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1. Theoretical Background 
 

In this introductory chapter the cellular role of ADP-ribosylation is put into a biological context with a 

more detailed focus on the modification of linker histones and its effects on chromatin. Moreover, the 

structure of poly(ADP-ribose) (PAR) is introduced, evaluated regarding its chemical synthesis, and the 

state-of-the-art is reviewed. Additionally, strategies for the site-selective attachment of ADP-ribose to 

peptide structures are presented. Last, possible solutions for a central challenge of this project, namely 

the formation of pyrophosphate bonds in complex molecules, are discussed. 

 

1.1. Structure of Chromatin 
 

One of the basic tasks of every living cell is to ensure the proper storage and accessibility of genetic 

information. In eukaryotic 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 exhibits 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 heterochromatin.[1] The 

constitutive form is mainly enriched in repetitive sequences with low genetic content and always 

remains in a compacted state. The facultative form in contrast undergoes transition from the compact 

transcriptionally-repressed form to a more loose and actively transcribed state. The regulation of this 

process and the maintenance of the different chromatin regions is of utmost importance since it has 

an impact on the majority of DNA-based processes including transcription, replication and DNA 

repair.[2] 

 

 

Figure 1-1: Schematic representation of the different levels of compaction ŦǊƻƳ άŦǊŜŜέ 5b! ǘƻ ǘƘŜ Ŧǳƭƭȅ ŎƻƴŘŜƴǎŜŘ ƳƛǘƻǘƛŎ 
chromosome; Picture by Dr. 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 required.[3] 

The first level of compaction consists of a polynucleosome array also known as beads-on-a-string. In 

this form of condensation the nucleosomes are metaphorically regarded as beads that are 

interconnected by a string of DNA, leading to an approximately five-fold compaction of DNA 

(Fig. 1-1).[4] Consequently, nucleosomes can be considered as the basic unit of DNA packaging and are 

composed, of an octamer of so-called core histones that are encompassed by the DNA double 

strand.[5-6] These small proteins consist of 100 to 130 amino acids and are highly conserved throughout 

the domain of eukaryotes.[7] Structurally, the core histones present a folded globular domain and an 

unstructured N-terminal tail region. Within the globular domain a characteristic helix-strand-helix 

structure is located, called the histone-fold motif.[6] Crystal structures revealed that the interactions of 

these motifs are crucial for the stabilisation of the core histone octamer.[8] Furthermore, 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 feature allows wrapping of DNA around the histone octamer 

forming the nucleosome core particle with a diameter of about 10 nm. Each nucleosome thereby 

comprises 180 ς 200 base pairs of DNA, 145 ς 147 of them being in direct contact with the proteins.[9] 

The aforementioned N-terminal tails of the histones extend beyond the core particle and open the 

possibility for further intranucleosomal interactions or for the binding of neighbouring 

nucleosomes.[10-11] Additionally, these tails are the target for a plethora of combinatorial 

posttranslational modifications (PTMs) which have important roles in DNA replication, transcription 

and repair.[12] For this reason, proteolytic digestion of the histone tails (histone tail clipping) leads to 

drastic alterations in nucleosome dynamics.[13]  

The next level of compaction builds on the described polynucleosomes and is referred to as 30-nm 

fibre. Although extensively studied, the biological role as well as the exact structure remain a topic of 

discussion.[14] The situation is aggravated by the fact that the structure of the 30-nm fibre was found 

to depend on ionic strength, length of linker DNA and abundance of linker histones.[15] Through the 

formation of chromatin loops within the 30-nm fibre chromonema fibres can be formed that exhibit 

diameters ranging from 120 to 170 nm.[16] Besides the diameter many details of this chromatin 

structure remain elusive.[17] The fibre-like structure displays an irregular folding pattern which varies 

in length and level of condensation.[18] Influences of multivalent cations, fibre-fibre interactions and 

chromatin associated proteins have been reported.[19-20]  

Supercoiling of chromonema fibres leads to the highest level of condensation that can be achieved in 

the mitotic metaphase, leading to a 10000 to 20000-fold compaction of DNA. Condensin and Cohesin 

molecules that are located in the central axis promote the formation of the prominent chromosomes, 

a chromatin fibre with a diameter of about 500 ς 750 nm.[21]  
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1.2. Linker Histones  
 

In addition to the core histones, the formation of the higher order chromatin structures that are 

described in the previous section requires other proteins for stabilisation.[19] The most abundant 

among these architectural proteins in eukaryotic cells are linker histones.[22] In contrast to earlier 

assumptions that at each nucleosome one linker histone is present, it was found that this feature 

differs depending on the tissue, as well as on the nucleosome repeat length.[23] Generally, the 

stoichiometry ranges between 0.8 ς 1.4.[24]  

Within the beads-on-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 digestion.[25] The binding of linker histones to the nucleosome dyad occurs close to the 

entry/exit site of the DNA double strand [26-27] (Fig. 1-2) and the resulting complex is referred to as 

chromatosome (Fig. 1-1).[28] This association between nucleosome and linker histone is crucial for the 

formation of higher order chromatin structures[29] and furthermore protects additional 20 base pairs 

of linker DNA from nuclease digestion.[30-31] However, the exact binding mode of linker histones to the 

nucleosome, their localisation within chromatin and interactions between linker DNA and 

chromatosomes are still part of controversial discussions.[32] 

 

 

Figure 1-2: Structure of the chromatosomes and the nucleosome core particle; A) Schematic representation of 
chromatosomes with binding position of histone H1.[33] B) Crystal structure of the nucleosome core particle (PDB ID 1KX5) 

with DNA depicted in sticks and the four different core histones coloured as indicated. Terminal tails of histones protruding 
the core particle are clearly visible; https://pubs.acs.org/doi/10.1021/cr500373h.[34]  
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The impact of linker histone H1 is founded in its structure. 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 about 70 - 80 amino acids is encompassed 

by two tail regions. The N-terminal tail is significantly shorter and comprises roughly 30 amino acids 

while the C-terminal domain is about three times larger.[35] By deleting the terminal regions or 

exchanging their position the irrelevance of the N-terminus for binding to the nucleosome was 

shown.[36-37] The globular domain, in contrast, is not only the part of the protein protecting linker DNA 

from nuclease digestion[31], but is also able to bind the nucleosome by structure specific 

recognition.[38-39] While the central region of the protein seems to be ordered, as ascertained by NMR 

spectroscopy and X-ray studies, the two terminal tail domains are lacking a high resolution and are 

therefore most likely unstructured.[35, 40] 

The C-terminal 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 arginines.[41-42] This feature is presumed to 

allow the formation and the regulation of higher order chromatin structures through neutralisation of 

the anionic DNA backbone. The DNA-binding ability is thought to be based on two functional regions 

that were discovered by mutational studies.[43-44] Along these lines, the C-terminal domain is essential 

for the association of H1 to chromatin in vivo[45-46] and indispensable for the formation of the 30-nm 

fibre.[37] Upon binding to DNA, the initially disordered C-terminal domain folds from a random coil into 

a precisely determined structure[47] and thus enables the arrangement of the nucleosome stem 

structure by intercalating between two adjacent linker DNA helices.[48-49] The further compaction of 

chromatin is suggested to be facilitated by inter-nucleosomal stem-to-stem interactions.[50] 

In comparison to the core histones, the family of linker histones is less conserved and, in most 

organisms, multiple 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 sequence.[51] The linker histone family in humans comprises eleven 

genetically distinct members with H1.1 to H1.5 sharing 89% sequence identity.[52]  

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 S-Phase (mostly H1.1 to H1.5). H1.1 to H1.5 are expressed ubiquitously[53-54] with H1.2 and H1.4 

being predominant in most cell types.[55] The other group are the replication independent genes that 

encode for replacement histones and are expressed in resting cells (H1.0 and H1.x).[56] Together all of 

them represent the seven somatic variants of linker histones. 

Although the microheterogeneity in the N- and C-terminal tail regions significantly influences the 

biological role of linker histones culminating in effects on gene regulation[57-59] and even distinct 

extranuclear functions like e.g. an apoptogenic activity for H1.2[60-62], it is assumed that the specificity 

of the individual variants is mostly caused by different PTMs of the linker histones.[51] 
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1.3. Posttranslational Modification of Histones and its Effect on Chromatin 
 

The structure of chromatin 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 roles in these processes as 

well as in embryonic development and the course of several diseases.[12, 63] Due to the plethora of PTMs 

occurring on histones they are regarded as key players in epigenetics and are known to influence 

chromatin remodelling[2], DNA replication[64] and repair mechanisms[65] by altering intra- as well as 

internucleosomal histone-histone and histone-DNA interactions.[66] The hotspot for the dynamic 

attachment of PTMs are the N-terminal protein tails protruding beyond the nucleosome core 

(see Fig. 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 positions these proteins are often referred to as histone mark 

άǊŜŀŘŜǊǎέΣ άǿǊƛǘŜǊǎέ ŀƴŘ άŜǊŀǎŜǊǎέ όCƛƎΦ м-3).[67-68] Up to the present, fifteen different PTMs have been 

identified to occur on histones including for example acetylation, methylation, phosphorylation, 

ubiquitylation and ADP-ribosylation.[13] 

 

 

Figure 1-3: Depiction of the histone code hypothesis. PTMs on histones act in combination or sequentially to enable the 
recognition by specific effector proteins, so-ŎŀƭƭŜŘ άǊŜŀŘŜǊǎέΦ !ǘǘŀŎƘƳŜƴǘ ŀƴŘ ǊŜƳƻǾŀƭ ƛǎ ǊŜŀƭƛǎŜŘ ōȅ ŜƴȊȅƳŜǎ ǘŜǊƳŜŘ 

άǿǊƛǘŜǊǎέ ŀƴŘ άŜǊŀǎŜǊǎέ.[63] 

 

The different histone modifications do not occur independently, 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 site,[69] within the same tail,[70-71] or at different tails.[72] 

Besides this, an effect of DNA methylation on histone modification was observed and vice versa.[13, 68] 
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These closely linked effects of distinct modification patterns on histones and the influence on 

ŘƻǿƴǎǘǊŜŀƳ ŜǾŜƴǘǎ ƭŜŘ ǘƻ ǘƘŜ ǇǊƻǇƻǎŀƭ ƻŦ ǘƘŜ άƘƛǎǘƻƴŜ ŎƻŘŜέ ƘȅǇƻǘƘŜǎƛǎ ōȅ {ǘǊŀƘƭ ŀƴŘ !ƭƭƛǎ ƛƴ нлллΦ[66] 

The combination of different epigenetic marks on histones leads to unique chromatin states and 

ǘƘŜǊŜōȅ ŦŀŎƛƭƛǘŀǘŜǎ ǘƘŜ ǊŜŎǊǳƛǘƳŜƴǘ ƻŦ ƻǘƘŜǊ ŎŜƭƭǳƭŀǊ ŦŀŎǘƻǊǎ όάǊŜŀŘŜǊǎέύ ǿƘƛŎƘ ǎǳōǎŜǉǳŜƴǘƭȅ ŜȄŜǊǘ 

influence on various biological processes.[73] However, despite intense research the exact function and 

regulation of gene expression by epigenetic marks on histones is not fully revealed yet.[66, 74] 

While the topic of PTMs on core histones was extensively studied over a long time, linker histones only 

emerged to play a more important role in epigenetics in the last few years.[75-76] Additionally, it is 

presumed that variants of linker histones bear particular modification patterns determining their 

specific function and interaction with downstream effectors.[77] However, except phosphorylation 

which represents the most studied PTM on H1[78], the 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, significantly fewer data is available on the 

modification with more complex entities like for instance ADP-ribose. The discussion of the impact of 

histone ADP-ribosylation has often been restricted to functions of the modifying enzymes rather than 

to histones as acceptors of this modification.[79] In the recent past advances in mass spectrometry 

allowed a more comprehensive investigation on the impact of histone ADP-ribosylation on 

chromatin.[80] 

Regarding poly(ADP-ribosylation) (PARylation), the main acceptors are in general nuclear proteins of 

which more than 150 were identified to be covalently modified by PAR in vitro and more than 60 were 

associated with PAR in vivo.[81] The majority of these target proteins are involved in the modulation of 

chromatin structure including histones, high mobility group proteins and topoisomerases.[81-82] While 

ADP-ribosyltransferase diphtheria toxin-like 1 (ARTD1) is with over 90% the main acceptor[83-84], 

ADP-ribosylation is also reported for H1 and all four core histones. In vivo, H1 and H2B are the most 

abundant mono- and poly(ADP-ribosylated) species among the chromatin-associated proteins.[85] 

Due to the size and charge of PAR its attachment to histones induces an immediate decondensation of 

higher order chromatin structures.[82, 86] This process is promoted by the polyanionic character of this 

PTM which enables PAR to compete with DNA for binding to histones and disrupt histone-DNA 

interactions culminating in unwrapping of chromatin fibres.[87-88] In vitro this particular mode of action 

could also be demonstrated on purified chromatin fibres.[86] 

The severe and fast changes in chromatin structure mediated by PARylation are most obvious in the 

central role of this modification in DNA damage response.[79] DNA strand breaks strongly trigger the 

activity of ARTD1 resulting in automodification of this enzyme as well as massive modification of 

histones.[89] This promotes the recruitment of proteins involved in further opening of the chromatin 

structure and DNA repair (Fig. 1-4).[90-91] However, it is not clear if the recruitment of these effectors is 

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 investigation.[79] 
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Figure 1-4: Decondensation of chromatin as a consequence of DNA strand break-induced PARylation of histones and ARTD1. 
Positioning of known modification sites of histones H1 and H2B.[79, 89, 92] 

 

Yet it is not only severe damage to DNA that leads to altered chromatin structures induced by 

ADP-ribosylation. This event can also be observed during transcription, cell cycle regulation, cell 

differentiation, maintenance of pluripotency, and replication.[67] Relaxed chromatin facilitates the 

accessibility of the transcriptional machinery to promoter regions and thereby has an influence on 

gene expression. Thus, an enhanced ADP-ribosylation activity was ascertained for transcriptionally 

active domains of the genome.[93] In addition to the ADP-ribosylation activity, ARTD1 and histone H1 

compete for binding to promoter regions as well as nucleosomes and thereby modulate the expression 

of target genes.[86, 94-95] During S-Phase of mitosis histone modification is increased two fold[96] and 

there is strong evidence that ADP-ribosylation is essential for cell cycle progression in proliferating 

cells.[79] Moreover, ARTD1-mediated PARylation enables the histone-to-protamine exchange in 

spermatids by local chromatin decondensation.[97] 
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1.4. Structure and Metabolism of ADP-Ribosylation 
 

As already implied above, a main focus of this introductive chapter will lie on the PTMs based on 

ADP-ribose. For this reason, the structure and metabolism of this complex and unique entity will be 

discussed in greater detail in this section. 

ADP-ribosylation describes the covalent attachment of single or multiple ADP-ribose residues 

originating from nicotinamide adenine dinucleotide (NAD+) onto amino acid side chains of acceptor 

proteins. After the first discovery of this process in bacterial toxins like the Corynebacterium 

diphtheriae toxin, ADP-ribosylation was found to be an evolutionarily conserved PTM of proteins found 

in all living cells with the exception of yeast.[89, 98] 

The synthesis of this structurally complex PTM is catalysed by enzymes called ADP-ribosyltransferases 

(ARTs) that can be subdivided into three distinct families.[67] Extracellular ADP-ribosylation is mediated 

by cholera toxin-like ADP-ribosyltransferases (ARTCs).[99] However, the biggest group with eighteen 

human family members identified so far are the diphtheria toxin-like ADP-ribosyltransferases (ARTDs) 

(formerly known as PARPs, Poly(ADP-ribose) polymerases[100]) which are the main enzymes catalysing 

intracellular ADP-ribosylation. Additionally, a subset of sirtuin deacetylases are also able to mediate 

the attachment of ADP-ribose onto proteins.[101-102]  

A further distinction within the family of ARTDs has to be made between MARylating and PARylating 

enzymes. This results in the occurrence of two different forms of PTMs that are closely related and 

partly connected due to their metabolism (vide infra). While mono(ADP-ribosylation) (MARylation) 

describes the transfer of one single ADP-ribose residue from the co-substrate NAD+ onto a target 

protein (see scheme 1-2), in the case of PARylation the attachment of further entities onto a growing 

chain results in long polymeric chains of multiple ADP-ribose units.  

PARylation was described in all eukaryotes and archaea, but not in yeast.[98] The transfer of additional 

ADP-ǊƛōƻǎŜ ǳƴƛǘǎ ƻŎŎǳǊǎ ƻƴ ǘƘŜ нΩ-hydroxyl group of the terminal adenosine forming an 

ʰόмΩΩҦнΩύ-O-glycosidic linkage towards the next unit. In this manner, polymers comprising 

нΩ- -hD-ribofuranosyl adenosine as core motif interconnected by anionic diphosphate linkages are 

formed that can reach chain lengths of up to 200 monomers in vitro.[103-104] However, the size of the 

polymer is highly heterogeneous and the average length is about ten units in nuclei of unstressed 

cells.[105] In longer linear oligomers the formation of an h-helical secondary structure was proposed 

resembling the one of DNA[106] which is supported by the finding that antibodies raised against PAR 

can recognise oligonucleotides and vice versa.[107-108] 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 ADP-ribose unit is attached to the nascent chain via an additional 

O-ƎƭȅŎƻǎƛŘƛŎ ƭƛƴƪŀƎŜ ǘƻ ǘƘŜ нΩ-hydroxyl group of the ribose entity within the central motif, from there 

on allowing the bidirectional elongation of the polymer (Scheme 1-1).[109-110] Since PAR is a transient 

PTM it has a rapid turnover in the cell and needs to be strictly regulated. The polymerisation process 

is controlled by the concentration of NAD+. It was found in in vitro experiments that a concentration 

of 1 - 2 µM was necessary for polymer elongation, whereas highly branched polymers were formed in 

the presence of 200 µM NAD+.[98, 111] All these characteristics make PAR probably the most elaborate 

metabolite of NAD+.[112] 
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Scheme 1-1: Chemical structure of PAR linked to an aspartic acid side chain of the target protein via an O-glycosidic bond; 
modified from[113-114] 

 

The formation of PARylation can be subdivided in three enzymatic steps which in some cases can all 

be catalysed by the same enzyme.[111] The typical process starts with the initiation step, the 

nucleophilic attack of a side chain of the substrate protein on the C-1 position of NAD+ leading to a 

covalent attachment of ADP-ribose (Scheme 1-3 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 modified.[98, 115] However, attachments of ADP-ribose 

on asparagine, glutamine, serine and cysteine were also reported.[116] The modification of 

N-nucleophiles leads to the formation of an N-glycosidic bond. In the case of amino acid side chains 

bearing a carboxyl functionality (glu, asp) ester linkages are formed, which may be stabilised by a 

мΩ-нΩ-acyl shift.[117] The addition on lysine residues also results in the formation of N-glycosides that can 

undergo an Amadori-rearrangement towards a stabilised ketamine bond (Scheme 1-2).[118] All these 

different types of linkages evidently exhibit different intrinsic stabilities and specialised transferases 

and hydrolases dedicated to their selective attachment and removal.[116] 
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Scheme 1-2: Attachment of mono(ADP-ribose) to different amino acid side chains and the resulting forms of linkage.[119] 

 

The second step in the formation of PAR is the elongation of the growing oligomer. This is achieved by 

ŀ ƴǳŎƭŜƻǇƘƛƭƛŎ ŀǘǘŀŎƪ ƻŦ ǘƘŜ нΩ-hydroxyl group of the terminal adenosine moiety on the anomeric centre 

of the ribose residue of NAD+ ŎƻƳǇǊƛǎƛƴƎ ƴƛŎƻǘƛƴŀƳƛŘŜΦ Lƴ ǘƘƛǎ ǿŀȅ ŀ ƴŜǿ ʰόмΩΩҦнΩύ-O-glycosidic linkage 

is formed in a stereoselective manner and nicotinamide is released (Scheme 1-3 Elongation).[120] 

Another function of the PARylating enzymes is the generation of the aforementioned branching points. 

Therefore, a further unit of ADP-ǊƛōƻǎŜ ƛǎ ŀǘǘŀŎƘŜŘ ǘƻ ǘƘŜ нΩΩ-hydroxyl group forming an additional 

ʰόмΩΩΩҦнΩΩύ-O-glycosidic linkage originating from the ribosylated adenosine core motif in an erratic 

manner. From the two terminal ADP-ribose groups the polymer may be elongated in two distinct 

directions (Scheme 1-3 Branching).[109-110] 

The lack of the ability to form PAR strands of MARylating enzymes like most of the 18 members of the 

ARTD family with the exception of ARTD1, ARTD2, ARTD5 and ARTD6[121] is based on fine differences 

in their active centre. 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 NAD+. Due to this substrate-assisted 

catalysis mechanism no further elongation of the monomeric PTM is possible for this kind of 

enzymes.[122] 
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Scheme 1-3: In vivo metabolism of PAR; Green = anabolism; red = catabolism.[82] 

 

In order to be adaptable to different situations, the formation of ADP-ribose is a reversible and tightly 

regulated process. Its levels can fluctuate on short time frames in response to external stimuli.[123-124] 

Consequently, there are several enzymes that are capable of degrading ADP-ribosylation marks from 

target proteins. Poly(ADP-ribose) glycohydrolase (PARG) comprises an endoglycosidase[125] as well as 

an exoglycosidase[126] activity and thus is able to cleave the O-glycosidic bonds within PAR polymers. 

The non-homologous ADP-ribose-acceptor hydrolase 3 (ARH3) and members of the NUDIX family of 

proteins are other enzymes that degrade PAR chains.[127-129]  
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Instead of cleaving the glycosidic bond NUDIX acts as a pyrophosphorylase hydrolysing the 

phosphoanhydride linkage between two ribosyl adenosine building blocks.[130-131] However, even if all 

of the above-mentioned enzymes efficiently hydrolyse PAR oligomers none of them is able to 

hydrolyse the first amino acid-bound ADP-ribose unit. For this purpose, specialised enzymes were 

identified. ARH1 is known to specifically cleave ADP-ribosylated arginine[132] while ARH3 was found to 

be the main enzyme responsible for the removal of modifications on serine.[133] The 

macrodomain-containing hydrolases MACROD1, MACROD2 and TARG, which cleave ester-linked 

ADP-ribose from aspartate and glutamate, confirmed the full reversibility of ADP-ribosylation from 

these residues.[134-136] Despite intensive research there are no proteins known that reverse lysine 

ADP-ribosylation.[67] The different steps of PAR degradation are depicted in scheme 1-3. In summary, 

the turnover of ADP-ribosylation by different hydrolases enables spatial and temporal control over the 

recruitment and release of PAR-associated proteins, as well as transient signalling upon external 

stimuli.[137] 

The number of identified proteins subjected to ADP-ribosylation is steadily increasing due to 

impressive advances in mass spectrometry and proteomics.[138] Besides the effects mediated by the 

described covalent modification of proteins also non-covalent interactions with proteins bearing one 

of at least four distinct binding motifs are reported (Scheme 1-4).[67, 137] It was shown that the binding 

affinity of specific target proteins depends on chain length and the extent of branching within PAR.[139]  

 

 

Scheme 1-4: Recognition sites of PAR-binding domains on the polymer chain; modified from[137] 

 

The number of targets that exhibit non-covalent interactions with ADP-ribose 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 involved.[140-141] The PAR-binding motif (PBM) was the first protein 

domain that specifically binds PAR to be discovered and comprises a stretch of 20 hydrophobic amino 

acids interspersed with basic lysine-arginine clusters.[142] PBMs are present in a broad range of proteins 

involved in DNA damage response, chromatin remodelling and RNA processing.[140] The PAR-binding 

zinc finger (PBZ) is a 3.5 kDa domain that is closely related to the single-stranded RNA-binding zinc 

fingers of the C3H1 class. It consists of a relatively disordered fold that is punctuated by a 

zinc-coordinating motif. This allows stacking interactions with the adenine bases of two consecutive 

ADP-ribose units within PAR and the unique ʰόмΩΩҦнΩύ-O-glycosidic linkage.[143-145] 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 regulation.[146] The evolutionary 

most conserved PAR-binding motif is the so-called macrodomain.[137]  
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With a size of 130 to 190 amino acids it is relatively large compared to the other binding motifs and it 

is able to interact with mono(ADP-ribose) as well as with the terminal ADP-ribose residue of PAR 

chains.[147] Similarly to the PBZ domain, macrodomains also occur organised in tandem arrays within 

one protein in order to increase their effective affinity in a cooperative manner.[137] Another 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 certain E3-ligases underlining a functional 

link between ubiquitylation and ADP-ribosylation.[67, 148] In addition to the mentioned and relatively 

well-characterised PAR-binding domains, novel domains showing affinities to MARylated and 

PARylated targets are constantly being identified. Furthermore, there is strong evidence that also 

several DNA- und RNA-binding motifs are likewise able to bind PAR due to the apparent structural 

similarities.[149-151] 

ADP-ribosylation 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 not the only pathway, ADP-ribosylation also represents a key component of the cellular 

stress response.[89] These signals are mediated in diverse biochemical ways. The occurrence of a PTM 

like ADP-ribosylation perhaps bears advantages in pathways that require dramatic and immediate 

responses due to its structural features as a bulky and highly charged flexible chain.[137] Current 

research literature mentions three major types of mechanisms how ADP-ribosylation exerts effects on 

the functions of target proteins: the inhibition of protein-protein or protein-nucleic 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 proteasomal degradation 

(Fig. 1-5).[137] In 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 ADP-ribosylation. 

The best-investigated mechanism of function of ADP-ribose is its ability to inhibit acceptor proteins 

from interacting with their binding partners or substrates. Self-evidently, the attachment of a highly 

charged and comparatively large modification may cause dramatic changes in the structural and 

electrostatic properties of a protein.[152-153] The similar characteristics to RNA and DNA may lead to 

repulsion of nucleic acids as well as the attraction of nucleic-acid binding proteins which was already 

discussed in section 1.3. about the influence of ADP-ribosylation on DNA compaction and chromatin 

remodelling (Fig. 1-5 A). Another prominent example of this mode of action is the impressively potent 

diphtheria toxin that is released after infection with Corynebacterium diphtheriae and that efficiently 

inhibits RNA translation. The addition of one single ADP-ribose unit onto a diphthamide residue of the 

eukaryotic elongation factor 2 (EEF2) completely perturbs its interaction with the entire translation 

machinery.[154] Similar mechanisms for the inhibition of interactions in an ADP-ribosylation-dependent 

manner have been widely adopted in eukaryotic cells.[137] 
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Figure 1-5: Ways of modulation of protein function by ADP-ribosylation; A) Inhibition of protein-protein or protein-nucleic 
acid interaction induced by ADP-ribosylation; B) Recruitment of PAR-binding target proteins by creation of an 

ADP-ribosylation-based interaction scaffold; C) PARylation of target protein leads to the recruitment of E3 ligases and thus 
induces ubiquitylation and subsequent proteasomal degradation; modified from[137] 

 

The second mode 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 (Fig. 1-5 B). This behaviour is exemplified by the initiating effect of PARylation 

on DNA repair, where it recruits DNA repair factors and other chromatin-binding proteins.[155] These 

include XRCC1 (X-ray-repair cross-complementing protein 1)[156] a scaffold protein with central 

relevance for base excision repair,[157] CHD4 (chromodomain-helicase DNA-binding protein 4), a 

component of the NuRD (nucleosome remodelling and histone deacetylase) complex,[158] APLF,[143] 

CHFR, macroH2A, ALC1[155] and many more. A common feature of all these proteins is the presence of 

one of the already described PAR-binding motifs.[146] Deficiencies in the ability to bind to PAR in one of 

these proteins may impair the kinetics of DNA repair and lead to chromosomal aberrations.[159] 

Additionally, PAR-dependent 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 protect mRNAs from microRNA-mediated degradation. Along with this safety 

measure, the endonuclease Argonaute 2[160] and other crucial components of the microRNA pathway 

are PARylated in order to inhibit their function.[161] Furthermore, PAR-based molecular scaffolds are 

relevant for the formation of suborganellar structures like the recruitment of spindle pole proteins 

during mitosis[162-164] and cajal bodies in the nucleus of proliferating cells.[165] 

The discovery of the relationship between PARylation and ubiquitylation is further expanding the ways 

of biochemical interactions mediated by ADP-ribosylation and influences cell signalling and the fate of 

target proteins (Fig. 1-5 C). PAR-dependent ubiquitylation, that may cause proteolytic digestion of 

target proteins is a known phenomenon that can be initiated by different ADP-ribosylating 

enzymes.[148, 166-168] The E3-Ligase RNF146 (also known as Iduna) comprises a WWE domain providing 

the ability to bind PAR chains.[169-170]  
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This interaction represents an important part of a tankyrase-dependent pathway involved in the 

regulation of cellular signalling and especially during Glu excitotoxicity in the brain.[171-172] 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 depending on polymer length. 

The only certain fact is that ubiquitylation increases with the extent of PARylation. Besides the 

well-known RNF146-mediated PAR-dependent ubiquitylation there is strong evidence that the 

crosstalk between these PTMs is not restricted to this single pair of enzymes.[173] Several other 

ubiquitin ligases were found to contain one of the known PAR-binding motifs, suggesting that the 

interconnections between ADP-ribosylation and ubiquitylation investigated so far may only represent 

the tip of the iceberg.[146, 148, 166, 174] Additionally, there is the more general suspicion that ubiquitylation 

and SUMOylation[173] of PARylated proteins might be a way of restraining overactivation of 

PARylation-induced cell signalling by implementing a negative feedback loop.[137] 

In summary, ADP-ribosylation 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 

ƴǳƳŜǊƻǳǎ άƘƻǳǎŜƪŜŜǇƛƴƎ ŦǳƴŎǘƛƻƴǎέ ƻŦ ǘƘŜ ŎŜƭƭ ƭƛƪŜ ŎƘǊƻƳŀǘƛƴ ŘȅƴŀƳƛŎǎΣ ƳŀƛƴǘŜƴŀnce of genomic 

stability, transcription, cell metabolism, development and differentiation.[67, 149, 155, 175] At the 

organismal level, ADP-ribosylation is involved in the emergence and regulation of various pathological 

states including cancer, inflammation, and neurodegenerative and vascular diseases.[104] In this chapter 

only some examples of the multiple biological roles were mentioned to give a rough overview about 

the importance of ADP-ribosylation for eukaryotic organisms. A more comprehensive review of 

different cellular functions is given in the cited articles.[137, 176-179] 
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1.5. Chemical Tools for the Investigation of ADP-ribosylation 
 

As outlined in the last sections ADP-ribosylation is PTM that continues to draw the attention of the 

research community and represents a central component of cellular stress responses that leads to 

physiological or pathological outcomes. In this context ADP-ribosylation and the involved enzymes, 

especially ARTD1, have been touted as pharmacological targets in the treatment of numerous diseases, 

in particular those involving genotoxic and pro-inflammatory pathways.[180-181] However, even if great 

progress has been achieved 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 ADP-ribosylation events, their precise function, a 

clearer identification of their specific targets and how they vary under changing conditions might be 

achieved by harnessing applications from the toolbox of chemical biology.[137] These could enable the 

preparation of site-specifically modified proteins, the chemical synthesis of oligo(ADP-ribose), and 

many other advantageous research technologies inspired by naturally occurring molecules and tuned 

towards a specific research task by rational adaptation. 

Site-specifically ADP-ribosylated proteins would render comprehensive binding studies possible and 

therefore the exact mechanism of interactions as well as currently unknown interaction partners could 

be identified. Furthermore, with the aid of a technology to site-specifically introduce these 

modifications, antibodies against specific patterns of ADP-ribosylation could be raised opening up a 

whole new dimension for this research field.  

In order to better understand the mechanisms of molecular action and non-covalent binding of 

ADP-ribose oligomers with target proteins the synthesis of well-defined probes is essential. 

Furthermore, a chemical synthesis would allow the site-specific introduction of effector groups like for 

instance dyes, affinity-based profiling groups and many more. There is no doubt, that such tools could 

greatly enhance the progress of research. 

From the chemistry perspective, both the creation of site-specifically ADP-ribosylated peptides or 

proteins, as well as the synthesis of defined PAR oligomers appear to be highly challenging. Originating 

from the hybrid structure of all of 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 aggravated by 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 of ADP-ribosylated peptides and 

artificial oligo ADP-ribose 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 development of a solid-phase approach for 

the synthesis of ADP-ribose oligomers. These considerations are highly relevant since solid-phase 

strategies proved to give superior results in the synthesis of other biopolymers like oligonucleotides 

and peptides in comparison to solution-based approaches. 
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1.5.1. Strategies for the Synthesis of ADP-Ribosylated Peptides 

 

The vital role of ADP-ribosylation has been exhaustively described in the course of this introduction. A 

technique to further deepen the knowledge about these processes on a molecular level would be the 

design and synthesis of well-defined MARylated peptides and proteins as versatile tools for further 

research. The challenges in the synthesis of these constructs are represented by the efficient formation 

of a pyrophosphate function and by the establishment of the regioselective modification of amino acid 

side chains exhibiting the naturally occurring -hglycosidic bond. Moreover, both tasks additionally 

require the development of protecting group patterns that are 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 subjected to solid-phase peptide synthesis (SPPS). The application of a solution-phase 

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 on an immobilised and partly 

protected oligopeptide is an almost impossible task.[182] Hence, a number of studies aimed for the 

synthesis of suitably protected amino acid building blocks that may be utilised in SPPS.[183-189] 

Considerable efforts have been devoted in order to achieve a stereoselective modification of amino 

acid building blocks with suitably protected ribose derivatives in 1,2-cis configuration as a first step 

towards this objective, initially neglecting the topic of pyrophosphorylation. Bonache et al.[187] were 

the first to synthesise an h-ribosylated asparagine precursor by coupling of anomeric ribosyl azide that 

was in situ reduced to the anomeric amine towards an active ester of protected aspartate. However, 

this reductive step leads to the formation of a mixture of h- and -̡configured amines due to 

epimerisation of the formed hemiaminal and therefore reduced the obtainable yield. Shortly 

afterwards, Nisic et al.[188] refined this method by applying an innovative traceless Staudinger ligation 

of glycofuranosyl azides (Scheme 1-5) and extended the scope of modified amino acids to 

glutamate.[189] 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.  

 

 

Scheme 1-5: Synthesis of a ribosylated asparagine as building block for SPPS by traceless Staudinger ligation.[189] 

 

In order to further broaden the availability of ribosylated precursors Kistemaker et al.[186] aimed for the 

development of a more versatile approach that was not restricted to amino acids comprising acidic 

side chains. Therefore, they utilised donor 1 bearing N-phenyl trifluoroacetimidate as leaving group 

and ether-based protecting groups on the secondary hydroxyl groups. This setting allows for the 

formation of O- and N-glycosidic bonds in a highly stereoselective manner.[190] Utilising either TMSOTf 

or HClO4 immobilised on silica gel as catalysts, couplings to the protected amino acid derivatives of 

aspartate, glutamate and serine could be achieved in good yields and high purity of the desired 

anomers.  
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When a slightly different donor bearing benzyl groups instead of the PMB groups in 1 was subjected 

to the coupling also the protected ribosylated derivatives of aspartate and glutamate were obtained. 

The reason for the preferential use of amino acids bearing carboxamides as functional groups in their 

side chains is that the resulting N-glycosidic linkages exhibit a considerably higher stability than their 

O-glycosidic counterparts and therefore are chosen as stabilised isosteres.[182] 

 

 

Scheme 1-6: Synthesis of ribosylated amino acid building blocks utilising N-phenyl trifluoroacetimidate donors on the 
example of serine. By similar methodologies also derivatives of glutamine, arginine, citrulline, glutamate and aspartate 

could be obtained.[186] 

 

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 desired ADP-ribosylated 

peptides. Strategies for obtaining these structural 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 

Filippov were the first to synthesise ADP-ribosylated peptides.[183] Therefore, ribosylated derivatives of 

glutamine and asparagine that were synthesised by the already mentioned strategy of Bonache et 

al.[187] were incorporated into short model peptides consisting of six and seven amino acids. Following 

the liberation of the 5-hydroxyl group of the ribose residue from its protecting group, two different 

procedures for the construction of the ADP-ribosyl residue were explored. In the first case, an in situ 

prepared phosphimidazolidate was coupled to a suitably protected derivative of adenosine 

monophosphate. Upon deprotection the desired ADP-ribosylated peptide could be isolated. However, 

the yield was mediocre due to the formation of high shares of ribosyl phosphate and H-phosphonate. 

Afterwards, the procedure was reversed and a preactivated phosphimidazolidate species of adenosine 

was coupled to ribosyl 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 formation of the pyrophosphate 

linkage was necessary. 

In follow-up studies undertaken by the same research group[184-185] the whole synthetic process was 

refined. The strategy relied on the already introduced synthesis of ribosylated amino acids from 

N-phenyl trifluoroacetimidate donors (Scheme 1-6).[186] Since the presence of the phosphate group on 

the immobilised peptide gave better results in the formation of pyrophosphates than the vice versa 

approach, a ribosylated amino acid already carrying a protected phosphate group was synthesised 

(Scheme 1-7). In detail, derivative 2 was reacted with di-tert-butyl N,N-diisopropylphosphoramidite 

und subsequently the intermediate phosphite triester was oxidised. Upon protecting group 

manipulations aimed at introducing base-labile protecting groups on the secondary hydroxyl groups 

of ribose and liberating the carboxyl group for the intended SPPS, derivative 3 was 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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Scheme 1-7: Synthesis of amino acid derivative bearing a protected phosphoribosyl group and subsequent processing to 
ADP-ribosylated peptide.[184-185] 

 

With these building blocks in hand SPPS was undertaken to model short fragments of the proteins 

histone H2B, RhoA and HNP-1 defensin. For the formation of the pyrophosphate bridge the tert-butyl 

protecting groups were removed from the phosphate by treatment with hydrochloric acid in 

hexafluoroisopropanol to allow the coupling to the phosphoramidite derivative of adenosine 4 under 

ETT catalysis. Subsequent oxidation of the P(III)-P(V) intermediate and cleavage of the cyanoethyl 

group by treatment with DBU afforded the ADP-ribosylated peptides in improved yields. The 

phosphate coupling procedure was originally developed by Gold et al.[191] for the synthesis of sugar 

nucleotides and adapted to be used in this solid-phase strategy.  

The group of Muir followed an entirely different synthetic path than all the hitherto presented 

examples.[192] Instead of incorporating an in any manner ribosylated amino acid derivative a post 

peptide synthesis approach was developed that relies on the coupling of unmodified ADP-ribose onto 

aminooxy-containing 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 

ADP-ribose does not completely resemble the natural structure.  

In order to realise this envisaged strategy, oligopeptides containing either an aminooxy (5) or a 

N-methyl aminooxy functionality (7) on the N-terminus were assembled with the aid of manual SPPS. 

Following cleavage from the resin and global deprotection, the oligopeptides were incubated with free 

ADP-ribose under weakly acidic conditions. The reactivity of the hemiacetal group present on the 

ribose residue towards the aminooxy functionality led to the formation of oximes connecting the two 

molecules. An interesting feature of this methodology is that aminooxy peptide (5) mainly led to the 

ring-opened ADP-ribose appendage (6) and only a small fraction of the ring-closed form, while in the 

case of the N-methyl aminooxy group (7) exclusively the ring-closed form (8) was formed (Scheme 1-8). 

Additionally, it has to be noted that under the weakly acidic coupling conditions at pH 4.5 no 

modification of lysine, arginine, or other side chains was observed.  
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Scheme 1-8: Synthesis of ADP-ribosylated peptides by a post peptide synthesis approach developed by Moyle et al.[192] 
A) Aminooxy-containing side chain mainly results in ring-opened ADPr-peptide; B) N-methyl aminooxy functionality leads to 

ring-closed ADPr-peptide. 

 

The constructs created by this strategy were afterwards used in biochemical assays as affinity-based 

probes in order to identify proteins binding to the created MARylated oligopeptides. When a 

photo-crosslinking group like benzophenone was installed as auxiliary, covalent capture 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.[193] 

Another straightforward approach towards ADP-ribosylated peptides that is based on a coupling of 

ADP-ribose subsequent to SPPS was developed by Liu et al.[194] Here, azido homoalanine was 

incorporated into peptides and chemically synthesised ubiquitin in order to enable a modification via 

copper-catalysed azide-alkyne cycloaddition (CuAAC). For the synthesis of a compatible ADP-ribose 

derivative bearing an alkyne functionality N-phenyl trifluoroacetimidate donor (1) was reacted with 

propargyl alcohol to stereoselectively yield the desired -hanomer. Liberation of the 5-hydroxyl group 

and subsequent phosphoramidite-mediated phosphorylation gave ribose phosphate (9). The 

installation of the pyrophosphate bridge was achieved by P(III)-P(V) coupling[191] to a phosphoramidite 

derivative of adenosine (4). Cleavage of the protecting groups gave alkyne-modified ADP-ribose (10) 

ready for coupling to the previously described azide-bearing peptides. CuAAC reaction led to 

triazole-linked ADP-ribosylated peptides (11) and ubiquitin (Scheme 1-9).  

It might be reasonably assumed that this coupling strategy was inspired by the highly similar method 

published by Li et al.[195] one year before. However, in this publication only a simple hexapeptide was 

shown to be modified.  
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Scheme 1-9: Synthesis of an alkyne-modified ADP-ribose derivative and subsequent coupling to azide-bearing peptide to 
obtain triazole-linked ADP-ribosylated peptides.[194] 

 

 

1.5.2. Synthetic Strategies Towards ADP-Ribose Oligomers 

 

Over long periods of time the enzymatic preparation of PAR from NAD+ in vitro represented the 

state-of-the-art. This procedure affords a broad distribution of polymers ranging from two to 200 units 

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

of homogeneity by multiple chromatographic purification steps.[139, 196-197] Although remarkable 

advances have been made these processes remain laborious and lead at best to small quantities of 

polymer. Another important drawback of the synthesis of PAR via in vitro polymerisation is that with 

this approach predominantly long-chain polymers (more than 50 units) are formed, which does not 

reflect the situation in vivo.[196, 198] In whole cells the distribution of polymers is more shifted towards 

shorter oligomers (2-20 units).[105, 199-200] 

For the chemical synthesis of ADP-ribose oligomers two structural characteristics have to be 

considered. In contrast to ADP-ribosylated peptides, where an h-oriented ribosyl linkage to the side 

chain of amino acids has to be formed, in this case an ʰόмΩΩҦнΩύ-O-glycosidic bond to adenosine has to 

be constructed. Secondly, the single ribosyl adenosine moieties are interconnected by pyrophosphate 

linkages via their respective primary hydroxyl groups (Scheme 1-10). 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 linkage types in 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 pyrophosphate-containing precursor could be envisaged that acts 

as ADP-ribofuranosyl donor similar to NAD+ in tƘŜ ōƛƻǎȅƴǘƘŜǎƛǎ ƻŦ t!wΦ IƻǿŜǾŜǊΣ ŦǊƻƳ ŀ ŎƘŜƳƛǎǘΩǎ 

Ǉƻƛƴǘ ƻŦ ǾƛŜǿ ǘƘŜ ǎǘŜǊŜƻǎŜƭŜŎǘƛǾŜ ƎƭȅŎƻǎȅƭŀǘƛƻƴ ƻŦ ŀ ǊƛōƻŦǳǊŀƴƻǎŜ ƳƻƛŜǘȅ ǿƛǘƘ ǘƘŜ нΩ-hydroxyl group of 

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 date[201-202] rely of the preformation of the 

desired glycosidic bond in the synthesis of a protecǘŜŘ нΩ-O- -hD-ribofuranosyl adenosine analogue as 

central building block and subsequent repetitive formation of pyrophosphate linkages (Scheme 1-10; 

For a detailed explanation of the nomenclature of the respective positions in the central building block 

please refer to section 8.1.). 

 

 

Scheme 1-10: Intended components for the chemical synthesis of ADP-ribose oligomers; PGper = 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 building block was reported by Mikhailov et al. in 

2008.[203] The basic concept of this approach to ensure the -hselective configuration of the glycosidic 

bond was the installation of benzyl protecting groups on the arabinose derivative utilised as glycosyl 

donor. Due to this setting, the neighbouring group effect of acyl-based protecting groups could be 

exploited to ensure the correct stereoselectivity. Following condensation of nucleoside and furanose 

ǳƴƛǘ ǘƘŜ ŎƻƴŦƛƎǳǊŀǘƛƻƴ ƻŦ ǘƘŜ нΩΩ-ƘȅŘǊƻȄȅƭ ƎǊƻǳǇ ǿŀǎ ƛƴǾŜǊǘŜŘ ōȅ ǇŜǊŦƻǊƳƛƴƎ ŀ wƻōƛƴΩǎ 

oxidation-reduction sequence consisting of an Albright-Goldman oxidation and subsequent reduction 

with sodium borohydride.[204-205] This procedure yielded the desired ribo-configuration of the furanose 

moiety and thereby the scaffold of нΩ-O- -hD-ribofuranosyl adenosine. In spite of being a highly robust 

synthetic pathway based on reliable and well-established 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 scale-up applications, the group of Marx modified this 

approach[114, 206] in order to address this problem (Scheme 1-11). For this purpose, protected adenosine 

ŘŜǊƛǾŀǘƛǾŜ ǿƛǘƘ ŦǊŜŜ нΩ- hydroxyl group (12) was coupled to acyl-protected arabinose donor (13) under 

activation with tin tetrachloride to yield the trans-configured arabinosyl adenosine scaffold.  
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{ŜƭŜŎǘƛǾŜ ŘŜǇǊƻǘŜŎǘƛƻƴ ƻŦ ǘƘŜ ŀŎŜǘȅƭ ƎǊƻǳǇ ƛƴ нΩΩ-position while preserving the benzyl groups on the 

arabinose residue paved the way for the inversion of configuration into a ribosyl-configured moiety. 

Consequently, compound 14 was subjected to the oxidation-reduction cycle to yield compound 15 

ǿƛǘƘ ƛƴǾŜǊǘŜŘ ƘȅŘǊƻȄȅƭ ƎǊƻǳǇ ƛƴ нΩΩ-position. Cleavage of the silyl ethers on the molecule allowed the 

ǎŜƭŜŎǘƛǾŜ ǇǊƻǘŜŎǘƛƻƴ ƻŦ ǘƘŜ рΩ-hydroxyl group on adenosine with dimethoxytrityl chloride followed by 

selective liberation of the secondary hydroxyl functionality on ribose from its benzoyl protecting group 

to yield derivative 16. This selective hydrolysis represents the crucial step in the implementation of the 

desired protecting group pattern and closely resembles the decomposition of RNA-chains under basic 

conditions.[207] Subsequently, the secondary hydroxyl groups were protected as tert-butyldimethylsilyl 

ethers and the last remaining benzoyl protecting group was cleaved to give the desired 

нΩ-O- -hD-ribofuranosyl adenosine building block with orthogonal protection of the primary hydroxyl 

groups (17). This approach was additionally applied in the synthesis of novel inhibitors for ARTD1.[208] 

 

 

Scheme 1-11: hǇǘƛƳƛǎŜŘ ǎȅƴǘƘŜǎƛǎ ƻŦ нΩ-O- -hD-ribofuranosyl adenosine with orthogonally protected primary hydroxyl groups 
based on the approach by Mikhailov et al..[203, 206] 

 

Another pioneering approach was developed by Van der Heden van Noort et al.[209] 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 glycosyl donors were screened N-phenyl-trifluoroacetimidates turned 

out to be an amenable option. After establishing of the O-glycosidic bond in h-selective manner, 

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

groups on each primary hydroxyl group (Scheme 1-12). To a much later point of time Shirinfar et al. 

reported the synthesis of a precursor already bearing a protected phosphate by the same strategy.[210] 
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Scheme 1-12Υ {ȅƴǘƘŜǎƛǎ ƻŦ нΩ-O- -hD-ribofuranosyl adenosine by direct stereoselective glycosylation.[209] 

 

The successful preparation of phosphorylated нΩ-O- -hD-ribofuranosyl adenosine scaffolds already 

implies the focus on the next step in the chemical synthesis of ADP-ribose oligomers ς the formation 

of dimeric ADP-ribose. The group of Hergenrother[202] reported the synthesis of orthogonally protected 

ribosyl adenosine 19 by a cis-selective condensation of ̡-fluoride donor 18 with protected adenosine 

under combined activation with AgPF6/SbCl2 (Scheme 1-13). Following harmonisation of the protecting 

groups on the secondary hydroxyl groups to tert-ōǳǘȅƭŘƛƳŜǘƘȅƭǎƛƭȅƭ ŜǘƘŜǊǎ ǘƘŜ рΩ-position was liberated 

selectively and dibenzyl-protected phosphate was installed in this position via the respective 

ǇƘƻǎǇƘƻǊŀƳƛŘƛǘŜΦ {ǳōǎŜǉǳŜƴǘƭȅΣ ǘƘŜ ƴŀǇƘǘȅƭ ŜǘƘŜǊ ƛƴ рΩΩ-position of the scaffold was cleaved under 

oxidative conditions and instead a cyanoethyl H-phosphonate diester was introduced yielding the 

central building block of ADP-ribose bearing two distinct phosphate species on the primary hydroxyl 

groups (20). Having achieved this intermediate objective, the formation of the two pyrophosphate 

linkages was further pursued in a solution-phase approach. The H-phosphonate group in compound 

20 was subjected to oxidative chlorination with N-chlorosuccinimide to give a phosphochloridate in 

situ that was directly coupled to a suitably protected derivative of adenosine monophosphate. After 

cleavage of the cyanoethyl protecting group that would otherwise significantly destabilise the 

newly-formed pyrophosphate linkage, compound 21 was obtained in a yield of 72%. The authors claim 

this methodology to be superior to the more conventional methods for the construction of 

phosphoanhydride linkages based on phosphomorpholidates, or phosphoimidazolidates in terms of 

kinetics and obtainable yield.[202, 211] Hydrogenolysis of the benzyl groups of the phosphate in 

рΩ-position enabled the second coupling step. In this case, the authors report that their 

N-chlorosuccinimide-mediated activation approach failed to form the second pyrophosphate group. 

Therefore, protected ribose phosphate 22 was activated to the respective phosphoimidazolidate under 

the influence of carbonyldiimidazole and condensed to the present intermediate. Global deprotection 

finally gave dimeric ADP-ribose. In successive biochemical experiments it could be shown that 

chemically synthesised ADP-ribose dimers are hydrolysed by active PARG and a co-crystal structure of 

an inactive PARG mutant with its dimeric ADP-ribose substrate could be obtained at a resolution of 

1.9 Å.[202] 
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Scheme 1-13: Synthesis of dimeric ADP-ribose in a solution-phase approach.[202] 

 

Around the same time the group of Filippov strived to transfer their immense knowledge about the 

synthesis of ADP-ribose derivatives gained in the development of modified peptide fragments for the 

synthesis of ADP-ribose 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 

precursors.[201, 212] In 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 therefore enhance scalability.[182, 209] A 

N-phenyl trifluoroacetimidate donor was attached to commercially available 1,3,5-benzoylated ribose 

to give the h -configured disaccharide 23 (Scheme 1-14). Following manipulation of the protecting 

groups on the secondary hydroxyl functionalities, the nucleobase adenine was installed utilising a 

Vorbrüggen reaction that is known to result in the correct ̡-configuration of the base in the anomeric 

position.[213-214] On the resulting нΩ-O- -hD-ribofuranosyl adenosine scaffold 24 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 unphosphorylated form[215] and as triple 

monophosphate.[216] 

For the introduction of multiple pyrophosphate linkages again the methodology developed by Gold et 

al.[191] should be applied since it already showed promising results in other complex molecules like 

ADP-ribosylated peptides.[184, 217-218] First, a bi-tert-butyl protected phosphate was introduced in 

рΩΩ-position to afford 25 (Scheme 1-14). Subsequently the final building block 26 could be synthesised 

by attachment of cyanoethyl N,N-diisoproylphosphoramidite on the remaining primary hydroxyl 

group.  

 

 

Scheme 1-14Υ {ȅƴǘƘŜǎƛǎ ƻŦ ŀ нΩ-O- -hd-ribofuranosyl adenosine scaffold equipped with two orthogonal phosphorous species 
suitable for solid-phase synthesis of oligo(ADP-ribose).[201] 

 

For the following development of a solid-phase synthesis of oligo(ADP-ribose) 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 a Q-linker instead 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 

adenosine scaffold 26 could be performed, followed by oxidation of the P(III)-P(V) intermediate and 

cleavage of the destabilising diester with DBU (Scheme 1- 15). The liberation of the terminal phosphate 

group on the growing chain attached to solid support was achieved by treatment with hydrochloric 

acid in hexafluoroisopropanol. From this residue on a new round of elongation was possible.  



Theoretical Background 

 

 
27 

 

Finally, a phosphonamidite derivative of adenosine was coupled as terminator to complete the 

structure of dimeric or trimeric ADP-ribose. 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 only represents 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 natural position for attachment. 

 

 

Scheme 1-15: Solid-phase synthesis of dimeric and trimeric ADP-ribose.[201] 

 

The synthetically gained biooligomers were applied in an in vitro study of the chromatin remodelling 

enzyme ALC1.[219] There it could be shown that the affinity of the macrodomain of ALC1 towards 

ADP-ribose increases with chain length from monomer, over dimer to trimer. Furthermore, a thermal 

shift assay revealed a significant stabilisation of the macrodomain when bound to trimeric ADP-ribose. 

This interaction turned out to be an allosteric signal that was able to change the conformation of this 

whole enzyme and therefore activate its chromatin relaxation activity that was inhibited in the absence 

of a suitable binding partner. In a similar approach the P(III)-P(V) strategy used in the solid-phase 

synthesis of oligo(ADP-ribose) was extended for the synthesis of methylene-bridged bisphosphonates 

as non-hydrolysable isosteres of ADP-ribose.[220] 
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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 of ADP-ribose derivatives it was repeatedly 

underlined that the construction of pyrophosphate bonds represents a central issue within this 

process. Not just in this case but generally in nature phosphates are frequently appearing as linking 

unit or as leaving group (e.g. pyrophosphate in the hydrolysis of ATP).[221] In organic chemistry the 

situation is inverted as the charge of phosphates makes them hard to handle and to purify. 

Furthermore, the kinetic stability of phosphoanhydrides under a wide range of conditions turns them 

into unsuitable leaving groups.[222] 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 last years these 

syntheses often remain cumbersome, time-consuming and lack reproducibility.[222] 

In the following a short overview of the most important synthetic strategies is given with respect to 

the construction of pyrophosphate bonds as they are present in ADP-ribose. Therefore, prominent 

examples of phosphorous chemistry that are exclusively applicable for the synthesis of unrelated 

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 introduced in the synthesis of ADP-ribose 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 that is often 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 coupling times.[223] 

One of the most prominent general approaches for the coupling of two phosphate moieties is the 

reaction between a nucleophilic phosphate group and an activated 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 is usually referred to as P(V)-P(V) couplings.  

One possible form of activated phosphates are phosphoramidates, which bear an amine functionality 

as leaving group on the acceptor P(V)-species (Scheme 1-16 A).[224] The most common examples for 

this type of activation are phosphomorpholidates and phosphopiperidates that were successfully 

applied in the synthesis of several sugar nucleotides as well as nucleoside triphosphates.[225-227] While 

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 solid-phase approach. The 

introduction of catalysts like for example 4,5-dicyanoimidazole lead to a significant increase in the 

coupling rate while the yield remained similar.[228-229] 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 solution-phase applications.[230] 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(V)-species are phosphoimidazolidates that allow for a 

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 from H-Phosphonates (Scheme 1-16 B).[231-232] The 

comparatively slow reaction can be heavily accelerated in the presence of various divalent metal 

cations.[225] Furthermore, it was found that this kind of coupling even proceeds in aqueous media.[233] 

This makes the phosphoimidazolidate approach highly versatile and allows for the synthesis of a wide 

range of products as exemplified by the construction of the second pyrophosphate linkage in dimeric 

ADP-ribose in the liquid-phase synthesis by the Hergenrother group.[202]  

A small structural change of the phosphoimidazolidates to phosphor-(N-methyl)-imidazolidates 

increases the reactivity of the activated species by magnitudes and may reduce the coupling time to 

only a few minutes.[234] This modified method enables the preparation of nucleotide sugars starting 

from the monophosphates in less than one hour of total reaction time (Scheme 1-16 C).[235] 

 

 

Scheme 1-16: Construction of pyrophosphate linkages by different P(V)-based approaches and the formation of the 
corresponding reactive species; A) Phosphoramidates as reactive species; B) Phosphoimidazolidates as reactive species; 
C) N-methyl phosphoimidazolidates as reactive species; D) Cyclo-salgenyl as reactive species; E) 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 on P-N bonds, also P(V)-species with 

activated P-O 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 

cages.[236] The cyclo-salgenyl approach by the group of Meier was successfully applied in coupling 

reactions with various phosphate nucleophiles. Besides the synthesis of nucleoside di- and 

triphosphates, also dinucleoside polyphosphates[237] and especially nucleotide sugars[238-240] could be 

obtained via a convenient procedure in good yields within three to five hours. Furthermore, this 

synthetic approach could be successfully transferred to solid-phase in order to increase the conversion 

rate and facilitate the purification of products.[241] The reactive phosphate triester derivative 

cyclo-salgenyl nucleotide 28 can be prepared from the corresponding nucleotides and cyclo-salgenyl 

phosphochloridites (27) in a simple one-pot two-step procedure, though requiring the protection of 

nucleophilic groups on the starting materials (Scheme 1-16 D). Also, the coupling procedure itself 

proceeds smoothly and without the necessity to add any catalysts. However, the synthesis of the 

phosphochloridites (27) requires sophisticated skills in organic chemistry and normally purification by 

Kugelrohr distillation.[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 P(V)-species since H-phosphonates are in oxidation state (III). However, 

this classification is due to the fact that even if the starting material of the reaction is a P(III)-species 

the actual in situ-generated activated species is in oxidation state (V). One of the main advantages of 

the synthetic strategies utilising H-phosphonates is their convenient introduction combined with the 

high stability that enables the problem-free purification of the P(III) starting material. The first 

synthesis of this type was reported by Sun et al.[243] and based on their previous work on the synthesis 

of nucleoside triphosphates.[244] In this approach a pyridinium phosphoramidate intermediate is 

formed out of a nucleoside H-phosphonate monoester. The starting material is first silylated with 

chloro trimethylsilane in 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 intermediate. Controlled 

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 ADP-ribose analogues since solely symmetrical products can be obtained. 

The group of Hergenrother utilised a related approach in their solution-phase synthesis of dimeric 

ADP-ribose for constructing the first pyrophosphate linkage (Scheme 1-13).[202] In a first step 

H-phosphonate diester 30 was synthesised by reacting cyanoethyl-protected chloro phosphoramidite 

29 with a primary hydroxyl group and subsequent hydrolysis under activation with dicyanoimidazole 

(Scheme 1-16 E). The resulting diester was stable and could be handled under ambient conditions. 

Afterwards this group was in situ activated to the corresponding phosphochloridate in a modified 

Atherton-Todd reaction by oxidative chlorination with N-chloro succinimide.[245] This activated species 

conveniently condensed with an adenosine monophosphate derivative under formation of the desired 

pyrophosphate functionality. The described approach seems to be highly promising for the synthesis 

of derivatives of ADP-ribose. However, as already mentioned before, it failed to give the intended 

reaction products in the presence of multiple phosphate groups.[202] 
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Summarized, activated P(V)-species represent a highly suitable and versatile class of molecules for the 

formation of phosphoanhydride linkages when applied under the right conditions and on compatible 

substrates.[246] 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 solid-phase synthesis the coupling 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 reactions on phosphorous centres since 

P(III)-species are generally known to be more reactive than their P(V) counterparts. Highly promising 

candidates for the formation of phosphoanhydride bonds based on P(III) chemistry are so-called 

phosphoramidites. These molecules are amides of diesters of the trivalent phosphorous acid 

(H3PO3).[247] Hence, they dispose of a P(III) centre on 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 group.[248] About two decades later the utilisation of phosphoramidites for 

the solid-phase synthesis of DNA was developed and initiated a burst of research activities on this type 

of molecules.[249] Since then the technology remained the method of choice for the vast majority of 

synthetic approaches towards natural and modified oligonucleotides.[250-251] Another field where 

phosphoramidites found broad use is as versatile reagents for phosphorylation reactions via 

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 yields.[248, 252] A main reason for the success of phosphoramidites is their controllable 

reactivity in comparison to other P(III)-species. While nucleophilic substitution reactions on 

P(III)-centres 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 1-H-tetrazole to react analogously.[253] With regard to this amount of 

desirable properties it is no surprise that phosphoramidites also were applied in the synthesis of 

phosphoanhydrides.  

The first two syntheses of this kind were published in 2008 by two groups independently. Gold et al. 

developed the already presented strategy where -̡cyanoethyl phosphoramidite is coupled to a 

phosphate monoester to form a P(III)-P(V) mixed anhydride that can be oxidised and deprotected 

afterwards to yield the desired pyrophosphate linkage (Scheme 1-17 A).[191] Around the same time the 

group of Meier utilised a highly similar approach for the introduction of a -̡phosphate bearing 

bioreversible protecting groups on the phosphate groups of nucleotide-based antiviral agents.[254] 

These initial studies were further continued by the group of Jessen where the obstacle of maintaining 

strictly dry reaction conditions was overcome.[255] Besides the synthesis of UDP-containing sugar 

nucleotides[256] that may also be of interest for the chemical synthesis of ADP-ribose, many different 

examples of biomolecules could be obtained underlining the versatility of this approach.[257-260] 

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 sequence.[222] 
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Scheme 1-17: Synthetic approaches towards pyrophosphate linkages based on P(III) 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 solid-phase was 

published by the group of Parang and acquired a lot of attention within the field.[261] In their publication 

the authors claimed to have synthesised pyrophosphate-linked DNA with the help of diphosphitylation 

reagent 31. Furthermore, the reliability of this approach was seemingly supported by multiple other 

publications by the same authors utilising similar phosphitylation reagents based on anhydrides of two 

or more P(III)-species.[262-268] According to the authors this innovative 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 (Scheme 1-17 B). Nevertheless, 

despite the large efforts 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 reproduced.[269] 

Finally, when the approach initially developed for a solid-phase synthesis of ADP-ribose oligomers [201] 

was applied to the synthesis of pyrophosphate-linked DNA it was furthermore found that the obtained 

NMR data was not in accordance with the results reported by the group of Parang.[269]  

However, apart from this unpleasant exception, the examples of successful synthetic strategies based 

on P(III) 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 be performed as one-pot 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 phosphoanhydride linkages.[223, 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 choose a suitable coupling mechanism. 
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1.5.4. Investigation of ADP-Ribosylation in a Cellular Context and Cell Lysates 

 

The vast majority of the tools described up to now in this introductory section were designed to be 

utilised in in vitro assays, 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 is largely left out of focus. For a 

comprehensive understanding of the role of ADP-ribosylation in biological systems, however, also 

insights into intracellular ADP-ribose dynamics and localisation are of added value to the already 

described in vitro tools.[211]  

Some methods were devised that rely on the application of small molecule probes and hijack the native 

ADP-ribosylation machinery inside cells in order to gain information. An illustrious example is the 

utilisation of an clickable aminooxy probe developed by the group of Cohen and colleagues the was 

exploited for the visualisation of how cellular proteins are effected by ARTDs during oxidative 

stress.[117] The simple probe molecule consisted of an aminooxy handle that allowed the trapping of 

ADP-ribosylated 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 the attachment of a fluorescent dye as reporter.  

Another equally elegant approach relies on chemically modified analogues of NAD+ equipped 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 reactions.[270-271] Combined with modern microscopy techniques the formation 

and degradation of PAR upon laser-induced DNA damage could be visualised in real time. Furthermore, 

covalent and noncovalent interaction of dye-labelled proteins with PAR chains could be observed by a 

combination of fluorescence lifetime imaging and FRET microscopy.[272] When instead of fluorescent 

probes a biotin affinity tag was attached to such alkyne-modified ADP-ribosylated proteins it was 

possible to enrich the substrate proteins subjected to ADP-ribosylation and analyse the ADPribosylome 

by MS-MS proteomics.[273-274] 

In addition to the chemical synthesis of modified analogues of NAD+ just recently a study about the 

chemo-enzymatic synthesis of azido modified NAD+ was published. Interestingly, the derivative bearing 

ŀƴ ŀȊƛŘƻ ƎǊƻǳǇ ƻƴ ǘƘŜ оΩ-hydroxyl group of nicotinamide was well accepted as substrate by ARTD1 and 

ARTD2 and the thus derived PAR polymers exhibit an increased resistance against degradation by 

PARG. This property enabled direct labelling and visualisation of mitochondrial ADP-ribosylation in 

living cells.[275] 

Another interesting platform technique for labelling of free and protein-bound ADP-ribose was lately 

developed and denominated ELTA (enzymatic labelling of terminal ADP-ribose).[276] As the name 

suggests, it is an enzymatic method for attaching modified deoxy adenosine monophosphate at the 

нΩ-termini of ADP-ribose. The deoxy adenosine triphosphate analogues that serve as substrates for this 

process may 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 mono(ADP-ribosyl) 

transferases. In order to identify ADP-ribosylated proteins and to elucidate which enzyme is 

responsible for the appointed modification they started to look for cognate pairs of alkyne-carrying 

NAD+ analogues and engineered mono(ADP-ribosyl) transferases 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 enzyme.[277-279] 
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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 ADP-ribosylation spreaded. This led to the development of 

important methods for further research. However, there are still a lot of aspects of ADP-ribosylation 

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 ADP-ribosylation represents a crucial PTM involved in many 

different biological and pathophysiological 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 available techniques for more sophisticated 

investigations in the area of MARylation and PARylation and therefore overcome the current 

methodological limitations.  

In order to gain further insights into ADP-ribosylation of proteins and possible interaction partners the 

availability of defined MARylated and PARylated proteins would be of great benefit. For this reason, 

one aim of this study was the development of an easy-to-handle strategy that enables the regiospecific 

ADP-ribosylation of target proteins. A particular focus should be emphasised on the modification of 

linker histone H1.2 to generate a set of protein conjugates for deciphering the impact of histone 

ADP-ribosylation on the formation of higher order chromatin structures. 

With respect to these experiments, the next logical step is the development of methods for the supply 

of longer fragments of oligo(ADP-ribose), representing the second aim of this thesis. Since an efficient 

strategy for the large-scale synthesis of the central building block нΩ-O- -hD-ribofuranosyl adenosine 

was established in our group, this component should be used as a starting point to develop an efficient 

synthesis of dimeric ADP-ribose.  

Additionally, the availability of well-defined PAR-oligomers in pure form is necessary for other research 

projects like structural investigations or 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 of non-natural modifications like dyes, 

crosslinkers, or other beneficial residues. Regarding the chemical synthesis of other biopolymers like 

oligonucleotides or peptides, the solid-phase approach emerged as the most promising strategy for 

the assembly of longer fragments of ADP-ribose. Therefore, initial experiments towards the 

development of a robust and simple technique for the construction of pyrophosphate functionalities 

in a solid-phase 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 Method for the Generation of ADP-ribosylated Proteins 
 

3.1.1. General Considerations and Requirements 

 

The posttranslational modification of proteins is widespread throughout nature and increases the 

diversity of structure and functions of proteins by orders of magnitude.[280] The aim to further 

investigate the impact of such PTMs urges the development of synthetic strategies to mimic naturally 

occurring modifications to proteins of interest. However, due to the plethora of different attached 

entities, appropriate chemistries have to be developed, or adapted for individual residues and research 

issues.[281]  

As previously mentioned, one of the aims was the development of a general strategy for the 

regioselective attachment of ADP-ribose to full-length histone H1.2, which should also be transferable 

to other proteins of interest.  

Up to present the generation of homogeneously ADP-ribosylated H1.2 was hampered by the fact that 

site-specific H1-dependent writers are not identified. Additionally, the known histone-modifying 

enzymes suffer from their property to target multiple residues on their substrate resulting in highly 

heterogeneous mixtures. Currently, the only example of a site-specific enzymatic ADP-ribosylation of 

a protein is ubiquitin, which was ADP-ribosylated by a mutant of the Legionella pneumophilia enzyme 

SdeA and is not transferable to other proteins.[282] Furthermore, naturally-occurring ADP-ribosylation 

on aspartate or glutamate residues would lead to intrinsically unstable O-glycosidic bonds towards an 

acid and therefore limited scope of application, long-term stability and analysability with mass 

spectrometric methods.[182] Nonetheless, ADP-ribosylated histones would be a valuable instrument for 

further research since MARylated amino acids appear to be substrates for further elongation by 

PARP-1.[183] Additionally, these modified proteins may allow for the detailed investigation of 

mechanisms of PARP, PARG and ADP-ribosylproteinlyases action in vitro.[283] 

In the next few lines, the chemistry-based strategies for the synthesis of ADP-ribosylated peptides 

developed up to date are briefly outlined with respect to their advantages and limitations. For a more 

detailed recapitulation of the topic please refer to chapter 1.5.1. 

Efforts to chemically synthesise ADP-ribosylated peptides can be cumulated under two main strategic 

thrusts. Generally summarised, the first approach relies on the synthesis of a phospho-ribosylated 

building block which is afterwards assembled into a peptide by SPPS, whereupon the pyrophosphate 

linkage to adenosine monophosphate is established (see scheme 1-7).[183-185] These methods share 

advantages and shortcomings. The main advantage outlined in the studies based on this strategy is an 

almost unrestrained choice of the interconnection between phospho-ribose 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 ADP-ribosylated peptide. This explicitly includes the possibility to control the 

stereochemistry at the glycosidic bond between ribose and amino acid. Only the requirement of a 

suitable protecting group pattern for the synthesis of peptides on solid-phase sets limits in this area 

and thus represents the main shortcoming of this strategy. Furthermore, the size of the obtainable 

peptide carrying the desired PTM is defined by the scope of SPPS.  
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The impact of this restriction is reflected by the fact that in none of the above cited studies a modified 

full-length protein could be generated. Moreover, all these methods have in common that they are 

comparably laborious and require sophisticated capabilities in the synthesis of unnatural amino acids 

and peptide chemistry. 

The second group of studies pursued a completely different approach. These strategies aim to 

incorporate modified amino acids into a peptide[192], or a small protein[194] which where likewise 

assembled by SPPS. In contrast to the aforementioned methods, here artificial amino acid residues 

solely serve as an interface. Either free ADP-ribose, or an azide-modified derivative thereof may then 

be directly coupled, circumventing the harsh deprotection of blocked phosphates and the demanding 

and sensitive formation of a pyrophosphate bond on a modified peptide, rendering this approach 

potentially applicable on entire proteins (see schemes 1-8 and 1-9). However, the strategy of Moyle et 

al.[192] also required the solid-phase synthesis of a peptide bearing an artificial amino acid, thus 

including all the resulting difficulties. Likewise, Liu et al.[194] also solely employed chemically 

synthesised ubiquitin bearing azido-homoalanine as the most sophisticated example to their coupling 

procedure. Although this artificial amino acid may be incorporated into proteins by selective pressure 

incorporation, it still reduces the yield in protein expression and complicates the whole process 

substantially. Additionally, the subsequent CuAAC reaction on a full-length protein has the drawback 

to rely on the use of Cu(I) as catalyst. 

To circumvent these limitations, methods derived from chemical biology may represent a suitable 

solution. In the following lines the requirements for such a coupling strategy will be discussed with 

focus on the overarching aim to use the generated ADP-ribosylated linker histone H1.2 in the 

investigation of its impact on the formation of chromatosomes. 

The selective modification of a single site of the proteins among the hundreds of reactive groups 

represents an exciting challenge in both chemo- and regioselectivity. Especially the chosen target 

histone H1.2 embodies a hard-to-handle and in particular hard-to-modify protein due to its basic 

nature (pI = 10.9)[284] caused by the high amount of nucleophilic lysine- (27% of total amino acids) and 

arginine-residues (1,5% of total amino acids) mainly located in the tail regions.  

Our approach should give complete control of the modified site of the protein while a repositioning of 

the site of modification should also be feasible. For this purpose, it was chosen to ground the 

envisioned protein modification strategy on cysteine coupling. The versatility of this approach is 

exemplified by numerous already existing studies and the continuous development of new 

methodologies exploiting cysteine as a reactive handle on the protein of interest.[280-281, 285] Generally, 

it is much more facile and straightforward to introduce cysteine into a protein than an unnatural amino 

acid since its position may be precisely controlled by site-directed mutagenesis prior to the expression 

of the recombinant protein. Additionally, utilization of this strategy allows the incorporation of a 

reactive handle in the protein without the requirement for more specialised und cumbersome 

techniques like, e.g. Amber stop-codon suppression. However, regarding the more limited variety of 

functional groups upon the exclusive utilization of natural amino acids a selectivity of the cysteine 

residue over the alternative reactive endogenous amino acids like lysine and histidine needs to be 

achieved. This feature may be ascertained since the thiol group provides the most robust 

nucleophilicity among the palette of the 20 canonical amino acid residues.[286] Additionally, the low 

natural abundance of cysteine (< 2%) often allows for the modification at a single site.[287] Also for the 

present case exploitation of this feature was a convenient choice since histone H1.2 naturally does not 

contain any cysteine. Finally, the robustness and capacity of the cysteine-based protein modification 

is also confirmed by the emergence of commercial products involving this technique already available 

on the market.[288-289] 
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Other features that the developed coupling strategy should comprise are a sufficient stability of the 

coupled construct to allow further studies, long-term storage and, in contrast to the natural linkage, 

stability towards mild ionisation methods in mass spectrometry that would enable a fast and direct 

examination of the coupling process as well as further investigations. 

Concurrently, the linkage is 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 the case of MARylation, a drastically different constitution of the linkage may 

interfere with, alter, or even diminish the biological consequences of this modification that should be 

investigated. 

Surely, also the classic requirements for a protein modification should be fulfilled, like an ideally near 

to total conversion, resulting in a rather pure homogenous construct and possibly eliminating the urge 

for a time-consuming and often cumbersome chromatographic purification.[290-291] Furthermore, the 

strategy should facilitate the production of relatively high amounts of protein in one single production 

cycle. In the hunt for a suitable modification chemistry, the potential transformations are restricted by 

the need for predominantly biological ambient conditions like temperatures below 37°C, a quite 

narrow pH range around neutrality and a largely aqueous solvent to minimise the risk of disruption of 

protein architecture and the associated loss of function.[281, 287] 

Finally, a convenient additional feature for the coupling strategy would be the opportunity to directly 

ǳǎŜ άŦǊŜŜέ !5t-ribose, as molecules of mono- or poly(ADP-ribose) exhibiting a liberated hemi-acetal 

group on the terminal ribose residue are often denominated.[182] More precisely, the intention was to 

be able to directly tackle the free reducing end of ADP-ribose chains making them susceptible for 

protein modification. This feature would open up a huge quantity of possibilities since also naturally 

polymerised PAR oligomers could be utilized in the intended investigations rendering the whole 

coupling procedure more versatile. 
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3.1.2. Expression of Cysteine-Modified Histone H1.2 Constructs 

 

Having all the specifications for the envisioned ADP-ribose-protein coupling method defined, the first 

step in the development was the creation of a histone H1.2 mutant bearing cysteine as reactive handle 

in defined positions. In order to gain access to genetically engineered variants of the target protein, 

recombinant expression in E. coli provides the advantage of delivering linker histones that are devoid 

of any PTMs, thereby serving as ideal templates for defined modification and ensuing studies. 

Furthermore, genetic engineering of this organism is well established in our lab and suitable tools like 

plasmids and working procedures were conveniently available.[63, 92] In the human form of H1.2 among 

others the glutamate residues E3, E16 and E115, as well as the lysine residue K219 were found to be 

acceptor sites for ADP-ribose.[104, 292] 

In the present study it was decided to first investigate one position on each, the N-and C-terminal tail 

regions of the protein. For this purpose, two different codon optimised sequences were generated by 

site directed mutagenesis for the expression of H1.2 in E. coli and ligated into the multiple cloning site 

of a pET11a plasmid. Codons coding for glutamate in positions 16 or 115 were thereby exchanged for 

cysteine-coding codons. The expression construct additionally contained a resistance against the 

antibiotic Carbenicillin and a C-terminal His6-tag facilitating purification by immobilised metal affinity 

chromatography (IMAC). After confirmation of the correctness of the coding sequences by next 

generation sequencing the plasmids were transformed into E. coli XL10-Gold cells for amplification. 

Following the extraction of the engineered plasmids they were transformed into E. Coli BL-21 cells 

utilising electroporation. Subsequent selection of plasmid-carrying cells resistant against Carbenicillin 

resulted in two bacterial strains capable of expressing mutated histone H1.2 upon induction with 

isopropyl- -̡D -thiogalactopyranosid (IPTG). The desired proteins aggregate in E. Coli and form so-called 

inclusion bodies wherein the 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 protein-containing supernatant by IMAC and analysed by sodium 

dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) with subsequent Coomassie staining 

(Fig. 3.1. A).  

 

 Figure 3-1: A) SDS-PAGE of fractions from the purification of histone H1.2 E114C in IMAC purification; B) Deconvoluted MS spectrum of 
histone H1.2 E114C after IMAC purification. Reduction of disulphide bonds with 50 mM TCEP prior to measurement. 
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Unspecifically bound proteins were washed from the column and the target protein could be eluted 

with urea buffer containing increasing concentrations of imidazole. Both cysteine-carrying variants of 

histone H1.2 could be obtained in good yield and purity by this process. The identity of the isolated 

fractions was further confirmed utilising high-resolution mass spectrometry of the full-length proteins 

(Fig. 3.1 B). 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 with a straightforward purification protocol and relatively 

good yields, a further optimization of the mentioned procedures was not regarded as necessary and 

the focus of research shifted to the way more demanding challenge to develop a suitable coupling 

chemistry. 

 

 

3.1.3. Design and Synthesis of Suitable Linker Molecules 

 

The next step in the development process was the design of a suitable linker molecule fulfilling the 

demands specified in section 3.1.1.. The linker should contain one entity enabling the coupling to the 

reducing-end of ADP-ribose and a reactive warhead exhibiting sufficient electrophilicity for the 

chemoselective coupling to cysteine. However, at the same time it must be stable enough to facilitate 

purification and handling. The two subunits should be connected by the shortest and sterically least 

demanding connector possible while being easily accessible by means of synthetic effort. This linker 

design would allow a coupling procedure that is split into two main parts: First, the linker molecule 

may be coupled to ADP-ribose in its native form exhibiting a free reducing sugar moiety to incorporate 

a thiol-reactive tether into the biomolecule (Scheme 3-1 Step 1). This would also enable the utilisation 

of enzymatically polymerised PAR to be subjected to the coupling procedure. In the second step this 

construct should undergo the coupling to the protein of interest (Scheme 3-1 Step 2).  

 

Scheme 3-1: Schematic representation of the intended coupling of ADP-ribose to H1.2. The process is split up into two steps: 
first the modification of ADP-ribose with a suitable linker molecule and afterwards the coupling of the resulting construct to 

the protein of interest.  
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Due to the equilibrium between the closed-ring and the open-ring form of ribose in aqueous 

solution[293] a certain fraction of solubilised ADP-ribose molecules exhibits a reactive aldehyde group 

that virtually imposes itself for being used as point of vantage for a coupling strategy. Aldehydes 

generally display a broad reactivity towards several kinds of functional groups. Among others, the 

formation of hydrazones is a commonly used labelling reaction that can be performed under 

physiological conditions.[294] This reaction probably represents one of the most ancient bioconjugation 

reactions still frequently used in modern chemistry. Already in 1888 Emil Fischer denominated this 

functional group and begun his studies about hydrazones and their reactivity towards 

carbohydrates.[295] Since this coupling reaction meets several of the prerequisites required in the 

strategy for the modification of H1.2 it was examined more closely with regard to its suitability. 

Generally, the formation of hydrazone linkages is dependent on the h-effect nucleophile hydrazine 

which is highly reactive towards a wide range of electrophiles like aldehyde or ketone groups. In the 

course of this condensation solely water is released as by-product. As a major drawback it must be 

mentioned that the stability of the hydrazone bond has to be viewed with caution. The chemical 

equilibrium in aqueous solutions may lead to a slow cleavage of the condensation product over time. 

However, this dissociation process can be counteracted with low synthetic effort by reduction of the 

hydrazone bond with cyanoborohydride preventing hydrolysis of the coupled product.[296-297] 

Additionally, the formed tether is relatively small in size since it only consists of three non-hydrogen 

atoms.  

After careful deliberation, it was decided to choose hydrazone as the carbonyl-reactive group in the 

linker molecule. The introduction should be accomplished as a hydrazide group since that would 

minimise the synthetic effort and enable the use of several commercially available electrophilic 

precursors for a screening of different linker molecules. 

The most frequently used chemical residues that are reactive towards thiol nucleophiles are 

-hhalocarbonyls[285-286] and Michael-addition type electrophiles.[298] In this case it could be regarded as 

a benefit that the envisioned linker molecule already contains a hydrazide group bearing a carbonyl 

moiety. As example for the Michael-acceptors only acrylate was examined, because the steric demand 

and the multiple functional groups of maleimides would perturb the linkage of ADP-ribose to the 

protein of interest. 

In order to test their reactivity against the thiol group of cysteine and based on the above 

considerations, four linker molecules (33-36; Scheme 3-2) were synthesised in straightforward 

approaches. In case of the acrylate derivative 33 and the chloro linker 35, first t-butylcarbazate (32) 

was reacted with the respective carbonyl halide which upon acidic deprotection yielded the desired 

linker molecule. For the bromo- (34) and fluoro-derivatives (36) instead, the direct conversion with 

hydrazine proved to be successful. The synthesis of the iodo-derivative was also attempted because 

the structurally similar reagent iodoacetamide is routinely used for capping of thiol groups before 

digestion in protein sequencing.[299] However, this molecule already hydrolysed during work-up and 

thus could not be obtained.  
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Scheme 3-2: Synthesis of potential linker molecules for the coupling of ADP-ribose to proteins of interest. 

 

 

3.1.4. Examination of Linker Molecules and Optimisation of Coupling Conditions 

 

A screening of the different linker derivatives was considered appropriate because of the reported 

ability of the electrophilic groups to react with N-nucleophiles in certain cases.[300] Since such moieties 

are highly abundant in the tail regions of the target protein the reactivity has to be tuned precisely to 

ensure a high coupling efficiency while preventing the introduction of multiple modifications on one 

single protein. 

 

 

Scheme 3-3: Schematic representation of the principle of the F5M assay. The effectivity of coupling towards the protein can 
be examined by a decrease in fluorescence light 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 molecules 33-36 towards the full-length 

protein was examined. Therefore, a method previously established in the research group by Xiaohui 

Zhao was adapted to our system (Scheme 3-3).[301] In this approach the xanthene dye Fluorescein 

modified with a maleimide residue in its 5-position (fluorescein-5-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 protein under 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 SDS-PAGE 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 order to optimise reaction conditions regarding 

buffer system, pH-value, concentration of the linker molecule and reaction time. For this purpose, 

bromo-linker 34 was subjected to the coupling procedure in PBS-buffer. This buffer system was chosen 

because it does not contain any reactive moieties, especially no thiols that could quench the 

electrophilic warheads of the linker molecules. In addition, no amine or other aldehyde-reactive 

functional groups should be present with regard to the intended coupling of ADP-ribose. Therefore, 

the use of the widely applied Tris buffer system was impossible. Finally, the selectable pH-range of 

phosphate buffer between 5.8 and 8 met the requirements, which made it an ideal choice to start 

initial coupling experiments. 

In the first experiment the concentration of bromo-linker 34 was varied from 0 to 1 mM and couplings 

were carried out at 37°C for two hours. Afterwards, F5M was added to the reaction and incubated for 

further 30 minutes. The obtained SDS-PAGE gel shows a clear decrease in the fluorescence with 

increasing concentrations of linker molecule (Fig. 3-2). At 0.5 mM a minimum is reached and therefore 

this concentration was chosen for the following experiments. In a similar manner pH and reaction time 

were optimised. 

 

 

Figure 3-2: Examination of the optimal concentration of linker molecule after coupling with bromo-linker 34 for two hours in 
an F5M readout; A) Coomassie staining; B) UV imaging; 



Results and Discussion 

 

 
44 

 

The next step was to compare the synthesised linker molecules regarding their reactivity. In this 

experiment the Michael - (33) and fluoro -linkers (36) showed markedly reduced reactivities compared 

to the bromo- (34) and chloro-derivatives (35) (Fig. 3-3) 

 

Figure 3-3: Comparison of the reactivity of the different linker molecules 33-36. + and ς 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 order to elucidate unspecific binding; A) Coomassie staining; B) UV imaging; 

 

Due to their sufficient reactivity the two linkers 34 and 35 were further investigated. Following the 

outlined coupling strategy (see scheme 3-1) as next step the merging of linker molecule and ADP-ribose 

had to be achieved. Therefore, a procedure already established in our research group based on 

reductive amination was employed.[92] The respective linker and ADP-ribose were reacted under acidic 

aqueous conditions to form a hydrazone linkage. Afterwards, the reversibility of the connection could 

be eliminated by selective reduction with sodium cyanoborohydride to yield a hydrazide. Purification 

with reversed-phase HPLC should then give the modified ADP-ribose ready for coupling to the protein 

(Scheme 3-4).  

 

 

Scheme 3-4: General scheme for the coupling of linker molecules to ADP-ribose as hydrazones and subsequent stabilisation 
of the linkage by selective reduction. 
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This procedure first was tested with a linker molecule derived from ethyl acetate (37) not bearing an 

electrophilic warhead in order to simplify the setup and exclude a differing behaviour caused by the 

decomposition-prone part of the molecule at the beginning (Fig. 3-4). In this setup the best coupling 

results were obtained at a pH of 5.5 in sodium acetate buffer. Furthermore, in experiments where the 

addition of reducing agents was omitted it could be shown that also the formed hydrazone could be 

separated from unreacted ADP-ribose by RP-HPLC. However, these constructs were not entirely stable 

under electrospray ionisation conditions showing signals for the coupled construct and dissociated 

ADP-ribose. Furthermore, they decomposed upon longer storage to the dissociated starting materials. 

This behaviour also described in literature demanded a preparation of the unreduced modified 

ADP-ribose and its purification directly prior to the intended coupling to the protein.[302] It was also 

found that the use of aniline as catalyst did not lead to an increase of yield in the formation of the 

desired hydrazone as reported in literature.[303]  

 

Figure 3-4: A) Synthesis of linker molecule 37 without electrophilic warhead und coupling to ADP-ribose; B) HPLC 
chromatogram of coupling reaction without reduction of the hydrazone bond; C) HPLC chromatogram of coupling reaction 

after reduction of the hydrazone bond; ADPr = ADP-ribose. 

 

The elaborated coupling conditions worked well for the more inert 2-chloroacetic acid hydrazide (35) 

that could be isolated in yields around 5% in the reduced form. However, with this high degree of 

decomposition on the electrophilic centre the synthesis of sufficient amounts of coupled construct for 

the envisioned coupling strategy would not be practicable. Additionally, such an inefficient 

modification procedure for ADP-ribose would impair the use of this method for extracted oligomers of 

ADP-ribose from natural sources or chemically modified derivatives that are not available in unlimited 

quantities. 
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For the more reactive 2-bromoacetic acid hydrazide (34) no coupled product could be isolated. Even if 

no reduction step was performed the yield for the chloro-linker construct 38 just increased to 20%, 

while still no bromo-modified ADP-ribose could be isolated. 

 

 

3.1.5. Coupling of Constructs to Cysteine-Modified H1.2 

 

After screening the four linker candidates for their reactivity against the cysteine side chain and their 

ability to stably modify ADP-ribose only one reactive residue was still a promising candidate to become 

the linker molecule of the future coupling strategy: the h -chlorocarbonyl construct in its unreduced 

hydrazone form (38).  

Hence, this molecule was used in modification experiments on the cysteine-bearing histone H1.2 

variants. The coupled construct 38 was incubated with the respective protein at pH 7.2 for two hours 

at ambient temperature. Afterwards one sample was subjected to a reduction procedure with sodium 

cyanoborohydride while the other sample was left in its oxidised form (Scheme 3-5). 

 

 
Scheme 3-5: Modification of H1.2 E114C with h-chlorocarbonyl-modified ADP-ribose 38 and optional stabilisation of the 

linkage by reduction. 
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At this point of the project it became evident that the hitherto used analysis method based on 

SDS-PAGE with prior F5M labelling did not provide all the necessary information. When initially 

investigating the suitability of different linker molecules, it was sufficient to evaluate the reactivity 

towards the cysteine thiol group. However, in the newly implemented experiments a more detailed 

evaluation of the modified histone was required since not only the reaction at the nucleophilic tether 

on the protein should be assessed but also an intact connection between the linker molecule and the 

cargo ADP-ribose had to be confirmed. Simple SDS-PAGE analysis could not meet these requirements 

in the demanded reliability because the relatively small adduct did not change the running behaviour 

of the modified protein to a sufficient degree. Therefore, an ESI-MS method was set up to determine 

the deconvoluted mass of the full-length protein and thereby gain more detailed information about 

the nature and the extent of the modifications introduced.  

The above described experiment showed a clear deconvoluted mass spectrum for uncoupled histone 

H1.2 with its maximum intensity at 22031 Da which matches the calculated mass of 22030.37 Da 

(Fig. 3-5 A). The sample not treated with sodium cyanoborohydride exhibited a mass of 22105 Da which 

corresponds to the mutated protein modified with the linker molecule (Fig. 3-5 B). However, it is still 

possible that a successful modification occurred but the unreduced hydrazone bond is not stable under 

the conditions applied in the electron spray ionisation process during the analysis. In contrast, the 

sample with a reduced hydrazone bond yielded a more complex spectrum with signals at 22106 Da 

and 22665 Da. The second mass fits to the anticipated MARylated histone (Fig. 3-5 C). However, only 

a fraction of about 50% of the sample showed the desired modification whereas the other half 

consisted of the protein only carrying an acetic acid hydrazide on the side chain of cysteine. 
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Figure 3-5: MS-spectra resulting from the modification of H1.2 E114C with Cl-modified ADP-ribose construct 38; 

A) untreated protein after reduction with TCEP; B) Protein treated with 38; C) Protein treated with 38 and subsequent 
reduction with NaBH3CN. 

 
This experiment clearly showed that the -hchlorocarbonyl residue is capable of entirely modifying the 

target protein under the elaborated conditions while no multiple incorporations of the linker molecule 

could be observed. On the other hand, it also became evident that the unreduced hydrazone bond 

does not feature the demanded stability as proven by the high fraction of cleaved interconnections 

between linker molecule and ADP-ribose. Even the post-coupling stabilisation of the linkage by 

reduction could not solve this problem adequately and furthermore entails possible downstream 

problems when a reduction on the modified protein has to be performed.  

Another possible solution of the aforementioned issue 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 centre of the ADP-ribose-coupled construct 38. 

This insight led to the recognition that the combination of hydrazone coupling and -hhalocarbonyl 

reactive centres intrinsically bears the problem of the incompatibility between reductive stabilisation 

of the labile hydrazone and preservation of the electrophilic centre. Since the aim was to generate a 

homogeneously modified protein this procedure is only of limited utility and therefore the coupling 

approach had to be revised. 
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3.1.6. 9ȄŀƳƛƴŀǘƛƻƴ ƻŦ ŀ άTag and MƻŘƛŦȅέ Strategy Towards Homogenously Modified Histone H1.2 

 

As previous experiments for the coupling of linker-ADP-ribose constructs to cysteine-modified histone 

H1.2 resulted only in a comparably low amount of the desired product the coupling strategy had to be 

reconsidered. For this revision inspiration was drawn from ŀƴ ŀǇǇǊƻŀŎƘ ǘŜǊƳŜŘ αǘŀƎ ŀƴŘ ƳƻŘƛŦȅ 

ǎǘǊŀǘŜƎȅά[304] that could possibly help to solve the mentioned problems. 

At the end of the last section it was shown that no reduction of the labile hydrazone bond between 

ADP-ribose and the linker molecule is possible as long as the -hhalocarbonyl reactive centre is not 

masked in any way. An inversion of the previous coupling procedure could efficiently bypass the 

observed problems by first installing the linker molecule on the surface of the mutated protein. In this 

way, a reactive handle is introduced that would enable the subsequent coupling of native ADP-ribose 

(Scheme 3-6).  

 

 

Scheme 3-6: Schematic representation of the tag-and-modify strategy. First a reactive handle in introduced into the protein 
of interest that can be used in a second step for the coupling of the desired modifier. 

 

In the experiments described in section 3.1.5. it was already shown that a quantitative coupling of 

chloro-linker 35 to the protein is possible under the optimised conditions without the emergence of 

multiple modifications. Based on this finding it was sought to develop a method that could exploit the 

presence of a hydrazide moiety on the protein for the coupling of ADP-ribose. 

The main challenge in this approach is that the coupling of the linker molecule and the subsequent 

attachment of ADP-ribose demand different buffer conditions. As described in the previous sections 

the coupling of the linker molecule depends on a slightly basic pH value of 7.2 and the best yields were 

achieved in phosphate-based buffer systems. In contrast to this, the formation of the hydrazone 

linkage proceeded under acidic conditions with a pH of 5.5 and performed the best in a sodium acetate 

buffer system. Additionally, unreacted linker molecules have to be eliminated from the reaction 

solution in order to prevent a competition of protein-bound and free hydrazide groups for ADP-ribose. 
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One obvious solution to solve these two problems at once is to include a complete exchange of the 

solvent system into the coupling procedure. In a first experiment the attachment of the linker molecule 

was conducted in the already established manner in phosphate buffered saline at pH 7.2. After 

two hours reaction time an exchange of the buffer systems was achieved by the utilisation of 

centrifuge filters with a cut-off at 10 kDa. Since the mass of histone H1.2 is about 22 kDA it was possible 

to remove the buffer 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 was taken up in sodium 

acetate buffer at pH 5.5. Subsequently, the coupling of ADP-ribose was performed at 8°C over-night 

and afterwards the formed hydrazone bonds were reduced by addition of sodium cyanoborohydride. 

The analysis of this coupling approach by LC-MS revealed that the coupling of the linker molecule as 

expected proceeded to completion without any problems (Fig. 3-6 A). However, the coupling of 

ADP-ribose to the exhibited hydrazide group seems to be inefficient since only a small fraction of 

protein bears the intended modification (Fig. 3-6 B). Another possible explanation would be that the 

reduction of the hydrazone bond is not efficient so that initially bound ADP-ribose cannot be stabilised 

and is hydrolysed afterwards under the ionisation conditions. 

 

 

Figure 3-6: MS results obtained in the tag-and-modify approach; A) coupling of linker without ADP-ribose; B) Successive 
coupling of linker and ADP-ribose followed by stabilisation of the hydrazone linkage by reduction. 

 

Along these lines Hackeng and co-workers published a strategy to dramatically increase the yields of 

oxime couplings by repeatedly freezing and thawing their samples in aqueous solution.[305] Since the 

feasibility of this procedure was also demonstrated on peptides and on the chemokine protein CCL5 it 

was opted to utilise this method in the coupling. The formation of hydrazones and oximes proceeds 

mechanistically predominantly similar thus turning this adaptation to the developed approach highly 

promising. In the following experiment, after the coupling of the linker molecule the buffer was 

exchanged to water without any additives. Upon addition of ADP-ribose and repeated freeze-thawing 

the linkages were stabilised by reduction. Surprisingly, LC-MS analysis revealed that multiple 

ADP-ribose residues were attached to the protein (Fig. 3-7 A). This was highly unexpected since a lot 

of effort was put in 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 was achieved with the compulsory test reactions.  
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Even in the sample where the addition of linker was omitted while the following treatment of the 

sample remained unchanged, multiple modifications with ADP-ribose could be observed (Fig. 3-7 B). 

The most probable explanation for this finding is that the freeze-thawing procedure does not only 

strongly enhance the formation of oximes and hydrazones, but also the formation of imines. Since the 

basic tail regions of histone H1.2 exhibit a high content of lysine there is a large number of possible 

amine residues as acceptors for the formation of this kind of linkage. Due to the labile nature of imines 

they were most probably hydrolysed in the study of Hackeng[305] and thus were not detected as a side 

product. In the present case however, the succeeding reduction step transformed the unstable imine 

linkages into resistant amine groups that are not prone to hydrolysis. This reductive amination as side 

reaction was not observed in previous experiments but further underpins the tremendous shift of the 

chemical equilibrium towards condensed species by the freeze-thaw procedure. 

 

 

Figure 3-7: MS results obtained in the tag-and-modify approach; A) Coupling procedure with enhanced formation of 
hydrazone binds by repeated freeze-thaw 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 

ADP-ribose to histone H1.2 and several different strategies were examined, the coupling efficiency did 

not exceed approximately 50%. Furthermore, the direct modification with ADP-ribose-linker 

constructs suffered from low yields caused by the susceptibility of the electrophilic active centre 

hampering purification of these compounds. The tag-and-modify strategy developed afterwards failed 

due to the low coupling yields in the hydrazone formation. Measures that were taken in order to 

increase the coupling efficiency failed due to the high overall quantity of nucleophilic residues on the 

target protein that resulted in the emergence of multiple 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. New Paths in the Development of Coupling Procedures 

 

Faced with the challenges occurring during the development of a simple and reliable coupling strategy 

for ADP-ribose to proteins and in particular to the demanding candidate histone H1.2 it was inevitable 

to recognise that the targeted goal could not be reached by adapting already established coupling 

procedures. The issues with previously used processes as described in the previous sections are mainly 

caused by the instability of the hydrazone bond requiring a stabilisation by reduction. This reduction 

step came into conflict with the labile reactive centre that is crucial for the coupling to the thiol group 

present on the protein surface.  

The previously described attempts were founded on the idea to have the thiol-reactive centre directly 

installed on the linker molecule from the very beginning. However, the idea came up that it could be 

highly beneficial for the whole coupling procedure if it would dispose of a reactive centre that is 

predominantly inert during the coupling of linker molecule and ADP-ribose. This should also enable 

the achievement of markedly higher yields in this reaction. Following the isolation of the desired 

product, ǘƘŜ ǊŜŀŎǘƛǾŜ ŎŜƴǘǊŜ ŎƻǳƭŘ ōŜ άǎǿƛǘŎƘŜŘ ƻƴέ ǘƻ ƛƴŘǳŎŜ ŀ ƘƛƎƘ ǊŜŀŎǘƛǾƛǘȅ ǘƻǿŀǊŘǎ ƴǳŎƭŜƻǇƘƛƭŜǎ 

and to achieve a modification of the target protein. This strategy featuring a design similar to the direct 

coupling of ADP-ribose-linker constructs would combine the advantages of the direct coupling and the 

tag-and-modify strategy, namely it would reduce the number of chemical manipulations occurring 

ŘƛǊŜŎǘƭȅ ƻƴ ǘƘŜ ǇǊƻǘŜƛƴΦ CǳǊǘƘŜǊƳƻǊŜΣ ƛǘ ǿƻǳƭŘ ŀƭƭƻǿ ǘƘŜ ǳǘƛƭƛǎŀǘƛƻƴ ƻŦ άŦǊŜŜ !5t-riboseέ ŀǎ ŎƻǳǇƭƛƴƎ 

partner because with the masked reducing end of the ribose residue no imine formation would be 

possible while keeping the coupling process simple and straightforward (Scheme 3-7).  

 

 

Scheme 3-7: Coupling strategy with switchable reactive centre; In the first step ADP-ribose and linker molecule are fused 
while the thiol-reactive 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 reported coupling concept found in literature that could meet these 

admittedly high expectations threatening the whole project to cease. 

During literature research for a different topic, a publication dealing with the mode of action of the 

drug Disulfiram was found by serendipity (Scheme 3-8). In this study it was described that Disulfiram 

is a stable molecule that is metabolised to a reactive intermediate in vivo. This intermediate, 

additionally, is capable of efficiently modifying proteins covalently.[306] This information sparked 

interest in the chemical features of this long-known drug and gave positive motivation to perform a 

substantial literature research.  

 

 

Scheme 3-8: Structure of the drug Disulfiram and the thiocarbamate herbicides EPTC and Molinate. 

 

Before the potential of disulfiram as a drug was discovered this reagent was used under the name 

tetraethylthiuram disulphide in the industrial process of sulphur vulcanisation of rubber.[307] In 1937 a 

plant physician in the American rubber industry, E. E. Williams, noticed that workers exposed to 

tetraethylthiuram disulphide suffered from mild sickness upon the consumption of alcohol.[308] 

However, it took almost ten more years until the Danish researchers Erik Jacobsen and Jens Hald 

realised the full potential of Disulfiram for the so-ŎŀƭƭŜŘ άŀǾŜǊǎƛƻƴ ǘƘŜǊŀǇȅέ ƻŦ ŀƭŎƻƘƻƭƛǎƳ ŀƴŘ 

promoted the deǾŜƭƻǇƳŜƴǘ ƻŦ 5ƛǎǳƭŦƛǊŀƳ ǳƴŘŜǊ ǘƘŜ ǘǊŀŘŜ ƴŀƳŜ !ƴǘŀōǳǎŜ όǊŜŦŜǊǎ ǘƻ άanti-abuseέύ ǘƻ ŀ 

commercialised drug.[309-310]  

The principle of action of this drug is to inhibit the enzyme aldehyde dehydrogenase (ALDH), the 

enzyme responsible for the oxidation of acetaldehyde to acetic acid in the metabolism of alcohol. Upon 

ceasing of this oxidation step an accumulation of the intermediate acetaldehyde leads to the Disulfiram 

ethanol reaction including flushing of face and neck, tachycardia, nausea and vomiting, but one could 

also speak of a severe hangover. [311-313] Initially, the inhibition of ALDH by Disulfiram was thought to 

result from the formation of a disulphide bond between active site cysteines.[314] However, nowadays 

this mode of action is only thought to occur in vitro. Due to the fast conversion of Disulfiram and related 

molecules to highly reactive metabolites in vivo it turned out that the actual mode of action is the 

irreversible covalent modification of the reactive cysteine residues (Scheme 3-9).[306, 315-317] 
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Scheme 3-9: Proposed in vivo metabolism of the parent drug Disulfiram to the reactive sulfoxide and sulfone species that 
ultimately lead to a covalent modification of thiol groups.[306, 318] 

 

While the use of Disulfiram in its original indication is steadily declining due to the preference of more 

modern drugs like Naltrexone and Acamprosate that directly act on the biological processes 

influencing the addiction to alcohol and show less side effects[319-320], it is currently studied as a 

treatment for cancer[321] and latent HIV infections.[322-324] Furthermore, a widespread group of 

herbicides including EPTC and Molinate (Scheme 3-8) is based on a thiocarbamate entity and develops 

its efficacy only upon oxidation.[325-327] 

Independently of the indications of these agents, attention was drawn by the fact that the observed 

modifications of enzymes did not occur in a highly selective manner. Rather, it was found that a 

multitude of different proteins[318] as well as Glutathione[328] in the bile of treated rats were modified. 

This suggested that the thiocarbamate moiety would fulfil the predefined request to solve the so far 

existing problems of the ADP-ribose-protein coupling strategy by providing a stable functional group 

that, upon oxidation, is able to efficiently modify thiol groups of cysteine. Additionally, it is evident 

from the existing literature that the resulting linkage is able to withstand in vivo conditions.[306, 318] 

Equipped with all these desirable features for coupling reactions towards proteins it was surprising 

that the thiocarbamate group, or derivatives thereof, were not already exploited for this purpose. To 

the best of ǘƘŜ ŀǳǘƘƻǊǎΩ knowledge, this kind of reaction was only applied by the Cole group as a 

reactive centre for affinity-based profiling of Coenzyme A-requiring enzymes in cell lysates[329] and 

Keap1 in living cells.[330] Additionally, Hamilton et al. used thiocarbamates in a prodrug strategy where 

the investigated molecule, after crossing the cellular membrane, should react with intracellular 

glutathione to form the reactive metabolite.[331] However, no literature example on the utilisation of 

thiocarbamate groups as a tool for the chemoselective protein modification could 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 problems of the previous 

coupling approaches a new linker molecule was designed. This molecule should be as similar as 

possible to the h -halocarbonyl linker to benefit from the already gained experience in synthesis and 

handling.  

For this purpose, a chloroformyl group was installed on ethanethiol by treatment with triphosgene 

under basic conditions. Even if the reaction proceeded smoothly, the resulting ethyl 

chlorothioformate (39) had to be handled with care due to its tendency to hydrolyse. Furthermore, 

the purification of this compound turned out to be challenging caused by its high vapour pressure 

combined with an intrusive odour. Therefore, the crude product solely was separated from its 

insoluble and non-liquid by-products by filtration. Afterwards, excess ethanethiol was removed by 

evaporation at 40°C and 100 mbar to provide the sufficiently pure crude product. In the next step, 

ethyl chlorothioformate (39) was reacted with methylhydrazine to yield the desired thiocarbamate 

linker molecule (40) in 45% yield two synthetic steps.  

 

 

Scheme 3-10: Synthesis of the thiocarbamate linker. 

 

The utilisation of methylhydrazine instead of the more obvious hydrazine, or Boc-protected 

hydrazine 32 used in the syntheses for the overcome linker molecules in the previous strategies, was 

necessary in order to reduce hydrolytic breakdown of the oxidised form of the thiocarbamate. In fact, 

these sulfoxythiocarbamates are reported to require an alkyl substitution at the sulphur atom as well 

as at the nitrogen atom in h -position of the carbonyl group to provide chemical stability.[330] Along 

these lines it was advantageous that only the desired regioisomer 40 was formed during the reaction 

with methylhydrazine. This is in accordance with observations of other groups and may be caused by 

the higher nucleophilicity of the alkyl-substituted nitrogen that overcompensates the reduced 

reactivity due to steric hindrance in case of the small methyl group.[332-334] 

The next and crucial step was to check whether the new coupling strategy could prove its effectivity in 

the connection of the linker molecule to ADP-ribose. First the linkage was established in a similar 

manner as tested with the h-halocarbonyl linker molecules (34-36), namely by reaction in sodium 

acetate buffer (pH 5.5) followed by reduction with sodium cyanoborohydride. Already under these 

conditions the coupled construct 41 could be isolated in 58% yield on a small scale. Nevertheless, 

problems arose when synthesising larger quantities of the coupled construct. In a reaction scale of 

25 µmol ADP-ribose the yield dropped to 30% for unknown reasons. However, this issue could be 

rapidly solved by utilising the already mentioned freeze-thaw procedure.[305] Moreover, the application 

of this approach rendered the use of buffered solutions unnecessary and the reaction could be run in 

water supplemented with 25% DMSO to enhance the solubility of linker molecule 40. With these 

adaptations coupled construct 41 could be isolated in 88% yield on a scale of 25 µmol providing enough 

material for the further development of the coupling strategy (Scheme 3-11). 
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Scheme 3-11: Coupling of thiocarbamate linker to ADP-ribose. 

 

The requested άactivation switchέ in the outline of the coupling strategy (Scheme 3-7) would in this 

case be the oxidation of the thiocarbamate group to the corresponding sulfoxide 42, or sulfone 43. In 

accordance with the procedure reported by Cole[329] Oxone was chosen as oxidizing agent. The aim 

was to directly oxidise modified ADP-ribose 41 to the reactive sulfone derivative 43 (Scheme 3-12).[316] 

This proceeding also seemed to be appropriate because sulfoxide groups utilised by the Cole group did 

not broadly modify all present thiol groups. Instead they could be tuned for sensitivity in affinity-based 

profiling.[329-330] The envisioned concept is also further supported by the fact that another probe used 

in the cited study comprised an h-fluorocarbonyl group as reactive centre which was already shown to 

be not reactive enough for the intended purpose (see Section 3.1.4.). The oxidation proceeded 

smoothly but yielded a mixture of sulfoxide and sulfone derivatives, albeit 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 derivative 43 will not be entirely stable under the ionisation 

conditions. Therefore, the oxidation reaction was run until no starting material could be detected 

anymore, which took about 30 minutes, and afterwards directly used in the coupling to the modified 

H1.2. 

 

Scheme 3-12: Oxidation of the thiocarbamate-modified ADP-ribose to the reactive species that were subsequently utilised in 
the coupling to cysteine-bearing mutants of histone H1.2. 
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¢ƘŜ ŀǘǘŀŎƘƳŜƴǘ ƻŦ άǎǿƛǘŎƘŜŘ ƻƴέ ƭƛƴƪŜǊ ŎƻƴǎǘǊǳŎǘ 43 was tested in PBS at pH 7.5 and two hours 

coupling time. Directly afterwards the coupling was analysed by LC-MS as it was already established in 

previous experiments (see Section 3.1.5.). Unexpectedly, only the slightly elevated mass of the protein 

with 22107 Da but hydrolysed ADP-ribose was observed (Fig. 3-8 A). 

Our suspicion was that this may be caused by an oxidation of the already coupled ADP-ribose construct 

by excess Oxone destabilising the connection towards the protein. Indeed, a different outcome was 

observed by repeating the experiment with the only change that an amount of 

tris-(2-carboxyethyl)-phosphine (TCEP) exceeding the amount of Oxone was added to the solution of 

the protein prior to coupling the outcome changed (Fig. 3-8 B). Since TCEP is a well-known reducing 

agent it presumably scavenged remaining Oxone and therefore preserved the stability of the 

ADP-ribose-protein linkage. However, even if the majority of protein was modified, there was still a 

fraction of native protein left. Finally, when the coupling was performed overnight at 4°C an almost 

quantitative coupling was achieved (Fig. 3-8 C). The obtained shifts in the deconvoluted mass spectra 

fit well to the estimated values calculated on basis of the mass difference between modified and 

unmodified cysteine (Fig. 3-8 D). 

 

 

Figure 3-8: Results of the thiocarbamate coupling approach as MS spectra; A) first coupling with low TCEP content; 
B) Coupling for two hours with high content of TCEP; C) Coupling overnight at 8°C with high TCEP content; D) Calculation of 

the mass difference between unmodified cysteine and with attached thiocarbamate-ADP-ribose. 
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The highly effective modification of histone H1.2 could after some optimisations also be confirmed by 

a change in the migration behaviour in SDS-PAGE gels (Fig. 3-9 A). Furthermore, initial experiments for 

the modification of in vitro-polymerised PAR and 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 SDS-PAGE showed no relevant differences to the untreated protein 

indicating that the major fraction of the protein remained unaffected. However, a Western Blot 

analysis of this gel with anti-PAR antibodies showed a strong signal indicating the presence of 

PAR-chains (experiment conducted by Simon Geigges). Nevertheless, it has to be admitted that this 

only represents an initial test that needs to be verified. Additionally, it has to be ensured that the 

positive result does not simply depend on unmodified PAR chains that were transferred onto the 

blotting membrane. In a similar blotting experiment, however, the presence of mono(ADP-ribose) 

residues on the modified protein could be confirmed by an anti-mono(ADP-ribose) antibody that could 

clearly bind to the created ADP-ribosylated H1.2E15C (Fig. 3-9 B). 

 

 

Figure 3-9: A) SDS-PAGE analysis of mono and poly(ADP-ribosylated) 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 SDS-PAGE gel shown in A with antibodies against mono- and poly(ADP-ribose); 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 of this chapter. This novel method allows to 

attach ADP-ribose to proteins in a freely selectable position and proved to be successful also in the 

case of challenging candidates like histone H1.2, bearing a multitude of nucleophilic residues. 

Additionally, the incorporated linker molecule is reduced to the absolute minimum regarding size. This 

is highly desirable because the formed interconnection between protein and ADP-ribose therefore 

closely resembles the natural linkage (Scheme 3-13).  
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The only important difference that has to be emphasised is the open-chain form of ribose that more 

resembles the ketamine form of the coupling to lysine than the closed-form of the other linkage types. 

However, the number of atoms as well as the occurrence of functional groups in the tether show close 

resemblance to the naturally-occurring connections. An additional advantage of this coupling strategy 

is that it is not restricted to mono(ADP-ribose) but could also be applied for the direct modification of 

proteins with chains of PAR or other kinds of glycans. The 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 area of the new procedure is very wide 

ranging. It can additionally easily be used to replace or improve existing cysteine-selective coupling 

procedures if the concept of switching the reactive centre on and off is beneficial. 

 

 

Scheme 3-13: Comparison between thiocarbamate-coupled ADP ribose and different naturally-occurring interconnections. 
From left to right: thiocarbamate coupling, lysine in its ketamine equilibrium form, arginine, glutamine, glutamate. 

 

 

3.1.9. Application of the Thiocarbamate Coupling Procedure for the Attachment of Fluorescent Dyes to 

Proteins 

 

To demonstrate the scope of the thiocarbamate coupling strategy and to get an independent proof of 

its applicability on histone H1.2 a fluorescent dye should be modified with an aldehyde and then 

coupled in the same procedure as used for ADP-ribose. 

The modification of a fluorescent dye with an aldehyde proved to be more challenging than initially 

expected. A rhodamine dye was selected for this purpose due to a general expertise in our group on 

these dyes and given their normally simple behaviour in modification reactions. Since Rhodamine 110 

as well as Atto 488 contain unprotected amine groups that could possibly react with a present 

aldehyde, 5-carboxytetramethylrhodamine (TAMRA) (44) 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 of attaching 3-methylamino-propane-1,2-diol to one of the carboxy groups on 

the dye molecule via peptide coupling chemistry. The now present vicinal diol 45 could afterwards be 

cleaved by treatment with sodium periodate to yield the desired aldehyde-modified fluorescent dye 

46. Subsequently, coupling to thiocarbamate linker molecule 40 was performed in analogy to the 

modification of ADP-ribose (Scheme 3-14). Also, the coupling to modified histone H1.2 was realised 

without any changes in the established protocol. 
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Scheme 3-14: Synthesis of thiocarbamate-modified TAMRA dye and coupling to histone H1.2 E15C. 

 

The results of the coupling were analysed by SDS-PAGE. It can be clearly seen in the UV-imaging of the 

SDS-PAGE analysis shown in figure 3-10 that there is only one sample where the protein was modified 

with the fluorescent dye. The negative control without modified TAMRA 47 does not show any 

fluorescence while the sample with added dye but without activation of the thiocarbamate group by 

oxidation neither does. This also proves that the observed fluorescence in the positive sample cannot 

be attributed to unspecific binding (Fig. 3-10). 
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Figure 3-10: SDS-PAGE analysis of TAMRA-modified histone H1.2; A) Coomassie staining; B) UV imaging. 

 

With this supportive experiment it could be shown that the newly developed coupling strategy works 

as claimed and that its usability is not restricted to ADP-ribose only. 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 Synthesis of Dimeric ADP-ribose 
 

3.2.1. General Considerations 

 

Disposing over a novel and potent coupling strategy for the modification of histone H1.2 and other 

proteins with ADP-ribose it would be of great benefit for the further elucidation of the profound 

biological role of ADP-ribosylation on a molecular level to expand the toolkit of possible modifications. 

ADP-ribosylation mediated by PARP-1 induces decondensation of chromatin by interfering with the 

charge-stabilised interactions between histones and DNA.[82, 87-88] Nevertheless, moderate modification 

with ADP-ribose may solely cause the collapse of higher order chromatin structures by reducing the 

internucleosomal interactions as well as the integration of nucleosomes into chromatin.[82, 86] This 

property may be attributed to the fact that PAR is the most electronegative biopolymer known.[283] The 

respective pKa-values in the pyrophosphate group are pKa1 < 2.0 and pKa2 = 2.64, resulting in a 

polyanionic character of the whole polymer chain at physiological pH.[335] 

With respect to the intended use of the ADP-ribosylated histones in experiments investigating the 

impact on the formation of chromatosomes, the next logical step would consequently be the 

development of strategies for the supply of longer fragments of PAR. It might be reasonably assumed 

that, with increasing chain length, more severe perturbations of chromatin structure may be observed. 

For this purpose, as well as for other elaborate research projects like for instance interaction studies, 

the availability of comparably large amounts of well-defined PAR-oligomers in pure form is necessary. 

Conclusively, it was considered that there is an urgent need to evolve and improve the existing 

strategies for the synthesis of ADP-ribose oligomers and enable their utilisation in biochemical and 

structural studies. A chemical synthesis could provide quantities of the desired polymer in the required 

quality that is not attainable by enzymatic production.[202] Furthermore, a chemical synthesis would 

allow for the facile introduction of unnatural modifications like dyes[270, 272], crosslinkers, chemical 

handles[194] for the modification of proteins, or hydrolytically stable analogues.[220] 

 

 

3.2.2. Structural Features of Dimeric ADP-ribose 

 

Although the ADP-ribose dimer represents the simplest PAR oligomer, it still contains most structural 

features of longer polymers, with the only relevant exception being the absence of branching points. 

In vivo it is only produced in small quantities[103] but could be unambiguously detected by several 

analytical methods.[336] 

The main hurdles in the synthesis of dimeric ADP-ribose are the construction of an O-glycosidic linkage 

ōŜǘǿŜŜƴ ǘƘŜ нΩ-hydroxy group of adenosine and the anomeric centre of ribofuranose as well as the 

introduction of multiple pyrophosphate linkages. The details of the synthetic challenges and the 

resulting conclusions influencing the strategies for the synthesis of PAR oligomers are discussed in 

detail in section 1.5.2.. At this point it should only be reminded that the fundamental concept for the 

intended ǎȅƴǘƘŜǎƛǎ ƛǎ ǘƻ ǳǎŜ ŀ ǇǊŜǎȅƴǘƘŜǎƛǎŜŘ нΩ-O- -hD-ribofuranosyl adenosine analogue (17) as 

central building block[206] and subsequently aim for the formation of the diphosphate bridges for 

completion of the dimeric unit (see scheme 1-10). 
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Up to present, the synthesis of short ADP-ribose oligomers was achieved by two groups 

independently.[201-202, 212] Lambrecht et al. aimed for a solution-phase synthesis utilising two different 

phosphate coupling strategies while Kistemaker et al. developed a solid-phase synthesis based on 

phosphoramidite-phosphate couplings. With this strategy even trimeric ADP-ribose could be 

successfully synthesised. 

Although there are several challenges in the formation of dimeric ADP-ribose it was decided to likewise 

strive for the synthesis of this molecule for two main reasons. First, the toolkit of ADP-ribose modified 

proteins for the elucidation of biochemical questions should be expanded. Furthermore, there was the 

notion that the existing synthetic strategies may be improved regarding 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 ADP-ribose in solution-phase and the 

implementation of this chemistry in our research group will certainly be beneficial for the subsequent 

development of synthetic strategies towards longer oligomers of ADP-ribose. 

 

 

3.2.3. Starting Point and First Synthetic Attempts 

 

Based on preliminary work from my master thesis[114] and the establishing of a suitable protecting 

group pattern by Meng Zheng[206], building block 17 with orthogonally protected hydroxyl groups was 

used as starting point (see scheme 1-11; For a detailed explanation of the nomenclature of the 

respective positions in the central building block please refer to section 8.1.). 

The first attempted synthetic route was comparably straightforward and aimed for the introduction of 

ŀ ǇƘƻǎǇƘŀǘŜ ƎǊƻǳǇ ƛƴ рΩΩ-position, followed by direct pyrophosphate coupling which relied on a 

technique published by Jessen and co-workers and already proved its applicability in other syntheses 

in our research group.[255-256] 

Initially, building block 17 ǿŀǎ ŎƻƴǾŜǊǘŜŘ ǘƻ ƛǘǎ рΩΩ-phosphate derivative 49 via P(III)-chemistry. Bis-Fm 

protected phosphoramidite 48[255] was activated with dicyanoimidazole and coupled to the free 

рΩΩ-hydroxyl group. After oxidation with meta-chloroperoxybenzoic acid (mCPBA) and basic 

deprotection 49 could be obtained in 61% yield (Scheme 3-15).  

 

 

Scheme 3-15: P(III)-mediated phosphorylation in 5''-position of building block 17. 
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As coupling partner protected adenosine 50[337] was converted to the corresponding phosphoramidite 

utilising commercially available 2-cyanoethyl N,N-diisopropylchloro phosphoramidite. Directly after 

purification the thus obtained synthon 51 was coupled to the phosphate group of central unit 49 as 

described by Kistemaker et al.[201] to yield the adenosine-coupled intermediate 52 in 38% yield 

(Scheme 3-16). 

 

 

Scheme 3-16: Synthesis of adenosine P-amidite and coupling to phosphorylated building block 49. 

 

Following the successful first coupling step, the рΩ-hydroxyl group on the adenosine-coupled central 

unit 52 was liberated by acidic treatment to be available for the introduction of a second phosphorous 

group (Scheme 3-17). In both already published synthetic routes problems with highly reactive 

phosphate species after the first coupling step were reported. In the strategy by Kistemaker et al.[201] 

the second coupling step utilising the Jessen approach failed in liquid-phase and also Lambrecht et 

al.[202] were not able to achieve the second coupling with the chlorophosphate intermediate utilised 

before and therefore moved to the robust and reliable phosphoimidazolidate method.[246, 338]  

In order to avoid these problems, in the present case it was tried to introduce an H-phosphonate on 

the just liberated hydroxyl group. This approach was chosen since the synthesis of H-phosphonates is 

known to work well with protected ribose derivatives and because such derivatives may be easily and 

quantitatively activated to the corresponding phosphoimidazolidate[339] under mild conditions in an 

Atherton-Todd reaction.[245, 340] Another advantage would be the possibility to add multiple equivalents 

of phosphorylated ribose in the subsequent coupling reaction in order to drive the reaction to 

completion and increase the yield without the extensive emergence of undesired by-products. 
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Scheme 3-17: Deprotection of coupled intermediate 52 and attempted introduction of an H-phosphonate group in 
рΩ-position; Structures marked in red could not be isolated. 

 

However, the introduction of the H-phosphonate failed probably due to the presence of the 

pyrophosphate group as the only unmasked reactive centre in the molecule and made a revision of 

the synthetic strategy inevitable. 

 

 

3.2.4. Streamlined Synthesis of ADP-ribose Dimer 

 

Regarding the lessons learned in the last synthetic route and facing the fact that the use of a 

phosphoimidazolidate coupling is inevitable at least in the second coupling step in a liquid-phase 

synthesis, a question arises regarding the necessity of protecting all hydroxyl groups in the central 

building block. It is known that a phosphoimidazolidate coupling may also be accomplished in the 

presence of unprotected secondary hydroxyl groups, as this reaction can tolerate many different 

functional motifs[341-347] and even works in partly aqueous media.[342, 348-349] For this reason, the idea 

matured to 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 block 13 described in section 1.5.2 at 

intermediate 53 (Scheme 3-18). At this stage the inverǎƛƻƴ ƻŦ ǘƘŜ нΩΩ-hydroxyl group is already 

accomplished and the opportunity to distinguish between the two primary hydroxyl groups of the 

molecule is given as wellΦ ²ƘƛƭŜ ǘƘŜ рΩ-hydroxyl group is free for further manipulation, on the attached 

ribose residue ƻƴƭȅ ǘƘŜ ǎŜŎƻƴŘŀǊȅ нΩΩ-hydroxyl group remains unprotected. This would render four 

synthetic steps towards the orthogonally protected building block obsolete and therefore bear the 

possibility to significantly shorten the whole synthetic route. 
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Scheme 3-18: Synthesis of semi-protected building block 53.[206] 

 

In their publication from 1999 Pope and co-workers[350] explored the phosphitylation of unprotected 

carbohydrates and nucleosides with different phosphoramidites. They found that under the right 

conditions a remarkable selectivity for the primary hydroxyl group could be achieved. Given the 

massive steric demand of bis-tert-butyl phosphoramidite it was reasoned that a selective 

phosphitylation of intermediate 53 may be a promising starting point for a synthetic route towards 

dimeric ADP-ribose. 

Indeed, the envisioned phosphitylation proceeded well utilising relatively weak activators. Therefore, 

a mixture of N-methylimidazole hydrochloride and N-methylimidazole was chosen. It was also known 

from reported syntheses that this system works in combination with bis-tert-butyl 

phosphoramidite.[201] The reaction proceeded well with 0.8 equivalents of phosphoramidite and 

51% of the desired product 54 could be isolated (Scheme 3-19). Remarkably, no phosphitylation on 

secondary hydroxyl groups could be observed and 28% of unreacted intermediate 53 were recovered. 

 

 

Scheme 3-19: Phosphitylation and basic deprotection of intermediate 53. 

 

In order to liberate the benzoyl-protected primary hydroxyl group in рΩΩ-position 54 was treated with 

aqueous ammonia. Under these conditions not only the benzoyl-protected hydroxyl groups were 

unmasked but also the benzoyl group in N6-position of the adenine moiety and one of the two 

tert-butyl groups were cleaved (55). This was not unexpected and also the emergence of a 

ǇƘƻǎǇƘƻŘƛŜǎǘŜǊ ƎǊƻǳǇ ƛƴ рΩ-postion should not interfere with the planned conversions.  
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With regard to the known problems of the strategy described in section 3.2.3., the logical next step 

was the introduction of the second ǇƘƻǎǇƘŀǘŜ ƎǊƻǳǇ ƛƴ рΩΩ-position prior to a continuation with the 

phosphoanhydride couplings. 

The first idea for the introduction of the second phosphate group was the utilisation of the widely used 

method developed by Yoshikawa.[351] The reaction with phosphorous oxychloride in trimethyl 

phosphate proceeded well and no reactivity against the secondary hydroxyl groups could be observed 

in 31P-NMR. However, a cleavage of the remaining tert-butyl protecting group on the phosphate in 

рΩ-position occurred in the course of the reaction (Scheme 3-20). This represents an exclusion criterion 

for this reaction since after this event the two phosphate groups may not be chemically distinguished 

anymore. It was reasoned that the cleavage may be caused by the strongly acidic conditions deriving 

from HCl formation in the reaction process. However, a reduction of phosphorus oxychloride from 

excess to equimolar amounts did not prevent the occurrence of the aforementioned deprotection. 

In order to circumvent this problem, the solvent was exchanged from trimethyl phosphate to pyridine 

which should act as a proton scavenger and therefore stabilise the tert-butyl group during the whole 

reaction process. This adjustment of the reaction conditions led to the desired result and no cleavage 

could be observed. At the same time, however, the regioselectivity of the reaction was lost and also 

the secondary hydroxyl groups were phosphorylated (Scheme 3-20). All approaches aimed at 

separating the two regioisomers turned out to be unsuccessful. 

 

 

Scheme 3-20: Efforts to phosphorylate the 5''-hydroxyl group of monophosphorylated building block 55. 

 

In search of a solution for the described problem a phosphorylation strategy reported by Murray et 

al.[352] appeared to be promising. In their publication the successful phosphorylation of the primary 

alcohol of unprotected adenosine was described using diphenyl phosphoryl chloride, Proton-Sponge 

and pyridine-N-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 adenosine in the latter solvent seemed not to be sufficient. 

With this procedure phosphorylated adenosine could be obtained in 71% yield (Scheme 3-21). 

 

 

Scheme 3-21: Regioselective phosphorylation of adenosine with diphenyl phosphoryl chloride. 

 

However, when transferring the reaction to the monophosphorylated building block 55 no reactivity 

ǘƻǿŀǊŘǎ ǘƘŜ рΩΩ-hydroyl group could be observed. Because of this plethora of problems another 

synthetic route was explored in parallel. The new strategy maintained protection of the secondary 

hydroxyl groups but concurrently was based on the introduction of orthogonally protected phosphates 

prior to any coupling efforts. 

 

 

3.2.5. Synthesis Attempt Based on Orthogonally Protected Phosphates 

 

Taking into consideration the lessons learned in the course of the last synthetic routes a new approach 

was conceived in which the introduction of the phosphorus groups into building block 17 should be 

accomplished prior to the first pyrophosphate coupling. Therefore, two orthogonally protected 

phosphate groups should be introduced. However, it had to be contemplated that a suitable protection 

of the secondary hydroxyl groups on the central motif is crucial for the successful and regioselective 

introduction of these phosphate derivatives. Also, with regard to the possible synthesis of longer 

oligomers this strategy might bear a decisive advantage. The deliberate cleavage of the protecting 

groups from the phosphate group of choice would enable to first achieve the construction of a 

pyrophosphate bond between two central units and afterwards to attach the missing ribose and 

adenosine residues to complete the structure. In this way the synthesis of a trimer or even longer 

oligomers would be graspable.  

As one of the two phosphate groups di-tert-butyl phosphate was selected because of its successful 

utilisation in the solid-phase synthesis of Kistemaker et al..[201] The choice of the protecting group for 

the second phosphate turned out to be less unambiguous. The most prominent choices would have 

been bis-cyanoethyl phosphate, or bis-benzyl phosphate. The former was not pursued because of the 

harsh basic deprotection conditions required for cleavage that would interfere with any acyl-based 

protecting groups on the molecule. The second one was instead avoided because Meng Zheng 

reasoned the emergence of depurination upon hydrogenation of the protecting groups.[206] By now 

and with regard to the utilization of this protecting group in the synthetic route reported by 

Hergenrother et al. this concern may be ruled out with the highest probability.[202] 

 



Results and Discussion 

 

 
69 

 

One possible solution for this hindrance was found in an elder method that was used in the synthesis 

of short oligoribonucleotides.[353-355] In these studies S,S-diaryl phosphorodithioates were used as 

masked phosphate groups with astonishing properties. First, this group may be converted into a 

phosphate by mild treatment with silver ions in aqueous pyridine. Additionally, one of the two 

thiophenol groups can be cleaved under basic conditions to yield the corresponding phosphorothioate. 

This charged intermediate, the sulphur orthologue to a diester, can either be completely unprotected 

by treatment with aqueous iodine in pyridine or, even more interesting, be activated to produce a 

metaphosphate intermediate in situ that can react with various nucleophiles to afford phosphorylated 

products.[356] The mentioned condensation reaction has also been used for the creation of 

phosphate-phosphate linkages on solid-phase[357] and in solution.[358] 

Since these phosphorodithioates seemed to be the ideal cornerstone for the new synthetic pathway 

cyclohexylammonium S,S-diphenyl phosphorodithioate (56) was synthesised with a method published 

by Hata et al.[359] in convenient yield (Scheme 3-22). 

 

 

Scheme 3-22: Synthesis of cyclohexylammonium S,S-diphenyl phosphorodithioate (PSS). 

 

In a first approach building block 17 was successfully coupled to the phosphorodithioate (PSS). 

However, following cleavage of the dimethoxytrityl group ƛƴ рΩ-position the modification of the 

resulting molecule with di-tert-butyl phosphate failed emphasising the sensitivity of phosphoramidite 

chemistry. When the sequence of modifications was inverted no problems occurred and the desired 

building block with orthogonally protected phosphates 57 could be obtained in good yields 

(Scheme 3-23). 

 

 

Scheme 3-23: Introduction of orthogonally protected phosphorous groups on 17 to yield building block 57. 
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Following the synthesis of synthon 57, a protected ribose phosphate derivative amenable for coupling 

to activated phosphorothioate was required. Therefore, the 5-hydroxy group of D-ribose was protected 

with TBDPS-Cl. Subsequently, all the remaining hydroxyl groups were benzoylated. Liberation of the 

primary hydroxyl group by fluorine treatment yielded the conveniently protected ribose derivative 58. 

The required phosphate group was introduced via phosphorous oxychloride under basic conditions in 

THF to yield the desired molecule 59 in 36% yield (Scheme 3-24). 

 

 

Scheme 3-24: Synthesis of phosphorylated ribose derivative 59. 

 

In order to perform the coupling between the central unit 57 and protected ribose phosphate 59 one 

of the two thiophenol groups had to be cleaved which was achieved by treatment of the starting 

compound with aqueous triethylamine in pyridine. Activation of the resulting phosphorothioate to the 

corresponding metaphosphate in presence of an excess of ribose phosphate 59 was not successful 

(Scheme 3-25). 

 

 

Scheme 3-25: Attempt to construct a pyrophosphate linkage via a metaphosphate intermediate derived from activated 
phosphorothioate; Structures marked in red could not be isolated. 

 

This first setback did not mean the end of the whole synthetic strategy since a deprotection of the 

phosphorodithioate group 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 sulphides upon treatment with 

thioacetamide and subsequent chromatographic purification[356] (Scheme 3-26). Furthermore, at this 

stage of the synthesis the reversed-phase purification of product compounds had to be adjusted 

because of the relatively low solubility in aqueous systems and high retention times on C-18 columns. 

The use of less unpolar C-8 columns designed for the purification of proteins and protected 

oligopeptides could conveniently solve this issue. 
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Scheme 3-26: Deprotection of phosphorodithioate to the liberated phosphate group on building block 57. 

 

The ŎƻǳǇƭƛƴƎ ƻŦ ŀ ǊƛōƻǎŜ ǇƘƻǎǇƘƻǊŀƳƛŘƛǘŜ ŦƻƭƭƻǿƛƴƎ WŜǎǎŜƴΩǎ approach [255-256] failed. It remains unclear 

why phosphorodithioate chemistry and phosphoramidite coupling chemistry seem not to be 

compatible. For this reason benzoyl protected ribose 58 was converted to the corresponding 

H-phosphonate 61 according to Dai et al..[339] This moiety was activated to a phosphoimidazolidate 62 

by treatment with trimethylsilyl imidazole and carbon tetrachloride in a modified Atherton-Todd 

reaction which proceeded quantitatively according to 31P-NMR.[245, 340] 

¢ƘŜ ŎƻǳǇƭƛƴƎ ǘƻ ǘƘŜ ŦǊŜŜ ǇƘƻǎǇƘŀǘŜ ƎǊƻǳǇ ƛƴ рΩ-position of 60 was performed in DMF without addition 

of auxiliary Lewis acids over 48 hours. The reported[201] cleavage of the tert-butyl protecting groups 

from the crude reaction mixture with concentrated HCl in hexafluoroisopropanol gave poor yields in 

our hands, while changing the acid to TFA solved this problem partially. An observation made with 

both deprotection strategies was the formation of few not clearly separated peaks occurring after the 

acidic treatment of the coupled molecule that eluted earlier than the desired product 63. These peaks 

ŎƻǳƭŘ ōŜ ŀǎǎƛƎƴŜŘ ōȅ Ƴŀǎǎ ŀƴŀƭȅǎƛǎ ǘƻ ōŜ ǘƘŜ ŎƻǳǇƭŜŘ ǇǊƻŘǳŎǘ ǿƛǘƘ ƭƛōŜǊŀǘŜŘ рΩΩ-phosphate group and 

randomly cleaved TBS-groups from the secondary hydroxyl functionalities (exemplified by substance 

64 in scheme 3-27). This is neither surprising due to the strongly acidic treatment, nor apprehensive 

as the next planned step in the synthetic strategy was an imidazole coupling followed anyway by global 

deprotection and because unprotected hydroxyl groups do not interfere with this step as already 

explained in section 3.2.4.. 



Results and Discussion 

 

 
72 

 

 

Scheme 3-27: First coupling step towards dimeric ADP-ribose between activated ribose phosphate and building block unit 60 
as well as the formation of partly-deprotected side products of the type 64. Unintentionally liberated secondary hydroxyl 

groups are highlighted in red. 

 

Before the last coupling step was performed, protected adenosine 50 was converted to the 

H-phosphonate 65 in analogy to ribose derivative 58 in the prior coupling step (Scheme 3-28). The 

activation to the phosphoimidazolidate as well as the following coupling to intermediate 63 was 

performed in the same way as for the preceding coupling step, yielding the protected dimer 66 in 

48% yield. In the same manner also the partly deprotected species of the type 64 were successfully 

subjected to the same coupling procedure.  
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Scheme 3-28: Coupling of an activated derivative of adenosine monophosphate to obtain protected dimeric ADP-ribose 66. 

 

The last step of this route was the global deprotection to give the final ADP-ribose dimer in its natural 

form. The deprotection was performed in analogy to the reported procedure by Lambrecht et al.[202] 

with the only modification that the deprotection mediated by fluorine ions was performed first and, 

after the purification of the intermediate, the basic deprotection step was conducted. While the 

cleavage of the silyl-based protecting groups proceeded well and the presence of the intermediate 

could be verified by MS-analysis the following basic deprotection did not yield any of the desired 

product.  

After this unexpected incident the search for possible errors in the design of the synthetic route 

revealed the possible reason for the failure shortly before the finishing line. In both prior syntheses of 

ADP-ribose oligomers the reducing end of the terminal ribose was not liberated by a basic deprotection 

step but remained modified during this step. While Kistemaker et al.[201] utilised a methyl 

ribose-derivative in the procedure of Lambrecht et al.[202] the protection of the reducing end was 

achieved with an TBDPS-groups that was removed only after the basic cleavage of the other protecting 

groups. 
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3.2.6. Synthesis of Dimeric ADP-ribose Circumventing Basic Deprotection 

 

In order to make sure that a decomposition of the ADP-ribose dimer in the final deprotection step 

cannot occur 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 aspects that were not ideal were remodelled to further 

ƛƳǇǊƻǾŜ ǘƘŜ ǎȅƴǘƘŜǘƛŎ ǊƻǳǘŜΦ Lǘ ǎƘƻǳƭŘΣ ŦƻǊ ŜȄŀƳǇƭŜΣ ōŜ ǇƻǎǎƛōƭŜ ǘƻ ƭƛōŜǊŀǘŜ ǘƘŜ рΩ-phosphate group 

without the occurrence of barely water-soluble silver salts for ease of purification. Additionally, the 

tert-butȅƭ ǇǊƻǘŜŎǘƛƻƴ ƻŦ ǘƘŜ ǇƘƻǎǇƘŀǘŜ ƎǊƻǳǇ ƛƴ рΩΩ-position should be replaced because of the 

occurrence of cleaved TBS-groups on the secondary hydroxyl groups during the deprotection with 

trifluoroacetic acid. Despite of these changes the general concept of the introduction of orthogonally 

protected phosphate groups on the building block should be maintained as well as the robust imidazole 

couplings with coupling partners derived from activated H-phosphonates. 

The first adjustment was a change of the protecting groups on the phosphates. The tert-butyl 

ǇǊƻǘŜŎǘƛƴƎ ƎǊƻǳǇǎ ǿŜǊŜ ŜȄŎƘŀƴƎŜŘ ŦƻǊ ŎȅŀƴƻŜǘƘȅƭ ǇǊƻǘŜŎǘƛƴƎ ƎǊƻǳǇǎ ƛƴ рΩΩ-position of the molecule. 

The initially rejected protecting group was now chosen because in the synthesis of the new building 

block the 6-N-benzoyl group on the adenosine 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 procedure. However, this requirement granted the 

opportunity to remove the two different kinds of protecting groups in one step. Bis-cyanoethyl 

phosphate was introduced into the molecule as the phosphoramidite in 72% yield. After cleavage of 

the dimethoxytrityl ƎǊƻǳǇ ǘƘŜ рΩ-hydroxyl group could be modified with PSS (56) in good yield to give 

the central unit with orthogonally protected phosphates 67 (Scheme 3-29). 

 

 

Scheme 3-29: Synthesis of alternative building block 67 with orthogonally protected phosphates. 

 

At first sight it may seem counterintuitive to continue to use the phosphorodithioate group since the 

deprotection with silver ions and the 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 thiophenol group and yield a phosphorothioate that may be completely mildly deprotected by 

aqueous iodine. The basic deprotection in aqueous ammonia with DBU, whose addition was necessary 

to cleave both cyanoethyl groups yielded the desired phosphorylated building block 68 in 77% yield. 
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Scheme 3-30: Basic deprotection of 67 ǘƻ ƭƛōŜǊŀǘŜ ǘƘŜ ǇƘƻǎǇƘŀǘŜ ƎǊƻǳǇ ƛƴ рΩΩ-position. 

 

The next step was the synthesis of a protected adenosine H-phosphonate in accordance with the new 

protecting group strategy. Since the former derivative 65 contained acyl-based 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 the central unit 68 were already protected with 

TBDMS-groups. For this reason, the same protecting group was also chosen for the protected 

adenosine while the N6-amine should remain unprotected. Generally, unprotected hydroxyl groups 

should not interfere with the phosphoimidazolidate coupling but the regioselective introduction of the 

H-phosphonate group required this synthetic detour. 

In the first step adenosine was protected with TBDMS groups on all hydroxyl functionalities. 

Subsequently, the primary hydroxyl group could be liberated selectively by treatment with 

80% aqueous acetic acid at 100°C.[360] ¢Ƙƛǎ ǇǊƻŎŜŘǳǊŜ ȅƛŜƭŘŜŘ ǘƘŜ нΩ-оΩ-protected intermediate 69 in 

44% yield over two steps. Attempts to directly convert 69 into the respective H-phosphonate species 

failed and it was reasoned that a transient protection of the exocyclic amine group may be required to 

achieve the desired functionalisation. A formamidine protecting group seemed to be the ideal choice 

because of its selectivity for the N6-amine group and its simple introduction in high yields. Stirring of 

69 with DMF-dimethyl acetal gave the protected derivative 70 quantitatively.[361] Following this 

protecting step, the introduction of the H-phosphonate functionality[339] proceeded without any 

problems and the formamidine protecting group was easily removed with hydrazine in acetonitrile 

(Scheme 3-31).[361] 

 

 

Scheme 3-31: Synthesis of adenosine synthon 71 not comprising acyl-based protecting groups. 
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Having obtained the new adenosine synthon 71 it was activated to the corresponding imidazolidate as 

already known from the last strategy and coupled to building block 68 (Scheme 3-32). At this point of 

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

рΩ-position of the molecule. While a direct activation of this group to the metaphosphate seemed not 

feasible because 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 ways. Conceivably, the most gentle option is the treatment with 

iodine in aqueous pyridine.[356] Normally the treatment with iodine in pyridine is used to activate the 

phosphate group but in presence of a massive excess of water the result is comparable to a normal 

deprotection procedure. Indeed, the deprotection proceeded smoothly and gave the desired molecule 

72 in 95% yield (Scheme 3-32).  

 

 

Scheme 3-32: Coupling of activated adenosine synthon 71 to central unit 68 and subsequent deprotection of the 
рΩ-phosphate functionality. 

 

In analogy to the adenosine H-phosphonate 71 also the protecting group pattern of ribose had to be 

revised. Conveniently, Lambrecht et al.[202] already designed a protected ribose derivative that was 

completely protected with silyl-based groups. The corresponding synthetic route is depicted in 

scheme 3-33 and was carried out as reported with comparable yields. The only slight extension was 

the introduction of the H-phosphonate group that was performed as before. 
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Scheme 3-33: Synthesis of silyl-protected ribose H-phosphonate 73. 

 

The activation of ribose H-phosphonate 73 worked perfectly as for the adenosine derivative before. 

Also, the coupling proceeded nicely, even if the yields were worse compared to the first coupling step. 

Maybe this might be a hint that the synthesis of longer oligomers should be grounded on different or 

more effective coupling strategies, or alternatively be conducted on solid-phase. Protected ADP-ribose 

dimer 74 was finally deprotected by treatment with fluoride and gave the desired target molecule in 

62% yield.  

  

 

Scheme 3-34: Coupling of activated ribose derivative 73 and subsequent deprotection of dimer 74 to yield natural dimeric 
ADP-ribose. 
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However, it must be stated that the amount of deprotected dimer was too small to get reliable NMR 

spectra because the synthesis was started with only 130 mg of building block 17. Due to the many 

failures and misleading synthetic pathways there was not more starting material available. A clear 

identification of the final product was performed via HR-MS (Fig. 3-11).  

 

 

Figure 3-11: A) Structure with indicated chemical formula and exact mass of dimeric ADP-ribose; B) High resolution mass 
spectrum of final product. 

 

Though, a working pathway for the synthesis of dimeric ADP-ribose was established that bears some 

advantages over the already published procedures. The approach published by Kistemaker et al.[201] 

has the disadvantage that highly unstable P(III)-derivatives are part of the building block and therefore 

are inconvenient to store over longer periods. Additionally, the solid-phase approach has the problem 

that the scalability is rather restricted in comparison to liquid-phase procedures. In this context 

especially the use of imidazolidate couplings is amenable for lager scales.[362] Another advantage over 

both published approaches is the efficient synthetic route for the central building block 17 that only 

contains one glycosylation step and does not demand complex stereoselective reactions but only relies 

on the neighbouring group effect.  
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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 yield.[114, 206] The next objective for the near future 

will now be to synthesise a larger amount of ADP-ribose dimer and to functionalize it with the newly 

developed thiocarbamate linker (see Section 3.1.8.). This construct would then allow to create 

precisely modified histone H1.2 and to study the influence of longer oligomers of ADP-ribose on the 

formation of chromatin. 
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3.3. Developments Towards an Automated Solid-Phase Synthesis of ADP-ribose 

Oligomers 
 

3.3.1. Motivation and Strategy 

 

During the development of the synthetic route for dimeric ADP-ribose it became obvious that the 

synthesis of longer fragments is accompanied by an increasing level of difficulty. Additionally, a 

synthetic strategy in solution is comparably time consuming since all intermediates have to be purified 

after almost every single reaction step. However, regarding biochemical assays and the understanding 

of the role of ADP-ribose 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 solid-supported approaches. Therefore, the aim of developing a solid-phase 

synthesis for ADP-ribose oligomers was targeted even before Kistemaker et al.[201] reported their own 

approach.[114] This strategy furthermore provides the two advantages that one can rely to a certain 

extent on the well-established solid-phase syntheses of DNA and RNA, especially regarding the 

availability of prefunctionalised resins and the general protecting group concept.[250, 363] Additionally, 

the knowledge about the synthetic strategy ƻŦ ŀ нΩ-O- -hD-ribofuranosyl adenosine analogue with 

orthogonally protected phosphoric groups as central building block can 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 polymer remains unchanged (see scheme 1.10). The only 

possible alternative to this approach would be the design of monomeric building blocks already 

containing a pyrophosphate group and subsequently establish a repetitive -hselective glycosylation on 

ǘƘŜ нΩ-hydroxyl group of adenosines in the progress of the polymerisation. Although this process would 

imitate the natural formation of PAR (see Section 1.4.) an automated stereoselective glycosylation on 

the secondary hydroxyl of a nucleoside in the presence of multiple anionic pyrophosphate groups 

seems almost impossible to achieve.[182] 

 

 

3.3.2. In Search for a Suitable Phosphate Coupling Procedure 

 

As outlined in the previous section the formation of the pyrophosphate bond is the crucial step in the 

development of a solid-phase synthesis of ADP-ribose oligomers. Therefore, the choice and 

optimisation of the phosphate coupling procedure has to be performed in advance of the development 

of the automated process. Due 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, 364-366] A more detailed list of available methods is provided in the introduction of this 

thesis (see Section 1.5.3.).  

However, the choice of a suitable method is not a simple question as many different factors have to 

be considered. First and foremost, the presence of phosphate groups in the 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 and facilitate the purification of the final product by low amounts of side-, 

and termination products. Furthermore, the reaction time may not be too long to keep the whole 

process in a reasonable timeframe for the synthesis of longer oligomers. Finally, with regard to the 

intended automation of the whole synthetic process in a reconfigured DNA-synthesiser, the reactive 

species used or formed during the coupling process should not be too aggressive in order to prevent 

corrosion of the equipment, decomposition of the product, or cleavage of intermediates from the 

solid-phase. Also, the formation of insoluble by-products would not be beneficial because they could 

lead to a clogging of the narrow tubes of the device. 

After reviewing the existing literature 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 pyrophosphate-linked DNA was synthesised.[261] Here the authors claimed that a 

so-called diphosphitylation reagent was condensed to unprotected hydroxyl groups yielding the target 

molecule (Scheme 3-35).  

 

 

Scheme 3-35: Alleged synthesis of diphosphitylation reagent and subsequent use in the solid-phase synthesis of 
pyrophosphate-linked DNA.[261, 264] 

 

The reliability of this approach was further supported by multiple publications by the same authors 

based on the same, or highly similar phosphitylation procedures.[262-268] Despite dedicated efforts, 

however, it was not possible to reproduce any of the reported results or syntheses.  
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!ƭǎƻΣ ƛƴ ƻǘƘŜǊ ƭŀōƻǊŀǘƻǊƛŜǎ ǘƘŜ ǊŜǇǊƻŘǳŎǘƛƻƴ ƻŦ tŀǊŀƴƎΩǎ ǊŜǎǳƭǘǎ ǿŀǎ ŀǘǘŜƳǇǘŜŘ ǳƴǎǳŎŎŜǎǎŦǳƭƭȅ ƻǾŜǊ ƭƻƴƎ 

periods of time. This suspicion is supported by the fact that the Filippov group finally succeeded in the 

synthesis of the proclaimed pyrophosphate-linked DNA by another synthetic approach and found that 

their NMR data were not in accordance with the data reported by Parang.[269] Since in this publication 

exactly the same issues with the synthesis of the alleged diphosphitylation reagent were described as 

encountered in my own experiments the results reported by the Parang group may be doubted with a 

high degree of certainty. 

In the development of their own solid-phase synthesis Kistemaker et al.[201] utilised the 

P(III)-P(V) coupling developed by Gold et al..[191] Jessen and co-workers further improved this method 

and proved its suitability for a solid-phase approach.[255-256] Even if with this method trimeric 

ADP-ribose could be successfully synthesised in this project it was aimed for the development of a new 

coupling strategy for two reasons. First, the use of P(III)-chemistry on the valuable building block 

should be prevented to facilitate its handling and long-term storability. Another argument would be 

the possibility to recycle used building block solution after passage through the resin. Since in 

solid-phase reactions always a huge excess of reactants over the immobilised intermediates is applied 

this could lead to a markedly lower consumption of building block and therefore a higher efficiency. 

Furthermore, there was a high level of confidence that a coupling procedure could be achieved in 

fewer steps in order to increase the overall yields and facilitate the whole process. For example, 

deprotection or oxidation steps could be omitted. 

As described in the previous chapter the formation of phosphoanhydrides by imidazole-activated 

P(V)-species gave good results and exhibited a good tolerance towards other functional groups. The 

same experience was made by Hergenrother et al.[202] when they used this coupling procedure for the 

second coupling step in their solution-phase synthesis of dimeric ADP-ribose. Furthermore, good 

results were obtained for the introduction of H-Phosphonates into suitably protected molecules and 

for their fast and quantitative activation to phosphoimidazolidates (see chapter 3.2.). However, this 

coupling normally requires reaction times between 24 and 48 hours.[223, 258, 364] A slight 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 irradiation.[367] Unfortunately, both adaptations are not applicable 

in this case because of still too long reaction times in the case of Lewis acid catalysis or due to the urge 

to remove the solid-bound intermediate from the synthesiser and perform the coupling reaction in a 

microwave tube. This would not just contradict the envisioned complete automation of the whole 

process, but also expose the reaction products to high temperatures and harsh conditions. 

A possible solution to make the phosphoimidazolidate coupling fit for a solid-phase application was 

found in a publication by Sekine et al. from 2003[357] where different methods for the chemical 

synthesis of a pyrophosphate cap structure on an immobilised oligonucleotide were examined. The 

finally successful strategy was an imidazole coupling where a benzotriazole was added to the reaction 

to form a highly reactive intermediate. With this relatively small adaptation the already established 

imidazole coupling was able to form phosphoanhydride bonds in a test reaction within ten minutes 

quantitatively. 

Naturally, this coupling reaction sparked interest and prompted the adaptation of this methodology to 

the synthesis of ADP-ribose. In order to test the feasibility of this reaction, the required 

6-(trifluoromethyl)-1-hydroxy-4-nitrobenzotriazole 75 was synthesised in a simple one-step procedure 

from commercially available 4-chloro-3,5-dinitrobenzotrifluoride and hydrazine (see scheme 3-36). [368]  
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Scheme 3-36: Synthesis of the catalyst 6-(trifluoromethyl)-1-hydroxy-4-nitrobenzotriazole 75. 

 

The H-phosphonate of protected adenosine 65 was activated to the imidazolidate in the same way as 

for the solution-phase couplings. In figure 3-12 the different reaction steps and the corresponding 

chemical shifts in 31P-NMR spectra are shown. As expected, the imidazolidate species 76 exhibits a shift 

around -10 ppm. Addition of benzotriazole 75 in DMF gave an equilibrated mixture of imidazolidate 76 

and the 6-(trifluoro-methyl)-4-nitrobenzotriazolyl-1-oxy ester derivative 77 (-0.9 ppm) when measured 

directly after addition. When this mixture was allowed to react with a protected ribose phosphate 

already after 15 minutes the formation of protected ADP-ribose could be observed (formation of 

coupled doublets around -10.5 ppm) and after 90 minutes the reaction ran to completion. 

 

 

Figure 3-12: 31P NMR shifts occurring during the imidazolidate-based coupling procedure under catalysis with benzotriazole 
75. 
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With this effective coupling method in hand an approach for the transfer of the already-established 

H-phosphonate coupling chemistry onto solid-phase seemed to be feasible. Not only the reactivity of 

the activated intermediate could be increased dramatically with only minor changes in the reaction 

setup, but also the whole activation and coupling process is built on comparably non-aggressive 

chemicals, a close to neutral pH range and does not form insoluble by-products.  

 

 

3.3.3. Preparation of the Solid-Phase 

 

With the new coupling approach in hand that fulfiled all specified expectations the next step towards 

an automated solid-phase procedure is the choice of a suitable solid-phase material and the 

development of a method to introduce the molecules and reactive groups required for 

phosphoanhydride couplings.  

In the automated oligonucleotide synthesis the use of controlled pore glass (CPG) in combination with 

long chain amino alkyl chains (LCAA) as solid support is general practice for standard applications in 

laboratory scale.[369] In contrast to the already reported solid-phase synthesis of ADP-ribose 

oligomers[201] 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 group to a Q-linker 

was necessary to avoid cleavage from the solid support upon treatment with DBU. This was inevitable 

in that strategy to cleave the cyanoethyl protecting groups from the partially protected and intrinsically 

unstable P(III)-P(V) intermediate (see scheme 1-15). Since in the envisioned approach for coupling no 

partly protected pyrophosphate intermediates are formed the adaptation to use a Q-linker lost its 

reason. Another feature that should be changed in comparison to the reported procedure is the 

direction of synthesis. While Kistemaker and colleagues started from an immobilised ribose derivative 

and continued their synthesis ǘƻǿŀǊŘǎ ǘƘŜ άŀŘŜƴƻǎƛƴŜ ŜƴŘέ ƻŦ ǘƘŜ ƻƭƛƎƻƳŜǊ in the approach developed 

here it was planned to invert this route. This adjustment would grant the opportunity of a more facile 

introduction of modified ribose derivatives at the end of the oligomer. One of the main drawbacks of 

the published procedure is that only oligomers methylated in the 1-position of ribose can be 

synthesised. This heavily interferes with an intended coupling to proteins since the free reducing end 

of the oligomer is not accessible. Another reason in favour of the change of directions was that the 

нΩ-O- -hD-ribofuranosyl adenosine building block 17 is initially unprotected at its рΩΩ-hydroxyl group. A 

coupling to an immobilised phosphorous-modified adenosine appears consequently conspicuous. 

Furthermore, the combination of the standard LCAA succinyl linker with immobilised protected 

adenosine is a standard solid support for the synthesis of RNA and therefore commercially available. 

For those reasons, solid support 78 was purchased and used in the following syntheses as basic residue.  

The next step in the development was the functionalisation of the purchased solid-phase with a 

suitable phosphorus-bearing molecule. Due to the nature of the pyrophosphate coupling procedure it 

could only be chosen between H-phosphonate and phosphate species. Finally, it was decided to 

introduce the H-phosphonate residue on the solid-phase to have the activated phosphate immobilised 

later on. This setup gives the theoretical opportunity to activate the immobilised phosphorous centre 

and afterwards apply a mixture of benzotriazole and a phosphate-bearing molecule to 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 elevated. Additionally, with this 

strategy it is possible to handle only unactivated phosphorous groups prior to the actual coupling and 

keep the whole activation and coupling process inside the reaction chamber of the synthesis column. 

The only feasible alternative would be a preactivation of the H-phosphonate species in liquid-phase 

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

perform. 

For the introduction of the H-phosphonate several different reaction types were available. The 

theoretically possible pathway of utilising phosphorous trichloride and subsequent hydrolysis was 

omitted because of the high corrosivity of this reagent. Another possible method for the 

phosphitylation would be the use of 2-chloro-1,3,2-benzodioxaphosphorin-4-one.[370] However, the 

use of this reagent was impossible because of the precipitation of a brownish substance after following 

solubilisation in 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 towards moisture. Similar observations were also reported by Zlatev et al.[371] in a similar 

setting.  

The third strategy was a simple transfer of the phosphitylation method already utilised in solution.[339] 

Like the two strategies mentioned before, this approach also required a two-step procedure in which 

first diphenylphosphite was coupled and in the next step the remaining phenyl residue was hydrolysed 

with aqueous triethylamine. After implementation of this procedure on the DNA synthesiser and 

running a test experiment, adenosine H-phosphonate was deprotected and cleaved from the solid 

support by basic treatment and subsequently analysed by LC-MS. Utilising this procedure the 

formation of H-phosphonate on solid phase was achieved in good yield. There was only one disturbing 

factor that raised concerns, namely the presence of relatively high amounts of water in the 

deprotection step. Since the reactive intermediate of the phosphate coupling method is extremely 

susceptible towards hydrolysis there was a high demand for a method not requiring nucleophilic 

entities as a safety measure. 

A possible solution for this challenge was found in an old methodology for the synthesis of DNA 

oligomers, the so-called phosphonate method.[372-373] 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 suitable protecting group that can be cleaved under dry 

conditions this method would be almost tailor-made for the phosphitylation of the solid support. 

Nikolaev and co-workers[374] described the synthesis of a fluorenylmethyl-protected H-phosphonate 

that would ideally suit these requirements and used it for the phosphitylation of a complex 

oligosaccharide. 
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For the adaptation of this strategy to an automated solid-phase synthesis the protected 

H-phosphonate 77 was synthesised by the condensation of phosphorous trichloride and 

9-fluorenemethanol and subsequent hydrolysis (Scheme 3-37). 

 

 

Scheme 3-37: Introduction of H-phosphonate on solid support by phosphitylation with 77 and subsequent cleavage of the 
remaining fluorenylmethyl group under water-free conditions. Optionally the reaction products can be cleaved from the 

solid support to enable further analysis. 

 

The phosphitylation procedure is illustrated in the same scheme. Following liberation of the 

рΩ-hydroxyl group of adenosine by treatment with 2% DCA in DCM for 30 seconds, a mixture of 

preactivated 77 in DCM was applied to the column for ten minutes. Subsequent cleavage of the 

fluorenylmethyl group with triethylamine in acetonitrile yielded the desired immobilised 

H-phosphonate 79. To prove the successful introduction of the desired functionality the target 

molecule was cleaved from the solid support and analysed by LC-MS (Fig. 3-13). 
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Figure 3-13: A) EIC trace of the H-phosphonate of adenosine after cleavage from solid support; B) Mass spectrum recorded 
in negative mode taken from the trace shown in A; C) Structure of the desired H-phosphonate species with indicated 

molecular formula and exact mass. 

 

Finally, a reliable strategy for the introduction of H-phosphonates on solid-phase was successfully 

developed that met all the previously specified needs and enabled to advance in the establishment of 

a pyrophosphate coupling procedure based on immobilised adenosine. 
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3.3.4. Activation of Immobilised H-Phosphonates and Evaluation of the Coupling Procedure 

 

Based on the established procedure for the introduction of H-phosphonates with high efficiency the 

next step towards a pyrophosphate coupling was the activation of the immobilised groups. The 

reaction conditions that already proved to be successful in solution were chosen to be used for this 

purpose (see chapter 3.2.6.).[339] Furthermore, Zlatev et al.[371] ǊŜǇƻǊǘŜŘ ǘƘŀǘ ŀƴ άŀŎǘƛǾŀǘƛƻƴ ƳƛȄǘǳǊŜέ 

containing TMS-Imidazole, triethylamine and bromotrichloromethane exhibited an excellent shelf 

stability and could efficiently be re-used. It was assumed that an exchange of the oxidising cosolvent 

to tetrachloromethane will not alter this behaviour since more literature evidence points to the 

possibility of a successful activation with this reagent. 

 

 

Scheme 3-38: Activation of H-phosphonate 79 to the respective imidazolidate 80 and optional cleavage from solid support to 
enable the analysis of the process. 

 

In order to test the feasibility of the activation procedure immobilised H-phosphonate 79 was 

incubated with the άactivation mixtureέ for five minutes. After thorough washing of the resin the 

reaction products were cleaved from the solid support and deprotected with ammonia (Scheme 3-38). 

It was expected that a successful activation could be confirmed indirectly by LC-MS. In the event that 

imidazolidate 80 was present before cleavage the oxidation state of the phosphorus group should have 

changed from P(III) to P(V) and a phosphate, respectively phosphoramidate should be detected. 

However, surprisingly imidazolidate 80 was stable enough to withstand the deprotection and 

ionisation process and was directly detected in the LC-MS trace. Only small amounts of phosphate and 

slight traces of H-phosphonate were found indicating a quantitative activation of the immobilised 

entities (Fig. 3-14). 
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Figure 3-14: A) EIC traces of possible products from the activation reaction of immobilised adenosine H-phosphonate 79 
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. 

 

Following the initially conceived coupling strategy illustrated in scheme 3-39, after the activation and 

thorough washing of the solid support with acetonitrile a mixture of benzotriazole 75 as catalytic entity 

and a phosphate monoester in DMF should be applied to the reaction column for coupling.  
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Scheme 3-39: Schematic representation of the entire strategy for the creation of phosphoanhydride linkages on solid 
support under catalysis of benzotriazole 75; R = replacement character that can stand for any of the residues utilised in this 

chapter. 

 

As a first test reaction 6-azidohexyl phosphate[375] was subjected to the depicted coupling procedure. 

After 30 minutes of coupling the products were cleaved from the solid support, deprotected and 

analysed by LC-MS. 
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Scheme 3-40: Coupling of 6-azidohexyl phosphate to the immobilised imidazolidate 80 under catalysis of benzotriazole 75 
and optional cleavage from solid support to enable the analysis of the process; Edging indicates the automated addition of 

the substances from the same vial on an automated DNA-synthesiser. 

 

In figure 3-15 the extracted ion chromatograms as well as a mass spectrum of the formed product is 

illustrated. The majority of the immobilised entities was successfully coupled to the present phosphate 

(black line) while only a small amount of phosphate was detected in the reaction mixture. This 

indicated that the planned strategy for the synthesis of phosphoanhydride groups is generally 

transferable to a solid-phase approach. Furthermore, it has to be noted that the whole synthesis, 

except of the final deprotection step, was conducted in an automated fashion on a reprogrammed 

DNA-synthesiser. Additionally, in comparison to the synthesis based on mixed 

P(III)-P(V)-anhydrides[201] there are only two steps required for the whole coupling procedure because 

a separate oxidation step as well as the cleavage of protecting groups on the phosphate is not 

necessary. 
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Figure 3-15: A) EIC traces of possible products from the coupling of phosphorylated 6-azidohexanol to immobilised 
imidazolidate 80 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. 

 

Following the successful first coupling experiment also protected adenosine monophosphate and 

protected ribose phosphate 22[202] were tested under the same coupling conditions. 

Moreover, with those more complex molecules that are directly related to the synthesis of ADP-ribose 

oligomers good coupling yields could be achieved. In the case of adenosine, a higher amount of 

adenosine monophosphate was found in the analysed mixture (Fig. 3-16). However, it cannot be 

conclusively clarified if this uncoupled monophosphate is derived from unsuccessful coupling events 

or simply represents remaining substance of the added adenosine monophosphate phosphate that 

was not completely washed from the solid support.  
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Figure 3-16: A) EIC traces of possible products from the coupling of protected adenosine monophosphate to immobilised 
imidazolidate 80 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. 

 

For the tested ribose phosphate 22 there was one prominent peak found in the first analytic liquid 

chromatography run that eluted at high proportions of acetonitrile. The m/z value for the found 

product matched the expected ADP-ribose derivative with one TBDMS group cleaved (Fig. 3-16 A-C). 

When the separation column was washed again with higher ratios of acetonitrile and a steeper 

gradient to elute highly unpolar compounds, also a clear peak for the intact product was detected 

while barely no adenosine monophosphate could be found in both analytical runs (Fig. 3-16 D-F). The 

successful coupling with this ribose derivative unequivocally proved the general feasibility of the 

developed approach to synthesise derivatives of ADP-ribose. 
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Figure 3-17: A) EIC traces of possible products from the coupling of protected ribose monophosphate 22 to immobilised 
imidazolidate 80 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 of protected ribose monophosphate 22 to immobilised imidazolidate 80 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 reaction product with indicated molecular formula and exact mass. 
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Based on the observations reported in chapter 3.2 it was reasoned that an entirely orthogonal 

protection of the ribose phosphate derivative is not strictly necessary. With the design and synthesis 

of ribose phosphate derivatives bearing base-labile protecting groups on the secondary hydroxyl 

groups and only one orthogonal protecting group at the anomeric centre the possibility for the 

introduction of modified ribose derivatives could be proven and the difficulties with the hampered 

elution in the liquid chromatography runs could be circumvented. For this purpose, a straightforward 

synthesis of 1-pentenyl-protected 2,3-benzoylated ribose phosphate 81 was undertaken starting from 

commercially available ribose-phosphate as barium salt (Scheme 3-41).[186, 376] Also, the introduction 

of other standard protecting groups for the anomeric centre like e.g. benzyl, or the functionalisation 

with propargylamine is easily achievable following the synthetic protocol. The only drawback of this 

synthetic strategy is the occurrence of a considerable amount of product benzoylated on the 

phosphate moiety. However, this compound can be converted into the desired product 81 by mild 

treatment with triethylamine in acetonitrile.  

 

 

Scheme 3-41: Straightforward synthesis of protected ribose monophosphate 81 in a one-pot procedure from commercially 
available starting materials. 

 

When 81 was subjected to the coupling procedure the good coupling yields were again confirmed. The 

ADP-ribose derivative with 4-pentenyl protection on the anomeric centre was formed as main product 

only accompanied by a small fraction of adenosine monophosphate (Fig. 3-18). 
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Figure 3-18: A) EIC traces of possible products from the coupling of ribose monophosphate 81 to immobilised imidazolidate 
80 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. 

 

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 whole synthetic strategy another protected ribose 

phosphate derivative bearing a benzyl protecting group in 1-position was synthesised in analogy to 

compound 81. The introduction of the benzyl group facilitated the purification by RP-HPLC by 

integrating a UV-absorbing residue into the molecule. Furthermore, this particular protecting group 

can be mildly cleaved by hydrogenation yielding the free ADP-ribose (Fig. 3-19). Encouraged by these 

promising results indicating a convenient coupling behaviour for relevant molecules, possibilities for a 

further development of the automated synthetic protocol were conceived. 
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Figure 3-19: A) EIC traces of possible products from the coupling of benzyl-protected ribose monophosphate to immobilised 
imidazolidate 80 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. 

 

 

3.3.5. Possibilities for Further Developments 

 

Based on the findings for the establishment of phosphoanhydride bonds in various molecules on 

solid-phase described on the last pages, an automated synthetic procedure for longer ADP-ribose 

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 should be incorporated into the growing ADP-ribose 

chain. Another possibility would be to introduce the second phosphorous group following the 

successful phosphoanhydride coupling. This approach, however, would bear the disadvantage of a 

clearly prolonged time for each elongation step and render imponderabilities on the impact of the 

H-Phosphonate chemistry on the already present intermediates. Furthermore, the provision of the 

required reagents would block at least two custom bottle positions on the synthesiser that 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 unprotected phosphate amenable for pyrophosphate 

coupling, the second group would preferably relate to H-phosphonates. However, it should first be 

checked whether H-phosphonates are in any way affected by the phosphoanhydride coupling 

procedure on solid phase.  
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Because of the temporal separation between activation of immobilised H-phosphonate and coupling 

it might be possible to conduct the whole coupling procedure in only two steps without any need of 

additional protecting groups on the H-phosphonate as illustrated in scheme 3-42. 

In order to precisely elucidate the behaviour of H-phosphonates under the given coupling conditions 

an NMR-experiment was conducted (Fig. 3-20).  

 

 

Figure 3-20: NMR-study on the behaviour of H-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 adenosine 65 was activated, as already shown in the last 

experiment (see Chapter 3.3.2. and Fig. 3-12). Upon addition of the benzotriazole the equilibrium 

between imidazolidate and the corresponding benzotriazolidate was established. In contrast to the 

addition of a phosphate, where a pyrophosphate bond was formed after a short period of time, the 

addition of an excess of unactivated H-phosphonate 65 did not result in the formation of coupled 

products. Only when the reaction was run overnight the emergence of a signal for diadenosine 

pyrophosphate at -11.4 ppm could be observed. However, this observation may also result with high 

probability from the partial hydrolysis of the activated species to the phosphate and subsequent 

coupling to the activated intermediate. 



Results and Discussion 

 

 
99 

 

With this positive result the establishment of a coupling procedure as depicted in scheme 3-42 appears 

to be feasible. After an initial priming step to introduce a H-phosphonate group onto the immobilised 

adenosine the actual coupling procedure would only 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 incorporated entity could already contain 

the H-phosphonate group applicable for the next coupling step a repetition of the priming procedure 

would be rendered obsolete and the overall elongation time could be significantly reduced.  

 

 

Scheme 3-42: Possible strategy for the synthesis of oligomeric target molecules interconnected by phosphoanhydride groups 
in a two-step procedure; X = either suitably protected adenosine or the growing chain of ADP-ribose; R = prospect ribosyl 
adenosine building block to be used in the automated synthesis of ADP-ribose oligomers; T = terminal group, probably 

suitably protected ribose derivative. 

 

For the whole coupling approach after the initial priming of the solid support with H-phosphonate 

groups only two of the four available custom bottle positions are necessary, oƴŜ ŦƻǊ ǘƘŜ άŀŎǘƛǾŀǘƛƻƴ 

ƳƛȄǘǳǊŜέ ŀƴŘ ŀ ǎŜŎƻƴŘ ƻƴŜ ŦƻǊ ǘƘŜ ƳƛȄǘǳǊŜ ƻŦ ǇƘƻǎǇƘŀǘŜ ŀƴŘ ōŜƴȊƻǘǊƛŀȊƻƭŜ 75. Since four custom bottle 

ports are available on the ABI-392 synthesiser in our lab there is room for the introduction of different 

groups like standard and modified building blocks as well as a terminal ribose moiety thus allowing the 

fully automated synthesis of artificial ADP-ribose without the need of instrumental adjustments. 
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Owing to lack of time no model molecule containing a phosphate and a H-phosphonate group could 

be synthesised and tested in the envisaged procedure. Therefore, the possible future developments 

and subsequent stages of testing are outlined in the Outlook section of this thesis.
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4. Summary and Outlook 
 

ADP-ribosylation of proteins represents a PTM that continues to be in the spotlight of scientific 

ǊŜǎŜŀǊŎƘΦ !ƭǘƘƻǳƎƘ ǘƘŜ ƛƴƛǘƛŀƭ ŘƛǎŎƻǾŜǊȅ ƻŦ t!w ƛǎ ŘŀǘŜŘ ōŀŎƪ ǘƻ ǘƘŜ ŜŀǊƭȅ мфслΩǎ[377], up to the present 

days novel functions along with cellular processes in which ADP-ribosylation is attributed to play a 

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

its various roles in vivo that 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 investigation of ADP-ribosylation 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 H1.2 was commenced. After initial trials 

based on already established coupling methods exploiting the nucleophilicity of cysteine residues for 

the introduction of artificial modifications on target proteins it soon became abundantly clear that an 

entirely new coupling chemistry was necessary in order to successfully complete this task. The main 

problem in the utilisation of already-established 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 

ADP-ribose constructs while exhibiting a pronounced reactivity towards thiol nucleophiles to ensure 

an almost complete modification of the target protein. Aggravating, cross-reactivity against other 

nucleophilic groups present in the side chains of the canonical amino acids should 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 ADP-ribose and the hydrazine 

residue of the linker that could be 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 (Scheme 4-1). 

 

 

Scheme 4-1: Depiction of the coupling procedure to target structures based on thiocarbamate linker molecules. 

 

With this innovation, a completely new coupling chemistry was developed that is able to fulfil all the 

requirements formulated in advance of the project. Utilising this approach, it is possible to 

site-selectively introduce ADP-ribose residues onto target proteins at defined positions as exemplified 

by the notoriously difficult candidate histone H1.2.  
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Additionally, the whole coupling procedure can be performed without taking unreasonable efforts and 

the synthesis of the linker molecule is straightforward and may be achieved without the necessity of 

extensive skills in synthetic organic chemistry. Furthermore, the element of connection is small in size 

and closely resembles the natural linkage between ADP-ribose and protein (Scheme 3-13). However, 

the scope of application encompasses not only the coupling of ADP-ribose and derivatives thereof. As 

demonstrated with the successful coupling of an aldehyde-modified 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 functional residues 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 further research projects 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 ADP-ribose histone constructs should be utilised to investigate the impact of this PTM on the 

formation of nucleosomes and chromatosomes. To further extend these studies also longer fragments 

of ADP-ribose may be fractionated and modified with the linker molecule. This is of particular interest 

since it could be shown that the binding behaviour of proteins towards PAR is dependent on chain 

length of the modification.[139] Also, a semi-synthetic approach towards PARylated proteins seems to 

be promising in which only the initial unit of ADP-ribose is site-selectively introduced and the PAR 

oligomer is afterwards elongated enzymatically. Indeed, this activity could be shown for ARTD1 on 

MARylated histones in vitro.[378] Along these lines, the new coupling strategy may be a valuable tool to 

investigate the crosstalk between ADP-ribosylation 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 non-hydrolysable derivatives of ADP-ribose 

for the creation of antibodies the are able to detect the presence of this modification at determined 

positions of target structures.[379] An additional important research application pointing into the same 

direction would be the utilisation of histone constructs site-specifically modified with non-hydrolysable 

ADP-ribose in affinity-based profiling experiments. In combination with modern mass spectrometric 

methods this approach could lead to the discovery of specific reader molecules for ADP-ribosylation 

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 experiments, also the coupling procedure 

itself may be subjected to further improvements. The main point for these studies could be the 

coupling between linker molecule and ADP-ribose. As shown by Muir and co-workers[192] the utilisation 

of aminooxy- or N-methyl aminooxy functionalities gives control about the conformation of the 

proximal ribose that may be present either as ring-closed, or ring-open form (see scheme 1-8). 

Furthermore, the thus formed oxime linkage generally displays a higher stability than hydrazones.[294] 

This feature may render the stabilisation of the linkage between ADP-ribose 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 on the stability 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 linker 40 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 these concerns the 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 more stable xanthogenate-like 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 could be considered. However, in this case it has 

to be kept in mind that the reactivity of the linker molecule may suffer from turning the reactive 

thiocarbamate structure into a thioester moiety (84). 

 

 

Scheme 4-2: Possible modifications of the linker molecule in order to introduce aminooxy- or N-methyl aminooxy 
functionalities and the currently used linker molecule 40. 

 

Another opportunity for a direct modification on the linker molecule is the N-methyl group in close 

proximity to the electrophilic centre. At this position of the molecule the introduction of other reactive 

residues like e.g. photo crosslinkers such as diaziridines, aryl azides or benzophenones could enable 

the immobilisation and therefore subsequent identification of non-covalent interaction partners of 

MAR or PAR in pull-down experiments.[331] 

A possible application of the linker molecule with switchable electrophilicity may 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 nucleophiles could perfectly fit the requirements of a 

so-called safety-catch 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 yield in solid-phase 

synthetic approaches can by minimised. The combination of oxidation and the following mild cleavage 

of the thiocarbamate moiety could easily by utilised in this field especially because of its comparatively 

facile synthetic availability. 

The second and probably most time-consuming project within this thesis was the development of a 

synthetic pathway towards dimers of ADP-ribose. In combination with the established 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 be rather simply produced in large quantities already 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 the subtle utilisation of protecting groups 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 the necessity of a basic deprotection step it was 

possible to isolate a small amount of dimeric ADP-ribose. 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 approach has to be proven in succeeding rounds of 

synthesis. Additionally, it has to be stated that during the developmental period of this synthesis also 

two other synthetic routes towards dimeric ADP-ribose were published.[201-202]  
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The main advantage of the pathway described here is the utilisation of robust coupling procedure in 

combination with a radically simplified protecting group pattern. Furthermore, in contrast to the 

solid-phase synthesis developed by Kistemaker et al.[201] in the present case the target compoundΩǎ 

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 ADP-ribose oligomers to an 

automated DNA-synthesiser it became apparent that a basic deprotection step has not to be 

circumvented in all cases. The crucial step is rather that the reducing end of the terminal ribose residue 

maintains its protection during this step and is liberated afterwards under differing conditions. 

Therefore, a further revision of the synthetic pathway is possible to further simplify the whole 

procedure. The main point could be the utilisation of adenosine or ribose derivatives bearing 

acyl-based protecting groups and therefore facilitate the purification by reversed-phase HPLC. 

The great efforts necessary in order to achieve the synthesis of dimeric ADP-ribose consequently lead 

to the decision that a solid-phase approach would greatly simplify the synthesis of oligomers of 

ADP-ribose and that this strategy is the only opportunity the achieve the highest degree of automation 

of the whole synthetic process. For this reason, initial steps 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 solid-phase approach the foundations of a more automated and 

less sensitive and cumbersome synthetic method were laid. Therefore, the 

phosphoimidazolidate-based coupling utilized in the solution phase couplings was revised in order to 

achieve a significantly higher reactivity along with dramatically reduced reaction times. Afterwards the 

introduction of H-phosphonate groups as precursors for this coupling on solid-phase was established 

and successfully used in the formation of pyrophosphate bonds with various test substances. In 

addition, the formation of ADP-ribose with different 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 need of a lot of 

improvements and optimizations this solid-phase approach bears the possibility to form chains of 

pyrophosphate-linked oligomers in short time frames and involving just two reactions steps. 

Furthermore, all inevitable steps were already shown to be easily automated on an ABI DNA 

synthesiser.  

In future, a simple test molecule bearing a phosphate as well as an H-phosphonate moiety should be 

synthesised and used in order to prove the proposed strategy for the synthesis of molecules bearing 

multiple pyrophosphate entities. Afterwards, ribosylated adenosine building block 17 could be 

modified with these two residues in order to automatically produce oligomers of ADP-ribose. Having 

established the standard coupling process the introduction of a multitude of possible modifications 

could be started and also non-natural elements could be easily incorporated.  

To conclude, the developed tools bear the potential to significantly expand the prospects of future 

research in the field of ADP-ribosylation. However, there 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 ADP-Ribosylierung von Proteinen ist eine posttranslationale Modifikation die nach wie vor im 

Fokus wissenschaftlicher Forschung steht. Obwohl ihre Entdeckung in den frühen 60er Jahren nun 

schon mehrere Jahrzehnte zurückliegt werden kontinuierlich neue Funktionen und biologische 

Prozesse entdeckt in denen ADP-Ribosylierung eine zentrale Rolle zugeschrieben wird. Dennoch 

verbleiben nach wie vor viele Belange in Bezug zu dieser komplexen posttranslationalen Modifikation 

und ihrer in vivo Funktionen unklar. Um diese Problematik zu überwinden und eine umfassende 

Erforschung zu ermöglichen wurden in der vorliegenden Arbeit drei Teilprojekte bearbeitet, welche 

die verfügbaren Technologien zur Untersuchung von ADP-Ribosylierung zukünftig erweitern und 

verbessern sollen. 

Der Zielsetzung folgend wurde mit der Entwicklung einer leistungsfähigen und gleichzeitig vielseitigen 

Strategie für die Kopplung von ADP-Ribose an verschiedenste Zielproteine begonnen. Ein besonderes 

Augenmerk wurde dabei auf die Modifikation des Linkerhistons H1.2 gelegt. Nach anfänglichen 

Versuchen, welche aus der Adaptation von bereits etablierten Kopplungsmethoden, basierend auf der 

erhöhten Nukleophilie der Thiol-Gruppe von Cysteinen hervorgingen, wurde nach vergleichsweise 

kurzer Zeit offensichtlich, dass zur Erfüllung der gesetzten Spezifikationen eine völlig neue 

Kopplungschemie entwickelt werden muss. Das Hauptproblem in der Anwendung der etablierten 

Methoden lag im Finden der Balance zwischen Stabilität, welche zur Aufreinigung des ADP-Ribose 

gekoppelten Intermediats nötig war und einer ausreichenden Reaktivität, welche für den effektiven 

Ablauf der sich anschließenden Kopplung an das Zielprotein unumgänglich ist. Erschwerend kam hinzu, 

dass eine Kreuzreaktivität gegenüber anderen nukleophilen Seitenketten des Zielproteins in jedem Fall 

vermieden werden sollte um die Kontrolle über die Regioselekitvität der Reaktion zu erhalten. Die 

erste Herausforderung konnte elegant umgangen werden, indem ein schaltbarer Linker entwickelt 

wurde, dessen Elektrophilie sich erst in Folge einer chemischen Modifikation drastisch erhöhte. Auf 

diese Weise war es möglich die Konjugation von Linker und ADP-Ribose in hohen Ausbeuten zu 

erreichen. Des Weiteren zeigte das Linkermolekül auch eine ausreichende Stabilität um diese 

Verbindung mittels einer Reduktion noch weiter zu stabilisieren und eine ungewollte Hydrolyse zu 

verhindern. Im Anschluss konnte durch eine Aktivierung des elektrophilen Zentrums des Linkers eine 

selektive Reaktivität gegenüber Thiolfunktionalitäten am Zielprotein initiiert werden (siehe 

Scheme 4-1). Durch die Entdeckung des schaltbaren Linkers konnte eine völlig neuartige 

Kopplungschemie entwickelt werden, welche in der Lage ist alle zu Beginn des Projektes gestellten 

Bedingungen zu erfüllen. Mit Hilfe dieses Ansatzes ist eine chemoselektive Einführung von ADP-Ribose 

Derivaten an beliebigen Positionen von Zielproteinen problemlos möglich, wie am anspruchsvollen 

Kandidaten Histon H1.2 erfolgreich gezeigt werden konnte. Einen zusätzlichen Vorteil stellt die 

prozessuale Einfachheit des kompletten Kopplungsvorganges dar. Besonders die geradlinige Synthese 

des Linkermoleküls, welche keine besonderen Anforderungen in der Synthese stellt ist hierbei 

hervorzuheben. Zusätzlich wurde das Verbindungsglied zwischen Cargo und Protein möglichst 

kurzkettig designt und ähnelt in seiner Struktur der natürlichen Verbindung (Scheme 3-13). Der 

Anwendungsbereich der entwickelten Kopplungsmethode ist jedoch nicht auf die 

Monofunktionalisierung mit ADP-Ribose und verwandter Derivate beschränkt. Wie durch die 

erfolgreiche Modifikation des Zielproteins mit einem Aldehyd-modifizierten Farbstoff gezeigt werden 

konnte eröffnen sich auch Möglichkeiten für die Verwendung einer Vielzahl an Glykanen, Ketten von 

Poly(ADP-Ribose), oder anderer künstlicher Funktionalitäten, welche ein Aldehyd enthalten. Hierdurch 

erschließt sich ein sehr breites Gebiet an möglichen Anwendungen für diese Kopplungsstrategie. 
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Das zweite und zugleich zeitintensivste Ziel, dass innerhalb dieser Thesis bearbeitet wurde war die 

Entwicklung einer Synthesestrategie für ADP-Ribose Dimere. In Kombination mit der neu etablierten 

regioselektiven Kopplung von ADP-Ribose an Zielproteine könnten diese beiden Teilprojekte sehr stark 

voneinander profitieren und eine tiefergehende Untersuchung der biologischen Rolle von PAR 

ermöglichen. Die Planung startete ausgehend von einem zentralen Baustein 17, dessen Synthese schon 

im Vorfeld dieser Arbeit innerhalb der Arbeitsgruppe und hinsichtlich der einfachen Darstellung von 

größeren Mengen optimiert wurde.[114, 206] Allerdings mussten bis zum Erhalt des angestrebten 

Endproduktes noch mehrere Probleme erfolgreich gelöst werden. Dies bezog sich nicht nur auf die 

erwartbaren Schwierigkeiten in der Konstruktion der Phospoanhydridbindungen sondern auch die 

Ausarbeitung einer maßgeschneiderten Schutzgruppenstrategie, da ein vielversprechender 

Syntheseweg erst im finalen Entschützungsschritt auf Grund der fehlenden Maskierung des anomeren 

Zentrums der terminalen Riboseeinheit scheiterte. Schlussendlich, nach einer vollständigen Revision 

der Schutzgruppenstrategie mit dem Ziel der Vermeidung eines finalen basischen 

Entschützungsschrittes war es möglich eine kleine Menge des ADP-Ribose Dimers zu isolieren. 

Allerdings war es zu diesem späten Zeitpunkt innerhalb des Projektes auf Grund der geringen 

Restmenge des verfügbaren Ausgangsmaterials nicht möglich ein NMR-Spektrum der Endverbindung 

zu erhalten, weswegen der schlussendliche Beweis der Brauchbarkeit dieses Syntheseweges noch in 

einer erneuten Darstellung in größerem Maßstab bekräftigt werden sollte. Zusätzlich muss an dieser 

Stelle angemerkt werden, dass während der Entwicklung der genannten Syntheseroute ebenfalls zwei 

andere erfolgreiche Darstellungen von ADP-Ribose Dimeren veröffentlicht wurden.[201-202] Der 

hauptsächliche Vorteil des in dieser Arbeit entwickelten Syntheseweges, im Vergleich zu den anderen 

Routen, liegt in der Verwendung der sehr robusten Phosphoimidazolidat-Kopplung in Kombination mit 

einer radikal vereinfachten Anwendung von Schutzgruppen. Zusätzlich ist im Endprodukt dieses 

Syntheseweges im Gegensatz zu der von Kistemaker et al.[201] publizierten Festphasensynthese das 

reduzierende Ende des terminalen Riboserestes ungeschützt und nicht als Methylribosid blockiert, was 

dieses wertvolle reaktive Zentrum für nachfolgende Kopplungsreaktionen verfügbar macht.  

Der große Aufwand der zur Entwicklung einer effektiven Synthese von dimerer ADP-Ribose nötig war 

ließ den Entschluss reifen, dass zum Erhalt längerer Oligomere und zur Vermeidung der mühevollen 

Aufreinigung von Zwischenstufen eine Festphasenstrategie die erfolgversprechendere 

Herangehensweise ist. Außerdem würde eine solche Synthese die Möglichkeit 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 

Festphasensynthese unternommen. Nach einer breit angelegten Recherche vorheriger Arbeiten auf 

diesem Feld und der Identifizierung der zentralen Probleme der bereits publizierten 

Festphasensynthese[201] wurden die Grundzüge einer leichter automatisierbaren und einfacher 

aufgebauten Festphasenstrategie festgelegt. Die bereits aus der Synthese in Lösung bewährte 

Phosphoimidazolidat-Kopplung wurde erfolgreich überarbeitet und den neuen Gegebenheiten 

angepasst indem eine deutlich höhere Reaktivität gepaart mit reduzierten Reaktionszeiten erreicht 

werden konnte. Anschließend wurde die Einführung von H-Phosphonaten als Vorläufergruppen für die 

eigentliche Kopplungsreaktion optimiert und diese erfolgreich in der Bildung von 

Pyrophosphatverknüpfungen in mehreren Testsubstanzen angewendet. Zusätzlich konnte die Bildung 

von ADP-Ribose in diesem Festphasenansatz mit unterschiedlichen Schutzgruppenstrategien am 

anomeren Zentrum der terminalen Ribose in hoher Effizienz erreicht werden. Letztendlich wurden 

noch Möglichkeiten zur Weiterentwicklung der Syntheseprozedur erarbeitet und deren Machbarkeit 

in initialen Versuchen untersucht.  
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Obwohl nach wie vor viel Optimierungsbedarf bis zum Erreichen des finalen Ziels besteht, bietet diese 

Festphasensynthese die zukünftige Möglichkeit Pyrophosphat-verknüpfte Oligomere innerhalb kurzer 

Zeitintervalle und in nur zwei Reaktionsschritten zu bilden. Des Weiteren konnte bereits gezeigt 

werden, dass alle zentralen Schritte während des Synthesezyklus mit geringem Aufwand an einem 

handelsüblichen ABI DNA-Synthesiser vollständig automatisiert werden können. In Zukunft wäre es 

interessant den zentralen Baustein aus der Dimersynthese 17 dahingehend zu modifizieren, dass er 

eine Phosphat-, als auch eine H-Phosphonatgruppe trägt, um die Eignung zur automatisierten 

Darstellung längerer Oligomere zu untersuchen. Im Anschluss daran könnte versucht werden 

verschiedenste künstliche Modifikationen in die ADP-Ribose Ketten einzubringen, oder diese durch 

nicht natürliche Verknüpfungen zu stabilisieren.  

Zusammenfassend bergen die entwickelten Werkzeuge zur Untersuchung der biologischen Rolle von 

ADP-Ribosylierung das Potential die momentan bestehenden Möglichkeiten zur Erforschung dieser 

faszinierenden posttranslationalen Modifikation an entscheidenden Stellen deutlich zu erweitern. 

Allerdings muss gleichzeitig auch eingeräumt werden, dass in vielen Bereichen noch Optimierungen 

nötig sind, um eine erfolgreiche Anwendung in zukünftigen Forschungsprojekten zu ermöglichen. 
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6. Experimental Section 
 

6.1.  General Information for 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 purification. If necessary reactions were conducted under 

exclusion of air and moisture. If use of an atmosphere of nitrogen is indispensable it is mentioned in 

the description of the reaction. Thin-layer chromatography (TLC) analyses were performed using TLC 

Silica gel 60 F254 aluminium sheets or TLC Silica gel 60 RP-18 F254s (both by Merck Millipore®) and 

visualized by UV or staining with either cerium molybdate in sulfuric acid or p-anisaldehyde prepared 

following commonly known recipes.[380-381] Flash column chromatography was performed using silica 

gel 60 Å (Roth). Reversed-phase medium pressure liquid chromatography (RP-MPLC) was performed 

on a Sepacore X50 system (Büchi) applying SVP D26 SI60 15-пл ˃Ƴ ол g columns by Götec-Labortechnik 

and a flow rate of 10 mL/min. Applied solvent systems were either H2O/MeCN or H2O/MeOH, which is 

stated in the particular reaction description. Anion-exchange chromatography was performed on a 

&ƪǘŀtǳǊƛŦƛŜǊ όD9 IŜŀƭǘƘŎŀǊŜύ ǿƛǘƘ ŀ 59!9 {ŜǇƘŀŘŜȄϰ !-25 (GEHealthcare Bio-SciencesAB) column 

using a linear gradient (0.1 M ς 1.0 M) of triethylammonium bicarbonate buffer (TEAB, pH 7.5). 

Preparative reversed phase high pressure liquid chromatography (RP-HPLC) was performed using a 

Shimadzu unit having LC20AP pumps and a SPD M20A PDA detector. Either a VP 250/21 NUCLEODUR 

C18 HTec, 5µm (Macherey-Nagel) column for the purification of polar compounds or a Vydac 208TP 

C8 250x10mm 10 µm (Grace) utilised for highly unpolar but charged intermediates and a gradient of 

acetonitrile in 50 mM TEAA buffer (pH 7.0) were used. All compounds purified by RP-HPLC were 

obtained as their triethylammonium salts after repeated freeze-drying. The 1H-NMR signals of 

triethylammonium are not reported. Analytical RP-HPLC was performed using a Shimadzu Prominence 

system. A VP 250/4 NUCLEODUR C18 HTec, 5µm (Macherey-Nagel) column and a gradient of 

acetonitrile in 50 mM TEAA buffer (pH 7.0) were used. NMR spectra were recorded on a Bruker Avance 

III 400 MHz spectrometer and a Bruker AVIII 600 MHz spectrometer. 1H and 13C chemical shifts are 

reported relative to the residǳŀƭ ǎƻƭǾŜƴǘ ǇŜŀƪ ŀƴŘ ƎƛǾŜƴ ƛƴ ǇǇƳ όʵύΦ HR-ESI-MS spectra were recorded 

on a Bruker Daltronics microTOF II by direct injection of the probe dissolved in H2O, or H2O/MeOH 1:1. 

The reported yields refer to analytically pure substances and were partly obtained via UV 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 was prepared by suspending 5 moles of triethylamine in water and bubbling carbon 

dioxide (from evaporating dry ice) through the mixture until a pH of 7.5 is reached. The buffer was 

diluted to 5 L to give 1 M TEAB. The buffer was diluted to 0.1 M as needed.  

 

Triethylammonium acetate buffer (TEAA):  

1 M TEAA buffer was obtained by suspending 1 mol triethylamine in water and cooling to 0°C. 

Afterwards, 1 mol of acetic acid was slowly added. After ceasing of heat emission, the solution was 

allowed to reach room temperature and pH was adjusted to 7.0. The buffer was diluted to 1 L to give 

1 M TEAA and was diluted to 50 mM as needed. 

 

 

6.2. General Experimental Procedures in Biochemical Experiments 
 

6.2.1. Bacterial Strains 

 

Strain 
 

Genotype Source 

E. Coli XL 10-Gold endA1 glnV44 recA1 thi-1 gyrA96 relA1 lac Hte 
ɲ(mcrA)183 ɲ(mcrB-hsdSMR-mrr)173 tetR CΩ 
 

Stratagene 

E. Coli BL21 (DE3) F-ompT gal dcm lon hsdSB(rB
- mB

-) (˂DE3 [lacl 
lacUV5-T7 gene1 ind1 sam7 nin5]) 

Stratagene 

 

 

6.2.2. List of Buffers and Solutions Utilised in Biochemical Experiments 

 

Media 
 

Components Concentration 

LB medium LB-medium 20% (w/v) 
   
SOC medium pH 7.0 Tryptone 

Yeast extract 
NaCl 
MgCl2 
MgSO4 
Glucose 

20 g/L 
5 g/L 
0.01 M 
0.01 M 
0.01 M  
0.02 M 
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SDS-PAGE 
 

Components Concentration 

6x Loading dye  Tris-HCl pH 6.8 
SDS 
Glycerol 
-̡Mercaptoethanol 

Bromophenol blue 

225 mM 
5% (w/v) 
50% (v/v) 
1.25% (v/v) 
0.05% (w/v) 

   
15% Resolving gel Trizma base pH 8.8 (1.5 M) 

10% SDS 
MQ 
30% Bis-Acrylamide 
10% APS 
TEMED 

1.25 mL 
50 µL 
1.20 mL 
2.5 mL 
50 µL 
5 µL 

   
12.5% Resolving gel Trizma base pH 8.8 (1.5 M) 

10% SDS 
MQ 
30% Bis-Acrylamide 
10% APS 
TEMED 

1.25 mL 
50 µL 
1.65 mL 
2.15 mL 
50 µL 
5 µL 

   
Stacking gel Trizma base pH 6.8 (0.5 M) 

10% SDS 
MQ 
30% Bis-Acrylamide 
10% APS 
TEMED 

1.25 mL 
20 µL 
3.10 mL 
0.65 mL 
35 µL 
10 µL 

   
10x SDS running buffer Trizma base pH 8.9 

Glycin 
SDS 

250 mM 
2 M 
1% (w/v) 

   
Coomassie staining solution  Coomassie Brilliant Blue R-250 

Methanol 
Acetic acid 

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

   
Coomassie destinating 
solution  

Methanol 
Acetic acid 

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

 
 

  

   
Agarose gel electrophoresis  
 

Components Concentration 

50x TAE buffer pH 8.5 Trizma base 
0.5 M EDTA pH 8.0 
Acetic acid 

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

  

IB-buffer Trizma base pH 7.0 
NaCl 
EDTA 
(Triton X-100) 

50 mM 
100 mM 
1 mM 
(1% (v/v)) 

   
Buffer A Trizma base pH 7.0 

Urea 
NaCl 
-̡Mercaptoethanol 

50 mM 
6 M 
1 M 
10 mM 

   
Buffer B (washing buffer) Trizma base pH 6.4 

Urea 
NaCl 
-̡Mercaptoethanol 

50 mM 
6 M 
1 M 
10 mM 

   
Elution buffer Trizma base pH 6.4 

Urea 
NaCl 
-̡Mercaptoethanol 

Imidazole 

50 mM 
6 M 
1 M 
10 mM 
16 ς 500 mM 

   
   
Protein conjugation 
 

Components Concentration 

3x PBS buffer NaH2PO4 
NaCl 
(Adjusted to pH 7.5 with 1 M NaOH) 

0.45 M 
0.30 M 
 

 

 

6.2.3. List of Kits and Standards Utilised in Biochemical Experiments 

 

Kit/Standard 
 

Source 

GeneRulerTM DNA Ladder Mix 
 

Fermentas 

PageRulerTM Prestained Protein Ladder 
 

Fermentas 

6x DNA Loading Dye 
 

Thermo Scientific 

QIAprep Spin Miniprep Kit 
 

Qiagen 

QIAquick Gel Extraction Kit 
 

Qiagen 

MinElute Reaction Cleanup Kit 
 

Qiagen 

Pierce BCA Protein Assay Kit 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 resistance E. coli cells 

were cultured in LB-media supplemented with 100 µg/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 long-term storage of strains glycerol stocks were stored at -80°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 from E. coli Cells 

Isolation of plasmid DNA was performed utilising the QIAprep Spin Miniprep Kit (Quiagen). 5 mL of 

suspended cells from an overnight culture were pelleted by centrifugation (4400 rpm, 10 min, 4°C). 

The isolation und purification was conducted following the ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭΦ /ƻƴŎŜƴǘǊŀǘƛƻƴ 

and purity of the isolated plasmid DNA was determined by photometrical measurements on a 

NanoDrop spectrophotometer (pEQ-Lab). The ratio of the peaks at 260 nm and 280 nm indicate the 

purity of plasmid DNA since proteins 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 sequencing performed 

by GATC Biotech AG, Konstanz. 

 

Restriction Digest of Plasmid DNA 

For analytical reasons as well as 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 µL, while 

preparative digestions for cloning experiments 1 µg of DNA in a total volume of 40 µL was 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 cloning experiments the plasmid DNA had to be extracted 

from the agarose gels for further treatment (vide infra). 

 

Agarose Gel Electrophoresis 

Following restriction digest agarose gel electrophoresis was used to separate plasmid DNA from 

undigested DNA and residual fragments by size and charge. Samples were mixed with 6x DNA loading 

dye and loaded on the gel matrix (0.8% (w/v) agarose and 0.5 µg/mL ethidium bromide in TAE buffer. 

The length of the DNA fragments was determined by comparison to the respective bands of the 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 device (Bio-Rad). 
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DNA Extraction from Agarose Gels 

Following the separation 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. Extraction and purification were performed with 

vL!ǉǳƛŎƪ DŜƭ 9ȄǘǊŀŎǘƛƻƴ Yƛǘ όvL!D9bύ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭΦ ¢ƘŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ 

the gained DNA was determined photometrically on a NanoDrop spectrophotometer (pEQ-Lab). 

 

Ligation of DNA Fragments 

Extracted DNA fragments were ligated by ATP-dependent T4-DNA 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 recircularization of the vector DNA. A pET11a plasmid was used as 

expression vector. The Ligation was conducted in 1x T4-DNA ligase reaction buffer with 10 mM ATP for 

20 min at room temperature. For a reaction in the scale of 20 µL total volume 20 U/µL enzyme were 

applied. To achieve an efficient ligation the molar ratios of insert DNA to vector backbone should be 

between 1:3 and 1:6. 

 

Transformation with Electrocompetent E. coli Cells 

Electrocompetent E. coli cells were generously provided by Simon Geigges. For transformation the cells 

that are normally stored at -80°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 mixed. Following incubation on ice for 5 min the electroporation was 

performed with 1.8 kV, 200 ʍ and a pulse length of 5 ms on a Gene Pulser Xcell (Bio-Rad). Directly 

afterwards the cells were incubated for 45 min in 1 mL of SOC medium preheated to 37°C with shaking 

and then plated on LB agar plates for over-head incubation at 37°C overnight.  

 

SDS-PAGE 

To the reaction mixture was added one fifth of the volume of 6x SDS loading buffer and the samples 

were heated to 95°C for 5 min. Resolving gels with 12.5% or 15% bis-acrylamide overlayed with a 

4% stacking gel were used for separation. The samples were separated at a constant current of 30 mA 

in 1x SDS running buffer. Fluorescent gels were read-out using a ChemiDoc XRS. For Coomassie 

staining, SDS-PAGE gels were incubated in Coomassie staining solution at rt for 30 min on a shaker. 

Gels were washed several times with water, treated with Coomassie destaining solution and left at rt 

on a shaker until the single protein bands were clearly visible. A molecular weight marker was used to 

determine the mass of separated proteins. 
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LC-MS Analysis of Full-Length Proteins 

For the assessment of whole histone H1.2 protein mass, HR-ESI-MS spectra were recorded on a Bruker 

Daltonics microTOF II equipped with an Agilent 1100 Series HPLC system. The respective samples were 

separated using an EC150/2 Nucleodur 200-5 C4ec column by Macherey Nagel and a binary gradient 

of 0.1% formic acid in water and 0.1% formic acid in MeCN at a flow rate of 300 ˃ ƭκƳƛƴΦ For each 

measurement, 15 ˃ ƭ ƻŦ ǇǊƻǘŜƛƴ ǎŀƳǇƭŜ ŀǘ ŀ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ 400 ˃ Ǝκml were injected. The mass 

spectrometric analysis was performed in positive ion mode under the following conditions: capillary 

voltage at 4.5 kV, nebulizer gas pressure of 0.4 bar, dry gas flow of 4 l/min and a capillary temperature 

of 180°C. In order to assure accuracy, an internal calibration with sodium formate included in every 

single measurement. The processing of recorded spectra was performed using the 

CompassDataAnalysis software provided by Bruker. Following baseline subtraction with a flatness 

value of 0.99 and smoothing utilizing the Gauss algorithm, compound spectra were subjected to 

maximum entropy deconvolution to yield the 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 cysteine-bearing variants of histone H1.2 E114C and E15C were conducted 

following already established protocols within our research group.[63, 92] Wild-type H1.2 was generously 

provided by Simon Geigges. 

For the expression of histone variants 1 L LB supplemented with carbenicillin was inoculated with 

10 mL of an E. coli BL21 (DE3) (generated by site-specific mutagenesis of H1.2 wt) overnight culture on 

a shaker at 37°C and 175 rpm. As soon as an OD600 between 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, 4°C) and the pellet was stored at -20°C.  

Purification of the proteins of interest was achieved by immobilised metal affinity chromatography 

(IMAC). The cell pellets were thawed on ice and resuspended in 20 mL IB-buffer (with Triton X-100) 

freshly supplemented with 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 (17000 g, 20 min, 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 mL IB-buffer (without Triton X-100) 

with another centrifugation step between the 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 solubilised protein 

fraction was incubated with 1.5 mL slurry cOmplete His-Tag Purification Resin (Roche) and 5 mM 

imidazole overnight at 4°C in an overhead shaker. After settling the beads were washed with buffer B 

and the His-tagged protein was eluted with a stepwise gradient from 16 mM to 500 mM imidazole in 

elution buffer. The washing and elution fractions were analysed by SDS-PAGE and the desired clean 

protein fractions were pooled, dialysed against water and concentrated by VivaSpin (10000 MWCO) 

(Sartorius), 4000 rpm, 4°C). The protein concentration was determined by a PierceTM BCA Protein 

!ǎǎŀȅ Yƛǘ ό¢ƘŜǊƳƻ {ŎƛŜƴǘƛŦƛŎύ ŦƻƭƭƻǿƛƴƎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭ ŦƻǊ ƳƛŎǊƻǇƭŀǘŜ ƳŜŀǎǳǊŜƳŜƴǘǎΦ ¢ƘŜ 

sequence data for the DNA and the purified proteins are shown in the following. 

 

 

 

 

 

 

 

 

 

 



Experimental Section 

 

 
116 

 

Codon optimised DNA sequence of WT protein 

 

ATGAGCGAAACCGCACCGGCAGCACCTGCTGCAGCACCTCCGGCAGAAAAAGCACCGGTTAAAAAAAAAGCA

GCCAAAAAAGCCGGTGGTACCCCGCGTAAAGCAAGCGGTCCTCCGGTTAGCGAACTGATTACCAAAGCAGTT

GCAGCAAGCAAAGAACGTAGCGGTGTTAGCCTGGCAGCACTGAAAAAAGCACTGGCAGCAGCAGGTTATGAT

GTGGAAAAAAATAATAGCCGCATTAAACTGGGCCTGAAAAGCCTGGTTAGCAAAGGCACCCTGGTTCAGACC

AAAGGCACCGGTGCAAGCGGTTCATTTAAACTGAATAAAAAAGCCGCAAGCGGTGAAGCAAAACCGAAAGTT

AAAAAAGCGGGTGGCACCAAACCGAAAAAACCGGTTGGTGCAGCAAAAAAACCGAAAAAAGCAGCCGGTGG

TGCAACCCCGAAAAAAAGCGCAAAAAAAACGCCGAAAAAAGCCAAAAAACCGGCAGCAGCAACCGTTACCAA

AAAAGTTGCAAAATCTCCGAAAAAAGCGAAAGTTGCGAAACCGAAAAAGGCCGCAAAAAGCGCAGCAAAAG

CAGTTAAACCGAAAGCCGCTAAACCGAAAGTGGTTAAACCGAAGAAAGCGGCACCGAAAAAAAAACATCATC

ACCATCACCACTAA 

 

In case of E15C and E114C the respective codons (counted without start codon) were mutated to TGC. 

All constructs were cloned into the multiple cloning site of pET11a using NdeI and BamHI restriction 

sites. 

 

 

 

Amino acid sequences of the proteins 

 

WT 

SETAPAAPAAAPPAEKAPVKKKAAKKAGGTPRKASGPPVSELITKAVAASKERSGVSLAALKKALAAAGYDVEKNNS

RIKLGLKSLVSKGTLVQTKGTGASGSFKLNKKAASGEAKPKVKKAGGTKPKKPVGAAKKPKKAAGGATPKKSAKKTP

KKAKKPAAATVTKKVAKSPKKAKVAKPKKAAKSAAKAVKPKAAKPKVVKPKKAAPKKKHHHHHH 

E15C 

SETAPAAPAAAPPACKAPVKKKAAKKAGGTPRKASGPPVSELITKAVAASKERSGVSLAALKKALAAAGYDVEKNNS

RIKLGLKSLVSKGTLVQTKGTGASGSFKLNKKAASGEAKPKVKKAGGTKPKKPVGAAKKPKKAAGGATPKKSAKKTP

KKAKKPAAATVTKKVAKSPKKAKVAKPKKAAKSAAKAVKPKAAKPKVVKPKKAAPKKKHHHHHH 

E114C 

SETAPAAPAAAPPAEKAPVKKKAAKKAGGTPRKASGPPVSELITKAVAASKERSGVSLAALKKALAAAGYDVEKNNS

RIKLGLKSLVSKGTLVQTKGTGASGSFKLNKKAASGCAKPKVKKAGGTKPKKPVGAAKKPKKAAGGATPKKSAKKTP

KKAKKPAAATVTKKVAKSPKKAKVAKPKKAAKSAAKAVKPKAAKPKVVKPKKAAPKKKHHHHHH 
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6.3.2. Chemical Syntheses 

 

 

Scheme 6-1: Overview of the synthesis of linker molecule 40 and the subsequent attachment to ADP-ribose. 

 

a) Ethyl chlorothioformate (39)[382] 

 

 

2.14 g of ethanthiol (34.4 mmol; 3 eq) and 4.77 mL of Et3N (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 eq) were dissolved in 20 mL 

of THF and slowly added to the solution of thiol and Et3N. 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 bath temperature of 40°C (caution, 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. 

 

1H NMR (400 MHz, Chloroform-d) ŭ 3.27 (q, J = 7.5 Hz, 2H, CH2), 1.66 (t, J = 7.4 Hz, 3H, CH3). 

 
13C NMR (101 MHz, CDCl3) ŭ 165.58, 28.46, 13.92. 

 

HR-ESI-MS: due to the low mass of the molecule no HR-MS was obtained 
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b) S-Ethyl h -methylhydrazide thiocarbamate (40)  

 

 

158 µL of methylhydrazine (3.0 mmol; 1 eq) and 460 µL of Et3N (3.3 mmol; 1.1 eq) were dissolved in 

5 mL of DCM and cooled to -80°C. 251 µL of ethyl chlorothioformate (39) (2.4 mmol; 0.8 eq) was 

dissolved in 2 mL of DCM and slowly added to the reaction. The solution was allowed to reach room 

temperature overnight. On the next day the reaction was diluted with DCM and extracted three times 

with water and once with brine. The organic phase was dried over Na2SO4 and evaporated to dryness 

to yield 203 mg of S-EtƘȅƭ ʰ-methylhydrazide thiocarbamate (1.51 mmol; 63%). The target compound 

was diluted with DMSO to give a 1 M solution to be used in the coupling to ADP-ribose.  

 

1H NMR (400 MHz, Chloroform-d) ŭ 3.95 (bs, 2H), 3.15 (s, 3H), 1.22 (t, J = 7.4 Hz, 3H). 
 
13C NMR (101 MHz, CDCl3) ŭ 125.46, 39.08, 24.29, 15.27. 
 

HR-ESI-MS: due to the low mass of the molecule no HR-MS was obtained 

 

c) Linker-coupled ADP-ribose (41)[305]  

 

 

25 mg of ADP-ribose (sodium salt; 42.4 µmol; 1eq) were dissolved in 3 mL of water and 60 µL of acetic 

acid were added. Next, 250 µL of a 1 M solution of S-ŜǘƘȅƭ ʰ-methylhydrazide thiocarbamate (40) in 

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

ensure proper solubilisation. The resulting mixture was slowly frozen and thawed for three times 

at -20°C. Subsequently 53.3 mg of solid NaBH3CN (0.85 mmol; 20 eq) were added and the solution was 

kept at 8°C overnight. Completion of the reduction was confirmed by LC-MS. Afterwards the product 

was purified by RP-HPLC. Product-containing fractions were evaporated and lyophilised three times in 

order to remove volatile salts. Product yield was determined by UV-absorbance at 260 nm 

( 2ʁ60 = 13500 M-1*cm-1)[383] in water to be 37.3 µmol (88%). 

 

1H NMR (400 MHz, Deuterium Oxide) ŭ 8.55 (s, 1H, H-8), 8.28 (s, 1H, H-2), 6.17 (d, J = 5.8 Hz, 1H, H-1óA), 

4.77 (d, J = 6.0 Hz, 1H, partly covered by solvent peak, H2óA), 4.57 (dd, J = 5.1, 3.7 Hz, 1H, H-3óA), 4.43 (p, 

J = 3.0 Hz, 1H, H-2R), 4.27 (dd, J = 5.2, 3.0 Hz, 2H, H-1R), 4.19 (ddd, J = 11.0, 5.6, 2.8 Hz, 1H, H-5óAa), 4.10 

(dt, J = 11.3, 6.0 Hz, 1H, H-5óAb), 3.99 ï 3.85 (m, 2H, H-2R, H-5R), 3.79 (dd, J = 7.3, 5.1 Hz, 1H, H-3R), 3.12 

(s, 3H, NCH3), 2.91 (dd, J = 12.4, 8.5 Hz, 1H, H-4R), 2.70 (q, J = 7.4 Hz, 2H, Et-CH2), 1.21 (t, J = 7.4 Hz, 3H, 

Et-CH3). 
 

31P NMR (162 MHz, Deuterium Oxide) ŭ -10.45 (d, J = 21.3 Hz), -11.11 (d, J = 21.3 Hz). 

 

HR-ESI-MS: found: 676.1213; calculated: 676.1209 ([M-H]-,C19H32N7O14P2S-); 
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6.3.3. Protein Conjugation 

 

Scheme 6-2: Oxidative activation of linker-coupled ADP-ribose 41 and subsequent coupling of the sulfoxide derivative 43 to 
protein on the example of histone H1.2.. 

 

The process of protein-ADP-ribose conjugation can mechanistically be split into two parts albeit in all 

couplings performed in this thesis both steps were performed successively on the same day. For the 

oxidative activation of linker-coupled ADP-ribose 41 a 5 mM solution in MQ was supplemented with 

2 µL 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 bonds. Therefore, the protein 

was diluted with 3x PBS (final concentration 1x) and 100 mM TCEP in MQ (final concentration 7.5 mM) 

to 500 µg/mL. The resulting solution was incubated at 37°C for 30 min. The successful oxidation of the 

ADP-ribose conjugate was confirmed by direct inject ESI-MS in negative ion mode. 

For the coupling to the protein 3 µL of the activated ADP-ribose derivative (final concentration 1.0 mM) 

was added to 12 µL solution of the reduced protein (final concentration 400 µg/mL) and chilled in the 

fridge at 4°C overnight. 

Coupling results were analysed on the next day via LC-MS and if needed SDS PAGE. 

 

 

 

 



Experimental Section 

 

 
120 

 

6.4. Synthesis of Dimeric ADP-Ribose 
 

6.4.1. Synthesis of the Building Block with Orthogonally Protected Phosphates 

 

 

Scheme 6-3: Synthesis of the building block with equipped with distinct primary phosphates and no base-labile protecting 
groups. 

 

a) 6-N-Benzoyl-3Ω-O-tertbutyldimethylsilyl-2Ω-O- -hD-όнΩΩΣоΩΩ-di-O-tertbutyldimethylsilyl-

рΩΩ-O-bis-cyanoethylphosphate)-ribofuranosyl-adenosine 

 

 

Orthogonally protected building block 17 was synthesised as previously described.[206] 

130 mg of 17 (113 µmol; 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 µL 

bis-(2-cyanoethyl)-N,N-diisopropyl phosphoramidite (340 µmol; 3 eq) were added followed by 1 mL of 

0.45 M tetrazole in MeCN. The reaction was allowed to reach room temperature overnight and 500 µL 

of 5.5 M tBuOOH in decan were added as oxidising reagent. After 1 h the reaction was quenched by 

addition of a saturated aqueous solution of NaHCO3 and extracted three times with ethyl acetate. The 

organic phase was dried over MgSO4 and evaporated to dryness. The residue was taken up in 5 mL of 

DCM and 100 µL of TFA were added. After 30 min the reaction was quenched by addition of a saturated 

aqueous solution of NaHCO3 and the organic phase was washed successively with MQ and brine. After 

drying over MgSO4 and evaporation of the solvents the product was subjected to flash column 

chromatography with 5% MeOH in DCM to give 92 mg of product (81.4 µmol; 72%). 

 

1H NMR (400 MHz, Chloroform-d) ŭ 9.21 (s, 1H, H-2), 8.73 (s, 1H, H-8), 8.04 ï 7.96 (m, 2 H Ar), 7.63 ï 7.55 

(m, 1H, Ar), 7.57 ï 7.53 (m, 2H, Ar), 6.04 (d, J = 7.9 Hz, 1H, H1ó), 5.81 (dd, J = 15.8, 9.1 Hz, 1H, H-1óó), 4.98 

(dd, J = 8.0, 4.4 Hz, 1H, H-2ó), 4.86 (d, J = 3.0 Hz, 1H, H-3ó), 4.51 (d, J = 4.3 Hz, 1H, H-4ó), 3.83 (dd, J = 4.3, 

3.0 Hz, 1H, H-3óó), 3.77 (d, J = 2.9 Hz, 4H, CE), 3.74 ï 3.63 (m, 2H, - OH, H-5óóa), 3.62 ï 3.57 (m, 1H, H-5óób), 

3.55 (dd, J = 10.6, 3.9 Hz, 1H, H-5óa), 3.30 (dd, J = 10.6, 4.7 Hz, 1H, H-5ób) 1.21 (s, 9H, tBu), 0.92 (s, 9H, tBu), 

0.89 (s, 9H, tBu), 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),. 
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31P NMR (162 MHz, Chloroform-d) ŭ 30.93. 
 

HR-ESI-MS: found: 1032.4282; calculated: 1032.4514 ([M+H] +,C46H75N7O12PSi3+); 

 

b) 3'-O-tertbutyldimethylsilyl-2'-O- -hD-όнΩΩΣоΩΩ-di-O-tertbutyldimethylsilyl-

рΩΩ-O-phosphoryl-ribofuranosyl-adenosine-рΩ-O-thiophenyl-phosphate (68) 

 

 

92 mg of N-6-Benzoyl-оΩ-O-tertbutyldimethylsilyl-2'-O- -hD-όнΩΩΣоΩΩ-di-tertbutyldimethylsilyl-рΩΩ-O-bis-

cyanoethylphosphate)-ribofuranosyl-adenosine (81 µmol; 1 eq) were dissolved in pyridine and 114 mg 

PSS (299 µmol; 3 eq; synthesised according to Hata et al.[359]), 117 mg 5-phenyl-1H-tetrazole (798 µmol; 

8 eq) and 121 mg of 2,4,6-tri isopropylbenzenesulfonyl chloride (399 µmol; 4 eq) were added to the 

reaction. After stirring overnight under an atmosphere of nitrogen the reaction was quenched by 

addition of a saturated aqueous solution of NaHCO3 and extracted twice with ethyl acetate. The 

organic phase was dried over MgSO4 and 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 intermediate were pooled and the solvent was evaporated. The 

residue was taken up in 4 mL of 33% aqueous NH3 and 1 mL of DBU and stirred overnight at room 

temperature. Completion of the reaction was confirmed by LC-MS. The reaction mixture was 

lyophilised. Afterwards the desired product was purified by RP-HPLC on a C-8 column to give 45.9 mg 

of product (46 µmol; 57%) 

  

1H NMR (400 MHz, Methanol-d4) ŭ 8.33 (s, 1H, H-2), 8.20 (s, 1H, H-8), 7.67 ï 7.51 (m, 2H, Ar), 7.16 (s, 3H, Ar), 

6.21 (d, J = 5.0 Hz, 1H, H-1ó), 5.13 (d, J = 4.0 Hz, 1H, H-1óó), 4.85 ï 4.79 (m, 2H, H-2ó, H-3ó), 4.55 (t, J = 4.1 

Hz, 1H, H-4ó), 4.36 ï 4.25 (m, 2H, H-3óó, H-4óó), 4.25 ï 4.15 (m, 2H, H-5óó), 4.15 ï 4.06 (m, 1H, H-2óó), 4.03 (t, 

J = 4.8 Hz, 1H, H-5óóa), 3.96 (q, J = 3.9 Hz, 1H, H-5óób), 0.96 (s, 9H, tBu), 0.93 (s, 9H, tBu), 0.81 (s, 9H, tBu), 

0.19 (s, 3H, SiMe), 0.16 (s, 3H, SiMe), 0.13 (s, 3H, SiMe), 0.10 (s, 3H, SiMe), -0.01 (s, 3H, SiMe), -0.05 (s, 3H, 

SiMe). 
 

31P NMR (162 MHz, Methanol-d4) ŭ 14.11 (P-5ó), 0.06 (P-5óó). 
 

HR-ESI-MS: found: 992.3388; calculated: 992.3323 ([M-H]-,C39H68N5O13P2Si3-); 

 

 

 

 



Experimental Section 

 

 
122 

 

6.4.2. Synthesis of the Terminal Adenosine and Ribose Residues 

 

 

Scheme 6-4: Synthesis of protected adenosine 71 without base-labile protecting groups. 

 

a) нΩ-оΩ-O-Di-tert.-butyldimethylsilyl-adenosine (69)[384] 

 

 

2.0 g of adenosine (7.5 mmol; 1 eq) and 4.6 g of imidazole (67.6 mmol; 9 eq) were dissolved in 100 mL 

of DMF. 4.08 g of TBS-Cl (27 mmol; 3.6 eq) were added and the reaction was stirred overnight at room 

temperature under an atmosphere of nitrogen. On the next day the reaction was diluted with 75 mL 

of DCM and washed with a saturated aqueous solution of NaHCO3 and brine. The organic phase was 

dried over MgSO4 and evaporated to dryness. 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/hexanes 1:1 to 

2:1 yielded 1.64 g of 69 (3.3 mmol; 44%).  

 

1H NMR (400 MHz, Chloroform-d) ŭ 8.33 (s, 1H, H-2), 7.83 (s, 1H,H-8), 5.78 (d, J = 7.8 Hz, 1H, H-1ó), 5.04 (dd, 

J = 8.0, 4.5 Hz, 1H, H-2ó), 4.33 (d, J = 4.5 Hz, 1H, H-3ó), 4.15 (s, 1H, H-4ó), 3.93 (dd, J = 13.2, 1.9 Hz, 1H, H-5óa), 

3.70 (t, J = 12.6 Hz, 1H, H-5ób), 0.94 (s, 9H, tBu), 0.74 (s, 9H, tBu), 0.12 (s, 3H, SiMe), 0.11 (s, 3H, SiMe), -0.14 

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

HR-ESI-MS: found: 496.2765; calculated: 496.2770 ([M+H]+,C22H42N5O4Si2+); 

 

 

 

 

 

 

 












































































