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1 Introduction  

Small molecule metabolites are considered as the “spoken language” that mediates 

between cellular pathways and the environment in order to maintain cell physiology.[1] 

They participate in diverse biological processes like energy production, gene 

expression and signaling and are subjected to continuous turnover and interaction with 

other molecules.[2, 3] Furthermore, they comprise a huge chemical diversity ranging 

from sugars to lipids, amino acids, nucleotide derivatives and many more. Among the 

nucleotide metabolites cyclic nucleotides (e.g. cyclic adenosine 3′,5′-monophosphate 

(cAMP)), linear nucleotides (e.g. adenosine 5’-triphosphate (ATP), guanosine 

tetraphosphate (ppGpp)) and dinucleoside polyphosphates have been reported as 

important regulators of diverse cellular functions.[4] ATP, cAMP[5] and ppGpp[6] have 

been intensely studied but, by contrast, dinucleoside polyphosphates are still rather 

elusive.  

1.1 The ApnA Familiy  

Dinucleoside polyphosphates, commonly abbreviated as NpnNs, form a family of 

nucleotides that has long been almost forgotten since their discovery in the early 

1960s.[7-9] Rapaport and Zamecnik were the first to isolate diadenosine polyphosphate 

(ApnA) derivatives from mammalian cells.[10] In the following years, different 

representatives of the NpnN family have been characterized and detected in all 

kingdoms of life.[11, 12] The most widely studied family members are ApnAs, like 

diadenosine triphosphate (Ap3A) and diadenosine tetraphosphate (Ap4A), which will 

be in the focus of this thesis. Despite being known for over 50 years their biological 

role is still ambiguous. Questions like whether they are good or bad, friends or foes,[13] 

if they are just unavoidable side products that mimic the function of ATP or if they have 

a distinctive purpose remain unanswered.  

1.1.1 General structure and properties  

Naturally occurring NpnN’s generally contain two ribonucleosides that are connected 

at their 5’-hydroxyl groups by a phosphate bridge of variable length (n = 2 – 7, Figure 

1). The two nucleoside moieties can either be of the same kind or comprise two 

different nucleosides, adenosine, guanosine and/or uridine, resulting in mixed NpnN’s. 

Asymmetrical NpnN’s and higher derivatives with longer phosphate chains (n ≥ 5) have 
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been largely ignored in functional studies. In comparison, symmetrical NpnNs have 

gained increased attention over the years.[14] 

Ap4A (1) is bridged by four phosphates and shares structural and chemical similarities 

with ATP (Figure 1 in orange), which is the most abundant nucleotide and the primary 

energy supplier in cells.[13, 15] 

 

Figure 1. General structure of natural NpnN’ derivatives (left) and Ap4A (1). ATP is marked in orange. 

Conformational analysis by Stern et al. revealed that under physiological pH 

dinucleoside polyphosphates mainly adopt a folded structure, in which the two bases 

are stacked, stabilized by π – π interactions.[16] They could also show that the ribose 

conformation of mononucleotides is retained. Earlier studies could show a pH and 

temperature dependence of the conformation of dinucleotides.[17, 18] In comparison to 

their mononucleotide relatives, NpnN’s in general show increased chemical and 

metabolic stability and have longer half-lives.[13, 19, 20]  

Intracellular concentrations of Ap4A have been reported to range from 1 nM to lower 

µM concentrations,[13, 15] strongly depending on the state and type of the cell,[21] as well 

as on environmental factors such as pH, temperature and oxidants.[13, 22, 23] In 

bacteria concentrations as high as 160 µM have been observed at elevated 

temperatures,[24] leading to the assumption that Ap4A can act as alarmone.[13] Still, the 

concentrations are low compared to ATP, which is usually present in high levels 

reaching the mM range.[25] Ap4A can also be found extracellularly, e.g. in blood, in up to 

µM amounts.[26]  

The amount of Ap4A is largely determined by its synthesis and degradation, 

accomplished by both specific and unspecific enzymes.  

1.1.2 Enzymes involved in the metabosim of Ap4A 

Inside cells, metabolites underlie a constant turnover. The synthesis and degradation 

of small molecules are tightly regulated and can depend on various factors, like cell 

cycle progression and environmental conditions. For Ap4A only a handful of enzymes 
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are known that can accomplish this task, however, the regulation of these processes 

is far from being understood.  

The in vivo synthesis of Ap4A generally relies on the generation of an adenylate 

intermediate which can then be transferred to an additional ATP molecule. The 

formation of adenylate intermediates is one of nature’s ways to activate carboxylate 

substrates.[27] In a second step, a nucleophile reacts with the intermediate, releasing 

AMP as a leaving group (Scheme 1). 

 

Scheme 1. General mechanism for two subsequent reactions catalyzed by adenylate-forming enzymes. ATP 
(2) is attacked at the α-phosphate by a carboxylic acid residue to form a reactive acyl adenylate intermediate, which 
then reacts with a nucleophile to form an ester, thioester or amide linkage.[28] In an alternative pathway a second 
ATP molecule can act as nucleophile and release the protein and concomitantly generate Ap4A (1).[29] 

There are a huge number of enzymes that make use of this elegant biological process 

to catalyze reactions. One enzyme class that depends on this mechanism are amino 

acyl tRNA synthetases (aaRS). These enzymes play an essential role in the 

biosynthesis of proteins by loading a tRNA with the corresponding amino acid.[30] In 

the course of this reaction an aminoacyl adenylate is formed, which then reacts with 

the 3’-end of the corresponding tRNA, liberating AMP (cf. Scheme 1). Instead of the 

tRNA ATP can attack the adenylate intermediate, to form Ap4A. This back reaction is 

believed to be the main source of intracellular Ap4A. Already in 1966, Zamecnik et al. 

succeeded in the isolation and characterization of in vitro synthesized ApnAs by 

incubating ATP with the bacterial lysyl-tRNA synthetase.[7, 31] Afterwards numerous 

other enzymes have been found to catalyze the synthesis of Ap4A via the formation of 

an adenylate intermediate.[29] Among them, various other aaRS,[29, 32-34] acetyl-CoA 

synthetases[35] and T4 DNA and RNA ligases were reported.[36, 37] Lately, Götz et al. 

were able to demonstrate in an mass spectrometry (MS)-based assay that the E1 

ubiquitin activating enzyme UBA1 is also capable of synthesizing Ap4A as a by-product 
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during ubiquitin activation in vitro.[38] Up until now, it is unclear how these processes 

are regulated or induced. There have been several investigations into the regulation of 

stress induced Ap4A synthesis by lysyl-tRNA synthetases (LysRS). The Escherichia 

coli (E. coli) LysRS exists in two different isoforms, LysS and LysU. While LysS is 

constitutively expressed under normal growth conditions, the expression of LysU is 

induced under defined physiological conditions like heat shock and oxidative stress.[39, 

40] Furthermore, LysU is highly efficient in producing Ap4A.[40] This suggests a strong 

connection between stress conditions and Ap4A production. More recently, a molecular 

switch for the human LysRS was described.[41] As response to immunological stress in 

mast cells LysRS is phosphorylated, mediated by the MAPK pathway.[42] Thereby, the 

enzyme undergoes a conformation change and translocates to the nucleus, where it 

plays a role in gene expression.[43, 44] The conformational change is also accompanied 

by an increased production of Ap4A, directly linking rising Ap4A levels to immunological 

stress.[41] These intriguing findings will possibly lead to the discovery of similar 

regulatory systems for other Ap4A-producing enzymes.  

Degradation of Ap4A is accomplished by a variety of enzymes, that can be categorized 

into three classes,[45] depending on their cleavage pattern. Symmetrically cleaving 

Ap4A hydrolases produce two adenosine diphosphate (ADP) molecules and are mainly 

found in prokaryotes and lower eukaryotes. One representative of this group of 

enzymes is the E. coli Ap4A hydrolase apaH.[46] The second class is defined by 

asymmetric cleavage of Ap4As, resulting in ATP and AMP formation in case of Ap4A. 

In higher eukaryotes there are two main groups of proteins that are responsible for the 

degradation of Ap4A: Nudix (nucleoside diphosphate linked to X) hydrolases and 

members of the histidine triade (HIT) superfamily. The putative tumor suppressor gene 

human fragile histidine triad (FHIT) belongs to the second group and effectively 

catalyzes the asymmetric hydrolysis of Ap3A.[47] It also shows activity towards Ap4A but 

to a lesser extent.[48] For Ap4A the first group of enzymes is more relevant. In human 

cells the Nudix motif type 2 (NudT2) enzyme is considered to be primarily responsible 

of maintaining low levels of intracellular Ap4A.[49-51] Originally, Nudix hydrolases were 

viewed as house cleaning enzymes, that help to reduce an excess of toxic nucleotides 

or their metabolites.[52] Recently, NudT2 has been proposed as a potential prognostic 

marker for breast and lung carcinoma, due to its enhanced activity in these 

carcinogenic tissues.[53] Related enzymes have also been found to be essential in 

invasive pathogens like the malaria parasite plasmodium,[54-56] and might therefore 



1 Introduction 

5 
 

present promising drug targets. It is also worth mentioning that NudT2 was found to 

interact with the SARS-corona virus derived protein 7a.[57] All these findings, implicate 

a potential effect of Ap4A levels on crucial cellular pathways, which will be discussed 

in more detail in section 1.1.3. 

The last class of enzymes that are involved in Ap4A degradation are the less abundant 

phosphorylases. They are only found in a few organisms and so far, no human 

orthologues are known.[58] In the process of cleaving Ap4A they introduce an inorganic 

phosphate moiety, thus generating ATP and ADP. They were first described in yeast[59] 

and later also found in cyano bacteria[60] and the tuberculosis pathogen Mycobacterium 

tuberculosis.[61, 62] In addition, also unspecific enzymes like phosphodiesterases[63] and 

aprataxin[64] can hydrolyze Ap4A.  

This large variety in metabolic pathways involved in the maintenance of intracellular 

Ap4A level implies diverse biological functions of these small molecules.  

1.1.3 Biological functions  

Originally, ApnAs were considered as alarmones involved in the adaptive processes 

of cells to stress conditions.[11, 20] However, the underlying mechanisms and pathways 

remain to be elucidated. Involvement in diverse biological processes such as platelet 

disaggregation,[65, 66] neurotransmission,[21, 26] cell growth, and apoptosis[67, 68] has 

been reported by different research groups for both Ap3A and Ap4A. In addition, 

different tissue and cell types show a response to Ap4A.[11] Some of these findings, 

however, are rather ambiguous e.g. its role in the cell cycle. Several groups reported 

a connection between Ap4A levels and the proliferative state of cells.[10, 13] In contrast, 

others did not detect cell-cycle related changes.[69, 70]  

Also its influence on DNA repair is yet unsubstantiated and controversially discussed.[68] 

D’Amours et al. hypothesized that during stalled replication, Ap4A is synthesized by 

DNA ligase III and subsequently serves as primer for Poly (ADP-ribose) polymerase 

(PARP). Interaction of the ADP-ribosylated Ap4A with DNA pol α slows down 

replication.[13, 71, 72] More recent studies by Marriott et al. provide evidence that Ap4A 

delays the initiation of replication, however, for ADP-ribosylated Ap4A they did not 

observe this inhibitory effect.[73] 

Several proposed functions rely on its structural similarity to ATP. By competing for the 

binding site Ap4A was reported to inhibit essential enzyme activities, such as 

adenosine kinases[74] and protein kinases[75, 76]. Other groups observed that some 
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enzymes, like 5’-nucleotidases, can be activated by both ATP and Ap4A.[77-79] Another 

example is the recently discovered interaction with cystathionine β-synthase (CBS) 

domains.[80] CBS domains are ubiquitously found in different proteins and are known 

to bind adenosine nucleotides as regulators. In bacterial pyrophosphatases ATP 

shows a stimulating role, whereas ADP and AMP are of inhibitory nature.[80] In this 

context it was shown that Ap4A can also bind the CBS domain and elevate enzyme 

activity up to 30-fold,[80] indicating that Ap4A can contribute to control enzymatic activity. 

Guided by these results, Fernandez et al. examined the effect of Ap4A binding on CBS-

containing human inosine-5'-monophosphate (IMPDH).[81] They could confirm binding, 

but only moderate activation was observed. 

The widely discussed role of Ap4A in signal transduction under stress conditions still 

raises major questions regarding the protein targets and molecular mechanisms that 

underlie the signaling process. Ap4A induced apoptosis is still barely understood and 

controversially discussed in literature.[67, 82] During heat shock in E. coli interaction of 

Ap4A with the chaperon GroEL might be crucial to help the cell recovering and returning 

to normal growth conditions.[83]  

In mast cells, Ap4A can act as second messenger by playing a substantial role in the 

regulation of transcription.[49, 84] As mentioned above, immunological stress leads to 

the phosphorylation of LysRS, and concomitantly to increased levels of Ap4A. Yu et al. 

could show that Ap4A directly binds to Hint-1 and by polymerization disrupts its 

interaction with the transcription factor MITF,[85] promoting the transcription of mast cell 

activating genes (Figure 2).  
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Figure 2. Model for the phosphorylation-dependent functional switch of LysRS driven by structural 
opening. In mast cells, LysRS is associated with p38 in a closed form and is retained in the cytoplasmic MSC. 
Antigen activation phosphorylates LysRS at position Ser207 and triggers an open form of LysRS. By opening up 
the structure, phosphorylated LysRS is released from the MSC, translocates from cytoplasm to the nucleus, binds 
to MITF, and generates Ap4A to activate MITF transcription functions. Thus, by selecting two distinct conformers, 
phosphorylation could switch the function of LysRS to increase Ap4A production. Reprinted from [41]with permission 
from Elsevir.  

Another layer of regulating and controlling gene expression is by modulating the 

stability of mRNA. Recently it has been hypothesized that NpnNs can serve as 5’-caps 

in bacterial RNA, producing mRNAs with increased lifetimes.[86-88] This adds yet 

another essential pathway to the long list of potential biological functions of Ap4A.  

In the Marx group another line of investigation is currently being followed, the 

involvement of Ap4A in a post-translational modification (PTM, unpublished results) 

process in which an AMP is transferred to a tyrosine, threonine or serine residue of 

proteins, known as AMPylation.[89]  

By exocytosis, NpnNs can be transported out of the cells, where they can participate in 

extracellular signal transduction via the binding of purinergic receptors.[19] Thereby they 

play a role in platelet disaggregation,[65, 66] regulation of the vascular tone[90-92] and 

neurotransmission.[21, 26] Thanks to their interaction with P2Y receptors several NpnN 

derivatives are promising drug candidates for the treatment of dry eye disease,[17, 93] 

cystic fibrosis[94] and epileptic seizures[95].    
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On account of their often contradicting and unclear functions, opinions are divided as 

to whether ApnAs have a biological role distinct from mimicking ATP. The major 

prerequisite for understanding Ap4A-induced signal transduction or the regulation of 

transcription or enzyme activity is to identify major target proteins. This challenge lies 

at the heart of this project.  

1.1.4 Synthetic approaches to obtain Ap4A 

For the investigation of potential interaction partners, in the presence of hydrolases, 

stable Ap4A analogues are of great value. There are several chemical modifications 

that can be introduced to make the phosphate chain more stable. In general, they are 

all based on the substitution of either a bridging or a non-bridging oxygen. The former 

can be substituted by both (halo-)methylene or imido groups[96] and the latter can be 

replaced by a sulfur,[97] seleno[98] or borano group[99] (Figure 3). 

 

Figure 3. Unnatural modifcations of the phosphate chain to increase stability.  

For bridging oxygens the most popular, hydrolysis stable surrogate is the CF2 group. 

Its stereoelectronic properties[100-102] and its pKa values[103] compare well to the natural 

oxygen bridge. In addition, it is a weak hydrogen bond acceptor.[104] Although, 

methylene lacks some of these beneficial characteristics it has still been widely 

accepted by enzymes.[105-108] The imidofunction closely mirrors the physical properties 

of the natural phosphate.[96, 109] The bond angles and bond lengths are very close to 

those of pyrophosphate. This derivative is stable under basic conditions but is easily 

hydrolyzed at acidic pH.[110] Nucleotides comprising imido modified phosphate chains 

have been applied as inhibitors for phosphatases.[111] 

By exchanging a non-bridging oxygen, a new P-stereocenter is obtained. Despite their 

bigger size and different geometry, thio- and boranophosphates are commonly applied 

in enzyme studies. In some cases the thiophosphate mimics have been superior 

compared to the BH3 derivatives, which might be caused by the inability of the latter to 

accept hydrogen bonds.[112] Seleno modified nucleotides are primarily used in 

crystallography due to the scattering ability of the selenium atom.[98]  
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Various chemical approaches have been developed to synthesize ApnAs and 

differently modified analogues. Several hurdles have to be overcome, these include 

the protection and deprotection of the multiple reactive groups and the tedious and 

time-consuming separation from by-products, involving at least two consecutive steps 

of chromatography.[113] The syntheses of derivatives, modified in the phosphate chain, 

often require some adaptations of the reaction conditions and are usually even more 

challenging and complex than the natural phosphates.[110] 

Different reactivities and properties of available organophosphorous compounds 

(Figure 4) offer a huge diversity in synthetic strategies to form phosphoanhydride 

bonds that are found in nature. Basically, common phosphorus functional groups can 

be divided into two groups according to their oxidation state; namely P(III) and P(V) 

species.  

 

Figure 4. Overview of phosphorus functional groups that are commonly used in nucleotide synthesis.[113] 

P(III) derivatives are characterized by their increased reactivity in comparison to P(V) 

entities. In nucleotides only P(V) species are occurring, therefore, synthesis based on 

P(III) chemistry always requires an additional oxidation step. Due to the high reactivity, 

the use of P(III) reagents requires the use of protecting groups.[114] Since the 1980s 

their use in automated oligonucleotide synthesis has been well established.[115, 116] 

However, also the application of P(III) strategies for the synthesis of mono- and di-

nucleoside polyphosphates has made significant progress. One of the most important 

early reports of the use of P(III) reagents in the synthesis of nucleotide triphosphates 

(NTP) was published by Ludwig and Eckstein.[117] In this procedure, 2-chloro-4H-1,3,2-

benzodioxaphosphorin-4-one (3) is coupled to the 5’-hydroxyl group of protected 

nucleosides, forming a phosphite intermediate. Upon reaction with pyrophosphate a 

cyclic mixed P(III) – P(V) intermediate is obtained, which can then be oxidized to cyclic 

trimethaphosphate and hydrolyzed to 5’-triphosphate analogues (e.g. with I2 in 

pyridine/H2O, Scheme 2). 
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Scheme 2. General procedure for P(III) based formation of phosphoanhydride bonds pioneered by Ludwig 
and Eckstein.[117]3 is reacted with the 5’-hydroxyl group of a protected nucleoside (I). After the addition of 
bis(tetrabutyl ammonium) pyrophosphate a cyclic P(III) – P(V) intermediate is formed (II). Oxidation leads to the 
cyclic trimethaphosphate intermediate (III). Hydrolysis finally yields NTP (IV). 

This method has since been further refined. In the oxidation step I2 can be exchanged 

by elemental sulfur or borane dimethylsulfide, providing access to 5’-thiophosphates 

or borano derivatives respectively.[99, 117] The ring opening can also be performed with 

nucleoside monophosphates, as shown by Han et al., which allows the one-pot 

preparation of dinucleoside tetraphosphates.[118] Therefore, oxidation has to be 

performed under conditions that do not bring about hydrolysis (e.g. I2 in pyridine/ 1 % 

H2O).  

Alternatively, Chris Meier and his collegues developed the cycloSal (for cyclosaligenyl) 

approach, which involves differently substituted derivatives of 3. In contrast, to the 

Ludwig-Eckstein method, the oxidation step is performed before the addition of 

pyrophosphate, giving rise to a nucleoside 5’-phosphotriester intermediate (Figure 5). 

Following this strategy they were able to synthesize a variety of different nucleotide 

and dinucleotide analogues.[119, 120] 

 

Figure 5. Structure of nucleoside cycloSal intermediate.[120] 

Another group of organophosphate reagents that has a long history in the synthesis of 

(oligo-) nucleotides are the phosphoramidites. On the one hand, they can be regarded 

as the gold standard in automated DNA and RNA synthesis and on the other hand 

recent breakthroughs by the Jessen group have demonstrated their utility in nucleotide 
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chemistry.[121, 122] By applying an iterative strategy nucleoside 5’-mono-, di- and 

triphosphates are accessible starting from unprotected nucleosides.[121, 123] In brief, the 

protected P-amidite is coupled to a nucleophile e.g. a phosphate or alcohol residue, 

mediated by acidic catalysts like tetrazole. In the next step the P(III) intermediated is 

oxidized, followed by deprotection (Scheme 3A). This method offers several 

advantages in comparison to common P(III) based strategies, as it can be performed 

without the introduction of protecting groups and under ambient conditions.[121] They 

developed the procedure further, by coupling the P-amidite directly to nucleosides. 

Thereby, they were able to obtain dinucleoside polyphosphates, as well as nucleoside 

diphosphate sugar conjugates and thiophosphate analogues (Scheme 3B).[123] 

 

Scheme 3. P-amidite based approaches for the synthesis of nucleoside polyphosphates (A) and 
dinucleoside 5’-polyphosphates (B). Iterative synthesis of nucleoside 5’-polyphosphates. The P-amidite is 
coupled to a nucleoside 5’-posphate derivative, followed by oxidation and deprotection, resulting in the elongation 
of the phosphate chain (A).[121] P-amidite based synthesis of dinucleoside 5’-polyphosphates starting from a P-
amidite nucleoside derivative. Upon coupling to a nucleoside 5’ polyphosphate, subsequent oxidation and 
deprotection NpnN derivatives are obtained (B).[123] 

In the last couple of years, this strategy proved to be a versatile procedure that can be 

customized to a lot of different applications, including the incorporation of methylene, 

halomethylene and imido groups into the phosphate chain.[122, 124] 

So far, there have not been many examples for the use of H-phosphonates for the 

synthesis of dinucleoside polyphosphates. In 2013, Sun et al. presented the synthesis 

of symmetrical Np2Ns starting from nucleoside 5’-H-phosphonate monoester.[125] 

Despite these developments, the most widely used phosphate coupling strategies still 

rely on P(V) chemistry. However, the coupling requires activation. Most commonly 

phosphorodichloridate or phosphoramidate derivatives are applied (cf. Figure 4). For 

monophosphorylation reactions phosphoryl chloride is commonly used, as established 

by Yoshikawa et al.[126] To ensure the selectivity for the 5’-hydroxylgroup trimethyl 

phosphate (TMP) is the preferred solvent.[127] There are alternative P-Cl based 
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reagents for the introduction of modified phosphate groups. For thiophosphates PSCl3 

is used instead of POCl3. However, the solvent needs to be changed to pyridine, as in 

TMP a methyl group is transferred to the sulfur group. Usually this reaction is not as 

efficient as in TMP due to decreased solubility of the nucleoside and less 

regioselectivity.[128] Methylene bisphosphonate can be introduced at the 5’-end, 

applying methylene bis(phosphonic dichloride) in TMP.[129]   

These phosphorylation reactions have been developed further to afford NTPs in one-

pot reactions (Scheme 4).[130, 131] Herein, the phosphorodichloridate intermediate is 

reacted with a pyrophosphate derivate to form cyclic trimetaphosphate which can be 

hydrolyzed to give linear NTPs. 

 

Scheme 4. One-pot synthesis of NTP derivatives. Reaction under Yoshikawa conditions between unprotected 
nucleosides and POCl3 or PSCl3 affords the phosphorodichloridate intermediate (I). Addition of 
bis(tetrabutyl ammonium) pyrophosphate results in the formation of cyclic trimetaphosphate (II). Upon hydrolysis 
the respective NTP derivative is obtained (III). 

As mentioned before, to accomplish the coupling of two phosphates, one phosphate 

has to be activated, which is usually realized by the formation of more reactive 

intermediates containing a P-N bond, such as phosphormorpholidates, 

phosphorimidazolides or phosphorpiperidates (Figure 6). They are commonly denoted 

as donors, whereas the phosphate that acts as nuclophile is termed acceptor.[132] 

 

Figure 6. P-amidates commonly used in phosphate coupling reactions. 

In the mid-sixties of the last century Moffat and Khorana were the first who described 

a chemical synthesis of dinucleotides.[133] Their strategy relied on the conversion of a 

nucleoside 5’-monophoshpate to the corresponding morpholidate derivative, followed 

by the addition of pyrophosphate. Thereby, they were able to synthesize various, 

symmetric Np4Ns. Since then this approach has been modified and improved, 
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however, for both morpholidates and piperidates[134] yields still remained low and 

therefore they had to make way for more reactive and efficient coupling methods.[14]  

Nowadays, the most popular P-amidates are imidazolides. They convince by their 

relative stability, their versatility and high reactivity, that can be even increased by 

catalysts like lewis acids or weak Brønsted acids.[135] Generally, mononucleotides can 

easily be reacted with carbonyl-diimidazole (CDI) and then coupled to an acceptor 

(Scheme 5) 

 

Scheme 5. General procedure for imidazole activation and subsequent coupling to a phosphate derivative. 
Nucleoside 5’-phosphates can be activated by the reaction with CDI (I), enabling the coupling to another phosphate 
derivative (acceptor, II). 

This general approach has been applied for a variety of nucleoside conjugates, like 

e.g. capped RNA analogues,[112, 136] dinucleoside polyphosphates[19, 137] and 

Nicotinamide adenine dinucleotide (NAD+)[138]. Yet, the reaction needed to be 

optimized for every case. It was also discovered, that some compounds couple more 

efficiently when converted to the respective imidazolide and others give better yields 

when used as nucleophile. Hence, even though it is a widely and well established 

method, it still remains challenging.[109] One significant drawback of this method is that 

it is not applicable for the activation of thiophosphates.[136, 139] Therefore, alternative 

activation methods and strategies are needed.  

In 2011, Yanachkov et al. came up with an innovative strategy. Instead of activating 

the monophosphate derivative they symmetrically activated bisphosphonic acid 

derivatives. Tetrazole or ZnCl2-mediated coupling to an excess of nucleoside 

monophosphate afforded symmetrical NpnNs. This approach allows the preparation of 

various NpnN analogues starting from modified bisphosphonic acid derivatives and 

thiomonophosphates (Scheme 6).[140, 141] 
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Scheme 6. Synthetic method for symmetric Np4N derivatives. Diimidazolides of bisphosphonic acid derivatives 
are coupled to nucleoside 5’-monophosphates. ZnCl2 or tetrazole can act as catalysts.[140] 

Alternatively, phosphor-based reagents could be used to activate 

thiomonophosphates, as demonstrated by Blackburn.[142]  

In spite of this diversity of methods, yields for dinucleoside polyphosphates remain 

considerably lower than for nucleoside triphosphates. This can partly be explained by 

the higher nucleophilicity of pyrophosphate compared with monoester phosphate 

derivatives and the increased complexity of the molecules. As a resulst more 

byproducts are formed which significantly exacerbates the purification effort.[110] 

1.2  Chemical Proteomic Profiling of Interaction Partners  

Driven by the importance of small-molecule-protein interaction in both drug discovery 

and basic research a set of new methods has developed over the past decade, 

involving both synthetic and analytical chemistry strategies.[143, 144] The progress in 

mass spectrometric technologies has further accelerated the development and 

optimization of new methods to uncover a compound’s biological targets.[145, 146]  

Basically, two different groups of proteomic methods can be distinguished. The first 

group comprises traditional affinity-based methods, that have been widely applied for 

“pulling down” the interacting proteins of a small-molecule or metabolite in cell 

lysates.[143] In contrast, the second group, relies on the detection of differences in 

stability between unbound and small-molecule bound proteins. Cellular thermal shift 

assays (CETSA®)[147] and drug affinity responsive target stability (DARTS)[148] are two 

examples of lately evolving methods.  

Nevertheless, affinity chromatographic methods still dominate the procedures that are 

used to identify protein-small-molecule interactions and will be discussed in detail in 

the next paragraphs.  

1.2.1 ABPP and PAL 

Generally, “pulldown” approaches can be divided into three major categories: affinity 

enrichment, activity-based protein profiling (ABPP) and photo affinity labeling 
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(PAL).[143] All of them involve an enrichment step prior to mass spectrometric (MS) 

analysis. Therefore, an affinity handle, usually biotin or one of its derivatives,[149, 150] is 

either directly attached to the bait molecule or introduced in a second step by 

bioorthogonal ligation reactions, like e.g. copper-catalyzed azide-alkyne cycloaddition 

reactions (CuAAC).[151] Upon incubation with a mixture of proteins (fractionated or 

whole cell lysate), the strong interaction between biotin and streptavidin is exploited to 

purify and enrich the target proteins. Unbound proteins are removed by washing. The 

remaining proteins are then either subjected to on-bead enzymatic digestion or eluted 

from the beads and digested in solution or in-gel.  

Conventional affinity enrichments are merely equilibrium driven. A small-molecule is 

equipped with either a reporter tag like a dye or an affinity tag (e.g. biotin), it can also 

be directly linked to a solid phase. Interactions between the small molecule and target 

proteins are reversible. Thus, only mild washing conditions can be applied. With this 

approach only high-affinity targets can be identified.[143, 144] Since protein-small-

molecule interactions tend to be weaker compared to protein-protein interactions,[3] this 

methodology only finds limited application in interaction studies of small-molecules. To 

identify also weak binders, the introduction of a second handle, that stabilizes the 

transient interaction is inevitable. Two different strategies have been established to 

tackle this problem, namely ABPP and PAL.  

ABPP was pioneered by the research groups around B. Cravatt and M. Bogyo,[152, 153] 

and relies on active-site directed covalent probes, like inhibitors or suicide substrates. 

These probes contain electrophilic groups as warheads that covalently bind to the 

catalytic nucleophile in the active center of the protein. Potential electrophilic warheads 

include Michael acceptors, ring strain scaffolds, like lactones, lactams and epoxides or 

fluoro-phosphonates, isothiocyanates (Figure 7) and many more.[144, 154] The choice of 

functional group defines the different classes of enzymes that can be targeted, e.g. 

phosphatases, proteases and glucosidases.[152, 155] As an example, cysteine proteases 

preferably react with  Michael acceptors and epoxides,[156] whereas the fluoro-

phosphonate functionality is directed at serine hydrolases.[157] Although, ABPP is now 

a well-established and widely used strategy, it is not applicable to a vast majority of 

small-molecules or metabolites, like ApnAs, which do not bind their targets covalently.  

To overcome this obstacle, PAL has emerged as a powerful tool.[158-160] In contrast to 

ABPP, PAL is an affinity-based approach that includes an additional photo-crosslinking 

step. For this purpose, a photo-crosslinking group (PCL) needs to be attached to the 
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bait molecule. These PCLs are inert under standard synthetic and biochemical 

conditions, while upon UV irradiation highly reactive species like carbenes, radicals or 

nitrenes are formed. Common PCLs are benzophenone, diazirine and aryl azide 

(Figure 7). Their specificity, advantages and disadvantages will be reviewed in more 

detail in the next chapter (section Probe design for PAL1.2.2). 

 

Figure 7. General design of affinity and activity based bait molecules for pulldown experiments. The reactive 
warhead can either be an electrophilic group (yellow) or a photo-reactive group (orange). For the former Michael 
acceptors such as α,β-unsaturated carbonyl compounds, cyclic systems such as β-lacontes, β-lactams or epoxides 
and other function groups e.g. fluoro-phosphonates or isothiocyanates are common. Benzophenone, aryl azide and 
diazirine are representative for the latter. The second functionality can be a fluorophore for visualization, e.g. 
TAMRA (green) or an affinity handle e.g. biotin or desthiobiotin (DTB, blue). Another option are clickable tags like 
terminal alkynes or azides that allow CuAAC for further functionalization (dark green). Adapted from Tate et al. [154] 

In each and every procedure the performing of appropriate control experiments is 

crucial. Thereby, background labeling as well as non-specific binding can be 

diminished.[161, 162] A universal control sample is the lysate only control, in which no bait 

is added, revealing hydrophobic and abundant proteins that stick to the beads 

unspecifically. In PAL experiments, an additional UV control should be considered in 

which the bait is included, however, this sample is protected from UV light, hence, the 

PCL is not activated and no covalent bond should be formed under these 

circumstances. Another valuable control experiment that can help to tell genuine 

interaction partners from false positive hits is the addition of an excess of competitor 

molecules. Competition can be achieved with unlabeled probes, that share the same 

scaffold of the bait but lack the affinity tag and the PCL.[145, 163, 164] Furthermore, control 

molecules that do not include the bait but only the functional groups can be applied to 

identify proteins that interact only with the affinity tag or the PCL.[165] To completely 
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exclude the identification of false-positive targets, thorough validation experiments that 

confirm the binding in a biochemical set-up are necessary.  

Taken together, all the proteomic profiling approaches afford a lot of optimization and 

a sophisticated probe design. 

1.2.2 Probe design for PAL 

A PAL probe consists of three core features, a recognition element that ensures target 

specificity, a reactive group that allows chemical cross-linking and an affinity tag for 

enrichment and isolation of the bound interaction partners.  

Among the PCLs aryl azides, diazirines and benzophenones are the most commonly 

employed. The PCL should be chosen carefully as they possess different photo-

properties and steric footprints.[166] Furthermore, it has to be kept in mind that the 

attachment of a PCL can alter binding affinities of the parent compound. Ideally, the 

PCL should be small in size and cross-linking with amino acid residues that are in close 

proximity should occur more rapidly than diffusion. In addition, the activation should be 

at longer wavelengths (350 – 380 nm) to minimize photo damage of the proteins.[166] 

In some cases it can be synthetically demanding to install the PCL.  

Aryl azides are usually easy to introduce, the azide group is small in size and upon UV 

irradiation a highly reactive nitrene intermediate is formed, which inserts in to X-H 

bonds (with X = C, N, S, O).[166] These compounds have a long history. In 1995, Baxi 

et al. identified uracil DNA glycosylase/glyceraldehyde-3-phosphate dehydrogenase 

(UDG/ GAPDH) as an Ap4A interactor, by applying an azide-labeled Ap4A 

analogue.[167] However, aryl azides also display two significant drawbacks. First, the 

optimal excitation wavelength for aryl azide is relatively short (270 nm), which is 

potentially damaging for proteins. Secondly, the nitrene can undergo competitive 

rearrangement, the resulting 1,2-didehydroazepine, a more stable electrophile. Thus, 

cross-linking yields are drastically decreased (Scheme 7A).[166, 168] 

The three-membered ring systems, consisting of two nitrogen atoms and one carbon 

atom are known as diazirine. Diazirines have already been widely applied in biological 

experiments as labeling agents,[169] due to their non-damaging activation wavelength 

(360 nm). Both aliphatic and aromatic derivatives have been used. Their stability under 

acidic and basic conditions as well as their low reactivity towards nucleophiles and 

electrophiles renders them relatively easy to handle. Nevertheless, the introduction of 

the diazirine group can be challenging. In recent years, progress in the synthetic 
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pathways let them emerge as the gold standard in PAL experiments.[166, 170] 

Mechanistically, a reactive carbene is formed by excitation with UV light. Carbenes 

rapidly react with close-by amino acid residues and if no residue is at hand, the reactive 

species can be quenched by water. Hindering the unspecific labeling of random 

proteins. With all these advantages there is also one major disadvantage, diazirines 

can isomerize to linear diazo intermediates when irradiated with UV light (Scheme 7B). 

These derivatives have a longer lifetime, thereby the reactivity decreases and so does 

the crosslinking yield.[169] 

The last PCL discussed in this context is benzophenone. Thanks to their commercial 

availability and their relative stability, they have been extensively applied[144, 158] since 

their first account by Printz et al.[171] By UV irradiation at 360 nm a ketyl diradical is 

formed which can insert selectively into C-H bonds. It has been reported that 

benzophenone preferentially reacts with methionine residues.[172] Contrary to the other 

two PCLs described above the UV-induced activation is reversible, meaning that if 

there is no adjacent amino acid residue, the ketyl biradical falls back to ground state 

(Scheme 7C). Therefore, usually longer irradiation times are needed, inevitably 

leading to unspecific labeling. Another disadvantage of benzophenone is its bulky size 

which can easily perturb the interaction between small molecules and proteins.[173]  

 

Scheme 7. Overview of activation of different PCLs by UV irradiation. Arylazides release N2 and thereby form 
reactive nitrenes that can insert into X-H bonds (X = C, N, S, O). Nitrenes can also undergo rearrangement to less 
reactive 1,2-didehydroazepine (A). Diazirines can either release nitrogen and form reactive carbenes that can react 
with X-H (X = C, N, S, O) or isomerize to diazo-compounds. The reaction from diazo-intermediate to carbene is 
much slower in comparison to the first reaction (B). Benzophenones reversibly form ketyl biradicals that selectively 
react with C-H bonds. If no C-H bond is close by they can fall back to ground state and are ready to be excited 
again (C).  

Park et al. recently published a “black” list of PCL group specific binders. Based on 

their findings it is worth mentioning that at least two different PCLs should be tested in 

a comparative way to avoid biased data.[174] Furthermore, perturbation of the 
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compound’s activity should be minimized. All in all, the choice of PCL is usually a trade-

off between reactivity and selectivity and there is no general solution.  

The second important feature that needs to be attached to the scaffold is the affinity 

handle. The majority of chemical proteomic profiling approaches make use of the 

extremely strong interaction between biotin and streptavidin (KD = 10-15 M), which 

permits stringent washing conditions to get rid of unspecific binders.[175-177] 

Nevertheless, the high stability of the biotin-streptavidin complex also brings along 

some inherent problems. Recovering the labeled proteins for example, can only be 

achieved applying rather harsh and denaturing conditions like extreme pH values or 

heat.[178, 179] Furthermore, the capture of endogenously biotinylated proteins often 

leads to high level of background noise.[154] Here, biotin derivatives that show different 

affinities for streptavidin can come to rescue. 2-iminobiotin for instance strongly binds 

to streptavidin but loses its affinity at lower pH values. Thus, acidification to a pH of 4 

enables elution of the labeled proteins.[180] Still not all proteins withstand these 

conditions, for a more general application desthiobiotin (DTB) comes into the picture. 

With a KD of approximately 10-12 M the interaction between DTB and streptavidin is 

several orders of magnitude weaker compared to biotin.[175-177] Elution of proteins 

labeled with DTB can hence be accomplished by competition with biotin under 

physiological conditions.[181] This procedure provides a milder enrichment method and 

also reduces background noise, as the endogenously biotinylated proteins are not 

recovered in the elution step. In some studies DTB showed higher stability compared 

to biotin in post-labeling processes like in-gel digest.[182] Other approaches involve 

cleavable linkers, that allow the specific elution of labeled proteins. Short peptides that 

can be recognized and cleaved by tobacco etch virus protease (TEV) are commonly 

used.[154, 183]  

To minimize the perturbation of the interaction between the bait and its targets the 

attachment of sterically demanding affinity handles can be avoided by the use of 

bioorthogonal ligation reactions. Next to Staudinger ligation and Diels-Alder 

cycloaddition, CuAAC[184] has been widely applied in the field of proteomic profiling.[144] 

For these reactions only a small tag e.g. a terminal alkyne group has to be attached to 

the probe that can subsequently be reacted with azide-linked reporter groups like biotin 

or dye derivatives. Alkynes are relatively easy to introduce, and in addtion small and 

inert in a biological environment.[144] Despite the versatile application of CuAAC some 

major disadvantages need to be considered. The copper catalyst, needed for the 
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reaction is toxic, thus limiting the use to cell lysate. Besides its toxicity it can also lead 

to protein aggregation and precipitation which may hamper downstream analysis.[144] 

Furthermore, the excess of reagents involves an extra washing step, otherwise high 

background can be observed.[185] Since every additional step can introduce variability 

in a complex workflow, direct labeling is often advantageous and more convenient.[144]  

Another point that should not be neglected is the choice of linker or “spacer” that 

connects the PCL and affinity tag to the small-molecule scaffold and provides enough 

space to maintain the selective interaction with target proteins and to reduce steric 

hindrance.[154, 162] Mostly, alkyl[5] or polyethylen glycol (PEG)[186] have been 

incorporated. In this context not only the length of the spacer but also its flexibility can 

make a major difference in PAL.[162, 187, 188]  

Last but not least, the attachment side is decisive for the outcome of chemical 

proteomic profiling experiments. Therefore, the best approach to study the interaction 

between small-molecules and their targets would involve a library of analogues, 

modified at different positions with different spacers and different PCL groups.[189]  

1.2.3 Quantification methods and downstream analysis 

The last step of all presented procedures is the digestion of the enriched proteins, 

followed by liquid chromatography with tandem mass spectrometry (LC-MS/MS) 

analysis of the obtained peptides and statistical evaluation of the data. Several 

methods have evolved and are still being explored, expanded and improved.  

The identification of peptides is referred to as shotgun proteomics (bottom-up). In a 

standard workflow, peptides are separated on a reverse phase (RP) column and 

injected into a tandem mass spectrometer to obtain first (MS1) and second (MS2) 

stage mass spectra. In MS1 ions are separated by their mass over charge ration (m/z), 

peptides are selected for fragmentation which are then analyzed in MS2 (Figure 8). 

The collected MS1 and MS2 data are then analyzed by computational proteomics 

software (e.g. MaxQuant).[190] By comparison of the acquired spectra to in silico 

digestion data peptides and hence proteins can be identified.[144, 190]  

Another technique to identify the measured peptides is de novo peptide sequencing. 

Only information of the input spectrum and the characteristics of the fragmentation 

method are processed applying different algorithms.  
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Figure 8. Bottom-up shotgun proteomics workflow. Proteins from a sample of interest are affinity enriched and 
digested (1). After HPLC separation (2) peptides are ionized and injected into a mass spectrometer. MS1 spectra, 
containing peptide isotope patterns are recorded (3). Peptide precursors are selected for fragmentation and 
fragment (MS2) spectra are recorded (4). Both MS1 and MS2 spectra are analyzed by computational proteomics 
software (5). Reprinted from [190] with permission according to CCC. 

If different cellular conditions are examined, usually the expression of a specific protein 

is not completely switched on or off. Similarly, in PAL or ABPP studies proteins do 

often not entirely vanish in a control experiment. Hence, quantitative proteomic 

methods are needed, that do not only determine the presence or absence of a protein 

but also indicate the relative change between samples. For this purpose, a number of 

stable isotope labeling methods as well as label-free quantification (LFQ) procedures 

have been described (Figure 9).[191, 192]  

Methods that rely on isotope labeling can be divided into chemical and metabolic 

labeling. Both introduce isotopes that induce a mass shift of the peptides that can be 

detected in LC-MS/MS. An example for chemical labeling is the use of Isobaric Tags 

for Relative and Absolute Quantification (iTRAQ).[193] The tags are introduced at the 

peptide level, directly before MS measurements and most commonly react with amine 
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groups e.g. by NHS ester coupling. Furthermore, the tags consist of two parts, the 

balance group and the reporter tag. Both incorporate combinations of 13C, 15N and 18O. 

The total mass stays the same, however, the mass of the reporter tag varies. As a 

result, a single peak is obtained in MS1 spectra, whereas upon fragmentation reporter 

ions with different masses are obtained (MS2), which are then used to quantify peptide 

levels in each condition (Figure 9B).[162, 193] 

As opposed to chemical labeling, in metabolic labeling stable isotopes are already 

introduced in vivo. One of the most widely used methods was developed by Mann and 

co-workers namely stable isotope labeling by amino acids in cell culture (SILAC).[194] 

Therefore, cells are grown either under normal conditions, supplying natural amino 

acids (“light” amino acids) or in media supplemented with 13C and 15N-labeled amino 

acids (“heavy” amino acids) that are incorporated into proteins. Then, e.g. the “heavy” 

cells are incubated with an ABPP or PAL probe, while the “light” cells serve as control 

group. After labeling both are mixed and processed as one in the ensuing enrichment 

and sample preparation steps (Figure 9A).[168, 195] The relative protein abundance in 

control and probe treated cells can be determined by the ratio of heavy to light-modified 

peptides. Since samples are combined early in the workflow accuracy and robustness 

are increased compared to chemical labeling.  

Although, stable isotopic labeling methods are considered as gold standard for 

quantification, there still remain some limitations that cannot be overcome yet. In 

addition to increased time and complexity of sample preparation, these methods suffer 

from a restricted number of samples and potentially incomplete labeling. In order to 

address some of these drawbacks the interest in simpler and more economical label-

free methods has increased.  

In LFQ methods samples are compared between different MS runs, bringing along 

particular challenges concerning e.g. the normalization between two runs.[190] One 

method termed MaxLFQ was recently developed by Cox et al.[196] Relative 

quantification is achieved by the help of algorithms, that use the intensity of MS1 

features as input and construct a protein intensity profile to display the protein ratios 

determined in pairwise comparisons between samples (Figure 9C). Despite the 

precise comparison LFQ is, generally, less accurate and reproducible compared to 

isotope labeling methods.  
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Figure 9. An overview of workflows of quantitative proteomic approaches by mass spectrometry. SILAC 
(metabolic labeling): cells are cultured in “heavy” or “light” media. The heavy cells are incubated with the affinity or 
activity-based probe, while the light cells are treated with the vehicle (e.g. DMSO) as control. After lysis both 
samples are mixed and henceforth treated in the same way. After enrichment of the labeled samples and 
subsequent digestion, the ratio between light and heavy peptides can be used for quantification (A). iTRAQ 
(chemical labeling): control samples and affinity or activity-based samples are treated separately. After the 
enrichment step different isobaric tags are added to each sample, then the samples are mixed and analyzed by 
LC-MS/MS. The relative quantity of peptides in each sample is given by the MS2 intensity of the reporter ion derived 
from the different isobaric labels (B). LFQ: control samples and affinity or activity-based samples are treated 
separately. Each sample is digested and analyzed by LC-MS/MS. ratios are determined for peptide intensities 
between two runs (C).[154]  

1.3  Previous Approaches to find Interaction Partners for 
ApnAs 

For the identification of potential interaction partners of Ap4A, several approaches have 

already been presented (Figure 10). The first cross-linking study was presented in 

1995 by Baxi et al. They used a 32P-labeled Ap4A derivative modified with an azide at 

the C8 position to label proteins in HeLa cell nuclear extract (Figure 10, 4). The labeled 

proteins were analyzed on SDS-PAGE by autoradiography. One major protein band 

was detected and identified as UDG/GAPDH.  

In 2011, Guo et al. utilized a biotin-conjugated Ap4A derivative (Figure 10, 6) which 

was attached to streptavidin coated magnetic beads and then used as a bait molecule 
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to isolate interacting proteins in mammalian and bacterial tissue lysates.[197] The 

isolated proteins were identified by electrospray ionization mass spectrometry (ESI-

MS). One promising protein they found was the bacterial IMPDH, which catalyzes the 

conversion of inosine monophosphate (IMP) to xanthosine monophosphate (XMP), 

which is an important precursor in de novo purine nucleotide biosynthesis.[198] 

Furthermore, several heat shock proteins were identified to be potential interaction 

partners in murine brain lysates, after exposure to increased temperatures.[197] A 

couple of years later this approach was further developed by the use of a more stable 

analogue (Figure 10, 7).[199]   

More recently, Tawfik and coworkers used another synthetic probe (Figure 10, 5) to 

identify novel binding partners in E. coli cell lysates, solely relying on affinity. Since 

they mainly identified known ATP binding proteins, they questioned the hypothesized 

role for Ap4A in signaling pathways.[200]  

These strategies show significant drawbacks such as the instability of the Ap4A 

derivatives due to their natural phosphate chain. Furthermore, these affinity-based 

procedures rely on strong interactions, and thus low affinity binders might not to be 

identified, moreover the use of biotin demands harsh, denaturing conditions to achieve 

elution from streptavidin beads. Early approaches did not have modern developments 

in the field of LC-MS/MS methods and computational analysis at their disposal. 

Moreover, these proteomic studies were mainly conducted in E. coli and so far no other 

ApnA derivatives were investigated.  

To address these problems Sandra Lange synthesized two non-hydrolyzable (nh) 

Ap3A probes (8 and 9, Figure 10)[185] for the development of a new PAL approach. Her 

first strategy was based on a two-step procedure, including an additional CuAAC step. 

Applying probe 8 in cell lysate and subsequent coupling to a trifunctional linker, 

comprising an azide functionality, a biotin moiety and a TAMRA dye, resulted in high 

background labeling and could not be used for proteomic profiling. In the second probe, 

the affinity handle was directly attached to the molecule (9), leading to better results, 

that however still suffered from high background in the control samples.[185] 



1 Introduction 

25 
 

 

Figure 10. Structure of previously studied affinity probes to identify interaction partners of diadenosine 
polyphosphates.[185, 197, 199, 200] 
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2 Aim 

The objective of this work was the development and application of Ap4A based probes 

to discover new interaction partners in cell lysates. Therefore, a proteomics approach 

was contrived, relying on PAL. Initially, a synthetic strategy for asymmetrically modified 

nhAp4A derivatives should be elaborated. For this purpose, different sites of 

modification as well as different phosphate coupling methods should be evaluated. The 

stable Ap4A analogue should be decorated with both a PCL group and DTB as affinity 

tag. The attained derivatives should then be utilized to set up a PAL approach in human 

cell lysate. Briefly, the bait molecules should be applied in cell lysate. Upon irradiation 

with UV light a covalent linkage should be formed between the bait and the interacting 

proteins, which shall then be enriched on streptavidin coated beads. Elution with biotin 

should free the bound proteins from the beads. As a next step, the elution fractions 

should be subjected to shotgun proteomics to enable the identification of potential 

interaction partners of Ap4A (Figure 11). Conditions and the necessary control 

experiments should be fine-tuned to obtain statistically significant proteomics data.  

 

Figure 11. Possible structures for bait molecules and envisaged workflow for PAL experiments. Envisioned 
structures for tailored Ap4A bait molecules, bearing a PCL e.g. diazirine (orange) and an affinity tag e.g. DTB (green, 
A). General workflow for the proteomics approach to identify potential interaction partners. Functionalized bait 
molecules (black circle) are incubated with cell lysate (grey symbols in different shapes represent proteins in the 
cell lysate), upon UV irradiation a covalent bond between the bait and the interaction partners can be formed. Via 
the affinity tag the captured proteins are enriched with streptavidin-coated beads. After elution with biotin and 
subsequent digestion with trypsin, proteins are analyzed by LC-MS/MS and the resulting data is analyzed 
statistically (B).  
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Ideally, this approach should then be transferred to other systems and cell lines to 

explore Ap4A binders in different biological environments. The identified proteins 

should be further investigated regarding their affinity for Ap4A and the influence of Ap4A 

binding on their biochemical role. Eventually, these findings should contribute to a 

better understanding of the biological role of Ap4A. 
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3 Results and Discussion 

In this thesis a set of modified non-hydrolyzable (nh) Ap4A analogues was synthesized 

which were then used in photo-affinity labeling (PAL) experiments to elucidate possible 

binding partners of Ap4A in human and bacterial cell lysate. The synthesis 

encompassed a wide range of synthetic strategies, starting from general building 

blocks like mono- and diphosphate derivatives and P-amidite precursors. Asymmetric 

functionalization with different PCL groups and DTB as affinity tag was key to obtain 

the target compounds. After having developed and optimized the conditions for PAL 

with the synthesized probes, proteomic studies were conducted in different cell lines 

and under different growth conditions. Thereby, a total of 173 new potential interaction 

partners were identified. For the subsequent target validation another set of modified 

Ap4A derivatives was synthesized, comprising either a fluorescent dye or a biotin 

handle. These compounds were then applied in binding studies, using different 

techniques. Furthermore, the influence of Ap4A, Ap3A and ATP on the enzymatic 

reaction of decapping scavenger protein (DcpS) and Ubiquitin-activating enzyme E1 

(UBA1) was probed in in vitro assays. In summary, it was possible to synthesize a 

small toolbox of modified Ap4A analogues that were successfully applied in PAL 

experiments and ensuing biochemical interaction studies. 

3.1  Chemical Synthesis 

For the synthesis of nhAp4A analogues the major challenge lies in the modification of 

the phosphate chain. Herein, thiophosphates[97] and (difluoro-)methylene bridged 

bisphonates[102] were used as general building blocks. Several procedures exist for the 

coupling of these building blocks to form nhAp4A.[14] Within this work asymmetric 

strategies, relying on nhATP as intermediate, and symmetric strategies were 

investigated. Therefore, both the more reactive P(III) species and P(V) species, which 

require activation, were examined (Scheme 8).[113] The presented P(III) pathways 

proceed via a cyclic phosphite intermediate, deriving either from salicyl phosphite[117] 

or phosphoramidite[123] coupled adenosine derivatives. Upon oxidation a cyclic 

adenosine 5’-trimethaphosphate is obtained, which can be linearized by hydrolysis. 

Both methods suffered from the need of protecting groups and resulted in bad overall 

yields. Alternatively, the trimetaphosphate could be generated from 

phosphodichloridates, avoiding the oxidation step.[130] With this method three nhATP 
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analogues were obtained, however, in low yields. Other synthetic strategies towards 

nhATP involved imidazole activation of either monophosphates[201] or (difluoro-) 

methylene bisphosphonate[140], in both cases several side products were obtained, 

which complicated the purification procedure.  

To circumvent the synthesis and isolation of nhATP, two procedures to directly obtain 

nhAp4A starting from the precursor molecules were investigated. Therefore, imidazole 

activated ADP or bisphosphonates were coupled to ADP or AMP respectively. Taken 

together, nine Ap4A derivatives were obtained following these two methods. Thus, 

immidazole activation was also the method of choice for the two modified Ap4A 

derivatives comprising a natural phosphate chain and TAMRA or biotin functional 

groups.  

 

Scheme 8. Overview of applied strategies leading to the target compounds. 

In order to perform PAL experiments, different functional groups, namely a PCL group 

and an affinity tag had to be introduced, which was achieved by NHS ester coupling. 

Thereby, six stable bait molecules were obtained, that were tested in PAL experiments.  
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3.1.1 Synthesis of PCLs and NHS esters 

For interaction studies in biological settings it is necessary to functionalize the Ap4A 

scaffold, with PCLs, affinity tags or dyes. In chemical proteomics approaches a variety 

of different PCL groups can be applied. In this work benzophenone and diazirine were 

chosen, due to their different photo-properties and steric demands. Both have been 

widely applied in PAL experiments.[166] Upon UV irradiation they form different, highly 

reactive intermediates, but they are mostly stable under a range of synthetic conditions. 

As pointed out before, DTB was selected as affinity handle due to its various 

advantages over biotin. For further biological evaluation the fluorescent dye TAMRA 

and biotin were also applied. To attach these functional groups to the final Ap4A 

products by means of amide bonds they were first converted to the respective N-

hydroxysuccinimide (NHS) esters.  

3.1.1.1 General strategy for NHS ester synthesis 

All NHS esters (Figure 12) that were used to functionalize Ap4A scaffolds were 

synthesized applying the same strategy. The free acid was activated with 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC) in N,N-dimethylformamid (DMF). Reaction 

with NHS overnight yielded the corresponding NHS-esters.[202]  

Some minor changes to the general procedure were made for compound 15 and 16. 

The reaction was stopped after 5 h and as the activated NHS was used without further 

purification β-mercaptoethanol was added to quench the remaining EDC, which might 

cause side reactions in the following coupling reaction with nucleoside phosphates.[203] 

It should also be noted that the TAMRA derivative 17 was activated with N,N-

disuccinimidyl carbonate in a mixture of DMF, tetrahydrofuran (THF) and 

4-dimethylaminopyridine (DMAP). It was always prepared freshly and directly used in 

the ensuing coupling reactions (3.1.7).  
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Figure 12. Structures of the NHS esters used for functionalization of nucleotide scaffolds. The starting 
materials for 15 and 16 were designed and synthesized by Christoph Albrecht. 15, 16 and 17 were directly used for 
coupling reactions. 

3.1.1.2 Synthesis of diazirine as photo-reactive group 

The diazirine group was synthesized from scratch starting from 4-hydroxy-2-butanone 

(18). Conversion to the diazirine was achieved in two steps according to a published 

procedure.[204, 205] Therefore, 18 was dissolved in condensed NH3 at −78 °C to form a 

ketimine. After stirring for 5 h, intramolecular cyclisation was achieved by the addition 

of hydroxylamine-O-sulfonic acid in methanol and stirring overnight. The precipitate 

was removed by filtration and the filtrate, containing the intermediate, was 

concentrated. Oxidation was achieved by reaction with iodine in methanol and Et3N. 

Upon quenching the remaining iodine with sodium thiosulfate and extraction with ether 

the diazirine derivative (19) was obtained as brown oil. To activate 19 for the 

subsequent coupling to free amines it was reacted with N,N‘-disuccinimidyl-carbonate 

(DSC) and Et3N in acetonitrile overnight (Scheme 9).[204] The product has a very 

characteristic smell, which is reminiscent of hazelnut-chocolate. 

 

Scheme 9. Synthesis of diazirine derivative 19 and activation with DSC to form 20. 
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3.1.2 Synthesis of modified nucleosides 

As a first step adenosine was modified at different positions to enable the attachment 

of PCLs and affinity tags. As it can not be foreseen which of the positions might be the 

most suitable one for affinity enrichment experiments, different linkers were attached 

to the O2’-, N6- or the C2-position of adenosine (Figure 13). All these sites have 

already been modified in ATP and have proven to be accepted by different enzyme 

classes.[206-208] O2’-modified ATP e.g. was readily accepted by focal adhesion kinase 

and the kinesine motor protein Eg5. In addition, O2’-modified AP4 was used in Förster 

resonance energy transfer (FRET) assays examining the turn-over by NudT2.[209] On 

the other hand, the N6-modification of ATP proved useful to study the turn-over of ATP 

by UBA1[206] and phosphodiesterase-1 (SVPD)[210]. In addition, N6-modified Ap3A has 

been used to investigate the activity of the tumor suppressor Fhit.[211] 

 

Figure 13. Overview of the different positions modified with alkyl or alkyne spacers. Green: N6-position. Red: 
C2-position. Blue: O2’-position. 

Moreover, for P(III) based chemistry the 2’ and 3’-hydroxyl groups were protected with 

dimethoxy propane or trimethyl orthoformat. 

3.1.2.1 Modified adenosine derivatives as building blocks 

Concerning the O2’-position an azido-hexyl linker was chosen, which was attached 

following the published procedure.[212] Starting from adenosine (21), the reaction with 

NaH and 1-azido-6-bromohexane (synthesis see 6.2.3.1) in DMF resulted in a mixture 

of 5’-, 3’- and 2’-modified adenosine, which could be separated by column 

chromatography. The product (22) was isolated in 36 % yield (Scheme 10). For some 

reactions the azide was reduced with PPh3 in THF and water and reacted with ethyl 

trifluoroacetate (EtOTFA) already at the nucleoside level. 
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Scheme 10. O2’-modification of adenosine with 1-azido-6-bromohexane. 

For the N6-modification, chlorine was introduced in the 6-position of inosine, serving 

as a leaving group for ensuing substitution.[213] As a first step, all three hydroxyl groups 

of inosine (24) were protected by reaction with acetic anhydride in pyridine. 

Subsequently, the chloride was introduced under reflux using SOCl2 in DMF. Upon 

deprotection of the acetyl groups in diluted aqueous ammonia at 0 °C overnight, 

6-chloro-adenosine (25) was obtained in 53 % yield. As a next step, hexamethylene 

diamine could be introduced at the 6-position in 88 % yield. In the following step the 

free amine was reacted with EtOTFA (Scheme 11).[207, 214] 

 

Scheme 11. N6-modification of adenosine with hexamehtylene diamine starting from inosine (20).[207, 213, 214] 

The C2-position was modified starting from guanosine (28). In a 5-step synthesis[215] 

2-iodo-adenosine (32) was obtained in an overall yield of 15 %. Starting with the 

protection of the three hydroxyl groups in acetic anhydride in the presence of DMAP 

and triethyl amine (TEA), followed by the chlorination of the 6-position in POCl3, 30 

was obtained. As a next step, iodine was introduced in the C2-position applying 

Sandmeyer like conditions. In the last step, the acetyl groups were cleaved and the 

chlorine was substituted in a saturated solution of NH3 in methanol (Scheme 12).  
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Scheme 12. Introduction of iodine in the C2-postion of adenosine.[215] 

With the 2-iodo-adenosine (32) in hand, several different synthetic pathways were 

investigated. In order to obtain a linkage which is comparable to those in the N6 and 

O2’-position, hexamethylene diamine was introduced under microwave assistance.[216] 

This method was developed by Maike Lehner (unpublished results). 32 was 

suspended in ethanol and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) and 

hexamethylene diamine were added. The mixture was heated to 180 °C in the 

microwave, followed by treatment with EtOTFA. 34 was obtained in 27 % yield over 

two steps after MPLC purification (Scheme 13A). However, the scale-up of the 

reaction was not successful and thus the reaction was only conducted with 250 µmol 

at a time. In addition, the resulting product has similar properties as guanosine due to 

the additional NH-group at the C2-position, which could lead to biased results in a 

biological environment. To circumvent these potential problems 36 was synthesized in 

addition. The pentyne linker (35, synthesis see 6.2.3.2) was introduced by Sonogashira 

coupling in moderate yields (Scheme 13B).[207] 

 

Scheme 13. Modifcation of the C2-position starting from 32. Introduction of hexamethylene diamine linker under 
microwave assistence (A). Sonogashira cross-coupling of 35 to yield 36 (B). 

3.1.2.2 Protected nucleoside analogues 

Several of the phosphorylation and coupling methods that were tested in this work, 

require the protection of the 2’ and 3’-hydroxyl groups of the adenosine derivatives. 
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Acetal protection of adenosine (21)[217] and 2-iodo-adenosine (32)[218] were performed 

in the same manner (Scheme 14). Reaction with 2,2’-dimethoxy-propane catalyzed by 

perchloric acid yielded 37 (60 %) and 38 (75 %).  

 

Scheme 14. Acetal protection of 2’,3’-hydroxyl groups. 

Concerning 38, the linkers were introduced in the same manner as described before 

(Scheme 15).  

 

Scheme 15. Modifcation of the C2-position starting from 2’,3’-protected 2-iodoadenosine (38). Introduction 
of hexamethylene diamine linker under microwave assistence (A). Sonogashira cross-coupling of 35 (B). 

As an alternative protecting group for P(III) based coupling methods (cf. 3.1.4.2) 

methoxy methylidene was introduced at the 2’ and 3’-hydroxyl groups. Therefore, 

adenosine (21) was reacted with trimethyl orthoformate in the presence of p-tolouene 

sulfonic acid. Neutralization with DOWEX® resin yielded 42, however, further 

purification by silica gel-flash column chromatography was necessary. 42 was isolated 

in low yields (Scheme 16). 

 

Scheme 16. Methoxy methylidene protection of 2’,3’-hydroxyl groups of adenosine.  
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3.1.3 Phosphorylation of adenosine derivatives  

Adenosine 5’-mono- and diphosphates as well as P-amidite derivatives are key 

intermediates for the synthesis of (di-)nucleoside polyphosphates. Synthetic 

approaches have been extensively described in literature for both the natural 

phosphates and the non-hydrolysable analogues.[108, 113] The thiophosphate group was 

introduced at the 5’-position using thiophosphoryl chloride (PSCl3).[126] Similarly, 

methylene bisphosphonate derivatives were obtained by the reaction of unprotected 

adenosine derivatives with methylene bis(phosphonic dichloride).[129] The 

phosphoramidite moiety was introduced in two steps. First, the bulky phosphoramidite 

reagent (iPr2N)2P(OFm) was synthesize, starting from bis(diisopropylamino) 

chlorophosphine. In the second step, protected nucleosides were phosphitylated with 

the prepared reagent in a tetrazole-mediated fashion.[123] 

3.1.3.1 5‘-thiomonophosphates 

The most common procedure to selectively phosphorylate nucleoside at the 5’-position 

was established by Yoshikawa in 1969[126], applying trimethyl phosphate (TMP) as a 

solvent. Due to its interaction with the nucleosides solubility and reactivity of the 5’-OH 

group is increased.[127] As a result, 5’-monophosphates can be synthesized in a one-

step procedure and in high regioselectivity. However, TMP is not suitable for the 

synthesis of 5’-thiomonophosphates as one of the methyl groups is transferred to the 

sulfur (observed by NMR analysis). Therefore, the reaction was performed in dry 

pyridine, while PSCl3 served as phosphorylating agent.[128] The reaction was performed 

at 0 °C for all the adenosine derivatives as well as for unmodified adenosine. After 

2 – 3 h the reaction was quenched by the addition of aqueous triethylammonium 

bicarbonate (TEAB, 0.2 M, pH 7.5, preparation see 6.1.2.1). After removing the 

solvents, the crude product was purified by FPLC and subsequent RP-HPLC (Scheme 

17).  

 

Scheme 17. Synthesis of adenosine 5’-thiophsophorylation (43). 
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Yields varied from 5 % for 46 to 55 % for C2-iodo derivative (44, Figure 14). In case 

of 46 very low conversion was observed by TLC, and even after 3 h there was a lot of 

starting material left. Most probably more side products, e.g. inorganic phosphate 

species, were formed due to the longer reactions times, which resulted in difficulties in 

purification. The low yield for the unmodified adenosine 5’-thiomonophosphate (43, 

26 %) might derive from the limited solubility in pyridine. 

 

Figure 14. 5’-Thiophosphate derivatives synthesized following the general method.  

3.1.3.2 5‘-Methylene bisphosphonates 

For the synthesis of modified adenosine 5’-methylene bisphosphonates methylene 

bis(phosphonic dichloride) was used in a 2-fold excess in TMP.[129] The reactions were 

completed after 2 – 4 h at 0 °C. After quenching with TEAB (0.2 M, pH 7.5) the reaction 

mixture was extracted with ethyl acetate to remove TMP. The aqueous layer was 

purified by FPLC and RP-HPLC (Scheme 18). Since 50 was co-eluted with an 

inorganic phosphate derivative (δ = 2.5 ppm) with the standard C-18 nucleodur 

column, the purification was performed on a C-18 pyramid column instead, yielding 

much a purer product. 

 

Scheme 18. Synthesis of adenosine 5’-methylene bisphosphonate (50).[129] 

The obtained yields ranged from 35 % for the unmodified adenosine (50) to 43 % for 

the N6-modified adenosine (51, Figure 15). 
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Figure 15. 5’-Methylene bisphosphonate derivatives synthesized following the general method. 

3.1.3.3 P-amidite building blocks 

As P(III) species are known to be more reactive than P(V) species[113, 135] several 

synthetic approaches were based on phosphoramidite chemistry pioneered by 

Beaucage et al.[115] in the early 80s. In recent years Henning Jessen and his group 

remarkably contributed to the use of phosphoramidites in organic and inorganic 

phosphorus chemistry.[121, 123, 219] First of all, the P-diamidite (55) was synthesized 

starting from bis(diisopropylamino) chlorophosphine (54) according to the published 

procedure (Scheme 19).[123] After reaction with 9-fluorenylmethanol at 0 °C, the crude 

mixture was purified on a short, neutral aluminium oxide (Alox) flash column. The 

product was obtained in 45 % yield, though with approximately 10 % of remaining 

impurities, which were assigned to free P-amidite (146 ppm) and to a small extend 

(<3 %) the H-phosphonate (14 ppm). 

 

Scheme 19. Synthesis of (iPr2N)2P(OFm) (55).[123] 

The acetal protected adenosine (37) was then converted into the P-amidite (56) by 

reaction with 55 in dichloromethane (DCM) and acetonitrile catalyzed by tetrazole 

(Scheme 20). The reaction was followed by 31P NMR and TLC, after 5 h no starting 

material was observed and the reaction was stopped by the addition of TEA. The pure 

product was obtained in 67 % yield after silica gel flash column chromatography. In 

this procedure it was important to work fast, so that the acid sensitive P-amidite is not 

exposed to silica gel for too long. In addition, TEA was included in the eluent to 

neutralize the silica gel.  
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Scheme 20. Synthesis of 2’,3’-isopropylidene-5’- (iPr2N)(FmO)P-adenosine (56).[123]  

Applying the same conditions, the acetal protected C2-modified nucleosides (39 and 

40) were converted into the respective P-amidites. The diaminohexyl derivative (57) 

was only obtained in 29 % yield, whereas the pentyne modified analogue (58) was 

obtained in 83 % yield (Figure 16). There is no obvious explanation for these 

differences.  

 

Figure 16. C2-modified (iPr2N)(FmO)P-adenosine derivatives. 

3.1.4 Synthetic approaches to obtain asymmetric Ap4A 

With the precursors in hand, several approaches to synthesize asymmetric nhAp4A 

derivatives were examined. nhATP seemed a suitable intermediate, which should then 

be further coupled to an AMP derivative to yield differently functionalized Ap4A. The 

synthesis of nhATP is very challenging and also brings about several bottlenecks.[110] 

Due to the presence of multiple functionalities, poor regioselectivity, the formation of 

various byproducts[113] and poor yields are observed.[220] As a consequence, 

purification usually involves multiple chromatographic steps, which are time consuming 

and lower the yield even further. As the introduction and removal of protecting groups 

adds another level of complexity to the synthesis, a lot of effort has been put in the 

development of new methods to avoid or at least reduce the usage of protecting 

groups. Another point is the reactivity, as mentioned above P(V) species need to be 

activated for the coupling reaction. Thiophosphates, however, are not compatible with 
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the most common activation methods based on phosphoramidates, like imidazolides 

or morpholidates[136, 139, 221] and thus, are particularly challenging.[110] 

Not only the thiophosphate, but also the modification of the bridging oxygen by 

methylene or halomethylene groups alters the reactivity and might need different 

reaction conditions.[222] In general, it has been observed that yields drop with increasing 

phosphate chain length.[134] 

 

Therefore, different synthetic pathways to obtain nhATP were tested. To begin with, 

the imidazole activation of (difluoro-)methylene bisphosphonate and the subsequent 

coupling to adenosine 5’-thiomonophosphate were investigated in detail. In the next 

approaches, two P(III)-based strategies were examined. The first one made use of 

salicyl chlorophosphite (3) as phosphitylating agent, whereas the second one relied on 

phorpshoramidite chemistry. As none of them gave nhATP in good yields, alternative 

strategies to obtain imidazole activated 5’-thiomonophosphate were examined by an 

in situ reaction of the dichlorophosphoridate with imidazole. Finally, three different 

nhATP analogues were obtained in a one-pot approach starting from unprotected 

adenosine derivatives that were reacted with PSCl3, followed by the addition of 

methylene bisphosphonic acid.  

To circumvent the synthesis of nhATP derivatives a different strategy to accomplish 

the asymmetric synthesis of Ap4A analogues was developed, involving the coupling of 

an imidazole-activated adenosine 5’-methylene bisphosphonate derivative to a second 

ADP analogue. Thereby three different Ap4A analogues were obtained in good yields.  

3.1.4.1 Synthesis of nhATP (ApspCX2p) using the Yanachkov approach 

In 2011, Yanachkov et al. explored a new approach towards the synthesis of symmetric 

dinucleoside polyphosphates, bearing modifications within the phosphate chain. In 

contrast to other methods, they used an excess of CDI to activate bisphosphonate 

derivatives, e.g. difluoromethylene bisphosphonate (59), symmetrically to give stable 

and isolable diimidazolidates (60, Figure 17A).[140] The progress of this reaction can 

easily be followed by 31P NMR (Figure 17B). 
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Figure 17. Activation of difluoromethylene bisphosphonate with CDI. Scheme for the reaction of 59 with an 
excess of CDI to form the diimidazolide deriative (60, A).[140] 31P NMR spectra of the time course of the reaction. 
Red: before the addition of CDI; green: 20 min after the addition of CDI; blue: 120 min after the addition of CDI(B).  

Catalyzed by tetrazole or ZnCl2 these relatively stable intermediates could be reacted 

with two nucleoside monophosphate derivatives. As this strategy has successfully led 

to nhAp4A in previous experiments, applying adenosine 5’-thiomonophosphate (43) 

and the activated difluoromethylene bridged bisphosphonate (60),[223] it was decided 

to test if the reaction can be modified to get nhATP (61) instead. To this end, several 

strategies were conceivable, either adding only one equivalent of AMP, fine-tuning the 

reaction with different catalysts like e.g. different lewis acids or selectively activating 

only one side of the bisphosphonate. In the first attempts, difluoromethylene 

bisphosphonate (59) was used as bioisoster of pyrophosphate.[223] With pKa values 

and stereoelectronic properties that are comparable to natural phosphate moieties,[100-

103] the CF2 group is a popular substitute to mimic the bridging oxygen in a 

phosphoanhydride bond. Later on the commercially available methylene 

bisphosphonate (62) analogue was applied instead.  

 

To start with, the reaction of activated difluoromethylene bisphosphonate (60) with only 

one equivalent of monophosphate, and an excess of ZnCl2 (Scheme 21) was 

monitored by analytical HPLC, as the high salt concentrations restrained NMR 

measurements. Only very low conversion rates were observed and, in addition, a 

mixture of products was obtained. The slow progress of the reaction could be explained 
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by the low concentration of nucleotides in the solution (0.05 M). Yanachkov et al. 

reported that for concentrations below 0.1 M the reaction rate drops significantly.  

 

Scheme 21. Synthesis of adenosine 5’-O-(1-P-thio-2,3-difluoromethylene)triphosphonate (ApSpCF2p, 
61).[139, 140] 

Next, it was tested if higher reaction rates could be achieved applying different lewis 

acids. Apart from the more commonly used lewis acids like ZnCl2 and MnCl2, two rare-

earth metal (III) triflates were used, Sc(OTf3) and Ce(OTf3). These lewis acids show 

significant advantages over ZnCl2, as they work efficiently in catalytic amounts and are 

compatible with aqueous solvents.[224] Sc(OTf)3 was chosen due to its wide spectrum 

of applications in organic chemistry.[225] Since lanthanides are also used in a variety of 

organic synthesis and are supposed to have a high affinity to phosphates,[226] Ce(OTf)3 

was also applied.[224] The reactions were performed under the same conditions as 

before. The activated diimidazolide (60) and the monophosphate (43) were stirred in 

dry DMF and five equivalents of the different lewis acids were added respectively. The 

reactions were followed by analytical HPLC over 24 h. In summary, conversion was 

only observed with ZnCl2 and MnCl2-mediated coupling, for the other two not even 

moderate heating (50 °C) helped to get the reaction going.  

Due to its elaborate synthesis, it was decided to neglect the use of the CF2 group and 

use the commercially available methylene bridged bisphosphonate (62) instead. 

Although 62 is neither a geometric nor an electronic bioisostere of pyrophosphate it 

has been widely used to generate nucleotides that are resistant towards enzymatic 

and thermal degradation.[104, 105, 110]  

First, the imidazole activation of 62 was investigated (Figure 18A). NMR analysis could 

show that the turnover was almost quantitative after 20 min (Figure 18B).  
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Figure 18. Activation of methylene bisphosphonate with CDI. Scheme for the reaction of 62 with an excess of 
CDI to form the diimidazolide deriative (63, A).[140] 31P NMR spectra of the time course of the reaction. Red: before 
the addition of CDI; green: 20 min after the addition of CDI (B). 

In a test reaction adenosine 5’-thiomonophosphate (43) was reacted with a 4-fold 

excess of the activated bisphosphonate species (63) and 5.0 eq of ZnCl2 (Scheme 

22),[139] the consumption of the starting material was followed by TLC. As before, very 

low conversion rates were observed. Nevertheless, the reaction was quenched by the 

addition of ethylenediaminetetraacetic acid (EDTA) after 2 h and purification by FPLC 

and RP-HPLC yielded 3 % of the desired product. Even under these conditions an 

equal amount of symmetric Ap4A was obtained, among several unidentified by-

products. According to Ziemniak et al. possible by-products might be adenosine 5’-

pentaphosphate derivatives.[139] 

 

Scheme 22. Synthesis of adenosine 5’-O-(1-P-thio-2,3-methylene)triphosphonate (ApSpCH2p, 64) by a 
method adapted from Yanachkov et al.[139, 140] 

Unsatisfied with the low yield and the unpredictable side reactions, the synthetic 

strategy was changed. Opposed to the previous approach, it was now attempted to 

selectively activate only one side of the bisphosphonate entity (Figure 19A). According 

to Yanachkov et al. it should be possible to achieve this by applying lower amounts of 

CDI. This was the case for the reaction with only 0.6 eq of CDI. Two new peaks evolved 

(at 13 and 6 ppm), indicating the selective activation of one side of 62 (Figure 19B). 
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However, even after 90 min there was a significant amount of unreacted starting 

material. Comparison to the spectrum obtained from the diimidazolide (63) shows that 

double activation did not take place under these conditions. As soon as more CDI was 

added 63 was obtained exclusively.  

 

Figure 19. Activation of methylene bisphosphonate with CDI. Scheme for the reaction of 62 with 0.6 eq of CDI 
to form the monoimidazolide deriative (65, A).[140] 31P NMR spectra of the time course of the reaction. Red: before 
the addition of CDI; green: 90 min after the addition of 0.6 eq CDI; blue: 15 min after the addtion of 5.0 eq (B). 

Hence, this approach does not provide a promising method, for the synthesis of nhATP 

analogues, as no full conversion without the formation of diimidazolide can be realized. 

This would mean an additional purification step to separate the imidazolide from the 

starting material. Despite the proposed stability of the imidazolide, this would notably 

decrease the yield.  

In conclusion, this method is only suitable for the synthesis of symmetric Ap4A 

derivatives which will be discussed in chapter 3.1.5.1 in more detail.  

3.1.4.2 Synthesis of nhATP (ApspCH2p) using the Ludwig-Eckstein method 

The next method that was tested for the synthesis of nhATP is based on P(III)-

chemistry and has been around for more than 40 years. In this procedure salicyl 

chlorophosphite (3) is used as a phosphitylation reagent, upon addition of 

pyrophosphate or a bisphosphonic acid derivative and subsequent oxidation ATP 

analogues are obtained in a one-pot synthesis. Each step can be followed by 31P 

NMR.[117, 141, 227, 228] Anhydrous conditions are necessary to prevent the formation of H-

phosphonates. To ensure regioselectivity protecting groups for the 2’ and 3’- hydroxyl 

groups are inevitable.  
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As illustrated in Scheme 23, 2’,3’ protected adenosine (42) reacted with 3 to give an 

activated cyclic phosphite-intermediate (66), but no full conversion was observed 

(Figure 20A and insert). Upon addition of the bis-(tributylammonium) methylene 

bisphosphonate (62), the formation of a cyclic triphosphate P(III)-P(V) intermediate 

(67) can be observed (Figure 20B). However, the addition also gave rise to several 

unidentified side products. Oxidation of Pα with sulfur and concomitant ring opening 

resulted in the nhATP derivative 68 and a considerable amount of side products 

(Figure 20C). Among the observed side products thio-H-phosphonate (55 ppm) was 

identified. Purification by FPLC and subsequent RP-HPLC resulted in 7 % of the 

protected nhATP (68, Figure 20D).  

 

Scheme 23. Synthesis of 2’,3’-methoxymethylidene protected adenosine 5’-O-(1-P-thio-2,3-
methylene)triphosphonate (ApSpCH2p, 68) by a Ludwig-Eckstein based approach.[117] 
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Figure 20. 31P NMR spectra of the time course of the reaction. Red: Coupling of 3 to 2’,3’-methoxy methylidene 
adenosine (42, A); green: Coupling to methylene bisphosphonate (62) resulting in a P(III)-P(V) anhydride (67, B); 
blue: oxidation with sulfur, crude mixture, the formation of H-phosphonate as by-product can be observed(C). 
purple: product after purification by FPLC and HPLC (68, D). 

As a last step the protecting group was cleaved in diluted HCl (5 %). The product was 

isolated by HPLC. Taken all the steps together a yield of only 2 % was achieved. There 

are several issues that could be addressed to improve the reaction. This approach has 

been reported in different solvent systems like DMF/dioxane[227] or THF[141] instead of 

pyridine, which might play a role in the occurrence of side products. The free amine 

could also lead to some side reactions, however, at least in the first step no reaction 

of the amine, which would result in a peak at around (135 -140 ppm)[229] was observed. 

Moreover, different conditions for the oxidation step might be worth a try e.g. lowering 

the temperature to 0 °C.[230] Due to the low solubility of elemental sulfur, different 

reagents have been developed for the oxidation step, that might be tested in this 

approach.[231] 

3.1.4.3 Synthesis of nhATP (ApspCH2p) using a P-amidite-based method 

Another methodology to obtain nhATP was inspired by the recent advances of the 

research group of Jessen.[121, 123] Based on reactive P(III)-amidites, that were originally 

developed for automated DNA and RNA synthesis,[115] this strategy offers an 
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opportunity to prepare nucleoside polyphosphate derivatives from unprotected 

nucleotides, under ambient conditions and in high yields. The first step of the synthetic 

route comprises the formation of a P(III)-P(V) intermediate, catalyzed under slightly 

acidic conditions. Throughout the years, different activators for the coupling step have 

been investigated. Most of them are based on tetrazole, with only slightly different pKa 

values and nucleophilicity, that determine their reactivity in P-amidite activation. 

Herein, four different activators were tested (Scheme 24A) namely tetrazole and its 

two derivatives phenyltetrazole and ethylthiotetrazole (ETT) and in addition the more 

nucleophilic compound dicyanoimidazole (DCI).[232] 

In the second step the P(III) is oxidized by e.g. meta-chloroperoxybenzoic acid 

(m-CPBA) or sulfur. Finally, the fluorenylmethanol protecting group is removed under 

basic catalysis (Scheme 24B). 

 

Scheme 24. Overview of pKa values of different activators (A). Synthesis of 2’,3’-isopropylidene protected 
adenosine 5’-O-(1-P-thio-2,3-methylene)triphosphonate (ApSpCH2p, 69) by a P-amidate based approach 
(B).[123] 

Beforehand, the free bisphosphonic acid (62) was converted into the tetrabutyl 

ammonium salt, in order to increase both its solubility and its reactivity in DMF. For the 

coupling reaction between the P-amidite (56) and a two-fold excess of bisphosphonate 

(62) both were dissolved in DMF (Figure 21A). As recommended by Jessen et al. DMF 

with residual water was used instead of anhydrous DMF.[121, 219] They could show that 

phosphor amidites chemoselectively react with phosphates, and only the excess of 

P-amidite is hydrolyzed by water.[219] Upon addition of the catalyst, in this example CDI, 

a new peak at 125 ppm evolved, most likely belonging to the P(III)-P(V) anhydride 

(Figure 21B). The two new peaks in proximity to the bisphosphonate (16 and 12 ppm) 
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could be the respective coupled P(V) species. The subsequent oxidation however, did 

not work that smoothly. As expected, all P(III) species have disappeared. However, 

the peak around 72 ppm most likely derives from a hydrolysis product. By comparison 

to literature data[233] this peak might belong to the H-phosphonate derivative (Figure 

21C). The peaks around 55 ppm could belong to the desired product but after 

deprotection in piperidine (Figure 21D), precipitation with perchlorate in acetone and 

purification by FPLC and RP-HPLC no product was obtained.  

 

Figure 21. 31P NMR spectra of the time course of the reaction. Red: Starting materials methylene 
bisphosphonate (62) and 56 before the addition of tetrazole (A); green: tetrazole-mediated coupling between the 
P-amidite derivative (56) and methylene bisphosphonate (62) resulting in a P(III)-P(V) anhydride (B); blue: oxidation 
with S8, the formation of H-phosphonate as by-product can be observed (C). purple: cleavage of fluorenylmethyl 
group with piperidine (D). 

The reaction with tetrazole and ETT looked comparable, whereas for phenyltetrazole 

the coupling proceeded very slowly. None of the tested conditions yielded the desired 

product. To obtain the nhATP, an excess of the bis (tetrabuty ammonium) 

bisphosphonate derivative was applied. In contrast, the Jessen group always uses the 

P-amidite in excess (1.3 – 2.7 eq)[123] this could make a crucial difference to the 

outcome of the reaction as will be further discussed in 3.1.5.1.  
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3.1.4.4 Synthesis of nhATP (ApspCH2p) by using an alternative method to 

activate 5’-thiomonophosphates 

The next procedure under investigation constitutes an interesting approach, as it 

allows the activation of thiomonophosphates with imidazolides. As already pointed out, 

it is not possible to activate thiophosphates with imidazolides, piperidates or morphline 

applying the standard conditions that are used for common phosphates.[136, 221] 

Generally, sulfur is the better nucleophile in comparison with oxygen, therefore, in 

these activation procedures the sulfur will always form a good leaving group with the 

respective reagent, e.g. CDI and thus, only activated phosphate is obtained. Hence, 

the only activating reagents that work on thiosulfates are phosphorous based reagents 

like diphenyl phosphorochloridate,[234] which are attacked by the less nucleophilic 

oxygen, which can be defined as a “hard nucleophile” according to the HSAB 

theory.[235] On detours, Shimadzu et al. succeeded in preparing thiophosphate 

imidazolides.[201] In this method, imidazole acts as nucleophile, attacking the 

dichlorophosphoridate (70), which is obtained under Yoshikawa conditions. In short, 

adensosine is reacted with thiophosphoryl trichloride in triethyl phosphate (TEP) to 

adenosine 5’-dichlorothiophosphate at 0 °C. Imidazole, or benzimidazole respectively, 

is added. As a result, the diimidazolothiophosphate is formed, which is partially 

hydrolyzed by one equivalent of water in pyridine (Scheme 25). 

Following this procedure imidazolide 71 and benzimidazolide 72 were obtained in very 

low yields. As precipitation did not provide the pure product the obtained mixture was 

separated on an ion exchange column followed by RP-HPLC.  

 

Scheme 25. Alternative pathways for the activation of adenosine 5’-thiophosphate with imidazole (A) and 
benzimidazole (B).[201] 

One inherent problem that might be responsible for the low yields, is the incomplete 

conversion in the first step. Even after stirring overnight some adenosine was left. The 
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next paragraph will attend to this problem (3.1.4.5). Another issue is the stability of the 

activated phosphates during purification. At neutral pH the imidazole seems to be 

relatively stable, still after two rounds of chromatography, a significant part will be 

hydrolyzed. One promising alternative to access these valuable activated 

intermediates would be a mechanochemical approach, like reported by Appy et al.[236] 

In preliminary experiments, performed together with Christoph Albrecht and José 

Hernández in the lab of Carsten Bolm at the RWTH Aachen, 71 was isolated under 

ball milling conditions (10.0 eq CDI, 25 Hz, 45 min).  

3.1.4.5 Synthesis of nhATP (ApspCH2p) by a one-pot approach applying 

Yoshikawa conditions 

The general method that is well-established for a vast variety of NTPs with a natural 

phosphate chain, was first developed by Ludwig in 1981.[130] Since then numerous 

approaches have been made to improve the conditions and adapt them to differently 

modified NTPs. In the first step nucleoside dichlorophosphoridate (70), preferably in 

TMP, is obtained, followed by reaction with bis-(tri-n-butylammonium) pyrophosphate 

leading to a cyclic intermediate. Upon hydrolysis the linear triphosphate is formed 

(Scheme 26).  

 

Scheme 26. Synthesis of adenosine 5’-O-(1-P-thio-2,3-methylene)triphosphonate (ApSpCH2p, 64) by a 
one-pot synthesis, according to Ludwig.[130] 

The first step is a critical determinant for the success of the reaction, however, as 

mentioned above for the reaction with PSCl3 in pyridine only low conversion rates were 

observed. Therefore, different solvents and bases were employed, although it is still 

controversial if the pH has an influence on regioselectivity.[104] As mentioned before 

the standard solvent TMP is not appropriate for thiophosphates, but it might be in 

combination with a base like pyridine or lutidine as shown by Barai et al.[237] Yet, none 

of the combinations resulted in a significantly better turnover of the adenosine to the 

monophosphate (cf. Table 1). At lower temperatures no reaction was observed. For 

the O2’-derivative (23) the ATP was obtained in 10 % yield with TEP and lutidine 

compared to 2 % in pyridine, but this did not work for the unmodified adenosine. In 
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another study the authors suggested to use stannyl derivatives, which form ethers at 

the 5’-position and thus, lead to a better soluble but less stable intermediate that can 

react with PSCl3.[238] This could not be reproduced with SnCl4. 

Table 1. Overview of conditions for one-pot ATP synthesis starting from the unprotected nucleoside. 

conditions AMP yield ATP yield 

pyridine, 0 °C  

26 % 

1 % (for 64) 

2 % (for 73) 

<1 % (for 74) 

TMP with pyridine, 0 °C 25 % not tested 

TMP with lutidine, 0 °C[237] 26 % 3 % (for 64) 

TMP with lutidine, −15 °C[131] - - 

TEP with lutidine, 0 °C  16 % 1 % (for 64) 

10 % (for 73) 

pyridine, 0 °C, SnCl4[238] - - 

 

In Figure 22 the synthesized derivatives and the respective conditions are 

summarized. This clearly shows that the outcome of the reaction does not only depend 

on the conditions but also on the nature of the substrates, which makes it difficult to 

find suitable conditions. Purification still remains a major problem as some of the 

derivatives required repeated HPLC purification to remove byproducts,[131, 239] which 

partially explains the low yields. The addition of DMF in the second step leads to 

several byproducts that are commonly observed in triphosphate synthesis. Together 

with POCl3 the Vilsmeier reagent is formed, resulting in the formation of e.g. 

trimethaphosphate or 2’,3’-cyclic phosphates.[131, 239] These byproducts complicate the 

isolation of the triphosphate due to their similar charge. In the presence of pyridine 

Gillerman et al. observed the polymerization of pyrophosphate, which might also occur 

in the presented approaches.[131] As long as there is no method that increases the 

conversion in the first step of this one-pot reaction, this will not lead to nhATP (64) in 

satisfying yields.  

 

Figure 22. nhATP derivatives synthesized in one-pot under different solvent conditions. 
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Taken together, neither the P(III) nor the P(V) strategies could be optimized in a 

convincing manner. Consequently, it was decided to look into other possibilities to 

obtain functionalized Ap4A derivatives. 

3.1.4.6 Synthesis of asymmetric semi-hydrolysable Ap4A (ApCH2ppCH2pA’) 

by coupling two ADP derivatives 

One alternative to still obtain asymmetric nhAp4As without the need for a nhATP 

intermediate, is to start from the adenosine bisphosphonate derivative. The presented 

methods rely on the activation of one ADP derivative followed by the in situ 

condensation with a second ADP. To this end, different activation reagents were 

evaluated, diphenyl phosphochloridate, sulfonyl imidazolium salt (76) and CDI.  

Therefore, C2-modified ADP analogue 53 was reacted with diphenyl 

phosphorochloridate in DMF (Scheme 27A).[234] Monitoring by 31P NMR showed the 

activation product (75) after 10 min, but a lot of additional peaks appeared. After 1 h 

the activated intermediate had already reacted with another ADP or been hydrolyzed. 

Hence, this method did not seem appropriate. Next, a reagent established by 

Mohamady et al. was tested (Scheme 27B).[240] The sulfonyl imidazolium salt (76) was 

first generated in a two-step synthesis (cf. 6.2.3.6). Upon reaction with the unmodified 

ADP derivative (50), in the presence of N,N-diisopropylethylamine (DIPEA) for 10 min, 

the activated ADP (77) was added dropwise to a solution of 53 in DMF. Tetrazole was 

added as catalyst. The reaction was followed by TLC and stopped after 3 h. After 

purification by RP-HPLC the desired product was isolated in 6 % yield. However, the 

symmetric, unmodified Ap4A (Figure 24, 81) was identified as the major product. This 

leads to the conclusion that to some extent the activated intermediate 77 immediately 

reacted with the starting material without any catalyst. This was also reported by 

Mohamady et al.[240] They, however, claimed that in the presence of DIPEA and with a 

slight excess of the activation reagent dimerization had been suppressed, which was 

not the case for the herein applied conditions. Lastly, the activation with CDI was 

scrutinized (Scheme 27C). Therefore, 53 was reacted with either a five- or two-fold 

excess of CDI. The reaction was followed by NMR (Figure 23).  
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Scheme 27. Synthetic approaches to couple two adenosine 5’-methylene bisphosphonate derivatives. 
Activation of 53 with diphenyl phosphorochloridate (A).[234] Activation of 50 with sulfonyl imidazolium salt and 
subsequent coupling to 53 catalyzed by tetrazole (B).[132] Activation of 53 with CDI and subsequent coupling to the 
tetrabutyl ammonium salt of 50 catalyzed by tetrazole (C). 

For the reaction with 5.0 eq of CDI (Figure 23C) a second activation was observed. 

Not only Pβ was activated by imidazole but additional Pα activation was confirmed by 

the cross signals in P-HMBC measurements (Figure 23B). There were also some 

unidentified side products at −3 and −5 ppm, showing coupling to the imidazole 

protons. In case of the addition of 2.0 eq of CDI, less side products were observed and 

no second activation took place in the first hour (Figure 23D). Guided by this analysis, 

a two-fold excess of CDI was used to activate ADP derivatives for 1.5 h, excess 

reagent was quenched by the addition of methanol. In the ensuing coupling step the 

tetrabutyl ammonium salt of 50 and tetrazole were added and the mixture was stirred 

for 30 min (Scheme 27C). The purified product was obtained in 40 % yield.  
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Figure 23. 31P NMR spectra of the activation of 53 with different amounts of CDI after 10 min. Red: triethyl 
ammonium salt of C2-modified adenosine 5’-methylene bisphosphonate derivative 53 in DMF (A);31P HMBC 
spectrum of the activation with 5.0 eq after 10 min, showing cross peaks between Pα and imidazole, indicating a 
second activation (B); green: activation of 53 with 5.0 eq of CDI after 10 min (C); blue: activation of 53 with 2.0 eq 
of CDI after 10 min (D). 

Under these optimized conditions the N6- and O2’-derivatives were prepared in 

comparable yields (Figure 24). As these derivatives might still be cleaved 

symmetrically they will be referred to as “semi-hydrolyzable” (shAp4A) in the following. 

The evaluation of the stability of the phosphate chain is discussed in chapter 3.2.  

 

Figure 24. shAp4A derivatives (ApCH2ppCH2A’) obtained by imidazole activation. 81 was obtained as 
byproduct.[240] 
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For the subsequent coupling of NHS esters (15, 16 and 17) the linkers of 78, 80 and 

82 were deprotected or reduced, respectively, to yield the free amine. 

For the N6-derivaitve (80) the deprotection was achieved in 65 % yield. The reaction 

was performed in 10 % aqueous ammonia solution and was completed after 2 h at 

room temperature. The progress of the reaction could easily be followed by 19F NMR, 

upon reaction with ammonia the TFA signal was shifted from −75.7 ppm to −75.0 ppm.  

In case of the C2-derivative (78) the deprotection was monitored by analytical HPLC 

as an unidentified side product was observed. In 3 % ammonia at 0 °C the best ratio 

between side product and product was obtained after 5 h and the starting material was 

recovered. After repetitive deprotection reactions, enough product was obtained to 

continue with the coupling reaction (cf. 3.1.6.2). Different deprotection methods for the 

C2-derivatives are discussed in section 3.1.5.2.  

The reduction of the azide in 82 was straight forward, following a procedure described 

in literature.[211] 82 was dissolved in a mixture of water, methanol and TEA (2:2:1) and 

reacted with tris(2-carboxyethyl)phosphine (TCEP) overnight. Purification by RP-

HPLC afforded the amine in 70 %.  

3.1.5 Synthesis of symmetric nhAp4A (ApspCH2ppsA) scaffolds 

Since the asymmetric approaches still remained a major challenge and would include 

a second coupling step that would most likely proceed in equally bad yields, another 

synthetic pathway was chosen. In this paragraph the synthesis of symmetric nhAp4A 

scaffolds is discussed, which will then be subjected to asymmetric modification. The 

two presented methods involve either phosphorimidazolides or phosphoramidites and 

are similar to the methods in the previous chapter. In the first method, methylene 

bisphosphonate is converted to the diimidazolide by reaction with CDI and coupled to 

two monophosphate derivatives (cf. 3.1.4.1).[140] Overall four different symmetric 

nhAp4A derivatives were obtained with this method. The second method is based on 

the Jessen approach described earlier (cf. 3.1.4.3).[121] A phosphoramidite derivative 

was reacted with the tributyl ammonium salt of methylene bisphosphonate, in doing so 

it was important to use not more than 1.2 eq of tributyl amine. Followed by oxidation 

and deprotection three nhAp4A derivatives were isolated. 
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3.1.5.1 Synthesis of symmetric nhAp4A (ApspCH2ppsA) according to 

Yanachkov 

As already pointed out in 3.1.4, the method presented by Yanachkov et al. has made 

symmetrically modified Ap4As accessible.[140] After investigating the procedure’s 

potential to synthesize nhATP (cf. 3.1.4.1), it was applied to obtain nhAp4A. Based on 

the previous observations, the tributylamine salt of methylene bisphosphonate was 

activated with 5.0 eq of DCI to give the diimidazolide (63) within a few minutes. 

Subsequent coupling to adenosine 5’-thiomonophosphate derivatives (43 – 48) was 

catalyzed by tetrazole (Scheme 28). It was tried to use as little solvent as possible to 

attain high concentrations within the reaction mixture. However, the solubility of the 

compounds often was the limiting factor. One solution might have been the conversion 

of the monophosphates to the respective tetrabutyl ammonium salts.  

 

Scheme 28. Synthesis of nhAp4A (ApspCH2ppsA, 83) based on the imidazolide activation of methylene 
bisphosphonate.[140] 

The obtained yields were still considerably lower than reported in literature, but it was 

possible to skip the ion exchange step and thereby obtain the product with only one 

chromatography step. In addition, the excess of starting material could be recovered. 

With this method different nhAp4A derivatives were synthesized as shown in Figure 

25. For the C2-pentinyl derivative the nhAp4A (88) could not be isolated in sufficient 

purity. All compounds were obtained as diastereomeric mixture, resulting in two sets 

of signals in the NMR. For 86 it was sometimes observed that the TFA group was lost 

during the work-up of the reaction, depending on the pH. Generally, it is worth 

mentioning that the reaction works much better on a larger scale (~300 µmol). 
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Figure 25. nhAp4A (ApspCH2ppsA) derivatives synthesized according to the Yanachkov procedure.[140] 

Next, 85, 86 and 87 were deprotected or reduced respectively, to give the free amine 

that offers the possibility to attach functional groups like PCLs, dyes or affinity tags 

(3.1.1).  

The reduction of the azide in 85 was achieved following the same procedure as 

mentioned above (3.1.4.6). 85 was dissolved in a mixture of water, methanol and TEA 

(2:2:1) and reacted with TCEP overnight. The product was isolated by RP-HPLC in 

53 % yield.  

For 86 the deprotection was achieved in 63 % yield, by stirring in 10 % aqueous 

ammonia solution for 2 h, resulting in compound 95 (cf. Scheme 32). In case of the 

C2-derivative (87) the deprotection could not be achieved in reasonable yields. 

Therefore, alternative methods to obtain the C2-modifed nhAp4A were investigated in 

the following.  

Concerning the iodine modified nhAp4A (84), it was tested if the microwave coupling 

can also be implemented on the Ap4A level. This would save purification steps at the 

nucleoside level and, more importantly, avoid the painstaking deprotection step. As 

described for the reaction with 2-iodo-adenosine (cf. 3.1.2.1) the reaction was 

performed in ethanol in the presence of a large excess of DBU and hexamethylene 

diamine. Since phosphate analogues are more sensitive to heat than nucleosides the 

reaction temperature was decreased to 150 °C, as had previously been used for the 

reaction on monophosphates (unpublished results by Maike Lehner, Marx Group, 

Scheme 29). After 45 min the TLC still showed starting material, so the reaction was 
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heated for another 20 min. HPLC purification and MS analysis revealed only starting 

material and monophosphate derivatives either with or without linker. Probably the 

conditions were too harsh for the Ap4A derivative.  

 

Scheme 29. Microwave assisted functionalisation of 2-iodo-adenosine derivative (84). 

3.1.5.2 Synthesis of symmetric nhAp4A (ApspCH2ppsA) using a P-amidite 

approach 

Due to the poor yields, especially for the unmodified nhAp4A (83) which is needed in a 

large amount for the biological experiments, the phosphoramidite based approach was 

investigated again.[121] This time, some conditions were changed. To begin with, only 

1.1 eq tributyl amine were used as counter ion for methylene bisphosphonate, which 

was reacted with a 2.5-fold excess of the P-amidite 56 in the presence of tetrazole 

(Scheme 30).  

  

Scheme 30. Synthesis of nhAp4A (ApspCH2ppsA, 90) based on P-amidite chemistry.[123] 

31P NMR of this reaction showed that the P-amidite (147 ppm, Figure 26A) was rapidly 

consumed, giving rise to two new P(III) species (123 and 127 ppm). However, on the 

P(V) side a large amount of new signals appeared (Figure 26B). In the next step, 

oxidation was achieved within 5 min by the addition of elemental sulfur, the newly 

occurring signals (50 – 60 ppm) can be attributed to P(V) nuclei bearing a thio-

modification (Figure 26C). At this point, the intermediate was isolated by precipitation 

with hexane in diethyl ether (1:5).  
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For the ensuing deprotection the obtained solid was dissolved in DMSO and piperidine, 

resulting in small shifts in the 31P NMR (Figure 26D). Again, precipitation and 

centrifugation yielded the crude acetal protected product. After RP-HPLC 10 % of 90 

was isolated in high purity. Interestingly, under the adapted conditions nhATP (69) was 

obtained as side product.  

 

Figure 26. 31P NMR spectra of the time course of the P-amidite based nhAp4A synthesis. Red: starting 
materials 53 and 62 in DMF (A); green tetrazole-mediated coupling, giving rise to a P(III)-P(V) intermediate (B); 
blue: oxidation with S8 (C); purple: deprotection by piperidine(D). 

Although the yield is still low, this method provides several advantages. First of all, the 

starting material can be prepared in a bigger batch compared to the 

thiomonophosphate derivatives and can be isolated by normal face silica gel flash 

column chromatography in high yields. Moreover, purification was less tedious. One 

drawback is the 2’,3’-acetal that needs to be removed under acidic conditions. This 

was achieved in 2 % HCl in 60 % yield. 

Confident that this procedure would also work for C2-modified P-amidites (57 and 58), 

the same conditions were used for coupling, oxidation and subsequent deprotection. 

The yields were very different: 91 was obtained in 41 % yield, whereas 92 could only 

be isolated in 9 % (Figure 27). For both C2-modified analogues not only ATP but also 

AMP was obtained as side product, even though no starting material was left after the 
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coupling step. This leads to the conclusion that during the subsequent steps the 

obtained phosphoranhydride bond was partially cleaved. 

 

Figure 27. C2-modified nhAp4A derivatives obtained by P-amidite coupling.[123] 

For the deprotection of the acetal, different conditions had to be tested, as the 

previously applied method did not lead to the desired product in reasonable amounts. 

Upon increasing the HCl concentration to 4 % and stirring overnight, mixtures of 

inseparable partially deprotected products were obtained as well as the cleavage 

products ATP and AMP. The best results were achieved, if the starting materials were 

freeze-dried only once, so that residual TEAB buffer was still present. In addition, 

several supposedly mild deprotection conditions were tested, like iodine in 

methanol[241] and Pyridinium p-toluenesulfonate (PPTS)[242]. None of them led to the 

desired products. Consequently, for the C2-system another protection method should 

be used, e.g. acetyl groups that can be cleaved in one step with the TFA group.  

The cleavage of the TFA group was also troublesome. Different systems were 

evaluated. Reactions in either 0.1 M NaOH or 3 % aqueous ammonia solution were 

analyzed at different temperatures and different time points. In summary, the only 

viable method was diluted ammonia at 0 °C. Taken together, the C2-derivatives were 

not accessible in reasonable amounts and satisfying purity. Alternative protecting 

groups should be explored in future experiments. One possibility could be 

tetrachlorophthalimide (TCP). The pentynol linker can be easily modified, applying 

Mitsunobu conditions.[243] In a small test reaction pentynol was reacted with TCP, PPh3 

and diethyl azodicarboxylate (DEAD)  in dry THF the product was obtained in good 

yields (Scheme 31). TCP in combination with acetyl protecting groups of the 2’ and 

3’-hydroxyl groups might be a promising, albeit laborious, approach for the synthesis 

of C2-modified nhAp4A derivatives. 
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Scheme 31. Introduction of TCP as alternative protecting group. [243] 

3.1.6 Coupling of functional groups to Ap4A scaffolds 

The last step of the synthesis comprised the modification of the synthesized Ap4A 

scaffolds with different functional groups. For all derivatives the same coupling 

conditions were applied.[211] The selective modification of symmetric Ap4A was 

achieved by consecutive reaction with the NHS esters. Therefore, DTB was selectively 

attached to one side of the symmetric scaffold and in a second step the PCL was 

introduced. In contrast, the modification of asymmetric derivatives was achieved in one 

step, applying a trifunctional liner (15 or 16), comprising DTB and the PCL group or the 

TAMRA-dye (17). 

Thereby, seven differently modified Ap4A molecules, which can be used as bait in PAL 

experiments, were successfully synthesized.  

3.1.6.1 Modification of symmetric Ap4A scaffolds 

To modify the symmetric nhAp4A analogues, the major challenge was the selective 

introduction of one functional group at only one side of the molecule. In order to obtain 

as little of the disubstituted product as possible, only 0.6 eq of the NHS ester in DMF 

was added to the nucleotide. The reaction was conducted in NaHCO3 buffer under 

strict pH control (8.7)[211] and stirred overnight. RP-HPLC purification usually resulted 

in three peaks. The first peak was identified as starting material, which could be 

recovered in approximately 25 %. The second peak corresponded to the desired 

product, isolated in 11 to 33 %. The disubstituted derivative was found in the last peak, 

even with that low amount of linker. The second NHS ester coupling was then 

performed with an excess of NHS ester to ensure high conversion rates. RP-HPLC 

afforded the final product (Scheme 32).  
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Scheme 32. Exemplary consecutive NHS ester coupling of functional groups to nhAp4A (ApspCH2ppsA, 95). 

The established two-step procedure was applicable for differently modified nhAp4A 

derivatives shown in (Figure 28). For benzophenone higher amounts of DMF were 

necessary to ensure solubility.  

 

Figure 28. Asymmetrically functionalized nhAp4A derivatives (ApspCH2ppsA). 

These asymmetrically modified nhAp4A derivatives were then used in PAL 

experiments to uncover potential interaction partners in human and bacterial cell lysate 

(see 3.2).  

3.1.6.2 Modification of asymmetric Ap4A scaffolds 

The functionalization of asymmetric Ap4A scaffolds could be achieved directly in one 

step (Figure 29). In principle the reactions followed the same procedure as described 
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above. N6 and O2’-derivatives were successfully coupled to the NHS ester, while the 

C2-derivative (104) could not be isolated. For TAMRA-modified shAp4A (101) an 

additional purification step was necessary. Before applying the crude product on the 

RP-HPLC the free dye was removed by silica gel flash column chromatography 

applying an aqueous solvent system (Isopropanol/H2O/NH3, 6:1:1 → 3:1:1). 

Nevertheless, an additional ion exchange purification step was necessary. This 

reaction was performed by Nina Mast during her internship.  

 

Figure 29. Functionalized shAp4A derivatives (ApCH2ppCH2A). 

Derivatives coupled to the trifunctional linker (11, 102 and 103) were tested for their 

applicability in PAL experiments. The TAMRA modified shAp4A (101) served as a 

useful tool in binding studies (see 3.3). 

3.1.7 Synthesis and functionalization of Ap4A with a natural 
phosphate chain 

The investigation of binding affinities and the biological influence of Ap4A on enzyme 

activity require the synthesis of Ap4A bearing a natural phosphate chain and the 
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attachment of a fluorescent dye like TAMRA for visualization or an affinity handle like 

biotin that enables the immobilization on e.g. a sensor chip. 

For the synthesis of Ap4A with a natural phosphate chain a large variety of methods 

has been reported.[14] The easiest approach is the imidazole activation of either an ATP 

or an AMP and the subsequent coupling to the respective counterpart. Both synthetic 

routes were tested, whereas a significantly higher yield was achieved when ATP was 

activated instead of AMP. 

As starting material, N6-modified adenosine 5’-monophosphate (105) was obtained in 

good yields, using the standard procedure with POCl3 in TMP (for details see 6.2.13.1). 

The tetrabutyl ammonium salt of ATP (2) was kindly provided by Daniel Hammler.  

In the first approach, the activation of AMP derivative 105 with CDI was followed by 

NMR and was completed after 1 h. ATP and tetrazole were added after quenching of 

residual CDI. The reaction was stirred overnight and purification by RP-HPLC afforded 

the product (107) in 3 % yield (Scheme 33A). 

The inverted approach, which relied on the imidazole activation of ATP (2), gave 107 

in 27 % yield under the same conditions (Scheme 33B, performed by Nina Mast during 

her internship). The higher yield might be explained by the formation of 

trimetaphosphate in the course of the activation process, which readily reacts with the 

AMP. 

 

Scheme 33. Synthesis of asymmetric Ap4A with a natural phosphate chain.  

The deprotection of 107 was achieved within 2 h in 10 % aqueous ammonia at room 

temperature as mentioned before. (cf.3.1.4.6).  

Lastly, the deprotected Ap4A derivative was functionalized by making use of the free 

amine group. Reaction with either TAMRA-NHS (17) or biotin-NHS (14, performed by 
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Yannick Werle during his work as research assistant) under the afore mentioned 

reaction conditions (cf. 3.1.6) resulted in 109 and 110 (Figure 30).  

 

Figure 30. Functionalization of asymmetrically modified Ap4A bearing a natural phosphate chain. 

In conclusion, within this work a spectrum of differently modified Ap4A analogues was 

successfully synthesized. Apart from modification of the phosphate chain to render the 

Ap4A derivatives more stable towards hydrolysis, functional groups were attached 

asymmetrically.  

The presented set of functionalized Ap4A derivatives, which includes the nhAp4A 

analogues (ApspCH2ppsA, 10 and 98 – 100) and the shAp4A analogues 

(ApCH2ppCH2pA’, 11, 102 and 103) as well as 109 and 110, represents a versatile 

toolbox to study the biological role of Ap4A, which will be elaborated on in the next 

chapters. 

3.2  PAL Experiments with modified Ap4A 

The synthesized PAL probes (PALP) were subsequently applied as bait molecules in 

proteomic studies. Beforehand, some preliminary experiments were conducted to test 

the applicability and selectivity of the probes. In a proof of concept experiment, their 

stability in the presence of the human Ap4A hydrolase NudT2 was assessed in an 

HPLC-based method. In this isolated system photo-crosslinking conditions, that had 

been used in previous works, were tested and then transferred to the more complex 

system, HEK-293T lysate. However, first PAL experiments in HEK-293T lysate 

resulted in high background labeling in the control experiments and, thus, no 

significantly enriched proteins could be determined. Consequently, the labeling 

conditions were further optimized concerning the incubation and irradiation times and 

the concentration of both bait and competitor molecule. With these optimized 
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conditions PAL experiments were conducted in HEK-293T cell lysate, E. coli K12 cell 

lysate, E. coli K12 apaH knockout (ΔapaH) cell lysate, HeLa cell lysate and in lysate 

from NudT2 knockout (ΔNudT2) cells. Furthermore, HeLa and ΔNudT2 were 

investigated under oxidative stress conditions, by treating them with H2O2 prior to cell 

lysis. In total 173 human proteins and 40 bacterial proteins were found to be 

significantly enriched in the Ap4A samples compared to the control samples. Taking 

into account all these proteins, Gene Ontology (GO) analyses were carried out, 

revealing a wide range of pathways associated with the identified proteins. 

3.2.1 Preliminary experiments to test the applicability of synthesized 
probes 

To establish general conditions for the binding of N6-modified nhAp4A (98, Figure 31) 

to potential interaction partners the human Ap4A hydrolase NudT2 was expressed in 

E. coli and purified by immobilized metal affinity chromatography. Having the enzyme 

in hand, first of all an activity assay was performed. To this end, NudT2 was incubated 

with natural Ap4A (1, 100 µM) in NudT2 assay buffer. After incubation for 1 h at 30 °C 

cleavage products were analyzed by analytical RP-HPLC. (Figure 31A, purple) 

Comparison with an untreated sample (Figure 31A, blue) showed complete turn-over. 

In another experiment it was assessed if the synthesized nhAp4A analogue (98) was 

indeed resistant towards cleavage and if it was still accepted by the enzyme. Therefore, 

an excess of nhAp4A (98, 400 µM) was incubated with NudT2 in the presence of the 

natural analogue (1). In the chromatogram it is clearly visible that 98 is not cleaved by 

NudT2 (peak at 12 min, Figure 31A, green). In addition, it was observed that the 

cleavage of the natural substrate was drastically decreased in presence of the non-

hydrolysable analogue. This indicates that 98 is not only resistant towards hydrolysis 

but does also bind NudT2, despite the modifications. In addition, this experiment shows 

that 98 is even able to compete with the natural substrate, rendering 98 a suitable bait 

molecule. In another experiment, different buffers were tested to find suitable 

conditions for the ensuing PAL experiments (Table 2). Exemplarily, three conditions 

are compared in Figure 31B. In the previously used assay buffer, it was tried to reduce 

the amount of dithiothreitol (DTT) and to omit BSA. However, no cleavage was 

observed without BSA (Figure 31B, brown). In HEPES buffer containing MgCl2, full 

conversion was achieved after 1 h (Figure 31B, red). Hence, HEPES was the buffer 

of choice for all following labeling experiments. 
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Figure 31. RP-HPLC chromatograms, demonstrating the cleavage of natural Ap4A by NudT2. In contrast to 
natural Ap4A (1) the synthesized analogue (98) is not cleaved but competes with natural substrate, indicating that 
the modified analogue is still accepted by NudT2 and Structure of 98 (A). Comparison of different buffer systems 
for the cleavage of natural Ap4A (1) by NudT2 (B).  

Table 2. Overview of different buffer conditions tested for the cleavage of Ap4A (1) catalyzed by NudT2. 

Tris assay buffer  w/o DTT 50 µM DTT 100 µM DTT 250 µM DTT 500 µM DTT 

w/o BSA - - - - - 

0.2 mg/mL BSA  - - - - 

 
After having demonstrated that the synthesized analogue is stable in the presence of 

NudT2 and competes with natural Ap4A for the binding site, the next step was to test 

its ability to label potential interaction partners. Therefore, 98 (10 µM) was incubated 

with NudT2 (5 µM) in HEPES Buffer. Different irradiation times were tested from 1 to 

2 h.[187, 244] Furthermore, several control experiments were performed in the same 

manner. To ensure that NudT2 is only labeled upon UV irradiation a control reaction 

was protected from UV light. This prevents the activation of the benzophenone group 
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and thus no labeling should occur. Secondly, a sample without any Ap4A analogue was 

prepared. Two additional control samples were prepared with BSA instead of 

NudT2.[245] Different concentrations of BSA (5 µM and 1.25 µM) were applied to account 

for the different size of the two proteins. As BSA should not bind Ap4A, this sample 

should serve as a negative control. In addition, a competition experiment in which both 

NudT2 and BSA (1:1 and 4:1 ratios) were present was performed. The photo-cross 

linking efficiency was evaluated by SDS-PAGE and western blotting (WB, Figure 32), 

using ExtrAvidin® for detection of the labeled proteins. As anticipated, crosslinking was 

only observed under UV irradiation and could be prevented under dark conditions. A 

band at 22 kDa and 60 kDa could be detected, (Figure 32B) indicating that not only 

the specific interaction partner NudT2 was labeled by 98 but also BSA. In general, BSA 

is known to be a “sticky” protein, which makes it an unspecific binder for a lot of 

molecules.[246, 247] This might explain the observed interaction with the Ap4A probe. 

Another problem could be the repeated activation of the benzophenone and the long 

irradiation times, which will be addressed later (see 3.2.3).  

 

Figure 32. Coomassie and WB to follow photo-crosslinking with 98 of NudT2 and BSA. As a proof-of-concept 
experiment benzophenone-modified non-hydrolysable Ap4A (BP-Ap4A, 98, 10 µM) was incubated with NudT2 (5 µM) 
and BSA (5 µM and 1.25 µM marked with *) under UV irradiation. The obtained photo-crosslinking products were 
analyzed by coomassie stained SDS-PAGE (A) and WB, visualized with ExtrAvidin® (B). 

In subsequent experiments different attempts were made to decrease the degree of 

unspecific labeling. First of all, different concentrations of the detergent SDS were used 

to suppress unspecific interactions.[248, 249] WB analysis showed that SDS did 

remarkably decrease labeling efficiency already at low concentrations (Figure 33C, 

0.05 mM SDS). However, labeling of the target was decreased to the same extent and 

thus, SDS is not appropriate for the following experiments.  
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Moreover, a trifunctional linker (111), kindly provided by Christoph Albrecht was 

incubated with the proteins. The linker comprised a BP moiety and DTB, connected by 

a PEG chain (Figure 33, top). Hence, 111 can also be activated by UV light and will 

capture proteins that interact with BP or DTB rather than with the Ap4A scaffold. Control 

experiments like this have successfully been applied in literature.[162, 165, 244]  

Under the applied conditions the linker control labels BSA more strongly than NudT2, 

but NudT2 also shows a weak signal (Figure 33D).  

 

Figure 33. SDS-PAGE and WB analysis of photo-crosslinking reaction of either Ap4A (98) or a linker control 
molecule (111) with BSA and NudT2. Different concentrations of SDS were added to the photo-crosslinking 
experiments to decrease off-target labeling. Coomassie stained gels (A and B) show equal amounts of proteins in 
the reaction mixtures. The WB shows that the overall labeling efficiency is decreased by SDS (C). The linker control 
shows signals for both NudT2 and BSA in the WB (D). 

As the benzophenone probe showed high off-target labeling, the experiment was 

repeated with compound 10 (DA-Ap4A, Figure 34) to test if a better discrimination 
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between genuine binding partners and unspecific binders can be achieved with the 

smaller and less hydrophobic diazirine.   

Samples and control experiments with either 10 or 98 were subjected to UV irradiation 

to generate reactive species- biradical or carbene respectively. The resulting photo-

crosslinking products were evaluated by SDS-PAGE and WB (Figure 34). Indeed, the 

selectivity of ligand-dependent over ligand-independent reactions was higher using the 

DA derivative (10, Figure 34D). Moreover, the reaction is proceeding much faster than 

with the BP derivative.  

 

Figure 34. Comparative analysis of different photo-crosslinking groups and the effect of varying irradiation 
times on unspecific labeling with 98 and 10 in the presence of BSA and NudT2. SDS-PAGEs (A and C) serve 
as concentration control. WBs (B and D) show time-dependent labeling of NudT2 or BSA with BP-Ap4A (98, B) and 
DA-Ap4A (10, D). 

The increased discrimination between BSA and NudT2 may result from the high 

reactivity of the generated carbene, which either rapidly forms a crosslink or is 

quenched by water if there is no amino acid residue close by. These results are backed 
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by various studies, which showed that the outcome and success of PAL experiments 

considerably depends on the choice of a photo-reactive group.[149, 160, 189, 244, 250] 

Another aspect that needs to be mentioned is that labeling experiments of isolated 

proteins should always be viewed with caution, as highly reactive probes might label 

almost every protein under these artificial circumstances,[144] due to hydrophobic and 

electrostatic effects.[251] 

3.2.2  First PAL approach in human cell lysate 

In parallel, first photo-affinity labeling experiments with three different probes (98, 100 

and 102) were performed in human embryonic kidney cells (HEK-293T) lysate, 

applying conditions that had previously been used by Sandra Lange (Marx Group).[185] 

In brief, the compounds were incubated with cell lysate (1.0 mg/mL) at a final 

concentration of 250 µM, for 30 min in an Eppendorf tube. The samples were placed 

on ice, subjected to UV irradiation for 1 h and subsequently incubated with streptavidin 

coated beads to enrich bound proteins (Figure 35B).  

 

Figure 35. Structures and workflow for PAL experiments. Structures of Ap4A probes (A). Schematic workflow: 
Probes (black circles) were incubated with cell lysate (grey symbols in different shape represent proteins in the cell 
lysate), upon UV irradiation reactive photo-crosslinker is activated and can insert into amino acid side chains. 
Subsequent enrichment with streptavidin coated beads via the DTB functionality and subsequent elution with biotin 
can then be analyzed by WB or digested with trypsin for MS/MS analysis (B). 

The flow through of the different washing steps (PBS with 0.4 % SDS, UREA and PBS, 

cf. 6.3.4.3) as well as the elution fraction were collected and analyzed by SDS-PAGE 

and WB (Figure 36). To help ruling out non-specific interactions, several control 

experiments were performed in the same manner. A sample which was not irradiated 

with UV light and a sample without bait to determine the beads background[252] were 
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used as negative controls. In addition, a competitor control was included. In this 

sample, non-hydrolysable unmodified Ap4A (83, Figure 36) had been incubated with 

the cell lysate in a ten-fold excess, before the PAL probe (PALP) was added. In 

principle, the WB shows that in the first washing steps unbound proteins are removed, 

whereas in the last washing step there are almost no bands visible, indicating that the 

washing procedure was successful. The beads control, as well as the UV control do 

not show any signal neither in the coomassie staining (Figure 36C) nor in the WB 

(Figure 36D). The elution lane shows strong signals for enriched proteins, however, 

the competitor control looks exactly the same. In theory, the excess of the competitor 

molecule should decrease the labeling of specific targets.[253] The success of this 

control experiment depends on a lot of different parameters, like incubation time, 

affinity of the targets and their abundance, and last but not least, the concentration of 

competitor and PALP.[145] One major problem of the competition experiment is that by 

UV irradiation the PALP is bound irreversibly and thereby, no exchange with the 

competitor is possible anymore. As a result, the binding is no longer a matter of 

equilibrium.[161, 254, 255] This problem and possible solutions will be addressed later on 

(3.2.3).  
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Figure 36. SDS-PAGE (A and C) and WB (B and D) analysis of photo-affinity labeling with Ap4A (98, 99 and 
102) in HEK293T lysate. Different Ap4A derivatives were incubated with cell lysate. Cross-linking was induced by 
UV irradiation (1 h). Captured proteins were enriched with Sepharose beads. The washing fractions were collected 
and evaluated by SDS- PAGE (A) and WB (B), labeled with supernatant (SN). Elution fractions of pulldown and 
respective control experiments were analyzed by SDS-PAGE (C) and WB (D). 

In Figure 36 the coomassie data (C) and the WB (D) are shown. It is obvious that the 

DA derivative (99) leads to the strongest signals in the WB analysis, implying that DA 

samples are more reactive under the tested conditions. Furthermore, the asymmetric 

sample results in the weakest signals. It is also worth mentioning that the signals in the 

linker control experiment are almost as strong as for the benzophenone-based probe 

(98).   

However, simply comparing detected proteins in presence and absence of competitor 

would lead to false negative hits. Quantitative proteomic evaluation and enough 

replicates are necessary to ensure statistical significance of the observed results.  

At this point, however, only the BP-derivative had been obtained in sufficient amounts. 

Hence, the pulldown experiments with BP probes modified at the N6-(98) and 

O2’-position (100) were performed in triplicates and analyzed by LC-MS/MS. 
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Therefore, the obtained elution fractions were prepared for proteomics analysis by 

separation on SDS-PAGE, reduction with DTT, alkylation with iodoacetamide (IAA) 

and trypsine digestion.[256] LC-MS/MS measurements were performed in technical 

duplicates. Peptides were quantified by label-free quantification using the MaxQuant 

software (version 1.6.2.6).[192, 196] In total, 849 proteins were identified, which were 

further processed using the perseus software (version 1.6.2.1).[257, 258] Thereby, the 

protein number was reduced to 752 after filtering for potential contaminants, for reverse 

hits from the decoy data base and for hits only identified by site. Upon filtering for valid 

values (70% in at least one group) only 197 proteins were left. With these proteins 

several statistical tests were performed. In a students’ t-test the proteins found in 

BP-Ap4A (98 or 100) treated cells were compared to those that were found in the 

negative controls (no UV light and lysate only, Figure 37A). Figure 37 shows the 

distribution of the protein hits found in the 98 samples exemplarily in volcano plots 

(FDR = 0.05, S0 = 1). A difference value >1 implies a double excess of protein in the 

probe sample compared to the indicated controls.  

 

Figure 37. Volcano plots of proteins identified with the N6-BP derivative (98) by LC-MS/MS and LFQ. 
Significant enrichment was determined relative to proteins found in the UV and lysate control (A), relative to proteins 
found in the linker control (B) and relative to the competitor control (C). Plotted is the log2 fold change (‘difference’) 
versus the negative logarithm of the p-values. log2 = 0 indicates no enrichment compared to the control 
experiments, whereas significant enriched proteins are represented by red dots (FDR = 0.05, S0 = 1, two sample 
t-test). 

For both BP samples (98 and 100) the comparison to the negative controls, namely 

the lysate and the UV control, results in 47 proteins that are significantly enriched 

compared to the control experiments. Among them are some promising proteins that 

have already been reported in connection with ApnAs, like e.g. UBA1, IMPDH2 and 

HSPP90AA1. However, as expected from the WB analysis (Figure 36D) in comparison 

to the linker control only two hits remained and in case of the competitor control no 

significantly enriched protein could be found.  
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In addition to the two-sample t-test a multi-sample ANOVA test was performed, 

comparing the means of each group (technical replicates were preserved) to check if 

they are significantly different from each other. Even by applying rather loose/moderate 

statistical parameters (FDR = 0.05, S0 = 1) no ANOVA significant hits could be 

determined.  

As the conditions clearly needed further optimization in order to obtain more reliable 

results, it was decided to take a step back and take a closer look at the crucial 

parameters like the photo-crosslinking reaction, incubation times and concentrations 

of bait and competitor.  

3.2.3 Optimization of labeling conditions 

First of all, it was tested if differences in labeling could be achieved between the 

DA-linker (112, Figure 38) and DA-Ap4A (99) in a set concentration of 10 µM. 

Therefore, BSA and NudT2 were incubated with the two molecules as described above 

and samples were taken at different time points. As seen in the coomassie (Figure 

38A) the same amount of proteins were present in all reactions. Looking at the time 

course for DA-Ap4A (99) photo-labeling reaction (lane 1-5) it can be observed that 

NudT2 (16 kDa) is already labeled after 5 min (Lane 1). After 15 min both BSA and 

NudT2 are labeled. Looking at the linker reaction, it is striking that mainly BSA is 

labeled and NudT2 only shows a very weak signal after longer irradiation times 

(30 – 60 min).  

From these results it can be concluded that shorter irradiation times lead to increased 

discrimination between background labeling and true interaction partners with the 

linker molecule as a valuable control experiment.  
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Figure 38. Comparison of the kinetics of labeling between the DA-Ap4A probe (99) and the DA-linker control 
(112). Coomassie stained SDS-PAGE (A) to show that all reactions contained the same amount of proteins. WB 
analysis with ExtrAvidin® (B) to analyze the products of the photo-crosslinking reaction in dependence of irradiation 
time. The NudT2 band is found around 15 kDa and BSA at 55 kDa. 

To further optimize the procedure, some general changes were made. Before 

irradiation, the bait was incubated with cell lysate for 2 h at 0 °C, in case of the 

competitor experiment the competitor was pre-incubated for 1 h, before the bait was 

added. The photo-labeling reactions were conducted in 96-well plates instead of 

Eppendorf reaction tubes, to achieve a better surface to volume ratio. Moreover, the 

distance to the UV lamp was always kept at approx. 6 cm, where the samples were 

exposed to irradiation of 10 mW/cm2 intensity (determined with a UVpad spectral 

radiometer, cf. Luo et al.[5]). In addition, cells were only used until passage 15, as it is 

widely known that some cell lines mutate fast when cultured.[259] All these changes 

should provide more consistent and reproducible results. 

Concerning the concentration, it was shown that for benzophenone derivatives 

concentrations above 100 µM led to a huge increase in unspecific labeling.[260] 

However, with bait concentrations below the KD value of potential interaction partners, 

it will be difficult to capture these proteins. Hence, the main challenge is to find the 

sweet spot between concentrations that are low enough to limit unspecific labeling and 

on the other hand high enough to label low abundant and low affinity proteins.[261] 

Another point that needs to be kept in mind is that the photo-crosslinking yields of a 

probe do not directly correlate with the relative binding affinities, but can also be 

influenced by inherent reactivity of amino acid side chains toward a photo-crosslinking 

group[188, 261, 262] and the length and flexibility of the spacer.[188] 
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To decrease the concentration of the bait and to narrow down the time window of 

irradiation a time course with varying concentrations of the linker control and the bait 

molecule were performed in HEK lysate. The elution fractions of the affinity enriched 

samples were visualized by WB. Comparing the two linker molecules (Figure 39) the 

expected tendencies were observed. With higher concentrations and longer irradiation 

time the labeling efficiency was increased for both PCLs. However, some 

inconsistencies remained even after repetition of the experiment. For the DA-linker 

control (112) very high signals can be observed for the 100 µM concentration already 

after 2 min. In general, it can be summarized that for the diazirine sample signals are 

obtained after 2 min even for the lowest concentration. By contrast, as reported in 

recent literature, labeling by benzophenone needs longer irradiation times.[244, 261] Most 

bands appear after 15 min, for the lowest concentration almost no bands are obtained. 

In all BP samples a very prominent band is present at around 25 kDa.  

 

Figure 39. Comparison between BP-linker control (111) and DA-linker control (112) in a time and 
concentration-dependent manner by WB readout (ExtrAvidin®). Both PAL experiments were performed in 
HEK-293 cells. BP linker 111 (A) shows almost no labeling for low concentrations. At higher concentrations, labeling 
products appear after 15 min. DA linker 112 (B) shows intensive labeling already after 2 min and also for low 
concentrations. 

The labeling patterns of the two PCLs look very different. This effect has been 

systematically investigated by Park et al.[189] and later by Kleiner et al.[168] Both groups 

reported “signature” proteins for benzophenone and diazirine in different cell lines.  

Next, BP (98) and DA-Ap4A (99) were evaluated in terms of concentration and 

irradiation time (Figure 40). As 15 min showed high labeling by the linker control, only 

the shorter irradiation times were tested. The obtained WBs follow the same trend as 

observed in the linker experiments. BP-Ap4A (98) needs longer irradiation times and 

produces a strong band at 25 kDa. Whereas, for DA-Ap4A (99) the first photo-

crosslinking bands already appear after 2 min, even for low concentrations (5 µM). 
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Figure 40. Dose- and time-dependent labeling of HEK lysate by probe 98 (A) and 99 (B). Different 
concentrations of 98 and 99 were incubated with HEK lysate (1 mg/mL) and irradiated for 2, 5 and 10 min. WB with 
ExtrAvidin® readout provides insight into the kinetics of photo-crosslinking.  

Based on these results, a concentration of 20 µM and irradiation times shorter than 

10 min seem appropriate for PAL experiments with both probes. Since, a scale-up of 

the overall amount of proteins might help in detecting also low abundant proteins,[263] 

the impact of the overall amount of proteins on selectivity should be examined. 

Therefore, the linker control molecules were tested with different lysate concentrations 

(Figure 41A and C). As a ten-fold molar excess of competitor was not enough in 

previous experiments a titration experiment was performed to find suitable 

concentrations of the competitor molecule. In addition, recombinant human NudT2 was 

spiked-in in different concentrations to see if Ap4A is able to label NudT2 in the complex 

mixture.[264] 20 µL aliquots were taken directly after irradiation (referred to as “input”, 

Figure 41B and D) to monitor the photoreaction more closely and independently from 

the affinity enrichment step.  

 

Figure 41. Input samples of the photo-crosslinking reaction analyzed by WB. Background labeling of linker 
control is more prevalent in BP and increases with higher protein concentrations (A). Treatment of HEK lysate with 
increasing amounts of competitor (83) blocks the labeling of proteins by probe 98 or 99 (20 µM, 5 min irradiation) in 
a concentration-dependent manner (B and D). HEK lysate was incubated with nhAp4A (83) before the probe was 
added and the samples were subjected to photo-crosslinking with UV light (365 nm) for 5 min. Although, NudT2 
was spiked in at different concentrations as a positive control there is no band at 16 kDa. Equal loading was 
confirmed by coomassie stained SDS pages, shown below each WB. 
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From the coomassie staining of the input, it is apparent that equal amounts of protein 

were used for all samples and that signal intensity increases for higher lysate 

concentrations. However, there is no clear band for NudT2, which should be around 

16 kDa.  

The WBs for the input samples, are a good indicator for the photo-crosslinking 

efficiency. In case of the DA-probe (99), it seems that the competitor experiment 

worked well, as a huge decrease in signal intensities can be observed for all samples  

(Figure 41D). For BP (98) this effect is not observed, the weak bands for the reaction 

without competitor might result from the blotting procedure (Figure 41B).  

Looking at the WB after affinity enrichment (Figure 42), this trend remains. In the BP 

sample a nice competition can be observed even for 10-fold excess. In the DA 

pulldown there is one outlier (50 ×) which does not fit the rest of the titration. In Figure 

42A we can see that photo-affinity labeling by the BP linker is increased with higher 

lysate concentrations as also seen in the input WB. In contrast for DA (Figure 42C) 

there is almost no increase in unspecific labeling with higher lysate concentrations.  

NudT2 was neither detected with ExtrAvidin®-HRP nor with a NudT2 specific antibody. 

This could indicate that the PALPs are not capable to label NudT2 in a complex 

mixture, due to low binding affinity or bad selectivity. On the other hand, the enzyme 

might be inactive due to long storage. To exclude this possibility, the assay was 

repeated with a new batch of enzyme. Due to higher labeling intensities and less 

background reactions observed in the linker control experiments, the following PAL 

experiments were only performed with DA derivatives (O2’, 99 and N6, 10). 

 

Figure 42. Elution fractions of PAL experiments in the absence or presence of competitor at 10-, 20-, 50- 
and 100-fold molar excess relative to the amount of probe analyzed by WB. Background labeling of linker 
control is more prevalent in BP and increases with higher protein concentrations (A). Treatment of HEK lysate with 
increasing amounts of competitor blocks the labeling of proteins by probes 98 and 99 (20 µM, 5 min irradiation) in 
a concentration-dependent manner (B and D). No labeling of the spiked in NudT2 is detected. 

To verify that the observed tendencies are reproducible, the concentration dependent 

time course was repeated. In Figure 43 the input data is shown. A time and 
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concentration dependent increase in labeling efficiency can be observed (Figure 43A). 

For the NudT2 spike experiment fresh enzyme was used. This time, a NudT2 band 

can be observed in the coomassie stained gel as well as in the WB, using ExtrAvidin®-

HRP, proofing that the DA-Ap4A derivative 99 is indeed able to label NudT2 in a 

complex environment. (Figure 43B).  

 

Figure 43. Input samples of the photo-crosslinking reaction of DA-Ap4A in HEK lysate under different 
conditions analyzed by WB. Time course of concentration dependent labeling by 99 (A). DA-Ap4A (99) enabled 
labeling of spiked-in NudT2 (red box). Preincubation with competitor blocks labeling of proteins by probe 99 (20 µM, 
2 min irradiation) in a concentration-dependent manner (B). Equal loading and the presence of spiked-in NudT2 
was confirmed by coomassie stained SDS pages, shown below each WB. 

This promising result was also confirmed in the pulldown WB (Figure 44) where the 

band was further characterized by visualizing with a NudT2 specific antibody. 

However, endogenous NudT2 does not seem to be labeled in the PAL experiment. 

Several reasons such as a low concentration of NudT2 in HEK lysate or its affinity to 

Ap4A can be responsible for this. As these parameters widely determine the success 

of PAL experiments. 

 

Figure 44. Elution fractions of PAL experiments of 99 in HEK lysate under different conditions. 
Concentration-dependent time course reveals a concentration of 20 µM and 2 – 5 min of irradiation time as 
appropriate PAL conditions (A). DA-Ap4A (99) enabled enrichment of labeled NudT2 with high selectivity, as also 
confirmed with a NudT2 specific antibody (B). Competition experiments look most promising for the highest 
concentration of competitor (B). 
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In a last optimization experiment, 2 min and 5 min irradiation time for 20 µM bait 

concentration were compared again. Samples of the respective lanes were prepared 

for MS analysis to see how many proteins can be identified from the mixture. 

Furthermore, it was tested if the labeling of the spiked-in NudT2 can be competed by 

pre-incubation with 100-fold excess of nhAp4A (83). As an additional control 

experiment nhATP (64) was tested as competitor (Figure 45, marked with*).  

As expected, the 5 min sample showed higher intensities in labeling but a reasonable 

ratio between non-specific background (PAL with DA-linker control molecule 112) and 

the PAL experiment with DA-Ap4A 99. In the MS analysis the 5 min sample also gave 

better results.  

The nhATP sample did not seem to have a big influence for the labeling pattern, and 

hence this experiment was not investigated any further.  

Regarding the spike sample, there is a huge difference between the competitor control 

and the PALP experiment with 99. The NudT2 band completely disappears upon 

incubation with competitor 83, indicating that the competitor control is a valuable 

experiment to distinguish between specific and unspecific interactions.  

 

Figure 45. Input and elution fractions of PAL experiments of 99 in HEK lysate under different conditions. 
Although not visible in the input WB (A). NudT2 was successfully enriched by 99 and the photo-labeling could be 
blocked by 100 × excess of competitor molecule (83, C). Comparing PAL of Ap4A and the linker control (112) at a 
concentration of 20 µM and irradiation times of 2 – 5 min (B and D) shows that the ratio between Ap4A-labeled 
bands and background-labeling is still acceptably low for an irradiation time of 5 min. An nhATP (64) competition 
was not observed under these conditions (D*).  

3.2.4 Stability test in HEK293T lysate 

Under the optimized conditions stability tests in HEK lysate were conducted. Therefore, 

Ap4A derivatives with differently modified phosphate chains were incubated with HEK 

lysate (3.0 mg/mL). One sample was taken immediately (0 h) and the second one after 

2 h. Proteins were removed by ZipTip-C18 and the samples were compared by RP-
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HPLC. The peaks were identified by comparing with a standard sample (green). The 

chromatograms show that all three Ap4A derivatives are stable over the course of time, 

even the one with the natural phosphate chain (Figure 46).  

 

Figure 46: RP-HPLC chromatograms, demonstrating the stability of differently modified Ap4A analogues 
(99, 102 and 109). All analogues were incubated with HEK lysate (3.0 mg/mL) and incubated under the protection 
of UV light, for 2 h on ice to mimic the conditions of the PAL experiments. Both nhAp4A (99, 34 min, A) and the 
shAp4A (102,35 min, B) were stable under the applied conditions. The TAMRA-labeled Ap4A derivative, bearing a 
natural phosphate chain (109) was also stable in the HEK lysate (31 min, C). 

3.2.5 PAL in different cell lysates 

After investigating the photo-affinity enrichment procedure in more detail and 

assessing the stability of the Ap4A derivatives, PAL experiments were performed in 

biological triplicates for LC-MS/MS analysis with different DA-Ap4A probes (10, 11, 99 

and 103, Figure 47A). For control experiments the respective nh or shAp4A competitor 
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molecules were used (83 and 81, Figure 47B) as well as the DA-linker control (112, 

Figure 47C). 

Following the general workflow (Figure 47D), different cell lysates were investigated, 

HEK293T, E. coli K12, E. coli K12 ΔapaH, HeLa and ΔNudT2 cell lysates. The HeLa 

and ΔNudT2 cells were additionally examined under conditions of oxidative stress.  

Overall, the nhAp4A derivatives (10 and 99) gave more reliable data compared to the 

shAp4A (11 and 103). 

 

Figure 47. Structures and workflow for PAL experiments. Structures of DA-Ap4A probes (A). Structure of 
nhAp4A (83) and shAp4A (64) competitors (B). Structures of DA-linker control (C). Schematic workflow: Probes 
were incubated with cell lysate, upon UV irradiation reactive photo-crosslinker is activated and can insert into amino 
acid side chains. Subsequent enrichment with streptavidin coated beads via the DTB functionality and subsequent 
elution with biotin can then be analyzed by WB or digested with trypsin for MS/MS analysis (D). 
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3.2.5.1 Proteomic profiling in HEK293T 

The first PAL experiments were conducted in HEK lysate with nhAp4A probes (10 and 

99). These experiments were performed together with Christoph Albrecht, who tested 

the same conditions for Ap3A analogues. Briefly, 10 or 99 (20 µM) were incubated with 

HEK lysate (3.0 mg/mL) for 2 h at 0 °C. Followed by UV irradiation for 5 min and affinity 

enrichment on streptavidin- coated beads. Elution fractions of the bound proteins were 

analyzed by WB as a quick read-out (Figure 48) and separated on SDS-gel, extracted, 

digested and prepared for MS analysis. The samples were measured by the 

proteomics facility of the University of Konstanz, quantified by MaxLFQ and analyzed 

with the Perseus software. 

 

Figure 48. Proteomic profiling in HEK-lysate. O2’ (99) and N6 (10) modified DA-Ap4A derivatives were applied 
in HEK lysate according to the general workflow in triplicates and analyzed by WB.  

In the WB analysis it seems that the competitor control is more consistent for the N6 

derivative (10) compared to the O2’ derivative (99). The O2’ derivative, however, 

shows stronger bands in all three replicates.  

All together 1.500 proteins were identified in MaxLFQ. Upon several filtering steps and 

multisample ANOVA testing (FDR = 0.02, S0 = 3) 200 proteins were identified for the 

N6-Ap4A (10), twice as much as for the O2’-derivative (99). Roughly half of the hits 

were also enriched in the competitor samples. After removing those proteins 112 high-

confidence hits remain for 10 and 39 for 99 (see Table 3).  
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Table 3. Number of significant hits for 10 and 99 in HEK293T lysate. 

Probe Total # of ANOVA 

significant proteins 

# of proteins enriched compared to 

competitor control experiments  

N6-Ap4A (10) 200 112 

O2’-AP4A (99) 88 39 

 

The ANOVA significant hits are presented in heatmaps (Figure 49). Hierarchical 

clustering of proteins was performed on logarithmized intensities, and Z-score 

normalization of the data, using Eucledian distances between the averages (Figure 

49A). The overlap of the identified proteins for the differently modified Ap4As is 

depicted in a venn diagram (Figure 49B).  

The 25 common hits include the decapping scavenger enzyme (DcpS), IMPDH2 and 

UBA1, which will be discussed in chapter 3.3 in more detail.  
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Figure 49. Evaluation of MaxLFQ data for triplicates in HEK lysate. Heat map with hierarchical clustering of 
ANOVA significant hits (FDR = 0.02, S0 = 3). Relative abundance of detected proteins is presented in a color code 
ranging from blue (low abundance) to red (high abundance). Difference between samples is represented by the 
length of the connecting line (A). Venn diagram showing the overlap between the proteins found to be enriched in 
the different probes (B). Full protein list and heat maps with all gene names are provided in the appendix. 

For better comparison between the data obtained for BP-Ap4A (98) and the new data, 

two-sample permutation-corrected t-tests were carried out applying the same statistical 

parameters as in 3.2.2 (FDR = 0.05, S0 = 1). The volcano plots in Figure 50 show 
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significantly enriched proteins in red. In Figure 50A and B, the proteins found in PAL 

experiment with 10 and 99 are compared to those enriched with the linker control (112). 

The competitive enrichment data is evaluated in Figure 50C and D. These hits can be 

considered as high confidence hits. For O2’ only eight hits were found to be 

significantly enriched over the competitor control, whereas in the N6 probe more than 

fifty hits show significant fold change, e.g. DcpS. Overall, the new data provides 

statistically significant hits and more reliable results than those obtained with the BP-

probe (cf. chapter 3.2.2). 

 

Figure 50. Volcano plots depicting enrichment and significance of enrichment in chemical proteomics 
experiments. PAL experiment with 20 µM of 10 (A) or of 99 (B) compared to the linker control (112). Volcano plots 
showing results of competition between 10 (C) or 99 (D) and 100-fold excess of the nhAp4A competitor 83. 
Differences (log2 (enrichment)) of >1 with a p-value <0.05 were regarded as significant hits (red dots). 

Looking at the WB readouts and the statistical analysis it becomes evident that the 

competitor control has to be treated with care as it is not a negative control like e.g. the 

omission of UV light or the background labeling of the linker control. The biochemistry 

of the competition control is way more complex, as by UV light irradiation the 
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equilibrium between binding and dissociation is disrupted (Figure 51).[145, 254, 265] 

Therefore, it is very difficult to determine appropriate conditions for this kind of control 

experiment. They are more commonly applied in inhibitor screening approaches using 

ABPP, in which active sites are targeted directly by the probe.[164, 266] The ratio between 

bait and competitor is a crucial determinant for complete competition,[5] however, the 

amount of applied competitor is limited due to e.g. solubility issues.  

 

Figure 51. Schematic depiction of competitive replacement strategy in PAL experiments. Incubation with bait 
in presence of competitor, leads to the formation of an equilibrium, which is disrupted by the irradiation with UV 
light.[254] Black circles indicate the nhAp4A scaffold and grey half moons symbolize interacting porteins.  

Some of the proteins that were found in this approach also appear in the “black lists” 

for frequently occurring proteins or contaminants that interact e.g. with sepharose 

beads or the PCLs.[168, 189, 252, 267] According to the web tool called CRAPome[267], which 

provides a repository of contaminants, the most frequently detected protein families 

are among others ribosomal proteins, heat shock proteins and histones.  

In theory, the control experiments and the statistical evaluation should account for 

these false positive hits, but especially in small scale studies it is difficult to capture the 

complete set of background proteins. Therefore, these studies can help to scrutinize 

the obtained data more thoroughly. Nevertheless, hits that are on the list should not 

automatically be dismissed as background,[268] but rather investigated more critically. 

This makes biochemical validation all the more important (see 3.3). 

3.2.5.2 Proteomic profiling in E. coli  

Within the scope of his Bachelor’s thesis Josua Wimmer could transfer the established 

method to E. coli lysate. For these experiments the E. coli Keio Collection was selected 

(provided by the group of Jörg Hartig).[269] First of all, growth curves for both the wild 

type and the apaH knockout cells were determined. For PAL experiments the 

exponential phase was chosen. After some preliminary test experiments, triplicates 

were performed with Ap3A (data not shown) and DA-Ap4A (10) in wild type cells. Since, 

it has been shown that cells that are deficient of Ap4A hydrolases (apaH in E. coli and 

NudT2 in humans) have significantly higher levels of Ap4A compared to wild type cells, 
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PAL experiments were also conducted in ΔapaH cells. In total, 478 proteins were 

identified by MaxLFQ. Filtering of the data resulted in 351 proteins. In an ANOVA 

based multi-sample test 30 proteins were identified as potential interaction partners in 

wild type cells (FDR = 0.05, S0 = 3, Table 4). In the knockout cell line 42 enriched 

proteins were found. After further analysis of the potential interaction partners 27 

proteins were enriched compared to the competitor control in the wild type and 30 for 

the knockout cells. 

Table 4. Number of significant hits for 10 in E. coli K12 wild type and ΔapaH lysate  

E. coli Total # of ANOVA 

significant proteins 

# of proteins enriched compared to 

competitor control experiments  

K12BW25113 30 27 

K12JW0048-1 (ΔapaH) 42 30 

 

In Figure 52 the two PAL experiments are compared. From the WB (Figure 52A) it is 

obvious that background labeling in E. coli is very low. Most of the enriched bands 

could be competitively displaced by 83, indicated by the decreased band intensities.  

Hierarchical clustering with Euclidian distances reveals that the pulldown reactions 

differ significantly from the negative control experiments, whereas the differences 

amongst UV, lysate and linker control are rather small. Looking at the protein hits, wild 

type and in knockout cell line share roughly 30 % of the hits. 
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Figure 52. Evaluation of MaxLFQ data for triplicates in E. coli K12 wild type and ΔapaH lysate. WB read-out 
of PAL experimenst in E. coli (A). Heat map with hierarchical clustering of ANOVA significant hits (FDR = 0.02, 
S0 = 3). Relative abundance of detected proteins is presented in a color code ranging from blue (low abundance) 
to red (high abundance). Difference between samples is represented by the length of the connecting line (B). Venn 
diagram showing the overlap between the proteins found to be enriched in the different probes (C). Full protein list 
and heat maps with all gene names are provided in the appendix. 

In comparison to previously presented data for Ap4A interaction partners in E. coli,[197, 

200] there are no common hits, however, these comparisons have to be treated with 

caution, as different conditions and methods strongly determine protein 

identification.[270] 

3.2.5.3 Proteomic profiling in HEK with asymmetrically modified Ap4A 

As the position and the flexibility of the spacer that connects the bait molecule to the 

photo-affinity tags, have a major influence on the success of PAL experiments[187] the 

asymmetrically modified derivatives 11 and 103 were tested in HEK lysate. The 

unmodified shAp4A derivative 81 served as competitor in these experiments. However, 

the WBs of the triplicates look rather inconsistent (Figure 53). In addition, the signals 
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seem weaker in comparison to the symmetric probes (10 and 99, cf. Figure 48) which 

is also reflected by the relatively high signals in the linker control.  

 

Figure 53. WB analysis of PAL triplicates in HEK lysate. N6 (11) and O2’ (103) modified shAp4A derivatives 
were applied in HEK lysate according to the general workflow. The PAL experiments were performed in triplicates 
and analyzed by WB. The bands look rather unspecific and the overall intensity is low, which leads to high 
background labeling by the linker control (112). 

This trend was confirmed by LC-MS/MS analysis and subsequent MaxLFQ. No 

significantly enriched proteins were obtained in multi-sample ANOVA tests.  

3.2.5.4 Proteomic profiling in HeLa and ΔNudT2  

As a next step it was decided to take a closer look at another human model cell line. 

As a NudT2 knockout cell line for HeLa cells had already been available, the next 

experiments were performed with these two cell lines in parallel. According to the 

established protocol PAL experiments were performed with the N6 modified nhAp4A 

analogues (10 and 11), since they seemed more promising than the O2’ derivatives. 

Exemplary WBs are depicted in Figure 54A. In accordance with the HEK data the 

asymmetric probe (11) shows weaker labeling efficiencies compared to 10. 

Furthermore, the competition experiment looks inconsistent especially for the NudT2 

knockout cells. This effect might derive from high concentrations of natural Ap4A in 

these cells, which could act as natural competitor. 
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Likewise, PAL experiments were performed after H2O2 treatment. Therefore, the cells 

were exposed to 500 µM H2O2 in PBS for 20 min to induce oxidative stress, before 

harvesting. The WBs for the subsequent PAL experiments are shown in Figure 54B. 

On the whole, they look comparable to the experiments in cell lysate from untreated 

cells.  

 

Figure 54. WB analysis of PAL in HeLa and ΔNudT2 lysate untreated (A) and treated (B). N6 modified Ap4A 
derivatives (10 and 11) were applied in HeLa and ΔNudT2 lysates according to the general workflow and analyzed 
by WB (A). To induce oxidative stress, both cell lines had been treated with H2O2 (500 µM) for 20 min before they 
were harvested and subjected to PAL (B). (The respective competitor molecules were used for each PAL 
experiment. 83 for 10 and for 11, 81 marked with a *.) 

The ensuing analysis of the LC-MS/MS data was done in the same manner as for the 

HEK data, but the competitor control was omitted, due to the reasons mentioned 
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above. In Figure 55 the heatmaps generated, for compound 10, after filtering for 80 % 

valid values in at least one group and ANOVA multi-sample t-test (FDR = 0.02, S0 = 3) 

is presented. In case of HeLa cells there is a clear difference between untreated and 

H2O2 stressed cells. The treated cells show more enrichment bands. In contrast, in 

case of the NudT2 knockout cells the proteins found under normal growth conditions 

widely correspond with those found under stress conditions. This might be due to the 

fact that NudT2 knockout cells are already perturbed by their loss of NudT2 and by the 

high level of Ap4A.[271] The overlap of all tested cells and conditions is depicted in a 

Venn diagram in Figure 55C. All four pulldowns share 14 common hits including PGK-

1 and CKB. The differences will be covered in more detail in section 3.2.6.  

What stands out in this graph is that some of the hits in treated cells have high 

background in the untreated cells (Figure 55, marked with *), but the control 

experiments in the H2O2 treatment show no enrichment.  
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Figure 55. Statistical analysis of PAL triplicates in HeLa (A) and ΔNudT2 (B), both untreated and treated. 
Heatmaps represent color-coded abundance, ranging from blue (low abundance) to red (high abundance) and 
hierarchical clustering of proteins that are signifcantly enriched in different samples. Data is based on ANOVA test 
(FDR = 0.02, S0 = 3) and z-score normalization of the rows. Difference between samples is represented by the 
length of the connecting line (A and B). Venn diagram showing the overlap between the proteins found to be 
enriched in the different cells (C). Full protein list and heat maps with all gene names are provided in the appendix. 

To take a closer look at the effect of the applied stress conditions, the oxidation data 

obtained by MaxLFQ was statistically analyzed with Perseus (Methionine Oxidation 

sites, ANOVA multi-sample test, FDR = 0.001, S0 = 7, Figure 56).  
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Figure 56. Heatmap representing proteins with significantly enriched methionine oxidation sites. ANOVA 
test (FDR = 0.001, S0 = 7), relative abundance of oxidation sites is indicated by a color code ranging from green 
(low) to orange (high).  

There are significantly more methionine oxidation sites in treated cells (right site, 

Figure 56), compared to untreated cells (left site, Figure 56). HeLa cells seem to be 

more affected by H2O2 treatment compared to NudT2 knockout cells. This correlates 

nicely with the enrichment data (Figure 55), in which more differences between treated 

and untreated cells were observed for HeLa cells. Nevertheless, these data only show 



3 Results and Discussion 

96 
 

oxidated methionine sites but oxidation of other residues, like e.g. cystein or lysine are 

not considered. Further MaxQuant analysis woud be helpful to judge the resuls. 

Therefor, it is still debatable if the applied concentration and time of treatment can 

mimic physiologically relevant conditions. Sobotta et al. argue that commonly applied 

concentrations are way higher than under physiological conditions and should 

therefore be evaluated in a concentration and time of exposure dependent manner.[272] 

Similar to the HEK data, the data obtained for the asymmetrically modified Ap4A 

derivative (11) is not as consistent and reliable. High-background labeling of the linker 

control is observed and the replicates are very inhomogeneous. Especially the HeLa 

data does not provide any convincing hits compared to the control experiments 

(Figure 25). Therefore, the data was not considered in further analysis.  

 

Figure 57. Statistical analysis of PAL triplicates with semi-hydrolyzable probe (11) in HeLa and ΔNudT2, 
both untreated and treated. Heatmaps represent color-coded abundance, ranging from blue (low abundance) to 
red (high abundance) and hierarchical clustering of proteins that are signifcantly enriched in different samples. Data 
is based on ANOVA test (FDR = 0.02, S0 = 3) and z-score normalization of the rows. Difference between samples 
is represented by the length of the connecting line. There are almost no significantly enriched proteins.   

3.2.5.5 Comparison between the obtained data 

In this paragraph shared hits and differences between the examined cell lines are 

discussed. First, it was checked if some of the human orthologues of the bacterial hits 



3 Results and Discussion 

97 
 

were found in any of the cell lines. Therefore, the Protein ANalysis THrough 

Evolutionary Relationships (PANTHER) website was used.[273] Only few common hits 

were identified. The most prominent hit that all cell lines that were investigated have in 

common is the phosphoglycerate-kinase, encoded by the PGK1 gene in human cells 

and by pgk in bacterial cells. Apart from its involvement in glycolysis, it was 

hypothesized to play a role as primer recognition protein for polymerase α.[274] In 

addition, some of the hits identified by Ap3A in E. coli, were pulled-down in the human 

cell lines by Ap4A. These hits include guaB, which is the bacterial orthologue of 

IMPDH2, and the aaRS QARS, which is known as glnS in E. coli. Another hit that was 

identified for Ap3A in E. coli is the glutathione reductase gor, its human orthologue GSR 

(mitochondrial) was identified in all PAL experiments with Ap3A and Ap4A across all 

different cell lines. Furthermore, the Cold shock-like protein CspC has been identified 

in E. coli, which is related to the human Y-box-binding protein 1 YXB1 protein, identified 

in HEK cells for both Ap3A and Ap4A. Both are annotated as RNA binders. Regarding 

CspC there is not much known about its function. YXB-1 binds DNA and RNA and is 

involved in various processes ranging from RNA stabilization[275] to DNA repair[276].   

By comparing hits between the different human cell lines, it is surprising that PAL in 

HEK lysate resulted in almost three times more hits compared to HeLa cells. Although, 

Geiger et al. could show that the HeLa and HEK proteomes differ widely,[277] about two 

thirds of the HeLa and ΔNudT2 hits overlap with the proteins found in HEK (Figure 

58). Among the 17 hits, conserved in all three cell types, there are two proteins that 

have already been shown to interact with ApnAs, namely IMPDH2[81] and the molecular 

chaperon endoplasmin (HSP90B1)[278]. As already mentioned before PGK-1 and GSR 

were among the common hits. Furthermore, S-methyl-5'-thioadenosine phosphorylase 

(MTAP) and creatine kinase B (CKB) were enriched in all cell lines. Myosin-9 (MYH-9) 

was also enriched in all cells, however, it is also listed among the common 

contaminants on various “black lists” and should therefore be treated with care.[252] 

Depending on type and position of photo-crosslinker as well as on the position in the 

molecule the outcome of photo-affinity based profiling is always biased to some 

extent.[189] To fully uncover possible targets, it would be necessary to synthesize a 

library of compounds comprising different modification position, a variety of spacers 

and photo-reactive groups. 

 



3 Results and Discussion 

98 
 

 

Figure 58. Venn diagrams comparing the hits found in different PAL experiments for 10. Venn diagram 
illustrating the overlap of proteins found in the different cell lines (HEK, HeLa, NudT2 knockout cells). 

Another aspect that is neglected in this study, is that the thiophosphate moiety 

introduced an unnatural stereocenter that might also alter the reactivity.  

3.2.6 Gene ontology (GO) analysis  

The following part will deal with the functional analysis of the found proteins. For that 

purpose, different GO tools were tested, Database for Annotation, Visualization and 

Integrated Discovery (DAVID),[279, 280] PANTHER,[273] Cytoscape/Biological Network 

Gene Ontology (BINGO)[281] and Search Tool for the Retrieval of Interacting 

Genes/Proteins (STRING).[282] 

To gain a first overview of the molecular functions and the biological roles of the 

proteins found in the photo-affinity labeling experiments a GO enrichment analysis of 

the hits was performed using the Cytoscape BINGO App (Figure 59).[283] 

Starting with the HEK data, a total of 40 % of the Ap4A hits are involved in gene 

expression. However, the majority of found proteins seems to be involved in metabolic 

processes ranging from carboxylic acid metabolism (35 %) to nucleic acid metabolism 

(32%) to cellular amide metabolism (7 %,Figure 59). Furthermore, 36 identified 

proteins (33 % of the hits, Figure 59) are involved in stress response.  

Several molecular functions that are known to be characteristic for Ap4A interactors 

were found to be enriched in the data set, including amino-acyl tRNA ligase activity 

and ubiquitin protein ligase binding. In addition, RNA binders, oxidoreductases, 

creatine kinases and molecules binding cell adhesions are overrepresented. 

Unsurprisingly, there are also a considerable amount of ATP binders (30 %) among 

the protein hits. In literature it is widely discussed whether Ap4A mainly acts as ATP 
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surrogate, due to its structural similarity.[200] Based on the presented data, comprising 

a significant amount of proteins, that have not been connected to ATP binding yet, it 

can be assumed that there is more to the Ap4A story than just mimicking ATP.  

Concerning the cellular location, Ap4A interacted with proteins distributed throughout 

the cell. More than half of the proteins are associated with vesicles. In accordance with 

the other categories, proteins of the ribonucleoprotein complex and amino-acyl tRNA 

synthetase multienzyme complex are highly enriched in comparison to the total 

proteome. Moreover, proteins associated with the mitochondrion and the spliceosomal 

complex were found.  

 

Figure 59. GO analysis for Ap4A hits in HEK using the cytoscape App BINGO. Frequencies of the enriched 
GO terms are compared between the Ap4A hits and the global human proteome. Benjamini Hochberg FDR 
correction (<0.05) was applied.  

To further unravel the GO terms connected to metabolism a BINGO interaction network 

was created (Figure 60). A huge variety of different pathways is covered, including not 

only the more obvious GO terms like phosphorous metabolic processes, nucleobase 

and amino acid metabolic processes, but also terms like carbohydrate metabolic 

processes and drug metabolic processes.  
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Figure 60. GO analysis for Ap4A hits in HEK using the cytoscape App BINGO. Graphical network 
representation of overrepresented GO terms associated to metabolism for Ap4A hits in HEK. Color indicates the 
degree of statistical significance. Orange categories are more significantly overrepresented than yellow nodes and 
the size of the nodes is proportional to the number of genes. 
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The STRING tool provides the opportunity to visualize and explore protein-protein 

interactions based on both experimental data and computational prediction 

methods.[282] The bioinformatics analysis generated a complex interaction map (Figure 

61). Lines, connecting the proteins, indicate known interactions, the thickness of the 

line is representative of the confidence of evidence (the thicker the line, the more 

evidence to support the interaction). Unconnected nodes were removed to retain clarity 

of the interactome. One advantage of the STRING interactome over the other analysis 

tools is that the proteins, that are connected to a GO term, are directly visualized and 

not in an extra table. The GO analysis is in line with the data obtained with BINGO. 

Highlighted in blue are all proteins that participate in metabolism. The cluster 

represented in purple is involved in chromatin organization. Various proteins are 

involved in mRNA splicing (green), stress response (pink) and the immune system 

(orange).  
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Figure 61. STRING analysis of the potential hits identified in HEK lysate. Protein-protein connections are 
presented in the confidence mode (thicker connecting lines indicate more evidence or higher score for the 
interaction). Confidence score was set to 0.4 and unconnected nodes were removed.  

In order to evaluate if the approach was successful in also labeling proteins of lower 

abundance, the expression levels of the protein hits were analyzed using data on the 

paxdb database.[284, 285] For the HEK analysis data provided by T.Geiger was used.[277] 
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Despite the covalent bond, mainly high abundant proteins were identified as possible 

Ap4A binders (Figure 62). 

 

Figure 62. Abundance analysis of hits in HEK lysate, based on the paxdb database and the data published 
by T.Geiger. Data reflects the approximate total cellular abundance of the proteins.[284, 285] 

The human Ap4A hydrolase NudT2 shows an abundance of around 150 ppm, but was 

still not enriched. This might be due to the relatively low affinity, which will be addressed 

by MST measurements in 3.3.1.3.  

Regarding the E. coli hits, the overrepresented pathways are shown in Figure 63. Most 

widely, the enriched GO terms of the knockout cells are comparable to those found for 

the wild type. However, there are some differences, the molybdopterin e.g. associated 

pathways were exclusively found in the knockout cells. Overall, the general tendency 

observed in HEK cells, that the majority of proteins is involved in metabolism, is also 

found for the E. coli data.  

 

Figure 63. BINGO analysis of Ap4A hits in E. coli. Frequencies of the enriched GO terms are compared between 
the Ap4A hits and the global E. coli proteome. Benjamini Hochberg FDR correction (<0.05) was applied. 

The abundance analysis in E. coli wild type shows a wider distribution compared to the 

HEK data. With abundance levels ranging from 2 ppm to 4400 ppm also low abundant 

proteins are covered (Figure 64). 
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Figure 64. Abundance analysis of hits in E.coli lysate, based on the paxdb database using the integrated 
data set. Data reflects the approximate total cellular abundance of the proteins.[284, 285] 

The dataset including HeLa and NudT2 knockout cells both untreated and treated 

provides further insight into possible biological functions of Ap4A. Therefore, GO 

analysis of the data sets was compared using the DAVID software. In Figure 65A 

enriched Biological process terms are analyzed. They share a number of key features, 

that again point at various metabolic pathways. In addition, proteins involved in platelet 

aggregation have been found in all four experiments, which is in accordance with very 

early and more recent literature,[141, 286] showing that Ap4A plays a crucial role in platelet 

aggregation. Besides, there are a number of differences between the untreated HeLa 

cells and the other three experiments. There seem to be more potential interaction 

partners that play a role in cell-cell adhesion, regulation of RNA stability and protein 

ubiquitination. Other GO terms that are only enriched under stress conditions 

(ΔNudT2, and H2O2 treatment) are the cellular response to interleukine-4 and viral 

transcription indicating a connection of Ap4A to the immune system.[271] Several studies 

have already hypothesized a possible function of Ap4A in the human innate immune 

response,[85, 287] and also in relation to parasites like plasmodium falciparum 

(malaria),[56, 288] pathogenic bacteria e.g. M. tuberculosis[61] or salmonella[289] and the 

virus SARS-CoV[57]. So far, it remains to be elucidated what’s the exact role of Ap4A in 

these biological processes. 
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Figure 65. DAVID GO enrichment analysis for “Biological Process” in the HeLa and ΔNudT2 data sets. 
Comparison of the percentages of genes involved in the respective GO terms (A) Venn diagram comparing 
untreated HeLa cells with H2O2 treated cells (B). Venn diagram comparing untreated ΔNudT2 cells with H2O2 

stressed cells (C). 

The molecular function analysis revealed ATP binders (22 – 28 %), NAD binders 

(10 – 18 %) and kinase binders (around 10 %) in all data sets (Figure 66A). What is 

striking in this analysis, is that in the knockout cells as well as in the stressed cells RNA 

binding and pol(A) RNA binding constitute up to 40 % of the found proteins. Binding of 

the MHC class II protein complex, which is involved in antigen presentation, has 

already been reported in connection with NudT2 knockout cell lines[271, 287] as well as, 

the interaction with Rho GTPases.[287] Apart from the GO terms, the Kyoto 

Encyclopedia of Genes and Genomes (KEGG) database provides a wide-ranging 

collection of pathways. In Figure 66B it becomes even more clear that the majority of 

potential interaction partners are involved in metabolism. Again, ribosome and antigen 

processing and presenting are only enriched in the pulldown data of stressed cells.  



3 Results and Discussion 

106 
 

 

Figure 66. DAVID GO enrichment analysis for “Molecular Function” and “KEGG Pathways” in the HeLa and 
ΔNudT2 data sets. Comparison of the percentages of genes involved in the respective GO terms (A) and KEGG 
Pathways (B). 

The abundance analysis was only done for the untreated HeLa cells, as there is no 

data for knockout or stressed cells available in the database. The distribution looks 

similar to analysis of the HEK proteome. Most proteins show an average abundance 

(Figure 67).  

 

Figure 67. Abundance analysis of hits in HeLa lysate, based on the paxdb database and the data published 
by T.Geiger. Data reflects the approximate total cellular abundance of the proteins.[284, 285] 

To sum this part up, all the hits found in PAL experiments with human cells were 

analyzed on the reactome website.[290, 291]  
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The map in Figure 68 gives a nice overview concerning the pathways that might be 

influenced by Ap4A, based on the obtained PAL data.  

 

Figure 68. Reactome pathway overview for all hits found in human cells, summarizing the GO analysis.[290, 

291] Potential interaction partners are mainly involved metabolism, signal transduction, transcription and the immune 
system (highlighted in yellow).  

Based on the data obtained in PAL experiments, the next chapter deals with individual 

hit validation in more detail.  

3.3  Validation of Potential Interaction Partners 

Based on obtained PAL data, the careful investigation and evaluation of the potential 

interaction partners should help to validate the targets and elucidate the cellular effect 

of ApnA binding. These experiments are important, as PAL experiments are always 

biased and in spite of all control experiments false positive hits cannot be completely 

excluded.[144] Unraveling true targets and their physiological relevance can be really 

challenging.  

The most commonly used approaches are either based on biophysical or on 

biochemical methods. The former aim to investigate and quantify the direct binding 

between the small molecule and the target. Whereas, the latter focus on the enzyme 

activity and its biological role.  

In the next chapters several approaches to elucidate the interaction between Ap4A and 

the identified proteins are described. To determine binding constants between 

recombinantly expressed proteins (IMPDH2, DcpS and UBA1) and ApnA derivatives, 

three different biophysical methods were tested isothermal titration (ITC), surface 

plasmone resonance (SPR) and microscale thermophoresis (MST). In the biochemical 
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context, experimental set-ups were designed to investigate the impact of ApnAs on the 

enzymatic reactions. In case of DcpS its ability to cleave the 5’-cap structure of mRNA 

was monitored in the presence and absence of ApnAs. On the mRNA level no clear 

effect of Ap3A or Ap4A was observed, whereas the cleavage of the cap-analogue 

m7Gp3G itself was slowed down in the presence of either Ap3A or Ap4A. Concerning 

UBA1, it could be shown that Ap4A can step in for ATP in the activation of ubiquitin 

(Ub) in an E6AP auto-ubiquitylation assay.  

3.3.1 Approaches to determine binding constants 

Detection of molecular interactions is critical for understanding a lot of biological 

processes. However, determining the binding constants between small molecules and 

proteins bears several pitfalls, such as low binding-affinities and only minor changes 

in size or charge upon binding. A variety of biophysical methods have been developed 

to deal with this question from different perspecitves. Isothermal titration calorimetry 

(ITC) is considered as the gold standard for interaction studies.[292] The method is 

based on the detection of small heat changes, caused by the interaction between two 

molecules. One of the big advantages of ITC is that it does not require any labeling, 

that, could alter the affinity of a ligand. Additionally, the measurements provide several 

thermodynamic parameters like enthalpy, entropy, binding constants and 

stoichiometry.[293] The major drawbacks are the need for large amounts of highly pure 

sample, buffer limitations and that interactions with small or no changes in enthalpy 

are not detectable with ITC.[294] Other approaches, which are widely used in interaction 

studies, rely on changes in refractive index, detected by surface plasmone resonance 

(SPR).[295, 296] Therefore, one binding partner is immobilized on a sensor chip, while 

the second binding partner stays in solution. The mass difference of a binding event 

directly correlates with the refractive index, hence, binding can be monitored in real 

time. The major bottleneck of applying SPR methods for the detection of a binding 

event between a protein and a small molecule is the sensitivity, as minor mass changes 

are hard to detect.[297, 298] In addition, the method itself suffers from some inherent 

obstacles, immobilization of protein or ligand might hamper or even block binding and 

signal-to-noise ratios might be low due to unspecific interactions with the surface. 

Recently, a new fluorescence based method has been developed, namely microscale 

thermophoresis (MST).[294, 299, 300] MST measures the rate of movement through a 

temperature gradient,[301] called thermophoresis, which is influenced by size, charge 
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and the hydration shell of a molecule.[301, 302] The change in thermophoresis upon 

interaction can be used to determine binding constants. This new technique has 

proven to be a versatile tool in different applications, ranging from oligonucleotide 

interactions to protein-DNA interactions and protein-protein interactions. In terms of 

interaction with small molecules MST offers considerable advantages over the other 

two methods. First, it does not depend on size and is extremely sensitive as also minor 

changes to the hydration shell can be detected. Second, low amounts of sample are 

needed and virtually any buffer can be used. [294, 298, 300-302] Nevertheless, it is advisable 

to use a combination of methods to complement and corroborate the obtained data.  

In the following these methods were tested and evaluated for their utility in estimating 

binding parameters for potential interaction partners. All isolated proteins were 

recombinantly expressed in E. coli (cf. 6.3.3), buffers were exchanged to the respective 

assay buffer in Amicon® microtubes.  

3.3.1.1 ITC studies to investigate binding of Ap4A to IMPDH2 

All ITC experiments were performed on a microcalITC200 (kindly provided by the group 

of Valentin Wittmann). In ITC experiments one of the binding partners, e.g. the protein, 

is filled into the sample cell while the injector syringe contains the second binding 

partner, herein Ap4A. The reference cell is filled with buffer. As a first control 

experiment Ap4A was titrated into the respective buffers, (cf. 6.3.5.1) without the 

protein to make sure that there are no major heat changes. The resulting peaks were 

small and uniform and should not interfere with the subsequent measurements.  

As IMPDH2 has already been shown to bind Ap4A[81] and has been used in ITC studies 

with its natural substrate IMP,[303] the first approach was based on the published 

conditions (20 mM HEPES (pH 8.0), 100 mM KCl, 2 mM DTT). In brief, a 22 µM solution 

of IMPDH2 was titrated with a 250 µM solution of natural Ap4A, at 25 °C. However, no 

binding curve was obtained (Figure 69A). Tremendous spiking was observed (e.g. 

fourth injection) which might be ascribed to bubbles in the sample cell.  

Since the buffer did not contain any MgCl2, which might increase binding of Ap4A, as 

is the case for ATP,[304] another buffer was tested (250 mM HEPES (pH 7.4),25 mM 

MgCl2, 500 mM NaCl, 0.25% NP-40). 

Upon titration of Ap4A (20 × 2.0 µL, 250 µM) binding heat could be detected (Figure 

69B), however, no saturation was achieved under these conditions. As a result, binding 

could be confirmed but not quantified by ITC measurements.  
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Figure 69. Calorimetric analysis of the interaction of IMPDH2 with Ap4A. Titration of 22 µM IMPDH2 with 2.0 µL 
aliquots of 250 µM natural Ap4A. Control titration of the Ap4A into buffer was subtracted. Lower panel: integrated 
peak areas of the raw data (A). Same conditionas with HEPES buffer containing MgCl2. The estimated KD value 
was in the low µM range (B).  

 

To improve the method, the titration was repeated with 1 mM of Ap4A and 40 injections 

of 2.0 µL. The obtained data did not provide further insight and could not be used to 

determine any binding parameters. In general, heat measurements are prone to 

fluctuation.[297] Additionally, several problems might occur during the analysis, 

impurities e.g. can generate artifactual signals, thus large amounts of highly purified 

proteins are a prerequisite for accurate measurements. Another important 

experimental parameter is the temperature, as it determines the ratio of exothermic to 

endothermic contributions to the overall binding enthalpy.[292] This largely depends on 

the binding itself and if it is entropically or enthalpically driven. Thus, measurements 

should be conducted at least at two different temperatures. Buffer, pH, concentration 

effects and stability of the protein should also be investigated in future experiments.[305]   

Nevertheless, only because it was not possible to determine the binding parameters 

with ITC, it does not mean that there is no binding between IMPDH2 and Ap4A. Most 

probably, this interaction is of a very complex nature, involving dimerization 
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(unpublished results by Karin Betz) to an octamer, like demonstrated for ATP.[306, 307] 

Thus, ITC might just not be the right method to analyze and quantify the binding. One 

possible experiment might be to investigate the influence of Ap4A on the binding of the 

natural substrate (IMP) similar to what Buey et al. have tested.[303] By comparing, ITC 

data for IMPDH2 titrated with IMP to data obtained from IMPDH2 in complex with Ap4A 

titrated with IMP, interesting insight into the involvement of Ap4A might be discovered. 

3.3.1.2 SPR studies to investigate binding of Ap4A to potential interaction 

partners 

All described SPR experiments were carried out on a Biacore T 200 device (kindly 

provided by the group of Jörg Hartig). Within these experiments, different approaches 

and different sensor chips (GE healthcare) were tested. Response is always measured 

in resonance units (RU). 

In the first set of experiments, it was exploited that the expressed proteins DcpS 

(expression plasmid kindly provided by the group of Andrea Rentmeister, university of 

Münster) and UBA1(purified protein kindly provided by Katrin Stuber)) carried a His-

tag, which allowed immobilization on a Ni2+-loaded nitrilotriacetic acid (NTA) sensor 

Chip. Flow cell 1 was left untreated and should serve as reference cell. Since the signal 

(Rmax) is proportional to the amount of immobilized ligand, it was always attempted to 

load as much protein on the chip as possible, in order to allow the detection of the 

subtle mass change by the binding of a small molecule (cf. equation in Figure 70). The 

sensorgram can be divided into different phases, as explained in Figure 70 by taking 

the example of the immobilization of DcpS. Prior to immobilization the chip is usually 

washed with e.g. low concentrations of EDTA in running buffer. Upon injection the 

response increases, corresponding to the mass of immobilized ligand (association), 

ensuing dissociation results in a report point (marked with X) and a new base line 

(Figure 70). 
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Figure 70. Exemplary sensorgram of the immobilization of His-tagged DcpS on a Ni2+-NTA sensor Chip. The 
essential phases are outlined on top, washing steps, injection of ligand, association to the surface and dissociation, 
resulting in a response increase of 4000 RU, according to the equation an Rmax of approx. 50 RU can be expected 
for a small molecule (with around 700 g/mol) binding to the protein on the chip.  

After having captured the proteins on the chip, binding to Ap4A, Ap3A and ATP was 

tested in a manual run. For UBA1 no signals were obtained. In case of DcpS, Ap4A 

injection resulted in a baseline drift and spikes at the beginning and end of each 

injection, which might stem from air bubbles or microparticles in the system (Figure 

71A).[308] The drift might derive from instable protein or dissociation of subunits. Under 

these conditions the data cannot be further evaluated. The sensorgram for Ap3A and 

ATP looked very similar (Figure 71B, sensorgram for Ap3A (113) is shown 

exemplarily). The base line is more stable and the signals upon injection are much 

higher, compared to Ap4A. However, no binding can be detected as the analytes (Ap3A 

/ATP) dissociate completely after injection. As a positive control the natural substrate 

m7Gp3G (114) of DcpS was also injected. What is quite intriguing, is that the signals 

upon injection are positive instead of negative (Figure 71C). The negative change of 

the baseline might indicate some conformational change or dissociation from the 
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surface.[297, 309] Although, the affinity of the cap analogue should be much higher than 

for the adenosine derivatives no binding curve was obtained from the data.  

 

Figure 71. Sensorgrams for the SPR measurements with immobilized DcpS. Injection of Ap4A (12.5 µM – 
200 µM) did not give any useful data (A). Ap3A injection (12.5 µM – 200 µM) showing huge buffer jumps but almost 
completely dissociates after injection (change of 5.0 RU). (The sensorgram for ATP (12.5 µM – 200 µM) looked the 
same (B)). As positive control the cap analogue m7Gp3G was injected (12.5 µM – 200 µM) only minor changes in 
the base line (1.5 RU) are observed (C).  

There might be several reasons, why the binding could not be detected. The most 

obvious explanation could be that due to immobilization binding is impeded or the 

protein is not stable under these conditions. Another potential problem is that in 

solution DcpS forms dimers,[310] which might be disrupted by immobilization. It might 
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as well be a sensitivity issue, as only minor mass differences can be expected for the 

binding of a small molecule.  

Since this approach turned out to be a dead end, the strategy was changed. Instead 

of the protein, biotin-modified Ap4A (110, Figure 72A) was immobilized on a 

streptavidin (SA) sensor chip using the HBS-EP buffer recommended by the 

manufacturer with additional MgCl2. As a result, binding of a protein should afford 

signals in a useful range to determine kinetic and thermodynamic constants.  

The immobilization of 110 resulted in a response of 150 RU. DcpS and IMPDH2 were 

then injected subsequently in concentrations ranging from 1.1 to 0.07 µM and 3.0 to 

0.1 µM respectively. For DcpS no SPR response was observed. IMPDH2, on the other 

hand, showed a dose-dependent increase of SPR response (Figure 72B, black cure). 

The data was further analyzed by the BiaEvaluation software, applying different 

binding models. The model that best fits the data is the binary binding model (Figure 

72B, red curve). By fitting the response to the concentration of IMPDH2, an estimated 

KD value of 6.9 µM was obtained (Figure 72B, inset). However, the increase in SPR 

response did not reach a plateau and thus the KD cannot be fully trusted. In order to 

get more reliable data, it is recommended to use a protein concentration of at least 

twice the estimated KD, which is difficult to obtain.[308] 

Apart from potential binding partners, a negative control protein of similar size, namely 

BSA, was injected to the flow cell in the same concentrations. In comparison to the 

buffer signal (Figure 72C, green line) a shift of the baseline can also be observed for 

BSA (red line), but to a less extent than for IMPDH2 (blue line). 
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Figure 72. SPR sensor measurements on SA chip. Structure of biotin-labeled Ap4A (110) immobilized on the 
streptavidin coated sensor chip (A). Sensorgram of time-resolved response to the successive injection of five 
increasing concentrations of IMPDH2 (0.1 – 3.0 µM, black curve) and the fitted curve red, insert plot of the response 
at equilibrium versus IMPDH2 concentrations (B). Sensorgrams of time-resolved response to the success time-
resolved response to the successive injection of buffer (green), five increasing concentrations of IMPDH2 
(0.1 – 3.0 µM, blue) and BSA (0.1 – 3.0 µM, red curve) (C). 

As seen in the photo-crosslinking test reactions BSA might not be a good choice for a 

control experiment, however, the interaction observed for IMPDH2 is much stronger 

and more stable. To further proof and quantify the interaction by Ap4A and IMPDH2 it 

should be tested if the binding can be competed with free Ap4A. As, the interaction is 

reversible the baseline should drop again. Another interesting control experiment 

would be the immobilization another nucleotide or structurally similar molecule, that 

does not bind IMPDH2, in a second flow cell. Taking into account that IMPDH2 is 

involved in nucleotide biosynthesis, it might be quite difficult to find a nucleotide 

analogue that serves as negative control in an SPR experiment. 
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One problem that still remains is that IMPDH2 supposedly forms multimers upon 

binding Ap4A which is not possible on the surface. 

Furthermore, additional buffer parameters like ionic strength and pH values could be 

evaluated. The major limitation remains the amount and concentration of highly purified 

protein that is necessary for these measurements. 

3.3.1.3 MST studies to investigate binding between Ap4A and potential 

interaction partners 

The relatively new technology of MST offers several advantages over ITC and SPR,[294, 

301] especially in terms of interaction analysis between small molecules and proteins, 

and might therefore help to get a better understanding of the interacting between Ap4A 

and its potential interaction partners. All MST measurements were performed on a 

NanoTemper® Monolith NT.115 (kindly provided by the group of Erika Isono). In brief, 

a fluorescently labeled protein or ligand at a constant concentration (e.g 25 nM) is 

mixed with increasing concentrations of the binding partner, centrifuged and loaded 

onto glass capillaries, which are then placed inside the holder. The samples are heated 

by an IR-laser pulse (temperature increase of 2 – 6 °C). Consequently, the molecules 

start to move, which can be monitored via the fluorescently labeled target. As soon as 

the laser is turned off, the molecules migrate back. Differences between the movement 

of the free ligand and the ligand-target complex can be detected and eventually provide 

binding data (Figure 73A).[294, 301]  

At first, the human Ap4A hydrolase NudT2 (kindly provided by Doreen Herzog) should 

serve as a model protein, for developing an MST procedure. NudT2 is known to 

hydrolyze Ap4A,[52] but its KD value and other binding parameters have yet to be 

determined. In addition, the Huntingtin interacting protein E (HYPE, kindly provided by 

Matthias Frese), which has recently been found to bind and probably use Ap4A for 

AMPylation (unpublished results by Matthias Frese), was also tested. For these tests, 

the Tris buffer recommended by the manufacturer,[311] and the TAMRA labeled shAp4A 

analogue (101, Figure 73B). To start with, preliminary binding checks were conducted. 

Herein, Ap4A without proteins and Ap4A in presence of the highest protein 

concentration (250 µM for NudT2 and 135 µM for HYPE) were compared. For both 

proteins the signal-to-noise ratio was high enough to confirm binding. However, in the 

case of HYPE aggregation was detected, thus, it could be concluded that the applied 

conditions were not appropriate for HYPE. The data for the interaction with NudT2, on 
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the other hand, looked promising. Subsequent affinity measurements were performed 

in triplicates, resulting in a KD of approximately 12 µM (Figure 73A, C and D).  

 

Figure 73. MST measurements for NudT2. Typical signal of MST experiment. Initially, the molecules are equally 
distributed and a constant fluorescence is detected. Upon activation of the IR laser, a fast change in temperature 
induces the ‘‘T-Jump’’. Thermophoretic movement of the fluorescently labeled molecules can be detected. After 
deactivation of the IR-Laser, an inverse T-Jump occurs (adapted from Jerabek-Willemsen et al.[302] under the right 
of Creative Commons Attribution(CC-BY))(A). TAMRA-labeled hydrolysis-resistant Ap4A (101) used for MST 
measurements (B). Normalized fluorescence plotted as a function of the concentration of NudT2, measured in 
triplicates. Error bars represent standard deviation (C). Raw fluorescence traces of one exemplary measurement 
of the dilution series (D). Data was analyzed in the MO analysis software and plotted in origin. 

Guided by the results with NudT2, the procedure was tested for IMPDH2 and TAMRA-

labeled Ap4A. In the preliminary binding check, a big change between free Ap4A and 

Ap4A in complex could be observed. However, it was not possible to quantify the 

binding, due to high fluorescence inhomogeneity among the samples. Furthermore, 

precipitation was observed, which most probably derived from high protein 

concentrations. As other factors than binding alone can effect thermophoresis, MST is 

not suitable for all interactions.[301]  

The only way to reduce protein concentration is to label the protein instead of the small 

molecule. This approach was tested for DcpS. For that purpose, the NHS-esters of 

Atto-488 and Cy-3 (both kindly provided by Marie Niedermaier, Stengel Group) were 

coupled to the purified protein in storage buffer overnight. The unreacted dye was 

removed on PD Minitrap G-25 desalting columns. The coupling was only successful 
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for Cy-3 and was verified by in-gel fluorescence (Ex550/Em564). The ratio between 

attached dye and protein was determined by nanodrop and lay between two and five.  

Next, the labeled protein was tested with natural Ap4A (highest concentration of 200 

µM) and also with its natural substrate. For none of the tested molecules a significant 

change in thermophoresis could be detected.  

In recent literature the Jemielity group used MST to evaluate several non-hydrolysable 

cap analogues as binding probes for DcpS.[312] Based on their procedure and buffer 

conditions, it was possible to obtain binding data for DcpS (140 µM as highest 

concentration, determined by nanodrop) and 101 (25 nM, Figure 74). The MST 

measurements were performed in triplicates. From the normalized fluorescence data, 

a KD value in the low µM range could be determined. The highest protein concentration 

(indicated in grey, Figure 74A) was not included in the analysis as this sample 

reproducibly showed an increase in normalized fluorescence. It is difficult to explain 

these observations, given the complexity of the system. On the one hand, the second 

change in thermophoretic mobility could indicate a second binding event,[313] which 

would be in concordance with the finding that the DcpS dimer features two binding 

pockets.[314] Yet, this effect was not seen by Jemielity et al. which could be attributed 

to the lower protein concentrations used in their assay (2.0 µM). On the other hand, the 

formation of aggregates at high protein concentrations could result in a change in 

thermophoresis.[315] 

 

Figure 74. MST measurements for DcpS. Normalized fluorescence plotted as a function of the concentration of 
DcpS, measured in triplicates. The highest concentration of DcpS (indicated in grey) produces an outlier which was 
not considered in fitting the data to the KD model. Error bars represent standard deviation (A). Raw fluorescence 
traces of one exemplary measurement of the dilution series (B). Data was analyzed in the MO analysis software 
and plotted in origin. 
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One aspect that has been neglected so far is the influence of incubation times. To 

investigate the effect of incubation times, one of the triplicates was stored overnight 

and measured again on the next day no significant change was observed.  

It is important to bear in mind that this data was obtained using a modified Ap4A 

molecule. The molecule does not only carry a big fluorescent dye but is also modified 

in its phosphate chain. Tags like e.g. a dye can alter binding affinities, especially for 

small molecules, as the tag might be of almost the same size as the molecule itself. 

Moreover, altered affinities for DcpS and cap analogues modified in their phosphate 

chain have been reported.[109] To get a better idea of the binding affinity, the experiment 

should be repeated with the hydrolysable Ap4A analogue (109) in the future.  

Taken together, MST proved to be the most adequate method to validate the 

interaction between proteins hits and Ap4A. Nevertheless, all of the presented methods 

are blind to cofactors or complex formation with other proteins. Binding studies of 

isolated, recombinant proteins cannot fully account for the complex natural system. 

There have been several efforts to tackle these shortcomings, that should be 

considered in future experiments. One strategy is to simulate the “crowded” 

environment, found in cells,[316] by adding high concentrations of polymers like dextran 

or polyethylene glycol to the buffer systems.[302] Another recently evolving field are 

studies under in vivo-like conditions based on the MST technology. Endogenously 

expressed GFP-fusion proteins and their interactions with proteins or small molecules 

can be directly monitored in cell lysate.[298, 302, 317, 318]  

In summary, the binding studies could only provide limited insight into the interaction 

of Ap4A with the potential interaction partners found in PAL experiments. Due to the 

complex nature of interactions between proteins and small molecules, the presented 

methods need a lot of optimization concerning buffer systems, concentration ranges, 

labeling and immobilization methods, as well as temperature and the general assay 

design. Furthermore, recombinantly expressed proteins may not reflect natural 

conditions, in terms of e.g. post-translational modifications (PTMs).[319] Limiting factors 

on the practical side are the high sample consumption and low throughput of 

measurements.  

To further contribute to the understanding and validation of the interaction between 

Ap4A and the found proteins, its influence on enzymatic and biochemical activity is 

evaluated in the next paragraph.  
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3.3.2 Biochemical assays to determine the physiological relevance 
of Ap4A binding 

To investigate the hits beyond their ability to bind Ap4A, the known enzymatic reactions 

catalyzed by the potential interaction partners were reconstituted in the presence of 

Ap4A. Since DcpS is known to cleave the 5’-cap-structure of short, eukaryotic mRNA, 

the first experimental set-up included an in vitro transcribed and radioactively capped 

mRNA 10-mer that was subjected to DcpS cleavage. The time-dependent monitoring 

of the cleavage reaction did not indicate an influence of ApnAs. In subsequent 

approaches the cleavage of the natural cap-structure m7Gp3G was examined. Under 

the applied conditions Ap4A weakly inhibited the cleavage and so did Ap3A. These 

results might point at a potential role for ApnAs in the regulation of mRNA stability and 

translation.  

For the validation of UBA1 a well-established system based on the poly-auto-

ubiquitylation of E6AP was studied. Therefore, different ratios of ATP to Ap4A or ATP 

to Ap3A were applied in the reaction mixture. If both an ApnA derivative and ATP were 

present, no differences between the samples were observed. However, under the 

omission of ATP product formation was still observed in the presence of Ap4A but not 

with Ap3A. A regulatory function for Ap4A in the activation of ubiquitin would be of great 

interest, due to the universal importance of the ubiquitin system.  

3.3.2.1 Investigation of the decapping reaction catalyzed by DcpS under the 

influence of ApnAs  

Being one of the most enriched hits, DcpS was chosen for validation experiments. 

DcpS belongs to the HIT family and is responsible for the very last step of RNA 

degradation. Its main substrates are 5’-5’ linked dinucleoside triphosphates (m7Gp3N) 

that form the protective cap structure on eukaryotic mRNA.[320-322] The cap structure 

can be further modified e.g. by O2’-methylation on the ribose moiety of the first or 

second nucleotide of the 5’-end[323] and is selectively cleaved at the phosphate in 

proximity to m7G, yielding m7GMP and NDP (Scheme 34). It has also been shown that 

short capped-RNA molecules can be cleaved by DcpS.[320, 321, 324] Owing to the 

structural similarity of the eukaryotic 5’-cap and ApnAs, it seemed likely that they might 

have some impact on the degradation of capped mRNA.  
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Scheme 34. Simplified mRNA degradation pathway in eukaryotes involving DcpS.[322, 325] Initially the 
polyadenylated tail is removed by deadenylases, this process is tightly regulated by various factors. Then 
degradation of the RNA body can be achieved in a 3’ to 5’ manner by exosomes [321] followed by the hydrolysis of 
the residual cap structure. The last step is accomplished by the scavenger enzyme DcpS.[320] 

To examine if ApnAs can influence enzymatic decapping, a short RNA 10-mer should 

serve as substrate for DcpS[326, 327] in analogy to published experimental set-ups[320, 

327]. As the group of Jörg Hartig is well-equipped for the preparation of RNA, the 

experiments were performed in cooperation with them.  

First, an RNA 10-mer was synthesized in vitro. Therefore, two complementary ssDNA 

templates  were designed, encoding the T7 promotor sequence and 9 additional 

nucleotides (for full sequence see 6.3.6.1).[327] The two strands were annealed, by 

heating to 95 °C for 5 min in annealing buffer and cooling to room temperature slowly. 

The RNA fragment was obtained after transcription catalyzed by the T7 RNA 

polymerase, purification via PAGE (20 % acrylamide) and gel extraction. In the second 

step. The obtained RNA was capped with radioactively labeled α-GTP at the 

phosphorylated 5’-end, using the vaccinia capping system (purchased from NEB[328], 

Scheme 35A).[327, 329, 330] Herein, also the methyl transferase (O2’-MTase) was 

included to install the methyl group at the first nucleotide. This procedure, based on 
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the manufacturer’s protocol, yielded radioactively labeled mRNA, which was resolved 

by PAGE and visualized by autoradiography (Scheme 35B). 

 

Scheme 35. In vitro RNA capping, applying with the vaccinia capping system. Schematic overview of mRNA 
5’-capping with radioactively labeled α-GTP, indicated by * (A). Representative gel of resolved capping products, 
visualized by autoradiography (B). 

The capped mRNA was then incubated with recombinant DcpS (20 nM) at 37 °C. Under 

the same conditions Ap4A (1, 10 µM), Ap3A (113, 10 µM), nhAp4A (83, 10 µM) or ATP 

(2, 10 µM) were incubated with the capped mRNA (3000 cpm/reaction)[322] and the 

enzyme. To demonstrate the stability of the capped RNA for the duration of the assay, 

one sample was incubated under the same conditions but lacking DcpS. Enzymatic 

turnover of the radioactively labeled mRNA was monitored over time. The outcome 

was analyzed by PAGE and visualized by autoradiography. For all reactions the 

cleavage product (m7GMP) was increased over the course of time. Whereas, in the 

stability test without enzyme no cleavage was observed (Figure 75A and B).  

This experiment was repeated three times but neither Ap3A nor Ap4A showed a 

significant influence on the decapping reaction under these conditions. The last two 

experimental set-ups with ATP (2) and nhAp4A (83) show comparable results (Figure 

75B). For nhAp4A (83), however, a slight decrease in band intensities can be observed 

for the cleavage products. Another interesting finding are the new bands that are visible 
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only for reactions with nhAp4A. So far it has not been possible to further characterize 

this side product, but it must still include the radioactively labeled 32P, otherwise it 

would not be detected by autoradiography.  

Furthermore, in a separate experiment Ap4A (1) was titrated into the reaction with high 

concentrations of RNA (9000 cpm/reaction), the mixture was incubated for 15 min. The 

effect of increasing concentrations of Ap4A was rather ambiguous (Figure 75C). It 

seemed that the highest concentration (100 µM) was able to inhibit or retard the 

enzymatic activity of DcpS by some extent. However, in the 10 µM sample a similar 

effect was visible, whereas no inhibition was observed for 50 µM. This incongruity 

probably derived from a pipetting error, as for the 100 µM reaction it was also obvious 

that more of the capped mRNA was still intact. This leads to the assumption that at 

high concentrations there might be an inhibitory effect. A kinetic model, depending on 

substrate concentration, published by Liu et al. might help to explain the slower 

reaction rate.[331] The authors claim that under low substrate concentration only one 

site of the dimer is occupied, while high concentrations lead to slower turnover, as both 

sites are occupied and the necessary conformational change proceeds more slowly. 

With high concentrations of Ap4A one site of the protein might be blocked, slowing 

down the catalytic reaction of the second site.  
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Figure 75. Time course of mRNA decapping experiment. mRNA was incubated with DcpS at 37 °C, samples 
were taken after 5, 15, 45 and 90 min. Additionally, reactions with Ap4A (1, 10 µM), Ap3A (113,10 µM) (A), ATP (2, 
10 µM) and nhAp4A (83,10 µM) were treated in the same manner (B). mRNA and different amounts of Ap4A (1) 
were incubated with DcpS at 37 °C. Samples were taken after 15 min (C) The cleavage products were analyzed by 
PAGE and visualized by autoradiography. 

Another issue that might lead to different outcomes in different experiments is the 

concentration of the applied RNA. In all experiments the concentration was adjusted 

by measuring the capped product with a Geiger counter, which of course does not 

ideally reflect the concentration of the sample. In literature different values can be 

found for converting counts per minute into fmol. Liu et al. estimate that 3000 cpm 

equal approximately 1 – 10 fmol.[322] A similar range, was reported by Chuang et al., 
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suggesting that 5000 cmp equal 7.5 fmol.[332] Comparing these values to the presented 

experimental set-up, implies that the applied amount is way below the protein 

concentration. Hence, applying more RNA would change the ratio of enzyme to 

substrate and could probably change the outcome of the experiments. However, the 

vaccinia capping system cannot be scaled-up that easily. Although the manufacturer 

claims that the reaction can be used to cap up to 10 µg of RNA at a time, reactions 

applying more than 5 µg were not very successful. This might also be associated to 

the short length of the RNA fragment, as described by Fuchs et al.[333] 

Lastly, the nucleotides (100 µM) and the enzyme (20 nM) were preincubated for 15 min 

before adding the capped mRNA (3000 cpm for each reaction). This experiment was 

repeated three times. A representative gel is shown in Figure 76. Altogether, no big 

differences can be observed, by quantification with Quantity One®, the intensities for 

m7GMP in the Ap3A treated reactions show a slight decrease compared to the control 

reaction. 

 

Figure 76. Time course of mRNA decapping experiment. Ap4A and Ap3A (100 µM) were preincubated with DcpS 
for 15 min. The capped mRNA was added and samples were taken after 2,5,10 and 15 min. Additionally, reactions 
with ATP and non-hydrolysable Ap4A (10 µM) were treated in the same manner. A control experiment without 
enzyme was included to ensure the stability of the mRNA. The cleavage products were analyzed by PAGE and 
visualized by autoradiography. 

Despite the advantages that come along with radioactive labeling, like e.g. the very 

sensitive read-out, it also bears some problems. As mentioned before, it is not possible 

to directly determine the concentration and thus the substrate to enzyme ration. 

Furthermore, the capping reaction cannot be scaled-up and is very laborious and time-

intensive. Last but not least, the radioactively labeled RNA strands have limited 

stability. On the one hand, the half-life of 32P is 14 days and, as a result, the signal 
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decreases over time. On the other hand, radiation can also damage the RNA in the 

long run.  

A less complex system, that is widely used in literature, is based on the commercially 

available cap analogue m7Gp3G and might provide better and less ambiguous data. 

The experimental details will be discussed in the next paragraph.  

3.3.2.2 Investigation of the influence of Ap4A on the hydrolysis of m7Gp3G by 

DcpS 

As already described above, the cap analogue m7Gp3G (114) is one of the natural 

substrates of DcpS. The dinucleoside is cleaved selectively between the α and β 

phosphate in relation to the methylated guanosine group (Scheme 36). The easiest 

way to follow this reaction, avoiding tedious labeling procedures, is by HPLC.[334, 335] 

 

Scheme 36. Selective cleavage of m7Gp3G by DcpS. m7Gp3G (114) is cleaved asymmetrically and selectively by 
DcpS, yielding GDP (115) and m7GMP (116).  

One of the basic prerequisites to establish an HPLC-based assay is to check if the 

cleavage products, the cap analogue and the ApnA derivatives can be separated 

properly. To that end, a mixture of cap, Ap3A and Ap4A, containing 20 µM of each, was 

prepared. In addition, cap analogue (20 µM) was incubated with DcpS (100 nM) for 

30 min at 30 °C,[322] to analyze the cleavage products. Different columns were tested. 

Using a common C-18 RP column no satisfying separation could be obtained. On a 

DionexTM ion-exchange column the cap and Ap3A were not well resolved. Hydrophilic 

interaction chromatography (HILIC) only showed one broad peak. Finally, a good 

separation was achieved with the C-18 pyramid column.  

Next, different time points (1 min to 45 min) and different concentrations for Ap3A and 

Ap4A (4 to 500 µM) were analyzed. After incubation, the reaction was quenched by 

heating the mixture to 97 °C for 2 min. To make sure that the protein does not interrupt 

the HPLC measurement, all samples were zip-tipped before injecting on the HPLC (cf. 

6.2.2.2). In conclusion, hydrolysis of approximately 90 % was observed after 45 min. 

Only for concentrations above 100 µM and only for samples in which the enzyme had 

been preincubated with ApnAs prior to adding the cap analogue, a weak inhibitory 
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effect was observed. Exemplary chromatograms can be seen in Figure 77A. At first 

sight, it can be observed that there are additional cleavage products (marked with *) 

for the reactions with Ap3A and Ap4A. These peaks were analyzed by high-resolution 

mass spectrometry (HR-MS) and could be assigned to ATP, ADP and AMP (cf. Figure 

77A). Thus, it can be concluded that DcpS can also cleave Ap3A and Ap4A to some 

extent. Besides, there is a shift in retention time for the Ap4A reaction. To avoid this 

problem, in the next set of experiments, blank runs were conducted between each 

sample.  

To quantify the observed inhibitory effect a time-course with reaction times ranging 

from 1 to 5 min was performed in triplicates for all three conditions. The obtained peak 

areas were analyzed with the lab solutions software (Shimadzu). The increasing 

amount of the cleavage product GDP (Figure 77B) and the remaining amounts of 

m7Gp3G (Figure 77C) were compared with regard to the different reactions and time 

points. Yet, the deviation between the triplicates was really high (indicated by the error 

bars, SEM), indicating that the recovery of the nucleotides after zip-tipping and HPLC 

analysis varies a lot. In comparison to the other reactions, the Ap4A samples show 

significantly lower levels of both cap analogue (114) and cleavage product (115). What 

is striking is that even for the cap standard, which did not include any enzyme, 

significant differences between the triplicates were observed. This could be due to 

acidic pH values that are on the one side needed for zip-tipping, but can on the other 

side catalyze depurination of the (di-)nucleotide derivatives. On top of that, N7-

alkylated guanosines are already prone to depurination.[336]   
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Figure 77. HPLC-based analysis of the cleavage of m7Gp3G by DcpS. Enzymatic degradation of cap analogue 
(20 µM) by DcpS (100 nM) monitored by RP-HPLC. Absorbance was measured at 260 nm (AU, arbitrary units). 
Representative RP-HPLC profiles for different cleavage reactions after 2 min. In the upper lane the starting material 
(114, second peak) and the cleavage product GDP (115, first peak) can be seen. The reactions including Ap3A 
(200 µM) or Ap4A (200 µM) show additional peaks (*) which were characterized by HR-MS as AMP, ADP and ATP 
(A). Quantification of the peak areas for GDP (115, B) and the cap analogue (114, C). For the 0 min sample, 
m7Gp3G was treated the same way as the other samples. Error bars indicate the standard error of the mean (SEM). 

These findings clearly indicate that there is a problem in the sample preparation. One 

step in the procedure that is particularly error-prone is the zip-tipping. Afterwards, 

usually the samples do not have an exact volume anymore and the recovery is not 

quantitative. Hence, in the next assay, samples were freeze dried after zip-tipping and 

dissolved in a defined volume, which was then injected onto the HPLC. Another 

measure that was taken to improve the reproducibility and reliability of the data, was 

to include an internal standard, that served as reference for both the retention time and 

the peak area. The internal standard should be of a similar compound family as the 

substances under investigation, but at the same time the signal should not interfere 

with the desired signals. Therefore, a couple of nucleosides were tested. The retention 
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times for guanosine and inosine were too similar to the cap and its cleavage products. 

Adenosine, however, had a retention time of 19 min, did not interfere with the other 

peaks and was therefore added as internal standard after quenching. Implementing 

these changes led to more compliant data. The error bars are shorter and considerable 

effects can be observed for both Ap3A and Ap4A (Figure 78), which are in line with the 

weak inhibitory effects obtained on the mRNA level (cf. 3.3.2.1). 

 

Figure 78. HPLC-based analysis of the cleavage of m7Gp3G by DcpS. HPLC profiles for the hydrolysis of 
m7Gp3G (114, 20 µM) catalyzed by DcpS (100 nM). Absorbance was measured at 260 nm (AU, arbitrary units). The 
chromatographic peaks were identified by comparison with the retention times of reference samples and by HR-MS. 
a) GDP, b) AMP, c) m7Gp3G, d) ADP, e) ATP, f) Ap3A and g) Ap4A (A). Quantification of the peak areas for GDP 
normalized to the internal standard (B). Error bars indicate the standard error of the mean (SEM).  

These findings are especially interesting, considering recent developments in mRNA 

cap research. Two independent groups have recently reported that NpnNs can be 

found at the 5’-end of bacterial mRNA.[86, 88, 337, 338] Thereby, NpnNs might influence 

cellular metabolism and RNA turnover, which is also supported by the functional 

analysis of the presented PAL data (cf. 3.2.6). 

3.3.2.3 Investigation of the influence of Ap4A on UBA1 

UBA1 has a central role in the Ubiquitin (Ub) conjugation cascade. At the expense of 

ATP, it catalyzes the activation of Ub. Firstly, Ub is adenylated and secondly, a 

thioester between a conserved cysteine residue of UBA1 and Ub is formed. Ub is then 

transferred to an E2 enzyme and finally to an E3 enzyme e.g. ubiquitin ligase E6 

associated protein (E6AP) by transthioesterification reactions (Scheme 37). E6AP can 

serve as both E3 ligase and target protein, resulting in polyautoubiquitylated E6AP.[207, 

339] 



3 Results and Discussion 

130 
 

 

Scheme 37. E6AP autoubiquitylation to study UBA1 activity. Ub is activated by UBA1 in an ATP-dependent 
manner. Via transthioesterification reactions Ub is transferred from UBA1 via an E2 enzyme to an E3 enzyme e.g. 
E6AP, resulting in polyubiquitiylation of E6AP. 

This cascade provides an in vitro model system with a fast read-out, as both the 

consumption of Ub and the polyautoubiquitylation of E6AP can be investigated by 

SDS-PAGE.[339]  

It has already been shown that UBA1 is able to synthesize Ap4A via the adenylate 

intermediate.[38] Herein, the E6AP autoubiquitylation assay was used to evaluate if 

UBA1 accepts Ap3A and Ap4A instead of ATP and if their presence can modulate the 

process. For this purpose, UBA1, the E2 enzyme UbcH5B (both provided by Katrin 

Stuber) and E6AP (provided by Fabian Offensperger) were incubated with increasing 

amounts of natural Ap3A or Ap4A (from 15 µM to 1.5 mM), while the concentration of 

ATP was kept at 150 µM for all assays. In addition, samples with each of the 

nucleotides individually (150 µM) were performed. As negative control, a reaction 

without any nucleotides was prepared. These reactions were investigated at different 

time points ranging from 2 min to 90 min. There was no time dependent effect for the 

titration of ApnAs observed. After 30 min E6AP was depleted (Figure 79B). In 

Figure 79 a representative time course can be seen displaying the time points 5 and 

30 min. As expected, the formation of polyubiquitylated E6AP increases over time, 

whereby Ub and E6AP are consumed. However, this is neither observed in the 

negative control (first lane) nor in the sample, which only contained Ap3A but no ATP 

(last lane). Interestingly, Ap4A can be used to initiate the ubiquitylation cascade even 

if no ATP is present. Other than that, there seems to be no influence on Ub activation 

by increasing amounts of Ap3A or Ap4A.   
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Figure 79. E6AP autoubiquitylation assay. UBA1, UbcH5B and E6AP were incubated with ATP (150 µM) and 
Ap4A or Ap3A in different ratios. The outcome of the reaction was analyzed by SDS-PAGE after 5 min (A) and 
30 min (B). * = UBA1, ** = UbcH5b 

These results again raise the question of physiological relevance of this interaction. 

Since the concentration of ApnAs in cells (0.01 – 5.0 µM)[340] is considerably lower than 

the ATP concentration (1 – 10 mM)[25], it needs to be kept in mind that the conditions 

applied in the described assays are far from physiological. Nevertheless, there might 

be some situations that lead e.g. to an increased turnover of Ap4A, due to elevated 

levels. This assay provides insight into one model reaction, but there are many more 

systems that depend on Ub activation by UBA1.[341] Participating in the ubiquitylation 

process might add another layer of signaling or regulation pathways that can be 

influenced by ApnAs. 

3.3.3 Transfection of Ap4A into human cells 

For future experiments it would be desirable to perform the established PAL 

experiments in vivo. As a preliminary experiment a newly developed transfection 

method for nucleotide derivatives (unpublished results by Maike Lehner, Marx Group) 

was applied. Therefore, the transfection reagent 1,2-Dioleoyl-3-trimethylammonium 

propane (DOTAP) was used in analogy to the protocol optimized for transfection of 

NAD+. HeLa cells were incubated with a mixture of TAMRA-labeled Ap4A derivative 

(109, Figure 80) and DOTAP for 1 h. Control cells were incubated with Ap4A alone. 

After washing, the cells were analyzed in the Bioimaging Center (BIC) of the University 

of Konstanz (Figure 80). As anticipated, with increasing amounts of Ap4A more cells 

were stained. In cells that were incubated with DOTAP and Ap4A the compound is 

equally distributed in the cells. In contrast, without DOTAP concentrations above 50 µM 
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can also enter the cells, however, this seems to happen via a different mechanism. 

The concentrated round dots, imply a vesicular uptake of 109 by endocytosis (lower 

panel, Figure 80).  

 

Figure 80. Probing the transfection of TAMRA-labeled Ap4A into HeLa cells. Structure of TAMRA-labeled Ap4A 
(109). HeLa cells were incubated with increasing amounts of 109 in the presence or absence of DOTAP. The uptake 
and viability were analyzed in the BIC using settings optimized by Maike Lehner. Nuclei were stained with Hoechst. 
Scale bar in right corner 20 µm.  

This data provide a usefull basis for in vivo studies of the Ap4A ineractome, which 

would overcome some of the afore mentioned hurdles that in vitro assays cannot 

overcome.  

In summary, the synthesized bait molecules were sucessfully applied in PAL 

experiments and elucidated 173 new target proteins. GO analysis revealed a huge 

variety of biological pathways, enriched among the proteins, proposing a significant 

role for Ap4A in metabolism and gene expression. For three of the identified proteins 

the interaction could be confirmed, employing biophysical binding assays as well as 

enzymatic assays. Based on these results new insights in to the complex and diverse 

biological role of Ap4A. 
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4 Summary and Outlook 

This study aimed to develop a synthetic pathway to prepare stable Ap4A analogues, 

equipped with different functional groups, namely PCL for the formation of a covalent 

linkage and DTB as affinity handle. The obtained Ap4A derivatives were then applied 

as bait molecules in PAL experiments to get insight into the biological role of these 

enigmatic molecules.  

The first part was entirely dedicated to the synthesis and modification of the Ap4A 

scaffolds. To begin with, it was necessary to synthesize different nucleoside and 

nucleotide building blocks, involving the modification of the nucleobase or the sugar as 

well as phosphorylation of the 5’-hydroxyl groups. Based on previous studies, the 

adenine residue was modified at the C2[208] and N6-position[206] and the ribose moiety 

was functionalized at the O2’-position[209]. 

Monophosphates and methylene bisphosphonates of the modified adenosine 

derivatives were obtained applying adapted Yoshikawa conditions.[126, 129] In a different 

approach the P-amidites of acetal protected adenosine derivatives were prepared.[123] 

On the way to asymmetrically modified nhAp4A analogues a handful of synthetic 

pathways to yield nhATP as intermediate were explored. Initially, (di-)fluoromethylene 

bisphosphonate was activated with CDI to form the diimidazolide. Several methods 

were tried to selectively couple one side of the activated phosphonate to adenosine 

5’-thiomonophosphates. In spite of the excess of activated bisphosphonate in the 

reaction mixture, symmetric nhAp4A was found in equal amounts to nhATP. Moreover, 

purification was tedious and involved several successive chromatographic steps.  

The next synthetic approach that was tested, was based on P(III) chemistry. The 

protection of the 2’,3’-hydroxyl groups with methoxy methylidene was a prerequisite for 

this approach. Coupling of the 5’-hydroxyl group to saligenylchlorophosphite was 

monitored by NMR, however, the ensuing steps, coupling to methylene bisphosphonic 

acid, followed by oxidation with elemental sulfur resulted in the formation of a 

considerable amount of by-products.  

There are several adjustments that might help to improve the method in future, like 

changing the conditions like solvents, temperature or reagents. Alternatively, a reverse 

approach, first published by the Zhen group could be applied.[342] Thereby, a cyclic 

intermediate is obtained from the reaction of a bisphosphonate derivative and 

saligenylchlorophosphite (Scheme 38), which can then be coupled to an unprotected 
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nucleoside, oxidized and, finally, hydrolyzed to give an NTP derivative. One advantage 

of this approach is that no deprotection step is necessary afterwards. 

 

Scheme 38. Reversed-approach as alternative pathway for the synthesis of nhATP with saligenyl 
chlorophosphite (3).[342] 

Another synthetic route that was tested was based on P-amidite chemistry.[123] 

However, the synthesis of nhATP, starting from bisphosphonic acid and the previously 

synthesized adenosine 5’-P-amidite was not successful.  

Turning back to P(V)-based approaches, a one-pot procedure established by 

J. Ludwig[130] yielded differently modified nhATP derivates in very low amounts. 

Starting from unprotected nucleosides, phosphorylation was achieved with PSCl3. The 

obtained adenosine 5’-dichlorothiophosphate was reacted in situ with methylene 

bisphosphonate. Yields of the isolated nhATPs were very low. As the next step towards 

asymmetric nhAp4A analogues would involve another activation and coupling step, as 

well as tedious purification, this strategy was abandoned. 

Still, nhATP analogues would be of great use for biological experiments such as MST 

measurements or as competitor in PAL experiments. Hence, more effort should be put 

in this synthesis. In future, the activation of thiophosphates could be optimized by using 

diphenylchloro phosphate[343] or the in situ protection and activation of nucleosides with 

trifluoroacetic anhydride, to mask both the hydroxyl and exocyclic amine groups, could 

be considered.[344] Another promising method, has recently been presented by the 

Jessen group. They introduced a cyclic P(III)-P(V) intermediate (118, Scheme 39), 

which can be successfully coupled to a huge variety of modified nucleosides.[122] 

 

Scheme 39. Reversed P-amidite-based approach for the synthesis of nhATP.[122] 

Another strategy to obtain asymmetric Ap4A derivatives consists in the coupling of two 

ADPs, which was successfully implemented by imidazole activation and ensuing 
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tetrazole-mediated coupling. Isolation was achieved in one purification step, as the 

starting materials could be separated from the product more easily.[105] One aspect, 

that could still be improved is the activation step, in order to accomplish quantitative 

formation of the imidazolide. In prospective approaches it might be tested if microwave 

irradiation increases the conversion.[345]  

The obtained derivatives included N6, O2’ or C2-modifications. Upon deprotection or 

reduction the free amine was obtained. However, during the deprotection of the 

C2-modified Ap4A an unidentified side product was obtained that increased over time. 

Therefore, the deprotection had to be conducted repetitively at lower temperatures to 

gather enough product. As a next step, a trifunctinal linker equipped with a photo-

crosslinking group and DTB was coupled to the free amines. Both the N6 and the O2’-

derivatives yielded the desired products, whereas the C2-derivative could not be 

isolated. Following this procedure, also a TAMRA labeled analogue was obtained. 

These compounds were referred to as shAp4A derivatives. 

To further follow up on the functionalization of both sides of the Ap4A molecule, 

symmetric Ap4A scaffolds were synthesized, utilizing diimidazole-activated 

bisphosphonate and differently substituted thiomonophosphates. The N6 and O2’-

analogues were then deprotected and functionalized step-by-step to yield the final 

products, bearing the PCL, either benzophenone or diazirine, on one side and the 

affinity tag DTB on the opposite site. The modification of the C2-derivative was 

hampered by low yields for both the coupling procedure and the ensuing deprotection 

and tedious purification steps. In a different approach the Ap4A synthesis was 

performed with 2-iodo-adenosine 5’-thiomonophosphate. It was then tried to introduce 

the linker on the Ap4A level by microwave assistance, which resulted in degradation 

and low conversion. Consequently, the C2-modified Ap4A was not obtained. An 

alternative procedure, that has not been tested yet, would be performing the 

sonogashira cross-coupling on the 2-iodo-nhAp4A, to avoid the troublesome 

deprotection.[346] Furthermore, different protecting groups should be investigated, like 

e.g. TCP, which can be cleaved under milder conditions than TFA.[347, 348] Also common 

amine protecting groups could be of use like e.g Fmoc protection, which would be 

cleaved in the last step of the Jessen procedure or Boc which would be cleaved along 

with the acetal group.[349]  

Besides the hydrolysis resistant derivatives, two analogues with a natural phosphate 

chain were synthesized, by imidazole activation of ATP and subsequent reaction with 
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a N6-modified monophosphate derivative. After deprotection of the amine group, either 

the TAMRA dye or biotin was attached by NHS-ester coupling. The resulting products 

were then used in biological affinity studies.  

Subsequently, the interaction and labeling of human NudT2 was used for proof-of-

concept experiments. In an HPLC assay it could be shown that the synthesized probes 

are not hydrolyzed but are still accepted by the enzyme. Preliminary PAL approaches 

using the isolated enzyme provided some first insights into the time and concentration 

dependency of the photo-crosslinking reaction.  

As a next step, the benzophenone-based probes were applied in HEK-293T lysate. 

Briefly, the ApnA derivatives were incubated with HEK-293T cell lysate, irradiated with 

UV light (365 nm) to initiate the photo-crosslinking reaction and subsequently enriched 

via Sepharose streptavidin beads. After washing the beads thoroughly, the bound 

proteins were eluted with biotin. The eluted proteins were resolved on SDS-PAGE and 

subsequently analyzed by WB and LC-MS/MS. Four control experiments were 

performed to determine unspecific binding events. To account for unspecific binding to 

streptavidin beads a sample without probe was prepared. Secondly, competitive 

labeling in the presence of a 10-fold excess of a nhAp4A competitor was performed to 

confirm that the probe and the unmodified compound address the same target. The 

third control was handled under the omission of UV light, to proof that the cross-linking 

really is UV light dependent. Lastly, a linker control experiment was included to identify 

proteins that interact with the functional groups attached to the bait.[350] Nevertheless, 

this first approach suffered from low labeling efficiency and at the same time low 

specificity. High background labeling was obtained and statistical analysis did not 

provide significantly enriched proteins. Most likely, these problems were caused by 

high concentrations, long irradiation times and the use of the bulky benzophenone 

group.  

In parallel, the smaller and more reactive diazirine proved to be a promising alternative 

as photo-crosslinking group in preliminary PAL experiments. Aiming for high photo-

crosslinking yields and selectivity at the same time, the experimental conditions for 

both the benzophenone and the diazirine derivatives were systematically optimized, in 

terms of incubation times, irradiation times and concentration of bait and competitor 

molecules. Thereby, background labeling of the linker control molecule could 

successfully be reduced. Concerning the competitor control a 100-fold excess of 

unmodified nhAp4A showed the most promising effect.  
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Applying these optimized conditions, PAL experiments were performed in HEK-293T 

cell lysate with the diazirine probes in biological triplicates and the enriched proteins 

were identified and quantified by LC-MS/MS and MaxLFQ.[196, 351] Statistic evaluation 

with Perseus[257] afforded 112 significantly enriched proteins for N6-modified nhAp4A 

and only 39 for O2’-modified nhAp4A. Therefore, it was decided that only the N6-

derivative should be used in the following experiments. The established PAL approach 

was transferred to E. coli K12 strain and the respective ΔapaH strain, as well as HeLa 

and ΔNudT2 cell lysate, both under normal growth conditions and stressed by H2O2 

treatment. For some of the proteins found in E. coli the human homologues were also 

found in HEK lysate. Approximately one fourth of the proteins enriched in HeLa and in 

ΔNudT2 cell lysates overlapped with the proteins, that were identified in the HEK 

lysate. In addition, the semi-hydrolysable analogues were also evaluated as bait 

molecules, however, they did not provide reliable data.  

Although the obtained data already presents promising new protein targets of Ap4A, it 

would be useful to have a small library of compounds comprising different modification 

sites,[352] various spacer lengths[5] and different PCLs[168, 189, 244, 260, 261] to complement 

the list of interactors. The C2-modification would be of special interest as it has proven 

useful in other studies involving the modification of adenosine.[208] In addition, it is not 

clear how the modification of the phosphate chain, especially the unnatural P-

stereogenic center of the thiophosphate but also the position of the methylene bridge 

may alter binding.[107, 345, 353, 354]  

Making use of the optimized PAL protocol, proteomic data of different cell lines could 

be mapped in future experiments. Lately, elevated Ap4A levels were measured in 

several mutant cell lines, lacking various DNA repair enzymes.[73] These cells might 

provide a new perspective for the Ap4A interaction studies. Moreover, different stress 

conditions could be tested to further pursue Ap4A’s possible role as an alarmone.[355] 

A promising set-up for PAL experiments would be cells treated with the DNA 

crosslinking agent mitomycin C (MMC). Marriott et al. reported an up to 9-fold increase 

of Ap4A levels as well as high amounts of polyADP ribosylated Ap4A in Mouse 

Embryonic Fibroblasts (MEF) cells upon incubation with 100 nM MMC.[73] Another 

aspect that should be considered, is that cell rupture might inactivate some enzymes 

and, hence, impair binding,[162] leaving potential binders undetected in lysate based 

approaches. In vivo PAL would tackle this obstacle.[297] Preliminary transfection 

experiments presented in this work, based on a protocol established by Maike Lehner, 
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might open up new opportunities for the proteomic profiling of Ap4A in living cells 

(cf. unpublished results by Maike Lehner, Marx Group).  

Turning back to the presented data, GO analysis suggested that the enriched proteins 

are linked to a diverse range of biological pathways, such as RNA splicing and immune 

system response. Furthermore, the identified proteins are highly associated with 

metabolism across all probed cell lines. Roughly one third of the proteins are annotated 

ATP binders, which challenges the hypothesis by Tawfik et al. that Ap4A only acts as 

ATP surrogate.[200] So far, previous studies have failed to provide GO data.  

Different approaches were then tested to validate protein-Ap4A interaction and place it 

in a physiological context. First, three different methods to determine thermodynamic 

binding parameters, like the KD value were evaluated, namely ITC, SPR and MST. ITC 

data obtained from IMPDH2 titrated with Ap4A was rather inconsistent and although 

minor heat changes were observed, no binding parameters could be determined. To 

optimize the method, the measurements should be repeated at different 

temperatures[356] or in different buffer systems. One reason why it was not possible to 

test a vast variety of different conditions is the need of mg levels of highly purified 

proteins for accurate measurements. Another problem might also be the assumed 

multimer formation of IMPDH2 upon Ap4A binding, which creates a complex system 

for determining binding parameters. One option to circumvent this problem, was 

presented by Buey et al.[303] who investigated the impact of guanosine nucleotides. By 

titrating IMP into a solution of GTP and IMPDH they could show that the presence of 

GTP decreases the affinity for IMP. This way the affinity for GTP is not determined 

directly, but an inhibitory effect could be assumed. This might also be an appropriate 

approach to investigate the effect of ApnA binding. 

In a second approach, SPR measurements with DcpS and IMPDH2 were performed 

on a BIAcore instrument. Immobilization of the proteins via their His-tag and 

subsequent binding tests with different nucleotides did not lead to substantial mass 

changes. Data obtained in a reversed approach, by immobilizing biotin-labeled Ap4A 

on the sensor chip, turned out to be more insightful. A KD value in the low µM range 

could be estimated for IMPDH2 in duplicates, still these results should be treated with 

care as no saturation of the binding curve was reached. For future experiments, 

negative controls would be valuable, e.g. a nucleotide derivative that does not bind 

IMPDH2 could be immobilized on a second flow cell and, thus, serve as negative 

control.  
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Last but not least, MST measurements were conducted.[294] The advantage of this 

fluorescence based method is its exceptional sensitivity, even minor changes in 

thermophoresis can be detected. With the TAMRA-labeled stable Ap4A derivative KD 

values for NudT2 and DcpS were successfully determined in the low µM range. 

Experiments with IMPDH2 did not provide conclusive results, fluorescence 

inhomogeneity and precipitation of the protein hampered the measurements. These 

problems probably derive from the buffer compositions. As pH value, ionic strength 

and detergents can have a crucial impact on stability and also binding affinities[301] it 

would be advisable to perform a buffer screen before MST measurements.[357] 

Furthermore, in future experiments it could be tested, if GFP-tagged protiens could be 

analyzed in cell lysate, which would be closer to the natural environment than isolated 

proteins.[298, 317, 318]    

In addition to the binding affinity measurements, known enzymatic reactions were 

reconstituted in vitro. By including Ap4A and Ap3A, their effect on the activity of the 

protein was probed. Starting with DcpS, an assay that follows its decapping activity on 

short capped mRNA was envisioned. As a first step, mRNA was synthesized in vitro. 

Capping was achieved by applying the vaccinia system.[328] Monitoring the decapping 

activity of DcpS in a time-dependent manner in the presence or absence of ApnAs did 

not reveal a direct regulatory effect of the dinucleotide analogues. A weak inhibitory 

effect could be detected upon incubation with the non-hydrolysable derivative.   

Taking a step back, the less complex hydrolysis reaction of the cap analogue m7Gp3G 

was investigated under the same aspects. HPLC-monitored enzymatic degradation 

experiments showed that ApnAs can be hydrolyzed by DcpS in an asymmetric manner, 

and slightly impair cleavage of the natural cap analogue. If ApnAs are only bound and 

cleaved due to their structural similarity or if their interaction can have a regulatory 

effect on the life span of mRNA caps still needs to be addressed in follow-up 

experiments.  

The eukaryotic translation initiation factor 4E (eIF4E), was also enriched in the 

presented PAL data. eIF4E plays a crucial role in cap-dependent translation and is 

elevated in several types of cancer.[358][359, 360] To this end, future investigations should 

be focused on cap-dependent translation. Well-established approaches based on the 

rabbit reticulocyte lysate system were presented by the Jemielity group.[109, 361] These 

experiments are particularly interesting, considering recent developments in mRNA 
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cap research, suggesting that ApnAs can function as precursors to RNA cap-structures 

in E. coli.[337] 

For the validation of UBA1 as a potential interaction partner, it could be shown in an 

E6AP autoubiquitylation assay[339] that Ap4A can be used instead of ATP albeit with 

lower efficiency. Ap3A did not lead to Ub activation. In conclusion, three of the 

significantly enriched proteins could be validated in biochemical assays.  

Nevertheless, these validation experiments are just a start. Among the identified hits 

there are a lot more proteins that need to be investigated. 14-3-3 protein zeta/delta 

(YWHAZ) e.g. is involved in a large variety of signaling pathways.[362] The activity of S-

methyl-5'-thioadenosine phosphorylase (MTAP) could easily be probed in a 

biochemical assay.[363] More informative than probing single proteins would be to take 

a closer look at the enriched pathways. As some of the identified proteins were found 

to be involved in chromosomal organization it would be interesting to check if Ap4A can 

participate in nucleosome assembly. The majority of proteins are involved in 

metabolism, therefore metabolic pathways for fatty acids or carbohydrates could be 

investigated. For both the quantification of carbohydrates and free fatty acids[364, 365], 

assay kits are available (e.g. from abcam). These kits could be tested in e.g. HeLa and 

ΔNudT2 cell lysate to examine if the change in Ap4A level has an influence on one of 

the pathways. Previous analysis in rats could show a decrease of free fatty acids upon 

treatment with Ap4A.[366] Similarly the activity of Creatine kinase B-type (CKB)[367, 368] 

and citrate synthetase (CS)[369] could be investigated with the respective assay kits. 

One common approach also includes the investigation of knock-out cell lines of the 

found proteins or the investigation of mutants that are not capable of binding Ap4A 

anymore.[370]  

All in all, the methods and data reported in this thesis lay the foundation for future 

projects in the field of Ap4A research and the elucidation of its biological roles.  
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5 Zusammenfassung und Ausblick 

Das Ziel dieser Arbeit war es, einen Syntheseweg für stabile Ap4A Analoga zu 

entwickeln und diese zur Findung von neuen Interaktionspartnern in Zelllysat 

einzusetzen, um einen besseren Einblick in die biologische Rolle dieser weitgehend 

unerforschten Moleküle zu bekommen. Dafür wurden nicht-hydrolysierbare (nh) Ap4A 

Moleküle mit einer photoreaktiven Gruppe und einem Affinitäts-tag designt und zur 

Photoaffinititätsmarkierung verwendet.  

Der erste Teil der Arbeit befasste sich ausschließlich mit der Synthese und 

Funktionalisierung von Ap4A Verbindungen. Anfangs wurden alle nötigen Bausteine 

hergestellt. Für die Synthese unterschiedlich modifizierter Nukleoside wurden die 

Positionen C2, N6 und O2‘ ausgewählt.  

Die entsprechenden mono- und di-phosphat Vorstufen wurden nach 

Standardmethoden hergestellt, die auf der Arbeit von Yoshikawa et al. basieren. 

Außerdem wurden P-amidite hergestellt, die ebenfalls als Vorstufe für weiter 

Kopplungsreaktionen dienen sollten.  

Zunächst, wurden einige verschiedene Syntheserouten für die Herstellung von nhATP 

Analogen, als Zwischenprodukt zur asymmetischen Synthese von nhAp4A Molekülen, 

untersucht. Anfangs wurde difluoromethylene bisphosphonat beidseitig mit CDI 

aktiviert und es wurden mehrere Methoden getestet dieses Diimidazolid selektiv mit 

nur einem Thio-AMP Molekül zu koppeln. Trotz des hohen Überschusses an 

aktiviertem Bisphosphonat wurde symmetrisches nhAp4A zu gleichen Mengen wie 

nhATP isoliert. Zudem bereitete auch die Reinigung der Produkte große 

Schwierigkeiten und beinhaltete mehrere, zeitintensive chromatographische Schritte.  

Die nächste Synthesestrategie die getestet wurde, beruht auf der Verwendung von 

deutlich reaktiveren P(III)-Spezies, nämlich Salicyl chlorophosphit. Dafür war es nötig 

die 2‘ und 3‘-Hydroxylgruppen zu schützen. Die Reaktion der 5‘-Hydroxylgruppe mit 

Salicyl chlorophosphit konnte über NMR verfolgt werden. In den darauffolgenden 

Schritten, wie der Kopplung mit Methylenbisphosphonat und der Oxidation mit 

elementarem Schwefel, entstanden sehr viele Nebenprodukte, was dazu führte, dass 

das gewünschte Produkt nur zu geringen Mengen und unter großem 

chromatographischen Aufwand isoliert werden konnte. Es gibt mehrere Möglichkeiten 

diese Syntheseroute für die zukünftige Synthese zu optimieren, eine davon ist die 

Umkehrung des Syntheseweges. Dabei wird Salicyl chlorophosphit zuerst mit 
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Bisphosphonat umgesetzt. In diesem Schritt entsteht ein cyclisches Zwischenprodukt, 

welches mit ungeschützten Nucleosiden gekoppelt werden kann. Die anschließende 

Oxidation und Hydrolyse ergeben das gewünschte NTP Molekül. 

Auch die weiteren, getesteten Methoden konnten nicht ausreichend optimiert werden 

um nhATP Derivate in vernünftigen Mengen und in zufriedenstellender Reinheit 

herzustellen. Für zukünftige Arbeiten könnte eine neu entwickelte P-amidit-basierte 

Strategie der Arbeitsgruppe von H. Jessen hilfreich sein. Diese Synthese verläuft über 

ein cyclisches P(III)-P(V) intermediat, das dann mit einer großen Vielfalt von 

modifizierten Nukleosiden zu NTP Analoga reagieren kann.    

Eine weitere Möglichkeit asymmetrische Ap4A Grundgerüste aufzubauen liegt in der 

Kopplung von zwei ADP Molekülen, über Imidazolaktivierung. Mit dieser Methode 

konnten vier verschiedene semi-hydrolysierbare (sh)Ap4A Moleküle in guten 

Ausbeuten und mit nur einem Reinigungsschritt isoliert werden. Sowohl die N6 als 

auch die O2‘-modifizierten Ap4As konnten erfolgreich entschützt und weiter 

funktionalisiert werden. Zum einen konnte ein trifunktionaler Linker mit DTB und einer 

photoreaktiven Gruppe angebracht werden und zum anderen wurde auf diese Weise 

der TAMRA Farbstoff mit dem Ap4A Gerüst verbunden. Die C2-Verbindung bereitete 

jedoch große Probleme, schon bei der Entschützung entstanden große Mengen an 

unidentifizierbarem Nebenprodukt und auch die Kopplung des trifunktionalen Linkers 

konnte nicht übertragen werden.  

Um dennoch asymmetrisch funktionalisierte Ap4A Analoga, mit der Möglichkeit 

funktionelle Gruppen auf beiden Seiten anzubringen, zu erhalten wurde die 

Synthesestrategie erneut umgestellt. Es wurde auf den symmetrischen Aufbau des 

Ap4A Gerüsts zurückgegriffen um dieses dann asymmetrisch zu funktionalisieren. 

Ausgehend von Diimidazol-aktiviertem Bisphosphonat und modifizierten Adenosine-

5‘-thiomonophosphaten konnten symmetrische Ap4A Analoga mit Modifizierungen an 

den Postionen N6 und O2‘ erhalten werden. Diese wurden im Basischen entschützt 

und schrittweise funktionalisiert. Zuerst wurde die Reportergruppe DTB mit Hilfe von 

NHS-ester Chemie angebracht und im nächsten Schritt konnte eine Photoreaktive 

Gruppe, entweder Benzophenon oder Diazirin, unter denselben Bedingungen 

eingeführt werden. Auch in diesem Fall brachte die C2-Modifiaktion einige Probleme 

mit sich, sodass schlussendlich kein C2 modifiziertes Ap4A Endprodukt erhalten 

wurde. Für die Synthese dieser Moleküle könnten in Zukunft andere Schutzgruppen 

eingesetzt werden, die unter milderen Bedingungen abgespaltet werden können.  
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Neben den stabilen Ap4A Verbindungen konnten auch zwei mit natürlicher 

Phosphatkette hergestellt werden. Diese wurden mit TAMRA-Farbstoff und Biotin 

modifiziert und in biologischen Bindungsstudien verwendet.  

Als nächstes wurde an Hand eines HPLC assays bestätigt, dass die synthetisierten 

Verbindungen zum einen von der Ap4A Hydrolase NudT2 trotz ihrer Modifikationen 

erkannt werden und zum anderen stabil sind, also nicht gespalten werden. Des 

Weiteren wurde dieses System genutzt um erste Parameter für die kovalente 

Verlinkung der Ap4A Derivate mit potentiellen Interaktionspartnern zu testen. 

Daraufhin wurden die Benzophenon proben in HEK-293T Lysat getestet. Dazu wurde 

die Ap4A Sonde mit HEK Lysat inkubiert und mit UV Licht bestrahlt (365 nm) um die 

photoreaktiven Gruppen anzuregen und das Ausbilden einer kovalenten Bindung zu 

ermöglichen. Die gebundenen Proteine wurden über Streptavidin-beads angereichert 

und durch wiederholtes Waschen von ungebunden Proteinen abgetrennt. Zum 

Schluss wurden die gebundenen Proteine mit einer Biotin-Lösung eluiert.  

Um zu Unterscheiden welche der Proteine echte Interaktionspartner sind und welche 

nur durch unspezifische Interaktionen heruntergezogen wurden, wurden vier 

Kontrollexperimente durchgeführt, eine Lysat-Kontrolle ohne Ap4A, eine UV-Kontrolle 

ohne Belichtung, eine Linker-Kontrolle und eine Kompetitor-Kontrolle, in der ein 10-

facher Überschuss an unmodifiziertem nhAp4A als Kompetitor eingesetzt wurde um 

die spezifischen Bindungsstellen zu besetzen. Nichtsdestotrotz konnten in diesem 

ersten Versuch keine Proteine gefunden werden die im Vergleich zu den 

Kontrollexperimenten signifikant angereichert worden waren. Dies lässt sich 

wahrscheinlich auf die hohe Konzentration an Ap4A Molekül und die sterisch 

anspruchsvolle photoreaktive Gruppe zurückführen. Parallel wurde die kleinere und 

reaktivere Gruppe Diazirin getested, welche sich als deutlich vielversprechender 

herausstellte. 

Mit dem Ziel möglichst hohe Photoreaktivität und gleichzeitig große Selektivität zu 

erreichen wurden die Bedingungen für die Photoaffinitätsmarkierungsexperimente mit 

beiden photoreaktiven Gruppen, Benzophenon und Diazirin, optimiert. Mit Hinblick auf 

Inkubationszeiten, Belichtungszeiten und eingesetzten Konzentrationen von sowohl 

Sonde als auch Kompetitor Molekül, wurden die Parameter schrittweiße und 

systematisch angepasst. Mit den neuen Bedingungen wurden die 

Photoaffinitätsmarkierungsexperimente mit den Diazirinverbindungen in HEK-293T 

Lysat durchgeführt. Die angereicherten Proteine wurden mit LC-MS/MS identifziert und 
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über mit dem MaxLFQ Algorithmus quantifiziert. Statistische Evaluierung mit der 

Perseus Software ergab 112 Interaktionspartner für die N6-Verbindung die im 

Vergleich zu den Kontrollexperimenten signifikant erhöht waren. Die O2‘-Verbindung 

ergab nur 39 potentielle Interaktionspartner die sich deutlich von den Kontrollen 

unterschieden. Deshalb wurden die darauffolgenden Experimente nur noch mit der N6-

Verbindung durchgeführt.  

Die etablierte Photoaffinitätsmarkierungsmethode wurde auf unterschiedliche 

Systeme übertragen. So konnten sowohl im E. coli K12 Lysat, als auch in HeLa 

Zelllysat und NudT2 Knockout Zelllysat neue Interaktionspartner für Ap4A gefunden 

werden. Außerdem wurden die Experimente auch unter oxidativen Stressbedingungen 

in HeLa und NudT2 Knockout Zelllysaten durchgeführt. Ungefähr ein Viertel der in 

HeLa und NudT2 knockout Zelllysaten gefundenen Proteine überschneidet sich mit 

den Proteinen die in HEK-293T Lysat gefunden wurden. Auch die 

semihydrolysierbaren Analoga wurden getestet, die Daten konnten jedoch auf Grund 

der geringen Unterschiede zwischen Kontrollexperiment und Probe nicht verwendet 

werden. Obwohl die gezeigten Daten vielversprechende neue Interaktionspartner für 

Ap4A aufgedeckt haben, wäre es sinnvoll eine kleine Bibliothek an Ap4A Analoga 

aufzubauen die die bereits gefundene Proteinliste komplementieren. Dabei wäre die 

C2-Position von besonderem Interesse, da diese schon in anderen Anwendungen von 

Enzymen gut akzeptiert wurde. Außerdem ist bis jetzt unklar, welchen Einfluss die 

Modifikationen der Phosphatkette auf die Interaktion mit Proteinen haben können, 

insbesondere das unnatürliche P-Stereozentrum der Thiophosphat-gruppe.  

Mit dem etablierten Photoaffinitätsmarkierungssystem könnten in Zukunft viele 

verschiedene Zelllinien und Bedingungen untersucht werden die Aufschluss auf die 

komplexe biologische Rolle von Ap4A geben können. Ein interessantes System 

könnten Mitomycin C gestresste Zellen sein, da unter diesen Bedingungen polyADP 

ribosyliertes Ap4A gefunden wurde. Darüber hinaus wäre es interessant in vivo 

Interaktionsstudien durchzuführen. In einem Vorversuch mit TAMRA-modifiziertem 

Ap4A konnte gezeigt werden, dass die Verbindung mit einem Transfektions-Protokoll, 

das in unserer Gruppe von Maike Lehner entwickelt wurde in HeLa Zellen eingebracht 

werden kann, dies ermöglicht in Zukunft auch in vivo 

Photoaffinitätsmarkierungsexperimente. 

Die GO-Analyse der gefundenen Proteine deutete darauf hin, dass diese an 

zahlreichen und sehr diversen biologischen Prozessen beteiligt sind, darunter RNA 
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Splicing Prozesse und die Immunantwort. Der Großteil der Proteine steht jedoch mit 

dem allgemeinen Metabolismus in Verbindung. Ungefähr ein Drittel aller identifizierter 

Proteine gehört zu den annotierten ATP-Bindern, was darauf schließen lässt, dass 

Ap4A nicht nur als Ersatz für ATP fungiert.  

Zur Validierung der Interaktionen und um diese in einen physiologischen Kontext zu 

bringen wurden verschiedene Methoden getestet. Zuerst wurden drei unterschiedliche 

Methoden angewendet um thermodynamische Bindungsparameter zu bestimmen, wie 

etwa der KD-Wert. Die ITC Messungen, die mit IMPDH2 und Ap4A durchgeführt 

wurden, waren sehr inkonsistent. Nur sehr kleine Temperaturunterschiede konnten 

gemessen werden, woraus keine thermodynamischen Parameter bestimmt werden 

konnten. Um diese Methode weiter zu optimieren könnten die Messungen unter 

anderen Bedingungen wiederholt werden, wie z.B. bei niedrigeren Temperaturen oder 

in andern Puffersystemen. Ein weiteres Problem bei der Messung von 

Bindungskonstanten für IMPDH2 könnte sein, dass dieses in der Gegenwart von Ap4A 

Multimere ausbildet, welche die Messungen beeinflussen können. Eine mögliche 

Methode diese Schwierigkeiten zu umgehen wurde von Buey et al. zur Unteruchung 

von Guanosine Derivaten entwickelt. Dabei wird nicht direkt die Bindung zu z.B. GTP 

bestimmt, sondern sein Einfluss auf die Bindung des natürlichen Substrates, IMP. 

Durch Titration von IMP zu IMPDH2 in der Gegenwart von GTP konnte ein 

inhibitorischer Effekt für GTP festgestellt werden. Dies könnte auch ein geeigneter 

Ansatz für die Untersuchung des Einflusses von Ap4A auf IMPDH2 sein.   

In der zweiten Methode wurden SPR Messungen mit DcpS und IMPDH2 auf einem 

BIAcore Instrument durchgeführt. Die Messungen mit, über ihren His-tag, 

immobilisierten Proteinen ergab nur geringfügige Massenunterschiede. Der 

umgekehrte Ansatz, wobei biotin-gelabeltes Ap4A auf dem Sensorchip immobilisiert 

wurde, stellte sich als besser geeignet heraus. So konnte ein KD-Wert im niedrigen µM 

Bereich ermittelt werden. Allerdings sollte dieser Wert mit Vorsicht behandelt werden, 

da keine vollständige Sättigung der Bindungskurve erreicht wurde. Für zukünftige 

Experimente wäre es von Vorteil weitere Kontrollexperimente durchzuführen. Dafür 

könnten Nukleotide die nicht mit IMPDH2 interagieren auf einer separaten Zelle 

immobilisiert werden, um den Unterschied zwischen Bindung und unspezifischer 

Interaktionen deutlicher zu machen.  

Die dritte Methode die zur Messung von Bindungskonstanten herangezogen wurde 

war Fluoreszenz-basierte MST. Der Vorteil dieser Methode ist ihre außerordentliche 
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Empfindlichkeit, selbst kleine Änderungen der Thermophorese können detektiert 

werden. Mit dieser Methode und dem TAMRA-modifizierten nhAp4A konnten KD-Werte 

für NudT2 und DcpS im unteren µM Bereich bestimmt werden. Im Falle von IMPDH2 

konnten keine klaren Ergebnisse erzielt werden, inhomogene Fluoreszenzsignale und 

Niederschlag in den Teströhrchen erschwerten die Messungen. Höchstwahrscheinlich 

können diese Probleme auf den verwendeten Puffer zurückgeführt werden. Sowohl 

der pH-Wert also auch die Ionenstärke und die verwendeten Detergenzien spielen eine 

entscheidende Rolle in der Bestimmung von KD-Werten. Daher wäre es ratsam in 

Zukunft vor den MST-Experimenten einen Puffertest durchzuführen. In Zukunft 

könnten MST-Experimente direkt im Zelllysat durchgeführt werden, um eine 

natürlichere Umgebung zu imitieren. Abgesehen von Bindungsaffinitäten wurden 

zusätzlich bekannte enzymatische Reaktionen in vitro nachgestellt um den Einfluss 

von Ap3A und Ap4A auf die jeweiligen Systeme zu untersuchen. Als erstes wurde die 

enzymatische Aktivität von DcpS untersucht. Dafür wurde unter Verwendung des 

Vaccinia Capping Systems radioaktivmarkierte, 5‘-5‘-gecappte mRNA hergestellt. Die 

Spaltung der Cap-Struktur wurde in der An- und Abwesenheit von ApnAs untersucht. 

Kein direkter regulatorischer Einfluss der Dinukleotide konnte festgestellt werden. Aus 

diesem Grund wurde auf ein einfacheres System zurückgegriffen, die Spaltung der 

natürlichen cap-Verbindung m7Gp3G. Diese Reaktion konnte über analytische HPLC 

verfolgt werden. Dabei konnte ein inhibitorischer Effekt von Ap4A und Ap3A auf die 

Spaltung des Substrates nachgewiesen werden. Außerdem konnte gezeigt werden, 

dass auch die beiden Adenosin Verbindungen von DcpS asymmetrisch gespalten 

werden können. Ob diese Interaktion eine Auswirkung auf den Abbau von mRNA cap-

Strukturen hat, muss in zukünftigen Projekten geklärt werden. Da auch der 

eukaryotische Initiationsfaktor 4E als potentieller Interaktionspartner gefunden wurde, 

der eine bedeutende Rolle in der cap-abhängigen Translation spielt, könnten weitere 

Experimente darauf aufbauen. In diesem Zusammenhang, sind auch die neusten 

Entwicklungen der mRNA Forschung von besonderem Interesse. Es konnte von 

unterschiedlichen Forschungsgruppen gezeigt werden, dass ApnAs in E. coli als 

Vorläufer für mRNA cap-Strukturen dienen können.  

Für UBA1 konnte in E6AP Auto-Ubiquitinierungsexperimenten gezeigt werden, dass 

Ap4A an Stelle von ATP verwendet werden kann, wenn auch mit geringerer Effizienz. 

Mit Ap3A alleine konnte Ub nicht aktiviert werden. Zusammengefasst konnten drei, der 

gefundenen Interaktionspartner in biochemischen Experimenten validiert werden.  
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Nichtsdestotrotz sind diese Experimente nur ein Anfang. Unter den identifizierten 

Proteinen gibt es noch viele weiter Proteine die weiter untersucht werden sollten. 

YWHAZ spielt z.B. eine zentrale Rolle in vielen Signaltransduktionswegen. Noch 

interessanter als die Untersuchung einzelner Proteine wäre jedoch die Aufklärung des 

Einflusses von Ap4A auf ganze Stoffwechselwege oder komplexere 

Regulationssysteme, wie z.B. die Organisation von Chromosomen oder der 

Stoffwechsel von Fettsäuren und Kohlenhydraten. Für die Quantifizierung von freien 

Fettsäuren und des gesamten Kohlenhydratgehalts in Zellen gibt es fertige kits z.B. 

von abcam. Mit Hilfe dieser Kits könnten die genannten Stoffwechselwege in HeLa und 

NudT2 Knockout Zelllinien getestet werden um herauszufinden, ob das 

unterschiedliche Ap4A Level einen Einfluss zeigt. Ähnliche Assay-kits gibt es auch für 

CKB und CS. Ebenso weitverbreitet sind Experimente an knockout Zelllinien oder 

inaktiven Mutanten der gefundenen Proteine.  

Abschließend lässt sich sagen, dass die vorgestellten Daten einen Grundstein für viele 

weiterführende Projekte legt, die sich mit der Rolle von Ap4A beschäftigen.  

 

6 Experimental Procedures  

6.1  Chemical Synthesis 

6.1.1 Reactions and chemicals 

The following reactions were carried out with chemicals purchased from Sigma Aldrich, Merck, 

VWR chemicals, TCI and abcr. The chemicals were used without further purification if not 

stated otherwise 

Some reactions were performed under nitrogen atmosphere, if the reactants were water or 

oxygen sensitive. In this instance, anhydrous solvents were used and solids were dried in 

vacuo. 

In reactions and for column chromatography only p.A., absolute or HPLC grade solvents were 

used. Technical solvents were distilled before use. For all chemical preparations desalted 

water was used and concerning biochemical experiments reagent-grade water from BioPak 

ultrapure water system (Sartorius, MQ-water). Microwave syntheses were conducted on a 

Monowave 300 system (Anton Paar). 
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6.1.2 Buffers for chemical experiments 

6.1.2.1 Triethylammonium bicarbonate (TEAB) buffer for RP columns 

Triethylamine (1.0 M) in MQ-water was adjusted to pH 7.0 – 8.0 by passing CO2 into 

the solution. The buffer was stored at 4 °C.  

6.1.2.2 Triethylammonium acetate (TEAA) buffer for RP columns  

Acetic acid (1.0 M) and triethylamine (1.0 M) were mixed with MQ-water. The pH was 

adjusted to 7.0. The buffer was stored at 4 °C. For HPLC 50 mM TEAA was used. 

6.1.2.3 Eluent A (25 mM Tris ∙  HCl, 5 % ACN) for DIONEX column  

Tris ∙  HCl (25 mL of 1.0 M stock, pH 8.0) and 50 mL of acetonitril was diluted with MQ- 

water to 1 L. 

6.1.2.4 Eluent B (25 mM Tris ∙  HCl, 0.5 M NaClO4, 5 % ACN) for DIONEX column 

Tris ∙  HCl (25 mL of 1.0 m stock, pH 8.0) and NaClO4 (100 mL of 5 m stock) and 50 

mL of acetonitril were diluted with MQ-water to 1 L. 

6.1.2.5 Storage buffer ( 0.8 M NH4Cl, 25 mM Tris ∙  HCl, 10 % ACN) for DIONEX 

column 

Tris ∙  HCl (25 mL of 1.0 M stock, pH 8.0) and NH4Cl (160 mL of 5 M stock) and 100 mL 

of acetonitrile were diluted with MQ-water to 1 L.  

6.1.2.6  Ammonium acetate buffer for hypercarb MS measurements  

10 mM NH4OAc, 0.1 % Diethylamine were dissolved in 1 L of MQ, pH was adjusted to 

10. The solvent was filtered and degassed before use.  

6.2  Purification Methods 

6.2.1.1 Silica gel column chromatography 

Column chromatography was solely used for purification. The substances were 

separated on silica gel (40 µm to 63 µm, Merck) or Alox, using a concentration gradient 

of different solvent sytems under pressure (0.3 bar).  
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6.2.1.2 Fast performance liquid chromatography (FPLC) 

This method was used to purify the synthesized 5’-phosphates (43 - 53). Herein an 

ÄKTA Purifier from GE Healthcare Life Sciences with a DEAE SephadexTM A-25 

column (GE Healthcare Life Sciences) was used. The runs were performed at 4 °C 

using a linear gradient (0.1 M–1.0 M) of triethylammonium bicarbonate (TEAB) buffer 

(preparations see 6.1.2). The peaks were recorded by an internal detector (λ = 215 nm, 

254 nm and 280 nm). The fractions containing the products were collected 

automatical, solvents and buffers were removed under reduced pressure.  

6.2.1.3 Reversed-phase high-pressure liquid chromatography (RP-HPLC)  

The technique of reversedphase HPLC was applied in order to purify the fractions from 

FPLC (see above) and to purify all dinucleoside polyphosphate analogues. This was 

realized on a system from Shimadzu SIL-10 AP. A VP 250/16 or 250/21 

NUCLEODUR® C18 HTec, 5 µm (Macherey-Nagel) column and a linear gradient 

(5 %→ 40 %) of acetonitril in triethylammonium acetate (TEAA) buffer (preparation see 

6.1.2) were used. Alternatively, a 250/16 NUCLEODUR® C18/pyramid column was 

used, with a linear gradient (0 %→ 40 %). The peaks were detected by UV light 

(λ = 260 nm) by a Prominence diode Array detector SPD-M20A and collected 

automatically. All compounds purified by RP-HPLC were obtained as their 

triethylammonium salts after repeated freeze-drying (Lyovac GT2 Instrument from 

Leybold-Heraeus). If mentioned, a dionex DNAPac®PA-100 (22 × 250 mm, prep scale) 

was used with the Eluent A and B (cf. 6.1.2.3, 6.1.2.4)as solvent system.  

6.2.1.4 Reversed-phase medium-pressure liquid chromatography (RP-MPLC) 

RP-MPLC was carried out on a “Gradient Flash System” (Büchi) applying “SVP D26 

SI60 15–40 μm 30 g” columns by Götec-Labortechnik and a flow rate of 10 mL/min. A 

linear gradient (5 %→ 40 %) of acetonitril in MQ-water was applied. 

6.2.2 Analytical Methods  

6.2.2.1 Thin layer chromatography (TLC)  

TLC was used to monitor the progress of reactions as well as to determine eluents for 

column chromatography (see below). Therefore, the substances were applied on silica 

gel 60 F254 aluminium sheets from Merck and detected by UV light (λ = 254 nm). If 

necessary, the compounds were stained with p-anisaldehyde (anisaldehyde (3.7 mL) 
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in ethanol (135 ml), glacial acetic acid (1.5 mL) and conc. sulfuric acid (5.0 mL)) or 

cerium molybdate (Ammonium heptamolybdat (12.36 g), Cer(IV)-sulfate (0.21 g), conc. 

Sulfuric acid (14 mL) dissolved in water (250 mL)).  

6.2.2.2 Analytical HPLC 

Analytical HPLC runs were performed on a Shimadzu Prominence system, in order to 

monitor progress of reaction, to analyze cleavage products (cf. 6.3.2.6 and 6.3.6.2) or 

to analyze stability in cell lysate. Therefore, different column systems (Pyramide 

column and RP18-HTec, ionexchange column (DIONEX, 100, 9 x 250 mm, semiprep) 

were used.  

6.2.2.3 Mass spectrometry  

High resolution HR-ESI-MS were recorded on Bruker micrOTOF II, and for ESI-MS 

amaZon SL from Bruker was used with an external Na format calibrant. The UV signals 

were detected by agilent 1100 series. 

For validation of cleavage product of DcpS the hypercarb column using ammonium 

acetate buffer system was used.  

6.2.2.4 NMR spectroscopy 

The spectra were generated by a Bruker Avance 400/600 and 800 spectrometer. All 

measurements were performed at room temperature. Chemical shifts are reported 

relative to solvent signals. First-order analysis was applied for signal assignment, 

supported by two dimensional 1H,1H correlation spectroscopy (COSY), two 

dimensional 1H,13C correlation spectroscopy (HSQC) and two dimensional 

heteronuclear multiple bond correlation spectroscopy (HMBC), when feasible. 

For NMR tracing experiments, each 5–10 min a spectrum was recorded.  

6.2.2.5 Nanodrop for yield quantification 

The yields of the 5’-phosphate syntheses were determined by means of their 

absorbance. The samples were dissolved in a defined volume of water. The 

absorbance was measured on a Nanodrop ND-1000 spectrometer from PeqLab.  

The concentration was calculated according to the Lambert-Beer law 

𝐴 = 𝜀λ ∙ 𝑐 ∙ 𝑑  (1) 
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with 𝐴 as absorbance, ελ as extinction coefficient of the sample at a defined wavelength 

in M−1 ∙ cm−1, 𝑐 as the concentration in mol/L and 𝑑 as the length of the solution the light 

passes through in cm.  

The following extinction coefficients were used:  

ε260 nm= 15,400 M-1 ∙ cm-1 for 43, 47 - 52[371] 

ε267 nm= 13,100 M -1 ∙ cm-1 for 44 – 46 and 53 

ε260 nm= 27,100 M -1 ∙ cm-1 for nhAp4A, shAp4A and Ap4A with natural P-chain[372, 373] 

ε260 nm= 33,100 M -1 ∙ cm-1 for nhAp4A and shAp4A modified with BP[374] 

ε555 nm= 89,000 M-1 ∙ cm-1 for. 101 and 109 (UV-Vis) 

6.2.3 Synthesis of spacers, functional groups and reagents 

6.2.3.1 1-Azido-6-bromo-hexane  

 

1,6-dibromohexane (9.40 g, 38.5 mmol, 2.5 eq) was suspended in DMF (20 mL) and 

sodium azide (1.00 g, 15.4 mmol, 1.0 eq) was added. The suspension was stirred for 

96 h at room temperature. Water (100 mL) was added and the mixture was extracted 

with diethyl ether. The combined organic phases were washed with brine and dried 

over MgSO4. The solvents were evaporated and a clear oil was obtained. The product 

was purified by column chromatography (Hexane → Hexane/DEE 97:3) and 2.38 g of 

the product were obtained (11.57 mmol, 75% yield). 

1H NMR (400 MHz, CDCl3): δ [ppm] = 3.41 (t, J = 6.8 Hz, 2H, Br-CH2), 3.28 (t, J = 6.8 Hz, 2H, 
N3-CH2), 1.87 (p, 2H, J = 7.2 Hz, Br-CH2-CH2) 1.62 (p, 2H, J = 7.0 Hz N3-CH2-CH2), 
1.53 – 1.36 (m, 4H, 2 × CH2).  

6.2.3.2 5-Trifluoracetamido-1-pentyne (35) 

 

Sodium hydride (60 % in mineral oil, 4.31 g, 0.107 mol, 1.1 eq) was dissolved in DMF 

(200 mL). Trifluoracetamide (13.8 g, 0.122 mol, 1.3 eq) was added in small portions. 

Afterwards, NaI (14.6 g, 0.098 mol, 1.0 eq) was added. 5-Chloropent-1-yne (10.0 g, 

0.098 mol, 1.0 eq) was dissolved in DMF (15 mL) and added to the mixture. The 

reaction was stirred at room temperature for 4 h and then heated to 60 °C for another 
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23 h. An aqueous solution of KH2PO4 (0.8 M, 400 mL) was added to quench the 

reaction. The product was extracted with diethylether (3 × 100 mL). The combined 

organic layers were dried over MgSO4 and the solvents were removed under reduced 

pressure. The crude product was purified by silica gel flash column chromatography 

(PE → PE/ ethyl acetate, 10:1→ PE/ ethyl acetate, 5:1). The product was obtained as 

colorless oil (7.6 g, 0.042 mol, 43 %). 

1H NMR (400 MHz, CDCl3): δ [ppm] = 6.70 (bs, 1H, NH), 3.52 (q, J = 6.5 Hz, 2H, H-5), 2.30 (td, 
J = 6.7, 2.8 Hz, 2H, H-2), 2.03 (t, J = 2.8 Hz, 1H, H-1), 1.83 (p, J = 6.7 Hz, 2H, H-4). 
19F NMR (376 MHz, CDCl3): δ [ppm] = −76.08 (3F, CF3). 

6.2.3.3 5-Tetrachlorophthalimide-1-pentyne (94)[243] 

 

Pentynol (93, 0.04 g, 0.48 mmol, 1.0 eq), tetrachlorophthalimide (0.18 g, 0.62 mmol, 

1.3 eq) and PPh3 (0.16 g, 0.62 mmol, 1.3 eq) were mixed in dry THF (3.0 mL) to give 

a final concentration of approx. 0.1 M, a white slurry was obtained. After addition of 

diethyl azodicarboxylate (0.11 g, 0.62 mmol, 1.3 eq) a clear, yellow solution was 

obtained. The reaction as stirred overnight. The solvents were remove in vacuo. The 

crude product was dissolved in DCM and washed with water and then purified by silica 

gel flash column chromatography (Hexane → Hexane/ethyl acetate, 20:1). The product 

was obtained in 89 % yield (0.15 g, 0.43 mmol).  

1H NMR (400 MHz, CDCl3): δ [ppm] = 3.83 (t, J = 7.1 Hz, 2H, H-5), 2.28 (td, J = 6.9, 2.6 Hz, 
2H, H-3), 2.03 – 1.76 (m, 3H, H-4, H-1). 
13C NMR (101 MHz, CDCl3): δ [ppm] = 163.6 (C-7, C-10), 140.1 (C-12, C-13), 129.7 (C-8, C-9), 
127.6 (C-11, C-14), 82.7 (C-2), 69.3 (C-1), 38.0 (C-5), 26.8 (C-4), 16.3 (C-3). 

6.2.3.4 General method for NHS ester formation  

The free acid (1.0 eq) and N-hydroxysuccinimid (1.2 eq) were dissolved in dry DMF 

(6 mL). EDC·HCl (1.2 eq) was added to the solution and stirred at room temperature 

overnight. DMF was removed under reduced pressure and the residue was dissolved 

in DCM. The solution was washed with water (3 × 5 mL) and saturated NaCl solution 

(3 × 5 mL). The organic layer was dried over MgSO4 and the solvents were removed 

under reduced pressure.  
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DTB-NHS (12) 

 

5-Methyl-2-oxo-4-imidazolidinehexanoic acid (0.20 g, 0.93 mmol, 1.0 eq) was reacted 

with N-hydroxysuccinimid (0.13 g, 1.12 mmol, 1.2 eq) and EDC·HCl (0.22 g, 

1.12 mmol, 1.2 eq) in dry DMF (6 mL) according to the general procedure. The product 

was obtained as white solid (0.25 g, 0.81 mmol, 86 %). 

1H NMR (400 MHz, MeOD-d4): δ [ppm] = 3.87 (dq, J = 8.0, 6.4 Hz, 1H, H-9), 3.80 – 3.72 (m, 
1H, H-7), 2.88 (s, 4H, 4 × H-12), 2.69 (t, J = 7.2 Hz, 2H, 2 × H-2), 1.81 (p, J = 7.2 Hz, 2H, 
2 × H-3), 1.54 (tdd, J = 13.0, 10.8, 7.4 Hz, 5H, 2 × H-4, 2 × H-5, 1 × H-6), 1.43 – 1.28 (m, 1H, 
1 × H-6), 1.16 (d, J = 6.4 Hz, 3H, CH3). 
13C NMR (101 MHz, MeOD): δ [ppm] = 170.5 (2 × C-11), 168.9 (C-1), 164.8 (C-8), 55.9 (C-7), 
51.3 (C-9), 30.1 (C-2), 29.3 (C-5), 28.3 (C-4), 25.5 (C-3), 25.1 (C-12), 24.2 (C-6), 14.2(CH3). 
 

BP-NHS (13) 

 

4-Benzoylbenzoic acid (1.00 g, 4.40 mmol, 1.0 eq), NHS (0.61 g, 5.30 mmol, 1.2 eq) 

and EDC·HCl (0.96 g, 5.30 mmol, 1.2 eq) were reacted in dry DCM (20 mL). The 

product was obtained by washing the organic layer with brine (1 × 10 mL) and water 

(2 × 10 mL) in 84 % yield (1.20 g, 3.72 mmol).  

1H NMR (400 MHz, CDCl3-d): δ [ppm] = 8.32 – 8.02 (m, 2H, H-1, H-2), 7.91 – 7.71 (m, 4H, 
H-3, H-4, H-5, H-9), 7.68 – 7.53 (m, 1H, H-7), 7.53 – 7.43 (m, 2H, H-6, H-8), 3.48 (s, 4H, 
2 × NHS-CH2). 
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Biotin-NHS (14)[202] 

 

Biotin (1.00 g, 4.10 mmol, 1.0 eq) was reacted with N-hydroxysuccinimid (0.57 g, 

4.92 mmol, 1.2 eq) and EDC·HCl (0.95 mg, 4.92 mmol, 1.2 eq) in dry DMF (30 mL) 

according to the general procedure. The product was obtained as white solid (1.20 g, 

3.50 mmol, 88 %). 

1H NMR (400 MHz, DMSO-d6): δ [ppm] = 6.39 (s, 1H, NH), 6.33 (s, 1H, NH), 4.31 (ddt, J = 7.6, 
5.1, 1.1 Hz, 1H, H-9), 4.15 (ddd, J = 7.7, 4.4, 1.8 Hz, 1H, H-7), 3.11 (ddd, J = 8.1, 6.4, 4.3 Hz, 
1H, H-6), 2.81 (s, 4H, 2 × NHS-CH2), 2.67 (t, J = 7.4 Hz, 2H, H-2), 2.50 (p, J = 1.9 Hz, 4H, 
2 × CH2), 1.70 – 1.58 (m, 2H, H-10), 1.47 (dddd, J = 32.6, 11.3, 8.2, 5.6 Hz, 2H, CH2). 
 

BP-linker-NHS 

 

The free acid of the trifunctional linker (9.00 mg, 0.01 mmol, 1.0 eq), kindly provided 

by Christoph Albrecht, NHS (3.08 mg, 0.03 mmol, 2.2 eq) and EDC·HCl (5.58 mg, 

0.03 mmol, 2.4 eq) were reacted in DMF (1.0 mL). After 6 h the reaction was quenched 

with β-mercaptoethanol (0.6 µL), evaporated and directly used in coupling reactions.  
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DA-liner-NHS 

 

The free acid of the trifunctional linker (20.00 mg, 0.03 mmol, 1.0 eq), kindly provided 

by Christoph Albrecht, NHS (7.6 mg, 0.07 mmol, 2.2 eq) and EDC·HCl (6.35 mg, 

0.03 mmol, 1.1 eq) were reacted in DMF (0.5 mL). After 6 h the reaction was quenched 

with β-mercaptoethanol (1.3 µL), evaporated and directly used in coupling reactions.  

 

TAMRA-NHS 

 

The free dye (6.40 mg, 0.02 mmol, 1.0 eq) and N,N-disuccinimidyl carbonate (7.69 mg, 

0.04 mmol, 3.0 eq) were dissolved in DMF(1.0 mL). DMAP (4.03 mg, 0.03 mmol, 

2.2 eq) dissolved in THF (1.0 mL) was added to the mixture and stirred at room 

temperature for 2 h. The solvent was removed under reduced pressure and the crude 

product was directly used for the ensuing coupling reactions. 
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Diazirine (19) 

 

NH3 (approx. 20 mL) was condensed at −78 °C into a flask containing 4-hydroxy-2-

butanone (2.50 g, 1.61 mL, 28.40 mmol, 1.0 eq). The reaction mixture was stirred for 

5 h until hydroxylamine-O-sulfonic acid (3.52 g, 31.2 mmol, 1.1 eq) dissolved in 

methanol (25 mL) was added to the mixture. The reaction was allowed to warm to room 

temperature and was stirred overnight. The precipitate was filtrated and the filtrate was 

concentrated to 25 mL. Methanol (25 mL) and Et3N (3.75 mL) were added to the 

solution and the mixture was cooled to 0 °C. After addition of iodine (4.0 g) the reaction 

mixture was allowed to heat to room temperature and was stirred for 2 h. The mixture 

was concentrated to about 25 mL and diluted with brine (50 mL). The mixture was 

extracted with ether (3 × 20 mL) and the combined organic phases were quenched 

with sodium thiosulfate. After extraction the organic phase was dried over MgSO4. 

Evaporation in vacuo yielded compound 19 as brown oil (1.1 g, 10.9 mmol, 38 %). 

1H NMR (400 MHz, CDCl3-d): δ [ppm] = 3.54 (t, J = 6.3 Hz, 2H, H-4), 1.64 (td, J = 6.3, 0.7 Hz, 
2H, H-3), 1.07 (s, 3H, CH3). 
13C NMR (101 MHz, CDCl3): δ [ppm] = 58.3 (C-4), 37.5 (C-3), 24.7 (C-2), 20.74 (C-1). 

 

Diazirine succinimidyl carbonate (20) 

 

19 (1.09 g, 10.88 mmol, 1.0 eq) was dried in vacuo and dissolved in dry acetonitrile 

(25 mL). N,N‘-disuccinimidyl-carbonate (4.18 g, 16.32 mmol, 4.0 eq) and Et3N (5.3 mL) 

were added. The mixture was protected from light and stirred at room temperature 

overnight. The solvents were evaporated and the crude product was dissolved in DCM 

(20 mL). The organic layer was washed with water (3 × 20 mL), brine (1 × 20 mL) and 

dried over MgSO4. The solvent was evaporated and obtained as a brown solid. (1.41 g, 

5.85 mmol, 54 %). 
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1H NMR (400 MHz, CDCl3-d): δ [ppm] = 4.28 (t, J = 6.5 Hz, 2H, H-4), 2.85 (d, J = 2.7 Hz, 4H, 
2 × H-5), 1.77 (t, J = 6.5 Hz, 2H), 1.10 (s, 3H, CH3). 

6.2.3.5 Phosphordiamidite (iPr2N)2P(OFm) (55)[123] 

 

9-Fluorenylmethanol (2.01 g, 10.2 mmol, 1.0 eq) was dried for 1 h under high vacuum 

and dissolved in Et2O and THF (30 mL, 5:1). Triethylamine (1.02 g, 1.39 mL, 

10.2 mmol, 1.0 eq) was added and the mixture was cooled to 0 °C. 

Bis(diisopropylamino)-chlorophosphine (2.73 g, 10.2 mmol, 1.0 eq) was added and the 

reaction was stirred at 0 °C for 2 h. The formed precipitate was filtered off, the filtrate 

was diluted with pentane (20 mL) and washed with brine (1 × 20 mL) and H2O 

(2 × 30 mL), dried over MgSO4 and the solvents were evaporated. The crude product 

was purified by filtration over neutral Al2O3 (Pentane/Et2O, 2:1). 55 was obtained as a 

white solid (1.96 g, 4.59 mmol, 45 %).  

1H NMR (400 MHz, CDCl3-d): δ [ppm] = 7.75 (d, J = 7.4 Hz, 2H, H-4, H-5), 7.69 (d, J = 7.4 Hz, 
2H, H-1, H-8), 7.38 (t, J = 7.3 Hz, 2H, H-3, H-6), 7.29 (td, J = 7.4, 1.4 Hz, 2H, H-2, H-7), 4.20 
(t, J = 6.8 Hz, 1H, H-9), 3.90 (td, J = 6.8, 1.5 Hz, 2H, CH2), 3.54 (dddd, J = 15.0, 11.2, 6.9, 
1.4 Hz, 4H, 4 × CH-(CH3)2), 1.16 (ddd, J = 11.2, 6.8, 1.5 Hz, 24H, 8× CH3 ). 
31P NMR (162 MHz, CDCl3): δ [ppm] = 121.84 (s, 1P). 
13C NMR (101 MHz, CDCl3): δ [ppm] = 145.3 (C-8a/b), 141.3 (C-4a/b), 127.2 (C-3, C-6), 126.7 

(C-2, C-7), 125.2 (C-1, C-8), 119.7 (C-4, C-5), 67.0 (CH2), 49.76 (C-9), 44.5 (2 × CH-(CH3)2), 

44.4 (2 × CH-(CH3)2), 24.6 (2 ×CH-(CH3)2), 24.6 (2 ×CH-(CH3)2), 24.5 (2 ×CH-(CH3)2), 23.93 
(2 ×CH-(CH3)2), 23.87 (2 ×CH-(CH3)2). 

6.2.3.6 benzenesulfonylimidazolium triflate 

 

Imidazole (2.32 g, 33.98 mmol, 3.0 eq) was suspended in dry DCM (40.0 mL), and 

cooled to 0°C. Benzenesulfonyl chloride (2.00 g, 11.33 mmol, 1.0 eq) was added 

dropwise over 15 min. The mixture was stirred for 5 h. The precipitate was filtered off 



6 Experimental Procedures 

158 
 

and the filtrate was washed with brine and water. The organic layer was dried over 

MgSO4 and evaporated under reduced pressure. The intermediate was obtained as 

white crystals.  

In the second step the crystals (2.00 g, 9.60 mmol, 1.0 eq) were dissolved in dry 

diethylether (100.0 mL). Methyl triflate (1.64 g,1.17 mL 9.99 mmol, 1.1 eq) was added 

dropwise. The mixture was stirred for 3 h at room temperature. The solvent was 

removed under reduced pressure and the white solid was dried in vacuo, checked by 

NMR and used immediately.  

6.2.4 Synthesis of nucleoside building blocks 

6.2.4.1 O2’-(6-azidohexyl)-adenosine (17)[212] 

 

Adenosine (21, 0.50 g, 1.87 mmol, 1.0 eq) was dissolved in hot DMF (20 mL) and 

cooled to room temperature. NaH (60 % in mineral oil, 0.10 g, 2.43 mmol, 1.3 eq) was 

added and the mixture was stirred for 2 h. 6-azido-1-bromohexane (0.58 g, 2.81 mmol, 

1.5 eq) was dissolved in dry DMF (5.0 mL) and added to the reaction mixture. After 

stirring over night the solvents were evaporated and the crude product was purified by 

flash column chromatography (DCM → DCM/MeOH 95:5) to yield a white solid (0.38 g, 

0.969 mmol, 52 %). 

1H NMR (400 MHz, DMSO-d6): δ [ppm] = 8.38 (s, 1H, H-8), 8.14 (s, 1H, H-2), 7.33 (s, 2H, NH2), 
5.98 (d, J = 6.4 Hz, 1H, H-1‘), 5.40 (dd, J = 7.0, 4.6 Hz, 1H, 5‘-OH), 5.14 (d, J = 5.1 Hz, 1H, 
3‘-OH), 4.48 (dd, J = 6.4, 4.8 Hz, 1H, H-2‘), 4.29 (td, J = 5.0, 2.9 Hz, 1H, H-3‘), 3.99 (q, 
J = 3.5 Hz, 1H, H-4‘), 3.68 (dt, J =  12.1, 4.3 Hz, 1H, H-5‘a), 3.60 – 3.51 (m, 2H, H-5’b, O-CH2a), 
3.38 – 3.32 (m, 1H, O-CH2b), 3.23 (d, J = 5.7 Hz, 2H, N3-CH2), 1.40 (p, J = 6.9 Hz, 4H, 
O-CH2-CH2, N3-CH2-CH2), 1.16 (dt, J = 7.6, 5.0 Hz, 4H,   N3-CH2-CH2-CH2, O-CH2-CH2-CH2 ). 
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6.2.4.2 O2’-(6- Trifluoroacetamidohexyl)-adenosine  

 

22 (0.15 g, 0.38 mmol, 1.0 eq) and PPh3 (0.20 g, 0.77 mmol, 2.0 eq) were dissolved in 

a mixture of THF (10.0 mL) and water (2.5 mL). The solution was stirred at room 

temperature for 12 h. The solvents were remove in vacuo and the residue was 

repeatedly evaporated with methanol (3 × 5 mL) and then dissolved in dry methanol 

(12 mL). Ethyl trifluoroacetate (0.08 g, 0.06 mL, 0.54 mmol, 1.4 eq) and triethyl amine 

(0.05 g, 0.06 mL, 0.46 mmol, 1.2 eq) were added and the reaction was stirred 

overnight. Solvents were evaporated under reduced pressure and the crude mixture 

was purified by silica gel flash column chromatography (DCM → DCM/MeOH 93:7). 

The product was obtained as a white foam (0.15 mg, 0.32 mmol, 85 %).  

1H NMR (400 MHz, DMSO-d6): δ [ppm] = 8.38 (d, J = 13.6 Hz, 1H, H-8), 8.15 (d, J = 2.8 Hz, 
1H, H-2), 7.33 (s, 2H, NH2), 6.00 (d, J = 6.3 Hz, 1H, H-1‘), 5.41 (dt, J = 7.7, 3.8 Hz, 1H, 5‘OH), 
5.15 (d, J = 5.1 Hz, 1H, 3‘OH), 4.53 – 4.43 (m, 1H, H-2‘), 4.32 (d, J = 5.2 Hz, 1H, H-3‘), 4.00 
(q, J = 3.5 Hz, 1H, H-4‘), 3.69 (dt, J = 12.2, 4.2 Hz, 1H, H-5‘a), 3.64 – 3.56 (m, 1H, H-5’b, 
O-CH2a), 3.25 – 3.18 (m, 1H, O-CH2b), 3.12 (q, J = 6.7 Hz, 2H, NHTFA-CH2), 1.46 – 1.32 (m, 
4H, O-CH2-CH2, NHTFA-CH2-CH2), 1.23 – 1.08 (m, 4H, NHTFA-CH2-CH2-CH2, 
O-CH2-CH2-CH2). 
19F NMR (376 DMSO-d6): δ [ppm] = −75.86 (3F, CF3). 

6.2.4.3 6-Chloro-adenosine 

 

Inosine (1.00 g, 3.73 mmol, 1.0 eq) was suspended in pyridine and cooled to 0 °C. 

Acetic anhydride (6.66 g, 6.16 mL, 31.71 mmol, 8.5 eq) was added. The milky 

suspension was stirred for 16 h at room temperature to give a clear solution. The 

solvent was evaporated under reduced pressure, the resulting white solid was 

suspended in water, filtrated and dried in vacuo. The acetylated intermediate was 

dissolved in dry DCM (12 mL) and DMF (0.5 mL) and heated to 50 °C for 30 min. 
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Thionyl chloride (0.92 g, 0.56 mL, 7.77 mmol, 2.1 eq) in DCM (5 mL) was added 

dropwise over 20 min and the reaction was refluxed overnight. The mixture was 

extracted with saturated NaHCO3 solution (20 mL), and the aqueous layer was 

rextracted with DCM (2 × 30 mL). The combined organic layers were dried over 

MgSO4 and evaporated to dryness. The yellow oil was dissolved in methanol (50 mL) 

and cooled to 0 °C. Aqueous ammonium hydroxide solution (25 %, 7.5 mL) was added 

and the mixture was stirred at room temperature for 5 h. Diethylether (6 mL) was added 

The reaction progress was monitored via TLC (DCM/MeOH, 6:1). The resulting 

precipitate was collected by filtration to afford compound 25 as white solid (0.57 g, 1.97 

mmol, 53 %). 

1H NMR (400 MHz, DMSO-d6): δ [ppm] = 8.98 (s, 1H, H-8), 8.85 (s, 1H, H-2), 6.08 (d, 
J = 5.2 Hz, 1H, H-1’), 5.57 (d, J = 5.8 Hz, 1H, 2’-OH), 5.26 (d, J = 5.2 Hz, 1H, 3’-OH), 5.10 (t, 
J = 5.5 Hz, 1H, 5’-OH), 4.63 (q, J = 5.3 Hz, 1H, H-2’), 4.23 (q, J = 4.8 Hz, 1H, H-3’), 4.03 (q, 
J = 3.9 Hz, 1H, H-4’), 3.80 – 3.55 (m, 2H, H-5’a/b). 
13C NMR (101 MHz, DMSO): δ [ppm] = 152.3 (C-2), 152.1 (C-4), 149.8 (C-6), 146.3 (C-8), 
131.9 (C-5), 88.7 (C-1’), 86.2 (C-4’), 74.5 (C-2’), 70.6 (C3’), 61.5 (C-5’). 

6.2.4.4 N6-(6-Trifluoroacetamidohexyl)-adenosine (27) 

 

25 (500 mg, 1.74 mmol, 1.0 eq) was suspended in ethanol (20 mL), 

1,6-diaminohexane (1.46 g, 12.6 mmol, 7.2 eq) and triethylamine (178 mg, 240 µL, 

1.74 mmol, 1.0 eq) were added. The mixture was refluxed for 3 h. The reaction mixture 

was cooled to room temperature and stirred for 12 min to complete precipitation. The 

product was obtained as white solid by filtration (560 mg, 1.53 mmol, 88 %). The 

intermediate 11 (1.09 g, 0.003 mol, 1.0 eq) was suspended in methanol (24 mL). 

Triethylamine (404 mg, 280 µL, 0.004 mol, 1.3 eq) and trifluoroacetat (650 mg, 540 µL, 

0.007 mol, 1.5 eq) were added. The mixture was stirred at room temperature for 20 h. 

The product was collected by filtration and washed with MeOH (640 mg, 1.40 mmol, 

47 %).  

1H NMR (600 MHz, DMSO-d6): δ [ppm] = 9.39 (t, J = 5.7 Hz, 1H, NHTFA), 8.33 (d, J = 2.7 Hz, 
1H, H-8), 8.20 (s, 1H, H-2), 7.89 (s, 1H, C6-NH), 5.87 (d, J = 6.2 Hz, 1H, H-1‘), 5.42 (d, J = 6.2 
Hz, 2H, 2‘-OH, 5‘-OH), 5.18 (d, J = 4.4 Hz, 1H, 3‘-OH), 4.61 (q, J = 5.8 Hz, 1H, H-2‘), 4.14 (td, 
J = 4.7, 3.0 Hz, 1H, H-3‘), 3.96 (q, J = 3.4 Hz, 1H, H-4‘), 3.67 (dt, J = 12.1, 4.1 Hz, 1H, H-5‘a), 
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3.55 (td, J = 7.7, 3.7 Hz, 1H, H5‘b), 3.49 – 3.42 (m, 2H, C6-NH-CH2), 3.16 (q, J = 6.7 Hz, 2H, 
NHTFA-CH2), 1.58 (p, J = 7.0 Hz, 2H, C6-NH-CH2-CH2), 1.47 (p, J = 7.2 Hz, 2H, NHTFA-CH2-
CH2), 1.37 – 1.22 (m, 4H, 2 × CH2 linker). 
13C NMR (151 MHz, DMSO-d6): δ [ppm] = 156.1 (q, J = 35.8 Hz, C(O)-CF3), 154.6 (C-6), 152.3 
(C-2), 148.1 (C-4), 139.6 (C-8), 119.7 (C-5), 114.9 (CF3), 87.9 (C-1‘), 85.8 (C-4‘), 73.4 (C-2‘), 
70.6 (C-3‘), 61.6 (C-5‘), 39.1 (below solvent peak, C6-NH-CH2), 38.6 (below solvent peak, 
NHTFA-CH2), 28.9, 28.1 (C6-NH-CH2-CH2, NHTFA-CH2-CH2), 25.9 (C6-NH-CH2-CH2-CH2, 
NHTFA-CH2-CH2-CH2). 
19F NMR (376 MHz, DMSO): δ [ppm] = −74.37 (3F, CF3). 

6.2.4.5 2‘-3‘-5‘-triacetylguanosine (29)[215] 

 

Guanosine (5.00 g, 17.67 mmol, 1.0 eq) and 4-(dimethylamino)-pyridine (0.16 g, 

1.31 mmol, 0.07 eq) were dissolved in acetonitrile (200 mL). Triethylamine (7.19 g, 

9.85 mL, 71.04 mmol, 4.0 eq) and acetic anhydride (6.49 g, 6.01 mL, 63.61 mmol, 

3.6 eq) were added. After stirring at room temperature for 45 min, methanol (3.0 mL) 

was added and the mixture was stirred for additional 10 min. The solvents were 

removed under reduced pressure and the residue was crystallized from isopropanol, 

the product was collected by filtration and used without further purification. 

6.2.4.6 2‘-3‘-5‘-triacetyl-6-chloro-guanosine (30) 

 

29 (6.00 g, 14.66 mmol, 1.0 eq) and tetraethyl ammonium chloride (4.87 g, 29.32 mmol, 

2.0 eq) were dried in vacuo overnight. The two solids were dissolved in dry acetonitrile 

(40 mL). N,N-Dimethylaniline (1.79 g, 1.87 mL, 14.66 mmol, 1.0 eq) and POCl3 

(13.28 g, 7.90 mL, 86.50 mmol, 5.9 eq) were added and the mixture was stirred under 

reflux for 10 min. The reaction was quenched with ice and neutralized with saturated 

NaHCO3(aq) solution. The mixture was extracted with DCM (100 mL). The organic 
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layer was washed with water (3 × 150 mL) and saturated NaHCO3(aq) solution 

(2 × 50 mL) and dried over MgSO4. The solvent was removed under reduced pressure. 

The crude product was recrystallized from Methanol. The pure product was obtained 

as yellowish solid (4.23 g, 9.91 mmol, 68 %).  

1H NMR (400 MHz, DMSO-d6): δ [ppm] = 8.29 (s, 1H, H-8), 6.95 (s, 2H, NH2), 6.10 (d, J = 5.5 
Hz, 1H, H-1’), 5.91 (t, J = 5.7 Hz, 1H, H-2’), 5.58 (dd, J = 6.0, 4.5 Hz, 1H, H-3’), 4.50 – 4.05 
(m, 3H, H-4, H-5’a/b), 2.04 (s, 3H, OCH3), 1.95 (s, 3H, OCH3), 1.94 (s, 3H, OCH3). 

6.2.4.7 2‘-3‘-5‘-triacetyl-2-iodo-6-chloro-guanosine (31)  

 

30 (12.68 g, 29.69 mmol, 1.0 eq) was dissolved in dry THF (100 mL). Iodine (7.54 g, 

29.69 mmol, 1.0 eq), diiodomethane (79.55 g, 23.92 mL, 279 mmol, 10.0 eq), copper 

iodide (6.22 g, 32.67 mmol, 1.1 eq), and isopentyl nitrite (10.44 g, 12.00 mL, 

89.10 mmol, 3.0 eq) were added under nitrogen. The mixture was stirred under reflux 

for 90 min, cooled to rt and quenched by the addition of Na2S2O3- solution (10 % aq). 

The mixture was then extracted with DCM (3 x 100 mL). The combined organic layers 

were dried over MgSO4. The solvents were removed and the crude product was 

purified by silica flash column chromatography (DCM → DCM/MeOH, 100:1). The 

product was recrystallized from isopropanol to obtain a yellowish solid (10.38 g, 

19.29 mmol, 65 %). 

6.2.4.8 2-iodo adenosine (32) 

 

31 (10.38 g, 19.29 mmol, 1.0 eq) was suspended in Ethanol (200 mL) and cooled to 

0 °C. ammonia was bubbled through the reaction until the starting material was 

completely dissolved (3 h). The reaction was allowed to warm to room temperature 
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and stirred for 48 h. The solvents were removed. The crude mixture was recrystallized 

from isopropanol (2.29 g, 5.83 mmol, 30 %). 

1H NMR (600 MHz, DMSO-d6): δ [ppm] = 8.31 (d, J = 1.2 Hz, 1H, H-8), 7.74 (s, 2H, NH2), 5.82 
(dd, J = 6.2, 1.4 Hz, 1H, H-1’), 5.46 (dd, J = 6.3, 1.9 Hz, 1H, 2’-OH), 5.21 (dd, J = 5.0, 1.8 Hz, 
1H, 3’-OH), 5.10 – 4.93 (m, 1H, 5’-OH), 4.65 – 4.41 (m, 1H, H-2’), 4.20 – 4.04 (m, 1H, H-3’), 
3.95 (q, J = 3.5 Hz, 1H, H-4’), 3.61 (ddt, J = 58.2, 12.1, 3.4 Hz, 2H, H-5’a/b). 

6.2.4.9 C2-(6-Trifluoroacetamidohexyl)-adenosine 

 

2-Iodoadenosine (32, 100 mg, 254 µmol, 1.0 eq) was suspended in ethanol (3 mL) in 

a 5 mL microwave tube. DBU (57.9 mg, 56.8 µL, 381 µmol, 1.5 eq) and hexamethylene 

diamine (44.3 mg, 381 µmol, 1.5 eq) were added. The tube was heated for 45 min in 

the microwave using dynamic power mode (parameters: Pmax = 10 W and 

Tmax = 45 ± 1 °C). The brown reaction mixture was cooled to 0 °C and ethyl 

trifluoroacetate (216 mg, 182 µL, 1.52 mmol, 6.0 eq) was added. The reaction was 

stirred overnight at room temperature. The solvents were removed under reduced 

pressure and the crude product was purified by MPLC. The product was obtained as 

white powder after freeze drying in 27 % yield (30.1 mg, 63.5 µmol) over two steps. 

1H NMR (400 MHz, MeOD-d4): δ [ppm] = 7.89 (s, 1H, H-8), 5.83 (d, J = 6.3 Hz, 1H, H-1‘), 4.79 
(t, J = 5.8 Hz, 1H, H-2‘), 4.39 – 4.28 (m, 1H, H-3‘), 4.13 (d, J = 3.1 Hz, 1H, H-4‘), 3.81 (ddd, 
J = 49.7, 12.3, 3.1 Hz, 2H, H-5’a/b), 3.36 (t, J = 7.4 Hz, 2H, 1 × CH2 linker), 3.30 – 3.26 (m, 4H, 
2 × CH2 linker), 1.68 –1.56 (m, 2H, 2 × CH2 linker), 1.42 (s, 4H, 2 × CH2 linker). 
19F NMR (376 MHz, MeOD-d4): δ [ppm] = −77.41 (s, 1F, TFA). 

6.2.4.10 2‐(5‐Trifluoroacetamido‐pent‐1‐yn‐1‐yl)‐adenosine 

 
2-Iodo-adenosine (32, 0.82 g, 1.90 mmol, 1.0 eq) was dissolved in dry DMF (6.0 mL) 

and the mixture was degassed three times. Pd(PPh3)4 (0.22 mg, 0.19 mmol, 0.1 eq), 

trifluoro pentinyl acetamide (0.41 mg, 2.28 mmol, 1.2 eq), triethyl amine (0.42 mg, 
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0.58 mL, 4.19 mmol, 2.2 eq) and CuI (0.07 mg, 0.38 mmol, 0.2 eq) were added and 

the mixture was stirred for 16 h. The reaction was quenched with a saturated NaHCO3 

solution. Solvents were removed by evaporation. The crude product was first 

separated from the catalyst by silica gel flash column chromatography (DCM → 

DCM/MeOH, 100:1), the fractions containing product were combined, evaporated 

under reduced pressure and subjected to MPLC purification (5 % ACN in water → 

65 % ACN in water). The product was obtained as white solid in 53 % (0.45 g, 

1.01 mmol). 

1H NMR (400 MHz, DMSO-d6) δ [ppm] = 9.50 (t, J = 5.5 Hz, 1H, NHTFA), 8.41 (d, J = 1.1 Hz, 
1H, H-8), 7.44 (s, 2H, NH2), 5.87 (d, J = 6.0 Hz, 1H, H-1‘), 5.45 (dd, J = 6.2, 1.1 Hz, 1H, 2‘-OH), 
5.24 (t, J = 6.6, 5.0 Hz, 1H, 5‘-OH), 5.18 (dd, J = 4.7, 1.2 Hz, 1H, 3‘-OH), 4.54 (q, J = 5.7 Hz, 
1H, H-2‘), 4.13 (q, J = 4.4 Hz, 1H, H-3‘), 3.96 (q, J = 3.6 Hz, 1H, H-4‘), 3.73 – 3.50 (m, 2H, 
H-5’a/b), 3.33 – 3.29 (m, 2H, CH2-NHTFA), 2.47 (t, J = 7.1 Hz, 2H, CH2-CH2-CH2-NHTFA), 1.79 
(p, J = 7.1 Hz, 2H, CH2- CH2-NHTFA). 
13C NMR (101 MHz, DMSO-d6) δ [ppm] = 156.6 (CONHTFA), 156.3 (C-6), 149.8 (C-4), 146.0 
(C-2), 140.7 (C-8), 119.1 (C-5), 117.8 (CF3), 87.9 (C-1‘), 86.2 (C-4‘), 85.0 
(C≡C-CH2-CH2-CH2-NHTFA), 81.8 (C≡C-CH2-CH2-CH2-NHTFA), 74.1 (C-2‘), 71.0 (C-3‘), 62.0 
(C-5‘), 39.0(CH2-NHTFA), 27.5 (CH2-CH2-NHTFA), 16.3 (CH2-CH2-CH2-NHTFA). 
19F NMR (376 MHz, DMSO-d6) δ [ppm] = −72.10. 

6.2.4.11 2’,3’-O-isopropylideneadenosine (25)[217] 

 

Adenosine (21, 5.00 g, 18.73 mmol, 1.0 eq) was suspended in acetone (10 mL) and 

cooled to 0 °C. Dimethoxy propane (19.4 g, 22.8 mL, 187 mmol, 10.0 eq) and HClO4 

(1.30 g, 1.11 mL, 12.50 mmol, 0.7 eq) were added slowly. The reddish reaction was 

quenched after 18 h by addition of aqueous ammonia solution (30 %, 2 mL) to give a 

bright yellow solution. The solvents were removed under reduced pressure and the 

residue was dissolved in DCM (40 mL) and water (40 mL). The phases were 

separated, the aqueous layer was washed with ethyl acetate (2 × 30 mL), the 

combined organic layers were dried over MgSO4 and evaporated. The crude product 

was suspended in Diethylether (45 mL), filtered and washed with MeOH (200 mL) to 

give 37 as a white solid (3.44 g, 11.28 mmol, 60 %). 

1H NMR (400 MHz, DMSO-d6): δ [ppm] = 8.35 (s, 1H, H-8), 8.17 (s, 1H, H-2), 7.33 (sbr, 2H, 
NH2), 6.14 (d, J = 3.2 Hz, 1H, H-1’), 5.35 (dd, J = 6.2, 3.2 Hz, 1H, H-2’), 5.23 (t, J = 5.5 Hz, 1H, 
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5’-OH), 4.98 (dd, J  = 6.2, 2.5 Hz, 1H, H-3’), 4.23 (td, J = 4.8 Hz, 1 H, H-4’), 3.62–3.50 (m, 2H, 
H-5’a/b), 1.56 (s, 3H, CH3), 1.35 (s, 3H, CH3). 
13C NMR (101 MHz, DMSO-d6): δ [ppm] = 156.1 (C-6), 152.6 (C-2), 148.7 (C-4), 139.7 (C-8), 
119.1 (C-5), 113.0 (C-(CH3)2), 89.6 (C-1’), 86.3 (C-4’), 83.2 (C-2’), 81.3 (C-3’), 61.6 (C-5’), 27.1, 
25.3 (2 × CH3). 
HR-ESI-MS: m/z calculated: 308.1353 [C13H18N5O4]+; m/z measured: 308.1357 [C13H18N5O4]+. 

Deviation: 1.3 ppm. 

6.2.4.12 2’,3’-O-isopropylidene-2-iodo-adenosine (38)[218] 

 

2-Iodo-adenosine (32, 0.80 g, 2.04 mmol, 1.0 eq) was suspended in acetone (100 mL) 

and cooled to 0 °C. 2,2-Dimethoxy propane (2.12 g, 2.49 mL, 20.36 mmol, 10.0 eq) 

and perchloric acid (0.14 mg, 0.09 mL, 1.43 mmol, 0.7 eq) were added dropwise and 

the mixture was slowly warmed to room temperature and stirred overnight. The 

reaction was neutralizeded by the addition of aqueous ammonia solution (30 %). 

Solvents were removed in vacuo. Purification of the crude product by silica gel flash 

column chromatography (ethyl acetate/methanol, 50:1) yielded the product as a yellow 

foam (0.66 g, 1.52 mmol, 75 %).  

1H NMR (400 MHz, DMSO-d6): δ [ppm] = 8.28 (s, 1H, H-8), 7.74 (s, 2H, NH2), 6.05 (d, 
J = 2.8 Hz, 1H, H-1’), 5.27 (dd, J = 6.2, 2.8 Hz, 1H, 5’-OH), 5.05 (t, J = 5.4 Hz, 1H, H-2’), 
4.93 (dd, J = 6.2, 2.8 Hz, 1H, H-3’), 4.20 (dt, J = 5.2, 2.5 Hz, 1H, H-4’), 3.54 (td, J = 5.2, 2.7 Hz, 
2H, H-5’a/b), 1.54 (s, 3H, CH3), 1.33 (s, 3H, CH3). 
13C NMR (101 MHz, DMSO): δ [ppm] = 157.2 (C-6), 149.8 (C-4, C-2)), 139.8 (C-8), 
119.4(OR)2C(CH3)2), 113.6 (C-5), 89.6 (C-1’), 87.3 (C-4’), 83.9 (C-2’), 81.7 (C-3’), 62.0 (C-5’), 
25.8 (CH3), 25.7 (CH3). 

6.2.4.13 2’,3’-O-isopropylidene-2-(6-Trifluoroacetamidohexyl)-adenosine (40) 

 

38 (0.02 g, 0.05 mmol, 1.0 eq), DBU (0.02 g, 0.02 mL, 0.14 mmol, 3.0 eq) and 

hexamethylene diamine (0.02 g, 0.14 mmol, 3.0 eq) were suspended in ethanol 
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(3.0 mL) and heated to 180 °C for 45 min under micro wave assistance. The crude 

mixture was cooled to 0 °C and ethyl trifluoroacetat (0.06 g, 0.05 mL, 0.42 mmol, 

9.0 eq) was added. The mixture was stirred overnight. The solvents were removed by 

evaporation and the crude product was purified by MPLC (5 % ACN in water → 65 % 

ACN in water). The product was obtained as white solid (0.01 g, 0.02 mmol, 41 %).  

1H NMR (400 MHz, MeODl-d4): δ [ppm] = 8.08 – 7.65 (m, 1H, H-8), 6.05 (d, J = 3.9 Hz, 1H, 
H-1’), 5.52 (t, J = 2.6 Hz, 1H, 5’-OH), 5.48 – 5.38 (m, 1H, H-2’), 5.08 (dt, J = 6.8, 3.0 Hz, 1H, 
H-3’), 4.33 (d, J = 5.2 Hz, 1H, H-4’), 3.76 (q, J = 12.1 Hz, 2H, H-5’a/b), 3.42 – 3.37 (m, 2H, 
CH2-NHTFA), 1.63 (d, J = 3.2 Hz, 8H, 4 x CH2), 1.53 – 1.31 (m, 8H, 1 x CH2, 2 x CH3). 
19F NMR (376 MHz, MeOD): δ [ppm] = −77.37 (3F, CF3). 

6.2.4.14 2’,3’-O-isopropylidene-2-(5‐Trifluoroacetamido‐pent‐1‐yn‐1‐yl)‐

adenosine (41) 

 

32 (170 mg, 0.392 mmol, 1.0 eq) was dissolved in dry DMF (3.0 mL). CuI (14.9 mg, 

0.078 mmol, 0.2 eq) was added and the reaction mixture was degassed. After the 

addition of Pd(PPh3)4 (10.3 mg, 0,039 mmol, 0.1 eq), trifluoro-N-(pent-4-ynyl)-

acetamide (66.8 mg, 0.373 mmol, 1.0 eq) and triethylamine (87.4 mg, 0.863 mmol, 

2.2 eq) the reaction was stirred for 16 h at roomtemperature. The reaction was 

quenched with saturated aqueous NaHCO3 solution (3 mL) and extracted with DCM 

(2 × 10 mL). The combined organic layers were dried over MgSO4. The solvents were 

removed and the crude product was purified by silica flash column chromatography 

(DCM/MeOH 10:1). The product was obtained as white solid (50 mg, 0.103 mmol, 

26 %). 

1H NMR (400 MHz, CDCl3): δ [ppm] = 7.87 – 7.82 (m, 1H, H-8), 6.92 (dd, J = 12.1, 6.4 Hz, 1H, 
5’-OH ), 5.82 (dd, J = 4.9, 1.4 Hz, 1H, H-1’), 5.20 – 5.12 (m, 1H, H-2’), 5.09 (d, J = 6.0 Hz, 1H, 
H-3’), 4.53 (d, J = 2.2 Hz, 1H, H-4’), 3.99 (d, J = 12.9 Hz, 1H, H-5’a), 3.78 (t, J = 11.1 Hz, 1H, 
H-5’b), 3.57 (tq, J = 13.7, 7.3, 6.6 Hz, 2H, CH2-NHTFA), 2.55 – 2.44 (m, 2H, CH2-CH2-CH2-
NHTFA), 1.96 (p, J = 6.0 Hz, 2H, CH2- CH2-NHTFA ), 1.64 (s, 3H, CH3), 1.39 (d, J = 3.4 Hz, 
3H, CH3). 
13C NMR (101 MHz, CDCl3): δ [ppm] = 155.7 (C-6), 155.7 (C(O)-CF3), 148.4 (C-4), 145.9 
(C-2), 140.6 (C-8), 120.3 (C-5), 117.5 (CF3), 114.6 (C(CH3)2, 94.2 (C-1’), 86.7 
(C≡C-CH2-CH2-CH2-NHTFA), 85.9 (C-4’), 83.0 (C-2’), 81.2 (C-3’), 81.1 
(C≡C-CH2-CH2-CH2-NHTFA), 63.2 (C-5’), 38.2 (CH2-NHTFA), 27.6 (CH3), 25.2 (CH3), 24.9 
(CH2-CH2-NHTFA), 15.7 (CH2-CH2-CH2-NHTFA).  
19F NMR (376 MHz, CDCl3): δ [ppm] = −75.65 (CF3). 



6 Experimental Procedures 

167 
 

 

6.2.4.15 2’,3’-O-(methoxymehtylidene)-adenosine (42)[141, 228] 

 

Adenosine (21, 0.50 g, 1.87 mmol, 1.0 eq) and p-toluenesulfonic acid (0.78 g, 

4.12 mmol, 2.2 eq) were predried in vacuo for 30 min. The acid was dissolve in DMF 

(10 mL) and added to 21. Trimethyl orthoformate (9.93 g, 10.23 mL, 93.55 mmol, 

50.0 eq) was added under stirring. The solution was stirred for 48 h at room 

temperature. P-Toluenesulfonic acid was removed by the addition of DOWEX® free 

base at 0 °C and the mixture was stirred for 2 h. The resin was filtered and washed 

with DCM (2 × 5 mL). The filtrate was evaporated and the residue was resuspended in 

DCM. The organic layer was washed with saturated NaHCO3 (3 × 15 mL) and brine 

(1 × 10 mL), dried over MgSO4 and the solvents were removed in vacuo. Purification 

by silica gel flash column chromatography (DCM → DCM/MeOH, 10:1) yielded the 

product in a diasteriomeric mixture (0.17 g, 0.56 mmol, 30 %).  

1H NMR (400 MHz, DMF-d7): δ [ppm] = 8.45 (d, J = 17.4 Hz, 1H, 2diast. H-8), 8.33 – 8.17 (m, 
1H, 2dias. H-1), 7.43 (d, J = 8.2 Hz, 2H, NH2), 6.40 (d, J = 3.2 Hz, 0.5H, 1diast. H-1’), 6.26 (d, 
J = 3.1 Hz, 0.5H, 1diast. H-1’), 6.22 (s, 0.5H, 1diast. CHOMe), 6.11 (s, 0.5H, 1diast. CHOMe), 
5.57 (dd, J = 6.2, 3.1 Hz, 0.5H, 1diast. H-2’), 5.51 (dd, J = 7.2, 3.3 Hz, 0.5H, 1diast. H-2’), 5.20 
(dd, J = 6.2, 2.7 Hz, 0.5H, 1diast. H-3’), 5.14 (dd, J = 7.2, 3.3 Hz, 0.5H, 1diast. H-3’), 4.42 (q, 
J = 4.3 Hz, 0.5H, 1diast. H-4’), 4.33 (td, J = 4.4, 2.6 Hz, 0.5H, 1diast. H-4’), 3.85 – 3.63 (m, 2H, 
2diast. H-5’a/b), 3.44 (s, 1.5H, 1diast. CH3), 3.31 (s, 1.5H, 1diast. CH3). 
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6.2.4.16 2’,3’-O-isopropylidene-5’-(iPr2N)(FmO)P-adenosine (56)  

 

2’,3’-O-isopropylideneadenosine (50.1 mg, 163 µmol, 1.0 eq) and 55 (125 mg, 

293 µmol, 1.8 eq) were coevaporated with acetonitrile (3 × 10 mL) and dried in vacuo 

for 1 h. The solids were dissolved in dry DCM (4.0 mL) and dry acetonitrile (0.5 mL) 

and the solution was cooled to 0 °C. tetrazole (0.45 M in acetonitrile, 422 µL, 195 µmol, 

1.2 eq) was added dropwise. The reaction was followed by NMR spectroscopy and 

TLC (DCM/MeOH/TEA, 40:1:0.5). After stirring at 0 °C for 4 h another portion of 55 

was added (62.5 mg, 147 µmol, 0.9 eq). The mixture was stirred for another 30 min at 

room temperature, then the reaction was quenched by the addition of triethylamine 

(TEA, 52 µL). The solvents were removed under high vacuum at 0 °C. The residue 

was dissolved in DCM and purified by flash column chromatography (DCM, 2 % TEA), 

yielding the diastereomeric mixture of the product as white foam (0.07 g, 0.11 mmol, 

69 %). 

1H NMR (400 MHz, CDCl3): δ [ppm] = 8.32 (d, J = 3.4 Hz, 1H, H-8), 8.01 (d, J = 3.8 Hz, 1H, 
H-2), 7.71 (dt, J = 7.5, 1.4 Hz, 2H, H-14, H-15), 7.65 – 7.51 (m, 2H, H-18, H-11), 7.34 (tt, 
J = 7.0, 3.8 Hz, 2H, H-13, H-16), 7.28 – 7.21 (m, 2H, H-12, H-17), 6.13 (dd, J = 7.3, 2.6 Hz, 
1H, H-1’), 5.25 (ddd, J = 22.7, 6.2, 2.6 Hz, 1H, H-2’), 4.95 (ddd, J = 21.0, 6.2, 2.5 Hz, 1H, H-3’), 
4.48 (dtd, J = 9.1, 4.5, 2.5 Hz, 1H, H-4’), 4.16 (dt, J = 13.6, 6.9 Hz, 1H, H-19), 4.01 (ddt, 
J = 11.3, 9.9, 6.6 Hz, 2H, CH2), 3.81 (dddd, J = 13.5, 9.9, 6.5, 3.4 Hz, 1H, H-5a), 3.75 – 3.66 
(m, 1H, H-5b), 3.59 – 3.45 (m, 2H, 2 × CH-(CH3)2), 1.60 (s, 3H, CH3), 1.36 (s, 3H, CH3), 
1.11 – 1.00 (m, 12H, 2 × CH-(CH3)2). 
31P NMR (162 MHz, CDCl3): δ [ppm] = 147.90, 147.77 (1P, diastereomeric mixture). 
13C NMR (101 MHz, CDCl3): δ [ppm] = 155.3 (C-6), 153.2(C-8), 149.6 (C-4), 144.4 (C-18a/b), 
141.3 (C-14a/b), 139.5 (C-2), 127.4 (C-13, C-16), 126.8 (C-12, C-17), 125.0 (C-11, C-18), 120.9 
(C-5), 119.8 (C-14, C-15), 114.1 ((OR)2C(CH3)2), 91.3 (C-1’), 84.7 (C-4’), 84.6 (C-2’), 81.9 (C-
3’), 63.3 (C-5’), 63.0 (CH2), 46.1 (C-19), 43.0 (1 × CH-(CH3)2), 42.9 (1 × CH-(CH3)2),  27.2 
(1 × CH3), 25.40 (1 × CH3), 24.5 (2 × CH-(CH3)2. 
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6.2.4.17 2’,3’-O-isopropylidene-5’-(iPr2N)(FmO)P-2-hexylamine adenosine (57) 

 

40 (0.19 g, 0.37 mmol, 1.0 eq) and (iPr2N)2P(OFm) (55, 0.28 g, 0.66 mmol, 1.8 eq) 

were dried in vacuo and dissolved in a mixtures of dry DCM (10.0 mL) and dry 

acetonitrile (0.5 mL). The mixture was cooled to 0 °C and a solution of tetrazole in 

acetonitrile (1.00 mL of a 0.45 M stock solution, 0.44 mmol, 1.2 eq) was added 

dropwise. The reaction was stopped after 4 h by the addition of TEA (100 µL). The 

solvents were removed under reduced pressure. The crude product was purified by 

flash column chromatography (DCM, 2 % TEA → DCM/MeOH/TEA 80:1:1.5), yielding 

the diastereomeric mixture of the product as white foam (0.09 g, 0.11 mmol, 29 %). 

1H NMR (400 MHz, CDCl3-d): δ [ppm] = 7.79 – 7.70 (m, 3H, H-8, H-14, H-15), 7.68 – 7.59 (m, 
2H, H-11, H-18), 7.38 (dddd, J = 8.3, 7.3, 2.2, 1.1 Hz, 2H, H-13, H-16), 7.33 – 7.29 (m, 2H, 
H-12, H-17), 6.03 (dd, J = 3.9, 2.3 Hz, 1H, H-1’), 5.41 (ddd, J = 23.0, 6.2, 2.3 Hz, 1H, H-2’), 
5.06 (ddd, J = 16.5, 6.2, 3.0 Hz, 1H, H-3’), 4.82 (dt, J = 11.0, 5.8 Hz, 1H, H-4’), 4.44 (dtd, J = 
8.1, 5.5, 3.0 Hz, 1H, H-19), 4.20 (dt, J = 10.1, 7.2 Hz, 1H, CH2a), 4.08 – 3.97 (m, 1H, CH2b), 
3.83 – 3.73 (m, 1H, H-5’a, ), 3.66 – 3.57 (m, 3H, H-5’b, 2 × CH-(CH3)2), 3.42 – 3.28 (m, 4H, 
2 × NHR-CH2), 1.68 – 1.49 (m, 6H, 3 × CH2- linker), 1.45 – 1.27 (m, 8H, 1 × CH2-linker, 2 × 
CH3), 1.08 (d, J = 6.8 Hz, 12H, 2 × CH-(CH3)2). 
31P NMR (162 MHz, CDCl3): δ [ppm] = 147.60, 147.35 (1P, diastereomeric mixture). 
19F NMR (376 MHz, CDCl3): δ [ppm] = −75.84 (3F, C3). 

6.2.4.18 2’,3’-O-isopropylidene-5’-(iPr2N)(FmO)P-2-pentynyl adenosine (58) 

 

41 (0.29 g, 0.60 mmol 1.0 eq) and iPr2N)2P(OFm) (55, 0.46 g, 1.08 mmol, 1.8 eq) were 

dried in vacuo and dissolved in a mixtures of dry DCM (15.0 mL) and dry acetonitrile 
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(1.0 mL). The mixture was cooled to 0 °C and a solution of tetrazole in acetonitrile 

(1.60 mL of a 0.45 M stock solution, 0.72 mmol, 1.2 eq) was added dropwise. The 

reaction was stopped after 4 h by the addition of TEA (100 µL). The solvents were 

removed under reduced pressure. The crude product was purified by flash column 

chromatography (DCM, 2 % TEA → DCM/MeOH/TEA 80:1:1.5), yielding the 

diastereomeric mixture of the product as white solid (0.40 g, 0.49 mmol, 83 %). 

1H NMR (400 MHz, CDCl3-d): δ [ppm] = 8.08 (d, J = 4.6 Hz, 1H, H-8), 7.71 (dd, J = 7.6, 2.7 Hz, 
2H, H-14, H-15), 7.59 (dt, J = 20.1, 7.5 Hz, 2H, H-11, H-18), 7.33 (q, J = 7.5 Hz, 2H, H-13, 
H-16), 7.28 – 7.19 (m, 2H, H-12, H-17), 6.18 (dd, J = 6.5, 2.8 Hz, 1H, H-1’), 5.12 (ddd, J = 31.5, 
6.2, 2.9 Hz, 1H, H-2’), 4.93 (ddd, J = 32.7, 6.2, 2.6 Hz, 1H, H-3’), 4.43 (dq, J = 10.1, 3.7 Hz, 
1H, H-4’), 4.24 – 4.13 (m, 1H, H-19), 4.03 (dq, J = 9.9, 6.7 Hz, 1H, CH2a), 3.83 (ddd, J = 15.0, 
10.5, 7.2 Hz, 1H, CH2b), 3.71 (dddd, J = 21.3, 16.2, 10.5, 2.6 Hz, 2H, H-5’a/b), 3.51 (tt, J = 12.9, 
6.2 Hz, 4H, 2 × CH-(CH3)2, CH2-NHTFA ), 2.48 (dt, J = 10.5, 6.8 Hz, 2H, CH2-CH2-
CH2-NHTFA), 2.01 – 1.82 (m, 2H, CH2- CH2-NHTFA), 1.60 (s, 3H, CH3), 1.36 (s, 3H, CH3), 
1.08 – 1.03 (m, 12H, 2 × CH-(CH3)2). 
31P NMR (162 MHz, CDCl3): δ [ppm] = 148.03, 147.85. 
19F NMR (376 MHz, CDCl3): δ [ppm] = −75.72. 

6.2.5  General procedure for adenosine 5’-thiomonophosphates  

Adenosine derivative (1.0 eq) was dried in vacuo for 30 min and dissolved in dry 

pyridine (15 mL). The suspension was cooled to 0 °C and PSCl3 (1.2 eq) was added 

and the mixture was stirred at 0 °C. The reaction mixture was quenched after 2 h by 

the addition of TEAB buffer (0.2 M, 25 mL) and stirred at room temperature for 30 min. 

The solvents were removed under reduced pressure and the residue was purified by 

FPLC and RP-HPLC to give the product as a foam. 

6.2.5.1 Adenosine 5‘-thiomonophosphate (43) 

 

Adenosine (1, 0.20 g, 0.75 mmol, 1.0 eq) was reacted with PSCl3 (0.15 g, 0.09 mL, 

0.90 mmol, 1.2 eq) following the general procedure (0.07 g, 0.20 mmol, 26 %). 

1H NMR (400 MHz, D2O): δ [ppm] = 8.65 (s, 1H, H-8), 8.18 (s, 1H, H-2), 6.11 (d, J = 6.0 Hz, 
1H, H-1’), 4.83–4.80 (m, 1H, H-2’), 4.54 (dd, J = 5.1, 3.3 Hz, 1H, H-3’), 4.41–4.39 (m, 1H, H-4’), 
4.10 (dd, J = 5.9, 3.2 Hz, 2H, H-5’a/b). 
13C NMR (101 MHz, D2O): δ [ppm] = 155.3 (C-6), 152.5 (C-2), 149.0 (C-4), 140.4 (C-8), 118.4 
(C-5), 86.9 (C-1’), 84.7 (C-4’), 74.6 (C-2’), 70.5 (C-3’), 64.0 (C-5’). 
31P NMR (162 MHz, D2O): δ [ppm] = 43.629 (s, 1P, Pα). 
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HR-ESI-MS: m/z calculated: 362.0330 [C10H13N5O6PS]−; m/z measured: 362.0327 
[C10H13N5O6PS]−. Deviation: 0.9 ppm. 

6.2.5.2 C2-(Iodo)-adenosine 5’-thiomonophosphate (44) 

 

2-Iodo-adenosine (32, 0.10 g, 0.25 mmol, 1.0 eq) was reacted with PSCl3 (0.05 g, 

0.03 mL, 0.31 mmol, 1.2 eq) following the general procedure (0.07 g, 0.14 mmol, 

55 %). 

1H NMR (400 MHz, D2O): δ [ppm] = 8.56 (d, J = 3.0 Hz, 1H, H-8), 6.03 (d, J = 5.5 Hz, 1H, H-
1’), 4.74 (s, 1H, H-2’), 4.58 – 4.52 (m, 1H, H-3’), 4.43 – 4.36 (m, 1H, H-4’), 4.10 (dd, J = 5.7, 
3.1 Hz, 2H, H-5’a/b). 
31P NMR (162 MHz, D2O): δ [ppm] = 44.11 (s, 1P, Pα). 
13C NMR (101 MHz, D2O): δ [ppm] = 155.17 (C-6), 149.52 (C-4), 140.03 (C-8), 119.64 (C-2), 
118.31 (C-5), 87.08 (C-1‘), 84.68 (C-4‘),74.82 (C-2‘), 70.82 (C-3‘), 63.93 (C-5‘). 

 
HR-ESI-MS: m/z calculated: 487.9285 [C10H13IN5O6PS]−; m/z measured: 487.9369 
[C10H13IN5O6PS]−. Deviation: 1.7 ppm. 

6.2.5.3 C2-(6-Trifluoroacetamidohexyl)-adenosine 5’-thiomonophosphate(45) 

 

C2-(6-Trifluoroacetamidohexyl)-adenosine (34, 0.11 g, 0.24 mmol, 1.0 eq) was reacted 

with PSCl3 (0.05 g, 0.03 mL, 0.27 mmol, 1.3 eq) following the general procedure (0.04 

g, 0.07 mmol, 31 %). 

1H NMR (400 MHz, D2O): δ [ppm] = 8.20 (d, J = 13.4 Hz, 1H, H-8), 5.95 (dd, J = 5.5, 2.9 Hz, 
1H, H-1‘), 4.54 (q, J = 4.3 Hz, 1H, H-2‘), 4.33 (q, J = 3.9 Hz, 1H, H-3‘), 4.08 (qd, J = 11.5, 5.0 
Hz, 2H, H-4‘), 3.25 (dd, J = 15.9, 8.5 Hz, 4H, H-5’a/b), 3.25 (dd, J = 15.9, 8.5 Hz, 2H, NHTFA-
CH2) 2.91 (t, J = 7.7 Hz, 2H, 1 × CH2 linker), 1.64 – 1.37 (m, 8H, 4 × CH2 linker). 
13C NMR (101 MHz, D2O): δ [ppm] = 158.5 (C(O)-CF3), 157.8 (C-6), 154.5 (C-2), 151.4 (C-4), 
138.1 (C-8), 114.6 (CF3), 112.0 (C-5), 86.9 (C-1’), 84.2 (C-4’), 74.0 (C-2’), 70.9 (C-3’), 64.2 
(C-5’), 41.3 (NHTFA-CH2), 39.6 (NH-CH2), 28.5 (CH2-linker), 27.8 (CH2-linker), 26.8 (CH2-
linker), 25.9 (CH2-linker). 
31P NMR (162 MHz, D2O): δ [ppm] = 43.87 (s, 1P, Pα). 
 
HR-ESI-MS: m/z calculated: 572.1310 [C18H26N7O7PS]−; m/z measured: 572.1310 
[C18H26N7O7PS]−.Deviation: - ppm. 
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6.2.5.4 C2-(pentynyl)-adenosine 5’-thiomonophosphate (46) 

 

36 (0.28 g, 0.63 mmol, 1.0 eq) was reacted with PSCl3 (0.18 g, 0.08 mL, 0.76 mmol, 

1.2 eq) following the general procedure (0.02 mg, 0.03 mmol, 5 %). 

1H NMR (400 MHz, D2O): δ [ppm] = 8.74 (s, 1H, H-8), 6.10 (d, J = 6.0 Hz, 1H, H-1’), 4.84 – 
4.80 (m, 1H, H-2’), 4.56 (dd, J = 5.0, 3.3 Hz, 1H, H-3’), 4.42 (dq, J = 4.4, 2.7 Hz, 1H, H-4’), 
4.20 – 4.06 (m, 2H, H-5’a/b), 3.54 (t, J = 6.7 Hz, 2H, CH2-NHTFA), 2.58 (t, J = 6.9 Hz, 2H, CH2-
CH2-CH2-NHTFA), 1.96 (p, J = 6.8 Hz, 2H, CH2- CH2-NHTFA). 
 31P NMR (162 MHz, D2O): δ [ppm] = 43.39 (s, 1P, Pα). 

6.2.5.5 N6-(6-Trifluoroacetamidohexyl)-adenosine 5’-thiomonophosphate 

(47)[207] 

 

N6-(6-Trifluoroacetamidohexyl)-adenosine (27, 0.40 g, 0.87 mmol, 1.0 eq) was reacted 

with PSCl3 (0.17 g, 0.10 mL, 1.04 mmol, 1.2 eq) following the general procedure 

(0.14 g, 0.25 mmol, 29 %). 

1H NMR (400 MHz, D2O): δ [ppm] = 8.60 (s, 1H, H-8), 8.17 (s, 1H, H-2), 6.09 (d, J = 6.0 Hz, 
1H, H-1‘), 4.82 – 4.79 (m, 1H, H-2‘), 4.54 (dd, J = 5.1, 3.3 Hz, 1H, H3‘), 4.39 (dt, J = 4.4, 2.1 
Hz, 1H, H-4‘), 4.18 – 4.08 (m, 2H, H-5’a/b), 3.48 (bs, 2H, C6-NH-CH2), 3.27 (t, J = 7.0 Hz, 2H, 
NHTFA-CH2), 1.63 (p, J = 7.0 Hz, 2H, C6-NH-CH2-CH2), 1.53 (p, J = 7.1 Hz, 2H, NHTFA-CH2-
CH2), 1.46 – 1.33 (m, 4H, 2 × CH2 linker). 
13C NMR (101 MHz, D2O): δ [ppm] = 158.6 (C(O)-CF3), 154.4 (C-6), 152.7(C-2), 148.0 (only in 
2D spectra, C-4), 139.6 (C-8), 117.4 (C-5), 114.6 (CF3), 86.8 (C-1‘), 84.6 (C-4‘), 74.6 (C-2‘), 
71.0 (C-3‘), 64.2 (C-5‘), 39.8 (2 × RNH-CH2), 28.5 (C6-NH-CH2-CH2), 27.7 (NHTFA-CH2-CH2), 
25.7(C6-NH-CH2-CH2-CH2), 25.7(NHTFA-CH2-CH2-CH2). 
31P NMR (162 MHz, D2O): δ [ppm] = 45.12 (s, 1P, Pα). 
19F NMR (376 MHz, D2O): δ [ppm] = −75.71 (s, 6F, TFA). 
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6.2.5.6 O2’-(6-azidohexyl)-adenosine-5’-thiomonophosphate(48) 

 

O2’-(6-azidohexyl)-adenosine (22, 0.52 mg, 1.33 mmol, 1.0 eq) was reacted with PSCl3 

(0.29 g, 0.17 mL, 1.72 mmol, 1.3 eq) following the general procedure (0.25 g, 

0.52 mmol, 39 %). 

1H NMR (400 MHz, D2O): δ [ppm] = 8.59 (s, 1H, H-8), 8.07 (s, 1H, H-2), 6.00 (d, J = 6.7 Hz, 
1H, H-1’), 4.55 – 4.52 (m, 1H, H-3’), 4.45 (t, J = 6.0 Hz, 1H, H-2’), 4.29 (s, 1H, H-4’), 4.04 – 
3.95 (m, 2H, H-5’a/b), 3.53 (dt, J = 10.7, 6.8 Hz, 1H, O-CH2a), 3.33 (dt, J = 10.8, 6.3 Hz, 1H, O-
CH2b), 2.91 (t, J = 7.0 Hz, 2H, N3-CH2), 1.21 (q, J = 6.7 Hz, 2H, O-CH2-CH2), 1.06 (d, J = 7.2 
Hz, 2H, N3-CH2-CH2), 0.83 (tq, J = 19.3, 10.2, 8.1 Hz, 4H, O-CH2-CH2-CH2, N3-CH2-CH2-CH2). 
13C NMR (101 MHz, D2O): δ [ppm] = 155.1 (C-6), 152.5 (C-2), 148.9 (C-4), 140.5 (C-8), 118.2 
(C-5), 85.5 (C-1’), 85.4 (C-4’), 82.2 (C-2‘), 70.7(O-CH2), 69.7 (C-3’), 64.2 (C-5’), 50.9(N3-CH2), 
28.5(O-CH2-CH2), 27.9 (N3-CH2-CH2), 25.8 (O-CH2-CH2-CH2), 24.6(N3-CH2-CH2-CH2). 
31P NMR (162 MHz, D2O): δ [ppm] = 45.44 (s, 1P, Pα). 

6.2.5.7 O2’-(6-NHTFA-hexyl)-adenosine 5’-thiomonophosphate (49) 

 
22 (0. 20 mg, 0.43 mmol, 1.0 eq) was reacted with PSCl3 (0.09 g, 0.05 mL, 0.52 mmol, 

1.3 eq) following the general procedure (0.25 g, 0.08 mmol, 19 %). 

1H NMR (400 MHz, D2O): δ [ppm] = 8.77 (s, 1H, H-8), 8.25 (s, 1H, H-2), 6.16 (d, J = 6.0 Hz, 
1H, H-1’), 4.69 – 4.58 (m, 1H, H-3’, H-2’), 4.52 – 4.27 (m, 1H, H-4’), 4.11 (dt, J = 6.3, 3.5 Hz, 
2H, H-5’a/b), 3.71 (dt, J = 10.2, 6.6 Hz, 1H, O-CH2a), 3.51 (dt, J = 10.1, 6.1 Hz, 1H, O-CH2b), 
3.10 (t, J = 7.1 Hz, 2H, NHTFA-CH2), 1.41 (dq, J = 25.8, 7.2 Hz, 4H, 2 × CH2-linker), 1.14 – 
0.71 (m, 4H, 2 × CH2-linker). 
13C NMR (101 MHz, D2O): δ [ppm] = 158.6 (C(O)-CF3), 155.6 (C-6), 152.9 (C-2), 149.2 (C-4), 
140.7 (C-8), 118.4 (C-5), 85.9 (C-1’), 85.4 (C-4’), 82.4 (C-2’), 70.9 (O-CH2), 69.9 (C-3’), 64.3 
(C-5’), 39.6 (NHTFA-CH2), 28.5 (O-CH2-CH2), 27.7 (NHTFA-CH2-CH2), 25.5 (O-CH2-CH2-
CH2), 24.7(NHTFA-CH2-CH2-CH2). 
31P NMR (162 MHz, D2O): δ [ppm] = 44.27 (1P, Pα). 
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6.2.6 General procedure for the synthesis of adenosine 5’-methylene 
bisphosphonate derivatives 

Adenosine derivative (1.0 eq) and methylene bis(phosphonic dichloride) (2.0 eq) were 

dried in vacuo for 30 min. The adenosine derivative was suspended in dry TMP 

(15 mL). The suspension was cooled to 0 °C and a solution of predried methylene 

bis(phosphonic dichloride) (2.0 eq) in TMP (5.0 mL) was added slowly. The mixture 

was stirred at 0 °C. The reaction mixture was quenched after 4 h by the addition of 

TEAB buffer (0.2 M, 25 mL) and stirred at room temperature for 30 min. The solvents 

were removed under reduced pressure and the residue was purified by FPLC and 

RP-HPLC to give the product as a foam. 

6.2.6.1 Adenosine 5’-methylene bisphosphonate (50)[129]  

 

Adenosine (21, 0.20 g, 0.75 mmol, 1.0 eq) and methylene bis(phosphonic dichloride) 

(0.56 g, 2.24 mmol, 3.0 eq) were reacted in TMP following the general procedure. 

(0.11 g, 0.26 mmol, 35 %). 

1H NMR (400 MHz, D2O): δ [ppm] = 8.48 (s, 1H, H-8), 8.13 (s, 1H, H-2), 6.05 (d, J = 5.5 Hz, 
1H, H-1’), 4.74 (t, J = 5.5 Hz, 1H, H-2’), 4.52 (dd, J = 5.2, 3.9 Hz, 1H, H-3’), 4.39–4.32 (m, 1H, 
H-4’), 4.16 (dd, J = 5.5, 3.3 Hz, 2H, H-5’a/b), 2.18 (t, J = 19.7 Hz, 2H, CH2). 
13C NMR (101 MHz, D2O): δ [ppm] = 154.9 (C-6), 152.1 (C-2), 148.7 (C-4), 140.0 (C-8), 118.3 
(C-5), 86.5 (C-1’), 84.0 (C-4’), 74.2 (C-2’), 70.3 (C-3’), 63.5 (C-5’), 27.5 (CH2). 
31P NMR (162 MHz, D2O): δ [ppm] = 18.30 (d, J = 10.2 Hz, 1P, Pα), 14.72 (d, J = 10.2 Hz, 1P, 
Pβ).  
 
HR-ESI-MS: m/z calculated: 424.0418 [C11H16N5O9P2]−; m/z measured: 424.0236 
[C11H16N5O9P2]−. Deviation: 4.3 ppm. 

6.2.6.2 N6-(6-Trifluoroacetamidohexyl)-adenosine 5’-methylene 

bisphosphonate (51) 
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N6-(6-trifluoroacetamidohexyl)-adenosine (27, 0.30 g, 0.65 mmol, 1.0 eq) was reacted 

with methylene bis(phosphonic dichloride) (0.38 g, 1.30 mmol 2.0 eq) according to the 

general procedure (0.14 g, 0.23 mmol, 43 %). 

1H NMR (400 MHz, D2O): δ [ppm] = 8.40 (s, 1H, H-8), 8.06 (s, 1H, H-2), 5.99 (d, J = 5.7 Hz, 
1H, H-1’), 4.70 (t, J = 5.4 Hz, 1H, H-2’), 4.48 (t, J = 4.4 Hz, 1H, H-3’), 4.30 (q, J = 3.8 Hz, 1H, 
H-4’), 4.11 (t, J = 4.5 Hz, 2H, H-5’a/b), 3.50 – 3.25 (m, 2H, C6-NH-CH2), 3.17 (t, J = 7.0 Hz, 2H, 
NHTFA-CH2), 2.15 (t, J = 19.8 Hz, 2H, P-CH2-P), 1.51 (p, J = 7.1 Hz, 2H, C6-NH-CH2-CH2), 
1.47 – 1.34 (m, 2H, NHTFA-CH2-CH2), 1.28 – 1.21 (m, 4H, NHTFA-CH2-CH2-CH2, 
C6-NH-CH2-CH2-CH2). 
13C NMR (101 MHz, D2O): δ [ppm] = 158.5 (q, J = 37.0 Hz, C(O)-CF3), 154.2 (C-6), 152.6 (C-
2), 147.7 (C-4), 139.2 (C-8), 117.4 (C-5), 114.5 (CF3), 86.8 (C-1‘), 84.0 (C-4‘), 74.2 (C-2‘), 70.4 
(C-3‘), 63.7 (C-5‘), 40.6 (C6-NH-CH2), 39.6 (NHTFA-CH2), 28.4 (P-CH2-P), 27.7(linker-CH2), 
26.7(linker-CH2), 26.4(linker-CH2), 25.7 (linker-CH2). 
31P NMR (162 MHz, D2O): δ [ppm] = 18.21 (d, J = 9.2 Hz, Pα), 14.66 (d, J = 9.2 Hz, Pβ).  
19F NMR (376 MHz, D2O): δ [ppm] = −75.74 (3F, CF3) 

6.2.6.3 O2’-(6-azidohexyl)-adenosine 5’-methylene bisphosphonate (52) 

 

22 (0.39 g, 0.84 mmol, 1.0 eq) was reacted with methylene bis(phosphonic dichloride) 

(0.42 g, 1.69 mmol 2.0 eq) according to the general procedure (0.19 g, 0.35 mmol, 

41 %). 

1H NMR (400 MHz, D2O): δ [ppm] = 8.45 (s, 1H, H-8), 8.07 (s, 1H, H-2), 5.99 (t, J = 4.8 Hz, 
1H, H-1‘),4.59 – 4.47 (m, 1H, H-3‘), 4.46 – 4.34 (m, 1H, H-2‘), 4.30 – 4.21 (m, 1H, H-4‘), 4.14 
– 4.00 (m, 2H, H5’a/b), 3.60 – 3.49 (m, 1H, O-CH2a), 3.35 (d, J = 8.5 Hz, 1H, O-CH2b), 2.96 – 
2.86 (m, 2H, N3-CH2), 2.11 (t, J = 19.7 Hz, 2H, P-CH2-P), 1.24 (s, 4H,O-CH2-CH2, N3-CH2-CH2), 
0.94 – 0.73 (m, 4H, O-CH2-CH2-CH2, N3-CH2-CH2-CH2). 
13C NMR (101 MHz, D2O): δ [ppm] = 155.3 (C-6), 152.7 (C-2), 149.0 (C-4), 140.1 (C-8), 
118.3(C-5), 85.4 (C-4‘), 84.8 (C-1‘), 81.7 (C-2‘), 70.7 (O-CH2), 69.1 (C-3‘), 63.8 (C-5‘), 50.9 
(N3-CH2), 28.9 (O-CH2-CH2), 28.6 (N3-CH2-CH2), 27.7 (P-CH2-P), 25.7 (O-CH2-CH2-CH2), 24.7 
(N3-CH2-CH2-CH2). 
31P NMR (162 MHz, D2O): δ [ppm] = 18.07 (d, 2JPP = 9.5 Hz, 1P, Pα), 14.47 (d, 2JPP = 9.5 Hz, 
1P, Pβ). 

6.2.6.4 C2-(pentynyl)-adenosine 5’-methylene bisphosphonate (53) 
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36 (0.50 g, 1.13 mmol, 1.0 eq) was reacted with methylene bis(phosphonic dichloride) 

(0.56 g, 2.25 mmol 2.0 eq) according to the general procedure (0.28 g, 0.47 mmol, 

42 %). 

1H NMR (400 MHz, D2O): δ [ppm] = 8.45 (s, 1H, H-8), 5.98 (d, J = 5.5 Hz, 1H, H-1’), 4.67 (d, 
J = 5.3 Hz, 1H, H-2’), 4.49 (d, J = 4.7 Hz, 1H, H-3’), 4.31 (d, J = 4.1 Hz, 1H, H-4’), 4.21 – 4.03 
(m, 2H, H-5’a/b), 3.44 (t, J = 6.9 Hz, 2H, CH2-NHTFA), 2.48 (t, J = 7.0 Hz, 2H, CH2-CH2-CH2-
NHTFA), 2.16 (t, J = 19.7 Hz, 2H, P-CH2-P), 1.86 (p, J = 7.0 Hz, 2H, CH2- CH2-NHTFA). 
13C NMR (101 MHz, D2O): δ [ppm] = 158.8 (q, J = 37.4 Hz, C(O)-CF3), 154.9 (C-6), 148.9 (C-
2), 145.7 (C-4), 140.3 (C-8), 117.5 (C-5), 114.5 (CF3), 88.3 (C≡C-CH2-CH2-CH2-NHTFA), 87.0 
(C-1’), 83.8 (C-4’), 79.1 (C≡C-CH2-CH2-CH2-NHTFA), 74.5 (C-2’), 70.2 (C-3’), 63.6 (C-5’), 
38.8(CH2-NHTFA), 27.7 (P-CH2-P), 26.4(CH2-CH2-NHTFA), 15.9(CH2-CH2-CH2-NHTFA). 
31P NMR (162 MHz, D2O): δ [ppm] = 18.36 (d, J = 8.6 Hz, 1P, Pα), 14.58 (d, J = 8.6 Hz, 1P, 
Pβ). 
19F NMR (376 MHz, D2O): δ [ppm] = −75.70. 

6.2.7 Activation of adenosine 5’-thiomonophosphate 

6.2.7.1 Imidazole activated adenosine 5‘-thiomonophosphae (71)  

 

21(0.05 g, 0.19 mmol, 1.0 eq) was reacted with PSCl3 (0.04 g, 0.02 mL, 0.22 mmol, 

1.2 eq) in TEP (2.0 mL) at 0 °C. After 2 h imidazole (0.09 g, 1.35 mmol, 7.0 eq) was 

added and the mixture was stirred for 30 min at room temperature. To selectively give 

compound 71 water (0.004 mL, 1.0 eq) in pyridine (1.0 mL) was added and the mixture 

was stirred for 1 h. The crude product was precipitate by the addition of a mixture of 

acetone/ether/sat. NaOChl4 in acetone (1:1:0.033). The precipitate was collected, 

washed with ether and further purified by Ionexchange chromatographie and 

RP-HPLC. The product was obtained as diastereomeric mixture (1.57 mg, 3.80 µmol, 

2 %). 

31P NMR (162 MHz, D2O): δ [ppm] = 47.42, 47.12 (1P, diastereomeric mixture, Pα). 
 
ESI-MS: m/z calculated: 412.34 [C13H15N7O5PS]−; m/z measured: 412.45 [C18H26N7O7PS]−. 



6 Experimental Procedures 

177 
 

6.2.7.2 Benzimidazole activated adenosine 5’-thiomonophosphate (72) 

 

21 (0.25 g, 0.94 mmol, 1.0 eq) was reacted with PSCl3 (0.19 g, 0.11 mL, 1.12 mmol, 

1.2 eq) in TEP (5.0 mL) at 0 °C. After 2 h benzimidazole (0.73 g, 6.17 mmol, 7.0 eq) in 

TEP (5.0 mL) was added and the mixture was stirred for 30 min at room temperature. 

The precipitate was filtered off under nitrogen and the filtrate was treated with (0.02 mL, 

1.0 eq) in pyridine (10.0 mL), the mixture was stirred for 1 h. The crude product was 

precipitate by the addition of a mixture of acetone/ether/sat. NaOChl4 in acetone 

(1:1:0.033). The precipitate was collected, washed with ether and further purified by 

Ionexchange chromatographie and RP-HPLC. The product was obtained as 

diastereomeric mixture (21.76 mg, 0.05 mmol, 5 %). 

1H NMR (400 MHz, D2O): δ [ppm] = 8.47 (d, J = 41.4 Hz, 1H, H-8), 8.10 (d, J = 16.7 Hz, 1H, 

H-2), 8.04 (d, J = 11.0 Hz, 1H, H-10), 7.61 (dt, J = 12.7, 7.1 Hz, 2H, H-12, H-13), 7.19 (dt, 

J = 12.4, 7.7 Hz, 1H, H-11, H-14), 7.05 (q, J = 8.1 Hz, 1H, H-11, H-14), 5.96 (d, J = 4.4 Hz, 

1H, H-1’), 4.84 (t, J = 5.1 Hz, 1H, H-2’), 4.55 (dt, J = 21.3, 5.0 Hz, 1H, H-3’), 4.44 – 4.35 (m, 

1H, H-4’), 4.33 – 4.05 (m, 2H, H-5’a/b). 

1P NMR (162 MHz, D2O): δ [ppm] = 46.34, 45.75 1P, diastereomeric mixture, Pα). 

 

ESI-MS: m/z calculated: 462.08 [C17H16N7O5PS]−; m/z measured: 462.07 [C11H16N5O9P2]−. 

Deviation: 43 ppm. 

6.2.8 nhATP derivatives  

6.2.8.1 2’,3’ methylidene ApspCH2p (68) 
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A solution of 2-Chloro-1,3,2-benzodioxaphosphorin-4-one (0.06 g, 0.27 mmol, 1.2 eq,) 

in anhydrous pyridine (0.50 mL) was added to 2′,3′-methylidene adenosine (42) 

(0.07 g, 0.23 mmol, 1.0 eq) in anhydrous pyridine (0.50 mL) at 0° C. The solution was 

stirred at room temperature for 1 h. Bistributyl ammonium bisphosphonate (0.14 g, 

0.25 mmol,1.1 eq) was added in anhydrous DMF (1.0 mL), followed by DIPEA (0.32 g, 

0.42 mL, 2.47 mmol, 11.0 eq). The reaction mixture was stirred at room temperature 

for 1 h, and then sulfur (14.49 mg, 0.45 mmol, 2.0 eq) was added at 0° C. After being 

stirred at room temperature for 1.5 h, the mixture was dripped into a cold TEAB solution 

(0.5 M, 10 mL) and a reddish color was obtained. The solution was extracted with 

diethylether (2 × 10 mL). The aqueous phase was purified by FPLC and subsequent 

RP-HPLC (8.18 mg, 0.02 µmol, 7 %).   

1H NMR (400 MHz, D2O): δ [ppm] = 8.71 – 8.49 (m, 1H, H-8), 8.34 (s, 1H, H-2), 6.50 (s, 0.5H, 
1diast. H-1’), 6.34 (d, J = 17.3 Hz, 1H, 1diast. H-1’, 1diast. CHOMe), 6.18 (s, 0.5H, 1diast. 
CHOMe), 5.63 (d, J = 26.7 Hz, 1H, H-2’), 5.37 (s, 1H, H-3’), 4.28 (s, 2H, H-5’a/b), 3.56 (s, 1H, 
1diast. CH3), 3.45 (s, 2H, 1diast. CH3), 2.43 (t, J = 20.4 Hz, 1H, P-CH2-P). 
31P NMR (162 MHz, D2O): δ [ppm] = 43.52 – 41.13 (m, 1P, Pα), 14.73 (d, J = 7.8 Hz, 1P, Pγ), 
8.45 (d, J = 32.7 Hz, 1P, Pβ). 

6.2.8.2 O2’-(6-Trifluoroacetamidohexyl)-ApspCH2p (73) 

 

23 (0.11 g, 0.24 mmol, 1.0 eq) was dissolved in TEP (5.0 mL) and lutidine (0.10 g, 

0.11 mL, 0.95 mmol, 4.0 eq) and cooled to 0 °C. PSCl3 (0.08 g, 0.05 mL, 0.48 mmol, 

2.0 eq) was added. After stirring for 5 h methylene bisphosphonic acid (0.29 g, 

1.67 mmol, 7.0 eq) and tributyl amine (0.89 g, 1.14 mL, 3.43 mmol, 14.4 eq) were 

added in dry DMF (1.7 mL) and stirred for 45 min at 0 °C. The reaction was quenched 

by the addition of TEAB (1.0 M, 5.0 mL). The solvents were removed under reduced 

pressure and the crude mixture was purified by ion-exchange chromatography and 

subsequent RP-HPLC (0.01 g, 0.02 mmol,10 %).  

1H NMR (400 MHz, D2O): δ [ppm] = 8.75 (d, J = 14.6 Hz, 1H, H-8), 8.30 (s, 1H, H-2), 6.20 (d, 

J = 7.0 Hz, 1H, H.1’), 4.70 (t, J = 5.2 Hz, 1H, H-2’), 4.61 (q, J = 6.5 Hz, 1H, H-3’), 4.51 – 4.44 
(m, 1H, H-4’), 4.40 – 4.20 (m, 2H, H-5’a/b), 3.74 (dt, J = 11.4, 6.1 Hz, 1H, O2’-CH2a), 3.55 (dt, J 
= 10.9, 6.0 Hz, 1H, O2’-CH2b), 3.11 (t, J = 7.2 Hz, 2H, NHTFA-CH2), 2.45 (t, J = 20.4 Hz, 2H, 
P-CH2-P), 1.43 (d, J = 24.0 Hz, 4H, 2 × CH2-linker), 1.17 – 0.89 (m, 4H, 2 × CH2-linker). 
31P NMR (162 MHz, D2O): δ [ppm] = 42.53 (dd, J = 32.2, 20.6 Hz), 14.67 (d, J = 7.9 Hz), 

8.43 (dd, J = 33.0, 8.1 Hz). 



6 Experimental Procedures 

179 
 

6.2.8.3 N6-(6-Trifluoroacetamidohexyl)-ApspCH2p (74)  

 

27 (0.20 g, 0.43 mmol, 1.0 eq) was dissolved in pyridine (5.0 mL) and cooled to 0 °C. 

PSCl3 (0.15 g, 0.09 mL, 0.87 mmol, 2.0 eq) was added. After stirring for 5 h methylene 

bisphosphonic acid (0.53 g, 3.03 mmol, 7.0 eq) and tributyl amine (1.19 g, 1.52 mL, 

6.41 mmol, 14.4 eq) were added in dry DMF (3.0 mL) and stirred for 45 min at 0 °C. 

The reaction was quenched by the addition of TEAB (1.0 M, 5.0 mL). The solvents were 

removed under reduced pressure and the crude mixture was purified by ion-exchange 

chromatography and subsequent RP-HPLC (0.72 mg, 1.00 µmol, <1 %).  

1H NMR (400 MHz, D2O): δ [ppm] = 8.68 – 8.51 (m, 1H, H-8), 8.26 (s, 1H, H-2), 6.15 (d, J = 6.0 
Hz, 1H, H-1’), 4.65 – 4.54 (s, 1H, H-3’), 4.48 – 4.40 (s, 1H, H-4’), 4.40 – 4.16 (s, 2H, H-5’a/b), 
3.60 (bs, 2H, C6-NH-CH2), 3.41 – 3.30 (m, 2H, NHTFA-CH2), 2.44 (t, J = 20.4 Hz, 2H, 
P-CH2-P), 1.72 (t, 2H, C6-NH-CH2-CH2), 1.59 (t, J = 7.2 Hz, 2H, NHTFA-CH2-CH2), 1.51 – 1.36 
(m, 4H, NHTFA-CH2-CH2-CH2, C6-NH-CH2-CH2-CH2). 
31P NMR (162 MHz, D2O): δ [ppm] = 42.70 (dd, J = 32.7, 26.0 Hz, Pα), 14.65 (s, 1P, Pγ), 8.48 
(dd, J = 32.5, 7.8 Hz, Pβ). 
19F NMR (376 MHz, D2O): δ [ppm] = −75.80 (CF3). 

6.2.9  General procedure for the synthesis of asymmetric Ap4A 
analogues (ApCH2ppCH2pA’) 

For the synthesis of asymmetric Ap4A derivatives, methylene bridged ADP derivatives 

bearing a linker at either the C2 (36), N6 (27) or the O2’ (22) position were activated 

with CDI (5.0 eq) in dry DMF (2.0 mL) at room temperature for 1 h 30 min. The reaction 

was quenched with methanol and the solvents were removed in vacuo. The activated 

ADP analogue was then coupled to unmodified ADP. The TBA salt of adenosine 

5’-methylene bisphosphonate (50, 1.8 eq) was dissolved in dry DMF and added to the 

imidazolide. Tetrazole (2.0 eq) was added and the white suspension was stirred at 

room temperature overnight. The reaction was stopped by the addition of TEAB (0.2 M) 

and the crude mixture was purified by RP-HPLC.  
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6.2.9.1 2‐(5‐Trifluoroacetamido‐pent‐1‐yn‐1‐yl)‐ApCH2ppCH2pA’ (78) 

 

53 (0.28 g, 0.47 mmol, 1.0 eq) was reacted with CDI (0.38 g, 2.35 mmol, 5.0 eq) 

according to the general procedure. The crude mixture was then coupled to the ADP 

(50, 0.36 g, 0.85 mmol, 1.8 eq) in the presence of tetrazole (2.1 mL of 0.45 M solution 

in ACN, 0.94 mmol, 2.0 eq). The product was obtained after RP-HPLC in 40 % yield 

(0.19 g, 0.19 mmol). 

1H NMR (800 MHz, D2O): δ [ppm] = 8.52 (s, 1H, 1 × H-8), 8.46 (s, 1H, 1 × H-8), 8.03 (s, 1H, 1 
× H-2), 5.91 (dd, J = 21.0, 6.3 Hz, 2H, 2 × H-1’), 4.63 (q, J = 4.8, 3.8 Hz, 2H, 2 × H-2’), 4.47 (t, 
J = 4.1 Hz, 2H, 2 × H-3’), 4.21 – 4.12 (m, 2H, 2× H-4’), 4.12 – 4.02 (m, 2H, 2 × H-5’a), 3.97 
(ddd, J = 16.2, 10.4, 4.8 Hz, 2H, 2 × H-5’b), 3.32 (t, J = 7.0 Hz, 2H, CH2-NHTFA), 2.37 (dt, J = 
20.4, 7.2 Hz, 2H, CH2-CH2-CH2-NHTFA), 2.28 (qd, J = 22.5, 15.5 Hz, 4H, 2 × P-CH2-P), 1.76 
(p, J = 7.1 Hz, 1H, CH2-CH2-NHTFA). 
31P NMR (162 MHz, D2O): δ [ppm] = 17.85 – 16.19 (m, 2P, Pα), 7.01 (dt, J = 18.2, 9.2 Hz, Pβ). 
13C NMR (201 MHz, D2O): δ [ppm] = 158.4 (COCF3), 155.3 (1 × C-6), 155.0 (1 × C-6), 152.7 
(1 × C-2), 149.5 (1 × C-4), 149.1 (1 × C-4), 146.2 (1 × C-2-C≡C), 140.7 (1 × C-8), 140.1 (1 × 
C-8), 118.1 (2 × C-5), 117.5 (CF3), 88.0 (C≡C-CH2-CH2-CH2-NHTFA), 86.4 (1 × C-1’), 86.1 (1 
× C-1’), 84.5 (1 × C-4’), 84.3 (2 × C-4’), 79.6 (C≡C-CH2-CH2-CH2-NHTFA), 74.5 (1 × C-2’), 74.4 
(1 × C-2’), 70.5 (1 × C-3’), 70.4 (1 × C-3’), 63.7 (2 × C-5’), 38.9 (CH2-NHTFA), 28.8 (P-CH2-P), 
26.5 (CH2-CH2-NHTFA), 15.9 (CH2-CH2-CH2-NHTFA). 

 
HR-ESI-MS: m/z calculated: 503.5566 [C29H36F3N11O18P4]2−; m/z measured: 503.5583 

[C29H36F3N11O18P4]2−. Deviation: 3.4 ppm. 

6.2.9.2 N6 trifluoroacetamidohexyl ApCH2ppCH2pA’ (80)  

 

N6-(trifluoroacetamidohexyl) adenosine 5’-bisphosphonate (51 0.10 g, 0.17 mmol, 

1.0 eq) was activated with CDI (0.14 g, 0.84 mmol, 5.0 eq) according to the general 

procedure. The activated intermediate was then coupled to 50 (0.13 g, 0.30 mmol, 

1.8 eq), catalyzed by tetrazole (778 µL of 0.45 M in ACN, 0.34 mmol, 2.0 eq). The crude 
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mixture was purified by RP-HPLC. The product was obtained after freeze drying in 

37 % yield (0.06 g, 0.06 µmol).  

1H NMR (600 MHz, D2O): δ [ppm] = 8.34 (d, J = 6.7 Hz, 2H, 2 × H-8), 8.00 – 7.89 (m, 2H, 2 × 
H-2), 5.90 (dd, J = 16.7, 5.9 Hz, 2H, 2 × H-1’), 4.68 – 4.53 (m, 2H, 2 × H-2’), 4.47 (h, J = 4.9, 
4.0 Hz, 2H, 2 × H-3’), 4.25 – 4.18 (m, 2H, 2 × H-4’), 4.10 – 3.90 (m, 4H, 2 × H-5’a/b), 3.22 (dt, 
J = 14.4, 7.8 Hz, 2H,C6-NH-CH2), 3.13 (t, J = 6.9 Hz, 2H, NHTFA-CH2), 2.31 (td, J = 15.4, 
11.2, 5.9 Hz, 4H, P-CH2-P), 1.46 (p, J = 7.0 Hz, 2H, C6-NH-CH2-CH2), 1.39 (p, J = 6.8 Hz, 2H, 
NHTFA-CH2-CH2), 1.24 – 1.14 (m, 4H, C6-NH-CH2- CH2-CH2, NHTFA-CH2- CH2-CH2). 
31P NMR (162 MHz, D2O): δ [ppm] = 17.50 (s, 2P, Pα), 6.97 (s, 2P, Pβ). 
13C NMR (151 MHz, D2O): δ [ppm] = 158.6 (q, J = 37.0 Hz, CONHTFA), 154.7(1 × C-6), 153.8 
(1 × C-6), 152.51 (1 × C-2), 152.1 (1 × C-2), 148.6 (1 × C-4), 147.4 (1 × C-4), 139.8 (1 × C-8), 
139.1 (1 × C-8), 118.7 (2 × C-5), 114.9 (CF3), 113.0, 86.5 (1 × C-1’), 86.4 (1 × C-1’), 83.9 (2 × 
C-4’), 74.3 (1 × C-2’), 74.2 (1 × C-2’), 70.3 (1 × C-3’), 70.2 (1 × C-3’), 63.4 (2 × C-5’), 58.7 (C6-
NH-CH2), 39.9 (NHTFA- CH2), 29.67 (1 × P-CH2-P), 28.0 (1 × P-CH2-P), 25.5 (4 × linker CH2). 
 
HR-ESI-MS: m/z calculated: 512.5800 [C30H42F3N11O18P4]2−; m/z measured: 512.5816 
[C30H42F3N11O18P4]2−. Deviation: 3.1 ppm. 

6.2.9.3 O2’ 6-azidohexyl ApCH2ppCH2pA’ (82) 

 

 

O2‘-(6-azidohexyl)- adenosine bisphosphonate (52, 0.11 g, 0.19 mmol, 1.0 eq) was 

reacted with CDI (0.16 mg, 0.98 mmol, 5.0 eq) following the general procedure. The 

coupling with the TBA salt of 50 (0.15 g, 0.35 mmol, 1.8 eq) was catalyzed by tetrazole 

(0.87 mL of 0.45 M solution in ACN, 0.39 mmol, 2.0 eq). The product was isolated in 

41 % yield (0.08 g, 0.08 mmol) by RP-HPLC. 

1H NMR (400 MHz, D2O): δ [ppm] = 8.56 (s, 1H, 1 × H-8), 8.54 (s, 1H, 1 × H-8), 8.19 (s, 1H, 
1 × H-2), 8.15 (s, 1H, 1 × H-2), 6.07 (t, J = 6.8 Hz, 2H, 2 × H-1‘), 4.74 – 4.77  (m, 1H, H-2‘), 
4.65 (dd, J = 5.2, 2.6 Hz, 1H, H-3‘), 4.59 (t, J = 4.4 Hz, 1H, H-3‘‘), 4.50 (t, J = 6.0 Hz, 1H, H-
2‘‘), 4.36 (p, J = 3.8 Hz, 2H, 2 × H-4‘), 4.19 (dtd, J = 15.5, 8.9, 8.3, 4.5 Hz, 4H, 2 × H5’a/b), 
3.72 – 3.62 (m, 1H, O-CH2a), 3.46 (dd, J = 11.3, 5.2 Hz, 1H, O-CH2b), 3.05 (t, J = 7.0 Hz, 2H, 
N3-CH2), 2.53 – 2.21 (m, 4H, P-CH2-P), 1.43 – 1.30 (m, 4H, O-CH2-CH2, N3-CH2-CH2 ), 
1.07 – 0.76 (m, 4H, O-CH2- CH2-CH2, N3-CH2- CH2-CH2). 
31P NMR (162 MHz, D2O): δ [ppm] = 17.44 (dd, J = 25.7, 5.8 Hz, Pα), 6.93 (t, J = 5.5, 3.2 Hz, 
Pβ). 
13C NMR (151 MHz, D2O): δ [ppm] = 155.5(1 × C-6), 155.4 (1 × C-6), 152.8 (1 × C-2), 152.7 
(1 × C-2), 148.9 (2 × C-4), 140.2 (1 × C-8), 140.0 (1 × C-8), 118.4 (1 × C-5), 118.3 (1 × C-5), 
86.6 (C-1‘), 85.2 (2 × C-4‘), 84.2 (C-1‘‘), 82.0 (C-2‘), 74.3 (C-2‘‘), 70.9 (O-CH2), 70.4(C-3‘), 69.1 
(C-3‘‘), 64.0 (1 x C-5’a/b), 63.7 (1 x C-5’a/b), 50.9(N3-CH2), 28.4 (O-CH2-CH2, 2 × P-CH2-P), 27.9 
(N3-CH2-CH2), 25.4 (O-CH2- CH2-CH2), 24.5(N3-CH2- CH2-CH2). 
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HR-ESI-MS: m/z calculated: 477.5841 [C28H41F3N13O18P4]2−; m/z measured: 477.5827 
[C28H41F3N13O18P4]2−. Deviation: 2.9 ppm. 

6.2.9.4 ApCH2ppCH2pA (81) 

 

81 was obtained as by-product in the reactions above in approximately 11 %.  

1H NMR (400 MHz, D2O): δ [ppm] = 8.53 (s, 2H, 2 × H-8), 8.19 (s, 2H, 2 × H-2), 6.09 (d, 
J = 5.8 Hz, 2H, 2 × H-1’), 4.84 (d, J = 5.4 Hz, 2H, 2 × H-2’), 4.63 (t, J = 4.4 Hz, 2H, 2 × H-3’), 
4.47 – 4.37 (m, 2H, 2 × H-4’), 4.21 (qd, J = 11.6, 6.0 Hz, 4H, 2 × H-5’a/b), 2.46 (t, J = 20.3 Hz, 
4H, 2 × P-CH2-P). 
31P NMR (162 MHz, D2O): δ [ppm] = 17.79 (d, J = 4.6 Hz, Pα), 7.36 – 4.20 (m, Pβ). 

6.2.9.5 Deprotection of ApCH2ppCH2pA‘ analogues 

Deprotection of 80 

 

For the deprotection of the shAp4A derivative, 80 (0.06 mmol) was dissolved in aq NH3 

(10 %, 400 µL) and stirred at room temperature for 2 h. The progress of the reaction 

was followed by 19F NMR. The product was obtained by RP-HPLC purification in 65 % 

yield (0.04 mmol). 

1H NMR (500 MHz, D2O): δ [ppm] = 8.44 (d, J = 11.0 Hz, 2H, 2 × H-8), 8.22 – 7.72 (m, 2H, 
2 × H-2), 6.00 (dd, J = 20.6, 5.7 Hz, 2H, 2 × H-1’), 4.56 (dt, J = 8.7, 4.4 Hz, 4H, 2 × H-2’, 
2 × H-3’), 4.32 (dd, J = 14.5, 2.7 Hz, 2H, 2 × H-4’), 4.23 – 4.03 (m, 4H, 2 × H-5’a/b), 3.25 (bs, 
2H, 1 × C6-NH-CH2), 2.88 (t, J = 7.5 Hz, 2H, 1 × NHTFA-CH2), 2.41 (t, J = 19.5 Hz, 4H, 
2 × P-CH2-P), 1.60 – 1.41 (m, 8H, 4 × CH2-linker). 
31P NMR (202 MHz, D2O): δ [ppm] = 18.22 (d, J = 14.7 Hz, 2P, Pα), 7.64 (s, 2P, Pβ). 
13C NMR (126 MHz, D2O): δ [ppm] = 155.0 (2 × C-6), 153.9 (2 × C-2’), 152.4 (2 × C-4), 139.3 
(2 × C-8), 117.9 (2 × C-5), 86.7 (2 × C-1’), 84.0 (2 × C-4’), 74.4 (2 × C-2’), 70.4 (2 × C-3’), 63.5 
(C-5’), 39.3 (2 × NHR-CH2), 26.6 (2 × P-CH2-P), 25.5(4 × linker CH2). 
 
HR-ESI-MS: m/z calculated: 464.5889 [C28H43N11O17P4]2−; m/z measured: 464.5811 
[C28H43N11O17P4]2−. Deviation: 15.7 ppm. 
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Reduction of 82 

 

To reduce the azide to the free amine compound 82 (0.08 g, 0.08 mmol, 1.0 eq) was 

dissolved in water (2.0 mL), methanol (2.0 mL) and triethylamine (1.0 mL). TCEP 

hydrochloride (0.12 g, 0.41 mmol, 5.0 eq) was added and the reaction was stirred at 

room temperature overnight. The solvents were evaporated and RP-HPLC purification 

gave the deprotected analoge in 70 % yield. 

1H NMR (400 MHz, D2O): δ [ppm] = 8.56 (d, J = 12.5 Hz, 2H, 2 × H-8), 8.18 (d, J = 10.4 Hz, 
2H, 2 × H-2), 6.05 (t, J = 6.1 Hz, 2H, 2 × H-1’), 4.73 (t, J = 5.3 Hz, 1H, H-2’), 4.63 (dd, J = 5.0, 
2.7 Hz, 1H, H-3’), 4.57 (dd, J = 5.1, 3.8 Hz, 1H, H-3’’), 4.48 – 4.34 (m, 3H, 2 × H-4’, 1 × H-2’’), 
4.23 (dd, J = 5.6, 3.3 Hz, 4H, 2 × H-5’a/b), 3.62 (dt, J = 10.3, 6.3 Hz, 1H, O-CH2a), 3.46 (dt, J = 
10.3, 6.1 Hz, 1H, O-CH2b), 2.80 (t, J = 7.1 Hz, 2H, CH2-NH2), 2.46 (t, J = 20.0 Hz, 4H, P-CH2-
P), 1.44 – 1.31 (m, 4H, O-CH2-CH2, N3-CH2-CH2), 1.09 – 0.85 (m, 2H, O-CH2- CH2-CH2, 
N3-CH2- CH2-CH2). 
31P NMR (162 MHz, D2O): δ [ppm] = 17.80 – 16.81 (m, 2P, Pα), 8.19 – 6.65 (m, 2P, Pβ). 
13C NMR (151 MHz, D2O): δ [ppm] = 154.6 (2 × C-6), 151.9 (1 × C-2), 151.8(1 × C-2), 148.6 
(1 × C-4), 148.6 (1 × C-4), 140.3(1 × C-8), 140.2 (1 × C-8), 118.2 (1 × C-5), 118.1 (1 × C-5), 
86.9( 1 × C-1‘), 85.2 (2 × C-4‘),84.0 (1 × C-1‘), 82.3 (1 × C-2‘), 74.5(1 × C-2‘), 70.7(1 × O-CH2), 
70.2 (1 × C-3’), 69.2 (1 × C-3’), 64.0 (1 × C-5’), 63.7(1 × C-5’), 39.2 (2 × NRH-CH2), 28.2 
(2 × P-CH2-P), 26.7 (2 × CH2-linker), 25.1 (2 × CH2-linker). 
 
HR-ESI-MS: m/z calculated: 464.5889 [C28H43N11O17P4]2−; m/z measured: 464.5903 
[C28H43N11O17P4]2−. Deviation: 3.0 ppm. 
 

Deprotection of 78 

 

For the deprotection of the shAp4A derivative 78 (0.06 mmol) was dissolved in aq NH3 

(3 %, 400 µL) and stirred at 0 °C for 5 h. The progress of the reaction was followed by 

19F NMR. The product was obtained by RP-HPLC purification in 65 % yield 

(0.04 mmol). 

1H NMR (400 MHz, D2O): δ [ppm] = 8.66 – 8.38 (m, 2H, 2 × H-8), 8.14 (d, J = 18.6 Hz, 1H, 1 × 
H-8), 6.02 (dd, J = 19.4, 5.6 Hz, 2H, 2 × H-1’), 4.60 (tt, J = 5.0, 2.4 Hz, 2H, 2 × H-3’), 4.36 (td, 
J = 7.5, 6.5, 3.6 Hz, 2H, 2 × H-4’), 4.26 – 4.05 (m, 4H, 2 × H-5’a/b), 3.04 – 2.99 (m, 2H, NH2-
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CH2), 2.58 (t, J = 6.9 Hz, 2H, CH2-CH2-CH2-NHTFA), 2.44 (td, J = 20.2, 4.2 Hz, 4H, 2 × P-CH2-
P), 1.94 (p, J = 7.1 Hz, 2H, CH2-CH2-NHTFA). 
31P NMR (162 MHz, D2O): δ [ppm] = 17.67 (d, J = 5.8 Hz, 2P, Pα), 7.03 (d, J = 6.2 Hz, 2P, 
Pβ). 
 
HR-ESI-MS: m/z calculated: 912.1392 [C27H38N11O17P4]−; m/z measured: 912.1319 
[C27H38N11O17P4]−. Deviation: 8.0 ppm. 
 

6.2.10 General procedure for the synthesis of nhAp4A 
(ApspCH2ppsA) 

All of the Ap4A analogues were synthesized following a procedure published by 

Yanachkov et al.[140] As a first step methylene bisphosphonic acid (62, 1.0 eq) was 

coevaporated with tributylamine (2.2 eq) in dry DMF (3 × 5 mL) and activated with 

carbonyldiimidazole (5.0 eq) in dry DMF. The reaction was stirred at room temperature 

for 15 min. The excess of CDI was decomposed by the addition of water (100 µL) and 

the mixture was evaporated. The crude product (63) was used in the next steps without 

further purification (93 % conversion, determined by 31P NMR shifts). The 

triethylammonium salts of nucleoside 5’-thiomonophosphates (4.0 eq) were 

coevaporated with dry DMF (2 × 5 mL). The diimidazolide (63) was suspended in dry 

DMF (1.0 mL) and added to the respective adenosine 5’-thiomonophosphate 

derivative. To catalyze the coupling reaction tetrazole in acetonitrile (0.45 M, 1.4 eq) 

was added. After stirring for four to 12 h at room temperature, the reaction was 

quenched with TEAB buffer (1.0 M, 2 mL) and purified via RP-HPLC. A diastereomeric 

mixture was obtained. 

Yields were determined via absorbance of the compounds dissolved in MQ-water. 

Additionally, the Ap4A analogues were characterized by NMR and ESI-MS or HR-ESI-

MS. 

6.2.10.1 ApspCH2ppspA (83) 

 

The triethyl ammonium salt of adenosine 5’-thiophosphate (0.04 g, 0.11 mmol, 4.0 eq) 

was reacted with activated methylene bisphosphonic acid (63, 7.18 mg, 0.03 mmol, 
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1.0 eq) according to the general procedure and isolated in 4 % yield. (full 

characterization see Fehler! Verweisquelle konnte nicht gefunden werden.) 

1H NMR (400 MHz, D2O): δ [ppm] = 8.64 (d, J = 10.6 Hz, 2H, 2 × H-8), 8.18 (d, J = 2.5 Hz, 2H, 

2 x H-2), 6.19 – 6.05 (m, 2H, 2 x H-1’), 4.83 (d, J = 5.5 Hz, 2H,2 x  H-2’), 4.64 (dt, J = 12.7, 4.3 
Hz, 2H, 2 x H-3’), 4.42 (s, 2H, 2 x H-4’) 4.30 (dd, J = 14.8, 3.3 Hz, 2H, 2 x H-5’), 2.97 – 2.78 
(m, 2H, P-CH2-P). 
31P NMR (162 MHz, D2O): δ [ppm] = 42.45 (d, J = 39.6 Hz, Pα), 7.16 (d, J = 30.3 Hz, Pß). 

6.2.10.2 2-(Iodo)-ApspCH2psA (84) 

 

The triethyl ammonium salt of C2-iodo-adenosine 5’-thiophosphate (44, 0.07 g, 

0.14 mmol, 4.0 eq) was reacted with activated methylene bisphosphonic acid (63, 

0.01 g, 0.04 mmol, 1.0 eq) according to the general procedure and isolated in 5 % yield 

(2.00 µmol, 2.23 mg). 

1H NMR (400 MHz, D2O): δ [ppm] = 8.55 – 8.10 (m, 2H, 2 × H-8), 5.99 (dd, J = 9.6, 5.1 Hz, 
2H, 2 × H-1‘), 4.76 – 4.68 (m, 2H, 2 × H-2‘), 4.62 (d, J = 14.5 Hz, 2H, 2 × H-3‘), 4.44 – 4.34 
(m, 2H, 2 × H-4‘), 4.29 (d, J = 8.7 Hz, 2H, 2 × H-5a/b), 2.99 – 2.61 (m, 2H, P-CH2-P). 
31P NMR (162 MHz, D2O): δ [ppm] = 43.14 – 41.09 (m), 7.00 (dd, J = 37.4, 14.6 Hz). 

HR-ESI-MS: m/z calculated: 557.8999 [C21H26I2N10O16P4S2]2−; m/z measured: 557.9042 
[C21H26I2N10O16P4S2]2−. Deviation: 7.4 ppm. 

6.2.10.3 O2’-(6-azidohexyl)-ApspCH2ppsA (85) 

 

The triethyl ammonium salt of O2’-(6-azidohexyl)-adenosine 5’-thiophosphate 

(48, 0.25 g, 0.52 mmol, 4.0 eq) was reacted with activated methylene bisphosphonic 

acid (63, 0.03 g, 0.14 mmol, 1.0 eq) according to the general procedure and isolated 

in 10 % yield (0.01 µmol, 0.01 mg). 
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1H NMR (400 MHz, D2O): δ [ppm] = 8.75 (d, J = 18.0 Hz, 2H, 2 × H-8), 8.26 (s, 2H, 2 × H-2), 
6.14 – 6.03 (m, 2H, 2 × H-1’), 4.65 (s, 2H, 1 × H-2’, 1 × H-3’), 4.48 (d, J = 12.9 Hz, 4H, 1 × H 2’, 
1 × H-3’, 2 × H-4’), 4.42 – 4.26 (m, 4H, 2 × H-5’a/b), 3.77 – 3.63  (d, J = 18.8 Hz, 2H, 2 × O-CH2a), 
3.48 – 3.27 (m, 2H, 2 × O-CH2b), 3.06 (t, J = 7.0 Hz, 4H, 2 × N3-CH2), 2.79 (td, J = 21.2, 9.9 Hz, 
1H, P-CH2-P), 1.22 – 1.09 (m, 8H, 2 × O-CH2-CH2, 2 × N3-CH2-CH2), 1.02 – 0.84 (m, 8H, 
2 × O-CH2-CH2-CH2, 2 ×N3-CH2- CH2-CH2). 
13C NMR (151 MHz, D2O): δ [ppm] = 148.5 (C-2), 140.6 (C-8), 117.9 (C-5), 85.3 (C-1’), 82.7 
(C-4’), 70.8 (C-2’, C-2’-O-CH2), 69.5 (C-3’), 65.6 (C-5’), 50.9 (N3-CH2), 28.4 (P-CH2-P), 27.9 
(CH2-linker), 25.4 (CH2-linker), 24.5 (CH2-linker). 
31P NMR (162 MHz, D2O): δ [ppm] = 42.38 (d, J = 32.4 Hz, 2P, Pα), 7.24 (dd, J = 32.2, 18.3 Hz, 
2P, Pβ). 
 
ESI-MS: m/z calculated: 1116.21 [C33H51N16O16P4S2]−; m/z measured: 1116.34 
[C33H51N16O16P4S2]−. 

6.2.10.4 N6-trifluoroacetamidohexylApspCH2ppsA (86) 

 

The triethyl ammonium salt of (N6-(6-trifluoroacetamidohexyl)-adenosine 

5’-thiophosphate (47, 0.16 g, 0.29 mmol, 4.0 eq) was reacted with activated methylene 

bisphosphonic acid (63, 0.02 g, 0.07 mmol, 1.0 eq) according to the general procedure 

and isolated in 15 % yield (0.01 mmol, 0.01 g). 

1H NMR (400 MHz, D2O): δ [ppm] =  8.60 (d, J = 15.2 Hz, 1H, 1 x H-8), 8.38 (d, J = 23.7 Hz, 
1H, 1 x H-8), 8.14 (s, 2H, 2 x H-2 ), 6.08 (dd, J = 15.1, 6.3 Hz, 2H, 2 x H-1’), 4.93 – 4.83 (m, 
2H, 2 x H-2’), 4.67 (d, J = 37.6 Hz, 2H, 2 x H-3’), 4.39 (s, 2H, 2 x H-4’), 4.35 – 4.19 (m, 4H, 

2 x H-5’a/b ), 3.43 (bs, 4H, 2 x C6-NH-CH2), 3.32 (t, J = 7.0 Hz, 4H, 2 x NHTFA-CH2), 

2.80 – 2.61 (m, 2H, P-CH2-P), 1.82 – 1.46 (m, 8H, 2 x C6-NH-CH2-CH2, 2 x NHTFA-CH2-
CH2)1.51 – 1.33 (m, 8H, 2 x C6-NH-CH2-CH2-CH2, 2 x NHTFA- CH2-CH2-CH2). 
31P NMR (162 MHz, D2O): δ [ppm] = 42.85 – 41.29 (m, 2P, Pα), 8.24 – 6.05 (m, 2P, Pβ). 
19F NMR (376 MHz, D2O): δ [ppm] = −75.75 (s, 6F, TFA). 
13C NMR (151 MHz, D2O): δ [ppm] =158.7(2 × C(O)-CF3), 153.4(2 × C-6), 152.0 (2 × C-2), 
148.2 (1 × C-4), 147.3 (1 × C-4), 139.5 (1 × C-8), 139.0 (1 × C-8), 116.8 (2 × C-5), 114.9 
(1 × CF3) , 113.0 (1 × CF3), 86.9 (1 × C-1’), 86.6 (1 × C-1’), 83.7 (1 × C-4’), 83.6 (1 × C-4’), 
74.5 (2 × C-2’), 70.5 (2 × C-3’), 65.2 (1 × C-5’), 64.7 (1 × C-5’), 39.8 (2 × RNH-CH2), 39.7, 
(2 × RNH-CH2), 28.1 (P-CH2-P), 27.6 (2 × C6-NH-CH2-CH2, 2 × NHTFA-CH2-CH2 ), 25.6 
(4 × CH2). 
 
HR-ESI-MS: m/z calculated: 627.0904 [C37H52F6N12O18P4S2]2−; m/z measured: 627.0969 
[C37H52F6N12O18P4S2]2−. Deviation: 10.2 ppm. 
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6.2.10.5 2-(6-Trifluoroacetamidohexyl)-ApspCH2ppsA 

 

The triethyl ammonium salt of C2-hexamehtylenediamine-adenosine 5’-thiophosphate 

(45, 0.04 g, 0.07 mmol, 4.0 eq) was reacted with activated methylene bisphosphonic 

acid (63, 0.01 g, 0.02 mmol, 1.0 eq) according to the general procedure and isolated 

in 4 % yield (0.55 µmol, 0.71 mg). 

1H NMR (400 MHz, D2O): δ [ppm] = 8.30 – 7.99 (m, 2H, 2 × H-8), 5.92 (s, 2H, 2 × H-1’), 4.61 
– 4.47 (m, 2H, 2 × H-3’), 4.43 – 4.35 (m, 2H, 2 × H-4’), 4.33 – 4.16 (m, 4H, 2 × H-5’a/b), 
3.39 – 3.27 (m, 4H, 2 × NHTFA-CH2), 3.04 – 2.80 (m, 4H, 2 × C2-NH-CH2), 2.80 – 2.52 (m, 
2H, P-CH2-P), 1.76 – 1.32 (m, 16H, 8 x CH2-linker). 
31P NMR (162 MHz, D2O): δ [ppm] = 42.81 (s, 2P, Pα), 7.33 (s, 2P, Pβ). 

 
HR-ESI-MS: m/z calculated: 1286.2109 [C37H54F6N14O18P4S2]−; m/z measured: 1286.6908 
[C37H56F6N14O18P4S2]−. Deviation: 37.3 ppm. 

6.2.10.6 Deprotection of ApspCH2ppsA analogues 

Deprotection of 86 

 

For the deprotection of the non-hydrolysable Ap4A derivative 86 (4.37 µmol) was 

dissolved in aq NH3 (10 %, 400 µL) and stirred at room temperature for 2 h. The 

progress of the reaction was followed by 19F NMR. (63 %, 2.75 µmol) 

1H NMR (400 MHz, D2O): δ [ppm] = 8.56 (d, J = 10.3 Hz, 1H, 1 × H-8), 8.41 (d, J = 15.5 Hz, 
1H, 1 × H-8), 8.04 (s, 2H, 2 × H-2), 6.06 (q, J = 5.0 Hz, 2H, 2 × H-1’), 4.68 – 4.58 (m, 4H, 2 × 
H-2’, 2 × H-3’), 4.39 (s, 2H, 2 × H-4’), 4.29 (s, 4H, 2 × H-5’a/b), 3.29 (bs, 4H, 2 × C6-NH-CH2), 
2.95 (t, J = 7.6 Hz, 4H, 2 × NH2-CH2), 2.76 (ddd, J = 34.6, 23.6, 17.5 Hz, 2H, P-CH2-P), 1.69 
– 1.55 (m, 8H, 2 × C6-NH-CH2-CH2, 2 × NH2-CH2-CH2), 1.56 – 1.44 (m, 8H, 2 × C6-NH-CH2-
CH2-CH2, 2 × NH2- CH2-CH2-CH2). 
31P NMR (162 MHz, D2O): δ [ppm] = 42.43 (ddd, J = 30.5, 16.7, 6.3 Hz, 2P, Pα), 7.77 – 6.58 
(m, 2P, Pβ). 
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HR-ESI-MS: m/z calculated: 1063.2245 [C33H55N12O16P4S2]−; m/z measured: 1063.2246 
[C37H52F6N12O18P4S2]2−. Deviation: 0.9 ppm. 
 

Deprotetion of 87 

 

For the deprotection of the non-hydrolysable Ap4A derivative 87 (1.00 µmol) was 

dissolved aq NH3 (3 %, 400 µL) and stirred at 0 °C for 5 h. The progress of the reaction 

was followed by analytical HPLC. NMR. (18 %, 0.18 µmol) 

HR-ESI-MS: m/z calculated: 1093.2463 [C33H58N14O16P4S2]−, m/z measured: 1093.2465 

[C33H58N14O16P4S2]−. Deviation: 0.2 ppm. 

 

Reduction of 85 

 

To reduce the azide to the free amine compound 85 (1.90 mg, 1.70 µmol, 1.0 eq) was 

dissolved in water (0.2 mL), methanol (0.2 mL) and triethylamine (0.1 mL). TCEP 

hydrochloride (2.58 mg, 0.01 mmol, 5.0 eq) was added and the reaction was stirred at 

room temperature overnight. The solvents were evaporated and RP-HPLC purification 

gave the product in 53 % yield. 

1H NMR (400 MHz, D2O): δ [ppm] = 8.73 (s, 2H, 2 × H-8), 8.25 (t, J = 5.3 Hz, 2H, 2 × H-2), 

6.09 (d, J = 7.0 Hz, 2H, 2 × H-1‘), 4.73 – 4.60 (m, 2H, 2 × H-3‘), 4.56 – 4.41 (m, 4H, 2 × H-2‘, 
2 × H-4‘), 4.41 – 4.23 (m, 4H, 2 × H-5’a/b), 3.75 – 3.57 (m, 2H, 2 × O2‘-CH2a), 3.53 – 3.42 (m, 
2H, 2 × O2‘-CH2b), 2.92 – 2.62 (m, 6H, 2 × NH2-CH2, P-CH2-P), 0.98 (t, J = 33.1 Hz, 8H, 4 
×CH2-linker). 
31P NMR (162 MHz, D2O): δ [ppm] = 42.48 (t, J = 32.1 Hz, Pα), 7.44 (d, J = 32.8 Hz, Pß). 

 
ESI-MS: m/z calculated: 1063.22 [C33H55N12O16P4S2]−; m/z measured: 1063.32 
[C37H52F6N12O18P4S2]2−.  
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6.2.11 Alternative pathway based on P-amidite  

Methylene bisphosphonic acid (1.0 eq) was coevaporated with tributylamine (1.2 eq) 

in dry DMF (2.0 mL). The phosphoramidite (2.0 - 3.0 eq) of the respective nucleotide 

was coevaporated in dry DMF (2.0 mL), dissolved in dry DMF (2.0 mL) and added to 

the tributylamine salt of methylene bisphosphonic acid. DCI (3.0 eq) was added as an 

activator. The progress of the reaction was monitored by NMR sprectroscopy. Upon 

completion S8 (5.0 eq) was added. After 2 min, piperidine (25 µL) was added. The 

deprotected phosphates were then precipitated in Et2O and collected by centrifugation. 

The crude products were purified by HPLC.  

6.2.11.1 ApspCH2ppsA 

Acetal prodected ApspCH2ppsA (90) 

 

Methylene bisphosphonic acid (0.08 g, 0.48 mmol, 1.0 eq) were coevaporated with 

tributyl amine (0.11 g, 0.57 mmol, 1.2 eq) and dissolved in dry DMF. The reaction with 

56 (0.75 g, 1.20 mmol, 2.5 eq), catalyzed by DCI (0.17 g, 1.44 mmol, 3.0 eq), oxidized 

by S8 (0.12 g, 1.20 mmol, 8.0 eq) and deprotected with piperidine (1.0 mL) following 

the general procedure, the product was obtained in 10 % yield (0.04 g, 0.04 mmol). 

1H NMR (400 MHz, D2O): δ [ppm] = 8.49 (d, J = 4.6 Hz, 2H, 2 × H-8), 8.17 (d, J = 4.8 Hz, 2H, 

2 × H-2), 6.20 (s, 2H, 2 ×H-1’), 5.48 – 5.33 (m, 2H, 2 × H-2’), 5.33 – 5.20 (m, 2H, 2 × H-3’), 

4.73 – 4.63 (m, 2H, 2 × H-4’), 4.36 – 4.17 (d, J = 20.2 Hz, 4H, 2 × H-5’a/b), 2.70 (t, J = 21.4 Hz, 
2H, Pß-CH2-Pß), 1.70 (d, J = 3.6 Hz, 6H, CH3), 1.48 (d, J = 5.7 Hz, 6H, CH3). 
31P NMR (162 MHz, D2O): δ [ppm] = 42.26 (d, J = 31.6 Hz, 2P, 2 × Pα), 7.14 (d, J = 31.1 Hz, 
2P, 2 × Pß). 
 
HR-ESI-MS: m/z calculated: 945.0775 [C27H37N10O16P4S2]−; m/z measured: 945.0770 
[C27H37N10O16P4S2]−. Deviation: 0.2 ppm. 
m/z calculated: 472.0347 [C27H36N10O16P4S2]2−; m/z measured: 472.0346 
[C27H36N10O16P4S2]2−. Deviation: 0.2 ppm 
 

ApspCH2ppsA (83) 
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To deprotect the 2‘- and 3‘-hydroxylgroups, 90 (0.04 mmol) was dissolved in diluted 

HCl (3 %, 2.0 mL) and stirred for 3 h at room temperature. The reaction was quenched 

by the addition of saturated NaHCO3. The crude mixture was purified by RP-HPLC and 

the product was obtained in 42 % yield (0.02 mmol). 

1H NMR (400 MHz, D2O): δ [ppm] = 8.64 (dd, J = 42.2, 5.3 Hz, 2H, 2 × H-8), 8.27 (d, J = 3.5 
Hz, 2H, 2 × H-2), 6.03 (d, J = 5.0 Hz, 2H, 2 × H-1‘), 4.65 – 4.57 (m, 2H, 2 × H-2‘), 4.52 (p, J = 
4.5 Hz, 2H, 2 × H-3‘), 4.46 (s, 2H, 2 × H-4‘), 4.37 (d, J = 5.0 Hz, 4H, 2 × H-5’a/b), 2.82 (td, J = 
21.0, 11.0 Hz, 2H, P-CH2-P). 
31P NMR (162 MHz, D2O): δ [ppm] = 43.10 (d, J = 31.4 Hz, 2P, Pα), 7.68 (d, J = 31.5 Hz, 2P, 
Pβ). 
13C NMR (151 MHz, D2O): δ [ppm] = 152.5 (2 × C-6), 149.9(2 × C-2), 147.8(2 × C-4), 140.8 
(2 × C-8), 117.5 (2 × C-5), 87.2 (2 × C-1’), 83.7 (2 × C-4’), 75.2 (2 × C-2’), 70.4 (2 × C-3’), 
65.5 (2 × C-5’), 31.3 (t, J = 130.3 Hz, P-CH2-P). 
HR-ESI-MS: m/z calculated: 865.0195 [C21H29N10O16P4S2]−; m/z measured: 865.0160 
[C21H29N10O16P4S2]−. Deviation: 4.0 ppm. 
 

6.2.11.2 2-(5‐Trifluoroacetamido‐pent‐1‐yn‐1‐yl)-ApspCH2psA (91) 

 

Methylene bisphosphonic acid (0.04 g, 0.20 mmol, 1.0 eq) were coevaporated with 

tributyl amine (0.04 g, 0.06 mL, 0.02 mmol, 1.2 eq) and dissolved in dry DMF. The 

reaction with 58 (0.4 g, 0.50 mmol, 2.5 eq), catalyzed by DCI (0.07 mg, 0.60 mmol, 

3.0 eq) was oxidized by S8 (0.05 g, 1.60 mmol, 8.0 eq) and deprotected with piperidine 

(0.45 mL) following the general procedure, the product was obtained in 41 % yield 

(0.10 g, 0.08 mmol). 

1H NMR (400 MHz, D2O): δ [ppm] = 8.49 – 8.41 (m, 2H, 2 × H-8), 6.13 (d, J = 5.2 Hz, 2H, 2 × 
H-1’), 5.40 – 5.24 (m, 2H, 2 × H-2’), 5.22 (s, 2H, 2 × H-3’), 4.58 (s, 2H, 2 × H-4’), 4.35 – 4.04 
(m, 4H, 2 × H-5’a/b), 3.49 (s, 4H, 2 ×CH2-NHTFA), 2.92 – 2.60 (m, 2H, P-CH2-P), 2.53 (s, 4H, 
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2 × CH2-CH2-CH2-NHTFA), 1.97 – 1.79 (m, 4H, 2 × CH2- CH2-NHTFA), 1.65 (s, 6H, 2 × CH3), 
1.44 (s, 6H, 2 × CH3). 
13C NMR (101 MHz, D2O): δ [ppm] = 158.8 (q, J = 37.4 Hz, C(O)-CF3), 155.0 (2 × C-6), 148.8 
(2 × C-2), 145.9 (2 × C-4), 140.7 (2 × C-8), 117.7 (2 × C-5), 114.7 2 × (C- CH3)2), 89.7 
(2 × C≡C-CH2-CH2-CH2-NHTFA), 88.1 (2 × C-1’), 84.7 (2 × C-4’), 84.2 (2 × 
C≡C-CH2-CH2-CH2-NHTFA), 81.6 (2 × C-2’), 79.5 (2 × C-3’), 65.8 (2 × C-5’), 39.1(2 × CH2-
NHTFA), 31.2 (2 × P-CH2-P), 26.4(2 × CH2-CH2-NHTFA), 24.8 (2 × CH3), 23.4 (2 × CH2-CH2-
CH2-NHTFA). 
31P NMR (162 MHz, D2O): δ [ppm] = 42.15 (dd, J = 31.7, 7.6 Hz, 2P, 2 × Pα), 6.95 (d, J = 
31.5 Hz, 2P, 2 × Pβ). 
19F NMR (376 MHz, D2O): δ [ppm] = −75.64 (6F, 2 × CF3). 
 
HR-ESI-MS: m/z calculated: 1299.1578 [C41H49N12O18P4S2]−; m/z measured: 1299.1559 
[C41H49N12O18P4S2]−. Deviation: 1.5 ppm. 

 

Deprotection of 91 

 

To deprotect the 2‘- and 3‘-hydroxylgroups, 91(0.04 mmol) was dissolved in diluted 

HCl (3 %, 2.0 mL) and stirred for 3 h at room temperature. The reaction was quenched 

by the addition of saturated NaHCO3. The crude mixture was purified by RP-HPLC and 

the product was obtained in 42 % yield (0.02 mmol). 

1H NMR (400 MHz, D2O): δ [ppm] = 8.78 – 8.35 (m, 2H, 2 × H-8), 6.00 (s, 2H, 2 × H-1’), 4.69 
(s, 2H, 2 × H-2’), 4.58 (s, 2H, 2 × H-3’), 4.47 – 4.36 (m, 2H, 2 × H-4’), 4.31 (s, 4H, 2 × H-5’a/b), 
3.59 – 3.46 (m, 4H, 2 × CH2-NHTFA), 2.88 – 2.65 (m, 2H, P-CH2-P), 2.57 (s, 4H, 2 × CH2-CH2-
CH2-NHTFA), 2.11 – 1.86 (m, 4H, 2 × CH2- CH2-NHTFA). 
31P NMR (162 MHz, D2O): δ [ppm] = 42.51 (d, J = 31.1 Hz, Pα), 7.12 (d, J = 31.4 Hz, Pβ). 
 

HR-ESI-MS: m/z calculated: 1219.0952 [C35H41N12O18P4S2]−; m/z measured: 1219.0944 
[C35H41N12O18P4S2]−; deviation: 0.7 ppm. 
m/z calculated: 609.0434 [C35H40N12O18P4S2]2−; m/z measured: 609.0427 
[C35H40N12O18P4S2]2−. deviation: 1.1 ppm. 

6.2.11.3 2-(6-Trifluoroacetamidohexyl)-ApspCH2ppsA (92) 
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Methylene bisphosphonic acid (3.30 mg, 0.02 mmol, 1.0 eq) were coevaporated with 

tributyl amine (4.17 mg, 5.00 µL, 0.02 mmol, 1.2 eq) and dissolved in dry DMF. The 

reaction with 57 (29.52 mg, 0.05 mmol, 2.5 eq), catalyzed by DCI (6.64 mg, 0.06 mmol, 

3.0 eq) was oxidized by S8 (4.80 mg, 0.15 mmol, 8.0 eq) and deprotected with 

piperidine (0.04 mL) following the general procedure, the product was obtained in 9 % 

yield (1.80 µmol). 

1H NMR (400 MHz, D2O): δ [ppm] = 8.24 (s, 2H, 2 × H-8), 5.96 (d, J = 11.4 Hz, 2H, 2 × H-1’), 
5.10 (s, 4H, 2 × H-2’, 2 × H-3’), 4.59 (s, 2H, 2 × H-4’), 4.35 (s, 4H, 2 × H-5’a/b), 3.38 – 3.28 (m, 
8H, 4 × NHR-CH2, 4 × NHTFA-CH2), 3.14 – 2.90 (m, 1H), 2.84 – 2.53 (m, 0H), 1.73 – 1.49 (m, 
5H), 1.40 (d, J = 22.0 Hz, 11H). 
 31P NMR (162 MHz, D2O): δ [ppm] = 42.99, 7.69. 

 
HR-ESI-MS: m/z calculated: 1365.2735 [C43H63F6N14O18P4S2]−; m/z measured: 1365.2638 
[C43H63F6N14O18P4S2]−. Deviation: 5.6 ppm. 
m/z calculated: 682.1326 [C43H62F6N14O18P4S2]2−; m/z measured: 682.1340 

[C43H62F6N14O18P4S2]2−. Deviation: 2.1 ppm. 

6.2.11.4 Characterization of nhATP (ApspCH2p) side products  

Acetal protected ApspCH2p (69) 

 

69 was obtained in a 1:1 mixture with the AMP derivative.  

1H NMR (400 MHz, D2O): δ [ppm] = 8.60 (d, J = 29.3 Hz, 1H, H-8), 8.27 (s, 1H, H-2), 7.71 (s, 
1H, H-2), 6.30 (s, 1H, H-1’), 5.44 (d, J = 16.2 Hz, 1H, H-2’), 5.28 (d, J = 5.4 Hz, 1H, H-3’), 
4.14 (dd, J = 73.0, 21.3 Hz, 2H, H-5’a/b), 2.41 (t, J = 20.5 Hz, 1H, P-CH2-P), 1.70 (s, 3H, CH3), 
1.48 (s, 3H, CH3). 
31P NMR (162 MHz, D2O): δ [ppm] = 44.45 (s, 1P, AMP-Pα), 42.46 (d, J = 31.9 Hz, 1P, ATP- 
Pα), 14.66 (d, J = 7.9 Hz, 1P, ATP-Pγ), 8.48 (dd, J = 32.2, 8.0 Hz, 1P, ATP-Pβ). 
 

ApspCH2p (64) 

 

Upon deprotection the ATP derivative was in 30 % yield.  
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1H NMR (400 MHz, D2O): δ [ppm] = 8.63 (s, 1H, H-8), 8.32 (d, J = 29.6 Hz, 1H, H-2), 6.17 (s, 
1H, H-1’), 4.61 (s, 1H, H-2’), 4.45 (s, 1H, H-3’), 4.31 (s, 3H, H-4’, H-5’a/b), 2.34 (t, J = 20.5 Hz, 
2H, P-CH2-P). 
 

HR-ESI-MS: m/z calculated: 519.9853 [C11H17N5O11P3S1]−; m/z measured: 519.9870 
[C11H17N5O11P3S1]−. Deviation: 3.3 ppm 
 

2-(6-Trifluoroacetamidohexyl)-ApspCH2p 

 

 

HR-ESI-MS: m/z calculated: 771.1224 [C22H34N7O12P3S]−; m/z measured: 771.1227 
[C22H34N7O12P3S]−. Deviation: 0.4ppm.  

6.2.12 Functionalization of Ap4A 

6.2.12.1 Functionalization of ApspCH2ppsA 

General procedure for the attachment of desthiobiotin 

The deprotected or reduced Ap4A analogues were dissolved in NaHCO3 (0.1 M, 

pH 8.7). Desthiobiotin-NHS (0.7 eq) was dissolved in DMF and added to the reaction 

mixture. The pH was adjusted again. The mixture was stirred overnight, evaporated 

and purified by RP-HPLC.  

N6-DTB-ApsPCH2ppsA (96) 

 

95 (2.92 mg, 2.75 µmol, 1.0 eq) was dissolved in NaHCO3
 (0.1 M, pH 8.7, 0.5 mL) and 

reacted with desthiobiotin-NHS (0.56 mg, 1.82 µmol, 0.7 eq) according to the general 
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procedure. The asymmetrically modified product was obtained in 33 % yield 

(0.91 µmol). 

1H NMR (400 MHz, D2O): δ [ppm] = 8.59 (dd, J = 14.4, 5.2 Hz, 1H, 1 × H-8), 8.39 (dd, J = 22.6, 
5.9 Hz, 1H, 1 × H-8), 8.14 (d, J = 2.2 Hz, 2H, 2 × H-2), 6.09 (dt, J = 14.3, 6.7 Hz, 2H, 2 × H-1’), 
4.66 – 4.58 (m, 4H, 2 × H-2’, 2 × H-3’), 4.43 – 4.35 (m, 2H, 2 × H-4’), 4.35 – 4.19 (m, 4H, 2 × 
H-5’a/b ) 3.72 (p, J = 6.8 Hz, 1H, H-11), 3.64 – 3.55 (m, 1H, H-10), 3.54 – 3.29 (bs, 2H, 
2 × C6-NH-CH2), 3.20 (t, J = 6.3 Hz, 4H, 2 × NHR-CH2), 2.73 (ddd, J = 19.1, 12.7, 7.7 Hz, 2H, 
P-CH2-P), 2.20 (t, J = 6.7 Hz, 2H, CH2-C(NR)=O), 1.69 – 1.60 (m, 8H, 2 × C6-NH-CH2-CH2, 
2 × NHR-CH2-CH2), 1.59 – 1.49 (m, 8H, 2 × C6-NH-CH2-CH2-CH2, 2 × NHR-CH2-CH2-CH2), 
1.46 – 1.28 (m, 8H, 4 × CH2-DTB), 0.95 (d, J = 6.5 Hz, 3H, CH3).  
31P NMR (162 MHz, D2O): δ [ppm] = 42.54 – 41.97 (m, 2P, Pα), 6.95 (ddd, J = 34.8, 20.2, 15.3 
Hz, 2P, Pβ). 
 

ESI-MS: m/z calculated: 1259.35 [C43H71N14O18P4S2]−; m/z measured: 1259.29 
[C43H71N14O18P4S2]−.  
 

O2’-DTB-ApspCH2ppsA (97) 

 

The reduced O2’-derivative (1.17 mg, 1.10 µmol, 1.0 eq) was dissolved in NaHCO3
 

(0.1 M, pH 8.7, 0.5 mL) and reacted with desthiobiotin-NHS (0.23 mg, 0.73 µmol, 0.7 

eq) according to the general procedure. The asymmetrically modified product was 

obtained in 11 % yield. 

1H NMR (400 MHz, D2O): δ [ppm] = 8.68 (dd, J = 10.7, 6.9 Hz, 2H, 2 × H-8), 8.27 – 8.13 (m, 
2H, 2 × H-2), 6.12 (q, J = 6.7, 5.8 Hz, 1H, 2 × H-1’), 4.74 – 4.57 (m, 2H, 1 × H-2’, 1 × H-3’ ), 
4.57 – 4.48 (m, 2H, 1 × H-2’, 1 × H-3’), 4.45 – 4.41(s, 2H, 2 × H-4’), 4.36 – 4.10 (m, 4H, 2 × H-
5’a/b), 3.82 (p, J = 6.7 Hz, 1H, H-11), 3.72 – 3.53 (m, 3H, H-10, 2 × O-CH2a), 3.53 – 3.38 (m, 
2H, 2 × O-CH2b), 2.99 (q, J = 6.2 Hz, 4H, 2 × NHR-CH2), 2.87 – 2.63 (m, 2H, P-CH2-P), 2.20 
(t, J = 7.1 Hz, 2H, CH2-C(NR)=O), 1.45 – 1.30 (m, 16H, 8 × CH2-linker ), 1.04 (d, J = 6.5 Hz, 
3H, CH3), 1.04 – 0.61 (m, 8H, 4 × CH2-linker). 
31P NMR (162 MHz, D2O): δ [ppm] = 43.26 – 41.39 (m, 2P, Pα), 7.07 (d, J = 33.1 Hz, 2P, Pß). 

 

ESI-MS: m/z calculated: 1259.35 [C43H71N14O18P4S2]−; m/z measured: 1259.48 
[C43H71N14O18P4S2]−.  
 

General procedure for the attachment of the photoreactive group  

Both benzophenone and diazirine were attached via NHS ester coupling. 96 or 97 was 

dissolved in in NaHCO3
 (0.1 M, pH 8.7) and reacted with benzophenone-NHS (5.0 eq) 
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in DMF or diazirine-NHS (5.0 eq) in DMF respectively. The reaction was stirred 

overnight, and the products were isolated by RP-HPLC. 

 

N6’-DTB-BP-ApspCH2ppsA (98) 

 

96 (0.65 µmol, 1.0 eq) was dissolved in NaHCO3
 (0.1 M, pH 8.7, 0.5 mL) and reacted 

with benzophenone-NHS (1.05 mg, 3.25 µmol, 5.0 eq) according to the general 

procedure. The asymmetrically modified product was obtained in 50 % yield. 

HR-ESI-MS: m/z calculated: 733.1960 [C57H78N14O20P4S2]2−; m/z measured: 733.1637 
[C57H78N14O20P4S2]2−. Deviation: 44 ppm. 

 

O2’-DTB-BP-ApspCH2ppsA (100) 

 

97 (1.30 µmol, 1.0 eq) was dissolved in NaHCO3
 (0.1 M, pH 8.7, 0.5 mL) and reacted 

with benzophenone-NHS (2.10 mg, 6.51 µmol, 5.0 eq) according to the general 

procedure. The asymmetrically modified product was obtained in 17 % yield. 

1H NMR (400 MHz, D2O): δ [ppm] = 9.05 – 8.77 (m, 2H, H-12, H-13), 8.43 (d, J = 9.8 Hz, 2H, 
2 × H-8), 8.03 (dt, J = 24.4, 14.0 Hz, 7H, 2 × H-2, H-16, H-18, H-20), 7.82 (d, J = 7.8 Hz, 2H, 



6 Experimental Procedures 

196 
 

H-17, H-19), 6.31 (s, 2H, 2 × H-1’), 4.06 – 3.92 (m, 4H, 2 × H-4’, 2 × H-5’a/b), 1.74 – 1.53 (m, 
16H, 8 × CH2-linker), 1.38 – 0.75 (m, 9H, 3 × CH2-DTB, 1 × CH3-DTB). 
31P NMR (243 MHz, D2O): δ [ppm] = 45.06 – 42.71 (m, 2P, Pα), 8.82 – 7.23 (m, 2P, Pβ). 

 

HR-ESI-MS: m/z calculated: 733.1949 [C57H78N14O20P4S2]2−; m/z measured: 733.2258 
[C57H78N14O20P4S2]2−. Deviation: 42 ppm. 

 

N6-DTB-DA-ApspCH2ppsA (10) 

 

96 (3.55 µmol, 1.0 eq) was dissolved in NaHCO3
 (0.1 M, pH 8.7, 0.5 mL) and reacted 

with diazirine-NHS (5.73 mg, 17.75 µmol, 5.0 eq) according to the general procedure. 

The asymmetrically modified product was obtained in 27 % yield. 

1H NMR (400 MHz, D2O): δ [ppm] = 8.59 (d, J = 12.8 Hz, 1H, 1 × H-8), 8.38 (d, J = 22.8 Hz, 
1H, 1 × H-8), 8.15 (s, 2H, 2 × H-2), 6.08 (dd, J = 9.4, 6.1 Hz, 2H, 2 × H-1‘),4.75 – 4.70 (m, 2H, 
2 × H-2‘), 4.70 – 4.53 (m, 2H, 2 × H-3‘), 4.43 – 4.35 (m, 2H, 2 × H-4‘), 4.33 – 4.19 (m, 4H, 2 × 
H-5’a/b), 4.00 (t, J = 5.9 Hz, 2H, NH-COO-CH2), 3.75 – 3.70 (m, 1H, H-11 ), 3.65 – 3.55 (m, 1H, 
H-10), 3.51 – 3.31 (m, 2H, 2 × C6-NH-CH2), 3.17 – 3.10 (m, 4H, 2 × NHR-CH2), 2.99 – 2.86 
(m, 2H, P-CH2-P) 2.21 (t, J = 7.2 Hz, 2H, CH2-C(NR)=O ), 1.69 – 1.61 (m, 6H, 2 × CH2-DTB, 
1 × CH2-DA), 1.58 – 1.51 (m, 8H, 4 × CH2-linker), 1.50 – 1.36 (m, 8H, 4 × CH2-linker), 1.29 – 
1.17 (m, 4H, 2 × CH2-linker ), 1.04 – 0.91 (m, 6H, 1 × CH3-DTB, 1 × CH3-DA). 
31P NMR (162 MHz, D2O): δ [ppm] = 43.11 – 41.70 (m), 7.51 – 6.65 (m). 
13C NMR (201 MHz, D2O): δ [ppm] = 176.7 (DTB-C-(O)-OR), 165.4 (DTB-C-(O)-(NHR)2), 
152.2 (C-6), 147.5 (C-2), 139.5 (C-8), 86.8 (C-1’), 83.8(C-4’), 74.6 (C-2’), 70.5 (C-3’), 65.3 
(C-5’), 55.8 (C-10), 51.3 (C-11), 39.3 (4 × RNH-CH2), 35.6 (CH2-C(NR)=O), 28.5 (P-CH2-P), 
27.9 (4 ×CH2-linker), 26.5 (4 × CH2-linker), 25.7 (2 ×CH2-DTB), 25.2 (2 × CH2-DTB, 2 × CH2-
DA), 14.2 (1 × CH3-DTB, 1 × CH3-DA). 

 
HR-ESI-MS: m/z calculated: 1385.3886 [C48H77N16O20P4S2]−; m/z measured: 1385.3928 
[C48H77N16O20P4S2]−. Deviation: 3.0 ppm. 
m/z calculated: 692.1901 [C48H76N16O20P4S2]2−; m/z measured: 692.1879 
[C48H76N16O20P4S2]2−. Deviation: 3.3 ppm. 

 
O2’-DTB-DA-ApspCH2ppsA (99) 
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97 (1.20 µmol, 1.0 eq) was dissolved in NaHCO3
 (0.1 M, pH 8.7, 0.5 mL) and reacted 

with diazirine-NHS (1.45 mg, 6.00 µmol, 5.0 eq) according to the general procedure. 

The asymmetrically modified product was obtained in 58 % yield. 

1H NMR (400 MHz, D2O): δ [ppm] = 8.84 (d, J = 36.9 Hz, 2H, 2 × H-8), 8.32 (s, 2H, 2 × H-2), 
5.97 (d, J = 6.2 Hz, 2H, 2 × H-1‘), 4.58 – 4.47 (m, 4H, 2 × H-2’, 2 × H-3’), 4.47 – 4.40 (m, 2H, 
2 × H-4‘), 4.38 – 4.18 (m, 4H, 2 × H-5’a/b), 3.89 – 3.81 (m, 1H, H-11), 3.81 – 3.70 (m, 1H, H-
10), 3.67 – 3.49 (m, 2H, 2 × O-CH2a), 3.53 – 3.38 (m, 2H, 1 × DA-CH2), 3.36 (dd, J = 16.3, 5.5 
Hz, 2H, 2× O-CH2b), 3.06 – 2.70 (m, 6H, 2 × NH-CH2, P-CH2-P), 2.06 (t, J = 7.3 Hz, 2H, CH2-
C(NR)=O), 1.63 – 1.48 (m, 2H, 1 × CH2-DA), 1.48 – 1.39 (m, 2H, 1 × CH2-DTB), 1.32 – 1.26 
(m, 8H, 4 × CH2-linker), 1.17 – 1.01 (m, 8H, 4 × CH2-linker ), 1.03 – 0.66 (m, 14H, 2 × CH3, 3 
× CH2-linker). 
31P NMR (162 MHz, D2O): δ [ppm] = 44.70 – 42.01 (m, 2P, Pα), 8.59 – 7.25 (m, 2P, Pβ). 
 
HR-ESI-MS: m/z calculated: 1385.3886 [C48H77N16O20P4S2]−; m/z measured: 1385.3928 
[C48H77N16O20P4S2]−. Deviation: 3.0 ppm.  
m/z calculated: 692.1901 [C48H76N16O20P4S2]2−; m/z measured: 692.1940 
[C48H76N16O20P4S2]2−. Deviation: 5.6 ppm. 
 

6.2.12.2 Functionalization of ApCH2ppCH2pA’ 

DTB-BP-functionalization of N6-ApCH2ppCH2pA’ (102) 
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Deprotected N6-ApCH2ppCH2pA’ (0.49 µmol, 1.0 eq) was dissolved in NaHCO3
 (0.1 M, 

pH 8.7, 0.3 mL) and reacted with 15 (5.02 mg, 6.00 µmol, 5.0 eq) according to the 

general procedure. The asymmetrically modified product was obtained in 22 % yield 

after RP-HPLC purification. 

1H NMR (600 MHz, D2O): δ [ppm] = 8.34 (d, J = 74.7 Hz, 2H, 2 × H-8), 8.07 – 7.81 (m, 4H, H-
12, H-13, H-16, H-20), 7.67 (d, J = 8.8 Hz, 2H, H-14, H-15), 7.46 (d, J = 7.6 Hz, 1H, H-18), 
7.36 (d, J = 8.0 Hz, 2H, 2 × H-2), 7.26 (t, J = 7.9 Hz, 2H, H-17, H-19), 5.89 (d, J = 36.6 Hz, 2H, 
2 × H-1’), 4.34 – 3.99 (m, 4H, H-5’a/b), 3.56 – 3.47 (m, 10H, 5 × CH2-PEG), 3.42 (t, J = 6.7 Hz, 
2H, C6-NH-CH2), 3.05 – 2.95 (m, 4H, 2 × PEG-CH2-CH2-NHR), 2.89 – 2.67 (m, 2H, CH2-
arginine), 2.46 – 2.33 (m, 4H, 2 × P-CH2-P), 2.08 (t, J = 7.7 Hz, 2H, CH2-C(NR)=O), 1.74 (t, J 
= 6.9 Hz, 2H, 1 × CH2-DTB), 1.70 – 1.57 (m, 2H, 1 × CH2-DTB), 1.52 – 1.39 (m, 2H), 1.33 (s, 
4H, 2 × CH2-linker), 1.12 (s, 4H, 2 × CH2-linker), 1.03 (s, 2H, 1 × CH2-DTB), 0.99 – 0.90 (m, 
3H, 1 × CH3-DTB). 
31P NMR (243 MHz, D2O): δ [ppm] = 17.65(s, 2P, Pα), 7.41 (s, 2P, Pβ). 
 

HR-ESI-MS: m/z calculated: 826.2811 [C66H95N16O26P4]2−; m/z measured: 826.2869 
[C66H95N16O26P4]2−. Deviation: 7.0 ppm.  
 

N6-DTB-DA-ApCH2ppCH2pA’ (11) 

 

Deprotected N6-ApCH2ppCH2pA’ (5.00 µmol, 1.0 eq) was dissolved in NaHCO3
 (0.1 M, 

pH 8.7, 0.3 mL) and reacted with 16 (22.64 mg, 30.00 µmol, 5.0 eq) according to the 

general procedure. The asymmetrically modified product was obtained in 20 % yield 

after RP-HPLC purification. 

1H NMR (500 MHz, Deuterium Oxide) δ 8.50 (s, 2H, 2 × H-8), 8.15 (s, 2H, 2 × H-2), 6.04 (d, J 
= 11.2 Hz, 2H, 2 × H-1’), 4.51 (d, J = 81.4 Hz, 2H, 2 × H-2’), 4.33 (d, J = 11.3 Hz, 2H, 2 × H-3’), 
4.16 (d, J = 22.6 Hz, 4H, 2 × H-4’, 2 × H-5’a), 3.96 (s, 3H, 2 × H-5’b, H-11), 3.62 (d, J = 12.4 Hz, 
10H, 5 × CH2-PEG), 3.54 – 3.46 (m, 4H, 2 × CH2-NHR),), 3.47 – 3.29 (m, 2H, C6-NH-CH2), 
2.76 – 2.51 (m, 2H, CH2-arginine), 2.43 (t, J = 18.4 Hz, 4H, 2 × P-CH2-P), 2.19 (s, 2H, 
CH2C(NR)=O), 1.75 (s, 4H, 2 × CH2-DTB), 1.75 (s, 4H, 2 × CH2-linker), 1.59 – 1.28 (m, 8H, 
2 × CH2-linker), 1.12 – 1.01 (m, 5H, CH3-DA, 1 × CH2-DTB), 0.96 (d, J = 16.1 Hz, 3H, 
CH3-DTB). 
31P NMR (162 MHz, D2O): δ [ppm] = 17.71(s, 2P, Pα), 7.02 (s, 2P, Pβ). 
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13C NMR (151 MHz, D2O): δ [ppm] = 176.9 (DTB-C(O)-OR), 165.6 (DTB-C(O)-(NHR)2, 157.3 
(2 × C-6), 153.7 (2 × C-2), 148.7 (2 × C-8), 140.0 (1 × C-8), 139.3 (1 × C-8), 118.0 (2 × C-5), 
86.6 (2 × C-1’), 84.0 (2 × C-4’), 74.2 (2 × C-2’), 70.4 (2 × C-3’), 69.5(5 × CH2-PEG), 68.4 (NHR-
CH2), 63.3 (2 × C-5‘),55.9 (C-11), 51.5 (C-10), 36.6 (CH2-C(NR)=O), 28.3 (2 × P-CH2-P), 25.5 
(CH2-linker), 18.9 (DTB-CH3), 14.4 (DA-CH3). 
 
HR-ESI-MS: m/z calculated: 784.2685 [C57H92N18O26P4]2−; m/z measured: 784.2356 
[C57H92N18O26P4]2−. Deviation: 42 ppm.  

 
O2’-DTB-DA-ApCH2ppCH2pA 

 

Reduced O2’-ApCH2ppCH2pA’ (5.00 µmol, 1.0 eq) was dissolved in NaHCO3 (0.1 M, 

pH 8.7, 0.3 mL) and reacted with 16 (22.64 mg, 30.00 µmol, 5.0 eq) according to the 

general procedure. The asymmetrically modified product was obtained in 20 % yield 

after RP-HPLC purification. 

1H NMR (400 MHz, D2O): δ [ppm] = 8.60 (s, 2H, 2 × H-8), 8.25 (d, J = 3.9 Hz, 2H, 2 × H-2’), 
6.20 – 6.00 (m, 2H, 2 × H-1’), 4.68 – 4.51 (m, 3H, 2 × H-3’,1× H-2’), 4.47 – 4.36 (m, 4H, 2 × H-
4’, 1 × H-2’), 4.31 – 4.18 (m, 4H, 2 × H-5’a/b), 4.13 – 4.00 (m, 1H, H-11), 3.95 – 3.77 (m, 1H, H-
10), 3.74 – 3.62 (m, 10H, 5 × CH2-PEG), 3.58 (t, J = 7.1 Hz, 4H, 2 × NHR-CH2), 3.35 – 3.25 
(m, 6H, 1 × NHR-CH2, 2 × O2’-CH2), 2.43 (t, J = 19.7 Hz, 4H, 2 × P-CH2-P), 2.24 (t, J = 7.2 Hz, 
2H, CH2C(NR)=O), 1.80 (t, J = 6.6 Hz, 4H, 2 × CH2), 1.73 – 1.54 (m, 4H, 2 × CH2), 1.54 – 1.40 
(m, 4H, 2 × CH2), 1.42 – 1.32 (m, 3H, DA-CH3), 1.16 – 0.86 (m, 5H, DTB-CH3, 1 × CH2). 
31P NMR (162 MHz, D2O): δ [ppm] = 17.55 (d, J = 32.4 Hz, 2P, Pα), 7.25 (s, 2P, Pβ). 
13C NMR (151 MHz, D2O): δ [ppm] = 176.8 (DTB-C(O)-OR), 165.6 (DTB-C(O)-(NHR)2, 148.6 
(2 × C-4), 140.2 (2 × C-8), 118.2 (2 × C-5), 86.7 (2 × C-1’), 84.1 (2 × C-4’), 74.4 (1 × C-2’), 
70.9 (1 × C-2’), 70.2 (2 × C-3’), 69.4 (5 × CH2-PEG), 68.3 (NHR-CH2), 63.8 (2 × C-5‘),55.9 
(C-11), 51.4 (C-10), 37.6 (CH2-C(NR)=O), 28.3 (2 × P-CH2-P), 25.1 (CH2-linker), 18.6 (DTB-
CH3), 14.3 (DA-CH3). 
 
HR-ESI-MS: m/z calculated: 784.2685 [C57H92N18O26P4]2−; m/z measured: 784.2347 
[C57H92N18O26P4]2−. Deviation: 43 ppm.  
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N6-TAMRA-ApCH2ppCH2pA (101) 

 

Deprotected N6-ApCH2ppCH2pA’ (0.01 mmol, 1.0 eq) was dissolved in NaHCO3 

(0.1 M, pH 8.7, 3.0 mL) and reacted with 17 (0.03 mmol, 3.0 eq) according to the 

general procedure. The asymmetrically modified product was obtained in 9 % yield 

after silica gel column chromatography (iPrOH/water/NH3 6:1:1 → 3:1:1), ion-

exchange and RP-HPLC purification. 

1H NMR (500 MHz, D2O): δ [ppm] = 8.42 (d, J = 11.4 Hz, 2H, 2 × H-8), 8.21 (d, J = 2.2 Hz, 1H, 
TAMRA- Hf), 8.01 (d, J = 2.6 Hz, 2H, 2 × H-2), 7.94 (dd, J = 7.8, 1.9 Hz, 1H, TAMRA-He), 7.34 
(d, J = 7.5 Hz, 1H, TAMRA-Hd), 7.09 (dd, J = 16.3, 9.5 Hz, 2H, 2 × TAMRA-Ha), 6.81 (d, J = 
9.6 Hz, 2H, 2 × TAMRA-Hb), 6.63 (d, J = 8.1 Hz, 2H, 2 × TAMRA-Hc), 5.92 (t, J = 6.1 Hz, 2H, 
2 × H-1‘), 4.72 – 4.70 (m, 2H, 2 × H2‘), 4.61 – 4.50 (m, 2H, 2 × H3‘), 4.31 – 4.24 (m, 2H, 2 × 
H-4‘), 4.19 – 4.11 (m, 2H, 2 × H-5‘a), 4.12 – 4.04 (m, 2H, 2 × H-5‘b), 3.47 (q, J = 7.0 Hz, 2H, 
C6-NH-CH2), 3.43 – 3.29 (m, 2H, RNH-CH2), 3.20 – 3.18 (m, 12H, 4 × CH3), 2.52 – 2.34 (m, 
4H, 2 × P-CH2-P), 1.69 (dt, J = 11.8, 5.5 Hz, 4H, 2 × R-NH-CH2-CH2), 1.51 – 1.41 (m, 4H, 2 × 
R-NH-CH2-CH2-CH2 ). 
31P NMR (202 MHz, D2O): δ [ppm] = 18.16 (s, 2P, Pα), 7.84 (s, 2P, Pβ). 
13C NMR (201 MHz, H2O+D2O): δ [ppm] = 173.1 (TAMRA-C-C(O)NR), 169.1 (TAMRA-C-
C(O)NR), 157.9 (TAMRA-C-N(CH3)2), 156.9 (C-6), 153.5 (TAMRA-C), 151.3 (C-2), 148.3 (C-
4), 147.3 (TAMRA-C), 140.2 (TAMRA-C), 139.4 (C-8), 135.4 (TAMRA-C), 134.2 (TAMRA-C), 
130.5 (Ca, Cd), 127.8 (Ce, Cf), 118.0 (C-5), 113.8 (Cb), 112.6 (TAMRA-C), 96.0 (Cc), 86.9 (C-
1‘), 84.0 (C-4‘), 74.6 (C-2‘), 70.2 (C-3‘), 63.4 (C-5‘), 42.3 (2 × RNH-CH3), 40.2 (4 × N-CH3), 
28.6 (P-CH2-P, 2 × linker-CH2), 25.9 (2 × linker-CH2). 
 
HR-ESI-MS: m/z calculated: 670.6600 [C53H63N13O21P4]2−; m/z measured: 670.6629 
[C51H59N13O22P4]2−. Deviation: 4.3 ppm. 
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6.2.13 Synthesis of Ap4A bearing a natural P-chain  

6.2.13.1 N6-(6-Trifluoroacetamidohexyl)-adenosine 5’-monophosphate (105) 

 

N6-(6-Trifluoroacetamidohexyl)-adenosine (27, 0.20 mg, 0.43 mmol, 1.0 eq) was dried 

in vacuo for 30 min and dissolved in dry TMP (10 mL). The suspension was cooled to 

0 °C and POCl3 (0.08 g, 0.05 mL, 0.52 mmol, 1.2 eq) was added and the mixture was 

stirred at 0 °C. After 1 h another portion of POCl3 (0.04 g, 0.03 mL, 0.26 mmol, 0.6 eq) 

was added. The reaction mixture was stirred for another 2 h and stopped by the 

addition of TEAB buffer (0.2 M, 25 mL). The solvents were removed under reduced 

pressure and the residue was purified by anion-exchange chromatography and 

RP-HPLC to give the product as a white solid (0.07 g, 0.12 mmol, 28 %). 

1H NMR (400 MHz, D2O): δ [ppm] = 8.43 (s, 1H, H-8), 8.17 (s, 1H, H-2), 6.10 (d, J = 5.7 Hz, 
1H, H-1‘), 4.78 – 4.70 (m, 1H, H-2‘), 4.52 (t, J = 4.4 Hz, 1H, H3‘), 4.44 – 4.32 (m, 1H, H-4‘), 
4.14 (t, J = 4.5 Hz, 2H, H-5‘), 3.49 (bs, 2H, C6-NH-CH2), 3.29 (t, J = 7.0 Hz, 2H, NHTFA-CH2), 
1.64 (p, J = 7.0 Hz, 2H, C6-NH-CH2-CH2), 1.55 (p, J = 7.1 Hz, 2H, NHTFA-CH2-CH2), 1.44 – 
1.33 (m, 4H, 2 × CH2 linker). 
13C NMR (101 MHz, D2O) δ [ppm] = 158.9 (m, C(O)-CF3), 154.4 (C-6), 152.7 (C-2), 148.3 (only 
in 2D spectra, C-4), 139.1 (C-8), 117.4 (C-5), 114.6 (CF3), 87.0 (C-1‘), 84.1 (C-4‘), 74.5 (C-2‘), 
70.5 (C-3‘), 64.4 (C-5‘), 39.8 (2 × RNH-CH2), 28.4 (C6-NH-CH2-CH2), 27.7 (NHTFA-CH2-CH2), 
25.7 (C6-NH-CH2-CH2-CH2, NHTFA-CH2-CH2-CH2). 
31P NMR (162 MHz, D2O) δ [ppm] = 0.76 (1P, Pα). 
 

HR-ESI-MS: m/z calculated: 769.0722 [C21H27N10O14P3S]−; m/z measured: 769.0715 
[C21H27N10O14P3S]−. Deviation: 0.9 ppm. 

6.2.13.2 N6- trifluoroacetamidohexyl-ATP (107) 

 



6 Experimental Procedures 

202 
 

The tetrabuyl ammonium salt of ATP (0.03 g, 0.06 mmol, 1.0 eq) was dissolved in dry 

DMF (1.0 mL). CDI (0.05 g, 0.30 mmol, 5.0 eq) was added and stirred at room 

temperature for 2 h. Then MeOH (0.5 mL) was added to quench the reaction. The 

solvents were removed under reduced pressure. Compound 105 (0.05 g, 0.08 mmol, 

1.4 eq) dissolved in dry DMF (2.0 mL) was added. After the addition of tetrazole 

(0.05 mL of 0.45 M solution in tetrazole, 0.12 mmol, 2.0 eq) the mixture was stirred at 

room temperature overnight. The solvents were removed under reduced pressure and 

the crude product was purified via HPLC twice, to give the desired product 105 in 27 % 

yield (0.02 mmol). 

1H NMR (500 MHz, D2O): δ [ppm] = 8.35 (d, J = 32.2 Hz, 2H, 2 × H-8), 8.18 – 8.11 (m, 2H, 2 
× H-2), 6.04 (dd, J = 18.8, 5.9 Hz, 2H, 2 × H-1‘), 4.74 – 4.69 (m, 2H, 2 × H-2‘), 4.59 (ddd, J = 
11.4, 4.9, 3.5 Hz, 2H, 2 × H-3‘), 4.43 – 4.15 (m, 5H, 2 × H-4‘, 2 × H-5’a/b), 3.33 (t, J = 7.0 Hz, 
2H, C6-NH-CH2), 1.70 – 1.53 (m, 4H, 2 × R-NH-CH2-CH2), 1.53 – 1.30 (m, 4H, R-NH-CH2-
CH2-CH2). 
31P NMR (202 MHz, D2O): δ [ppm] = −10.56 – -10.91 (m), −22.69 (d, J = 16.9 Hz). 
19F NMR (376 MHz, D2O): δ [ppm] = -75.48 (NH-C(O)-CF3). 

 

HR-ESI-MS: m/z calculated: 1030.1270 [C28H39N11O20P4F3]−; m/z measured: 1030.1277 
[C28H39N11O20P4F3]−. Deviation: 0.7 ppm.  
m/z calculated: 514.5593 [C28H39N11O20P4F3]2−; m/z measured: 514.5605 [C28H39N11O20P4F3]2−. 
Deviation: 2.3 ppm. 
 

6.2.13.3 Functionalization of Ap4A with a natural P-chain 

N6-TAMRA-Ap4A (109) 

 

Deprotected N6-Ap4A (5.26 µmol, 1.0 eq) was dissolved in NaHCO3
 (0.1 M, pH 8.7, 

3.0 mL) and reacted with 17 (15.00 µmol, 2.9 eq) according to the general procedure. 

The asymmetrically modified product was purified by silica gel flash column 
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chromatography (water/iPrOH/NH3 3:1:1 → 6:1:1), ion-exchange and RP-HPLC 

purification and finally obtained in 23 % yield. 
1H NMR (800 MHz, D2O): δ [ppm] = 8.39 (d, J = 16.6 Hz, 2H, 2 × H-8), 8.25 (s, 1H, TAMRA-
Hf), 8.05 (s, 2H, 2 × H-2), 7.95 (d, J = 7.6 Hz, 1H, TAMRA-He), 7.32 (d, J = 7.2 Hz, 1H, TAMRA-
Hd), 7.05 (dd, J = 25.4, 9.4 Hz, 2H, 2 × TAMRA-Ha), 6.78 (d, J = 9.5 Hz, 2H, 2 × TAMRA-Hb), 
6.60 (d, J = 6.9 Hz, 2H, 2 × TAMRA-Hc), 5.92 (dd, J = 16.3, 5.7 Hz, 2H, 2 × H-1‘), 4.72 – 4.62 
(m, 2H, 2 × H2‘), 4.61 – 4.52 (m, 2H, 2 × H3‘), 4.34 – 4.15 (m, 6H, 2 × H-4‘, 2 × H-5’a/b), 3.49 
(dt, J = 14.3, 7.2 Hz, 2H, C6-NH-CH2), 3.43 – 3.32 (m, 2H, NHTFA-CH2), 3.18 (s, 12H, 4 × 
CH3), 1.77 – 1.59 (m, 4H, 2 × R-NH-CH2-CH2), 1.52 – 1.40 (m, 4H, 2 × R-NH-CH2-CH2-CH2). 
31P NMR (202 MHz, D2O): δ [ppm] = −10.82 (d, J = 15.5 Hz, Pα), −22.60 (d, J = 14.0 Hz, Pβ). 
13C NMR (201 MHz, D2O): δ [ppm] = 169.1 (TAMRA-C-C(O)NR), 157.9 (TAMRA-C-N(CH3)2), 
156.9 (C-6), 148.3 (C-2), 140.1 (C-8), 135.3 (TAMRA-C), 134.3 (TAMRA-C), 130.6(Ca, Cb), 
128.0 (Ce), 127.6 (Cf), 117.9 (C-5), 113.8 (Cb), 112.6 (TAMRA-C), 95.9 (Cc), 86.9 (C-1‘), 83.9 
(C-4‘), 74.6 (C-2‘), 70.3 (C-3‘), 65.1 (C-5‘), 42.5 (2 × RNH-CH2), 40.0 (4 × N-CH3), 28.1 (2 × 
linker-CH2), 25.8 (2 × linker-CH2). 

 

HR-ESI-MS: m/z calculated: 672.6402 [C51H59N13O23P4]2−; m/z measured: 672.6393 
[C51H59N13O23P4]2−. Deviation: 1.3 ppm. 

 

N6-biotin-Ap4A (110) 

 

Deprotected N6-Ap4A (5.00 µmol, 1.0 eq) was dissolved in NaHCO3
 (0.1 M, pH 8.7, 

3.0 mL) and reacted with 14 (15.00 µmol, 3.0 eq) according to the general procedure. 

The asymmetrically modified product was purified by RP-HPLC purification and 

obtained in 69 % yield. 

1H NMR (600 MHz, D2O): δ [ppm] = 8.33 (d, J = 36.7 Hz, 2H, 2 × H-8), 8.11 (s, 2H, 2 × H-2), 
6.00 (dd, J = 17.6, 4.8 Hz, 2H, 2 × H-1‘),4.76 – 4.68 (m, 2H, 2 × H-2‘), 4.62 – 4.51 (m, 2H, 2 × 
H-3‘), 4.40 (dd, J = 7.9, 4.9 Hz, 1H, Biotin-CHa), 4.36 – 4.32 (m, 2H, 2 × H-5‘a), 4.32 – 4.25 (m, 
2H, 2 × H-4‘), 4.23 (dd, J = 7.9, 4.4 Hz, 1H, biotin-Hb), 4.20 – 4.16 (m, 1H, 2 × H-5‘b), 3.56 – 
3.22 (m, 3H, biotin-CH, C6-NH-CH2), 3.31 – 3.24 (m, 2H, RC(O)-NH-CH2), 2.74 (dd, J = 13.0, 
4.5 Hz, 1H, biotin-CH2a-S), 2.57 (d, J = 13.0 Hz, 1H, biotin- CH2b-S ), 2.17 (t, J = 7.0 Hz, 2H, 
CH2-C(O)-NHR), 1.64 – 1.30 (m, 14H, 4 × CH2-linker, 3 × CH2 -biotin). 
31P NMR (162 MHz, D2O): δ [ppm] = −10.79 (2P, Pα), −22.73 (2P, Pβ). 
13C NMR (151 MHz, D2O): δ [ppm] = 176.6 (NH-C(O)-CH2-R), 155.1 (2 × C-6), 152.7 (1 × C-
2), 152.5 (1 × C-2), 148.7 (2 × C-4), 139.5 (1 × C-8), 138.9 (1 × C-8), 118.1 (2 × C-5), 86.6 (1 
× C-1‘), 86.5 (1 × C-1‘), 84.0 (1 × C-4‘), 83.9 (1 × C-4‘),74.5 (2 × C-2‘), 70.5 (1 × C-3‘), 70.3 (1 
× C-3‘), 65.2 (2 × C-5‘), 62.0 (Biotin-Ca), 60.1 (Biotin-Cb), 55.4 (C6-NH-CH2, CH2-NH-C(O)-R), 



6 Experimental Procedures 

204 
 

39.6 (biotin-CH), 39.2 (biotin- CH2-S), 35.5 (R-NH-C(O)-CH2), 28.1 (1 × CH2-biotin), 27.8 (1 × 
CH2-biotin), 27.7 (2 × CH2-linker), 25.8 (1 × CH2-biotin), 25.2 (2 × CH2-linker). 
HR-ESI-MS: m/z calculated: 1160.2223 [C36H54N13O21P4S]−; m/z measured: 1160.2203 
[C36H54N13O21P4S]−. Deviation: 1.7 ppm.  
m/z calculated: 579.6070 [C36H53N13O21P4S]2−; m/z measured: 579.6078 [C36H53N13O21P4S]2−. 
Deviation: 0.1 ppm. 
 

6.3  Biochemical Experiments 

Table 5. List of instruments used for biochemical experiments. 

Instrument Company Model 

Biological FPLC GE health care ÄKTA pure 

Cell counter   Invitrogen Countess™ automated 

cell counter 

Centrifuges Thermo Scientific   

 Heraeus   

 Heraeus   

 Eppendorf   

 Eppendorf   

 Roth   

Sorvall LYNX 4000 

Multifuge 4 KR  

Primo R 

Centrifuge 5810 R 

MiniSpin® Rotilabo®-mini-

centrifuge 

Freeze-dryers     

   

   

Zirbus  

Leybold-Heraeus   Christ   

VaCo 2-II-E 

Lyovac GT2  

Beta 2-8 LDplus 

Ice Machine   Scotsman   AF103 Ice Flaker 

Imager   GE Healthcare   Amersham Imager 600 

ITC Malvern Microcal VP-ITC  

MilliQ   Merck Biopak® Polisher 

MST  Nanotemper Monolith NT.115 

pH electrodes  Mettler Toledo   SevenEasy™ pH 

Photometer   

   

Eppendorf   

PeqLab  Nano Drop 

BioPhotometer 6131 ND-

1000 

Plate reader Tecan Infinite F500 

Sonifier Branson   Sonifier 250 

SpeedVac   

 

Thermo Scientific   SPD121P, RVT400 vapor 

trap 
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6.3.1 Buffers for biochemical experiments  

6.3.1.1 General buffers  

Table 6. General buffers. 

Buffer Composition 

Blocking solution 5 % BSA in 1 × TNE-T 
 

Coomassie staining solution 500 mL Coomassie Roti-Blue in 
methanol  
100 mL acetic acid 
In 1 L MQ 
 

Destaining solution 500 mL methanol  
100 mL acetic acid 
in 1 L MQ 
 

E6AP autoubiquitylation assay buffer 25.0 mM Tris ∙ HCl (pH 7.6) 
50.0 mM NaCl 
5.00 mM MgCl2 
1.25 mM DTT 
 

Extravidin-HRP®  

 

1:10000 in 1 % BSA in 1× TNE-T 

HEPES buffer for PAL experiments 50 mM 
5 mM MgCl2 
pH adjusted to 6.8 
 

LB medium  10 g NaCl  
10 g tryptone  
5 g yeast extract  
in 1 L water, sterilized by autoclaving 
 

Lysis buffer  

 

25 mM Tris 
150 mM NaCl  
1 mM EDTA  
1 % NP40 
5 % Glycerol, 
pefa and aprotenin (1:1000) 

SPR BiAcoreTM   T200 

ThermoMixer Eppendorf ThermoMixer F2.0 

Tissue Culture Hood   Heraeus HERAsafe 

UV lamp   UVP, LLC Blak Ray® B-100AP 

UVpad spectral 

radiometer 

Opsytec Dr. Gröbel  
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PBS buffer (10 ×) 1.37 M NaCl, 

27 mM KCl  
100 mM NaH2PO4 
18 mM KH2PO4  
50 mM MgCl2  
pH 7.4 with NaOH  
 

SDS-PAGE running buffer (10x) 247.6 mM Tris  
1.56 M glycine  
34.7 mM SDS 
pH adjusted to 8.3 
  

Separating gel buffer M Tris ∙ HCl (pH 8.8), 0.4 % SDS 
 

Stacking gel buffer  

 

0.5 M Tris ∙ HCl (pH 6.8), 0.4 % SDS, 
bromophenol blue 
 

TNE (20 × ) 200 mM Tris  
50 mM EDTA 
1 M NaCl 
 

TNE-T  1 × TNE-T and 0.1 % Triton X-100 

Transferbuffer for WB 

 

200 mL MeOH  
200 mL SDS-PAGE running buffer (1x) 
 In 1 L MQ 

6.3.1.2 IMPDH2 buffers[375] 

Table 7. IMPDH2 buffers.  

Buffer Composition 
Elution buffer 
 

50 mM Tris ∙ HCl pH 8.0 
300 mM NaCl 
250 mM imidazole 
10 mM β- mercaptoethanol 
800 mM urea 
10% glycerol 
 

Lysis buffer 
 

50 mM Tris ∙ HCl (pH 8.0) 
300 mM NaCl 
10 mM imidazole 
10 mM β- mercaptoethanol 
800 mM, urea 
10% glycerol 
 

Size exclusion buffer 
 

50 mM Tris ∙ HCl (pH 8.0) 
1.0 mM DTT 
100 mM NaCl 
800 mM urea 
10 % glycerol 
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6.3.1.3 DcpS buffers[314] 

Table 8. DcpS buffers.  

Buffer Composition  

Decapping buffer[376] 10 mM Tris ∙ HCl (pH 7.5) 
200 mM KCl 
0.5 mM EDTA 
1.0 mM DTT 
 

Elution buffer 
 

50 mM Tris ∙ HCl (pH 8.0) 
350 mM NaCl 
20 % sucrose 
250 mM Imidazole 
1.0 mM ß-mercaptoethanol 
 

Lysis buffer  
 

50 mM Tris ∙ HCl (pH 8.0) 
350 mM NaCl 
20 % sucrose 
20 mM Imidazole 
1.0 mM ß-mercaptoethanol 
 

MST buffer[312] 50 mM HEPES/KOH (pH 7.2) 
100 mM KCl 
0.5 mM EDTA 
0.2 % Tween 20  
 

Size exclusion buffer 
 

10 mM Tris ∙ HCl (pH 8.0) 
25 mM NaCl 
1.0 mM DTT 

6.3.1.4 NudT2 buffers 

Table 9. NudT2 buffers.  

Buffer Compostition  
Assay buffer 1  
 

20 mM Tris ∙ HCl (pH 8.0) 
50 mM NaCl 
1 mM DTT 
0.2 mg/mL BSA 
5 mM MgCl2. 
 

Assay buffer 2 
 

50 mM HEPES (pH 6.8) 
5 mM MgCl 
10% glycerol 
 

Elution buffer for Ni-NTA beads 
 

25 mM Tris ∙ HCl (pH 7.5) 
200 mM NaCl 
250 mM imidazole 
10% glycerol 
 

Equilibration buffer for Ni-NTA beads 25 mM Tris ∙ HCl (pH 7.5) 
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 200 mM NaCl 
5 mM Imidazole 
10% glycerol 
 

Lysis buffer   
 

25 mM Tris ∙ HCl (pH 7.5) 
200 mM NaCl 
1 mM β-mercaptoethanol 
1 mg/mL lysozyme 
1 µg/mL aprotininleupeptin 
100 µM pefablock 
10% glycerol 
 

MST buffer 50 mM Tris ∙ HCl (pH 7.4) 
150 mM NaCl 
10 mM MgCl2 
0.05 % Tween-20 

Storage buffer  
 

50 mM HEPES (pH 7.5) 
150 mM NaCl 
1 mM β-mercaptoethanol 
10 % glycerol 
 

Washing buffer for Ni-NTA beads 
 

25 mM Tris ∙ HCl (pH 7.5) 
200 mM NaCl 
20 mM imidazole 
10% glycerol 
 

 

6.3.1.5 Buffers for in vitro synthesis of capped mRNA 

Table 10. Buffers for the in vitro synthesis of capped mRNA.  

Buffer Composition 

10 × TBE-buffer for RNA purification  
 

108 g Tris (pH 8.3) 
55 g H3BO3 
40 mL 0.5 M EDTA 
540 g Urea 
 

20 % gel for RNA purification  
 

80 mL Acrylamide 
10 mL Urea (9 M) 
10 mL 10 × TBE 
800 µL APS 
40 µL TEMED 
 

Annealing buffer  
 

10 mM Tris ∙ HCl (pH 7.5) 
50 mM NaCl 
1 mM EDTA 
 

Crush and soak for RNA extraction 0.3 M NaAc 
50% phenol 
1 mM EDTA pH 5.2 
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6.3.1.6 Biacore buffers 

Table 11. Buffers for Biacore experiments.  

Buffer Composition 

NTA chip  

 

250 mM HEPES (pH 7.4) 
25 mM MgCl2 
500 mM NaCl  
0.25 % NP-40 
 

SA chip  

 

10 mM HEPES (pH 7.4) 
150 mM NaCl 
3 mM EDTA 
10 mM MgCl2 
0.05 % Tween20  
 

6.3.2 general procedures  

6.3.2.1 SDS PAGE Analysis 

For all SDS-PAGE analyses the samples were treated as follows. To the reaction 

mixture was added one fifth of the volume of 6 × loading buffer (80 mM Tris-HCl 

(pH 6.8), 120 mM DTT, 80 mM SDS, 12 % glycerol, bromophenol blue) and the 

samples were boiled for 5 min. 

Proteins were resolved on 12.5 % polyacrylamide gels (containing 2.6 % bis-

acrylamide), 0.1 % (w/v) ammonium peroxodisulfate and 3.75 mL separating gel buffer 

in a total volume of 15 mL. The polymerisation was started using 15 µL TEMED. On 

top of the separating gel a stacking gel was cast using 5 % acrylamide (containing 

2.6 % bis-acrylamide), 940 mL stacking gel buffer and 0.1 % (w/v) ammonium 

peroxodisulfate in a total volume of 4 mL. The polymerisation was started using 4 µL 

TEMED. 

The samples were separated at a current of 35 mA using 1 × running buffer. The gels 

were read-out using an imaging reader (GE Healthcare) and Coomassie-staining.  

6.3.2.2 WB  

For Western Blotting, proteins were transferred to PVDF membranes (0.2 µm, 

Immobilon P, Merck). For 90 min at a constant voltage of 60 V. The membrane was 

incubated in blocking buffer for 1 h at room temperature and washed with TNE-T (3 ×) 
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followed by incubation in ExtraVidin® HRP for 1 h a room temperature. Before 

developing the blot with the Pierce ECL mixture (Thermos Fisher), the membrane was 

washed again with TNE-T (3 ×). 

6.3.2.3 Ziptips  

ZipTip C4® and C18® pipette tips (Merck Millipore) are 10 µL pipette tips with a bed 

of 0.6 µL reversed-phase chromatography media fixed at its ends. They are usually 

intended for the concentration and purification of peptide or protein samples. However, 

here they are applied for the removal of the proteins, therefore the manufacturer’s 

protocol was adjusted. Initially, the chromatography media is wetted by the repeated 

aspiration and dispensing of wetting solution (MQ: MeCN 1:1, 10 ×). Followed by 

equilibration of the tip to achieve maximum binding. Therefore, equilibration solution 

(MQ containing 0.1 % TFA) is aspirated and dispensed into the waste (10 ×). Proteins 

of the sample are bound to the chromatography material by aspirating 10 µL of the 

sample and dispensing (20 ×) in a reaction tube. For stability assays an additional 

elution step was included, applying a 40 % ACN solution in 0.1 % TFA in MQ.  

6.3.2.4 Cell Culture  

Growth conditions for human cells 

HeLa, HeLaΔNudT2 and HEK-293T cells were grown in Dulbecco’s modified Eagle 

medium (DMEM) supplemented with 10 % (v / v) fetal calf serum (FCS) and 

100 units/mL penicillin/streptomycin at 37 C and 5 % CO2. Cells were passaged every 

2-3 days. For PAL experiments only passages up to 20 were used.   

 

Growth conditions for E. coli K-12 BW25113 and ΔapaH 

Bacterial cells were grown in LB medium at 37 °C and 200 rpm overnight. For the main 

culture, LB medium was inoculated to a calculated OD 600 of 0.01 with the overnight 

culture and grown for 5 h (15 h in case of ΔapaH cells) at 37 °C to reach the late 

exponential growth phase. Cells were harvested by centrifugation (4000 rpm) for 5 min.  

6.3.2.5 Preparation of cell lysate  

Preparation of HEK293T cell lysate  

Cells were grown to 90 % confluence. For lysis, cells were centrifuged at 500 g for 

10 min. Cell pellets were washed with cold 1 × PBS (3 × 2 mL), resuspended in cold 

lysis buffer (25 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM DTT, 1 mM EDTA, 1 % NP40, 
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5 % glycerol, Pefabloc 0.1 M, Aprotinin/Leupeptin 1 µg/mL) and incubated on ice for 30 

min. Lysates were centrifuged at 14000 g for 30 min. The protein content of the lysate 

was determined by BCA assay (Kit, Thermo Fisher). The supernatant was stored on 

ice until further use. 

 

Preparation of HeLa and HeLa ΔNudT2 cell lysate  

Cells were grown to 90 % confluence. For lysis, cells were trypsinized for 5 min at 

37 °C and further processed as described for HEK-293T cells. 

 

Stressing HeLa and HeLa ΔNudT2 cells with H2O2  

Cells were washed with 1 × PBS (3 × 3 mL), Oxidative stress was induced by 

incubation with H2O2 (500 µM in 5 mL PBS) for 20 min at 37 °C prior to harvesting.  

 

Preparation of E. coli K-12 and ΔapaH cell lysate  

Pellets were stored on ice and washed with cold 1 × PBS (10 mL). After repeating 

steps of centrifugation and washing in total of three times, the pellet was resuspended 

in cold lysis buffer. The cell mixture was sonicated on ice at an amplitude of 20 % for 

30 s, 5 times. The mixture was centrifuged at 4 °C and 14,000 rpm for 30 min. The 

protein concentration in the supernatant was determined by BCA assay. The 

supernatant was stored on ice until further use. 

6.3.2.6 Stability assay in HEK and E. coli lysate  

Different Ap4A analogues (102, 99 and 109, 20 µM) were incubated with cell lysate 

(3 mg/mL) and HEPES buffer in a total volume of 100 µL for 2 h at 0 °C. The reactions 

were terminated by addition of 1 % TFA (5 µL). To remove proteins samples were 

removed by ZiptipC18
® pipette tips (see 6.3.2.3). The samples were freeze dried and 

dissolved in MQ for RP-HPLC analysis (see 6.2.2.2). Peaks were compared to 

reference substances, run without lysate.  

6.3.3 Expression and purification of proteins  

6.3.3.1 Expression and Purifcation of NudT2[209] 

Human NudT2 was expressed as 6 × His-tagged protein from a pET15b vector in BL21 

(D3) E. coli cells (cloned by Stephan Hacker). The bacteria were grown in LB medium 

containing 100 mg/L carbenicilin overnight at 37 °C and inoculated into 1 L of LB medium. 



6 Experimental Procedures 

212 
 

At OD600 of 0.6 the culture was shifted to 25 °C and after 30 min the expression of 

NudT2 was induced using 1 mM IPTG. After expression for 14 h at 25 °C cells were 

harvested by centrifugation (20 min at 5,000 g), resuspended in lysis buffer (25 mL) 

The cells were lysed by sonication and the supernatant was clarified by centrifugation 

(30 min at 18,000 g). Ni-NTA beads were equilibrated with equilibration buffer, added 

to the supernatant and incubated for 12 h at 4 °C. The beads were washed with 100 

mL washing buffer. NudT2 was eluted with 10 mL of the same buffer containing 250 

mM imidazole. This solution was concentrated, the buffer was exchanged to storage 

buffer and the protein was further concentrated to approximately 0.5 mM, aliquoted and 

stored in this buffer at -80 °C. 

6.3.3.2 Expression and purification of human DcpS 

The protein expression plasmid pET28b containing the sequence for his-tagged DcpS 

was kindly provided by A. Rentmeister (Institute of Biochemistry, WWU Münster). After 

transformation into BL21 (DE3) E. coli cells, the cells were grown in LB medium 

containing 100 mg/L kanamycin at 37 °C overnight. The pre-culture was diluted with 

medium containing 100 mg/L kanamycin to an OD600 value of 0.1. Cells were grown at 

37 °C until they reached an OD600 of approximately 1.1. Protein expression was 

induced by addition of 1 mM IPTG at 25 °C for 4 h. Then, cells were pelleted, 

resuspended in lysis buffer (50 mM Tris*HCl, 350 mM NaCl, 20 % sucrose, 20 mM 

Imidazole, 1 mM ß-mercaptoethanol) and lysed by sonication. The lysate was clarified 

by high speed centrifugation and purified by immobilized metal ion affinity 

chromatography (IMAC) using a HisTrapTM FF crude column on an ÄKTA system. The 

pooled fractions were further purified by Size exclusion chromatography. (Sephadex 

G-25) Protein purity was analyzed by 12.5 % SDS-PAGE followed by Coomassie blue 

staining, and the concentration was determined by nanodrop.   
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Figure 81. MS for DcpS. 

6.3.3.3 Expression and purification of human IMPDH2 [375] 

The cDNA (IDT) encoding human IMPDH2 was cloned into the pET21a vector by Nde1 

and Xho1 double digest and T4 DNA ligase (NEB) ligation. The plasmid was 

transformed into BL21 (DE3) E. coli cells, which were then grown in LB medium 

containing 100 mg/L carbenicillin at 37 °C overnight. The pre-culture was diluted with 

medium containing 100 mg/L carbenicillin to an OD600 value of 0.1. Cells were grown 

at 37 °C until they reached an OD600 of approximately 0.6. Protein expression was 

induced by addition of 1 mM IPTG at 30 °C for 4 h. Then, cells were pelleted, 

resuspended in lysis buffer (30 mL of 50 mM Tris-HCl pH 8.0, 300 mM NaCl, 10 mM 

imidazole, 10 mM β-ME, 800 mM urea 10% glycerol) and lysed by sonication. The 

lysate was clarified by high speed centrifugation and purified by immobilized metal ion 

affinity chromatography (IMAC) using a HisTrapTM FF crude column on an ÄKTA 

system. The pooled fractions were further purified by Size exclusion chromatography. 

(Sephadex G-25) Protein purity was analyzed by 12.5 % SDS-PAGE followed by 

Coomassie blue staining, and the concentration was determined by comparison to a 

BSA dilution series.   
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Figure 82. Quantification of IMPDH2. 

6.3.4 PAL experiments 

6.3.4.1 NudT2 activity assay 

NudT2 (100 nM) and different buffers (24 µL) were preincubated in an Eppendorf tube 

for 30 min at room temperature. Natural Ap4A (nat. Ap4A, 1) was added to a final 

concentration of 100 µM. The reaction mixture was incubated at 30 °C for 1 h. The 

reaction was quenched by the addition of EDTA (10 µL of 100 mM stock) and diluted 

to 100 µL with MQ-water. The protein was removed by filtration (Amicon® Ultra-0.5 

mL, centrifugal filter Ultracel®-3 K). The cleavage products were analyzed by analytical 

HPLC, using an Ionexchange column, blank values obtained by injection of buffer were 

distracted. For competition assays, nhAp4A (98) was added to the reaction to a final 

concentration of 400 µM.  

6.3.4.2 Optimizing the PAL experiment with NudT2  

98 (10 µM) and NudT2 (5 µM) were incubated in assay buffer in a total volume of 350 µL 

at room temperature for 30 min. The same reaction was prepared adding BSA (5 µM 

or 1.25 µMto account for the different size of the proteins) as a negative control. The 

samples were irradiated with UV light (360 nm) and 50 µL samples were taken at 

indicated time points. The reactions were quenched by the addition of loading dye. As 

a control experiment the same reaction mixture was prepared and protected from UV 
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light. Another sample was prepared without Ap4A. The photocrosslinking products 

were analyzed by SDS-PAGE and western blot (ExtrAvidin-HRP, sigma-aldrich, 

1:10.000 in TNE-T).  

Further experiments were performed, including the photocrosslinking with the 

bifunctional linker (111 or 112) as a negative control and the addition of SDS (titration 

from 0.05 mM to 0.5 mM) to the reaction mixture.  

6.3.4.3 Testing previous PAL conditions for Ap4A samples (cf. Sandra Lange) 

PAL  

In a total volume of 100 µL 98, 99 or 102 (in 5 % DMSO in water, 250 µM) was incubated 

with lysate (1 mg/mL) in HEPES buffer (50 mM, 5 mM MgCl2, pH 6.8) for 30 min at room 

temperature. The open tube was positioned on ice under a UV lamp (366 nm) for 

120 min. The mixture was incubated with sepharose streptavidin beads (85 µL, 

300 nmol/mL) for 60 min at room temperature. The sepharose streptavidin beads were 

washed with 1 × PBS (3 × 200 µL) and centrifuged (rt, 2500 rpm, 3 min) before use. 

After incubation the supernatant was removed and the beads were washed with 1 × 

PBS, containing 0.4 % SDS (3 × 100 µL), Urea (6 M, 2 × 100 µL) and 1 × PBS (3 × 100 

µL) and centrifuged (rt, 2500 rpm, 2 min). Elution was performed with biotin (0.4 mM, 2 

× 40 µL) and MiliQ (1 × 40 µL) at 37 °C. Elution fractions were collected, freezedried, 

diluted in water and loading dye (6 x, 225 mM Tris-HCl (pH 6.8), 50 % glycerol, 12.5 % 

β-mercaptoethanol, 4.5 % SDS, 0.05 % bromophenol blue) and subjected to SDS-

PAGE and Western Blot analysis.  

 

Control experiments 

The control samples were treated as described above. In case of the UV control, the 

sample was handled in a black Eppendorf tube to exclude UV irradiation. To the beads 

control, water containing DMSO (5 %) was added instead of the Ap4A derivative.  The 

linker was applied in the same concentration as the Ap4A derivative. For the 

competition experiment a 10-fold excess of the unmodified, non-hydolyzable Ap4A (83, 

2.5 mM) derivative was incubated with cell lysate for 30 min at room temperature before 

adding the photoreactive affinity probe.  

 

 

 



6 Experimental Procedures 

216 
 

Time course and titration of DA and BP-linker 

The DA and BP linker (112 and 111) were incubated with cell lysate in different 

concentrations (5 µM, 20 µM and 100 µM) in a 96-well plate for 2 h at room 

temperature. The samples were irradiated with UV light (360 nm) and samples were 

taken after 2, 5 and 10 min. The affinity enrichment on sepharose streptavidin beads 

(35 µL) was performed as described above. The labeling efficiency was determined by 

SDS-PAGE and western blotting. 

 

Time course and titration of 10 and 100 

The DA (10) and BP-Ap4A (100) derivatives were incubated with cell lysate in different 

concentrations (5 µM, 20 µM and 100 µM) in a 96-well plate for 2 h at room temperature. 

The samples were irradiated with UV light (360 nm) and samples were taken after 2, 5 

and 10 min. 20 µL samples were taken and quenched with 6 × loading dye, to analyse 

the input, before affinity enrichment. The affinity enrichment on sepharose streptavidin 

beads (35 µL) was performed as described in above. The labeling efficiency was 

determined by SDS-PAGE and western blotting. 

 

Determining of competitor concentration  

Non-hydrolyzable unmodified Ap4A (83, comp) was incubated in a 96-well plate for 1 h 

with cell lysate in different concentrations (200 µM, 400 µM, 1000 µM and 2000 µM). DA 

/BP-Ap4A was added (20 µM) and the mixture was incubated for another 2 h at room 

temperature. The samples were irradiated with UV light (360 nm) for 5 min. 20 µL 

samples were taken, to analyse the input, before affinity enrichment. The affinity 

enrichment on sepharose streptavidin beads (35 µL) was performed as described in 

above. The labeling efficiency was determined by SDS-PAGE and western blotting. 

 

NudT2 spike experiments 

NudT2 was titrated into the lysate (0.05 µM, 0.5 µM and 5.0 µM). The photo-affinity 

labeling experiment with 99 was performed as described in above. 20 µL samples were 

taken after irradiation, to analyze the input, before affinity enrichment. The labeling 

efficiency was determined by SDS-PAGE and western blotting. In addition to 

ExtrAvidine-HRP® a NudT2 antibody (abcam) was used. The same experiment, with 

5 µM NudT2 concentration was performed in the presence of the competitor molecule 

(2000 µM) 
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Optimizing lysate concentration 

99 or 112 (20 µM) were incubated cell lysates of different concentration (1.0 mg/mL 

and 3.0 mg/mL) for 2 h. Then the general protocol was followed. Signal intensities were 

compared by SDS-PAGE analysis and western blotting (ExtrAvindin-HRP®).  

6.3.4.4 Final PAL conditions  

PAL experiments (optimized procedure) 

In a total volume of 100 µL DA-Ap4A (10 or 99, 20 µM) was incubated with lysate 

(3.0 mg/mL) in HEPES buffer (50 mM, 5 mM MgCl2, pH 6.8) for 2 h at room 

temperature. The well plate was positioned on ice under a UV lamp (366 nm, distance 

approx. 6 cm, 8 mW/cm2) for 5 min. The mixture was incubated with sepharose 

streptavidin beads (35 µL, 300 nmol/mL) for 60 min at room temperature. The 

sepharose streptavidin beads were washed with 1 × PBS (3 × 200 µL) and centrifuged 

(rt, 2500 rpm, 3 min) before use. After incubation the supernatant was removed and 

the beads were washed with 3 × PBS, containing 0.4 % SDS (3 × 100 µL), Urea (6 M, 

2 × 100 µL) and 3 × PBS (3 × 100 µL) and centrifuged (rt, 2500 rpm, 2 min). Elution 

was performed with biotin (0.4 mM, 2 × 40 µL) and MiliQ (1 × 40 µL) at 37 °C. Elution 

fractions were collected, freeze-dried, diluted in water and loading dye (6 x, 225 mM 

Tris-HCl (pH 6.8), 50 % glycerol, 12.5 % β-mercaptoethanol, 4.5 % SDS, 0.05 % 

bromophenol blue) and subjected to SDS-PAGE and Western Blot analysis.  

 

Control experiments (optimized procedure)  

The control samples were treated as described above. In case of the UV control, the 

sample was handled in a black Eppendorf tube to exclude UV irradiation. To the beads 

control, water was added instead of the Ap4A derivative. The linker was applied in the 

same concentration as the Ap4A derivative. For the competition experiment a 100-fold 

excess of the unmodified, competitor Ap4A (83 or 81, 2 mM) derivative was incubated 

with cell lysate for 1 h at rt before adding the photoreactive affinity probe.  

6.3.4.5 In-Gel Digestion  

For in-gel digestion each gel lane was cut into 3 pieces and destained repetitively in 

acetonitrile/water (3:2, v/v, 50 µL) for 30 min and NH4HCO3 (25 mM, 50 µL) for 15 min. 

Then gel pieces were incubated with NH4HCO3 (20 mM, 50 µL) for 15 min. After 



6 Experimental Procedures 

218 
 

washing proteins were reduced with DTT (10 mM in NH4HCO3, 20 mM, 100 µL) for 60 

min at 56 °C. Followed by alkylation with iodoacetamide (50 mM in NH4HCO3, 20 mM, 

100 µL) at room temperature for 60 min protected from UV light. After washing in 

NH4HCO3 (20 mM, 100 µL) for 15 min and in NH4HCO3 /acetonitrile (20 mM, 1:1, v/v, 

100 µL) for 10 min and dehydration in pure acetonitrile (100 µL) for 10 min, proteins 

were digested overnight at 37 °C with trypsin (1:50, w/w) (Promega V5111). Peptides 

were extracted twice from the gel with acetonitrile/TFA in water (0.1 %, 1:1) for 60 min. 

After desalting using ZipTips (Merck Millipore) the peptides were subjected to mass 

spectrometric analysis with nano-LC-MS/MS (Proteomics facility)  

 

6.3.4.6 Mass Spectrometry (performed by Andreas Marquart, Proteomics 

facility, University of Konstanz) 

Tryptic peptides were separated on an EASY-nLC 1000 (Thermo Scientific) system at 

a flow rate of 300 nL/min using a 60 min gradient from 5 % MeCN, 0.1 % formic acid 

to 45 % MeCN, 0.1 % formic acid followed by a washing step at 100 % MeCN. Each 

of the 3 independent biological replicates was measured as technical duplicates. Mass 

spectra were collected on a QExactive HF system (Thermo Scientific).  

6.3.4.7 Data Analysis and Quantification  

Raw files from LC-MS/MS measurements were analyzed using MaxQuant (version 

1.6.2.6) with the andromeda search engine with default settings and match between 

runs and label-free quantification (LFQ) (minimum ratio count 1) enabled.[196, 351] For 

protein identification, the human and the E. coli reference proteome downloaded from 

the UniProt database (download date: 2019) and an integrated database of common 

contaminants were used. Oxidation, N-acetylation and carbamidomethylation were 

selected as modifications. Identified proteins were filtered for reverse hits and common 

contaminants at a false discovery rate of 1 %. Further data processing was performed 

using Perseus software (version 1.6.5.0).[257] LFQ intensities were log2 transformed. 

The proteins were filtered to be detected in at least 60 % of the replicate experiments 

and missing values were imputed from a normal distribution (width = 0.3 and 

shift = 1.8), based on the assumption that these proteins were below the detection limit. 

For the heat maps, an ANOVA-based multisample t-test was performed, adjusting S0 

to 3, number of randomizations to 250, and FDR to 2 %. Z-scoring was performed 
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without grouping. Finally, for unsupervised hierarchical clustering, the distance was set 

to Euclidian, the linkage to average, and the maximal numbers of clusters to 300. 

Significant hits were identified by their enrichment in probe-treated samples over 

control groups (beads, linker, UV control and competitor, difference > 0.2 in intensity).  

6.3.4.8 GO term and abundance Analysis  

The obtained hits were then analyzed using different tools. The STRING website, was 

used to create an association network with GO enrichment information. The cytoscape 

BINGO app was used to analyze the abundance of GO terms in comparison to their 

frequency in the whole proteome. Hypergeometric test was performed. (looks at the 

frequency with which that GO term appears, the p-value consequently falls as the 

frequency increases)[281] Global frequency is the number of genes annotated to a GO 

term in the entire background set, while sample frequency is the number of genes 

annotated to that GO term in the input list.(cf. http://geneontology.org/docs/go-

enrichment-analysis/)For Abundance analysis of proteins the Pax database (Pax-

db.org) was used.  

6.3.5 Biophysical assays for hit validation 

6.3.5.1 ITC 

ITC experiments:  

Protein buffers were exchanged to (250 mM HEPES (pH 7.4), 25 mM MgCl2, 500 mM 

NaCl, 0.25% NP-40). Titration of Ap4A to the protein solution was performed on a 

microCal ITC system in the Wittmann lab. At 25 °C with the following parameter: 

Volume: 20 injections, 2 µL (First injection 0.4 µL) 
Duration: 20 seconds. 
Spacing: 120 seconds. 
Cell temperature: 25°C 
Reference power: 10 µcal/sec. 
Initial delay: 60 seconds 
Stir speed: 500 rpm. 

6.3.5.2 BIAcore  

A Biacore T200 system from GE Healthcate was used (Hartig lab).  

NTA chip  

His-tagged proteins were immobilized on a Ni2+ -NTA chip using the NTA reagent kit 

(GE Health care). One flow cell was not loaded with protein to serve as reference. 

http://geneontology.org/docs/go-enrichment-analysis/
http://geneontology.org/docs/go-enrichment-analysis/
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Nucleotides were dissolved in the respective running buffer and injected in increasing 

concentrations.  

SA chip  

Biotinylated Ap4A was captured on a streptavidin coated chip (SA-Chip GE Health 

care). DcpS and IMPDH2 were diluted in buffer (10 mM HEPES pH 7.4, 150 mM NaCl, 

3 mM EDTA, 0.05 % Tween20, 10 mM MgCl2) and injected in increasing 

concentrations. Binding was evaluated using the biacore software, applying different 

kinetic models.  

6.3.5.3 MST  

MST experiments with TAMRA labeled Ap4A and NUDT2 

TAMRA labeled shAp4A (101) was adjusted to 50 nM with Tris MST buffer. NudT2, 

kindly provided by Doreen Herzog, was diluted to 500 µM in Tris MST buffer, and a 

series of 16 1:1 dilutions was prepared using the same buffer, producing protein 

concentrations ranging from 15.26 nM to 500 μM. For the measurement, each ligand 

dilution was mixed with one volume of labeled Ap4A derivative, which led to a final 

concentration of Ap4A of 25 nM and final ligand concentrations ranging from 7.63 nM to 

250 µM. After 10 min incubation followed by centrifugation at 10 000 × g for 5 min, the 

samples were loaded into Monolith NT.115 Premium Capillaries (NanoTemper 

Technologies). MST was measured using a Monolith NT.115  instrument 

(NanoTemper Technologies) at an ambient temperature of 25°C. Instrument 

parameters were automatically adjusted to 20 % LED power and 40 % MST power by 

the software. Data of three independently pipetted measurements were analyzed 

(MO.Affinity Analysis software version 2.3, NanoTemper Technologies) A KD  value of 

12.5 ± 0.1 µM was determined. 

 

Labeling of DcpS for MST experiments 

DcpS was labeled using the Atto488-NHS (Thermo Fisher) and Cy3-NHS (biomol). 

The labeling reaction was performed in the storage buffer applying 5 μM protein in each 

reaction. 2 µL of dye was added and incubated at 4 °C for 14 h. The reaction was 

quenched by the addition of 200 mM Tris*HCl (pH 8.3) and 2 h incubation at room 

temperature. Unreacted dye was removed with PD Minitrap columns equilibrated with 

MST buffer (50 mM TrisHCl pH 7.8, 150 mM NaCl, 10 mM MgCl2), the product fractions 

were concentrated in an Amicon 10 K column. For Atto-488 no product was obtained. 
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The degree of labeling for Cy3 modified DcpS was determined using UV/VIS 

spectrophotometry at 650 and 280 nm. A degree of labeling of 1.88 was achieved. The 

concentration and fluorescence siganl was checked by SDS-page. 

 

MST experiments with TAMRA labeled Ap4A and DcpS  

TAMRA labeled shAp4A (101) was adjusted to 50 nM with MST buffer supplemented 

with 0.2 % Tween 20. DcpS was concentrated to 280 µM solution in MST buffer 

supplemented with 0.2 % Tween 20, and a series of 16 1:1 dilutions was prepared 

using the same buffer, producing protein concentrations ranging from 8.54 nM to 280 

μM. For the measurement, each ligand dilution was mixed with one volume of labeled 

Ap4A derivative, which led to a final concentration of 101 of 25 nM and final ligand 

concentrations ranging from 4.27 nM to 140 µM. After 10 min incubation followed by 

centrifugation at 10 000 × g for 5 min, the samples were loaded into Monolith NT.115 

Premium Capillaries (NanoTemper Technologies). MST was measured using a 

Monolith NT.115 instrument (NanoTemper Technologies) at an ambient temperature 

of 25 °C. Instrument parameters were automatically adjusted to 20 % LED power and 

40 % MST power by the software. Data of three independently pipetted measurements 

were analyzed (MO.Affinity Analysis software version 2.2.4, NanoTemper 

Technologies). The highest concentrations consistenly led to a disrupted fluorescence 

signal so it was left out for the evaluation of the data. A KD  value of 1.8 ± 0.6 µM was 

determined.  

Dye-Labeled DcpS 

Cy-3 labeled DcpS  was adjusted to 50 nM with DcpS MST buffer and fluorescence 

intensity was checked on the Nanotemper system. As ligand natural Ap4A (Jena 

Bioscience) was dissolved in MST buffer (200 µM), and a 1:1 mixture was. After 10 min 

incubation followed by centrifugation at 10 000 × g for 10 min, samples with and without 

ligands were loaded into Monolith NT.115 Premium Capillaries (NanoTemper 

Technologies). A binding check was performed using a Monolith NT.115 instrument 

(NanoTemper Technologies) at an ambient temperature of 25°C. Instrument 

parameters were adjusted automatically.No binding could be detected at an ambient 

temperature of 25°C. Instrument parameters were automatically adjusted to 20 % LED 

power and 40 % MST power by the software. Data of three independently pipetted 

measurements were analyzed (MO.Affinity Analysis software version 2.2.4, 

NanoTemper Technologies).  
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6.3.6 Biochemical assays hit validation 

6.3.6.1 Investigation of mRNA decapping 

mRNA transcription and capping 

Unlabeled and uncapped RNA was produced by in vitro transcription. First, the single 

stranded DNA oligonucleotides 5’-taatacgactcactatagggagtcttc-3’ and 3’-

gaagactccctatagtgagtcgtatta-5’ were purchased from IDT. For annealing both 

oligonucleotides were combined and heated to 95 °C for 5 min and subsequently 

cooled down to room temperature over 45 min to give 50 µM dsDNA. This template 

was in vitro transcribed with T7 polymerase (Promega) to generate of 10 nt. RNAs 

were purified on a 20 % polyacrylamide gel, (20 % Acrylamide gel (160 mL Acrylamide, 

20 mL Urea (9 M), 20 mL TBE (10x with 9 M Urea)), 1.6 mL APS, 0.02 mL TEMED) in 

1 × TBE buffer (108 g Tris, 55 g H3BO3, 40 mL 0.5 M EDTA, 540 g Urea, pH 8.3), the 

excised band was extracted overnight in Crush soap buffer, and ethanol-precipitated. 

2.8 µg of RNA was cap-labelled using the vaccinia virus capping enzyme in capping 

buffer (NEB) in the presence of 200 µM SAM, 165 µM [α-32P]-GTP (Hartmann analytic), 

40 U RNase inhibitor, 50 U methyltransferase and 10 U capping enzyme. Prior to the 

capping reactions, the RNA dissolved in water was heat-denatured at 65 °C for 5 min 

and placed on ice for an additional 5 min. The components were added, and the 

reaction was allowed to proceed at 37 °C for 5 h. The crude mixture was purified on a 

20 % polyacrylamide gel. Specific activity, determined after gel purification, extraction 

and ethanol precipitation, was measured by Geiger counter 1.7 Cps. 

 

Table 12. In vitro capping of mRNA. 

Volume 

[µL] 

Reagent Final Conc. 

 [µM] 

12.5 mRNA 6.5 µg 

0.5 RNase inhibitor  

2.0 10 x capping buffer 1x 

2.0 α-GTP 

[3.3 mM] 

330 µM 

1.0 SAM [4 mM] 200 
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1.0 Vaccinia Capping 

enzyme 

10 U/µL 

1.0 mRNA cap 2’-O-

Methyltransferase 

50 U/µL 

 

Decapping assay  

The indicated amount of 5’-m7Gp*ppGmGAGTCTTC-3’ (approx. 5 bq /µL which equals 

23 fmol in 50 µL)[332] was dissolved in buffer. ApnA analogue in concentrations ranging 

from 10 to 100 µM and DcpS (20 nM) were dissolved in buffer and incubated at 37 °C 

for 15 min. The capped mRNA was added and the enzymatic reaction was followed at 

37 °C by taking10 µL aliquots at indicated timepoints, quenched with loading dye and 

stored on ice. The control samples without ApnAs and without enzyme were treated in 

the same way. The cleavage products were analyzed on 20 % acrylamide gels.   

 

6.3.6.2 Investigation of m7Gp3G cleavage by DcpS in the presence of Ap4A and 

Ap3A 

Ap3A and Ap4A were diluted in DcpS assay buffer to a final concentration of 200 µM in 

150 µL. DcpS was added and the mixture was incubated at 30 °C for 15 min. The cap 

analogue was added and the mixture was incubated for up to 1 h. aliquots were taken 

at the indicated time points and the enzymatic reaction was stopped by denaturing 

DcpS for 2.5 min at 97 °C. 7 µL of 10 % TFA were added, as well as 1 µL of a 1 mM 

adenosine solution as internal standard. The protein was removed with ZiptipsC18
®, the 

mixture was freeze dried and then dissolved in MQ to analyze by RP-HPLC using a 

Pyramid column. Samples without Ap3A or Ap4A were treated the same way.  Peak 

areas were determined using the Shimadzu software and normalized by the adenosine 

peak. Peak areas for the cleavage product (GDP) were compared and all new peaks 

were collected and further characterized by ESI-MS. 

 

6.3.6.3 E6AP autoubiquitylation assay [207, 339] 

Various amounts of natural Ap3A (15 and 150 µM and 1.5 mM) and Ap4A analogues 

(15 and 150 µM and 1.5 mM), UBA1 (0.3 µM), UbcH5B-His (0.5 µM), E6AP (0.25 µM), 

Ub (30 µM) and a constant concentration of ATP (150 µM) in T25N50 buffer, incubated 

at 37 °C for indicated time points and analyzed by SDS-PAGE. The bands were 
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visualized by Coomassie staining. As a control all nucleotides (150 µM) were incubated 

separately under the same conditions and a test without nucleotides was performed 

as negative control.  

6.3.7 Bioimaging  

TAMRA imaging in cells 

Cells were cultured in DEMEM supplemented with 10 % (v / v) fetal calf serum (FCS). 

24 h before the experiment 1.5 – 2.0 * 105 cells/mL were seeded in ibidi plates (8 

samples á 200 µL) and grown at 37 °C. After 22 h cells were washed with 1 × PBS and 

treated with DOTAP (15 µM) and a range of different concentrations of TAMRA labeled 

Ap4A (109, 50, 100  and 200 µM) in optimem for 1 h at 37 °C. After 30 min 20 µL of 

10 x Höchst stain (Thermo Fisher) were added to each sample. Then, Cells were 

washed with 1 × PBS (3 × 200 µL) colourles medium. Analysis of the transfected cells 

was performed in the Bioimaging center together with Maike Lehner.  
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8.1  Abbreviations 

°C degree Celsius 

aaRS amino acyl tRNA synthetases 

aaRS Amino acyl tRNA synthetases 

ABPP activity-based protein profiling 

ADP adenosine 5’-diphosphate 

AMP adenosine 5‘-monophosphate 

ANOVA Analysis of variance 

Ap3A  diadenosine triphosphate 

Ap4A  diadenosine tetraphosphate 
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apaH E. coli Ap4A hydrolase 

ApnA diadenosine polyphosphate 

approx. approximately 

ATP adenosine 5‘-triphosphate 

BINGO Biologicyl network gene ontology 

BP-Ap4A benzophenone modified Ap4A bait 

BSA bovine serum albumin 

cAMP cyclic adenosine 5‘-monophosphate 

CBS cystathionine β-synthase 

CDI carbonyldiimidazole 

CETSA®  cellular thermal shift assay 

cf. confer 

CKB Creatine kinase B-type 

comp competitor 

Csps Cold shock protein  

CuAAC copper-catalyzed azide-alkyne cycloaddition reactions 

DA-Ap4A diazirine modified Ap4A bait 

DARTS drug Affinity Responsive Target Stability 

DAVID Database for Annotation, Visualization and Integrated 

Discovery 

DBU 1,8-Diazabicyclo[5.4.0]undec-7-ene, 

DCI 4,5-dicyanoimidazole 

DCM dichloro methane 

DcpS decapping scavenger enzyme 

DEAD diethyl azodicarboxylate 

DIPEA N,N-Diisopropylethylamine 

DMAP 4-Dimethylaminopyridine 

DMF N,N-dimethylformamide 

DMSO Dimethyl sulfoxide 

DNA Desoxy Ribonucleic acid 

DOTAP 1,2-Dioleoyl-3-trimethylammonium propane 

DSC N,N‘-disuccinimidyl-carbonate 

DTB desthiobiotin 

DTT dithiothreitol 
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E. coli  Escherichia coli 

e.g. for example 

E6AP ubiquitin-protein ligase 

EDC 1-ethyl-3-(3-dimethylaminopropyl)carbodiimid 

EDTA ethylenediaminetetraacetic acid  

eIF4E Eukaryotic Translation Initiation Factor 4E 

EPRS bifunctional glutamate/proline-tRNA ligase 

ESI-MS electrospray ionization mass spectrometry 

et al. et alia or and others  

EtOTFA ethyl trifluoracetate 

ETT ethyl thiotetrazole 

FDR False discovery rate 

Fhit human fragile histidine triad, human Ap3A hydrolase 

Fmoc fluorenylmethoxycarbonyl 

FPLC fast protein liquid chromatography or fast performance 

liquid chromatography 

GDP guanosine 5’-diphosphate 

GFP Green fluorescent proten 

GO  Gene ontology 

GSR glutathione reductase 

h hour 

HEK/HEK-293T human embryonic kidney 293 cells 

HeLa immortal cell line named for Henrietta Lacks  

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HIT histidine triad 

HPLC high pressure liquid chromatography 

HSP90 heat shock protein 90 

HYPE Huntingtin interacting protein E 

IAA 2-Iodoacetamide 

IMP inosine monophosphate 

IMPDH (2) inosoine-5’-monophosphate dehydrogenase (isoform 2) 

ITC Isothermal titration calorimetry 

iTRAQ isobaric Tags for Relative and Absolute Quantitation 

KD equilibrium dissociation constant 
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kDa kilodalton 

KEGG Kyoto Encyclopedia of Genes and Genomes 

LC-MS/MS liquid Chromatography with tandem mass spectrometry 

LFQ label-free quantification 

LysRS lysyl-tRNA synthetase 

m7GMP 7-methyl- guanosine 5’-monophosphate 

m7Gp3G P1-(5'-7-methyl-guanosyl) P3-(5'-(guanosyl)) 

triphosphate, monomethylated mRNA 5’cap analogue 

m-CPBA meta-Chloroperoxybenzoic acid 

MEF Mouse Embryonic Fibroblasts 

min minute 

MMC mitomycin C 

MPLC medium pressure liquid chromatography 

MS mass spectrometry 

MST Micro scale thermophoresis 

MTAP S-methyl-5'-thioadenosine phosphorylase 

MYH-9 Myosin-9 

NAD+ nicotinamide adenine dinucleotide 

nhAp4A non-hydrolysable Ap4A derivative of the general 

structure: ApspCH2ppsA 

nhATP non-hydrolysable ATP derivative of the general 

structure: ApspCX2p 

NHS N-hydroxy succinimide 

NMR nuclear magnetic resonance 

NpnN dinucleoside polyphosphate 

NpnN‘ asymmetric dinucleoside polyphosphate 

NTA nitrilotriacetic acid 

NTP nucleoside 5’-triphosphate 

Nudix nucleoside diphosphate linked to X 

NudT2 Nudix type motif 2, human Ap4A hydrolase 

PABPC1 polyadenylate-binding protein 1 

PAL photo-affinity labeling  

PALP photo-affinity labeling probe 

PANTHER protein analysis through evolutionary relationships 
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PARP poly (ADP-ribose) polymerase 

Paxdb Protein abundance data base 

PBS phosphate-buffered saline 

PCL photo-crosslinker 

PEG polyethylene glycol 

PGK phosphoglycerate kinase 

ppGpp guanosine tetraphosphate 

ppm parts per million 

PTM Post-translational modification 

QARS Glutamine-tRNA ligase 

RNA Ribonucleic acid 

RP reverse-phase 

S0 variance parameter 

SA streptavidin 

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel 

electrophoresis 

SEM standard error of the mean  

shAP4A non-hydrolysable Ap4A derivative of the general 

structure: ApCH2ppCH2pA 

SILAC stable Isotope Labeling with Amino acids in Cell culture 

SPR Surface plasmone resonance 

ssDNA single standed DNA 

STRING Search tool for the retrieval of interacting 

genes/proteins 

SVPD snake venome phosphodiesterase  

TAMRA 5-carboxytetramethylrhodamine 

TCEP tris(2-carboxyethyl)phosphine 

TEA triethyl amine 

TEAB triethylammonium Bicarbonat 

TEP triethyl phosphate 

TEV Tobacco etch virus 

TFA trifluoroacetic acid 

THF tetrahydrofuran 

TLC thin layer chromatography 
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TMP trimethyl phosphate 

Tris tris(hydroxymethyl)aminomethane 

Ub ubiquitin 

UBA1 Ubiquitin-like modifier-activating enzyme 1 

UbcH5B E2 ubiquitin conjugating enzyme 

Vcl Vinculin 

WB Western blot 

XMP xanthosine monophosphate 

YBX1 Y-Box-binding-1 protein 

YWHAZ 14-3-3 protein zeta 

ΔapaH apaH knockout celles  

ΔNudT2 NudT2 knockout cell line 
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8.2  NMR spectra  
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8.3  Protein Lists  

8.3.1 Proteins identified in HEK-293T cells with probe 10 

 

Table 13. Protein hit list in HEK-293T with 10.  

Protein names Gene names Sequence 

coverage 

[%] 

Score -Log ANOVA p 

value 

10 kDa heat shock 

protein. 

mitochondrial 

HSPE1;HSP

E1-MOB4 

42.2 48,828 602,647 

40S ribosomal 

protein SA 

RPSA 46.4 204.63 777,034 

5-nucleotidase 

domain-containing 

protein 1 

NT5DC1 14.3 44,207 153,163 

60S acidic ribosomal 

protein P0 

RPLP0;RPLP

0P6 

32.5 77,451 61,854 

60S ribosomal 

protein L10 

RPL10 38 67,345 717,712 

60S ribosomal 

protein L8 

RPL8 23.7 34,707 57,732 

6-phosphogluconate 

dehydrogenase. 

decarboxylating 

PGD 20.6 76,953 110,375 

Adenosylhomocyste

inase 

AHCY 32.9 290.53 14,668 

Adenylate kinase 

isoenzyme 1 

AK1 18.6 37,064 162,525 

Adenylosuccinate 

lyase 

ADSL 36.2 113.24 706,098 

Aminoacyl tRNA 

synthase complex-

interacting 

multifunctional 

protein 2 

AIMP2 20.6 74,267 109,889 
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Aminoacyl tRNA 

synthase complex-

interacting 

multifunctional 

protein 1 

AIMP1 48.2 176.26 631,694 

Annexin A6 ANXA6 21.5 78,229 708,825 

Arginine--tRNA 

ligase. cytoplasmic 

RARS 37.4 220.94 100,114 

Aspartate--tRNA 

ligase. cytoplasmic 

DARS 53.1 221.79 809,957 

ATP-citrate synthase ACLY 51.8 323.31 182,419 

ATP-dependent RNA 

helicase A 

DHX9 35.5 323.31 79,392 

Bifunctional 

glutamate/proline-

tRNA ligase 

EPRS 34.6 323.31 118,376 

Citrate synthase. 

Mitochondrial 

CS 16.7 61,816 109,569 

Creatine kinase B-

type 

CKB 52.5 323.31 104,196 

Creatine kinase U-

type. mitochondrial 

CKMT1A;CK

MT1B 

22.5 88.9 106,491 

D-3-

phosphoglycerate 

dehydrogenase 

PHGDH 40.1 252 928,046 

Delta(3.5)-Delta(2.4)-

dienoyl-CoA 

isomerase. 

mitochondrial 

ECH1 36.3 134.84 109,355 

Elongation factor 2 EEF2 38 323.31 717,099 

Endoplasmin HSP90B1 29.8 301.5 998,629 

Eukaryotic 

translation 

elongation factor 1 

epsilon-1 

EEF1E1;EEF

1E1-

BLOC1S5 

52.9 102.97 813,144 
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Eukaryotic 

translation initiation 

factor 2 subunit 3 

EIF2S3;EIF2

S3L 

19.5 54,982 116,508 

Eukaryotic 

translation initiation 

factor 3 subunit A 

EIF3A 31.8 323.31 100,641 

Eukaryotic 

translation initiation 

factor 3 subunit C 

EIF3C;EIF3C

L 

13 92.34 766,263 

Eukaryotic 

translation initiation 

factor 3 subunit L 

EIF3L 29.5 242.34 144,813 

Eukaryotic 

translation initiation 

factor 4E 

EIF4E 5.7 92,451 849,616 

Eukaryotic 

translation initiation 

factor 5 

EIF5 15.5 43,009 194,216 

Fatty acid synthase FASN 51.7 323.31 128,518 

Fructose-

bisphosphate 

aldolase 

ALDOA 37 130.91 601,649 

Galactokinase GALK1 29.3 66,461 10,585 

Gephyrin;Molybdopt

erin 

adenylyltransferase 

GPHN 14.8 57,348 128,355 

Glutamine--tRNA 

ligase 

QARS 39.6 305 138,071 

Glutathione 

reductase. 

mitochondrial 

GSR 10 20,204 119,743 

Glutathione S-

transferase omega-1 

GSTO1 29 38,489 181,788 

Glycine--tRNA ligase GARS 18.5 149.21 863,038 

Heat shock protein 

HSP 90-alpha 

HSP90AA1 40.7 323.31 861,165 
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Heat shock protein 

HSP 90-beta 

HSP90AB1 40.9 271.78 850,373 

Heterogeneous 

nuclear 

ribonucleoprotein 

A3 

HNRNPA3 28.6 70,599 153,387 

Heterogeneous 

nuclear 

ribonucleoprotein H 

HNRNPH1 34.1 231.66 866,409 

Heterogeneous 

nuclear 

ribonucleoprotein 

H3 

HNRNPH3 20.2 35,039 877,461 

Heterogeneous 

nuclear 

ribonucleoprotein L 

HNRNPL 15.8 57,702 140,693 

Heterogeneous 

nuclear 

ribonucleoprotein Q 

SYNCRIP 19.9 106.47 95,656 

Heterogeneous 

nuclear 

ribonucleoprotein U 

HNRNPU 25.8 323.31 561,634 

Heterogeneous 

nuclear 

ribonucleoproteins 

A2/B1 

HNRNPA2B1 44.5 210.88 236,841 

Heterogeneous 

nuclear 

ribonucleoproteins 

C1/C2 

HNRNPC 29.7 66,675 874,456 

Histidine--tRNA 

ligase. cytoplasmic 

HARS 28.2 115.59 896,408 

Histone H2B HIST1H2BN;

HIST1H2BL;

HIST1H2BM;

HIST1H2BH;

HIST2H2BF;

31.3 323.31 477,615 
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HIST1H2BC;

HIST1H2BD;

H2BFS;HIST

1H2BK;HIST

1H2BA 

Inosine-5-

monophosphate 

dehydrogenase 2 

IMPDH2 32.3 250.25 610,911 

Insulin-like growth 

factor 2 mRNA-

binding protein 1 

IGF2BP1 19.8 109.89 10.42 

Interleukin 

enhancer-binding 

factor 3 

ILF3 18.8 129.1 630,811 

Isoleucine--tRNA 

ligase. cytoplasmic 

IARS 28.6 323.31 934,256 

Isoleucine--tRNA 

ligase. 

mitochondrial 

IARS2 8.1 50,727 906,226 

Lactoylglutathione 

lyase 

GLO1 55.6 288.14 244,134 

Leucine-rich PPR 

motif-containing 

protein. 

mitochondrial 

LRPPRC 28.1 309.68 695,574 

Leucine--tRNA 

ligase. cytoplasmic 

LARS 25.7 229.81 108,783 

L-lactate 

dehydrogenase A 

chain 

LDHA 50 323.31 219,037 

L-lactate 

dehydrogenase B 

chain 

LDHB 56.6 323.31 143,402 

m7GpppX 

diphosphatase 

DCPS 24.9 53,929 100,161 

MAGUK p55 

subfamily member 6 

MPP6 20.6 53,034 864,855 



8 Appendix 

313 
 

Malate 

dehydrogenase. 

Mitochondrial 

MDH2 50.9 253.2 125,767 

Medium-chain 

specific acyl-CoA 

dehydrogenase. 

mitochondrial 

ACADM 18.2 39,894 154,798 

Methionine--tRNA 

ligase. cytoplasmic 

MARS 28.2 310.45 512,322 

Myosin-10 MYH10 23 299.93 801,197 

Myosin-9 MYH9 30.4 323.31 176,627 

Neurolysin. 

mitochondrial 

NLN 14.1 61,537 155,469 

Nuclease-sensitive 

element-binding 

protein 1 

YBX1 43.5 173.35 622,686 

Oligoribonuclease. 

mitochondrial 

REXO2 20.7 34,708 105,516 

Oxygen-dependent 

coproporphyrinogen

-III oxidase. 

mitochondrial 

CPOX 31.1 123.27 138,535 

Phosphoglycerate 

kinase 1 

PGK1 67.9 323.31 766,417 

Plastin-3 PLS3 36 215.73 112,172 

Polyadenylate-

binding protein 1 

PABPC1 38.4 302.46 102,263 

Profilin-1 PFN1 63.6 171.23 135,122 

Proteasome subunit 

alpha type 

PSMA6 28.6 52,521 711,268 

Protein NipSnap 

homolog 3A 

NIPSNAP3A 28.7 40,896 135,254 

Protein prune 

homolog 

PRUNE 12.8 30,597 115,745 

Puromycin-sensitive 

aminopeptidase 

NPEPPS 24.4 143.14 120,964 

Pyridoxal kinase PDXK 22.1 80,167 108,833 
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Pyrroline-5-

carboxylate 

reductase 1. 

mitochondrial; 

PYCR1 24.4 35,797 104,066 

Pyruvate kinase 

PKM 

PKM 47.8 234.45 434,365 

Single-stranded 

DNA-binding 

protein. 

mitochondrial 

SSBP1 44.6 166.29 138,478 

S-methyl-5-

thioadenosine 

phosphorylase 

MTAP 31 111.68 866,939 

Sorbitol 

dehydrogenase 

SORD 27.2 75.8 138,981 

Structural 

maintenance of 

chromosomes 

protein 

SMC4 15.3 125.06 65,879 

T-complex protein 1 

subunit alpha 

TCP1 51.4 323.31 535,147 

T-complex protein 1 

subunit theta 

CCT8 45.6 210.59 132,826 

Thimet 

oligopeptidase 

THOP1 11.9 45,374 11,364 

Trifunctional 

enzyme subunit 

beta. Mitochondrial 

HADHB 24.6 182.66 413,049 

Trifunctional purine 

biosynthetic protein 

adenosine-3ligase 

GART 31.4 225.43 656,536 

U5 small nuclear 

ribonucleoprotein 

200 kDa helicase 

SNRNP200 6.4 75,513 867,733 

Ubiquitin-like 

modifier-activating 

enzyme 1 

UBA1 22.5 268.33 873,317 
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Vimentin VIM 56.2 323.31 78,718 

Vinculin VCL 12.8 118.33 678,232 

 

8.3.2 Proteins identified in HEK-293T cells with probe 99 

 

Table 14. Protein hit list in HEK-293T cells with 99.  

Protein names Gene names Sequence 

coverage 

[%] 

Score -Log ANOVA p 

value 

26S proteasome 

non-ATPase 

regulatory subunit 

11 

PSMD11 27,7 62,735 711,504 

40S ribosomal 

protein SA 

RPSA 64,6 323,31 969,128 

5-nucleotidase 

domain-containing 

protein 1 

NT5DC1 14,3 42,655 98,928 

Adenylate kinase 2, AK2 21,1 19,245 861,237 

Adenylate kinase 

isoenzyme 1 

AK1 17,1 21,385 643,779 

Adenylosuccinate 

lyase 

ADSL 36,5 156,94 599,634 

ATP-citrate synthase ACLY 53,6 323,31 11,916 

Citrate synthase CS 21,4 77,384 149,502 

Creatine kinase B-

type 

CKB 52,5 323,31 105,164 

Creatine kinase U-

type 

CKMT1A 22,8 89,802 15,805 

Dihydrolipoyl 

dehydrogenase;Dihy

drolipoyl 

dehydrogenase 

DLD 9,5 25,073 7,495 

Endoplasmin HSP90B1 30,8 314,26 682,279 

Eukaryotic initiation 

factor 4A-I 

EIF4A1 38,4 205,81 998,752 
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Eukaryotic 

translation initiation 

factor 3 subunit A 

EIF3A 32,1 323,31 911,728 

Eukaryotic 

translation initiation 

factor 3 subunit L 

EIF3L 29,7 224,95 568,848 

Farnesyl 

pyrophosphate 

synthase 

FDPS 17 36,079 706,927 

Galactokinase GALK1 21,2 63,287 733,787 

Glutathione S-

transferase omega-1 

GSTO1 22,8 32,644 114,344 

Glutathione 

synthetase 

GSS 8,6 24,856 913,248 

Glycine--tRNA ligase GARS 19,6 92,771 740,129 

GMP synthase  GMPS 12,4 37 113,903 

Heat shock protein 

75 kDa 

TRAP1 9,7 36,826 824,646 

Heterogeneous 

nuclear 

ribonucleoprotein 

D0 

HNRNPD 30 76,727 666,359 

Heterogeneous 

nuclear 

ribonucleoprotein U 

HNRNPU 23,5 323,31 540,488 

Inosine-5-

monophosphate 

dehydrogenase 2 

IMPDH2 32,3 301,05 545,985 

Interleukin 

enhancer-binding 

factor 3 

ILF3 24,3 114,86 545,827 

Lactoylglutathione 

lyase 

GLO1 66,8 202,11 139,921 

Lupus La protein SSB 22,3 57,754 631,768 

m7GpppX 

diphosphatase 

DCPS 27,9 58,258 110,101 
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Medium-chain 

specific acyl-CoA 

dehydrogenase 

ACADM 20,5 49,184 763,985 

Multifunctional 

protein ADE2 

PAICS 32 119,25 719,045 

Oxygen-dependent 

coproporphyrinogen

-III oxidase 

CPOX 28,6 106,01 147,121 

Peroxiredoxin-4 PRDX4 39,1 119,47 551,893 

Phosphoglycerate 

kinase 1 

PGK1 67,9 323,31 683,822 

Pyrroline-5-

carboxylate 

reductase 1 

PYCR1 24,4 38,745 852,986 

Stress-induced-

phosphoprotein 1 

STIP1 19 56,984 734,144 

Transitional 

endoplasmic 

reticulum ATPase 

VCP 13,5 53,22 120,877 

Trifunctional purine 

biosynthetic protein 

adenosine-3 

GART 37,2 293,09 904,356 

Ubiquitin-like 

modifier-activating 

enzyme 1 

UBA1 22,5 252,48 886,355 

 

8.3.3 Proteins identified in E. coli K12 with probe 10  

 

Table 15. Protein hit list in E. coli K12 with 10.  

Protein names Gene names Sequence 

coverage [%] 

Score -Log ANOVA p 

value 

2-dehydro-3-

deoxygluconokinase 

kdgK 32 323.31 594,434 

2-hydroxy-3-

oxopropionate 

reductase 

garR 29.6 53,205 432,279 



8 Appendix 

318 
 

Acetate kinase ackA 40.5 260.08 100,129 

Acetyl-coenzyme A 

synthetase 

acs 32.8 117.42 844,228 

Aldehyde reductase 

YahK 

yahK 36.7 133.79 622,835 

Alkyl hydroperoxide 

reductase subunit F 

ahpF 43.6 146.33 528,903 

Altronate 

oxidoreductase 

uxaB 14.3 17,896 507,074 

Aminomethyltransferas

e 

gcvT 36.8 127.11 671,267 

Aminopeptidase N pepN 28.6 63,453 572,886 

Bifunctional protein 

FolD;Methylenetetrahy

drofolate 

dehydrogenase;Methen

yltetrahydrofolate 

cyclohydrolase 

folD 44.1 238.95 103,815 

Cysteine synthase A cysK 74 323.31 932,665 

Cytidylate kinase cmk 56.8 114.08 641,442 

Glucosamine-6-

phosphate deaminase 

nagB 35.7 323.31 93,605 

GMP synthase 

[glutamine-

hydrolyzing] 

guaA 43.4 77,626 753,547 

L-threonine 3-

dehydrogenase 

tdh 17.9 323.31 53,445 

Malate dehydrogenase mdh 79.2 323.31 918,573 

NADP-dependent malic 

enzyme 

maeB 43 163.07 103,137 

NADPH-dependent 

curcumin reductase 

curA 39.1 136.07 856,415 

Phosphoglycerate 

kinase 

pgk 85.3 323.31 87,831 

Phosphopentomutase deoB 38.3 164.66 921,081 

Protein SsnA ssnA 9.7 58,486 949,088 

Protein YhjJ yhjJ 11.8 27,491 586,732 
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Purine nucleoside 

phosphorylase DeoD-

type 

deoD 34.3 323.31 846,427 

Quinone 

oxidoreductase 1 

qorA 48 198.11 914,967 

Tryptophanase tnaA 77.1 323.31 645,769 

UDP-galactopyranose 

mutase 

glf 33.5 82,295 79,521 

Xaa-Pro 

aminopeptidase 

pepP 19.5 42,944 562,962 

Xaa-Pro dipeptidase pepQ 33.2 118.14 897,303 

8.3.4 Proteins identified in E. coli ΔapaH 

 

Table 16. Protein hit list in E. coli ΔapaH with 10.  

Protein names Gene 

names 

Sequence 

coverage 

[%] 

Score -Log 

ANOVA p 

value 

2-dehydro-3-deoxygluconokinase kdgK 32 323.31 117,919 

Acetate kinase ackA 40.5 260.08 625,894 

Acetyl-coenzyme A synthetase acs 32.8 117.42 766,872 

Aldehyde reductase YahK yahK 36.7 133.79 647,881 

Alkyl hydroperoxide reductase subunit F ahpF 43.6 146.33 101,883 

Aminopeptidase N pepN 28.6 63,453 444,838 

Bifunctional protein 

FolD;Methylenetetrahydrofolate 

dehydrogenase;Methenyltetrahydrofolate 

cyclohydrolase 

folD 44.1 238.95 130,805 

Bifunctional protein HldE;D-beta-D-heptose 

7-phosphate kinase;D-beta-D-heptose 1-

phosphate adenylyltransferase 

hldE 28.1 40,368 439,753 

Cytidylate kinase cmk 56.8 114.08 972,928 

Deoxyuridine 5-triphosphate 

nucleotidohydrolase 

dut 19.7 95,618 705,698 

Dihydrolipoyllysine-residue 

succinyltransferase component of 2-

oxoglutarate dehydrogenase complex 

sucB 30.9 323.31 459,181 
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dTDP-4-dehydrorhamnose reductase rfbD 10.7 58,275 758,455 

Fatty acid oxidation complex subunit alpha fadB 7 67,897 599,076 

Glucosamine-6-phosphate deaminase nagB 35.7 323.31 18,663 

GMP synthase [glutamine-hydrolyzing] guaA 43.4 77,626 78,336 

L-threonine 3-dehydrogenase tdh 17.9 323.31 76,696 

Malate dehydrogenase mdh 79.2 323.31 110,722 

Molybdenum cofactor biosynthesis protein B moaB 27.6 13,157 726,851 

Molybdopterin adenylyltransferase mog 11.3 3,467 489,016 

NAD(P)H-flavin reductase fre 50.2 141.23 933,815 

NADPH-dependent curcumin reductase curA 39.1 136.07 773,707 

N-succinylarginine dihydrolase astB 4.7 2,611 74,968 

Pantothenate synthetase panC 27.6 38.54 66,946 

Phenylacetic acid degradation protein PaaY paaY 21.4 19,781 123,495 

Phosphoglycerate kinase pgk 85.3 323.31 692,389 

Phosphopentomutase deoB 38.3 164.66 46,402 

Purine nucleoside phosphorylase DeoD-type deoD 34.3 323.31 139,353 

Quinone oxidoreductase 1 qorA 48 198.11 962,936 

UDP-galactopyranose mutase glf 33.5 82,295 459,071 

Uridylate kinase pyrH 27 31,859 67,328 

 

8.3.5 Proteins idenified in HeLa with probe 10 

Table 17. Protein hits list in HeLa with 10.  

Protein names Gene names Sequence 

coverage 

[%] 

Log 

ANOVA 

p value 

3-hydroxyisobutyrate dehydrogenase, 

mitochondrial 

HIBADH 26.2 103,328 

Adenosylhomocysteinase AHCY 26.2 708,531 

Adenylate kinase isoenzyme 1 AK1 18.6 138,848 

Annexin A2;Annexin;Putative annexin 

A2-like protein 

ANXA2;ANXA2P2 54.6 12,281 

Annexin A3;Annexin ANXA3 45.5 141,777 

ATP-citrate synthase ACLY 50 169,337 

Bifunctional glutamate/proline--tRNA 

ligase;Glutamate--tRNA 

ligase;Proline--tRNA ligase 

EPRS 25.9 789,637 
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Creatine kinase B-type CKB 48.6 111,823 

D-3-phosphoglycerate dehydrogenase PHGDH 36.3 148,828 

Delta(3,5)-Delta(2,4)-dienoyl-CoA 

isomerase, mitochondrial 

ECH1 33.5 109,344 

Endoplasmin HSP90B1 28.3 146,825 

Eukaryotic initiation factor 4A-I EIF4A1 38.2 856,256 

Filamin-A FLNA 31.5 174,324 

Glutathione reductase, mitochondrial GSR 27.5 126,003 

Inosine-5-monophosphate 

dehydrogenase 2 

IMPDH2 31.3 106,124 

Lactoylglutathione lyase GLO1 55.6 182,106 

L-lactate dehydrogenase A chain LDHA 48.8 185,897 

L-lactate dehydrogenase B chain;L-

lactate dehydrogenase 

LDHB 56.6 27,431 

Medium-chain specific acyl-CoA 

dehydrogenase, mitochondrial 

ACADM 23.1 101,724 

Myosin-14 MYH14 9.4 708,498 

Myosin-9 MYH9 32.1 152,667 

NAD(P)H dehydrogenase [quinone] 1 NQO1 30.7 261,737 

Neurolysin, mitochondrial NLN 10.5 160,853 

Oligoribonuclease, mitochondrial REXO2 14.9 187,266 

Phosphoglycerate kinase 1 PGK1 61.6 306,623 

Prohibitin-2 PHB2 49.7 784,924 

Purine nucleoside phosphorylase PNP 45.7 869,107 

Pyridoxal kinase PDXK 25.3 127,845 

S-methyl-5-thioadenosine 

phosphorylase;Purine nucleoside 

phosphorylase 

MTAP 23 151,069 

Talin-1 TLN1 9.2 773,917 

Thioredoxin reductase 1, cytoplasmic TXNRD1 14.9 117,487 

 

8.3.6 Proteins identified in ΔNudT2 with probe 10  

Table 18. Protein hit list in ΔNudT2 with 10. 

Protein names Gene names Sequence 

coverage 

[%] 

-Log 

ANOVA 

p value 
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14-3-3 protein zeta/delta YWHAZ 457 920,714 

2,4-dienoyl-CoA reductase, 

mitochondrial 

DECR1 28.8 205,483 

3-hydroxyisobutyrate 

dehydrogenase, mitochondrial 

HIBADH 26.2 103,328 

40S ribosomal protein SA RPSA 64.6 111,714 

Adenosylhomocysteinase AHCY 262 708,531 

Adenylate kinase isoenzyme 1 AK1 186 138,848 

Alpha-aminoadipic semialdehyde 

dehydrogenase 

ALDH7A1 19.2 820,835 

Annexin A3;Annexin ANXA3 455 141,777 

Annexin A5;Annexin ANXA5 347 711,474 

ATP-citrate synthase ACLY 50 169,337 

Creatine kinase B-type CKB 486 111,823 

D-3-phosphoglycerate 

dehydrogenase 

PHGDH 363 148,828 

Delta(3,5)-Delta(2,4)-dienoyl-CoA 

isomerase, mitochondrial 

ECH1 33.5 109,344 

Endoplasmin HSP90B1 283 146,825 

Eukaryotic translation initiation 

factor 5 

EIF5 23 101,047 

Eukaryotic translation initiation 

factor 5A;Eukaryotic translation 

initiation factor 5A-1 

EIF5A 329 168,075 

Fatty acid synthase; FASN 513 111,984 

Filamin-A FLNA 315 174,324 

Filamin-B FLNB 86 813,976 

Glutathione reductase, 

mitochondrial 

GSR 275 126,003 

Glutathione S-transferase omega-

1 

GSTO1 29 167,902 

Heat shock protein HSP 90-alpha HSP90AA1 398 808,595 

Heat shock protein HSP 90-beta HSP90AB1 435 721,801 

Heterogeneous nuclear 

ribonucleoprotein K 

HNRNPK 38 119,933 

Heterogeneous nuclear 

ribonucleoprotein Q 

SYNCRIP 323 675,946 
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Heterogeneous nuclear 

ribonucleoproteins A2/B1 

HNRNPA2B1 467 830,342 

Inosine-5-monophosphate 

dehydrogenase 2 

IMPDH2 313 106,124 

Kynureninase KYNU 86 116,532 

Lactoylglutathione lyase GLO1 55.6 182,106 

L-lactate dehydrogenase A chain LDHA 488 185,897 

L-lactate dehydrogenase B 

chain;L-lactate dehydrogenase 

LDHB 566 27,431 

m7GpppX diphosphatase DCPS 21.4 948,967 

Malate dehydrogenase, 

mitochondrial;Malate 

dehydrogenase 

MDH2 42 139,178 

Myosin-9 MYH9 321 152,667 

NAD(P)H dehydrogenase 

[quinone] 1 

NQO1 30.7 261,737 

Neurolysin, mitochondrial NLN 105 160,853 

Peroxiredoxin-4 PRDX4 443 920,749 

Phosphoglycerate kinase 1 PGK1 616 306,623 

Polyadenylate-binding protein 

1;Polyadenylate-binding protein 

PABPC1 263 828,536 

Prostaglandin reductase 1 PTGR1 17.8 110,348 

Proteasome subunit alpha 

type;Proteasome subunit alpha 

type-6 

PSMA6 286 766,201 

Proteasome subunit beta type-1 PSMB1 282 702,303 

Purine nucleoside phosphorylase PNP 457 869,107 

Pyridoxal kinase PDXK 253 127,845 

S-methyl-5-thioadenosine 

phosphorylase;Purine nucleoside 

phosphorylase 

MTAP 23 151,069 

Talin-1 TLN1 92 773,917 

T-complex protein 1 subunit beta CCT2 303 754,211 

T-complex protein 1 subunit 

epsilon 

CCT5 208 239,281 

Tropomyosin alpha-3 chain TPM3;DKFZp686J1372 214 884,915 
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Ubiquitin-like modifier-activating 

enzyme 1 

UBA1 236 998,419 

Vinculin VCL 192 846,548 

 

8.3.7 Proteins identified in HeLa after H2O2 treatment with probe 10 

 

Table 19. protein hits in HeLa after H2O2 treatment with 10.  

Protein names Gene names Sequence 

coverage 

[%] 

Log 

ANOVA p 

value 

14-3-3 protein zeta/delta YWHAZ 457 920,714 

2,4-dienoyl-CoA reductase, 

mitochondrial 

DECR1 288 205,483 

3-hydroxyisobutyrate dehydrogenase, 

mitochondrial 

HIBADH 262 103,328 

40S ribosomal protein S14 RPS14 371 832,549 

40S ribosomal protein S2 RPS2 447 753,078 

40S ribosomal protein S4, X isoform RPS4X 502 108,756 

40S ribosomal protein SA RPSA 646 111,714 

4F2 cell-surface antigen heavy chain SLC3A2 394 784,723 

60S ribosomal protein L31 RPL31 213 873,205 

60S ribosomal protein L7 RPL7 404 121,872 

Adenylate kinase isoenzyme 1 AK1 186 138,848 

Alpha-aminoadipic semialdehyde 

dehydrogenase 

ALDH7A1 192 820,835 

Annexin A2;Annexin;Putative annexin 

A2-like protein 

ANXA2;ANXA2P2 546 12,281 

Annexin A3;Annexin ANXA3 455 141,777 

Atlastin-3 ATL3 227 923,248 

ATP-citrate synthase ACLY 50 169,337 

C-1-tetrahydrofolate synthase, 

cytoplasmic; 

MTHFD1 356 831,993 

CAD protein;Glutamine-dependent 

carbamoyl-phosphate 

synthase;Aspartate 

carbamoyltransferase;Dihydroorotase 

CAD 321 678,491 
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Calnexin CANX 375 79,398 

Carbonyl reductase [NADPH] 1 CBR1 433 744,957 

Creatine kinase B-type CKB 486 111,823 

D-3-phosphoglycerate dehydrogenase PHGDH 363 148,828 

Dihydrofolate reductase DHFR 244 115,069 

Fatty acid synthase FASN 513 111,984 

Filamin-A FLNA 315 174,324 

Filamin-B FLNB 86 813,976 

Glutathione reductase, mitochondrial GSR 275 126,003 

Glutathione S-transferase omega-1 GSTO1 29 167,902 

Heat shock protein HSP 90-alpha HSP90AA1 398 808,595 

Heat shock protein HSP 90-beta HSP90AB1 435 721,801 

Heterogeneous nuclear 

ribonucleoprotein U 

HNRNPU 229 80,574 

Heterogeneous nuclear 

ribonucleoproteins A2/B1 

HNRNPA2B1 467 830,342 

L-lactate dehydrogenase A chain LDHA 488 185,897 

L-lactate dehydrogenase B chain;L-

lactate dehydrogenase 

LDHB 566 27,431 

Long-chain-fatty-acid--CoA ligase 3 ACSL3 222 728,947 

Lysosome-associated membrane 

glycoprotein 2 

LAMP2 49 929,745 

m7GpppX diphosphatase DCPS 214 948,967 

Malate dehydrogenase, 

mitochondrial;Malate dehydrogenase 

MDH2 42 139,178 

Medium-chain specific acyl-CoA 

dehydrogenase, mitochondrial 

ACADM 231 101,724 

Myosin-14 MYH14 94 708,498 

Myosin-9 MYH9 321 152,667 

NAD(P)H dehydrogenase [quinone] 1 NQO1 307 261,737 

NADH-cytochrome b5 reductase 3;NADH-

cytochrome b5 reductase 3 membrane-

bound form;NADH-cytochrome b5 

reductase 3 soluble form 

CYB5R3 392 726,389 

Neurolysin, mitochondrial NLN 105 160,853 

Oligoribonuclease, mitochondrial REXO2 149 187,266 

Pachytene checkpoint protein 2 homolog TRIP13 326 102,586 
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Phosphoglycerate kinase 1 PGK1 616 306,623 

Polypeptide N-

acetylgalactosaminyltransferase 

2;Polypeptide N-

acetylgalactosaminyltransferase 2 

soluble form 

GALNT2 112 788,985 

Profilin-1 PFN1 579 990,594 

Proteasome subunit alpha 

type;Proteasome subunit alpha type-6 

PSMA6 286 766,201 

Protein disulfide-isomerase A3 PDIA3 347 861,889 

Purine nucleoside phosphorylase PNP 457 869,107 

Putative elongation factor 1-alpha-like 

3;Elongation factor 1-alpha 1;Elongation 

factor 1-alpha 

EEF1A1P5;EEF1A1 509 956,996 

Pyridoxal kinase PDXK 253 127,845 

Pyruvate carboxylase, mitochondrial PC 387 121,716 

Ras-related protein Rab-7a RAB7A 575 636,861 

Reticulon;Reticulon-4 RTN4 525 65,459 

S-methyl-5-thioadenosine 

phosphorylase;Purine nucleoside 

phosphorylase 

MTAP 23 151,069 

Transportin-1 TNPO1 185 8,126 

Vinculin VCL 192 846,548 

 

8.3.8 Proteins identified in ΔNudT2 with H2O2 treatment with probe 10 

 

Table 20. Protein hits in ΔNudT2 after H2O2 treatment with 10. 

Protein names Gene names Sequence 

coverage 

[%] 

-Log 

ANOVA 

p value 

14-3-3 protein zeta/delta YWHAZ 457 920,714 

2,4-dienoyl-CoA reductase, 

mitochondrial 

DECR1 288 205,483 

40S ribosomal protein S16 RPS16 541 106,654 

40S ribosomal protein S4, X 

isoform 

RPS4X 502 108,756 
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40S ribosomal protein SA RPSA 646 111,714 

4-hydroxybenzoate 

polyprenyltransferase, 

mitochondrial 

COQ2 7 120,488 

60S ribosomal protein L31 RPL31 213 873,205 

60S ribosomal protein L7 RPL7 404 121,872 

Adenylate kinase isoenzyme 1 AK1 186 138,848 

Alpha-aminoadipic semialdehyde 

dehydrogenase 

ALDH7A1 192 820,835 

Annexin A5;Annexin ANXA5 347 711,474 

ATP-citrate synthase ACLY 50 169,337 

Calnexin CANX 375 79,398 

Carbamoyl-phosphate synthase 

[ammonia], mitochondrial 

CPS1 213 86,425 

Carbonyl reductase [NADPH] 1 CBR1 433 744,957 

Creatine kinase B-type CKB 486 111,823 

D-3-phosphoglycerate 

dehydrogenase 

PHGDH 363 148,828 

Delta-1-pyrroline-5-carboxylate 

synthase;Glutamate 5-

kinase;Gamma-glutamyl 

phosphate reductase 

ALDH18A1 264 783,861 

Endoplasmin HSP90B1 283 146,825 

Eukaryotic initiation factor 4A-I EIF4A1 382 856,256 

Eukaryotic translation initiation 

factor 5A;Eukaryotic translation 

initiation factor 5A-1 

EIF5A 329 168,075 

Fatty acid synthase FASN 513 111,984 

Filamin-A FLNA 315 174,324 

Filamin-B FLNB 86 813,976 

Glutathione S-transferase omega-

1 

GSTO1 29 167,902 

Glycerophosphodiester 

phosphodiesterase domain-

containing protein 1 

GDPD1 143 824,434 

Heat shock protein HSP 90-alpha HSP90AA1 398 808,595 

Heat shock protein HSP 90-beta HSP90AB1 435 721,801 
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Heterogeneous nuclear 

ribonucleoproteins A2/B1 

HNRNPA2B1 467 830,342 

Histone H4 HIST1H4A 515 165,468 

Inosine-5-monophosphate 

dehydrogenase 2 

IMPDH2 313 106,124 

L-lactate dehydrogenase A chain LDHA 488 185,897 

L-lactate dehydrogenase B 

chain;L-lactate dehydrogenase 

LDHB 566 27,431 

Long-chain-fatty-acid--CoA ligase 

3 

ACSL3 222 728,947 

Malate dehydrogenase, 

mitochondrial;Malate 

dehydrogenase 

MDH2 42 139,178 

Medium-chain specific acyl-CoA 

dehydrogenase, mitochondrial 

ACADM 231 101,724 

Myosin-14 MYH14 94 708,498 

Myosin-9 MYH9 321 152,667 

NAD(P)H dehydrogenase 

[quinone] 1 

NQO1 307 261,737 

NADH-cytochrome b5 reductase 

3;NADH-cytochrome b5 reductase 

3 membrane-bound form;NADH-

cytochrome b5 reductase 3 

soluble form 

CYB5R3 392 726,389 

Neurolysin, mitochondrial NLN 105 160,853 

Oligoribonuclease, mitochondrial REXO2 149 187,266 

Peroxiredoxin-4 PRDX4 443 920,749 

Phosphoglycerate kinase 1 PGK1 616 306,623 

Polyadenylate-binding protein 

1;Polyadenylate-binding protein 

PABPC1 263 828,536 

Profilin-1 PFN1 579 990,594 

Proteasome subunit alpha 

type;Proteasome subunit alpha 

type-6 

PSMA6 286 766,201 

Protein disulfide-isomerase A3 PDIA3 347 861,889 

Purine nucleoside phosphorylase PNP 457 869,107 
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Putative uncharacterized protein 

MYH16 

MYH16 16 156,708 

Pyridoxal kinase PDXK 253 127,845 

Ras-related protein Rab-7a RAB7A 575 636,861 

Ras-related protein Rap-1b;Ras-

related protein Rap-1A;Ras-

related protein Rap-1b-like protein 

RAP1B;RAP1A 261 747,988 

S-methyl-5-thioadenosine 

phosphorylase;Purine nucleoside 

phosphorylase 

MTAP 23 151,069 

Talin-1 TLN1 92 773,917 

Testis-specific protein TEX28 TEX28 56 124,238 

Tropomyosin alpha-3 chain TPM3;DKFZp686J1372 214 884,915 

Ubiquitin-like modifier-activating 

enzyme 1 

UBA1 236 998,419 

Vinculin VCL 192 846,548 
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8.4  Supplementary Figures 

 

Figure 83. Heat map for ANOVA significant hits in HEK lysate for compound 10 with gene names. FDR = 
0.02, S0 = 3.  
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Figure 84 Heat map for ANOVA significant hits in HEK lysate for compound 99 with gene names. FDR = 
0.02, S0 = 3. 
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Figure 85. Heat map for ANOVA significant hits in E. coli wildtype (A) and ΔapaH (B) lysate for compound 
10 with gene names. FDR = 0.02, S0 = 3. 
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Figure 86. Heat map for ANOVA significant hits in HeLa (A) and ΔNudT2 (B) lysate for compound 10 with 
gene names. FDR = 0.02, S0 = 3. 
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