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Theoretical Background

1. Theoretical Background

In this introductory chapter the cellular role of AltiBosylation is put into a biological context with a
more detailed focus on the modification of linker histones and its effecshoomatin. Moreover, the
structure of poly(ADRibose)(PAR)s introduced, evaluated regarding its chemical synthesis, and the
state-of-the-art is reviewed. Additionally, strategies for the ssielective attachment of ADibose to
peptide structures ar@resented. Last, possible solutions for a central challenge of this project, namely
the formation of pyrophosphate bonds in complex molecules, are discussed.

1.1.Structure ofChromatin

One of the basic tasks of every living cell is to ensure the propeagetcand accessibility of genetic
information. In eukaryatic cells this is achieved in a nucleoprotein complex termed chromatin. There
are two types of chromatin that can be distinguished by their transcriptional activity. Actively
transcribed euchromatin »hibits a lower level of condensation and contains most of the
protein-coding sequences while transcriptionally inactive heterochromatin is highly compacted and
can be subdivided into constitutive heterochromatin and facultative heterochronfétiiihe
constitutive form is mainly enriched in repetitive sequences with low genetic content and always
remains in &ompacted stateThe facultative form in contrast undergoes transition from the compact
transcriptionallyrepressed form to a more loose and actively transcribed state. The regulation of this
process and the maintenance of the different chromatin regiensf utmost importance since it has

an impact on the majority of DNBased processes including transcription, replication and DNA
repair?

1400 nm
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Figure1-1: Schematic representation of thiifferent levels ofompactiorf N2 Y G FNBSé¢ 5b! (G2 (GKS ¥Fdzf £ &
chromosomePicture byDr.S. Ludmann.
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In order to fit a diploid human genome counting more than five billion base pairs and measuring about
two metres in length into the nucleus of a somatic cell with less than ten micrometres in diameter,
several sequential levels of condensation are requifed.

The first level of compaction consists of a polynucleosome array also known asdread#ring. In

this form of condensation the nucleosms are metaphorically regarded as beads that are
interconnected by a string of DNA, leading to an approximately-félkte compaction of DNA
(Fig.1-1) M Consequently, nucleosomes can be considered as the basic unit of DNA packaging and are
composed, of an octamer of smlled core histoneshat are encompassed by the DNA double
strand™>® These small proteins consist of 100 to 130 amino acids and are highly conserved throughout
the domain of eukaryoteg! Structurally, the core histones present a folded globular domain and an
unstructured N-terminal tail region. Within the globular domain a characteristic hsfiiandhelix
structure islocated, called the histonéold motif.®! Crystal structures revealed that the interactof

these motifs are crucial for the stabilisation of the core histone octafh&urthermore, a strong
positive charge on the surface of all core histones leads to a high affinity for the negatively charged
phosphates in the backbone of DNA. This featdi@as wrapping of DNA around the histone octamer
forming the nucleosome core particle with a diameter of ab&0tnm. Each nucleosome thereby
comprises 18@ 200 base pairs of DNA, 14347 of them being in direct contact with the proteitfs.

The aforementionedN-terminal tails of the histones extend beyond the core particle and open the
possibility for further intranucleosomal interactions or for thbinding of neighbouring
nucleosome$'®t Additionally, these tails are the target for a plethora of combinatorial
posttranslational modification$PTMswhich have important roles in DNA replication, transcription
and repair!? For this reasonproteolytic digestion of the histone tailkitone tail clipping) leads to
drastic alterations in nucleosome dynamits.

The next level of compaction builds on the described polynucleosomes and is referred tenas 30
fibre. Although extensively studied, the biological role as well as the exact structurénrart@pic of
discussiont!¥ The situation is agyravated by the fact that the structure of the -8@n fibre was found

to depend on ionic strength, length of linker DNA and abundance of linker histéhEsrough the
formation of chromatin loops within the 30m fibre chromonema fibres can be formed that exhibit
diameters ranging from 126 170 nm(‘® Besides the diameter many details of this chromatin
structure remain elusivé’! The fibrelike structure displays an irregular folding pattern which varies
in length and level of condensatid§! Influences of multivalent cations, fibféore interactions and
chromatin associated proteins have been reportéd”

Supercoiling of chromonema fibres leads to the highest level of condensation that can be achieved in
the mitotic metaphase, leading to a 10000 to 20601 compaction of DNA. Condensind Cohesin
moleculeghat arelocated in the central axis promote termation of the prominent chromosomes,

a chromatin fibre with a diameter of about 5@0750 nm!?l
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1.2.Linker Histones

In addition to the core histones, the formation of the higher order chromatin structtines are
described in the previous section requires other proteins for stabilisétbithe most abundant
among these architectural proteins in eukaryotic cells are linker histBfids. contrast to earlier
assumptions that at each nuclsome one linker histone is present, it was found that this feature
differs depending on the tissue, as well as on the nucleosome releeath?® Generally, the
stoichiometry ranges between 0¢81.4[24

Within the beadson-a-string structure the single nucleosomes are separated by linker DNA that is not
associated with histones. In contrast to nucleosomal DNA this part of DNA is sensitive towards
nucleolytic digestior?™> The binding of linker histones to the nucleosome dyad occurs close to the
entry/exit site of the DNA double strarié¢f?” (Fig. 12) and the resulting complex is referred to as
chromatosome (Fig.-1)281 This association between nucleosome and linker histone is crucial for the
formation of higher order chromatin structuréd and furthermore protects additional 20 base pairs

of linker DNA from nucleasdigestion2*3 However, the exact binding mode of linker histones to the
nucleosome, ther localisation within chromatin and interactions between linker DNA and
chromatosomes are still part of controversial discussiés

base pair at dyad

2 molecules each of
H2A, H2B, H3, and H4
- A ~

11 nm

HBH3 BH4 W H2A EH2B

Figurel-2: Structure of the chromatosomes and the nucleosome core paicgchematic representation of
chromatosomes with binding position of histone.lf#1B) Crystal sucture of the nucleosome core particle (PDB ID 1KX5)
with DNA depicted in sticks and the four different core histones colouredieatédiTerminal tails of histones protruding
the core particle are clearly visiblettps://pubs.acs.org/doi/10.1021/cr50037 3k
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The impact of linker histone H1 is founded instucture. All members of this protein family consist

of around 200 amino acids and exhibit a highly basic isoelectric point. Furthermore, a tripartite
structure can be recognised: A central globular domain of about8Damino acids is encompassed
by two tail regions. Th&l-terminal tail is significantly shorter and comprises roughly 30 amino acids
while the Gterminal domain is abouthree times larger®® By deleting the terminal regions or
exchanging their position the irrelevance of tieterminus for binding to the nucleosome was
shownB&31 The globular domain, in contrast, is not only the part of the protein protecting linker DNA
from nuclease digestidit, but is also able to bind the nucleosome by structure specific
recognition&3% While the central region of the protein seems to be ordered, as ascertained by NMR
spectroscopyand Xray studes, the two terminal tail domains are lacking a high resolution and are
therefore most likely unstructure® 4%

The Gterminal domain that accounts for about half of the total H1 sequence exhibits a highly basic
nature since about 40% of the amino acids are lysines and argifif@3his feature ipresumed to
allow the formation and the regulation of higher order chromatin structures through neutralisation of
the anionic DNA backbone. The BbiAding ability is thought to be based on two functional regions
that were discovered by mutational studi&%*! Along these lines, th€terminal domain is essential

for the association DH1 to chromatinin vivd*% and indispensable for the formation of the -3n
fibre Bl Upon binding to DNA, the initially disomd& Gterminal domain folds from a random coil into

a precisely determined structufé and thus enables the arrangement of the nucleosome stem
structure by intercalating between two adjacent linker DNA heli¢&®! The further compaction of
chromatin is suggested to be facilitated by intercleosomal sterto-stem interactiong®!

In comparisonto the core histones, the family of linker histones is less conserved and, in most
organisms, mulfile variants of H1 may be found. However, they still share a high sequence homology
where the globular domain generally seems to be evolutionarily more conserved and the terminal tails
exhibit a higher variability in their sequen€&.The linker histone family in humans comprises eleven
genetically distinct members with H1td H1.5 sharing 89% sequence identi#.

Generally, two main groups of genes encoding for linker histones can be distinguished. The first group
comprises the replication dependent H1 types that are mainly expressed in dividing cells especially
during SPhase (mostly H1.1 t61.5).H1.1 to H1.5 are expressed ubiquitolEi# with H1.2 and H1.4

being predominant in most cell typ&Sl The other group are the replication independent genes that
encode for replacement histones and are esgsed in resting cells (H1.0 and H¥% ogether all of

them represent the seven somatic variants of linker histones

Although the microheterogeneity in th#l- and Gterminal tail regions significantly influences the
biological role of linker histones culminating in effects on gene regufdtfShand even distinct
extranuclear functions like.g.an apoptogenic activity for H1%262, it is assumed that the specificity
of the individual variants is mostly caused by different PTMs of the linker histdhes
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1.3.PosttranslationaModification ofHistones and its Effect on Chromatin

The structure othromatin and, as a direct consequence, the regulation of gene expression are to a
substantial part influenced by epigenetic marks. RNA silencing, DNA methylation, nucleosome
positioning and posttranslational histone modifications play fundamental roléseise processes as

well as in embryonic development and the course of several disé¢dsédueto the plethora of PTMs
occurring on histones they are regarded as key players in epigenetics and are known to influence
chromatin remodellindg?, DNA replicatioi*! and repairmechanism$® by altering intra as well as
internucleosomal histondiistone and histonddNA interaction£® The hotspot for the dynamic
attachment of PTMs are thé&-terminal protein tails protruding beyondhe nucleosomecore
(seeFig.1-2 B). Besides direct biophysical effects these modifications may also be recognised by
effector molecules that specifically bind to certain marks. In combination with enzymes attaching and
removing the PTMs at particular gbsns these proteins are often referred to as histone mark
GNBI RSNAR &> ag NR G SHEE U tgthe prasBnn Jiftaed diffekent BTMA e baen
identified to occur on histones including for example acetylation, methylation, phosphorylation,
ubiquitylation and AD#ibosylation!*?!

reader

chromatin J chromatin
decondensation — condensation

PTM PT™M )

histone tail

chromatosome

writer/
eraser

Figure1-3: Depiction of the histone code hypothesiEMB on histones act in combination or sequentially to enable the
recognition by specific effector proteins;&d £t f SR aNBIF RSNEéd ! i OKYSYld YR NBY2 O
GHENARGSNEE BYR aSNF aSNEE

The different histone modifications do not occur @pndently, but on the contrary they can positively

or negatively affect each other. Furthermore, this interdependence can facilitate mutual influence
between different epigenetic marks at the same diteyithin the same tail’>"Y or at different tals "2
Besides this, an effect of DNA methylation on histone modificatias observed andice versd:® &
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These closely linked effects of distinct modification patterns on histones and the influence on
R2oyaluNBlIY S@gSyita tSR (G2 (GKS LINRLRalf 2FBHKS GKA
The combination of different epigenetimarks on histones leads to unique chromatin states and
GKSNBoe& FrOAtAGFEGSa GKS NBONHAGYSYid 2F 20KSNJ OF
influence on various biological proces$&s-However, despite intense research the exact function and
regulation of gene expression by epigenetic marks on histones is not fully reveal&d’et.

While the topic of PTMs on core histones was extensively studied over a long time, linker histones only
emerged to play a ore important role in epigenetics in the last few yeBr3® Additionally, it is
presumed that variants of linker histones bear particular modification patterns determining their
specific function and interaction with downstream effectéré.However, except phosphorylation
which represents the most studied PTM onl1the influence of other modifications on linker
histones remains elusive.

Furthermore, most publications about PTMs of histones focus on small covalent alterations like
acetylation, methylation and phosphorylation. Conversely, signifigdatver data is available on the
modification with more complex entities like for instance Afifdse. The discussion of the impact of
histone ADRibosylation has often been restricted to functions of the modifying enzymes rather than
to histones as acgrors of this modificatiod’® In the recent past advances in mass spectrometry
allowed a more comprehensive investigation on the impact of histone -/iioBylation on
chromatin[e%

Regarding poly(ADRbosylation) (PARylation), thmain acceptors are in general nuclear proteins of
which more than 150 were identified to be covalently modified by PARroand more than 60 were
associated with PAR vivo®! The majority of these target proteins are involved in the modulation of
chromatin structire including histones, high mobility group proteins and topoisomer&s&\While
ADPRribosyltransferase diphtheria toxiike 1 ARTDY is with over 90% the main acceptde?,
ADPribosylation is also reported for H1 and all four core histohesivg H1 and H2B are the most
abundant mone and poly(ADPribosylated) species among the chromatissociated protein8®!

Due to the size and charge of PAR its attachment tomés induces an immediate decondensation of
higher order chromatin structuré® &I This process is promoted by the polyanionic character of this
PTM which enables PAR to compete with DNA for binding to histones and disrupt Hi¥tighne
interactions culminating in unwrapping of chromatin fibFES8! In vitrothis particular mode of action
could aso be demonstrated on purified chromatin fibrés.

The severe and fast changes in chromatin structure mediated by PARylation are most obvious in the
central role of this modification in DNA damage respofi@@NA strand breaks strongly trigger the
activity of ARTD1 resulting in automodification of this enzyme as well as massive modification of
histones® This promotes the recruitment of protesninvolved in further opening dhe chromatin
structureand DNA repair (Fig-4) °>°Y However, it is not clear if the recruitment of these effetstds
caused by automodified ARTD1 or modified histones. Also the dependence of recognition on the
microstructure of PAR and preferences for distinct modification sites are therefore still unknown and
subject to further investigatiofl®!
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Chromatin superstructure relaxation l

Strand-break
detection by

PARP-1, PARP-2

PAR-dependent recruitment
of SSBR enzymes Histone H1 and H2B poly(ADP-ribosyl)ation l

Figurel-4: Decondensation of chromatin as a consequence of DNA strand-ibckaded PARYylation of histones and ARTDL1.
Positioning of known modification sitesti$tones H1 and H2R: 89. 92

Yet it is not only severe damage to DNA that leads to altered chromatin structures induced by
ADPribosylation. Thisevent can also be observed during transcription, cell cycle regulation, cell
differentiation, maintenance of pluripotency, and replicatiéf.Relaxed chromatin facilitates the
accessibility of the transcriptional machinery to promoter regions and thereby has an influence on
gene expression. Thus, an enhanced Aib8syation activity was ascertained for transcriptionally
active domains of the genont®! In addition to the AD®ibosylation activity, ARTD1 and histone H1
compete for binding to promoter regions as well as nucleosomes and thereby modulate the expression
of target gene£® 4% During SPhase of mitosis histone modification is increased two¥dldnd

there is strong evidence that ABBosylation is essential for cell cycle progression in proliferating
cellsl” Moreover, ARTDinediated PARylation enalsethe histoneto-protamine exchange in
spermatids by local chromatin decondensati®h.
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1.4.Structureand Metabolisnof ADPRbosylation

As already implied above, a main focus of this introductive chapter will lie on the PTMs based on
ADRribose. For this reason, the structure and metabolism of this complex and unique entity will be
discussed in greater detail in this section.

ADRribosylation describes the covalent attachment of single or multiple -AlBe residues
originating fromnicotinamide adenine dinucleotiddNAD) onto amino acid side chains of acceptor
proteins. After thefirst discovery of this process in bacterial toxins like therynebacterium
diphtheriaetoxin, ADPribosylation was found to be an evolutionarily conserved PTM of proteins found
in all living cells with the exception of ye&8t®

The synthesis of this structurally complex PTM islga¢al by enzymes called AlfiBosyltransferases
(ARTS) that can be subdivided into three distinct famfitféExtracellular AD#Fbosylation is mediated

by cholera toxidike ADPribosyltransferases (ARTE8)However, the biggest group withighteen
human family members identified so far are the diphtheria teléie ADFribosyltransferases (ARTDS)
(formerly known as PARPs, Poly(AibBse) polymerasé¥®) which are the main enzymes catsilyg
intracellular ADRibosylation. Additionally, a subset of sirtuin deacetylases are also able to mediate
the attachment of AD®ibose onto proteing!°+102

A further distinction within the family of ARTDs has to be made betwéARYylatingand PARylating
enzymes. This results in the occurrence of two different forms of PTMs that are closely related and
partly connected due to their metabolisnvide infrg. Whie mono(ADRibosylation) (MARYylation)
describes the transfer of one single Abtfbse residue from the esubstrate NADonto a target
protein (seescheme 12), in the case of PARylation the attachment of further entities onto a growing
chain results indng polymeric chains of multiple ABBose units.

PARYylation was described in all eukaryotes and archaea, but not in§fe@ke transfer of additional
ADRNR 62aS dzyAida y@OxzNgoup 20§ thell tr@inalHa@enosine forming an

h 6 m QODycesidic linkage towards the next unit. In this nmar, polymers comprising

H -O-D-ribofuranosyl adenosine as core motif interconnected by anionic diphosphate linkages are
formed that can reach chain lengths of up to 200 monomengitro.*°>1%4 However, the size of the
polymer is highly heterogeneous and the average length is about ten units in nuclei of unstressed
cellsi*®! In longer linear oligomers the formation of &rhelical secondary structure was proposed
resembling the one of DA which is supported by the finding that antibodies raised against PAR
can recognise oligonucleotides amite versd'®“1%l Apart from this the linear elongation of the
polymer branching occurs in an irregular manner with an average frequency of one branch per 20 to
50 units. For this purpose, another ABiBose unit is attached to the nascent chaiia an additional

O3f @02aARAO -hylrgxyl graup of the ribas& éhtitynithin the central motif, from there

on allowing the bidirectional elongation of the potgr (Scheme -1) [1°®11% Since PAR a transient

PTM it has a rapid turnovén the cell and needs to be strictly regulated. The polymerisation process
is controlled by the concentration of NADt was found irn vitro experiments that a concentration

of 1 -2 uM was necessary for polymer elongation, whereas highly branched padywere formed in

the presence of 20pM NAD.[%8 11U A|| these characteristics make PAR probably the most elaborate
metabolite of NAD*1?]
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Schemel-1: Chemical structure d?ARinked to an aspartic acid side chain of the target protein via @tyCosididond;
modified fronft1&114]

The formation of PARYylation can be subdivided in three enzymatic steps intdome cases can all
be catalysed by the same enzyf@! The typical process starts with the initiation step, the
nucleophilic attack of a side chain of the substrate protein on@eposition of NADleading to a
covalent attachment of ADRbose (Scheme-3 Initiation). At this stage the process of MARylation is
finished. Several different amino acids were identified as possible acceptors but most commonly
arginine, glutamic and aspartic acid and lysine are reii®® 1**'However, attachments of AD#bose

on asparagine, glutamine, serine and cysteine were also repéifédThe modification of
N-nucleophiles leads to the formation of aiglycosidic bond. In the case of amino acid side chains
bearing a carboxyl functionalitygl(, asp) ester linkages arformed, which may be stabilised by a
m-8-acyl shift!' The addition on lysine residues also results in the formatidsglfycosides that can
undergo an Amadotiearrangement towards a stabilised ketamine bond (Schera®™® All these
different types of linkages evidently exhibit differentrinsic stabilities and specialised transferases
and hydrolases dedicated to their selective attachment and remié\fal.
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Schemel-2: Attachment of mono(ADHRbose) to different amino acid side chains and the resulting forms of likdge

The second step in the formation of PAR is the elongation of the growing oligomer. This is achieved by
Iy dzOf S2 LIK A f -hyQroxyl grdup @ the t@rinaiiaéeSosine@oiety on Hremeric centre

of the ribose residue of NAD 2 YLINA aAy 3 yAO20GA YLl YA REgthcosidit linkefgeh & & | &
is formed in a stereoselective manner and nicotinamide is released (Sché&ngldngation}:?”

Another function of the PARylating enzymes is the generation of the aforementioned brgrpaints.

Therefore, a further unit of ADRRA 6 2 43S A a | GhydroyK @drp foraing @k #lditian@l Q

h 6 m Q Q@YIygosidiz dinkage originating from the ribosylated adenosine core motif in an erratic
manner. From the two terminal AB#bose graips the polymer may be elongated in two distinct
directions (Scheme-3 Branching}.°®19

The lack of the ability to form PAR strands of MARylatimymmes like most of the 18 members of the
ARTD family with the exception of ARTD1, ARTD2, ARTD5 and'AR3 Dbésed on fine differences

in their active cente. The catalytic glutamate residue necessary for the stabilisation of the
oxocarbenium intermediate is not present in these enzymes. Instead, it is reasoned that they utilise a
glutamate side chain of the substrate protein for the activation of NADe b this substrateassisted
catalysis mechanism no further elongation of the monomeric PTM is possible for this kind of
enzymeg!#
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Schemel-3: In vivo metabolism dPAR Green = anabolism; red = cataboli§h
In order to be adaptable tdifferent situationsthe formation of ADRibose is a reversible and tightly

regulated process. Its levels can fluctuate on short time frames in response to external &tirdli.
Consequently, there are several enzygrthat are capable of degrading AbBosylation marks from
target proteins. Poly(ADRbose) glycohydrolase (PARG) comprises an endoglycosttlasewell as
an exoglycosidagé® activity and thus is able to cleave tkeglycosidic bonds within PAR polymers.
The norhomologousADRribose-acceptor hydrolase 3ARH3 and members of the NUDIX family of
proteins are other enzymes that degrade PzkRins!'?"12%
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Instead of cleaving the glycosidic bond NUDIX acts as a pyrophosphorylase hydrolysing the
phosphoanhydride linkage between two ribosgemosine building block&®3Y However, even if all

of the abovementioned enzymes efficiently hydrolyse PARjatiers none of them is able to
hydrolyse the first amino acidound ADRibose unit. For this purpose, specialised enzymes were
identified. ARH1 is known to specifically cleave 4ib&sylated argining*? while ARH3 was found to

be the main enzyme responsible for the removal of modifications on selfitie. The
macrodomaincontaining hydrolases MACROD1, MACROD2 and TARG, which cleaymkester
ADPribose from aspartate and glutamate, confirmed the full reversibility of ADBsylation from
these residued3+'3¢l Despite intensive research there are no proteins known that reverse lysine
ADPribosylation®” The different steps of PAR degradation are depictestheme 13. In summary

the turnover of ADRibosylation by different hydrolases enables spatial and temporal control over the
recruitment and release of PA&sociated proteins, as well as transient signalling upon external
stimuli.i37]

The number of identified proteins subjectead tADPribosylation is steadily increasing due to
impressive advances in mass spectrometry and proteoliift8eside the effects mediated by the
described covalent modification of proteins also remvalent interactions with proteins bearing one
of at least four distinct binding motifs are reported (Schem#®) £ 371t was shown that the binding
affinity of specific target proteins depends on chain length and the extent of branching withit*PAR.

WWE
NH, doma\\'\
N
o—g o—‘g—o
o | |
[ \

terminal ADP-ribose
of PAR

(n-1) ADP-ribose of
PAR

Schemel-4: Recognition sites of PARding domain®n the polymer chairmodified froni37]

The number of targetshat exhibit norcovalent interactions with ADRbose is by far eclipsing the
number of directly modified proteins and thus bears great opportunities for the elucidation of further
pathways in which this PTM is involvétt!*Y The PARinding motif (PBM) was the first protein
domain that specifically binds PAR to be discovered and comprises a stretch of 20 hydrophobic amino
acids interpersed with basitysinearginine clusters*? PBMs are present iabroad range of proteins
involved in DNA damage response, chromatin remodelling and RNA prod&$kifige PARinding

zinc finger (PBZ) is a 3.5 kDa domain that is closely relatde tsinglestranded RNAinding zinc
fingers of the C3H1 class. It consists of a relativibprdered fold that is punctuated by a
zinccoordinating motif. This allows stacking interactions with the adenine bases of two consecutive
ADRribose units within PAR and the uniqied m Q-O-tyc@xidlic linkagg#*14% To the present date

this motif was found to occur in the two proteins APFL and CHFR whose ability to bind PAR is important
for their respective roles in DNA damage response and in cell cycle regléidine evolutionary

most conserved PABiInding motif is the sealled macrodomaift®”
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With a size of 130 to 190 amino asiid is relatively large compared to the other binding motifs and it

is able to interact with mono(ADfbose) as well as with the terminal ADBose residue of PAR
chains**”! Similarly to the PBZ domain, macrodomains also occur organised in tandem arrays within
one prdein in order to increase their effective affinity in a cooperative martérAnother binding
domain that was discovered more recently got its name from the conserved amino acid repeat
tryptophan (W), tryptophan (W), glutamate (E) and is therefore termed WWE domain. This motif has
so far only been found in members of the ARTD family and in certdigas@s underlining a functional

link between ubiquitylation and ADBfbosylation®” 1481In addition to the mentioned and relatively
well-characterised PARiInding domains, novel domains showing affinities to MARylated and
PARylated targets are constantly being identified. Furthermore, there is strong evidence that also
several DNAund RNAbinding motifs are likewise able to bind PAR due to the apparent structural
similarities!14151

ADPribosylation modulates a vast array of biological processes including transcription, DNA repair,
mitochondrial functions and the emergence of cytoplasmic and nuclear suborganellar structures.
Although it is nothe only pathway, AD#bosylation also represents a key component of the cellular
stress responsE&d These signals are mediated in diverse biochemical ways. The occurrence of a PTM
like ADFribosylation perhaps bears advantagespismthways that require dramatic and immediate
responses due to its structural features as a bulky and highly charged flexible*€haburrent
research literature mentions three major types of mechanisms how-#theRylation exerts effects on

the functions of target proteins: the Imbition of proteinprotein or proteirnucleic acid interactions,

the alteration of effector protein localisation or interaction by the formation of molecular scaffolds
and the regulation of ubiquitylation events that have downstream effects on proteasdegahdation

(Fig. 15)1*¥71In the following lines these different modes of action will be described briefly and some
notable examples on the downstream cellular effects will be given in order to outline the enormous
biological relevance of ABRibosylation.

The bestinvestigated mehanism of function of ADRbose is its ability to inhibit acceptor proteins
from interacting with their binding partners or substrat&3elfevidently, the attachment of a highly
charged and comparatively large modification may cause dramatic changbs istructural and
electrostatic properties of a proteif®?'5% The similar characteristics to RNA and DNA may lead to
repulsion of nucleic acids as well as the attraction of nu&leid binding proteins which was already
discussed in section 1.3. about the influence of Aib&sylation on DNA compaction and chronmati
remodelling (Fig.-5 A). Another prominent example of this mode of action is the impressively potent
diphtheria toxin that is released after infection wi@orynebacterium diphtheriaend that efficiently
inhibits RNA translation. The addition of onegié ADRibose unit onto a diphthamide residue of the
eukaryotic elongation factor 2 (EEF2) completely perturbs its interaction with the entire translation
machineryt*> Similar mechanisms for the inhibition of interactions in an Aib&sylationdependent
manner hae been widely adopted in eukaryotic celfg!
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Figurel-5: Ways of modulation of protein function by AbBosylation A) Inhibition of proteifprotein or proteinnucleic
acid interaction induced by ABPosylation B) Recruitment of PARiInding target proteins by creation of an
ADRribosylationbased interaction scaffojd) PARylation of target protein leads to the recruitmenE8fligases and thus

induces ubiquitylation and subsequent proteasomal degradativodified fromi137]

The secondnode of action is based on the fact that the PARylation of a target protein can promote
the formation of a molecular scaffold leading to the recruitment of other effector proteins required
for the particular process (Fig5 B). This behaviour is exemigd by the initiating effect of PARylation

on DNA repair, where it recruits DNA repair factors and other chronrtmtiding proteind!®® These
include XRCC2IX(ay-repair crosscomplementing protein 1% a scaffold protein with central
relevance for base excision rep&i) CHD4 (chromoduain-helicase DNAinding protein 4), a
component of the NuRD (nucleosome remodelling and histone deacetylase) cdtrplagLF+!
CHFR, n@oH2A, ALE®® and many more. A common feature of all these proteins is the presence of
one of the already described PAiding motifsi}4él Deficiencies in the ability to bind to PAR in one of
these proténs may impair the kinetics of DNA repair and lead to chromosomal aberrdtiéns.
Additionally, PARIependent scaffolding is a central pillar in the formation and function of stress
granules. These cytosolic aggregations of RNA and associated proteins are formed in response to
cellular stress and protd mRNAs from microRNAediated degradation. Along with this safety
measure, the endonuclease Argonauté®2and other crucial components of the microRNA pathway
are PARylated in order tmhibit their function!*6¥ Furthermore, PARased molecular scaffolds are
relevant for the formation of suborganellar structures like the recruitment of spindle pole proteins
during mitosi€'%4 and cajal bodies in the nucleus of proliferating céffs.

The discovery of the relationship between PARyfratiad ubiquitylation is further expanding the ways

of biochemical interactions mediated by ADBosylation and influences cell signalling and the fate of
target proteins (Figl-5 C). PARependent ubiquitylation, that may cause proteolytic digestion of
target proteins is a known phenomenon that can be initiated by different -ARylating
enzymed!8 1661681 The E3 igase RNF146 (also known as Iduna) comprises a WWE domain providing
the ability to bind PAR chaif§>17%
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This interaction represents an important part of a tankyrdspendent pathway involved in the
regulation of cellular signithg and especially during Glu excitotoxicity in the bfeirt’2 Upon binding

to PAR, RNF146 ubiquitylates lysine residues of the PARylated target protein through its RING E3 ligase
subunit. However, it is still unclear how the efficiency of ubiquitylation is dependipglgmer length.

The only certain fact is that ubiquitylation increases with the extent of PARylation. Besides the
well-kknown RNF14énediated PARlependent ubiquitylation there is strong evidence that the
crosstalk between these PTMs is not restricted histsingle pair of enzymé&s®! Several other
ubiquitin ligases were found to contain one of the kmowWARbinding motifs, suggesting that the
interconnections between ADRbosylation and ubiquitylation investigated so far may only represent
the tip of the iceberd!® 148.166. 174pdditionally, there is the more general suspicion that ubiquitylation
and SUMOylatid®® of PARylated proteis might be a way of restraining overactivation of
PARylatiorinduced cell signalling by implementing a negative feedback!188p.

In summary, AD#Ebosyhtion is a unique PTM and not only a key component in the cellular stress
response that leads to manifold physiological and pathological outcomes but also crucially involved in
YVdzYSNRP dzda G K2dzaS1SSLIAY3I Fdzy OliA2yaé hde ofiggnmicOSt £ f
stability, transcription, cell metabolism, development and differentiaffén4® 155 7SIAt the

organismal level, ADRbosylation is involved in the emergence and regulation of various pathoalog

states including cancer, inflammation, and neurodegenerative and vascular diS§€4seshis chapter

only some examples of the multiple biological roles were mentioned to greeigh overviewabout

the importance of ADIFibosylaion for eukaryotic organisms. A more comprehensive review of
different cellular functionss given in the cited article®3": 17617
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1.5.Chemicallools forthe Investigation of ADRbosylation

As outlined in the lassectionsADRribosylation is PTMhat continues to draw the attention of the
research communityand represents a central component of cellular stress responses that leads to
physiological or pathological outcomes. In this context Aib&sylation and the involveénzymes,
especially ARTD1, have been touted as pharmacological targets in the treatment of numerous diseases,
in particular those involving genotoxic and prdlammatory pathway$:%81 However, even if great
progress has beeachieved in the past years towards deciphering regulatory processes and the
underlying mechanisms there are still many questions remaining.

A better understanding of the subcellular location of Afilj@sylation events, their precise function, a
clearer icentification of their specific targets and how they vary under changing conditions might be
achieved by harnessing applications from the toolbox of chemical bigfggyhese could enable the
preparation of sitespecifically modified proteins, the chemical synthesis of oligo{AiRe), and

many other advantageous research technologies inspired by naturally occurring molecules and tuned
towards a specific research task by rational adaptation.

Site-specifically AD#bosylated proteins would render comprehensive binding studies plessind
therefore the exact mechanism of interactions as well as currently unknown interaction partners could
be identified. Furthermore, with the aid of a technology to sfecifically introduce these
modifications, antibodies against specific pattenfsADPribosylation could be raised opening up a
whole new dimension for this research field.

In order to better understand the mechanisms of molecular action and-aowmalent binding of
ADPribose oligomers with target proteins the synthesis of wdefined probes is essential.
Furthermore, a chemical synthesis would allow the-sjtecific introduction of effector groups like for
instance dyes, affinithased profiling groups and many more. There is no doubt, that such tools could
greatly enhance the pgress of research.

From the chemistry perspective, both the creation of sipecifically AD#bosylated peptides or
proteins, as well as the synthesis of defined PAR oligomers appear to be highly challenging. Originating
from the hybrid structure of atif the mentioned entities, the utilisation of elements from the synthetic
chemistry of nucleic acids, oligosaccharides and peptides have to be combined and problems resulting
from mutual incompatibilities have to be solved. The challenge is further aggrhisg the necessity

to introduce one or various pyrophosphate linkages, which are known to be difficult to be formed with
high efficiency.

In the following lines the already reached advances in the synthesis ofidd¥ylated peptides and
artificial olgo ADRibose are summarised. A special focus is laid on the known methodologies for the
construction of pyrophosphate linkages with high yield and in comparatively short reaction times since
these reactions undoubtedly represent crucial steps in the dgpraknt of a soliebhase approach for

the synthesis of ADRbose oligomersThese considerations are highly relevant since guiiase
strategies proved to give superior results in the synthesis of other biopolymers like oligonucleotides
and peptides in cmparison to solutiorbased approaches.
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1.5.1 Strategies for the Synthesis of ABIbdsylated Peptides

The vital role of ADRbosylation has been exhaustively described in the course of this introduction. A
technique to further deepetthe knowledge about thee processes on a molecular level would be the
design and synthesis of welefined MARylatedpeptides and proteins as versatile tools for further
research. The challenges in the synthesis of these constructs are represented by the efficient formation
of apyrophosphate function and by the establishment of the regioselective modification of amino acid
side chains exhibiting the naturally occurrimgglycosidic bond. Moreover, both tasks additionally
require the development of protecting group patterns thate compatible with this delicate
modification. One possible and perhaps the most straightforward strategy to achieve this goal is to
spilt the synthetic route into the preparation of a ribosylated amino acid building block that can
afterwards be subjectetb solidphase peptide synthesis (SPPS). The application of a sehitase
strategy over the whole synthetic route would interfere with the synthesis of longer oligopeptides,
while the stereoselective ribosylation of a single amino acid side chain gnraabilised and partly
protected oligopeptide is an almost impossible t&8k.Hence, a number of studies aimeok fthe
synthesis of suitably protected amino acid building blocks that may be utilised if'&PPIS.

Considerable efforts have been deedtin order to achieve a stereoselective modification of amino
acid building blocks with suitably protected ribose derivatives ircls2onfiguration as a first step
towards this objective, initially neglecting the topic of pyrophosphorylation. Bonatké™®”! were

the first to synthesise ah-ribosylated asparagine precursor by coupling of anomeric ribosyl azide that
wasin situreduced to the anomeric amine towards an active ester of protected aspartate. However,
this reductive stepleads to the formation of a mixture df- and i -configured amines due to
epimerisation of the formed hemiaminal and therefore reduced the obtainable yield. Shortly
afterwards, Nisiet all*®® refined this method by applying an innovative traceless Staudinger ligation
of glycofuranosyl azides (Schemeb)l and extended the scope of mifidd amino acids to
glutamatel!® Utilising this approach, no separation of anomers was necessary and the
stereoselectivity of the coupling reaction could be controlled by the nature of the protecting groups
on the secondary hydroxyl groups of the ribose residue.

TBDPS, TBDPS,
- PPh
TBDPS-0 o N Zo cooBn |- DMADMPU 98:2 o) o)
+ /@/ W N 2.)H,0 HO Ac,0, DMAP, DCM  AcO
60% NH uant. NH
OH OH E [¢] NHCbz o HO q AcO
o o
ChzHN?  COOBn ChzHN?  COOBn

Schemel-5: Synthesis of a ribosylated asparagine as building block for SPPS by traceless Staudingé¥figation

In order to further broaden the availability of ribosylated precursors Kistemetkaf'%¢! aimed for the
development of a more versatile approach that was not restricted to amino acids comprising acidic
side chains. Therefore, they utilised dorbbbearingN-phenyl trifluoroacetimidate as leaving group
and etherbased protecting groups on the secondary hydroxyl groups. This setting allows for the
formation of O- andN-glycosidic bonds in a highly stereoselective mant{8iUtilising either TMSOTf

or HCIQ immobilised on silica gel as catalysts, couplings to the protected amino acid derivatives of
aspartate, glutamate and serine could be achieved in ggietts and high purity of the desired
anomers.
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When a slightly different donor bearing benzyl groups instead of the PMB grodpsan subjected

to the coupling also the protected ribosylated derivativesgpartate andylutamate were obtained.

The reaon for the preferential use of amino acids bearing carboxamides as functional groups in their
side chains is that the resultinfdrglycosidic linkages exhibit a considerably higher stability than their
O-glycosidic counterparts and therefore are chosestabilised isostered8?

Ph{

—Z

N IS NHCbz TMSOTf, -50°C, ~ TBDPS-O
TBDPS-0 o [9) CF3 HO 1.5 h, DCM o) NHCbz
COOBn 60% o
o oR RO OR COOBn
1
R = PMB

Schemel-6: Synthesis of ribosylated amino acid building blocks utilisipgety! trifluoroacetimidate donors on the
example of serine. By similar methodologies also derivatives of glutamine, arginine, citrulline, glutamate arateaspart
could beobtained!18]

The obtained ribosylated amino acids can be incorporated into peptides by SPPS, requiring at this point
the formation of the missing pyrophosphate bond for the achievement of the desireerihbsylated
peptides. Strategies for obtaining thestructural motifs normally consist of the coupling of a
phosphomonoester (terminal phosphate group) with an activated phosphate species. In section 1.5.3.
a brief overview of established coupling procedures for this purpose is given. In 2010 the group of
Flippov were the first to synthesise ABiBosylated peptides®s Therefore, ribosylated derivatives of
glutamine and asparagine that were synthesised by dheady mentioned strategy of Bonaclkee
al.*®were incorporated into short model peptides consisting of six and seven amino acids. Following
the liberation of the Bhydroxyl group of the ribose residue from its protecting group, twdedint
procedures for the construction of the ABBosyl residue were explored. In the first case,msitu
prepared phosphimidazolidate was coupled to a suitably protected derivative of adenosine
monophosphate. Upon deprotection the desired Afildsyhted peptide could be isolated. However,

the yield was mediocre due to the formation of high shares of ribplsgkphate anddH-phosphonate.
Afterwards, the procedure was reversed and a preactivated phosphimidazolidate species of adenosine
was coupled to bhosyl phosphate on the immobilised peptide. This setting gave slightly better yields
but was also prone to side reactions and a considerable amount of uncoupled ribosyl phosphate was
obtained. Hence, it was evident that a more effective strategy for the&ion of the pyrophosphate
linkage was necessary.

In follow-up studies undertaken by the same research g5t the whole synthetic process was
refined. The strategy relied on the already introduced synthesis of ribosylated amino acids from
N-phenyl trifluoroacetimidate donors (Schemes1*®® Since the presence of the phosphate group on

the immobilised peptide gave better results in th@rhation of pyrophosphates than théce versa
approach, a ribosylated amino acid already carrying a protected phosphate group was synthesised
(Scheme 7). In detail, derivativ® was reacted with diert-butyl N,N-diisopropylphosphoramidite

und subsequetty the intermediate phosphite triester was oxidised. Upon protecting group
manipulations aimed at introducing batabile protecting groups on the secondary hydroxyl groups

of ribose and liberating the carboxyl group for the intended SPPS, deriatres obtained. Besides

the shown example with serine as modified amino acid also derivatives of asparagine, glutamine and
citrulline could be obtained and utilised in the steps described in the following.
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Schemel-7: Synthesis of amino acid derivative bearing a protected phosphoribosyl group and subsequent processing to
ADRribosylated peptidg!8+18s]

With these building blocks in hand SPPS was undertaken to model short fragments of the proteins
histone H2B, RhoA and HiMRlefensin. For the formation of the pyrophosphate bridge tigre-buty!
protecting groups were removed from the phosphate by treatmavith hydrochloric acid in
hexafluorasgpropanol to allow the coupling to the phosphoramidite derivative of adenodinader

ETT catalysis. Subsequent oxidation of the (W) intermediate and cleavage of the cyanoethyl
group by treatment with DBU affded the ADRibosylated peptides in improved yields. The
phosphate coupling procedure was originally developedsioyd et al*®¥ for the synthesis of sugar
nucleotides and adapted to be used in this sqlithse strategy.

The group of Muir followed an entirely different synthetic path thalh the hitherto presented
exampled!®? Instead of incorporating an in any manner ribosylated amino acid derivative a post
peptide synthesis approach was developed traies on the coupling of unmodified AbiBose onto
aminooxycontaining amino acid side chains. In this way, the establishing of a newly formed
pyrophosphate bond can be circumvented. However, the interconnection between the peptide and
ADPribose does ot completely resemble the natural structure.

In order to realise this envisaged strategy, oligopeptides containing either an aminboxy &
N-methyl aminooxy functionality7) on theN-terminus were assembled with the aid of manual SPPS.
Following clavage from the resin and global deprotection, the oligopeptides were incubated with free
ADRribose under weakly acidic conditions. The reactivity of the hemiacetal group present on the
ribose residue towards the aminooxy functionality led to the formatdoximes connecting the two
molecules. An interesting feature of this methodology is that aminooxy pepbidméinly led to the
ring-opened ADRibose appendagesf and only a small fraction of the risedpsed form, while in the
case of theN-methyl amhooxy group ) exclusively the ringlosed form 8§) was formed (Scheme8).
Additionally, it has to be noted that under the weakly acidic coupling conditions at.pHo
modification of lysine, arginine, or other side chains was observed.
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Schemel-8: Synthesis of ADRbosylated peptides by a post peptide synthesis approach developed by Moylé%t al.
A) Aminooxycontaining side chain mainly results in Fogened ADPRpeptide; B) Nmethyl aminooxy functionality leads to
ring-closed ADPpeptide

The constructereated by this strategy were afterwards used in biochemical assays as dffisitd
probes in order to identify proteins binding to the created MARylated oligopeptides. When a
photo-crosslinking group like benzophenone was installed as auxiliary, coealgnre of interacting
proteins and their extraction from cell lysates could be achieved. In this way a highly selective allosteric
inhibitor for PARP14 was identified in a high throughput screening on human macrodomain
proteins*93l

Another straightforward approach towardsDfribosylated peptides that is based on a coupling of
ADPRribose subsequent to SPPS was developed byet.ial**¥ Here, azido homoalanine was
incorporated into peptides and chemically synthesised ubiquitin in order to enable a modifigégtion
coppercatalysed azidalkyne cycloaddition (CuAAC). For the synthesis of a compatibleiddse
derivative bearing an alkyniinctionality N-phenyl trifluoroacetimidate donorl) was reacted with
propargyl alcohol to stereoselectively yield the desitednomer. Liberation of the-fydroxyl group
and subsequent phosphoramiditeediated phosphorylation gave ribose phosphat®). (The
installation of the pyrophosphate bridge was achieved by fX(W) coupling®!to a phosphoramidite
derivative of adenosined]. Cleavage of the protecting groups gave alkyraified ADRibose (L0)
ready for coupling to the previously described azimring peptides. CuAAfaction led to
triazolelinked ADFibosylated peptides](l) and ubiquitin (Scheme-9).

It might be reasonably assumed that this coupling strategy was inspired by the highly similar method
published by Lét all*®! one year before. However, in this publiima only a simple hexapeptide was
shown to be modified.
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Schemel-9: Synthesis of an alkyrmodified ADRibose derivative and subsequent coupling to ahidaring peptideo
obtain triazolelinked ADRibosylated peptide§94

1.5.2.SyntheticSrategiesTowards ADMRbose Oligomers

Over long periods of time the enzymatic preparation of PAR iR in vitro represented the
state-of-the-art. This procedure affords a broad distribution of polymers ranging fremrto 200 units

in length and irregularly dispersed branching points tieg to be fractioned down to a certain degree

of homogeneity by multiple chromatographic purification stég3.1°°7 Although remarkable
advances have been madheise processes remain laborious and lead at best to small quantities of
polymer. Another important drawback of the synthesis of Ri#sRn vitro polymerisationis that with

this approach predominantly lorchain polymers (more than 50 units) are formed,iethdoes not
reflect the situationin viva®® 1%lIn whole cells the distribution of polymers is more shifted towards
shorter oligomers (20 units)05: 1992001

For the chemical synthesis of AllBose oligomers two structural characteristics have to be
considered. In contrast to ARibosylated peptides, where an-oriented ribosyl linkage to the side
chain of amino acids has to be formed, in this case @anm Q-Q-Ghycésigic bond to adenosine has to

be constructed. Secondly, the single ribaayénosine moieties are interconnected by pyrophosphate
linkagesvia their respective primary hydroxyl groups (Schemd&Q)l The aim of synthesising
oligomeric units requires the design of suitable building blocks in order to keep the assembly of the
polymer chain as simple as possible. Concerning the two challenging liykagen PAR it has to be
determined which one may be formed in the polymerisation process with less effort.
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Drawing inspiration from nature, a pyrophosphatentaining precursor could be envisaged that acts

as ADRibofuranosyl donor similar to NAINtKS oA 2aéyidKSaira 2F t! wd | 24
LRAYG 2F OASs (GKS a0GSNBE2aStSOGADS -Bytréx@gréupdi | G A2y
a nucleoside is chemically highly demanding and the challenge is even aggravated by the presence of
multiple pyrophosphate linkages.

Instead, all synthetic strategies published to the present @&t&? rely of the preformation of the
desired glycosidic bond in the synthesis of a prit& RO-"HD@ibofuranosyl adenosine analogue as
central building block and subsequent repetitive formation of pyrophosphate linkages (Schkbne 1
For adetailedexplanation of the nomenclature of the respective positions in the central building block
please refer to section 8.)1.
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Schemel-10: Intended components for the chemicghthesis of ADIibose oligomers; Rig = persistent protecting group;
R = either transient protecting group, or phosphorous species suitable for subsequent formation of pyrophosphate linkages

The first successful synthesis of a ribosyl adenosine bgildiock was reported by Mikhail@t al.in
2008%1 The basic concept of this approach to ensure 'thgelective configuration of the glycosidic
bond was the installation of benzyl protecting groups on the arabinose derivative utilised as glycosyl
donor. Due to this setting, thaeighbouring group effect of achlased protecting groups could be
exploited to ensure the correct stereoselectivity. Following condensation of nucleoside and furanose
dzy A 0KS O2y TAIKANRNRRYt 2FNRPAIKS shaQ@Q AYyOISNISR o8
oxidation-reduction sequence consisting of an Albrigdbldman oxidation and subsequent reduction
with sodium borohydridé?®+2° This procedure yielded the desired risonfiguration of the furanose
moiety and thereby the scaffold ef-Q-" -D-ribofuranosyl adenosine. In spite of being a highly robust
synthetic pathway basedroreliable and welestablished transformations, the main problem of this
process was the lack of orthogonal protection of the primary hydroxyl groups. Recognising the good
probabilities of this procedure to be selected for seapeapplications, the groupf Marx modified this
approacli'# 2%¢lin order to address tis problem (Scheme-11). For this purpose, protected adenosine
RSNA G (A @SydiotylgfoupTANdmsS couplad to acyrotected arabinose donor @) under
activation with tin tetrachloride to yield the trarsonfigured arabinosyddenosine scaffold.
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{ St SOGADS RSLINE G SO A-pogitior While (piéserving Gh§ Hedyl graulRodzthe A y

arabinose residue paved the way for the inversion of configuration into a rdsosyigured moiety.
Consequently, compounil4 was sulpected to the oxidatiorreduction cycle to yield compounths

gAOGK AYODSNI SR KeéskdwPCleavage & M@ silzll&thery on sth@folecule allowed the
LINByidréxQ graup gn adeosirie Kvigh dim&hoxytrityl chloridedaled by
selective liberation of the secondary hydroxyl functionality on ribose from its benzoyl protecting group
to yield derivativel6. This selective hydrolysis represents the crucial step in the implementation of the

aSt SOGA@DS

desired protecting group pattern anclosely resembles the decomposition of Riains under basic
conditions®?° Subsequently, the secondary hydroxyl groups were protectedrasutyldimethylsilyl
ethers and the last remaining benzoyl protecting group was cleaved to thige desired

H -Q-" -D-ribofuranosyl adenosine building block with orthogonal protection of the primary hydroxyl
groups (7). This approach was additionally applied in the synthesis of novel inhibitors for A#TD1.
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based on the approach by Mikhailov et[g. 206]
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308 y5-fibiif@ranasil aderbsine @ith orthogonally protected primary hydroxyl groups

Another pioneering approach was developed by Van der Heden van &t@° where the synthesis

of the desired precursor was achieved by direct stereoselective glycosylation. This procedure offers
the opportunity of a more convergent synthetic pathway minimising the manipulations on the precious

coupled scaffold. After several glycbsgipnors were screenell-phenyttrifluoroacetimidates turned
out to be an amenable option. After establishing of t@eglycosidic bond it -selective manner,

manipulation of the protecting groups yielded the aspired building block with different protecting

groups on each primary hydroxyl group (Scher2)l To a much later point of time Shirinfetral.
reported the synthesis of a precursaiready bearing a protected phosphate by the same stratégjy
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The successful preparation of phosphorylated-h -D-ribofuranosyl adenosine scaffolds already
implies the focus on the next step in the chemical synthesis ofrkidDBe oligomerg, the formation

of dimeric ADRibose. The group dflergenrothel®? reported the synthesis of orthogonally protected
ribosyl adenosind9by a cisselective condensation of-fluoride donor18with protected adenosine
under combired activation with AgRFSbC} (Scheme 141.3). Following harmonisation of the protecting
groups on the secondary hydroxyl groupser-6 dzii @ f RA Y S (i K & f-goditibrénis likeiatédS NB  § K-
selectively and dibenzgrotected phosphate was installed in ish position via the respective
LIK2 A LIK2 NI YARAGS® { dzo & Sj dgbsifichfoftie scaffolé wag tldalfed under S G K S|
oxidative conditions and instead a cyanoetliphosphonate diester was introduced yielding the
central building block of ADibose bearing two distinct phosphate species on the primary hydroxyl
groups R0). Having achieved this intermediate objective, the formation of the two pyrophosphate
linkages was further pursued in a solutiphase approach. Thd-phosphonate group in copound

20 was subjected to oxidative chlorination witikchlorosuccinimide to give a phosphochloridate

situ that was directly coupled to a suitably protected derivative of adenosine monophosphate. After
cleavage of the cyanoethyl protecting group that wi@ otherwise significantly destabilise the
newly-formed pyrophosphate linkage, compoudwas obtained in a yield of 72%. The authors claim
this methodology to be superior to the more conventional methods for the construction of
phosphoanhydride linkagdsased on phosphomorpholidates, or phosphoimidazolidates in terms of
kinetics and obtainable yielé’® 2% Hydrogenolysis of the benzyl groups of the phosphate in
p -Qosition enabled the second coupling step. In this case, théhoas report that their
N-chlorosuccinimidenediated activation approach failed to form the second pyrophosphate group.
Therefore, protected ribose phospha?@was activated to the respective phosphoimidazolidate under
the influence of carbonyldiimidazmbnd condensed to the present intermediate. Global deprotection
finally gave dimeric ADRbose. In successive biochemical experiments it could be shown that
chemically synthesised ABBose dimers are hydrolysed by active PARG andaystal structureof

an inactive PARG mutant with its dimeric Afilidse substrate could be obtained at a resolution of
1.9A 1202
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Schemel-13; Synthesis of dimeric ABPose in a solutiophase approacko2

Around the same time the group of Filippov strived to transfer their immense knowledge about the
synthesis of ADRbose derivatives gained in the development of modifiegtide fragments for the
synthesis of ADHbose oligomers. For this purpose, a new synthetic strategy for the ribosyl adenosine
building block was envisioned that promised better scalability and the utilisation of simple
precursorg?°l:212|n contrast to all previous synthetic strategies in a first step two ribose residues were
coupled in stereoselective manner. This proceeding should avoid the occurrence of side reactions
caused by the nucleophilic properties of the nucleobase and thezeémhance scalabilit§t? 299 A
N-pheny! trifluoroacetimidate donor was attached to commercially add 1,3,5benzoylated ribose

to give theh-configured disaccharid@3 (Scheme 114). Following manipulation of the protecting
groups on the secondary hydroxyl functionalities, the nucleobase adenine was installed utilising a
Vorbriiggen reaction that is kmvn to result in the correct-configuration of the base in the anomeric
position?'*214 On the resultingH -Q-h -D-ribofuranosyl adenosine scaffol@4 the orthogonal
phosphate species could be introduced afterwards.
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This new strategy of inversion in the order of glycosylation events was also applied in the synthesis of
the branching points occurring in longer chains of PAR, both in unphosphorylatédfand as triple
monophosphatg?'®!

For the introduction of multiple pyrophosphate linkages again the methodology developed bgtGold
al.**U should be applied since it already showed promising results in other complex molecules like
ADPribosylated peptides® 217218 First, a bitert-butyl protected phosphate was introduced in

p paéxition to afford25 (Scheme 414). Subsequently the final building bldkcould be synthesised

by attachment of cyanoethyN,N-diisgproylphosphoramidite on the remaining primary hydroxyl

group.
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Schemel-14Y { & y i K & H-#bof@ranosyl ader@sine scaffold equipped with two orthogonal phosphorous species

suitable for soligphase synthesis ofigb(ADPribose)201l

For the following development of a solidhase synthesis of oligo(ABiBose) a protected ribose
phosphate was immobilised on controlled pore glass. As a protection for the anomeric centre a methyl
glycoside was chosen. The utilisation of-tifRer insteal of the usual succinate linkage was founded

in its improved resistance against DBU necessary for the deprotection of the cyanoethyl groups in each
coupling cycle. Starting from this initiating residue, one or two successive couplings of ribosyl
adenosinescaffold26 could be performed, followed by oxidation of the P{R[\) intermediate and
cleavage of the destabilising diester with DBU (Scheri6)1 The liberation of the terminal phosphate
group on the growing chain attached to soidpport was achied by treatment with hydrochloric

acid in hexafluorsopropanol. From this residue on a new round of elongation was possible.
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Finally, a phosphonamidite derivative of adenosine was coupled as terminator to complete the
structure of dimeric or trimeric ABribose. Cleavage from the resin and global deprotection gave the

desired target molecules.

The only group not occurring in the natural substance that could not be removed afterwards was the
methyl glycoside on the first ribose unit. Even if this onjyresents a small structural alteration that

will most probably not perturb the conformation of the whole biomolecule it might have severe
implications thinking about a future coupling of chemically synthesised oligomers to proteins since it

blocks the natwal position for attachment.
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The synthetically gained biooligomers were applied ifnavitro study of the chromatin remodelling
enzyme ALCH There it could be shown that the affinity of the macrodomain of ALC1 towards
ADRribose increases with chain length from monomer, over dimer to trimer. Furthermore, a thermal
shift assay revealed a significant stabilisatiothefmacrodomain when bound to trimeric ABPose.

This interaction turned out to be an allosteric signal that was able to change the conformation of this
wholeenzyme and therefore activate its chromatin relaxation activity that was inhibited in the adsenc
of a suitable binding partneidn a similar approach the P(RYV) strategy used in the solihase
synthesis of oligo(ADRbose) was extended for the synthesis of methyldmiglged bisphosphonates

as nonhydrolysable isosteres of ABPose??’
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1.5.3.Synthetic Strategies for the Construction of Pyrophosphate Bonds

In the description of the challenges to face in the synthesis ofitidBe derivatives it was repeatedly
underlined that the construction of pyrophosphate bonds represents a aknssue within this
process. Not just in this case but generally in nature phosphatefregaently appearings linking

unit or as leaving groupe(g. pyrophosphate in the hydrolysis of AT#).In organic chemistry the
situation is inverted as theharge of phosphates makes them hard to handle and to purify.
Furthermore, the kinetic stability gthosphoanhydridesinder a wide range of conditions turns them

into unsuitable leaving group€? The sheer omnipresence of phosphates in biological systems
however makes their efficient synthesis inevitable for several research projects and a fundamental
understanding in biology and medicine. As a consequence, the chemical synthesis of
phosphoanhydride compounds has been intensively investigated for decades and resulted in various
routes for their preparation. Despite much progress was achieved especially in the dasttlyese
syntheses often remain cumbersome, tirmensuming and lack reproducibili?

In the following a shorbverview of the most important synthetic strategies is given with respect to
the construction of pyrophosphate bonds as they are present in-Ahai3e. Therefore, prominent
examples of phosphorous chemistry that are exclusively applicable for the syntiiesiselated
phosphoanhydrides like the synthesis of deoxynucleotide triphosphates, or synthetic strategies
towards dinucleotide polyphosphates interconnected by more than two phosphate groups will not be
discussed. The coupling procedures already intoeduin the synthesis of AB®ose oligomers are
thereby set into a broader context.

It must also be generally noted that the fusion of two phosphate monoesters suffers from the lower
nucleophilicity of these species in comparison to pyrophosphate thaftésh used as a phosphate
nucleophile in many syntheses. Thus, it has to be taken into consideration that the construction of
pyrophosphate linkages is often less efficient than the comparable synthesis of nucleoside
triphosphates regarding yield and coing times??%

One of the most prominent general approaches for the coupling of two phosphate moieties is the
reaction between a nucleophilic phosphate group amlactivated phosphate group as counterpart
that acts as an electrophile under replacement of a suitable leaving group. Since both phosphorous
atoms taking part in the reaction are in the oxidation state (V) the chemistry underlying this general
scheme isusually referred to as P(\NP(V) couplings.

One possible form of activated phosphates are phosphoramidates, which bear an amine functionality
as leaving group on the acceptor Répecies (Scheme-16 A)??Y The most common examples for

this type of activatio are phosphomorpholidates and phosphopiperidates that were successfully
applied in the synthesis of several sugar nucleotides as well as nucleoside triphosphiatesvhile
comparatively high yields could be obtained, the reactions mostly proceeded sluggish and took up to
96 hours which makes this methodology unsuitable for an automated-pblide approach. The
introduction of catalysts likéor example 4,&icyanoimidazole lead to a significant increase in the
coupling rate while the yield remained simil&&?22®! Additionally, a ball mill could be used for the
utilisation of these compounds in large scales without the necessity to maintain the strictly dry
conditions required in the solutiophase applicationg3% Another advantage of this approach is the
stringent chemoselectivity that allows the application of unprotected nucleotides as starting materials
in the coupling reactions.
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Another frequently used activated P¢sPecies are phosphoimidazolidates that allowr fa
chemoselective coupling to phosphoanhydrides. The synthesis of these reactive components can
either be achieved by treatment of phosphomonoesters with carbonyldiimidazole, or by a modified
Atherton-Todd reaction under selective oxidation frdfPhosphmates (Scheme-16 B)?32%2 The
comparatively slow reaction can be heavily accelerated in the presence of various divalent metal
cations®®® Futhermore, it was found that this kind of coupling even proceeds in aqueous riédlia.

This makes the phosphoimidazolidate approach highly Wiérsend allows for the synthesis of a wide
range of products as exemplified by the construction of the second pyrophosphate linkage in dimeric
ADRribose in the liquigphase synthesis by the Hergenrother grdtip.

A small structural change of the phosphoimidazolidates to phosfionethyl}imidazolidates
increases the reactivity of the activated species by magnitudes and may reduce the coupling time to
only a few minute$®*! This modified method enables the preparation of nucleotidgass starting

from the monophosphates in less than one hour of total reaction time (Scheh@eCy?3S!
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Schemel-16: Construction of pyrophosphate linkages by different Béged approaches and the formation of the
correspondingeactivespeciesA) Phosph@midates as reactive species; B) Phosphoimidazolidates as reactive species;
C)N-methyl phosphoimidazolidates asactive species; D) Cyalalgenyl as reactivepeciesE) Synthesis of a protected

H-phosphonate and subsequent activation of chlorophosphate as reactive intermediate
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In addition to the already mentioned coupling approaches based-NrbBnds, also PPspecies with
activated PO bonds have been exploited for the construction of phosphoanhydrides. It is surely an
irony of fate that such activated phosphates are often derived from phosphate protecting groups or
caged?*® The cyclesalgenyl approach by the group of Meier was successfully applied in coupling
reactions with various phosphate nucleophiles. Besides the synthesisudeaside di and
triphosphates, also dinucleoside polyphosph&@sand especially nucleotide sug&#&?*% could be
obtained via a convenient procedure in good vyields withimree to five hours. Furthermore, this
synthetic approach could be successfully transferred to gui@kse irorder to increase the conversion
rate and facilitate the purification of produc&! The reactive phosphate triester derivative
cyclosalgenyl nucleotid28 can be preparedrom the corresponding nucleotides and cyslalgenyl
phosphochloriditesZ7) in a simple ongot two-step procedure, though requiring the protection of
nucleophilic groups on the starting materials (Scherr51D). Also, the coupling procedure itself
proceeds smoothly and without the necessity to add any catalysts. However, the synthesis of the
phosphochloridites47) requires sophisticated skills in organic chemistry and normally purification by
Kugelrohrdistillation 242

Another strategy for the construction of pyrophosphate linkages is based on the activation of
H-phosphonates. It might appear astonishing that these coupling procedures are mentioned under the
section dealing with activated Pfgpecies sincel-phosphonates are in oxidation state (lll). However,
this classification is due to the fact that even if the starting material of the reaction is aspéidigs

the actualin siti-generated activated species is in oxidation state (V). One of the main adenof

the synthetic strategies utilising-phosphonates is their convenient introduction combined with the
high stability that enables the problefree purification of the P(lll) starting material. The first
synthesis of this type was reported by Sral.***land based on their previous work on the synthesis

of nucleoside triphosphated*! In this approach a pyridinium phosphoramidate intermediate is
formed out of a nucleosidét-phosphonate monoester. The starting material is first silylated with
chloro trimethylsilane n order to increase its susceptibility towards oxidation. Afterwards, the
intermediate is oxidised with iodine in the presence of pyridine under strictly dry conditions to
generate the highly reactive zwitterionic pyridinium phosphoramidate intermediatentrGlled
hydrolysis of the half amount of this intermediate to the corresponding phosphate resulted in the
direct formation of symmetric dinucleoside diphosphates in good yields. However, this strategy is
needless for the synthesis of AltiBose analoguesince solely symmetrical products can be obtained.
The group of Hergenrother utilised a related approach in their solyioase synthesis of dimeric
ADPribose for constructing the first pyrophosphate linkage (Schemi3)#2°2 In a first step
H-phosphonate diesteBOwas synthesised by reacting cyanoethybtected chloro phosphoramidite

29 with a primary hydroxyl group and subsequent hydrolysis under activation with dicyarsaiohéd
(Scheme 416 E). The resulting diester was stable and could be handled under ambient conditions.
Afterwards this group wam situ activated to the corresponding phosphochloridate in a modified
Atherton-Todd reaction by oxidative chlorination withchloro succinimidé*® This activated species
conveniently condensed with an adenosine monophosphate derivative dadaation of the desired
pyrophosphate functionality. The described approach seems to be highly promising for the synthesis
of derivatives of ADiAbose. However, as already mentioned before, it failed to give the intended
reaction products in the preseraf multiple phosphate groug€?
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Summarized, activated Pg8pecies represent a highly suitable and versatile class of molecules for the
formation of phosphoanhydriddinkages when applied under the right conditions and on compatible
substrateg?*l However, in many cases the utilisation of excesses of the reactive species is unavoidable
in order to achieve high conversion rates. Additionally, with regard to the development of an
automated solidphase synthesis the cpling times are still too long and the preparation of the
reactive derivatives is partly complex.

With respect to a further acceleration of coupling kinetics another oxidation state of phosphorous was
taken into account as a candidate for condensation tieas on phosphorous centres since
P(lllyspecies are generally known to be more reactive than their P(V) counterparts. Highly promising
candidates for the formation of phosphoanhydride bonds based on P(lll) chemistry -aedlesh
phosphoramidites. Thesenolecules are amides of diesters of the trivalent phosphorous acid
(HPQ).*1 Hence, they dispose of a P(lll) centm which nucleophilic substitution may take place
rapidly in combination with an amine group that can be regarded as potential leaving group like in the
case of the phosphoamidates described before. Indeed, it was found more than 50 years ago that
amides of trivalent phosphorous acid can undergo condensation reactions with alcohols under
displacement of the amine grouff® About two decades later the utilisation of phosphoramidites fo

the solidphase synthesis of DNA was developed and initiated a burst of research activities on this type
of moleculed?* Since then the technology remained the method of choice for the vast majority of
synthetic approaches towards natural and modified oligonucleotit€®! Another field where
phosphoramidites found broad use is as versatile reagdats phosphorylation reactionsvia
phosphitylation and subsequent oxidation. By this pathway it was possible to efficiently introduce
deliberately modified or simply protected phosphate groups into target molecules with previously
unachievable yieldg*: 252 A main reason for the success of phosphoramidites is their controllable
reactivity in comparison to other P(Hpecies. While mleophilic substitution reactions on
P(lllycentres proceed spontaneously with halides, carboxylates, phenolates, or azolides,
phosphoramidites need to be activated by a promotor combining mild acidity with nucleophilic
reactivity like for example -H-tetrazole to react analogouskr®! With regard to this amount of
desirable properties it is ngurprise that phosphoramidites also were applied in the synthesis of
phosphoanhydrides.

The first two syntheses of this kind were published in 2008 by two groups independentlyet@bld
developed the already presented strategy whéereyanoethyl phosporamidite is coupled to a
phosphate monoester to form a P(R(V) mixed anhydride that can be oxidised and deprotected
afterwards to yield the desired pyrophosphate linkage (Scherhé A)*°Y Around the same time the
group of Meier utilised a highly similar approach for the introduction df-ghosphate bearing
bioreversible protecting groups on the phosphate groups of nucledtiged antiviral agenfg®
These initial studies were further continued by the group of Jessen where the obstacle of maintaining
strictly dry reaction conditions was overcoi®! Besides the synthesis of UEntaining sugar
nucleotide&®¢ that may also be of interest for the chemical synthesis of -AiBdse, many different
examples of biomoleculesould be obtained underlining the versatility of this appro&ehsd
Furthermore it has to be noted that due to the high chemoselectivity of the reaction between
phosphoramidite and phosphate also unprotected nucleotides were applied and purified by simple
precipitation after the coupling sequen&gé?
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Schemel-17: Synthetic approaches towards pyrophbage linkages based on P(lll) chemistry. A) Coupling of
phosphoramidite and phosphate monoester; B) Doubted synthesis based on diphosphitylation reagent

Another promising strategy for the construction of pyrophosphate linkages on-slodide was
publishel by the group of Parang and acquired a lot of attention within the fféttn their publication

the authors claimed to have synthesised pyrophospHitiked DNA with the help of diphosphitylation
reagent31. Furthermore, the reliability of this approach was seemingly supported by multiple other
publications by the same authors utilisinghgdar phosphitylation reagents based on anhydrides of two
or more P(lIkspecied?s?2%8l According to the authors this innovee class of reagents could be
selectively coupled to primary alcohols of unprotected nucleosides or sugars and, upon oxidation and
deprotection of the cyanoethyl groups, cleaved from the resin support (Scheli@eB). Nevertheless,
despite the large effds invested, neither in our research group, nor in the group of Filippov that
acquired high renown as experts for phosphate chemistry these results could be reprdtfficed.
Finally, when the approach initially developed for a sphase synthesis of AB®ose oligomers?l

was applied to the synthesis of pyrophosphiittked DNA it was furthermore found that the obtained
NMR data was not in accordance with the results reported by the group of P&fdng.

However, apart from this unpleasant exception, the exampfesuccessful synthetic strategies based

on P(lll) chemistry show that phosphoramidites can be efficiently coupled to hydroxyl groups
efficiently and represent a valuable alternative for the formation of pyrophosphate linkages. The
reactions can often bperformed as ongot conversions and are characterised by very good kinetic
properties and high yields. In conclusion however, it needs to be stated that no coupling strategy can
still be considered as a gold standard for the construction of phosphoanleytinkage$??* 258 In
contrast, it is rather necessary to consider the advantages and shortcomings of each possible strategy
with regard to the envisaged synthesis in order to chooseitalsle coupling mechanism.
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1.5.4.Investigation of ADRIbosylation ira Cellular Contexind Cell Lysates

The vast majority of the tools described up to now in this introductory section were designed to be
utilised inin vitroassays, or represent basic efforts to lay a foundation of chemical methods for future
research. In this context, the dynamic environment within cells which is strongly influenced by
protein-protein interactions and heterogeneously modified enzymes ielgrigft out of focus. For a
comprehensive understanding of the role of Afildsylation in biological systems, however, also
insights into intracellular AD#bose dynamics and localisation are of added value to the already
describedn vitrotools 24

Some methods werdevised that rely on the application of small molecule probes and hijack the native
ADPribosylation machinery inside cells in order to gain information. An illustrious example is the
utilisation of an clickable aminooxy probe developed by the group oé€ahd colleagueshe was
exploited for the visualisation of how cellular proteins are effected by ARTDs during oxidative
stressi!'” The simple probe molecule consisted of an amindoagdle that allowed the trapping of
ADPribosylated proteins modified on one of their aspartate or glutamate side chains by formation of
an oxime linkage. A likewise present alkyne functionality served as reactive centre to be used in click
chemistry for he attachment of a fluorescent dye as reporter.

Another equally elegant approach relies on chemically modified analogues of @gfiipped with
alkynes, cyclopropane, or cyclooctyne as biorthogonal tethering groups. These tools allowed for the
formation of labelled chains of PAR within living cells that could be linked to fluorescent dyes for
visualisation by click reactiof$>?"* Combined with modern microscopy techniques the formation
and degradation of PAR upon laseduced DNA damage could be visualised in real time. Furitrerm
covalent and noncovalent interaction of dlabelled proteins with PAR chains could be observed by a
combination of fluorescence lifetime imaging and FRET microstdpihen instead of fluorescent
probes a bitin affinity tag was attached to such alkyneodified ADFibosylated proteins it was
possible to enrich the substrate proteins subjected to AbBsylation and analyse the ADPribosylome

by MSMS proteomicg’3274

In addition to the chemical synthesis of modified analogues of NU€D recently a study about the
chemoenzymatic synthesis of azido modified NARspublished. Interestingly, the derivative bearing

Fy T AR2 3-NBrdxylgréug of didotthanod@was well accepted as substrate by ARTD1 and
ARTD2 and the thus derived PAR polymers exhibit an increased resistance against degradation by
PARG. Thisrpperty enabled direct labelling and visualisation of mitochondrial -AB&5ylation in

living cellg?™

Another interesting platform technique for labelling of free and proteound ADRibose was lately
developed and denominated ELTA (enzymatic labelling of terminairibbse)!?’8 As the name
suggests, it is an enzymatic method for attaching modified deoxy adenoginephosphateat the

H €@rmini of ADPribose. The deoxy adenosine triphosphate analogbhasserve as substrates for this
processmay carry a radioactive, fluorescent, or affinity label and therefore open up a whole universe
of possibilities for further PAR research.

Finally, the group of Cohen developed an approach based on engineered AmFrrdjosyl)
transferases. In order to identify ABBosylated proteins and to elucidate which enzyme is
responsible for the appointed modification they started to look for cognate pairs of akéarging

NAD analogues and engineered mono(ADiBosyl) tansferases that accept them as substrates. If a
protein is modified subsequent click chemistry and proteomic analysis reveals the proteins that are
targets for this respective transferase enzyRé?"”
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In summary, after a long time being a neglected research area, within the last two decades a highly
increased interest in the function of ABosylation spreaded. This led to the development of
important methods for further research. However, there are still a lot of aspects ofrisD&ylation

that remain elusive and the development of even more sophisticated and powerful tools is urgently
needed to shed light on this field of research.
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2. Aim of this Work

As underlined in the introductory chapter AlBiBosylation represents a crucial PTM involved in many
different biological angathophysiological pathways. In spite of extensive endeavours continuously
delivering new discoveries, the toolbox for more intensive research in this field is still limited in several
aspects.

The general aim of this project was to broaden the availablghniques formore sophisticated
investigationsin the area ofMARylationand PARylationand therefore overcome the current
methodological limitations.

In order to gain further insights into ABBosylation of proteins angdossiblenteraction partners the
availability of defined MARylated and PARylated pra@iould be of great benefit. For thigason,
one aim of this study was the development of asgto-handle strategy that enables the regiospecific
ADPribosylation of target proteins. farticularfocus should bemphasisedn the modification of
linker histone H1.20 generate a sebf protein conjugates for deciphering the impact of histone
ADPribosylation on the formation of higher order chromatin structures.

With respect to tlese experimentsthe next logical step is the developmentroéthodsfor the supply
of longer fragments of oligo(ABibose) representinghe second aim of this thesiSince arefficient
strategyfor the largescale synthesis of the central building blockQ-" -D-ribofuranosyl adenosine
was established in our grougihis component should be used as a starting ptardevelop an efficient
synthesis of dimeric ABfbose

Additionally, the availability of wetlefined PARligomers in pure form is necessary for other research
projects like structuraihvestigationsor interaction studies. It is evident that only a chemical synthesis

is able to provide sufficient quantities in the desired quality and as monodisperse samples.
Furthermore, this would allow the facile introduction ofon-natural modifications like dyes,
crosslinkers, or other beneficial residues. Regarding the chemical synthesis of other biopolymers like
oligonucleotides or peptideghe solidphaseapproachemerged aghe most promising strategy for

the assembly of longer fragments of ADBose. Therefee, initial experiments towards the
development of a robust and simple technigue for the construction of pyrophosphate functionalities
in a solidphase system should be undertaken as the third aim of this thesis.
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3. Results and Discussion

3.1.Development of a Coupling Methéa the Generation aADPRribosylatedProteins

3.1.1.General®dnsiderations an&equirements

The posttranslational modification of proteins is widespread throughout nature and increlases
diversity of structure and functions of proteins lmyders of magnitude?®® The aim to further
investigate the impact of sudATMs urges the development of synthetic strategies to mimic naturally
occurringmodificationsto proteins of interest. However, due tihe plethora ofdifferent attached
entities, appropriatechemistries lave to be developed, or adapted for individuegiduesand research
issued?8ll

As previously mentioned, one of the aims was the development of a general strategy for the
regioselective attachment of ARibose to fulllength histone H1.2, which should also be transferable
to other proteins of interest.

Up to presat the generation of homogeneously AlBiBosylated H1.2 was hampered by the fact that
site-specific Hidependent writers are not identified. Additionallyhe known histonemodifying
enzymes suffer from their property to target multiple residues dineir substrate resulting in highly
heterogeneousgnixtures.Qurrently, the onlyexample of a sitespecificenzymaticADPribosylation of

a protein isubiquitin, whichwasADRPribosylated by a mutant of theegionella pneumophilienzyme
SdeA and is not transferable to other protelff8! Furthermore,naturally-occurringADRribosylafon

on aspartate or glutamateesidues would lead tmtrinsically unstablé-glycosidic bongtowardsan
acid and therefore limited scope & application, longerm stability and analysability with mass
spectrometric method$®? NonethelessADPribosylaed histoneswould be a valuable instrument for
further research sincéMARylatedamino acids appear to be substrates for further elongation by
PARPL18 Addtionally, these modified proteins may allow for the detailed investigation of
mechanisms of PARP, PARG and-#iRylproteinlyassactionin vitro.?%3l

In the next fewlines, the chemistrybased strategies for the synthesis of Afilldsylated peptides
developed up to date are briefly outlined with respectth@ir advantages and limitations. For a more
detailed recapitulation of the topic please refer¢hapter 1.5.1

Hforts to chemically synthesise ABiBosylated peptides can be cumulated under two main strategic
thrusts. Generally summarised, ¢hfirst agproachrelies on the synthesis of @hosphaeribosylated
building block which is afterwards assembled into a peptidSB Svhereupon the pyrophosphate
linkage to adenosine monophosphate is establiskgk scheme 17).[18318] These methods share
advantages and shortcomings. The main advantage outlined in the sthaed orthisstrategy isan
almost unrestrained choice of the interconnection between phosghose and the targeted amino
acid as the synthesis of a suitable building block for SPPS may be achieved independently of the
assembly of the desired ABPosylated peptide. This explicitly includibe possibility tocontrol the
stereochemistry at the glycosidic bond between ribose andna acid Only the requirement of a
suitable protecting group pattern for the synthesiEpeptides on soligphasesets limits in this area
and thus represents the main shortcoming of this stratdgyrthermore, he size of the obtainable
peptide carryinghe desiredPTMis defned by the scope of SPPS.
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The impact of this restriction is reflected by the fact that in nonthefabove cited studies a modified
full-length protein could be generatedloreover, all these methods have in common that they are
comparably laborious and require sophisticated capabilitiehésynthesisof unnatural amino acids
and peptide chemistry.

The second group of studies pursued a completely different appro@latse strateges aim to
incorporate modified amino acids into a peptit¥d, or a small protei®! which where likewise
assembled by SPPS. In contrast to the aforementioned metlaue artificial amino acidresidues
solelysene as an interfacebther free ADRibose, or an azidenodified derivatve thereofmay then
be directly coupled circumventing thenarsh deprotection of blocked phosphates and tteenanding
and sensitive formation of a pyrophosphab®nd on a modified peptide rendering this approach
potentially applicable on entire proteir{see schemes 18 and 19). However, the strategy of Moylet
al® also required the solipphase synthesis of a peptide bearing an artificial amino, abids
including all the resulting difficulties. Likewisg Liu et all'®*¥ also solely employed chemically
synthesised ubiquitin bearing azidmmoalanineas the most sophisticated example to thegupling
procedure Although this artificial amino acid may be incorporated into proteinsddgctive pressure
incorporation it still reduces the yield in protein expression and complicates the whole process
substantially. Additionally, the subsequetiAACreaction on a fullength proteinhas the drawback
to rely on the use of Cu(l) as catalyst

To circumvent lteselimitations, methods derived from chemical biologgay represent a suitable
solution In the following lines the requirements for such a coupling strategy will be discussed with
focus onthe overarching aim to use the generated ABDBbsylated linker histone H1.2 in the
investigation ofits impact on the formation of chromatosomes.

The selective modification ofa single site of the proteins among the hundreds of reactive groups
represents an exciting challenge in both chemand regioselectivityEspecialljthe chosen target
histone H1.2embodies ahardto-handle and in particular hartb-modify protein due to its basic
nature (pl = 10.%¥ caused by the high amount of nucleophilic lysi(®7%of total amino acidsand
arginineresidues(1,5%of total amino acidsmainly located in the tail regions.

Our approach should give complete control of the modified site of the protite arepostioning of

the site of modification should also bfeasible For thispurpose,it was chosen to ground the
envisionedprotein modification strategyon cysteine coupling The versatility of this approach is
exemplified by numerousalready existingstudies and the continuous development of new
methodologiesexploitingcysteine as a reactive handle on the protein of intef&8£81 28Generally,

it is much more facile and straightforward to introduce cysteine into a protein than an unnatural amino
acid sincdts position may be precisely controlled by sitieected mutagenesis prido the expression

of the recombinant prtein. Additionally, utilization ofthis strategyallows the incorporation of a
reactive handle in the protein without the requirement for more specialisgdi cumbersome
techniques like, e.g. Ambetop-codon suppression. However, regarding the more linditeariety of
functional groups uporthe exclusiveutilization of natural amino acgla selectivity of thecysteine
residue over the alternative reactive endogenous amino acids like lysine and histidine needs to be
achieved. This feature may be ascertainsithce the thiol group provides the most robust
nucleophilicity among the palette of the 2@nonical amino acid residu&&! Additionally, the low
naturalabundance of cysteing< 2%)often allows for the modification at a single sit&” Al for the
presentcase exploitation of this feature waganvenientchoice sincdiistone H1.2 naturally does not
contain anycysteine. Finally, the robustness and capacity of the cysteased protein modification

is also confirmed by themergence of commercial products involving this technique already available
on the marketi28&289
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Other features thathe developedcoupling strategy should comprise are a sufficient sitgbdf the
coupled construct to allow further studies, lotgrm storage angin contrast to the natural linkage
stability towards mild ionisation methods in mass spectrometry that wauldblea fast and direct
examination of the couplingrocessas wellas furtherinvestigations

Concurrently the linkageis supposed to resemble the natural linkage as close as possible regarding
the number of atoms, as well as their chemical characteristics. This demand results from the reasoning
that, especially in thecase ofMARylation a drastically different constitution of the linkage may
interfere with, alter, orevendiminish the biological consequences of this modification that should be
investigated.

Surely also the classic requirements for a protein modifioatshould be fulfilled|ike an ideally near
to total conversionresulting in a rather pureomogenous constru@nd possibly eliminating the urge
for a timeconsuming and often cumbersome chromatographic purificaitf?®! Furthermoreg the
strategy should facilitate the production of relatively high amountgrotein in one single production
cycle.Inthe hunt for a suitable modification chemisthe potential transformations are restricted by
the need for predomiantly biologicalambient conditions like temperatureselow 37°C, a quite
narrow pH range around neutigl anda largelyaqueous solvent to minimise the risk of disruption of
protein architecture and the associated loss of funcif§h 287l

Finally, aconvenientadditional featurefor the coupling strategy would be the opportunity to directly
dza S & F NiBoSet as méldcules of monor poly(ADRibose) exhibiing a liberated hemiacetal
group on theterminalribose residue are often denominatéd? More precisely, the intention was to

be able to directly tackle the free reducing end of Ail®se chains making them susceptible for
protein modification. This feature would open up a huge quantity of possibilities since also naturally
polymerisedPARoligomers could be utilized in the intended investigations rendering the whole
coupling procedure more versatile.
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3.1.2 Expression ddysteineModified Histone H1.@nstructs

Having all the specifications ftine envisioned AD®iboseprotein couplingmethod defined, the first
step in the development was the creation dfigtone H1.2 mutant bearing cysteias reactive hndle

in defined positionsin order to gain access to genetically engineered varianteefarget protein
recombinant expression iB. coliprovides the advantage of delivering linker histones that are devoid
of any PTMs thereby serving as ideal templates fdefined modification and ensuing studies.
Furthermore, genetic engineering of this organism is well established in our lab and suitabléool
plasmids and working procedures were conveniently availébfélIn the human form of H1.2 among
others the glutamate residues E3, E16 and E11®%edisas the lysine residue K219 were found to be
acceptor sites for ADRbosel1%% 292

Inthe presentstudyit wasdecided to first investigate one position on eatte N-and Gterminal tail
regions of the protein. For this purpose, two different codon optimiseguencesvere generated by
site directed mutagenesis for the expressimfrH1.2in E coliand ligated into thanultiple cloning site
of a pET11a plasmi€odons coding for glutamate in positiob8or 115 werethereby exchangedor
cysteinecoding codonsThe expression construct additionally contained agesice against the
antibiotic Carbeitillin and aGterminal Hisétag facilitating purification by immobilised metal affinity
chromatography (IMAC)After confrmation of the correatess of thecoding sequencs by next
generation sequencinthe plasmids were transformedtmE. coliXL16Goldcells for amplification.

Following the extraction of the engineered plasmids they were transformedEntGoli BR1 cells
utilising electroporation. Subsequent selection of plasitagrying cellsesistant against Carbenicillin
resulted in two bacterial strains capable of expressing mutated histone H1.2 upon induction with
isopropy# -D-thiogalactopyranosid (IPTG). The desired proteins aggreg&tednland form secalled
inclusion bodies wheraithe protein is only partially folded. After harvesting the cells by centrifugation
and subsequent lysis, these inclusion bodies were separated from cell debris and solubilised. Target
constructs were purified from the proteicontaining supernatant by IMC and analysed by sodium
dodecylsulphatepolyacrylamide gel electrophoresis (SBSGE) with subsequent Coomassie staining
(Fig. 3.1. A).
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Figure3-1: A) SDSAGE of fractions from the purification of histone H1.2 E114C in IMAC purification; B) Deconvoluted MS spe
histone H1.2 E114C after IMAC puaafion. Reduction of disulphide bonds with 50 mM TCEP prior to measurement.
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Unspecificallybound proteins were washed froimne column andhe target protein could be eluted

with urea buffer containing increasing concentrations of imidazZBtgh cysteinecarrying variants of
histone H1.2 could be obtained in good yield and purity by this proddesidentity of the isolated
fractions was further confirmed utilising highsoluton mass spectrometry of the fdkngth proteins
(Fig.3.1B). From 1 L bacterial culture 2.8 mg of the H1.2 E16C variant and 2.4 mg of the H1.2 E114C
variant were obtained.

Due to the robust expression in combination watktraightforward purificatiorprotocoland relatively
good yieldsa further optimization of the mentioned procedures wagt regardedasnecessanand
the focus of research shifted to the way more demaigdehallenge to develop a suitable coupling
chemistry.

3.1.3.Design and SynthesitQuitable Linker Molecules

The next step in the development process was designof a suitable linker molecule fulfilling the
demands specified in section 3.1.1.. The linker should contain one entity enabling the coupling to the
reducingend of ADRibose and a reactive warheagxhibiting sufficient electrophilicity for the
chemoselective coupling to cysteirtdowever, at the same time it must be stable enough to facilitate
purification and handlingThe two subunits should be connectbyg the shortestand sterically least
demandirg connectorpossiblewhile being easily accessible by means of syntheffmrt. Thislinker
design would afiw a coupling procedure that is split into two main paEst, thelinker molecule
maybe coupled to AD#bose in its native form exhibitingfeee reducing sugar moiety to incorporate
a thiokreactive tether into the biomoleculéSchemes-1 Step 1) This would alsenable the utilisation

of enzymaticallypolymerisedPARto be subjected to the coupling procedurin the second step this
constructshould undergo the coupling to the protein of interéStcheme 3L Step 2.
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Scheme3-1: Schematic representation of the intended coupling of-Aibdse to H1.2. The process is split up into two steps:
first the modification of ADRbose with a suitable linker molecule and afterwards the coupling afeth@tingconstruct to
the protein of interest.
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Due to the equilibrium between the closethg andthe openring form of ribose in aqueous
solution?®¥ a certain fraction of solubilised ABBose molecules exhibits a reactive aldehyde group
that virtually imposesitself for being used as poirdf vantagefor a couplingstrategy Aldehydes
generally display a broad reactivity towards several kinds of functional groups. Among, ttigers
formation of hydrazoness a commonly used labelling reaction that can performed under
physiological condition8®! Thisreaction probably represestone of the mosancient bioconjugation
reactions 8l frequently used in modern chemistryAlready in 1888 Em#tischerdenominated this
functional group andbegun his studies about hydrazones and their reactivity towards
carbohydrated?®® Sincethis coupling reaction meetseveral of theprerequisitesrequired in the
strategy for the modification of H1.2 was examined more closely with regard its suitability.
Generdly, the formation ofhydrazonelinkages is dependent on the-effect nucleophile hydrame
which B highly reactive towarda wide range of electrophiles likddehyde or ketone groups$n the
course of this condensatiosolely wateris released ady-product As amajor drawback it must be
mentioned that the stabilityof the hydrazone bond has to be viewed with caution. The chemical
equilibrium in aqueous solutions may lead to a slovaedge of thecondensation producbver time
However, thigdissociation processan be counteaictedwith low synthetic effort by reduction of the
hydrazone bond with cyanoborohydride preventing hydrolysis of the coupled pr&dtet]
Additionally, he formed tether is relatively small in size since it only cossisthree norhydrogen
atoms.

Atfter careful deliberation, it was decided to choose hydrazone as the carbeative group irthe

linker molecule. The introduction should be accomplished as a hydrazide group since that would
minimise the synthetic effarand enable the use of several commercially available electrophilic
precursors fom screeningof different linker molecules.

The most frequently used chemical residues that are reactive towards thiol nucleophiles are
h-halocarbonyl€8>28¢land Michaeladdition type electrophile&® In this casét couldbe regarded as

a benefitthat the envisionedlinker molecule already contains a hydrazide group bearing a carbonyl
moiety. As example for the Michaatceptors only acrgte wasexamined because the steric demand

and the multiple functional groups of maleimides would perturb the linkage of AibBse tothe
protein of interest.

In order to test their reactivity against the thiol group of cysteine arabdn on the above
considerations four linker molecules 33-36; Scheme &) were synthesised irstraightforward
approachesin case of the acrylate derivati&8 and the chloro linkeB5, first t-butylcarbazate(32)

was reacted with the respective carbonyl halide which upon acidic deprotection yielded the desired
linker molecule For the brome (34) and fluorederivatives 86) instead the direct conversion with
hydrazineproved to be successfulhe synthesis of thindo-derivativewas also attemptedbecause

the structurally similareagentiodoacetamide is routinely used for capping of thiol groups before
digestion in protein sequencing® However, thisnoleculealreadyhydrolysel during work-up and

thus could not be obtained
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Scheme3-2: Synthesis gbotential linker molecules for the coupling of ADBose to proteins of interest

3.1.4 Examination of Linker Molecules and Optimisatid®oplingGonditions

A screeningf the different linker derivativesvas considered appropriate becausd the reported
ability of the electrophilic groupo react withN-nucleophilesn certain case8”! Since such moieties
are highly abundant in the tail regionsthi target protein the reactivity has to be tuned precisely to
ensure a high coupling efficiencyhile preventingthe introduction ofmultiple modificationson one
single protein

COOH

—A

Linker

SH
H,N COOH

H1.2-E14C

Scheme3-3: Schematic representation of the principle of the F5M assay. The effectivity of coupling towards the protein can
be examined by a decreaseflmorescencdight emission since the binding of F5M can be prevented by prior masking of the
reactive cysteine.
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In initial experiments the reactivity of the different linker molecui336 towards the fulllength
protein was examined. Therefore, a method previously established in the research group by Xiaohui
Zhao was adapted to our system (Schem®)8°Y In this approach the xanthene dye Fluorescein
modified wih a maleimide residue in its-osition fluorescein5-maleimide; F5M) is employed as a
reporter for unreacted thiol groups. The straightforward principle is the following: First, the examined
linker molecule is allowed to react with the mutated proteimder appropriate conditions. Afterwards,
F5M, which is known to almost entirely modify thiol residues at high rates, is added to the reaction
mixture. Cysteine side chains that were not masked by a linker molecule prior to addition of F5M will
therefore become fluorescently labelled. The samples can finally be analysed by /SBXS providing
information about the coupling efficiency by exhibiting a lower fluorescence as compared to untreated
samples.

The fast and robust F5M readout was also used in ordaptamise reaction conditions regarding
buffer system pHvalue, concentration of the linker molecule and reaction tirRer this purpose,
bromo-linker34was subjected to the coupling procedure in RiBer. This buffer system was chosen
because it doesiot contain any reactive moieties, especially no thiols that could quench the
electrophilic warheads ofhe linker molecules. In addition, no amire other aldehydereactive
functional groups should be presewith regard tothe intendedcoupling of ADFibose. Therefore,

the use ofthe widely appliedTris buffer system was impossible. Finalhe selectablepHrange of
phosphate buffer between 5.8 ar8imet the requirements, which made it an ideal choice to start
initial coupling expements.

Inthe first experiment the concentration @iromo-linker 34 was variedrom 0to 1 mM and coupling
were carried out at 37°C fawo hours. Afterwards, F5M was added to the reaction and incubated for
further 30 mirutes. The obtained SDSAGE gel slws a clear decrease ihe fluorescence with
increasing concentrations of linker molec(fag. 32). At 0.5 mM a minimum is reached and therefore
this concentration washosen for thefollowing experiments. la similar mannepH and reaction time
were gotimised.

c(linker) [mM] c(linker) [mM]

A 4 B 4

[kDA] 0.0 0.10.25 0.5 0.75 1.0 M 0.0 0.1 0.25 0.5 0.75 1.0

55

40

35

Figure3-2: Examination of the optimal concentration of linker molecule after coupling with bimker 34 for two hoursin
an F5M readout; A) Coomassie staining; Bjrhging
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The next step was to compare the synthesised linker molecules regarding their rgattivibis
experiment theMichael- (33) andfluoro -linkers B6) showed markedly reduced reactivitiesmpared
to the bromo- (34) and chloro-derivatives(35) (Fig.3-3)

Linker Linker

M F Cl Br Mi  wt+Br F Cl Br Mi  wt+Br
[kDA] + = =TTk =Tk TR = EBM S . S T R 3591

Figure3-3: Comparison of the reactivity of the different linker molec@@86. + andg indicate if F5M was added to the
respective coupling reactions. In the last two lanes instead of the E15C mutant a wild type H1.2 was subjected to the
coupling reaction in ordep elucidate unspecific binding) Coomassie staining; B) UV imaging;

Due to their sufficient reactivityhe two linkers 34 and 35 were further investigated. Following the
outlined coupling strategysée scheme 31) as next stephe merging ofinker molecule and ADfbose
had to beachieved Therefore, aprocedurealready established in our research grobpsed on
reductive amination was employet! The respective linker aniiDRribosewere reacted under acidic
aqueous conditions to form a hydrazone linkage. Afterwards, the reversibility of the conneotitth
be eliminated by selective reduction with sodium cyanoborohydride to yield a hyd&raPiurification
with reversedphase HPLC should then give the modified Aib&e ready for coupling to the protein
(Scheme 31).

NH, NH;
SN N >N
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| | < ‘ /) O |1 1l < ‘ /)
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N e i e
OH OH OH OH OH OH OH OH
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35 R=Cl
selective
reduction
NH,
N X
o o i
o) 1 [l /)
NH 0-P-0-P-0O NN
D G S S I
R HN—. o "o
[
OH OH OH OH

Scheme3-4: General scheme for the coupling of linker molecules toidBe as hydrazones and subsequent stabilisation
of the linkage by selective reduction
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This procedurdirst was tested with a linker molecule derived from ethyl acet@® not bearing an
electrophilic warheadn order to simplify the setup and exclu@gliffering behaviour caused by the
decompositiorprone part of the molecule at the beginnin@rig.3-4). In this setupghe best coupling
results were obtainedt a pH of 5.5 isodium acetate bdér. Furthermore, in experiment&herethe
addition of reducing agents was omitted it could be whahat also the formed hydrazone could be
separated from unreacted ARiiboseby RRHPLC. However, these constructs wereenttirely stable
under electrospray ionisation conditionshowing signals for the coupled construct and dissociated
ADPribose Furthermorethey decomposed upon longer storage to the dissociated starting materials
This behaviour also described in literatudemanded a prepar&n of the unreduced modified
ADPriboseand its purification directly prior to the intended coupling to the prot&ff It was also
found that the use ofniline as catalytsdid not lead to an increasef yieldin the formation of the
desiredhydrazoneas reported in literature**®
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Figure3-4: A) Synthesis of linker molec@@without electrophilic warhead und coupling to ABiose; B) HPLC
chromatogram of coupling reaction without reduction of the hydrazone bond; C) HPLC chromatogram of coupling reaction
after reduction of the hydrazone bor&DPr = ADHbose

The elaborated coupling conditiomgrkedwell for the more inert2-chloroacetic acid hydrazid@5)
that could be isolated in yieldsround ®6in the reduced form However, with this high degree of
decomposition on the electrophilic centthe synthesis of sufficient amounts of coupled construct for
the envisioned coupling strategy would not be practicabfeditionally, such an inefficient
modification proceduredr ADRribosewould impair the use of this method for extracteigomers of
ADRribosefrom natural sources or chemically modifiddrivativesthat are not available in unlimited
guantities.
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For the more reactiv@-bromoacetic acid hydrazid&4) no coupled product could be isolateBven if
no reduction step was performed the yield for tiokloro-linker construct38 just increased to 20%
while still nobromo-modified ADRribosecould be isolated.

3.1.5.Coupling ofonstructs toGy/steineModified H1.2

After screeninghe four linker candidates for their reactivity against the cysteine side chain and their
ability to stably modify ADHbose only oneeactive residuavas stilla promising candidat® become

the linker moleculeof the future couplingstrategy: the h-chlorocarbonylconstructin its unreduced
hydrazoneform (38).

Hence, tlis molecule vas used inmodification experiments onthe cysteinebearing listone H1.2
variants The coupled constru@8 wasincubatedwith the respectiveprotein at pH 72 for two hours

at ambient temperature. Afterwards one sample was subjected to a reduction procedure with sodium
cyanoborohydridevhile the other sample was left in its oxidised fo{@®cheme &).
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Schemes-5: Modification of H1.2 E114C withchlorocarbonyimodified ADRibose38 and optionalstabilisationof the
linkage by reduction
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At this point of the project it becamevident that the hitherto used analysis methoddased on
SDSPAGE with prioiF5M labelling did not provide all thenecessaryinformation. When initially
investigating the suitability of different linker molecules, it was sufficient to evaluate the reactivity
towards the cysteine thiol grougHowever, m the newly implementedexperimentsa more detailed
evaluation of the modifiedhistone was required since not only the reaction at the nucleophilic tether
on the protein should be assessed but asadntact connectim between the linker molecule and the
cargoADRribosehad tobe confirmed.SimpleSDSPAGEanalysis could not meet these requirements

in the demanded reliability because the relatively small adduct did not change the running behaviour
of the modifiedproteinto a sufficientdegree.Therefore, an ESIS method was set up to determine
the deconvoluted mass of the fd#ngth protein and thereby gaimore detailed information about

the nature and the extent of the modificatiomstroduced

The above described experiment showedi@ardeconvoluted mass spectrum for uncoupleidtone

H1.2 with its maximum intensity at 22031 Bdich matches the calculated mass of 22030.37 Da
(Fig.3-5A). The sample not treated with sodium cyanoborohydridaiexed a mass of 22105 Da which
corresponds to the mutated protein modified with the linker molec(ifég.3-5 B) However, it is still
possible that a successful modification occurred but the unreduced hydrazone bond is not stable under
the conditions aplied in the electron spray ionisation process during the analisisontrast the
sample with a reduced hydrazone bond yielded a more complex spectrum with signals &t2210
and22665Da. The second mass fits to the anticipakdARylatedhistone(Fig.3-5 C) However, only

a fraction of about 50% of the sample showed the desired modificatibereasthe other half
consisted othe proteinonly carrying amcetic acid hydraziden the side chain of cysteine

47



Results and Discussion

1200
1800 - 22105
22031
1500
900
|
1200
= Fo |
= = oo
2 900 @
kY | 2
£ £
800 <
300 |
300 5 I rI
A |
[ P NI PV L R L N B _;"‘ILAM‘M... B e
0 VRO, WS B W WO R
T T T T T T T T T T T T T 1 T T T T T T . T T T - : . y
18000 19000 20000 21000 22000 23000 24000 25000 18000 19000 20000 21000 22000 23000 24000 25000
mass mass
N =559
300 o
> 22106
2
g 22665

A
|

I |
O_,L--.)J-Uq!.\”x.l‘._urﬁ.wj.,dl‘ltt,‘lnL’Vu,_.v'Illuk_J LL ,l JL ‘.“uh.ﬂ,r{wh“,u_#'-'d-w’i

T T T T T T 1
18000 19000 20000 21000 22000 23000 24000 25000
mass

Figure3-5: MSspectra resulting from the modification of H1.2 E114C wihdtlified ADRibose construcs;
A)untreated protein after reduction with TCEP; B) Protein treated 38tIC) Protein treated witB8 and subsequent
reducion with NaBHCN

This experiment clearly showed that thechlorocarbonyl residue is capable of entirely modifying
target protein under the elaborated conditions while no multiple incorporations of the linker molecule
could be observed. On the other harilalso becamevidentthat the unreduced hydrazone bond
does not feature the demanded stability as provey the high fraction of cleaved interconnectisn
between linker molecule andDRribose Eventhe post-coupling stabilisatiorof the linkage by
reduction could not solve this problemdequately and furthermore entailpossible downstream
problems when a reductioan the modified protein has to be performed

Another possible solution of thef@ementionedissue would be the reduction of the hydrazone bond
directly after purification by HPLC und before the coupling to the protein is conducted. However, this
approach also resulted in a degradation of the reactive centteeoADRribosecoupled construc88.
Thisinsight ledto the recognitionthat the combination of hydrazone couplirand " -halocarbonyl
reactive centesintrinsicallybears the problem of the incompatibility between reductive stabilisation

of the labile hydrazonand preservation ofthe electrophilic cente. Sincethe aim wado generate a
homogeneously modified protein this procedure is only of limited utility andefoe the coupling
approachhad tobe revisal.
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3169 El YA Y| (TaghntiM2 FF A SFaedy TowardsHomogenouslyodified Histone H1.2

As previous experiments for the couplingioker-ADRriboseconstructs to cysteinenodified histone
H1.2resulted only in @omparablylow amount of the desired produthe coupling strategyad to be
reconsidered For this revisiorinspiration was drawn front y I LILINR | OK G SNXY SR aiil
& 0 NJ H“Shat&auld possibly help to soltbe mentionedproblems.

At the end of the lassection it wasshownthat no reduction of thdabile hydrazone bond between
ADPribose and the linker molecule is possible as long as thbalocarbonyl reactive centres not
masked in any wayAn inversion of the previous coupling procedure could igffity bypass the
observed problems by firghstallingthe linker moleculen the surface ofthe mutated protein. In this
way, a reactive handle is introduced that woeldablethe subsequent coupling of native AlbiBose
(Scheme ).
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Schemes-6: Schematic representation of the tamd-modify strategy. First a reactive handle in introduced into the protein
of interest thd can be used in a second step for the coupling of the desired modifier.

In the experiments described in secti@rl.5.it was already shown that a quantitative coupling of
chloro-linker 35to the protein is possible undehe optimisedconditions withoutthe emergence of
multiple modifications. Based on this findiitgvassought to develop a method that could exploit the
presence of a hydrazide moiety on the protein for the coupling@Pribose

The main challenge in this approach is that the coupling ofittkeer molecule and the subsequent
attachment of ADRibosedemand different buffer conditions. As describie the previous sections
the coupling of the linker molecule gendson a slighthbasic pH value of Zand the best yields were
achieved inphosphatebased buffer systems. In contrast to thtke formation of the hydrazone
linkageproceeded under acidic conditions wilpH of 5.5 and performed the best in a sodium acetate
buffer sysem. Additionally, unreacted linker molecules ka to be eliminated from the reaction
solution in order to prevent a competition of protebound andree hydrazide groups forBRribose
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One obvious solution to solve these two probleatsonceis to incluég acompleteexchange of the
solvent systeninto the coupling procedure. In a first experiment the attachment of the linker molecule
was conducted in the already established mannepltosphate buffered salinat pH 7.2. After

two hours reaction time an ehange of the buffer systems was achieved by the utilisation of
centrifuge filters with a cubff at 10 kDa. Since the masshistone H1.2 is about 22 kDA it was possible
to remove thebuffer solution and the small linker molecules while restricting the loss of protein to a
minimum. After several wash steps with water the purified protein solution taken up in sodium
acetate bufferat pH 5.5.Subsequently, theaupling of ADRibosewas performed at 8°C ovright

and afterwards the formed hydrazone bonds were reduced by additiaodifim cyanoborohydride.
The analysis of this couplingpproachby LGMSrevealed that the coupling of the linker molecule as
expected proceeded to complen without any problems(Fig. 36 A) However, the coupling of
ADPriboseto the exhibited hydrazide group seems to be inefficient since only a small fraction of
protein bears the intended modificatiofFig. 36 B) Another possible explanation would Heat the
reduction of the hydrazone bond is not efficient so that initially bod@PRribosecannotbe stabilised

and ishydrolysed afterwardsinder the ionisation conditions
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Figure3-6: MSresults obtained in the tagnd-modify approach; A) coupling of linker without Afildse; B) Successive
coupling of linker and ABfbose followed ¥ stabilisation of the hydrazone linkage by reduction

Along these lins Hackeng and emorkers published a strategy to dramatically increase the yields of
oxime couplings by repeatégdfreezing and thawing thiesamples in aqueous solutiof%! Since the
feasibility of this procedure was also demonstrated on peptidesaritie chemokine protein CCIit5
wasopted to utilise this method in the coupling. The formation of llyazones and oximes proceeds
mechanistically predominantly similéimus turningthis adaptation tothe developedapproach highly
promising. In the following experimenafter the coupling of the linker moleculthe buffer was
exchanged to water without any additiveldpon additiorof ADRriboseand repeated freez¢hawing

the linkages were stabilised by reductioBurprisingly LGMS analysis revealed that multiple
ADRriboseresidueswere attached tothe protein (Fig.3-7 A). This was highlynexpectedsince a lot

of effort was putin the detailed examination of the first coupling step to ensure that such multiple
modifications at undefined positions are prevented. Clarification of the reasons for the observed
multiple modifications wagchievedwith the compulsory test reactions.
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Even in the sample where the addition of linker was omitigule the following treatment of the
sampleremained unchangednultiple modifications withADRribosecould be observedFg. 37 B)
The mostprobable explanation for this finding is that the freeteawing proceduredoesnot only
strongly enhance the formation okimes anchydrazones, but also the formation whines Since the
basic tail regions dfistone H1.2exhibita hgh content oflysine there is a large number of possible
amine residues as acceptors for the formationha$ kind of linkageDue to the labile nature dfmines
they were most probably hydrolysed in the study of Hackiéfitand thus were not detected as a side
product.Inthe presentcase however, the succeeding retioa steptransformedthe unstableimine
linkages into resistantamine groups that are not prone to hydrolysihis reductive amination as side
reaction was not observed in previous experiments but further underpins the tremendous shift of the
chemical egilibrium towards condensed species by the fre¢tzaw procedure.
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Figure3-7: MS results obtained in the taand-modify approach; A) Coupling procedure with enhanced formation of
hydrazone binds biepeated freezéhaw cycles; B) Negative control of the same experiment without addition of linker
molecule

Although much research effort has been invested in the development of a coupling procedure of
ADPriboseto histone H1.2and several different saitegies were examinedhe coupling efficiency did

not exceed approximately 50%. Furthermore, the dirgnbdification with ADRriboselinker
constructs suffered from low yieldsaused by the susceptibility of the electrophilic active centre
hampering puriication of these compoundd he tagandmodify strategy developed afterwards failed
due to the low coupling yields the hydrazone formationMeasures that were taken in order to
increase the coupling efficiency failed due to the high ovepadintity of nucleophilic residues otte

target protein thatresulted in the emergence ofiultiple modifications. In both of the aforementioned
strategies also the reduction of the hydrazone bond continued to be an unsolved issue.
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3.1.7 NewPathsin theDevelopment ofouplingProcedures

Faced with the challenges occurring during the development of a simple and reliable coupling strategy
for ADRriboseto proteinsand in particulato the demanding candidatkistone H1.4t wasinevitable

to recognise thathe targetedgoal could notbe reached by adapting already established coupling
procedures. The issues with previously used procaseescribed in the previous sections are mainly
caused by the instability of the hydrazone bond requiring a stabilisation by redudtits reduction

step came into conflict with thiabilereactive centre that is crucial for the coupling to the thiol group
present on the protein surface.

The previously describeattempts were founded on the idea to have the thiehctive centre direity

installed on the linker molecule from the very beginning. Howetrex idea came up thait could be

highly beneficial for the whole coupling procedurdtifvould dispose of a reactive centre that is
predominantly inert during the coupling of linkeratecule and AD#bose This should also enable

the achievementof markedly higher yields in thigeaction Followingthe isolation of the desired

product i KS NBIF OGA GBS OSYyGNB O2dAZ# R 0SS dagAliOKSR 2yé
andto achievea modification othe targetprotein. This strategy featuring a design similar to the direct

coupling ofADPRriboselinker constructs wouldombine the advantages of the direct coupling and the
tag-andmodify strategy, namely it wouldeduce the number of chemical manipulations occurring
RANBOGfe 2y (GKS LINPBGOUSAY® CdzNI KSNI-gbNges> FAal G522ddeif RA y
partner because with the masked reducing end of the ribose residue no imine formation would be
possiblewhile keeping the coupling process simple and straightforw&aheme ).
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Scheme3-7: Coupling strategy with switchable reactive centre; In the first stepridBe and linker molecule are fused
while the thiotreactive electrophilic centre is in an unreactive state (red colour) that enables purification of the coupled
product. Upon activation of the reactive centre (colour switches to green) reactivity against nucleophilic groups is triggered
that results in modification of the target protein.
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Surprisingly, there was no reportetbupling concept found in literature that coutd meet these
admittedly high expectatiomthreatening the whole project toease

During literature research for a different topia publication dealing with the mode of action of the
drug Disulfiramwas found by serendipit{fScheme 38). In this study it was described that Disulfiram
is a stable molecule that is metabolised to a reactive intermediateziva This intermediate
additionally, is capable of efficiently modifying proteins covaleffi§. This information spaed
interest in the chemical features of this lolkgown drug andjave positive motivatiomo perform a
substantial literature research.
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Schemes-8: Structure of the drug Bilfiram and the thiocarbamate herbicides EPTCMatihate.

Before the potential of disulfiram as a drug was discovetesl reagentwas used under the name
tetraethylthiuram disulphide in the industrial processsafiphurvulcanisation of rubbef®”In 1937 a

plant physician in the American rubber industry, E. E. Williamagced that workers exposed to
tetraethylthiuram disulphide suffered from mild sickness upon the sconption of alcohoF8!

However, it took almost ten more years until the Danish researchers Erik Jacobsen and Jens Hald
realised the full potential of Disulfiram for the €d f f SR aF OSNEA2Y (GKSNIF LR
promotedthe d®@Sf 2 LIYSYy G 2F 5AadzZ FANI Y dzy R SantlabukeSv G N2 RIS v
commercialised drug®31

The principle of action of this drug is to inhibit the enzyme aldehyde dehydrogenase (Ah®H)
enzyme responsible for the oxidation of acetaldehyalacetic acid in the metabolism of alcohol. Upon
ceasing of this oxidatione an accumulation of the intermediate acetaldehyde leads tdlikalfiram
ethanol reaction including flushing of face and neck, tachycardia, nausea and vomiting, but one could
also speak of a severe hangové¥:3!? |nitially, the inhibition of ALDH by Disulfiram was thought to
result from the formation of alisulphidebond between active site cystein€& However, nowadays

this mode of action is only thought to ocauarvitro. Due to the fastonversiorof Disulfiam and related
moleculesto highly reactive metabolites vivoit turned out that the actual mode of action is the
irreversible covalent modification of the reactiggsteine residue¢Schemes-9).[506. 3153171
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Scheme3-9: Proposed in vivo metabolism of the parent drug Disulfiram to the reasuiifexide and sulfongpecies that

ultimately lead to a covalent modification of thiol groug$: 3181

While the use of Disulfiranmiits original indication is steadily declining due to the preference of more
modern drugslike Naltrexone and Acamprosatihat directly act on the biological processes
influencing the addiction to alcohand show less side effe€¥$32% it is currently studied as a
treatment for cancef?! and latent HIV infection8?2324 Furthermore, a widespread group of
herbicides includingfETGand Molinate(Scheme 38) is based on a thiocarbaate entity and develops

its efficacy only upon oxidatidf?>327]

Independently otthe indicatiors of theseagents attention was drawrby the fact thatthe observed
modificatiors of enzymesdid not occur in a highly selective manner. Rather, it was found that a
multitude of different protein§:® as well as Glutathiori&® in the bile of treated ratsvere modified.
This suggest that the thiocarbamate moiety would fulfihe predefined request to solve the so far
existing problems ofhe ADPRriboseprotein coupling strategy by providing a stable functdbigroup
that, upon oxidationis able to efficientlynodify thiol groups of cysteine. Additionally, it is evident
from the existing literature that the resulting linkage is able to withstamdivoconditionst°¢: 318l

Equipped with all tasedesirable features for coupling reactiotmwvards proteinsit was surprising
that the thiocarbamate group, or derivatives therewfere not already exploited for this purposto

the best ofii K S

| daibWl@dtEh this kind of reaction was only applied by the Cole group as a

reactive centre for affinitbased profiling of CoenzymerAquiring enzymesn cell lysate¥? and
Keapl in living cell&® Additionally, Hamiltoret al.usedthiocarbamatesn a prodrug strategy where
the investigated macule after crossing the cellular membranshould react with intracellular
glutathione to form the reactive metabolit&®" However,no literature exampleon the utilisation of
thiocarbamate goups as a tool for the chemoselective protein modificatimuld be found
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3.1.8.Implementation of the Thiocarbamate Strategy

Based on the discovery of the thiocarbamate group as possible solution to the problérapogvious
coupling approaches a new linker molecule was designed. This molecule should be as similar as
possible to the-halocarbonyl linker to benefit fronthe already gained experience in synthesis and
handling.

For this purposea chloroformyl group was installed oethanethiol by treatment withtriphosgene
under basic conditions. Even if the reaction proceeded smoothly, the resuléthyl
chlorothioformate(39) had to be handled with cardue toits tendency to hydrolyse. Furthermore,
the purification of this compoundurned outto be challengingcaused byits high vapour pressure
combined with an intrusiveodour. Therefore, the crude product solely wasparded from its
insoluble and nodiquid byproducts by filtration. Afterwardsexcessethanethiol was removed by
evaporation at 40°C and 1@6bar to provide the sufficiently purerude product. In the next step,
ethyl chlorothioformate(39) was reacted withmethylhydrazine to yieldhe desiredthiocarbamate
linker molecule 40) in45% yield two synthetic steps.

cl 9 cl o H Et3N, -80°C to rt, o

en C'>< PIS XC' EtsN, 0°C, 1 h, THF P N o.n., DCM g
ki LI W N + NN P o _NH
c’ © 0O 72% s” e T HaN 63% <eTONTTR

[
39 40

Schemes-10: Synthesis of the thiocarbamate linker

The utilisation ofmethylhydrazine instead othe more obvioushydrazne, or Bocprotected
hydrazhe 32 used in the syntheses for the overcome linker molecules in the previous giegtevas
necessary in order to reduce hydrolytic breakdown of the oxidised form of the thiocarbamdéet,
these silfoxythiocarbamates are reported to requiea alkyl substitutionat the sulphur atom as well
as at the nitrogen atom inh -postion of the carbonyl group to provide chemical stabilf§f! Along
these lines it was advantageous that only the desired regioiseid@ras formed during the reaction
with methylhydrazine Thisis in accordance with observation§other groups andnay be caused by
the higher nucleophility of the alkylsubstituted nitrogen that overcompensates the reduced
reactivity due to steric hindrance in case of the small methyl giap4

The next and crucial step was to chedketherthe new coupling strategy could prove its effectivity in
the connection ofthe linker molecule toADRribose First the linkage was established in a similar
manner as tested with thé -halocarbonyl linker moleculeg4-36), namely by reactionn sodium
acetate buffer(pH 5.5) followed byreduction with sodium cyanoborohydride. Already under these
conditions the oupled construct41 could be isolated in 58% yield on a small schlievertheless,
problems arose whemsynthesising larger quantitiesf the coupled construct. In a reaction scale of
25pumol ADRribosethe yield dropped to 30% for unknown reasons. Howeweis issue could be
rapidlysolved ly utilising the alreadynentionedfreezethaw procedure®®®! Moreover, the application

of this approach rendered the use of buffered solutions unnecessary and the reaction could be run in
water supplemented with 25%MSO to enhance the solubility of linker molecdl@ With these
adaptations coupled construdtl could be isolated in 88% yield on a scale ofig%ol providing enough
material for the further development dhe coupling strategy§cheme3-11).
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Scheme3-11: Coupling of thiocarbamate linker to AffiBose

The requestediactivation switcld in the outline ofthe coupling strategy§cheme &) would in this

case be thexidation of the thiocarbamate groujp the corresponding sulfoxidé2, or sulfone43. In
accordance with the proceduneported by Col€?® Oxonewas choseras oxidizing agenfTheaim

was to directly oxidise modifielDRribose41 to the reactive sulfone derivativé3 (Scheme 3.2).13¢l
Thisproceedingalso seemed to be appropriate because sulfoxide groups utilised by the Cole group did
not broadlymodifyall presenthiol groups Instead theyould be tuned fosensitivity in affinitybased
profiling ¥2%33% The envisioned conceps also further supported by the fact thahother probe used

in the cited study comprised @nfluorocarbonyl group as reactive centre which was already shown to
be not reactive enough fothe intended purpose (see Section 3.1.4.). The oxidation proceeded
smoothly but yielded a mixture of sulfoxiéind sulfone derivativesibeit it must be kept in mind that

the analysis of the oxidation reaction by mass spectrometry bears some uncertainties. It is fair to
assume that the highly reactive sulfone derivatid@will not be entirely stable under theadnisation
conditions. Therefore, the oxidation reaction was run until no starting material could be detected
anymore which took about 30 miates, and afterwards directly used in the coupling to the modified
H1.2.
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Scheme3-12: Oxidation of the thiocarbamatenodified ADRibose to the reactive species that were subsequently utilised in
the coupling to cysteirbearing mutants of histonkel1.2
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coupling time. Directly afterwards the coupling was analysed BME@s it was already established in

previous experimentésee Section 3.1.5.Jnexpectely, onlythe slightly elevatednass of the protein

with 22107Dabut hydrolysed AD#ibosewas observedqFig.3-8 A.

Our suspicion was that this may be caused by an oxidation of the already coupleitbdgxdeonstruct

by excess Oxongestabilising the connection towards the protein. Indead]ifferent outcome was
observed by repeating the experimentwith the only change that an amount of
tris-(2-carboxyethyBphosphire (TCEP) exceeding the amount of Oxone added to the solution of

the protein prior to coupling the outcome changégig.3-8 B. Since TCEP is a walbwn reducing
agent it presumably scavenged remaining Oxone and therefore preserved the stability of the
ADPriboseprotein linkage However, @en if the majority of protein was modified, there was still a
fraction of native protein leftFinally, when the coupling was performed overnighéd&Can almost
guantitative coupling was achieved (P38 Q. The obtained shifts in the deconvoluted nsaspectra

fit well to the estimated values calculated on basis of the mass difference between modified and
unmodified cysteine (Fig-8 D).
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Figure3-8: Results of the thiocarbamate coupling approach as MS spectra; A) first coupling with low TCEP content;

B) Coupling fotwo hourswith high content of TCER) Couplingvernightat 8°C with high TCEP content;@lculationof

the mass difference between unmodified cysteine and with attached thiocarbafiiz®eibose
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The highly effective modification bfstone H1.2 could after some optimisations also be confirmed by
a change in the migration behaviour in SBXSGE geld-ig.3-9 A) Furthermore, initial experiments for
the modification ofin vitro-polymerisedPARand the subsequent coupling to histone H1.2 were
undertaken.Due to the heterogeneous nature of the modification an analysis by mass spectrometry
was impossible. The analysis by $I2&E showed nlevantdifferences to the untreated protein
indicating that the major fraction of the protein remained unaffectédbwever, a Western Blot
analysis of this gel with arRRAR antibodieshowed a strong signal indicating the presence of
PARchains(experiment conducted by Simon Geiggdsgvertheless, it has to be admitted that this
only represents an initial test that nde to be verified. Additionally, it has to be ensured that the
positive result does not simplgependon unmodified PAR chains that were transferred onto the
blotting membrane. In a similar blotting experiment, however, the presence of monefihD$t)
resdues orthe modified protein could be confirmed by an amtiono(ADFribose) antibody that could
clearly bind tahe created ADPibosylated H1.2E15C (Fig93).

A H1.2 B H1.2
z z
z 5 c$3 %
M O 3338 MZ232 3™
. TR
[kDa] [kDa] & - [kDa]

0 40 -“ L 40
35 o : 35
B ®
-y -
35 — -— o “ - -
18% SDS-PAGE anti-MAR anti-PAR (10-H)

Figure3-9: A) SDSAGE analysis of moaad poly(ADRibosylated) histone H1.2 E15C. Lane 1 shows the unmodified

mutant, while in Lane 2 the modified construct is shown. An overlay of the two different probes can be seen on Lane 3

B)Western blot analysis of the SPBGE gel shown in A with d&ddies against monand poly(ADRibose) Blotting
experiment conducted by Simon Geigges.

Conclusively, a completely new coupling strategy was developed that is able to fulfil all the demanded
requirements that were formulated at the beginning thiis chapter.This novel method allowt

attach ADPRriboseto proteinsin a freely selectable position amtoved to be successful also in the
case ofchallenging candidates likaistone H1.2 bearing amultitude of nucleophilic residues.
Additionally, tre incorporated linker molecule is reduced to the absolute minimum regarding size. This
is highly desirable because tifermed interconnectionbetween protein and ADRibose therefore
closely resembles the natural linkaggcheme3-13).
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The only importantdifference that has to bemphasiseds the openchain form of ribose that more
resembles the ketamine form of the coupling to lysinan the closedorm of the other linkage types
However, the number of atoms as well as the occurrence of functionapgrioLthe tether show close
resemblance to the naturalgccurringconnectionsAn additional advantage difiis coupling strategy

isthat it isnot restricted tomono(ADRribose)but could also be applied for the direct modification of
proteins with chain®f PARor other kinds of glycang he only mandatory feature that future coupling
candidates have to fulfil is the presence of a free reducing end of a sugar or a carbonyl group that can
be functionalised to a hydrazone. Hence, the application areth@hew procedure is very wide
ranging. It can additionally easily be used to replace or improve exisgstgineselectivecoupling
procedures if the concept of switching the reactive centre on and off is beneficial.

OADP

OADP OADP
, OADP OADP
07 &
HO HO (\ OH o o
OH OH HN NH OH \O H N\ OH
HN OH HN o Y N N
OYN\ NH 0Oy NH OH 0y 0 OH
HaN" ~COOH HaN" ~COOH HaN" ~COOH HoN” “COOH HoN” “COOH

Schemes-13: Comparison between thiocarbamateupled ADP ribose and different naturadlycurring interconnections.
From left to right: thiocarbamate coupling, lysindtsketamine equilibrium form, arginine, glutamine, glutamate.

3.1.9 Application of the Thiocarbamate Couplrgcedure fothe Attachment of Fluorescent Dyes to
Proteins

To demonstrate the scope of the thiocarbamate coupling strategy and to get an indapgmaef of
its applicabilityon histone H1.2a fluorescent dye shoulde modified with an aldehyde and then
coupled in the same procedure as used for AbBse

The modification of a fluorescent dye with an aldehymeved to be more challenging than tiaily
expected A rhodamine dye was selected for this purpose due to a general expertise in our group on
these dyes and given their normadliimplebehaviour in modification reactionSince Rhodaming&l0

as well as Atto 488 contain unprotected amine grsuthat could possibly react with aresent
aldehyde 5-carboxytetramethylrhodamine (TAMRAY4) was chosen as the most promising
candidate.An initial trial of introducing a hydroxyl group that could be oxidised to the respective
aldehyde in a second step proved not to be feasible. Therefore, a different synthetic pathway had to
be devised. It consisted aftaching3-methylaminepropane1,2-diol to one of the carboxy groups on

the dye moleculevia peptide couplingchemistry. The now present vicinal dif could afterwards be
cleaved bytreatment with odium periodate to yield the desired aldehyd®odified fluorescent dye

46. Subsequently, cquling to thiocarbamate linker moleculd0 was performed in analogy tthe
modification ofADRribose (Scheme 314). Also, the coupling to modifiekistone H1.2 was realised
without any changes in the established protocol.

59



Results and Discussion

\ lo _N
heooh
=
= OH HATU, Et3N, 0°C, NalOy, rt, o.n.,
___on,DMF DMF COOH MeOH, HZO COOH
+ -
cooH Hﬁﬂ T T
OH
O~ "OH

45 46

\ \
\ \ ®

@ N O N
eyt ReCeh
> 1.) AcOH, 3 freeze-thaw Z

| cycles, MQ, DMSO

COOH HN,N S._~ 2.)NaBH;CN, 8°C, o.n. COOH
—_—
O N 72%
o)
40
0” N o)
© r‘u/ﬁ o
46 a7 H
® \
-

N 1)Oxonert1h

HOOC
2)015MNaCI O
0.1 MPBS
COOH WCOOH pH LN
N

H1.2-E15C
HN.
47 H

H1.2-E15C

Scheme3-14: Synthesis of thiocarbamatmodified TAMRA dye and coupling to histone H1.2 E15C

The results of the coupling were analysed by-BBSE. It can be clearly séarthe UVimaging of the
SDSPAGE analysis showrfigure 310that there is only one samplehere the protein was modified
with the fluorescent dye. The negative control without modified TAMRAdoes not show an
fluorescence while the sample with added dye but without activation of the thiocarbamate group by
oxidation neither does. This also pes that the observed fluorescence in the piee samplecannot

be attributed to unspecific binding (Figr10).

60



Results and Discussion

A H1.2 B H1.2
[ () ‘1>{ () () ‘1>{
& & o & & o
1 + + 1 o+ +
5 & & d & o
wa M 9 9 2 M . Q ¥

18% SDS-PAGE

Figure3-10: SDSPAGE analysis of TAMRWdified histone H1.2; A) Coomassie stainBjguV imaging

With this supportiveexperimentit could be shown that the newly developed coupling strategy works
as claimed and that its ability is not restricted tcADRribose aly. In fact, the coupling method can

be generally applied to molecules bearing an aldehyde group.
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3.2.Strategies for the Chemical SynthesiBinfiericADPribose

3.2.1.Generaldnsiderations

Disposing over a novel and potent coupling strategy for the modificatidnstdne H1.2 and other
proteins with ADPRribose it would be of great benefit for thdurther elucidation of theprofound
biological role of ADFibosylation on a molecular level expandthe toolkit of possible modifications.

ADPribosylation mediated by PARPinduces decondensation of chromatin by interfering with the
chargestabilised interactions betweehistones and DNA&? 8788 Neverthelessmoderate modification

with ADPRribosemay solely cause the collapse of higher order chromatin structures by reducing the
internucleosomalinteractions as well as the integration of nucleosomes into chrom&#rt® This
property may be attributed to the fact that PAR is the most electronegative biopolymer kB&\irhe
respective pKaalues in the pyrophosphate group arepK 2.0and pk. = 2.64 resulting in a
polyanionic character of the whole polymer chain at physiologicatyH.

With respect to the intended use @he ADPRribosylatedhistones in experiments investigating the
impact on the formation ofchromatosomesthe next logical step would consequently be the
development of strategies for theupplyof longerfragments ofPARIt might be reasonably assumed
that, with increasing chain lengtmore severe perturbations of chromatin structure may be observed.
For this purpose, as well & other elaborate research project&e for instanceinteraction studies

the availability of comparably large amounts of wafined PARligomers in pure form is necessary.

Conclusivelyjt was considered that there is an urgent need &volve and improve the existing
strategies for the synthesis of ABPBose oligomersand enable their utilisation in biochemical and
structural studies. A chemical synthesis could provide quantities of the desired polytheréguired
quality that is not attainable by enzymatic productié??! Furthermore, a chemical synthesis would
allow for the facile introduction ofinnatural modificationslike dye&® 272 crosslinkerschemical
handle$®# for the modification of proteinsor hydrolytically stabl@nalogueg??®

3.2.2.Strwctural Featuresf Dimeric ADiAbose

Although the ADRibose dimer represents theimplestPAR oligomeiit still containsmost structural
features oflonger polymerswith the onlyrelevant exceptiorbeingthe absence of branching points.
In vivoit is only produced in small quantiti&$! but could be unambiguously detected by several
analytical method&*®

The main hurdles in the synthesis of dimeric AbBse are the construction of ab-glycosidic linkage

0 S 6 S S yhydioKyQroup @f adenosine aritle anomeric centre ofibofuranose as well as the
introduction of multiple pyrophosphate linkages. Thetalls of the synthetic challenges and the
resulting conclusiongnfluencingthe strategies for the synthesis of PAR oligomers are discussed in
detail in sectionl.5.2. At this point it should only be reminded that the fundamental concept for the
intendeda @y i KSaia Aa G2 da-Hribbfurahdsyd adéngsinK dhaldg@d@dRs H Q
central building blodk® and subsequently aim for the formation of the diphosphate bridges for
completion of the dimeric unitste scheme 110).
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Up to present the synthesis of short ADfibose oligomes was achieved by two groups
independently?°+202 2121l ambrechtet al. aimed for a solutiorphase synthesis utilising two different
phosphate coupling strategies while Kistemalketral. developed a soligphase synthesis based on
phosphoramiditephosphate coupling With this strategy even trimeric AB#ose could be
successfully synthesised.

Although there are several challenges in the formation of dimericAtiRBeit was decided tdikewise
strive forthe synthesis of this molecufer two main reasons. Firgthe toolkit of ADRribose modified
proteins for the elucidation of biochemical questi@i®uld be expanded-urthermorethere was the
notion that the existing synthetic strategies may be imprdvegarding robustness and scalability.
Especially the synthesis of the central building block unit showed potential for improvement. In
addition, the knowledge gained in the synthesis of dimeric -Aib#se in solutiophase and the
implementation of thischemistry in our research group will certainly be beneficiatdersubsequent
development of synthetic strategies towards longdigomersof ADPribose

3.2.3.Starting Point anéirst SyntheticAttempts

Based on preliminary work fronmy master thesi8'¥ and the establishing of a suitable protecting
group pattern by Meng Zhef€f), building blockl7 with orthogonally protected hydroxyl groups was
used as starting poinfsee scheme 1-11; For a detailed explanation of the nomenclature of the
respective positions in the central building block please refer to sectioh 8.1.

The first attempted synthetic route wa®mparablystraightforward and aimed for thimtroduction of

I LIK2 & LK I (i Spositidhp foibved by direc® pyrophosphate coupling which relied on a
technique published by Jessen andworkers and already proved its applicability in other syntheses
in our research grou®>2¢

Initially, building block7g I & 02 y @S Njgh&phatel derivative® viaP @Izhemistry. Bigm
protected phosphoramidite482%! was activated withdicyanoimidazole and coupled to the free
p ylroxyl group. After oxidation withmeta-chloroperoxybenzoic acidmCPBA and basic
deprotection49 could be obtained in 61%ield Scheme 3L5).
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Schemes-15: P(IIlmediated phosphorylation in §osition d building blockL7.
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As coupling partner protecteadenosine50%¥”1was converted to the corresponding phosphoramidite
utilising commercially available-&@anoethylN,N-diisopropylchlorophosphoramidite. Directly after
purification thethus obtained synthon51 was coupled to the phosphate group oéntral unit49 as
described by Kistemakest al?®! to yield the adenosineoupled intermediate52 in 38% yield
(Schemes-16).
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Schemes-16: Synthesis of adenosinedfidite and coupling to phosphorylated building bld&k

Following the successful first coupling stépe p -fydroxyl group orthe adenosinecoupledcentral
unit 52was liberated by acidic treatent to be available for the introduction of a secgptibsphorous
group (Scheme a7). In both already published synthetic routes problems with higielgctive
phosphatespeciesafter the first coupling step were reported. In the strategy by Kistemakat.[!
the second coupling step utilising the Jessen approach failed in-fipaise and also Lambrecht
al.?%2were not able to achieve the second coupling wiile chlorophosphate itermediate utilised
beforeand thereforemovedto the robust and reliabl@hosphoimidazolidatenethod.[246: 3381

In order toavoid these problemsn the presentcaseit was tried to introduce a H-phosphonate on
the just liberated hydroxyl group. This approach was chosen since the synthelgiho$phonatess
known to work well with protectedibosederivativesandbecause such derivativesay be easily and
quantitatively activated to the corresmding phosphoimidazolate®*®! under mitl conditions in an
Atherton-Todd reactiot?*> 34%Another advantage would be the possibility to add multiple equivalents
of phosphorylated ribosen the subsequentcoupling reaction in order to drive the reaction to
completion and increase the yield@thout the extensive emergence of undesired-pyoducts
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Schemes-17: Deprotection of couplethtermediate52 and attempted introduction of an4gdhosphonate group in
p -Qositiont Structures marked in red could not be isolated

However, the introduction of theH-phosphonate failed probably due to the presence of the
pyrophosphate group as the only unmasked reaetientre in the molecule and made a revision of
the synthetic strategy inevitable

3.2.4. Streamlined Synthesis of Afitlbse Dimer

Regarding the lessons learned in the last synthetic route and facing the fact thaisthef a
phosphoimidazolidte coupling is inevitable at least in the second coupling step in a lighéde
synthesis a question arisesegardingthe necessity of protectingll hydroxyl groups in the central
building block. It is known thad phosphoimidazolidte coupling may also baccomplished in the
presence of unprotected secondary hydroxybups as this reactioncan tolerate many different
functional motif$*+3471 and even worksn partly aqueous medi&*? 348349 For thisreason,the idea
maturedto shorten the whole synthetic process by bypassing the protection of the secondary hydroxyl
groups

In the new approach one could stop the synthesis of building b&atescribed in sectiod.5.2 at
intermediate 53 (Scheme 318). At this stage the invarA 2 y 2 Fydrixid $roup & Qilready
accomplishedand the opportunity to distinguish between the two primary hydroxyl groups of the
moleculeisgiven as wetb 2 K A f-HydrakyKdgBouppisiree for further manipulatipon the attached
riboseresidue2 y f @ (1 KS &H@IOgRupNdnains Qrprotectedhis would render four
synthetic stepgowards the orthogonally protected building block obsolete and therefore bear the
possibility to significantly shorten the whole synthetic route.
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Schemes-18: Synthesis of serpirotected building block3.1206]

In their publication from 1999 Pope amd-workers®*® explored the phosphitylation of unprotected
carbchydrates and nucleosides with different phosphoramidites. They found that under the right
conditions a remarkable selectivity for the primary hydroxyl group could be achi&igdn the
massive steric demand of Hiert-butyl phosphoramidite it was reasodethat a selective
phosphitylation of intermediatés3 may be a promising starting point for a synthetic rotmevards
dimeric ADRibose.

Indeed, the envisioned phosphitylation proceeded well utilising relatively weak activators. Therefore,
a mixture ofN-methylimidazole hydrochloride and-methylimidazole was chosen. It was also known
from reported syntheses that this system workin combination with bistert-butyl
phosphoramidite?®! The reaction proceeded well with 0.8 equivalents of phosphoramidite and
51%of the desired producb4 could be isolated§cheme 319). Remarkably, no phosphitylation on
secondary hydroxyl groups could be observed and 28% of unreacted intermb8iatre recovered

.Bz .Bz Bz
HN HN HN
1.) Melm*HCI
N B ! N B N B
N Melm, rt, 1 h, N N
¢ f/) i 2 </f/) o 9 </f/)
N 0.,-0 i 0-P-0 NTON 0 0-P-0 NN
HO N P 2.) tBUOOH in Dec, ‘ 33% NHy(q), 1, 0.0, ‘
0 . N tt, 30 min o) o MeOH, Diox o 0
\f j/ 51% + 69% +
OH OOH OBz OH OOH OBz OH OOH OH
53 54 55
0 o 0
0Bz 0Bz OH

Scheme3-19: Phosphitylation and basic deprotectioniofermediate53.

In order to liberate the benzoydrotected primary hydroxyl group in p@sition54 was treated with
aqueous ammonialUnder these conditions not only the benzgybtected hydroxyl groups were
unmaskedbut also the benzoyl group iN6-position of the adenine moiety and one of the two
tert-butyl groups were cleave@55). Ths was not unexpected andlso the emergence of a
LIK 2 & LK 2 RA S & {p&tvih shdlll det intetfgfe witlthe plared conversions.
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With regard to theknown problems of thestrategy described in section 3.2.&he logical next step
was the introducton ofthe secondLJK 2 & LIK | (i S -paditiingzial tokayconpna@onwith the
phosphoanhydrideouplings.

The first idea for the introduction of the second phosphate group was the utilisation of the widely used
method developed by Yoshikaw&! The reaction with phosphorous oxychloride in trimethyl
phosphate proceeded well and no reactivity against theoselary hydroxyl groups could be observed

in 3IP>-NMR. However, a cleavage of the remainiag-butyl protecting group on the phosphate in

p -Qosition occurred in the course of the reacti(@cheme 20). This represents an exclusion criterion

for this reaction sinceafter this eventhe two phosphate groups may not be chemically distinguished
anymore. It was reasoned that the cleavage may be caused by the strongly acidic corlditigimg

from HClformation in the reaction process. However, a reductiohpthosphorus oxychloridéom
excesgo equimolar amounts did not prevent the occurrence of #ferementioneddeprotection.

In order to circumvent this problenthe solvent was exchanged from trimethyl phosphate to pyridine
which should act aa proton scavenger and therefore stabilise thiert-butyl group during the whole
reaction process. This adjustment of the reaction conditieago the desired result and no cleavage
could be observed. At the same time, however, the regioselectivity of the reastsnost and also
the secondary hydroxyl groups were phosphorylat&theme 20). All approachesaimed at
separatngthe two regioisomers turned out to be unsuccessful.

P
o OH
Scheme3-20: Efforts to phosphorylate the 8iydroxyl group ofmonophosphorylated building blo&k.
In search of a solution for the described problem a phosphorylation strategy reported by Mairray
al.?% appeared to be promisingn their publication the successful phosphorylatiohthe primary

alcoholof unprotected adenosine was described usitighenyl phosphoryl chloride, ProteBponge
and pyridineN-oxide as nucleophilic catalyst.
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The reaction could be reproduced with the modification that pyridine was used as solvent instead of
dichloromethane since the solubility of adenosina the latter solventseemed not to be sufficient.
With this procedue phosphorylated adenosine could be obtained in 71% y#tdéme3-21).

NH, Nt
N S N
N SN
{ 4
HO <N ‘N/) % Pyr-N-Oxide, Proton tho—g—o <N ‘ _
0 + Ph-0-P-O-Ph Sponge.rt2h, Pyr ‘ o N
‘ 7% 0
° b
OH OH OH OH

Scheme3-21: Regioselective phosphorylationagfenosinewith diphenyl phosphoryl chloride

However whentransferringthe reaction tothe monophosphorylated building blod& no reactivity

i 2 6 NR ahydiokl $roup @did be observed. Because of this plethora of problems another
synthetic route was exploreth parallel. The newstrategy maintainedprotection of the secondary
hydroxyl groups but concurrently was based onititeoduction of orthogonally protected phosphates
prior to any coupling efforts

3.2.5.Synthesis Attemased on Orthogonally Protected Phosphates

Taking into consideratiotihe lessondgearned in the coursef the last synthetic routea new approach
was canceived in which the introduction of the phosphorus groups into building blgcéhould be
accomplished prior to the first pyrophosphate coupling. Therefore, two orthogonally protected
phosphate groups should letroduced However, it had to beontemplded that a suitable protection

of the secondary hydroxyl groups on the central motif is crucial for the successful and regieselecti
introduction of these phosphate derivativesAlsq with regard to the possible synthesis of longer
oligomers this strategy might bear decisiveadvantage.The deliberate cleavage of th@otecting
groups from thephosphate group of choice would enable to first achieve the construction of a
pyrophosphatebond between two central units and afterwards attach the missingribose and
adenosine residueto complete the structureIn this way the synthesis of a trimer or even longer
oligomers would be graspable.

As one of the twghosphategroups ditert-butyl phosphatewas selected because of its successful
utilisationin the solidphase synthesis of Kistemakatral.?°!! The choice of the protecting group for

the secondphosphate turned out to be less unambiguous. The most prominent choices would have
been biscyanoethyl phosphate, or bibenzyl phosphate. The former waset pursuedbecause of the
harsh basic deprotection conditions required for cleavage that would interfere avishacytbased
protecting groups on the molecule. The second one Wwes$ead avoided because Meng Zheng
reasonedthe emergence oflepurination upon hydrogenation of the protecting groug§. By now

and with regard to the utilization of this protecting group in the synthetic route reported by
Hergenrotheret al.this concern may be ruled out with the highest probabifitg.
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One possible solution for this hindrance was found in an elder method that was used in the synthesis
of short oligoribonucleotide&§5*3%% In these studies SSdiaryl phosphoroditipates were used as
masked phosphate groups with astonishing propertiegst, this group may be convertddto a
phosphate by mild treatment with silver isnin aqueous pyridine. Additionally, one of the two
thiophenol groups can be cleaved under basic conditions to yield the corresponding phosphorothioate.
This charged intermediat¢he sulphur orthologue to a diesteran either be completelynprotected

by treatment with aqueous iodine in pyridine o@ven more interestingbe activated to produce a
metaphosphaténtermediatein situthat can react with various nucleophiles to afford phosphorylated
products®® The mentioned condensatiorreaction hasalso been used for the creation of
phosphatephosphate linkages on solfgthasé*” and in solutior®®

Since hesephosphorodithioates seemed to be the ideal cornerstonetha new syntletic pathway
cycbhexylammoniun§Sdiphenyl phosphorodithioat¢s6) was synthesised with method published
by Hataet al**¥in convenient yieldScheme 22).

1.) EsN, 0°C to rt,
SH o.n., Pyr NH3 o)

N CyCIOhexyIamlne Oo-p_s
O-P-CI + __&C,2hEpO0 @ ‘

8% 8

S

56

Scheme3-22: Synthesis ofyclohexylammonium Sc¢iphenyl phosphorodithioate (PSS)

In a first approach building block? was successfullycoupled to the phoghorodithioate (PS$%
However, following cleavage of thdimethoxytrityl group A Y -pgsitidn the modification of the
resulting molecule with diert-butyl phosphatdailed emphasising the sensitivity of phosphoramidite
chemistry. When the sequence of modifications was inverted no problems occurred and the desired
building block with orthogonally protected phosphatdsy could be obtainedin good yields
(Schemes-23).

Labile towards Ag* and
partly towards basic treatment

.Bz .Bz
1.) Melm*HCl, HN HN
HN,Bz Melm, rt, 1 h, N N

DMF ) </ ‘ ) 1) </ )
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¢ J t, 30 min o N PRS=F-0 o acidic treatment

DMTr—0 NN o. O 3.)2% TCA in DCM, PSS, 5-Ph-1H-Tet, SPh
0 P _miomn TPSCl.rt, 2h, Pyr
" N 69% OR OOR OR 81% OR OOR OR
over 2 steps

:o: L9 :o: 9
0-P-0 0-P-0
© o o
17
R = TBDMS OH +

Scheme3-23: Introductionof orthogonallyprotected phosphorous groups 17 to yidd building blocls7.
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Following the synthesis of synth&a, a protected ribose phosphate derivative amenable for coupling
to activatedphosphorothioatevasrequired Therefore, the Biydroxy group ob-ribose wa protected

with TBDPEI. Subsequently, all the remaining hydroxyl groups were benzoylated. Liberation of the
primary hydroxyl group by fluorine treatment yielded the conveniently protected riloeseative58.

The required phosphate group was introduogd phosphorous oxychloride under basic conditions in
THF to yield the desired molecl8in 36% yield$cheme 24).

1.) TBDPS-CI, rt,
o.n., Pyr
OH  2,)BzCl, 60°C, o.n., OTBDPS EtzN*3HF, rt, o.n., OH
R ILC A N S T AR
o i o ‘ 38% o i
OH OH OBz OBz over 3 steps OBz OBz
58
? o
POCI3, Et;N, 0°C to \ro—;—*—o
0]
_ton THE - prom—O Oy

36% [ ’\

Scheme3-24: Synthesis gbhosphorylatedibose derivativeésO.

In order to perform the coupling betweethe central units7 and protected ribose phosphat9 one
of the two thiophenol groups had to be cleaved which was achievettdayment of the starting
compouwnd with aqueoudriethylamine inpyridine. Activation of the resulting phosphorogiaite tothe
correspondingmetaphosphate in presence of an excess of ribose phosph@iteas not successful
(Scheme 25).

Bz _Bz
HN 0Bz 0Bz HN
N BzO - N X
0 o o 8 <0 i egunsomn R O
0-p-07 PrsP-o_ NN T 0-P-0-P-0 N
Bzom{O{ Oy = SPh 0 2.) Iy, 1t, 0.n., Pyr 05 Og o
[ |
OBz OBz OR OOR OR OR OOR OR
59
o ? o N
57 0-P-0Bu 0-P-0tBu
R =TBDMS OtBu OtBu

Scheme3-25: Attempt to construct a pyrophosphate linkage via a metaphosphate intermediate derived from activated
phosphorothioate Structures marked in red could not be iseth

This first setback did not mean the end of tivhole synthetic strategy since a deprotection of the
phosphorodithioategroup with silver ions proceeded smoothly in small scale. Only the purification
turned out to be problematic because of the formation of slightly soluble silver phosphate salts. A
solution for this problem was the precipitation of silver ions as sulphigasn treatment with
thioacetamide and subsequent chromatographic purificaff$h(Scheme 26). Furthermore, at this
stage of the synthesis ¢éhreversedphase purification of product compounds had to be adjusted
because ofthe relativelylow solubilityin aqueous systemand high retention times on-C8 columns.

The use of lesanpolar G8 columns designed for the purification of proteins andtpcted
oligopeptides couldonvenientlysolve thisssue
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Schemes-26: Deprotection of phosphorodithioate to the liberated phosphate group on building Bfock

TheO2dzLX Ay3a 2F | NARO2aS LIKappraatt® R failddRtxein&ins Grgléat 2 g A y 3
why phosphorodithioate chemisir and phosphoramiditecoupling chemistry seem not to be
compatible. For this reason benzoyl protected ribds@ was converted to the corresponding
H-phosphonates1 according to Dagt al.**® This moiety was activatetd a phosphoimidazolidte 62

by treatment with trimethylsilyl imidazole and carbon tetrachlorigte a modified AthertorTodd
reactionwhich proceededquantitatively according té'‘P-NMR245: 3401

¢tKS O2dzL) Ay3 (2 G KS-posititBdb60Was pedfdrdfed ifi BMFIvVhBudZdiR Yy  p Q
of auxiliary Lewis acidsver 48 hours The reported®! cleavage of theert-butyl protecting groups

from the crude reaction mixture with concentrated HCI in hexaflismgropanol gave poor yields in

our hands, while changing the acid to T$olved this problem partiallyAn observation made with

both deprotectionstrategies was taformation offew not clearly separated peakscurringafter the

acidic treatment of the coupled molecule that elutedrlier thanthe desired produc63. These paks

O2dz& R 060S FaaArAaySR o6& Yl aa |yl feaiphosphate godpandKS O2 d
randomly cleaved TB@oups from the secondary hydroxyinctionalities(exemplified by substance

64 in scheme 327). This is neither surprising due ttoe strongly acidic treatment, nor apprehensive

asthe nextplannedstep inthe synthetic strategyvasan imidazole coupling followeshywayby global
deprotection andbecauseunprotected hydroxyl groups do not interfere with this step aleeady
explainedin section 3.2.4.
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Scheme3-27: First coupling step towards dimeric ABBose between activated ribose phosphate and building blocké0nit
as well as the formation of partigeprotected side products of the typd. Unintentionally liberated secondary hydroxyl
groups are highlightedired.

Before the last coupling step was performeprotected adenosine50 was converted to the
H-phosphonate65 in analogy to ribose derivative8 in the prior coupling stegScheme 28). The
activation to thephosphoimidazolidateas well as the following coupling to intermediaé@ was
performed in the same way as for the preceding coupling ,sgidding the protected dime66 in
48%yield. In the same manner also the partly deprotected species of the 8/pwere successfully

subjected to the same coupling procedure.

72



Results and Discussion

HN- B2

N— Xy  1.)PhPHO, tt, 2h,

N

N—XN  1.) TMS-Im, CCly,

HN- B2
2l
<N e
o

< ) Pyr % ¢ ) EtN, it, 30 min,  N=\ 9
HO N N 2.)H,0, EtsN, rt, 1 h HF"*O N N MeCN N*ﬁ’*O
° Pyr I 2) MeOH, t, 10 min %
43% quant. (NMR)
OAc OAc OAc OAc OAc OAc
50 65
.Bz
HN
N X
N B
Q 9 <A HN o7
0-P-0-P-0 N
o | | o SN
BzO \‘/ % % o A
““““ i 0-P-0-P-0 N
OBz OBz OR OOR OR BZO“""/O\;‘/ O@ o@ (e}
63 t, 48 h, DMF [ B2
o ? o 48% OBz 0Bz OR OQOR OR HN”
+ 0-P-0 N
HNBZ 0 o o ¢ N
Q o il Il /)
N 66 0-P-0-P-0
T 0 © o
N=\ 1 © ©
L N-P-0 NN
=/ o} OAc OAc
%
R = TBDMS OAc OAc

Schemes-28: Coupling of an activated derivative of adenosine monophosphate to obtain proeiotedic ADRibose66.

The last step of this route was the global deprotection to give the finalikidBe dimer in its natural
form. The deprotection was performed in analogy to the reported procedure by Lambeeeh®

with the only modification that the deprotection mediated by fluorine ions was performed first and
after the purification of the intermediatethe basic deprotection step was conducted. While the
cleavage of the sihdased proteting groups proceeded well and the presence of the intermediate
could be verified by M@nalysis the following basic deprotection did not yield any of the desired
product.

After this unexpected incident the search for possible errors in the design o$yththetic route
revealed the possible reason for the failure shortly before the finishing line. In both prior syntheses of
ADPribose oligomers the reducing end of the terminal ribose was not liberated by a basic deprotection
step but remained modifiedduring this step. While Kistemakeret all?°! utilised a methyl
ribose-derivative in the procedure of Lambrecht all?°? the protection of the reducing end was
achieved with an TBDRfBoups that was removed only after the basic cleavage of the other protecting
groups.
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3.2.6.Synthesis dbimericADRribosedrcumventing Basic Deprotection

In order to make sure that a decomposition of the Afiil®se dimer in the final deprotection step
cannotoccur the synthetic strategy was revised once again. The main objective was to redesign the
utilised synthons in a way that no highly basic deprotection step was required at the end of the
synthetic strategy. Along these lines also other aspectswiege not ideal were remodelled to further

AYLINR OGS (KS aeyiKSGAO NRdAziSo LG & kphagphREgro® NJ SE |
without the occurrence of barelwater-soluble silver saltfor ease of purificationAdditionally, the

tert-buté f LINEGSOGA2Y 27F ( KBsitionJkdud b€ lreppléced DetRudeldf they p QQ
occurrence of cleaved TBBoups on the secondary hydroxyl groughgring the deprotection with
trifluoroacetic acid Despite of these changes the general concept ofittreduction of orthogonally

protected phosphate groups on the building block should be maintadisesiell as the robust imidazole
couplingswith coupling partners derived from activatétiphosphonates.

The first adjustment was a change of the protectingups on the phosphates. Theert-butyl
LINEGSOGAY3 INRAzZLIA 6 SNB SEOKI y 3 SpasitidghdNbe tdlécyle2 S i K & €
The initially rejected protecting group was now chosen because in the synthetli® okw building

block the6-N-benzoyl group on theadenosine moiety had to be cleaved prior to the pyrophosphate
couplings. This is the only practicable way to remove this protecting group and therefore avoid a basic
deprotection step at the end of the synthetic procedutdowever, his requirement granted the

opportunity to remove the twodifferent kinds of protectinggroups in one step. Bisyanoethyl

phosphate was introduced into the molecule as tif@sphoramiditein 72% vyield. After cleavage of

the dimethoxytrityl3 NB dzLJ-hydif>§ grpuf could bemodifiedwith PS$56) in good yieldo give

the central unit with orthogonally protected phosphat&s (Scheme3-29).
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Scheme3-29: Synthesis of alternative building blo@Rwith orthogonally protected phosphates.

At first sight it may seernountelintuitive to continue to use th@haosphorodithioategroup since the
deprotection with silver ions anthe resulting insoluble salts represented one of the setbacks of the
last synthetic strategy. However, a basic deprotection of the whole building block is also able to cleave
one thiophenolgroup and yield a phosphorottate that may becompletelymildly deprotected by
aqueous iodineThe basic deprotection in aqueous ammonia with DBhbseaddition was necessary

to cleave both cyanoethyl groups yielded the desired phosphorylated building ®dnk7 7% yield.
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Scheme-30: Basic deprotection &7 2 f A6 SNJ S (G KS poskicha LIKIF §S 3INRdzL) AY

The next step was the synthesis of a protected adenddipbosphonate iraccordancevith the new
protecting group strategy. Since tli@mer derivative65 contained acybased protecting groups the
whole synthesis of this synthon had to be revised. The choice of protecting groups was relatively
obvious since the secondary hydroxyl groups of teatral unit 68 were already protected with
TBDMSroups. For his reason,the same protecting group was also chosen for the protected
adenosine while théN6-amine should remain unprotected. Generally, unprotected hydroxyl groups
should not interfere with the phosphoimidazadite coupling but the regioselective introdtion of the
H-phosphonate group required this synthetic detour.

In the first stepadenosine was protected with TBAS groups on all hydroxyunctionalities
Subsequently the primary hydroxyl group could be liberated selectively by treatment with
80%aqueous acetic acid at 10089 ¢ K A & LINE O S R dzMBrotected int@BediatabdirsS H Q
44%yield overtwo steps.Attempts to directly conver69 into the respectiveH-phosphonatespecies

failed and it was reasoned that a transient protection of the exocyclic amine group may be required to
achieve the desireflinctionalisation A formamidine protecting group seemed to be the ideal choice
because of its selectivity for thd6-amine group andts simple introduction in high yields. Stirring of

69 with DMRdimethyl acetalgave the protected derivative 70 quantitatively*®¥ Following this
protecting step, the introduction of the H-phosphonatefunctionality®3*® proceeded \ithout any
problems and the formamidine protecting group waasilyremoved with hydrazine in acetonitrile
(Scheme 31) 61
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Schemes3-31: Synthesis of adenosine synthohnot comprising acybased protecting groups
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Having obtained the new adenosine synthahit was activated to the corresponding imidazaelid as
already known from the last strategy anduged to building blockk8 (Scheme 32). At this point of

the synthesis a decision had to be taken on howptoceed with the phosphorothioate group in

p -Qosition of the molecule. While a direct activation of this group to the metaphosphate seemed not
feasiblebecause of lacking protection groups on the exocyclic amines of the adenosine moieties and
the high reactivity of the metaphosphate intermediate, a deprotection to the corresponding
phosphate is possible in different waySonceivablythe most genlke option is the treatment with
iodine in agueous pyridin€>® Normally the treatment with iodine in pyridine is used to activate the
phosphate group but in presence ofhaassiveexcess of water the result is comparable to a normal
deprotection procedure. Indeed, the deprotection proceeded smoothly and gave theedeswlecule

72in 95% vyield (Scheng32).
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Scheme3-32: Coupling of activated adenosine synth&irto central unit68 and subsequent deprotection of the
p -Phosphate functinality.

In analogy to the adenosing-phosphonate71 also the protecting group pattern of ribose had to be
revised. Convenient\Lambrechtet all?%? already designed a protected ribose derivative that was
completely protected with silybased groups. The corresponding synthetic route is depicted in
scheme3-33 and was caied out as reportedvith comparable yields. The only slight extension was
the introduction of theH-phosphonate group that was performed as before.
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Scheme3-33: Synthesis fosilylprotected ribose Hbhosphonater3.

The activation of ribosél-phosphonate73 worked perfectly as for the adenosine derivative before.
Also,the couplingoroceeded nicely, even if the yields were wocsenpared to he first coupling step.
Maybe this might be a hint that the synthesis of longer oligonséisuldbe grounded on differenbr
more effectivecoupling strategie®or alternativelybe conducted on slid-phase. Protected ADRbose
dimer 74 wasfinally deprotected by treatment with fluoride and gave the desired target molecule in

62% yield.
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Scheme3-34: Coupling of activated ribose derivativ8 and subsequent deprotection of din&tto yield natural dimeric
ADRribose.
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However, it must be stated that the amount déprotected dimemwastoo small to get reliable NMR
spectra because the synthesis was started with ol39 g of building block7. Due to the many
failures and misleadin synthetic pathways there was not more starting material availablelear

identificationof the final productwas performedviaHRMS (Fig3-11).
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Figure3-11: A) Structurewith indicatedchemical formula and exact mass of dimeric AbBse; B) igh resolution mass
spectrum of finaproduct

Though a working pathway for the synthesis dimeric ADRibose was established that bears some
advantages over the already published proceduré® @pproach published by Kistemaketral [2°4

has the disadvantage that highly unstable R¢{éivatives are part of the building block and therefore
areinconvenientto store over longer periods. Additionally, the segtidase approach has the problem

that the scalability is rather restricted in comparistm liquid-phase procedures. In this context
especially the use of imidazadite couplings is amenable for lager scat€%Another advantage over

both published approaches is the efficient synthetic route for the central building Wétkat only
contains one glycosylation step and does not demand complex stereoselective reactions but only relies
on the neighbouring group #Hct.
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Furthermore, it has been shown in our research group that this crucial intermediate may be
synthesised in large scales without heavy losses in.§1é1é’°The next objective for the near future

will now be to synthesise a larger amount of Alilidse dimer and to functionalize it with the newly
developed thocarbamate linker (see Section 3.1.8.). This construct would then allow to create
precisely modifiechistone H1.2 and to study the influence of longer oligomers of-Abd#3e on the

formation of chromatin.
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3.3.DevelopmentsTovards an Automated Sollhase Synthesis of ABPose
Oligomers

3.3.1 Motivation and Strategy

During the development of the synthetic route for dimeric Afii®se it became obvious that the
synthesis of longer fragments is accompaniedayincreasing level fodifficulty. Additionally a
synthetic strategy in solution is comparably time consuming since all intermediates have to be purified
after almost every single reaction stefpowever, regarding biochemical assays and the understanding
of the role of ADRibose on a molecular level it would be highly beneficial if longer oligomers could be
obtained.

Generally, nowadays the chemical synthesis of biopolymers consisting of repeated monomeric units is
achieved utilising solidupported approaches Therefore, the aim of developing a sefidase
synthesis for ADRbose oligomers was targeted even before Kistemaitexl °°! reported their own
approach** This strategyfurthermore provides the two advantages that one can rédya certain

extent on the welestablishedsolid-phase syntheses of DNA and RNA, especially regarding the
availability of prefunctionalised resins and the general protecting group cofféepte Additionally,

the knowledge about thesynthetic strategy?2 ¥ -PO-"-Drifuranosyl adenosine analogue with
orthogonally protectedpohosphoric groupss central buildindplockcan be used and adapted for the

new challenge.

This means that the general strategy of the synthesis aims for the generation of pyrophosphate
linkages in the iterative elongation of the polymemains unchangegsee scheme 1.10. The only
possiblealternative to this approach would be the design of monomeric building blocks already
containing a pyrophosphatgroupand subsequently establish a repetitiveselective glycosylation on

i K ShydroRyl group oadenosinesn the progress of the polymegsion. Although this process would
imitate the natural formation oPAR(see Sectiod.4) an automated stereoselective glycosylation on
the secondary hydroxyl of a nucleoside in the presence of muléplenic pyrophosphategroups
seemsalmost impossibléo achieve'8?

3.3.2In Search for a Suitable Phosphate Coupling Procedure

As outlined in the previous section therfation of the pyrophosphate bond is the crucial step in the
development of a solidphase synthesis of ABibose oligomers.Therefore, the choice and
optimisation of the phosphate coupling procedure has tgpbgormedin advance of the development

of the automated proces®Pue to the importance of phosphoanhydride bonds in biological processes
it is evident that numerous processes for the formation of those bonds have been developed in the
past[223 246, 258, 36366] A more detailedlist of available methods is provided in the introduction of this
thesis (see Sectioh5.3).

However, the choice of a suitable method is aaimplequestionas many different factors have to
be consideredFirst andforemost, the presence of phosphate groups tine molecule should not
interfere with following pyrophosphate couplings.
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Additionally, the reaction should be high yielding to ensure the sufficient formation of product even
after multiple reaction cycles afacilitate the purification of the final product by low amounts of sjde

and terminationproducts. Furthermore, the reaction time may not tmo long to keep the whole
process in a reasonable timeframe for the synthesis of longer oligomers. Finallyregiéird to the
intended automation of the whole synthetic process in a reconfigured-B#hesiserthe reactive
species used or formed during the coupling process should not be too aggressive in order to prevent
corrosion of the equipment, decompositiarf the product, or cleavage of intermediates from the
solidphase. Also, the formation of insolubdbg-productswould not be beneficial because they could
lead to a clogging of the narrow tubes of the device.

After reviewing the existinditerature the only reported procedure for the introduction of
pyrophosphate groups in presence of multiple phosphate groups was a study by Parang and
co-workers where pyrophosphattnked DNA was synthesis&éf! Here the authors claimed that a
so-called diphosphitylation reagent was condenseditprotected hydroxyl groups yielding the target
molecule (Schema-35).
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Scheme3-35: Alleged synthesis of diphosphitylation reagent antsequenuse in the solighhase gnthesis of
pyrophosphatdinked DNA261. 264]

The reliability of this approach was further supported by multiple publications by the samerautho
based on the same, or highly similar phosphitylation procedié?&¥® Despite dedicated efforts,
however, it was not possible to reproduce any of the reported results or syntheses.
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periods of time. This suspicion is supported by the fact that the Filippov group finally succeeded in the
synthesis of the proclaimed pyrophosphdieked DNA by another synthetic approach and found that

their NMR data were not in accordance with the degported by Paran§® Since in this publication

exactly the same issues with the synthesis of the alleged diphosphitylation reagent were described as
encountered immy own experiments the results reported by the Parang group may be doubted with a

high degee ofcertainty.

In the development of their own sokphase synthesisKistemaker et al?®! utilised the
P(I11}P(V)coupling developed bgold et all**l Jessen ando-workersfurther improved this method

and proved its suitability for a sofighase approack®>2%8 Even if with this method trimeric
ADRribose could besuccessfully synthesisaalthis project it wasimed for the development of a new
coupling strategy fotwo reasons.First, the use of P(IHghemistry onthe valuablebuilding block
should be preventedo facilitate its handling and longerm storability. Another argument would be

the possibility to recycle used building block solution after passage through the resin. Since in
solidphase reactions always a huge excess of reactants over the immobilised intermediates is applied
this could leada a markedly lower consumption of building block and therefore a higher efficiency.
Furthermore,there was a high level of confidentieat a coupling procedure could be achieved in
fewer steps in order to increase the overall yields and facilitate the evippbcess. For example,
deprotection or oxidation steps could be omitted.

As described in the previous chaptire formation of phosphoanhydrides by imidazaletivated
P(V)species gave good results and exhibited a good tolerance towards other funajiaogs. The
same experience was made by Hergenrotieal 2°2 when they used this coupling procedure for the
second coupling step in their solutignhase synthesis of dimeric RBibose. Furthermore, good
results were obtained for the introduction ¢tPhosphonates into suitably protected molecules and
for their fast and quantitative activation to phosphoimidazaliels (see chapter 3.2.However, this
coupling normally requireeactiontimes between 24 and 4Bours!?2% 258 381 A glight acceleration of
the reaction speed is possible by the addition of various divalent metal ions, or can be drastically
reduced to 1 hour using microwave irradiatiB7! Unfortunately, both adaptations are not applicable
in this case because of stitid long reaction timeén the case ofewis acid catalysisr due tothe urge

to remove the soliebound intermediate from the synthesiser and perform the coupling reaction in a
microwave tube. This would not just contradict the envisioned complete automatidhe whole
process but also expose the reaction products to high temperatumed harsh conditions

A possible solution to make the phosphoimidazatéd coupling fit for a soligghase application was
found in a publication by Sekingt al. from 2003%*" where different methods for thechemical
synthesis of gyrophosphate capstructure on an immobilised oligonucleotide were examinddhe

finally successful strategy was an imidazole coupling where a benzotriazole was added to the reaction
to form ahighlyreactive intermediate. With this relatively small adaptatiore thlready established
imidazole coupling was able to form phosphoanhydride bands test reactiorwithin ten minutes
quantitatively.

Naturally, this coupling reactiosparkednterestandprompted the adaptation othis methodology to
the synthesis of ADBRbose. In order to test the feasibility of this reactiprthe required
6-(trifluoromethyl)-1-hydroxy4-nitrobenzotriazoles/5was synthesised in a simple oagp procedure
from commercially available-éhloro-3,5-dinitrobenzotrifluoride ad hydrazingsee scheme-36).:268
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Scheme3-36: Synthesis of the catalyst(&ifluoromethyl)1-hydroxy4-nitrobenzotriazolers.

TheH-phosphonate of protected adenosirtb was activated to the imidazolide in the same wpas
for the solutionrphase coupling Infigure 3-12 the different reaction steps and the corresponding
chemicakhifts in*P-NMR spectra are shown. Azpectedthe imidazolichte species’ 6 exhibitsa shift
around-10 ppm. Addition obenzotriazole’5in DMFgave an equilibrated mixture of imidazclie 76
and the 6(trifluoro-methyl)}-4-nitrobenzotriazolyll-oxy ester derivativg7 (-0.9 ppm) when measured
directly after addition. When this mixture ag allowed to react witta protected ribosephosphate
already after 15 miates the formation of protected AD#bose could be observed (formation of
coupled aublets around-10.5 ppm) and after 90 minesthe reaction ran to completion.
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With this effective couplingmethod in hand an approador the transferof the alreadyestablished
H-phosphonate coupling chemistry onto sefitlase seemed to bfeasible Not only the reactivity of

the activated intermediate could be increased dramatically with only minor changes in the reaction
setup, but alsothe whole activaibn and coupling process is built on comparably -aggressive
chemicals, a close to neutral pH range and does not form insolubbedauicts.

3.3.3.Preparation of the Sol@hase

With the new coupling approach in hand that fulfiledsakecifiedexpectations the next step towards
an automated soligghase procedure is the choice of a suitable sphdse material and the
development of a method tointroduce the molecules and reack& groups required for
phosphoanhydride couplings.

In the automated oligonucleotide synthesis the use of controlled pore glass (CPG) in combination with
long chain amino alkyl eins (LCAAs solidsupport is general practice for standard applications in
laboratory scalé®®? In contrast to the already reported solghase synthesis of ABose
oligomer&®Y it was decided to keep the standard succinyl linkage towards the secondary hydroxyl
groups of the attached molecule. In the reported procedure the exchange of this grou@tmker

was necessary to aid cleavage from the solislipport upon treatment with DBU. This was inevitable

in that strategy to cleave the cyanoethyl protecting groups from the partially protected and intrinsically
unstableP(lII}P(V)intermediate éee scheme 115). Since ithe envisioned approach for coupling no
partly protected pyrophosphate intermediates are formed the adaptation to useliak@r lost its
reason Another featurethat should be changeih comparison to the reported procedure is the
direction of synthesis. While Kistemaker and colleagues started from an immobilised ribose derivative
and continuedheir synthesisi 2 6 F NRa (G KS & RSy 2 dinthe SppBacidéveldped (0 K S
here it wasplanned to invert this route. This adjustnmtemould grant the opportunity of a more facile
introduction of modified ribose derivatives at the end of thiigomer. One of the main drawbacks of

the published procedure is that only oligomers methylated in thpogition of ribosecan be
synthesised. Tik heavily interferes withraintendedcoupling to proteins since the free reducing end

of the oligomer is not accessiblanother reason in favour of the change of directions was that

H -Q-" -D-ribofuranosyl adenosinbuilding blockl7 is initially unprotected at itp yiroxyl group. A
coupling to an immobilised phosphorousodified adenosine appears consequently conspicuous.
Furthermore, the combination of the standard LCAA succinyl linker with immobilised protected
adenosine is atandard solid support for the synthesis of RNA and therefore commercially available.
For those reasonsolidsupport78was purchased and used in the following syntgeas basic residue.

The next step in the development was the functionalisation of pleechasedsolidphase with a
suitable phosphorudearing molecule. Due to the nature of the pyrophosphate coupling procedure it
could only bechosenbetween H-phosphonate and phosphatspecies Finally, it was decided to
introduce theH-phosphonateresidueon the solidphase to have the activated phosphate immobilised
later on This setup gives the theoretical opportunity to activate the immobilised phosphorous centre
and afterwards apply mixture of benzotriazole analphosphatebearing molecul¢o form the desired
phosphoanhydride bond.
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Hence, with this approach a recycling of the utilised building block substance would be possible and
therefore the economy of the whole coupling approach can be elevagattlitionally, with this
strategy it is possibleothandle only unactivated phpkorous groups prior téhe actualcoupling and

keep the whole activation and coupling process inside the reaction chamber eftitieesiscolumn.
Theonly feasiblealternative would be a preactivation ¢fie H-phosphonatespecies in liquigphase

and the subsequent coupling to an immobilised phosphate which appeared much more challenging to
perform.

For the introduction of theH-phosphonate several different reactiotypes were available. The
theoretically possible pathwagf utilising phosphorous trichloride and subsequent hydrolysis was
omitted because of the high corrosivity of ishreagent. Another possible method for the
phosphitylation would be the use of-¢hloro-1,3,2benzodioxaphosphorid-one.f’% However, the

use of this reagent wampossiblebecause of the precipitation oflaownishsubstancefter following
solubilisationin a mixture of pyridine and dioxane. This precipitate caused clogging of the delivery lines
and the column inlet. Another disadvantage is the reactive nature of this molecule and the increased
sensitivity towads moisture. Similar observations were also reported by ZlateatE! in a similar
setting

The third strategy waa simple transfer of the phosphitylation metha@dready utilisedn solution!33%
Like the two strategies mentioned beforéi$ approactalsorequired atwo-stepprocedure in which
first diphenylphosphite was coupled and in the next steprégraainingphenyl residue was luyolysed
with aqueous triethylamine. After implementation of thipocedureon the DNA synthesiser and
running a test experimentadenosineH-phosphonate was deprotected and cleaved from the solid
support by basic treatment and subsequently analysed bWBCULtilising this procedure the
formation ofH-phosphonate on solid phase was achieved in good yield. There was only one disturbing
factor that raised concerpsnamely the presence of relatively high amounts of water in the
deprotection step. Sincthe reactive intermediate othe phosphate coupling method is extremely
susceptible towards hydrolysis there was a high demand for a method not requiicigophilic
entities as a safety measure

A possible solution for this challenge was found in an old methodology for the synthesis of DNA
oligomers, the sacalledphosphonate methodf’%%7% Here,H-phosphonate monoesters are activated
with pivaloyl chloride and subsequently coupled to primary hydroxyl groups of nucleotides. If an
H-phosphonate monoester would bear a suitableof@cting group that can be cleaved under dry
conditions this method would belmost tailor-made for the phosphitylation ofhe solid support.
Nikolaev and cavorkers®™ described the synthesis of fauorenylmethytprotected H-phosphonate

that would ideally suitthese requirements and used it for the phosphitylation of a complex
oligosaccharide.
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For the adaptation of this strategy to an automated sqlithse synthesis the protected
H-phosphonate 77 was synthesised by thecondensation of phosphorous trichloride and
9-fluorenemethanol and subsequent hydroly§&chemes-37).
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Scheme3-37: Introduction of Hphosphonate on solisupport by phosphitylation witfi7 and subsequent cleavage of the
remaining fluorenylmethyl group under watee conditionsOptionally the reation products can beleavedrom the
solidsupport to enable further analysis.

The phosphitylation procedure is illustrated in the samdieme. Following liberation of the
p Qydroxyl group of adenosine by treatment with 2% DCA in DCM fa@e86nds a mixture of
preactivated77 in DCM was applied to the column fegn minutes. Subsequent cleavage of the
fluorenylmethyl group with triethylamine in acetonitrile yielded the desired immobilised
H-phosphonate79. To prove the successful introdumti of the desired functionality the target
molecule was cleaved from the soidpport and analysed HyGMS (Fig. &.3).
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Figure3-13: A) EIC trace of the-phosphonate of adenosine after cleavage from solid support; B) Mass spectrum recorded
in negative mode taken from the trace shoimrA; C) Structure of the desiregpHosphonate species with indicated
molecular formula and exact mass

Finally, a reliable strategy for the introduction dfphosphonates on solighase wassuccessfully

developed that met alihe previously specifiedeeds ancenabledto advancen the establishment of
a pyrophosphate coupling procedure basedimmobilised adenosine.
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3.3.4 Activation of Immobiliseld-Phosphonates and Evaluation of the Coupling Procedure

Based on the established procedure for the introductiorHgghosphonateswith high efficiency the
next step towards a pyrophosphate cding was the activation of the immobilised groupge
reaction conditions that already proved to be successful in soluiere chosen to be used for this

purpose(seechapter3.2.6.) Furthermore, Zlateet alF’INB L2 NISR GKF 4G Fy al

containing TMSmidazog, triethylamine and bromotrichloromethanexhibited an excellent shelf
stability and could efficiently be resed.It was assumed that an exchange of the oxidising cosolvent
to tetrachloromethane will not alter this behaviowince more literature evidence points to the
possibility of a successfattivation with this reagent.
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Scheme3-38: Activation of Hphosphonater9to the respective imidazolida®)and optional cleavage from sol@lipport to
enable theanalysisof the process.

In order to test the feasibility of the activation procedure immobilisdgbhosphonate79 was
incubated with thedactivation mixtur& for five minutes After thorough washing of the resin the
reaction products were cleaved from the solid support and degeted with ammonia (Schenge38).

It was expectedhat a successful activation could be confirmed indirectly BISC Inthe event that
imidazolidateBOwas presenbefore cleavagéhe oxidation state of the phosphorus group should have
changedfrom P(ll} to P(V)and a phosphate, respectively phosphoramidate should be detected.
However, surprisingly imidazolidate 80 was stable enough tawithstand the deprotection and
ionisation process and was directly detected in theM&trace. Onlgmallamounts of plesphate and
slight traces oH-phosphonate were found indicating a quantitative activation of the immobilised
entities (Fig3-14).
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Figure3-14: A) EIC traces of possible products from the activation reaction of immobilised adenpsiospHonate’9
after cleavage from solid support; B) Mass spectrum recorded in negative mode taken fraackproduct trace showim
A; C)Structures of foundreaction products with indicated molecular formula and exact mass

Following thenitially conceivedoupling strategy illustrated ischeme3-39, after the activation and
thoroughwashing of the solidupport with acetonitrile a mixture of benzotriazdl® as catalytic entity
and a phosphatenonoesterin DMF should be applied to thheactioncolumn for coupling.
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Scheme3-39: Schematic representation of the entire strategy for the creation of phosphoanhydride linkages on solid
support under catalysis of benzotriaz@® R=replacement charactethat canstand for any of the residues utilised in this
chapter.

As a first test reactioB-azidohexyl phosphat&® wassubjected tothe depictedcoupling procedure.

After 30 minutes of coupling the products were cleaved from the solid support, deprotected and
analysedby LGMS
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Scheme3-40: Coupling oB-azidohexyl phosphat® the immobilised imidazolidai®0 under catalysis of benzotriazcl®
and optional cleavage from solid support to enable the analysis of the prdgdging indicates the automated addition of
the substances from the same vial on an automated Bi#Ahesiser

In figure 3-15 the extracted ion chromatogramas well as anassspectrum of the formed produds
illustrated The majority othe immobilised entities was successfully coupled to the present phosphate
(black line) while only a small amount of phosphatas detected in the reaction mixture. This
indicated that the planed strategy for the synthesis of phosphoanhydride groups is generally
transferable to a soligghase approachFurthermore it has to be noted thathe whole synthesis
except of the final deprotection stepvas conducted in an automated fashion on a mgmammed
DNAsynthesiser. Additionally, in comparison to the synthesis based on mixed
P(IIP(VYanhydride§®Y there are only two steps required for the whole coupling procedure because
a separateoxidation step as well as the cleavage of protecting groups on the phosphate is not
necessary.
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Figure3-15: A) EIC traces of possible products from the coupling of phosphorglatgdohexanol to immobilised
imidazolicate 80 after cleavage from solid support; B) Mass spectrum recorded in negative mode taken from the black
product trace shown in A; C) Structure$oaindreaction products with indicated molecular formula and exact mass

Following the successful first coupling experiment also protected adenosine monophosphate and
protected ribose phosphat222°? were testedunderthe same couplingonditions.

Moreover, with those more complex molecules that are directly related to the synthesis ofibD$e
oligomersgood coupling yields could be achieved. In the case of adenosine, a higher amount of
adenosine monophosphate was found in the analysed mixture 8lg). However, itcannot be
conclusively clarified if this uncoupled monophosphate is derived from uassfid coupling events

or simply represents remainingubstanceof the addedadenosine monophosphatphosphate that

was not completely washed from the solid support.
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Figure3-16: A) EIC traces of possilpimducts from the coupling of protected adenosine monophosphate to immobilised
imidazolidate80 after cleavage from solid support; B) Mass spectrum recorded in negative mode taken from the black
product trace shown in A; C) Structures of found reactiodymts with indicated molecular formula and exact mass

For the tested ribose@hosphate22 there was oneprominent peak found in the first analytic liquid
chromatography run that elutect high proportions of acetonitrileThem/z value for the found
product matched the expected ABibose derivative with one TBDMS group cleayed. 316 AC)
When the separation column wasashed agairwith higher ratios of acetonitrile and a steeper
gradientto elute highly unpolar compoundsiso a clear peak for thimtact product was detected
while barely no adenosine monophosphate could be foimdoth analytical runs (Fi§-16 DF). The
successful coupling with this ribose derivative unequivogaidtyed the general feasibility othe
developedapproach to synthesisgerivatives ofADRribose.
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Figure3-17: A) EIC traces of possible products from the coupling of protected ribose monoph@ieaitamobilised
imidazolidate80 after cleavage from solid support; B) Mass spectrum recorded in negative mode taken from the black
product trace shown in A; C) Structures of found reaction products with indicated molecular formula and exact mass; D) EIC
trace of intact product from the coupling pfotected ribose monophospha®?2 to immobilised imidazolidat80 after
cleavage from solid support and intensive unpolar elution; E) Mass spectrum recorded in negative mode taken from the
black product trace shown in D; F) Structure of intact reactiodymt with indicated molecular formula and exact mass
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Based on theobservations reportedn chapter 3.2 it was reasoned that an entirely orthogonal
protection of the ribose phosphate derivative is not strictly necesséfigh the design and synthesis
of ribose phosphatederivativesbearing basdabile protecting groupsn the secondary hydroxyl
groups and only one orthogonal protecting groapthe anomeric centre the possibility for the
introduction of modified ribose erivatives could be proven and the difficulties with thampered
elutionin the liquid chromatographyuns could be circumvented. For this purpose, a straightforward
synthesis of Ppentenylprotected 2,3benzoylated ribose phospha8l wasundertakenstarting from
commercially available ribogghosphate as barium salt (Sche®@1).1*8¢ 3761 Also, the introduction
of other standard protedhg groups for the anomeric centre likeg. benzyl, or the functionalisation
with propargylamines easily achievable following the synthetic protocbhe only drawback of this
synthetic strategy is the occurrence of a considerable amount of productogtated on the
phosphate moiety. However, this compound can be converted into the desired pr&duzy mild
treatment with triethylamine in acetonitrile.

1.) Pent-4-enol, e [

o Ac-Cl, rt, o.n. OBz OBz
o-p-o° 2)BzCl, it, 6 h, 20%
O\‘/ (5 __Pyr > over 2 steps
HO " " ™5 o Ba?
e i o1
OH OH \
o-p-0°
|
OW/OJ OBz
““““ i
OBz OBz
1%

over 2 steps

Scheme3-41: Straightforward synthesis of protected ribose monophospBate a onepot procedure from commercially
available starting materials.

When81was subjected to the coupling procedure the good coupling yields were agdimoed. The
ADPRribose derivative with gentenyl protection on th@nomeric centravas formed as main product
only accompanied by a small fractionaafenosine monophosphat@ig.3-18).
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Figure3-18: A) EIC traces of possible products from the coupling of ribose monopho8ftatenmobilised imidazolidate
80 after cleavage from solid support; B) Mass spectrum recorded in negative mode taken from the black proeluct tra
shown in A; C) Structures of found reaction products with indicated molecular formula and exact mass.

Since an effective protection of the anomeric centre in the terminal ribose residue turned out to be of
paramount importance for the success of the aldn synthetic strategy another protected ribose
phosphate derivative bearing a benzyl protecting group-ppogition was synthesised in analogy to
compound 81. The introduction of the benzyl group facilitated the purification by-HER.Cby
integrating a UMabsorbing residue into the molecule. Furthermore, this particular protecting group
can be mildly cleaved by hydrogenation yielding the free-ABd#%e(Fig.3-19). Encouraged by these
promising results indicating a convenient coupling behaviour for relewelecules possibilities for a
further development othe automated synthetic protocolvere conceived.
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Figure3-19: A) EIC traces of possible products from the coupling of bpratgicted ribose monophosphate to immobilised
imidazolidate80 after cleavage from solid support; B) Mass spectrum recorded in negative mode taken from the black
product trace shown in A; Qri®tures of found reaction products with indicated molecular formula and exact mass.

3.3.5Possibilities fafurther Developmest

Based on thdindingsfor the establishment of phosphoanhydride bonitsvarious moleculesn
solidphase described on thiast pagesan automated synthetic procedure fdonger ADPribose
oligomers should be designed.

The next step in order to reach this aim is to think about the protection of the second phosphorous
entity of the putative building block molecule that shoblel incorporated into the growing ABRibose

chain. Another possibility would be to introduce the second phosphorgusup following the
successfuphosphoanhydride coupling. This approach, however, would bear the disadvantage of a
clearly prolonged timedr each elongation step anenderimponderabilitieson the impact of the
H-Phosphonate chemistry on the already present intermediates. Furthermore, the provision of the
required reagents would blocét leasttwo custom bottle positios on the synthesisethat would
consequently not be available for the introduction of modified building blocks. Therefore, the
first-mentioned solution of a building block already bearing two phosphorous groups was favoured.

Since one of those two groups has to be an unpradgbhosphate amenable for pyrophosphate
coupling, the second group would preferably relateHghosphonates. However, it should first be
checkedwhether H-phosphonates arein any wayaffected by the phosphoanhydride coupling
procedureon solid phase
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Results and Discussion

Beause of the temporal separation between activation of immobilisgghosphonate and coupling
it might be possible to conduct the whole coupling procedure in only two steps without any need o
additionalprotecting groups on thét-phosphonate as illustrateith scheme3-42.

In order topreciselyelucidate the behaviour dfi-phosphonates undethe givencoupling conditions
an NMRexperiment was conducted (Figr20).
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Figure3-20: NMRstudy on the behaviour of-phosphonates under the coupling conditions for the construction of
phosphoanhydride groups and elucidation if a reactivity towards the activated phosphate species exists.

First, the H-phosphonate of protected adenosings was activated, as already shown in the last
experiment (see Chapter 323.and Fig.3-12). Upon addition of the benzotriazole the equilibrium
between imidazolidate anthe correspondingenzotriazolidate was established. In contrast to the
addition of a plesphate where a pyrophosphate bond was formed after a short period of tithe
addition of an excess of unactivatétiphosphonate65 did not result in the formation otoupled
products. Only when the reaction was run overnight the emergence of a signaliddenosine
pyrophosphate at11.4 ppm could be observed. However, thisservationmay also resulivith high
probability fromthe partial hydrolysis of the activated speciestte® phosphate and subsequent
couplingto the activated intermediate
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Results and Discussion

With thispositiveresultthe establishmenof a coupling procedure as depicted in sche3m2 appears

to befeasible After an initial priming step to introducet&phosphonate group onto the immobilised
adenosine the actuaoupling proceduravouldonly consists of two distinct steps. First, the activation

of the H-phosphonate group to the corresponding imidazolidate and subsequently the coupling step
under catalysis of supplemented benzotriazole. Since the incorporateaty eoiuld already contain

the Hphosphonate group applicable for the next coupling stegpetition of the priming procedure
would berendered obsoleteand the overall elongation time could be significantly reduced.
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Scleme3-42: Possible strategy for the synthesis of oligomeric target molecules interconnected by phosphoanhydride groups
in a two-step procedureX =either suitably protected adenosine or the growing chain of-ABd3e; R = prospect ribosyl
adenosine building blodk be used in the automated synthesis of Aib®se oligomers; T = terminal group, probably
suitably protected ribose derivative
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For the whole coupling approach after the initial priming of the solid support Wighosphonate

groups only two of the fouavailable custom bottle positiorsre necessaryoy S F2NJ 0 KS dal OG-
YAEGdINBE FyR I 4802y R 2y S ¥F2N ¥KSncéféubcistNBottle ¥ LIK 2
ports are available on the ABB2 synthesisr in our lab there is room for thmtroduction of different
groupslike standard and modifietbuilding blockas well asterminal ribosemoietythusallowingthe
fully automated synthesis of artificial ABBosewithout the need of instrumental adjustments
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Owing to lack of time no model molecule containing a phosphate arglaosphonate group could
be synthesised and tested in the envisaged procedure. Therefore, the possible future developments
and subsequent stages of testing anatlined in the Outlook section of this thesis
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4. Summary and Outlook

ADPribosylation of proteins represents a PTM that continues to be in the spotlight of scientific
NEASEFNOK® ! f K2dz3K GKS AYyAGALFf RAEOR2GAEpRsed T t ! w
days novel functions along with cellular processes in which-riioBylation is attributed to play a

central role are discovered frequently. However, there are still many aspects of this complex PTM and

its variaus rolesin vivothat remain elusive. In order to overcome this problem and enable profound

and more sophisticated research in this agile environment three main projects were implemented that
aimed at extending the available techniques for the investigatibADPribosylation in future.

In line with the objectives set, the development of a versatile and potent coupling strategy for the
regioselective modification of proteins and especially histone H1.Zemasnenced After initial trials
based on alreadystablished coupling methods exploiting the nucleophilicity of cysteine residues for
the introduction ofartificial modifications on target proteins it soon became abundantly clear that an
entirely new coupling chemistry was necessary in order to succhsstuhplete this task. The main
problem in the utilisation of alreadgstablished coupling methods was to find a balance between
reactivity and stability. The warhead had to be sufficiently stable to enable the purification of the linker
ADPribose constrats while exhibiting a pronounced reactivity towards thiol nucleophiles to ensure
an almost complete modification of the target protein. Aggravating, creastivity against other
nucleophilic grouppresentin the side chains of the canonical amino aalteuld be circumvented.

The first challenge could be elegantly avoided by the creation of a linker molecule with a switchable
electrophilic centre. This adaptation enabled the coupling between-mhaiBe and the hydrazine
residue of the linker that coullde further stabilised by selective reduction. Afterwards, the activation
of the reactive centre gives rise to a selective reactivity towards thiol functionalities in cysteine side
chains on the target protein (Schemel

1.) freeze-thaw
coupling
- | 2.) optional reduction

o R N s " _— R
0 o HN. -

40 /g

S

)

0]

) oxidation Q cargo

V. R SH coupllng under HN. N~
M weakly basic
HN‘N/ conditions
. —
S/&O
) thiol-bearing target structure
R = H; aliphatic residue coupled construct

Schemed-1: Depiction of the coupling procedure to target structures based on thiocarbamate linker malecules

With this innovation, a completely new coupling chemistry was developed that is ablditall the
requirements formulated in advance of the project. Utilising this approach, it is possible to
site-selectively introduce ADRbose residues onto target proteins at defined positions as exemplified
by the notoriously difficult candidate hizhe H1.2.
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Additionally, the whole coupling procedure can be performed withtalkiingunreasonable efforts and

the synthesis of the linker molecule is straightforward and may be achieved without the necessity of
extensive skills in synthetic organic chetmyisFurthermore, the element of connection is small in size
and closely resembles the natural linkage between -ADb&se and protein (Schemel3). However,

the scope of application encompasses not only the coupling ofrkidBe and derivatives thereofs
demonstrated with the successful coupling of an aldehyumlified dye molecule the developed
coupling strategy can also be applied for the modification of proteins or other target structures with
all kinds of glycans, chains of PAR, or artificial fanatiresidues that are equipped with the respective
functionality. Hence, the possible applications of the new procedure are very wide ranging.

This also represents the first perspective for furtiiesearchprojects based on this modification
procedure. The scope of the conceivable substrates of the strategy should be comprehensively
examined in order to find additional fields of application. Furthermore, following the initial aim the
created ADRibose histone constructs should be utilised to investightimpact of this PTM on the
formation of nucleosomes and chromatosomes. To further extend these studies also longer fragments
of ADPRribose may be fractionated and modified with the linker molecule. This is of particular interest
since it could be showthat the binding behaviour of proteins towards PAR is dependent on chain
length of the modificatio!* Also, a semsynthetic approach towards PARylated proteins seems to
be promising in which only the initial unit of AlBiBose is siteselectively introduced and the PAR
oligomer is afterwards elongated enzymatically. Indeed, this activity could be shown for ARTD1 on
MARYylated histonem vitro.28 Along these lines, the new coupling strategsty be a valuable tool to
investigate the crosstalk between AlBiBosylation and other modifications occurring on histones and
make a contribution to the decryption of the histone code.

Another interesting approach would be the introduction of Hoydrolysable derivatives of ADffbose

for the creation of antibodies the are able to detect the presence of this modification at determined
positions of target structure8’® An additionaimportant research application pointing into the same
direction would be the utilisation of hist@constructs sitespecifically modified with nohydrolysable
ADPribose in affinitybased profiling experiments. In combination with modern mass spectrometric
methods this approach could lead to the discovery of specific reader molecules fenbdBfAaion

and other interacting proteins in dependence of the defined environment or may be adapted for the
screening for inhibitors of certain effector enzymes.

Despite of the many doors opened for further biochemical experimexis® the coupling procedure
itself may be subjected to further improvements. The main point for these studies could be the
coupling between linker molecule and AlBose. As shown by Muir and-eeorkerd!®?the utilisation

of aminooxy or N-methyl aminooxy functionalities gives control about the conformation of the
proximal ribose that may be present either as ritigsed, or ringppen form éee scheme 18).
Furthermore, the thus formed oxime linkagienerally displays a higher stability than hydrazdtiés.

This feature may render the stabilisation of the linkage between-AlliRRe and linker molecule by
reduction unnecessary and therefore facilitate the utilisation of labile cargo molecules and greatly
simplify the tethering of enzymatically polymerised PAR oligomers.

Form a chemical point of view, however, the impact ongtability of the central thiocarbamate motif

of the linker molecule has to be considered if the nitrogen atom of hydrazine is exchanged for oxygen.
Even the removal of the methyl substitution in linké® had a huge impact on the stability of the
ADP-ribose coupled construct (structures of possible future linker molecules are depicted in scheme
4-2). Despite theseoncernsthe possible improvements for the whole coupling strategy render this
adaptation worth a more intense investigation.
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Occurring issues with stability could be solved by replacing the carbonyl oxygen of the thiocarbamate
group by sulphur leading to a mostable xanthogenatdike structure 83).

If this measure turns out to be not sufficient, also the introduction of an additional methylene group
between aminooxy residue and electrophilic centre coulcdcbasidered However, in this case it has

to be keptin mind that the reactivity of the linker molecule may suffer froénnning the reactive
thiocarbamate structure into a thioester moiet§4).

o S
82 83 84 40
R =H; Me

Schemet-2: Possible modificatins of the linker molecule in order to introduce amineaxyN-methyl aminooxy
functionalitiesand the currently used linker molecdie

Another opportunity fora direct modificationon the linker moleculesithe N-methyl group in close
proximity to the electrophilic centre. At this position of the molecule the introduction of other reactive
residues likee.g. photo crosslinkersuch as diaziridinesyryl azides or benzophenones could enable
the immobilisation andherefore subsequent identification of nezovalent interaction partners of
MAR or PAR in ptdlown experimentd33!

A possible application of the linker molecule with switchadlkectrophilicitymay be found in a field
completely unrelated to protein modification. The characteristics of a stable entity that turns into a
motif that is highly reactive against defined remphiles could perfectly fit the requirements of a
so-called safetycatch linker. In this concept, the stable linker molecules have to undergo a chemical
modification that is in many cases an alkylation or oxidation in order to become susceptible towards
cleavage by another trigger. In this way an undesired cleavage and therefore loss of yieldphaséid
synthetic approaches can by minimised. The combination of oxidation and the following mild cleavage
of the thiocarbamate moiety could easily by utilisie this field especially because of its comparatively
facilesynthetic availability

The second and probably most tirsensuming project within this thesis was the development of a
synthetic pathway towards dimers of AbiBose. In combination with the stablished coupling
procedure these two tasks would greatly benefit from each other and enable even more interesting
investigations of the biological role of PAR.

Starting from the building block that may bether simply produced in large quantities alrdg present
within the research group, a synthetic pathway towards the target dimer was envisioned. However,
several hurdles had to be overcome and instead of the great focus spent on the formation of
pyrophosphates also thgubtle utilisation of protectinggroups turned out to be of pivotal importance
since one synthetic approach only failed in the final deprotection step. In the end, after a final revision
of the synthetic route in order to completely prevent thecessityof a basic deprotection step itag
possible to isolate a small amount of dimeric Afl®se. However, due to the limited amount of
starting material at this point of the project it was not possible to obtain an NMR spectrum of the final
compound. Therefore, the real usability of this apgch has to be proven in succeeding rounds of
synthesisAdditionally,it has to be stated that during the developmental period of this synthesis also
two other synthetic routes towards dimeric AbiBose were publishe202
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The main advantage dlfie pathwaydescribed herds the utilisation of robust coupling procedure in
combination with a radically simplified protecting group patteFurthermore,in contrast to the
solidphase sythesis developed by Kistemaket all?!! in the presentcase the target compourfd a
terminal ribose is not blocked as a methyl riboside keeping the reducing end of the oligomer available
for further chemical manipulations

Despite of the many rounds of improvement of the synthetic pathway of course there still is room for
further optimisations. During the experiments to transfer the synthesis of Aibése oligomers to an
automated DNAsynthesiser it became apparent that a basic deprotection step has not to be
circumvented in all cases. The crucial stegatherthat the reducing end ahe terminal ribose residue
maintains its protection during this step and is liberated afterwards undifering conditions.
Therefore, a further revision of the synthetic pathway is possible to further simplify the whole
procedure. The main point could d the utilisation of adenosine or ribose derivatives bearing
acytbased protecting groups and therefore facilitate the purification by reverdease HPLC.

The great effort;iecessaryn order to achieve the synthesis of dimeric Alilidseconsequently led

to the decisionthat a solidphase approach would greatly simplify the synthesis of oligomers of
ADRribose and that this strategy is the only opportunity the achieve the highest degree of automation
of the whole synthetic process. For this reason, iigteps in order to reach this challenging goal were
undertaken. After a broad review of the existing literature and the identification of the central
shortcomings of the already published sefildase approach the foundations of a more automated and
less sensitive and cumbersome synthetic method were laid. Therefore, the
phosphoimidazolidatdased coupling utilized in the solution phase couplings was revised in order to
achieve a significantly higher reactivity along with dramatically reduced reactios.tikfierwards the
introduction ofH-phosphonate groups as precursors for this coupling on glake was established
and successfully used in the formation of pyrophosphate bonds with various test substances. In
addition, the formation of ADHbose withdifferent protecting groups on the reducing end of ribose
was achieved with high efficiency. Finally, the opportunities for the further development of this
procedure were examined and validated in initial test reactions. Even if there is still needtaifa lo
improvements and optimizations this sofithase approach bears the possibility to form chains of
pyrophosphatelinked oligomers in shortime frames and involving just two reactions steps.
Furthermore, allinevitable steps werealready shown to be eafy automated on an ABI DNA
synthesiser.

In future, a simple test molecule bearing a phosphate as well as@rosphonate moiety should be
synthesised and used in order to prove the proposed strategy for the synthesis of molecules bearing
multiple pyroplosphate entities. Afterwards, ribosylated adenosine building bl@Zkcould be
modified with these two residues in order to automatically produce oligomers ofiidBe. Having
established the standard coupling process the introduction of a multitudeos$iple modifications

could be started and also nematural elements could be easily incorporated.

To concludethe developed tools bear the potential to significantly expand the prospects of future
research in the field of ABfbosylation However, thee is still some optimisation and further work
necessary in order to shed light on the multiple biological roles of this versatile PTM.
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5. Zusammenfassung

Die ADFRibosylierung von Proteinen ist eipssttranslationale Modifikation die nach wie vor im
Fokus wissenschaftlicher Forschung steht. Obwonhl ihre Entdeckung in dem B0&e Jahren nun
schon mehrere Jahrzehnte zuriickliegt werden kontinuierlich neue Funktionen und biologische
Prozesse entdeckin denen ADHRibosylierung eine zentrale Rolle zugeschrieben wird. Dennoch
verbleiben nach wie vor viele Belange in Bezug zu dieser komplexen posttranslationalen Modifikation
und ihrerin vivoFunktionen unklar. Um diese Problematik zu tUberwinden und eméassende
Erforschung zu ermoglichen wurden in der vorliegenden Arbeit drei Teilprojekte bearbeitet, welche
die verfigbaren Technologien zur Untersuchung von -RDBsylierung zukinftig erweitern und
verbessern sollen.

Der Zielsetzung folgend wurde mitrdeéntwicklung einer leistungsfahigen und gleichzeitig vielseitigen
Strategie fur die Kopplung von AlBfibose an verschiedenste Zielproteine begonnen. Ein besonderes
Augenmerk wurde dabei auf die Modifikation des Linkerhistons H1.2 gelegt. Nach anfanglichen
Versuchenwelche aus der Adaptation von bereits etablierten Kopplungsmethoden, basierend auf der
erhohten Nukleophilie der Thigbruppe von Cysteinen hervorgingen, wurde nach vergleichsweise
kurzer Zeit offensichtlich, dass zur Erflllung der gesetzteaezifationen eine vollig neue
Kopplungschemie entwickelt werden muss. Das Hauptproblem in der Anwendung der etablierten
Methoden lag im Finden der Balance zwischen Stabilitat, welche zur Aufreinigung dédibabe
gekoppelten Intermediats nétig war undner ausreichenden Reaktivitat, welche fir den effektiven
Ablauf der sich anschlie3enden Kopplung an das Zielprotein unumgénglich ist. Erschwerend kam hinzu,
dass eine Kreuzreaktivitat gegentiber anderen nukleophilen Seitenketten des Zielproteins ingdldem F
vermieden werden sollte um die Kontrolle Gber die Regioselekitvitat der Reaktion zu erhalten. Die
erste Herausforderung konnte elegant umgangen werden, indem ein schaltbarer Linker entwickelt
wurde, dessen Elektrophilie sich erst in Folge einer chdmis®lodifikation drastisch erhdhte. Auf
diese Weise war es moglich die Konjugation von Linker undRif3e in hohen Ausbeuten zu
erreichen. Des Weiteren zeigte das Linkermolekill auch eine ausreichende Stabilitét um diese
Verbindung mittels einer Reduktionoch weiter zu stabilisieren und eine ungewollte Hydrolyse zu
verhindern. Im Anschluss konnte durch eine Aktivierung des elektrophilen Zentrums des Linkers eine
selektive Reaktivitat gegentber Thiolfunktionalititen am Zielprotein initiiert werdaehéd
Schemet-1). Durch die Entdeckung des schaltbaren Linkers konnte eine vollig neuartige
Kopplungschemie entwickelt werden, welche in der Lage ist alle zu Beginn des Projektes gestellten
Bedingungen zu erfiillen. Mit Hilfe dieses Ansatzes ist eine chemasel&knfliihrung von ABRibose
Derivaten an beliebigen Positionen von Zielproteinen problemlos mdglich, wie am anspruchsvollen
Kandidaten Histon H1.2 erfolgreich gezeigt werden konnte. Einen zuséatzlichen Vorteil stellt die
prozessuale Einfachheit des komipde Kopplungsvorganges dar. Besonders die geradlinige Synthese
des Linkermolekils, welche keine besonderen Anforderungen in der Synthese stellt ist hierbei
hervorzuheben. Zusatzlich wurde das Verbindungsglied zwischen Cargo und Protein mdglichst
kurzkettg designt und &hnelt in seiner Struktur der nattrlichen Verbindung (Schet®. Der
Anwendungsbereich der entwickelten Kopplungsmethode ist jedoch nicht auf die
Monofunktionalisierung mit ADRibose und verwandter Derivate beschrankt. Wie durch die
erfolgreiche Modifikation des Zielproteins mit einem Aldehygddifizierten Farbstoff gezeigt werden
konnte erdffnen sich auch Mdglichkeiten fir die Verwendung einer Vielzahl an Glykanen, Ketten von
Poly(ADFRibose), oder anderer kinstlicher Funktionalitdteelche ein Aldehyd enthalten. Hierdurch
erschlief3t sich ein sehr breites Gebiet an méglichen Anwendungen fir diese Kopplungsstrategie.
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Das zweite und zugleich zeitintensivste Ziel, dass innerhalb dieser Thesis bearbeitet wurde war die
Entwicklung einer Syhesestrategie fur ADRibose Dimere. In Kombination mit der neu etablierten
regioselektiven Kopplung von AfRtbose an Zielproteine kénnten diese beiden Teilprojekte sehr stark
voneinander profitieren und eine tiefergehende Untersuchung der biologischdle Ron PAR
ermaoglichen. Die Planung startete ausgehend von einem zentralen Baligteiessen Synthese schon

im Vorfeld dieser Arbeit innerhalb der Arbeitsgruppe und hinsichtlich der einfachen Darstellung von
groReren Mengen optimiert wurdé!* 206 Allerdings mussten bis zum Erhalt des angestrebten
Endproduktes noh mehrere Probleme erfolgreich geldst werden. Dies bezog sich nicht nur auf die
erwartbaren Schwierigkeiten in der Konstruktion der Phospoanhydridbindungen sondern auch die
Ausarbeitung einer mal3geschneiderten Schutzgruppenstrategie, da ein vielverspteche
Syntheseweg erst im finalen Entschitzungsschritt auf Grund der fehlenden Maskierung des anomeren
Zentrums der terminalen Riboseeinheit scheiterte. Schlussendlich, nach einer vollstdndigen Revision
der Schutzgruppenstrategie mit dem Ziel der Vermeidurggnes finalen basischen
Entschitzungsschrittes war es moglich eine kleine Menge desR&ioBe Dimers zu isolieren.
Allerdings war es zu diesem spaten Zeitpunkt innerhalb des Projektes auf Grund der geringen
Restmenge des verflgbaren Ausgangsmaterialst mdglich ein NMFSpektrum der Endverbindung

zu erhalten, weswegen der schlussendliche Beweis der Brauchbarkeit dieses Syntheseweges noch in
einer erneuten Darstellung in grof3erem Mal3stab bekraftigt werden sollte. Zuséatzlich muss an dieser
Stelle angemetiwerden, dass wahrend der Entwicklung der genannten Syntheseroute ebenfalls zwei
andere erfolgreiche Darstellungen von ARBose Dimeren verdffentlicht wurdéfi:2°21 Der
hauptséachliche Vorteil des in dieser Arbeit entwickelten Synthesewagegergleich zu den anderen
Routen liegt in der Verwendung der sehr robusten Phosphoimidazcekagiplung in Kombination mit

einer radikalvereinfachten Anwendung von Schutzgruppen. Zusétzlich ist im Endprodukt dieses
Syntheseweges im Gegensatz zu der von Kistematkal?®!! publizierten Festphansynthese das
reduzierende Ende des terminalen Riboserestes ungeschiitzt und nicht als Methylribosid blockiert, was
dieses wertvolle reaktive Zentrum fur nachfolgende Kopplungsreaktionen verfiigbar macht.

Der gro3e Aufwand der zur Entwicklung einer effekti Synthese von dimerer AlBRbose notig war

lie3 den Entschluss reifen, dass zum Erhalt langerer Oligomere und zur Vermeidung der miihevollen
Aufreinigung von Zwischenstufen eine Festphasenstrategie die erfolgversprechendere
Herangehensweise ist. AuRerdesiirde eine solche Synthese die Méglichkeit bieten den gesamten
Syntheseprozess zu einem hohen Grad zu automatisieren. Aus diesem Grund wurden als drittes
Teilprojekt innerhalb dieser Arbeit erste Schritte zur Entwicklung einer effektiven und robusten
Fesphasensynthese unternommen. Nach einer breit angelegten Recherche vorheriger Arbeiten auf
diesem Feld und der Identifizierung der zentralen Probleme der bereits publizierten
Festphasensynthe& wurden die Grundziige einer leichter automatisierbaren und eirdach
aufgebauten Festphasenstrategie festgelegt. Die bereits aus der Synthese in Ldsung bewahrte
PhosphoimidazolidaKopplung wurde erfolgreich Uberarbeitet und den neuen Gegebenheiten
angepasst indem eine deutlich hohere Reaktivitat gepaart mit reduzidRieaktionszeiten erreicht
werden konnte. AnschlieRend wurde die Einflihrung MePhosphonaten als Vorlaufergruppen fir die
eigentliche Kopplungsreaktion optimiert und diese erfolgreich in der Bildung von
Pyrophosphatverkniipfungen in mehreren Testsubstaramggewendet. Zusatzlich konnte die Bildung

von ADFRibose in diesem Festphasenansatz mit unterschiedlichen Schutzgruppenstrategien am
anomeren Zentrum der terminalen Ribose in hoher Effizienz erreicht wetdsrntendlichwurden

noch Mdglichkeiten zur Weitentwicklung der Syntheseprozedararbeitetund deren Machbarkeit

in initialen Versuchen untersucht.
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Obwohl nach wie vor viel Optimierungsbedarf bis zum ErreichefirtidenZiels bestehtbietet diese
Festphasensynthese die zukunftige Mdglichkeit Pyrophospénipfte Oligomere innerhalb kurzer
Zeitintervalle undin nur zwei Reaktionsschritten zu bilden. Des Weiteren konnte bereits gezeigt
werden, dass alle zentralen Schritte wahrend @&mthesezyklus mit geringem Aufwand an einem
handelsiiblichen ABI DN3ynthesiser vollstandig automatisiert werden konnen. In Zukunft wére es
interessant den zentralen Baustein aus der Dimersyntiésdahingehend zu modifizieren, dass er
eine Phosphat ds auch eineH-Phosphonatgruppe tragt, um die Eignung zur automatisierten
Darstellung langerer Oligomere zu untersuchem Anschluss daran kdnnte versucht werden
verschiedenste kinstliche Modifikationen in die ARiIBose Ketten einzubringen, oder dieseratu
nicht naturliche Verknipfungen zu stabilisieren.

Zusammenfassend bergen die entwickelten Werkzeuge zur Untersuchung der biologischen Rolle von
ADPRRIibosylierung das Potential die momentan bestehenden Moglichkeiten zur Erforschung dieser
faszinierendenposttranslationalen Modifikation an entscheidenden Stellen deutlich zu erweitern.
Allerdings muss gleichzeitig auch eingeraumt werden, dass in vielen Bereichen noch Optimierungen
notig sind, um eine erfolgreiche Anwendung in zuklnftigen Forschungsprojelstermdglichen.
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6. Experimental Section

6.1. General Informatiofior Chemical Syntheses
6.1.1.General Experimental Procedures in Chemical Synthesis

All temperatures quoted are uncorrected. All chemicals used were purchased from commercial
sources and used without further purification, unless stated differently. Dry solvents were purchased
from Sigma Aldrich and used without further purificatitimecessary eactions were conductednder
exclusion of air and moisture. If use of an atmosphere of nitrogen is indispensable it is mentioned in
the description of the reaction. Thiayer chromatography (TLC) analyses were performed using TLC
Silica gel 60254 aluminium sheets or TLC Silica gel 6A&P254gboth by Merck Millipore®) and
visualized by UV or staining with either cerium molybdate in sulfuric agiehoisaldehyde prepared
following commonly known recipé€®3#l Flash column chromatography was performed using silica

gel 60 A (Bth). Reverseghhase medium pressure liquid chromatography-(®PLC) was performed

on aSepacore X50 systeffatichi) applying SVP D26 SI6@1s > Ycolomms by Gotetabortechnik

and a flow rate of 10 mL/min. Applied solvent systems were eith&MeCNor HO/MeOH, which is

stated in the particular reaction descriptioAnionexchange chromatography was performed on a

&1 GFt dzZNAFASNI 6D9 | St f i K@b (GEHealthicarel BBcidncesAB) lc@umf S LIK | R
using a linear gradient (0.1 Ig 1.0 M) of tiethylammonium bicarbonate buffer (TEAB, pH 7.5).
Preparative reversed phase high pressure liquid chromatograpiyHERE) was performed using a
Shimadzu unit having RGAPpumps anda SPD M20A PDitector. Either a VP 250/21 NUCLEODUR
C18 HTec, 5um (Mherey-Nagel) column for the purification of polar compounds dvyalac 208TP

C8 250x10mm 10 um (Graaglised for highly unpolar but charged intermediates and a gradient of
acetonitrile in 5anM TEAA buffer (pH 7.0) were used. All compounds purified BMAR.C were
obtained as their triethylammonium salts after repeated freelzging. The!H-NMR signals of
triethylammonium are not reported. Analytical RPLC was performed using a Shimadzu Prominence
system. A VP 250/4 NUCLEODUR C18 HTec, 5um (Malbgety column and a gradient of
acetonitrile in 50 mM TEAA buffer (pH 7.0) were used. NMR spectra were recorded on a Bruker Avance
[Il 400 MHz spectrometer and a Bruker AVIII 600 MHz spectronteteand®*C chemical shifts are
reported relative to theresidzl t &2t @Sy i LIS | HREYNGS sieitid Befe récofded JLIY 0 ¢
on a Bruker Daltronics microTOF Il by direct injection of the probe dissolve@ jmiH10O/MeOH 1:1.

The reported yields refer to analytically pure substances and were partly obtaiaddV absorption

with the respective reported absorption coefficients in case of low abundance nucleotide structures.
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6.1.2 Buffers Utilised in Chemical Synthesis

Triethylammonium bicarbonate buffer (TEAB):

1 M TEAB buffer wgwreparedby suspending moles otriethylamine in water andubblingcarbon
dioxide (from evaporang dry ice) through the mixture untd pHof 7.5is reached The buffer was
diluted to 5 L to give 1 M TEAB. The buffer was diluted to 0.1 M as needed.

Triethylanmonium acetate buffer (TEAA):

1 M TEAA buffer was obtained lsyispendingl mol triethylamine in water and cooling to 0°C.
Afterwards,1 mol of acetic acidwas slowly addedAfter ceasing of heat emissigthe solution was
allowed to reach room temperaturand pH was adjusted to @. The buffer was diluted to 1 L to give
1 M TEAAndwas diluted to 50 mM as needed.

6.2.General Experimental Procedures in Biochemical Experiments

6.2.1 Bacterial Strains

Strain Genotype Source

E. ColXL 16Gold endAl gIinV44 recAl thi gyrA96 relAl lac Ht Stratagene
n(mcrA)18n(mcrBhsdSMRMIT)173 teR C Q

E. ColBL21 (DE3) FompT gal dcm lon hsd® mg) <(DE3 [lacl Stratagene

lacUV5T7 genel indl sam7 ninb5])

6.2.2 List of Buffers an8olutiondJtilised in Biochemical Experiments

Media Components Concentration
LB medium LBmedium 20% (w/v)
SOC medium pH 7.0 Tryptone 20 g/L

Yeast extract 5¢g/L

NacCl 0.01M

MgCh 0.01M

MgSQ 0.01M

Glucose 0.02M
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SDSPAGE

6x Loading dye

15% Resolving gel

12.5% Resolving gel

Stacking gel

10x SDS running buffer

Coomassie staining solution

Coomassie destinating
solution

Agarose gel electrophoresis

50x TAE buffer pH 8.5

Components

TrisHCI pH 6.8
SDS

Glycerol

i -Mercaptoethanol
Bromophenol blue

Trizma base pH 8.8 (1.5 M)
10% SDS

MQ

30% BisAcrylamide

10% APS

TEMED

Trizma base pH 8.8 (1.5 M)
10% SDS

MQ

30% BisAcrylamide

10% APS

TEMED

Trizma base pH 6.8 (0.5 M)
10% SDS

MQ

30%BisAcrylamide

10% APS

TEMED

Trizma base pH 8.9
Glycin
SDS

Coomassie Brilliant BlueZ%0
Methanol
Acetic acid

Methanol
Acetic acid

Components
Trizma base

0.5 M EDTA pH 8.0
Acetic acid
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Concentration

225 mM

5% (W/v)
50% (v/v)
1.25% (viv)
0.05% (w/v)

1.25mL
50 pL
1.20 mL
2.5mL
50 pL
5uL

1.25mL
50 pL
1.65mL
2.15mL
50 pL
5uL

1.25 mL
20 L
3.10 mL
0.65 mL
35 UL
10 pL

250 mM
2M
1% (wiv)

0.2% (wiv)
50%(v/v)
10% (v/v)

50% (v/v)
10% (v/v)

Concentration

2M
10% (v/v)
5.7% (v/v)
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Histone purification

IB-buffer

Buffer A

Buffer B (washing buffer)

Elution buffer

Protein conjugation

3x PBS buffer

Trizma base pH 7.0
NaCl

EDTA

(Triton X100)

Trizma base pH 7.0
Urea

NacCl

I -Mercaptoethanol

Trizma base pH 6.4
Urea

NacCl

i -Mercaptoethanol

Trizma base pH 6.4
Urea

NaCl

i -Mercaptoethanol
Imidazole

Components

NahkPQ
NacCl

50 mM
100 mM
1mM
(1% (viv))

50 mM
6 M
iM
10 mM

50 mM
6 M
iM
10 mM

50 mM

6 M

Y

10 mM

16¢ 500 mM

Concentration

0.45M
0.30M

(Adjusted to pH.5 with 1 M NaOH)

6.2.3List of Kitend Standardbltilisedin Biochemical Experiments

Kit/Standard

GeneRule™ DNA Ladder Mix

PageRulerTM Prestained Protein Ladder

6x DNA Loading Dye

QIAprep Spin Miniprep Kit
QIAquick Gel Extraction Kit

MinElute Reaction Cleanup Kit

Pierce BCA Protein Assay Kit
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Source

Fermentas
Fermentas
ThermoScientific
Qiagen

Qiagen

Qiagen

Thermo Scientific
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6.2.4.General Methods

Cultivation of Bacteria

In order to select bacterial cultures containing plasmid DNA with the appropriate residtanotcells

were cultured in LBnedia supplemented with 100 pg/mL carbenicillin. Cultures were incubated
overnight at 37°C shaking at 175 rpm. Selection of transformed cells was performed on LB agar plates
at 37°C overnight. For the lofigrm storage of strainglycerol stocks were stored é80°C. For their
preparation an overnight culture was mixed 1:1 with glycerol and shock frosted in liquid nitrogen prior
to storage.

Isolation of Plasmid DNA frork. coliCells

Isolation of plasmid DNA was performed utilising the QIAprep Spin Miniprep Kit (Quiagen). 5 mL of
suspended cells from aovernightculture were pelleted by centrifugation (4400 rpm, 10 min, 4°C).

The isolation und purification was conducted following ti¢ y dzF I O dzZNBE N & LINR G2 O2 f
and purity of the isolated plasmid DNA was determined by photometrical measurements on a
NanoDrop spectrophotometer (pECab). The ratio of the peaks at 260 nm and 280 nm indicate the

purity of plasmid DNA since prdtes show an absorption maximum at 280 nm. For pure DNA the ratio

should be between 1.8 and 2.0. The identity of the sequences was verified by sequeertorgred

by GATC Biotech AG, Konstanz.

Restriction Digest of Plasmid DNA

For analytical reasons as livas for cloning the plasmid DNA was digested by restriction enzymes.
Analytical control digests were performed with 200 ng of DNA in a total reaction volume of 10 pL, while
preparative digestions for cloning experiments 1 pg of DNA in a total volume joif 4vas used. The
digestion was performed with one or two restriction enzymes in the respective recommended reaction
buffer for 1.5 h at 37°C. Successful cleavage of plasmid DNA was analysed by agarose gel
electrophoresis. In order to be utilised in clogiexperiments the plasmid DNA had to be extracted
from the agarose gels for further treatmentide infra.

Agarose Gel Electrophoresis

Following restriction digest agarose gel electrophoresis was used to separate plasmid DNA from
undigested DNA and rekial fragments by size and charge. Samples were mixed with 6XdatiAg
dyeand loaded on the gel matrix (0.8% (w/v) agarose and 0.5 pug/mL ethidium bromide in TAE buffer.
The length of the DNA fragments was determined by comparison to the respective batite DNA
ladder mix. Electrophoretic separation was performed at a constant voltage of 120 V in TAE buffer.
Visualisation of DNA bands was performed under UV light with a ChemiDoc XRS deWReel)Bio
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DNA Extraction from Agarose Gels

Following theseparation by agarose gel electrophoresis the DNA fragments had to be extracted from
the gel in order to be used in cloning experiments. Therefore, the respective bands were excised from
the gel under UV light to make the DNA bands visible. Extractiopunifetation were performed with

vL! ljdzA 01 DSt 9EGNYI OGA2y YAG 6vL! D9b0 F OO02NRAY 3
the gained DNA was determined photometrically on a NanoDrop spectrophotometefr(@BQ

Ligation of DNA Fragments

Extrated DNA fragments were ligated by Ad&pendent TADNA ligase. Prior to the ligation itself the
vector backbone was dephosphorylated with calf intestinal alkaline phosphatase (CIAP) in CIAP buffer
for 1.5 h at 37°C in order to prevent recircularizatiomhaf vector DNAA pET11a plasmid was used as
expression vectoiThe Ligation was conducted in 1xDMA ligase reaction buffer with 10 mM ATP for

20 min at room temperature. For a reaction in the scale of 20 pL total volume 20 U/uL enzyme were
applied. Taachieve an efficient ligation the molar ratios of insert DNA to vector backbone should be
between 1:3 and 1:6.

Transformation with ElectrocompetenE. coliCells

Electrocompetent E. coli cells were generously provided by Simon GeiggeanEfarmation the cells

that are normally stored at80°C were slowly thawed on ice and afterwards transferred into a Gene
Pulser electroporation cuvette with 0.1 cm electrode gap. 100 ng of plasmid DNA were added to the
cell suspension and gently mixe8ollowing incubation o ice for 5 min the electroporation was
performed with 1.8 kV, 20t and a pulse length of 5 ms on a Gene Pulser XcellR&i). Directly
afterwards the cells were incubated for 45 min in 1 mL of SOC medium preheated to 37°C Witg sha
and then plated on LB agar plates for ohead incubation at 37°C overnight.

SDSPAGE

Tothe reaction mixture was added ori#th of the volume oféx SDSoading buffer and the samples
were heated to 95°Gor 5 min. Resolving gels with 12.5% or 1®&acrylamide overlayed with a
4%stacking gel were used for separatidre samples were separated at@nstantcurrent of30 mA

in 1x SDS running btdr. Fluorescent gels were reamit using aChemiDoc XR%.or Coomassie
staining, SDAGE gels weradubated inCoomassie staining solution gtfor 30 min ona shaker.
Gels were washed several times witlater, treated with Coomassie destaining solution and lefttat
on a shakeuntil the single protein bands were clearly visiAemolecular weight marker was used to
determine the mass of separated proteins.
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LCMS Analysis of Fullength Proteins

For the assessment of whdhistone H1.2rotein mass, HIESIMS spectravere recorded on a Bruker
Daltonics microTOF Il equipped with/Agilent 1100 Series HPLC syst&he respectiveamplesvere
separated usingn EC150/2 Nucleodur 26® C4eccolumnby Macherey Nageind a binary gradient

of 0.1% formic acid in water and 0.1% formic acid in MeCN at a flowofa3@0> f k Ydr gach
measurement,15>f 2 F LINRGSAY &l YLI0B> Inkiwere injgdtdd/ The yhasbld G A 2y
spectrometric analysis was performed in positive ion mode undeifdbewing conditions: capillary
voltage at 4.5 kV, nebulizer gas pressoir8.4 bar, dry gas flowf 4 I/min and acapillary temperature

of 180°C. In order to assure accuraay,internal calibration witrsodium formateincludedin every
single measuremdan The pocessing of recorded spectra was performed using the
CompassDataAnalysis softwgpeovided byBruker. Following baselingubtraction with a flatness
value of 0.99 and smoothing utilizirtge Gaussalgorithm, compound spectra wersubjected to
maximum entropydeconvolution to yieldhe final spectra
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6.3.Procedures for Protein Conjugation
6.3.1.Expression of Histone H1.2 Variants

The expression of the cysteutearing variantof histone H1.2E114C and E15C wetenducted
following already established protocols within our research grétifyWild-type H1.2 was generously
provided by Simon Geigges.

For the expression of histone variants 1 L LB supplemented with carbenicillin was inoculated with
10mL of ark. colBL21(DE3) (generated by sispecific mutagenesis of H1.2 wt) overnight cudton

a shaker at 37°C and 175 rpm. As soon as ag®&ween 0.6 and 0.8 was reached the expression of
the recombinant protein was induced by addition of 1 mM IPTG. After three to four hours cells were
harvested by centrifugation (4400 rpm, 15 min, 44Q4 the pellet was stored a20°C.

Purification of the proteins of interest was achieved by immobilised metal affinity chromatography
(IMAC). The cell pellets wetkawed on ice and resuspended in 20 mibiBfer (with Triton X100)

freshly supplementeavith 2 mM protease inhibitor phenylmethanesulfonyl fluoride (PMSF). All steps
described in the following were performed on ice. The cell suspension was sonicated three times for
1 min each (8 cycles, 20% power). After pelleting by centrifugation (170@D gnin, 4°C) the
supernatant was discarded and the pellet was resuspended in the same buffer again. Following an
additional centrifugation step the pellet was washed twice with 20 rdhulfiBer (without Triton X100)

with another centrifugation step betweetihe washings. The inclusion bodies containing the protein

of interest were solubilised by resuspending in buffer A overnight at 4°C on a roller. Cell debris was
separated by centrifugation (21000 g, 20 min, 4°C) and the supernatant with the solubiligeth pr
fraction was incubated with 1.5 mL slurry cOmplete-Fag Purification Resin (Roche) and 5 mM
imidazole overnight at 4°@ an overhead shaker. After settling the beads were washed with buffer B
and the Higagged protein was eluted with a stepwigeadient from 16 mM to 500 mM imidazole in
elution buffer. The washing and elution fractions were analysed byP®®E and the desired clean
protein fractions were pooled, dialysed against water and concentrated by VivaSpin (10000)MWCO
(Sartorius), 4000pm, 4°C). The protein concentration was determined by a PierceTM BCA Protein
laale YAOGD OCKSN)Y2 {OASYUATAOO F2ff26Ay3a (KS YI yd
sequencedata for the DNA and the purified proteins aleown in the following
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Codon optimised DNA sequence of WT protein

ATGAGCGAAACCGCACCGGCAGCACCTGCTGCAGCACCTCCGGCAGAAAAAGCACCGGTTAAAAAAAL
GCCAAAAAAGCCGGTGGTACCCCGCGTAAAGCAAGCGGTCCTCCGGTTAGCGAACTGATTACCAAAGC
GCAGCAAGCAAAGAACGTAGCGGTGTTAGCCTGGCAGCACTGAAAAAAGCACTGGCAGCAGCAGGTT!
GTGGAAAAAAATAATAGCCGCATTAAACTGGGCGTGABEATAGCAAAGGCACCCTGGTTCAGACC
AAAGGCACCGGTGCAAGCGGTTCATTTAAACTGAATAAAAAAGCCGCAAGCGGTGAAGCAAAACCGAA
AAAAAAGCGGGTGGCACCAAACCGAAAAAACCGGTTGGTGCAGCAAAAAAACCGAAAAAAGCAGCCGCE
TGCAACCCCGAAAAAAAGCGCAAAAAAAACGCCGAAAAAAGCCAAAAAACCGGCAGCAGCAACCGTTA
AAAAGTTGFAAATCTCCGAAAAAAGCGAAAGTTGCGAAACCGAAAAAGGCCGCAAAAAGCGCAGCAAAA
CAGTTAAACCGAAAGCCGCTAAACCGAAAGTGGTTAAACCGAAGAAAGCGGCACCGAAAAAAAAACATI(
ACCATCACCACTAA

In case of E15C and E114C the respective codons (counted without start codon) were mutated to TGC
All corstructs were cloned into the multiple cloning site of pET11a using Ndel and BamHI restriction
sites.

Amino acid sequences of the proteins

WT
SETAPAAPAAAPPAEKAPVKKKAAKKAGGTPRKASGPPVSELITKAVAASKERSGVSLAALKKALAAAGYDV
RIKLGLKSLVSKGTLVQTKGTGASGSFREHEAKRKVKKAGGTKPKKPVYGAAKKPKKAAGGATPKKSAKKTP
KKAKKPAAATVTKKVAKSPKKAKVAKPKKAAKSAAKAVKPKAAKPKVVKPKKAAPKKKHHHHHH

E15C
SETAPAAPAAAPPACKAPVKKKAAKKAGGTPRKASGPPVSELITKAVAASKERSGVSLAALKKALAAAGYDV
RIKLGLKSLVSKGTLVQTKGTGASGSFKLNKKAASGEAKPKVKKAGGTKPKKPXGRAMKBARKKHAGG
KKAKKPAAATVTKKVAKSPKKAKVAKPKKAAKSAAKAVKPKAAKPKVVKPKKAAPKKKHHHHHH

E114C
SETAPAAPAAAPPAEKAPVKKKAAKKAGGTPRKASGPPVSELITKAVAASKERSGVSLAALKKALAAAGYDV
RIKLGLKSLVSKGTLVQTKGTGASGSFKLNKKAASGCAKPKVKKAGGTKPKKPVYGAAKKPKKAAGGATPKK
KKAKKPAAATVTKKVAKBRKAKPKKAAKSAAKAVKPKAAKPKVVKPKKAAPKKKHHHHHH
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6.3.2.Chemical Syntheses

cl O cl o] Et3N, -80°C to rt,
e+ IS L BN, 0°C, 10, THE U N on., DCM jl
—_— + N _NH
a9 Ok 72% s~ ol T HaN 63% s \ ’
39 40
\H NH,
2
X
N
4
<,N SN 1)ma, Dwso, Q 9 <)
o i i P 3 freeze-thaw cycles 0-P-0-P-0 N7 N
b o\ro’?’o’?’o o N 2)NaBHCN, 8°C,on. oy HO 0y O 0
g oW - How S O Og 88% SN
| e \  OH OH OH OH
2 OH OH OH OH

41

Schemes-1: Overview of the synthesis of linker molect@and the subsequent attachment to AltiBose

a) Ethykhlorothioformate(39)82

0]
~AN

39

Cl

2.14 g of ethanthiol(34.4 mmol; 3 egand4.77 mL oE&N (34.4 mmol; 3 eq) were dissolved in 200 mL

of THF and cooled to 0°C. Afterwards 4.3 g of triphosgene (11.46 mmol; 1 eqjisssmeedn 20 mL

of THF and slowly added to the solution of thiol &wN. The formation of a white precipitate occurred
immediately and the reaction was stirred under an atmosphere of nitrogen for 1 h. Subsequently the
solid material was filtered off and washed with diethyl ether. Finally, the solvents were evaporated on
a rotary evaporator at a pressure of 100 mbar and a bathgerature of 40°Ccéution, product is
volatile) to yield 2.00 g of ethyl chloroformate (16.08 mmol; 47%). The compound was used in the next
step without further purification.

H NMR (400 MHz, Chloroforred) U 3J.=2.3 Hz( aH, CH), 1.66 (t.J = 7.4 Hz, 3H, CH)).
BCNMR(101MHz,CDG) U 165.58, 28.46, 13.92.

HR-ESI-MS: due to the low mass of the molecule no-NIB was obtained
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b) SEthyI" -methylhydrazidehiocarbamatg40)

(o}
/\SAN/NHZ

\
40

158 uL of methylhydrazine (3.0 mmol; 1 eq) and 460 HELDF (3.3 mmol; 1.1 eq) were dissolved in
5mL of DCM and cooled t&0°C. 251 pL of ethyl chlorothioformatd89j (2.4 mmol; 0.8 eq) was
dissolved in 2 mL of DCM and slowly added to the reactions@lion was allowed to reach room
temperature overnight. On the next ddlye reaction was diluted with DCM and extracted three times
with water and once with brine. The organic phase was dried oveSfand evaporated to dryness
to yield 203 mf SEK & tmethylhydrazide thiocarbamatfl.51 mmol; 63%).The target compound
was diluted with DMSO to givelaM solution to be used in the coupling to AltiBose.

IH NMR (400 MHz, Chloroforred) G 3. 95 (bs, 2HFE748Bz,3HHK (s, 3H), 1.
3C NMR (101 MHz, CDQ) 04 125. 46, 39. 08, 24. 29, 15.27.

HR-ESIFMS: due to the low mass of the molecule no-MB was obtained

c) Linkercoupled ADRibose(41)E%!

NH,
N B
o o <1 )
0-P-0-P-0 N
o HN HO O@ o@ o
OH OH OH OH

25 mgof ADPRribose (sodium salt; 42.4 umol; 1eq) were dised in 3 mlof water and 60 pL of acetic
acidwere added.Next, 250 pL of a 1 M solution 86 {i K &nkthylhydrazide thiocarbamatet() in

DMSO (0.25 mmol; 6 eq) was added. To the cloudy solution 1 mL of DMSO was added in order to

ensure proper solubgation. The resulting mixture was slowly frozen and thawed for three times
at-20°C. Subsequently 53.3 mg of solid N&B¥H(0.85 mmol; 20 eq) were added and the solution was
kept at 8°C overnight. Completion of the reduction was confirmed BYI&CAfterwads the product
was purified by RIPIPLC. Produaiontaining fractions were evaporated and lyophilised three times in
order to remove volatile saltsProduct yield was determined by tidsorbance at 260 nm
(8260 = 13500M*cm )23 in water to be 37.3 umol (88%).

IH NMR (400 MHz, Deut erli-8),8.280x 1kHe)) 6.1d (d,8= H8Hz, (K H-1 &)AH
477dJ= 6. 0 Hz, 1H, partly c 4574¢dd,&=d5.1p3y7 Hz, aHHWBeO4.43 fpe a k ,
J=3.0 Hz, 1H H-2R), 4.27 (ddJ = 5.2, 3.0 Hz, 2HH-1R), 4.19 (dddJ = 11.0, 5.6, 2.8 Hz, 1HH-56 A)a4.10
(dt,J=11.3, 6.0 Hz, 1HH-56 B), 3.99i 3.85 (m, 2H H-2R, H5R), 3.79 (ddJ = 7.3, 5.1 Hz, 1HH-3R), 3.12

(s, 3H NCHs), 2.91 (ddJ =12.4, 8.5 Hz, 1HH-4R), 2.70 (q.J = 7.4 Hz, 2H EtCHy), 1.21 (t,J= 7.4 Hz, 3H
Et-CHa).

3p NMR (162 MHz, DBI®.45(®I=RL3Hz) A% 11ddd3 218 Hz).

HR-ESI-MS: found:676.1213; calculated676.1209 ([M-H]",Ci19H32N7014P.S);
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6.3.3.Protein Conjugation

NH,
N X
o o ¢ J‘
1l I 7
0-P-0-P-0 N
o HN HO o@ O@ (o}
NH; YN
o </N N o=s ) OH OH OH OH
Oflg*O*H*O N N/) Oxone, rt, ) 42
Lo 2h, MQ
o HN— O % 99 °© —_— N NH,
\  OH OH ¢ N
OH OH o o <
) “ 0-P-0-P-0 N
HO 6. o o
O  HN €} (©)
os/ N
\S\\o \ OH OH OH OH
43
NH,
N X
N
2 9 <A
0-P-0-P-0 NN NH;
o>LHN Ho % % ° o o AW
N i If
Osd "\ OH OH OH OH 0.15 M NaCl, 0-P-0-P-0 4
o 0.1 MPBS, in— HO 6. 0 o
43 pH = 7.5, 4°C, N © e
8h
. - =t . )=00H OH OH OH
s
HZNWCOOH
SH
HzNWCOOH
H1.2-E15C

Schemes-2: Oxidative activation of linkezoupled ADRibose41 and subsequent couplirgf the sulfoxide derivativé3to
protein on the example of histone H1.2

The process of protetADPRribose conjugation can mechanistically be split into two parts albeit in all
couplings performed in this thesis both steps were performed successively on the sankodtye
oxidative activation of linkecoupled ADRibose41a 5 mM solution in MQ wasupplemented with

2 uL of 50 mM Oxone in MQ and kept at room temperature for 2 h. In the meantime, the protein to
be coupled was subjected to a reduction of possibly present disulphide bdhdeefore the protein
wasdiluted with 3x PBSfifal concentraibn 1x) and 100 mM TCEP in M@4dl concentration 7.5 mM)

to 500 ug/mL. The resulting solution was incubated at 37°C for 30 min. The successful oxidation of the
ADRribose conjugate wasonfirmedby direct inject EQYIS in negative ion mode.

For the couplig to the protein 3 pL of the activated AltiBose derivativef{nal concentration 1.0 mM)
was added to 12 pL solution of the reduced protding] concentration 400 pg/mL) and chilled in the
fridge at 4°C overnight.

Coupling results were analysed on thext day via L&S and if needed SDS PAGE.
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6.4.Synthesis of Dimeric ABB#bose

6.4.1.Synthesis of the BuildiBpck withOrthogonallyProtectedPhosphates

B
o B NH,
HN " 1.) PSS (56), TPS-CI, Ny
N - - .- 4
Ny 1) 7oL 0°C, 21, SN sERTe 0 ¢ B
<) DCM HO N NJ A oo N
DMTr—O NTONT  g-Osp-Osgg  2) TFA, t, 15 min, o 2.) 33% NHg(aq), S o
o . N DCM DBU, rt, o.n.
—_— U
\( T/ 2% 57% OR OOR OR
OR GOR OR OR OOR OR over 2 steps
o o
S o Q 68 0-p-0°
. on 0-P-OCE o
OCE ©
R = TBDMS

Schemeb-3: Synthesis of the building block with equipped with distinct primary phosphates and niabie@rotecting
groups.

a) 6-N-BenzoyBQ0O-tertbutyldimethylsily2Q0-h -p-0 H QdiG-terfb@yldimethylsily
p ©discyanoghylphosphate¥ibofuranosyadenosine

hn-B?
/N \N
<N \N J

(]

OR OOR OR

0 Q
o-P-oCE
OcE

Orthogonally protected building blod& was synthesised as previously described.

130 mg ofl7 (113 umol; 1 eq) were dried under reduced pressure for 2 h. Then the starting material
was dissolved in 10 mL of dry DCM and cooled to 0°C under an atmosphere of nitrogen. 89 pL
bis-(2-cyanoethyN,N-diisgpropyl phosphoramidit¢340 pumol; 3 eq) were added followed by 1 mL of
0.45M tetrazole in MeCN. The reaction was allowed to reach room temperature overnight and 500 pL
of 5.5 MtBuUOOH in decan were added as oxidising reagent. After 1 h the reaction was quenched by
addition ofa saturated agueous solution of NaH{&0d extracted three times with ethyl acetate. The
organic phase was dried over Mg&Dd evaporated to dryness. The residue was taken up in 5 mL of
DCM and 100 pL of TFA were added. After 30 min the reaction washgeebyg addition of a saturated
aqueous solution of NaHG@nd the organic phase was washed successively with MQ and brine. After
drying over MgS©and evaporation of the solvents the product was subjected to flash column
chromatography with 5% MeOH in D@give 92 mg of product (84 umol; 72%).

H NMR (400 MHz, Chlorofornd) ad 9. 2 12), 8.8 (s, IHHB), 81841 7.96 (m, 2 H Ar), 7.63 7.55

(m, 1H, Ar), 7.57i 7.53 (m, 2H, Ar), 6.04 ()= 7.9 Hz, 1H M 5.81 (ddJ = 15.8, 9.1 Hz, 1HH-1 §, .98
(dd,J=18.0,4.4 Hz, 1HH-2)%4.86 (d,J=3.0Hz, 1H, H3 6 ) , 4=4&31Hz,(1d, H 6) , 3J=83, (dd,
30Hz,1H,H3 66 ) , J32.9Hz 4d,LE), 3.743.63 (M, 2H- OH, H5 6 6 a )i ,3.573(m,AR, H5 6 6 b ) ,
3.55(ddJ=10.6,39Hz,1H,Fb 6 a) , 3=18.6,4.7THzdlH, b 6b) 1. BU),0.02K 9H,3BH),

0.89 (s, 9HBu), 0.14 (s, 3H, SiMe), 0.13 (s, 3H, SiMe), 0.02 (s, 3H, SiMe), 0.01 (s, 3H, SiMe), 0.00 (s, 3H,
SiMe),-0.05 (s, 3H, SiMe),

120



Experimental Section

3P NMR (162 MHz, Chloroforrd) UG 3 0. 9 3.

HR-ESI-MS: found:1032.4282 calculated: 1034514 ([M+H] *,CaeH7sN7012PSk*);

b) 3-:O-tertbutyldimethylsily2'-O-"-D-0 H QdrG-tertd@yldimethylsily
p @©Phosphoryribofuranosyladenosinep -Q-thiophenytphosphate §8)

NH,
N AN
N
o ¢l
So-p-0 N~y
S o
© OR OOR OR
o) o]
68 0-p-o°

(S]

92 mg of N-6-Benzoyo -Q-tertbutyldimethylsilyt2'-O-"-D-6 H Q-@i-Ertb@yiimethylsilylp DDis
cyanoethylphosphatejibofuranosytadenosing81 pmol; 1 eq) were dissolved in pyridine and 114 mg
PSS (299 umol; 3 eq; synthesised according toédad®>®), 117 mdp-phenyklH-tetrazole(798 pmol;

8 eq)and 121 mg of2,4,6triisgpropylbenzenesulfonyl chlorid99umol; 4 eq) were added to the
reaction. After stirringovernightunder an atmosphere of nitrogen the reaction was quenched by
addition of a saturated agueous solution of NaH@@d extracted twice wth ethyl acetate. The
organic phase was dried over MgSdhd evaporated to dryness. The intermediate substance was
purified by flash column chromatography with a stepwise gradient from 1% MeOH in DCM to 3% MeOH
in DCM. The fractions containing intermediatvere pooled and the solvent was evaporated. The
residue was taken up in 4 mL of 33% aqueous &td 1 mL of DBU and stirred overnight at room
temperature. Completion of the reaction was confirmed by-M&. The reaction mixture was
lyophilised. Afterwardshe desired product was purified by RPLC on a-8 column to give 45.9 mg

of product (46 pumol; 57%)

IH NMR (400 MHz, Methanetly) UG 8 . ,3H2), 826 (s, 1HHB), 7.67i 7.51 (m, 2H Ar), 7.16 (s, 3HAI),
6.21 (d,J=5.0 Hz, 1HH-1 % 5.13 (d,J= 4.0 Hz, 1H H-1 §,4.851 4.79 (m, 2HH-2 6 ;3 pHM.55 (t,J=4.1
Hz, 1H H-4 )0 4.36i 4.25 (m, 2HH-3 6 64 9§, &25i 4.15 (m, 2HH-5 §, .15 4.06 (m, 1H H-2 9, 4.03 (t,
J=4.8 Hz, 1H H-5 6)$306 (q,J = 3.9 Hz,1H, H-5 ®)00.96 (s9H, tBu), 0.93 (s,9H, tBu), 0.81 (s, 9K tBu),
0.19 (s, 3H SiMe), 0.16 (s, 3HSiMe), 0.13 (s, 3K SiMe), 0.10 (s, 3HSiMe), -0.01 (s, 3H SiMe), -0.05 (s, 3H
SiMe).

3p NMR (162 MHz, Methanetl) o (P8 6Q.OB(P-5 6.6 )

HR-ESI-MS: found:992.388; calculated992.3323([M-H]",CsgHeeNs013P-Siz);
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6.4.2.Synthesis of the Terminal Adenosine and RRessdues

Schemes-4: Synthesis of protected adenosine 71 without biadsle protecting groups.

a) H -©-Q-Ditert.-butyldimethylsilyladenosine §9)1*84

2.0g ofadenosing7.5 nmol; 1eq)and 4.6 g of imidazole (67.6 mmol; 9 egre dissolved ii00mL

of DMF. 4.08 g of TBd (27 mm§ 3.6 eq) were added and the reaction waisred overnight at room
temperature under an atmosphere of nitroge@n the next day the reaction was diluted with 75 mL

of DCM and washed with a saturated aqueous solution of Nald@@brine. The organic phase was
dried over MgS@and evaporated to dmyess. The resulting gum was taken up in 4 mL of water and

16 mL of glacial acetic acid and heated to 100°C for 3 h. The solvent was concentrated and evaporated
twice from toluene. Purification with flash column chromatography with ethyl acetate/hexands 1:1

2:1 yieldedl.64g of69 (3.3mmol; 44%).

IH NMR (400 MHz, Chloroforrd) U 8 . 3 @), 1.88 (s, 14,#B), 5.78 (d,J = 7.8 Hz, 1H H-1 ) 5.04 (dd,

J=8.0, 4.5 Hz, 1HH-2 Y9 4.33 (dJ = 4.5 Hz, 1H H-3 04.15 (s, 1HH-4 ¥ 3.93 (dd,) = 13.2, 1.9 Hz, 1HH-5 §,a
3.70 (t,J = 12.6 Hz, 1HH-5 §,19.94 (s9H, tBu), 0.74 (s9H, tBu), 0.12 (s, 3HSiIMe), 0.11 (s, 3HSiMe), -0.14

(s, 3H SiMe), -0.61 (s, 3H SiMe).

HR-ESI-MS: found:496.2765 calculated496.2770([M +H]*,Co2H42Ns504Si2*);
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