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Zusammenfassung und Ausblick

Zusammenfassung und Ausblick

Posttranslationale Modifikationen (PTMs) von Histonen spielen eine zentrale Rolle in
verschiedenen zelluldren Prozessen einschliefdlich der DNA Reparatur, des Strukturaufbaus
des Chromatins und der Regulation der Transkription.! Dazu gehort die ADP-Ribosylierung
als Vertreter einer reversiblen PTM, die in einer Vielzahl von Proteinen im Zellkern und im
Zytoplasma vorkommt. Diese Modifikation tritt bei allen vier Kernhistonen (H2A, H2B, H3
und H4) sowie dem Linker Histon (H1) auf, insbesondere im Zusammenhang mit der DNA-
Reparatur und der DNA Weiterverarbeitung.? Trotz ihrer Bedeutung und weitverbreiteten
Vorkommens ist die ADP-Ribosylierung von Linker-Histonen noch nicht ausreichend
verstanden. Dies liegt daran, dass es nur wenige Methoden gibt, die eine ortsselektive ADP-
Ribosylierung von Linker-Histonen ermoglichen. Dabei erschwert die hohe Anzahl an Lysinen
im Linker-Histon die Selektivitit der ADP-Ribosylierung mit konventionellen
Modifikationsmethoden, da diese zu Nebenreaktionen und unerwiinschten
Modifikationsstellen fiihren. Der Nachweis von ADP-Ribosylierungsstellen im Linker-Histon
wird durch die hohe Anzahl von Lysinen in der Proteinsequenz zusatzlich erschwert, da
gangige Nachweismethoden mittels Massenspektrometrie eine Fragmentierung des Proteins
vor der Messung erfordern, was im Falle des Linker-Histons zur Bildung kleiner, schwer
nachweisbarer Fragmente fiihrt.

In dieser Studie wurde eine neuartige Methode zur ortsselektiven Herstellung von ADP-
ribosylierten Linker-Histonen durch Anwendung eines chemischen Ligationsansatzes
entwickelt. Hierbei basierte der Modifizierungsprozess auf der Reaktion mit Cysteinresten,
was im Falle des Linker-Histons die gezielte Einfiihrung der ADP-Ribosylierung ermaglichte,
da aufgrund des Fehlens natiirlicher Cysteine in der Proteinsequenz nur gentechnisch
eingebrachte Cysteine fiir die Reaktion zur Verfiigung stehen. Die Cystein-Selektivitat und die
Stabilitat der gebildeten Bindung wurden systematisch untersucht. In diesem Zusammenhang
wurde eine alternative Syntheseroute fiir ein ADP-Ribose Dimer etabliert, das als
Ausgangsmaterial fiir die Modifikation des Linker-Histons durch die innovative
Proteinmodifikationsmethode verwendet wurde. Der funktionelle Einfluss der ADP-
ribosylierten Linker-Histone auf die Bildung der Chromatinstruktur wurde durch
Experimente zum Aufbau des Chromatosoms evaluiert. Rekombinante Kernhiston-Oktamere
wurden mit nukleosomaler DNA kombiniert, um Nukleosome aufzubauen. Der anschlief3ende

Einbau der mono- und diADP-ribosylierten Linker-Histon-Varianten fiihrte zur Bildung
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Zusammenfassung und Ausblick

verschiedener Chromatosom-Varianten, wobei der Einfluss der Modifikation untersucht
werden konnte.

Um das anspruchsvolle Ziel einer cysteinselektiven Proteinmodifikation zu erreichen, wurde
ein Thiocarbamat-basierter Linker fiir die Modifizierung verwendet. Auf diese Weise wurde
die ortsselektive ADP-Ribosylierung des Linker-Histons H1.2 untersucht. Thiocarbamate und
Dithiocarbamate werden zur selektiven Modifizierung von Cysteinresten in Proteinen
verwendet.3® Um dieses Strategie in dieser Arbeit zu realisieren wurde S-Ethyl a-
Methylhydrazid Thiocarbamat (11.4) synthetisiert, welches eine Thiocarbamatfunktionalitat
fir die Proteinmodifikation und eine Hydrazidfunktionalitat fiir die Einfiihrung eines
Zielmolekiils, wie ADP-Ribose, enthalt.” Durch ortsspezifische Mutagenese konnte ein Cystein
in die Sequenz des Linker-Histons an einer bekannten ADP-Ribosylierungsstelle eingefiihrt
werden, wodurch die Variante H1.2 S150C erzeugt wurde.? Um die Selektivitit des
Thiocarbamats fiir Cysteine zu untersuchen, wurde ein Modellsystem entwickelt, dass S-Ethyl
a-Methylhydrazid Thiocarbamat funktionalisiertes Biotin (TC-Biotin) zur Kopplung an das
Protein nutzt. Nach erfolgreicher TC-Biotin Synthese wurde dessen Eignung zur
Modifizierung der Linker-Histon Variante H1.2 S150C untersucht. Die erfolgreiche
Biotinylierung des Linker-Histons mit TC-Biotin konnte durch eine Western-Blot (WB)
Analyse bestétigt werden, die eine konzentrationsabhéngige Biotin-Modifikation des Linker-
Histons nur in Gegenwart eines Cysteinrestes zeigte. Um die in vitro Anwendbarkeit der mit
S-Ethyl a-Methylhydrazid Thiocarbamat modifizierten Proteine sicherzustellen, wurde die
Stabilitat der Verkniipfung in zelluldrer Umgebung tberpriift. Dies wurde durch Inkubation
von biotinyliertem H1.2 S150C mit HEK293T Zelllysat und Analyse mittels WB verifiziert,
wodurch die Stabilitat der Biotin Modifikation unter diesen Bedingungen bestatigt wurde.
Die nachgewiesene Cystein-Selektivitdt der Thiocarbamat-Ligationsmethode konnte dann auf
die ortsselektive ADP-Ribosylierung des Linker-Histons H1.2 angewendet werden. Zu diesem
Zweck wurde S-Ethyl a-Methylhydrazid Thiocarbamat modifizierte mono ADP-Ribose (TC-
mADPr) synthetisiert, wobei ein Hydrazon als Zwischenprodukt gebildet wurde. Die
erfolgreiche mADP-Ribosylierung des Linker-Histons konnte durch Fliissigchromatographie-
Massenspektrometrie und WB Analysen bestdtigt werden. Der Vergleich der Ergebnisse unter
Verwendung des Wildtyp Linker-Histons (H1.2 WT) bewies die Cystein-Selektivitit des TC-
mADPr, da in Abwesenheit des Cysteinrestes bei der Wildtyp Variante keine Modifikation
auftrat. Die Stabilitit des modifizierten Proteins unter den Bedingungen der
Modifizierungsreaktion mit TC-mADPr konnte ebenfalls durch eine WB Analyse verifiziert

werden. Diese Methode stellt den ersten berichteten Ansatz zur ortsselektiven mADP-
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Ribosylierung des rekombinant exprimierten Linker-Histons ohne Nebenreaktionen dar und
konnte auf andere Proteine ausgeweitet werden.

Um die Untersuchung eines ADP-Ribose Oligomers auf die Bildung der Chromatinstruktur zu
ermoglichen, wurde eine optimierte Synthese des ADP-Ribose-Dimers (diADPr) mit freiem
reduzierendem Ende entwickelt..11 Nach der Glykosylierung der entsprechenden Donor-
(13.1) und Akzeptormolekiile (13.2) wurde die stereochemische Inversion durch ein
Oxidations-Reduktionsverfahren erreicht, was zur gewiinschten Stereochemie des 2‘-0-a-
Ribosyl-Adenosin-Disaccharids (13.4) fiihrte.11% Durch strategische Anpassung der
Schutzgruppen konnte eine Orthogonalitdt in das Molekiil eingefiihrt werden, was die
Anbringung von zwei unterschiedlichen Phosphatgruppen an den Enden ermdéglichte und zur
Bildung des bis-phosphorylierten 2‘-0-a-Ribosyl-Adenosin (13.10) fiihrte. Die Bildung der
Pyrophosphatbindungen mit den Endgruppen, Ribose-H-Phosphonat (14.6) und Adenosin-H-
Phosphonat (15.5), ermdglichte anschliefend den schrittweisen Aufbau des geschiitzten
diADPr. Schlieflich fiihrte die vollstandige Entschiitzung zur Bildung von diADPr mit einem
freien reduzierenden Ende, welches fiir die Proteinmodifizierungsreaktion geeignet ist.

Die zuvor beschriebene Strategie fiir die mADP-Ribosylierung des Linker-Histons wurde auf
das synthetisierte diADPr mit freiem reduzierenden Ende angewendet. Hierzu wurde S-Ethyl
a-Methylhydrazid Thiocarbamat (11.4) in das diADPr eingebracht, wodurch TC-diADPr
erhalten wurde. Die erfolgreiche diADP-Ribosylierung der Linker-Histon Variante
H1.2 S150C konnte durch LC-MS sowie durch WB Analysen bestatigt werden. Die Ergebnisse
zur diADP-Ribosylierung des Linker-Histons reprasentiert den ersten dokumentierten
ortsselektiven Einbau des kiirzesten Oligomers der poly-ADP-Ribose (pADPr) in das
rekombinante Linker Histon.

Der Einfluss der ADP-Ribosylierung des Linker-Histons auf die Bildung der
Chromatinstruktur wurde in einem Experiment zur Chromatosombildung untersucht.
Nukleosomale DNA, die fiir den Aufbau von Nukleosomen und die Bindung des Linker-Histons
optimiertist, wurde mittels Polymerase-Kettenreaktion sythetisiert.1>-18 Die Kombination der
DNA mit rekombinanten Kernhiston-Oktameren ermdglichte die erfolgreiche Bildung von
Nukleosomen.1920 Die rekombinanten Nukleosome wurden mit den ADP-ribosylierten
Linker-Histonen inkubiert, um die entsprechenden Chromatosom-Varianten zu erhalten. Die
quantitative Bildung von Chromatosomen und der Einbau der ADP-ribosylierten Linker-
Histone in die Chromatinstruktur konnte durch native PAGE- und native PAGE-WB Analysen
gezeigt werden. Der Einbau der mono- und diADP-ribosylierten Linker-Histone in das
Chromatosom stellt die erste beschriebene Methode dar, ortsselektiv ADP-ribosylierte

Linker-Histone in eine rekombinante Chromatinstruktur zu integrieren. Dariiber hinaus
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wurden die Auswirkungen der eingefiihrten Modifikationen auf die Chromatinstruktur durch
Experimente zur Chromatosombildung untersucht. Es konnte gezeigt werden, dass die
Bildung der Chromatosome in Abhangigkeit von der Kettenldnge der ADP-Ribose gehemmt
wird. Dies wurde durch einen erhohten Bedarf an ADP-ribosyliertem Linker-Histon zur
quantitativen Ausbildung des Chromatosoms nachgewiesen, wobei ein starkerer Effekt fiir
das diADP-ribosylierte Linker-Histon im Vergleich zum mADP-ribosylierten Linker-Histon
beobachtet wurde. Damit konnte der direkte Einfluss dieser anionischen Modifikation auf die
Ausbildung der Chromatinstruktur in Abhangigkeit von der Lange der ADP-Ribose Kette
gezeigt werden.

Mit der beschriebenen Synthese des S-Ethyl a-Methylhydrazid Thiocarbamats (11.4) und
dem erfolgreichen Einbau von ADP-Ribose oder Biotin in das Linker-Histon, ermdéglichen
strukturelle Modifikationen am Thiocarbamat-Linker die Einfiihrung der ADP-Ribose in einer
ringgeschlossenen Konformation. Moyle und Muir beschrieben die ADP-Ribosylierung mit
Hilfe einer N-Methylaminooxy-Funktionalitdt in der zu modifizierenden Aminosdure, die in
der Bildung eines ADP-ribosylierten Oligopeptids mit geschlossenem Ring resultierte
(Scheme 4A).21 Durch die Anwendung dieses Konzepts auf die Thiocarbamat-
Proteinmodifikation wiirde den Einbau einer ringgeschlossenen ADP-Ribose in ein
Zielprotein ermoglichen und damit die native Bindung eines Serins an ADP-Ribose imitieren.
Dariiber hinaus ermdglicht die hier beschriebene Methode der cysteinselektiven
Proteinmodifikation die Einfiihrung weiterer PTMs in das Linker-Histon, die mit den
tiblicherweise verwendeten Methoden nur schwer zuganglich sind. Dies wiirde zu einem
besseren Verstiandnis des Einflusses von PTMs auf das Linker-Histon selbst und deren
Funktion im chromatosomalen Kontext beitragen. In diesem Zusammenhang ist auch die
Einfithrung von Farbstoffen oder Funktionalitiaten zur Immobilisierung in das Protein mit der
hier etablierten Methode moglich.

Neben den Kernhistonen und dem Linker-Histon sind eine Vielzahl weiterer Zielproteine fiir
die ADP-Ribosylierung bekannt. Einige dieser Proteine, wie z.B. Ubiquitin, besitzen ebenfalls
keinen Cysteinrest in der Proteinsequenz, so dass diese Methode auch zur Modifizierung
dieser Proteine eingesetzt werden kann.?? Dies wiirde es ermdéglichen, die Auswirkungen der
ADP-Ribosylierung von Proteinen liber das Linker-Histon hinaus zu untersuchen.

Aufgrund des nachgewiesenen Einflusses der ADP-Ribosylierung des Linker-Histons an
Serin 150 kénnen auch andere Modifikationsstellen in der globularen und N-terminalen
Domdne wie zB. Serin 54, mit der beschriebenen Thiocarbamat-Ligationsmethode
untersucht werden.® Die Verwendung dieser ADP-ribosylierten Linker-Histone zur

Untersuchung der Chromatosombildung wiirde den Einfluss anderer Modifikationsstellen auf
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die Chromatinstruktur aufzeigen, die auf unterschiedlicher Weise an dessen Bildung beteiligt
sind. Dies konnte generell zu einem besseren Verstdndnis in diesem Bereich beitragen.
Dariiber hinaus konnen die ortsspezifischen ADP-ribosylierten Linker-Histone in einem
Chromatosom-Bereich eingebaut werden, dass aus einer sequentiellen Anordnung mehrerer
Nukleosome entlang eines DNA-Strangs besteht. Dies eroffnet die Moglichkeit, die
Auswirkungen der ADP-Ribosylierung des Linker-Histons auf h6here Chromatinstrukturen
und deren Funktion zu untersuchen.

Die hier beschriebene Methode zur Herstellung von mono- und diADP-ribosylierten Linker-
Histonen ermoglicht die weitere Untersuchung des Interaktoms dieser PTM innerhalb der
Chromatinstruktur mittels Affinitdtsanreicherungs-Massenspektrometrie. Dazu kann am 5
Ende der nukleosomalen DNA, welche fiir die Anreicherungsexperimente verwendet wird,
eine chemische Funktionalitit, wie z.B. Desthiobiotin, eingefiihrt werden. Auch die
Identifizierung von Proteinen, die mit dem ADP-ribosylierten Linker-Histon innerhalb der
Chromatinstruktur interagieren, wiirde das Verstidndnis dieser PTM und ihrer Funktion tiber
die Beteiligung an der Bildung der Chromatinstruktur hinaus erweitern.1>

Eine weitere Untersuchung des Histon-Codes und der kombinatorischen Wirkung
verschiedener PTMs konnte durch die gleichzeitige Einfilhrung einer zweiten ADP-
Ribosylierungsstelle oder einer anderen PTM in dasselbe Linker-Histon erreicht werden. Dies
konnte die Untersuchung des Zusammenspiels mehrerer PTMs bei der Bildung der
Chromatinstruktur oder des Interaktoms im Chromatin erméglichen.

Insgesamt wird die hier vorgestellte Methode zur cysteinselektiven mono- und diADP-
Ribosylierung des Linker-Histons durch den Thiocarbamat-Ligationsansatz die chemische
Werkzeugpalette zur Untersuchung von Histon-PTMs erheblich erweitern und wesentlich zu
einem besseren Verstdndnis ihres Einflusses auf verschiedene zelluldre Prozesse beitragen.
Dartiber hinaus konnte die Anpassung des Chromatosombildungs Assay auf andere Linker-
Histon PTMs zu einem besseren Verstindnis im Zusammenhang mit der Ausbildung der

Chromatinstruktur beitragen.
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List of Abbreviations

Abbreviations of the International System of Units, chemical groups and formulas according

to the IUPAC (International Union of Pure and Applied Chemistry) nomenclature are not listed.

abs.

ADP

AE-MS

AMP

ARH

ARTC

ARTD

ATP

BCA
biotin-iodoacetamide
biotin-maleimide
bs

BSA

conc.

crDNA

cryo-EM

CuAAC

DCA
DCE
DCM
dd
diADPr
DIPEA
DMAP
DMF
DMSO
DMTr
DMTrCl

absolute

adenosine diphosphate

affinity enrichment mass spectrometry
adenosine monophosphate

ADP-ribosyl hydrolase

ecto ADP-ribosyl transferase
ADP-ribosyl transferase

adenosine triphosphate

bicinchoninic acid assay

biotin polyethyleneoxide iodoacetamide
N-biotinoyl-N’-(6-maleimidohexanoyl) hydrazide
broad signal

bovine serum albumin

concentration

competitor DNA

cryogenic electron microscopy

copper (I) catalyzed azide-alkyne cycloaddition
doublet

dichloroacetic acid

dichloroethane

dichloromethane

doublet of doublets

dimeric ADP-ribose
di-iso-propylethylamine
4-dimethylaminopyridine
N,N-dimethylformamide

dimethyl sulfoxide

dimethoxytrityl protecting group
dimethoxytrityl chloride
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deoxyribonucleic acid
2’-deoxyribonucleoside-5’-triphosphate
Escherichia coli
ethylenediaminetetraacetic acid

exempli gratia

electrospray ionization mass spectrometry
electron transfer dissociation

ethyl acetate

ethanol

5-ethylthiotetrazole

fluorenylmethyl protecting group
fluorenylmethoxycarbonyl protecting group (N-terminal)
glutathione

high performance liquid chromatography
high resolution mass spectrometry

high salt buffer

immobilized metal affinity chromatography
isopropyl -D-1-thiogalactopyranoside
liquid chromatography mass spectrometry
low salt buffer

multiplet

mass-to-charge ratio

monomeric ADP ribose

acetonitrile

methanol

mass spectrometry

nicotinamide adenine dinucleotide
nucleosomal core particle

nuclear magnetic resonance

Nonidet P40 Substitute

nucleosomal repeat length

polymeric ADP-ribose

polyacrylamide gel electrophoresis

poly ADP-ribose glycohydrolase

poly ADP-ribose polymerase
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PBS
PCR
PE
PMSF

ppm
PTM

q

quin
RP-HPLC
rpm

s

SDM

SDS

SPPS

t

TAE

TBAF
TBDMSOTf
TBDPS
TBDPSCI
TBE
TC-biotin
TC-diADPr
TCEP
TC-mADPr
TEA
TEA-3HF
TEAA
TEAB

TEV

TFA

THF

Thiocarbamate linker

TLC
TMS-Im

phosphate buffered saline
polymerase chain reaction
petroleum ether
phenylmethylsulfonyl fluoride
parts per million
post-translational modification
quartet

quintet

reverse-phase high performance liquid chromatography
revolutions per minute

singlet
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Introduction

11 Chromatin architecture

In eukaryotic cells, deoxyribonucleic acid (DNA) is the storage medium for genetic
information. With an average size of 3 billion base pairs and a linear length of approximately
2 meters, the genomic DNA in the nucleus has to be packed densely to fit into the 10 um
nucleus.?? This transformation is achieved by the associating the DNA with protein complexes

resulting in the formation of a three-dimensional architecture, the chromatin (Figure 1).
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Figure 1. Hierarchical architecture of chromatin. The compaction of DNA in the cell nucleus begins with
the association to the four core histones (H2A, H2B, H3 and H4) to the nucleosome with interspersed linker
DNA. Compaction towards the chromatosome is achieved by the addition of the linker histone H1.
Interactions between the chromatosomes lead to further compaction into heterochromatin and chromatids.
Figure reprinted from 10.1016/j.bbagrm.2022.194851, with permission from Elsevier.

In addition to the establishment of a three-dimensional chromatin architecture within the cell
nucleus, this structured DNA plays an important role in modulating essential cellular
processes including DNA repair, transcriptional regulation and cell apoptosis.l?24 The
structured DNA within the chromatin consists of repeating units with each unit containing
approximately 150 base pairs of DNA wrapped 1.65 times around the core histone octamer.
The core histone octamer consists of two distinct types of core histone heterodimers, the H2A-

H2B and H3-H4 heterodimers.2526 These core histones, with molecular weights ranging from
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10 to 15 kilodaltons (kDa), contain a structured globular domain and unstructured N- and C-
terminal regions. The core histone heterodimerization is induced by its globular domain,
forming a histone folding motif. After two parts of each heterodimer assemble into the core
histone octamer, the unstructured N-terminal regions of these histones project outward from
the octamer and actively participate in protein-protein and protein-DNA interactions.27.28 [n
addition, the abundance of positively charged residues on the surface of the core histones,
combined with hydrogen bonding facilitates their strong binding to the negatively charged
DNA strand. Nucleosomal core particles (NCPs), characterized by the DNA wrapped around
one core histone octamer, contains one DNA base pair located between the entry and the exit
of the DNA from the NCP. This base pair is called nucleosome dyad. This dyad serves as the
central point of the DNA sequence within the NCP structure (Figure 2, left).2%30 NCPs are

separated by linker DNA with variable size and together form the nucleosome.3!

Nucleosome core particle Chromatosome
(EMD-8140) (EMD-22684)

| |H2A [|H2B [ H3 M H4 [ |\ DNA [ Linker histone H1

Figure 2. Structure of nucleosome core particle and chromatosome. Cryo-EM structures of NCP and
chromatosome. Dyad marks the base pair located at the center of the linker DNA entrance and the exit.
Figure reprinted from 10.1016/j.bbagrm.2022.194851, with permission from Elsevier.
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Upon attachment of the linker histone H1 a condensed and repetitive chromatin structure
called chromatosome is established. During this process of DNA compaction, ten base pairs of
DNA at each end of the nucleosome become associated with the linker histone (Figure 2,
right).32 All histones, including the four core histones and the linker histone, bind to DNA
through electrostatic interactions between cationic arginine and lysine residues of the
histones and the anionic phosphate backbone of DNA.33 Further assembly of chromatosomes
results in an increased DNA compaction leading to the formation of the initial nucleosome
array known as the 30 nm fiber.3* This helical configuration of densely packed DNA has been
a controversial topic in chromatin research, as the in vivo evidence for its structure is not
clear.3>37 Two models are proposed to solve this problem. The first model, termed the
solenoid model, postulates the interconnection of nucleosomes forming a one-start helix.3839
Conversely, the second model proposes a zigzag two-start helix in which nucleosomes are
arranged in two rows with linker DNA dispersed between the nucleosome stacks.*® The
architectural conformation of the 30 nm fiber is influenced by several factors including the
nucleosome spacing, ionic strength and the interaction with linker histones. These diverse
factors collectively shape the complex structure of chromatin at the 30 nm scale.!
Furthermore, modulations of the assembly of higher order chromatin structures are
determined by the non-uniform charge distribution on the surface of the NCPs. In particular,
a cluster of seven amino acid side chains within the core histone H2A interacts with the N-
terminus of the core histone H4.3742 Recent studies on the extension of the 30 nm fiber
indicate that this higher order architecture is manifested predominantly within regions of
several nucleosomes rather than in an extended form.#3-4> These studies suggest that such
architectural complexity at larger length scales is directed by organized clusters of different
sizes, such as zigzag structures, which are interrupted by disordered or heterogeneous
regions.*4#6 These observations imply that chromatin is not a homogeneous entity, but rather
a dynamically heterogeneous structure with diverse folding modes and localized structural

differences.*748
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1.2 Linker histones

In contrast to the well-studied core histones, the linker histone H1 variants remain
comparatively less understood in the field of chromatin remodeling. Linker histones are
characterized as small proteins of approximately 200 amino acids in length. This highly basic
protein consists of a globular domain of 70 amino acids, a short N-terminus (30 amino acids)
and a lysine-rich C-terminus (100 amino acids). The globular domain itself forms a winged
helical structure containing a helix-turn-helix motif that includes three a-helices and three 3-
strands (Figure 3).49-51 In addition to the globular domain, the linker histone consists of a
short unstructured tail at the N-terminus and an extended unstructured tail at the C-terminus.
Working together with the core histones and several other proteins, linker histones play a key
role in stabilizing higher order chromatin structures such as the chromatosome. The binding
of 10 base pairs of linker DNA to both ends of the nucleosome lead to an increased stability
and compaction, further contributing to the structural integrity of chromatin.3252

In both humans and mice, a repertoire of 11 genes has been described for the linker histone
family.>3 The somatic subtype of linker histones, including H1.1 - H1.5, exhibits widespread
expression in various cell types and is encoded within the histone gene cluster together with
the four core histones.>45> While the globular domain of the linker histone subtypes share
structural homology, there is a considerable variability within the N- and C-terminal tails,

providing a basis for functional specialization and differential regulation.56

Figure 3. Tertiary structure of the linker histone H1.2. The winged helix structure of the globular
domain, containing three a-helices (a1, az, as) and three B-strands (B1, B2, B3). Structure from AlphaFold
prediction.
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Despite sharing a common binding region for nucleosomes, each H1 variant exhibits distinct
nucleosomal repeat lengths (NRLs), which describes the distance between two successive
chromatosomes. In vitro studies of Drosophila embryo extracts have revealed the longest NRL
for H1.4 and H1.5, a moderate NRL for H1.0, H1.2 and H1.3 and the shortest NRL for H1.1.57
These differences in the affinity for chromatin of the H1 variants are due not only to sequence
variation, but also to PTMs and the influence of competing proteins.>3>8 Beyond these
variations, the precise modes of linker histone binding to nucleosomes remain the subject of
ongoing research.>® The initial elucidation of the structure of the nucleosome bound linker
histone was achieved by solution nuclear magnetic resonance (NMR) spectroscopy, which
revealed an asymmetric off-dyad binding configuration with the linker DNA engagement on
one side (Figure 4A).60 In contrast, the in vitro examination of 30 nm fibers using cryogenic
electron microscopy (cryo-EM) revealed that the globular domain of the linker histone
asymmetrically binds off-dyad to both linker DNA strands (Figure 4B).6! Cryo-EM imaging
and nanoscale modeling proposed a binding model in which the globular domain of the linker
histone interacts symmetrically with both linker DNAs, specifically targeting the minor
groove at the dyad.®? Further insights from X-ray crystallography described this on-dyad
binding mode for the nucleosome complexed with the globular domain of the linker histone
(Figure 4C).%3 The combination of cryo-EM and X-ray crystallography techniques allowed the
achievement of the first nucleosome structure incorporating the full-length linker histone
H1.64 The globular domain of H1 engages the nucleosome at the dyad with one a helix and two
B-strands located at the C-terminus of the globular domain (Figure 4D). The flexible C-
terminal domain of the linker histone interacts preferentially with the opposing linker DNA
strand, thereby imparting significant asymmetry to the nucleosome.®4%5 In addition to the on-
dyad and off-dyad binding modes, recent investigations have revealed a novel third non-dyad
binding mode.3¢ In this novel mode, a distinct binding site away from the nucleosome has been
identified. In this scenario, the globular domain of the linker histone sits in a niche in between
the 30 nm fibers and binds to the nucleosomal DNA, thereby enhancing the interlocking
between the DNA strands.3¢ These results for the different binding modes demonstrate the
dynamic flexibility of the linker histone in both binding and orientation relative to the
nucleosome. It is concluded that the establishment and dynamics of higher order structures
are regulated by factors such as nucleosomal DNA characteristics and the linker histone
subtype.5%65 [n addition to their central role in chromatin compaction, linker histones exert a
significant regulatory influence on transcriptional activity.®® Due to their ability to condense

chromatin and prevent DNA transcription, linker histones are considered to be repressors of
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transcriptional activity.®” However, linker histones exhibit a sequence-dependent influence

on the gene expression and therefore can also act as a positive regulator on transcription.6869

Figure 4. Modes of linker histone binding to the nucleosome. A. Asymmetric off-dyad binding.®® B. Off-
dyad binding to H1.4.61 C. Symmetric on-dyad binding.6® D. On-dyad binding to H1.6* Nucleosomal DNA and
core histone octamer depicted in grey, linker histone depicted in green and orange.
Reprinted with CC-license (license number: 5790150850386) from®5, with permission from Elsevier.

Furthermore, linker histones participate in maintaining the genomic stability by the
formation of higher order chromatin structures.’® Thus, linker histones are essential for
preventing DNA damage and facilitating DNA repair processes.”! Disruption of the expression
or regulation of the linker histones are associated with chromatin instability, divergent gene
expression and DNA damage induced mutagenesis, highlighting their critical role in

maintaining the genomic integrity.”273
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1.3 Post-translational modifications of histones

PTMs on histones, often described as their epigenetic marks, are a crucial element in the
regulation of chromatin remodeling and gene expression.”# These modifications include a
variety of chemical functionalities on histones such as acetylation, methylation,
phosphorylation, biotinylation, ubiquitination, adenosine-diphosphate (ADP)-ribosylation
and others.”> While extensive research has identified numerous modification sites and
chemical modifications that occur on the four core histones, the characterization of PTMs on
the linker histone H1 remains challenging.’® The detection of PTMs with mass spectrometric
(MS) methods is hindered by the high lysine content of the linker histone.”” Nevertheless,
extensive research in the field of linker histone PTMs has led to the identification of several
PTMs, including acetylation, methylation, phosphorylation, ubiquitination, ADP-ribosylation,
among others. However, the functional significance of these modifications remains largely
unknown.””78 A selection of the most abundant PTMs and their location for the four core
histones is shown in Figure 5.75 These modifications occur on both the terminal regions and
the globular domain of the histones. It is proposed that they serve as an epigenetic code, with
each modification having a specific function.”® These reversible modifications on histones
promote, e.g. the recruitment of ATP-dependent enzymes that control the chromatin
remodeling. Consequently, changes in the chromatin structure exert regulatory effects on
transcription and gene expression.8? The dynamics of histone PTMs - incorporation,
maintenance and removal - are catalyzed by specialized enzymes called writers, readers and
erasers.8! The effect of the PTM on histones and the chromatin structure can either be direct
or indirect. Directly acting PTMs serve as a platform for reader enzymes, thereby regulating
cellular processes, often by structural alteration of the chromatin structure.8283 Conversely,
indirectly acting PTMs require an intermediate step of binding a chromatin remodeling
complex or effector proteins to affect cellular processes.”#8* The epigenetic code of histone
PTMs, often referred as the “histone code”, describes a complex network of interactions
among multiple PTMs, recognized by reader enzymes that trigger unique downstream effects
and functions.’®82 These reader enzymes with more than one binding domain for PTMs
possess the ability to simultaneously engage one or more histone tail, thereby modulating the

PTM functionality.8>
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Figure 5. Post-translational modifications of the core histones. Post-translational modifications in the
amino acid sequence (number at bottom, without starting methionine) for histones H2A, H2B, H3 and H4:
phosphorylation (P), methylation (Me), ubiquitination (Ub), ADP-ribosylation (ADP), acetylation (Ac),
biotinylation (Bio). Figure adapted from 75

Moreover, beyond recognizing more than one PTM at a time, individual PTMs can exert
regulatory effects on neighboring PTMs, either on the same histone tail or across different
histone tails. This is enabled by the recruitment of writers or erasers, as exemplified by the
GSK3-mediated phosphorylation, which requires an initial phosphorylation at the fourth
amino acid residue from the modification site.86 Conversely, there is a competitive relation
between PTMs located on a single amino acid side chain, where bulky PTMs can block the
modification site.8¢ The interplay of these PTMs, in combination with various environmental
conditions, plays a critical role in the chromatin architecture and function, thereby
modulating the dynamics of gene expression.8”

Lysine acetylation of histones is a highly dynamic PTM catalyzed by histone
acetyltransferases as writers and histone deacetylases as erasers. Acetyltransferases use
acetyl-coenzyme A as cofactor to transfer the acetyl moiety to the e-amino group of the
lysine.88 This reversible PTM exerts regulatory control over numerous cellular processes,

including transcriptional regulation, chromatin structure remodeling, cell apoptosis, DNA

8
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repair and others.8? Acetylation-induced neutralization of the positive charge on the lysine ¢-
amino group weakens the histone-DNA interaction within the chromatin, thereby increasing
the DNA accessibility.?° In addition, histone acetylation serves as binding platform for
bromodomain-containing proteins, that recognize and bind acetylated lysines. The therefore
induced recruitment of chromatin remodeling complexes and transcriptional co-activators
promote chromatin decondensation and the assembly of the transcriptional machinery,
resulting in increased gene expression.’! In contrast, histone deacetylases catalyze the
removal of the acetyl group from lysine residues, promoting chromatin compaction and
transcriptional repression.?? The interplay between histone acetylation and deacetylation is
essential for the regulation of gene expression and a dysregulation of this balance has been
associated with several diseases including cancer and metabolic syndromes.?3

The phosphorylation of serine, threonine and tyrosine residues is a common PTM of
histones.?* This protein modification is catalyzed by kinases and involves the transfer of a
phosphate from adenosine triphosphate (ATP) to the amino acid side chain, and its removal
is regulated by enzymes called phosphatases.?> As a result of histone phosphorylation, a
negative charge is incorporated into the histone, directly affecting the histone-DNA
interaction and thus the chromatin structure. In particular, both the terminal tails and the
globular domain of the core histones and the linker histone can be phosphorylated.”> In
addition, histone phosphorylation serves as a recruitment signal for specific effectors such as
BRCT (BRCA1 C-terminal), a phosphate-binding protein, involved in DNA damage response
pathways.?¢ Histone phosphatases, responsible for removing this PTM are less well studied
than their writer counterpart, although playing a crucial role in regulating the reversible
nature of histone phosphorylation. The dynamic balance between kinase and phosphatase
activities regulates the histone phosphorylation levels and thereby modulating the chromatin
structure in response to cellular changes.?’ In addition to changes in the chromatin structure,
an imbalance between phosphorylation and dephosphorylation is associated with numerous
diseases including cancer.%8

Histone methylation, a frequent histone PTM, targets basic amino acid side chains, such as
lysine, arginine and histidine residues.®1% These modifiable amino acids exhibit different
methylation states, with lysine is susceptible to mono-, di- and trimethylation at their e-amino
group, arginines to mono-methylation or a symmetrically or asymmetrically di-methylation
at their guanidinyl group.101-103 [n contrast to these multiple modifications, histidine residues
are restricted exclusively to mono-methylation.1%4 Histone methylation is catalyzed by
histone methyltransferases using S-adensoyl-L-methionine as a substrate and is removed by

demethylases such as Jumonji domain-containing lysine demethylase.195106 Notably,
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chromatin effectors have the ability to recognize histone methylation patterns, thereby
recruiting modulating enzymes affecting transcriptional regulation and chromatin
remodeling processes.107

In contrast to small molecule modifications such as acetylation, methylation and
phosphorylation, ubiquitination involves the attachment of a small protein, ubiquitin, to
histones. Ubiquitin, consisting of 76 amino acids and is attached to lysine residues within the
histone tails. The incorporation of this PTM is catalyzed by three enzymes, the ubiquitin
activating enzyme (E1), the ubiquitin conjugating enzyme (E2) and the ubiquitin ligase
(E3).198 These modifiers determine both the site and the ubiquitination extent. Ubiquitination
can occur in its monomeric and polymeric form, in which additional ubiquitin moieties are
conjugated to one of the seven lysine residues of the previously bound ubiquitin, resulting in
the formation of ubiquitin chains with distinct length.1%° Although the number of known
modification sites for histone ubiquitination remains limited, lysine 119 in H2A and lysine
120 in H2B have been well studied.110111 [n the dynamic process of the addition and removal
of ubiquitin from histones, the protease catalyzed deubiquitination affects the chromatin
structure and downstream DNA processes.112

Another important PTM that can occur in either a monomeric or polymeric form on histones
is the ADP-ribosylation. This reversible protein modification involves the transfer of ADP-
ribose from nicotinamide adenine dinucleotide (NAD*) to the target protein. Predominantly,
mono ADP-ribose is attached and serves as a binding platform for subsequent ADP-
ribosylation events, resulting in the formation of poly ADP-ribosylated proteins.113 Amino
acid side chains known to accept this PTM include lysine, cysteine, arginine, glutamate, serine
and others.18 This protein modification, both for mono- and poly ADP-ribosylation of target
proteins, is catalyzed by three families of enzymes: ADP-ribosyl transferases (ARTDs, also
known as PARPs), ecto ADP-ribosyl-transferases (ARTCs) and sirtuins.11# The removal of this
PTM is catalyzed by ADP-ribosyl hydrolases (ARHs) and poly ADP-ribose glycohydrolases
(PARGS).11* In mammalian cells, four different hydrolases have been characterized for the
removal of ADP-ribose (ARH1-3, PARG).11> While ARH1 is exclusively active in cleaving the
linkage between ADP-ribose and arginine, ARH2 lacks a hydrolase activity for the common
targets in histones.110117 [n contrast, ARH3 and PARG hydrolyze the O-glycosidic bond in poly
ADP-ribose, resulting in a mono ADP-ribosylated protein that is subsequently processed by
other enzymes.118119 Both the four core histones and the linker histone were found to be ADP-
ribosylated.20 Since all histones are mainly found in the nucleus, the enzymes responsible for
histone ADP-ribosylation are likely to be localized there. In this context, the ARTDs are the

only nuclear enzymes, with SIRT6, a sirtuins member, showing predominantly a deacetylase
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activity rather than a ADP-ribosyltransferase activity.'?1 The ARTD family consists of 18
members (ARTD1-18) with diverse cellular localizations, activities and functions. While
ARTD1-3 are predominantly localized in the nucleus, ARTD4-6, ARTD9 and ARTD10 are also
present in the cytoplasm.122123 To date, only ARTD1, ARTD3 and ARTD10 have been identified
as enzymes that catalyze the mono- or poly ADP-ribosylation of histones.124-126 The detection
of ADP-ribosylated histones presents several challenges, including their low abundance and
the technical difficulties associated with lysine-rich regions in some histones, complicating
MS analysis.1?7.128 Furthermore, the identification of modifications sites within histones is
even more challenging. Identified ADP-ribosylated amino acids include the basic N-terminus,
glutamate 2 in H2B, glutamates 2, 14 and 116 in the linker histone H1 and the C-terminal
lysine.120.129 Electron transfer dissociation (ETD) MS analysis of histone peptides in
combination with ARTD1 revealed several lysines as modification sites on all core histones,
including H2A K13, H2B K30, H3 K27 and K37, H4 K16.125> Further ETD-MS studies have
identified serine residues as targets for ADP-ribosylation events.® Specifically, modification
sites in the N-terminal tail have been identified for the core histone H2B at serines 6 and 14,
and for H3 at serines 10 and 28. Among the linker histone variants, modifications sites have
been identified in different protein compartments. In the N-terminal region, serine 26 was
found to be modified, while within the globular domain, serines 54 and 103 were identified.
Additionally, the serines 112, 149 and 187 in the C-globular domain were also identified.? As
a result of this PTM, the effect of ADP-ribosylation on the chromatin structure has been
extensively investigated. Studies using protein modification with ARTD1 and an excess of
NAD+* have revealed ADP-ribosylation induced chromatin relaxation. However, in the absence
of NAD*, chromatin condensation was detected, which was suggested to be due to the binding
of ARTD1 to the chromatin.130131 These experimental results were further confirmed by
sedimentation velocity experiments in which poly ADP-ribosylated core histones within
nucleosomes exhibited a relaxed compaction and subsequent addition of the linker histone
failed to induce recondensation, indicating a decondensing effect of this PTM on higher order
chromatin structures.!32 Chromatin relaxation induced by poly ADP-ribosylation leads to an
increase in the accessibility of single-stranded DNA, as demonstrated by DNA digestion assays
using micrococcal nuclease, resulting in faster DNA degradation for poly ADP-ribosylated
chromatin.133 It has been shown that ADP-ribosylation of the linker histone induces decoiling
of the linker DNA rather than removing of the modified linker histone from the chromatin.
This observation is attributed to the reduced affinity of the linker histone for the linker DNA
upon ADP-ribosylation of its terminal regions, which may interfere with the formation of

higher order chromatin structures.!3* The mechanism of chromatin remodeling induced by
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histone ADP-ribosylation and the resulting increased accessibility of genomic DNA is closely
linked to DNA damage repair pathways. Following DNA damage, the core histones H2B and
H3 are the primary targets of histone ADP-ribosylation, whereas H4 and the linker histone H1
exhibit lower levels of modification.!3> ADP-ribosylation of the core histone H2B, a primary
target of DNA damage induced histone modification, primarily affects changes in the
chromatin structure rather than recruitment of processing enzymes.123 Studies have shown
that DNA cleavage by endo-exo-nucleases, such as micrococcal nuclease, results in highly
ADP-ribosylated histones.1?7 It has also been shown that histones are modified mainly in the
vicinity of the cleavage site.13¢ Radioimmunoassays have further elucidated a substantial
increase in both mono- and poly ADP-ribosylation levels following DNA damage, attributed to
the activation of ARTD1 by DNA lesions.122137 [n vitro studies validated this response,
demonstrating an increased enzymatic activity and self-modification rates of ARTD1 with
poly ADP-ribose upon DNA damage.'38 Exposure of cells to genotoxic stress induces poly ADP-
ribosylation of ARTD1, with only specific regions of ARTD1 being modified, indicating a
localized response to DNA damage and site specific ADP-ribosylation of histones.13°

The recognition of histone ADP-ribosylation by potential interacting proteins in the context
of the DNA damage response is a subject of considerable interest. Several classes of binding
domains for ADP-ribosylated proteins have been elucidated, of which the PAR-binding motif,
the macrodomain, the WWE domain and the PAR-binding zinc finger domain have been
extensively studied.14%141 Enzymes with a PAR-binding motif are the most abundant readers
of ADP-ribosylation. Analysis of interacting proteins, including histones, have revealed a
22-25 amino acid sequence that non-covalently interacts with poly ADP-ribose.1#? Reader
enzymes bearing a macrodomain binding motif typically contain a conserved 140-190 amino
acid cascade domain for poly ADP-ribose binding.!43 Human macrodomain-containing
proteins are often involved in ADP-ribosylation events due to their ability to sense 0O-acetyl
ADP-ribose along with mono- and poly ADP-ribose.l#1 WWE domain-containing proteins,
characterized by the presence of three highly conserved amino acids, show specific
recognition of poly ADP-ribose. The observation that many WWE domain-containing enzymes
also possess an E3 ligase or PARP catalytic domain suggest their involvement in
ubiquitination and poly ADP-ribosylation events.1#* In particular, the E3 ubiquitin protein
ligase RNF146 has been identified to regulate levels of poly ADP-ribosylated proteins by
ubiquitination-mediated degradation, highlighting the role of the WWE domain in poly ADP-
ribose recognition.14>146 Enzymes with a PAR-binding zinc finger domain, originally
recognized as binders for nucleic acids and proteins, have been identified as poly ADP-ribose

markers.14” The first evidence for their involvement came from the identification of this
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domain in proteins essential for the localization of DNA damage in a poly ADP-ribose

dependent manner.148

1.4 Chemical tools for ADP-ribosylation studies

As described in the previous section, ADP-ribosylation as a PTM of histones exerts a
substantial influence on cellular processes such as DNA repair, transcriptional regulation and
protein recruitment.! A comprehensive understanding of the mechanism and subcellular
localization of ADP-ribosylation will improve the knowledge of potential targets, interacting
partners and resulting effects. Therefore, the synthesis of site-specifically modified proteins
and the chemical assembly of ADP-ribose are mandatory. From a chemical point of view, both
the formation of site-specifically ADP-ribosylated proteins and the synthesis of ADP-ribose
oligomers present significant challenges. The composite nature of these entities, which
combine elements of synthetic chemistry related to nucleic acids, oligosaccharides and
peptides requires solutions that arise from incompatibilities. Further complicating the issue
is the incorporation of pyrophosphate linkages, a task that poses difficulties in achieving with

high efficiency.14°

141 Synthesis of mono ADP-ribosylated peptides

Mono ADP-ribosylated proteins, which represent the smallest introduced modification within
this PTM, play key roles in numerous cellular processes.!>0 To study this phenomenon in a
biochemical context, several methods for the synthesis and evaluation of mono ADP-
ribosylated peptides have been examined. The two major challenges in this process are the
conjugation of mono ADP-ribose with nucleophilic amino acid side chains and the formation
of pyrophosphate bond within the mono ADP-ribose. Solid phase peptide synthesis (SPPS) is
the method of choice for incorporating this modification into the oligopeptide sequence. The
incorporation of ribosyl moieties into amino acid side chains has been extensively
investigated, driven by the requirement for a 1,2-cis configuration in the glycosidic linkage.
Pioneering work by van der Heden van Noort et al. realized this by the synthesis of a SPPS-
compatible ribosyl building blocks (Scheme 1).151 The synthesis was initiated with the
preparation of an appropriately protected -D-ribosyl azide (1.1), which was reduced to the
corresponding amine (1.2). Subsequent coupling with Z-Asp-OBn, mediated by EDC, allowed
the transfer of the ribosyl moiety to the amino acid. The removal of the N- and C-terminal
protecting groups from asparagine was followed by the introduction of a
fluorenylmethyloxycarbonyl (Fmoc) protecting group at the N-terminus, yielded the a-linked
building block used in the SPPS (1.4).
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Scheme 1. Synthesis of mono ADP-ribosylated peptide. Ribosyl asparagine (1.4) used in SPPS to
generate ribosylated oligopeptide (1.5). Phosphorylation and coupling to AMP yields mono ADP-ribosylated
oligopeptide 1.8. Synthesis adapted from?5!. Figure adapted from14°

Following SPPS, the ribosyl peptide (1.5) was desilylated with hydrogen fluoride to yield the
free primary hydroxyl group (1.6). The immobilized peptide was then phosphorylated using
di-O-PMB N,N-di-iso-propyl phosphoramidite with DCI activation. Subsequent oxidation with
iodine provided the preactivated phosphorimidazolide (1.7). The following diphosphate
coupling reaction with protected adenosine monophosphate (AMP) resulted in the formation
of the mono ADP-ribosylated peptide. Deprotection and cleavage from the solid support
yielded the deprotected mono ADP-ribosylated peptide (1.8), which was purified by high
performance liquid chromatography (HPLC) and analyzed via liquid chromatography mass
spectrometry (LC-MS). Analysis revealed the formation of by-products during the
diphosphate coupling reaction. Despite changing to a solution AMP activation strategy, the
side product formation was not reduced and no yield improvement was observed.15! Given
this limitation, Kistemaker et al. developed an alternative synthesis for the diphosphate
coupling reactions during SPPS (Scheme 2).152 This method involved a combination of
phosphate (PY) and phosphoramidite (P'') chemistry, avoiding an on-resin phosphorylation

by synthesizing a phosphorylated amino acid building block (2.3).
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Scheme 2. Synthesis of the phosphorylated amino acid building block for SPPS. Protected ribosyl
asparagine (2.2) used for phosphorylation prior to SPPS. Synthesis adapted from!52. Figure adapted from14?

Therefore, a protected ribosylated asparagine (2.1) was used as starting material. After
exchanging the protecting groups for the secondary hydroxyl groups to acetyl and
deprotecting the primary hydroxyl group with hydrogen fluoride, the intermediate (2.2) was
obtained. The construction of the SPPS-compatible building block was realized by a
phosphorylation reaction with di-tert-butyl-N,N-di-iso-propyl phosphoramidite followed by
oxidation with tert-butyl hydroperoxide (tBuOOH). After C-terminal deprotection by
hydrogenolysis, the desired phosphorylated SPPS building block (2.3) was obtained.1>2

This approach also enabled the preparation of a mono ADP-ribosylated peptide derived from
the N-terminal region of the core histone H2B. For this purpose, an endogenous serine
modification site from the native protein was used. The oligopeptide was synthesized via
SPPS using the Fmoc protection strategy, with the phosphorylated ribosyl-serine (3.1) serving
as the modified amino acid (Scheme 3).153 Incorporation of the phosphorylated ribosyl serine
(3.1) into the oligopeptide yielded the ribosyl peptide (3.4). To enable the diphosphate bond
formation, the tert-butyl protecting groups of the phosphate were removed using
trifluoroacetic acid (TFA), yielding the oligopeptide 3.5. This was then coupled with
adenosine phosphoramidite (3.2) in the diphosphate coupling reaction using 5-
ethylthiotetrazole (ETT) as the activator. P oxidation followed by removal of the cyanoethyl
protecting group afforded the protected mono ADP-ribosylated peptide. Basic cleavage from
the solid support and global deprotection resulted in the mono ADP-ribosylated peptide
3.6.153 This procedure for generating a mono ADP-ribosylated peptide with serine as the
amino acid target represents the first synthetic introduction of this PTM at a serine

modification site in the sequence of a core histone.1>1
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Scheme 3. Synthesis of mono ADP-ribosylated core histone H2B oligopeptide. Phosphorylated ribosyl
asparagine (3.1) used in SPPS to generate ribosylated oligopeptide (3.5). Diphosphate coupling with 3.2
yields mono ADP-ribosylated oligopeptide derived from core histone H2B. Synthesis adapted from?53 Figure
adapted from14°

This achievement marks the first case of a site-specific introduction of mono ADP-ribose into
the native core histone H2B sequence. Previous studies have relied primarily on asparagine
and glutamine as stabilized variants of the amino acid targets aspartic acid and glutamic
acid.149151 A related procedure was adapted from Hananya et al. to synthesize the full-length
mono ADP-ribosylated core histones H2B and H3.154 There, a phosphorylated ribosyl-serine
was used in SPPS to generate ribosyl oligopeptides from these histones. Subsequent
phosphate deprotection enabled the diphosphate coupling using ETT as an activator. After
cleavage from the resin, the mono ADP-ribosylated oligopeptide was subjected to native
chemical ligation with the remaining oligopeptide corresponding to the respective core
histone. Using this method, native mono ADP-ribosylated core histones H2B and H3 were
synthesized and subsequently used in biophysical and biochemical experiments.1>* Another
semisynthetic approach to mono ADP-ribosylated histones was used to generate modified
linker histones variants.!>> In this method, a peptide within the C-terminal region was
enzymatically ADP-ribosylated at either serine 150 or 188. Native chemical ligation reactions
were then used to link this modified peptide to the recombinant oligopeptide containing the
N-terminus and the globular domain. A final ligation reaction to incorporate the remaining C-
terminal domain, resulted in the formation of the mono ADP-ribosylated linker histone
variants.1>®

Moyle and Muir introduced a post SPPS mono ADP-ribosylation method for an N-terminal
oligopeptide derived from the core histone H2B (Scheme 4A).21 In this method, glutamic acid
residues were substituted with either aminooxy or N-methylaminooxy resulting in the

corresponding oligopeptides 4.1 and 4.3. Subsequent modification of oligopeptide 4.1 with
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mono ADP-ribose resulted in the formation of ring-closed mono ADP-ribosylated

oligopeptide 4.2. The modification with the aminooxy oligopeptide 4.3 led to the formation of

the ring-opened mono ADP-ribosylated oligopeptide 4.4 via an oxime intermediate. Although

a complete conversion to 4.2 was achieved, the reaction leading to 4.4 also produced the ring-

closed mono ADP-ribosylated oligopeptide as minor side product.2! However, this method

presents a notable drawback for generating full-length mono ADP-ribosylated histones. The

N-terminal regions of the core histones, as well as the tails of the linker histone, are rich in

lysine residues, leading to nonspecific and uncontrollable protein modifications via this

approach.14?
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Scheme 4. Synthesis of mono ADP-ribosylated peptides by post SPPS methods. A. O-methylamino
homoserine (included in oligopeptide 4.1) and 3-(2-aminooxy) acetylamino alanine (included in
oligopeptide 4.3) modification of N-terminal H2B oligopeptide.?! B. Triazole modification of N-terminal H2B

oligopeptide by copper catalyzed azide alkyne cycloaddition (CuAAC).15¢ Figure adapted from14?

Liu et al. presented a method for the mono ADP-ribosylation of oligopeptides using copper

catalyzed azide-alkyne cycloaddition (CuAAC).!5¢ The synthetic pathway for the alkyne

modified ribose monophosphate (4.7), the alkyne modified mono ADP-ribose (4.8) and the

mono ADP-ribosylated oligopeptide (4.10) are shown in Scheme 4B. The building block for
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CuAAC was derived from 1’-0-(N-phenyl)-2,2,2-trifluoroacetimido-2’,3’-di-O-PMB-5’-0-
TBDPS B-D-ribose (4.5). The introduction of the CuAAC-compatible functional group was
achieved by the reaction with propargyl alcohol, resulting in the formation of only the a-
anomer of the product. Subsequent manipulation of the protecting groups resulted in the
intermediate (4.6), which was phosphorylated with di-tert-butyl-N,N-di-iso-propyl
phosphoramidite. Oxidation with tBuOOH and tert-butyl deprotection afforded compound 4.7.
The diphosphate coupling reaction with adenosine phosphoramidite 3.2, resulted in the 1’-0-
propargyl mono ADP-ribose (4.8) after deprotection. The CuAAC reaction involving 4.8 and
4.9 was performed at pH 7.6 using copper (II) sulfate, sodium ascorbate and a triazole ligand,

yielding the triazole-linked mono ADP-ribosylated oligopeptide 4.10.

1.4.2  Synthesis of ADP-ribose oligomers

The synthesis of ADP-ribose oligomers involves the sequential formation of an a-glycosidic
linkage between the anomeric carbon atom of a ribose and the 2’-hydroxyl group of an
adenosine. In addition, a pyrophosphate bond has to be introduced between the primary
alcohols of the ribose and the adenosine. To realize this synthesis, an internal building block
is desirable. Given the need for both an a-glycosidic and a pyrophosphate linkage within the
same molecule, a strategically designed building block should incorporate the a-glycosidic
linkage, as repetitive glycosylation reactions are incompatible with retaining multiple
pyrophosphate bonds.1# Thus, the building block should contain the a-glycosidic linkage
while the pyrophosphate linkage is introduced iteratively during the stepwise reaction to
form ADP-ribose oligomers. All existing methods for the synthesis of ADP-ribose oligomers
have adopted this approach.®10.149

The first synthesis of an internal building block for ADP-ribose oligomers with a pre-
introduced a-glycosidic linkage was achieved by Mikhailov et al. (Scheme 5).13 In this
synthesis, the glycosylation reaction used N°-benzoyl-3’,5’-0-(tetra-iso-propyl-disiloxane-
1,3-diyl)-adenosine as glycosylation acceptor (5.1) and 1,2-di-O-acetyl-3,5-di-O-benzoyl-D-
arabinofuranoside as glycosylation donor (5.2). The stereochemical outcome of this reaction
is determined by the 2-0O-benzoyl group of the donor due to its neighboring group
participation. The subsequent transformation to the desired ribosyl-adenosine configuration

is achieved by protecting group manipulation to the 2”-unprotected intermediate 5.4.
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Scheme 5. Synthesis of an ADP-ribose building block with pre-introduced a-glycosidic linkage. Tin
tetrachloride catalyzed glycosylation of Né-benzoyl-3’,5’-0-(tetra-iso-propyl-disiloxane-1,3-diyl)-adenosine
(5.1) and 1’,2’-di-O-acetyl-3’,5’-di-O-benzoyl-D-arabinofuranoside (5.2). Stereochemical inversion and
deprotection to give ribosyl-adenosine 5.6. Synthesis adapted from13. Figure adapted from14°

The stereochemical inversion is achieved by an oxidation-reduction mechanism starting with
an oxidation under Albright-Goldman oxidation conditions and is followed by the reduction
of the ketone to the desired ribosyl-adenosine compound 5.5. Subsequent deprotection using
methanolic ammonia and tetrabutylammonium fluoride (TBAF) resulted in the formation of
the ribosyl-adenosine moiety 5.6.13 Additionally, this glycosylation method, coupled with
stereochemical inversion, has found application in the synthesis of potential PARP inhibitors
by Zheng et al.'* To avoid the necessity for a stereochemical inversion, several approaches
have been developed such as a direct a-glycosylation. Van der Heden van Noort et al
investigated the glycosylation with 1-O-(N-phenyl)-2,2,2-trifluoroacetimido-2,3,5-tri-0-
benzyl B3-D-ribose (6.2) as glycosylation donor and Né-di-benzoyl-3’,5’-0-(tetra-iso-propyl-
disiloxane-1,3-diyl)-adenosine (6.1) as glycosylation acceptor (Scheme 6A).!57 This a-
selective glycosylation reaction, catalyzed by trimethylsilyl trifluoromethanesulfonate
(TMSOTY), resulted in the formation of the ribosyl-adenosine moiety 6.3. Multiple protecting
group manipulations yielded ribosyl-adenosine 6.4 with a 5’-TBDPS- and a 5”-DMT protected
hydroxyl group. The orthogonality of these protecting groups is further needed to allows a

stepwise reaction with the distinct termini to form ADP-ribose oligomers.1>7
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In response to the demand for higher yields and improved scalability of glycosylation
reactions, Kistemaker et al. developed a novel synthetic strategy, that expands the possibility
of synthesizing larger ADP-ribose oligomers.® In this approach, the nucleobase adenine is
introduced after the glycosylation via a Vorbriiggen type reaction (Scheme 6B).° Analogous
to the previously described glycosylation method, this synthetic route involves the reaction
of 1-0-(N-phenyl)-2,2,2-trifluoroacetimido-2,3-di-O-benzyl-5-0-tri-iso-propylsilyl-3-D-ribose
(6.5) and 1,3,5-tri-O-benzoyl-a-Dd-ribose (6.6) to form the glycosylated disaccharide 6.7 with
the desired a configuration. After changing the protecting groups on the 2”- and 3” hydroxyl
groups from benzyl to acetyl, the disaccharide (6.8) is reacted with N°-benzoyladenine to give
the ribosyl-adenosine building block (6.9).214° This method of subsequent nucleobase
introduction was adapted by Liu et al. to synthesize a branched ribosyl-adenosine -ribosyl
building block.158159 The synthesis for the triphosphorylated 0-a-p-ribofuranosyl-(1"-2")-0-
a-D-ribofuranosyl-(1”-2")-adenosine-5’,5",5""-tris(phosphate) (7.6) is shown in Scheme 7.
Starting with disaccharide 6.7, protecting group manipulation afforded the 2” unprotected
disaccharide (7.1). Using the synthetic procedure for an a-glycosylation with 1-0-(N-phenyl)-
2,2,2-trifluoroacetimido-2,3-di-0-benzyl-5-0-tri-iso-propylsilyl B-D-ribose (6.5) as
glycosylation donor, the trisaccharide (7.2) with the introduced ribosyl linkage was
obtained.15? After adjusting the protecting group pattern of the trisaccharide, the nucleobase
adenine was introduced via a similar Vorbriiggen type reaction as described in Scheme 6B,
yielding the protected O-a-D-ribofuranosyl-(1""-2")-0-a-D-ribofuranosyl-(1”-2")-adenosine
(7.4).
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Scheme 7. Building block synthesis for branched ADP-ribose oligomers. Generation of 2’ unprotected
ribosyl-adenosine by protecting group manipulation. Branching point introduction by reaction of 7.1 with
1’-0-(N-phenyl)-2,2,2-trifluoroacetimido-2’,3’-di-0-benzyl-5’-O-tri-iso-propylsilyl-B-D-ribose using
TMSOTS as catalyst. Vorbriiggen type glycosylation to introduce adenine. Phosphorylation reaction to
obtain triphosphorylated 7.6. Synthesis adapted from!5° Figure adapted from?4°

Subsequent protecting group manipulation yielded trisaccharide 7.5, which allowed a
simultaneous 5’, 5” and 5 hydroxyl deprotection while retaining all other protecting groups.
Removal of these protecting groups by treatment with hydrogen fluoride allowed for
phosphorylation with di-tert-butyl-N,N-di-iso-propyl phosphoramidite. Oxidation with
tBuOOH and global deprotection resulted in the triphosphorylated ribosyl-adenosine -ribosyl
(7.6).159 Solution NMR studies of this compound revealed an identical linkage to that found in
native branched ADP-ribose oligomers.160.161

Numerous methods for incorporating pyrophosphates into organic compounds such as
nucleotides have been documented.162-165> However, the synthesis of ADP-ribose oligomers
requires the introduction of multiple of these linkages into a single molecule, which poses
certain difficulties.14°

A reported synthesis for an ADP-ribose dimer, which incorporates two pyrophosphate bonds
within one molecule, was published by Lambrecht et al. (Scheme 8).19 Starting with an «-
linked ribosyl-adenosine building block (8.1), selective 5’-TBS deprotection allowed the
introduction of a benzyl protected phosphate. Subsequent conversion of the allyl protecting
groups of the secondary hydroxyl groups to TBS protecting groups yielded the

monophosphorylated ribosyl-adenosine (8.2).
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Scheme 8. Synthesis of ADP-ribose dimer. Selective 5° TBS deprotection and phosphorylation to 8.2.
5” Nap deprotection and phosphoramidite introduction to compound 8.3. First diphosphate coupling by
combination of P and PV chemistry resulting in 8.4. Phosphate deprotection and second diphosphate
coupling reaction to ADP-ribose dimer. Synthesis adapted from?? Figure adapted from14?

Cleavage of the naphthyl ether releases the 5”-hydroxyl group, enabling the incorporation of
an H-phosphonate by reaction with 2-cyanoethyl-N,N-di-iso-propyl choro phosphoramidite.
Hydrolysis of the intermediate gave the bis-phosphorylated ribosyl-adenosine (8.3). The
pyrophosphate coupling reaction was performed by applying an Atherton-Todd type reaction,
starting with the chlorination of the H-phosphonate with N-chlorosuccinimide followed by
the condensation with adenosine monophosphate. Subsequent basic cleavage of the
cyanoethyl phosphate protecting group afforded compound 8.4.1° Hydrogenolysis of the
benzyl phosphate protecting groups gave compound 8.5, which was used for the following
second pyrophosphate bond formation. To introduce the second pyrophosphate bond, ribose
monophosphate was preactivated with CDI to yield the corresponding phosphorimidazolide.
Condensation with compound 8.5 and subsequent removal of all protecting groups afforded
the ADP-ribose dimer (8.6), marking the first reported synthesis of an ADP-ribose dimer with
the unprotected reducing end of the ribose.10.149

A different approach to the solution phase synthesis described above was demonstrated by a
solid phase synthesis strategy published by Kistemaker et al.® This method not only enabled
the production of ADP-ribose dimers, but also allows the generation of even longer oligomers.
The synthesis of the bis-phosphorylated ribosyl-adenosine moiety and the solid phase
synthesis strategy are shown in Scheme 9. This strategy combines P and PV chemistry,

which is well known for its utilization in SPPS for the introduction of pyrophosphate bonds
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into mono ADP-ribosylated peptides.'53 Here, it was applied to iteratively introduce
pyrophosphate bonds into a single molecule.1#® This requires the synthesis of a suitable
ribosyl-adenosine building block (9.4) with a phosphoramidite at the 5’-hydroxyl group of the
adenosine and a protected phosphate at the 5”-hydroxyl group of the ribose (Scheme 9A).
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Scheme 9. Solid phase synthesis of ADP-ribose dimers and trimers. A. Synthesis of bis-phosphorylated
ribosyl-adenosine building block applicable for solid phase synthesis. Introduction of protected PV into 9.2
and deprotection of DMTr group to compound 9.3. P!l incorporation results in the bis-phosphorylated
building block 9.4 used in solid phase synthesis. B. Solid phase strategy for the synthesis of ADP-ribose
dimers and trimers. Chain elongation by cycle A with mono phosphorylated ribose immobilized on resin
and 9.4. Termination reaction by cycle B and 9.8 as terminating reagent yielding ADP-ribose dimer or
trimer.? Figure adapted from149

Starting with an orthogonal protected ribosyl-adenosine (9.1), manipulation of the protecting
groups yielded the 5-DMT and 5”-unprotected ribosyl-adenosine disaccharide (9.2).
Phosphorylation with di-O-tert-butyl-N,N-di-iso-propyl phosphoramidite and subsequent
oxidation was followed by acidic detritylation to give the monophosphorylated ribosyl-
adenosine (9.3). The phosphoramidite was introduced by reaction with 2-cyanoethyl-N,N-di-
iso-propyl phosphoramidite to give 9.4. The orthogonality in reactivity of the phosphates

within this ribosyl-adenosine moiety makes it possible to perform a stepwise condensation
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to ADP-ribose oligomers. Prior to solid phase synthesis, a controlled pore glass (CPG) solid
support was modified with a Q-linker to functionalize the resin with a ribose monophosphate
(9.5). The solid phase synthesis cycle is initiated by the pyrophosphate bond formation of the
5’-phosphoramidite (9.4) with the phosphate on the solid support (9.5). This diphosphate
coupling reaction is catalyzed by the addition of ETT and after oxidation of the P!-PV
intermediate, the cyanoethyl group is cleaved. Acidic deprotection of the tert-butyl groups
allows a second round of pyrophosphate bond formation with the phosphoramidite building
block to extend the ADP-ribose oligomer (Scheme 9B, cycle A). After these chain elongation,
the extension is terminated by the reaction with the terminal adenosine phosphoramidite
(9.8) using the same mechanism as for the previous pyrophosphate bond formation reactions
(Scheme 9B, cycle B). Global deprotection and cleavage from the solid support by treatment
with ammonia yields the ADP-ribose dimer (9.6) and trimer (9.7).%14% Furthermore, this solid
phase synthesis approach for ADP-ribose oligomers was improved by Liu et al. to enable the

preparation ADP-ribose oligomers up to the pentamer.!!

1.5 Chemical protein modification methods at cysteines

Changes to proteins, such as PTMs, significantly change both their structure and function,
leading to an increase in diversity of up to two orders of magnitude.'®® However, the
introduction of modifications by organic synthesis is challenging due to the incompatibility
between reaction conditions of organic synthesis and protein stability. In addition, it is crucial
to achieve site specific modifications without side reaction in order to avoid complicated
purification steps and evaluate the desired protein modification.1¢” Established methods for
chemical protein modification mainly target naturally occurring amino acids, including lysine,
cysteine, serine, histidine and tyrosine as the site of modification.168169 Compared to methods
using unnatural amino acids or enzymatic modifications, the use of naturally occurring amino
acids avoids the need for genetic engineering to achieve the incorporation of the unnatural
amino acid at the desired position in the protein sequence. Cysteine and lysine are commonly
selected for protein modification reactions due to their high nucleophilicity.17? While lysine is
often used as a modification site, its high abundance in proteins often leads to non-specific
modifications, resulting in heterogeneous modified proteins or in the blockage of functional
sites. Strategies to prevent non-specific lysine modifications include the usage of differences
in lysine reactivities within the protein sequence or using enzyme recognition

sequences.171172 However, the widespread occurrence of most amino acids present challenges
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in achieving site specific protein modifications, often resulting in modifications at multiple
sites.167

In contrast to lysine modification reactions, cysteine modifications offer several advantages.
The overall abundance of cysteine residues within a protein is comparatively low compared
to lysine, making it a suitable target for chemical protein modification. In addition, the use of
site-directed mutagenesis (SDM) prior to protein expression allows the simple introduction
of a cysteine residue at a specific position within the protein sequence. The variety of PTMs
that occur at cysteine residues underscores the diversity of the reactivity associated with this
amino acid.’®” Manipulating the pH of the modification reaction can even direct the
regioselectivity towards cysteine over lysine.l’3 Among the electrophiles commonly used for
cysteine modification reactions, maleimides and o-halocarbonyls have been extensively
studied. The latter are often used as capping agents prior to digestion in protein
sequencing.l’4 However, o-halocarbonyls show major drawbacks in cysteine-selective
protein modification reactions. Both histidine and terminal amino groups can potentially
outcompete cysteine and lysine as primary modification targets under certain reaction
conditions.1’> In contrast, maleimides exhibit higher regioselectivity, although they are
susceptible to substituent exchange reactions with reactive thiols present in solution or
derived from the protein. This tendency can lead to undesired side modification or release of
the modifier.176 Studies to improve the stability of cysteine modifications with maleimides
have led to the development of ring-opened maleimides. The ring-opened structure results
from hydrolysis and prevents target exchange reactions with thiols. However, this approach
requires optimization of reaction conditions for each substrate.1””

Disulfide bonds in proteins are used to preserve the tertiary and quaternary structure of the
protein. Exploiting the principle of disulfide bond formation between a cysteine and a thiol,
similar to those in native proteins, has been adapted for protein modification purposes. Due
to the typically slow reaction rates of sulfide exchange reactions in the formation of new
disulfide bonds, reagents have been developed to kinetically control and increase the reaction
rate.166 This strategy has found application in protein modifications using alkyl or aryl
thiosulfates that selectively target cysteine residues.178-180

Another class of compounds potentially filling the gap of a cysteine-selective protein
modification are dithiocarbamates. These compounds are used in diverse fields such as
rubber curing, fungicides and pharmaceuticals.'8! In particular, disulfiram, marketed under
the brand name Antabuse™ is used in the treatment of chronic alcoholism and acts by

covalently modifying proteins at a cysteine residues (Scheme 10, left).
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Scheme 10. Chemical structure of disulfiram and its metabolites.

The mechanism of action of disulfiram, which is characterized by its dimeric structure, relies
on a metabolic pathway to receive methyl diethylthiocarbamate (Scheme 10, middle). This
metabolite covalently modifies a cysteine residue within aldehyde dehydrogenase, thereby
inhibiting its function.1®? Prior to covalent protein modification, methyl diethylthiocarbamate
is oxidized to methyl diethylthiocarbamoyl sulfoxide (Scheme 10, right), an important step
that activates its reactivity for cysteine residues. This controlled increase in the reactivity
with cysteines makes this form of protein modification suitable for chemical protein
modification approaches.

Another mechanism of a covalent cysteine modification by disulfiram involves the formation
of disulfide bonds. There, the disulfide bond present in disulfiram is reduced by a reactive
cysteine, resulting in the formation of a new disulfide bond and the release of
diethylthiocarbamate.3 This mechanism has been used by Laps et al. to form disulfide bonds
in proteins such as conotoxin and the peptide hormone oxytocin.*> Here, the active cysteine
is oxidized to the corresponding disulfide by reaction with diethyldithiocarbamate and
palladium. This disulfide intermediate serves as a precursor for the formation of an
intramolecular disulfide bond with the target protein or peptide hormone.*>

Similarly, thiocarbamates have been investigated for their potential to perform cysteine-
selective reactions similar to dithiocarbamates. Hwang et al. used the thiocarbamate
functional group to achieve thiol-selective reactions with coenzyme A.6 Using desthiobiotin
modified with a thiocarbamate linker, a molecular handle could be introduced into a protein.
The activation of the desthiobiotin thiocarbamate to the corresponding sulfone promoted its
reaction with the thiol in coenzyme A, resulting in the formation of a desthiobiotin-
coenzyme A conjugate that can be used for protein modification reactions. Dithiocarbamates
and thiocarbamates offer distinct advantages over conventional methods due to their
enhanced selectivity towards cysteine residues. Strategic incorporation of an appropriately
designed linker could enable a complete cysteine-selective method for the introduction of a
variety of modification into proteins, including synthetically challenging PTMs such as ADP-

ribosylation.
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PTMs of histones play an important role in the regulation of the chromatin architecture and
many other cellular processes including transcriptional regulation.! Among the major targets
of ADP-ribosylation during chromatin remodeling and DNA processing are the four core
histones and the linker histone. Despite extensive studies on histone PTMs, the effects of the
ADP-ribosylation of the linker histone remain largely unexplored due to the lack of suitable
methods to generate and analyze the modified protein. The emerging role of ADP-ribosylated
linker histones in processes beyond chromatin formation underlines the need to generate
defined ADP-ribosylated linker histones to study their functional effects.

The aim of this work was to elucidate the influence of the site-selective ADP-ribosylation of
the linker histone H1.2 on the chromatin structure formation. For this purpose, a novel
chemical ligation approach based on a thiocarbamate as reactive group for the protein
modification should be established for the ADP-ribosylation of the recombinantly expressed
linker histone. The site selectivity and in vitro stability of the thiocarbamate ligation method
will be investigated using a model system in which biotin is incorporated into the linker
histone. The knowledge gained from this model system should then be applied to investigate
and analyze the mono ADP-ribosylation of the recombinant protein at a known ADP-
ribosylation site.

Since the ADP-ribosylation of histones yields both mono ADP-ribosylated proteins and their
polymeric form, a suitable synthetic pathway for dimeric ADP-ribose with a free reducing end
will be established. The thiocarbamate ligation approach should be verified for its
applicability to the synthesized dimeric ADP-ribose, which would then allow for the
investigation of the incorporation of oligomeric ADP-ribose into the recombinant linker
histone.

The incorporation of the ADP-ribosylated linker histone variants into the chromatin structure
will be studied by performing a chromatosome assembly assay. Here, nucleosomes are
assembled from recombinant core histone octamer and nucleosomal DNA with a sequence
optimized for linker histone binding. Thus, by using mono- and diADP-ribosylated linker

histones for the assembly of the chromatosomes, it would be possible to investigate the effects
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of linker histone ADP-ribosylation on the chromatin structure formation as well as to
elucidate the impact of the ADP-ribose chain length in this process.
The research results presented in this thesis may contribute to a better understanding of the

effects of site-selective ADP-ribosylation of linker histones on chromatin structure formation.
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3.1 Biotinylation of the linker histone H1.2

PTMs of proteins alter their function and structure, resulting in a dramatic increase in the
diversity of the proteome.%® Studying the effects of different PTMs on target proteins is a
compelling area of research in chemical biology. Here, it is desirable to closely mimic the
native PTM of a protein in order to evaluate the direct influence of the introduced group.166
In addition, the site-specific introduction of the PTM allows the investigation of a specific
modification site and evaluate their impact. Protein ADP-ribosylation, especially histone ADP-
ribosylation, is an extensively studied PTM due to its influence on the chromatin structure as
well as on various cellular processes.! To date, the deliberate generation of ADP-ribosylated
proteins has been challenging. Enzymatic protein modification with known ADP-ribosylating
enzymes results in a heterogeneous mixture of modified proteins with different chain lengths
and modification sites, requiring time-consuming purification procedures in order to obtain
distinct modified proteins. Moreover, the modification of aspartic acid and glutamic acid as
representatives for endogenous ADP-ribosylation sites results in the formation of an O-
glycosidic linkage that is unstable in acidic environments, making it difficult to study using
conventional methods.1# Current synthetic approaches for the investigation of the protein
ADP-ribosylation are predominantly based on SPPS strategies. The incorporation of modified
amino acid building blocks with a phosphorylated ribose attached to an amino acid allows the
site-selective modification of oligopeptides or small proteins (Scheme 1, Scheme 3 and
Scheme 4).151-153 While these approaches offer flexibility in the selection of the target amino
acid and the type of chemical linkage between the amino acid and the ribose, there are
significant drawbacks, such as the limited achievable protein size when using SPPS and the
complexity of synthesizing the amino acid building blocks. Alternatively, unnatural amino
acids enable the formation of linkages to chemical modifications via reactions such as CuAAC.
For example, the synthesis of 1’-propargyl mono ADP-ribose (4.8) coupled to an azido alanine
containing oligopeptide allows site-selective incorporation of mADPr into an oligopeptide
(Scheme 4B).1>¢ Similarly, the use of O-methylamino homoserine or 3-(2-aminooxy)

acetylamino alanine renders a direct modification, resulting in the formation of modified
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oligopeptides derived from the N-terminal region of the core histone H2B (Scheme 4A).21
However, these methods are only suitable for the investigation of short ADP-ribosylated
peptides due to the involvement of SPPS.

The investigation of the ADP-ribosylation of the linker histone H1.2 bears several challenges.
In particular, the protein sequence contains numerous nucleophilic lysine residues, making a
site-selective modification with an electrophile difficult. However, the absence of cysteine
residue in the sequence of the linker histone H1.2 enables the deliberate introduction of
modifications into the protein by using SDM. While methods using unnatural amino acids such
as azido alanine require techniques like amber stop codon suppression, the incorporation of
the natural amino acid cysteine into the protein sequence is more straightforward and
simpler via SDM. Overall, cysteine is a well-studied amino acid for protein modification and
therefore an ideal target for the purpose of deliberate ADP-ribosylation.1®® The linkage
between the modifier and the cysteine should ideally mimic an endogenous linkage, as even
minor changes in the linkage can significantly affect small modifications such as mADP-
ribosylation. Hence, certain criteria must be fulfilled, including near-quantitative conversions
to avoid complex purification procedures. Moreover, reactions for the modification
introduction must occur under protein-compatible conditions, including low temperatures
and aqueous buffer systems, to preserve the tertiary structure and more importantly the

function of the protein.

3.1.1  Site-directed mutagenesis and expression of linker histone H1.2 S150C

Given these prerequisites, the investigation of a site-specific ADP-ribosylation of the linker
histone started with the generation of a linker histone variant containing a cysteine at a
known ADP-ribosylation site. Expression of the recombinant protein in E. coli provided the
desired linker histone variant with a specific cysteine mutation site without the addition of
any PTM. This allowed a detailed investigation of the subsequent incorporated modification
on the structure and function of the protein. In this study, serine 150 (numbering including
the starting methionine) in the C-terminal region was chosen as the modification site. ADP-
ribosylation of the linker histone at this position has been previously shown to significantly
influence chromatin structure and remodeling complexes.® Therefore, a codon-optimized
sequence containing the point mutation for the exchange of serine to cysteine (H1.2 S150C)
was generated by SDM. Additionally, the plasmid encoded a C-terminal Hiss-tag for
purification by immobilized metal affinity chromatography (IMAC). The plasmid containing
the mutation for the cysteine was transformed into E. coli BL21 (DE3) cells. After induction of

the recombinant protein expression with iso-propyl-f-D-thiogalactopyranosid (IPTG), the
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linker histone variant H1.2 S150C was isolated from the inclusion bodies, purified by IMAC
and analyzed by SDS-PAGE (Figure 6A).
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Figure 6. Analysis of the purification of the linker histone variant H1.2 S150C. A. SDS-PAGE gel analysis
with Coomassie blue staining of immobilized metal affinity chromatography (IMAC) of the linker histone
H1.2 S150C. Stepwise increase of imidazole concentration from 0 mM to 500 mM. B. Deconvoluted LC-MS
analysis of the full-length protein. H1.2 S150C calculated 22072 Da, measured 22072 Da.

Proteins not bound to the cOmplete™ His-Tag purification resin (Roche) were removed by
washing steps. Elution of the linker histone variant H1.2 S150C was achieved by gradually
increasing the imidazole concentration (0 mM to 500 mM) in the elution buffer. The purity of
the eluted fractions was analyzed by SDS-PAGE with Coomassie blue staining (Figure 6A).
Moreover, the successful incorporation of the cysteine modification into the protein sequence
was validated by full-length protein LC-MS analysis (Figure 6B). The measurement yielded a
peak with a deconvoluted mass of 22072 Da for H1.2 S150C consistent with the calculated
value of 22072 Da. This represents a mass shift of 16 Da relative to the mass of the H1.2 WT
(22056 Da, Figure S1 in the Appendix). This established expression system for the cysteine
containing linker histone variant H1.2 S150C was used to further investigate the introduction

of a cysteine-selective linker.

3.1.2  Synthesis of thiocarbamate linker modified biotin

The simple expression and purification procedure for the linker histone variant H1.2 S150C,
combined with a cysteine-selective modification method, allows the site-selective
incorporation of modifiers such as ADP-ribose into the protein. For this purpose, a
thiocarbamate based linker developed by Dr. Martin Mex during his PhD studies in the group
of Prof. Andreas Marx was used.” S-Ethyl a-methylhydrazide thiocarbamate (thiocarbamate
linker, 11.4) was utilized as thiocarbamate containing modifier and the design was adapted
from the structure of disulfiram, a drug used in the treatment of chronic alcoholism.
Disulfiram is metabolized in vivo to the highly reactive methyl diethylthiocarbamoyl sulfoxide,

which can covalently modify cysteines within the aldehyde dehydrogenase and therefore
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inhibit the metabolism of ethanol.’82 The mechanism of this cysteine-selective protein
modification is based on the activation of the thiocarbamate functionality by oxidation to the
respective sulfone, which then undergoes a selective reaction with a thiol. This mechanism
was also employed in the following protein modification reactions using the thiocarbamate
linker. The synthesis of S-Ethyl a-methylhydrazide thiocarbamate (11.4) used in the protein

modification reactions is shown in Scheme 11.
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Scheme 11. Synthesis of S-Ethyl a-methylhydrazide thiocarbamate (11.4).a. TEA, THF, 0°C, 1 h (72 %).
b. Mono-methyl hydrazine, TEA, DCM, -80 °C to r.t,, 16 h (63 %). For detailed regents and conditions, see
section 5.1.2.1.

Starting with ethanethiol (11.1), a chloroformyl group was introduced by reaction with
triphosgene (11.2) to give ethyl chlorothioformate (11.3). The crude product was then
reacted in a subsequent synthesis with methylhydrazine to give the desired S-Ethyl a-
methylhydrazide thiocarbamate (11.4). This synthesized linker contains two different
chemical functionalities with different reactivities. First, the thiocarbamate functionality,
which is used for cysteine-selective protein modification has been shown to be suitable for
this purpose.®? Second, the hydrazide functionality within the thiocarbamate linker enables
the integration of various target molecules such as ADP-ribose or biotin. To further diversify
the thiocarbamate linker with different modifiers, the reaction of ethyl chlorothioformate
(11.3) with methylhydrazine instead of hydrazine was required to increase the stability.
Thiocarbamates with an unsubstituted a-amine are susceptible to hydrolytic cleavage in their

oxidized form, an issue that was avoided in compound 11.4.183
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Scheme 12. Synthesis of TC-biotin. a. Thionyl chloride, MeCN, r.t., 20 h (62 %). For detailed reagents and
conditions, see section 5.1.2.2.

To further investigate the cysteine selectivity and stability of the protein modification with
the thiocarbamate linker (11.4), a model system of thiocarbamate-linker modified biotin
(TC-biotin) was developed. The synthesis of TC-biotin is shown in Scheme 12. Biotin was
coupled to the hydrazide functionality of the thiocarbamate linker by activation of biotin. This

activation involved the reaction of biotin (12.1) with thionyl chloride in acetonitrile (MeCN)
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to yield the acid chloride of biotin. The crude acid chloride of biotin was then reacted with

S-Ethyl a-methylhydrazide thiocarbamate (11.4) to form TC-biotin in 62% yield.

3.1.3 Linker histone H1.2 S150C biotinylation

The synthesized TC-biotin was then subjected to linker histone modification reactions. The
cysteine selectivity was evaluated by reactions with either the linker histone H1.2 WT or the
cysteine containing variant H1.2 S150C. The linker histone H1.2 WT lacks a cysteine residue
and therefore should not be able to undergo a putative cysteine-selective modification
reaction. To enable the protein modification with TC-biotin by its thiocarbamate functionality,
the thiocarbamate has to be oxidized. This activation procedure, shown in Figure 7, involved
the conversion of the thiocarbamate to its sulfone derivative (oxTC-biotin) using Oxone™.é
To investigate the cysteine selectivity of this protein modification, H1.2 S150C or H1.2 WT
variants were incubated with increasing concentrations of the oxTC-biotin. Subsequent
analysis included SDS-PAGE with Coomassie blue staining and WB analysis with ExtrAvidin

Peroxidase (Figure 7).
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Figure 7. Biotinylation of linker histone H1.2 WT and S150C variant. Oxidation of TC-biotin to oxTC-
biotin. Subsequent coupling to the linker histone H1.2 WT and cysteine containing variant H1.2 S150C. a.
Oxone™ (10 mM in Milli-Q water, Merck), 25 °C, 2 h. OxTC-biotin was incubated with H1.2 WT or
H1.2 S150C at 25 °C. Western Blot analysis (ExtrAvidin Peroxidase, Merck) and SDS-PAGE analysis of
protein modification with oxTC-biotin and H1.2 WT and H1.2 S150C. For detailed reagents and conditions,
see sections 5.2.2.8 and 5.2.2.10.

Incubation of H1.2 WT or H1.2 S150C with the activated oxTC-biotin was performed at 25 °C
in Milli-Q water, with increasing concentrations of oxTC-biotin from 0 mM to 20 mM. The
modification reactions were evaluated by SDS-PAGE with Coomassie blue staining and WB
using ExtrAvidin Peroxidase, which selectively binds to biotin, serving as an indicator of the

attachment of TC-biotin to the linker histone. For all modification reactions, Coomassie blue
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stained SDS-PAGE gels showed bands of similar intensity. Notably, the incubation of H1.2 WT
with activated oxTC-biotin should not result in protein modification due to the missing
cysteine residue in the protein sequence. This is supported by absence of the corresponding
bands in the WB analysis for the H1.2 WT using ExtrAvidin Peroxidase. In contrast, the WB
analysis of the linker histone H1.2 S150C modification revealed a distinct band of the
biotinylated protein starting at 5 mM TC-biotin with increasing intensity at higher oxTC-
biotin concentrations. These results demonstrate the successful protein modification with TC-
biotin and exclude the possibility of non-specific modifications of nucleophilic amino acid side
chains such as lysine. This approach offers the distinct advantage over alternative techniques
described in the literature, such as a-halocarbonyls or maleimide couplings, which tend to
undergo non-specific modifications.17>

The potential for non-specific modifications among the commonly used cysteine modification
method and the developed thiocarbamate modification was further investigated. Therefore,
the linker histone H1.2 WT was incubated with N-biotinoyl-N’-(6-maleimidohexanoyl)
hydrazide (biotin-maleimide, 1 mM) as a maleimide derivative, biotin polyethyleneoxide
iodoacetamide (biotin-iodoacetamide, 1 mM) as an a-halocarbonyl derivative and TC-biotin

(2 mM).
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Figure 8. SDS-PAGE and WB analysis of linker histone H1.2 WT modifications. Linker histone H1.2 WT
was incubated with biotin-maleimide, biotin-iodoacetamide or TC-biotin. Protein modifications were
analyzed by SDS-PAGE with Coomassie blue staining and WB using ExtrAvidin Peroxidase (Merck). For
detailed reagents and conditions, see section 5.2.2.10.

After incubation of H1.2 WT with the respective modifier, proteins were analyzed by SDS-
PAGE with Coomassie blue staining and WB with ExtrAvidin Peroxidase (Figure 8). All
histone H1.2 WT modification reactions showed bands of similar intensity on the Coomassie
blue stained SDS-PAGE gel (Figure 8, left). However, upon WB analysis of these reactions,
only the biotin-maleimide and biotin-iodoacetamide modification reactions showed distinct
bands, demonstrating the non-specific property of these protein modification methods and
further confirming the cysteine selectivity of the thiocarbamate linker method even when

using an excess of TC-biotin compared to the other compounds tested. (Figure 8, right).
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3.1.4 Stability analysis of the thiocarbamate ligation method

With the cysteine selectivity of this protein modification demonstrated by experiments with
both the linker histone H1.2 WT and the cysteine containing variant H1.2 S150C, the stability
of the formed linkage was investigated in a next step. The in vitro stability of the introduced

protein modification was evaluated by incubation with HEK293T cell lysate.
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Figure 9. Stability assay of biotinylated linker histone H1.2 S150C. Linker histone was modified with
N-biotinoyl-N’-(6-maleimidohexanoyl) hydrazide (biotin-maleimide, Merck) or TC-biotin. A. Schematic
presentation of biotin-maleimide (left) and TC-biotin (right) linkage to H1.2 S150C. B. SDS-PAGE gel with
Coomassie blue staining of the stability assay performed with HEK293T cell lysate (4 mg/mL), glutathione
(GSH, 20 mM) and bovine serum albumin (BSA, 75 pM). Stability assay with biotin-maleimide (left) and TC-
biotin (right) coupled to H1.2 S150C. C. WB analysis (ExtrAvidin Peroxidase, Merck) of the stability assay
performed with HEK293T cell lysate (4 mg/mL), GSH (20 mM) BSA (75 pM). Stability assay with biotin-
maleimide (left) and TC-biotin (right) coupled to H1.2 S150C. For detailed reagents and conditions, see
sections 5.2.2.8, 5.2.2.9 and 5.2.2.11.
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To exclude potential thiol exchange reactions, a process observed in maleimide modified
proteins, the stability of the formed linkage was investigated after incubation with glutathione
(GSH) and an excess of bovine serum albumin (BSA).184 Additionally to the biotinylation of
H1.2 S150C with TC-biotin, a protein modification using biotin-maleimide and H1.2 S150C
was used as a control (Figure 9). A schematic presentation of the different linker histone
conjugates with either TC-biotin or biotin-maleimide to the cysteine residue of the linker
histone are shown in Figure 9A. The biotinylated proteins were incubated with HEK293T cell
lysate (4 mg/mL), GSH (20 mM) or BSA (75 uM). The samples were then subjected to SDS-
PAGE with Coomassie blue staining and WB analysis using ExtrAvidin Peroxidase. Biotin-
maleimide modified H1.2 S150C showed bands of consistent intensity in the WB analysis
across all compounds tested and time points (Figure 9C, left). While maleimide-modified
cysteines can undergo exchange reactions with reactive thiols, such reactions can be avoided
by ring-opening hydrolysis.1”” The rate of this hydrolysis reaction depends on both the
peptide and the succinimide applied in the modification reaction.17¢ In the case of the biotin-
maleimide and the linker histone H1.2 S150C used, this exchange reaction was not observed.
However, since these samples served only as control to examine the stability of the TC-biotin
protein modification, the exact mechanism underlying the stability of this linkage was not
further investigated. Analogous to all compounds tested for the biotin-maleimide protein
conjugate, TC-biotin modified H1.2 S150C showed bands of similar intensity in WB analysis
during all conditions (Figure 9C, right). This new covalent protein modification method
exhibits robust stability in HEK293T cell lysate along with no tendency towards thiol
exchange reactions with GSH or BSA. An exchange would be indicated by the disappearance
of the respective band in the WB analysis. The stability of the thiocarbamate linkage to the
protein makes this method suitable for in vitro studies to investigate the influence of a site-
selective protein modification by methods such as affinity enrichment approaches.

The thiocarbamate based protein modification method presented here was used to
specifically generate a cysteine-biotin conjugate for the linker histone H1.2 S150C. First,
S-Ethyl a-methylhydrazide thiocarbamate (11.4) was reacted with biotin to yield TC-biotin,
which was subsequently incorporated into H1.2 S150C. (Scheme 12 and Figure 7). The
cysteine selectivity of the thiocarbamate linker was validated by experiments with
H1.2 S150C and H1.2 WT, in which a protein modification only occurred in the presence of a
cysteine residue in the protein sequence. This excludes non-specific modifications of
nucleophilic amino acid side chains, especially lysine residues prevalent in the lysine-rich N-
terminal region of the linker histone. Moreover, the stability of the formed linkage in

HEK293T cell lysate demonstrated its in vitro stability, rendering this new protein
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modification method applicable to cell lysate experiments such as affinity enrichment LC-
MS/MS studies (Figure 9). In particular, with the cysteine selectivity demonstrated for the
biotinylation of the linker histone H1.2 S150C, this method can be extended to PTMs of the

linker histone such as ADP-ribosylation.

3.2 Mono ADP-ribosylation of the linker histone H1.2

The importance of the mADP-ribosylation on histones with a focus on the linker histone was
highlighted in section 1.3. Nonetheless, further investigation into the site-selective
introduction of this PTM on the linker histone is of particular interest. Current methods for
protein mADP-ribosylation involve SPPS using ribosylated building blocks (Scheme 1151 and
Scheme 3153), which require native chemical ligation reactions in order to obtain the full-
length modified protein. Alternatively, a different modification approach involves the
incorporation of unnatural amino acids followed by protein modification reactions such as
CuAAC (Scheme 4).21.156 However, there is currently no established method for a site-specific
ADP-ribosylation of the recombinantly expressed linker histones. The cysteine-selective
thiocarbamate linker method, described for the biotinylation of the linker histone H1.2 S150C
in section 3.1, promises to fill this gap by enabling site-selective protein modification without
the use of unnatural amino acids or native chemical ligation reactions. This advancement
would greatly contribute to increase the understanding of histone ADP-ribosylation and its
effects on chromatin remodeling and the histone code. Following the incorporation of the
thiocarbamate linker (11.4) into mADPr, the cysteine selectivity of this protein modification
reaction was evaluated by reactions with the linker histone H1.2 WT and the cysteine
containing variant H1.2 S150C.

The synthesis of thiocarbamate linker modified mADPr (TC-mADPr) was started with the
reaction of mADPr and S-Ethyl a-methylhydrazide thiocarbamate (11.4) (Figure 10A). The
mechanistic pathway for the introduction of the thiocarbamate linker into mADPr involved a
hydrazone intermediate. Previous studies have shown that the formation of oximes in ligation
reactions can be enhanced by multiple freeze-thaw cycles at -20 °C.18> In this work, it was
suspected that hydrazones, the amine analog of an oxime, would show a similar increase in
product formation with this method. Application of this approach for the synthesis of TC-
mADPr followed by the reduction of the hydrazone with NaBH3CN afforded the desired TC-
mADPr in 88% yield.” Prior to the modification of a target protein with TC-mADPr, the
incorporation of this PTM was enabled by the oxidation of the thiocarbamate functionality to

the corresponding sulfone using Oxone™.¢ This oxidized TC-mADPr was then used directly in
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the protein modification reactions. The site-selective mADP-ribosylation was investigated by
modifying the cysteine-containing variant of the linker histone H1.2 S150C. The successful
incorporation of mADPr into the linker histone H1.2 S150C using TC-mADPr was validated by
LC-MS measurements of the full-length protein (Figure 10B).
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Figure 10. Synthesis of thiocarbamate linker modified mono ADP-ribose (TC-mADPr) and coupling
to linker histone H1.2 S150C. A. Synthesis of thiocarbamate linker (11.4) with mono ADP ribose (mADPr).
a. S-Ethyl a-methylhydrazide thiocarbamate (11.4), Milli-Q water, DMSO, AcOH, three freeze-thaw cycles
(-20°C), then NaCNBH3, 4 °C, 18 h (88%). b. TC-mADPr was oxidized with Oxone™ (10 mM in Milli-Q water,
Merck) and coupled to linker histone H1.2 S150C (4 °C, 16 h). B. Deconvoluted LC-MS analysis of full-length
proteins. H1.2 S150C calculated 22072 Da, measured 22072 Da; H1.2 mADPr calculated 22687 Da,
measured 22687 Da. C. SDS-PAGE gel with Coomassie blue staining and Western Blot analysis (anti-histone
H1 and anti-pan-PAR binding reagent) of H1.2 WT, H1.2 WT and TC-mADPr, H1.2 S150C, H1.2 S150C and
TC-mADPr. For detailed reagents and conditions, see sections 5.1.2.3 and 5.2.2.7.

The LC-MS analysis of the cysteine-containing linker histone variant H1.2 S150C resulted in a
peak with a deconvoluted mass of 22072 Da (Figure 10B, left). After reaction of H1.2 S150C
with TC-mADPr, LC-MS analysis revealed a peak with a deconvoluted mass of 22687 Da. The

analyzed mass difference corresponds to a peak shift of 615 Da, which is consistent with the
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expected mass increase resulting from the covalent linker histone modification (Figure 11A,
616 Da); note that 1 Da must be subtracted from the shown mass for the thiol proton of the
cysteine, resulting in a net increase of 615 Da. The precise mass difference observed here for
the deconvoluted masses of H1.2 S150C and H1.2 mADPr confirms the successful and
covalent site-selective mADP-ribosylation, thus demonstrating the first method for the
mADP-ribosylation of the recombinantly expressed linker histone. In addition to these results
confirming the successful mADP-ribosylation of H1.2 S150C, the cysteine selectivity of the
linker histone mADP-ribosylation was investigated by reacting TC-mADPr with both H1.2 WT
and H1.2 S150C variants. Only the cysteine containing variant, H1.2 S150C, was expected to
be modified, whereas H1.2 WT should remain unmodified upon reaction with TC-mADPr.
After activation of TC-mADPr by oxidation to its corresponding sulfone, the linker histone
variants H1.2 WT and H1.2 S150C were incubated with the activated TC-mADPr. Subsequent
analysis of these protein modification reactions was performed by SDS-PAGE with Coomassie
blue staining and WB using anti-histone H1 antibody and anti-pan PAR binding reagent
(Figure 10C). The evaluation of the SDS-PAGE gel revealed bands of comparable intensity in
all samples (Figure 10C, top), including H1.2 WT, H1.2 WT incubated with the activated
TC-mADPr, H1.2 S150C and H1.2 S150C incubated with the activated TC-mADPr (from left to
right). Moreover, the sample containing H1.2 S150C incubated with TC-mADPr showed a
slight band shift to higher molecular weights compared to the unmodified H1.2 S150C sample.
This altered migration behavior is caused by the covalent attachment of mADPr to the protein,
having a different anionic nature and increased mass of the protein-mADPr conjugate. WB
analysis using the anti-histone H1 antibody revealed signals of comparable intensity in all
samples (Figure 10C, lower left). The uniform signal intensity observed confirms the stability
of the linker histone under the conditions of the mADP-ribosylation reaction with TC-mADPr.
To further verify the incorporation of mADPr into the linker histone H1.2 S150C and to
exclude non-specific modifications at nucleophilic amino acid side chains, WB analysis was
performed using the anti-pan PAR binding reagent (Figure 10C, lower right). In contrast to
the WB results obtained with the anti-histone H1 antibody, WB evaluation using the anti-pan
PAR binding reagent revealed a signal only for the reaction of H1.2 S150C with the activated
TC-mADPr, confirming the successful mADP-ribosylation in the presence of a cysteine residue.
The absence of a WB signal for the modification reaction involving H1.2 WT and TC-mADPr
demonstrates that non-specific side reactions at nucleophilic amino acid side chains such as
lysines can be excluded. These results, especially the presence of a WB signal for the reaction

with H1.2 S150C and the absence of a signal for the reaction with H1.2 WT, validate the
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cysteine-selective mADP-ribosylation of the linker histone H1.2 S150C using this

thiocarbamate linker approach.
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Figure 11. Molecular weight of the attached modification and the types of linkages for ADP-ribose.
A. Chemical structure and molecular weight of the attached mADPr by TC-mADPr. B. Linkage of cysteine
and the thiocarbamate modified mADPr. C. Natural linkage between lysine and mADPr in its ketamine form.

A crucial characteristic of linkers in ligation reactions, such as the thiocarbamate linker used
in the protein modification reactions, is their similarity to native bonds, including both the
attachment of the modifier and the length of the linker. The attachment of mADPTr to a cysteine
residue through the thiocarbamate ligation method is shown in Figure 11B. The ring-opened
configuration resulting from the introduction of the thiocarbamate into the mADPr closely
mirrors a natural mADP-ribosylation linkage to a lysine in its ketamine form (Figure 11C).138
Notably, apart from this open ribose form, the number of atoms between the ribose and the
peptide backbone remains constant, mimicking a native linkage. Compared to the commonly
used maleimide method for a cysteine modification, which often relies on the use of extended
linkers, the developed and established thiocarbamate linker approach avoids this drawback
and makes this modification approach suitable for ADP-ribosylation studies.

In this section, a method for the cysteine-selective mADP-ribosylation of the linker histone
variant H1.2 S150C was successfully described. The reaction of S-Ethyl a-methylhydrazide
thiocarbamate (11.4) with mADPr afforded TC-mADPr in good yields (Figure 10A).
Subsequent oxidation with Oxone™ allowed for a protein modification reaction. The
successful incorporation and cysteine selectivity of the applied method was demonstrated by
reactions of TC-mADPr with both H1.2 WT and H1.2 S150C. Validation of the introduced PTM
was achieved by WB using the anti-pan PAR binding reagent and full-length protein LC-MS
measurements (Figure 10B and C). The utilization of the described thiocarbamate linker
approach for the mADP-ribosylation of the linker histone H1.2 S150C represents the first

described method for a site-selective introduction of this PTM into the recombinant protein.
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3.3 Synthesis of ADP-ribose dimer

In vivo ADP-ribosylation results not only in the covalent attachment of mADPr to the target
protein, but also through the attachment of its polymeric form, pADPr. While mADP-
ribosylation is more abundant in cells than pADP-ribosylation, the effect of the ADP-ribose
chain length must not be ignored.!13 To investigate the impact of pADP-ribosylated proteins,
several synthetic routes for short ADP-ribose oligomers have been developed.®-11.149
Nonetheless, the utilization of these compounds in ADP-ribosylation studies of target proteins
has not been realized yet. One reason for the limited use of these compounds is besides the
complicated synthetic procedures, their inherent instability due to the presence of a free
reducing end on the ribose moiety. Generally, the synthesis of suitable ADP-ribose oligomers
requires handling of an unprotected anomeric center that is susceptible to degradation
reactions. Previous works by Kistenmaker et. al. and Liu et. al. used methoxyacetals at the
reducing end of the ribose to prevent degradation and increase the stability of the formed
oligomers (Scheme 9).°11 However, these compounds are hindered at the binding site of a
potential linker, making them unsuitable for protein modification studies. Lambrecht et. al.
presented a method for synthesizing an ADP-ribose dimer (diADPr) with a free reducing end
at the ribose, although this compound has not been evaluated for protein modification
reactions beyond its initial synthesis.1? In an effort to selectively modify a target protein for
ADP-ribosylation with an ADP-ribose oligomer, an optimized synthesis route for the ADP-
ribose dimer was developed and presented in the following. The application of the cysteine-
selective thiocarbamate linker for the mADP-ribosylation of the linker histone in combination
with an ADP-ribose dimer with free reducing end should allow the introduction of this ADP-
ribose dimer to the linker histone. The design of the synthetic route was adapted by

established procedures documented in the literature.”.210.1214

3.3.1  Synthesis of 2'- O-a-ribosyl-adenosine building block

The synthesis of the desired ADP-ribose dimer requires the incorporation of several chemical
functionalities that pose significant synthetic challenges. First, a 2’-0-a-glycosidic linkage
between the adenosine and the ribose is fundamental. Second, the introduction of two
pyrophosphate bonds is inevitable to yield the desired ADP-ribose dimer. For a streamlined
approach, it is critical to determine which of these reactions is more challenging and requires
harsher reaction conditions. Consequently, the synthetic approach was started with the
introduction of the 2’-0-a-glycosidic linkage and the preparation of a bis-phosphorylated
2’-0-a-ribosyl-adenosine building block that could be used to form the pyrophosphate bonds

with the respective ribose and adenosine termini. The synthesis route for the bis-
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phosphorylated 2’-0-a-ribosyl-adenosine building block is illustrated in Scheme 13. The
stereoselective glycosylation to generate the 2’-0-a-glycosidic linkage was performed via a
tin tetrachloride catalyzed reaction involving N°-benzoyl-3’,5’-0-(tetra-iso-proylsiloxane-1,3-
diyl)-adenosine (13.2) as glycosylation acceptor and 1,2-di-O-acetyl-3,5-di-O-benzoyl-D-
arabinofuranose (13.1) as glycosylation donor.12186 The neighboring group participation of
the 2-0-acetyl group in the arabinofuranose determined the stereochemical outcome of this
reaction and provided the desired 2’-O-a configuration in the product. Due to the essential
involvement and stereochemical control provided by the neighboring group, the outcome of
this reaction was the 2’-0-a-arabinosyl-adenosine disaccharide (13.3).

In order to obtain the desired 2’-0-a-ribosyl-adenosine stereochemistry in the target
compound, the inversion at the 2”-hydroxyl group was mandatory. This stereochemical
inversion was successfully accomplished by an oxidation-reduction mechanism adapted from
procedures by Mikhailov et. al.l? and Zheng et. al.'* The synthetic adaptation developed by
Zheng et. al. by using 1,2-di-0-acetyl-3,5-di-O-benzoyl-D-arabinofuranose as the glycosylation
donor allowed stereoselective deprotection of the 2” hydroxyl group, which is essential for
the stereochemical inversion, without requiring a global deprotection of the 2’-0-a-
arabinosyl-adenosine moiety.* Hence, stereoselective hydrolysis of the 2”-0O-acetyl
protecting group using 5 mM K;CO3 in methanol allowed the application of the oxidation-
reduction strategy. Oxidation of the free hydroxyl group to the ketone was performed under
Albright-Goldman oxidation conditions.!8” Subsequent reduction of the resulting ketone with
NaBH4 afforded the desired 2’-0-a-ribosyl-adenosine moiety (13.4) in 44% yield over three
synthesis steps. The approach outlined by Mikhailov et. al. used 1-0-acetyl-2,3,5-tri-O-benzoyl
arabinofuranose as the glycosylation donor and required a global deprotection to perform the
inversion of the stereochemistry at the 2”-hydroxyl group since a selective deprotection was
not achievable.!? In contrast to that, the protective group strategy employed in this synthesis
allowed selective deprotection of the 2”-hydroxyl group while preserving all other protective
groups and thus, allowing more selective syntheses for other purposes.!?

The bridging tetra-iso-propyldisiloxan-1,3-diyl protecting group, known as the Markiewicz
protecting group, was quantitatively cleaved using triethylamine trihydrofluoride as a
fluorine donor, resulting in the formation of disaccharide 13.5.188 Given the asymmetric
structure of the ADP-ribose dimer, the introduction of orthogonally protected phosphates
into the bis-phosphorylated 2’-0-a-ribosyl-adenosine building block was vital. The need to
introduce orthogonality in subsequent syntheses required the introduction of a selective
protecting group for the 5’-hydroxyl group. Therefore, a transient dimethoxytrityl (DMTr)

protection was attached to the 5’-hydroxyl group, making it susceptible to acid-induced
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cleavage. Selective hydrolysis of the 3”-0-benzoyl group was achieved by reaction with
50 mM K>CO3 in methanol, resulting in the formation of disaccharide triol 13.6 in 49% yield
over three synthesis steps. The unprotected secondary hydroxyl groups were then silylated
using tert-butyldimethylsilyl trifluoromethanesulfonate (TBDMSOTf) and di-iso-propyl
ethylamine (DIPEA) as base.
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Scheme 13. Synthesis of bis-phosphorylated 2’-0-a-ribosyl-adenosine building block (13.10). a.
SnCls, DCE, 4 °C, 48 h (52%). b. K2CO03, MeOH, 0 °C, 3 h; then Ac20, DMSO, r.t., 22 h; then NaBHs4, 0 °C, 2 h
(44% over 3 steps). ¢. TEA-3HF, THF, 0 °C, 2 h. d. DMTr-Cl], pyridine, r.t,, 18 h; then K2CO03, MeOH, 0 °C, 3 h
(49% over 3 steps). e. TBDMSOTf, DIPEA, DMF, r.t,, 16 h (63%). f. LiOH, EtOH, THF, r.t,, 3 h (78%), g. (FmO0):
P-NiPr2, tetrazole, DMF, r.t,, 2 h; then tBuOOH, r.t., 0.5 h; then TFA, DCM, r.t.,, 2 h (96% over 3 steps). h. POCl3,
MeCN, pyridine, 0 °C, 3 h (25%). For detailed reagents and conditions, see section 5.1.2.4.

The protective group strategy employed here was adapted from the reported method
described by Kistemaker et. al.® Changing the secondary hydroxyl protecting groups in the 2’-
O-a-ribosyl-adenosine 13.7 from acetyl to TBDMS, as elucidated by Kistemaker et. al., resulted
in the formation of a less polar compound with the intention to simplify the purification in
subsequent syntheses.? Following the basic saponification of the 5”-0-benzoyl protecting
group catalyzed by lithium hydroxide, the disaccharide 13.8 was obtained in 78% yield,
enabling the introduction of the first protected phosphate. Adopting a protective group

strategy similar to that described by Kistemaker et. al, orthogonality was efficiently
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introduced at the ends of the molecule.® This synthetic step is crucial for the stepwise
synthesis of the ADP-ribose dimer which is characterized by its distinct terminal moieties: the
ribose and the adenosine. The stepwise synthesis of the desired ADP-ribose dimer required
the incorporation of two phosphates with orthogonal protecting groups. Therefore, the first
protected phosphate at the 5”-hydroxyl group was adapted from a reaction described by Liu
et. al1l118 The initial introduction of the phosphate included the reaction with di-
fluorenylmethyl-N,N-di-iso-propyl phosphoramidite ((FmO).P-NiPr2) and tetrazole.
Subsequent oxidation with tBuOOH afforded the fluorenylmethyl (Fm)-protected mono-
phosphorylated disaccharide. The use of a Fm-protected phosphate in this synthesis step
allowed acidic detritylation while preserving the phosphate protecting groups and the
remaining hydroxyl protecting groups, resulting in the formation of the mono-
phosphorylated disaccharide 13.9 in 96% yield over three synthesis steps. Phosphoryl
chloride was used as phosphorylation reagent to introduce the second monophosphate at the
5’-hydroxyl group, avoiding a synthesis for deprotection to obtain the unprotected 5’-
monophosphate used in the pyrophosphate bond formation. The bis-phosphorylated 2’-0-a-
ribosyl-adenosine building block 13.10 was obtained in 25% yield. In contrast to the synthesis
of a bis-phosphorylated 2’-0-a-ribosyl-adenosine moiety for the ADP-ribose dimer assembly
reported by Dr. Martin Mex in his PhD thesis, which used a phosphordithioate and a tert-butyl
protected phosphate, this approach offers the advantage of introducing an unprotected
phosphate.” This modification makes the bis-phosphorylated 2’-0-a-ribosyl-adenosine
building block (13.10) directly applicable to pyrophosphate coupling reactions, thereby

streamlining the synthesis process.

3.3.2 Synthesis of terminal ribose-A-phosphonate

Diphosphate coupling reactions require the activation of one participating phosphate serving
as electrophile. This is typically accomplished by the generation of phosphorimidazolides.
Such intermediates own increased stability, improved reaction kinetics and lead to increased
yields. A frequently employed method for producing phosphorimidazolides involves the
reaction of a terminal phosphate with N,N-carbonyldiimidazole.’®® For the synthesis of the
ADP-ribose dimer, starting from the bis-phosphorylated 2’-0-a-ribosyl-adenosine building
block 13.10, the next synthesis step involved the synthesis of the two terminal moieties
designed for the pyrophosphate bond formation. In the case of the unprotected 5’-
monophosphate, directly applicable in a pyrophosphate coupling reaction, the initially
introduced moiety is a ribose monophosphate. However, for the synthesis of the ADP-ribose
dimer, a procedure for activating the phosphorus compound to the phosphorimidazolide

derived from a ribose-H-phosphonate was adapted.1°1
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Scheme 14. Synthesis of 1-0-TBDPS-2,3-di-0-acetyl-5-0-H-phosphonate-f-D-ribose. a. Trt-Cl, pyridine,
r.t, 18 h (76%). b. TBDPS-C], imidazole, DMF, r.t, 5 h (10%). c. Acz20, pyridine, r.t, 6 h (85%). d. TFA,
triethylsilane, DCM, 0 °C, 3 h (67%). e. Diphenylphosphite, pyridine, 0 °C, 4 h (19%). For detailed reagents
and conditions, see section 5.1.2.5.

The synthesis of the ribose-H-phosphonate using a suitable protecting group strategy is
outlined in Scheme 14. The synthesis was started with D-ribose (14.1), which was 5-0-
tritylated using trityl chloride (TrtCl). The choice of the protective group for the 1-hydroxyl
group in this molecule was crucial to ensure the stability of the resulting ADP-ribose dimer,
as its removal constitutes the final step in the synthesis pathway. Therefore, tert-
butyldiphenylsilyl (TBDPS) was selected as protecting group due to its ability to be
simultaneously deprotected with the protective groups on the secondary hydroxyl groups of
the 2’-0-a-ribosyl-adenosine building block (13.10). The introduction of this protecting group
was performed by reaction with tert-butyldimethylsilyl chloride (TBDPSCI) in the presence
of imidazole. Implementation of a limited amount of TBDPSCI and conducting the reaction at
low temperatures (0 °C) enabled a selective incorporation at the anomeric center of the p-
ribose. Subsequent purification involved flash column chromatography to efficiently remove
side products such as the 2-0- or 3-0-silylated D-ribose yielding the desired 1-O-TBDPS-5-0-
Trt-B-D-ribose (14.3). Following the acetylation of the 2- and 3-hydroxyl groups with acetic
anhydride and subsequent acidic detritylation, 1-O-TBDPS-2,3-di-0-acetyl-3-D-ribose (14.5)
was obtained. The chosen protecting group strategy allowed for a controlled deprotection of
the ADP-ribose dimer in which the acetyl deprotection is performed in conjunction with the
removal of the N®-benzoyl groups from the 2’-0-a-ribosyl-adenosine moiety (13.10) and the
TBDPS group was cleaved simultaneously with the remaining silyl protecting groups.1® The
incorporation of the H-phosphonate functionality was realized by reaction of 14.5 with
diphenylphosphite in pyridine. Subsequent hydrolysis in the presence of triethylamine
yielded 1-O-TBDPS-2,3-di-0-acetyl-5-0-H-phosphonate-3-D-ribose (14.6) in 19% yield.1°2

3.3.3 Synthesis of terminal adenosine-AH-phosphonate

Following the synthesis of the ribose-H-phosphonate moiety (14.6) required for the synthesis

of the ADP-ribose dimer, the complementary adenosine-H-phosphonate derived from Ne-
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benzoyladenosine was synthesized as depicted in Scheme 15. The synthesis of the adenosine-
H-phosphonate was started with the tritylation of the 5’-hydroxyl group of N®-benzoyl
adenosine (15.1) utilizing DMTrCL Subsequent acetylation of the secondary hydroxyl groups
was achieved by reaction with acetic anhydride, resulting in the formation of Né-benzoyl-2’,3’-

di-O-acetyl-5’-0-DMTr-adenosine (15.3) with a yield of 65%.

NHBz NHBz NHBz NHBz
</N [N apwmrcl QNfN b. Ac,0 (NfN ¢.DCA (NfN
HO N~ DMTrO N~ DMTrO N~ HO N7
o 45% 1o 65% 10 36% e
OH OH OH OH OAc OAc OAc OAc
15.1 15.2 15.3 15.4
NHBz
d. Diphenylphosphite 8 </N | SN
————————— HP-0 N N/)
36% = )

OAc OAc

15.5

Scheme 15. Synthesis of N¢-benzoyl-2’,3’-di-0-acetyl-5’-0-H-phosphonate-adenosine. a. DMTr-Cl,
pyridine, r.t, 18 h (45%). b. Ac:0, pyridine, r.t, 16 h (65%). ¢. DCA, DCM, r.t, 2 h (36%). d.
Diphenylphosphite, pyridine, 0 °C, 0.5 h (36%). For detailed reagents and conditions, see section 5.1.2.6.

Acidic deprotection of the 5-DMTr group employing dichloroacetic acid (DCA) afforded
Né-benzoyl-2’,3’-di-O-acetyl-adenosine (15.4) in 36% yield. This compound served as the
basis for the introduction of the H-phosphonate necessary for activation to the corresponding
phosphorimidazolide and the pyrophosphate coupling reaction. The incorporation of the H-
phosphonate moiety was achieved by reacting 15.4 with diphenylphosphite followed by
hydrolysis, yielding Neé-benzoyl-2’,3’-di-O-acetyl-5’-0-H-phosphonate-adenosine (15.5) in
36% yield.192

3.3.4 Synthesis of ADP-ribose dimer

After the successful synthesis of the 2’-0-a-ribosyl-adenosine building block (13.10) and the
H-phosphonates for both termini (1-0-TBDPS-2,3-di-0-acetyl-5-0-H-phosphonate-§3-D-ribose
(14.6) and Né-benzoyl-2’,3’-di-O-acetyl-5’-0-H-phosphonate-adenosine  (15.5)) the
diphosphate coupling reactions were carried out to obtain the ADP-ribose dimer. The
sequential assembly of the ADP-ribose dimer began with the reaction of the ribose-H-
phosphonate 14.6 and the bis-phosphorylated 2’-0-a-ribosyl-adenosine building block
(13.10). However, to find optimal conditions, activation studies were first performed with the
respective phosphorimidazolide. The activation of compound 14.6 was accomplished by an
Atherton-Todd type reaction with carbon tetrachloride and triethylamine to give the

corresponding chlorophosphate intermediate.!®3 Subsequently, this intermediate was
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directly converted to 1-O-TBDPS-2,3-di-O-acetyl-5-0-phosphorimidazolide-3-D-ribose by
reaction with trimethylsilyl-imidazole (TMS-Im) (Figure 12A).191
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Figure 12. Synthesis and analysis of 1-O-TBDPS-2,3-di-0-acetyl-5-0-phosphorimidazolide-3-D-
ribose. A. Synthesis of 1-0-TBDPS-2,3-di-0-acetyl-5-0-phosphorimidazolide-f-D-ribose. a. CCls, TEA, MeCN,
rt. 4 h. b. TMS-Im, r.t, 4 h (quant.). Reactions take place simultaneously. For detailed reagents and
conditions, see section 5.1.2.7. B. 31P-NMR analysis of H-phosphonate activation. Top: 31P-NMR spectra of

1-0-TBDPS-2-di-0-acetyl-5-0-H-phosphonate-3-D-ribose. Bottom: 31P-NMR reaction monitoring of the
synthesis of 1-0-TBDPS-2,3-di-0-acetyl-5-0-phosphorimidazolide-§-D-ribose.

The reaction course of the synthesis of 1-O-TBDPS-2,3-di-0-acetyl-5-0-phosphorimidazolide-
B-D-ribose was monitored by 3'P-NMR analysis (Figure 12B). The spectrum of the
H-phosphonate 14.6 showed a peak with a chemical shift of 5.19 ppm (Figure 12B, top panel).
Following the activation for 4 hours at room temperature, only a signal at -9.96 ppm was
visible (Figure 12B, lower panel), corresponding to the 1-O-TBDPS-2,3-di-0O-acetyl-5-0-
phosphorimidazolide-f3-D-ribose. This activated phosphate was subsequently subjected to a
reaction with the bis-phosphorylated 2’-0-a-ribosyl-adenosine building block (13.10) to
enable the formation of the initial pyrophosphate bond (Figure 13A). The pyrophosphate
coupling reaction was carried out in N,N-dimethylformamide (DMF) over a period of 3 days
at room temperature. The reaction progress of the pyrophosphate coupling reaction was
monitored by 31P-NMR spectroscopy (Figure 13B). To terminate the reaction prior to NMR
analysis, samples were treated with 0.5 M triethylammonium bicarbonate buffer (TEAB). The
spectrum of the 1-O-TBDPS-2,3-di-O-acetyl-5-0-phosphorimidazolide-f3-D-ribose showed a
single peak at -9.96 ppm (Figure 13B, top panel). The second starting material, the bis-
phosphorylated 2’-0-a-ribosyl-adenosine building block 13.10, showed peaks at -0.01 ppm
for the phosphate and -0.67 ppm for the Fm-protected phosphate (Figure 13B, middle panel).
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Figure 13. Pyrophosphate coupling reactions and deprotection to yield diADPr. A. a. 1-0-TBDPS-2,3-
di-O-acetyl-5-0-H-phosphonate 14.6, TMS-imidazole, TEA, MeCN, CCly, r.t,, 4 h; then DMF, r.t,, 72 h (44%).
b. Né-benzoyl-2’,3’-di-0-acetyl-5’-0-H-phosphonate-adenosine 15.5, TMS-imidazole, TEA, MeCN, CCly, r.t.,
4 h; then DMF, r.t,, 120 h (12%). ¢. NH3 in MeOH, r.t., 18 h; then TBAF, THF, r.t,, 3 h. For detailed reagents
and conditions; see section 5.1.2.7. B. 31P-NMR analysis of diphosphate coupling reaction. Top: 31P-NMR
spectrum of 1-0-TBDPS-2,3-di-0-acetyl-5-0-phosphorimidazolide-B-D-ribose. Middle: 31P-NMR spectrum
of bis-phosphorylated 2’-O-a-ribosyl-adenosine building block (13.10). Bottom: 3!P-NMR reaction
monitoring of the synthesis of (1’-0-TBDPS-2’,3’-di-0-acetyl-[3-D-ribose)-N¢-benzoyl-[3”-0-TBDMS-2"-0-a-
D-(2"”,3""-di-O-TBDMS-5""-0-phosphate-ribofuranosyl]-adenosine (16.1) after 3 days.
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The 31P-NMR spectrum of the diphosphate coupling reaction after 3 days revealed two distinct
types of peaks: a singlet at 0.05 ppm, indicative of a monophosphate, and a doublet of a
doublet at -11.5 ppm corresponding to the formed pyrophosphate linkage (Figure 13B,
lower panel). The chemical shift in the 31P-NMR as well as the MS and 1TH-NMR measurements
confirmed that the addition of 0.5 M TEAB buffer not only stopped the reaction but also led to
the cleavage of the Fm phosphate protecting groups. This chemical reaction, started by the
formation of the initial pyrophosphate bond followed by the subsequent cleavage of the Fm
protecting groups, resulted in the formation of the compound ribose-13.10 (Figure 13A). In
particular, the in situ removal of the Fm protecting groups offered a notable advantage over
existing procedures by eliminating the need of a prior deprotection step before the second
pyrophosphate coupling reaction, saving time and effort. The incorporation of the second
pyrophosphate bond involved the reaction of ribose-13.10 with N¢-benzoyl-2’,3’-di-O-acetyl-
5’-0-H-phosphonate-adenosine (15.5). The adenosine-H-phosphonate was pre-activated
prior to the pyrophosphate coupling by reaction with TMS-imidazole and triethylamine,
resulting in the formation of the corresponding phosphorimidazolide via a reaction similar to
the ribose activation. Notably, the incorporation of a second pyrophosphate bond within the
same molecule is challenging due to repulsive effects, therefore requiring extended reaction
times. Thus, the second pyrophosphate coupling reaction was performed in DMF over a
period of 5 days at room temperature. This reaction yielded the protected ADP-ribose dimer
(protected diADPr) in 12% yield. Global deprotection of the protected diADPr was achieved
by a sequential process of treatment with methanolic ammonia and tetrabutylammonium
fluoride (TBAF).10 The precise sequence of the described treatments was essential to release
the reducing end in the final synthesis step by cleaving the TBDPS protecting group. The
ammonia treatment efficiently removed the N°-benzoyl and 0-acetyl protecting groups, while
the TBAF reaction selectively removed O-TBDMS and the O-TBDPS protecting groups from
the secondary hydroxyl groups and from the ribose at its reducing end, respectively. After
HPLC purification, the fully deprotected ADP-ribose dimer (diADPr, Figure 13A) was
obtained.

Here, an optimized synthetic pathway for the preparation of the ADP-ribose dimer (diADPr)
with a free reducing end, differing form the procedure previously reported by Lambrecht
et. al.1%, was presented. The glycosylation reaction was performed by the reaction of 1,2-di-0-
acetyl-3,5-di-O-benzoyl-p-arabinofuranose  (13.1) and  N®-benzoyl-3’,5’-0-(tetra-iso-
proylsiloxane-1,3-diyl)-adenosine (13.2), directed by the neighboring group participation of
the 2-0-acetyl group, resulting in the formation of the 2’-0-a-glycosylated product.12186

Stereochemical inversion of the 2”-hydroxyl group by selective deprotection, oxidation and
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reduction yielded the desired 2’-O-a-ribosyl-adenosine disaccharide (13.4). Strategic
manipulation of the protecting groups introduced orthogonality at the termini, allowing the
incorporation of orthogonally protected phosphates at the ends of the molecule to yield the
bis-phosphorylated 2’-O-a-ribosyl-adenosine building block 13.10 (Scheme 13). By
synthesizing both terminal groups, the 1-0-TBDPS-2,3-di-0-acetyl-5-0-H-phosphonate-f3-D-
ribose (14.6, Scheme 14) and N°-benzoyl-2’,3’-di-O-acetyl-5’-0-H-phosphonate-adenosine
(15.5, Scheme 15), sequential pyrophosphate coupling reactions were performed after
activation of the respective H-phosphonate, resulting in the formation of the protected diADPr
(Figure 13).191 Subsequent global cleavage of all protecting groups by sequential treatment
with ammonia and TBAF yielded the unprotected ADP-ribose dimer (diADPr) with a free
reducing end, making it suitable for the use in protein modification reactions with an

appropriate method.

3.4 Di ADP-ribosylation of the linker histone H1.2

In addition to the formation of mono ADP-ribosylated proteins, certain ADP-ribosylating
enzymes, such as ARTD1 and ARTD2, have the ability to catalyze the addition of multiple ADP-
ribose units to the mADP-ribosylated substrate.1* Moreover, specific reader enzymes have
been identified that selectively recognize pADP-ribosylated proteins, such as the chromatin
remodeling enzyme ALC1, which is known to bind exclusively to pADP-ribosylated proteins
containing at least three ADP-ribose repeating units.1119> The alternative synthetic pathway
for the generation of the ADP-ribose dimer with a free reducing end described in section 3.3,
represents a promising approach for the production of ADP-ribosylated protein with the ADP-

ribose dimer.

3.41 Synthesis of thiocarbamate linker modified ADP-ribose dimer

In combination with the method described in section 3.2 for the preparation of the mADP-
ribosylated linker histone H1.2 mADPr, the formation of a diADP-ribosylated linker histone
H1.2 diADPr becomes achievable. Furthermore, the use of the cysteine selectivity of the
thiocarbamate linker (11.4) ensures that non-specific modifications are avoided. The
incorporation of the shortest ADP-ribose oligomers, the diADPr, into the PTM landscape of
the linker histone would significantly improve the understanding of its effects on cellular
processes. Following the reaction of the thiocarbamate linker (11.4) with the diADPr, the

successful modification of the linker histone H1.2 S150C was evaluated.
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Scheme 16. Synthesis of TC-diADPr. a. S-Ethyl a-methylhydrazide thiocarbamate (11.4), Milli-Q water,
AcOH, DMSO, 3 freeze-thaw cycles; then NaBH3CN, 4 °C, 16 h (8% over 3 steps, deprotection with NH3 and
TBAF included). For detailed reagents and conditions, see section 5.1.2.8.

The synthetic pathway describing the reaction of the diADPr with S-Ethyl a-methylhydrazide
thiocarbamate (11.4) is shown in Scheme 16. Analogous to the synthesis of TC-mADPr
(Figure 10A), the reaction between diADPr and S-Ethyl a-methylhydrazide thiocarbamate
(11.4) proceeded via the formation of a hydrazone intermediate. The formation of this
intermediate is facilitated by subjecting the reaction mixture to multiple freeze-thaw cycles
at -20 °C.18> Subsequent reduction of the hydrazone intermediate with NaBH3CN resulted in
the desired thiocarbamate linker modified diADPr (TC-diADPr) in 8% yield. This yield
determination included the deprotection steps using methanolic ammonia and TBAF. The
obtained TC-diADPr was then used in diADP-ribosylation reactions of the linker histone
H1.2 S150C.

3.4.2 Linker histone diADP-ribosylation

Prior to the modification of the linker histone H1.2 S150C, the diADP-ribosylation was
enabled by oxidation of TC-diADPr to the corresponding sulfone using Oxone™ ¢ This
activated TC-diADPr is then used directly in protein modification reactions with the linker
histone variant H1.2 S150C. The modification process for the diADP-ribosylation is shown
schematically in Figure 14A. Successful protein modification with TC-diADPr was evaluated
by LC-MS measurements of the full-length protein (Figure 14B). The analysis displays both
the measurements for the linker histone H1.2 S150C and the diADP-ribosylated linker histone
H1.2 diADPr. The LC-MS measurement for the diADP-ribosylated linker histone resulted in a

peak with a deconvoluted mass of 23228 Da indicating a shift of 1156 Da compared to the
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unmodified H1.2 S150C. This corresponds to the mass of TC-diADPr attached to the cysteine
residue of the linker histone H1.2 S150C. It should be noted that compared to the LC-MS
measurement of H1.2 mADPr (Figure 10B), the quality of the measurement for H1.2 diADPr
was compromised due to the instability of the introduced moiety under the LC-MS analytical
conditions. In addition, the successful linker histone ADP-ribosylation with TC-diADPr was
evaluated by SDS-PAGE with Coomassie blue staining and WB using anti-histone H1 antibody
and anti-pan PAR binding reagent (Figure 14C). Analysis of the Coomassie blue stained SDS-
PAGE gel revealed bands of similar intensity in all samples (Figure 14C, top), including
H1.2 S150C, H1.2 mADPr, H1.2 diADPr (from left to right). The SDS-PAGE of the linker histone
variant H1.2 mADPr showed a slight band shift to higher molecular weights, consistent with
previous observations (Figure 10C, top). This is further supported for the linker histone
H1.2 diADPr, which exhibited a distinct band shift to higher molecular weights in the SDS-
PAGE gel, resulting from the covalent attachment of TC-diADPr. As previously described in
section 3.2, the altered migration behavior is caused by the anionic nature of the diADPr and
the increased mass of the protein-diADPr conjugate. WB analysis using the anti-histone H1
antibody revealed signals of uniform intensity in all samples analyzed (Figure 14C, lower left),
furthermore confirming the stability of the linker histone during the modification with the
developed thiocarbamate linker approach. The successful incorporation of TC-diADPr into
the linker histone was confirmed by WB analysis using the anti-pan PAR binding reagent
(Figure 14C, lower right). In contrast to the results obtained with the anti-histone H1
antibody, the anti-pan PAR binding reagent revealed signals exclusively for the H1.2 mADPr
and H1.2 diADPr linker histone variants. This observation confirmed the efficient diADP-
ribosylation of the linker histone H1.2 S150C using TC-diADPr. Differences in the WB signal
intensities for H1.2 mADPr and H1.2 diADPr are attributed to the specificity of the anti-pan
PAR binding reagent, which owns an increased affinity for oligo- and poly ADP-ribose
compared to mono ADP-ribose.1°¢ Given the previously established cysteine selectivity of the
thiocarbamate linker method, as demonstrated by the reactions of TC-biotin (Figure 8) and
TC-mADPr (Figure 10C, lower right) with the linker histone H1.2 WT, further evaluation of
the cysteine selectivity with TC-diADPr was considered as redundant. It was assumed that the
presence of an additional ADP-ribose moiety in TC-diADPr compared to TC-mADPr would not

be expected to alter the cysteine selectivity.
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Figure 14. Preparation and analysis of the diADP-ribosylation of the linker histone H1.2 S150C. A. a.
TC-diADPr was oxidized with Oxone™ (10 mM in Milli-Q water, Merck) and coupled to linker histone H1.2
S150C (4 °C, 16 h). B. Deconvoluted LC-MS analysis of full-length proteins. H1.2 S150C calculated 22072 Da,
measured 22072 Da; H1.2 diADPr calculated 23230 Da, measured 23228 Da. C. SDS-PAGE gel with
Coomassie blue staining (top) and Western Blot analysis (anti-histone H1 (bottom left) and anti-pan PAR
binding reagent (bottom right)) of H1.2 S150C, H1.2 mADPr and H1.2 diADPr. For detailed reagents and
conditions, see section 5.2.2.7.

The strategy for a cysteine-selective ADP-ribosylation of the linker histone H1.2 S150C, as
described in section 3.2 for the mADP-ribosylation, was successfully adapted to the diADP-
ribosylation. The synthesis of TC-diADPr was achieved by the reaction of diADPr with S-Ethyl
a-methylhydrazide thiocarbamate (11.4), yielding the desired product in moderate yields
(Scheme 16). Subsequent activation of TC-diADPr by oxidation with Oxone™ enabled the
modification of the linker histone H1.2 S150C. The successful incorporation of TC-diADPr was
confirmed by full-length protein LC-MS measurements, as well as SDS-PAGE and WB analysis
using the anti-pan PAR binding reagent and is shown in Figure 14B and C. Alongside to the

first described incorporation of mADPr into the recombinantly expressed linker histone using
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the thiocarbamate linker approach, this study marks the first reported incorporation of the
shortest oligomer of pADPr into the linker histone yielding the formation of H1.2 diADPr.
These two specific ADP-ribosylated linker histones enable a detailed investigation of the

impact of this PTM on chromatin remodeling complexes and other cellular processes.

3.5 Chromatosome assembly assay

As reviewed in section 1.1, the compaction dynamics of DNA in eukaryotic cells are highly
regulated for essential cellular processes, such as transcription, DNA repair and DNA
packaging.124 Many PTMs, in particular the ADP-ribosylation of histones, play a crucial role in
modulating the higher order chromatin structure and thus directly influence DNA-based
cellular processes (section 1.3). To study the impact of ADP-ribosylated histones on the
chromatin structure, the development of a robust method to generate site specifically ADP-
ribosylated histones is necessary. Currently, methods for the ADP-ribosylation of the four
core histones and the linker histone rely on SPPS methods, that involve challenging syntheses
and native chemical ligation procedures.!>1153 Given the direct impact of this PTM on the
chromatin function and structure, the development of a method to generate ADP-ribosylated
histones tailored for the incorporation into chromatin studies is essential. The developed
method for a cysteine-selective mono- and diADP-ribosylation of the linker histone described
in sections 3.2 and 3.4 provides the first method to study the impact of this PTM on
chromatosome formation and to gain insight into the interplay between the ADP-ribosylation
and chromatin architecture. To accomplish this goal, a chromatosome assembly assay was
developed that combined the ADP-ribosylated linker histone variants alongside with the
nucleosome assembled from its recombinant parts. A schematic presentation of this assay is
shown in Figure 15. The chromatosome assembly assay was started by the generation of the
nucleosomal DNA by polymerase chain reaction (PCR). The core histone octamer, consisting
of the recombinantly expressed core histones H2A, H2B, H3 and H4, was combined with the
nucleosomal DNA to facilitate nucleosome formation.!> The nucleosome was then incubated
with the ADP-ribosylated linker histone variants to study their effect on the chromatin

structure formation.
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Figure 15. Chromatosome assembly assay. Nucleosomal DNA is synthesized via polymerase chain
reaction (PCR). The core histone octamer is constructed using recombinantly expressed core histones H2A,
H2B, H3 and H4. Stepwise salt dialysis employed to facilitate the assembly of the core histone octamer with
the nucleosomal DNA, resulting in the nucleosome formation. Subsequent incubation with the linker histone
H1.2 leads to the generation of the chromatosome.

3.5.1 Preparation of nucleosomal DNA

The nucleosome positioning sequence, which specifies the localization of nucleosomes within
the DNA sequence, plays a crucial role in the generation of recombinant nucleosomes by
promoting histone DNA interactions.’®” A DNA sequence based on the well-characterized
“Wisdom 601” sequence was used for the chromatosome assembly assay. This 147 bp DNA
sequence exhibits a high affinity for the binding of the core histone octamer, leading to the
formation of recombinant nucleosomes.1617.198 To enable the assembly of recombinant
nucleosomes into chromatosomes, the incorporation of a linker DNA of at least 11 bp at the
ends of the “Wisdom 601" sequence is fundamental for linker histone binding. This was
achieved by White et. al. by using a symmetric DNA sequence with 30 bp linker DNA at each
side of the nucleosome positioning sequence derived from the “Wisdom 601” sequence. This
resulted in a 207 bp nucleosomal DNA with enhanced binding to both the core histone
octamer and the linker histone.!8 This optimized DNA sequence was also used in this work for
the chromatosome assembly assay, cloned into a pUC-18 vector, and used as template for PCR
amplification with the respective primers. PCR amplification to produce the nucleosomal DNA
was performed on a large scale in 96-well plates using the Taq DNA polymerase (New England
Biolabs). Purification of the PCR product was performed using Nucleospin Gel and PCR Clean-
up Kit (Macherey-Nagel). The purified PCR product was subjected to agarose gel
electrophoresis to confirm the desired size of the resulting DNA fragment (Figure S2 in the

Appendix).
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3.5.2 Assembly of the core histone octamer

The expression and purification of the core histones and their assembly into the core histone
octamer were performed by Dr. Philip Saumer and kindly provided for these studies.1?8

Therefore, the DNA sequences corresponding to the core histones H2A, H2B, H3 and H4 were
cloned into a pET-11a vector and subsequently induced for expression in E. coli BL21(DE3)
cells according to a documented protocol.1°° Due to significantly reduced expression levels of
the core histones H2B and H4, an improved coding sequence was used to improve protein
expression and simplify the protein purification.?0 As a result, an N-terminal Hise-tag,
followed by a TEV cleavage site was incorporated into the protein sequences. This optimized
method facilitated the expression and purification of all four core histones with high purity
and increased yields.1?8 The expressed and purified core histones were then assembled into
the core histone octamer under denaturing conditions. The denatured proteins were
subjected to an unbalanced mixture with an excess of H2A and H2B, followed by dialysis
refolding. After assembly of the core histone octamer, the excess of the H2A-H2B dimer was

removed by size exclusion chromatography.198

3.5.3 Nucleosome assembly

The next step in the chromatosome assembly assay is the formation of recombinant
nucleosomes. The method used to generate nucleosomes from its recombinant components
is based on reconstitution processes. First, the core histone octamer and the nucleosomal DNA
are combined in aqueous buffer solutions containing high salt concentrations, typically
around 2M NaCl (high salt buffer, HSB). This increased salt concentration inhibits
interactions between the core histone octamer and the nucleosomal DNA.1920 Subsequent
stepwise dialysis to lower salt concentrations with low salt buffer (LSB) enables the
controlled emergence of interactions between the components of the octamer, such as the
H2A-H2B dimer or the H3-H4 tetramer, and the nucleosomal DNA. This sequential process
ultimately results in the formation of the nucleosome.??! Further dialysis to physiological salt
concentrations renders the recombinant nucleosomes suitable for in vitro applications. The
nucleosome assembly was started by combining nucleosomal DNA with the core histone
octamer in a buffer containing 2M NaCl and 0.05% (v/v) Nonidet™ P-40 Substitute. The
inclusion of a detergent in the buffer was used to increase the stability of the resulting
nucleosome.?92 Gradual reduction of the salt concentration to 50 mM NaCl by dialysis
promoted the nucleosome formation (Figure 16A). The ideal ratio of core histone octamer to
nucleosomal DNA for a quantitative nucleosome formation was determined by small-scale

titration experiments while maintaining a constant nucleosomal DNA concentration. The
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result of these nucleosome assemblies was analyzed by native PAGE with ethidium bromide
staining (Figure 16B). The ratio of core histone octamer to nucleosomal DNA plays a crucial
role in determining the transition state during the formation of the nucleosome. At very low
ratios, residual free nucleosomal DNA may be present, potentially interfering in subsequent

experiments or requiring difficult purification procedures.

A B
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300
octamer  _ | 7.5% native PAGE

Figure 16. Preparation and analysis of the nucleosome assembly. A. Schematic presentation detailing
the nucleosome assembly mechanism via stepwise salt dialysis involving the nucleosomal DNA and the core
histone octamer. B. 7.5% native PAGE gel with ethidium bromide staining of the nucleosome assembly. For
detailed reagents and conditions, see section 5.2.2.14.

This phenomenon was visible in the nucleosome assembly with a ratio of 0.4 equivalents of
the core histone octamer per nucleosomal DNA (Figure 16B). An intensive band with a size
of approximately 200 bp, corresponding to free nucleosomal DNA, was present up to a ratio
of 1.0 equivalents of the core histone octamer per nucleosomal DNA. Moreover, even at this
low concentration of the core histone octamer present at this ratio, the desired nucleosome
was formed only to a small extent as evidenced by the band at approximately 2000 bp
corresponding to the formed nucleosome. The additional band at 1000 bp indicates the
formation of hexasomes, histone-DNA complexes lacking a H2A-H2B heterodimer. The
formation of hexasomes can be caused by different mechanisms and represents an
intermediate state during the assembly of nucleosomes.203204 This intermediate was observed
up to a ratio of 1.05 equivalents of the core histone octamer per nucleosomal DNA. This
suggests that this ratio is not sufficient to achieve complete nucleosome formation in a
quantitative manner. By increasing the ratio to 1.1 equivalents of the core histone octamer
per nucleosomal DNA a complete and quantitative nucleosome formation was achieved. This
final ratio was then used as the basis for scaling up the assembly of recombinant nucleosomes
in subsequent experiments. Further increases in the ratio of core histone octamer to

nucleosomal DNA would result in sedimentation of the formed nucleosomes.
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3.54 Chromatosome assembly

The combination of recombinant nucleosomes, successfully obtained in large quantities, with
the prepared ADP-ribosylated linker histone variants H1.2 mADPr and H1.2 diADPr allows
the investigation of the effects of mono- and diADP-ribose modifications on the
chromatosome assembly. The chromatosome formation experiments were performed with
the mono- and diADP-ribosylated linker histone variants and the unmodified cysteine
containing variant H1.2 S150C. The schematic presentation of this assembly is shown in

Figure 17A.
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Figure 17. Preparation and analysis of chromatosome formation with H1.2 S150C, H1.2 mADPr and
H1.2 diADPr. A. Schematic presentation of the chromatosome assembly with the respective linker histone
H1.2 variants. B. 7.5% native PAGE gel (top) of nucleosome and assembled chromatosome with the linker
histone variants H1.2 S150C, H1.2 mADPr and H1.2 diADPr. Native PAGE gel WB analysis (bottom) using
the anti-pan PAR binding reagent for the nucleosome and the assembled chromatosomes with the linker
histone variants H1.2 S150C, H1.2 mADPr and H1.2 diADPr. C. 7.5% native PAGE gels with ethidium
bromide staining of the titration experiments for intact chromatosomes with the linker histone variants
H1.2 S150C (top), H1.2 mADPr (middle) and H1.2 diADPr (bottom).

For these experiments, the recombinant nucleosomes were combined with the appropriate
linker histone variant (H1.2 S150C, H1.2 mADPr and H1.2 diADPr), followed by incubation at
19.5 °C for 35 minutes in LSB. The evaluation of the quantitative chromatosome formation
and the incorporation of the ADP-ribosylated linker histone variants in the chromatosome

was performed by native PAGE with ethidium bromide staining and native PAGE WB analysis
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using the anti-pan PAR binding reagent (Figure 17B). It is of note that all linker histone
variants used for chromatosome formation experiments were successfully incorporated into
the chromatosome structure, as shown by the band shift to a smaller size compared to the
nucleosome band observed in the native PAGE (Figure 17B, top). In contrast to the
nucleosome, the chromatosome showed an increased migration behavior in native PAGE due
to its more condensed structure after the addition of the linker histone.20> Native PAGE WB
analysis with the anti-pan PAR binding reagent was used to investigate the incorporation of
the ADP-ribosylated linker histone variants into the chromatin structure (Figure 17B,
bottom). This analysis revealed detectable WB signals exclusively for the chromatosomes
prepared with the ADP-ribosylated linker histones H1.2 mADPr and H1.2 diADPr. The results
of the quantitative formation of the chromatosome, coupled with the confirmed incorporation
of the ADP-ribosylated linker histones shown in Figure 17B, represents the first reported
incorporation of site-specifically ADP-ribosylated linker histones into a chromatin structure.
Furthermore, the confirmed incorporation of the ADP-ribosylated linker histones by the
thiocarbamate ligation approach into the chromatosome renders this method suitable for the
application in the chromatosome assembly assay.

The ADP-ribosylation of the linker histone has been associated to chromatin remodeling, as
demonstrated for ADP-ribosylated core histones and the PARP-dependent in vitro
decondensation of chromatin.132.206-208 To investigate the effect of the linker histone ADP-
ribosylation on the chromatin structure, chromatosome formation experiments were
performed using the mono- and diADP-ribosylated linker histone variants and the
unmodified cysteine containing variant H1.2 S150C. Nucleosomes were incubated with
increasing concentrations of the respective linker histone and subsequently analyzed by
native PAGE with ethidium bromide staining (Figure 17C). The chromatosome assembly with
the unmodified linker histone variant H1.2 S150C required 1.0 equivalents of the linker
histone to achieve quantitative chromatosome formation (Figure 17C, top). The quantitative
transition from the nucleosome to the chromatosome can be seen by the complete
disappearance of the nucleosome band and the formation of the respective chromatosome
band in the native PAGE gel. Contrary to this result, the chromatosome assembly with
H1.2 mADPr required 1.2 equivalents of the linker histone to obtain a complete
chromatosome formation (Figure 17C, middle). This change in the amount of the linker
histone required for the chromatosome formation demonstrates the direct influence of the
mADP-ribosylation and the partly inhibitory effect of the linker histone PTM on the formation
of the chromatin structure. In contrast to this observation, a study by Hananya et al. reported

that the mADP-ribosylation of the core histones does not interfere with the chromatin
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structure formation.’>* The chromatosome assembly was further disrupted when
H1.2 diADPr was used, as evidenced by the requirement of 2.0 equivalents for complete
chromatosome formation (Figure 17C, bottom). The differences in the results for the
chromatosome formation by using either the mono- or the diADP-ribosylated linker histone
demonstrate the dependence of the chain length of this PTM on the chromatosome assembly.
This is consistent with the observation of Tashiro et al. regarding the effect of linker histone
ADP-ribosylation and its role in hindering chromatosome structure formation.!>> The
resulting inhibition of the chromatosome formation upon ADP-ribosylation of the linker
histone may be contributed to the anionic nature of the ADP-ribose modification resulting in
repulsive interactions with the negatively charged DNA, ultimately leading to the
decondensation of the higher order chromatin structure.2%® In response to DNA damage,
histones undergo extensive ADP-ribosylation events, resulting in chromatin decondensation
and increased DNA accessibility to the DNA damage repair machinery.2%° This is consistent
with the observed inhibition of the chromatosome formation upon mono- and diADP-
ribosylation of the linker histone. In addition to repulsive effects between the DNA and the
ADP-ribose modification leading to the decondensation of the chromatin, ADP-ribosylation of
the linker histone can promote binding of the anionic ADP-ribose to the positively charged
core histones. This in turn increases the decondensation of the chromatin structure.210

The importance of the ADP-ribosylation as a PTM of the linker histone was highlighted in
section 1.3. To improve the understanding of the effects of this PTM on chromatin structure
formation, mono- and diADP-ribosylated linker histones, H1.2 mADPr and H1.2 diADPr, were
incorporated into a chromatosome assembly assay. First, nucleosomes were assembled by
combining the prepared nucleosomal DNA with the recombinant core histone octamer
(Figure 16).15-20 These nucleosomes were then incubated with the respective linker histone
variant to enable the chromatosome assembly. The achievement of both quantitative
chromatosome formation and incorporation of the modified proteins was verified by native
PAGE and WB analysis (Figure 17B). The incorporation of the modified linker histones into
a chromatosome represents the first described method for the introduction of site-selectively
mono- and diADP-ribosylated linker histones into the chromatin structure. Furthermore, the
dependence of the ADP-ribose chain length on the quantitative chromatosome assembly was
revealed by chromatosome formation experiments, demonstrating the direct influence of the
linker histone ADP-ribosylation on the chromatin structure formation (Figure 17C). With
these results and the approach to site selectively introduce ADP-ribose into the linker histone
H1.2, a detailed investigation of the impact of ADP-ribosylated histones on the chromatin

remodeling machinery by affinity enrichment methods becomes feasible.
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Summary and Outlook

PTMs of histones play a crucial role in various cellular processes such as DNA repair,
chromatin remodeling and transcriptional regulation.! Among these PTMs, the ADP-
ribosylation occurs on a variety of proteins in the nucleus and the cytoplasm. This
modification targets all four core histones (H2A, H2B, H3 and H4) as well as the linker histone
(H1), most notably in the context of DNA repair and DNA processing.? Despite its importance
and widespread occurrence, linker histone ADP-ribosylation remains poorly understood due
to the lack of methods that allow the site-selective ADP-ribosylation of linker histones. The
high number of lysines in the linker histone sequence complicates the selectivity of the ADP-
ribosylation with conventional modification methods, leading to side reactions and unwanted
modification sites. Detection of ADP-ribosylation sites in the linker histone is further
complicated by the high number of lysines in the protein sequence, since common detection
methods such as LC-MS require fragmentation of the protein prior to measurement, which in
the case of the linker histone leads to the formation of small fragments that are difficult to
detect.

In this study, a novel method to site-selectively generate ADP-ribosylated linker histones was
developed by applying a chemical ligation approach. The modification process was based on
the reaction with cysteine residues, which in the case of the linker histone allowed the
targeted introduction of the ADP-ribosylation, as due to the lack of natural cysteines in the
protein sequence only genetically engineered cysteines are available for the reaction. After
successful implementation of this strategy, the cysteine selectivity and the stability of the
formed linkage was investigated. For further functional studies, an alternative synthetic
pathway for an ADP-ribose dimer was established, allowing the modification of the linker
histone by the innovative protein modification method. The functional impact of the ADP-
ribosylated linker histones on the chromatin structure formation was evaluated by
chromatosome formation experiments. Recombinant core histone octamers were combined
with nucleosomal DNA to assemble nucleosomes. Subsequent incorporation of the mono- and
diADP-ribosylated linker histone variants resulted in the formation of distinct

chromatosomes, on which the influence of the modification was studied.
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To achieve the ambitious objective of cysteine-selective protein modification, a
thiocarbamate based linker was used for the incorporation. This was applied to investigate
the site-selective ADP-ribosylation of the linker histone H1.2. Thiocarbamates and
dithiocarbamates are known to selectively modify cysteine residues in proteins.3-¢ Therefore,
S-Ethyl a-methylhydrazide thiocarbamate (11.4) was synthesized containing a thiocarbamate
functionality for protein modification and a hydrazide functionality for the introduction of a
target molecule, such as ADP-ribose.” SDM was used to insert a cysteine into the linker histone
sequence at a known ADP-ribosylation site, resulting in the H1.2 S150C variant.? To evaluate
the selectivity of the thiocarbamate for cysteine, a model system with S-Ethyl o-
methylhydrazide thiocarbamate functionalized biotin (TC-biotin) was developed. After
successful synthesis of TC-biotin, its applicability for the modification of the linker histone
variant H1.2 S150C was evaluated. The successful biotinylation of the linker histone with TC-
biotin was confirmed by WB analysis, which revealed a concentration-dependent biotin
modification of the linker histone exclusively in the presence of a cysteine residue. To ensure
the in vitro applicability of the proteins modified with S-Ethyl a-methylhydrazide
thiocarbamate, the stability of the linkage in cell lysate was examined. This was verified by
incubating the biotinylated H1.2 S150C with HEK293T cell lysate and analyzing by WB,
confirming the stability of the TC-biotin modification under these conditions.

The demonstrated cysteine selectivity of the thiocarbamate ligation method allowed its
extension to the site-selective ADP-ribosylation of the linker histone H1.2. Therefore, S-Ethyl
a-methylhydrazide thiocarbamate modified mono ADP-ribose (TC-mADPr) was synthesized
via a hydrazone intermediate. Successful mADP-ribosylation of the linker histone was
confirmed by full-length protein LC-MS measurements and WB analysis. Comparison of the
results with H1.2 WT proved the cysteine selectivity of TC-mADPr, as no modification
occurred for the wild-type variant due to the absence of a cysteine residue. The stability of
the protein under the modification reaction conditions with TC-mADPr was also confirmed
by WB analysis. This method represents the first reported approach for the site-selective
mADP-ribosylation of the recombinantly expressed linker histone without side reactions and
could be extended to other proteins.

To investigate the influence of an ADP-ribose oligomer on the chromatin structure formation,
an optimized synthesis route for the diADPr was developed.®-11 Following the glycosylation of
the respective donor (13.1) and acceptor (13.2) molecules, stereochemical inversion was
achieved by an oxidation-reduction procedure, resulting in the desired stereochemistry of the
2’-0-a-ribosyl-adenosine disaccharide (13.4).12-14 Strategic manipulation of the protecting

groups introduced orthogonality into the molecule. This allowed the incorporation of two

62



Summary and Outlook

distinct phosphate moieties at the termini to yield the bis-phosphorylated 2’-0-a-ribosyl-
adenosine building block (13.10). The formation of pyrophosphate bonds with the terminal
groups, the ribose-H-phosphonate (14.6) and the adenosine-H-phosphonate (15.5) enabled
the stepwise assembly of the protected diADPr. Finally, global deprotection resulted in the
formation of diADPr with a free reducing end suitable for protein modification reactions.
The strategy for the mADP-ribosylation of the linker histone was adapted to the synthesized
diADPr with a free reducing end. This was achieved by introducing the S-Ethyl o-
methylhydrazide thiocarbamate (11.4) into the diADPr yielding TC-diADPr. The successful
diADP-ribosylation of the linker histone variant H1.2 S150C was verified by full-length
protein LC-MS measurements, as well as SDS-PAGE and WB analysis. These results on the
diADP-ribosylation of the linker histone mark the first reported incorporation of the shortest
oligomer of pADPr into the recombinant linker histone.

The influence of ADP-ribosylation of the linker histone on the chromatin structure formation
was investigated using a chromatosome assembly assay. The nucleosomal DNA, which is
optimized for the nucleosome assembly and the binding of the linker histone, was prepared
by PCR.15-18 The combination of the DNA with the recombinant core histone octamer enabled
the assembly of nucleosomes.192% The recombinant nucleosomes were incubated with the
ADP-ribosylated linker histones to form chromatosomes. The quantitative formation of
chromatosomes and the incorporation of the ADP-ribosylated linker histones into the
chromatin structure was verified by native PAGE and native PAGE WB analysis. The
incorporation of the mono- and diADP-ribosylated linker histones into the chromatosome
represents the first described method for assembling a recombinant chromatin structure with
site-selective ADP-ribosylated linker histones. Moreover, the impact of the introduced
modification on the chromatin structure was investigated by experiments on the
chromatosome formation. Here, it was shown that the chromatosome formation is hindered
depending on the chain length of the ADP-ribose This was demonstrated by an increased
requirement for ADP-ribosylated linker histone to achieve quantitative chromatosome
formation, with the effect being more pronounced for the diADP-ribosylated linker histone
compared to the mADP-ribosylated linker histone. Hence, the direct influence of this anionic
modification on the formation of the chromatin structure, depending on the length of the ADP-
ribose chain, was elucidated.

With the described synthesis of the S-Ethyl a-methylhydrazide thiocarbamate (11.4) linker
and the developed method to incorporate either ADP-ribose or biotin into the linker histone
H1.2 S150C, the ADP-ribose moiety could be incorporated in its ring-closed form by structural

modifications of the thiocarbamate linker molecule. Moyle and Muir reported an ADP-
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ribosylation using an N-methyl aminooxy functionality in the amino acid to be modified,
resulting in the formation of a ring-closed modified ADP-ribose (Scheme 4A).21 Adapting this
to the thiocarbamate ligation approach would enable the incorporation of a ring-closed ADP-
ribose into a target protein, mimicking the native binding of a serine to the ADP-ribose.
Furthermore, the described cysteine-selective method for protein modifications could
facilitate the introduction of other PTMs into the linker histone, which are challenging to
achieve with commonly used methods. This would contribute to a better understanding of the
influence of PTMs on linker histones themselves and their function in the chromatosomal
context. Within this setting, the introduction of dyes or a molecular handle into the protein is
also feasible using the herein established method.

In addition to the core histones and the linker histone, a wide variety of other target protein
for ADP-ribosylation are known. Some of these, such as ubiquitin, also lack a cysteine residue
in their sequence, rendering this method applicable to modify these proteins.2? This would
permit the investigation of the effects of protein ADP-ribosylation beyond the linker histone.
Based on the demonstrated influence of the ADP-ribosylation of the linker histone at
serine 150, other modification sites in the globular and the N-terminal domains, such as
serine 54, can also be investigated applying the described thiocarbamate ligation method.8
Using these ADP-ribosylated linker histones to study the chromatosome formation would
reveal the influence of other modification sites on the chromatin structure that are involved
in its formation in different ways. This could contribute to a better understanding of the field
in general.

Furthermore, the site-specific ADP-ribosylated linker histones can be incorporated into a
chromatosome array, which consists of a sequential arrangement of multiple nucleosomes
along the same DNA strand. This opens the possibility to study the effects of the ADP-
ribosylation of the linker histone on higher order chromatin structure and function.

The method described here for the generation of mono- and diADP-ribosylated linker
histones allows further investigation of the interactome of these PTMs within the chromatin
structure by an affinity enrichment mass spectrometry (AE-MS) approach. A molecular
handle, such as desthiobiotin, can be introduced at the 5’-terminus of the nucleosomal DNA
used for an affinity enrichment protocol. Also, the identification of proteins that interact with
the ADP-ribosylated linker histone within the chromatin structure would expand the
knowledge of this PTM and its function beyond its involvement in chromatin structure
formation.?>

Further investigation of the histone code and the combinatorial effect of different PTMs might

be achieved by simultaneously introducing a second ADP-ribosylation site or another PTM
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into the same linker histone. This could allow to study the interplay of multiple PTMs on the
formation of the chromatin structure or the interactome in the chromatin.

Overall, the method presented here for the cysteine-selective mono- and diADP-ribosylation
of the linker histone using the thiocarbamate ligation approach will considerably expand the
chemical toolbox for the investigation of histone PTMs and contribute substantially to a better
understanding of their influence on various cellular processes. Furthermore, the adaptation
of the chromatosome assembly assay to other linker histone PTMs might contribute to a

better understanding of histone PTMs in the context of chromatin structure formation.
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Materials and Methods

5.1 Chemical synthesis

511 Materials

All reactions were carried out using standard laboratory techniques. Oxygen or moisture
sensitive reactions were performed using nitrogen as an inert atmosphere and the
appropriate anhydrous solvent (VWR). All commercially available chemicals were purchased
from Sigma-Aldrich/Merck, TCI, VWR, Carl Roth, ABCR, Acros Organics or Fluka and used
without further purification. Chromatography solvents were p.A., absolute or HPLC grade and
technical solvents were distilled before to use. Buffer for HPLC was prepared with water from

a Milli-Q purification system (Merck).

5.1.1.1  HPLC buffer solution

Triethylammonium bicarbonate (TEAB) buffer for analytical and preparative HPLC was
prepared as followed. Milli-Q water (3.5 L) and triethylamine (TEA, 700 mL, 5 mol) were
flushed with carbon dioxide (5 kg, from dry ice) while stirring. This process was continued to
pH 7.5, then filled up to 5 L with Milli-Q water and stored at 4 °C to yield 1M TEAB buffer.
Triethylammonium acetate (TEAA) buffer was prepared by adding TEA (139 mL, 1 mol) and
acetic acid (57 mL, 1 mol) to 500 mL Milli-Q water. The pH was adjusted to 7.0 and made up
to 1 L with Milli-Q water to give 1M TEAA bulffer.

5.1.1.2  Instrumental analysis

Nuclear magnetic resonance (NMR) spectra were performed on a Bruker Avance I11 400 MHz
or JEOL ECZ 500R at room temperature. All spectra were measured in CDCl3, DMSO-ds, DMF-
d7, MeOD or D20 as solvent. Calibration was performed using the internal standard of the
corresponding solvent peak (CDClz § 7.26 ppm, DMSO-ds 6 2.50 ppm, DMF-d7 6 2.74 ppm,
MeOD 6 3.31 ppm, D20 6 4.79 ppm). Chemical shifts are given in parts per million (ppm) and

coupling constants in Hertz (Hz). NMR spectra were analyzed using MestreNova 14.0.0

67



Materials and Methods

(MestreLab Research S.L.) according to the following convention: s (singlet), d (doublet), t
(triplet), q (quadruplet), p (quintet), m (multiplet), bs (broad signal).

Low resolution electron spray ionization (LR-ESI-MS) mass measurements were conducted
on a Bruker Daltronics amaZonSL with an external sodium format calibrant. High resolution
electron spray ionization mass spectrometry (HR-ESI-MS) was performed on an Agilent 6546
QTOF mass spectrometer coupled to an Infinity II 1260 system with an external sodium

format calibrant.

5.11.3  Chromatographic analysis

Thin layer chromatography (TLC) was performed on silica gel coated aluminum sheets
(Type 60 F254, 0.2 mm silica, Merck) and the analyzed compounds were visualized by UV-light
(254 nm) or by staining with ceric ammonium molybdate solution (3.2 mM ceric ammonium
sulfate, 40 mM ammonium molybdate in 1.1 M sulfuric acid).

Silica gel column chromatography was performed at elevated pressure (0.3 bar) using silica
gel (Silica gel 60 M, pore size 40 - 63 pum, Macherey-Nagel). The solvent mixtures used as the
mobile phase are indicated in the experimental procedure for each purification.
Reverse-phase high performance liquid chromatography (HPLC) was performed using
Shimadzu systems equipped with LC 20AT pumps, CBM 20A controller and a SPD M20A
detector. Different HPLC columns were used depending on the amount and the polarity of the
compounds: 250/21 Nucleodur Cig HTec (5um, flow rate: 15 mL/min, Macherey-Nagel),
250/10 Nucleodur C1g HTec (5pum, flow rate: 8 mL/min, Macherey-Nagel), 250/16 Nucleodur
C1g Pyramid (5um, flow rate: 15 mL/min, Macherey-Nagel), 250/10 Nucleodur Cig Pyramid

(5 um, flow rate 6 mL/min).
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5.1.2 Methods

5.1.2.1 Synthesis of thiocarbamate linker

Ethyl chlorothioformate (11.3)
o]

A~

Cl
1.3

Ethanethiol (2.38 mL, 32.29 mmol) and TEA (1.49 mL, 10.73 mmol) were dissolved in
anhydrous tetrahydrofuran (THF, 180 mL) and cooled to 0 °C. A solution of triphosgene in
anhydrous THF (15 mL, 0.7 M) was added over a period of 20 minutes. The solution was
stirred at 0 °C for 30 minutes and at room temperature for another 30 minutes. The resulting
precipitate was filtered off and washed with diethyl ether. The combined organic phases were
concentrated under reduced pressure to give 2.88 g of ethyl chlorothioformate (23.18 mmol,

72%). The crude product was used in the next synthesis without further purification.

S-Ethyl a-methylhydrazide thiocarbamate (11.4)

O
/\S/U\T,NHz

1.4
Methylhydrazine (1.51 mL, 28.99 mmol) and TEA (4.44 mL, 31.87 mmol) were dissolved in
anhydrous dichloromethane (DCM, 35 mL) and cooled to -80 °C. Ethyl chlorothioformate
(2.88 g, 23.18 mmol) dissolved in anhydrous DCM (13 mL) and added to the reaction mixture
over a period of 20 minutes. The reaction mixture was warmed to room temperature and
stirred for 16 hours. The reaction was diluted with DCM (100 mL) and washed with water
(2x 50 mL) and brine (50 mL). The organic phase was dried over Na>SO4 and concentrated
under reduced pressure to give 1.96 g of S-Ethyl a-methylhydrazide thiocarbamate
(14.60 mmol, 63%).
TH-NMR (400 MHz, Chloroform-d) 6 (ppm) 3.91 (bs, 2H, NHz), 3.16 (s, 3H, N-CHz), 2.76 (q,
2H, CHy), 1.23 (t, 3H, CH3).
13C NMR (101 MHz, Chloroform-d) 6 (ppm) 125.18, 39.11, 24.32, 15.27.
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5.1.2.2 Synthesis of thiocarbamate linker modified biotin

Thiocarbamate linker modified biotin (TC-biotin)

0
HN™ “NH
Sk
. N
s NS
/\/\[O( |
TC-biotin

Biotin (0.20 g, 0.82 mmol) was suspended in MeCN (3 mL) and thionyl chloride (0.5 mL,
6.9 mmol) was added. The reaction mixture was stirred at room temperature for 2 hours until
the solution became clear. The solvent was removed under reduced pressure and the residue
was dissolved in MeCN (3 mL). S-Ethyl a-methylhydrazide thiocarbamate (0.22 g, 1.64 mmol),
dissolved in MeCN (1 mL), was added to the pre-activated biotin. This mixture was stirred at
room temperature for 18 hours. The solvent was removed under reduced pressure and the
residue was taken up in DCM (50 mL). The organic phase was washed with water (2x 25 mL)
and the combined aqueous phases were lyophilized, yielding 0.18 g of the TC-biotin
(0.51 mmol, 62 %).

TH NMR (400 MHz, DMSO-ds) 6 (ppm) 10.3 (s, 1H, NH), 6.55 (bs, 1H, NH), 4.31 (dd, J = 7.7,
4.9 Hz, 1H, H-2),4.13 (dd, /= 7.7, 4.4 Hz, 1H, H-5), 3.96 (bs, 1H, NH), 3.13 - 3.04 (m, 1H, H-4),
3.02 (s, 3H, N-CH3), 2.82 (dd, J = 12.5, 5.1 Hz, 1H, H-3a), 2.70 (qd, J = 7.3, 3.9 Hz, 2H, Et-CH»),
2.58(d,J=12.4 Hz, 1H, H-3b), 2.13 (t,/ = 7.4 Hz, 2H, CHz), 1.67 - 1.28 (m, 6H, 3x CH>,), 1.15 (t,
J=7.3 Hz, 3H, CHz3).
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5.1.2.3 Synthesis of thiocarbamate linker modified ADP-ribose monomer

Thiocarbamate linker modified ADP-ribose monomer (TC-mADPr)

S)/_N/ OH OH NH,
0 HN N—"SN
HOj o 0 (f\ )
0-P-0—P—0 NN
o O koj
OH OH
TC-mADPr

Monomeric adenosine diphosphate-ribose (mADPr, 45 mg, 0.08 mmol) was dissolved in

Milli-Q water (5mL). Acetic acid (0.1 mL) and S-Ethyl a-methylhydrazide thiocarbamate
(0.48 mL, 1 M in DMSO) were added followed by the addition of dimethyl sulfoxide (DMSO,

1.2 mL). The reaction mixture was freeze-thawed three times at -20 °C. Sodium

cyanoborohydride (0.1 g, 1.6 mmol) was added and stirred at 4 °C for 18 hours. The solvent

was removed under reduced pressure and the crude product was purified by RP-HPLC

(Nucleodur Cig HTec, 50 mM TEAB, MeCN). After lyophilization 46 mg of TC-mADPr

(0.07 mmol, 88%) was obtained.

1H NMR (400 MHz, Methanol-ds) § (ppm) 8.55 (s, 1H, H-8), 8.15 (s, 1H, H-2), 6.06 (d,
J=5.6 Hz, 1H,H-1"), 4.64 (t, ] = 5.4 Hz, 1H, H-2"), 4.48 - 4.44 (m, 1H, H-3"), 4.22 - 4.14 (m, 5H,
H-1', H-2’, H-5”), 3.92 - 3.84 (m, 2H, H-5"), 3.80 - 3.75 (m, 1H, H-4"), 3.66 (t, ] = 6.6 Hz, 1H,
H-3"), 3.07 (s, 3H, N-CHz), 2.91 (dd, J = 11.5, 8.0 Hz, 1H, H-4"), 2.63 (q, ] = 7.5 Hz, 2H, Et-CHa),

1.16 (t,] = 7.3 Hz, 3H, Et-CHa).
31pP NMR (162 MHz, Methanol-d4) 6 (ppm) -11.38 (dd, ] = 143.1, 21.9 Hz).
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5.1.2.4 Synthesis of bis-phosphorylated 2'- O-a-ribosyl-adenosine building block
Né-benzoyl-[3’,5’-0-(1,1,3,3-tetra-iso-propyl-disiloxane-1,3-diyl)-2’-0-a-p-(2"-0-

acetyl-3”,5”-di-0-benzoyl-arabinofuranosyl)] -adenosine (13.3)

NHBz
N N

o <
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Si D\
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3.3

13
1,2-di-0-acetyl-3,5-di-O-benzoyl-D-arabinofuranoside  (glycosylation donor) (5.64 g,
12.75 mmol) was stirred with SnCls (3.3 mL, 28.25 mmol) in anhydrous dichloroethane (DCE,
50mL) at 0°C for 10 minutes. N®-benzoyl-3’,5’-0-(tetra-iso-propyl-disiloxane-1,3-diyl)-
adenosine (glycosylation acceptor) (6.02 g, 9.81 mmol) dissolved in anhydrous DCE (100 mL)
was added dropwise and the reaction mixture was stirred at 4 °C for 48 hours. Sat. aq. NaHCO3
(130 mL) was added and the resulting suspension was stirred at 0 °C for 30 minutes. The solid
was separated from the solution by centrifugation. The phases were separated and the
organic phase was washed with water (200 mL), dried over Na;SO4 and concentrated under
reduced pressure. The crude product was purified by silica gel column chromatography
(petroleum ether/ethyl acetate (PE/EtOAc) 3/1 to 1/1), yielding 5.15 g of Né-benzoyl-[3",5’-
0-(1,1,3,3-tetra-iso-propyl-disiloxane-1,3-diyl)-2’-0-a-D-(2”-0-acetyl-3”,5”-di-O-benzoyl-
arabinofuranosyl)] -adenosine (5.17 mmol, 52 %) as a white foam.

TH-NMR (400 MHz, Chloroform-d) 6 (ppm) 8.99 (s, 1H, H-2), 8.78 (s, 1H, H-8), 8.07 (d,
J=7.3 Hz, 4H, arom. Bz), 8.02 (d, /= 7.3 Hz, 2H, arom. Bz), 7.64 - 7.49 (m, 5H, arom. Bz),
7.46 - 7.37 (m, 4H, arom. Bz), 6.18 (s, 1H, H-1"), 5.67 (s, 1H, H-1"), 5.48 (s, 1H, H-2"), 5.45 (d,
J=4.7 Hz, 1H, H-3"), 4.82 - 4.69 (m, 2H, H-2’, H-3"), 4.69 - 4.57 (m, 3H, H-4”, H-5"), 4.30 (d,
J=13.4 Hz, 1H, H-5'a), 4.24 (d, ]/ = 9.4 Hz, 1H, H-4’), 3.99 (dd, J = 13.4, 2.3 Hz, 1H, H-5’b), 2.13
(s,3H, Ac), 1.13 - 0.77 (m, 28H, Si'Pr).
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Né-benzoyl-[3’,5’-0-(1,1,3,3-tetra-iso-propyl-disiloxane-1,3-diyl)-2’-0-a-p-(3”,5”-di-O-

benzoyl-arabinofuranosyl)] -adenosine
NHBz
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Né-benzoyl-[3’,5’-0-(1,1,3,3-tetra-iso-propyl-disiloxane-1,3-diyl)-2’-0-a-D-(2"-0-acetyl-

3”,5”-di-0-benzoyl-arabinofuranosyl)] -adenosine (11.91 g, 11.96 mmol) was stirred with a
5 mM K>CO3 solution in methanol (MeOH, 500 mL) at 0 °C for 3 hours. Hydrogen chloride
solution (0.25mL, 37 %) was added and the mixture was stirred at 0 °C for another
10 minutes. The solvent was removed under reduced pressure, the residue was dissolved in
EtOAc (500 mL) and washed with water (200 mL) and brine (200 mL). The organic phase was
dried over Na>SO4 and concentrated under reduced pressure. The crude product was used in

the next synthesis without further purification.

Né-benzoyl-[3’,5’-0-(1,1,3,3-tetra-iso-propyl-disiloxane-1,3-diyl)-2’-0-a-p-(3”,5”-di-O-

benzoyl-ribofuranosyl)] -adenosine (13.4)
NHBz
N

YS'/OQ

//o 0OH OBz

7

13.4

The crude product was stirred with acetic anhydride (2.10 mL, 22.22 mmol) in anhydrous
DMSO (35 mL) under nitrogen atmosphere at room temperature for 22 hours. Abs. ethanol
(EtOH, 80 mL) was added and the reaction mixture was stirred at 0 °C for 20 minutes. Sodium
borohydride (0.83 g, 21.94 mmol) was added and the mixture was stirred for another 2 hours.
After adding acetone (8 mL) and brine (100 mL), the mixture was extracted with EtOAc
(300 mL). The organic phase was washed with brine (100 mL) and water (100 mL), dried
over NazSO4 and concentrated under reduced pressure. The crude product was purified by
silica gel column chromatography (DCM/MeOH 99/1 to 97.5/2.5), yielding 5.03 g of N°-
benzoyl-[3’,5’-0-(1,1,3,3-tetra-iso-propyl-disiloxane-1,3-diyl)-2’-0-a-p-(3”,5”-di-O-benzoyl-

ribofuranosyl)] -adenosine (5.28 mmol, 44 % in 3 steps) as a white foam.
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TH-NMR (400 MHz, Chloroform-d) 6 (ppm) 8.98 (s, 1H, H-2), 8.79 (s, 1H, H-8), 8.16 - 8.09
(m, 2H, arom. Bz), 8.02 (dd, J = 8.1, 1.5 Hz, 4H, arom. Bz), 7.64 - 7.50 (m, 5H, arom. Bz), 7.44
(td, /= 7.8, 3.2 Hz, 4H, arom. Bz), 6.20 (s, 1H, H-1"), 5.72 (d, J = 4.2 Hz, 1H, H-1"), 5.47 (dd,
J=7.2,29Hz, 1H, H-3"), 4.68 - 4.50 (m, 6H, H-2’, H-2”, H-3’, H-4”, H-5"), 4.32 (d, ] = 13.4 Hz,
1H, H-5’a), 4.24 (d, J=9.4 Hz, 1H, H-4’), 3.99 (dd, J = 134, 2.5 Hz, 1H, H-5b),
1.14 - 0.94 (m, 28H, Si'Pr).

Né-benzoyl-2’-0-a-p-(3”,5”-di-0-benzoyl-ribofuranosyl) -adenosine (13.5)
NHBz
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Né-benzoyl-[3’,5’-0-(1,1,3,3-tetra-iso-propyl-disiloxane-1,3-diyl)-2’-0-a-p-(3",5”-di-O-
benzoyl-ribofuranosyl)] -adenosine (4.05 g, 4.24 mmol) was stirred with triethylamine
trihydrofluoride (TEA-3HF, 1 mL, 37 % HF) in anhydrous THF (35 mL) at 0 °C for 3 hours. Sat.
aq. NaHCOs3 (50 mL) was added and the mixture was extracted with EtOAc (2x 150 mL). The
organic phase was dried over NazS04, concentrated to dryness and used for the next synthesis

without further purification.

Né-benzoyl-[5-0-(4,4’-dimethoxytrityl)-2’-0-a-p-(5”-0-benzoyl-ribofuranosyl)] -
adenosine (13.6)

4
DMTrO <N | P
o)

OBz
13.6

Né-benzoyl-2’-0-a-D-(3”,5”-di-0-benzoyl-ribofuranosyl) -adenosine (2.81 g, 3.95 mmol) was
stirred with dimethoxytrityl chloride (DMTrCl, 1.93 g, 5.69 mmol) in anhydrous pyridine
(14 mL) at room temperature under nitrogen atmosphere for 16 hours. Abs. MeOH (3 mL)
was added and the solvent was removed under reduced pressure. The residue was dissolved
in EtOAc (200 mL), washed with sat. aq. NaHCO3 (70 mL), dried over Na;SO4 and the solvent
was removed under reduced pressure. The residue was dissolved in pyridine (20 mL), a

50 mM K3>CO3 solution in MeOH (38 mL) was added and stirred at 0 °C for 3.5 hours. The
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mixture was diluted with EtOAc (200 mL), washed with sat. ag. NaHCO3 (50 mL) and brine
(50 mL), dried over Na2S0O4 and concentrated under reduced pressure. The crude product was
purified by silica gel column chromatography (DCM/MeOH 100/1 to 50/1 to 25/1, 0.5 % TEA),
yielding 196 g of N¢-benzoyl-[5-0-(4,4-dimethoxytrityl)-2’-0-a-D-(5”-0-benzoyl-
ribofuranosyl)] —-adenosine (2.15 mmol, 49 % in 3 steps).

TH-NMR (400 MHz, DMSO0-ds) 6 (ppm) 11.24 (s, 1H, NH), 8.68 (s, 1H, H-2), 8.63 (s, 1H, H-8),
8.07 - 8.03 (m, 2H, arom. Bz), 7.95 - 7.90 (m, 2H, arom. Bz), 7.64 (t,/ = 7.3, 2H, DMTr), 7.55 (t,
J =7.6 Hz, 2H, arom. Bz), 7.49 (t, /] = 7.7 Hz, 2H, arom. Bz), 7.36 (d, /] = 7.5 Hz, 2H, DMTr),
7.26 - 7.20 (m, 7H, arom. Bz, DMTr), 6.81 (t,/ = 9.0 Hz, 4H, DMTr), 6.27 (d,] = 4.1 Hz, 1H, H-1"),
5.22 (d,/=4.1Hz, 1H, H-1"),5.16 (d,] = 6.7 Hz, 1H, C-2” OH), 5.09 (t,] = 4.7 Hz, 1H, H-2"), 5.02
(d, J = 6.2 Hz, 1H, C-3’ OH), 4.80 (d, /=9.0 Hz, 1H, C-3” OH), 4.58 (q, /= 5.5 Hz, 1H, H-3),
442 -4.29 (m, 3H, H-4”, H-5"), 4.21 (td, ] = 5.4, 3.4 Hz, 1H, H-4’), 4.03 (g, / = 6.3, 5.9 Hz, 1H,
H-2"),3.98 (d,]J =5.5 Hz, 1H, H-3"), 3.71 (d,J = 2.1 Hz, 6H, -OCH3), 3.30 - 3.18 (m, 2H, H-5’).

Né-benzoyl-[3’-0-TBDMS-5’-0-(4,4’-dimethoxytrityl)-2’-0-a-p-(2”-3"-di-O-TBDMS-5"-

O-benzoyl-ribofuranosyl)] -adenosine (13.7)
NHBz
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Né-benzoyl-[5-0-(4,4’-dimethoxytrityl)-2’-0-a-D-(5"-0-benzoyl-ribofuranosyl)] -adenosine
(1.68 g, 1.85 mmol) was added to anhydrous DIPEA (2.10 mL, 12.06 mmol) and
4-dimethylaminopyridine (DMAP, 0.09 g, 0.74 mmol) in anhydrous N,N-dimethylformamide
(DMF, 5mL) under nitrogen atmosphere at 0 °C. Tert-butyldimethylsilyltrifluoromethane
sulfonate (TBDMSOTT, 1.3 mL, 5.66 mmol) was slowly added and the reaction mixture was
stirred at 0 °C for 30 minutes and for another 4 hours at room temperature. The solution was
diluted with EtOAc (80 mL), washed with sat. ag. NaHCO3 (40 mL) and brine (40 mL). The
organic phase was dried over Na;S0Os4, concentrated under reduced pressure and the crude
product was purified by silica gel column chromatography (PE/EtOAc 2/1, 0.5 % TEA) to give
1.47 g of Né-benzoyl-[3’-0O-TBDMS-5’-0-(4,4’-dimethoxytrityl)-2’-0-a-D-(2"-3"-di-O-TBDMS-
5”-0-benzoyl-ribofuranosyl)] -adenosine (1.17 mmol, 63 %).
1H-NMR (400 MHz, DMSO-d¢) 6 (ppm) 11.20 (s, 1H, NH), 8.66 (s, 1H, H-2), 8.63 (s, 1H, H-8),
8.02 (d,J = 7.7 Hz, 2H, arom. Bz), 7.94 (d, ] = 7.7 Hz, 2H, arom. Bz), 7.68 - 7.59 (m, 2H, DMTr),
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7.54 (t,J=7.5 Hz, 2H, arom. Bz), 7.48 (t,/ = 7.6 Hz, 2H, arom. Bz), 7.29 (d, /= 7.7 Hz, 2H, DMTr),
7.25-7.11 (m, 7H, arom. Bz, DMTr), 6.80 (dd, /= 8.9, 2.3 Hz, 4H, DMTr), 6.21 (d,] = 3.9 Hz, 1H,
H-1"), 5.26 (d,J = 2.8 Hz, 1H, H-1"), 5.08 (t, / = 4.4 Hz, 1H, H-2"), 4.76 (t, /= 5.0 Hz, 1H, H-3"),
4.53 (m, 1H, H-5"a), 4.32 - 4.24 (m, 1H, H-4"), 4.20 (dd, J = 11.8, 6.0 Hz, 1H, H-5"b), 4.14 (d,
J=5.0 Hz, 1H, H-4"), 4.09 (d, ] = 6.2 Hz, 2H, H-2”, H-3"), 3.70 (s, 6H, -CH3), 3.41 - 3.33 (m, 1H,
H-5’a), 3.07 (dd,/ = 10.8,4.7 Hz, 1H, H-5’b), 0.89 - 0.76 (m, 27H, Si*Bu), 0.07 (s, / = 6.3 Hz, 18H,
SiCH3).

Né-benzoyl-[3’-0-TBDMS-5'-0-(4,4’-dimethoxytrityl)-2’-0-a-p-(2"-3"-di-0-TBDMS-

ribofuranosyl)] -adenosine (13.8)
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Né-benzoyl-[3’-0-TBDMS-5’-0-(4,4’-dimethoxytrityl)-2’-0-a-D-(2”-3"-di-O-TBDMS-5"-0-
benzoyl-ribofuranosyl)] -adenosine (1.47 g, 1.17 mmol) was dissolved in THF (10 mL). A1 M
LiOH solution in abs. EtOH (5 mL) was added and the mixture was stirred at 0 °C for
30 minutes and for another 3 hours at room temperature. The reaction mixture was diluted
with EtOAc (60 mL), washed with water (30 mL) and sat. aq. NaHCO3 (30 mL). The organic
phase was dried over Na;SO4 and concentrated under reduced pressure. The crude product
was purified by silica gel column chromatography (PE/EtOAc 2/1to 1/1, 0.5 % TEA), to give
1.04 g of Né-benzoyl-[3’-0O-TBDMS-5’-0-(4,4’-dimethoxytrityl)-2’-0-a-D-(2"-3”-di-O-TBDMS-
ribofuranosyl)] -adenosine (0.91 mmol, 78 %).

1H-NMR (400 MHz, DMSO-de¢) 6 (ppm) 8.69 (s, 1H, H-2), 8.62 (s, 1H, H-8), 8.06 - 7.99 (m, 2H,
arom. Bz), 7.68 - 7.60 (m, 1H, arom. Bz), 7.54 (dd, / = 8.3, 6.9 Hz, 2H, arom. Bz), 7.34 - 7.27 (m,
2H,DMTr), 7.24 (t,] = 7.1 Hz, 2H, DMTr), 7.18 (ddd, / = 8.8, 4.5, 1.9 Hz, 5H, DMTr), 6.87 - 6.77
(m, 4H, DMTr), 6.21 (d, / = 3.9 Hz, 1H, H-1"), 5.10 (d, / = 3.4 Hz, 1H, H-1"), 5.06 (t, ] = 4.3 Hz,
1H, H-2"),4.78 (t,] = 5.1 Hz, 1H, H-3’), 4.64 (dd, ] = 6.2, 4.6 Hz, 1H, C-5” OH), 4.15 (q,/ = 4.7 Hz,
1H, H-4’), 4.08 - 3.92 (m, 3H, H-2’, H-3”, H-4"), 3.71 (d, ] = 1.4 Hz, 6H, -CH3), 3.56 - 3.47 (m,
1H, H-5’a), 3.38(dd,/ = 10.1, 6.1 Hz, 2H, H-5"),3.10 (dd,/ = 10.7, 4.9 Hz, 1H, H-5’b), 0.89 - 0.79
(m, 27H, SitBu), 0.12 (s, 17H, SiCH3).
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Né-benzoyl-[3’-0-TBDMS-2’-0-a-p-(2”’-3"-di-O-TBDMS-5"-0-(di-fluorenylmethyl)-

phosphoryl-ribofuranosyl)] -adenosine (13.9)
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Né-benzoyl-[3’-0O-TBDMS-5’-0-(4,4’-dimethoxytrityl)-2’-0-a-D-(2”-3”-di-O-TBDMS-
ribofuranosyl)] -adenosine (1.04 g, 0.91 mmol) was predried in vacuo and dissolved in
anhydrous DMF (17 mL). Tetrazole (5.96 mL, 0.45 M in MeCN) and di-fluorenylmethyl N,N-
di-iso-propyl phosphoramidite (7.26 mL, 0.91 mmol) were added and stirred for 2 hours at
room temperature. Then tBuOOH (4.26 mL, 5.5 M in decane) was added and stirred for
30 minutes. The reaction was terminated with sat. ag. NaHCO3 (20 mL) and extracted with
EtOAc (20 mL). The organic phase was dried over Na;SO4 and concentrated under reduced
pressure. The crude product was dissolved in DCM (55 mL), DCA (2.2 mL) was added and
stirred at room temperature for 3 hours. Sat. ag. NaHCO3 (30 mL) was added and the mixture
was extracted with EtOAc (2x 30 mL). The organic phase was dried over Na;SOs and
concentrated under reduced pressure. The crude product was purified by silica gel column
chromatography (DCM/MeOH 100/0 to 98/2) to give 1,12 g of N°-benzoyl-[3’-O-TBDMS-2’-
0-a-D-(2”-3”-di-O-TBDMS-5"-0-(di-fluorenylmethyl)-phosphoryl-ribofuranosyl)] -
adenosine (0.88 mmol, 96 % in 2 steps).
TH-NMR (400 MHz, Chloroform-d) 6 (ppm) 8.71 (s, 1H, H-2), 8.07 (s, 1H, H-8), 8.01 (d,
J=7.6 Hz, 2H, arom. Bz), 7.70 (dt, ] = 6.9, 14.5 Hz, 4H, arom. Bz, Fm), 7.60 (d, /] = 7.4 Hz, 1H,
Fm), 7.50 (m, 6H, Fm), 7.34 (dt, ] = 7.2, 24.9 Hz, 4H, Fm), 7.23 (dd, ] = 6.72, 14.35 Hz, 4H, Fm),
6.05(d,/=7.6Hz 1H,H-1"),4.97 (dd,]J =4.39, 7.81 Hz, 1H, H-1"), 4.86 (d,/ = 3.31 Hz, 1H, H-2"),
4.56 (s, 1H, H-3"), 4.33 - 4.04 (m, 8H, H-2’, H-4’, H-5’, H-3”, H-4”, H-5"), 3.85 (q,/ = 5.0, 4.5 Hz,
2H, Fm), 3.67 (d,] = 2.8 Hz, 2H, Fm) 0.99 - 0.73 (m, 27H, Si‘Bu), 0.23 - -0.17 (m, 18H, SiCH3).
31p NMR (162 MHz, Chloroform-d) 6 (ppm) -1.34 (s, 1P).
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Né-benzoyl-[3’-0-TBDMS-5’-0-phosphate-2’-0-a-p-(2"-3"-di-O-TBDMS-5"-0-(di-
fluorenylmethyl)-phosphoryl-ribofuranosyl)] -adenosine (13.10)
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Né-benzoyl-[3’-0-TBDMS-2’-0-a-D-(2"-3”-di-O-TBDMS-5"-0-(di-fluorenylmethyl)-
phosphoryl-ribofuranosyl)] -adenosine (0.05 g, 0.04 mmol) was dissolved in anhydrous
MeCN (5 mL) and cooled to 0 °C. POCI3 (5 pL, 0.05 mmol) was added, followed by the addition
of a catalytic amount of anhydrous pyridine. The reaction mixture was stirred at 0 °C for
4 hours and the reaction was terminated by the addition of 50 mM TEAB buffer. The solvent
was removed under reduced pressure and the crude product was purified by RP-HPLC
(Nucleodur Cig Pyramid, 50 mM TEAB, MeCN). After lyophilization, 17 mg of N6-benzoyl-[3’-
O0-TBDMS-5’-0-phosphate-2’-0-a-D-(2"-3"-di-O-TBDMS-5"-0-(di-fluorenylmethyl)-
phosphoryl-ribofuranosyl)] —adenosine (0.01 mmol, 25 %) was isolated.

1H-NMR (400 MHz, Methanol-d4) 6 (ppm) 8.80 (s, 1H, H-2), 8.63 (s, 1H, H-8), 8.10 - 8.04 (m,
2H, arom. Bz), 7.76 - 7.68 (m, 5H, arom. Bz, Fm), 7.65 (ddq, / = 6.9, 4.1, 1.3 Hz, 2H, Fm),
7.60 - 7.54 (m, 2H, Fm), 7.49 - 7.15 (m, 10H, Fm), 6.30 (dd, J = 4.0, 2.4 Hz, 1H, H-1"), 5.24 (d,
J=3.9Hz 1H, H-1"), 4.68 (t, ] = 4.1 Hz, 1H, H-2"), 4.59 (ddd, ] = 6.9, 4.6, 2.7 Hz, 1H, H-3’),
4.36 - 3.85 (m, 14H, H-2’, H-4’, H-5’, H-3”, H-4”, H-5”, Fm), 0.94 - 0.80 (m, 27H, Si'Bu),
0.15-0.02 (m, 18H, SiCH3).

31P NMR (162 MHz, Methanol-d4) 6 (ppm) -0.01 (s, 1P), -0.67 (s, 1P).
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5.1.2.5 Synthesis of 1-O-TBDPS-2,3-di- O-acetyl-5- O- H-phosphonate-3-D-ribose

5-0-triphenylmethyl-p-ribose (14.2)

TrtO

2 OH

OH OH

14.2
D-ribose (5 g, 33.3 mmol) was dissolved in pyridine (20 mL) and Trt-Cl (8.8 g, 31.64 mmol)
was added. The reaction mixture was stirred for 18 hours at room temperature. The solvent
was removed under reduced pressure and the residue was dissolved in DCM (50 mL),
extracted with water (2x 50 mL) and brine (2x 50 mL). The organic phase was dried over
MgSO04 and concentrated under reduced pressure. The crude product was dissolved in DCM
(9.5 mL) and under vigorous stirring added to cyclohexane (32 mL). After 1 hour, the resulting
crystalline precipitate formed was filtered off and 9.91 g of 5-O-triphenylmethyl-D-ribose
(25.3 mmol, 76 %) was isolated.
TH NMR (500 MHz, Chloroform-d) 6 (ppm) 7.47 - 7.10 (m, 15H, Trt), 5.38 (d,/ = 4.3 Hz, 0.8H,
H-1'8), 5.28 - 5.24 (m, 0.2H; H-1a), 4.34 (t, /= 5.5 Hz, 0.2H, H-3a), 4.21 (t, / = 3.8 Hz, 1.6H,
H-2f, H-4p), 4.03 (ddd, J = 8.9, 4.6, 2.6 Hz, 1.2H, H-2a, H-4', H-3(3), 3.39 - 3.34 (m, 0.2H,
H-5aa), 3.28 (dd, / = 10.2, 4.0 Hz, 1H, H-5ba, H-5a), 3.12 (dd,J = 10.2, 3.9 Hz, 0.8H, H-5bf).

1-0-TBDPS-5-0-triphenylmethyl-3-p-ribose (14.3)

o o. OTBDPS

OH OH
143

5-O-triphenylmethyl-D-ribose (2.72 g, 6.93 mmol) and imidazole (0.94 g, 13.86 mmol) were
dissolved in anhydrous DMF (40 mL) at 0 °C. TBDPSCI (1.35 mL, 5.19 mmol) was added over
20 minutes and the reaction mixture was stirred at 0 °C for 5 hours. Sat. agq. NH4CI (100 mL)
was added and the solvent mixture was extracted with DCM (150 mL). The organic phase was
dried over MgS04 and concentrated under reduced pressure. The crude product was purified
by silica gel column chromatography (PE/EtOAc 5/1 to 1/3), to give 0.45 g of 1-O-TBDPS-5-
O-triphenylmethyl--D-ribose (0.72 mmol, 10 %) as white powder.
TH NMR (400 MHz, DMSO-ds) 6 (ppm) 7.71 - 7.21 (m, 25H, Trt, Ph), 5.09 (s, 1H, H-1), 5.05
(d,J=4.4Hz, 1H,OH),4.86 (d,] = 6.9 Hz, 1H, OH), 4.08 (q,/ = 7.2 Hz, 1H, H-3),3.96 (d, ] = 9.4 Hz,
1H, H-4),3.83 (t,/=4.4 Hz, 1H, H-2),3.25 (dd,/=9.9, 3.3 Hz, 1H, H-5a), 3.06 (dd,/ = 9.7, 6.0 Hz,
1H, H-5b), 0.91 (s, 9H, SitBu).
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1-0-TBDPS-2,3-di-0-acetyl-5-0-triphenylmethyl--p-ribose (14.4)
o o. OTBDPS
OAc OAc
14.4
1-0-TBDPS-5-0-triphenylmethyl--D-ribose (0.45 g, 0.72 mmol) was dissolved in anhydrous
pyridine (27 mL), acetic anhydride (1.35 mL, 14.38 mmol) was added and the reaction
mixture was stirred for 6 hours at room temperature. The solvent was removed under
reduced pressure and the residue was dissolved in DCM (30 mL). The organic phase was
washed with water (2x 25 mL), brine (2x 25 mL), dried over MgS0O4 and concentrated under
reduced pressure. The crude product was purified by silica gel column chromatography
(PE/EtOAc 6/1), to give 0.44 g of 1-O-TBDPS-2,3-di-0-acetyl-5-0-triphenylmethyl-f-p-ribose
(0.611 mmol, 85 %).
1H NMR (500 MHz, Chloroform-d) é (ppm) 7.68 - 7.19 (m, 25H, Trt, Ph), 5.46 (dd, J = 6.3,
4.7 Hz, 1H, H-4),5.33 (dd,/ = 4.7, 1.5 Hz, 1H, H-3),5.27 (d,/ = 1.5 Hz, 1H, H-1),4.27 (q,] = 5.9 Hz,
1H, H-2), 3.40 - 3.29 (m, 2H, H-5), 2.03 (s, 3H, Ac), 1.99 (s, 3H, Ac), 0.96 (s, 9H, Si‘Bu).

1-0-TBDPS-2,3-di-0-acetyl-B-p-ribose (14.5)
HO o. OTBDPS
OAc OAc

145
1-0-TBDPS-2,3-di-0-acetyl-5-0-triphenylmethyl-3-D-ribose (0.31 g, 0.43 mmol) was
dissolved in DCM (10 mL) and cooled to 0 °C. Triethylsilane (0.27 mL, 1.71 mmol) and
trifluoroacetic acid (TFA, 0.1 mL, 0.86 mmol) were added and the reaction mixture was stirred
at 0 °C for 3 hours. Sat. ag. NaHCO3 (150 mL) was added and the mixture was extracted with
DCM (50 mL). The organic phase was dried over MgSO4 and concentrated under reduced
pressure. The crude product was purified by silica gel column chromatography (DCM/MeOH
99/1), yielding 0.14 g of 1-O-TBDPS-2,3-di-0-acetyl--D-ribose (0.29 mmol, 67 %).
TH NMR (400 MHz, Chloroform-d) 6 (ppm) 7.74 - 7.36 (m, 10H, Ph), 5.56 - 5.50 (m, 1H, H-4),
5.33 (s, 1H, H-1), 5.29 (d, J = 4.8 Hz, 1H, H-3), 4.17 (dt, J = 6.3, 3.2 Hz, 1H, H-2), 3.82 (d,
J=12.3 Hz, 1H, H-5a), 3.71 - 3.63 (m, 1H, H-5b), 2.05 (s, 3H, Ac), 2.01 (s, 3H, Ac), 1.09 (d,
J=2.1Hz, 9H, Si‘Bu).
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1-0-TBDPS-2,3-di-0-acetyl-5-0-H-phosphonate-f-p-ribose (14.6)

0
HFl’—O o. OTBDPS
o
OAc OAc
14.6

1-0-TBDPS-2,3-di-0-acetyl-3-D-ribose (0.19 g, 0.40 mmol) was dissolved in anhydrous
pyridine (5 mL), cooled to 0 °C and diphenylphosphite (0.23 mL, 1.21 mmol) was added. The
reaction mixture was stirred at 0 °C for 4 hours and TEA/water (10 mL, 1/1 v/v) was added
and the solvent was removed under reduced pressure. The crude product was purified by
RP-HPLC (Nucleodur Cig HTec, 50 mM TEAB, MeCN) and after lyophilization, 41 mg of 1-0-
TBDPS-2,3-di-0-acetyl-5-0-H-phosphonate-f-D-ribose (0.08 mmol, 19 %) was isolated.

TH NMR (400 MHz, Methanol-d4) 6 (ppm) 7.75 - 7.72 (m, 2H, Ph), 7.68 - 7.65 (m, 2H, Ph),
7.58 (s, 0.5H, P-H), 7.48 - 7.35 (m, 6H, Ph), 6.03 (s, 0.5H, P-H), 5.41 (dd, / = 6.5, 4.9 Hz, 1H,
H-4),5.27 (dd, J=4.9, 1.6 Hz, 1H, H-3), 5.22 (d, J = 1.6 Hz, 1H, H-1), 4.26 - 4.20 (m, 1H, H-2),
4.08 - 4.02 (m, 2H, H 5), 2.03 (s, 3H, Ac), 1.98 (s, 3H, Ac), 1.08 (s, 9H, SitBu).

31p NMR (162 MHz, Methanol-d,) 6 (ppm) 5.19 (s, 1P).
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51.2.6 Synthesis of N®-benzoyl-2",3'-di- O-acetyl-5'- O- H-phosphonate-adenosine
Né-benzoyl-5’-0-(4,4’-dimethoxytrityl)-adenosine (15.2)

NHBz
N

¢ 1)

DMTrO N N/)
OH OH
15.2

Né-benzoyl-adenosine (3.0 g, 8.08 mmol) was dissolved in anhydrous pyridine (50 mL),
DMTrCI (3.28 g, 9.69 mmol) was added and the mixture was stirred at room temperature for
2 hours. The reaction mixture was diluted with DCM (250 mL) and the organic phase was
washed with sat. NaHCO3 (150 mL) and brine (150 mL), dried over Na;SO4 and concentrated
under reduced pressure. The crude product was purified by silica gel column chromatography
(DCM/MeOH 98/2, 0.5 % TEA) to give 2.45 g of N®-benzoyl-5’-0-(4,4’-dimethoxytrityl)-
adenosine (3.63 mmol, 45 %).

TH NMR (400 MHz DMSO-ds) 6 (ppm) 11.20 (bs, 1H, NH), 8.68 (s, 1H, H-8), 8.59 (s, 1H, H-2),
8.10 - 7.97 (m, 2H, arom. Bz), 7.68 - 7.49 (m, 3H, arom. Bz, DMTr), 7.36 (d, /] = 7.4 Hz, 2H,
arom. Bz), 7.24 (dd, J = 8.7, 3.0 Hz, 7H, DMTr), 6.83 (dd, J = 8.5, 5.6 Hz, 4H, DMTr), 6.07 (d,
J=4.7Hz, 1H, H-1"), 5.62 (d, ] = 5.7 Hz, 1H, OH), 5.27 (d, / = 5.6 Hz, 1H, OH), 4.79 (t,/ = 5.0 Hz,
1H, H-2"), 4.33 (t, / = 5.1 Hz, 1H, H-3’), 4.12 (q, /] = 4.7 Hz, 1H, H-4"), 3.72 (d, ] = 1.4 Hz, 6H,
OCH3), 3.25 (d,] = 4.6 Hz, 2H, H-5").

Né-benzoyl-2’,3’-di-0-acetyl-5’-0-(4,4’-dimethoxytrityl)-adenosine (15.3)
NHBz
DMTrO o </N | N/)N
OAc OAc
15.3

Né-benzoyl-5-0-(4,4’-dimethoxytrityl)-adenosine (2.45 g, 3.63 mmol) was dissolved in
anhydrous pyridine (90 mL), acetic anhydride (0.86 mL) was added and the reaction was
stirred at room temperature for 16 hours. DCM (250 mL) was added and the organic phase
was washed with sat. aqg. NaHCO3 (100 mL), brine (100 mL), dried over Na;SOs4 and
concentrated under reduced pressure. The crude product was purified by silica gel column
chromatography (DCM/MeOH 98/2, 0.5 % TEA), yielding 1.74 g of Né-benzoyl-2’,3’-di-O-
acetyl-5’-0-(4,4’-dimethoxytrityl)-adenosine (2.36 mmol, 65 %).
1H NMR (400 MHz, DMSO-d¢) 6 (ppm) 11.26 (s, 1H, NH), 8.63 (s, 1H, H-8), 8.62 (s, 1H, H-2),
8.05 (d, / = 7.6 Hz, 2H, arom. Bz), 7.65 (t, /] = 7.4 Hz, 1H, arom. Bz), 7.55 (t, J = 7.6 Hz, 2H,
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arom. Bz), 7.44 - 7.14 (m, 9H, DMTT), 6.86 - 6.79 (m, 4H, DMTT), 6.35 (d, ] = 5.4 Hz, 1H, H-1),
6.22 (t,J = 5.7 Hz, 1H, H-2"), 5.75 (t, ] = 5.3 Hz, 1H, H-3"), 4.33 (q, ] = 4.6 Hz, 1H, H-4"), 3.72 (d,
J = 1.5 Hz, 6H, OCH3), 3.36 - 3.32 (m, 2H, H-5"), 2.11 (s, 3H, Ac), 2.05 (s, 3H, Ac).

Né-benzoyl-2’,3’-di-0-acetyl-adenosine (15.4)

NHBz
N
<1
HO N “
(0]
OAc OAc
15.4

Né-benzoyl-2’,3’-di-O-acetyl-5’-0-(4,4’-dimethoxytrityl)-adenosine (1.74 g, 2.36 mmol) was
dissolved in DCM (115 mL), DCA (5.7 mL) was added and stirred at room temperature for
2 hours. The reaction mixture was diluted with DCM (250 mL) and the organic phase was
washed with water (150 mL) and sat. ag. NaHCO3 (150 mL). The organic phase was dried over
MgS0O4 and concentrated under reduced pressure. The crude product was purified by silica
gel column chromatography (DCM/MeOH 97/3) to give 0.39 g of N°-benzoyl-2’,3’-di-O-acetyl-
adenosine (0.87 mmol, 36 %).

TH NMR (400 MHz, DMSO0-ds) 6 (ppm) 11.62 (bs, 1H, NH), 9.13 (s, 1H, H-8), 9,08 (s, 1H, H-2),
8.45-8.33 (m, 2H, arom. Bz), 8.00 (t,/ = 7.4 Hz, 1H, arom. Bz), 7.90 (t,/ = 7.6 Hz, 2H, arom. Bz),
6.70 (d,J = 6.5 Hz, 1H, H-1"), 6.35 (t, ] = 6.1 Hz, 1H, H-2’), 591 (dd, J = 5.8, 3.0 Hz, 1H, H-3’),
5.76 (t,] = 5.6 Hz, 1H, H-4"), 4.62 (q, ] = 3.6 Hz, 1H, OH), 4.16 - 3.96 (m, 2H, H-5"), 2.50 (s, 3H,
Ac), 2.36 (s, 3H, Ac).

Né-benzoyl-2’,3’-di-0-acetyl-5’-0-H-phosphonate-adenosine (15.5)

NHBz
N B
N

I &l
HP-O <N N/)

= 0}

(¢}

OAc OAc
15.5

Né-benzoyl-2’,3’-di-O-acetyl-adenosine (0.39 g, 0.87 mmol) was dissolved in anhydrous
pyridine (11 mL), diphenylphosphite (0.49 mL, 2.61 mmol) was added and the reaction
mixture was stirred at 0 °C for 30 minutes. TEA/water (2.2 mL, 1/1 v/v) was added and the
solvent was removed under reduced pressure. The crude product was purified by RP-HPLC
(Nucleodur Cig Pyramid, 50 mM TEAB, MeCN), yielding 0.22 g of N°-benzoyl-2’,3’-di-O-acetyl-
5’-0-H-phosphonate-adenosine (0.31 mmol, 36 %) after lyophilization.
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TH NMR (400 MHz, Methanol-d4) 6 (ppm) 8.78 (s, 1H, H-8), 8.74 (s, 1H, H-2), 8.11 - 8.05 (m,
2H, arom. Bz), 7.69 - 7.62 (m, 1H, arom. Bz), 7.61 - 7.53 (m, 2.5H, arom. Bz, H-P), 6.42 (d,
J=6.1Hz, 1H, H-1’), 6.03 (s, 0.5H, H-P), 5.97 (t,] = 5.8 Hz, 1H, H-2"), 5.71 (dd, ] = 5.6, 3.6 Hz,
1H, H-3’), 4.47 (qd,J = 3.5, 1.1 Hz, 1H, H-4"), 4.17 (qdt, ] = 10.7, 7.0, 3.4 Hz, 2H, H-5’), 2.17 (s,
3H, Ac), 2.03 (s, 3H, Ac).

31P NMR (162 MHz, Methanol-ds) 6 (ppm) 4.90 (s,1P).
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5.1.2.7 Synthesis of ADP-ribose dimer
(1’-0-TBDPS-2’,3’-di-0-acetyl-B-p-ribose)- N°-benzoyl- [3”-0O-TBDMS-2”-0-a-p-(2"",3""-
di-O-TBDMS-5""’-0-phosphate -ribofuranosyl] -adenosine (Ribose-13.10)

OAc OAc NHBz
N BN
N
0 Il 9 </ | /)
OTBDPS O-IID—O—IID—O N N
o o
OR OPR OR
© O—(IF?’—O
R =TBDMS I
(0]
Ribose-13.10

1’-0-TBDPS-2’,3’-di-0-acetyl-5’-0-H-phosphonate-f-D-ribose (48 mg, 0.09 mmol) was
dissolved in MeCN (10 mL) and carbon tetrachloride (10 mL). TEA (44 uL, 0.32 mmol) and
TMS-Im (27 uL, 0.18 mmol) were added and the reaction mixture was stirred at room
temperature for 4 hours. The solvent was removed under reduced pressure and the residue
was co-evaporated with MeCN (2x 10 mL), dissolved in N,N-dimethylformamide (6.5 mL) and
added to Ne®-benzoyl-[3’-O-TBDMS-5’-0-phosphate-2’-0-a-p-(2”-3"-di-O-TBDMS-5"-0-(di-
fluorenylmethyl)-phosphoryl-ribofuranosyl)] -adenosine (49 mg, 0.03 mmol). The reaction
mixture was stirred for 72 hours at room temperature. TEAB buffer (25 mL, 0.5 M) was added
and the solvent was removed under reduced pressure. The residue was dissolved in DCM
(25 mL) and washed with water (2x 25 mL). The organic phase was dried over MgSO4 and
concentrated under reduced pressure, to give 24 mg of (1’-O-TBDPS-2’,3’-di-O-acetyl-3-D-
ribose)-  Né-benzoyl- [3”-O-TBDMS-2"-0-a-p-(2"”,3"’-di-O-TBDMS-5""-0-phosphate -
ribofuranosyl] —adenosine (0.016 mmol, 44 %) as a crude product, which was used for the

next synthesis without further purification.

(1’-0-TBDPS-2’,3’-di-0-acetyl-B-p-ribose)- N°-benzoyl- [3”-0O-TBDMS-2”-0-a-p-(2"",3""-
di-O-TBDMS-ribose- Né¢-benzoyl-(2"”,3””-di-O-acetyl) adenosine dinucleotide] -

adenosine dinucleotide (protected diADPr)

OAc OAc NHBz
N B
N
o SR I
OTBDPS ~O-P—0—P—0 N N7
| |
o~ (@]
Or OOR OR NHBz
N
o o 9 ¢ N
0-P-0-P-0 N N/)
R=TBDMS © 0
OAc OAc

protected diADPr
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Né-benzoyl-2’,3’-di-O-acetyl-5’-0-H-phosphonate-adenosine (20 mg, 0.04 mmol) was
dissolved in MeCN (6 mL) and carbon tetrachloride (6 mL). TEA (19 pL, 0.14 mmol) and
TMS-Im (11.8 pL, 0.08 mmol) were added and the reaction mixture was stirred at room
temperature for 4 hours. The solvent was removed under reduced pressure and the residue
was co-evaporated with MeCN (2x 5 mL), dissolved in DMF (4 mL) and added to (1’-O-TBDPS-
2’,3’-di-0-acetyl-B-Dp-ribose)- N6-benzoyl- [3”-0-TBDMS-2"-0-a-p-(2"”,3"-di-O-TBDMS-5""-0-
phosphate -ribofuranosyl] -adenosine (24 mg, 0.016 mmol). The reaction mixture was stirred
at room temperature for 120 hours. TEAB buffer (15 mL, 50 mM) was added and the solvent
was removed under reduced pressure. The residue was dissolved in DCM (10 mL) and washed
with water (2x 10 mL). The organic phase was dried over MgSO4 concentrated under reduced
pressure, yielding 4 mg of (1’-O-TBDPS-2’,3’-di-O-acetyl-B-D-ribose)- N°-benzoyl- [3”-0-
TBDMS-2"-0-a-p-(2"",3"’-di-O-TBDMS-ribose- N°-benzoyl-(2"”,3””-di-O-acetyl) adenosine
dinucleotide] —~adenosine dinucleotide (0.002 mmol, 12 %) as crude product, which was used

in the next synthesis without further purification.

D-ribose adenosine dinucleotide-2"-0-a-p-ribose adenosine dinucleotide (diADPr)

OH OH NH,
HO NN
o 2 9 <
0-P—0—P—0 N?
1 _ L
0 o) 0

On O9H OH NH,

e

N

© 2 9 <)

0-P-0-P-0 z

o~ O~ o
diADPr
OH OH

(1’-0-TBDPS-2’,3’-di-O-acetyl-[3-D-ribose)- N®-benzoyl- [3”-O-TBDMS-2"-0-a-p-(2"”,3"-di-0-
TBDMS-ribose- N°-benzoyl-(2"”,3"””-di-O-acetyl) adenosine dinucleotide] -adenosine
dinucleotide (4 mg, 0.002 mmol) was dissolved in methanolic ammonia (8 mL, 6 M) and
stirred at room temperature for 18 hours. The solvent was removed under reduced pressure
and the residue was co-evaporated with MeOH/TEA (10 mL, 9/1 v/v) and MeCN (10 mL). The
residue was dissolved in THF (4 mL), TBAF (0.8 mL, 1.0 M in THF) was added and the reaction
mixture was stirred at room temperature for 18 hours. The reaction was concentrated to
0.2 mL and aq. NaOAc (0.8 mL, 3 M) was added. The mixture was aliquoted to 0.1 mL in
Eppendorf tubes and abs. EtOH (0.9 mL) was added. The tubes were cooled to -78 °C for
30 minutes and centrifuged (20 min., 14000 rcf, 4 °C). The supernatants were discarded and
the pellets were resuspended in abs. EtOH (1mL). The tubes were again cooled to -78 °C for
30 minutes and centrifuged (20 min., 14000 rcf, 4 °C). All combined pellets were dissolved in
Milli-Q water (0.8 mL) and purified by RP-HPLC (Nucleodur C1g Pyramid, 50 mM TEAB, MeCN).
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The product was obtained as mixture with the de-ribosylated by-product, which was used for
the next synthesis without separation, as the by-product is not reactive in the following
reaction.

TH NMR (400 MHz, Deuterium oxide) § (ppm) 8.37 (s, 1H), 8.26 (s, 1H), 8.17 (s, 1H), 8.16 (s,
1H), 6.22 (d,/ = 6.3 Hz, 1H), 6.08 (d, ] = 4.6 Hz, 1H), 5.28 - 5.19 (m, 2H), 5.08 (d, / = 3.8 Hz, 1H),
491 (t, J = 5.8 Hz, 1H), 4.64 (t, ] = 5.1 Hz, 1H), 4.59 - 4.52 (m, 3H), 4.43 - 4.30 (m, 6H),
4.29 - 4.14 (m, 9H), 4.10 - 3.99 (m, 6H).

31Pp NMR (162 MHz, Deuterium Oxide) § (ppm) -11.34 (m, 4P).

HRMS (ESI): m/z calcd for C30H42N10027P4%: 549.0580% [M-2H]; found 549.0599%-.
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5.1.2.8 Synthesis of thiocarbamate linker modified ADP-ribose dimer
Thiocarbamate linker modified ADP-ribose dimer (TC-diADPr)

\_ OH OH NH,
N
. E'N HO i I </ |\/)N
g \ 0-£-0-P—0 NTON
o) 0 0
On O9H OH NH,
N BN
N
0 o 9 ‘S
0-P-0-P-0 NN
0o~ o0~ o
TC-diADPr
OH OH

D-ribose adenosine dinucleotide-2"-0-a-D-ribose adenosine dinucleotide (0.36 mg,
0.33 umol) was dissolved in Milli-Q water (1.7 mL). Acetic acid (0.1 mL) and S-Ethyl a-
methylhydrazide thiocarbamate (22 pL, 1 M in DMSO) were added, followed by 50 puL. DMSO.
The mixture was freeze-thawed three times at -20 °C. Sodium cyanoborohydride (2.1 mg,
0.03 mmol) was added and the reaction mixture was stirred at 4 °C for 18 hours. The solvent
was removed under reduced pressure and the crude product was purified by RP-HPLC
(Cis HTec, 50 mM TEAB, MeCN). After lyophilization 0.034 mg of TC-diADPr (0.028 pmol, 8 %)
was obtained.

LRMS (ESI): m/z calcd for C34HsoN12027P4S!: 1217.181 [M-1H]; found 1217.191-
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5.2 Biochemical methods

5.21 Materials

Unless otherwise stated, water for biochemical methods was obtained from a Milli-Q
purification system (Merck). All standard buffer chemicals were purchased in biological grade
from Sigma-Aldrich/Merck, TCI, VWR, Carl Roth, ABCR, Acros Organics or Fluka. Mass

spectrometry chemicals and solvents were purchased in LC-MS or UHPLC-MS grade.

5.2.11 Media and buffer solutions

Buffer were filtered through 0.4 pm pore size filters and bacterial culture media were

autoclaved prior to use.

Buffer solution Composition
Media
LB medium 20 g/L LB broth, Carbenicillin 100 ug/mL
SOB medium 10 mM NaCl
10 mM MgCl,
10 mM MgSO4

2 % (wt/v) tryptone
0.5 % (wt/v) yeast extract

SOC medium SOB medium
20 mM glucose
Buffer solution Composition

Protein purification
Inclusion body buffer 1 (IB*) 50 mM Tris HCI, pH 8.5
100 mM NacCl
1 mM EDTA
1% (v/v) Triton X-100
Inclusion body buffer 2 (IB-) 50 mM Tris HCI, pH 8.5
100 mM NacCl
1 mM EDTA
Urea extraction buffer 50 mM Tris HCI, pH 7.0
1 M NaCl

6 M urea

10 mM [-mercaptoethanol
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Elution buffer with imidazole 50 mM Tris HCI, pH 7.5

1 M NacCl

6 M urea

8 mM to 1 M imidazole
Elution buffer without imidazole 50 mM Tris HCI, pH 7.5

1M NaCl

6 M urea
Core histone lysis buffer 1 50 mM Tris HCI, pH 7.5

100 mM NacCl

1 mM EDTA

1 mM PMSF

5 mM (3-mercaptoethanol

1% (v/v) Triton X-100
Core histone lysis buffer 2 50 mM Tris HCl, 7.5

100 mM NacCl

1 mM EDTA

1 mM PMSF

5 mM (-mercaptoethanol
Core histone unfolding buffer 20 mM Tris HCI, pH 7.5

7 M guanidine HCI

5 mM (3-mercaptoethanol
10x SA buffer 400 mM NaOAc

10 mM EDTA

100 mM L-lysine
SAU 200/1000 1x SA buffer

200 or 1000 mM NacCl

7 M urea

5 mM (3-mercaptoethanol
TEV cleavage buffer 25 mM Tris HCI, pH 7.5

150 mM NacCl

1 mMDTT
PBS 137 mM NacCl

2.7 mM KCI

10 mM Na;HPO4

1.8 mM KH2PO,4
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Buffer solution Composition

Gel electrophoresis & Western Blot

TAE 40 mM Tris HCI, pH 7.5
20 mM acetic acid
1 mM EDTA
Agarose gel (x %) X % Agarose in 1x TAE and 0.5 pg/ml
Ethidium bromide
10x TBE 900 mM Tris HCI, pH 8.3
900 mM boric acid
40 mM EDTA
10x SDS-PAGE running buffer 250 mM Tris HCI, pH 8.9
2 M glycine
1 % (wt/v) SDS
SDS-PAGE separating gel (x %) X % (v/v) acrylamide/bisacrylamide
(37.5:1)
375 mM Tris HCI, pH 8.8
0.1 % (wt/v) SDS
0.1 % (wt/v) APS
0.1 % (wt/v) TEMED
SDS-PAGE stacking gel (5 %) 5 % (v/v) acrylamide/bisacrylamide
(37.5:1)
129 mM Tris HCI, pH 8.8
0.1 % (wt/v) SDS
0.1 % (wt/v) APS
0.1 % (wt/v) TEMED
bromophenol blue
Native PAGE gel (7.5 %) 75 % (v/v) acrylamide/bisacrylamide
(37.5:1)
0.8x TBE
0.16 % APS
0.08 % TEMED
6x SDS-PAGE loading dye 225 mM Tris HCI, pH 6.8
50 % (v/v) glycerol
5 % (wt/v) SDS
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Coomassie staining solution 0.115 % (wt/v) Coomassie Brilliant blue
R250
10 % (v/v) acetic acid
50 % (v/v) methanol

Coomassie destaining solution 10 % (v/v) acetic acid
50 % (v/v) methanol
20x Western blot transfer buffer 250 mM Tris HCI, pH 8.3
2 M glycine
20x TNE 200 mM Tris HCI, pH 7.6
50 mM EDTA
1 M NaCl
TNE-T 1x TNE
0.1 % (v/v) Tween 20
Western blot blocking solution 1x TNE-T

5 % (wt/v) milk powder

Buffer solution Composition
Octamer assembly
Octamer unfolding buffer 20 mM Tris HCI, pH 7.5
5mM DTT
7 M guanidine HCl
Octamer refolding buffer 10 mM Tris HCI, pH 7.5
2 M NaCl
1 mM EDTA

5 mM (3-mercaptoethanol

Buffer solution Composition

Nucleosome and Chromatosome assembly

Low salt buffer (LSB) 10 mM Tris HCI, pH 7.5

50 mM NacCl

1 mM EDTA

1 mM (-mercaptoethanol

0.05 % (v/v) Nonidet™ P-40 Substitute
High salt buffer (HSB) 10 mM Tris HCI, pH 7.5

2 M NaCl
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1 mM EDTA
1 mM (-mercaptoethanol

0.05 % (v/v) Nonidet™ P-40 Substitute

Buffer solution Composition

Affinity enrichment

HEK 293T lysis buffer 1x LSB
1x Roche cOmplete EDTA free Protease
Inhibitor Cocktail
2 mM MgCl,

Elution buffer 1x LSB without Nonidet™ P-40 Substitute
0.8 mM biotin

Buffer solution Composition

Protein modification

PARylation buffer, pH 7.5

5.2.1.2 Oligonucleotides

0.15 M NaH;PO4
0.1 M NaCl

Oligonucleotide 5’- 3’ Sequence
H1.2 WT fw. GCAACCCCGAAAAAAAGCGCAAAAAAAACG
H1.2 WT rev. CGTTTTTTTTGCGCTTTTTTTCGGGGTTGC

H1.2 S150C fw.
H1.2 S150C rev.
Nuc. DNA fw.
Nuc. DNA rev.

GCAACCCCGAAAAAATGCGCAAAAAAAACG
CGTTTTTTTTGCGCATTTTTTCGGGGTTGC
ATCTAATACTAGGACCCTATACGC
TTTTTTTTTTTATCATTAATATGAATTCGGATCCACATG

Oligonucleotides were purchased from Biomers with RP-cartridge purification, although 5’-

modified oligonucleotides purified by HPLC.
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5.2.1.3 Plasmid constructs

Plasmid Comment Resistance Origin

pET-11a H2A - Amp/Carb  Dr. Philip Saumer
pET-15b Hiss-TEV-H2B - Amp/Carb  Dr. Philip Saumer
pET-11a H3 - Amp/Carb  Dr. Philip Saumer

pET-15b Hise-TEV-H4
pET-11a H1.2WT Hiss
pUC-18 S3030

5.2.1.4 Antibodies

Traceless TEV cleavage site  Amp/Carb  Dr. Philip Saumer
- Amp/Carb  Dr. Simon Geigges

Contains nucleosomal DNA  Amp/Carb  Dr. Philip Saumer

No. Antigen Origin Species Dilution Supplier
1 Anti-histone H1 Rabbit, polyclonal  1:10000 Abcam
ab17677
2 Anti-pan ADP-ribose Rabbit 1:5000 Merck
binding reagent
Anti-rabbit HRP 1:25000 Dianova
4 ExtrAvidin peroxidase Chicken 1:400000 Merck
5.2.1.5 Chemicals/Enzymes
Chemical/Enzyme Supplier

Acrylamide/Bisacrylamide
Rotiphorese Gel 30
Agarose LE

Biotin

BSA Standard (2 mg/mL)

(37.5;1), Carl Roth

Biozym
TCI

Thermo Fisher Scientific

cOmplete EDTA free Protease Inhibitor Roche

Cocktail

cOmplete His-Tag purification resin Roche

Core histone H4

dNTPs

Ethidium bromide (1 %)
GeneRuler 1kb DNA ladder

Histonesource.com
Jena Bioscience
Carl Roth

Thermo Fisher Scientific
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[sopropyl-B-D-thiogalactopyranoside
(IPTG)

Linker histone H1, calf thymus

Milk powder (blotting grade)
Nonidet™ P-40 Substitute

PageRuler Prestained Protein Ladder
PageRuler Unstained Protein Ladder
Pierce ECL Western Blotting Substrate
Pierce Protein G magnetic beads

Pierce SuperSignal West Femto Maximum

Thermo Fisher Scientific

Merck

Carl Roth

Fluka

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

Thermo Fisher Scientific

Sensitivity Substrate

Roti-Quant 5x Carl Roth
Taq polymerase NEB
TriDye 100 bp DNA Ladder NEB
TriDye 1 kb Plus DNA Ladder NEB
Trypsin (sequencing grade) Promega

5.2.1.6 Kits
Kit Supplier

NucleoSpin Gel and PCR Clean-up Kit
Pierce BCA protein assay Kit

Macherey-Nagel

Thermo Fisher Scientific

QIAprep Spin Miniprep Kit Qiagen
QIAquick Gel Extracktion Kit Qiagen
5.2.1.7 Disposals
Product Supplier
u-C18 Zip Tips Merck
96 PCR Plate non-skirted standard profile VWR
Amersham Hybond 0.2 pm PVDF membrane GE Healthcare
Amicon centrifugal tubes Merck
Cuvettes Carl Roth
Eppendorf tubes (1.5 mL, 2 mL) Sarstedt
Eppendorf tubes(0.6 mL), siliconized PP Biozym
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Eppendorf tubes(1.5 mL, 2 mL), siliconized Merck
PP

Falcon tubes (15 mL, 50 mL) Carl Roth
HiPPR detergent removal columns Thermo Fisher Scientific

MS vials (250 pL) Infochroma AG

Strip tubes for PCR Thermo Fisher Scientific
PCR tubes TreffLab

Pipette tips Starlab

Serological pipettes Sarstedt

Snakeskin dialysis tubing Thermo Fisher Scientific

Syringe filter (0.2 um, 0.45 pm) Carl Roth
Vivaspin centrifugal filters Sartorius

5.2.1.8 Equipment
Equipment Type Supplier
Electrophoresis Power Supply = PowerPac Basic BioRad
Electrophoresis Power Supply PowerPac 3000 BioRad
Electrophoresis cell Mini-Protean II BioRad

Centrifuge Sorvall LYNX 4000 Thermo Fisher Scientific
Centrifuge Multifuge 4 KR Heraeus

Centrifuge Primo R Heraeus

Centrifuge Centrifuge 5810 R Eppendorf

Gel imager Al600 Amersham, GE

Mass spectrometer

Mass spectrometer

Nanodrop ND-1000 Peqlab

PCR cycler LifeECO Bioer

Photometer BioPhotometer Eppendorf

Pipettes Research Eppendorf

Sonifier MS72 Sonotrode, Bandelin Sonoplus Branson
HS2200 Sonifier 250

Thermocycler T1 Biometra

UHPLC Easy nL.C 1200 Thermo Fisher Scientific

UV imager GelDoc Go BioRad

6546 LC/Q-TOF
Q-Exavtive HF

Agilent

Thermo Fisher Scientific
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5.2.2 Methods

5.2.2.1 Agarose gel electrophoresis

Agarose gel electrophoresis was performed using 0.8 % (wt/v) or 2.5 % (wt/v) agarose in
1x TAE buffer with ethidium bromide (5 pg/mL) added for DNA staining. DNA samples were
mixed with 6x DNA loading dye (NEB) to a final concentration of 1x loading dye. Reading was
performed on a GelDoc Go imager (BioRad). Preparative agarose gels were used to purify PCR
products by band excision and clean up using NucleoSpin Gel and PCR Clean up kit (Macherey-
Nagel).

5.2.2.2 SDS-PAGE

SDS-PAGE was used to analyze and separate proteins using a combination of a 5 % stacking
gel and a 12.5 - 18 % resolving gel. Samples were mixed with 6x SDS loading dye to a final
concentration of 1x loading dye and were incubated at 95 °C for 5 minutes. Electrophoresis
was performed at 30 mA for 30 minutes (12.5 - 15 % gels) or at 30 mA for 105 minutes
(18 % gels) in 1x SDS running gel buffer. For protein size comparison either the stained or the
unstained PageRuler (Thermo Fisher Scientific) protein ladder was used. Proteins were
visualized by Coomassie blue staining. Gels were incubated in Coomassie blue staining
solution for 20 minutes followed by destaining in destaining solution for 30 minutes. Gels
were incubated in Milli-Q water for 2 hours prior to imaging (Amersham Imager 600,

GE Healthcare).

5.2.2.3 Western-blot

Detection of proteins or post-translational modifications of proteins was performed by
Western blot analysis using specific antibodies. For this purpose, proteins from the SDS-PAGE
gel were electrochemically transferred to a 0.2 pm PVDF membrane (Amersham) in
1x Western blot transfer buffer by applying 60 V for 90 minutes. The membrane was blocked
with Western blot blocking solution at room temperature for 1 hour or at 4 °C overnight,
followed by the addition of the primary antibody. This was incubated either at room
temperature for 1 hours or at 4 °C overnight. The appropriate peroxidase-conjugated
secondary antibody was added and incubated at room temperature for 1 hour.
Chemiluminescence readout using ECL Western blotting Substrate or, for low intensity,
SuperSignal Substrate (Thermo Fisher Scientific) was performed using an Amersham Imager

600 (GE Healthcare).
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5.2.2.4 Native-PAGE

Nucleosome and chromatosome samples were analyzed by native PAGE using 7.5 %
separating gels. First, the gel was pre-run without samples at 90 V for 1 hour in 0.5x TBE
buffer. Samples were mixed with 50 % glycerol to a final concentration of 10 % glycerol and
electrophoresed at 85 V for 2 hours in 0.5x TBE buffer. Followed to electrophoresis, DNA was
stained with ethidium bromide (0.1 % v/v) in 0.5x TBE buffer for 15 minutes followed by
destaining for 15 minutes in 0.5x TBE buffer. DNA was visualized using a GelDoc Go imager

(BioRad).

5.2.2.5 Site-directed mutagenesis to introduce $S150C in linker histone H1.2

Site-directed mutagenesis was performed using Pfu Turbo DNA polymerase (Agilent) under
the manufacturer’s conditions. The reaction mix contained 200 uM dNTPs (each), 0.26 uM
primers (forward and reverse), 10 ng template and 0.05 U/uL Pfu Turbo DNA polymerase in
1x cloned Pfu reaction buffer. After Dpnl (NEB) digestion at 37 °C for 90 minutes in
1x CutSmart buffer, the PCR product was analyzed via a 0.8 % agarose gel and purified using
the NucleoSpin Gel and PCR Clean-up Kit (Macherey-Nagel). The purified DNA template
(100 ng) was transformed into chemically competent E. coli XL.10 gold cells (100 pL). Here,
cells were incubated on ice for 5 minutes then heat shocked at 42 °C for 45 seconds and
incubated on ice for 5 minutes. The cell mix was added to SOC medium (10 mM NaCl, 10 mM
MgClz, 10 mM MgSO04, 2 % tryptone (wt/v), 0.5 % yeast extract (wt/v), 20 mM glucose) at
37 °C for 1 hour prior to plating on LB agar plates containing carbenicillin disodium salt
(100 mg/L). After overnight incubation at 37 °C, a single cell colony was picked and incubated
in LB medium (containing 100 pg/mL carbenicillin disodium salt) at 37 °C. Cells were
harvested and plasmids were isolated by using the QIAprep Spin Miniprep Kit (Qiagen)
following the manufacturer’s protocol. The sequences of the isolated DNA were verified by
Sanger sequencing (GATC Biotech AG). The DNA plasmid (100 ng) was transformed into
electrochemically competent E. coli BL21 (DE3) cells by electroporation using Gene Pulser
cuvettes (0.1 cm gap, BioRad) and default settings for bacterial cells (Gene Pulser Xcell
Electroporation System 1800 Vm, 5 ms, 200 Q). After incubation on ice for 5 minutes, the cell
suspension was mixed with SOC medium and incubated at 37 °C for 45 minutes. Cells were
plated on LB agar places containing carbenicillin disodium salt and incubated overnight at
37 °C. A single cell colony was picked for overnight culture in 10 mL LB medium containing
100 pg/mL carbenicillin disodium salt (100 mg/L). 500 pL cells were mixed with 500 pL
glycerol and stored at -80 °C.
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5.2.2.6 Production and purification of linker histone H1.2 variants

1 L LB medium (containing 100 pg/mL carbenicillin disodium salt) was inoculated with
10 mL of overnight culture and incubated at 37 °C. The expression of the recombinant protein
was induced by the addition of 1 mM IPTG at ODego = 0.6 — 0.8. After incubation at 37 °C for
4 hours, cells were harvested by centrifugation (20 minutes, 4000 rpm, 4 °C). Cell pellets were
resuspended in 20 mL inclusion body buffer 1 (50 mM Tris-HCI pH 8.5, 100 mM Nac(Cl, 1 mM
EDTA, 1 % (v/v) Triton X-100, 2 mM PMSF) and sonicated (3x 1 min, 8 cycles, 20 % power).
After centrifugation (20 minutes, 17000 rpm, 4 °C), the cell pellet was washed once with
20 mL inclusion body buffer 1 and twice with 20 mL inclusion body buffer 2 (50 mM Tris-HCl
pH 8.5, 100 mM NacCl, 1 mM EDTA). Inclusion bodies containing the respective linker histone
H1.2 variant were macerated with 15 mL urea-containing buffer A (50 mM Tris-HCl pH 7.0,
1 M NaCl, 6 M urea, 10 mM B-mercaptoethanol) at 4 °C overnight in an overhead roller. After
centrifugation (30 minutes, 21000 rpm, 4 °C), the supernatant was incubated with calibrated
cOmplete His-Tag purification resin (Roche) supplemented with 5 mM imidazole at 4 °C
overnight in an overhead roller. For bead calibration, 1 mL beads were washed 4 times with
15 mL urea-containing buffer A by alternate mixing and centrifugation (7 minutes, 800 rpm,
4 °C). The protein bead solution was applied onto a 15 mL chromatography column and the
flow through was collected. After washing with 5 mL elution buffer (50 mM Tris-HCl pH 7.5,
1 M NaCl, 6 M urea), the linker histone variant was eluted and fractionated using a gradient
from 8 mM to 500 mM imidazole in the elution buffer. Protein purification was analyzed by
SDS-PAGE. Fractions containing the protein were combined and dialyzed (Snakeskin,
3500 MWCO, Thermo Fisher Scientific) against 5 L Milli-Q water, concentrated using an
Amicon-Ultra 15 filter tube (10000 MWCO, Merck) and the final protein concentration was
determined by the implementing the Pierce BCA Assay Kit (Thermo Fisher Scientific)

following the manufacturer’s protocol. The protein was aliquoted and stored at -20 °C.

5.2.2.7 ADP-ribosylation of linker histone H1.2 S150C
Thiocarbamate linker-modified ADP-ribose (TC-mADPr, TC-diADPr, 10 mM in Milli-Q water)

was oxidized using the Oxone™ monopersulfate compound (10 mM, Merck) in Milli-Q water
at 25 °C for 2 hours. Linker histone H1.2 S150C (500 pg/mL) was reduced with tris(2-
carboxylethyl)-phosphine (TCEP, 2 mM, ABCR) in 1x PARylation buffer at 37 °C for
30 minutes. After combining 40 pL of the reduced protein (final concentration 400 pg/mL,
18 nM) and 10 upL of the oxidized thiocarbamate linker-modified ADP-ribose (final

concentration 2 mM), the reaction mixture (50 pL) was incubated at 4 °C overnight. Protein
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ADP-ribosylation was analyzed by SDS-PAGE, Western blotting (anti-pan PAR binding reagent,

Merck) and full-length protein LC-MS measurements.

5.2.2.8 Biotinylation of linker histone H1.2 S150C with TC-biotin

TC-biotin (1 - 20 mM in DMSO) was oxidized using the Oxone™ monopersulfate compound
(10 mM in Milli-Q water, Merck) at 25 °C for 2 hours. Linker histone H1.2 S150C (500 ug/mL)
was reduced with TCEP (2 mM, ABCR) in 1x PARylation buffer at 37 °C for 30 minutes. After
combining 24 pL of the reduced protein (final concentration 400 ug/mL, 18 nM) and 6 pL of
the oxidized TC-biotin in indicated concentrations the reaction mixture (30 pL) was incubated
at 25 °C overnight. Protein biotinylation was analyzed by SDS-PAGE and Western Blotting
(ExtrAvidin Peroxidase, Merck).

5.2.2.9 Biotinylation of linker histone H1.2 S150C with biotin-maleimide

Linker histone H1.2 S150C (500 pg/mL) was reduced with TCEP (2 mM, ABCR) in Milli-Q
water for 30 minutes at 37 °C. The reduced H1.2 S150C (final concentration 400 pg/mL) was
combined with N-biotinoyl-N’-(6-maleimidohexanoyl) hydrazide (biotin-maleimide, final
concentration 1 mM) and incubated at 30 °C for 1 hour. Protein biotinylation was analyzed by

SDS-PAGE and Western blotting (ExtrAvidin Peroxidase, Merck).

5.2.2.10 Biotinylation of linker histone H1.2 WT

Linker histone H1.2 WT was subjected to the same reduction procedure as for the cysteine
containing variant H1.2 S150C. H1.2 WT (500 ug/mL) was treated with TCEP (2 mM, ABCR)
for 30 minutes at 37 °C in either 1x PARylation buffer (for TC-biotin) or in Milli-Q water (for
biotin-maleimide and biotin-iodoacetamide).

For TC-biotin modification: TC-biotin (10 mM in DMSO) was oxidized using the Oxone™
monopersulfate compound (10 mM in Milli-Q water, Merck) at 25 °C for 2 hours. After
combining the H1.2 WT (final concentration 400 pg/mL) and the ox.TC-biotin (final
concentration 5 mM) the reaction mixture was incubated at 25 °C overnight.

For biotin-maleimide modification: Biotin-maleimide (final concentration 1 mM) was mixed
with H1.2 WT (final concentration 400 pg/mL) and incubated at 30 °C for 1 hour.

For biotin-iodoacetamide modification: Biotin polyethyleneoxide iodoacetamide (final
concentration 1 mM) was incubated with H1.2 WT (final concentration 400 pg/mL) at room
temperature for 30 minutes in the dark.

All samples were analyzed by SDS-PAGE and Western blotting (ExtrAvidin Peroxidase, Merck).
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5.2.2.11 Thiocarbamate linker stability assay

Modified proteins (either with TC-biotin or with biotin-maleimide, final concentration
100 pg/mL) were mixed with HEK293T cell lysate (final concentration 4 mg/mL in lysis
buffer), GSH (final concentration 20 mM in Milli-Q water) or BSA (final concentration 75 pM
in Milli-Q water). Samples were incubated at 37 °C for the indicated times. After each time
point, a sample (10 pL) was taken and the reaction was terminated by adding 6x SDS-PAGE
loading dye (2 pL) and heating to 95 °C for 5 minutes. Samples were analyzed by 12.5 % SDS-
PAGE and Western blotting (ExtrAvidin Peroxidase, Merck).

5.2.2.12 Core histone expression, purification and octamer assembly

Core histones were expressed, purified and assembled to the core histone octamer by
Dr. Philip Saumer and kindly provided for this thesis.15198

Core histones were expressed and purified according to published methods.2%19? Expression
of H2A and H3 was performed in E. coli BL21 (DE3) cells. The expression culture was
inoculated from an overnight culture to an ODgoo = 0.05. Cells were grown to an ODgoo = 0.3 at
37 °C and the expression was induced by the addition of IPTG (0.2 mM). After 3 -4 hours, cells
were harvested by centrifugation, resuspended in a small volume of Milli-Q water and stored
at -80 °C. Cell pellets were resuspended in core histone lysis buffer 1 (25 mL) and incubated
at 30 °C for 30 minutes. After sonication (3x 15 seconds min, 8 cycles, 20 % power), the lysate
was centrifuged (20 minutes, 27000 g, 4 °C) and the inclusion body pellet was washed with
core histone lysis buffer 1 and twice with core histone lysis buffer 2. The cell pellet was
resuspended in DMSO (350 pL), incubated at room temperature for 30 minutes and core
histone unfolding buffer (13 mL) was added. After incubation at room temperature for 1 hour,
the cell suspension was centrifuged (20 minutes, 25000 g, room temperature) and the
extraction was repeated with 6.5 mL core histone unfolding buffer. The combined extracts
were dialyzed (Snakeskin, 3500 MWCO, Thermo Fisher Scientific) against 2 L. SAU 200. After
sterile filtration (0.45 um), the protein-containing solution was applied to HiTrap Q anion
exchange column (5 mL, Cytiva). The flow-through and the first column volume was with
SAU 200 were combined and applied to HiTrap SP HP cation exchange column (GE Life
Sciences). After washing with 5 column volumes of SAU 200, histones were eluted with a
binary gradient to SAU 1000. Histone-containing fractions were dialyzed (Snakeskin,
3500 MWCO, Thermo Fisher Scientific) against 5 L Milli-Q water at 4 °C overnight. H2B and
H4 expression was carried outin E. coli BL21 (DE3) cells. Cultures were grown in SOC medium
at 37 °C, transferred to LB medium (10 mL), grown for 1 hour at 37 °C and overnight at 30 °C.

Cells were further grown at 37 °C to an ODeoo = 1 and diluted with 50 mL pre-warmed LB
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medium. After growth to ODeoo = 1, cells were diluted with 1 L of LB medium to ODsgo = 0.05,
and grown at 37 °C to ODsgo = 0.5. Protein expression was induced by addition of 1 mM IPTG
and cells were harvested by centrifugation after 2 - 3 hours for H2B and 30 minutes for H4.
Cell resuspension and DMSO solubilization was performed as described for H2A and H3.
Solubilized cell pellets were diluted with 30 mL urea extraction buffer and incubated at 4 °C.
Centrifugation (30 minutes, 21000 g, 4 °C) was performed followed by addition of the
supernatant to cOmplete His-Tag Purification Resin (Roche, 4 mL for H2B, 2 mL for H4). After
addition of imidazole to a final concentration of 5 mM, the samples were incubated at 4 °C
overnight. A gradient of 8 mM to 1 M imidazole in the elution buffer was used for fractional
elution of H2B and H4. Protein-containing fractions were pooled and dialyzed against Milli-Q
water, followed by dialysis against TEV cleavage buffer (Snakeskin, 3500 MWCO, Thermo
Fisher Scientific). TEV cleavage for H2B was performed by addition of TEV protease
(1:15 wt/wt). After sterile filtration (0.45 um), the solution was applied to HisTrap HP column
(5 mL, GE Life Sciences). Cleaved Hiss tag and TEV protease were eluted with 500 mM
imidazole in the TEV cleavage buffer and H2B was eluted with denaturing elution buffer.
Protein-containing fractions were pooled and dialyzed against Milli-Q water at 4 °C overnight.
H4 was cleaved with TEV protease (1:10 wt/wt) in TEV cleavage buffer and incubated at 30 °C
for 5 hours. After dialysis against SAU 200 buffer at 4 °C overnight, H4 was applied to a HiTrap
SP HP column (5 mL, GE Life Sciences). A binary gradient of 20 % to 70 % SAU 1000 eluted
H4 in 7 column volumes. Protein-containing fractions were pooled and dialyzed (Snakeskin,
3500 MWCO, Thermo Fisher Scientific) against Milli-Q water at 4 °C overnight.

Core histone octamer was assembled according to a published procedure.?0 All 4 core histones
were lyophilized prior to assembly. H2A (1.2 equivalents), H2B (1.2 equivalents), H3
(1.0 equivalents) and H4 (1.0 equivalents) were resuspended in octamer unfolding buffer and
mixed to a final protein concentration of 1 mg/mL. Dialysis (Snakeskin, 3500 MWCO, Thermo
Fisher Scientific) was performed 3 times against octamer refolding buffer at 4 °C overnight.
The assembled core histone octamer was concentrated (10000 MWCO, Amicon, Merck) and
applied to size exclusion chromatography (HiLoad 16/600 200 pg column, Cytiva). After

addition of 10% glycerol, core histone octamer samples were stored at -80 °C.

5.2.2.13 Preparation of nucleosomal DNA

The 207 bp DNA for the nucleosome assembly was based on a published sequence containing
a 601 bp nucleosome positioning sequence and 30 bp linkers on both sides, showing
enhanced linker histone binding.16-18198 Nucleosomal DNA was amplified from pUC-18
backbone in a large scale PCR reaction in 96-well plates with a reaction size of 50 pL. Final

concentrations in each reaction were 1x Thermopol buffer (NEB), 0.02 ng/uL template,
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0.2 mM dNTPs (each), 0.25 mM primers (forward and reverse) and 0.025 U/uL Taq DNA
polymerase (NEB). Initial denaturation was performed at 95 °C for 60 seconds, followed by
30 cycles of denaturation (15 seconds, 95 °C), annealing (20 seconds, 48.3 °C) and extension
(5 minutes, 72 °C). The PCR product was purified using Nucleospin Gel and PCR Clean-up Kit
(Macherey-Nagel) following the manufacturer’s protocol. Final DNA concentration was

determined by absorbance measurement at 260 nm (Nanodrop, Thermo Fisher Scientific).

5.2.2.14 Nucleosomal assembly

Nucleosomes were assembled by stepwise dialysis from high salt buffer (HSB) to low salt
buffer (LSB) according to a published procedure.1%20 Nucleosomal DNA (1.0 equivalents) was
mixed with competitor DNA (crDNA, 0.05 equivalents, empty pUC-18 vector), BSA
(3.85 equivalents, Thermo Fisher Scientific) and core histone octamer in HSB. Small scale
assembly (9 pL) was performed to determine the ideal ratio of nucleosomal DNA to core
histone octamer. Samples were dialyzed (Snakeskin, 3500 MWCO, Thermo Fisher Scientific)
with decreasing salt concentration from 2 M to 0.23 M NaCl at 4 °C in 1 h intervals.
Nucleosomes were then dialyzed at 4 °C overnight in LSB. Nucleosome concentration was
determined by measuring total DNA concentration, which was converted to nucleosomal DNA
concentration by the known ratio of nucleosomal to competitor DNA. Using the molecular
weight of the nucleosomal DNA (133958.9 g/mol), the DNA concentration was transformed

to the molar nucleosome concentration.

5.2.2.15 Chromatosome assembly

Chromatosome assembly was achieved by combining nucleosomes (0.4 pM in LSB) with
linker histone variants H1.2 S150C, H1.2 mADPr and H1.2 diADPr in indicated ratios. Reaction
mixtures were incubated at 19.5 °C for 35 minutes and analyzed by 7.5% native PAGE. The
optimal ratio of nucleosome to linker histone was determined by small scale titration (7.5 uL),
with the determined ratio being high enough to ensure complete conversion and low enough

to avoid aggregation. The ratios between nucleosome and the linker histone variants were:

H1.2 S150C 1:1, H1.2 mADPr 1:1.2 and H1.2 diADPr 1:2.
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6.1 Sequences

All DNA sequences are given from 5’ to 3’ and all protein sequences are given from N-terminus

to C-terminus.

6.1.1 Linker histone variants

H1.2 WT (P16403)

The DNA sequence of the human linker histone variant H1.2 as cloned in pET-11a backbone,
C-terminal Hise¢-tag is shown in blue.
ATGAGCGAAACCGCACCGGCAGCACCTGCTGCAGCACCTCCGGCAGAAAAAGCACCGGTTAAAAA
AAAAGCAGCCAAAAAAGCCGGTGGTACCCCGCGTAAAGCAAGCGGTCCTCCGGTTAGCGAACTGA
TTACCAAAGCAGTTGCAGCAAGCAAAGAACGTAGCGGTGTTAGCCTGGCAGCACTGAAAAAAGCA
CTGGCAGCAGCAGGTTATGATGTGGAAAAAAATAATAGCCGCATTAAACTGGGCCTGAAAAGCCT
GGTTAGCAAAGGCACCCTGGTTCAGACCAAAGGCACCGGTGCAAGCGGTTCATTTAAACTGAATA
AAAAAGCCGCAAGCGGTGAAGCAAAACCGAAAGTTAAAAAAGCGGGTGGCACCAAACCGAAAAAA
CCGGTTGGTGCAGCAAAAAAACCGAAAAAAGCAGCCGGTGGTGCAACCCCGAAAAAAAGCGCAAA
AAAAACGCCGAAAAAAGCCAAAAAACCGGCAGCAGCAACCGTTACCAAAAAAGTTGCAAAATCTC
CGAAAAAAGCGAAAGTTGCGAAACCGAAAAAGGCCGCAAAAAGCGCAGCAAAAGCAGTTAAACCG
AAAGCCGCTAAACCGAAAGTGGTTAAACCGAAGAAAGCGGCACCGAAAAAAAAACATCATCACC
ATCACCACTAA

The amino acid sequence of human linker histone H1.2. The C-terminal Hise¢-tag is shown in
blue. The first amino acid in the sequence (methionine) is cleaved during synthesis.
(M)SETAPAAPAAAPPAEKAPVKKKAAKKAGGTPRKASGPPVSELITKAVAASKERSGVSLAALKKA
LAAAGYDVEKNNSRIKLGLKSLVSKGTLVQTKGTGASGSFKLNKKAASGEAKPKVKKAGGTKPKKP
VGAAKKPKKAAGGATPKKSAKKTPKKAKKPAAATVTKKVAKSPKKAKVAKPKKAAKSAAKAVKP
KAAKPKVVKPKKAAPKKKHHHHHH
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H1.2 S150C (P16403)

The DNA sequence of the human linker histone variant H1.2S150C (mutated codon shown in
red) as cloned in pET11a backbone, C-terminal Hise-tag is shown in blue.
ATGAGCGAAACCGCACCGGCAGCACCTGCTGCAGCACCTCCGGCAGAAAAAGCACCGGTTAAAAA
AAAAGCAGCCAAAAAAGCCGGTGGTACCCCGCGTAAAGCAAGCGGTCCTCCGGTTAGCGAACTGA
TTACCAAAGCAGTTGCAGCAAGCAAAGAACGTAGCGGTGTTAGCCTGGCAGCACTGAAAAAAGCA
CTGGCAGCAGCAGGTTATGATGTGGAAAAAAATAATAGCCGCATTAAACTGGGCCTGAAAAGCCT
GGTTAGCAAAGGCACCCTGGTTCAGACCAAAGGCACCGGTGCAAGCGGTTCATTTAAACTGAATA
AAAAAGCCGCAAGCGGTGAAGCAAAACCGAAAGTTAAAAAAGCGGGTGGCACCAAACCGAAAAAA
CCGGTTGGTGCAGCAAAAAAACCGAAAAAAGCAGCCGGTGGTGCAACCCCGAAAAAATGCGCAAA
AAAAACGCCGAAAAAAGCCAAAAAACCGGCAGCAGCAACCGTTACCAAAAAAGTTGCAAAATCTC
CGAAAAAAGCGAAAGTTGCGAAACCGAAAAAGGCCGCAAAAAGCGCAGCAAAAGCAGTTAAACCG
AAAGCCGCTAAACCGAAAGTGGTTAAACCGAAGAAAGCGGCACCGAAAAAAAAACATCATCACC
ATCACCACTAA

The amino acid sequence of the human linker histone variant H1.2S150C (mutation indicated
in red). The C-terminal Hiss-tag is shown in blue. The first amino acid in the sequence
(methionine) is cleaved during synthesis.
(M)SETAPAAPAAAPPAEKAPVKKKAAKKAGGTPRKASGPPVSELITKAVAASKERSGVSLAALKKA
LAAAGYDVEKNNSRIKLGLKSLVSKGTLVQTKGTGASGSFKLNKKAASGEAKPKVKKAGGTKPKKP
VGAAKKPKKAAGGATPKKCAKKTPKKAKKPAAATVTKKVAKSPKKAKVAKPKKAAKSAAKAVKP
KAAKPKVVKPKKAAPKKKHHHHHH

6.1.2 Core histones

H2A (H2A 1-B/E, P04908)

The DNA sequence of the core histone H2A as cloned in pET11a backbone. The 5’ Ndel and
3’ BamHI cleavage sites are indicated in bold.
CATATGAGCGGTCGTGGTAAACAAGGTGGTAAAGCACGTGCAAAAGCAAAAACCCGTAGCAGCCG
TGCAGGTCTGCAGTTTCCGGTTGGTCGTGTTCATCGTCTGCTGCGTAAAGGTAATTATAGCGAAC
GTGTTGGTGCGGGTGCACCGGTTTATCTGGCAGCAGTTCTGGAATATCTGACCGCAGAAATTCTG
GAACTGGCAGGTAATGCAGCACGTGATAACAAAAAAACCCGCATTATTCCGCGTCATCTGCAGCT
GGCAATTCGTAATGATGAAGAACTGAATAAACTGCTGGGTCGTGTTACCATTGCGCAAGGTGGTG
TTCTGCCGAATATTCAGGCCGTTCTGCTGCCGAAAAAAACCGAAAGCCATCATAAAGCCAAAGGC
AAATAAGGATCC
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The amino acid sequence of core histone H2A. The first amino acid in the sequence
(methionine) is cleaved during synthesis.
(M)SGRGKQGGKARAKAKTRSSRAGLQFPVGRVHRLLRKGNYSERVGAGAPVYLAAVLEYLTAEILE
LAGNAARDNKKTRIIPRHLQLAIRNDEELNKLLGRVTIAQGGVLPNIQAVLLPKKTESHHKAKGK

H2B (H2B 1-J, P06899)

The DNA sequence of the core histone H2B as cloned in pET11a backbone. The 3’ BamHI
cleavage site are indicated in bold. The 5’ Ndel cleavage site is removed by SDM during the
incorporation of the TEV cleavage site (shown in green). The N-terminal Hise-tag is shown in
blue.

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGC CCGG
AACCGGCAAAAAGCGCACCGGCACCGAAAAAAGGTAGCAAAAAAGCAGTTACCAAAGCGCAGAAA
AAAGACGGCAAAAAACGTAAACGTAGCCGCAAAGAAAGCTATAGCATCTATGTTTACAAAGTGCT
GAAACAGGTTCATCCGGATACCGGCATTAGCAGCAAAGCAATGGGTATTATGAATAGCTTCGTGA
ACGATATCTTTGAACGTATTGCCGGTGAAGCAAGCCGTCTGGCACATTATAACAAACGTAGCACC

ATTACCAGCCGTGAAATTCAGACCGCAGTTCGTCTGCTGCTGCCTGGTGAACTGGCAAAACATGCA
GTTAGCGAAGGCACCAAAGCCGTGACCAAATATACCAGCGCAAAATAAGGATCC

The amino acid sequence of core histone H2B. The first amino acid in the sequence
(methionine) is cleaved during synthesis. The N-terminal Hiss-tag is shown in blue and the
TEV cleavage site is shown in red with the actual cleavage site marked by a vertical bar.
(M)GSSHHHHHHSSG | SPEPAKSAPAPKKGSKKAVTKAQKKDGKKRKRSRKESYSIYVYK
VLKQVHPDTGISSKAMGIMNSFVNDIFERIAGEASRLAHYNKRSTITSREIQTAVRLLLPGELAKHAV
SEGTKAVTKYTSAK

H3 (H3.1, P68431)

The DNA sequence of the core histone H3 as cloned in pET11a backbone. The 5’ Ndel and
3’ BamHI cleavage sites are indicated in bold.
CATATGGCACGTACCAAACAGACCGCACGTAAAAGCACCGGTGGTAAAGCACCGCGTAAACAGCT
GGCAACCAAAGCAGCCCGTAAAAGCGCACCGGCAACCGGTGGTGTTAAAAAACCGCATCGTTATC
GTCCGGGTACAGTTGCACTGCGTGAAATTCGTCGTTATCAGAAAAGTACCGAACTGCTGATTCGT
AAACTGCCGTTTCAGCGTCTGGTTCGTGAAATTGCACAGGATTTCAAAACCGATCTGCGTTTTCAG
AGCAGCGCAGTTATGGCACTGCAAGAAGCATGCGAAGCATATCTGGTTGGCCTGTTTGAAGATAC
CAATCTGTGTGCAATTCATGCCAAACGTGTTACCATTATGCCGAAAGATATTCAGCTGGCACGTCG
TATTCGTGGTGAACGTGCATAAGGATCC
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The amino acid sequence of core histone H3. The first amino acid in the sequence
(methionine) is cleaved during synthesis.
(M)ARTKQTARKSTGGKAPRKQLATKAARKSAPATGGVKKPHRYRPGTVALREIRRYQKSTELLIR
KLPFQRLVREIAQDFKTDLRFQSSAVMALQEACEAYLVGLFEDTNLCAIHAKRVTIMPKDIQLARRI
RGERA

H4 (P62805)

The DNA sequence of the core histone H4 as cloned in pET11a backbone. The 3’ BamHI
cleavage site are indicated in bold. The 5" Ndel cleavage site is removed by SDM during the
incorporation of the TEV cleavage site (indicated in green). The N-terminal Hise¢-tag is shown
in blue.

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGC GGCC
GCGGCAAAGGTGGCAAAGGCCTGGGCAAGGGTGGCGCGAAACGCCATCGTAAAGTGCTGCGTGAT
AACATTCAGGGCATTACCAAACCGGCCATTCGTCGCCTGGCGCGTCGTGGCGGTGTGAAACGCATT
AGCGGTCTGATTTATGAAGAAACCCGTGGCGTGCTGAAAGTCTTTCTGGAAAACGTTATTCGTGA
TGCGGTGACCTATACCGAACATGCGAAACGCAAGACCGTGACGGCGATGGATGTTGTGTATGCAC
TGAAACGCCAGGGTCGCACCCTGTATGGTTTTGGCGGTTAAGGATCC

The amino acid sequence of core histone H4. The first amino acid in the sequence
(methionine) is cleaved during synthesis. The N-terminal Hiss-tag is shown in blue and the
TEV cleavage site is shown in red with the actual cleavage site marked by a vertical bar.
(M)GSSHHHHHHSSG |SGRGKGGKGLGKGGAKRHRKVLRDNIQGITKPAIRRLARRGGVK
RISGLIYEETRGVLKVFLENVIRDAVTYTEHAKRKTVTAMDVVYALKRQGRTLYGFGG

6.1.3  Nucleosomal DNA

Sequence of nucleosomal DNA used for affinity enrichment studies.!® The 5’ desthiobiotin
(DTB) label is indicated in bold, the following 11 deoxythymidine spacers are underlined. The
nucleosome positioning sequence is shown in light blue.

DTB-TTTTTTTTTTTATCTAATACTAGGACCCTATACGCGGCCGCATCGG

GATTGCATG
TGGATCCGAATTCATATTAATGAT

108



Appendix

6.2 Supplementary schemes

OH OH
2 3

Scheme S1. Nomenclature for ADP-ribose dimer (diADPr).

6.3 Supplementary figures

H1.2 WT
100+

Intensity [%]

Lo M

T T T
22000 23000
Mass [Da]

Figure S1 Full length protein MS measurement of the linker histone H1.2 WT. Calculated 22056 Da,
measured 22056 Da.

[bp] M PCR
500

200

100

2.5% agarose gel

Figure S2. Agarose gel analysis of the PCR reaction producing the nucleosomal DNA. Nucleosomal DNA
was produced by PCR and the product was applied to 2.5% agarose gel analysis revealing a band of the
desired size (207 bp).
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Figure S4. 13C NMR spectrum of S-Ethyl a-methylhydrazide thiocarbamate.
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Figure S6. 'H NMR spectrum of thiocarbamate linker modified mono-ADP-ribose (TC-mADPr).
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Figure S7.31P NMR spectrum of thiocarbamate linker modified mono-ADP-ribose (TC-mADPr).
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Figure S8. 'H NMR spectrum of N¢-benzoyl-[3’,5’-0-1,1,3,3-tetra-iso-propyl-disiloxane-1,3-diyl)-2’-0-a-D-
(2”-0-acetyl-3”,5”-di-0-benzoyl-arabinofuranosyl)] -adenosine (13.3).
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Figure S9. 1H NMR spectrum of Né-benzoyl-[3’,5’-0-1,1,3,3-tetra-iso-propyl-disiloxane-1,3-diyl)-2’-0-a-D-
(3”,5”-di-0-benzoyl-ribofuranosyl)] ~adenosine (13.4).
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Figure S10. 'H NMR spectrum of N¢-benzoyl-[5’-0-(4,4’-dimethoxytrityl)-2’-0-a-D-(5"-di-O-benzoyl-
ribofuranosyl) —-adenosine (13.6).
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Figure S11. H NMR spectrum of N¢-benzoyl-[3’-0-TBDMS-5’-0-(4,4’-dimethoxytrityl)-2’-0-a-D-(2”,3”-di-
0-TBDMS-5"-di-0-benzoyl-ribofuranosyl) —-adenosine (13.7).
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Figure S12. 'H NMR spectrum of N¢-benzoyl-[3’-0-TBDMS-5’-0-(4,4’-dimethoxytrityl)-2’-0-a-D-(2”,3”-di-
O0-TBDMS-ribofuranosyl) -adenosine (13.8).
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Figure S13. 'H NMR spectrum of N6-benzoyl-[3’-O-TBDMS-2’-0-a-D-(2",3”-di-O-TBDMS-5"-0-(di-
fluorenylmethyl)-phosphoryl-ribofuranosyl) -adenosine (13.9).
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Figure S14. 3P NMR spectrum of N¢-benzoyl-[3’-0O-TBDMS-2’-0-a-D-(2”,3”-di-O-TBDMS-5"-0-(di-
fluorenylmethyl)-phosphoryl-ribofuranosyl) -adenosine (13.9).
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Figure S15. 'H NMR spectrum of N¢-benzoyl-[3’-0-TBDMS-5’-0-phosphate-2’-0-a-D-(2”,3”-di-O-TBDMS-
5”-0-di-fluorenylmethyl)-phosphoryl-ribofuranosyl) -adenosine (13.10).
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Figure S16. 31P NMR spectrum of Né-benzoyl-[3’-0O-TBDMS-5’-0-phosphate-2’-0-a-D-(2”,3”-di-O-TBDMS-
5”-0-di-fluorenylmethyl)-phosphoryl-ribofuranosyl) -adenosine (13.10).
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Figure S17. 'H NMR spectrum of 5-O-triphenylmethyl-D-ribose (14.2).
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Figure $18. 'H NMR spectrum of 1-0-TBDPS-5-0-triphenylmethyl-3-D-ribose (14.3).
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Figure S19. 'H NMR spectrum of 1-0-TBDPS-2,3-di-0-acetyl-5-O-triphenylmethyl--D-ribose (14.4).
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Figure $20. 'H NMR spectrum of 1-O-TBDPS-2,3-di-0-acetyl-f-D-ribose (14.5).

118



Appendix

=
C
=

ol

Py f 7o T T &) T
88038 2 88 8 8 S @8 8
Adoe S = S A & N o
T T T T T T T T T T T T T T T T T
7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 1.0 0.5 0.0
5 (ppm)

10.0 9.5 9.0 85 8.0

Figure S21. 'H NMR spectrum of 1-0-TBDPS-2,3-di-0-acetyl-5-0-H-phosphonate--D-ribose (14.6).
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Figure S22.31P NMR spectrum of 1-0-TBDPS-2,3-di-0O-acetyl-5-0-H-phosphonate--D-ribose (14.6).
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Figure S23. 'H NMR spectrum of Né-benzoyl-5'-0-(4,4’-dimethoxytrityl)-adenosine (15.2).
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Figure S24. 1H NMR spectrum of Né-benzoyl-2’,3’-di-O-acetyl-5’-0-(4,4’-dimethoxytrityl)-adenosine (15.3).

120



Appendix

- T Ty S o T T i
3 3 8 88 8 8 g8 8 5 ]
3 pS S 33 S 2 23 g N aa
12.5 12.0 115 11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.

5 (ppm)

Figure S25. 'H NMR spectrum of Né-benzoyl-2’,3’-di-O-acetyl-adenosine (15.4).

N
L

T 7y T 7o T T
o 8 =) no . a0 ~n oo
8 @ 38 he 8 s 4 S8
~ - - IR ] - ~ © M
T T T T T T T T T T T T T T T T T T T T T
10.0 9.5 Q.0 85 2.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 1.0 0.5 0.0

Figure $26. 'H NMR spectrum of N¢-benzoyl-2’,3’-di-0-acetyl-5’-0-H-phosphonate-adenosine (15.5).
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Figure S27. 31P NMR spectrum of N6-benzoyl-2’,3’-di-0-acetyl-5’-0-H-phosphonate-adenosine (15.5).
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Figure $28. 'H NMR of D-ribose adenosine dinucleotide-2”-0-a-D-ribose adenosine dinucleotide (diADPr).
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Figure S29. 31P NMR of D-ribose adenosine dinucleotide-2”-0-a-D-ribose adenosine dinucleotide (diADPr).
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