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I. Abstract 

Since its discovery in 1963 the poly(ADP-ribose) polymerase (PARP) reaction has 
come a long way and is considered one of the most important post-translational 
modifications nowadays. By breaking the N-glycosidic bond between the 
nicotinamide group and the ADP-ribose part of the NAD+ substrate many cellular 
processes are regulated by attaching the ADP-ribose monomers to an amino acid 
side-chain of the acceptor protein at first while further polymer growth and chain 
branching are substantial for signaling events.  

17 members belong to the PARP-Superfamily and play a crucial role in many 
biological processes. The variety of these processes reaches from PARP over-
activation triggered cell death to cell division, cell proliferation and cell cycle 
progression. All these processes are mediated by PARylation that either introduces 
necessary structural conformation changes to the substrate by being covalently bond, 
or is recognized by reader domains through non-covalent interactions, which is 
leading to recruitment of additional enzymes and protein complex formation that is 
necessary for the respective task.  

The most important process that is in the focus of biochemical and 
pharmaceutical research is PARP mediated DNA repair. Poly(ADP-ribosyl)ation 
(PARylation) of the histones H1 and H2B is in fact considered to be one of the earliest 
responses to DNA damage after the single-strand break (SSB) is detected by PARP1. 
This DNA repair pathway is known as base excision repair (BER) pathway and 
becomes interesting from a medicinal point of view since the discovery of genome 
instability in BRCA1/2 deficient tumor cells under the inhibition of PARP1. By 
inhibiting PARP1 DNA damage normally leading to SSBs cannot be repaired in will 
lead to DSBs, which can be repaired and healthy cells, but not as efficiently and 
correctly in tumor cells, resulting in cell death due to genome instability. PARP1 
inhibitors in anti-cancer therapy started as accompanying treatment due their 
sensitization abilities towards chemotherapy and radiation therapy, but are now 
tested as single agents because of permanently increasing inhibitor potency. 
Even though PARP1 and PARP2 and their functions are well understood there still 
are 15 family members left. To study their roles in cellular processes it is important to 
develop so called chemical probes – small organic molecules that specifically inhibit 
their target. That the development of these chemical probes can be beneficial from a 
medicinal and pharmaceutical point of view has been shown by the development of 
inhibitors for PARP1.  

This thesis used 19F-NMR spectroscopy to identify fluorinated fragments – 
organic molecules with molecular weights up to 300 Da – that bind to the catalytic 
domain of PARP10 and the macro3 domain of PARP14. Using fluorinated compounds 
has the advantage of a larger spectral width and a negligible risk of peak overlaps, 
making it more time efficient due to the possibility of measuring more compounds in 
one sample. For PARP10 four fragments could be identified while three were strong 
binding fragments in the PARP14 screening. Interestingly two of these seven 
compounds were identified in both screenings, possibly indicating a new general 
scaffold that is not mimicking the nicotinamide features as the common PARP1-type 
inhibitors, but more ADP-ribose like features. All identified fragments were tested in 
competitive binding studies with the proteins’ natural substrates. All seven 
compounds undergo competition, hence suggesting to bind to the target domain. 
Further structural studies are necessary to verify the acquired data, but hopefully the 
identified fragments can lay the groundwork for the development of potent chemical 
probes for PARP10 and PARP14 in the future. 
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II. List of abbreviations 

1H   hydrogen 
19F   fluorine 
ADP   adenosine diphosphate 
ANK   ankyrin 
ARH   ADP-ribosyl hydrolase 
ARTD   diphteria toxin like ADP-ribose transferase 
BAL   B-aggressive lymphoma 
BER   base excision repair 
Bicine   2-(Bis(2-hydroxyethyl)amino)acetic acid 
BRCA   breast cancer 
CD   circular dichroism 
CoaSt   collaborator of signal transducer and activator of transcription 
CPD   composite pulse decoupling 
Da   Dalton 
D2O   deuterated water 
DMSO   dimethyl sulfoxide 
DSB   double-strand break 
DSBR   double-strand break repair 
dTRIS   deuterated 2-Amino-2-hydroxymethyl-propane-1,3-diol 
e. g.   example given 
GC   gene conversion 
HR   homologous recombination 
NaCl   sodium chloride 
NAD+   nicotinamide adenine dinucleotide 
NHEJ   non-homologous end joining 
NMN   nicotinamide mononucleotide 
NMR   nuclear magnetic resonance 
NS   number of scans 
P10   PARP10 
P14   PARP14 
PAR   poly(ADP-ribose) 
PARG   poly(ADP-ribose) glycohydrolase 
PARP   poly(ADP-ribose) polymerases 
PARylation  poly(ADP-ribosyl)ation 
PBS   phosphate buffered saline 
PBZ   PAR binding zinc finger 
ppm   parts per million 
SSBR   single-strand break repair 
SSB   single-strand break 
TCEP   tris(2-carboxyethyl)phosphine 
TFA   trifluoroacetic acid 
TMSP   trimethylsilyl propanoic acid 
WWE domain  domain named after conserved residues W-W-E 
XRCC1   X-ray cross-complementing group 1 
ZnF   zinc finger 
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1. Introduction 

1.1 The PARP-Superfamily 
Exactly fifty years ago in 1963 Chambon, Weil and Mandel discovered an enzymatic and 
DNA-dependent nicotinamide adenine dinucleotide (NAD+) consumption1, which was the 
fundament for what has become one of the most important post-translational modifications: 
poly(ADP-ribosyl)ation (PARylation). Since then PARylation and the poly(ADP-ribose) 
polymerases (PARP)-Superfamily got into the focus of scientific research and various 
important functions of PARylations and PARPs were discovered until now. 

The PARP-Superfamily consists of 17 members (fig. 1) that show obvious strucutral 
differences depending on their cellular funtion, but all of them contain the so called PARP 
signature motif, a C-terminal β-α-loop-β-α NAD+ binding motif. This region is the most 
conserved region within the family and throughout different organisms2. 

 
Figure 1 –The domain architecture of the PARP-Superfamily (Hakmé et al., 2008, fig. 2, with friendly 
permission from the publisher). 

                                                        
1 (Chambon, Weill, & Mandel, 1963) 
2 (Schreiber, Dantzer, Amé, & De Murcia, 2006) 
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Identifying the catalytic PARP signature domain as a writer domain the next important 
group is the reader domain3, which includes the macro domain and WWE domain that both 
recognize poly and mono(ADP-ribosyl)ated substrates. The remaining domains are mainly 
important for interactions between the PARPs and other proteins (e.g. ankyrin (ANK) 
domains) or DNA (e.g. zinc finger (ZnF) domains). Having classified writer and reader 
domains as introduced by Karlberg et al. (2013) the last crucial group is the eraser domain to 
complete the set of protagonists necessary for the PARP reaction (fig. 2). Different to the 
writer and reader domains the erasers are not a part of the PARPs themselves, but small 
independent enzymes that can hydrolyze the glycoside bond between the ADP-ribose 
monomers and to the modified protein. The relevant erasers for the PARP reaction are 
poly(ADP-ribose) glycohydrolase (PARG) and ADP-ribosyl hydrolase 3 (ARH3)4. 

 
Figure 2 – Schematic overview of the PARP reaction (Hakmé et al., 2008, fig. 1, with friendly permission from 
the publisher). The complexity of the ADP-ribose chain can differ as indicated by x, y and z, which can vary from 0 
to numbers larger than 200. 

As shown in figure 2 the PARP reaction is a successive addition of ADP-ribose monomers, 
gained by hydrolyzing the N-glycosidic bond between nicotinamide and ADP-ribose. The first 
ADP-ribose unit is attached to a carboxylic group, generally a glutamic acid residue. The 
PARylation can be distinguished in heteromodification where certain acceptor proteins 
function as substrate for the PARPs and in automodifaction where the PARPs PARylate 
themselves. As indicated in figure 2 the length and complexity due to branching of the 
poly(ADP-ribose) chain can differ tremendously, hence the role of these properties in cellular 
signaling are a great question to be answered5. 

Even though the family name suggests that all family members can perform the 
shown polyermase reaction some of them miss a crucial glutamic acid residue in the catalytic 
side that enables the polymer elongation6. Therefore some of the PARPs are no polymerases 
at all, which lead to some attempts7 to unify the nomenclature to diphtheria toxin like ADP-
ribose transferases (ARTDs). Regarding the different names for some of the family members 
(e.g. PARP14 a.k.a. BAL2 a.k.a. CoaSt6) a unified nomenclature might be a good thing to 
agree on, but nevertheless the PARP nomenclature is still more common and therefore is 
going to be used throughout this thesis. 

1.2 The physiological role of an old molecule – Poly(ADP-ribose) 
Before having a closer look on the in vitro functions of different PARPs it is important to 
understand the underlying molecular effects of PAR that enables or disables all those 
processes. PARylation generally spoken either regulates macromolecular assemblies between 
PARylated substrate and DNA, RNA and/or other proteins, or is a regulation tool for 
enzymatic activity. Both processes rely not only on the effects of covalently bond PAR, but 
also on non-covalent interactions with PAR. 
                                                        
3 (Karlberg, Langelier, Pascal, & Schüler, 2013) 
4 (Karlberg et al., 2013) 
5 (Hakmé, Wong, Dantzer, & Schreiber, 2008) 
6 (Amé, Spenlehauer, & De Murcia, 2004) 
7 (Hottiger, Hassa, Lüscher, Schüler, & Koch-Nolte, 2010) 
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While covalently bond PAR leads to structural changes within the substrate, which either 
leads to increased or diminished activity, it is the non-covalent interactions that enables the 
variety of PAR mediated functions. The group of known macromolecular interactions 
prevented or favored through PAR have been growing exponentially8 and is also illustrated 
by the large number of PAR binding domains, such as macro domains9,10 and PAR binding 
zinc finger (PBZ) domains11,12. Depending on size and mobility either the PARylated substrate 
is recruited to the PAR binding protein or it recruits the protein itself. It remains an 
unanswered question if the effects of PAR, both covalently and non-covalently bound, are due 
to steric hindrance or electrostatic repulsion caused by the introduction of a large negative 
charge through the ADP-ribose polymer13. Another question yet to be answered is the impact 
of the heterogeneity of the PAR chains and the possible different outcomes regarding 
regulation by adding the degree of PARylation as an additional layer responsible for 
controlling cellular processes14. 

Even though the focus of this thesis is on polymerized ADP-ribose it should briefly be 
mentioned that the monomeric and the cyclic form mediate important functions like gene 
silencing15, calcium mobilization and calcium influx due to oxidative stress16 as well. Often 
the monomeric processes are entangled with the PARP reaction itself17, since PARG can 
provide the necessary ADP-ribose monomers. 

1.3 The diverse biological functions of PARPs – An overview 
As shortly mentioned previously there is a large variety of cellular processes that involve one 
or more of the PARP-Superfamily members. The most important cellular process that relies 
on PARylation is the DNA single-strand break repair (SSBR) pathway or more precisely the 
base excision repair (BER) pathway. PARP1 and 2 are demonstrably involved during these 
processes, hence can be described as caretakers of the genome18, while the impact of other 
PARP-Superfamily members still needs to be validated19.  

 
Figure 3- DNA repair mediated by PARylation through PARP1 and PARP2 (Schreiber et al., 2006, fig. 4, with 
friendly permission from the publisher). 

                                                        
8 (Hakmé et al., 2008) 
9 (Karras et al., 2005) 
10 (Egloff et al., 2006) 
11 (Pleschke, Kleczkowska, Strohm, & Althaus, 2000) 
12 (Ahel et al., 2008) 
13 (Hakmé et al., 2008) 
14 (Fahrer, Kranaster, Altmeyer, Marx, & Bürkle, 2007) 
15 (Tong & Denu, 2010) 
16 (Ramakrishnan & Muller-Steffner, 2010) 
17 (Buelow, Song, & Scharenberg, 2008) 
18 (Masutani et al., 1999) 
19 (Schreiber et al., 2006) 
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Figure 3 shows schematically the process of the DNA SSBR/BER pathway. PARP1 features a 
DNA-binding ZnF domain (Fig. 1) that is similar to the DNA repair enzyme DNA ligase III 
and enables PARP1 to detect single-strand breaks (SSB) with a high efficiency20. The 
detection triggers PARylation leading to automodification of PARP1 and heteromodification 
of the C- and N-terminus of the histones H1 and H2B. The automodification itself triggers the 
recruitment of the SSBR/BER enzyme XRCC1 to the damaged site21,22, while the 
heteromodification of the histones leads to a relaxation of the chromatin structure making 
the damaged site more accessible, which is necessary for the repair mechanism to take 
place23,24. Lastly the PARylation also signals the degree and severity of the DNA damage 
giving the cell two options; either repairing the damaged DNA site as seen in figure 3 or PAR 
triggered apoptosis. The signaling mechanism is not fully understood yet, but it is highly 
probable that it uses the flexibility of the PARP reaction to build complex PAR chains25. 
Worthwhile mentioning is the fact that only PARP1 can detect SSBs and recruit XRCC1 while 
PARP2 seems to be involved in a later step of the repair mechanism. PARP2 can detect gaps 
and flaps in the DNA structure as well as interact with other repair factors than XRCC1 like 
DNA ligase III and DNA polymerase β26. 

Observing the chromatin relaxation due to PARylation during DNA repair was the 
first evidence for PAR to function as an epigenetic regulator and indeed PARP1 can PARylate 
the histones without SSBs being present making highly condensed chromatin regions 
accessible for transcription27. PARP1 activity leading to the loosening of chromatin structures 
(histone stripping) can be triggered with steroids or heat shock28.  Another way for PARP1 
and other PARPs such as PARP2 and PARP14 to trigger transcription is to interact and 
stimulate transcription factors and co-factors such as TEF-129, TTF-130, STA631 and NF-κB32 
that specifically regulates inflammatory response genes. 

The whole field of inflammatory and immune responses regulated by PARPs and 
PARylation is large and would go beyond the scope of this thesis. Nevertheless it is 
worthwhile mentioning one process from all the pathophysiological pathways regulated and 
influenced by PARPs33, 34, because it is also entangled with the DNA repair pathways: PAR 
triggered, caspase independent apoptosis35. As mentioned previously PAR synthesis upon 
DNA damage will signal the severity of the damage and gives the cell the choice between life 
and death. This PAR triggered, apoptosis factor 1 (AIF1) dependent cell death is not only 
activated through DNA damage alone, but also through PARP over activation in general36. 
The last large area of physiological relevance of PAR is cell division, cell proliferation and cell 
cycle progression. An overview of the involved PARPs and a scheme of the process in general 
can be seen in figure 4. PAR and several PARPs can be found in subcellular locations that are 
important for cell cycle regulations, like mitotic spindles (vPARP, PARP2), mitotic spindle 
poles and centromeres (PARP1, PARP3, tankyrases), telomeres (tankyrases) and 
kinetochores (PARP1, PARP2)37, 38, 39. It is clear that PAR acts as a sort of switch for the  

                                                        
20 (Murcia, Ricoul, & Tartier, 2003) 
21 (Masson & Niedergang, 1998) 
22 (Okano, Lan, & Caldecott, 2003) 
23 (Poirier, 1982) 
24 (Realini & Althaus, 1992) 
25 (Schreiber et al., 2006) 
26 (Schreiber, Amé, & Dollé, 2002) 
27 (Kim, Mauro, Gévry, Lis, & Kraus, 2004) 
28 (Schreiber et al., 2006) 
29 (Kraus & Lis, 2003) 
30 (Maeda, Hunter, & Loudy, 2006) 
31 (Goenka & Boothby, 2006) 
32 (Hassa, Buerki, & Lombardi, 2003) 
33 (Bürkle, 2001) 
34 (Welsby, Hutin, & Leo, 2012) 
35 (Yu, Andrabi, & Wang, 2006) 
36 (Amé et al., 2004) 
37 (Chang, Jacobson, & Mitchison, 2004) 
38 (Hakmé et al., 2008) 
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Figure 4 – The role of PARP-Superfamily members in the process of cell division (Amé et al., 2004, fig. 3, with 
friendly permission from the publisher). 

formation of the mitotic spindle, but it remains unclear if PAR has structural relevance for 
the spindle itself. Considering the size and branching of PAR it is absolutely capable of 
mediating electrostatic interactions within the spindles. The structural importance of PAR for 
the mitotic spindle apparatus is supported by the fact that spindle ruptures were observed in 
cells with high amounts of PAR-antibodies40. 

1.4 PARPs are key player in cancer therapy – a short history of PARP inhibition 
Regarding beneficial applications of the 
knowledge about the biological functions of 
the PARPs, the involvement of PARP1 and 
PARP2 in DNA repair was and is the area with 
the potentially highest benefit. Studying its 
biological function with nowadays so called 
first generation PARP-inhibitors, which were 
based on mimicking the nicotinamide 
function of NAD+ and soon further developed 
into 3-substituted benzamides, the 
therapeutic use of PARP-inhibition became 
obviously clear in 198041. 

As mentioned previously PARP1 and 
PARP2 are strongly involved in the 
SSBR/BER pathway. More precisely 
PARylation leading to chromatin loosening 
and XRCC1 recruitment is considered to be 
one of the earliest cellular reactions to DNA 
damage42. Depending on the size of the SSB 
different repair proteins are recruited through 
PARylated PARP1 and XRCC1 to the DNA site 
as can be seen in figure 5. Most likely the 
different recruitments rely on the possible 
variety within the PAR chain leading to 
different signaling events43. The early studies 
from 1980 used first generation PARP 
inhibitors to investigate the function of 
PARP1 and PARP2 and could show a delayed 

                                                                                                                                                                             
39 (Krishnakumar & Kraus, 2010) 
40 (Chang et al., 2004) 
41 (Durkacz, Omidiji, Gray, & Shall, 1980) 
42 (Amé et al., 2004) 
43 (Dantzer & Rubia, 2000) 

Figure 5 – Short-patch and long-patch SSBR/BER 
pathways (Curtin, 2005, fig. 2, with friendly 
permission from the publisher). 
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DNA repair, suggesting that the PAR-mediated DNA repair is inhibited and the repair 
happens via backup repair mechanisms44, 45, as is schematically shown in figure 6A and B. 

 
Figure 6 – Impact of PARP inhibition on cellular DNA repair pathways (Chionh et al., 2011, fig. 1 & 2, with 
friendly permission from the publisher). 

Figure 6A shows the backup mechanisms that take place when PARP inhibition is present 
and the BER pathway is no longer available. The DNA encounters a replication fork, since the 
SSB cannot be repaired without PARPs, leading to a double-strand break (DSB). In normal 
cells there are DSBR pathways such as homologous recombination (HR) by gene conversion 
(GC). This mechanism is not prone to errors and would guarantee cell survival. What makes 
PARP-inhibition so interesting for cancer therapy is the fact that the HR DSBR pathway is 
not accessible in tumor cells that have mutations in the tumor repressor genes BRCA1 and 
BRCA2 (breast cancer) and therefore lack their expressed care taker proteins. BRCA deficient 
cells are dependent on the non-homologous end joining (NHEJ) pathway for DNA repair46. 
This mechanism is the most error-prone of all DNA repair mechanisms and leads to genomic 
instability and eventually to cell death. Recent data shows that the NHEJ activity is regulated 
through PARPs by preventing NHEJ repair proteins to bind to the damaged site. PARP 
inhibition leads to an over-activation of the NHEJ repair pathway, triggering cell death in 
BRCA1/2 deficient cells. This process is called synthetic lethality and its discovery in 2005 
was a major breakthrough in anti-cancer drug research47, 48. 

Retrieving this knowledge about the DNA repair mechanisms and their PARP 
dependency was only possible with the usage of second generation PARP-inhibitors that got 
constantly developed and improved as more and more knowledge about the role of PARP1 
and PARP2 in DNA repair was obtained. This proves the importance of selective and potent 
inhibitors to successfully study the function of proteins like PARP-Superfamily members and 
eventually develop these chemical probes into drugs. Having this symbiosis between 
inhibitor development and understanding of cellular processes in mind it is not surprising 
that PARP1 is both the best understood PARP-Superfamily member and the protein with the 

                                                        
44 (Ferraris, 2010) 
45 (Chionh, Mitchell, Lindeman, Friedlander, & Scott, 2011) 
46 (Patel, 2011) 
47 (Bryant, Schultz, & Thomas, 2005) 
48 (Farmer, McCabe, Lord, & Tutt, 2005) 

A B 
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largest group of known inhibitors. The sheer amount of known inhibitors made it possible to 
define a NAD+ competitive 
pharmacophore for PARP1 (fig. 7), 
which enables researchers to design 
new PARP1 inhibitors49. Nowadays 
the true challenge in inhibitor design 
comes with the specificity towards 
one and preferable only one PARP-
Superfamily member50, 51. 

Having high hopes in this 
new and fairly young field of anti-
cancer treatment the most suitable 
inhibitors entered clinical studies 
and drug trials52. A brief overview 
for the most promising studies is 
given in table 1. 

 

 
  

Rucaparib53 Olaparib54 Velaparib55 INO-100156 
Phase II Phase II Phase II Phase I 
Pfizer Astra Zeneca Abbott Ino-Tech 
Table 1 – The most advanced PARP1 inhibitors in clinical studies and their companies. 

Starting these clinical trials in the beginning of the new millennium, PARP-inhibitors were 
considered to be an accompanying therapy agent, because of their sensitization abilities 
towards radiation- and chemotherapy57. Nevertheless due to further inhibitor potency 
development in 2009 it was possible to show successful single agent anti-cancer treatment 
with PARP1 inhibitors, by shutting down the SSBR/BER pathway completely and parallel 
activation of the NHEJ backup mechanism, which lead to genome instability induced tumor 
cell death58. Nowadays most clinical drug trials use PARP1 inhibitors as single agents in 
cancer therapy. 

While PARP1 and to a lesser extent PARP2 are understood fairly well and several 
potent inhibitors exist to study their in vivo functions, the remaining members of the PARP-
Superfamily are mainly uncharted territory. It remains an open question if anti-cancer 
therapy really needs highly specific PARP inhibitors for every family member. It seems more 
likely that a general inhibition of the PARPs that are involved in DNA repair is more 
beneficial for cancer treatment59, but to answer this question and determine the biological 
role of all PARPs highly selective inhibitors are crucial. If this will give raise to new targets for 

                                                        
49 (Ferraris, 2010) 
50 (Wahlberg et al., 2012) 
51 (Andersson et al., 2012) 
52 (Curtin & Szabo, 2013) 
53 (Plummer, Lorigan, & Evans, 2006) 
54 (Menear & Adcock, 2008) 
55 (Penning, Zhu, & Ghandi, 2009) 
56 (Jagtap et al., 2002) 
57 (Calabrese et al., 2004) 
58 (Fong, Boss, Yap, & Tutt, 2009) 
59 (Curtin, 2005) 

Figure 7 – Pharmacophore of PARP1 inhibitors (Ferraris 2010, 
fig. 7, with friendly permission from the publisher). 
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anti-cancer drugs cannot be predicted, but it is highly probable as for example PARP14 was 
just recently identified as a potential drug target in multiple myeloma60. 

Ultimately it might be worthwhile mentioning that nowadays PARP1 inhibitors are 
not only in the focus of anti-cancer research, but also deliver positive data for non-
oncological indications such as traumatic brain injuries, strokes, circulatory shocks and acute 
myocardial infarctions61 . 
 
 

                                                        
60 (Barbarulo et al., 2012) 
61 (Curtin & Szabo, 2013) 
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2. Aim of the thesis 

The importance of understanding the biological functions of each individual member of the 
PARP-Superfamily for further drug development and deeper conception of cellular processes 
has just been described. To achieve a more complete comprehension it is necessary to 
develop and synthesize chemical probes for every PARP. Chemical probes are small organic 
compounds with a high but also very specific affinity towards its target. By inhibiting only the 
target protein it becomes less difficult to study its function as when additional enzymes are 
inhibited parallel. Nevertheless potency and specificity are equally important for a strong 
chemical probe. 

As mentioned previously, many of the PARPs are uncharted territory and regarding 
the fact that each PARP carries various domains – meaning possible targets – the space to 
develop chemical probes becomes even bigger; but how to develop a chemical probe? In 
principle there are plenty of different approaches to develop such an organic molecule, 
reaching from designing a series of chemical probes via organic synthesis based on a 
pharmacophore as presented in figure 7 to pure in silico virtual docking experiments62. 
The target domains for this thesis are the catalytic PARP signature domain of PARP10 and 
the macro3 domain of PARP14. Neither of these have been tackled inhibition wise so that a 
fragment based NMR screening became the method of choice quickly. The advantage of 
fragment based screenings is that the chemical space can be explored very fast. The 
fragments usually vary in size up to 300 kDa leading to fairly weak binding interactions for 
hit fragments. Due to these weak interactions a high through put screening relying on 
biological assay responses is not an option, since weak binding is not sufficient to trigger a 
positive response in most cases. A very robust and fail-safe method is NMR spectroscopy, 
which can detect binding with dissociation constant (Kd) up to the low three digit mM-region. 
In principle both 1H- and 19F-NMR spectroscopy can be used for fragment based screenings63, 
but the 19F-NMR screenings have the advantage of a much larger spectral width, which 
entails higher throughput rates, since the overlap of signals is not an issue and more 
compounds can be pooled in one sample. Further the interpretation of the spectra is easier 
with 19F-NMR spectroscopy as well, as in most cases proton decoupling is used, which gives 
single signals for most of the fragments64. 

Finally, the overall goal of this thesis is to identify fragments that bind to one of the 
target domains, thereby delivering starting points for further investigations and hopefully 
leading to the future development of potent chemical probes for PARP10 and PARP14. 

                                                        
62 (Andersson et al., 2012) 
63 (Lepre, 2011) 
64 (Tengel, 2002) 
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3. Results 

3.1. The reference library 
The fragment library that was used for the NMR screening contains 96 fluorinated 
compounds. It was created in collaboration between Umeå University and Karolinska 
Institute Stockholm and cannot be purchased. Out of these 96 compounds one precipitated 
already in the 100 mM DMSO stock-solution and three more were not soluble in the sample 
buffer (1x PBS pH 7.0, 25 mM TMSP, 50 µM TFA, 10% D2O) giving a total of 92 compounds 
with 19F and 1H reference spectra. Figure 8 shows an example 19F spectrum for compound B5, 
illustrating the advantages of very distinct and narrow single signals for every compound 
within a broad spectral width by using 19F-NMR spectroscopy. To generate only single signals 
for every compound composite pulse decoupling (CPD) was used to prevent spin coupling 
between the fluorine and hydrogen nuclei. 

 
Figure 8 – Library reference 19F spectrum for compound B5. TFA reference at -76.55 ppm. 

3.2 Pre-screening buffer-dependent stability experiments for PARP10 
During sample preparation for the first screening with the catalytic domain of PARP10 that is 
generally prone to aggregation, solubility issues of the protein construct were encountered, 
making stability experiments in different buffers necessary. At this time point of the thesis it 
was the goal to find a suitable NMR-silent buffer system to follow up eventual hits with non-
fluorinated analogues. Therefore the only choices were a PBS buffer system or deuterated 
buffers. Trying to adapt the buffer conditions to the buffer conditions the protein was 
purified in lead finally to two buffer systems: NMR buffer P10A (1x PBS pH 9.0, 
25 mM TMSP, 50 mM TFA, 10% D2O) and NMR-buffer P10B (50mM dTRIS pH 9, 200 mM 
NaCl, 50µM TFA, 10% D2O) In these two buffers no direct precipitation of the protein was 
observed under identically conditions as for the NMR experiments. The protein’s stability in 
these buffer systems was examined via circular dichroism (CD) spectroscopy using again the 
exact same conditions and concentrations as for the NMR experiments without a compound. 
The results are shown below in figure 9. 

The fraction of folded protein in solution was two times higher in the dTRIS-based 
buffer P10B after 5 hours compared to the fraction of folded protein in solution in the PBS-
based buffer P10A directly after diluting the protein with that buffer. Based on this CD results 
buffer P10B was chosen as the buffer system to run the NMR experiments with, since the 
protein stability was obviously superior in the dTRIS-based buffer P10B. 
Because of reasons of time further 1H-NMR experiments were no longer an option when the 
screening for PARP14 was started. Therefore the buffer system for PARP14 was unchanged, 
solely TFA was added as a reference to create the used NMR buffer P14 (20 mM HEPES pH 
7.5, 200 mM NaCl, 10% Glycerol, 10% D2O, 50 µM TFA). 
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Figure 9 - Comparison of buffer dependent stability of PARP10 over time. 

3.3 Screening results for PARP10 and PARP14 
For the actual screening experiments 8 library compounds were pooled resulting in 12 
samples with protein and 12 reference samples. Each sample was analyzed with a CPD pulse 
sequence that contained a 200 ms spin lock sequence. By using a spin lock pulse sequence it 
was possible to distinguish between bound and unbound compounds. The binding event 
makes a compound more protein-like in terms of relaxation, so that the signals experienced 
line broadening resulting in a decrease in peak intensity in the samples with protein 
compared to the reference spectra. This peak decrease was the main parameter to judge the 
binding strength; hence it was translated to what I call peak decrease factor. By multiplying 
the reference signal intensity with this factor it was possible to calculate the signal intensity 
of the compound in the protein sample meaning a factor of 1 means no decrease at all and a 
factor of 0 complete decrease. The range of the peak decrease factors varied tremendously 
between the proteins, which can be explained by the proteins’ sizes. A larger protein leads to 
a stronger effect, so that strong hit fragments in the PARP10 (24.44 kDa) screening were 
considered to have a peak decrease factor below 0.3, while hit fragments with a peak decrease 
below 0.7 in the PARP14 (22.25 kDa) screening were already considered strong. 

Figure 10 shows an example of a spectral overlay between a reference sample and a 
protein sample. 
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Figure 10 – Overlay between reference (blue) and PARP10 sample (red) of compounds A8 – H8 in buffer P10B. 
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Figure 11 – A: identification of compound B8 using its library spectrum (green). The increased intensity in the 
library spectrum arises from the fact that twice as much compound was used to acquire the library spectra. The 
reference spectrum of the compounds A8-H8 in buffer P10A is shown in blue, while in red shows the identical 
compounds with PARP10 present. B: Magnification of the B8-peak in the PARP10 screening. Used for 
determining the peak decrease factor of the compound. 

Each compound peak was identified using the library spectra (fig. 11A), before reference and 
protein spectra were scaled – using TFA as reference – to determine the peak decrease factor 
(fig. 11B). 

For PARP10 18 strong hit fragments could be identified whereas for PARP14 nine 
fragments were classified as strong binding. The reason that the number of hits for PARP10 is 
significantly higher than for PARP14, is that almost all fragments in samples A3-H3 and A5-
H5 showed significant decrease in signal intensity in the PARP10 screen (fig. 12 – Blue 
signals significantly more intense than red ones, as well as the green signals are stronger than 
the purple ones). This could be a result of interaction between the compounds of that some of 
the compounds in these mixtures altered the protein structure, but nevertheless all had to be 
checked individually in the hit validation step. 

A B 
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Figure 12 – Blue: Reference spectrum of compounds A3-H3 in buffer P10B, red: A3-H3 with PARP10, green: 
reference spectrum of compounds A5-H5 in buffer P10B, purple: A5-H5 with PARP10. 
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3.4 Hit validation of hit fragments for PARP10 and PARP14 
In the hit validation process the selected compounds were measured individually while the 
experiment time was doubled for a better signal-to-noise ratio. Again two samples – a 
reference sample and a protein sample – were prepared for each compound to guarantee 
exact identical concentration of the compound in both samples. TFA was used as a reference 
and its peaks scaled to equal intensities in both sample spectra, before the peak decrease 
factor of every compound was determined. As expected most of the hit fragments for PARP10 
could be ruled out in the individual hit validation step, so that four out of 18 still were 
considered as strong hit fragments. For PARP14 four out of nine individually tested 
fragments were still classified as strong hit fragments. Interestingly, F5 and H12 were hit 
fragments in both screenings. Table 2 gives an overview of the found hit fragments from both 
screenings. 

 
 

 

 

 

 

A3 B5 F5 H12 F2 H10 
PARP10 PARP10 PARP10/14 PARP10/14 PARP14 PARP14 
0.21 0.00 0.08/0.68 0.09/0.15 0.71 0.47 
Table 2 – Validtated hit fragments for PARP10 and PARP14 with their peak decrease factor. 

3.5 Competitive binding studies with identified hit fragments 
The found hit fragments already look promising; nonetheless it seemed a good idea to try 
competitive binding studies with the fragments and protein substrates. Due to the high 
glycerol content of the original protein purification buffers the only option was again to 
observe the compound peaks with 19F-NMR spectroscopy. The thoughts behind this 
experiment series were that if the compound bound to the desired site in the domain – 
catalytic domain in PARP10 and macro3 in PARP14 – competition with the protein’s original 
substrate and analogues would be observable in the form of less peak decrease, which is 
represented by larger decrease factors. The substrates that were tested for the competitive 
binding studies are summarized in table 3. 

 

  
carba-NMN carba-NAD ADP-ribose 
PARP10 PARP10 and PARP14 PARP14 
Table 3 – Used substrates for competitive binding studies. 

When the competitive binding experiments with PARP10 were started carba-NAD was not 
accessible yet, instead carba-nicotinamide mononucleotide (carba-NMN) was used 
allthoughthe affinity towards the catalytic domain of PARP10 was suspected to be lower than 
for carba-NAD. Eventually the in-house synthesis of carba-NAD was successfully performed 
by Rémi Caraballo following literature protocols65 and the binding experiments for PARP10 
could be repeated using carba-NAD as well. Both substrates were tested in 

                                                        
65 (Szczepankiewicz et al., 2012) 
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substrate:compound ratios of 1:1 and 3:1 regarding the hit fragments. The final results are 
shown in figure 13.  

 
Figure 13 - Competitive binding results for PARP10 with carba-NMN and carba-NAD. 

Despite of the reduced affinity of carba-NMN compared to carba-NAD competition could be 
detected for all four compounds in all experiments. The stronger affinity of carba-NAD and 
high competition towards the compounds could be clearly seen in the data, which itself gave 
good evidence that all four compounds bind to the catalytic site in the PARP signature 
domain of PARP10. 

ADP-ribose, the original substrate for the macro3 domain of PARP14 was used in the 
competitive binding studies for PARP14 as well as carba-NAD. Additional data points at 5:1 
ratios were also collected to guarantee competitive conditions, due to the larger size of the 
macro domain’s binding site compared to the active site in PARP10. The final results are 
shown figure 14. 

 
Figure 14 – Competitive binding results for PARP14 with carba-NAD and ADP-ribose. 

A3 B5 F5 H12

compound only 0.21 0.00 0.08 0.09

compound : carba-NMN (1:1) 0.30 0.03 0.10 0.14

compound : carba-NMN (1:3) 0.40 0.14 0.26 0.36

compound : carba-NAD (1:1) 0.58 0.43 0.42 0.64

compound : carba-NAD (1:3) 0.86 0.57 0.56 0.72
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F2 F5 H10 H12

compound only 0.71 0.68 0.47 0.15

compound : carba-NAD (1:1) 0.66 0.79 0.51 0.16

compound : carba-NAD (1:3) 0.79 0.75 0.54 0.13

compound : carba-NAD (1:5) 0.41 0.86 0.65 0.23

compound : ADP-ribose (1:1) 0.57 0.89 0.71 0.57

compound : ADP-ribose (1:3) 0.48 0.90 0.73 0.84

compound : ADP-ribose (1:5) 0.42 0.88 0.76 0.85
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Regarding the fact that nicotinamide itself was used as a first generation PARP inhibitor its 
competitive abilities were not considered to be very high, even though the 5:1 experiments for 
F5, H10 and H12 indicated weak competitive interactions with the compounds. Nevertheless 
the data for ADP-ribose was convincing and suggesting that the named three compounds all 
bind to the macro3 domain of PARP14. Compound F2 could be ruled out during the 
competitive binding experiments. No competition was observed; rather an increased, ADP-
ribose dependent binding was indicated by the data. This suggested that F2 binds in a 
different than the active site. 

In both cases the competitive binding experiments delivered useful data for the found 
fragment hits and suggest that seven out of eight compounds bind to the target site in the 
respective domains. 
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4. Conclusion 

19F-NMR spectroscopy proved to be a successful method to perform the fragment library 
screening against PARP10 and PARP14. Due to the 19F-specific and advantageous properties 
of the NMR spectra, time could be saved by pooling more compounds in each measured 
sample. Because of the narrow signals and the broad spectral width the risk of peak overlaps 
was negligible. 

As shown, both screenings lead to a successful identification of fragments that could 
become the base for the development of chemical probes targeting the respective proteins. 
Furthermore the performed competitive binding studies are strongly suggesting that the 
identified compounds are binding to the targeted site within the domains. Even though the 
catalytic signature domain and the macro domain have different substrates (NAD+ for the 
catalytic and ADP-ribose for the macro domain) there exist large structural similarities 
between the substrates. Together with the fact of high sequence conservation throughout the 
PARP-Superfamily, it is not surprising that two compounds have been identified to bind to 
both proteins. Moreover this indicates that these fragments might mimic structural features 
of ADP-ribose, hence binding to another place of the binding pocket compared to the known 
nicotinamide mimicking PARP inhibitors. Eventually this could even lead to new insights or 
give new directions for inhibitor research of other PARPs. 

The identified hit fragments for PARP10 are too 
various to deduce a general scaffold for potent fragments. 
These compounds should be followed up individually, while 
PARP14 clearly seems to favor a form of carboxy-
oxazol/thiazol bound to an aromatic ring (fig. 15). Comparing 
this scaffold with the pharmacophore (fig. 7) for PARP1 it 
shows many new features and illustrates again the high 
probability of the identified compounds not mimicking 
nicotinamide like structures. Compound A3 is the only hit 
structure that contains the for PARP1 inhibition necessary 
sterically hindered amide. Regarding specificity towards only 
one PARP this new structural features might become very 
valuable. 

Even though the data is consistent it needs to be 
confirmed by further experiments. The major drawback, especially for the competitive 
binding experiments is that the protein and its conformational changes are only monitored 
indirectly via the compound. The risk of false positive hit fragments can be considered to be 
fairly low due to the consistency within the data, but to exclude the possibility additional 
experiments are necessary.  

A first step could be to test the compounds in enzymatic assays to acquire information 
about their potency, though there is a risk that the binding interaction between the 
compound and the protein being too weak to trigger a response leaving the possibility of false 
negatives. The ultimate proof of the data can only be brought by structural data obtained by 
crystallography for instance. Soaking experiments with the compounds could not only show 
that the identified compounds bind at the target site, but also gather information about how 
and where exactly in the binding pocket the interactions take place. This structural data will 
be crucial for the development of chemical probes for PARP10 and PARP14 that hopefully 
will be partly based on the fragments identified within this screening. 

 
Figure 15 – Derived general 
scaffold for PARP14 compounds. 
Either with a 1,2- or 1,3-oxazol or 
thiazol. 
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5. Methods 

5.1 Reference library experiments 
For every compound one NMR-sample was prepared by diluting 1 µl of the respective 
100 mM compound stock solution into 499 µl NMR sample buffer (1 x PBS pH 7.0, 
25 mM TMSP, 50 µM TFA, 10% D2O). 
A standard 19F CPD experiment with 1024 number of scans (NS) and a spectral width of 237 
ppm, as well as a standard 1H experiment (NS = 128) with water suppression using pre-
saturation were acquired for each compound. The acquired spectra were phase adjusted, 
baseline corrected and the 19F spectra were calibrated to TFA (-76.55 ppm). 

5.2 CD experiments for PARP10 
For the CD experiments 20 µl of the protein stock solution (20 mM Bicine pH 9.0, 10% 
Glycerol, 200 mM NaCl, 2 mM TCEP) were diluted in 2480 µl buffer to give a final protein 
concentration of 10 µM. Two buffers in which the protein did not precipitate within 10 
minutes were identified and used in the CD experiments to test them in terms of long time 
protein stability. The used buffers were NMR buffer P10A (1x PBS pH 9.0, 25 mM TMSP, 50 
mM TFA, 10% D2O) and P10B (50mM dTRIS pH 9.0, 200 mM NaCl, 50 µM TFA 10% D2O). 
The CD data was obtained in a spectral width from 320 nm – 200 nm, using a scanning rate 
of 50 nm/min, 1 nm bandwidth, three times redundancy and a cuvette with 1 cm path length. 
Spectral data was acquired at 0 min, 15 min, 30 min, 60 min, 60 min, 120 min, 240 min and 
300 min after diluting the protein into the tested buffer solution. 

5.3 Development of the spin lock experiment for the screening 
For setting up a 19F spin lock experiment the standard CPD pulse sequence was adjusted by 
adding following spin lock sequence: 
          3 d20 

p2 ph2 
d20 
lo to 3 times l4 

To validate the influence of the spin lock compound A1 was measured with the regular 19F 
CPD experiment and with the new 19F CPD spin lock experiment (NS in both cases = 512). 
Loop 4 (l4) was altered until a small peak decrease of the compound was visible, indicating a 
sufficiently long spin lock that definitely would allow all fast relaxing signals from proteins to 
disappear. It was assumed that TFA is not affected by the spin lock at all due to its very long 
relaxation time. 200 ms were determined to be an appropriate value for the spin lock. The 
spectral width was adjusted to 120 ppm to cover all peak regions from the previous reference 
library experiments. 
All spectra were phase adjusted, baseline corrected if necessary and calibrated for TFA 
(-76.55 ppm). 

5.4 Screening experiments for PARP10 
Using a Biomek 2000 pipetting robot 8 compounds were pooled column wise from a 96-well 
plate (100 mM DMSO-stock solutions) into 984 µl NMR buffer P10B (50mM dTRIS pH 9.0, 
200 mM NaCl, 50 µM TFA, 10% D2O). The solutions were mixed thoroughly before being 
split up in two identical fractions of 496 µl. 4 µl of protein stock solution (20 mM Bicine pH 
9.0, 10% Glycerol, 200 mM NaCl, 2 mM TCEP) were added to the protein sample to give a 
final concentration of 10 µM for the protein and 100 µM for the compounds, while 4 µl of 
TFA-free NMR buffer P10B were added to the reference sample. Both samples were 
measured using the new 19F CPD spin lock experiment (NS=512). 
The acquired spectra were phase adjusted and calibrated for TFA (-76.55 ppm). The 
compound peaks in each sample were identified by using the library spectra. After the 
identification the peak decrease factor for each compound was determined by overlaying 
protein and reference spectra, scaling the TFA peaks to equal intensities and dividing the 
compound signal intensity of the protein spectrum with the compound signal intensity of the 
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reference spectrum. Processing of the spectral data, hit identification and determination of 
the peak decrease factor was performed identically in methods 5.5 to 5.9. 
Fragments that had a peak decrease factor smaller than 0.30 were considered strong hits and 
selected for the hit validation experiments. 

5.5 Screening experiments for PARP14 
Using a Biomek 2000 pipetting robot 8 compounds were pooled column wise from a 96-well 
plate (100 mM DMSO-stock solutions) into 960 µl NMR buffer P14 (20 mM HEPES pH 7.5, 
200 mM NaCl, 50 µM TFA, 10% Glycerol, 10% D2O). The solutions were mixed thoroughly 
before being split up in two identical fractions of 484 µl. 16 µl of protein stock solution (in 20 
mM HEPES pH 7.5, 200 mM NaCl, 10% Glycerol, 10% D2O) were added to the protein 
sample to give a final concentration of 10 µM for the protein and 100 µM for the compounds, 
while 16 µl of TFA-free NMR buffer P14 were added to the reference sample. Both samples 
were measured using the new 19F CPD spin lock experiment (NS=512). 
Fragments that had a peak decrease factor smaller than 0.70 were considered strong hits and 
selected for the hit validation experiments. 

5.6 Hit validation experiments for PARP10 
The selected hit fragments were tested individually, by diluting 1 µl of the compound’s 
100 mM DMSO-stock solution into 991 µl NMR buffer P10B (50 mM dTRIS pH 9.0, 200 mM 
NaCl, 50 µM TFA, 10% D2O). The solutions were mixed thoroughly before being split up in 
two identical fractions of 496 µl. 4 µl of protein stock solution (20 mM Bicine pH 9.0, 10% 
Glycerol, 200 mM NaCl, 2 mM TCEP) were added to the protein sample to give a final 
concentration of 10 µM for the protein and 100 µM for the compound, while 4 µl of TFA-free 
NMR buffer P10B were added to the reference sample. Both samples were measured using 
the 19F CPD spin lock experiment with doubled experimental time (NS = 1024) to increase the 
signal-to-noise ratio. 
Fragments that still showed a peak decrease factor smaller than 0.30 were considered strong 
hits and selected for the competitive binding experiments. 

5.7 Hit validation experiments for PARP14 
The selected hit fragments were tested individually, by diluting 1 µl of the compound’s 
100 mM DMSO-stock solution into 967 µl NMR buffer P10B (20 mM HEPES pH 7.5, 200 
mM NaCl, 50 µM TFA, 10% Glycerol, 10% D2O). The solutions were mixed thoroughly before 
being split up in two identical fractions of 484 µl. 16 µl of protein stock solution (20 mM 
HEPES pH 7.5, 200 mM NaCl, 10% Glycerol, 10% D2O) were added to the protein sample to 
give a final concentration of 10 µM for the protein and 100 µM for the compound while 16 µl 
of TFA-free NMR buffer P14 were added to the reference sample. Both samples were 
measured using the 19F CPD spin lock experiment with doubled experimental time (NS = 
1024) to increase the signal-to-noise ratio. 
Fragments that still showed a peak decrease factor smaller than 0.70 were considered strong 
hits and selected for the competitive binding experiments. 

5.8 Competitive binding experiments for PARP10 
Carba-NMN and carba-NAD were used as competitive substrates against the selected 
compounds in two different ratios (1:1 and 3:1). 1 µl (1:1 experiments) or 3 µl (3:1 
experiments) of the 100 mM competitive substrate’s stock solution (in TFA-free NMR buffer 
P10B) and 1 µl (1:1 and 3:1 experiments) of the compound’s 100 mM DMSO-stock solution 
were diluted into 990 µl (1:1 experiments) or 988 µl (3:1 experiments) NMR buffer P10B 
(50 mM dTRIS pH 9.0, 200 mM NaCl, 50 µM TFA, 10% D2O). The solutions were mixed 
thoroughly before being split up in two identical fractions of 496 µl. 4 µl of protein stock 
solution (20 mM Bicine pH 9.0, 10% Glycerol, 200 mM NaCl, 2 mM TCEP) were added to the 
protein sample to give a final concentration of 10 µM for the protein, 100 µM for the 
compound and 100 µM/300 µM for the competitive substrate, while 4 µl of TFA-free NMR 
buffer P10B were added to the reference sample. Both samples were measured using the 19F 
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CPD spin lock experiment with doubled experimental time (NS = 1024) to increase the 
signal-to-noise ratio. 

5.8 Competitive binding experiments for PARP14 
Carba-NAD and ADP-ribose were used as competitive substrates against the selected 
compounds in three different ratios (1:1, 3:1 and 5:1). 1 µl (1:1 experiments), 3 µl (3:1 
experiments) or 5 µl (5:1 experiments) of the 100 mM competitive substrate’s stock solution 
(in TFA-free NMR buffer P14) and 1 µl (1:1, 3:1 and 5:1 experiments) of the compound’s 
100 mM DMSO-stock solution were diluted into 966 µl (1:1 experiments), 964 µl (3:1 
experiments) or 962 µl (5:1 experiments) NMR buffer P14 (20 mM HEPES pH 7.5, 200 mM 
NaCl, 50 µM TFA, 10% Glycerol, 10% D2O). The solutions were mixed thoroughly before 
being split up in two identical fractions of 484 µl. 16 µl of protein stock solution (20 mM 
HEPES pH 7.5, 200 mM NaCl, 10% Glycerol, 10% D2O) were added to the protein sample to 
give a final concentration of 10 µM for the protein, 100 µM for the compound and 
100 µM/300 µM/500 µM for the competitive substrate, while 16 µl of TFA-free NMR buffer 
P14 were added to the reference sample. Both samples were measured using the 19F CPD spin 
lock experiment with doubled experimental time (NS = 1024) to increase the signal-to-noise 
ratio. 
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6. Materials 

6.1 Stock solutions and buffers 
NMR buffer P10A     NMR buffer P10B 
1x PBS pH 9.0      50 mM dTRIS pH 9.0 
25 mM TMSP      200 mM NaCl 
50 µM TFA      50 µM TFA 
10 % D2O      10 % D2O 
 
NMR buffer P14     NMR library buffer 
20 mM HEPES pH 7.5    1x PBS pH 7.0 
200 mM NaCl      25 mM TMSP 
50 µM TFA      50 µM TFA 
10% Glycerol      10% D2O 
10% D2O 
 
PARP10 stock solution    PARP14 stock solution 
30.5 mg/ml (1.25 mM) PARP 10   7.0 mg/ml (0.31 mM) PARP14 
20 mM Bicine pH 9.0     20 mM HEPES pH 7.5 
200 mM NaCl      200 mM NaCl 
2 mM TCEP      1 mM TCEP 
10% Glyerol      10% Glyerol 
 
Compound stock solutions    carba-NMN stock solution 
100 mM compound in DMSO    100 mM carba-NMN  
Either in 96-well plat or separate vials  in TFA-free NMR buffer P10B 
 
carba-NAD stock solution    ADP-ribose stock solution 
100 mM carba-NAD     100 mM ADP-ribose 
in TFA-free NMR buffer P10B and P14  in TFA-free NMR buffer P14 

6.2 Equipment 
NMR spectrometer 
Bruker 400 MHz instrument operated with a 5 mm BBO smart-probe and a BACS sample 
changer 
 
CD spectropolarimeter 
JASCO J-810 
 
Pipetting robot: 
Beckman & Coulter Biomek 2000 
 
Following software was used: TopSpin 3.1 for acquiring and processing NMR data, 
ChemDoodle for displaying chemical structures, BioWorks for programming and executing 
robotic pipetting, Excel2010 for processing and visualizing NMR and CD data and Word2010 
for writing this thesis. 
All used chemicals were purchased by Fluka, Sigma Aldrich, Merck, Scharlau or Glaser. 
Laboratory disposables such as Eppendorf tubes and pipette tips were purchased by Sarstedt, 
Eppendorf or Millipore. 
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Structure Compound ID Bottle ID 
Mw 

[g/mol] 

Well 
position / 
short ID 

chemical 
shift 

[ppm] 

 

C21904 B56768 206.216 A1 -114.31 

 

C11649 B28769 220.149 A2 - 

 

C11916 B29325 264.203 A3 -65.35 

 

C11629 B28704 246.229 A4 -62.98 

 

C07988 B19528 313.126 A5 -64.02 

 

C22238 B57656 151.138 A6 -122.58 

 

C09794 B23963 202.188 A7 -112.68 

 

C21754 B56350 265.663 A8 -62.74 

 

C21068 B54102 238.591 A9 -63.23 
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Structure Compound ID Bottle ID 
Mw 

[g/mol] 

Well 
position / 
short ID 

chemical 
shift 

[ppm] 

 

C11493 B28341 191.15 A10 -62.78 

 

C11651 B28746 225.188 A11 -79.90 

 

C11163 B65983 184.547 A12 -63.44 

 

C20211 B50883 165.121 B1 -129.05 

 

C24539 B65620 220.579 B2 -61.63 

 

C24320 B64894 260.209 B3 -63.69 

 

C00790 B01115 168.191 B4 -122.16 

 

C01455 B07350 281.23 B5 -63.54 

 

C03910 B07372 202.133 B6 -59.48 

 

C03916 B07415 276.253 B7 -75.12 
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Structure Compound ID Bottle ID 
Mw 

[g/mol] 

Well 
position / 
short ID 

chemical 
shift 

[ppm] 

 

C00830 B23971 169.128 B8 -61.19 

 

C07447 B55406 168.165 B9 -119.23 

 

C22048 B57056 288.102 B10 - 

 

C22240 B57660 225.188 B11 -58.66 

 

C09807 B66479 177.178 B12 -113.12 

 

C20342 B51474 170.138 C1 -133.87 

 

C21567 B55802 290.626 C2 -56.90 

 

C24571 B65745 240.233 C3 -113.64 

 

C22216 B57596 191.15 C4 -68.30 
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Structure Compound ID Bottle ID 
Mw 

[g/mol] 

Well 
position / 
short ID 

chemical 
shift 

[ppm] 

 

C05809 B12616 140.155 C5 -114.69 

 

C06594 B14504 202.173 C6 -63.39 

 

C09557 B23401 141.143 C7 -133.52 

 

C08943 B27709 146.161 C8 -124.98 

 

C11338 B28055 205.177 C9 -58.87 

 

C00221 B00300 156.111 C10 -126.22 

 

C02643 B55308 154.138 C11 -119.29 

 

C02688 B06206 154.138 C12 -118.63 

 

C01467 B28792 135.138 D1 -116.29 

 

C03209 B04733 154.138 D2 -119.62 



 34 

Structure Compound ID Bottle ID 
Mw 

[g/mol] 

Well 
position / 
short ID 

chemical 
shift 

[ppm] 

 

C04626 B14990 162.593 D3 -127.09 

 

C02484 B06139 190.119 D4 -63.43 

 

C02678 B22762 206.119 D5 -58.68 

 

C05350 B11203 210.202 D6 -111.68 

 

C03324 B04958 204.146 D7 -61.08 

 

C03323 B04956 204.146 D8 -63.01 

 

C02299 B03497 140.112 D9 -117.12 

 

C02292 B04734 162.109 D10 -63.48 

 

C00775 B24507 161.124 D11 -63.63 

 

C01997 B54163 161.124 D12 -63.60 
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Structure Compound ID Bottle ID 
Mw 

[g/mol] 

Well 
position / 
short ID 

chemical 
shift 

[ppm] 

 

C02636 B03876 140.112 E1 -111.37 

 

C03208 B27144 154.138 E2 -115.37 

 

C02180 B03325 231.218 E3 -66.08 

 

C03073 B04503 160.577 E4 -128.71 

 

C02167 B56833 154.138 E5 -106.79 

 

C05467 B11634 197.038 E6 - 

 

C04576 B08884 228.599 E7 -59.40 

 

C00681 B00937 155.126 E8 -128.16 

 

C03074 B04504 210.584 E9 -62.31 
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Structure Compound ID Bottle ID 
Mw 

[g/mol] 

Well 
position / 
short ID 

chemical 
shift 

[ppm] 

 

C04794 B09084 159.589 E10 -114.31 

 

C04127 B55690 141.143 E11 -136.01 

 

C02642 B04957 204.146 E12 -63.27 

 

C04624 B24594 191.15 F1 -58.45 

 

C21014 B53894 232.59 F2 -67.79 

 

C21560 B55795 245.155 F3 -59.13 

 

C09792 B23961 205.192 F4 -120.72 

 

C20884 B53472 317.284 F5 -63.61 

 

C20433 B51760 175.181 F6 -111.65 

 

C24765 B66365 207.158 F7 -110.92 

 

C07618 B17146 208.255 F8 -119.76 
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Structure Compound ID Bottle ID 
Mw 

[g/mol] 

Well 
position / 
short ID 

chemical 
shift 

[ppm] 

 

C10064 B24514 201.188 F9 -63.30 

 

C02679 B22761 206.119 F10 -58.83 

 

C20217 B50909 276.235 F11 -62.62 

 

C20865 B53437 170.181 F12 -124.73 

 

C22054 B57079 158.076 G1 -80.07 

 

C24789 B66453 162.113 G2 -66.11 

 

C24906 B66951 242.583 G3 -63.14 

 

C22230 B67253 204.222 G4 -111.08 

 

C20336 B51466 159.589 G5 -129.23 

 

C21786 B56442 264.585 G6 -65.51 

 

C20294 B67488 210.177 G7 -71.35 
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Structure Compound ID Bottle ID 
Mw 

[g/mol] 

Well 
position / 
short ID 

chemical 
shift 

[ppm] 

 

C01460 B02041 200.208 G8 -114.38 

 

C04631 B09011 328.31 G9 -52.09 

 

C20953 B53692 298.284 G10 -62.75 

 

C20567 B52232 187.599 G11 -122.58 

 

C20535 B56345 230.23 G12 -62.39 

 

C07324 B16389 191.15 H1 -59.32 

 

C21022 B53914 196.175 H2 -104.63 

 

C11345 B28087 205.177 H3 -59.40 

 

C20252 B51161 198.148 H4 -123.28 
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Structure Compound ID Bottle ID 
Mw 

[g/mol] 

Well 
position / 
short ID 

chemical 
shift 

[ppm] 

 

C21169 B54508 170.131 H5 -63.78 

 

C21501 B55616 166.101 H6 - 

 

C24755 B66338 256.181 H7 -63.30 

 

C21016 B53934 181.543 H8 -64.71 

 

C21845 B56592 186.611 H9 -114.71 

 

C24765 B66420 207.158 H10 -110.92 

 

C10786 B26467 149.165 H11 -126.84 

 

C20957 B53706 317.284 H12 
-63.68 

 

 


