ON1c 40%
2

JQ 3 L2 12 200 16h ON1d 18%
O O N\/\O/\/O\/\/B @78

12

Figure 8. Boronic esters and conditions used for the SMcc on ON1. [a] reaction was performed with 40% (v/v) MeCN in H,0

3.2.8 Preliminary biological application
Modification of the C-5 position of cytosine is an important epigenetic mechanism to regulate

transcription. Cytosine can be methylated, hydroxymethylated, formylated or carboxylated at this

24,26

position. Two major targets towards understanding the mechanism of regulation by these

epigenetic cytosine modifications are determining where in the genome they are located by

sequencing”® and determining how they can influence the epigenetic landscape.*®*’

To investigate
how these modifications signal, it is essential to understand how they influence protein-DNA

interactions.” To identify selective hmC interaction partners, it was thought to adopt a stable isotope
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labelling with amino acids in cell culture (SILAC) based MS approach.*® Additionally, it was decided to

052 The workflow of the

use photocrosslinking to facilitate identification and trap weak interactions.
experiment is detailed in Figure 9. Starting from ODN4 containing a 5" terminal biotin and a 5-IdU
base two positions from the 3’, the photocrosslinker was first introduced by SMcc using diazirine 5
which contains a short PEG linker. The resulting ODN4d was then subjected to PCR with either dCTP
or dhmCTP, globally replacing C with hmC. The respective probes were then incubated with
differentially isotopically labeled Hela nuclear extract. Interaction partners were crosslinked by
irradiation at 365 or 311 nm. Subsequently the samples were pooled and immobilized on streptavidin
beads using the biotin tag. The beads were washed extensively to minimize non-specific interaction

partners. The proteins were then released from the beads, separated by SDS-PAGE, trypsinised and

analysed by LC-MS.

o\

Cross-
coupling
f\«'__-:w
|
PCR with PCR with
dCTP dthTP

"’ifv j\fv HO

incubation with
cell Iysate

D%“D

Isolation /
Immobilization

o&mw@

SDS- PAGE
MS analysis

Figure 9. SILAC crosslinking workflow, adapted from Lercher et al

The efficiency of SMcc to introduce the diazirine based photocrosslinker has been previously
established. Because in this case the differently modified nucleotides were introduced by PCR, it was

investigated if the presence of the diazirine in the ODN influences the efficiency of the PCR reaction.
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For this, PCRs with ODN4 or ODN4d as primer were compared. The PCR was performed with a slight
excess of the complementary primer to ensure that no single stranded ODN4d remained, as this
could potentially affect the results because of binding of ssDNA proteins. As shown in Figure 10, both
ODN4 and ODN4d are amplified with similar efficiency using the Vent exo polymerase. This
polymerase was chosen because it has previously been shown to be tolerant to C-5 modifications.®
Also, because it lacks 3’-5’ exo nuclease activity there is no danger of removal of the modified base
from the primer. Replacement of dCTP by dhmCTP is well established and known not to affect PCR
yields®® and the efficiency of hmC incorporation was also demonstrated in Chapter 6. Using multiple

PCRs sufficient material for the photocrosslinking reactions was obtained.

PCR PCR
Primer Template (ODN4) (ODN4d)

Figure 10. PAGE gel for confirmation of PCR efficiency with ODN4a. No free primer was observed and equal yields were

obtained from the reaction with the IdU containg ODN4 and the diazirine containing ODN4a (adapted from Lercher et 0/1).

To confirm that the diazirine photocrosslinker is stable under the PCR conditions ODN1la was

subjected to the same PCR cycle; no degradation of the diazirine moiety was observed (Figure 11).
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Figure 11. Thermal stability test of the incorporated diazirine moiety in ODN1a. No degradation of the diazirine was

observed.

Next, the wavelength of the light source used for the crosslinking was optimized. For this, ODN1a
was irradiated at different wavelengths using various UV lamps. Full decomposition of the diazirine
moiety was observed with irradiation at 311 nm or 365 nm for 30 min. Using a high power Xe-lamp
(>300 nm) only very poor signals could be observed in the MALDI-MS, probably due to DNA
decomposition at high power and lower wavelengths. The observed products corresponded to a
hydroxylated product ODN1h, which would result from trapping of the generated carbene by water,
and one product OND1j corresponding to the loss of N, and rearrangement of the carbene to the
double bond. It was decided to use 311 nm for irradiation because of complete decomposition after
30 min of irradiation and the convenience of performing the irradiation in the especially designed

Caprotec Caprobox.”***
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Figure 12. Photochemical decomposition of the diazirine moiety on ODN1a. The ODN was irradiated on ice of the indicated

wavelength. Aliquots were taken at different times, desalted and analysed by MALDI-MS.

With the irradiation conditions set, initial experiments to examine crosslinking to protein targets
were performed. For this, nuclear extracts were prepared from Hela cells, mixed with the C or hmC
containing probe, photocrosslinked and immobilized on streptavidin beads. The biotin-enriched
sample was eluted by boiling the streptavidin beads in SDS-loading buffer and the eluted proteins
were analysed by SDS-PAGE and western blot with streptavidin-alkaline phosphatase conjugate
(Figure 14). Bands on this blot should only be observed when a covalent bond between the DNA and
the protein of interest is formed, because the sample is denatured with SDS before loading on the
SDS-PAGE. As expected, no proteins were detected in the input and the control without UV
irradiation. Both the hmC and C probe lanes showed strong bands, corresponding to DNA-protein
conjugate, confirming efficiency of this method for creating covalent DNA-protein conjugates upon

UV irradiation.
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SILAC experiments were then performed for identification of hmC interaction partners by digestion
with trypsin and mass spectrometric analysis. In SILAC, isotope labelled cell extract is prepared from
cells grown in medium containing *C and °N labelled “heavy” arginine and lysine. Trypsin cleaves
the protein N-terminal to Arg or Lys, this results in formation of peptides containing one isotope
labelled amino acid. To identify interaction partners, the hmC containing probe was incubated and
crosslinked with normal “heavy” cell lysate and the C containing control with “light” lysate. To reduce
false positive identification, experiments were performed in duplicate with heavy and light lysate
switched. Interaction partners were characterised by a high H/L ratio in the first experiment and a
low H/L ratio in the reverse experiment. A number of DNA binding proteins were identified (Table 5,
full table in appendix) confirming the possibility of identifying specific DNA-protein interactions by

this method.
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Protein name hmC  Ratio H/L
Normalized
54 kDa nuclear RNA- and DNA binding protein  Heavy 1.6
Light 0.7
100 kDa DNA-pairing protein Heavy 1.8
Light 0.3
ATP-dependent RNA helicase A Heavy 2
Light 0.2
ATP-dependent RNA helicase DDX3X Heavy 1.5
Light 0.5
DNA ligase 3 Heavy 1.3
Light 0.6
20 kDa CGG-binding protein Heavy 1.9
Light 0.4

Table 5. Examples of protein interaction partners identified for hmC by the photocrosslinking SILAC method.

3.3 Conclusions

In the work in this chapter it has been shown that the SMcc is a viable method to modify both RNA

and DNA. Yields are usually high, although a few features of the reaction and the oligonucleotides

limit the scope. The best substrates are unhindered vinyl boronic esters. The SMcc with small

heterocyclic boronic acids proceeds efficiently with DNA while the reactivity with RNA is very poor.

Larger aromatic rings, or B-substituted vinyl boronic acids were not tested but it is speculated that

increasing the steric demand of these system would not allow efficient SMcc.

With the increasing demand for further functionalized ODN, it is hoped that the method described

herein will find use in the extended biophysical research community.

3.4 Experimental procedures

General considerations for synthesis and MS analysis of ODN and ON are given in Chapter 2.

3.4.1 Used oligonucleotides

Name Sequence (3'-5') Obtained from
ODN1 AT[5-1dU] GC ATDbio

ODN2 CCT GAA GCA CTG TCT AGG TCT CTG Sigma

ODN3 ACC GA[5-1dU] GCA GTA G ATDbio

ODN4 [Biotin] CCT GAA GCA CTG TCT AGG TCT C[5-1dU] G ATDbio

ODN5 ACC G[5-1dU]T GA[5-IdU] GTG A ATDbio

ODN6 AT[5-1dC] GC ATDbio
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Table 6. Used oligodexynucleotides.

3.4.2 Synthesis of the short boronic ester amines for coupling

1. Boc,0, TEA (85%)
2. Pinacolborane, ZrCp,HCI, TEA (70%)

P (o)
3. TFA (92% *HNT N B
HNTN Sl - b\ﬁ

TFA"
1

54% over 3 steps

3.4.2.1 tert-Butyl prop-2-yn-1-ylcarbamate5¢

BocHN/\\\

The literature procedure reported by Molander et al.>® was followed. To a solution of di-tert-butyl
dicarbonate (4.8 g, 22 mmol, 1.1 eq) in CH,Cl, (20 mL) at 0 °C was added dropwise propargylamine
(1.3 mlL, 1.1 g, 20 mmol, 1 eq) and subsequently NEt; (5.6 mL, 4.05 g, 40 mmol, 2 eq). The resulting
solution was warmed to rt and allowed to stir for 2 h. Then the reaction was quenched with sat.
NH,CI (10 mL) and diluted with EtOAc (150 mL). The organic phase was washed with sat. NH,Cl (100
mL), sat. NaHCO; (100 mL) and brine (100 mL), dried (MgS0,), filtered and solvents were removed in

vacuo to yield the desired compound (2.68 g, 17 mmol, 85%) as a clear oil.

'H NMR (400 MHz, CDCl5) & ppm 1.46 (s, 9 H, (CHs)5C) 2.22 (t, J=2.5 Hz, 1 H, CCH) 3.92 (br s, 2 H, CH,)
4.72 (br's, 1 H, NH); C NMR (101 MHz, CDCl;) & ppm 28.3 ((CHs);C) 30.4 (CH,) 71.2 (CCH) 79.8
((CH5)sC) 80.0 (C) 155.3 (OCONH); LRMS m/z (ESI+): 178.09 [M+Na]*; IR (neat): 3301, 2979, 2933,

1692, 1510, 1455 cm™.

3.4.2.2 (E)-tert-Butyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)allylcarbamatez?957

BocHN/\/\Bri)é
O

The literature procedure reported by Wang et al.”

was followed. To neat tert-butyl prop-2-
ynylcarbamate was added pinacolborane (1.4 mL, 1.23 g, 9.6 mmol, 1.5 eq), NEt; (100 uL, 0.64 mmol,
0.1 eq) and ZrCp,HCI (165 mg, 0.64 mmol, 0.1 eq). The solution was stirred at 65 °C for 16 h. After

completion the reaction was allowed to cool to rt and was diluted with EtOAc (25 mL) and quenched
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with sat. NH,Cl. The mixture was further diluted with EtOAc (50 mL) and the organic layer was
washed with sat. NH,Cl (50 mL), sat. NaHCO; (50 mL) and brine (50 mL), dried (MgSQ,), filtered and
solvents were removed in vacuo. The product was purified by automated column chromatography
(Biotag KP-SIL SNAP 50g cartridge 0-40% over 10 CV EtOAc in petrol) to yield the desired compound

as a yellow oil (1.27g, 4.5 mmol, 70%).

"H NMR (400 MHz, CDCls) & ppm 1.26 (s, 12 H, (CH3),COB) 1.44 (s, 9 H, (CHs)sC) 3.84 (app s, 2 H, CH,)
4.67 (s, 1 H, NH) 5.57 (app dd, J=18, 2 Hz, 1 H, CHB) 6.58 (app d, /=18 Hz, 1 H, CHCH,); *C NMR (101
MHz, CDCl5) &6 ppm 24.7 (CH,CCH,) 28.4 ((CHs)sC) 44.0 (CNHCH,) 79.4 (COB) 83.3 ((CHs)sC) 149.4
(CHB) 155.7 (OCONH); LRMS m/z (ESI+): 306.20 [M+Na]’; IR (neat): 3356, 2978, 2932, 2361, 2341,
1697, 1643, 1519 cm™.

3.4.2.3 (E)-3-(4,4,5,5-tetra-Methyl-1,3,2-dioxaborolan-2-yl)prop-2-en-1-amine

trifluoroacetate salt (1)

i +H3N/\/\I?’O
F,C~ O ©

(E)-tert-Butyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)allylcarbamate (250 mg, 0.88 mmol, 1
eq) was dissolved in 10 mL 9:1 CH,Cl,:CF;COOH and stirred at rt for 1 h. Then solvents were removed
in vacuo and remaining CF;COOH was removed by co-evaporation (3x toluene, 3x CH,Cl,) to yield 1
(240 mg, 0.81 mmol, 92%) as a brown oil.

'H NMR (400 MHz, CDCl;) & ppm 1.23 (s, 12 H, (CH;),COB) 3.64 (br. s., 2 H, CH,) 5.73 (app d, J=18 Hz,
1 H, CHB) 6.53 (dt, J=18, 6 Hz, 1 H, CHCH,) 8.21 (br. s., 3 H, NH); *C NMR (101 MHz, CHLOROFORM-d)
6 ppm 24.6 ((CH3),COB) 42.8 (CH,) 83.8 (COB) 116.1 ( J=293 Hz, CF;) 124.1 (CHCHB) 142.1 (CHB) 162.1
( J=36 Hz, CFsCOOH; LRMS m/z (ESI*): 184.16 [M+H]" IR (neat): 2982, 1675, 1651, 1533 cm™ HRMS

m/z (ESI+): Found 184.1503 (M+H)*; C9H,5BNO, requires 184.1503
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3.4.3 Synthesis of the long-chain boronic ester amines for coupling

1. Boc,0, TEA (89%)

2. MsClI, TEA (75% o

HZN/\/O\/\OH (75%) > +H3N/\/ \/\0/\/\3‘/0
3. NaH, HO/\\\ (80%) TFA- R o\ﬁ
4. Pinacolborane, ZrCp,HCI, TEA (88%) 41% over 5 steps

5. TFA (89%)

3.4.3.1 tert-Butyl 2-(2-hydroxyethoxy)ethylcarbamate5859
BocHN" > 9~"0H

The literature procedure reported by Chang et al.*®

was followed. To a solution of di-tert-butyl
dicarbonate (21.83 g, 100 mmol, 1 eq) in CH,Cl, (70 mL) on ice was added 2-(2-aminoethoxy)ethanol
(12.0 mL, 12.6 g, 120 mmol, 1.2 eq) dropwise, subsequently NEt; (27.8 mL, 20.24 g, 200 mM, 2 eq).
The resulting mixture was stirred at rt for 3 h. The reaction was quenched with sat. NH,Cl, diluted
with EtOAc (400 mL), washed with sat. NH,Cl (2x200 mL) and brine (200 mL), dried (MgSQ,), filtered

and solvents were removed in vacuo. The desired compound was obtained as a clear oil (18.2 g, 88.7

mmol, 89%) and was used in the next step without further purification.

'H NMR (400 MHz, CDCl3) & ppm 1.42 (s, 9 H, Boc-H) 3.01 (s, 1 H, OH) 3.28 (d, J=5 Hz, 2 H, CH,) 3.52
(dt, J=9.5, 5 Hz, 4 H, CH,) 3.65 - 3.73 (m, 2 H, CH,) 5.24 (s, 1 H, NH); *C NMR (101 MHz, CDCl5) § ppm
28.4 ((CHs)3)) 40.3 (CH,) 61.5 (CH,) 70.3 (CH,) 72.2 (CH,) 79.3 (C(CHs)s) 156.2 (CONH); LRMS m/z

(ESI*): 228.13 [M+Na]"; IR (neat): 3343, 2977, 2361, 1691, 1525 cm™.

3.4.3.2 2-(2-(tert-Butoxycarbonylamino)ethoxy)ethyl methanesulfonate%61
BocHN" ™~~~ owms

The literature procedure reported by Benanti et al.*° was followed. To a solution of tert-butyl 2-(2-
hydroxyethoxy)ethylcarbamate (17.8 g, 87 mmol, 1 eq) in 100 mL CH,Cl, at 0 °C was added NEt; (26.7
mL, 19.4 g, 191 mmol, 2.2 eq) and then dropwise CH3SO,Cl (7.4 mL, 11 g, 96 mmol, 1.1 eq). The

cloudy yellow solution was stirred on ice for 5 h and then quenched with sat. NH,Cl. The reaction

mixture was then diluted with EtOAc (400 mL), washed with sat. NH,Cl (200 mL), NaHCO; (200 mL)
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and brine (200 mL), dried (MgSQ,), filtered and solvents were removed in vacuo. The product was
purified by column chromatography (Biotage KP-SIL SNAP 100 g cartridge 0-50% over 10CV EtOAc in

petrol) to yield the desired compound (18.35 g, 65 mmol, 75%) as an orange oil.

'H NMR (400 MHz, CDCl;) & ppm 1.42 (s, 9 H, Boc-H) 3.04 (s, 3 H, Ms-H) 3.30 (app g, J=5 Hz, 2 H, CH,)
3.54 (t, J=5 Hz, 2 H, CH,) 3.68 - 3.75 (m, 2 H, CH,) 4.30 - 4.38 (m, 2 H, CH,) 4.92 (s, 1 H, NH); *C NMR
(101 MHz, CDCl;) & ppm 28.4 ((CH;)sC) 37.7 (CHsS) 40.2, 68.6, 68.8, 70.3 (CH,0S) 79.4 (C(CHs)s) 155.9
(OCCNH); LRMS m/z (ESI*): 306.10 [M+Na]’; IR (neat): 3402, 2978, 2936, 2874, 2361, 2342, 1701,

1512 cm™.

3.4.3.3 tert-Butyl 2-(2-(prop-2-ynyloxy)ethoxy)ethylcarbamate>8

BocHN™ O\/\o/\\\

The literature procedure reported by Chang et al.”® was followed. To a solution of propargylic alcohol
(5.24 mL, 5.05 g, 90 mmol, 3 eq) in 100 mL THF on ice was added NaH (2.16 g, 90 mmol, 3 eq) portion
wise. The resulting suspension was stirred on ice for 30 min then 2-(2-(tert-
butoxycarbonylamino)ethoxy)ethyl methanesulfonate (8.5 g, 30 mmol, 1 eq) was added dropwise.
The resulting suspension was stirred at rt for 19 h. The reaction was then quenched with sat. NH,CI
(10 mL) and solvents were removed in vacuo. The resultant red liquid was partitioned between H,0
(50 mL) and EtOAc (350 mL). The organic phase was washed with sat. NH,Cl (100 mL), sat. NaHCO;
(100 mL) and brine (100 mL), dried (MgS0,), filtered and solvents were removed in vacuo. The crude
oil was purified by column chromatography (Biotage KP-SIL SNAP 100 g cartridge 0-50% over 10CV

EtOAc in petrol) to yield the desired compound (5.81 g, 24 mmol, 80%) as a clear oil.

"H NMR (400 MHz, CDCl3) § ppm 1.42 (s, 9 H, Boc-H) 2.44 (t, J=2.5 Hz, 1 H, CCH) 3.30 (app g, J=5 Hz, 2
H, CH,) 3.53 (t, J=5 Hz, 2 H, CH,) 3.59 - 3.65 (m, 2 H, CH,) 3.65 - 3.71 (m, 2 H, CH,) 4.19 (d, J=2.5 Hz, 2
H, CH,CCH) 4.99 (s, 1 H, NH); *C NMR (101 MHz, CDCl5) & ppm 28.4 ((CHs);C) 40.3 (CH,), 58.4 (CH,CC)
69.0, 70.1, 70.3 (CH,) 74.7 (CCH) 79.2 (CCH) 79.5 (C(CHs)s) 156 (OCCNH); LRMS m/z (ESI*): 266.14
[M+Na]’; IR (neat): 3296, 2870, 1698, 1512 cm™.
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3.4.3.4 (E)-tert-Butyl2-(2-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)allyloxy)ethoxy)

ethylcarbamatez®

BocHN" O N N E‘;/fé
0

The literature procedure reported by Wang et al.”® was followed. To neat tert-butyl 2-(2-(prop-2-
ynyloxy)ethoxy)ethylcarbamate (4.86 g, 20 mmol, 1 eq) was added pinacolborane (3.5 mL, 3.07 g, 22
mmol, 1.1 eq), NEt; (270 uL, 202 mg, 2 mmol, 0.1 eq) and Cp,ZrHCI (516 mg, 2 mmol, 0.1 eq). The
solution was stirred at 65 °C for 17 h. After completion the reaction was allowed to cool to rt and was
diluted with EtOAc (25 mL) and quenched with sat. NH,Cl. The mixture was further diluted with
EtOAc (150 mL) and the organic layer was washed with sat. NH,Cl (50 mL), sat. NaHCO; (50 mL) and
brine (50 mL), dried (MgSQ,), filtered and solvents were removed in vacuo. The product was purified
by automated column chromatography (Biotag KP-SIL SNAP 100g cartridge 5-50% over 10CV EtOAc in

petrol) to yield the desired compound as a yellow oil (6.5 g, 17.5 mmol, 88%).

'H NMR (400 MHz, CDCl5) 6 ppm 1.24 (s, 12 H, pinacol-H) 1.42 (s, 9 H, Boc-H) 3.29 (s, 2 H, CH,) 3.52
(s, 2 H, CH,) 3.55 - 3.62 (m, 4 H, CH,) 4.04 - 4.12 (m, 2 H, CH,) 5.05 (s, 1 H, NH) 5.67 (d, J=18 Hz, 1 H,
CHB) 6.60 (dd, J=18, 2.5 Hz, 1 H, CHCH,); *C NMR (101 MHz, CDCl;) & ppm 24.7 ((CHs);C) 28.4
((CH,),C) 40.4, 69.7, 70.3, 72.8 (CH,) 79.1 ((CH)sC) 83.2 ((CH,),C) 149.0 (CHB) 156.0 (OCONH); LRMS
m/z (ESI): 394.25 [M+Na]* IR (neat): 3360, 2978, 2931, 2869, 1713, 1645, 1512 cm™; HRMS m/z
(ESI+): Found 394.2367 (M+Na)®; C;sH3,BNO;Na requires 394.2375.

3.4.3.5 (E)-2-(2-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)allyloxy)ethoxy)ethanamine (2)

)

O +H3N/\/O\/\O/\/\ g-©.
i
FsC~ O \K

(E)-tert-Butyl-2-(2-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)allyloxy)ethoxy)ethylcarbamate

(3.71 g, 10 mmol) was dissolved in 10% CF3;COOH in CH,Cl, (50 mL total). The solution was then
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stirred for 3 h. The solvents were removed in vacuo and CF;COOH was subsequently co-evaporated

with toluene (2x 30 mL) and CH,Cl, (3x 30 mL) to yield 2 (3.41 g, 8.9 mmol, 89%) as a brown oil.

'H NMR (400 MHz, CDCls) & ppm 1.26 (s, 12 H, pinacol-H) 3.22 (s, 2 H, CH,) 3.61 (dd, J=6, 2.5 Hz, 2 H,
CH,) 3.67 (dd, J=6, 2.5 Hz, 2 H, CH,) 3.70 - 3.79 (m, 2 H, CH,) 4.10 (dd, J=5, 1.5 Hz, 2 H, CH,) 5.61 - 5.73
(m, 1 H, CHB) 6.58 (dt, J=18, 5 Hz, 1 H, CHCH,) 7.73 (s, 3 H, NH); *C NMR (101 MHz, CDCls) & ppm 24.6
((CH3)sC) 39.9, 66.4, 69.4, 70.1, 72.6 (CH,) 83.6 ((CH,),C) 118.4 (CHCHB) 148.1 (CHB); LRMS m/z (ESI*):
272.22 [M+H]*; IR (neat): 2984, 1783, 1673, 1646, 1519 cm™; HRMS m/z (ESI+): Found 272.2031

(M+H)"; C43H,,BNO, requires 272.2030.

3.4.4 Amide couplings

3.4.4.1 3-(3-Methyl-3H-diazirin-3-yl)propanoic acid (3)30-33
N=—N

MOH

@)

The literature procedure reported by Church et al.*® was followed. To NH; (150 mL) was added
levulinic acid (17.4 g, 150 mmol, 1 eq) at -78 °C. The resulting clear solution was stirred at -50 to -40
°C for 3.45 h. During this time a white precipitate was formed. The reaction mixture was then cooled
to -78 °C again and hydroxylamine-O-sulfonic acid (20.36 g, 180 mmol, 1.2 eq) in MeOH (150 mL) was
added dropwise over 20 min. The reaction mixture was stirred at -78 °C for 1.10 h and then warmed
to rt overnight. Most of MeOH was removed in vacuo and the residue was taken up in MeOH (50
mL). NEt; was added and the resulting mixture was stirred at 0 °C for 15 min. Solvents were removed
in vacuo and the residue was taken up in MeOH (150 mL) and cooled to 0 °C. NEt; (60 mL) was added
and then |, was added in portions. The addition was continued until the colour of iodine persisted
(total 33.2 g, 131 mmol). The reaction mixture was stirred at rt for 20 min. Subsequently, the solvents
were removed and the residue was partitioned between Et,0 and water. The aqueous layer was
acidified with 5M HCl and extracted with Et,0 (2x150 mL). The combined organic layers were washed
with 20% NaHSO; and brine, dried (MgS0,) filtered and solvents were removed in vacuo to yield

sufficiently pure 3 as a yellow oil (solidifies at -20 °C; 7.82 g, 61 mmol, 40% yield).
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'H NMR (400 MHz, CDCl3) & ppm 1.02 (s, 3 H, CHs) 1.69 (t, J=7.5 Hz, 2 H, CH,) 2.21 (t, J=7.5 Hz, 2 H,
CH,) 11.11 (s, 1 H, CO,H); *C NMR (101 MHz, CDCl5) & ppm 19.6 (CCHs), 25.0 (CHsCN,CH,), 28.5, 29.3

(CH,CH,), 178.7 (COOH); LRMS m/z (ESI): 125.06 [M-H]’; IR (neat): 2960, 1709, 1586 cm ™.

3.4.4.2 (E)-3-(3-Methyl-3H-diazirin-3-yl)-N-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)allyl)propanamide (4)

1, EDC o
N=N DMAP DIPEA - N—N H ]
)WOH MN\/\/B‘Q

3 O o]
4 (91%)

To a solution of N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC; 422 mg, 2.2
mmol, 2.2 eq) in CH,Cl, (15 mL) on ice was added 3 (256 mg, 2 mmol, 2 eq). The resulting mixture
was stirred on ice for 30 min and then 4-dimethylaminopyridine (DMAP; 49 mg, 0.4 mmol, 0.4 eq)
and N,N-diisopropylethylamine (DIPEA; 435 pL, 323 mg, 2.5 mmol, 2.5 eq) and 1 (297 mg, 1 mmol, 1
eq) were added. The reaction mixture was stirred at rt overnight then quenched with NH,CI (sat., 20
mL) and diluted with EtOAc (80 mL). The organic phase was washed with sat. NH,Cl (2x 30 mL), sat.
NaHCO; (30 mL) and brine (30 mL), dried (MgSQ,), filtered and solvents were removed in vacuo. The
residue was purified by automated column chromatography (Biotag KP-SIL SNAP 25g cartridge 0-10%

over 10 CV MeOH in CH,Cl,) to yield 4 (266 mg, 0.91 mmol, 91%) as a brown oil.

'H NMR (400 MHz, CDCl5) d ppm 1.02 (s, 3 H, CH5CN,) 1.25 (s, 12 H, CH,) 1.69 - 1.82 (m, 2 H, CH,) 1.95
-2.07 (m, 2 H, CH,) 3.87 - 4.00 (m, 2 H, CH,CH) 5.54 (dt, /=18, 2 Hz, 1 H, CHB) 5.69 (s, 1 H, NH) 6.55
(dt, /=18, 5 Hz, 1 H, CHCHB); *C NMR (101 MHz, CDCI3) d ppm 19.9 (CHs) 24.7 (Pinacol-CHs), 25.6
(CN,) 30.5 33.9 42.9 (CH,) 83.4 ((CHs),C) 148.2 (CHB) 171.1 (CONH); LRMS m/z (ESI+): 316.19
[M+Na]*; IR (neat): 3296, 3084, 2980, 2929, 2361, 2341, 1718, 1642, 1550 cm™; HRMS m/z (ESI+):
Found 316.1806 (M+Na)"; C14H,,BN3;NaO; requires 316.1803.

3.4.4.3 (E)-3-(3-Methyl-3H-diazirin-3-yl)-N-(2-(2-(3-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)allyloxy)ethoxy)ethyl)propanamide (5)

54



2,DCC
N=—N DMAP DIPEA N—N H o
)WOH )WNV\ONO\/\/B\Q
3 O o 5 (35%)

To a solution of 3 (769 mg, 6 mmol, 1.5 eq) in CH,Cl, (20 mL) on ice was added N,N'-
dicyclohexylcarbodiimide (DCC; 1.32 g, 6.4 mmol, 1.6 eq). The resulting solution was stirred on ice for
30 min and then 4-dimethylaminopyridine (DMAP; 244 mg, 2 mmol, 0.5 eq) and N,N-
diisopropylethylamine (DIPEA; 1.4 ml; 1.03 g, 8 mmol, 2 eq) and 2 (1.54 g, 4 mmol, 1 eq) were added.
The reaction mixture was stirred at rt overnight and then filtered (wash with EtOAc or Et,0) and
diluted with EtOAc (100 mL). The organic phase was washed with sat. NH,Cl (50 mL), sat. NaHCO; (50
mL) and brine (50 mL), dried (MgSQ,), filtered and solvents were removed in vacuo. The residue was
purified by automated column chromatography (Biotag KP-SIL SNAP 25 g cartridge 0-10% over 10 CV

MeOH in CH,Cl,) to yield 5 (738 mg, 2.1 mmol, 35%) as a brown oil.

'H NMR (400 MHz, CDCl;) § ppm 1.02 (s, 3 H, CHsCN,) 1.26 (s, 12 H, Pinacol-CHs) 1.73 (dd, J=9, 7 Hz, 2
H, CN,CH,CH,) 2.01 (dd, J=9, 7 Hz, 2 H, CN,CH,CH,) 3.44 (g, J=5 Hz, 2 H, CH,) 3.54 (s, 2 H, CH,) 3.58 -
3.62 (m, 4 H, CH,) 4.10 (dd, J=5, 2 Hz, 2 H, CH,) 5.71 (dt, J=18, 2 Hz, 1 H, CHB) 6.20 (br. s., 1 H, NH)
6.62 (dt, J=18, 5 Hz, 1 H, CHCHB); *C NMR (101 MHz, CDCl5) 6 ppm 19.8 (CHs) 24.7 ((CH5),C) 25.4
(CHsCNN) 30.1 (CH,) 30.6 (CH,) 39.3, 69.7, 69.8, 70.3 (CH,) 72.7 (OCH,CH), 83.3 ((CHs),C) 148.8 (CHB)
171.4 (CH,CONH); LRMS m/z (ESI): 404.25 [M+Nal’; IR (neat): 3308, 2978, 2928, 2869, 1726, 1646,
1551 cm™; HRMS m/z (ESI+): Found 404.2318 (M+Na)®; C,5H3,BN;0sNa requires 404.2330.

3.4.4.4 4-((E)-Phenyldiazenyl)-N-((E)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)allyl)benzamide (6)

QW g
N 1, DCC NN

(o) DMAP DIPEA /&
> 0] o
OH ]
HN\/\/B\O
6 (39%)
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To a solution of 4-(phenyldiazenyl)benzoic acid (226 mg, 1 mmol, 2 eq) in dry tetrahydrofuran (10
mL) was added N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC; 211 mg, 1.1
mmol, 2.2 eq) on ice under N,. The resulting solution was stirred for 30 min on ice and then 1 (149
mg, 0,5 mmol, 1 eq), N,N-diisopropylethylamine (DIPEA; 325 ul, 1.75 mmol, 3.5 eq) and 4-
dimethylaminopyridine (DMAP; 25 mg, 0.2 mmol, 0.4 eq) were added. The reaction mixture was
allowed to warm to rt and stirred for 16 h. Solvents were removed in vacuo and the red oil was taken
up in EtOAc (150 mL). The organic layer was washed with sat. NH,Cl (2 x 50 mL), sat. NaHCO; (50 mL)
and brine (50 mL); dried (MgS0Q,), filtered and solvents were removed in vacuo. The red residue was
purified by automated column chromatography (Biotage KP-SIL SNAP 10g; MeOH in CH,Cl,; 0% 5CV;

0-5% 10CV) to yield 6 a deep red solid (trans:cis ; 7:1; 76 mg, 0.2 mmol, 39%).

Values for the minor cis isomer are given in italic. ‘H NMR (400 MHz, CDCl5) § ppm 1.20 - 1.32 (m,
(12+12x0.15)=14 H, CH;) 4.10 - 4.17 (m, (2x0.15) H, CH,) 4.18 - 4.25 (m, 2 H, CH,) 5.61 (dt, J=18, 2 Hz,
1x0.15 H, CH) 5.68 (dt, J=18, 2 Hz, 1 H, CH) 6.35 (t, J=6 Hz, 1x0.15 H, NH) 6.48 (t, /=6 Hz, 1 H, NH)
6.62-6.67 (m, 1x0.15 H, CH) 6.65 - 6.76 (m, 1 H, CH) 6.81 - 6.89 (m, 4x0.15 H, ArH) 7.13 - 7.19 (m,
1x0.15 H, ArH) 7.22 - 7.29 (m, 2x0.15 H, ArH) 7.45 -7.59 (m, 3 H, ArH) 7.68 (d, J=9 Hz, 2x0.15 H, ArH)
7.88 - 8.00 (m, 6 H, ArH); *C NMR (101 MHz, CDCl;) & ppm 24.7 (CHs) 43.4 (CH,) 83.4 (CCH5) 119.1
(CH) 120.2 (Ar-CH (minor)) 120.6 (Ar-CH (minor)) 122.9 (Ar-CH (major)) 123.0 (Ar-CH (major)) 127.7
(Ar-CH (minor)) 127.9 (Ar-CH (major)) 128.8 (Ar-CH (minor)) 129.1 (Ar-CH (major)) 131.5 (Ar-CH
(major)) 136 (Ar-C) 148.1 (CH) 152.4 (Ar-C) 154.2 (Ar-C) 166.6 (CONH); LRMS m/z (ESI*): 414.18
[M+H]*; HRMS m/z (ESI+): Found 414.1960 (M+Na)*; C,,H,sBN;ONa requires 414.1963; IR (neat):
3316, 2928, 2360, 2341, 1640, 1541 cm™.

3.4.4.5 (E)-4-Benzoyl-N-(2-(2-((3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)allyl)oxy)ethoxy)ethyl)benzamide (7 )

(o]
2, EDC
O O DMAP DIPEA
OH N\/\o/\/o\/\/B
(o]

7 (37%)
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To a solution of N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC; 211 mg, 1.1
mmol, 2.2 eq) in CH,Cl, (10 mL) on ice was added 4-benzoylbenzoic acid (226 mg, 1 mmol, 2 eq). The
resulting solution was stirred on ice for 30 min and then 4-dimethylaminopyridine (DMAP; 31 mg,
0.25 mmol, 0.5 eq) and N,N-diisopropylethylamine (DIPEA; 304 uL, 226 mg, 1.75 mmol, 3.5 eq) and 2
(192 mg, 0.5 mmol, 1 eq) were added. The reaction mixture was stirred at rt overnight then
guenched with NH,CI (sat., 20 mL) and diluted with EtOAc (80 mL). The organic phase was washed
with sat. NH,Cl (2x30 mL), sat. NaHCO; (30 mL) and brine (30 mL), dried (MgSQ,), filtered and
solvents were removed in vacuo. The residue was purified by automated column chromatography
(Biotag KP-SIL SNAP 25g cartridge 0-5% over 10 CV MeOH in CH,Cl,) to yield 7 (86 mg, 0.18 mmol,

36%).

"H NMR (400 MHz, CDCl3) § ppm 1.22 (s, 12 H, CH;) 3.58 - 3.74 (m, 8 H, CH,) 4.10 (dd, J=5, 2 Hz, 2 H,
CH,CH) 5.72 (dt, J=18, 2 Hz, 1 H, CHB) 6.62 (dt, J=18, 5 Hz, 1 H, CHCHCB) 6.92 (br. s., 1 H, NH) 7.45 -
7.53 (m, 2 H, CHCHCCO) 7.56 - 7.64 (m, 1 H, CHCHCH) 7.76 - 7.81 (m, 2 H, CHCCO) 7.83 (m, J=8 Hz, 2
H, CHCHCCONH) 7.90 (m, J=8 Hz, 2 H, CHCCONH); *C NMR (101 MHz, CDCl5) & ppm 24.7 (CHs) 39.8
(CH,CH) 69.7 (CH,) 69.7 (CH,) 70.3 (CH,) 72.7 (CH,) 83.3 (CCH3) 119.7 (CHCHB) 127.0 (CHCCONH)
128.4 (CHCHCCO) 130.1 (CHCHCCONH and CHCCO) 132.8 (CHCHCH) 137.1 (gAr-C) 137.8 (qAr-C)
139.9 (gAr-C) 148.8 (CHB) 166.6 (CONH) 196.0 (CO); LRMS m/z (ESI): 480.26 [M+H]"; HRMS m/z
(ESI+): Found 502.2359 (M+Na)*; C,;H3,BNOgNa requires 502.2376; IR (neat): 2978, 2361, 1645, 1538

cm™.

3.4.4.6 (E)-N-(3-(4,4,5,5-tetra-Methyl-1,3,2-dioxaborolan-2-yl)allyl)pyrene-2-

carboxamide (8)

1, DCC
DMAP DIPEA
>

8 (58%)

To a solution of N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC, 211 mg, 1.1

mmol, 2.2 eq) in CH,Cl, (10 mL) on ice was added pyrene-2-carboxylic acid (246 mg, 1 mmol, 2 eq).
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The resulting solution was stirred on ice for 30 min and then 4-dimethylaminopyridine (DMAP; 25
mg, 0.2 mmol, 0.4 eq) and N,N-diisopropylethylamine (DIPEA; 304 uL, 226 mg, 1.75 mmol, 3.5 eq)
and 1 (150 mg, 0.5 mmol, 1 eq) were added. The reaction mixture was stirred at rt overnight, then
quenched with NH,CI (sat., 20 mL) and diluted with EtOAc (80 mL). The organic phase was washed
with sat. NH,Cl (2x30 mL), sat. NaHCO; (30 mL) and brine (30 mL), dried (MgSQ,), filtered and
solvents were removed in vacuo. The residue was purified by automated column chromatography
(Biotag KP-SIL SNAP 25g cartridge 0-5% over 10 CV MeOH in CH,Cl,) to yield 8 (120 mg, 0.29 mmaol,

58%) as a yellow foam.

IH NMR (400 MHz, CDCl3) 6 ppm 1.29 (s, 12 H, CHs) 4.24 - 4.34 (m, 2 H, CH,) 5.76 (d, J=18 Hz, 1 H,
CHB) 6.53 (t, J=6 Hz, 1 H, NH) 6.78 (dt, J=18, 5 Hz, 1 H, CH,CH) 7.82 - 8.01 (m, 6 H, Ar-H) 8.11 (t, J=7
Hz, 2 H, Ar-H) 8.44 (d, J=9 Hz, 1 H, Ar-H); *C NMR (101 MHz, CDCls) § ppm 24.7 (CHs) 43.5 (CH,) 83.3
(CCH5) 119.2 (CHB) 124.0 (Ar-C) 124.1 (Ar-C) 124.2 (Ar-C) 124.4 (Ar-C) 125.5 (Ar-C) 125.6 (Ar-C) 126.1
(Ar-C) 126.9 (Ar-C) 128.3 (Ar-C) 128.4 (Ar-C) 130.4 (Ar-C) 130.5 (Ar-C) 130.9 (Ar-C) 132.3 (Ar-C) 148.4
(CH,CH) 169.7 (CONH); LRMS m/z (ESI*): 434.20 [M+Na]"; HRMS m/z (ESI+): Found 434.1888 (M+Na)’;

CasH26BNNaO; requires 434.1903; IR (neat): 2977, 1637, 1534 cm™.

3.5 Small molecule cross-couplings

3.5.1.1 5-Phenyl-2‘-deoxyuridine (9)3*

HO

OH

5-lodo-2’-deoxyuridine (53 mg, 0.15 mmol, 1 eq), phenylboronic acid (28 mg, 0.23 mmol, 1.5 eq) and
K,CO; were assembled in a 15 mL vial. 2 mL ddH,0, 0.5 mL MeCN and Pd(OAC),L1, (150 pL of a 0.05
M stock, 15 umol, 10 mol%) were added. The vial was flushed with argon, closed and heated to 50 °C

for 5 h. The reaction mixture was allowed to cool down to rt, acidified with 2 M HCI (2 drops) and
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extracted with CH,Cl, (3x10 mL). The combined organic phases were washed with brine, dried over
MgSO, and the solvent was removed in vacuo. The crude product was purified by column

chromatography (CH,Cl, to 9:1 CH,Cl,:MeOH) to yield 9 as colorless oil (36 mg, 0.12 mmol, 80%).

'H NMR (400 MHz, CD;0D) & ppm 2.97 (ddd, J=13, 6, 4 Hz, 1 H, C*H) 3.06 (dt, J=13, 7 Hz, 1 H, C*H)
4.33 - 4.47 (m, 2 H, C*H,) 4.63 (q, J=3 Hz, 1 H, C*H) 5.06 - 5.13 (m, 1 H, C*H) 5.94 (br. s., 1 H, 5’-OH)
6.08 (br.s., 1 H, 3’-OH) 7.05 (t, /=7 Hz, 1 H, Cllﬂ) 8.07 - 8.14 (m, 1 H, Ph-H) 8.14 - 8.21 (m, 2 H, Ph-H)
8.32 - 8.40 (m, 2 H, Ph-H) 9.01 (s, 1 H, C°H); *C NMR (101 MHz, CD;0D) 6 ppm 49.7 (C*H) 70.6 (C*H)
79.9 (C¥H) 94.1 (CYH) 97.2 (C*H) 123.1 (Ar-C) 136.8 (Ph-CH) 137.5 (Ph-CH) 137.8 (Ph-CH) 142.8 (Ar-C)
147.7 (C°H) 159.6 (Ar-C) 171.7 (Ar-C) cm™; LRMS m/z (ESI+): 327.12 [M+Na]", 343.10 [M+K]"; HRMS
m/z (ESI+): Found 327.0953 (M+Na)"; C;sH16N,NaOs requires 327.0951.

3.5.1.2 N-((E)-3-(1-((2R4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-2,4-

dioxo-1,2,3,4-tetrahydropyrimidin-5-yl)allyl)-3-(3-methyl-3H-diazirin-3-
yl)propanamide (10)

OH

5-lodo-2’-deoxyuridine (28.3 mg, 0.08 mmol, 1 eq) and K,CO; (33.2 mg, 0.24 mmol, 3 eq) were
dissolved in 4 mL 3:1 H,0:MeCN in a 10 mL vial. To the stirring solution was added Pd(OAC),L1, (80
pL of a 0.05 M stock, 4 umol, 5 mol%) and subsequent 3 (35.2 mg, 0.12 mmol, 1.5 eq). The reaction
mixture was stirred at 50 °C for 4 h. The solvents were removed in vacuo and the residue was
dissolved in MeOH (30 mL), filtered and purified by automated column chromatography (Biotag
SNAP KP-SIL 10 g cartridge 0-20% over 20 CV MeOH in CH,Cl,) to yield an inseparable mix of 5¢ and

starting material (30 mg, 76 umol, 95% recovery, 60% 3 as determined by NMR) as a yellow oil.

'H NMR (400 MHz, CDCl3) & ppm 1.01 (s, 3 H, CHsCN,CH,) 1.64 - 1.70 (m, 2 H, CN,CH,CH,) 2.07 - 2.15
(m, 2 H, CN,CH,CH,) 2.18 - 2.34 (m, 4 H, C*H,) 3.35 (s, 1 H) 3.74 (ddd, J=12, 7, 3 Hz, 2 H, C*H,) 3.79 -
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3.85 (m, 2 H, C*H,) 3.87 (d, J=6 Hz, 2 H, C*H) 3.93 (q, J=3 Hz, 2 H, CH,CHCH) 4.38 - 4.44 (m, 2 H, C*H)
4.87 (s, 12 H) 6.20 - 6.31 (m, 3 H, C*H, CH,CHCH) 6.39 - 6.52 (m, 1 H, CH,CHCH) 8.15 (s, 1 H, C°H) 8.53
(s, 1 H, C°H); *C NMR (101 MHz, CDCl5) § ppm 19.9 (CHsCN,) 31.4 (CN,CH,CH,) 31.7 (CN,CH,CH,) 41.8
(C2’) 41.9 (C2’) 42.9 (CH,CHCH) 62.6 (C5’) 62.8 (C5’) 72.1 (C4’) 72.2 (C4’) 86.8 (C1’) 87.1 (C1’) 89.2
(C3’) 89.2 (C3’) 112.8 (C5) 124.0 (CH,CHCH) 127.8 (CH,CHCH) 139.0 (C6) 147.4 (C6) 151.7 (CO) 174.5
(CO); LRMS m/z (ESI*): 432.15 [M+K]" IR (neat): 3727, 3325, 3068, 2928, 2261, 2341, 1680, 1638,
1548 cm™; HRMS m/z (ESI+): Found 416.1545 (M+Na)"; C;7H,3NsNaOg requires 416.1541

3.5.1.3 N-(2-(2-((E)-3-(1-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-

2,4-dioxo-1,2,3,4-tetrahydropyrimidin-5-yl)allyloxy)ethoxy)ethyl)-3-(3-methyl-3H-
diazirin-3-yl)propanamide (11)

O O
N=N H | JY

HO N™ ~O
oy
OH
5-lodo-2’-deoxyuridine (38 mg, 0.1 mmol, 1 eq) and K,CO; (41 mg, 0.3 mmol, 3 eq) were dissolved in
4 mL 3:1 H,0:MeCN in a 10 mL vial. To the stirred solution was added Pd(OAC),L1, (50 pL of a 0.05 M
stock, 1 umol, 10 mol%) and subsequent 4 (57 mg, 0.15 mmol, 1.5 eq). The reaction mixture was
stirred at 50 °C for 2 h after which TLC indicated complete conversion. The solvents were removed in
vacuo and the residue was dissolved in MeOH (30 mL), filtered and purified by automated column

chromatography (Biotag KP-SIL SNAP 10 g cartridge 0-20% over 20 CV MeOH in CH,Cl,) to yield 2 (41

mg, 85 umol, 85%) as a yellow oil.

'H NMR (400 MHz, CD;0D) & ppm 1.00 (s, 3 H, CH3CN,CH,) 1.61 - 1.68 (m, 2 H, CN,CH,CH,) 2.10 (dd,
J=8,7 Hz, 2 H, CN,CH,CH,) 2.22 - 2.36 (m, 2 H, C*H,) 3.37 (t, J=5 Hz, 2 H, NCH,CH,) 3.54 - 3.58 (m, 2 H,
NCH,CH,) 3.63 (s, 4 H, OCH,CH,0) 3.77 (dd, J=12, 3 Hz, 1 H, C*H,) 3.85 (dd, J=12, 3 Hz, 1 H, C°H,) 3.95
(g, /=3 Hz, 1 H, C*H) 4.12 (dd, J=6, 1 Hz, 2 H, CH,CHCH) 4.44 (dt, J=6, 4 Hz, 1 H, C*H) 6.30 (t, J=6 Hz, 1

H, C'H) 6.38 (d, J=16 Hz, 1 H, CH,CHCH) 6.57 (dt, J=16, 6 Hz, 1 H, CH,CH) 8.22 (s, 1 H, C°H); **C NMR
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(101 MHz, CD;0D) & ppm 19.9 (CHsCN,) 26.5 (CN,) 31.4 (CN,CH,CH,) 31.7 (CN,CH,CH,) 40.6
(NCH,CH,0) 41.8 (C2’) 62.8 (C5’) 70.7 (NCH,CH,0) 71.4 (OCH,CH,0) 72.1 (C4’) 73.2 (CH,CHCH) 86.9
(C1’) 89.2 (C3’) 112.6 (C5) 125.1 (CH,CHCH) 127.9 (CH,CHCH) 139.4 (C6) 151.7 (CO) 164.5 (CO) 174.8
(CO); LRMS m/z (ESI*): 504.24 [M+Na]" IR (neat): 3400, 3062, 2926, 2871, 2493, 2429, 2361, 2342,

1683, 1644 cm™; HRMS m/z (ESI+): Found 504.2067 (M+Na)"; C,;H3;NsNaOg requires 504.2065.

3.6 Catalyst preparation

HO NaO NaO
—N —N —N
NaOH, H,0 Pd(OAc),
\ N/>—NR2 — \ r\f>_NR2 —_— \ N/>—NR2 - Pd(OAc),
HO NaO NaO )
R=H, Me

To 2-aminopyrimidine-4,6-diol (65 mg, 0.5 mmol, 2 eq, R = H) or 2-(dimethylamino)pyrimidine-4,6-
diol ( 78 mg, 0.5 mmol, 2 eq, R = Me) in a 5 mL volumetric flask was added H,0 (3 mL) and NaOH (10
M stock, 100 uL, 1 mmol, 4 eq). The solution was stirred for ~5 min at rt until all solids were
dissolved. Then Pd(OAc), (55 mg, 0.25 mmol, 1 eq) was added and the flask was stoppered and
stirred at 65 °C for 60 min. The stirring bar was removed and the solution was adjusted to 5 mL with

H,0 to give a 50 mM stock solution.

3.7 Suzuki-Miyaura cross-coupling to DNA

3.7.1 General reaction conditions

Unless otherwise noted, 100 uM ODN1-4, 50 mM Tris pH 8.5, 10-50 uM Pd(OAc),LX, and 10 mM
boronic ester (added as a stock solution in MeCN) were combined in an Eppendorf tube and shaken
for 4h at 37 °C in an incubator. Then the reaction mixture was spun down (2 min, 16000 x g) and the
supernatant was analyzed by HPLC and MS. Sometimes precipitation is observed after 24 h in the
catalyst stock solution. In these cases, probably due to lower actual concentration, the reaction

proceeds better with 1 eq (100 uM) Pd(OAc),LX,.
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3.7.2 ODN1la

[Pd], 4 h, 37°C, 50 mM TRIS

Product elutes after 26 min. Gradient is 5%-20% B in 30 min.
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3.7.3 ODN1b
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o '
[Pd], 4 h, 37°C, 50 mM TRIS
Product elutes at 30.6 min. Gradient is 5%-20% B in 35 min.
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[Pd], 4 h, 37°C, 50 mM TRIS
Product elutes at 20.4 min. Gradient is 5%-20% B in 20 min.
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Calc 1728.2 found 1728.7
3.7.5 ODN1d
? et
[Pd], 4 h, 37°C, 50 mM TRIS

ODN1a elutes at 26.69 min. The peak at 27.29 is most likely a small molecule impurity, as no ODN
was detected upon MALDI-MS analysis of this peak. Gradient is 5%-20% B in 30 min.
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3.7.6 ODN1le

[Pd], 16 h, 37°C, 50 mM TRIS
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3.7.7 ODN1f

OH
O
AN é)§<

[Pd], 4 h, 37°C, 50 mM TRIS

Product elutes at 16 min. Gradient is 0%-30% B in 30 min.
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. L1
[Pd], 4 h, 37°C, 50 mM TRIS ﬁ

Product elutes at 12.3 min. Gradient is 5%-40% B in 20 min.
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3.7.9 ODN1g reaction with 3-furyl boronic acid

)%,
I R
o7 “on

[Pd], 4 h, 37°C, 50 mM TRIS

Product elutes at 15.8 min, the product of deiodination at 12.6 min. Gradient is 5%-20% B in 20 min.

3.7.10 ODN1 palladium adduct observed in PO4 buffer

When performing the cross-coupling of 4 to ODN1 in phosphate buffer the same species can be

observed in the MALDI of the crude reaction mixture.
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3.7.11 ODN2 (no IdU control)
ODN2 elutes at 31.8 min. Gradient is 0%-20% B in 40 min.
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3.7.12 ODN3a
The Product elutes at 14.2 min. ODN was separated on a gradient of 5%-20% B in 20 min.
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3.7.13 ODN3b
The Product elutes at 15.3 min. ODN was separated on a gradient of 5%-20% B in 20 min.
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3.7.14 ODN3c
The Product elutes at 18.4 min. ODN was separated on a gradient of 5%-20% B in 20 min.
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4232 191
100 4253
4093 )4 4228 4312 4372

O\O,

0 LI I L L L L L L L L L L L Y L m/Z
3700 3800 3900 4000 4100 4200 4300 4400 4500 4600

Calc. 4232 found 4232

3.7.15 ODN3f
The Product elutes at 16.9 min. ODN was separated on a gradient of 0%-40% B in 30 min.
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3.7.16 ODN4 control reactions

Control reactions were set up as described in the general procedure omitting one component where

stated. Boronic ester 5 was used for these experiments.

ODN was separated on a gradient of 0%-20% B in 40 min. The starting material elutes at 36.4 min and

the product at 40.5 min.
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3.7.17 ODN4 - Phosphate and Tris buffer comparison

Reactions were conducted as described in the general procedure but in 100mM PO4 pH 8.5 buffer
with Boronic ester 5. The starting material elutes at 26.2 min and the product at 29.3 min. ODN was

separated on a gradient of 0%-30% B in 40 min.
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3.7.18 ODN4a
ODN was separated on a gradient of 0%-20% B in 40 min
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3.7.19 ODN4b
ODN was separated on a gradient of 15%-25% B in 30 min
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Calc. 7964 found 7960

3.7.20 ODN5a
ODN was separated on a gradient of 10%-30% B in 20 min.
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3.7.21 ODN6a
ODN was separated on a gradient of 10%-30% B in 20 min.
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(other peaks correspond to a Na" adduct (4321) or loss of N, (4263) and the corresponding Na*
adduct (4286))

3.7.22 dsDNA crosscoupling

200 3 / ~
AN [V N

12472

Figure 14. a HPLC chromatogram of dsODN3 after annealing (retention time: 12.6 min). b HPLC chromatogram of the
SMcc reaction on dsODN3. Main peak retention time is 12.5 min, but the peak is broad and a smaller peak with lower
retention time can be observed. ¢ Denaturing HPLC chromatogram of the dsODN3. 2 Peaks with almost identical area
can be observed at retention times of 10 min and 12 min, corresponding to the two ssODN. d Denaturing HPLC
chromatogram of the SMcc reaction of dsODN3. 3 main peaks are observed at 9.5 min, 11.5 min and 14.6 min. The
peak at 9.5 corresponds to the unreactive ODN, while 11.5 corresponds to the IdU containing ODN and 14.6 to the
crosscoupling product. Yield of the crosscoupling product, when comparing to the unmodified ODN is 21%. e. PAGE gel
showing the ssODN3 in lane 1 and dsODN3 after the crosscoupling reaction. The dsODN is largely still hybridized, but a

faint band at the height of the ssODN can be seen, indicating some melting during the reaction.
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ODN3 was annealed with the appropriate complementary strand (CTACTGCATCGGT, predicted
melting temperature 43 °C, estimated using the IDT oligoanalyzer;
http://eu.idtdna.com/analyzer/Applications/OligoAnalyzer/ ) by cooling a solution containing 150 uM
of each ODN in annealing buffer (10 mM TRIS pH 7.5, 100 mM NacCl) from 90 °C to 4 °C at 1 °C per
minute in a PCR block. The resulting dsODN was used as substrate for SMcc under the standard
conditions (100 uM dsODN, 100 uM PdOAc,L2,, 10 mM 4, 50 mM TRIS pH 8.5) and was shaken at 37
°C for 16 h. The resulting mixture was analyzed by PAGE (15%, 0.5x TBE; stained with Sybr safe), HPLC
(10%-30% buffer B in 20 min) or denaturing HPLC (column was heated at 50 °C; 10%-20% B in 30 min;

Figure 15).

3.8 Suzuki-Miyaura cross-coupling to RNA
Optimization reactions (Table 7) were performed with following components and shaken at 37 °C in

an incubator.

Stock [c] Required [c] volume equivalents
RNA 1000 uM 100 uMm 2.50 puL
TRIS 1000 mM 100 mM 25 L
PdOAG,L, 1 mM 0.5 mM 125 pL 5eq
RBPin 250 mM 50 mM 5 uL 500eq
ddH,0 2.50 puL
Total 25 uL
RNA 1000 uM 100 uMm 250 L
TRIS 500 mM 50 mM 2.50 puL
PdOAc,L, 1 mM 05 mM 1250 pupL 5eq
RBPin 50 mM 10 mM 5.00 pL 100 eq
ddH,0 250 L
Total 25 uL
Stock [c] Required [c] volume equivalents
RNA 1000 uM 100 uMm 2.50 puL
TRIS 500 mM 50 mM 250 puL
PdOAG,L, 1 mM 0.1 mM 250 puL 1leq
RBPin 250 mM 50 mM 5.00 pL 500eq
ddH,0 12.50 puL
Total 25 uL
RNA 1000 pM 100 pM 2.50 pL
TRIS 500 mM 50 mM 2.50 puL
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PdOAc,L,
RBPin
ddH,0
Total

1

mM
50 mM

0.2 mM
10 mM

5.00
5.00
10.00
25

uL
pL
uL
pL

1

€q

100 eq

Table 7. Optimization reactions for the RNA SMcc.

Reactions with different boronic acids in Figure 8 were performed as described below. The reaction

with the pyrene boronic acid was performed in 50% (v/v) agueous MeCN.

Stock [c] Required [c] volume
RNA 1000 pM 100 pM 150 puL
TRIS 1000 mM 100 mM 15 uL
PdOAc,L, 1 mM 02 mM 3 upL 2eq
RBPin 250 mM 20 mM 1.2 uL 200eq
ddH,0 7.80 pL
Total 15 uL
Table 8. SMcc with pyrene boronic acid and ON1.
HPLC traces for the analysis listed in Table 7 are shown below.
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HPLC traces for the analysis listed in Figure 8 are shown below.
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Entry 2
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MALDI analysis of starting material and products of the SMcc on RNA.
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ON1a (calc 3416)
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3.9 DNA Photocrosslinking

T
3900

Photocrosslinking probes were generated by PCR using Vent exo (NEB, M0257S). For the hmC

containing probe dCTP was replaced by dhmCTP. After PCR, the strands were analysed by PAGE and

purified by phenol extraction and ethanol precipitation.
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For crosslinking tests, nuclear extract was prepared from Hela cells (2 x 1.5e” cells) using the NE-PER
nuclear extract preparation kit (Pierce, 78833). The obtained nuclear extract was dialyzed into
binding buffer (20 mM TRIS pH 7.5, 150 mM NacCl, 1 mM MgCl,, 1 mM Benzamidine, 0.1 % TWEEN,
10% glycerol). To remove any biotinylated or streptavidin binding proteins, the lysate was cleared
with 50 pL CaptAvidin™ Agarose (Life technologies, C-21386) by incubation at 4 °C for 1 h. Beads
were removed by centrifugation giving 2 x 550 uL of 1.10 mg / mL. To the lysate, 45 uL of the hmC or
C containing probe (35 uM; 2.6 uM final) and 5 pL poly dI/dC (500 ng/uL stock) was added. The
mixture was incubated at 4 °C for 15 min and then divided into two 300 pL aliquots. One aliquot of
each reaction was crosslinked by irradiation at 365 nm using an 8W TLC lamp for 30 min the other
was incubated at 4 °C for 30 min without UV irradiation. Then the reaction was adjusted to 1 M NaCl
by addition of 0.5 vol 4 M NaCl and 100 puL streptavidin beads ((Dynabeads® MyOne™ Streptavidin
T1; Invitrogen; 65601) were added. The mixture was incubated at rt for 30 min, then beads were
collected on a DynaMag™- Spin Magnet (Life technologie, 12320D) and washed 3 times with wash
buffer (10 mM TRIS pH 7.5, 1 M NaCl, 0.1% TWEEN-20) and 3 times with denaturing buffer (10 mM
TRIS pH 7.5, 1 M NaCl, 0.1% Tween-20, 6 M Urea). The proteins were then eluted by boiling the
beads in 2x SDS-loading buffer for 15 min and separated by SDS-PAGE and analysed by westernblot

stained with ExtrAvidine-Alkaline Phosphatase (Sigma, E2636).

For SILAC quantification, nuclear extract was prepared from 3x10’ “heavy” labelled and “light”
unlabelled Hela cells using the NE-PER kit. The obtained nuclear extract was dialyzed into binding
buffer (20 mM TRIS pH 7.5, 150 mM NaCl, 1 mM MgCl,, 1 x complete protease inhibitor, 0.1 %
TWEEN, 10% glycerol). To remove any biotinylated or streptavidin binding proteins, the lysate was
cleared with 50 pyL CaptAvidin™ Agarose by incubation at 4 °C for 1 h. Beads were removed by
centrifugation. The concentration was measured by nanodrop and the protein concentration was
adjusted to 2 mg/mL for both heavy and light lysate using binding buffer (~¥1.30 mL). To 1.25 mL of
the lysate, the hmC or C containing probe (3 nmol) and 5 puL poly dI/dC (500 ng/uL stock) was added.
The mixture was incubated at 4 °C for 15 min and then divided into 100 uL aliquots in PCR tubes. The
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aliquots were irradiated in the Caprotec box at 311 nm at 4 °C for 30 min. Then the reaction mixture
was adjusted to 1 M NaCl by addition of 0.5 vol 4 M NaCl and 400 pL streptavidin beads were added.
The mixture was incubated at rt for 1 h, then beads were collected on a DynaMag™- Spin Magnet
and washed 3 times with wash buffer (10 mM TRIS pH 7.5, 1 M NaCl, 0.1% TWEEN-20) and 3 times
with denaturing buffer (10 mM TRIS pH 7.5, 1 M NaCl, 0.1% Tween-20, 6 M Urea). The proteins were
then eluted by boiling the beads in 2x SDS-loading buffer for 15 min and separated by SDS-PAGE. The
gel was then cut in 5 slices and digested as described elsewhere

(http://www.tdi.ox.ac.uk/ asset/file/in-gel.pdf). LC-MS analysis was performed by Joanna M Gouran

(Benedikt Kessler lab, see appendix for full list of proteins identified).
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4 Chemical methods to introduce PTMs into histone proteins:

multiple modifications and biological validation

To investigate the function of posttranslational modifications (PTMs), access to proteins bearing
homogeneous PTMs is essential."* Such homogenous recombinant proteins can also be utilized for in
vitro studies to investigate the biophysical effect of PTMs on protein structure and function.® A major
target of the cell biology research community currently is to elucidate the mechanisms of epigenetic
control by histone protein PTMs.” To allow in vitro characterization of functional consequences of
these marks, a variety of methods to generate histones bearing homogeneous PTMs have been
developed. These methods can be divided into three categories: translational incorporation,
introduction via native chemical ligation and post-translational synthetic incorporation (summarised

in Figure 1).

Site-selective translational incorporation of PTMs can be achieved by codon suppression.” This
approach uses an aminoacyl-tRNA-synthetase (aaRS) that is orthogonal to canonical amino acids and
tRNAs and specifically recognizes a PTM bearing amino acid and a tRNA selective for, most
commonly, the UAG (amber) stop-codon. The orthogonallity of both aaRS and tRNA towards
naturally occurring aaRS, tRNA and amino acids is essential for homogenous site-selective
incorporation. By co-expressing the aaRS, the UAG-tRNA and the protein of interest bearing a TAG
codon at the desired PTM site one can access a variety of PTMs directly through heterologous
expression. A variety of lysine PTMs have been incorporated into histones via this method (Figure
1a).5™® While this methodology is very convenient, yields can be low because of competition
between termination and incorporation, although this issue has been addressed recently.!’ For some
modifications, additional steps are required after isolation of the protein®’ and unstable
modifications cannot be accessed by this method.™ Also, since the aaRS are often selective for only
one amino acid, incorporation of a different structure requires the evolution of a new selective aaRS

which can be time consuming.
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B and expressed protein ligation (EPL)* are powerful biochemical

Native chemical ligation (NCL)
approaches that allow the introduction of many PTMs. In NCL two protecting-group free (‘native’)
peptide fragments are joined by the reaction of an N-terminal cysteine on one fragment with a C-
terminal activated thioester on the second fragment. These two peptide fragments can be derived
from solid phase synthesis (SPS) with any number of modifications, as long as they are stable under
SPS conditions. Limitations of SPS are that large peptides (>40-50 amino acids) are difficult to access
and that SPS requires quite harsh conditions, which precludes access to labile modification such as

1218 To circumvent the need to synthesise very large peptide fragments, EPL was

phosphohistidine.
devised. Herein, one of the fragments bearing either the N-terminal cysteine or the C-terminal
thioester is expressed recombinant, while the sequence bearing the modification is synthesized by

17 3nd the C-terminal

SPS. The N-terminal thioester is generated by use of an inteine fusion protein
fragment bearing a cysteine at the N-terminus can be generated by a variety of methods."**' The

synthetic and the expressed protein part can then be combined, making larger proteins with

modifications near the N- or C-terminal accessible.

In post-translational synthetic incorporation, a tag, usually a cysteine residue is incorporated into the
protein. After production and purification of the protein, the PTM is introduced via a chemical
reaction (Figure 1b), yielding a PTM mimic with a slight structural change. On histone proteins, this
approach was pioneered by Simon et al.’> who utilized different alkylation reagents to generate
mimics of differentially methylated lysines. Subsequently, this alkylation approach was extended to
give a non-hydrolysable acetyl-lysine mimic.”> To generate an acetyl lysine mimic that could be
processed by HDAC enzymes, Li et al.** used a thiol-ene method to react N-vinyl-acetamide with
cysteine containing proteins. Arginine methylation was accomplished via a similar alkylation method,

but required the replacement of the guanidine group with acetamidine moiety.”
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In Oxford, a chemical route to dehydroalanine (Dha) via a di-alkylation / elimination approach has
been developed (Figure 2). The addition of an appropriate thiol to the Dha Michael acceptor can
yield a variety of PTM mimics (Figure 1c). This method allows the incorporation of additional PTMs
(phosphoserine and O-GlcNAc-serine) when compared to other methodology. A major disadvantage
of all cysteine based chemical methods is the replacement of the C-y with a sulfur atom, resulting in a
thioether link. This change results in reduced affinity of some proteins for the PTM mimic when
compared to the natural modification.”” Because the reaction proceeds through a planar Dha
residue, the C-a stereochemistry is lost after Michael addition. This most likely yields a mixture of D-
and L- stereochemistry at the site of modification. It was of interest to further explore the scope of
this reaction by introducing multiple PTMs into a histone protein and validating the introduced PTMs

by biological assays.
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Figure 2. Proposed mechanism for the formation of Dha by reaction of cysteine with 2,5-dibromohexanediamide.

4.1 Results

4.1.1 Double modification
Histones protein tails are highly modified with 19 reported PTM sites in the first 37 residues of
human histone H3. The interplay between different modifications is a major focus of current

h;®3° newly developed chemical methods can in theory enable the introduction of

epigenetic researc
multiple PTMs. To test whether the Dha based modification methodology can be used to introduce
multiple PTMs, a histone H3 mutant with lysine at position 4 and 79 replaced with cysteine was

constructed. Both these lysine residues are reported to bear PTMs and are important for epigenetic
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regulation.>*?

The histone H3 variant was produced in E. coli and purified by SEC and ion-exchange
chromatography.®®* The purity and identity of the protein was confirmed by SDS-PAGE and LC-MS
(Figure 3). Upon addition of Ellman’s reagent to the reduced double cysteine variant, a mass-shift

corresponding to addition of two molecules of the reagent was observed, confirming the presence of

two free cysteines in the histone (Figure 12).

20110614_H3KATKTIC 15 68 (4 454) Scan ES+
100 1013.56 31166
] 5029
B0035 544 83 g, 4
10685 80
.
1169.23
- 1266.62
138184
oty J
500 650 600 €50 700 750 BOD @S0 800 950 1000 1050 1100 1150 1200 1250 1800 1350 1400 1450 1500 1550
E
20110614_HIKACKTIC_13 88 (4.454) Sean Es+
15188 ~ 13287
100 H3 (K4C, K79C, C110A) N
/ J G
calc. 15189 HS i = SH
25kDa N T C
¥ found 15188 .«._f'
H3 -
15kDa W

O ey T T T T T T T T T 7 T T T T T T T mass
10000 11000 12000 13000 14000 15000 16000 17000 18000 19000

Figure 3. SDS-PAGE and LC-MS analysis of H3 (K4C K79C C110A).

The histone H3 variant (600 uM, 9 mg/mL) was then treated with the dibromide reagent 1 (50 mM,
90 eq). After incubation for 45 min at rt multiple intermediates were observed, with main products
corresponding to one and two mono-alkylations (Figure 4b). After additional incubation at 37 °C for 2
h, complete conversion to the Histone H3 containing two Dha moieties was observed (Figure 4c). The
conversion of both cysteines to Dha was confirmed by treatment of H3 (K4Dha K79Dha C110A) with
Ellman’s reagent. No addition of Ellman’s reagent was observed, confirming complete reaction at

both cysteine residues (Figure 14).
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Figure 4. a Reaction scheme for conversion of the double cysteine H3 (K4C K79C C110A) to the Dha containing protein. b

LC-MS analysis of the reaction after 45 min at room temperature. Multiple different species corresponding to intermediates

of the Dha reaction were observed. c Final product after incubation at 37 °C for 2h.
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Next, the Dha containing protein was treated with 2-(dimethylamino)ethanethiol or N-
acetylcystamine. The reaction mixtures were incubated at rt for 1 h and subsequently analysed by LC-
MS. Full conversion to the product containing two di-methyllysine mimics or two N-acetyllysine

mimics were observed (Figure 5).
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Figure 5. Generation of the double di-methyl (a) and double acetyl-lysine (b) containing histone H3 from H3 (K4Dha K79Dha

C110A).

Thus, all reactions in the presented synthetic routes are selective and efficient enough to allow

synthesis of homogeneously histone proteins containing two identical PTM mimics.

4.1.2 Biological confirmation

While the synthesized chemical PTMs are close to naturally occurring PTMs, the replacement of a
carbon (for lysine mimics) or oxygen (for the serine mimics) by sulfur does result in a slightly different

structure. Also, since the Michael addition to the planar Dha is likely to be non-stereoselective the
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obtained product is likely to be a mixture of two diastereomers. To assess whether the PTM mimics
behave like their natural counterparts, a variety of antibody, enzyme and ‘reader’ protein assays

were used.

4.1.2.1 Western and dot-blotting

Most methods currently used to study the PTMs in biological context are antibody (Ab) based®***
(e.g. immunoprecipitation, chromatin immunoprecipitation and western blots). It was thus of
interest to validate whether an Ab selective for the natural modification would retain the same
specificity when the chemically generated PTMs are used. For this, histone H3 proteins containing a
mono-, di- or tri-methyllysine mimic at position 9 were generated (reactions performed by Justin
Chalker). The proteins were then simultaneously separated by SDS-PAGE, transferred to PVDF
membranes and probed with Ab’s against all three natural modifications (Figure 6). Specific binding
of all Ab’s towards their respective modification was observed with no cross-reactivity. The racemic

nature of the obtained modifications does not appear to influence the specificity of the antibodies.

This allows the use of these PTM mimics in e.g. antibody based assays for demethylation.

wt Me Me, Me; wt Me Me, Me;

. Anti H3K9Me

Anti H3K9Me,

-
Anti H3K9Me;
25kDa
15kDa
10kDa %

Figure 6. Comparison of antibody recognition of histone H3 K9Me, proteins. The coomassie stained loading control is
shown on the left. The western blot with various antibodies raised against different natural H3 K9 methylation states is
shown on the right. The methylation state of the lysine mimic is given above the lane. As control wt H3 (H3 C110A) was

used.
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Dot-blots are commonly used to assess Ab specificity and sensitivity.>* While the sensitivity of Abs
towards the methyl-lysine mimics have been tested by Simon et al.,* it was of interest to test the
acetyllysine and phosphoserine Abs for specificity and selectivity towards our PTM mimics. As
controls, commercially available peptides bearing the desired modification and wt histone H3 were
used. Two different H3K9Ac antibodies were tested; one from Active Motif and one from Abcam (see
methods for details). The Active Motif antibody (Figure 7a) showed strong binding to the chemically
acetylated histone and weak binding to the wt histone H3, as expected. Weak binding was also
observed for the K9Ac peptide. This H3 K9Ac peptide was obtained from Abcam and was the same as
used to raise the Abcam acetyllysine Ab. Possibly, the peptide is different than the epitope used by
Active Motif to raise their H3K9Ac Ab, resulting in weak binding. The Abcam Ab against H3 K9Ac
(Figure 7b) showed strong binding to the K9Ac peptide control and significantly stronger binding to
the synthetic H3 K9Ac than to the wt H3. From the intensities a 5-fold reduction in affinity was
estimated when comparing the synthetic to the natural modification. This is similar to the 5-fold

decrease in affinity reported for the methyllysine Abs.*
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Figure 7. Dot blots of different PTM mimic containing H3 proteins with commercially available antibodies against the
modification. a Dot blot of H3 K9Ac and the wt H3 and a K9Ac peptide control (Ab: Active-Motif 39137). b Dot blot of H3
K9Ac and the wt H3 and K9Ac peptide control (Ab: Abcam 39137). ¢ Dot blot of H3 S10Ph and the wt H3 and H3 S10Ph

control (Ab: Abcam ab5176).
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To assess whether phosphocysteine is a good mimic for phosphoserine, dot-blot assays using an Ab
raised to H3 S10Ph were performed. As control, an H3S10Ph peptide and the wt H3 were used.
Surprisingly, the H3 S10Ph Ab showed stronger binding to the H3 S10Ph protein than the control
peptide. These results confirm that the chemical PTM mimics are recognized by binding partners that

interact with the natural modification.

4.1.2.2 HDAC SAHA inhibition

To further confirm functionality of the chemically introduced PTMs it was of interest to test if an
enzyme that removes the natural modification would also recognize the chemical PTM. To
investigate this, the ability of two histone deacetylases (HDAC1 and 2) to remove the histone H3
K9Ac mark was tested. The reactions were monitored by western blot and LC-MS. Upon incubation of
H3 K9Ac with the respective HDAC a reduction in signal in the western blot was observed and LC-MS

analysis showed ~50% deacetylation (initial experiments were performed by Justin Chalker).”’

HDAC1 HDAC2 HDAC1 HDAC2
SAHA -+ -t SAHA B ; =&k
-
-
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15kDa e /
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Figure 8. Western blot (left) and coomassie stained loading control (right) of the deacetylation reaction with HDAC 1 or 2 in

the presence and absence of SAHA.

To confirm that the deacetylation is HDAC dependent, the H3K9Ac mimic was incubated with HDAC 1

or 2 in the presence of SAHA, a pan-HDAC inhibitor. Significantly reduced deacetylation was
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observed, as indicated by an increase in the relevant signal on a western blot (Figure 8), upon
addition of the known HDAC inhibitor SAHA, confirming that the observed deacetylation is HDAC

activity dependent.

4.1.2.3 14-3-3{ binding

It was also of interest to investigate the similarity between the natural and the synthetic PTMs by
analysing the binding of a histone mark ‘reader’ module to the synthetic PTMs. For this purpose, the
interaction of H3 chemically phosphorylated at serine 10 (H3 S10Ph) with 14-3-3Z a reported ‘reader’

d.>**” An Alphascreen based competition assay

of this modification in vitro and in vivo was investigate
was used to assess the interaction of the synthetic H3 S10Ph and 14-3-32.*% The Alphascreen assay is
based on two beads (a donor and an acceptor bead) each with one interaction partner immobilized.
When the two proteins interact, the beads are brought in close proximity. Upon irradiation at 680
nm the donor bead generated singlet oxygen which can diffuse only a limited distance before being
guenched. When the beads are in close proximity because of an interaction between the two
conjugated proteins, the singlet oxygen can diffuse to the acceptor bead, which induces emission at
615 nm. A biotinylated H3 peptide containing S10Ph (aa 1-20) was immobilised on a streptavidin
donor bead and an his-tagged 14-3-3C on a Ni-NTA acceptor bead.

14-3-3
800 400 200 100 50 25 12,5 nM

800
400
200
100
50
25
12,5
\%

H3 S10P peptide

Figure 9. Heatmap of the observed fluorescence response from the alpha-screen with different concentrations of his-

tagged 14-3-3C and biotinylated H3 S10Ph peptide.
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First, titrations for both the H3S10Ph peptide and the 14-3-3C interaction partner were performed to
find concentrations that give a robust signal (heatmap representation; Figure 9). A concentration
between 800-400 nM of each interaction partner gave a robust response without reaching the

plateau, making this range optimal for competition experiments.

For the competition experiment a concentration of 600 nM of each interaction partner was chosen.
Increasing the amounts of the synthetic H3 S10Ph protein, or of H3 wt as a control, to the binding
reaction were then added (Figure 10). Upon binding of the H3 S10Ph or the H3 wt control, a

reduction in observed signal would be expected because some of the 14-3-3C is sequestered by H3.

.74. 3.3
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4 —_— +
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Figure 10. Schematic representation of the competition experiment. A biotinylated H3S10Ph peptide and an untagged H3
S10Ph protein are added to the his-tagged 14-3-37. Upon addition of the alpha screen beads, only the peptide 14-3-3C
complex results in signal. Increased binding of 14-3-37 to the untagged H3 S10Ph results in a decrease of the observed
signal.

A significant decrease in signal intensity was observed upon adding two or five equivalents of the H3
S10Ph competitor (Figure 11). Addition of the H3 wt control results in a slight decreased signal

intensity, but significantly less than the H3 S10Ph competitor. This suggests that 14-3-3 can

specifically interact with the synthetic phosphoserine modification.
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Figure 11. Signal intensity of different competitor experiments relative to the control without competitor.

4.2 Summary and outlook

It has been shown that a modification strategy utilizing the Dha intermediate is mild enough to
incorporate multiple identical modifications into one protein, as exemplified by work on histone H3.
PTM mimics obtained by this reaction are shown to be similar to the naturally occurring PTMs by a
variety of methods. Antibodies raised to the natural PTM recognize the PTMs with high selectivity.
Natural ‘readers’ such as the phosphoserine reader 14-3-3C can recognize a synthesized H3 S10Ph

mimic and ‘erasers’ such as HDAC 1 and 2 can recognize and deacetylated a H3 K9Ac mimic.

Having shown that these mimics are functionally similar to the natural PTMs, one possible next step
is the use of these modifications to investigate the molecular mechanisms of epigenetic control by
PTMs that are difficult to probe by other chemical biology approaches. A strong advantage of the
Dha based approach, is the ability to generate modified serine and threonine mimics and the lack of
restrictions on the site of modification. This methodology was used to investigate the function of H2A

T101 (Chapter 4) and H2B S121 (work carried out by Ritu Raj) GIcNAcylation.

While the presented methodology enables generation of histone H3 bearing two identical PTMs,

considering the cross-talk between different histone modifications, a method that allows the
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introduction of two different PTMs would be valuable. Towards this goal, orthogonal methods to

introduce PTMs are currently being explored.

4.3 Experimental procedures

For mutagenesis, histone expression and LC-MS analysis of protein modification see general methods

in Chapter 2. Oligonucleotides used to introduce the H3 K79C mutation are given in Table 1.

4.3.1 Used oligonucleotides

Name Sequence (3'-5') Obtained
from
H3_K79C_F GATCGCTCAGGACTTCTGCACCGACCTGCGCTTCC Sigma

H3_K79C_R GGAAGCGCAGGTCGGTGCAGAAGTCCTGAGCGATC Sigma
Table 1. Used oligonucleotides

4.3.2 Histone H3 K4C K79C C110A modification

All reactions on this protein were performed in reaction buffer (RB; 3M Gd.HCI, 50 mM TRIS pH 8.0)
under denaturing conditions. Previous reactions on histones were performed in phosphate buffer
(100 mM sodium phosphate pH 8.0). This H3 variant proved not to be soluble in just phosphate
buffer, thus buffers containing 3-4M guanidinium chloride was used in all experiments with this
variant. In the original protocol by Luger et al.*® histone proteins are dissolved in 7M guanidinium
chloride before reconstitution of the nucleosome. Performing the reactions under denaturing
conditions will not affect subsequent use of the histone and prevents precipitation of the histone

during the procedure increasing the yield of modified protein.

The presence of two cysteines in the starting material was confirmed by the addition of Ellman’s
reagent. To H3 (10 pL, K4C, K79C, C110A) (10 mg/mL in RB) was added of an Ellman’s reagent stock
(2 pL, 10 mg/mL). The protein was shaken for 20 min at rt and subsequently analysed by LC-MS
(Figure 12). Complete conversion into a product corresponding to two disulfide linked 5-thio-2-

nitrobenzoic acid was observed confirming the presence of two free cysteines in the protein.
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Figure 12. LC-MS analysis of the reaction of H3 (K4C K79C C110A) with Ellman’s reagent.

4.3.2.1 H3 K4Dha K79Dha C110A synthesis

H3 (K4C K79C C110A; 10 mg) was dissolved in 500 pL of RB and DTT (30 mg) were added. The mixture

was shaken at rt for 20 min and subsequently DTT removed by passing through a PD minitrap G-25

(equilibrated with RB), yielding a final concentration of 10 mg/mL.

To freshly reduced H3 (900 pL; K4C K79C C110A; 10 mg/mL in RB) was added di-bromide (100 pL; 1)

stock solution (0.5 M, final concentration 50 mM, 90 eq). The mixture was shaken first for 45 min at

rt and then for 1.5 h at 37 °C. Then, the reaction was concentrated to 500 pL using a Vivaspin 500

concentrator (MWCO 10 kDa). Excess di-bromide was removed by PD minitrap G-25 (equilibrated

and eluted with RB). The protein was analysed by LC-MS. Full conversion into the Dha containing

protein H3 (K4Dha K79Dha C110A) was observed (Figure 13).
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Figure 13. LC-MS analysis of H3 (K4Dha K79Dha C110A).



To confirm full consumption of the starting material, the Dha containing protein was treated with
Ellman’s reagent. To H3 (10 pL; K4Dha, K79Dha, C110A; 9 mg/mL in RB) was added Ellman’s reagent
(2 pL; 10 mg/mL stock). The protein was shaken for 20 min at rt and subsequently analysed by LC-MS

(Figure 14). No addition of Ellman’s reagent was observed confirming full consumption of the two

cysteines.
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Figure 14. LC-MS analysis of the reaction of H3 (K4Dha K79Dha C110A) with Ellman’s reagent.

4.3.2.2 H3 K4Me; K79Me; C110A synthesis

A stock solution of 2-(dimethylamino)ethanethiol was prepared by dissolving it in RB (30 mg in 30 uL
RB), then neutralizing the solution with 22 uL 5 M NaOH. The stock solution (50 pL) was added to H3
(450 pL; K4Dha, K79Dha, C110A; 9 mg/mL in RB) and the resulting mixture was shaken at rt for 1 h.
Small molecules were removed by PD minitrap G-25 (in RB). LC-MS analysis revealed full conversion

to the doubly modified protein (Figure 15).
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Figure 15. LC-MS analysis of H3 (K4Me, K79Me, C110A).

4.3.2.3 H3 K4Ac K79Ac C110A synthesis
To the Dha containing protein was (450 pL; 9 mg/mL in RB) was added N-acetylcysteamine (30 pL).
The reaction was shaken at rt for 1 h. Then small molecules were removed by PD minitrap G-25 (in

RB) and analysed by LC-MS, revealing full conversion to the doubly acetylated histone (Figure 16).
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Figure 16. LC-MS analysis of H3 (K4Ac K79Ac C110A).

4.3.3 Western blots

Two aliquots of each protein were subjected to SDS-PAGE using a 4-12% NuPAGE pre-cast gel
(Invitrogen) and MES or MOPS running buffer (Invitrogen). One aliquot was visualized using Instant
Blue (coomassie) staining to confirm equivalent loading of all proteins. The other sample was used
for western blot analysis. For the western blot, the protein was transferred to a PVDF membrane

using an iBlot transfer apparatus (Invitrogen). The membrane was blocked in TBS-BT buffer (10 mL)
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for 1 h at room temperature with rocking. After this, the membrane was washed three times with
TBS-T buffer and then incubated with the primary Ab (dilutions are given below for the Ab’s used)
was added in TBS-BT. The membrane was incubated with the antibody solution for 1 hour at room
temperature with rocking. After incubation, the membrane was washed with TBS-T buffer (5x 20 mL)
and then incubated with the secondary Ab (see below for dilution) in TBS-BT for one hour. The blot
was then washed with TBS-T (5x 20 mL) and water (3x 20 mL). The membrane was then developed
using BCIP/NBT liquid substrate system (Sigma-Aldrich, B1911). The used antibodies are given in the

next section.

4.3.4 Dotblot assays

A PVDF membrane (0.2 um pore size; Invitrogen) was wetted with Methanol, washed with water (2x
10mL) and soaked in PBS. 2 uL of serial dilutions of modified H3, H3 wt and a control peptide (see
below for used peptides) were spotted on the membrane and allowed to dry overnight. The dry
membrane was again wetted with Methanol, washed with water (2x 10 mL) and blocked in TBS-BT
for an hour at room temperature while rocking. Then the primary antibody was added and the
membrane was incubated for 1 hour at room temperature while rocking. Then the membrane was
washed (5x 10 mL TBS-T) and incubated with the second antibody for additional hour at room
temperature while rocking. After incubation the membrane was washed with TBS-T (5x 10 mL) and
water (3x 10 mL). The membrane was then developed using BCIP/NBT liquid substrate system

(Sigma-Aldrich, B1911).

Primary Ab Number Manufacturer Dilution used
Monoclonal Anti-polyHistidine—Alkaline A5588 Sigma 1:6000
Phosphatase antibody produced in mouse

Anti-Histone H3 (phospho S10), rabbit polyclonal ab5176 Abcam 1:1000
Anti-Histone H3 (acetyl K9) (pAb; rabbit) 39137 Abcam 1:500
Histone H3K9ac antibody (pAb; rabbit) 39137; lot no 01008001 Active-Motif 1:500
Anti-monomethyl-Histone H3 (Lys9) (pAb; rabbit) 07-450 Millipore 1:1000
Anti-dimethyl-Histone H3 (Lys9) (pAb; rabbit) 07-441 Millipore 1:500
Anti-Histone H3 (tri methyl K9) (pAb; rabbit) ab8898 Abcam 1:1000
Secondary Ab Number Manufacturer  Dilution used
anti-rabbit 1gG produced in goat, conjugated with A3687 Sigma-Aldrich 1:1000
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alkaline phosphatase

Peptide Name Number Manufacturer
Human Histone H3 (acetyl K9) peptide ab16635 Abcam
Human Histone H3 (phospho S10) peptide ab11477 Abcam

Table 2. Antibodies used in this study.

4.3.5 HDAC assay??

Two samples were prepared for each HDAC assay. Samples were analysed by SDS-PAGE and western
blotting using the Abcam K9Ac Ab. Proteins were obtained from Active Motif (HDAC1, 31342; HDAC2,
31343). SAHA was obtained from Cayman chemicals (10009929) and was dissolved in DMSO to a final
concentration of 100 mM. Reactions were performed in 25 mM Tris, pH 8.0, 138 mM NaCl using

components described in Table 3.

HDAC1 (SAHA) HDAC1 (control)

Vol Vol
H3 K9Ac mimic 5 uL H3 K9Ac mimic 5 uL
SAHA stock 0.25 uL DMSO 0.25 L
recombinant HDAC1 10 uL recombinant HDAC1 10 pL
reaction buffer 9.75 uL reaction buffer 9.75 puL
HDAC2 (SAHA) HDAC2 (control)

Vol Vol
H3 K9Ac mimic 5 uL H3 K9Ac mimic 5 puL
SAHA stock 0.25 uL DMSO 0.25 ulL
recombinant HDAC12 10 puL recombinant HDAC2 10 pL
reaction buffer 9.75 uL reaction buffer 9.75 uL

Table 3. Components of the reactions for the SAHA inhibition studies of HDAC depentend deacetylation of a H3 K9Ac
mimic.

All samples were mixed by pipetting and then incubated at 37 2C for 12 hours. After this time, a 10
uL sample of each reaction was diluted with 6 x SDS-PAGE loading buffer, heated at 95 °C for 5

minutes, and then analysed by SDS-PAGE and western blot.

4.3.6 14-3-3 alpha screen
AlphaScreen assays were performed as described in the manufacturer’s protocol (AlphaScreen

Histidine (Nickel chelate) Detection Kit, PerkinElmer, 6760619C) with minor modifications. All
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reagents were diluted in the recommended buffer (25 mM HEPES, 100 mM NaCl, 0.1% BSA; pH = 7.4)
and allowed to equilibrate to room temperature prior to addition to plates. A biotinylated 20-mer
corresponding to the first 20 amino acids from H3 and a phosphoserine at position 10 was prepared
using SPS (Biotin-ARTKQTARKS(p)TGGKAPRKQL). The 14-3-3T protein was obtained commercially as a

his-tagged fusion protein (Abcam, ab87361).

For the dose response curve 4 x concentrated stocks were prepared for each peptide and 14-3-37. 5
ulL of each stock were mixed on a 384-well white ProxiPlate (PerkinElmer) sealed an incubated at
room temperature for 1 hour. AlphaScreen streptavidin-conjugated donor and nickel chelate-
conjugated acceptor beads were prepared as 2x stock (40 ug/mL) and 10 pL was added to the wells
to give a final concentration of 20 pug/ml for each bead and incubated for a further 1 h in the dark at
22 °C. The plates were analysed using an Envision (PerkinElmer) plate reader. The obtained heatmap

is shown below.
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Figure 17. Heatmap of the obtained response from the alpha screen for the titration of biotinylated H3S10Ph peptide and

his-tagged 14-3-3C.

For the competition assays 3 ulL 14-3-3 zeta (4 uM stock; final conc. 600 nM) was mixed with the
competitor (1.2 or 3 uM final concentration) and buffer was added to give 7 puL in a 384-well plate.
The plate was sealed and incubated for 15 min at room temperature. Then 3 uL biotinylated
H3S10Phos peptide was added (4 uM stock; final conc. 600 nM), the plate was resealed and
incubated for 45 min at room temperature. AlphaScreen streptavidin-conjugated donor and nickel

chelate-conjugated acceptor beads were prepared as 2x stock (50 pug/mL) and 10 pL were added to
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the wells to give a final concentration of 25 pg/ml and incubated for a further 1 h in the dark at 22
°C. The plates were analysed using an Envision (PerkinElmer) plate reader. Measurements were
performed in duplicates. The background was subtracted from the obtained reading and the values

were normalized with respect to a control containing no inhibitor. Data for the measurements are

shown below.

2eq H3 S10P H3 cont blank
526500 874636 1337653 9578
691425 905489 1041043 10407
-blank 516641 864777 1327794
681566 895630 1031184
ratio 0,43417 | 0,726734
0,572769 | 0,752662
Mean 0,5035 0,7397
Sd 0,069299 | 0,012964
5eq H3 S10P H3 cont blank
14263 242633 647460 3948
12940 144928 572601 5088
-blank 10315 242633 647460
7852 144928 572601
ratio 0,015931 | 0,374746
0,013713 | 0,253105
Mean 0,0148 0,3139
Sd 0,001109 | 0,060821

Table 4. Results for the alpha screen competition assay.
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5 The effect of H2A T101 GlcNAcylation on nucleosome structure

5.1 Introduction

The addition of O-linked B-N-acetylglucosamine (GIcNAc) to serine and threonine residues,' as
catalysed by O-linked N-acetylglucosamine transferase (OGT), is a prevalent posttranslational
modification (PTM)? in mammalian cells. Recently, this modification has been detected on histone
proteins,>* implying that it may function in transcriptional regulation.” To date, a biological function
has only been described for one of the histone GIcNAc modifications; Histone H2B S112
GlcNAcylation which has been shown to activate transcription by increased H2B ubiquitination.” OGT
has been shown to interact with polycomb proteins® responsible for transcriptional repression via
H3K27 methyation and the COMPASS/Set4 complex,” an activating complex that can catalyse H3K4
methylation. This seemingly conflicting involvement in both transcriptional repression and activation,
and the observation that OGT is essential for development,®® point towards an important and

complicated role for OGT in transcriptional regulation.

To gain better understanding of the influence of GIcNAcylation on nucleosome structure and
stability, access to homogeneously GlcNAcylated proteins at a single site is necessary. OGT is a
promiscuous enzyme with many reported GlcNAcylation sites on histones.? In addition, not all
GlcNAcylation sites on histones have been discovered yet. For Histone H2A only one GIcNAcylation
site on Thr-101 has been confirmed by mass spectrometry. Upon mutation of this residue to alanine,
GlcNAcylation of Histone H2A is still observed by western-blot, suggesting that there are addition
GlcNAcylation sites on the protein.’ Similarly, results were obtained for histone H2A and H4.? Histone
H3 is also shown to be GlcNAcylated, possibly on Ser-10,* but no mass spectrometry evidence for the

site of modification on H3 has been reported yet.

In vitro treatment of histones or nucleosomes with OGT results in multiple modifications on the

proteins.> Chemical posttranslational modification is an attractive alternative since it allows site-
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specific and complete installation of PTM mimics. In the work in this chapter, methodology
developed in Oxford was used to generate homogenously GIcNAcylated histone H2A at site T101, a
reported natural modification site. The product of this modification strategy is an O-GIcNAc mimic
effectively replacing serine-O-GIcNAc with cysteine-S-GIcNAc. This thio-ether linked O-GIcNAc mimic
has often been used in chemical biology research, as it has very similar conformational properties as
the natural modification and increased stability."® GIcNAcyation was found to destabilize nucleosome
structure, revealing a potentially new mechanism by which OGT can help to shape chromatin

structure.

5.2 Results

To study the effect of GIcNAcylation on nucleosome stability, a variety of assays previously used to
characterize nucleosome stability were employed. These included size exclusion chromatography
(SEC),"** circular dichroism (CD),** thermal melting monitored by CD' and differential scanning
fluorimetry (DSF)*> and non-denaturing mass spectrometry (nMS),'® both of sub-complexes and of

whole nucleosomes.

5.2.1 Chemical modification

In Chapter 3, the chemical addition of PTMs to histone H3 was described as an efficient method to
generate site selective GlcNAcylated H3. In this chapter, the extension of this methodology to
histone H2A is described using analogous reaction conditions as used for H3. First, a single-site
cysteine mutant of H2A was generated, H2A T101C. The protein was produced in E. coli and purified
from inclusion bodies by SEC and ion-exchange chromatography. Treatment of H2A T101C with 100
eq 1 gave complete conversion (>95%) to the Dha containing protein after 30 min at rt and a further
3 h at 37 °C. Subsequent addition of 1000 eq GIcNAc-SH and incubation at rt for 3.30 h yielded

homogeneously modified histone H2A at site 101 as confirmed by ESI-MS.

107



o] o

| H,N  BrBf  NH,

’ <
30 min rt then 3 h 37°C

b TOF M3 ES+
100 13918 6.31e3

H2A T101Dha

] Calc. 13918
Found 13918

t ? f 7 Y # # mass
16000 17000 18000 19000

OH

HO SH
N NHAc AcHN
Do '

3.30 h 37°C

TOF M3 ES+

8.37e4
100+ 14156 8.37e4

H2A T101GIcNAc

# Calc. 14155
Found 14156

. L L

0 '
10000 11000 12000 13000 14000 18000 18000 | 17000 18000 = 10000

tem Mass

Figure 1. Generation of H2A T101 GIcNAc. a Reaction of H2A T101C with 100 eq 1 shows complete conversion to H2A
T101Dha. b Deconvoluted ESI-MS spectra of the Dha containing H2A after the first reaction ¢ Reaction of H2A T101Dha with

GIcNAc-SH yields homogenously GlcNAcylated H2A. d Deconvoluted ESI-MS spectra of the GIcNAc containing H2A.

5.2.2 Dimer and octamer reconstitution

With the modified histone H2A in hand, first the effect of T101GIcNAc on H2A-H2B dimer stability
was then investigated. Wt and GlcNAcylated H2A/B dimers were refolded by combining either wt or
GlcNAcylated H2A with wt H2B under denaturing conditions and dialysis into 2M NaCl containing
buffer. The obtained complexes were analysed and purified by SEC. The wt and GIcNAcylated

H2A/H2B dimer behave identically on the size exclusion column, eluting as one peak at 81 mL (Figure
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2a). By comparison, the larger H3/H4 tetramer elutes as one slightly asymmetric peak at 68 mL

(Figure 2b), probably due to the dimer-tetramer equilibrium under these conditions.

a b

—— H2B /H2A wt —— H3/H4
------ H2B /H2A
C101 GlcNAc

mal

Figure 2. SEC purification of different histon multimers. a Comparison of the SEC UV traces for H2A/B wt and H2A/B GIcNAc.

b SEC trace for the purification of the H3/H4 tetramer.

With the separate dimers and tetramers being reconstituted, the ability of GIcNAcylated H2A/B
dimer to form histone octamers was investigated. For this, the purified dimers were combined with
the H3/H4 tetramer and incubated for 1 h at 4 °C. 1.1 eq of the dimer was used, because excess
dimer is easy to separate by SEC which should result in homogeneous purified GIcNAcylated octamer
for further studies. When the wt dimer is combined with the H3/H4 tetramer, a larger molecular
weight species eluting at 66 mL (Figure 3a peak 1) is observed, corresponding to the intact octamer
(Figure 3a). Upon combining GlcNAcylated H2A/B dimer with the H3/H4 tetramer, two separate
peaks one eluting at 71 mL corresponding to the tetramer (Figure 3a peak 2) and one eluting at 81
mL corresponding to the GlcNAcylated dimer (Figure 3a peak 3) were observed. The composition of
the peaks was confirmed by SDS-PAGE (Figure 3b). These results suggest that while GlcNacylation
does not affect H2A/B dimer formation, it does inhibit octamer formation. This could be due to a

destabilization at the tetramer / dimer interface.
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Figure 3. SEC and SDS-PAGE analysis of octamer reconstitutions with wt and GlcNAcylated H2A/B dimers and at H3/H4
tetramer. a SEC UV traces of the H2A/B wt (blue) and GIcNAc (red) octamer reconstitutions. b SDS-PAGE analysis of the

indicated fractions.

5.2.3 Dimer stability

To further assess the effect of GIcNAcylation on the H2A/B dimer structure, CD spectra and melting
curves of both the wt and GIcNAcylated dimer were measured. The CD spectra were identical,
confirming that the GlcNAcylation does not influence dimer structure (Figure 4a). This is expected, as
the modification site is not in the a-helical core of the protein but in a loop which folds into a short -
sheet segment upon association with the H3/H4 tetramer but is probably disordered in the free
dimer. To confirm the structural integrity of the dimers, melting temperatures were measured by CD.
Very similar melting temperatures (GIcNAc, 51.1 + 0.1 °C; wt, 52.9 + 0.1 °C; Figure 4b and c) were
obtained.” This again confirms that the structure and stability is not significantly affected by H2A

T101 GlcNAcylation.
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Figure 4. CD analysis of wildtype and GlcNAcylated H2A/H2B dimers. Data was processed and analysed using Pro-Data
(Chirascan). a Overlay of the CD spectra for wildtype (red) and GlcNAcylated (blue) H2A / H2B dimers. b Melting profile of

GlcNAcylated (black) and the wt (red) H2A / H2B dimer measured by CD.

5.2.4 Nucleosome reconstitution and stability

The isolated histone octamer is not proposed to be a relevant species in vivo.'” While a decrease in
stability in isolated octamer could point towards a similar effect in chromatin, the difference in the
environment is substantial. Thus, it is important to investigate the effect of GIcNAcylation on a more
biologically relevant species, such as nucleosomes. While the GlcNAcylated dimers do not form stable
octamers, refolding of nucleosomes is also possible from separate tetramers and dimers by salt

11,12 GlcNAcylated nucleosomes were refolded from H3/H4 tetramers and

gradient dialysis.
GlcNacylated H2A/B dimers using a 145bp construct of the high affinity 601 DNA."*'° The
GlcNAcylated nucleosomes yield a band migrating at the same molecular weight as the wt
nucleosome in native PAGE (Figure 5a). The band did appear less sharp than for the wt nucleosome
and more free DNA was also observed when compared to the wt reconstitution, suggesting a
decrease in stability of the GIcNAcylated nucleosome. To investigate the stability of the reconstituted
nucleosome, thermal melting experiments were performed and followed the unfolding by DSF or CD.
In DSF a hydrophobic dye is added to the proteins, upon unfolding of the protein hydrophobic
residues are exposed which can bind to the dye resulting in an increase in fluorescence.™ Using DSF

a decrease in melting temperature from 65.6 °C for the wt nucleosome to 59.6 °C for the

GlcNAcylated nucleosome (Figure 5b) was observed. CD also showed a decrease of melting
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temperature of 6.5 °C when comparing wt with the GlcNAcylated nucleosomes (64.9 °C for GIcNAc
vs. 71.4 °C for wt; Figure 5c). Interestingly the CD traces revealed two melting transitions for both the
wt and the GlcNAcylated nucleosome. This melting behaviour has been reported previously.” It is
proposed that the first transition corresponds to the dissociation and denaturation of the H2A/B
dimer, while the second corresponds to the dissociation and denaturation of the H3/H4 tetramer.
This proposal is in agreement with a change only in the first transition upon GIcNAcylation, because

of the destabilization of the H2A/B dimer in the nucleosome by GlcNAcylation.
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Figure 5. Comparison of stability of wt and GIcNAcylated nucleosomes. a Analysis of wt and GIcNAcylated nucleosomes on a
6% TBE PAGE gel. b Determination of melting temperature of wt (red) and GlcNAcylated (black) nucleosomes by DSF. ¢

Determination of melting temperature of wt (red) and GIcNAcylated (black) nucleosomes by CD, measured at 220 nm.

5.2.5 Non-denaturing mass spectrometry

Non-denaturing mass spectrometry (nMS) is a powerful method to investigate the composition of
macromolecular complexes and has been previously used to analyse nucleosome sub-complexes.™®
nMS was used to analyse the composition of nucleosomes reconstituted using the salt-gradient
dialysis technique. For the wt nucleosomes two ion series corresponding to the mass of the full
nucleosome (Figure 6) were observed, these probably correspond to differently compacted
conformations. In nMS, complexes with a larger volume obtain more charge during ionization, thus
the major ion series, centred around the +28 peak, would correspond to a compact conformation,

while the ion series centred at +34 would correspond to an extended conformation. In the wt
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sample, some hexasome in agreement with literature reports'® and a small amount of unbound DNA
was observed. The GIcNAcylated nucleosome showed a mixture of different subcomplexes. In

addition to the full nucleosome, a hexasome and a nucleosome lacking one H3 was observed.
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Figure 6. nMS analysis of the wt (first pannel) and GlcNAcylated (second panel) nucleosome reconstition.

Upon closer inspection of a reported nucleosome crystal structure,”*? it was observed that the H2A
T101 alcohol is pointed towards a H3 a-helix (Figure 7). During salt constitutions the steric clash

between this helix and the GIcNAc modification probably results in removal of one component,

either the H2A/B dimer or one H3, from the nucleosome.

H2A/B dimer

601 DNA H3/H4 tetramer

H2A Thr101

Figure 7. Nucleosome crystal structure (adapted from 1KX4)22 with H2A Thr-101 highlighted in red.
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5.2.6 Possible In vivo function

Having established that GIcNAcylation of H2A at Thr-101 results in destabilization of the nucleosome
in vitro, it was of interest to consider a possible role for this modification in vivo. Two possible
scenarios by which nucleosome destabilization could affect transcription were imagined. Firstly,
destabilization would result in an open chromatin state with less nucleosome occupancy. This could
enhance transcriptional activation by facilitating Pol Il passage through nucleosome barriers or
allowing TF binding to sites that were previously occupied by nucleosomes. Indeed, the
destabilization of H2A/B dimers in nucleosomes is proposed to be an important mechanism to

facilitate transcription.”** .

In in vitro experiments, H2A T101 GIlcNAcylation was only observed when H2A was used alone, not in
nucleosomes or octamers. From the nucleosome structure this seems logical since this site of
modification is buried in the core and thus not accessible. This suggests that T101GIcNAcylation can
only happen in H2A when it is not in a nucleosome. During transcription, nucleosomes are partially
disassembled when the RNA polymerase passes through and reassembled in the polymerases wake.
During this disassembly, H2A/B dimers are free and could be GlcNAcylated, reinforcing

transcriptional activation.
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H2AZ_HUMAN :
H2AY_ HUMAN : |BN@RENCERCIHNNEN /-y
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Figure 8. Alignment of different histone variants, T101 is marked by the arrow.

Interestingly, different histone variants vary somewhat in the region preceding the T101
GlcNAcylation site (Figure 8). H2A and different H2A variants are complexed in cells as H2A/B dimers
by dedicated chaperones. Thus, it is important to consider the accessibility of the T101 residue in
H2A/B chaperone complexes. There are a few chaperone-H2A/B complex structures with both H2A

and H2A.Z (Figure 9). In the FACT complex, H2A T101 is in a flexible loop and would be accessible for
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GlcNAcylation (Figure 9c). For H2AZ, while in the Chzl complex T101 is accessible, in both the
Anp32e and the Swrl complex, T101 is in an a-helix stabilized by the chaperone with the group
buried in the core of the protein. This suggests that the exact chaperone association of the H2A/B

dimer could be an important factor in determining whether H2A T101 or the equivalent threonine in

different variants is GIcNAcylated.

Figure 9. Structures of different histone-chaperone complexes. The H2A/B or H2AZ/B dimer is in green, the site of
GlcNAcylation (T101 on H2A, T104 in H2AZ) is in light-blue and the chaperones in different red tones. a Anp32e-H2A/B
complex adapted from pdb 4CAY.” b Chz1-H2AZ/B complex adapted from pdb 2155.% b FACT-H2A/B complex adapted from

pdb 4KHA.”” d SWR1-H2AZ/B complex adapted from pdb 4M6B*®

By GlcNAcylation, some H2A variants could be destabilized in chromatin potentially leading to
increased incorporation of non-GIcNAcylation competent variants. H2A T101 GlcNAcylation could
thus also provide a targeting mechanism for the incorporation of different histone H2A variants into
chromatin. Of all the histone variants, H2AZ is a promising candidate because of its importance in

development™>' and link to PcG proteins.”®** Analysis of previously published OGT and H2AZ ChIP-
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Seq data reveales strong co-localization of both proteins, especially at transcription start sites (Figure

10).

68032 7701

Figure 10. Venn diagram for overlap of all H2A.Z and OGT peaks (a) or only peaks at TSS (b).

It was investigated whether OGT could be involved in H2A.Z targeting in cell, by performing H2AZ
Chromatin immunoprecipitation (ChIP) experiments in OGT siRNA knockdown cells (experiments
were performed by Tom Milne (WIMM) ). In ChIP, proteins that are associated with chromatin are
cross-linked to the genomic DNA by e.g. formaldehyde. The cells are then lysed by sonication during
which the DNA is sheared into 100-300 bp fragments. Subsequently, the protein of interest, together
with the cross-linked DNA is retrieved by immunoprecipitation using the appropriate antibody. After
reversal of the protein-DNA crosslink, retrieved DNA can analysed by quantitative PCR (gqPCR) or
sequencing. Preliminary results from H2AZ ChiP experiments, suggest that H2AZ incorporation is
reduced at TSS of both repressed and active genes upon OGT KD. Further experiments will need to be

performed to validate these results.

5.3 Discussion

In this chapter, | have demonstrated the utility of chemical post-translational modification as a tool
to elucidate the biophysical effects and possible function of histone H2A GIcNAcylation. These
provide insights into the molecular consequences of this modification from which a proposal about

its in vivo function can be made.
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Different biophysical techniques revealed that H2A T101 GlcNAcylation can destabilize the
nucleosome structure, likely by modulating the dimer — tetramer association. H2A T101 is located in
the C-terminal dimer-tetramer docking domain and this region forms a small B-sheet with a loop of
the tetramer upon association, making this region perfect for regulation of dimer stability in the

nucleosome.*

This destabilization would be in agreement with the proposed role of OGT in transcriptional
activation, since nucleosome destabilization would yield an open chromatin structure which would
favour transcription. OGT has been associated with both repressing and activating complexes; it is
very likely that the exact complex composition can result in GIcNAcylation at different sites of the
histones, explaining the complex role of OGT in transcriptional regulation. While initial OGT KD
experiments were performed to see how OGT affects the chromatin landscape, it is difficult to
pinpoint the exact cause of this regulation, since chromatin regulatory proteins have also been
reported to be GIcNAcylated and removal of OGT could result in a change of activity in these.
Additional experiments, such as localization of a H2A T101A mutant which cannot be GIcNAcylated
and should be preferentially incorporated at sites of OGT recruitment, could shed more light on the

exact role of modification at this site.

Sites of protein GlcNAcylation can often also be modified by phosphorylation, creating a cross-talk
between these two metabolism dependent modifications.' Indeed, H2A T101 has also been reported
as a phosphorylation site with unknown functional consequences.?* For the histone variant H2AX,
which is essential for DNA damage repair such as after exposure to ionizing radiation, T101 has been
described as a phosphorylation site. T101 phosphorylation is induced upon exposure of cells to
ionizing radiation and thus implicated in DNA damage response.®® Upon Thr-101 to Ala mutation DNA
the sensitivity of cells towards ionizing radiation is greatly increased, further supporting the role of
this phosphorylation site in DNA damage response. It would be of interest to study the effect of T101

Phos on nucleosome structure using the presented methods.
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5.4 Experimental procedures

For mutagenesis, histone expression, LC-MS analysis of protein modification, histone complex
reconstitution and purification, nucleosome reconstitution and native PAGE analysis see general
methods in Chapter 2. nMS analysis was performed by Nisha Patel (CVR group). H2AZ ChIP

experiments were performed by Tom Milne (WIMM).

5.4.1 Histone H2A T101C modification

Histone H2A T101C was expressed and purified by Joshua Price as described in the general methods.
The reaction was performed in denaturing reaction buffer (RB; 5 M Gd.HCI, 50 mM TRIS pH 8.0). 10
mg H2A T101C were weighed into an Eppendorf tube and dissolved in 500 puL RB. Then 15 mg DTT
was added and the protein was shaken at rt for 30 min. Excess DTT was removed by PD minitrap (in

RB) giving a final concentration of 10 mg/mL H2A T101C (Figure 11).
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Figure 11. LC-MS analysis of the reduced H2A T101C.

5.4.1.1 HZ2A T101Dha Synthesis
To 900 pL of reduced H2A T101C (10 mg/mL; 0.74 mM) was added 100 uL of a DBHDA stock solution
(0.5 M in DMF; 50 mM final; 90eq). The reaction was shaken at rt for 30 min and then at 37 °C for 4

h. The reaction was monitored by LC-MS and after completion; excess reagent was removed by using
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a PD minitrap desalting column (in RB, each loaded with 500 uL). After 3.5 h at 37 °C full conversion

of the cysteine containing starting material to Dha was observed (Figure 12).
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Figure 12. LC-MS analysis of H2A T101Dha.
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5.4.1.2 HZ2A T101 GIcNAc synthesis

To 2 mL H2A T101Dha (4mg/ml, 270 uM) was added GIcNAc-SH (120 mg, 505umol, 250 mM, 925 eq)

and the reaction mixture was shaken at 37 °C for 3.5 h after which full conversion to H2A

T101GIcNAc was observed by LC-MS. Excess GIcNAc-SH was removed by using a PD10 desalting

column (in RB) and the resultant product was stored at -20 °C for dimer reconstitution (Figure 13).
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Figure 13. LC-MS analysis of H2A T101GIcNAc.

5.4.2 CD analysis of H2A/B dimers

CD spectra were recorded on a Chirascan CD-spectrophotometer (applied photophysics). H2A/B
dimers were buffer exchanged into 20 mM NaHPO, pH 6.7 1mM EDTA 150 mM NaCl by viva-spin. A
final concentration of 10 uM dimer in 500 pL in a micro cuvette (1 mm path length) was used for
each measurement. CD spectra were recorded from 200 — 300 nm with a step size of 1 nm and 0.5 s
per point. The starting spectra were recorded in triplicates. The three traces were averaged and
smoothed using a window of 4 and the background was subtracted. For melting curves the
temperature was increased stepwise from 25-90 °C in 1 °C steps with a hold time of 60 sec. The
temperature of the sample as measured by a sample probe was recorded for each step. The raw data
was exported from the Pro-data as CSV and further processed using OriginPro. The melting
temperature was extracted by plotting the CD at 220 nm against temperature and fitting using a

Boltzmann sigmoidal function.

5.4.3 CD analysis of nucleosomes

CD spectra were recorded on a Chirascan CD-spectrophotometer (applied photophysics).

Nucleosomes (2.5 pM) were in 10 mM NaHPO, pH 7.5 1mM EDTA 150 mM NaCl. For the
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measurement 300 pL in a micro cuvette (1 mm path length) was used. CD spectra were recorded
from 200-300 nm with a step size of 0.5 nm and 1 sec measurement per point. Temperature was
ramped stepwise from 25-95 °Cin 1 °C steps with 120 sec at each temperature. Data was processed

as described above for the dimer.

5.4.4 DSF analysis of nucleosomes

DSF analysis was performed on a Bio-Rad MJ Mini real time PCR machine using the Opticon Monitor
3 software. For the analysis 23 ulL of 2.5 uM nucleosome in 10 mM NaHPO, pH 7.5 1mM EDTA 150
mM NaCl and 2 pL of 25 x SYPRO orange (diluted from 5,000X Concentrate in DMSO; Life
technologies S-6650) were added into a real time PCR plate and sealed with transparent film. Then
the sample was first kept for 1 min at 15 °C and then heated from 15-95 °C in 1 °C steps with one
minute at each temperature. Fluorescence was read out for each temperature. The data was
analysed using the excel sheets described by Niesen et al."® Melting temperatures were extracted by

fitting using a Boltzmann sigmoidal function in OriginPro.

5.4.5 ChIP-Seq and DNase I sensitive site analysis
OGT ChIP data published by Vella et al’®* was used for the analysis. DNase | sensitivity data was

obtained from data deposited by the ENCODE project (Digital DNasel from ENCODE/ University of

39-41

Washingtion; ES-E14; 129/0la; EO; hotspot-broadPeak).’”*® Data was analysed using Galaxy***" and

visualised using the UCSC genome browser.*
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6 Histone tail structure and the effect of Ser-10 phosphorylation

6.1 Introduction

As discussed in Chapter 1, eukaryotic DNA is organized into a compact structure called chromatin.
Nucleosomes, consisting of an octamer with each two copies of histone H2A, H2B, H3 and H4
wrapped around ~145 bp of DNA, are the basic packing unit of chromatin. All individual histones
contain a folded, mainly a-helical, core and extended tails at the C- and/or N-terminus.™* Histones do
not only fulfil a structural role, but are important hubs for transcriptional regulation.’ This regulation
is accomplished in part by posttranslational modification (PTM) of various residues on the histone
tails. While the folded nucleosome core has been extensively characterized by crystallography,™* the
histone tails are extended from the core and not well resolved in the reported crystal structures.
From their amino acid sequence, histone tails are predicted to be intrinsically disordered.>®
Intrinsically disordered proteins (IDP) or proteins containing disordered domains make up a large
fraction of the proteome’ and characterizing the structure and dynamics of IDPs is a major current
interest.®® For structural description of these flexible domains nuclear magnetic resonance (NMR) is
an important tool as it reports on the average structure adopted by the ensemble at atomic
resolution.® By NMR many structural parameters characteristic of residual order within an IDP
ensemble are measurable and structures that match the experimentally determined parameters can
then be obtained by molecular dynamic approaches.® As most sites of epigenetic regulation are on
the intrinsically disordered histone tails, elucidating the structure and dynamics of the histone tails is
essential to gain better understanding of the epigenetic mechanisms that govern transcriptional

regulation.

Whilst the unstructured histone tails have not been structurally described by protein crystallography,
a large body of work describing the structure and function of these domains® exists including early 1D

NMR studies,®’®® small angle x-ray scattering (SAXS), UV-crosslinking, DNA foot-printing,**
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sedimentation analysis and enzymatic assays.”> While all these methods provide insight into the
overall behaviour of the histone tails, no information of histone tail structure at atomic resolution is

currently available.

SAXS studies™ on nucleosomes in different salt concentrations showed an ionic strength

1819 This was attributed to the release of the

dependent increase in size of the nucleosome particle.
histone tails from the nucleosome core, which was confirmed by comparing the salt dependent size
increase of wt nucleosomes with nucleosomes lacking all tails,”® or only the H3 and H4 tails.”* When
the H3/H4 tails are removed, the nucleosome structure needed to be modelled with partially
unwrapped DNA ends to fit the SAXS data.” In contrast, in these SAXS studies wt nucleosomes are
best modelled with fully-associated DNA even in the conformation with extended tails at higher ionic
strength. This tentatively suggests that the tails, although partially dissociated, still retain some

interactions with the DNA, stabilizing it on the nucleosome core. The exact salt concentration of

dissociation increases with the length of DNA used for the nucleosome reconstitution.”

1D NMR studies have confirmed the presence of flexible regions in the histone proteins.'®** Flexible
regions were distinguished from the octamer or nucleosome core by their sharp peaks and their
sensitivity towards trypsin digestion.'®*® An increase in the signal intensities of these regions from an
increase in flexibility was only observed above 300mM NaCl in nucleosomes.'® This salt dependent
increase in signal is not observed in trypsinised nucleosomes.® From this the authors concluded that
the flexible regions or tails are associated with the nucleosome core at physiological salt
concentrations and only dissociate at higher than physiological salt concentrations. Because only 1D

NMR was used, no tail or residue specific information about flexibility and structure was obtained.

UV-crosslinking studies have revealed that the basic histone tails can be cross-linked to nucleosomal
DNA and are preferentially bound to linker DNA outside the nucleosome core.””” Detailed mapping
of the cross-linking sites showed that the H3 tail can make contact with nucleosomal DNA at various

26,27

regions around the exit site of the H3 tail from the core. These interactions were also detected in

125



the presence of linker DNA.”” In a di-nucleosome model system the histone H3 tail was shown to
make mainly intra-nucleosome contacts, while other histone tails participated in inter-nucleosome
interactions.?® Thus, a mono-nucleosome should provide a good model for the structure of the
histone H3 tail. Salt titrations showed that the crosslinking of histones to DNA was reduced above
300 mM NaCl and was dependent on the presence of histone tails,” in agreement with a dissociation
of the tail from the DNA at high ionic strength. All of these studies were performed at physiological
or higher salt concentrations, suggesting that, even though the tails appear more extended at higher
ionic strength, DNA-tail interactions are still present and could be an important determinant for

histone tail structure.

The addition of PTMs to histones has been shown to affect the behaviour of the histone tails. The
best studied modification in this respect is lysine acetylation, in part because hyper-acetylated
histones and nucleosome can easily be generated in vivo. Lysine acetylation neutralizes the charge of
the g-amine. Thus, acetylation is expected to weaken the mainly electrostatic interaction between
the positively charged histone tails and the negatively charged DNA. Indeed, hyper-acetylation
results in particles with reduced thermal stability,*® reduced sedimentation coefficient** and more
loosely associated tails.® Also, an increase in a-helical content in the tails has been observed upon
acetylation.’” Other modifications have been less well studied, mainly due to challenges with sample

preparation.

Histone phosphorylation is an important PTM? that can modulate the net charge of the tail by
introducing two additional negative charges. H3 Ser-10 phosphorylation (H3 S10Ph) and the enzymes

that deposit this modification are involved with various cellular processes such as regulation of

33,34

transcriptional activation and mitosis. H3 S10Ph was linked to mitosis because of the significant

temporal overlap between H3 S10Ph occurrence and chromosome condensation and cell division.**?®

Mutation of H3 S10 or deletion of the responsible mitosis regulating kinase (Aurora B in humans)

37-39

results in mitotic defects in most studied organisms. As a terminal target of multiple kinase

cascades, H3 S10 phosphorylation is an important regulator of transcriptional activation.®
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Inactivation of the responsible kinases results in transcriptional mis-regulation while mitotic

phosphorylation is maintained.*>*!

From a mechanistic perspective, histone marks can function via either recruitment of histone code
‘reader’ proteins or by modulating biophysical properties such as structure, dynamics and stability of
histones and nucleosomes (see Chapter 1). H3 S10Ph can function by recruiting the 14-3-3C ‘reader’

42,43

protein resulting in transcriptional activation or by blocking binding of transcriptional repressing

445 phosphorylation in other disordered proteins has also been shown to have

proteins such as HP1.
effects on structure.*®*® Phosphorylation in an arginine/serine rich domain can increase structuring

and rigidity in this domain.*’ In the intrinsically disordered protein Sic1 phosphorylation leads to an

increase in extended conformations in the structural ensemble.*®

Recent developments in solution NMR enable studies of large complexes such as nucleosomes (198
kDa).**! This is accomplished by global deuteration, which improves relaxation properties, selective
isotope labelling and optimized pulse sequences. In this chapter, work that uses NMR to characterize
residual structure in the histone H3 tail is described. Zhou et al.** have reported assignments of the
flexible tail regions of the Drosophila melanogaster histone H3 in a nucleosome. Further detailed
structural analysis of the H3 tail was not reported. In this chapter, it is shown that the H3 tail adopts
a collapsed conformation around the exit of the DNA from the nucleosome. This structure is
modulated by H3 S10 phosphorylation, providing the first molecular picture of the influence of
phosphorylation on histone tail structure. Based on these insights, a model of how H3 S10
phosphorylation is able to function in many different cellular processes by reorganizing H3 tail

structure is proposed.

6.2 Results

6.2.1 The H3 tail is partially structured in a nucleosome context
To investigate the structure of the histone H3 tail by NMR, a deuterated and N labelled

recombinant Xenopus laevis histone H3 was produced in E. coli transformed with the appropriate
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plasmid (pET3d, H3 C110A) grown in M9 minimal media in D,0 containing deuterated glucose and
>NH,CI. The protein was purified by size exclusion (SEC) and ion exchange chromatography (IEXC).>
Together with unlabelled wildtype Xenopus laevis H2A, H2B and H4, expressed and purified using the
same methods, histone octamers containing only one labelled protein were reconstituted and
purified by SEC. These were then used, together with a 145 bp construct of the high affinity ‘601’
nucleosome positioning sequence® to assemble nucleosomes by salt gradient dialysis.”® The 601 DNA
sequence was selected by Lowary et al.>* by a systematic evolution of ligands by exponential
enrichment (SELEX) approach from a pool of random DNA sequences. This sequence has very high
affinity for the histone octamer and yield highly homogeneous nucleosomes. Accurate DNA and
protein concentration was found to be essential to obtain highly homogenous nucleosomes. Excess
DNA results in the formation of an inhomogeneous mixture, while excess octamer results in low
yield. Before large scale assembly, small scale assemblies using different concentrations were
performed and analysed by native PAGE to find the correct DNA: protein ratio (Figure 1). The ratio
that gave good nucleosome yield and no free DNA was used for large scale reconstitution of
nucleosomes. After the nucleosome reconstitution, the nucleosomes were exchanged into a low-salt

buffer (10 mM NaH,PO, pH 6.5, 1 mM EDTA).

MW 0.9 1.0 1.1 1.2  eqDNA

nucleosome ﬁg :
300 6,

200 B
free DNA —»

100

Figure 1. Native PAGE analysis of a titration of increasing amounts of DNA with constant octamer concentration.

In the "H-"N HSQC, 30 resonances corresponding to the N-terminal histone H3 tail were observed
(Figure 2a). The peak positions of the H3 tail matched closely the published HSQC spectra of
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Drosophila melanogaster H3 in a nucleosome context, as might be expected from the complete

conservation of histone H3 between the organisms (Figure 3).>
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Figure 2. a 'H-"N HsQc spectra of the deuterated H3 tail in a nucleosome. Assigments were taken from Zhou et al®”. b
R, relaxation rates of the histone H3 tail. Regions of low R, are indicated with a box above the plot. ¢ BN R, relaxation rates

of the histone H3 tail. Regions of low R, are indicated with a box above the plot. d Correlation between the measured 'H

and °N R, rates for the histone H3 tail.

Upon closer inspection of the spectra, large differences in peak intensity across different residues

became obvious, with the peaks for residues closest to the nucleosome core (res 31-35) appearing
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most intense. Differences in peak intensity could result from different relaxation properties in
different parts of the chain but nevertheless, regions distant from the core nucleosome would be

predicted to be more flexible and therefore more intense.

To investigate this possibility, 'H or >N R, relaxation rates were measured (Figure 2b and c). All rate
analyses was performed using the Function and Data Analysis (FuDa)>> package and the quality of the
peak fits were inspected manually. Only peaks with statistically sound fits were used for further
analysis. A profile agreeing with the peak intensity profile with lower 'H R, for residues 10-15
(reduction of 5-10 s™*) and 29-35 (reduction of 10-20 s™) was observed. A similar profile was observed

for the >N R, values, which ranged from 15 s'to30s?t

* 20 * 40 * 60
IEEIRNNO VI M AR TKQTARKSTGGKAPRKQLATKAARKSAPATGGVKKPHRYRPGTVALREIRRYQKSTELL IRKL PF HENeRS
REVED AN NEINMARTKQTARKSTGGKAPRKQLATKAARKSAPATGGVKKPHRYRPGTVALREIRRYQKSTELL TRKL PF RS}
* 80 * 100 * 120 *

IEEIRN XV OR ] VRE TAQDFKTDLRFQSSAVMALQEASEAYLVGLFEDTNLCATHAKRVTIMPKDIQLARRIRGERA NSRS
EEVED AN ORT. VRETAQDFKTDLRFQSSAVMALQEASEAYLVGLFEDTNLCATHAKRVTIMPKDIQLARRTRGERA NI

Figure 3. Sequence allignment for Histone H3 from Drosophila melanogaster (H3_DROME) and H3 from Xenopus laevis

(XENLA)

It was considered that higher R, rates for some residues in the H3 tail (3-10 and 17-28) could indicate
residual secondary structure®® or chemical exchange between different conformations on an

intermediate time scale. To test for intermediate exchange, Carr-Purcel-Meiboom-Gill (CPMG)>">®

d.>>® In this experiment, during a set delay-time

relaxation dispersion measurements were performe
a sequence of 180° refocusing pulses with a variable frequency is applied. When chemical exchange
in the ms time scale is present, a low CPMG frequency will result in broadening of the peaks, because
of incomplete refocusing of the magnetization, yielding a higher R,*". At high CPMG frequencies, the

 From

magnetization is refocused more efficiently, resulting in more intense peaks and lower R,
these experiments, rates of exchange and chemical shift differences between the two states can be
extracted. Because of the large R, of the backbone amides, insufficient signal to noise (S/N) was

obtained from the >N labelled sample. To increase sensitivity a deuterated, leucine and valine 'y,
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BC-methyl labelled H3®' was produced in E. coli and used to reconstitute nucleosomes. For the
specific labelling E. coli transformed with the H3 plasmid was grown in M9 minimal medium with
D,0, deuterated **C glucose and ®NH,Cl. For selective leucine and valine y-"*CH; labelling, 2-Keto-3-

methyl-"*C-butyric-4-"*C, 3-d acid was added one hour before induction with IPTG.

From the *H-">C HMQC (Figure 4a) excellent S/N was obtained in the CPMG experiments for residues
in the tail but no relaxation dispersions were observed at different temperatures and in different
buffers (Figure 4b). As expected in the absence of exchange, a decrease in R,®" with temperature is
observed for both the V35 and L20 (Figure 4c). Interestingly, the obtained R,*™ for V35 is lower than

for L20 in agreement with previous 'H and >N R, measurements.
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temperatures and in different buffers.
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This lack of intermediate chemical exchange in the H3 tail suggests that the conformers of the tail are
exchanging rapidly, on the microsecond time scale and faster. Nevertheless, the R, trends suggest
that the tail might contain residual secondary structure. Established measures of residual structure in

IDPs are the H,, CO, C, and Cgand to a lesser extent the HN and N chemical shifts.®
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CS are analysed by subtracting experimentally determined random coil values to give a secondary

chemical shift (SCS).5*®® Upfield or downfield shifts from the random coil value of different nuclei are
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646 To deduce

used to determine residual secondary structure propensity of the polypeptide chain.
residual secondary structure propensity, CO, C, and Cg chemical shifts of a deuterated N 3C labelled

H3 in the nucleosome were measured and from these, SCS were calculated (Figure 5).

a-Helical character, as indicated by positive A8C,-ASCz and ASCO values (Figure 5a and d) and
negative ASN and ASHN values (Figure 5b and c), was observed for residues 19-27 of the H3 tail.
Weak a-helical character, as indicated by small but positive ASC,-A8Cs and negative ASN values, was
observed for residues 5-9. Combining these chemical shifts to calculate residue-specific secondary
structure propensity (SSP)*® revealed an a-helical propensity for residue 5-12 and 20-31 with a
higher score in the second stretch, similar to the analysis of individual SCS. These results are in

agreement with previous reports that observed a-helical content in the histone tails by CD.***’

6.2.2 Secondary structure is induced by tail-nucleosome interactions

The observed structural features could be the result of the intrinsic properties of the H3 tail
polypeptide or be induced by interactions of the tail with the nucleosome core and DNA. To
characterize the intrinsic properties of an isolated H3 tail a short histone H3 tail peptide (res 1-44)

was prepared.

For this, a fusion protein consisting of an N-terminal his-tagged SUMO for solubility followed by a
“Tobacco Etch Virus nuclear inclusion A endopeptidase” (TEV) recognition site and a C-terminal H3
tail (res 1-44) was constructed (Figure 6). TEV protease can cleave a variant of its optimal recognition
sequence (ENLYFQ\S) in which the C-terminal serine is replaced with alanine (ENLYFQ\A).*® Digestion
of the construct resulted in a wt tail with an N-terminal alanine without any additional amino acids.
The fusion protein was produced in E. coli with N *C labels, purified by IMAC and SEC and digested
with TEV protease. Subsequently the tag and the TEV protease were removed by another round of

SEC.
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His tag SUMO

v v

GSSHHEHHHGSGLVPRGSASMSDSEVNQEAKPEVKPEVKPETHINLKVSDGSSEIFFK
IKKTTPLRRLMEAFAKRQGKEMDSLRFLYDGIRIQADQTPEDLDMEDNDI TEAHREQT

GGGGI EE‘.NLYFQIART KOTARKSTGGKAPRKQLATKAARKSAPATGGVKKPHRYRPG

/ T

TEV cleavage site Histone H3 tail

Figure 6. Sequence for the SUMO-H3 tail construct.
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The H3 tail peptide (res 1-44) showed only 32 peaks, because of some overlap, in the *H->N HSQC
which were assigned using CaCbNH and CaCbCONH spectra (Figure 7a). When comparing the 'H-""N
HSQC of the H3 tail peptide with the H3 tail in the nucleosome, large discrepancies between the two
became obvious (Figure 7b), suggesting that the nucleosomal context results in changes in the

structure of the histone H3 tail.
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To compare residual secondary structure between the isolated H3 tail peptide and the H3 tail in a
nucleosome, 'H and H R, relaxation rates were measured for a H3 tail peptide. Unstructured
polypeptides can have fast proton exchange rates with water, which can affect R, determination.®
The CLEANEX-PM pulse sequence was used to measure the water exchange rate (Rue) at 15 °C.”° The
Ruex rates are large across the chain and range from 10-40 s™ (Figure 8a) This is slightly higher than
the calculated rates at ph 6.5, which range from 10-20 st (Figure 8b). Ry corrected 'H and N R,
relaxation rates showed a flat profile (Figure 8c and d) indicating no residual structure in the isolated

H3 tail peptide.

The Ryerates for the H3 tail in the nucleosome were also measured (Figure 8e). For most residues
this Ryey is too small for accurate quantification implying significant protection in the context of the
nucleosome, for these maximum Ry, Of 1.2 s* was estimated from the S/N. Ry, rates of 2.5-5 s™
were obtained for residues 10-13 and 28-34 (Figure 8e). These residues in the nucleosome have the
lowest R, rates, suggesting these are in flexible unstructured regions. This is in agreement with larger
Ruex rates for these residues. All Ry, rates are significantly lower than in the peptide, suggesting

increased protection of the amides by secondary structure formation or complexation by the DNA.

Chemical shifts for N, HN, CO, C, and Cg were also measured for the isolated H3 tail peptide. From
these, SCS were calculated for the H3 tail peptide by subtracting the random coil values for each
residue. For the H3 tail peptide, no clear a-helical propensity was observed (Figure 9). Especially the
ASC,-A6Cy values (Figure 9c), which are considered the best indication of secondary structure,
showed only very small deviations from the random coil values. Again, this suggests that the Histone

H3 tail attains structure in a nucleosomal context, while being unstructured as an isolated peptide.
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Figure 9. SCS analysis of the AG6H (a), A6N (b), ASCO (c) and A8C,-A6Cy (d) chemical shifts of the isolated H3 tail peptide
(blue) and the H3 in a nucleosome (red).

To better visualize the effect of the nucleosome core on tail structure, the isolated H3 tail was
assumed as the “random coil” value and SCS values for HN, N, CO and C,-Cs chemical shifts were
calculated by taking the difference between the chemical shifts of the H3 tail in a nucleosome
context and the H3 tail peptide (Figure 10). All of these plots revealed increased a-helical character

of the H3 tail when in a nucleosome context, especially for residues 19-27.
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Figure 10. SCS analysis of the ASH (a), ASN (b), ASCO (c) and ASC,-ASCg (d) chemical shifts of the H3 tail in a nucleosome

using the H3 tail peptide chemical shift as random coil values as given by A8 = 8pycicosome — Opeptide-

The observed difference between the H3 tail peptide and the H3 in a nucleosomal context could be
due to interaction of the tail with the nucleosome core but could also be an artefact because only a
small part of histone H3 was used in the measurements. To assess whether the H3 tail peptide is a
good model for the whole H3 protein, H3/H4 tetramers with >N labelled H3 were reconstituted for
comparison. If the secondary structure in the tail is induced by association with the DNA, then the
H3/H4 tetramer spectra should be similar to the tail. On the other hand, if the tail is unstructured just
because part of the H3 protein is removed, the H3/H4 tetramer spectrum may be expected to be
similar to the nucleosome. Overlay of the *H-">N HSQC of the H3 tail peptide and the H3/H4 tetramer
reveals a large overlap for residues 2-36 between this complex and the H3 peptide (Figure 11a and
b). When analysing the 'H and N chemical shift difference between the tetramer and the H3 tail
peptide only very small and unsystematic changes in the chemical shift between the two were
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observed (Figure 11c). These results suggest that the observed secondary structure in the H3 tail is

induced only in the presence of the whole nucleosome, probably due to H3 tail - DNA interactions.
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6.2.3 The histone tail adopts a compact conformation
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Figure 11. a / b Overlay of the 'H-*N HSQC of the histone H3 tail peptide (blue) and the H3/H4 tetramer (red) containing a

To gain a more detailed understanding of the structure of the H3 tail in the context of the
nucleosome, paramagnetic relaxation enhancement (PRE) measurements were used. For PRE
measurements, a free electron moiety in the form of a stable nitroxide radical can be installed by
reaction of a free cysteine in the protein with (1-Oxyl-2,2,5,5-tetramethyl-A3-pyrroline-3-methyl)
methanethiosulfonate via disulfide exchange (Figure 13). 'H R, rates are then measured with the spin

label (R,,.) and after reduction of the spin label by addition of ascorbic acid (R,q4). PRE rates are
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Two independent measurements were performed, with the spin label installed close to the DNA on
the H3 tail using an H3 Lys-36-Cys variant or on the core of the nucleosome using a H4 GIn-27-Cys

variant (Figure 12).

H3/H4 tetramer c

H2A/B dimer

H4 GIn-27

H3 tail

601 DNA

H3 Lys-36

Figure 12. Sites of PRE spin labels on the nucleosome.

The H3 K36C variant was produced as deuterated and °N labelled protein in E. coli and purified by
SEC and IEXC. The H4 Q27C variant was produced unlabelled and the nucleosomes with this variant

were reconstituted with deuterated >N labelled wt H3.
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Figure 13. Modification reaction to generate the spin-labelled histone.

For an intrinsically disordered tail, the PRE effect at >20 amino acids from the spin label should be

72-74

negligible. When placing the spin label at position 36 in the H3 tail a flat profile of large PRE rates
of 40-50s" for residue 3-15 was observed (Figure 14a), while residues 17-35 were bleached
completely, suggesting even higher PRE rates. This flat profile is not in agreement with a random coil

.”> When placing a spin label on the surface of

but suggests a compact structure of the histone H3 tai
the nucleosome core, a PRE effect was observed for all residues with increased PRE rates at the N-
terminus of the tail (Figure 14b). The distance of residue 35, close to the DNA and modelled in a
nucleosome crystal structure, to the spin-label site is 34.1 A in the model and 32.8 A when calculated
with the measured PRE values, confirming the accuracy of this method for distance determination.
The observation that the PRE is larger for residues at the N-terminus than for residues closer to the

nucleosome core strongly suggests that the tail is associating, at least transiently, with the DNA to

form a compact conformation.
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Figure 14. a Measured PRE rates for the spin label at position H3 C36. b Measured PRE rates for the spin label at position H4

C27.

The PRE rates were then used as distance restraints for structure calculation using XPLOR-NIH.”>"®

1.”77® When no PRE rates were

PRE rates were introduced as restraints using the PRE potentia
obtained because of complete bleaching of the signal, the minimum PRE was estimated from the
intensity in the reduced spectra and the S/N in the oxidized spectra. Because these rates are
minimum PRE values they were converted to distances which were used as maximum distance
restraints using the NOE potential. The calculation script was based on example scripts from the
XPLOR-NIH package and the scripts used by Religa et al.””. When using the PREs as restraints to
calculate a single structure, no structures that satisfied all constraints were obtained. Due to the
flexible nature of the histone H3 tail, the measured PRE values likely represent an average over
multiple conformations. To take this into account, ensemble calculations with ten members were
performed. Using these settings, structural ensembles that satisfied all restraints were obtained. The
obtained structures revealed a compact conformation of the nucleosome tail around the entry and

exit site of the DNA (Figure 15). Some a-helical character was observed in members of the ensemble

in agreement with the chemical shift results.
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Figure 15. Top and front view of a calculated ensemble of 10 structures of the histone H3 tail using the measured PRE

values as restrainted. The nucleosome core is in gree and the H3 tail of each ensemble member is in a different color.

All measurements on the nucleosome thus far described were performed at low ionic strength
because these buffer conditions resulted in good quality spectra. To investigate the structure at
physiological ion strength, a nucleosome sample in buffer containing 150 mM NaCl was prepared.
The 'H-"N HSQC revealed significant peak shifts from the low-ionic strength nucleosome (Figure

16a). When comparing the histone peptide with the low and high ionic strength nucleosome spectra,
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the high ionic strength peaks lay on a straight line between the histone peptide and the low ionic
strength spectra. This suggests fast interconversion between an extended tail peptide like state and a
collapsed state. From peak positions a 50 + 6 % contribution of the compact conformation to the

structural ensemble was estimated.
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Figure 16. a Overlay of the "H-°*N HsQc spectra of the histone H3 tail peptide (blue), the low ionic strength nucleosome
(red) and the high-ionic strength nucleosome (purple). Peak shifts are indicated by dotted lines for the labelled peaks. b

Correlation between the peak intensity for the peptide and the nucleosome at high ionic strength.

Thus, the previously characterized compact state contributes significantly to the tail structure at
physiological ionic strength. Further detailed quantification of the tail dynamics at physiological ionic
strength was impossible due to very poor S/N, possibly because of increased water exchange in the
extended conformation. In agreement with this, the residues with the highest water exchange rate in
the peptide (res 3-6, 10-12 and 28) were not observed in the nucleosome spectra at higher ionic
strength and the peak intensity of the high salt nucleosome correlates well with the peak intensity of

the peptide (Figure 16b; R’=0.68).

144



6.2.4 Phosphorylation modulates the tail-nucleosome interactions

Next, it was of interest to investigate the possibility of tail structure modulation by PTMs.
Phosphorylation could influence the proposed to be mainly electrostatic interaction of the
nucleosome tail with the DNA. Of the known phosphorylation sites on histone H3, Ser-10 is the best

studied and can be introduced enzymatically.®*®*
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Figure 17. a Overlay of the 'H-*N HsQC spectra for the wt (red) and the phosphorylated (orange) H3 tail in the nucleosome
context. b Comparison of the measured 'H R, rates from the wt nucleosome (red) and the phosphorylated nucleosome

(orange). ¢ Comparison of the measured PRE rates for the wt (red) and the phosphorylated nucleosome (orange).

When treating the wt nucleosome with the kinase AuroraB,*” phosphorylation at Ser-10 and, after
prolonged incubation, at Ser-28 was observed (Figure 17a).%’ To only characterize the effect of Ser-10

phosphorylation, the reaction was stopped at around 50% Ser-10 phosphorylation to ensure no Ser-
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28 phosphorylation is present. Then 'H R,

and PRE rates of the phosphorylated H3 tail were
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Figure 18. a Overlay of the 'H-°N HsQC spectra of the phosphorylated (cyan) and the wt (blue) H3 histone tail peptide. b

Measured Ry rates for the H3 tail peptide. ¢ Comparison between the BN R, rates for the wt H3 tail peptide (blue) and the

phosphorylated H3 tail peptide (cyan). d Measured H R, rates for the phosphorylated H3 tail peptide.
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When comparing 'H R, rates of the phosphorylated and the wt nucleosomes, a reduction in the *H R,
for residues 3-15 and 19-24 is observed (Figure 17b). The measured PRE rates are also significantly
lower for the most quantifiable residues (Figure 17c), suggesting a more extended conformation of
the tail. This suggests that phosphorylation results in reduced residual structure in the H3 tail, as

indicated by reduction of R,, and in a less compact conformation, resulting in lower PRE rates.

To assess how phosphorylation changes the H3 tail — DNA interaction, the H3 tail peptide was
phosphorylated using the AuroraB kinase® for comparison to the phosphorylated nucleosome. A
fully Ser-10 phosphorylated tail peptide, with no observed Ser-28 phosphorylation was obtained
after 36 h reaction with AuroraB at 30 °C (Figure 18a). Ry and 'H and N R, rates of the
phosphorylated state were determined (Figure 18b-d). The Ry rates showed a reduction around the
site of phosphorylation, especially residues 10-11, which previously had the highest R, rates (Figure
18b). When analysing the N R, relaxation rates, no large differences between the phosphorylated
and non-phosphoylated form were observed (Figure 18c). In the nucleosome, large differences in the
R, rates were observed, the lack of an effect of phosphorylation on R, rates in the isolated H3 tail
peptide, suggests that phosphorylation of the H3 tail changes the histone tail — nucleosome

interactions.

6.3 Discussion

In this chapter, detailed analysis of the H3 tail structure was performed using NMR spectroscopy. Via
the use of relaxation properties, chemical shifts and PRE rates a detailed understanding of how the
H3 tail behaves was obtained. Two regions (res 3-10 and 17-28) with increased R, rates and SCS
indicating residual a-helical character were observed. These are separated from each other and from
the nucleosome core by two flexible regions (res 11-15 and 29-35 respectively), with lower R, rates
and no secondary obvious secondary structure content indicated by SCS. These features
characteristic of residual secondary structure are only observed in the H3 tail in a nucleosome
context, not in the isolated H3 tail peptide, indicating that the structure is induced by interactions of

the H3 tail with the nucleosome. Comparing the spectra of the isolated H3 tail peptide and the H3/H4
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tetramer revealed only minor chemical shift differences between the two, indicating that the H3 tail
structure is induced by association of the H3 tail with the nucleosomal DNA in a nucleosome context.
By measuring the nucleosome spectra at higher ionic strength it is shown that this compact
conformation at low ionic strength contributes significantly to the tail structure at physiological ionic
strength. Upon phosphorylation a reduction in the R, rates in the parts of the H3 tail with residual
secondary structure and lower PRE rates are observed. This suggests that the tail is becoming more

flexible and more extended from the nucleosome core.

Increased flexibility of the H3 tail by phosphorylation could have two possible functional roles.
Weakening the DNA-tail interaction results both in a more flexible, and thus binding-capable tail, and
in less tightly associated DNA, which is free to bind to other proteins. When chromatin is highly
condensed, such as during mitosis, histone tails have been proposed to be released from

nucleosomes.**®?

Release of the H3 tail from the nucleosome by phosphorylation would favour such
a conformation. This is in agreement with previous reports that show that H3 S10Ph is necessary for
correct chromatin condensation during mitosis. In interphase, release of the H3 S10Ph tail would
allow both H3-tail binding proteins and DNA binding proteins enhanced access to their target.
Binding of DNA associating proteins® and polyamides®* is reduced by the presence of the H3 and to a
lesser extent the H4 tail. When a transcription factor IIIA (TFIlIA) binding site is placed at the
entry/exit of the nucleosome, where the H3 tail is located in our structural ensemble, TFIIIA binding
is barely detectable in the wt nucleosome.®* Upon removal of the H3 or the H3 and H4 tail, binding is
drastically enhanced, suggesting that the H3 tail binds to the DNA site competing with TFIIIA. This

inhibition is only seen in the full nucleosome, not in a reconstituted H3/H4 tetramer — DNA complex,

consistent with the nucleosome context being necessary for the H3 — DNA interactions.

All histone tails have been shown to have distinct features and roles in the regulation of chromatin
structure. Using the described experimental methodology it should be possible to distinctly map the
structure, dynamics and interactions of each tail in a nucleosome context. Also, histone tails have

been shown to have high affinity for free linker DNA between nucleosomes.”® Future studies to
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distinguish intra-, inter-nucleosome and linker DNA association will shed more light on this. In
addition, association of other proteins, including histone H1, with the nucleosome has been shown to

reorganize tail-DNA association.

6.4 Materials and methods

For mutagenesis, general cloning procedures, histone expression, LC-MS analysis of protein
modification, histone complex reconstitution and purification, nucleosome reconstitution and native
PAGE analysis see the General Methods described in Chapter 2. Primers used for cloning and

mutagenesis are given in Table 1. Plots were generated using gnuplot.®’

Name Sequence (3'-5')
H3_F GCCCGTACCAAGCAGACCGCC
H3_R AGTGCG CTCGAG CTA GCC GGG CCG GTA ACG GTG AGG

SUMO_F  ATGCTC CAT ATG GGC AGC AGC CAT CAT CAT CAT CATC
SUMO_R GGCGGTCTGCTT GGT ACG GGC TTG GAA GTA CAG GTT TTC CTC GAT ACC ACC

H3K36C_F CTGCTACCGGCGGAGTCTGCAAACCTCACCGTTACCG
H3K36C_R CGGTAACGGTGAGGTTTGCAGACTCCGCCGGTAGCAG

H4Q27C_F GTTCTGCGTGACAACATCTGCGGTATCACCAAGCCGGCT
H4Q27C_R AGCCGGCTTGGTGATACCGCAGATGTTGTCACGCAGAAC

Table 1. Primers used for mutagenesis and cloning.

6.4.1 Minimal media histone production

The labelled expression was performed as described by Lundstrom et al.®’ with minor modifications.
The plasmid encoding the H3 or H3 mutants were transformed into BL21(DE3)pLysS and grown on
LB-agar plates containing ampicillin (100 mg/L) and chloramphenicol (34 mg/L). The next afternoon
2x 15 mL LB in falcon tubes containing the same antibiotics were inoculated with one colony from
the plate. These were grown for 2-3 h and then centrifuged (3750rpm, 10 min) and the cells were
resuspended in 50 mL M9 medium (containing *NH,Cl, and D,O and deuterated **C or *C glucose
and the same antibiotics). These were grown ON at 30 °C and then 50 mL of pre-culture was added to
500 mL M9 medium (with the same labels and antibiotics). These cultures were grown at 37 °C until

ODggo = 0.6-0.8 and then expression was induced by addition of 0.5 mM IPTG. Expression was
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continued at 30 °C for 12-14h after which cells were harvested by centrifugation. Pellets were then

processed as described in the general methods.

6.4.2 Overlap extension PCR

To ensure good expression of the H3-tail peptide a SUMO-H3 fusion gene was constructed using
overlap extension PCR.%® The histone H3 (1-44) fragment and the his-tagged SUMO fragment were
amplified from their respective vectors using the PfuUltra Il Hotstart PCR Master Mix (Agilent,
600850) following the manufactures specifications. PCR product were analysed and purified by
agarose gel electrophoreses (0.7-1%; 1xTEA buffer). DNA with the right molecular weight was
retrieved using the gel extraction kit (Qiagen, 28704) and concentration was determined by
Nanodrop. A short PCR cycle was then run with 0.1 pmol of each fragment without primers using the
same polymerase master mix (conditions are given in Table 2). Then, the primers were added (0.1
UM) and the PCR was continued for another 25 cycles using the manufactures specifications. Final

products were analysed and purified by agarose gel, digested and ligated into pET22b.

Temp Time
95 °C 2 min

95 °C 20s
13x 60 °C 1 min
68 °C 30s

72 °C 3 min

Table 2. Overlap PCR conditions.

6.4.3 H3 tail peptide production

The production of the labelled H3-tail peptide was performed as described by Lundstrom et al.®’ with
minor modifications. The plasmid encoding the H3(1-45)-SUMO construct were transformed into
BL21(DE3)pLysS and grown on LB-agar plates containing ampicillin (100 mg/L) and chloramphenicol
(34 mg/L). The next evening 2-15 mL LB containing the same antibiotics were inoculated with one
colony from the plate. These were grown overnight and then centrifuged and the cells were
resuspended in 100 mL M9 medium (containing *>NH,Cl and the same antibiotics). These were grown

for 4 h at 37 °C and then 50 mL of pre-culture was added to 700 mL M9 medium (containing “NH,Cl).
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These cultures were grown at 37 °C until ODgy = 0.6-0.8 and then expression was induced by
addition of 0.5 mM IPTG. Expression was continued at 18 °C for 16h after which the cells were

harvested by centrifugation. Cell pellets were stored at -80 °C until purification.

6.4.4 H3 tail peptide purification

Cells were resuspended in 35 mL lysis buffer (1-PBS, 400 mM NaCl, 20 mM Imidazole, 5 mM BME,
Complete protease inhibitor) and were lysed by sonication. The lysate was then cleared by
centrifugation (20 min, 20k rpm, JA25.50) and transferred to a 50 mL super-loop. The lysate was
loaded onto a 1 mL HisTrap HP (GE Healthcare; 17-5247-01) equilibrated in loading buffer (25 mM
TRIS pH 7.5, 500 mM NaCl, 20 mM imidazole, 5 mM BME) at 1 mL / min. The protein was eluted using
a linear gradient from 0 — 100 %B (loading buffer + 400 mM imidazole) in 20 CV. The fractions
containing the desired protein were then concentrated to 1.5 mL and further purified by SEC
(Superdex S75 16/60 in 25 mM TRIS pH 7.5, 300 mM NaCl, 1 mM DTT, 1 mM EDTA). Fractions
containing the desired protein were concentrated to 1.5-2 mL, concentration was measured using
nanodrop and TEV protease (1:20 Abs) was added. The cleavage was allowed to proceed overnight
(16 h) and the mixture was then purified again by size exclusion (Superdex S75 16/60, 20 mM
phosphate pH 7.0, 100 mM NaCl, 1 mM EDTA, and 5 mM BME). The fractions containing the H3

fragment were then pooled, concentrated and the buffer was exchanged by viva-spin if necessary.

6.4.5 Spin label reaction

For the attachment of a spin label,?’” the cysteine mutant (H3 K36C or H4 Q27C) containing
nucleosome was first dialyzed into no-salt buffer containing no DTT for 4 h. Residual DTT was
removed by viva-spin. Then 10 eq (1-Oxyl-2,2,5,5-tetramethyl-A3-pyrroline-3-methyl)
Methanethiosulfonate (MTSL; Toronto research chemicals 0875000; dissolved in MeCN) was added
and left to incubate for 1h at rt and then over night at 4 °C.¥” Subsequently excess MTSL was
removed by viva-spin. After R, rates were recorded with the spin label, the spin label was reduced by

the addition of 10 mM sodium ascorbate and incubation at 4 °C overnight.
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6.4.6 General NMR acquisition and processing

Measurements were performed on a Bruker Avance 700MHz spectrometer with Topspin 3.2 or on a
Varian 600MHz spectrometer. Data was processed using NMRpipe® and Sparky.’* Peak and
exponential fitting was performed using FuDa.” Samples were measured in 3 mm bruker match
tubes (NORS305001, Aldrich) or Shigemi 5 mm Symmetrical NMR microtube (8 mm length, Z543349,
Sigma). Unless otherwise stated, spectra were measured in 10 mM NaHPO, pH 6.5, 1 mM EDTA and
2x complete protease inhibitor. Nucleosome ‘H-N HSQC spectra (including *H and N R, and
CLEANEX-PM measurements) were recorded at 298 K with 1024 (*H)-80 (*°N) complex points and a
sweep width of 20 ppm in the indirect dimension. For H-N HSQCs the standard bruker pulse
sequence “hsqcetfpf3gp” was used. A recycle delay of 1s was used. Water-suppression was
accomplished by use of a flip-back pulse and use of gradients. For 32 scans in the direct dimensions

the acquisition time was ~36 min.

6.4.7 1H R2 measurements

'H R, rate measurements were performed with a custom pulse sequence based on the standard
broker 'H-"N HSQC (hsqcetfpf3gp) with the variable delay in the initial INEPT based on a sequences
reported by Mal et al.”’. With 160 scans in the direct dimension the total acquisition time was 18 h.
For nucleosome samples, delays of 6,9, 12 and 15 ms were used. For the H3 peptide, delays of 8, 12,

16 and 20 ms were used. Rates were extracted using FuDa.

6.4.8 15N R2 measurements

N R, rate measurements were performed using the HSQCT2ETF3GPSI standard bruker pulse
sequence. A recycle delay of 5 s was used. With 64 scans in the direct dimension the total acquisition
time for 4 planes was 24 h. The set delay period of 16.96 ms was repeated 1, 5, 10 and 15 times. The
separate 2D planes with different delays were combined and processed using nmrpipe and peak

fitting was performed with FuDa.

6.4.9 PRE calculations
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PRE rates are calculated from 'H R, rates by I, = Ry yoq — Rp ox-

6.4.10 CLEANEX measurements

CLEANEX-PM FHSQCs with different delays were recorded using the bruker pulse sequence
FHSQCCXF3GPPH. The FHSQCF3GPPH pulse sequence was used to measure the maximum intensity.
Delays of 5, 10, 15 and 20 ms were used. The separate planes were combined using nmrpipe and
peaks were fit using FuDa. Peak intensity at different delays (Ip) were then divided by the intensity

1 k _ _
Ip _ (e 0.6%t __ e (R1A+k)*t)'70

. . 1 .
without delay (lo). Obtained -2 values were fit using = =
Io Iy Rigp+k—0.6

6.4.11 Theoretical Ryex calculation
The Rhex values were calculated using the Sphere web server
(http://www.fccc.edu/research/labs/roder/sphere/sphere.html) which uses reported empirical rates

and correction factors.”**?

6.4.12 Structure calculations

75,76

Calculations were performed using XPLOR-NIH using the PRE potential.”” Scripts were based on

the workflow described by Religa et al.”

6.4.13 Chemical shift analysis
Random coil chemical shifts were calculated using a webserver at

93-95

http://spin.niddk.nih.gov/bax/nmrserver/Poulsen_rc_CS. Secondary chemical shifts are given by

A8 = Sopervea — Srandom coil-

6.4.14 Phosphorylation with AuroraB

Phosphorylation reactions were performed in 10 mM TRIS pH 7.5, 30 mM NaCl, 1 mM DTT, 3 mM
MgCl,, 2 mM ATP, 10 mM B-glycerolphosphate. 10-20 uM of nucleosomes were incubated with 3 pg
AuroraB kinase (A31-10G, SignalChem) for 36 h at 30 °C. The reaction was then concentrated and
buffer exchanged into NMR buffer (10 mM NaHPO, pH 6.5, 1 mM EDTA and 2x complete protease

inhibitor) before measurements. For the H3 peptide phosphorylation, 0.5 pg AuroraB were used.
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7 Effect of mC and hmC on transcription factor binding

7.1 Introduction

Binding of transcription factors (TF) to specific DNA sequences is an important mechanism in
transcriptional regulation.” The transcriptional responses of cells to many external signals such as
developmental cues, hormones and O, are substantially mediated by different TFs.> Of central
importance in oxygen sensing are the hypoxia inducible factor (HIF) proteins.®” The HIF proteins are
o,B-hetero-dimeric basic-Helix-Loop-Helix (bHLH) TFs that specifically recognize their hypoxia
response element (HRE; 5-ACGTG-3’). In hypoxia, HIF1la and HIF2a levels rise and they translocate
from the cytoplasm into the nucleus, where they can dimerise with HIF1B and bind to their HREs. At
transcription start sites (TSS) HIF recruits transcriptional co-activators via the N- and C-terminal

activation domain (NAD/CAD) in the HIF1a isoform.®®

HIF regulation is accomplished by at least two molecular oxygen dependent mechanisms.!' The 2-
oxoglutarate (2-OG), Fe** and O, dependent oxygenases “prolyl hydroxylase domain-containing
proteins”*” (PHD) 1-3 can hydroxylate one or both of two proline residues in the oxygen dependent
degradation domains (ODDD; Pro402 in the HIF1a NODDD; and Pro564 in the HIF1la CODDD) of HIF-a
isoforms. Their hydroxylation results in association of HIF1la with an E3 ubiquitin ligase complex of
which the targeting component is the von Hippel-Lindau protein®'* (pVHL), resulting in HIFla
ubiquitinylation and degradation by the 26S proteasome.''® Another 2-OG, Fe** and O, dependent
oxygenase factor inhibiting HIF (FIH),"” hydroxylates Asn803 in HIF1a in its CAD, a modification that

blocks recruitment of the CBP/p300 transcriptional co-activator complexes by HIF.#**®

The C-5 methylation of cytosine in a CpG context is an important mechanism for epigenetic
regulation.” CpG methylation at promoter CpG islands results in repression by decreasing TF binding

and recruitment of transcriptional repressors.”® HREs contain a central CpG which can be subject to
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cytosine methylation.”* HIF1a/B association is substantially reduced by the presence of 5mC in the

HRE.*

The Ten-Eleven-Translocation (TET) 1-3 enzymes are 2-OG, Fe** and O, dependent hydroxylases that
hydroxylate 5mC to give 5-hydroxymethyl cytosine and further oxidized forms, 5-formyl- and 5-

carboxy-cytosine.”>*

It was proposed that HIF1a/B binding to the HRE could be modulated by the
presence of 5hmC. In the work in this chapter the effect of cytosine hydroxylation on HIF1la/B
binding to the HRE was investigated. To gain a more complete view of the effect of cytosine

modification of bHLH TFs, the related bHLH transcription factors MAX"' and Upstream stimulatory

factor (USF) 1 were also investigated.?

The bHLH domain of MAX, USF1 and HIF1a/p is conserved (Figure 1) and the recognition element of
these TFs is also largely conserved. MAX and USF1 recognize the E-Box sequence (3’-CACGTG-5’)
which is extended by one cytosine from the HRE (3’-ACGTG-5’). Dimerisation of MAX and USF is
mediated by a leucine zipper (ZIP) domain and both proteins can bind to DNA as homo-dimers. MAX
in addition has the ability to heterodimerise with other TFs including cMyc, vMyc, Mad and Mri. The
HIF1a/B heterodimer associates via a Per-Arnt-Sim (PAS), which has been proposed to enable
dimerization control by small molecules. The basic region of the bHLH domain is disordered in
solution and forms an a-helix upon association with DNA which extends through the major groove
(Figure 1a). Sequence recognition is archived by various direct and water mediated hydrogen bonds
with the DNA bases. The guanine of the central CpG of the HRE is recognized by a conserved arginine
present in all bHLH TFs (highlighted in Figure 1a and b). No direct interactions with the CpG cytosine

are observed.
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Figure 1. a Overlay of the crystal structure of MAX (green), usF1? (cyan), MAX/MYC* (pink), CLOCK/BMAL1* (yelow)
showing structural conservation. b Sequence alignment of the bHLH region of different bHLH-PAS (highlighted in grey) and
bHLH-ZIP proteins. The conserved Arg that can form a hydrogen bond with the central G (Arg35 in MAXZS, Arg211 in USF3,

Argd7in cLOCK®®, Arg85 in BMALL’) at the CpG is highlighted by the star (adapted from Lercher et al).®

7.2 Results

7.2.1 Influence of mC and hmC on HIF binding

One of the best studied responses to hypoxia in vertebras is the increased production of
erythropoietin (EPO) to stimulate red blood cell production.”” EPO production is regulated by HIF
through binding to an HRE in the EPO promoter.® To test the influence of 5mC and 5hmC on HIF
binding, a 59bp DNA fragment derived from the EPO promoter containing one HRE was prepared by
PCR. Modifications were introduced globally by substituting dCTP with dmCTP or dhmCTP vyielding
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oligonucleotide probes containing all cytosines substituted by 5mC or 5hmC. The PCR efficiency was
not noticeably affected by the use of differently modified triphosphates (Figure 2a). Plasmids
encoding full length human HIF1a and HIF1B were a kind gift from Dr. Pugh and were produced by in
vitro transcription translation (IVTT). For IVTT a plasmid with a T7 or SP6 promoter flanking the gene
of interest is combined with the appropriate polymerase and dNTP to generate RNA. In the same pot
all components necessary for protein production from RNA are present, derived from rabbit
reticulocyte lysate. This allows production of small amounts of protein for binding assays directly
from plasmid DNA. The efficiency of the IVTT reaction was first tested by performing the reaction in
the presence of *>S methionine and analysing the mixture by SDS-PAGE and autoradiography. Indeed,
bands at slightly higher MW than expected were observed for both proteins confirming the efficiency

of IVTT for producing HIF1a and HIF1pB (Figure 2b).

a ¢ me hme b HIF1a HIF1b

Figure 2. a Analysis of the purified PCR product for the EPO promoter fragment analysed by PAGE and stained with SYBR
Safe. b SDS-PAGE analysis of the IVTT reactions performed with the HIF1la and HIF1B plasmids respectively. Expected MW

are HIF1la: 93kDa and HIF1B: 87kDa.

To test the association between the HIF1a/B dimer and differentially modified EPO oligonucleotides,
the oligonucleotides were labelled with **P-phosphate by reaction with T4 Polynucleotide Kinase and
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ATP y-*’P and Electrophoretic Mobility Shift Assays (EMSAs) were performed with IVTT produced

HIF1a/B.
a ..CG.. .mCG..  ..hmCG.. b CG hCG CG hCG
IVTT C Hif C  Hif C  Hif GC GC GhC GhC
Wls 2 5 525 52 5 C HF C HF C HF C HF
» By ey gim g e o g
HIF —

* ‘
i

Free probe —

Free probe ——

Figure 3. Modification of the central CpG in the HRE (ACGTG) reduces binding of HIF below the limit of detection. Full-
length HIF1la and HIF1B (ARNT) were first produced by in vitro transcription translation (IVTT) and then incubated with
radiolabelled DNA probes containing a HRE. The obtained complexes were separated on a 5% PAGE gel. a EMSA with IVTT
HIF and different unmodified, fully methylated or fully hydroxymethylated probes derived from the erythropoietin (EPO)
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Titrations of increasing amounts of IVTT translated HIF1a/B with differently modified probes. *Non-specific binding that is

present in the control reaction and not cytosine C-5 modification sensitive (adapted from Lercher et al).lo

In EMSAs, the oligonucleotide probes are separated on native PAGE gels. Upon protein binding to the
probe, a larger complex with a different mass to charge ratio is formed. This complex is seen as a
higher molecular weight band on the native PAGE. Both HIF1a and HIF1B were produced in one IVTT
reaction to ensure efficient dimer formation. As control the IVTT mixture supplemented with the

manufacture supplied luciferase plasmid was used.

For the EPO fragment containing no modification, a specific band was only observed in the presence
of HIF1o/B (Figure 3a). The global replacement of C with 5mC or 5hmC seemed to reduce binding
below the limit of detection (Figure 3a). Because the probes had all cytosine replaced by a modified
variant, it is essential to confirm that this effect is because of the modification of the central CpG in
the HRE. For this, oligonucleotides encompassing part of the EPO promoter bearing only one 5hmC at

the central cytosine (ACGTG) were prepared by solid phase synthesis.

The oligonucleotides were annealed in different combinations to give non-modified, hemi-modified
or fully modified duplexes by combining equimolar concentrations of the forward and reverse single
stranded oligonucleotide and cooling them slowly from 95 °C to 4 °C. After radiolabelling of the
duplexes, the binding of the HIF1a/B dimer was analysed by EMSAs. Again, clear binding of the
unmodified oligonucleotide by HIFla/B was observed (Figure 3b). Hemi-hydroxymethylation or
symmetrical hydroxymethylation both reduce binding below the limit of detection (Figure 3b). The
binding is HIF1a/B concentration dependent and even at high HIF1a/B no binding can be detected

for any modified oligonucleotides (Figure 3c).

7.2.2 Influence of mC and hmC on MAX and USF binding
Next, it was of interest to investigate whether the effect of C-5 modification on bHLH TF binding is
consistent across this class of TFs. MAX' and USF1,®> which bind as homo-dimers to the E-Box

sequence (3’-CACGTG-5’) were used. Reports on their sensitivity towards C-5 methylation of the
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central CpG diverge. Prendergast et al.*® reported that the interaction between human USF1 derived
from Hela cells and a radiolabelled unmodified E-Box oligonucleotide is efficiently outcompeted by
an unlabelled oligonucleotide containing 5mC at the central E-Box CpG. This suggests USF1 can bind
to a CpG methylated E-Box. In contrast, Fuji et al.>* reported that mouse USF1 prepared by IVTT can
bind to an unmodified E-Box containing oligonucleotide and this complex cannot be outcompeted by
the addition of unlabelled oligonucleotide containing 5mC at the central E-Box CpG, suggesting CpG
methylation of the E-Box inhibits binding. Different preparation methods and the use different USF

proteins could be responsible for these discrepancies.

To assess the binding of USF and MAX to differently modified E-Box containing oligonucleotides, USF
was prepared by IVTT (Figure 9). However, the yield of MAX prepared by IVTT was very low (Figure 9)
and only very weak binding in initial EMSAs was detected. MAX was expressed as a his-tagged variant

in E.coli, purified using IMAC and size exclusion and was obtained in high purity (Figure 4a).*

MAX binding to differently modified and radiolabelled E-Box oligonucleotides was tested by EMSAs.
As expected, strong binding to the unmodified E-Box was observed (Figure 4b). Hemi-methylated or
hemi-hydroxylated oligonucleotides led to significantly reduction in binding while symmetric
modification for both 5mC and 5hmC reduced binding below the limit of detection (Figure 4b). To
quantify the difference in affinity for the differentially modified E-Box probes, titrations with
increasing concentration of MAX were performed for each probe. A sigmoidal response for the non-
modified and hemi-modified oligonucleotides was observed (Figure 4c). The symmetric modification
reduced binding affinity (Figure 4c) below the detection level even at the highest concentration used.
The calculated Kd,,, were similar for all hemi-modified oligonucleotides (320-370 nM; Figure 4d).

This corresponds to a 6 fold increase in Kd,,, when compared to the unmodified oligonucleotides.
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Figure 4. Analysis of MAX binding to the E-Box. a SDS-PAGE showing purified MAX (20.5KDa). b EMSA with radiolabelled
dsDNA probes bearing different modifications to cytosine C-5 at the central CpG of the E-Box and MAX. The modified C is
highlighted with the modification above the lane. ¢ Titration curves of MAX with differently modified E-Box oligonucleotides
measured by EMSA. d The affinity of MAX for the E-Box sequences containing different cytosine modifications as
determined by EMSAs®. In the case of mC:mC and hmC:hmC only weak / non-specific binding was observed as evidenced

by a slight reduction of free probe but no formation of a distinct complex (nd: not determined; adapted from Lercher et

al).
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To investigate the effect of different CpG modifications on the binding of USF, identical EMSAs were
performed using IVTT produced USF. USF efficiently binds to the non-modified E-Box probe (Figure
5a). Hemi-modification results in a reduction of binding affinity while symmetric modification
reduces the affinity below the detection limit for both 5mC and 5hmC (Figure 5a). To further quantify
the affinity of USF towards differently modified probes, titration curves with increasing amounts of
USF containing IVTT mixture were measured. A dose dependent increase in bound complex was
observed (Figure 5b), but the binding curves showed a plateau for all probes (at 90% bound for
unmodified oligonucleotides and at 30-45% bound for hemi-modified oligonucleotides), which made
the determination of the binding affinity impossible. This is probably due to the presence of large
guantities of plasmid DNA and other components in the IVTT mixture that competes with the weaker

binding to the hemi-modified oligonucleotides.

To assess the difference in binding affinity of USF for the differentially modified oligonucleotides,
competition experiments were performed with a radiolabelled unmodified E-Box USF complex and
increasing amounts of differently modified oligonucleotides (Figure 5c). When USF can bind to the
unlabelled competitor oligonucleotide a decrease complex between USF and the radiolabelled
oligonucleotide is observed. Efficient competition of the USF complex at a 100 fold excess of
unlabelled probe was observed (Figure 5c). For both the hemi-methylated and the hemi-
hydroxymethylated probe, a reduction of the labelled USF complex was only observed at 1000 fold
excess (Figure 5c). This confirms the lower affinity of USF towards hemi-modified oligonucleotides.
The symmetrically methylated or hydroxymethylated probes do not compete for USF binding (Figure
5c). This is in agreement with previous experiments with HIF1la/B and MAX where binding to

symmetrically modified oligonucleotides was not observed.
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Figure 5. Analysis of USF binding to the E-Box. a EMSA with USF and radiolabelled dsDNA probes bearing different
modifications to cytosine C-5 at the central CpG of E-Box’s. The modified C is highlighted with the modification above the
lane. b Titration curves of USF measured by EMSAs with radiolabelled dsDNA probes bearing different cytosine C-5
modifications at the central CpG of the E-Box sequence. The modification state of the cytosine in the central CpG of each
series is given in the legend. Experiments were performed in triplicate. ¢ Competition experiment with a radiolabelled
unmodified E-Box-USF complex and unlabelled probes containing different modifications. The central CpG modification

state of the unlabelled probe is given above the lanes (adapted from Lercher et al®).
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7.2.3 Structural analysis

During the course of this work, structures of a dsDNA fragment containing C, mC and hmC were

10,33

solved (Figure 6). For this, the Dickerson-Drew dodecaeder® (Figure 6b) was used since it has

excellent crystallization properties and structures down to 1.0 A have been reported.®

CGCGAATTCGCG
GCGCTTAAGCGC

Figure 6. a Overlay of the crystal structures of Dickerson-Drew duplexes containing cytosine (green; 4C64), 5-
methylcytosine (cyan; 4C63) and 5-hydroxymethylcytosine (pink; 4C5X). The sites of modification are marked with arrows.
b Sequence of the used duplex with numbering. Modified sites are underlined. ¢ Water network around 5hmC. The 5hmC
hydroxyl is refined in two conformations (A, yellow, 70% occupancy; b, green, 30% occupancy). Both conformations are

stabilized by extensive hydrogen bonds to surrounding waters or the 04 of the 3‘-adjecent G (conformation A).
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The overall structure of the B-DNA duplex is not affected by modification, as indicated by small
RMSDs of all atoms between the differently modified strands (0.18 A, C-mC; 0.27 A, C-hmC and 0.35
A, mC-hmC; Figure 6a). The ShmC hydroxyl is observed in two distinct conformations in the crystal
structure (Figure 6c). In the major conformation (A, 70% occupancy), the 5hmC alcohol makes a weak
hydrogen bond to the 04 of the 3’-adjecent G (3.4 A distance). The minor conformation hydroxy! (B,
30% occupancy) is oriented towards the phosphate backbone. The overall water structure around
the differently modified cytosine is conserved, with minor reorientation of the waters W4 and W2

likely due to a steric clash with the 5hmC alcohol.

To gain mechanistic insight into the reduction of TF binding by C-5 modification the structures of the
modified dsDNA with the published structures of bHLH TF were overlaid. When comparing the
structures, a different orientation for a conserved arginine (Arg35 in MAX, Arg211 in USF) became

obvious. This arginine enters the major groove of the B-DNA helix and contacts the N7 of the guanine

in the central CpG (CACGTG).

Figure 7. Structural overlay of the hmC9
containing duplex (4C5X) with the MAX-DNA
complex (a; adapted from pdb entry 1AN21)
and the USF-DNA complex (b; adapted from
pdb entry 1AN43) showing the potential
clash of the C5 modification with the
arginine (Arg35 in MAX, Arg211 in USF).
Both the major (A; 70% occupancy) and the
minor (B; 30% occupancy) of the hmC9
alcohol are depicted (adapted from Lercher

et alw).
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The arginine in MAX adopts a conformation that results in a steric clash with the hydroxyl of hmC in
the CpG ( a). In USF, this arginine adopts a different conformation that does not clash with the
hydroxyl significantly ( b). This could explain the observed higher sensitivity of MAX towards C-5

modification than that of USF.

To explain the difference in sensitivity towards C-5 modification of HIF with MAX and USF, it was
desirable to visualize the HIF-DNA interaction. Because there is no structure of the HIF1la/B bHLH
domain in complex with DNA, the structure of the related heterodimeric bHLH-PAS TF BMAL1/CLOCK
was used (See Figure 1 for sequence alignment). Similar to the previously investigated TFs, BMAL1
and CLOCK contain a conserved arginine (Argd7 in BMAL1 and Arg85 in CLOCK) that contacts the N7
of the guanine (ACGTG). The conformation of this arginine is similar in both structures and shows a

significant steric clash between the arginine side chain and the hmC hydroxyl.

Figure 8. Structural overlay of the hmC9
containing duplex (4C5X) with the CLOCK-DNA
complex (a) and the BMAL1-DNA complex (b;
both adapted from pdb entry 4H10% showing
the potential clash of the C5 modification with
the arginine (Argd7 in CLOCK, Arg85 in
BMAL1). Both the major (A; 70% occupancy)
and the minor (B; 30% occupancy) of the
hmC9 alcohol are depicted (adapted from

Lercher et al.).*°
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7.3 Discussion

Cytosine C-5 methylation of CpG dinucleotides in CpG islands results in transcriptional silencing by a

19,20

variety of mechanism including modulation of TF binding at promoters. While, for a variety of TFs
the sensitivity for mC has been reported, only few studies have to date investigated the effect of
hmC on TF binding. mC and hmC have pronounced and different effects on duplex stability of
dsDNA.***” mC results in an increase in melting temperature of the duplex. hmC reverses this effect
and hmC containing oligonucleotides in some cases resulting in a melting temperature similar to that
of unmodified DNA. This is in agreement with the observation that mC results in transcriptional
repression and hmC could reverse this effect. Thus, differential effects of these two modifications on
TF binding might be expected. hmC, similar to mC results in a reduction of binding affinity of HIF1a/B
(Figure 3), MAX (Figure 4) and USF (Figure 5) for their cognate recognition sequences (Table 1). This
effect could be caused by a steric clash between a conserved arginine residue, which is present in all
TFs, and the C-5 modification ( and Figure 8). Interestingly, while MAX and USF binding can tolerate
hemi-modifications, binding of HIF1a/B to the HRE is reduced below the limit of detection by hemi-
modification. The observation that HIF1a/B binding is modulated by an O, dependent modification
could suggest TET1-3 being involved in oxygen sensing. Also, while hemi-methylated DNA is a
substrate for the maintaining methyl transferase DNMT1%, hmC is not a substrate for this enzyme®.
Hydroxylation of an established mC would lead to a hemi-hmC containing dsDNA after replication,
which can be recognized by USF or MAX. Hydroxymethylation of a symmetrically modified CpG could

thus function to poise a promoter for activation, by TF recruitment to the hemi-modified CpG, after

cell division.

hemi-modification symmetric-modification
C mC hmC mC hmC
HIF1a/B +++ - - n.d. ---
MAX +++ + + - ---
USF +++ + + --- ---

Table 1. The effect of different modifications states of the central CpG in the E-Box (for MAX and USF) or the HRE (for

HIF1a/B). +++ strong binding; + weak binding; --- no binding detected n.d. not determined.
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7.4 Experimental procedures

General procedure for PCR, cloning, DNA analysis, protein expression and purification can be found

in Chapter 2.

7.4.1 Used oligonucleotides

Name Sequence (3'-5') Obtained from
MAX_FW ATGAGCGATAACGATGACATCGAGGTGG Sigma
MAX_RW TTAGCTGGCCTCCATCCGGAGCTTC Sigma
USF_FW ATGAAGGGGCAGCAGAAAACAGCTG Sigma
USF_RW GGCCCAAAGCCCCTGAATCCCCA Sigma
EPO_template AGGGGTGGAGGGGGCTGGGCCCTACGTGCTGTCTCACACAGCCT  Eurofins
GTCTGACCTCTCGAC

EPO_FW GGTGGAGGGGGCTGGGCCCTA Eurofins
EPO_RW CGAGAGGTCAGACAGGCTGTGTGAGACAGC Eurofins
EBOX_FW_C CTCAGGCACCACGTGGTGGGGGAT Sigma
EBOX_RW_C ATCCCCCACCACGTGGTGCCTGAG Sigma
EBOX_FW_mC CTCAGGCACCAMCGTGGTGGGGGAT Eurofins
EBOX_RW_mC ATCCCCCACCAMCGTGGTGCCTGAG Eurofins
EBOX_FW_hmC CTCAGGCACCAhMCGTGGTGGGGGAT ATD Bio
EBOX_RW_hmC  ATCCCCCACCARMCGTGGTGCCTGAG ATD Bio
HIF_FW_C GCCCTACGTGCTGTCTCACACAGCCT Sigma
HIF_RW_C AGGCTGTGTGAGACAGCACGTAGGGC Sigma
HIF_FW_mC GCCCTAMCGTGCTGTCTCACACAGCCT Eurofins
HIF_RW_mC AGGCTGTGTGAGACAGCAMCGTAGGGC Eurofins
HIF_FW_hmC GCCCTAhmCGTGCTGTCTCACACAGCCT ATD Bio
HIF_RW_hmC AGGCTGTGTGAGACAGCAhmMCGTAGGGC ATD Bio

Table 2. Used oligonucleotides

7.4.2 MAX expression and purification

MAX was amplified from HelLa cDNA by PCR using the primers given above and cloned into pET15b.
The plasmid encoding the MAX was transformed into BL21(DE3)Rosetta 2 (Merck-Millipore 71401)
and grown on LB-agar plates containing ampicillin (100mg/L) and chloramphenicol (34mg/L). The
next evening 100 mL LB containing the same antibiotics were inoculated with one colony from the
plate. This pre-culture was grown overnight at 37 °C. The next morning 12 flasks of 800 mL 2xTY were
inoculated with 8 mL of pre-culture each. These cultures were grown at 37 °C until ODgy = 0.5 and
then expression was induced by addition of 1 mM IPTG. Expression was continued at 30 °C for 4h
after which the cells were harvested by centrifugation. Cell pellets were stored at -80 °C until

purification.
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Cells were resuspended in 70 mL lysis buffer ( 20 mM TRIS pH 7.5, 300 mM NaCl, 30 mM Imidazole,
10 mM BME, Complete protease inhibitor), DNase and Lysozyme were added and cells were lysed by
sonication (5 x 30 s at 60% Amp). The lysate was then cleared by centrifugation (20 min, 20k rpm,
JA25.50). The lysate was then incubated with 2 mL of Ni-NTA resin (Merck Millipore; 69670; His-
Bind® Resin) for 20 min at 4 °C. The resin was then washed with 25 CV lysis buffer and the protein
was eluted in 5 CV lysis buffer containing 500 mM Imidazole. The eluted protein was concentrated to
2 mL and further purified by SEC (Superdex S75 16/60 in 25 mM TRIS pH 7.5, 100 mM NacCl).
Fractions containing the desired protein were pooled and flash frozen and stored at -80 °C in 1.5 mL

aliquots.

7.4.3 IVTT preparation of USF and HIF1a/f3
USF was amplified from HelLa cDNA by PCR using the primers given above and cloned into pGEM-T
Easy vectors (Promega). Plasmids encoding for hypoxic inducible factor (HIF)1-a and HIF1-B were a

kind gift from Prof. Christoph W. Pugh (Welcome Trust, Oxford).
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Figure 9. Biotin westerblot of an IVTT reaction with the MAX and USF encoding plasmid in the presence of Transcend™

tRNA.

USF and HIF1-a/p were produced by IVTT using the TnT® Coupled Reticulocyte Lysate System (T7 for

HIF, SP6 for USF; Promega; L4601 and L4611) using the manufacturer recommended conditions. For
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the control lanes, the manufacturer supplied luciferase plasmid was added to the IVTT mixture
instead of the HIF1-a and -B plasmids.* Efficient translation of USF was confirmed by use of the

Transcend™ tRNA (Promega; L5061) and biotin western blot (Figure 9).

7.4.4 EMSA probe preparation

For PCR generated HIF probes using Pfu Ultra (Agilent) substitution mCTP (NEB, N0O356S) or hmCTP
(bioline, BIO-39046) for CTP using the manufacture recommended conditions using the
EPO_template as template and EPO_FW and EPO_RW as primers. The EPO template corresponds to
the sequence responsible for the hypoxic upregulation of the erythropoietin / epo gene that contains
a HRE (+97-156bp from the 3’ end; the EPO_template corresponds to 38,138,574 - 38,138,632 of
human chromosome 7 genomic scaffold (ref|NW_004078032.1). Oligonucleotides obtained from
Sigma (unmodified), Eurofins (mC) or ATDBio (hmC) and resuspended in 10 mM TRIS pH 7.5.
Concentrations were determined by measuring the A260 using the nanodrop. Theoretical absorption
values and molecular weight were calculated using the web-based IDT oligo analyzer

(http://eu.idtdna.com/analyzer/applications/oligoanalyzer/). The probes were annealed at an

equimolar ratio (5 pM in 50 pL) in a PCR machine by cooling from 95 °C to 4 °C at 0.5 °C/min.
Annealing was confirmed by PAGE gel (15 %, 0.5x TBE; data not shown). After annealing, the
concentration was again measured (Nanodrop ND-1000). Probes (50 ng) were phosphorylated using
polynucleotide kinase (10 u, NEB, M0201) with ATP, [y->2P] (1 pL, Perkin Elmer, NEGO02A250UC) for
30 min at 37 °C. Radiolabelled probes were separated from free ATP using the QIAquick Nucleotide

Removal Kit (Qiagen, 28304) as described in the manufacture manual.

7.4.5 EMSAs?8

For assays with hypoxic inducible factor (HIF), the binding assays contained 2-5 pL of the IVTT
mixture, 2 pyL 10x binding buffer (final: 10 mM Tris pH 7.4, 50 mM NaCl, 50 mM KCI, 1 mM
Ethylenediaminetetraacetic acid (EDTA), 5 mM DTT, 5% glycerol), 75ng dI/dC (1 ug/uL stock) diluted
to 19 uL with water and incubated on ice for 10 min. Then 1 pL of radio-labelled DNA probe (0.08

ng/uL diluted from stock; see above for sequence) was added and the mixture was incubated on ice
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for an additional 30 min. The complete 20 puL EMSA mixture was then loaded onto a 5% PAGE gel
(0,5x TBE (45 mM Tris-borate, 1 mM EDTA, pH 8.3), 0.7 mm, cast 1 day in advance and pre-run at 240
V for 1h) and run at 240 V for 3.45-4 hours. The gel was put on Whatman paper, covered with saran
wrap and dried at 80 °C for 1 h. A phosphoscreen (Biorad) was exposed to the gel for 24-72 h and
imaged using a Personal Molecular Imager (PMI, Biorad). Images were processed using the Quantity

one analysis software (Biorad).

The USF binding assays consisted of 1 uL binding buffer (as above), 0.1 uL dI/dC (stock 1 pg/uL; 100ng
final), IVTT mixture (1 pL for fig 3 and S6; 0.02-1.28 pL for titration curves), 1 pL probe (0.05ng/uL;
see above for sequence) and water to 10 pL. The reactions were incubated on ice for 20 minutes and

electrophoresis was performed as described above, but at room temperature.

MAX binding assays consisted of 1 uL binding buffer (as above), 0.1 uL dI/dC (stock 1 pg/uL; 100ng
final), 1 uL MAX (2.5 uM or 2x dilutions for titration curves), 1 pL probe (0.05ng/uL; see above for

sequence) and water to 10 uL. Electrophoresis was performed as for the USF assays.
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8 Summary and Outlook

Chemical biology approaches have been instrumental for the detailed mechanistic investigation of
biological macromolecules, this hold true in epigenetics especially, where small modifications to
canonical bases and amino acids can have large functional consequences. In the work of this thesis, |
have developed novel chemical biology approaches for the modification of DNA and proteins and

subsequently applied these to study epigenetic mechanism.

Access to modified DNA is essential for many biochemical applications. | have developed a novel
post-synthetic DNA modification approach utilizing the Suzuki-Miyaura cross coupling (SMcc). The
reaction proceeds in water, at ambient temperature and does not require inert atmosphere. This is
the first demonstration that SMcc can be used to modify intact DNA at 5-1dU. Using this methodology
| was able to create DNA probes containing a photocrosslinker which were used to elucidate hmC

binding proteins.

These and other studies have shown that the presence of mC or hmC can influence protein binding
to DNA. Since hmC is an oxygen dependent modification, it was of interest to study the effect of hmC
on the binding of the HIF transcription factor (TF), the master regulator of the hypoxic response.
These studies revealed that HIF binding is diminished by modification, both hemi and symmetric mC
and hmC, of the central CpG in its recognition sequence. This is in contrast to other basic helix-loop-

helix TFs such as USF and MAX which can tolerate hemi-modification with mC or hmC.

Preliminary experiments for the modification of RNA by SMcc are reported herein. | believe SMcc is
particularly well suited for the modification of RNA, since RNA is significantly less stable than RNA
and the presented SMcc methodology proceeds under very mild conditions. An advantage of SMcc in
comparison to other methodology is the ability to directly introduce modification on the uridine C-5.
C-5 substituted uridines with fluorescent properties that depend on DNA secondary structure have

been reported. Development of similar probes for RNA would be valuable since RNA can access a
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plethora of secondary structures for which a selective fluorescent readout would be desirable. Using
post-synthetic modification it is relatively easy to synthesise variations of fluorescent bases for

screening without the need for phosphoramidite synthesis and SPS.

The posttranslational modification of proteins is an important mechanism in transcriptional
regulation. For in vitro study of the effect of these modifications on protein structure, it is essential
to have access to large quantities of proteins bearing homogeneous PTMs. | have contributed to the
development of a Dha based methodology that allows the introduction of various PTMs into histone
proteins. An advantage of this method is the access to phosphocysteine as a phosphoserine mimic
and S-linked GlcNAcylation as a mimic for O-linked GIlcNAcylation. Histone tails are densely modified
with a variety of different PTMs and the crosstalk between different PTMs is of great interest. While
the methodology presented in this thesis allows the introduction of multiple identical PTMs into
histone H3, methods that can generate multiple different PTMs on a histone protein are desirable.

Development of such methodologies is ongoing work.

The Dha based chemical PTM methodology was used to elucidate the function of O-GlcNAcylation on
histone H2A Thr-101. Using SEC, melting profiles and non-denaturing MS it was shown that T101-
GIcNAc destabilizes histone octamers and in nucleosomes, probably via a destabilization of the
dimer-tetramer interface in. This leads to a decreased stability of the formed species, which in vivo
could result in increased H2A/B exchange and consequently an open chromatin state. Overlap of
OGT ChlIP peaks and DNase sensitive sites is in agreement with this hypothesis. This study revealed
the site-specific effects of O-GlcNAcylation at H2A T101. There are multiple other reported O-
GlcNAcylation sites on histones, for which the function can be explored with the here presented

methodology.

Modifications in the nucleosome core can have measurable biophysical effects on the nucleosome
structure. The effect of PTMs on the structure of the histone tails is more elusive, because they are

intrinsically disordered and thus difficult to characterize by conventional methods. | have used NMR
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spectroscopy to describe the residual secondary structure of the H3 tail in detail. The H3 tail can
adopt a compact conformation with two a-helical stretches spanning residue 3-11 and 18-28. The
structure is mainly acquired through an interaction of the H3 tail with DNA. Under physiological salt
concentrations the tail is in exchange between this compact and an open unstructured conformation,
with about 50% contribution from both. Phosphorylation of Ser-10 shifts reduces the residual
structure and the H3-tail DNA interaction, thus resulting in a more extended conformation. This
study is the first description of the H3 tail structure at atomic resolution. When considering the effect
of PTMs in epigenetic regulation, observed effects are often reduced to the interactions of an
effector protein with the PTM. It is shown here that PTMs such as phosphorylation also effect tail
structure, which could in turn affect protein binding to other sites on the H3 tail or chromatin higher
order structure. All four histone proteins have N- or C-terminal tails, all of which have different
functions in the organization of chromatin. The detailed structure of the remaining tails could be

explored using the here presented toolbox of NMR experiments.
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APPENDIX 1. Chapter 3: Proteins identified by LC-MS (forward; hmC=light; C=heavy)

Gene Names Uniprot
ARA160;TMF1 P82094-2;P82094
Q9POKO
CCDC72;HSPCO16;HSP(Q9Y2S6
RPL24;hCG_2023003 P83731;C9JNWS5;(
B4ADRD7
KIAAOO42;KIF14 Q15058

KIAAO296;ZNF646 015015-2;01501"
GAPD2;GAPDH2;GAPDI 014556

HBP;HDLBP;VGL Q00341;B2R5V9;E
CRDBP;IGF2BP1;VICKZ QINZI8;D3DTW3
IBP3;IGFBP3;hCG_173E P17936;A6XNDO;/
C60rf98;KIAA0796;KIA/ Q8NF91-1;Q8NF9
HMG2;HMGB2 P26583;Q5U071;!
HMG14;HMGN1;hCG_: P05114;Q3B790;/
AUF1;HNRNPD;HNRPD Q14103-2;Q1410:
DMD;GS1-19024.1-00€ P11532-1;P11532
AUF1;HNRNPD;HNRPD Q14103-1;Q1410:
IGHM P04220;P01871-1
hCG_1744585;RAN;AR, B5SMDF5;P62826:;,
PDES5;PDESA 076074-1;07607:
SRP9;hCG_1781062;hC P49458;A8KONO;(
RPL29;RP11-632C17__, A8KOH3;P47914;(
DCD;AIDD;DSEP;hCG_1 ASJHP3;P81605;C
TIAL P31483-2;P31483
DDX49 QIY6V7;A8K7AL;(
PC4;RPO2TC1;SUB1;hC P53999;B72120;Q
EEF1A;EEF1A1;EF1A;LE P68104;A8K9C4;A
DNAH10;KIAA2017  QS8IVF4-1;Q8IVF4;
DFS70;LEDGF;PSIP1;PS| 075475-1;07547"
H1F3;HIST1H1D;H1F4;t P16402;P10412;A

Clorfl74 Q8IYL3
DBP1;DDX15;DHX15 043143;B4E0S6
NPM;NPM1 P06748-1,P06748
FOXA1;HNF3A;TCF3A P55317;B4E257;B
FAU P35544;P62861
DEK P35659;B4DNWS3;

HNRNPA2B1;HNRPA2B P22626-1;P22626
KPNA2;RCH1;SRP1  P52292;A8K7D9;(
G22P2;XRCC5 P13010;Q53T09;C
REPAL;RPA1;RPA70  P27694

HNRNPAO;HNRPAO Q13151

EEF1G;EF1G;PRO1608;/ BADTG2;P26641;(
PRSS3;PRSS4;TRY3;TRY P35030-1;P35030
LAP2;TMPO P42166

GSTK1;HDCMD47P;hCC Q9Y2Q3-2;Q9Y2Q
RPS2;RPS4;L0C392781 P15880;A4D0Y7;C
NFIC;NFI B5MDB4;B7Z4US5;

PEP

0.069813
0.008838
0.006873
2.20E-08
7.27E-106
0.089053
0.000624
0.088792
6.19E-05
0.005329
0.001889
1.28E-07
0.010116
2.18E-14
5.57E-15
5.37E-118
0.008954
7.97E-175
1.31E-09
0.009414
0.004242
2.29E-11
8.04E-05
0.000215
9.60E-46
0.001282
1.37E-37
6.02E-27
0.087971
1.79E-115
3.68E-10
0.000411
0.005092
0.012239
2.51E-06
0.012101
2.16E-123
5.13E-193
0.010612
1.58E-63
4.77E-125
7.03E-109
7.47E-24
0.002293
5.73E-49
2.28E-19
0.000171
6.83E-07

Ratio H/L

0.007701 0.0058149
0.006626 0.0093325

0.01286
0.011647
0.020091
0.024161
0.023462
0.028676
0.031398
0.033592
0.037391
0.037068
0.034683

0.0424

0.04643
0.044941
0.055105

0.05491
0.067675

0.06453
0.055282
0.067365
0.069116
0.075223
0.065824

0.07964
0.073206
0.067829
0.078248
0.082223
0.076807
0.093767

0.09722
0.095961

0.10571
0.099286

0.12934

0.10804

0.11086
0.099512

0.10462

0.10881

0.11408

0.10796

0.11296

0.10584

0.10956

0.1059

0.018093
0.018333
0.028473
0.030588
0.035915
0.039728
0.04366
0.048823
0.050814
0.052608
0.055904
0.067693
0.069726
0.070552
0.07077
0.079821
0.083606
0.088324
0.089074
0.093878
0.098074
0.10238
0.10291
0.10591
0.10635
0.10828
0.11224
0.11709
0.11802
0.12966
0.13023
0.13528
0.13708
0.13928
0.14215
0.14315
0.14373
0.14462
0.14601
0.14629
0.14683
0.14859
0.1491
0.15258
0.15468
0.16149

93.038

258.07

10.311
43.717
5.6678

121.56
18.598
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144.31
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11.281

129.01
139.08
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90.035
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137.84
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-4.6537
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-3.0829
-2.94719
-2.94087
-2.88598
-2.86691
-2.84394
-2.81451

-2.8044
-2.79857
-2.78966
-2.77586

-2.7731
-2.76778
-2.75059
-2.74565
-2.71236
-2.69264
-2.63048



RBM3;RNPL P98179
HNRNPAL;HNRPAL;HN P09651-1;P09651
H1F5;HIST1H1B P16401
TCF13;TEADL;TEF1  P28347;Q59EF3
NCL;hCG_33980 P19338;B3KM80;|
CNBP;RNF163;ZNF9  A8K7V4;Q5UOEY;|
BAF190B;BRM;SMARC/ P51531-1;P51531
BRUNOL2;CELF1;CUGB Q92879-4;Q9287"
HMGN3;PNAS-24;TRIP;Q15651-1;Q1565:
HNRNPL;HNRPL;P/OKcl P14866;B2R959;C
NS5SATP5;TFB2M Q9H5Q4;B4DTI4
CAF;CAF1P150;CHAF1AQ13111-1;Q1311
ABBP1;HNRNPAB;HNRI Q99729-3;09972¢
NFYC;DKFZp667G242;R Q13952-1;Q1395:
LOC392748;tcag7.1276 A4D1G5;CIJLI6;P
DDX21;0K/SW-cl.65 Q9NR30-1;Q9NR?
A18HNRNP;CIRBP;CIRP Q14011;Q53XX5;1
CGI-55;PAIRBP1;SERBP Q8NC51-1;Q8NCE
BBS14;CEP290;KIAA03; 015078-1;01507¢
MAP4 P27816-1;P27816
RECQ1;RECQL;RECQL1 P46063
DDX9;DHX9;LKP;NDH2 Q08211;B3KU66;(
TARDBP;TDP43;RP4-63 Q13148-2;Q1314¢

TOP1 P11387;B9EGI0;C
FUS;TLS P35637-1;P35637
ZHX1 Q9UKY1;A8K0G7

HMG1;HMGB1;RP11-5' P09429;Q5T7C6;C
RBMA47 AOAV96-1;A0AV9
ATF1 P18846;B2R8K4;B
VRK1 Q99986;A8K245

SSBP;SSBP1;hCG_2014: Q04837;A4D1U3;
FBP3;FUBP3;hCG_3125Q96124-1;Q96124;
HNRNPA3;HNRPA3;hC( P51991-1;P51991
FUBP1 Q96AE4-1;Q96AE:
HNRPQ;NSAP1;SYNCRII 060506-3;06050¢
FUBP2;KHSRP Q92945-1;09294!
SFRS7 Q16629-1;Q1662¢
CASP11;SFRS2IP;SIP1  Q99590-1;Q9959
C30rf37;DC12 Q96FZ2;B4DMK2;
hCG_20560;PTBP1;PTB Q9BUQO;P26599-
HNRNPU;HNRPU;SAFA Q00839-1;Q0083¢
DDX36;DHX36;KIAA14§ Q9H2U1-1;Q9H2L
HNRNPK;HNRPK;hCG_: P61978-2;P61978
CSDA;DBPA P16989-1;P16989
HSET;KIFC1;KNSL2 ~ Q9BW19;B4DMA!
C200rf158;DATF1;DIDC Q9BTCO-4;Q9BTC
CCT3;CCTG;TRICS;RP11 P49368;B4DURS;(
ADPRT;PARP1;PPOL  P09874;B2R5W3;
MSI2 B4DHES;Q96DH6-
RBM4;RBM4A;RBM30; Q9BWF3-1;Q9BW

2.18E-15
2.01E-206
1.26E-09
5.66E-05
2.47E-50
8.10E-10
9.75E-11
3.19E-38
2.95E-28
4.81E-113
0.000207
2.45E-10
9.47E-60
2.16E-11
0.003673
0.002584
5.97E-27
1.28E-63
0.13248
7.17E-58
2.58E-80
1.08E-11
3.85E-78
5.71E-58
2.66E-33
6.29E-17
3.79E-17
0.000291
6.87E-13
3.42E-05
1.03E-38
8.31E-181
2.28E-60
5.38E-133
1.42E-127
2.17E-157
5.88E-06
2.69E-05
1.32E-79
6.90E-210
3.26E-137
5.86E-118
4.29E-233
4.16E-20
3.41E-21
5.41E-08
1.52E-10
0
2.06E-08
8.25E-128

0.13145
0.12628
0.11325
0.12275
0.12268
0.14176
0.18271
0.123
0.12038
0.14368
0.13654
0.12428
0.14826
0.13223
0.1373
0.14483
0.13937
0.14067
0.15069
0.1332
0.14322
0.15393
0.1746
0.17106
0.189
0.14876
0.14739
0.17408
0.16627
0.1878
0.16666
0.19578
0.17397
0.19398
0.21155
0.2016
0.18703
0.2249
0.18986
0.17972
0.19912
0.19905
0.21745
0.21785
0.20576
0.19746
0.21061
0.23292
0.22156
0.22967

0.16281
0.16694
0.16733
0.16862
0.17227
0.17444
0.17456
0.17905
0.18049
0.18559
0.18564
0.18722
0.18958
0.18981
0.19091
0.19613
0.19773
0.19968
0.20244
0.20435
0.20587
0.20758

0.2091
0.21015
0.21386
0.22018
0.22414
0.22696
0.23314

0.2339
0.23459
0.24453
0.24969
0.25681
0.25756
0.25896
0.26497
0.26548

0.2688
0.27122

0.2717
0.27283
0.27505
0.27786
0.28124
0.28484
0.28655
0.29369
0.29521

0.3017

29.412
89.536
128.84

137.73
75.157

102.05
181.68
144.68

259.7

87.683

138.24

130.93
106.32
238.45
102.43
126.83
114.74

114.91

40.42
146.76
50.238
102.77
70.489
88.835
91.772
124.18
59.322

133.6
143.66
111.22
126.54

142.8
61.319
135.77
48.342
205.21
69.642
177.64
150.54
182.46
105.21
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17
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11
69
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30
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16
69
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176
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-2.61874

-2.5826
-2.57923
-2.56815
-2.53726

-2.5192
-2.51821
-2.48157
-2.47001
-2.42981
-2.42942
-2.41719
-2.39912
-2.39737
-2.38904
-2.35012

-2.3384
-2.32424
-2.30443
-2.29089
-2.28019
-2.26826
-2.25774
-2.25051
-2.22526
-2.18324
-2.15753
-2.13949
-2.10073
-2.09604
-2.09179
-2.03192
-2.00179
-1.96123
-1.95702

-1.9492

-1.9161
-1.91332
-1.89539
-1.88246
-1.87991
-1.87393
-1.86223
-1.84757
-1.83013
-1.81178
-1.80314
-1.76763
-1.76019
-1.72881



C20rf12;MSSP;MSSP1;1 P29558-1;P29558
SFRS3;SRP20;hCG_148I P84103;B2R6F3;B
HNRNPR;HNRPR;hCG_: 043390-2;04339(
DDX48;EIF4A3;KIAAO11 P38919
LRP130;LRPPRC P42704;B4DSRO;E
OK/SW-cl.32;RPL3;hCG P39023;Q96QLO0;E
DXS648E;QM;RPL10;XX P27635;Q5HY50;(¢
HDGF;HMG1L2;RP11-6 P51858;B2RDES;E
PICALM;PICALM varian A8K5U9;A8MW2<
ELAVL1;HUR B4DVBS8;Q15717
DRAP1 Q14919-2;Q1491¢
hCG_2017557;PCBP2 Q59HD4;Q61PF4;(
HNRNPH3;HNRPH3  P31942-1;P31942

C4orfa3 Q96EY4;D6RA57
HMG2A;HMG4;HMGB: 015347;Q16466
PSF;SFPQ P23246-1;P23246
cuL1 Q13616;B3KTWO;

TIAL1;hCG_40603 A8K4L9;A8K5C4;C
PCBP1;hCG_1776997 Q15365;Q53558

SPTB2;SPTBN1;hCG_17 Q01082-1;Q0108:
HNRPDL;JKTBP 014979-1;01497¢
TIA1;hCG_40580 P31483-1;P31483

B4DGK4

UBC;DKFZp434K0435;h POCG48;A8K674;(
ZFP29;ZSCAN2 Q727L9-1;Q7Z7L9
G22P1;XRCC6;CTA-216 P12956;B2RDNI;!
RP11-375E1__A.4-005; Q59GE4;Q5TZBY;!
DKFZp779B0247;CSDE] Q68DF1;075534-:
HNRNPM;HNRPM;NAG P52272-1;P52272
RPN1 P04843;Q53EP4;(
DDX2B;EIF4A2;EIF4F;DI Q14240-2;Q1424(
SFRS2;hCG_27842;SFR‘Q01130;B3KUY1;(
BTEB4;KLF16;NSLP2  Q9BXK1;D6W5Z8
FIR;PUF60;ROBPI;SIAHI QOUHX1-1;Q9UH;
BLOCK24;HNRPLL;SRRF Q8WVV9-1;Q8W\
IQGAP1;KIAA0051 P46940;A4QPBO;
E1BAP5;HNRNPUL1;HN Q9BUJ2-1;Q9BUJ:
CGGBP;CGGBP1 Q9UFWS;C9JUJ0

CAS;CSE1L;XPO2;CSE1L P55060-1;P55060
HCC1;RBM39;RNPC2;D Q14498-1;Q1449¢
DAZAP1 Q96EP5-1;Q96EP!
IGF2BP3;IMP3;KOC1;VI 000425-1;00042"
NSEP1;YB1;YBX1 P67809;A0/LU4;Q
NPTB;PTB;PTBLP;PTBP. QOUKA9-2;Q9UK/
EWSR1;hCG_2010995;| Q96MX4;Q01844-
HSPC144;MDS012;MyC Q9P016-1;Q9PO1(
RFC1;RFC140;LLDBP  P35251-1;P35251
MECP2;hCG_37678  P51608-2;P51608
HNRNPHZ1;HNRPH;HNR P31943;B4DP51;C
DBX;DDX3;DDX3X;DBY; 000571;B4E3ES;E

8.58E-13
5.42E-05
1.32E-24
0.009054
4.20E-48
0.000142
0.014478
1.26E-38
1.99E-22
6.07E-53
7.08E-06
5.33E-123
1.12E-18
7.42E-51
1.02E-27
4.96E-69
0.10854
1.40E-51
2.46E-111
0.002436
1.09E-10
3.34E-45
0.003681
1.14E-25
0.32681
1.84E-94
6.07E-05
1.75E-24
2.14E-75
0.010782
3.59E-06
5.01E-25
1.53E-31
3.51E-21
0.000202
2.41E-16
1.70E-19
1.33E-06
0.014654
3.73E-59
6.31E-94
6.47E-11
2.65E-91
7.81E-17
1.28E-24
6.47E-12
0.003283
1.47E-38
1.95E-79
1.60E-31

0.20884
0.22952
0.22256

0.2198
0.24797
0.22227
0.24474
0.22528
0.24046

0.2493
0.23868
0.23347
0.25647
0.25504
0.22013

0.2388

0.2542
0.25481

0.2759
0.25301
0.29097
0.28083
0.30004
0.26443
0.30043
0.33118
0.25964
0.31478
0.31263
0.28979
0.29707
0.31358
0.31828
0.29121
0.31742
0.27648
0.27648

0.2955
0.27639
0.33697
0.31466
0.33465
0.25598
0.32231
0.34603
0.32384

0.3151

0.3528
0.37484
0.38143

0.30363
0.30679
0.30712
0.30755
0.30974
0.31654

0.3169
0.31868
0.31868
0.32873
0.32982
0.33282
0.33337
0.33745
0.33875
0.33924
0.33962
0.35613
0.36033
0.36142
0.36322
0.37092
0.37271
0.37426
0.37549
0.37882
0.37971
0.38135
0.38213
0.39116
0.39207
0.39317
0.39555
0.39939
0.40056
0.40131
0.40131
0.40248

0.4147
0.41564
0.42046
0.42077
0.43396
0.43725

0.4402
0.44086
0.44467
0.46218
0.46626
0.47004

174.97
70.222
112.33

96.833
102.61
165.64
83.161
93.095

98.07
99.603
126.39
51.078
131.71
103.82
97.721

9.8767
111.45

135.69
72.947
113.13
198.31

123.56

135.98
85.947

155.24
29.142

65.145
55.911
104.86
120.17

173.7
278.71
68.689
84.474
87.704
149.46

11.35
60.348
133.08

191.03
72.011
133.36
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-1.71961
-1.70468
-1.70313
-1.70111
-1.69087
-1.65954

-1.6579
-1.64982
-1.64982
-1.60502
-1.60025
-1.58719

-1.5848
-1.56725
-1.56171
-1.55962
-1.55801
-1.48952
-1.47261
-1.46825
-1.46108
-1.43082
-1.42387
-1.41789
-1.41315
-1.40042
-1.39703
-1.39081
-1.38786
-1.35417
-1.35082
-1.34677
-1.33807
-1.32413
-1.31991
-1.31721
-1.31721
-1.31301
-1.26986
-1.26659
-1.24996

-1.2489
-1.20437
-1.19347
-1.18377
-1.18161
-1.16919
-1.11347
-1.10079
-1.08914



OK/SW-cl.26;RPS3 P23396;053G83;(
BAP135;GTF2I;WBSCRE P78347-1,P78347
H4/A;H4/B;H4/C;H4/D; P62805;B2R4RO0;C

RPL30 P62888;ESRI9Y;E:
IFI16;IFNGIP1;hCG_19¢ Q16666-2;Q1666¢
NMT;NMT1 P30419-1;P30419

REPA2;RPA2;RPA32;RP P15927-3;P15927
DDX17;RP3-434P1.4-0( Q59F66;Q92841-¢
HNRPG;RBMX;RBMXP1 P38159;B4E352;C
RENT3B;UPF3B;UPF3X Q9BZI7-1;Q9BZI7;
ANKT;BM-037;NUSAP1 Q9BXS6-1;Q9BXSt

KIAA1401;TSR1 Q2NL82

TOE1 Q96GMS8;B3KSC7;
CGI-25;NOSIP Q9Y314;A8K670;E
GTBP;MSH6 P52701-1;P52701

RPL11;hCG_1739238;R P62913-1;P62913
RBPS56;TAF15;TAF2N;h( Q92804-1;Q9280«
LIG3 P49916-1;P49916
TCF6;TCF6L2;TFAM  QO00059;E5KSUS;E
TOP2A;TOP2 C9J4C3;P11388-4,
RPS5 P46782;Q53G25

CGI-21;HSPC332;PRO2{ Q53GS9;B7Z7L9;E
BRD4;HUNK1;hCG_200 060885-1;06088"
AC004383.6-002;hCG_' Q5JRC6;Q8IWSO-:
RPS16 B4DP32;P62249;C
MORF4L1;FWP006;HSF A5D8W6;B3KTME
KIAA0026;MORF4L2;M Q15014;B3KWX6;
NSUN2;SAKI; TRM4;hCC Q08J23;A8K529;B
DDX5;G17P1;HELR;HLR P17844;B4DN41;E

POLRMT 000411;Q4GOF4;(
NONO;NRB54 Q15233;A8K525;F
KIF4;KIF4A 095239-1;09523¢

FEN1;RAD2;hCG_4084¢P39748;BADWZ4;
TOP2B;topllb;top2beta Q02880-1;Q0288(
MUTYH;RP4-534D1.2-C E5KP25;E5KP30;E
KIAAO618;NUP121;POI Q96HA1-1;Q96HA
NFIA;RP5-902P15.1-00: B4DS53;E2QRI7;B
HIP116A;HLTF;RNF80;S Q14527-1;Q1452
RFC2;hCG_18034 P35250-1;P35250
KIAA0O52;SKIV2L2 P42285;A8K614;B:
FOXK1;MNF;KIAA0415; P85037-1;P85037
OCT1;0TF1;POU2F1;RF P14859-1;P14859
RBM42 Q9BTD8-1;Q9BTD
ADAR2;NUP98 P52948-1;P52948
RPL7;WUGSC:H_RGO054P18124;095036;2
KIAA1185;LRRC47 Q8N1G4
HAP3;NFYB P25208
KIAA1584;SUHW4;ZNF. Q6N043-1;Q6N04
RPS19;hCG_1995572 P39019;B0ZBDO;C
NUP153;NUP153 variai B4DIK2;Q7Z743;P

8.67E-07
1.73E-17
9.67E-16
3.85E-23
6.66E-103
0.000127
6.85E-23
5.66E-32
1.52E-13
0.000584
6.22E-23
5.70E-11
0.001022
0.006059
1.54E-81
1.73E-33
8.65E-37
1.60E-57
5.98E-57
6.39E-14
1.69E-07
2.71E-26
0.008151
2.93E-10
8.92E-07
0.00074
0.008934
1.88E-62
1.06E-11
3.47E-10
5.16E-97
9.75E-55
7.53E-101
6.85E-11
0.001055
0.006248
2.12E-21
4.94E-289
0.000365
0.011265
7.14E-18
5.62E-07
2.47E-19
4.67E-32
2.98E-24
9.93E-30
0.012304
6.15E-05
0.000332
2.30E-118

0.33187
0.32284
0.38387
0.37144
0.33879
0.349
0.40183
0.41146
0.37601
0.40252
0.44778
0.37939
0.40255
0.43633
0.38163
0.41962
0.47177
0.47197
0.48656
0.44586
0.46927
0.45748
0.41333
0.48427
0.47022
0.46242
0.50423
0.47584
0.52831
0.5319
0.55701
0.54367
0.50395
0.51796
0.55805
0.5638
0.54265
0.57942
0.52913
0.58588
0.59275
0.59826
0.5586
0.59973
0.62479
0.63456
0.52126
0.58553
0.63315
0.62235

0.47354
0.47694
0.47877
0.48455
0.48556
0.48848
0.50021
0.50126
0.51458
0.51777
0.54006
0.54125
0.54137
0.54873
0.54939
0.55078
0.58201

0.5973
0.59961
0.60089
0.60462
0.60779
0.61217
0.62059
0.62463
0.63161
0.63739
0.64108

0.6607
0.67628
0.68159
0.68959

0.6927
0.70427
0.70667
0.70747

0.7153
0.73174
0.73468
0.74895
0.75091
0.75288
0.76968
0.77259
0.77447
0.77533

0.7787
0.78153
0.78357
0.78413

72.584
98.937
129.47
116.23
124.89
6.4037
155.12
59.592
122.16
117.67
117.63
90.668

113.91
131.73
16.195
90.387
132.67
90.401
97.642
94.209

105.87

98.554

35.846

89.08

7.5559

115.12

97.985

150.98

51.827

143.27

140.57

52.038

12.154

170.25

105.9

17.165

216.72

99.288
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-1.07844
-1.06812
-1.0626
-1.04528
-1.04228
-1.03363
-0.99939
-0.99637
-0.95853
-0.94962
-0.88881
-0.88563
-0.88531
-0.86583
-0.8641
-0.86045
-0.78088
-0.74347
-0.7379
-0.73483
-0.7259
-0.71836
-0.708
-0.68829
-0.67893
-0.66289
-0.64975
-0.64142
-0.59793
-0.56431
-0.55302
-0.53619
-0.5297
-0.5058
-0.50089
-0.49926
-0.48338
-0.4506
-0.44481
-0.41706
-0.41329
-0.40951
-0.37767
-0.37223
-0.36872
-0.36712
-0.36086
-0.35563
-0.35187
-0.35084



MSN P26038;Q6PIT4
H2BFD;HIST1H2BN;H2E B4ADR52;Q99877;l
DRBF;ILF3;MPHOSPH4; Q12906-4;Q1290¢

TBX3 015119-1;01511¢
FOXK2;ILF;ILF1 Q01167-1;Q0116°
C2F,EMG1 Q92979;A8K6D2;!

DPC4;MADH4;SMAD4 Q13485;Q9BYG6;
LDHB;hCG_24788 P07195;Q5U077;/
CTA-216E10.8-008;NHF BLAHD1;P55769;(
PES1;hCG_2010949  000541-1;00054"
FLYWCH2 Q96CP2

ABC50;ABCF1;DADB-12 Q8NE71-1;Q8NE7
hCG_39182;RDX;DKFZf A7YIJ8;A7YIK3;P3!
EIFSB;IF2;KIAA0741;hC 060841;A0JLRS;B
IGKJRB;IGKJRB1;RBPJ;R Q06330-1;Q0633(
LDHA;PIG19;hCG_9667 B7Z5E3;P00338-1

RFC3 P40938;B4DKES6;(
ZNF787 Q6DD87
RBM14;SIP Q96PK6-1;Q96PKI

LYT10;NFKB2;hCG_256 Q00653-1;Q0065:
RPS9;hCG_2009111;XX P46781;A9CA4C1;E
CYPB;PPIB P23284

CDC2;DKFZp686L20222 P06493-1;P06493
SMARCAS;SNF2H;WCR 060264;B4DZCO;F

SRBD1 Q8N5C6-1;Q8N5C
EZR;VIL2 P15311;B2R6J2;B
UHRF1;ICBP90;NP95;RI A8K024;B2RBAI;(
RPS20 B4DW28;P60866;
CDC2L4;CDK9;CDC2L;C P50750-2;P50750
QPCTL QINXS2

DR1;DKFZp666G145;h( Q01658;Q53F47;(
APRIN;AS3;KIAA0979;P QINTI5-1;Q9NTIS
AROS;RPS19BP1 Q86WX3

SRP14 P37108
RPL13A;hCG_1998057; P40429;Q0VGL3;(
KID;KIF22;KNSL4;hCG_; Q14807;B72265;E
KIAA1470;RCC2;TD60 Q9P258;A5PLK7
SMARCA4;hCG_29955; BOEGQS;Q9HBD4
ESRRB;ERRB2;ESRL2;NF A2VDJ2;Q5F0P7;C
BBC1;0K/SW-cl.46;RPL P26373;A8KACS;B
MSH2 P43246;B4DL39;B
HYRC;HYRC1;PRKDC  P78527-1;P78527
KPNB1;NTF97 Q14974;B2RBR9;{
EAAT1;GLAST;GLAST1;¢ P43003;Q8N169;(
FOX2;HRNBP2;RBM9;R 043251-8;04325:

RCC1;CHC1;hCG_2780¢Q16269;Q6NT97;
EEF2;EF2 P13639;B4DMCS;
RPS25 P62851

HUSSY-29;NSA2; TINP1; 095478;Q5)7U2
BAT1;UAP56;XXbac-BC Q13838-2;Q1383¢

1.32E-12
2.03E-32
2.50E-26
1.21E-85
3.07E-14
3.10E-06
2.72E-08
8.16E-17
1.93E-07
4.90E-18
0.016053
3.30E-131
4.12E-13
1.58E-10
0.001534
4.30E-09
2.73E-11
2.26E-06
2.34E-113
0.005831
0.002389
8.36E-28
1.57E-09
2.30E-22
4.98E-17
9.21E-19
8.34E-303
5.71E-10
3.21E-05
0.001076
0.000156
1.23E-14
2.51E-05
1.39E-11
0.087812
6.29E-127
2.64E-50
1.26E-28
0.007567
4.13E-17
7.97E-27
4.65E-16
7.12E-08
0.00623
1.16E-16
2.52E-134
5.88E-11
4.60E-07
0.000455
7.42E-17

0.61129
0.64428
0.63184
0.61289
0.65303
0.62091

0.6275
0.61436
0.66665
0.60845
0.61261
0.55943
0.63428
0.66702
0.70902
0.69554
0.69231
0.72167
0.72993
0.62763
0.69696
0.70893
0.72593
0.71575
0.72445
0.70123
0.69597
0.73884

0.7221
0.73942
0.74286
0.73323
0.74651
0.74794
0.72747
0.78155
0.73193
0.75978
0.72634
0.75668
0.75626
0.78394
0.77766

0.6958
0.79004
0.79286
0.82347
0.77529
0.82193
0.81485

0.78628
0.78798
0.79158
0.79197
0.79363
0.79744
0.80033
0.80374
0.82214
0.82551
0.83259
0.83481
0.84468
0.84802
0.85491
0.86299
0.86519
0.87537
0.87744
0.89003
0.89809
0.89904
0.89991
0.90112

0.9095
0.91062
0.91119
0.91348
0.91834
0.91973
0.91993
0.92028
0.92824

0.9314
0.93494
0.94994
0.95118
0.95689
0.95795
0.97157
0.97247
0.97739
0.98508
0.98975
0.99268
0.99339

1.0027

1.0052

1.0054

1.0139

186.35
148.75
97.566
62.996
11.594
18.969

101.16

57.269

111.71

221.19

35.171

131.21
7.1124
90.789
1.6967
89.403
101.83
110.32

23.603

37.186
5.5781
117.79
122.23
11.214
1.825
15.4
63.057
68.77
11.236

50.226
117.13
73.199
85.111

77.286
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-0.34688
-0.34377
-0.33719
-0.33648
-0.33346
-0.32655
-0.32133

-0.3152
-0.28254
-0.27664
-0.26432
-0.26048
-0.24352
-0.23783
-0.22616
-0.21258
-0.20891
-0.19204
-0.18863
-0.16807
-0.15507
-0.15354
-0.15215
-0.15021
-0.13685
-0.13508
-0.13418
-0.13055

-0.1229
-0.12072

-0.1204
-0.11986
-0.10743
-0.10253
-0.09705
-0.07409
-0.07221
-0.06358
-0.06198
-0.04161
-0.04027
-0.03299
-0.02169
-0.01486

-0.0106
-0.00957

0.00389
0.007483

0.00777
0.019915



CCT4;CCTD;SRB P50991;A8K3C3;B
ANX2;ANX2L4;ANXA2;( P07355-2;P07355
LRRC59;PRO1855 Q96AG4;B2RES3;!
PRO2640;RPS14 P62263;E5RH77
EAR2;ERBAL2;NR2F6 P10588;B4DQE4;t
APE;APEX;APEX1;APX;F P27695;Q5TZP7
CAIN;CAN;KIAA0023;NI P35658-3;P35658
GNB2L1;HLC7;PIG21  P63244;D6RILO;C
BAZ1B;WBSC10;WBSCF Q9UIGO-1;Q9UIG!(
OK/SW-cl.83;RPS8;hCG P62241;Q5JR94;C

ALY;BEF;THOC4 Q86V81
TDG Q13569;B2R848;E
RPL19 P84098;Q53G49;(

HCA90;hCG_38821;RP: Q96RR5;Q9ULWO
ADPRT2;ADPRTL2;PARF QOUGN5-1;Q9UG
API5;MIGS Q9BZZ5-4;Q9BZZ"
ILF2;NF45;PRO3063  Q12905;B4DY09;(
H2AFX;H2AX;H2AFR;HI P16104;Q96QV6;|
HCC1;HSPC316;SARNP; P82979;Q567R9;/
NIRF;RNF107;UHRF2;D Q96PU4-1;Q96PU
SP1;TSFP1;Sp1l P08047;Q9NR52;(
GCN1L1;KIAA0219  Q92616;B4DM32;
CHD4;CHD3 Q14839-2;Q1483¢
PLCB3 Q01970;Q8N1A4
MAFF;CTA-447C4.3-00- Q9ULX9;B0QY71;!
RPL27A;L27a P46776;Q6NZ52;(
TCOF1;DKFZp434G103! Q13428-4;Q1342
LAMBR;LAMR1;RPSA;L, AGNEQ9;P08865;(
KIAAO648;PDS5;PDS5A Q29RF7-1;Q29RF;
ANT2;SLC25A5;ANT3;C P05141;B2RCV1;C
AIM;CXXC9;DNMT;DNN P26358-1;P26358
TUBG;TUBG1;TUBG2 P23258;Q9NRH3
DDXBP1;PIAS1;hCG_23 075925;A4ZVS7;/
ASNS;NARS 043776;B4DN60;|
SUPV3L1;SUV3 Q8IYB8;B72611
LONP1;PRSS15 P36776;E5SKMHS;
SCML2;RP5-1129A6.3-(Q9UQRO-1;Q9UQ
TRIP12;KIAAO045 D4HL82;Q14CA3;!
KIAAO170;MDC1;NFBD Q14676-1;Q1467¢
TREX1;hCG_1997849 QINSU2-1;Q9NSL
NTH1;NTHL1;0CTS3  P78549;E5KTI5
OK/SW-cl.48;PHC;SLC2 Q00325-1;Q0032!
LAP2;TMPO P42167-1;P42167
GCS1;MOGS Q13724;Q58F09;/
DUC1;DUG;MSH3 P20585;A1L480;A
CDK2;CDK2deltaT P24941;075100;E
AAG;ANPG;MID1;MPG, P29372-2;P29372
DXS1283E;GS2;PNPLAA P41247;C9IZF6;BL
CBP1;CBP2;HSP47;PIG1P50454;A8K259;C
GHITM;DERP2;My021; B4DPG9;Q6FIA7;(

0.00104
5.32E-45
5.58E-11

0.009218
3.62E-07
3.23E-161
1.03E-77
3.33E-08
4.04E-60
5.04E-21
4.13E-11
5.91E-09
1.58E-12
5.40E-09
2.56E-07
2.05E-13
4.11E-18
2.68E-18
9.26E-07
9.82E-24
9.91E-10
7.27E-05
0.036417
2.67E-37

0.00523
2.02E-06
1.77E-09

0.000502
6.38E-26
1.65E-10
2.00E-48
1.90E-28

0.003073

0.0101
2.11E-36
6.29E-06
6.38E-08
4.05E-05
1.26E-68
1.71E-36
4.69E-41
2.76E-11
2.80E-60

0.001144
8.52E-05

0.00013
1.90E-87

0.000147

0.00337

0.10256

0.75528
0.75938
0.76328
0.83296
0.82796
0.84311
0.8177
0.84464
0.83297
0.82342
0.75781
0.89091
0.83229
0.844
0.79715
0.88943
0.88134
0.88644
0.81997
0.77359
0.91653
0.81923
0.88663
0.85112
0.90053
0.92662
0.93359
0.93928
0.94192
0.92052
0.94226
0.91542
0.96349
0.97284
0.99057
0.98342
0.93657
0.90068
0.97068
1.0108
1.0132
1.0475
0.99137
1.0381
1.0459
0.97649
0.99798
1.0277
0.93081
1.0356

1.0177
1.0182
1.0224
1.0373
1.0447
1.0449
1.0473
1.0487
1.0519
1.0552
1.0588
1.061
1.0634
1.0727
1.0769
1.086
1.0885
1.089
1.0982
1.1098
1.1135
1.1293
1.1325
1.1362
1.1399
1.1515
1.1634
1.1664
1.1727
1.174
1.174
1.1901
1.1914
1.2044
1.2054
1.2057
1.2218
1.2258
1.227
1.2313
1.263
1.2873
1.2948
1.3147
1.3174
1.3248
1.3259
1.3264
1.34
1.3463

68.804
110.39

63.33
126.46
140.42
4.9983
118.57
6.6342
9.1553
120.92
39.276
5.7337
166.99
10.225
73.433
191.73
6.2426
31.451

4.6907
2.456
11.312
23.25

47.972
83.485
83.532
77.689

31.015
18.262
103.82
24.697

8.802
115.08
72.827
32.497

85.098

25.324

74.13
2.1196
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0.025312
0.026021
0.03196
0.052833
0.063089
0.063365
0.066675
0.068602
0.072998
0.077516
0.08243
0.085425
0.088684
0.101247
0.106884
0.119024
0.122341
0.123004
0.135141
0.1503
0.155102
0.175429
0.179511
0.184217
0.188907
0.203514
0.218347
0.222063
0.229834
0.231432
0.231432
0.251083
0.252658
0.268315
0.269512
0.269871
0.289008
0.293724
0.295135
0.300182
0.336855
0.364348
0.372729
0.394734
0.397693
0.405775
0.406972
0.407516
0.422233
0.429



FKSG11;ZFP91 Q96JP5-1;Q96JP5
PHB;hCG_29613;ZNF6( P35232;A8K401;C
CCDC124 Q96CT7
H3.3A;H3.3B;H3F3;H3F P84243;B2R4P9;B
DAAP-21F2.2-001;DAN BOV043;P26640
Caorf27 QINWY4
BPY2IP1;C190rf5;MAP1 Q66K74;A8K940;E
RPS7;hCG_1784266  P62081;Q57292;B

ACTR2;ARP2 B4DHK9;P61160;(
JUND P17535

RIF1 Q5UIP0-1;Q5UIPO
NUP62;pp7052 P37198;Q8WYU3

JUNB;hCG_172481  P17275;Q53HPS8;(
DIMTZ1;DIMT1L;HUSSY- QQUNQ2;A8K9KS;
CREB1;hCG_15208  P16220-1;P16220
HMGAL;HMGIY B4DWAOQ;C9J292;|
MN1 Q10571;A5HML1
VDAC2;RP11-375G3.1-( P45880-1;P45880

3.80E-07
0.000496
4.86E-12
8.01E-06
1.56E-06
2.86E-16
0.000664
1.67E-05
0.016945
6.62E-15
0.006157
0.004906
4.29E-18
0.002424
4.17E-14
0.005836
0.12914
0.025034

0.87031
1.0753
0.96295
1.0843
1.1979
1.226
0.98408
1.2999
1.3077
1.5638
1.4995
1.8031
2.1192
2.0672
2.7056
2.7178
3.5346
4.2551

1.3601
1.3953
1.4361
1.4921
1.5348
1.6361
1.6426
1.8254
1.8801
1.9391
2.1479
2.58
2.6232
3.0832
3.3213
3.9783
4.441
6.0233

32.514
17.244
20.471
12.906
142.54
84.113

108.23

84.736

19.383

289.97

AP U -2 N
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P NP WP WRRPRDREPNPR

0.443713
0.480575
0.522156
0.577344
0.618051
0.710261
0.715981
0.868213
0.910809
0.955387
1.102927
1.367371
1.391328
1.624428
1.731748
1.992152
2.150885
2.590554



APPENDIX 2. Chapter 3: Proteins identified by LC-MS (reverse; hmC=heavy; C=light)

Gene Names Uniprot PEP Ratio H/L Ratio H/L IRatio H/L Ratio H/ Log2(H/L)
KIAA1187;MAP71 Q3KQU3-1;Q: 0.005067 16.103 22.347  95.012 2 4.482
YLPM1;FLI00353;,B4DMQ9;Q8€ 1.21E-07 5.1737 5.0139 30.67 3 2.3259
BCLAF1;BTF;KIAA QONYF8-1;Q9 0.024252 5.0929 4.3068 40.879 2 2.1066
L18;Nblal10363;T Q9NXF1;B4D( 2.34E-05 3.0351 3.4481 23.068 3 1.7858
KIAAO138;SAFB2 Q14151;A0PJ. 0.003036 3.4403 3.0293 1 1.599
TOP2B;topllb;TOIQ02880-1;Q0 1.60E-12 2.9181 2.8733 39.254 2 1.5227
CPSF100;CPSF2;KQ9P210;B3KN.  6.35E-05 2.6873 2.8419 1 1.5069
AHCTF1;ELYS;MS Q96M44;Q8\V 4.33E-08 3.6765 2.8287 1 1.5001
EC45;RPL15;TCBAP61313;Q5UC 0.000196 3.5637 2.7977 1 1.4842
DXS648E;QM;RPI1 P27635;Q5HY 0.26025 2.8193 2.7556 1 1.4624
OTT;0TT1;RBM1!Q96T37-1;Q9 0.001004 3.3142 2.7486  55.228 2 1.4587
RBP56;TAF15;TAIQ92804-1;Q9 3.29E-35 4.2848 2.6415 1 1.4014
DDX42 Q86XP3-1;Q8 9.65E-07 2.8963 2.6245 1 1.392
ZNF326 Q5BKZ1-1;Q5 3.03E-06 2.7956 2.6177 37.191 3 1.3883
MET;SLTM Q9NWH9;A8k  0.14794 3.1228 2.6002 1 1.3786
CLN8O0;COIL P38432 6.18E-07 2.4354 2.5992  25.358 3 1.3781
HMP;IMMT;PIG4 Q16891-1;Q1 0.022615 2.3239 2.5898 51.17 2 1.3728
ACIN1;ACINUS;KI Q9UKV3-1;QS 5.52E-44 3.3541 2.5737 36.863 6 1.3638
EDMD;EMD;STA; P50402;Q6FIC 6.91E-08 3.2088 2.5342  6.3089 2 1.3415
THRAP3;TRAP15(Q9Y2W1;Q05 2.14E-05 2.6093 2.484  33.808 2 1.3127
CPSF1;CPSF160;h Q10570;B4DE  7.08E-08 2.6146 2.4789 1 1.3097
RPL18 Q07020;Q0Ql 2.30E-21 2.5148 2.3512 6.7436 4 1.2334
HMX3;MNAR;PEL Q81ZL8-2;Q8I: 4.16E-07 2.1986 2.3059 12.623 4 1.2053
FUSIP1;FUSIP2;SF O75494-1;07 2.16E-18 2.6556 2.3047 9.5842 5 1.2046
NUMAL1 variant p Q4LE64;Q149 6.08E-65 2.9051 2.3027 16.086 8 1.2033
TFAP2BL1;TFAP2/ Q7Z6R9 0.004079 2.4548 2.2633 1 1.1784
VDAC2;RP11-375 P45880-1;P45 0.014099 2.8908 2.2433 1 1.1656
PRPC8;PRPF8 Q6P2Q9;B4DI 2.30E-17 3.0826 2.2168 21.213 9 1.1485
ADE2;AIRC;PAICS P22234;Q68C 1.56E-15 2.44 2.2138 1.1524 2 1.1465
TRA2A;hCG_3797Q13595-1;Q1 0.001749 2.4739 2.2015 1 1.1385
KIAAO365;SFRS14 A8K5G0;Q8IX 0.016807 2.2552 2.1466 1 1.1021
HSPCO75;KIAA03 Q9UQ35-1;Q¢ 0.002231 2.498 2.1354 1 1.0945
HSPC108;SLP2;STQ9UJZ1;B4E1 0.021587 2.0046 2.1276 1 1.0892
DDX6;HLR2;RCK P26196;B2R8. 0.004949 2.4675 2.1181 1 1.0828
KIAAO690;RRP12 Q5JTH9-1;Q5. 1.98E-08 2.2805 2.1031 1 1.0725
ADTAA;AP2A1;CL095782-1;09 0.005984 2.2419 2.0987 1.2092 2 1.0695
KIAAO169;NUP1&8 Q5SRE5-1;Q5: 0.001056 2.0086 2.0874 1 1.0617
HNRPG;RBMX;RB P38159;B4E3! 3.71E-20 2.4543 2.0681 57.462 18 1.0483
DXS8237E;GPAT(P98175-1;P9¢ 1.40E-05 3.1403 2.0527 25.434 3 1.0375
RNPU1Z;RPU1;SNP08621-1;P0& 1.29E-15 2.3944 2.0519 13.374 7 1.037

DDX9;DHX9;LKP;1Q08211;B3KL 8.68E-147 2.9925 2.0429 81.264 41 1.0306

COIl;COXII;MTCO P00403;A0S0' 1.99E-05 2.5888  2.0351 1 1.0251
PLEC1;hCG_1994 Q15149-1;Q1 0.004298 1.7844  2.0309 1 1.0221
OCSP;TSPAN10 Q9H179;Q6PJ 0.003766 2.8974 2.0235 11.164 2 1.0169
SNRPD1 P62314;Q775 4.54E-09 1.6183  2.0203 131.03 3 1.0146
HNRNPM;HNRPN P52272-1;P52 2.05E-121 2.741 2.0114 55.273 75 1.0082
DPM1;RP5-914P: Q5QPK0;Q5Q 0.019022 2.4447  2.0082 1 1.0059

HPR1;,THOC1 Q96FV9-1;Q9 2.16E-29 2.2217 2.0012  35.225 8 1.0009



PGDH3;PHGDH;R 043175;B3KS
RPS9;hCG_20091 P46781;A9C4
RPL27A;L27a  P46776;Q6NZ
DDX39;DKFZp547 BADX78;0001
KIAAO663;ZC3H1 075152;B4DL

XRCC1 P18887;B2RC
CGGBP;CGGBP1 Q9UFWS;Call
RPL8 P62917;B4DV

COD;SNRPB;SNRF P14678-3;P14
MIB2;SKD;ZZANK Q96AX9-9;Q9
C220rf19;KIAA09 Q13769;COIX(
CPSF7 Q8N684-3;Q8
ASF;0K/SW-cl.3;¢ Q07955-1;Q0
KPNBL;NTF97  Q14974;B2RB
ARS2;ASR2;SRRT Q9BXP5-1;Q9
RPL19 P84098;Q53G
WDR36;DKFZp68 D6RAY5;Q8NI
ESA1;FLOT2;M17 Q14254;Q6FC
DDX8;DHX8 Q14562;A8K6
HNRNPF;HNRPF;( P52597;B4DK
TUBG;TUBG1;TUI P23258;Q9NF
KIAAO906;NUP21 QS8TEM1-1;Q¢
PSF;SFPQ P23246-1;P23
C160rf14;FAM19 Q9BUT9-1;Q8
RPL6;TXREB1  B2R4K7;Q9HE
D21S2056E;NNP? P56182;Q53F
MYBBP1A;P160 Q9BQGO-2;Q¢
SNRPE;SNRPEL1 P62304;Q5VY
MOSP;PLIP;PNAS Q8WUKO-1;Q
DDX5;G17P1;HEL P17844;B4DN
AQR;KIAA0560 060306;A8K6
KIAA1185;LRRC4 Q8N1G4

DDX17;RP3-434P Q59F66;0Q928
CHCHD3;hCG_20 C9JRZ6;QINX
MATR3;KIAA072: ASMXP9;P43:
TUBB2;TUBB2A;T Q13885;A5D¢
ACAT;ACAT1;MA P24752;Q96F
FTP3;HNRNPH2;} P55795;B4DF
RBM14;SIP Q96PK6-1;Q9
NPM;NPM1 P06748-1;POE
CLH17;CLTC;CLTC Q00610-1;Q0
PSEC0006; THOCE Q86W42-1;Q
TPR;Tpr;tpr P12270;A0PJ(
ASCC3L1;HELIC2; 075643-1;07,
KIAAO105;WTAP; Q15007-1;Q1
hCG_2031827;PA Q4VC03;Q53(
C30rf26;hCG_20: Q9BQ75;B3K\
SFRS7 Q16629-1;Q1
EWSR1;hCG_201 Q96MX4;Q01
SPK;SYMPK Q92797-1;Q9

0.009453
2.08E-05
3.15E-06
5.61E-26
3.11E-19

0.005155

0.007001
1.65E-05

0.000203

0.006509

0.001686
2.46E-13
5.27E-14
6.40E-12

0.000119
2.08E-36

0.00155
2.21E-22
0.40917
1.46E-97
0.00311
1.03E-35
7.84E-170
0.00852
3.55E-09
9.88E-05

0.001988
2.81E-10

0.000169
3.58E-49

0.018615
1.68E-16

1.36E-105

0.003098

1.44E-117
4.48E-21

0.000802

2.21E-116
4.94E-37
5.67E-123
7.52E-15
3.21E-48

0.001806
5.02E-14
4.03E-30
1.02E-30

0.008748
1.92E-12
8.43E-75
9.79E-07

2.0143
2.0912
2.6582
2.1766
2.554
2.0582
2.3836
2.443
2.2389
2.1871
2.0989
2.4365
2.0715
2.1626
2.2699
2.3923
1.7963
2.1963
1.908
2.3718
1.8531
2.2599
2.5104
1.7775
1.9854
1.8708
2.1051
2.2616
2.0657
2.5056
1.8473
1.9279
2.5744
1.9305
2.4205
2.1804
1.4699
2.0971
2.2599
2.134
2.123
2.1631
1.7546
1.8746
2.22
2.0756
1.9236
1.8878
2.7168
1.891

1.9994
1.9956
1.9822
1.9696
1.9681
1.9553
1.9349
1.9303
1.9011
1.8857
1.8748
1.8709
1.8709
1.861
1.8588
1.8538
1.853
1.8497
1.8413
1.811
1.791
1.79
1.7871
1.787
1.7846
1.7773
1.7768
1.7694
1.7689
1.7615
1.7584
1.7542
1.754
1.7533
1.7499
1.7433
1.7313
1.7292
1.7184
1.7157
1.7147
1.7137
1.7117
1.7099
1.7088
1.6992
1.6992
1.6891
1.678
1.6766

31.34
28.729
20.303

7.9014

65.765
7.9344
39.563
2.6464
10.151
23.011
51.364

12.724
23.72
14.757

92.803

47.416
112.45

18.906
9.8643
27.423
12.863

22.431

56.949
84.063

88.471
42.386

24.142
19.648
104.89
79.603
111.68

31.759

103.87

32.111
111.49
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0.9996
0.9968
0.9871
0.9779
0.9768
0.9674
0.9523
0.9488
0.9268
0.9151
0.9067
0.9037
0.9037
0.8961
0.8944
0.8905
0.8899
0.8873
0.8807
0.8568
0.8408

0.84
0.8376
0.8375
0.8356
0.8297
0.8293
0.8233
0.8229
0.8168

1 0.8143
2 0.8108

42

28
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0.8106
0.8101
0.8073
0.8018
0.7919

9 0.7901

21
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0.7811
0.7788

0.778
0.7771
0.7754
0.7739

0.773
0.7649
0.7649
0.7563
0.7467
0.7455



SRPR P08240;B4EQ
CYFIP1;KIAAOO68 B3KWV6;Q7L!
NPWBP;SIPP1;SN Q9Y2W2;B4D
TUFM P49411
DDX46;KIAA0801 Q7L014;A8K6
NONO;NRB54  Q15233;A8K5
OK/SW-cl.32;RPL P39023;Q96C
DDX2A;EIF4A;EIF. P60842;ASKO:
FLOT1;DADB-118 075955;Q53F
CSTF1;hCG_3909 Q05048;B4DL
RBM4;RBMA4A;RE Q9BWF3-1;Q¢
SNRPA1 P09661;Q53G
GHITM;DERP2;M B4DPG9;Q6FI
MDU1;SLC3A2  P08195-4;PO§
RPS16 B4DP32;P622
ZNF207;DKFZp76 E1P660;Q59G
NMP200;PRP19;F QOQUMS4
KIAAO791;NUP15 075694-1;07.
GCN1L1;KIAA021 Q92616;B4DN
KIAAOO95;NUP93 Q8N1F7;A8KS
DIMT1;DIMT1L;H QQUNQ2;A8K
DDX48;EIF4A3;KI. P38919
PAB2;PABP2;PAB Q86U42-1;Q8
LBR Q14739
OK/SW-cl.48;PHC Q00325-1;Q0
DNCI2;DNCIC2;D' Q13409-1;Q1
GNAI3;hCG_1997 P08754;Q5TZ
SFRS9;SRP30C  Q13242;A8K3
RPN1 P04843;Q53E
NP220;ZFML;ZNF Q14966-1;Q1
CAS;CSE1L;XPO2; P55060-1;P55
DDX47;hCG_276¢Q9H0S4;Q53(
VIM P08670;B0YJC
RPL7;WUGSC:H_| P18124;0950
RP3-375P9.1-002 Q53G33;Q5T/
DHC1;DNCH1;DN Q14204;B4DS
XRN2 Q9HOD6-1;Q¢
EFTUD2;KIAA0O3 Q15029;A8KA
CD2BP2;KIAA117 095400;Q5Q"
HNRNPHZ1;HNRP} P31943;B4DP
E1BAPS5;HNRNPU Q9BUJ2-1;Q9
FUS;TLS P35637-1;P3E
DBX;DDX3;DDX3} 000571;B4E3
RFC2;hCG_18034 P35250-1;P35
NEF3;NEFM;NFM P07197;B4DG
MSH2 P43246;B4DL.
KID;KIF22;KNSL4; Q14807;B7Z2
HNRNPUL2;HNRF Q1KMD3
PAB1;PABP1;PAB P11940-1;P11
CAIN;CAN;KIAAO( P35658-5;P3E

1.70E-05
0.000122
0.05776
7.90E-11
0.000161
1.16E-258
3.09E-09
2.75E-18
1.15E-70
8.04E-15
1.08E-62
2.89E-11
0.011299
5.47E-24
2.90E-09
2.61E-05
1.57E-12
1.63E-06
0.000111
8.13E-09
0.008216
6.57E-18
3.88E-06
7.24E-28
1.21E-25
4.21E-12
2.24E-05
2.80E-08
4.45E-21
5.37E-06
0.002188
7.83E-16
4.57E-105
1.30E-16
1.32E-11
6.90E-23
3.42E-07
1.13E-19
0.006066
1.85E-182
8.83E-51
2.63E-44
4.52E-40
0.000599
0.014178
0.001101
0.000677
6.62E-14
1.66E-30
1.27E-06

1.8378
1.5885
1.6757
2.0493
1.5349
2.5096
1.9243

2.077
2.0741

1.857
2.0421
2.0909
2.0623
1.8635
2.0324
2.0754
2.1149
1.7551
1.6082
2.0237
1.8833

1.994
1.8114

1.825
1.9453

1.842
1.9237
1.9758
1.6892
1.9673
1.6525
1.3476
1.8797
1.7368
1.9398
2.0465
1.5978
1.8424
1.7798
2.1446
1.8814
1.8649
1.7795
1.6179
1.9324
1.3117
1.7699
1.5466
1.8059
1.6152

1.6751
1.6673
1.6584
1.6436
1.6381
1.6368
1.6358
1.6334
1.6328
1.6316
1.6274
1.6204
1.6197
1.6048
1.6011
1.5974
1.5906
1.5899
1.5896
1.5877
1.5653
1.5646

1.558
1.5571

1.554
1.5489
1.5386
1.5294
1.5281
1.5179
1.5123
1.5063
1.5048

1.489
1.4886

1.487
1.4867
1.4848

1.482
1.4729
1.4721
1.4705
1.4484
1.4477
1.4465
1.4435
1.4421
1.4338
1.4314
1.4312

30.582
6.1114

2.6195
34.222
110.05
98.548
29.357
95.925

43.42
16.093
1.3957

74.766
103.89

31.37
17.693
40.916
22.817
50.021

117.92
24.451
29.692
32.606

9.5941

25.3
57.412
176.82
14.714
87.327
112.58

20.512
10.692
62.925

95.173
95.514

99.61
111.11
17.699

4.7158

49.874

40.283
68.791
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0.7442
0.7375
0.7298
0.7169
0.712
0.7109
0.71
0.7079
0.7073
0.7063
0.7026
0.6963
0.6957
0.6824
0.6791
0.6757
0.6696
0.6689
0.6687
0.6669
0.6464
0.6458
0.6397
0.6389
0.636
0.6312
0.6216
0.613
0.6117
0.6021
0.5967
0.591
0.5896
0.5743
0.574
0.5724
0.5721
0.5703
0.5675
0.5587
0.5579
0.5563
0.5345
0.5338
0.5326
0.5296
0.5282
0.5198
0.5174
0.5172



RPN2;hCG_3714. P04844;B2RE.
PBSCF;SNRPF  P62306

HNRNPH3;HNRP} P31942-1;P31
SCML2;RP5-1129 Q9UQRO-1;Q¢
SAP155;SF3B1;Dt 075533;A0)L]T
GCS1;MOGS  Q13724;Q58F
PPP1CB P62140;B4D);
PNAS-10;PNAS-1: QQUM00-1;Q
LMN2;LMNB;LMI P20700;B4DZ
HNRNPC;HNRPC; P07910-1;P07
SFRS4;SRP75;hCC Q08170;A8K6
ATP5A;ATP5A1;A P25705;A8KO!
U2AF1;U2AF35;UQ01081;B5BL
HADH;HADHA  P40939;B4DD
LAP2;TMPO P42167-1;P42
SSR4;TRAPD P51571;A6NL
PRO2640;RPS14 P62263;E5RH
BST2 B4E0Z6;Q105
BBC1;0K/SW-cl.4 P26373;A8K4
NDUFB10;hCG_4 096000;A8K7
HSPAZ1;HSPA1A;I PO8107;A8K5
ADAR;ADAR1;DSI P55265-4;P55
BAM;BMH;CSPG¢ QQUQE7;BOA;
KIAAO052;SKIV2L P42285;A8K6
BCAP31;hCG_20( B3KQ79;C9JO!
CYK18;KRT18;PIG PO5783;B2RA
CCG2;RPS4;RPS4; P62701;B2R4:
CD44;LHR;MDU2 P16070-1;P1€
IGF2BP3;IMP3;K( 000425-1;00
KIF4B;KIF4;KIF4A Q2VIQ3;B4DY
JM26;NPW38;PQ 060828-1;06!
SMARCAS;SNF2H 060264;B4DZ
CXorf3;THOC2;RF Q8NI27-1;Q8l
ALDH10;ALDH3A P51648-2;P51
SPTANZ;SPTA2;D A6NG51;Q13¢
NUP107 P57740;B3KN
ADAR2;NUP98  P52948-1;P52
BAT1;UAP56;XXb Q13838-2;Q1
D65218E;RPS18;[ P62269;Q55U
DBN1;D0S117E;h ASMV58;Q16
HSP70B';HSPAG;+ P17066;B2R6.
LIG3 P49916-1;PAC
DRBF;ILF3;MPHO Q12906-4;Q1
IARS;DKFZp686L1P41252;B4DV
HNRNPA3;HNRP/P51991-1;P51
TMEM109 Q9BVC6;B2RS
C70rf14;KIAA022 Q92621;B4DE
SFRS3;SRP20;hCC P84103;B2R6
LRRC59;PRO1855 Q96AG4;B2RE
BZW2;HSPC028;) Q9Y6E2;B3KN

5.10E-07
0.002235
9.13E-29
0.00445
5.01E-13
1.29E-05
7.83E-23
1.85E-08
4.07E-28
8.97E-46
0.00299
3.22E-20
4.57E-35
0.000669
1.30E-163
1.53E-09
0.000283
0.000223
9.08E-16
0.009632
1.53E-27
2.42E-41
0.043309
3.67E-05
0.14934
4.95E-86
0.000106
3.26E-14
5.53E-21
8.74E-06
0.012481
2.99E-09
3.10E-25
0.020632
2.52E-07
0.0037
3.06E-22
2.30E-39
2.38E-05
9.23E-06
8.11E-30
2.11E-08
9.66E-61
0.006399
7.90E-53
1.80E-11
6.15E-06
5.14E-17
5.74E-11
0.005815

1.4623
1.6507
1.8634
1.6925
2.1988
1.3395
1.7782
1.7475
1.8999
1.7235
1.7655
1.6426
1.5846
1.5632
1.8283
1.4751

1.762
1.7413
1.7104
1.6489
1.7395
2.1523
1.4384
1.3961
1.5605
1.6096
1.7119
1.6842
1.5343
1.3168
1.5014
1.5516
1.8292
1.4499
1.2884
1.4215
1.6034
1.8752
1.3552
1.5626
1.6735
1.2747
1.7135
1.3469
1.7326

1.642
1.2086

1.582
1.5766
1.3288

1.4292
1.4282
1.4251

1.413
1.4129
1.3993
1.3956
1.3943
1.3931
1.3918
1.3906
1.3879
1.3775

1.375
1.3748
1.3705
1.3684
1.3616
1.3508
1.3471
1.3371
1.3361
1.3349
1.3306
1.3301
1.3276
1.3214
1.3202
1.3167
1.3158
1.3049
1.3024
1.2994
1.2922
1.2796
1.2763
1.2762
1.2752
1.2674
1.2658
1.2656
1.2636
1.2549
1.2529
1.2405

1.233
1.2314
1.2271
1.2238
1.2236

22.593

18.213

73.047

73.648
108.44
6.8785
21.678
24.523

66.687
16.733

6.471
69.138

2.452

12.142
47.751

50.843
51.277

14.33
131.29

42.577

43.82

127.79

2.8414

68.2

65.671
29.101

53.995

86.728

35.122

23.899
129.19

2 0.5152
1 0.5142
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0.5111
0.4988
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0.4847
0.4809
0.4795
0.4783

0.477
0.4757
0.4729

6 0.4621
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0.4594
0.4592
0.4547
0.4525
0.4453
0.4338
0.4299
0.4191

0.418
0.4167
0.4121
0.4115
0.4088
0.4021
0.4008
0.3969
0.3959
0.3839
0.3812
0.3778
0.3698
0.3557

0.352
0.3519
0.3507

4 0.3419

0.34
0.3398

3 0.3375
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0.3276
0.3253
0.3109
0.3022
0.3003
0.2953

6 0.2914

0.2911



CBX8;PC3;RC1  Q9HC52;C9IN
HNRNPK;HNRPK; P61978-2;P61
MRNP41;RAEL;h( P78406;A8KS:
KHDRBS1;SAM68 Q07666-1;Q0
KIAA0026;MORF: Q15014;B3KV
KIAAO886;My043 QONQC3-1;Q¢
KIAAO656;SNAP9 060641-1;06!
AFG3L2;hCG_382 Q9Y4W6;D3D
CAPZA2;hCG_375 P47755;A4D0
ANT2;SLC25A5;A P05141;B2RC
HCC1;HSPC316;S. P82979;Q567
VASP P50552

PSEC0230;SRPRB Q9Y5M8;Q54
PPP1CC;PPP1A;PI P36873-2;P3€
LAP2;TMPO P42166

FKSG11;ZFP91  Q96JP5-1;Q9¢
KIAA0017;SAP13(Q15393-1;Q1
CANDZ;KIAAO82¢ Q86VP6-1;Q8
OK/SW-cl.26;RPS P23396;Q53G
HSP90AB1;HSP9( P08238;A8K3'
CUTL1;CUX1;Nbl: P39880-3;P3¢
ACTN1;ACTN4;hC B7TY16;A1L0\
HSC70;HSP73;HS P11142-1;P11
ERAB;HADH2;HSI Q99714-1;Q9
ABCG2;ABCP;BCF Q9UNQO-1;Q!
EEF2;EF2 P13639;B4DN
TARDBP;TDP43;R Q13148-2;Q1
BAP;PHB2;REA Q99623;Q9B)
SAP145;SF3B2;Dt Q13435;Q7Z3
LAMBR;LAMRZ1;R A6NE09;P088
CGI-04;YARS2  Q9Y2Z4

ANX2;ANX2L4;AN P07355-2;P07
C220rf28;HSPC11Q9Y3I10;B4DN
TOR1AIP1;RP11-t ASMUMS5;Q5.
RBAP46;RBBP7;R Q16576;Q5IN
CDC2L4;CDK9  P50750-2;P5C
GRP75;HSPA9;HS P38646;B7Z1)
IAG2;MAGTZ;PSE BADH58;Q9H(
PHB;hCG_29613 P35232;A8K4
KIAAO648;PDS5;F Q29RF7-1;Q2
ADNP;ADNP1;KI2 Q9H2PO;B2RE
DAAP-21F2.2-001 BOV043;P266.
PCBP1;hCG_177€ Q15365;Q53S
CREAP1;CROP;LU A8K3C5;0952
KIAAO650;SMCHI AGNHR9-1;A6
BAG2 095816;B3KN\
LMNZ1;LMNA;RP1 P02545-1;P02
CRDBP;IGF2BP1;) QINZI8;D3DT
C90rf10;FAM120 QINZB2-6;Q9
PLCB3 Q01970;Q8N:

0.003346
9.11E-273
0.050575
1.26E-14
0.006176
0.007504
0.012683
0.008159
0.000515
2.62E-20
6.31E-11
9.89E-09
4.16E-31
2.76E-33
1.14E-127
0.001559
8.04E-23
2.43E-09
6.24E-36
1.60E-14
8.59E-06
2.84E-05
3.35E-69
5.26E-08
2.18E-05
5.53E-05
3.76E-51
3.80E-106
8.43E-06
9.56E-06
0.000424
1.23E-56
0.000632
4.20E-09
4.37E-09
0.004321
2.01E-21
0.020553
7.55E-81
1.26E-13
0.002539
2.93E-17
2.60E-118
0.000395
2.81E-09
0.002906
8.99E-111
1.32E-32
5.95E-05
6.68E-05

1.4639
1.5037

1.479
1.6143
1.2321
1.4804

1.274
1.3403
1.5132
1.4665

1.474
1.3008
1.5373
1.4564
1.4268
1.1947
1.3965
1.1163
1.5027
1.3354
1.2275
1.0655
1.4101
1.3928
1.1761
1.4082
1.7138
1.4306
1.7158
1.3649
1.0583
1.3937
1.4346

1.464
1.3947
1.0842
1.3158
1.4037
1.3098
1.2454
1.2563
1.2447
1.3237

1.307
1.0319
1.2136
1.5147
1.3366
1.2388
1.0211

1.2184
1.2071
1.2065
1.2031
1.1999
1.1991
1.1959
1.1932
1.1929
1.1918
1.1907
1.1882
1.1843
1.1824
1.1778
1.1735
1.1618
1.1538
1.1529
1.1508
1.1417
1.1406
1.138
1.1342
1.1297
1.1279
1.1231
1.1217
1.1202
1.12
1.1173
1.1133
1.1131
1.1113
1.1064
1.105
1.1021
1.1015
1.0994
1.0988
1.0894
1.0864
1.0845
1.0835
1.0819
1.0797
1.0642
1.0632
1.0612
1.0598

127.07
117.96

74.997

98.726
25.472
18.731
1.0967
85.639
19.957
32.364

21.25
45.859
61.225
91.013
7.2062
11.095
87.574

34.965
96.85
77.711

14.415
52.007
55.982
101.78
10.508
145.39

7.7323

92.099
7.0413

26.148
131.96

28.659

60.064
124.32

4.9266
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0.285
0.2715
0.2708
0.2668
0.2629

0.262
0.2581
0.2548
0.2545
0.2531
0.2518
0.2488

0.244
0.2417
0.2361
0.2308
0.2164
0.2064
0.2053
0.2026
0.1912
0.1898
0.1865
0.1817
0.1759

3 0.1736

12

0.1675
0.1657
0.1638

2 0.1635

N

14

R A RPN W W

14

w

0.16
0.1548
0.1546
0.1522
0.1459

0.144
0.1403
0.1395
0.1367
0.1359
0.1235

9 0.1196

11

0.117
0.1157

4 0.1136

35

0.1106
0.0898

3 0.0884

0.0857

2 0.0838



HYRC;HYRC1;PRK P78527-1;P7¢
POLD2;hCG_174¢ P49005;A4D2
RAB39;RAB39A;R Q14964;P203
INOSOH;NMP238 Q9Y265-1;Q9
CDABP0035;KIAA P37802;C9)5\
BAF47;INI1;SMAF Q9H836;Q12¢
SNRPA P09012;B2R8!
PP446; TMEM214 Q6NUQ4;B3LI
BSG;UNQ6505/PI P35613-1;P35
API5;MIGS Q9BZZ5-4;Q9
ELAVLL;HUR  B4DVBS;Q15;
C2F;EMG1;hCG_: Q92979;A8K6
NXF1;TAP;DKFZp QOUBU9;Q68
FUBP2;KHSRP  Q92945-1;Q9
KIAA1978;RAVER Q81Y67-2;Q8!
YAF2 C9JKP3;Q8IY5
CBP1;CBP2;HSP4 P50454;A8K2.
DDX21;0K/SW-cl QONR30-1;Q¢S
MMAB Q96EYS;B2R6
RABSC;RABL  P51148

IQGAP1;KIAA005 P46940;A4QP
EIF2A;EIF2S1;hCC P0O5198;Q53X
Clorf77;HT031;P Q9Y3Y2-3;Q9
C200rf20; MRGBF QINV56;A8C
KIAAOO35;NOLC1 Q14978-2;Q1
ARL6IP5;DERP11; 075915;B3KC
EEF1D;EF1D;hCG P29692-2;P2<
SMU1;hCG_3027 Q2TAY7;AOM
FLN;FLN1;FLNA;F P21333-1;P21
LAS1L;MSTPO60 Q9Y4W2-1;Q¢
RPL26;RPL26L1;R AGNEO5;Q9UI
ALY;BEF;THOC4 Q86V81

KAP1;RNF96;TIF1Q13263-1;Q1
UBF;UBF1;UBTF;l P17480-1;P17
H1F5;HISTIH1B P16401

HNRPQ;NSAP1;S) 060506-3;06!
FTE1;MFTL;RPS3/ P61247;A8K4
SEC22B;SEC22L1 075396

SRP14 P37108

CTA-216E10.8-00 BLAHD1;P557
TIA1;hCG_40580 P31483-1;P31
DBP1;DDX15;DH) 043143;B4E0
GATAD2B;KIAA1] Q8WXI9;B3KS
NSEP1;YB1;YBX1 P67809;A0JLL
ACTL6A;BAF53;B, 096019-1;09
KIAAO170;MDC1; Q14676-1;Q1
CGI-21;HSPC332; Q53GS9;B7Z7
HSPC099;KIAAO4 Q5VT52-1;Q5
JuP B4DE59;C9JK"
MCT1;MCTS1  B4DGY2;Q9Ul

5.48E-138
2.23E-05
0.005103
4.93E-19
0.04266
0.000492
4.50E-13
0.007652
0.22917
1.39E-20
2.02E-79
4.46E-08
0.014734
7.52E-53
1.07E-05
0.00858
8.39E-08
1.22E-47
0.013877
0.000121
3.52E-23
9.72E-09
1.27E-26
4.42E-11
1.35E-05
1.23E-11
5.34E-31
0.060577
5.12E-201
1.08E-05
0.001567
2.60E-41
4.92E-05
1.99E-06
1.04E-06
8.97E-92
0.015874
1.78E-57
1.33E-26
0.000344
3.61E-20
2.05E-16
1.09E-24
1.81E-233
0.003558
6.10E-36
5.09E-20
0.002206
1.01E-18
0.00137

1.6707
1.2229
1.3622
1.349
1.1082
1.3334
1.1963
1.1219
1.2797
1.103
1.3061
1.3495
1.0364
1.4381
1.2402
1.1578
1.2517
1.5092
1.1833
1.2258
1.3493
1.0191
1.0754
1.1775
1.0122
1.1645
1.2035
1.1395
1.4768
1.0906
1.0578
1.2049
0.99244
1.169
0.80227
1.3108
1.1417
1.1598
1.012
1.1156
1.0716
0.82472
1.2058
0.83556
1.137
1.1462
1.0744
0.92095
1.0505
0.88895

1.0584
1.0565
1.0544
1.0537
1.0513
1.0496
1.0496
1.0462
1.0327
1.0265
1.0248
1.0239
1.022
1.0122
1.0122
1.0112
1.007
1.0035
1.0034
0.98917
0.98366
0.96381
0.95779
0.95229
0.94873
0.94395
0.94388
0.93291
0.9294
0.92868
0.92505
0.92329
0.92169
0.92078
0.9142
0.91168
0.9041
0.90315
0.90287
0.89718
0.89155
0.88723
0.8777
0.87659
0.87601
0.87557
0.8738
0.86523
0.86156
0.86004

81.894

90.695

53.413
2.881

5.4472
83.214
19.938
25.024
57.174

8.0244

110.56

228.33
62.359
15.243
17.747

8.2317
16.202
96.779

61.151

61.186
24.071
40.798
31.472
138.12
116.86

100.26
17.175

46.903
151.45

80.84
145.97

60.448
63.979
86.272

12.177
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0.0819
0.0793
0.0764
0.0755
0.0722
0.0698
0.0698
0.0652
0.0464
0.0377
0.0353
0.0341
0.0314
0.0175
0.0175
0.0161
0.0101
0.005
0.0049
-0.016
-0.024
-0.053
-0.062
-0.071
-0.076
-0.083
-0.083
-0.1
-0.106
-0.107
-0.112
-0.115
-0.118
-0.119
-0.129
-0.133
-0.145
-0.147
-0.147
-0.157
-0.166
-0.173
-0.188
-0.19
-0.191
-0.192
-0.195
-0.209
-0.215
-0.218



HCF1;HCFC1;HFC P51610-1;P51
HSP60;HSP70L1;} QOVDF9;A8KS
ZFR Q96KR1;A8KS
SFRS2;hCG_2784 Q01130;B3KL
SF1;ZFM1;ZNF16. Q15637-5;Q1
BAZ1B;WBSC10;\ Q9UIG0-1;Q9
CDC2;DKFZp686L P06493-1;POE
RPS7;hCG_17842 P62081;Q57Z
UHRF1;ICBP90;N| A8K024;B2RB
BAF57;SMARCE1 Q969G3-1;Q9
MTA1L1;MTA2;P 094776;Q68L
HNRNPA2B1;HNF P22626-1;P22
DB83;TMEM33;S P57088;A6QK
TIALL;hCG_4060: A8KALI;ASKS5!
SNRPD3 P62318;B4D)I
KIAA1470;RCC2;T1Q9P258;A5PL
TCF6;TCF6L2; TFA QO0059;E5KS
SMARCA4;hCG_2 B9EGQS;Q9H
hCG_2017557;PC Q59HD4;Q6IF
POLR2;POLR2A  P24928;B4DE
TIAL P31483-2;P31
POLD;POLD1  Q308M6;P28:
FBP3;FUBP3;hCG Q96124-1;Q9¢
EEF1G;EF1G;PRO BADTG2;P266
MSN;hCG_39182 P26038;Q6PJ"
RPS20 B4DW28;P60:
POLR1C;POLR1E; 015160-1;01.
CHD3 Q12873-1;Q1
CORO1C;CRNN4 A7MAPO;A7N
CHD4 Q14839-2;Q1
HCC1;RBM39;RN Q14498-1;Q1
EIF2G;EIF2S3;EIF. P41091;A8K2
TREX1;hCG_1997 QINSU2-1;Q¢
HDGF;HMG1L2;R B7Z525;P518"
LDHA;PIG19;hCG B7Z5E3;P003:
TARS;TARSL2  B4DEGS;Q53(
PSP1;PSPC1 Q8WXF1-1;Q
DDOST;KIAA0115 P39656;B4DL|
HIP116A;HLTF;RN Q14527-1;Q1
FKSG13;PTRF  Q6NZI2-1;Q6!
CSTF3;hCG_2731 Q12996;B4DF
ABC50;ABCF1;DA Q8NE71-1;Q8
RCC1;CHC1;hCG_Q16269;Q6N’
ASE1;CAST;CD3E, 015446-2;01
FSCN1;FAN1;HSN Q96IH1;Q166
HDAC2;HDAC1;RI Q92769;B3KL
RBM3;RNPL P98179

CYPB;PPIB P23284

GNB2L1;HLC7;PIC P63244;D6RE
GTBP;MSH6 P52701-1;P52

4.97E-08
1.62E-06
2.82E-07
1.27E-23
2.28E-05
0.007858
5.36E-05
5.19E-11
1.48E-10
0.000575
2.24E-57
1.07E-155
0.035671
1.42E-53
1.11E-07
4.91E-27
7.05E-20
1.14E-12
1.21E-103
2.87E-08
1.66E-36
4.37E-05
1.22E-45
9.55E-37
1.67E-22
0.001059
0.001602
4.83E-14
2.58E-11
4.30E-40
1.88E-54
1.61E-06
7.79E-05
1.84E-27
0.011863
2.51E-06
1.14E-08
3.34E-22
5.78E-06
2.14E-08
7.30E-07
2.80E-42
7.29E-144
3.19E-13
0.003835
3.76E-06
2.80E-16
1.82E-55
2.23E-24
7.81E-32

1.0959
1.0753
0.85344
0.87492
0.7631
1.0819
1.0403
0.83042
0.8691
1.0695
1.1221
1.0891
1.0143
0.97722
0.856
1.1108
1.0276
1.157
1.0032
1.2281
0.89041
0.91047
0.98549
1.0574
0.87406
0.90418
0.8268
0.83662
0.91023
1.1288
0.97677
0.88596
0.98496
0.67013
0.93782
0.923
1.0421
0.94139
0.96405
0.87654
0.7574
0.914
0.90155
0.93814
0.9269
0.91989
0.87801
0.91546
0.92148
1.0456

0.85192
0.84947
0.84814
0.84208
0.84165
0.84063
0.83814
0.83291

0.8315
0.82238
0.82202
0.81883
0.81808
0.81681
0.81587
0.81569
0.81305
0.80924
0.80506
0.80243
0.79249
0.79053
0.79047
0.78943
0.78809

0.7878
0.78559
0.78441
0.78332
0.77179
0.77132
0.76044
0.75853
0.75538
0.75305
0.75192
0.75148
0.74203
0.74037
0.73995
0.73738
0.73121
0.72128
0.72026
0.71949
0.71871
0.71852
0.71274
0.71098
0.68474

33.69
7.4048
125.05
16.868
52.875

43.026
108.34
57.67

74.002
91.267

17.72
95.642
104.21
82.307
41.942
13.685
113.59

52.182
62.396
99.459
48.829

189.08
80.026
90.292
193.53

99.394

41.139
28.423
156.19
10.243
9.8889
116.96
133.88
86.582

99.755
14.762
108.41
57.587
95.948
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-0.231
-0.235
-0.238
-0.248
-0.249

-0.25
-0.255
-0.264
-0.266
-0.282
-0.283
-0.288

-0.29
-0.292
-0.294
-0.294
-0.299
-0.305
-0.313
-0.318
-0.336
-0.339
-0.339
-0.341
-0.344
-0.344
-0.348

-0.35
-0.352
-0.374
-0.375
-0.395
-0.399
-0.405
-0.409
-0.411
-0.412

-0.43
-0.434
-0.435

-0.44
-0.452
-0.471
-0.473
-0.475
-0.477
-0.477
-0.489
-0.492
-0.546



RPS19;hCG_1995 P39019;B0ZBI
APE;APEX;APEX1 P27695;Q5TZ
MAP4;DKFZp547 P27816-1;P27
PNKP Q96T60;Q9BL
MRRF;RP1-57A1 Q96E11-1;Q9
PGAMS;PGAMS-I Q96HS1-1;Q9
CCDC124 Q96CT7

DDB1;XAP1 Q16531;8722
RPL22 P35268;Q7Z4
AIM;CXXC9;DNM P26358-1;P2€
H2BFD;HIST1H2B BADR52;Q99¢
AAG;ANPG;MID1 P29372-1;P2¢
H2AFC;H2AFD;H: POCOS8; A4FT
CFIM68;CPSF6  Q16630-2;Q1
HNRPDL;JKTBP  014979-1;01.
KIAA1649;PDIP4¢ BAEOLO;Q9BY
CAF1A;CAF1P60; Q13112;B2R7
BUB3 043684-1;04
H3.3A;H3.3B;H3F P84243;B2R4
C30rf37;DC12  Q96FZ2;B4DN
DAZAP1 Q96EP5-1;Q9
BAP135;GTF2I;W P78347-1;P7¢
ACTR2;ARP2  B4DHK9;P611
DERP9;EAP20;VP Q9BRG1

TCOF1;DKFZp434 Q13428-4;Q1
hCG_20560;PTBF Q9BUQO;P26"
WDR18 Q9BV38

KPNA2;RCH1;SRP P52292;A8K7
G3BP;G3BP1;DKF Q13283;B728
TUBB2C;XTP3TPA P68371;Q8IW
NKEFB;PRDX2;TD P32119;B4DF
FIR;PUF60;ROBPI QOUHX1-2;Q¢
NSUN2;SAKI; TRV Q08J23;A8KS5:
PPS000;RAP1;TEF QONYBO

SFRS11;hCG_228 Q05519;Q8IW
HASPP28;PDAP1 Q13442

ILF2;NF45;PRO3C Q12905;B4DY
U2AF2;U2AF65 P26368-1;P2€
HNRNPAO;HNRP/ Q13151

HNRNPU;HNRPU Q00839-1;Q0
GNAS;GNAS1;GSI Q5JWF2-1;Q5

FUBP1 Q96AE4-1;Q9
MSI2 Q96DH6-1;Q¢
EZR;VIL2 P15311;B2R6.
EIF5B;IF2;KIAAO7 O60841;A0JLE
RPS5 P46782;Q053G

VAP33;VAPA;UN(QSPOLO-2;Q9!
SPTB2;SPTBN1;h(Q01082-1;Q0
ACADVL;VLCAD;h B4DEAS;Q53¢
CAPRIN1;GPIAP1 Q14444-1;Q1

4.09E-08
1.47E-159
9.08E-19
0.00301
0.000243
0.001244
4.96E-06
0.000246
0.00365
1.81E-35
2.02E-31
2.01E-52
1.03E-38
2.79E-06
4.86E-10
1.12E-13
0.007411
1.16E-11
0.000267
3.14E-07
4.14E-57
3.64E-61
1.57E-08
0.015056
3.84E-95
8.80E-191
0.000815
3.71E-05
0.000137
9.85E-18
5.67E-06
3.80E-26
7.19E-32
5.86E-05
7.15E-06
0.002603
3.65E-77
6.43E-19
2.92E-104
2.58E-222
3.06E-10
1.61E-126
5.53E-12
3.39E-16
2.68E-23
0.038659
3.80E-12
3.99E-12
7.11E-09
1.65E-05

0.86388
0.87753

1.0712
0.80973
0.79096
0.68963
0.74343
0.84163
0.75948

0.9343

0.8638

0.8563
0.79852
0.53762
0.79847
0.66639
0.70755
0.63775

0.6889
0.64101
0.81341
0.78771
0.74191
0.73561
0.89118
0.67182
0.51722

0.6219
0.58954
0.62187
0.58939
0.60914
0.62343
0.44967
0.49277
0.44782
0.53447

0.5879
0.63754
0.75189
0.52874
0.56546
0.42093
0.48971
0.66345
0.55759

0.4286
0.47514
0.35939
0.33876

0.68252
0.68106
0.67236
0.66834
0.66519
0.66443
0.65793
0.65378
0.65315
0.64864

0.6484
0.64729
0.64455
0.63989
0.63578
0.62456
0.62091
0.61795
0.61715
0.61448

0.6076
0.60587
0.60538
0.60223
0.59577
0.59485
0.59031
0.58655
0.58197

0.5714
0.56646

0.5573
0.55577
0.54059
0.53997

0.5372
0.53326
0.52334
0.51974
0.51852
0.50413
0.49544
0.48468
0.45547
0.45504
0.43149
0.42944
0.42508
0.42141
0.41681

94.793
72.509
70.339

130.17
111.83
17.365
6.4049

52.558
90.738

24.66
142.48

55.131
176.38

138.7
27.25
7.7988
60.756
73.985
5.1545

108.57
117.98

91.373
73.127
187

54.317
43.548

54.5

110.73
157.64
133.46

136.5
152.59
97.354
42.971
77.121
100.38
76.043
95.805
73.037
43.061

42

RPN NN WRERE O

22
11
25
10

N O 00 L, N B -

15
21

17
59

R NN B -

12

[ 0o b =
N NN NANBR

R N NN WS NNN

-0.551
-0.554
-0.573
-0.581
-0.588

-0.59
-0.604
-0.613
-0.615
-0.625
-0.625
-0.628
-0.634
-0.644
-0.653
-0.679
-0.688
-0.694
-0.696
-0.703
-0.719
-0.723
-0.724
-0.732
-0.747
-0.749

-0.76

-0.77
-0.781
-0.807

-0.82
-0.843
-0.847
-0.887
-0.889
-0.896
-0.907
-0.934
-0.944
-0.948
-0.988
-1.013
-1.045
-1.135
-1.136
-1.213
-1.219
-1.234
-1.247
-1.263



HNRNPL;HNRPL;f P14866;B2R9!
RPL28;hCG_3823 BADEP9;P467
FAS;FASN P49327;Q135
HNRNPA1;HNRP/ P09651-1;P0S
ABBP1;HNRNPAE Q99729-3;Q9
C140rf92;KIAAO7 094842;BADF
HNRPCL2;P542;R QOUKM9-1;Q
FEN1;RAD2;hCG_P39748;B4DV
FACTS80;SSRP1 Q08945

PAGA;PAGB;PRD. Q06830;B2R4
CYPA;PPIA P62937;A8K2,
C200rf158;DATF1 Q9BTCO-4;Q9
SSBP;SSBP1;hCG_Q04837;A4D1
GSTK1;HDCMD47 Q9Y2Q3-2;Q8
ACS3;ACSL3;FACL 095573;B2RB
BIT1;CGI-147;PTF Q96ME4;Q9Y
CFIM25;CPSF25;( 043809;B2R6
EIF2B;EIF252;hCC P20042;B5BU
RECQ1;RECQL;RE P46063

DXS423E;KIAA0L Q14683;A8K7
BAF170;SMARCC Q8TAQ2-1;Q¢

RPLPO P05388;A8K4.
ATF1,CREM;CREE P18846,B2R8
CARD6 Q9BX69;Q59¢
RPS25 P62851

BASP1;NAP22  P80723-1;P8C
G22P2;XRCC5  P13010;Q53T
RP11-375E1__A..Q5TZB9;P467
IFI16;IFNGIP1;hC B4ADITS;Q166
HNRNPR;HNRPR; 043390-2;04
BRUNOL2;CELF1; Q92879-4;Q9
G22P1;XRCC6;CT, P12956;B2RD
NCL;hCG_33980 P19338;B3KN
DRAP1 Q14919-2;Q1
KIAA1401;TSR1 Q2NL82

ADPRT;PARP1;PP P09874;B2R5'
MARCKSL1;MLP;! P49006

CGI-55;PAIRBP1;¢ Q8NC51-1;Q8
DEK P35659;B4DN
CSDA;DBPA P16989-1;P1€
AHNAK;PM227 Q09666;B4DT
REPA1;RPA1;RPA P27694

CGNL1;JACOP;KIZ QOVF96-1;Q0
ARHGAP10;GRAF A1A456;B4E2
VRK1 Q99986;A8K2
CSRP;CSRP1;CYRI P21291;A8K2
DFS70;LEDGF;PSI 075475-1;07.
TOP1 P11387;B9EG
ADA2B;TADA2B Q86TJ2-1;Q8¢
SNRPB2 P08579;B5BT,

4.54E-43
0.010927
4.68E-19
5.91E-166
3.70E-66
0.005121
0.006728
1.13E-197
6.74E-05
1.05E-07
1.29E-10
2.03E-08
3.13E-162
1.07E-12
0.001214
0.018848
2.64E-09
8.66E-33
8.04E-104
0.003161
1.33E-09
3.82E-05
0.002459
0.004841
2.76E-08
0.018686
8.04E-41
0.000263
6.34E-33
6.23E-62
5.03E-06
8.75E-58
1.22E-48
0.061773
1.63E-08
0

0.02024
7.01E-119
2.16E-44
3.49E-65
4.81E-30
1.21E-76
0.008644
0.27104
0.004686
6.17E-12
6.34E-94
1.66E-21
0.021311
9.66E-05

0.38536
0.34496
0.45552
0.51734
0.31851
0.30792
0.31645
0.35446

0.3076
0.46435
0.35069
0.29722

0.4605
0.28612
0.27122
0.26459
0.26189
0.31223
0.27272

0.2449
0.26332
0.25213
0.26584
0.38958
0.29876
0.23749
0.25111
0.23271
0.22553
0.23732
0.25981
0.22931
0.22633
0.20173
0.23616
0.19651
0.18989
0.17971
0.18542
0.20746

0.1841
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Portion

Number of
charts/graphs/tables/
figures

Title or numeric
reference of the
portion(s)

Title of the article or
chapter the portion is
from

Editor of portion(s)

Author of portion(s)

Volume of serial or
monograph

Issue, if republishing

Republish in a thesis/dissertation

Academic institution

Print, Electronic

chart/graph/table/figure

Figure 2

Skene, P. J.; Henikoff, S.
"Histone variants in
pluripotency and disease"
Development 2013, 140,
2513.

N/A

Skene, P. J.; Henikoff, S.

140

12
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an article from a serial

Page range of portion

Publication date of
portion

Rights for

Duration of use

Creation of copies for
the disabled

With minor editing
privileges

For distribution to

In the following
language(s)

With incidental
promotional use

Lifetime unit quantity
of new product

Made available in the
following markets

The requesting
person/organization

Order reference
number

Author/Editor

The standard identifier

Title

Publisher

Expected publication

date

Estimated size (pages)

2517

June 15, 2013

Main product

Life of current edition

no

no

Worldwide

Original language of
publication

no

0 to 499

all

Lukas Lercher

None

Lukas Lercher

123

Chemical tools for the
study of epigenetic
mechanisms

University of Oxford

Jun 2014

180

Note: This item will be invoiced or charged separately through CCC's RightsLink service. More info $0.00

This is not an invoice.
Total order items: 1

Order Total: $ 0.00
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Special Rightsholder Terms & Conditions
The following terms & conditions apply to the specific publication under which they are listed

Development
Permission type: Republish or display content
Type of use: Republish in a thesis/dissertation

TERMS AND CONDITIONS
The following terms are individual to this publisher:

The acknowledgement should state "Reproduced / adapted with permission" and give the source journal name. The
acknowledgement should either provide full citation details or refer to the relevant citation in the article reference list.
The full citation details should include authors, journal, year, volume, issue and page citation.

Where appearing online or in other electronic media, a link should be provided to the original article (e.g. via DOI):

Development: dev.biologists.org
Disease Models & Mechanisms: dmm.biologists.org
Journal of Cell Science: jcs.biologists.org
The Journal of Experimental Biology: jeb.biologists.org
Other Terms and Conditions:
None
STANDARD TERMS AND CONDITIONS

1. Description of Service; Defined Terms. This Republication License enables the User to obtain licenses for
republication of one or more copyrighted works as described in detail on the relevant Order Confirmation (the
“Work(s)”). Copyright Clearance Center, Inc. ("CCC") grants licenses through the Service on behalf of the
rightsholder identified on the Order Confirmation (the “Rightsholder”). “Republication”, as used herein, generally
means the inclusion of a Work, in whole or in part, in a new work or works, also as described on the Order
Confirmation. “User”, as used herein, means the person or entity making such republication.

2. The terms set forth in the relevant Order Confirmation, and any terms set by the Rightsholder with respect to a
particular Work, govern the terms of use of Works in connection with the Service. By using the Service, the person
transacting for a republication license on behalf of the User represents and warrants that he/she/it (a) has been duly
authorized by the User to accept, and hereby does accept, all such terms and conditions on behalf of User, and (b)
shall inform User of all such terms and conditions. In the event such person is a “freelancer” or other third party
independent of User and CCC, such party shall be deemed jointly a “User” for purposes of these terms and
conditions. In any event, User shall be deemed to have accepted and agreed to all such terms and conditions if User
republishes the Work in any fashion.

3. Scope of License; Limitations and Obligations.

3.1 All Works and all rights therein, including copyright rights, remain the sole and exclusive property of the
Rightsholder. The license created by the exchange of an Order Confirmation (and/or any invoice) and payment by
User of the full amount set forth on that document includes only those rights expressly set forth in the Order
Confirmation and in these terms and conditions, and conveys no other rights in the Work(s) to User. All rights not
expressly granted are hereby reserved.

3.2 General Payment Terms: You may pay by credit card or through an account with us payable at the end of the
month. If you and we agree that you may establish a standing account with CCC, then the following terms apply:
Remit Payment to: Copyright Clearance Center, Dept 001, P.O. Box 843006, Boston, MA 02284-3006. Payments Due:
Invoices are payable upon their delivery to you (or upon our notice to you that they are available to you for
downloading). After 30 days, outstanding amounts will be subject to a service charge of 1-1/2% per month or, if less,
the maximum rate allowed by applicable law. Unless otherwise specifically set forth in the Order Confirmation or in a
separate written agreement signed by CCC, invoices are due and payable on “net 30” terms. While User may
exercise the rights licensed immediately upon issuance of the Order Confirmation, the license is automatically
revoked and is null and void, as if it had never been issued, if complete payment for the license is not received on a
timely basis either from User directly or through a payment agent, such as a credit card company.

3.3 Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) is “one-time” (including the
editions and product family specified in the license), (ii) is non-exclusive and non-transferable and (iii) is subject to
any and all limitations and restrictions (such as, but not limited to, limitations on duration of use or circulation)
included in the Order Confirmation or invoice and/or in these terms and conditions. Upon completion of the licensed
use, User shall either secure a new permission for further use of the Work(s) or immediately cease any new use of
the Work(s) and shall render inaccessible (such as by deleting or by removing or severing links or other locators) any
further copies of the Work (except for copies printed on paper in accordance with this license and still in User's stock
at the end of such period).

3.4 In the event that the material for which a republication license is sought includes third party materials (such as
photographs, illustrations, graphs, inserts and similar materials) which are identified in such material as having been
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used by permission, User is responsible for identifying, and seeking separate licenses (under this Service or
otherwise) for, any of such third party materials; without a separate license, such third party materials may not be
used.

3.5 Use of proper copyright notice for a Work is required as a condition of any license granted under the Service.
Unless otherwise provided in the Order Confirmation, a proper copyright notice will read substantially as follows:
“Republished with permission of [Rightsholder’s name], from [Work's title, author, volume, edition number and year of
copyright]; permission conveyed through Copyright Clearance Center, Inc. ” Such notice must be provided in a
reasonably legible font size and must be placed either immediately adjacent to the Work as used (for example, as
part of a by-line or footnote but not as a separate electronic link) or in the place where substantially all other credits
or notices for the new work containing the republished Work are located. Failure to include the required notice results
in loss to the Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal
to twice the use fee specified in the Order Confirmation, in addition to the use fee itself and any other fees and
charges specified.

3.6 User may only make alterations to the Work if and as expressly set forth in the Order Confirmation. No Work
may be used in any way that is defamatory, violates the rights of third parties (including such third parties' rights of
copyright, privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually explicit or
obscene. In addition, User may not conjoin a Work with any other material that may result in damage to the
reputation of the Rightsholder. User agrees to inform CCC if it becomes aware of any infringement of any rights in a
Work and to cooperate with any reasonable request of CCC or the Rightsholder in connection therewith.

4. Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective
employees and directors, against all claims, liability, damages, costs and expenses, including legal fees and expenses,
arising out of any use of a Work beyond the scope of the rights granted herein, or any use of a Work which has been
altered in any unauthorized way by User, including claims of defamation or infringement of rights of copyright,
publicity, privacy or other tangible or intangible property.

5. Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY
DIRECT, INDIRECT, CONSEQUENTIAL OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR
LOSS OF BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR
INABILITY TO USE A WORK, EVEN IF ONE OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In
any event, the total liability of the Rightsholder and CCC (including their respective employees and directors) shall not
exceed the total amount actually paid by User for this license. User assumes full liability for the actions and omissions
of its principals, employees, agents, affiliates, successors and assigns.

6. Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED “AS IS”. CCC HAS THE RIGHT TO GRANT TO
USER THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM
ALL OTHER WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING
WITHOUT LIMITATION IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE.
ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS
OR OTHER PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER;
USER UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL
RIGHTS TO GRANT.

7. Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope
of the license set forth in the Order Confirmation and/or these terms and conditions, shall be a material breach of the
license created by the Order Confirmation and these terms and conditions. Any breach not cured within 30 days of
written notice thereof shall result in immediate termination of such license without further notice. Any unauthorized
(but licensable) use of a Work that is terminated immediately upon notice thereof may be liquidated by payment of
the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that is not terminated
immediately for any reason (including, for example, because materials containing the Work cannot reasonably be
recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of less than three
times the Rightsholder's ordinary license price for the most closely analogous licensable use plus Rightsholder's
and/or CCC's costs and expenses incurred in collecting such payment.

8. Miscellaneous.

8.1 User acknowledges that CCC may, from time to time, make changes or additions to the Service or to these terms
and conditions, and CCC reserves the right to send notice to the User by electronic mail or otherwise for the purposes
of notifying User of such changes or additions; provided that any such changes or additions shall not apply to
permissions already secured and paid for.

8.2 Use of User-related information collected through the Service is governed by CCC's privacy policy, available
online here: http://www.copyright.com/content/cc3/en/tools/footer/privacypolicy.html.

8.3 The licensing transaction described in the Order Confirmation is personal to User. Therefore, User may not assign
or transfer to any other person (whether a natural person or an organization of any kind) the license created by the
Order Confirmation and these terms and conditions or any rights granted hereunder; provided, however, that User
may assign such license in its entirety on written notice to CCC in the event of a transfer of all or substantially all of
User’s rights in the new material which includes the Work(s) licensed under this Service.

8.4 No amendment or waiver of any terms is binding unless set forth in writing and signed by the parties. The
Rightsholder and CCC hereby object to any terms contained in any writing prepared by the User or its principals,
employees, agents or affiliates and purporting to govern or otherwise relate to the licensing transaction described in
the Order Confirmation, which terms are in any way inconsistent with any terms set forth in the Order Confirmation
and/or in these terms and conditions or CCC's standard operating procedures, whether such writing is prepared prior
to, simultaneously with or subsequent to the Order Confirmation, and whether such writing appears on a copy of the
Order Confirmation or in a separate instrument.

8.5 The licensing transaction described in the Order Confirmation document shall be governed by and construed under
the law of the State of New York, USA, without regard to the principles thereof of conflicts of law. Any case,
controversy, suit, action, or proceeding arising out of, in connection with, or related to such licensing transaction shall
be brought, at CCC's sole discretion, in any federal or state court located in the County of New York, State of New
York, USA, or in any federal or state court whose geographical jurisdiction covers the location of the Rightsholder set
forth in the Order Confirmation. The parties expressly submit to the personal jurisdiction and venue of each such
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federal or state court.If you have any comments or questions about the Service or Copyright Clearance Center,
please contact us at 978-750-8400 or send an e-mail to info@copyright.com.

v 1.1
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Citation Information

Order Detail ID: 65181599

Development by COMPANY OF BIOLOGISTS Reproduced with permission of COMPANY OF BIOLOGISTS, in the
format Republish in a thesis/dissertation via Copyright Clearance Center.
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