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Abstract 

During infections, bacterial microorganisms initiate profound interactions 

with mammalian host cells. Usually defense mechanisms of the host destroy 

intruding bacteria in rapid manner. However, many bacterial pathogens 

have evolved in a way to avoid these mechanisms. By use of effector 

molecules, which can be small organic molecules or proteins with enzymatic 

activity, the host is manipulated on a molecular level. Effectors mediating 

post-translational modifications (PTMs) are employed by many pathogens to 

influence the biological activity of host proteins. In the presented thesis, two 

related PTMs are investigated in detail: Adenylylation, the covalent transfer 

of an adenosine monophosphate group from adenosine triphosphate onto 

proteins, and phosphocholination, the covalent transfer of a phosphocholine 

moiety onto proteins. Over the past years, enzymes mediating these 

modifications have been discovered in several pathogens, especially as a 

mechanism to influence the signaling of eukaryotic cells by adenylylating or 

phosphocholinating small GTPases. However, the development of reliable 

methods for the isolation and identification of adenylylated and 

phosphocholinated proteins remains a vehement challenge in this field of 

research.  

This thesis presents general procedures for the synthesis of peptides 

carrying adenylylated or phosphocholinated tyrosine, threonine and serine 

residues. From the resulting peptides, mono-selective polyclonal antibodies 

against adenylylated tyrosine and threonine have been raised. The antibodies 

were used as tools for proteomic research to isolate unknown substrates of 

adenylyl transferases from eukaryotic cells. Mass spectrometric 

fragmentation techniques have been investigated to ease the identification of 

adenylylated proteins. Furthermore, this work presents a new strategy to 

identify adenylylated proteins. ATP-derivatives containing an electrophilic 

trap were used in conjunction with modified adenylyl transferases, to isolate 

and analyse the covalent complex between enzyme and protein substrate. 

Furthermore, small effector molecules are involved in the regulation of 

infection mechanisms. In this work, the small molecule LAI-1 (Legionella 

autoinducer 1) from the pathogen Legionella pneumophila, the causative 

agent of the Legionnaire’s disease, was synthesised together with its amino-

derivatives. LAI-1 showed are a clear pharmacological effect on the 

regulation of the life cycle of L. pneumophila, initiating transmissive traits 

like motility and virulence. Furthermore, LAI-1 was shown to have an effect 

on eukaryotic cells as well. Directed motility of the eukaryotic cells was 

significantly reduced and the cytoskeletal architecture was reorganised, 

probably by interfering with the small GTPase Cdc42. 
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Enkel sammanfattning på svenska 

Vid infektion av humana celler initierar bakteriella mikroorganismer en 

mängd interaktioner och modifikationer på molekylär nivå. Vanligen förstör 

värdcellen invaderande bakterier kvickt och effektivt, men vissa bakterier 

har vänt cellens försvarssystem till sin egen fördel. Bakterierna utnyttjar 

effektormolekyler, vilka kan vara små sekundära metaboliter, eller proteiner 

med enzymatisk aktivitet, som pumpas in i värdcellen och påverkar direkt 

dess kemi och signalvägar. Effektor-proteiner som medierar 

posttranslationella modifieringar på värdcellens proteiner utnyttjas av 

många patogener. I den här avhandlingen undersöks den detaljerade kemin 

runt adenylylering och fosfokolinering, vilka är två av dessa 

posttranslationella modifieringar. Adenylylering består i kovalent 

fastsättande av adenosin monofosfat (AMP) på värdcellens proteiner, medan 

fosfokolinering innebär kovalent transfer av fosfokolin (PC) till proteiner på 

serin, threonin och tyrosin. Under de senaste åren har enzymer som 

katalyserar ovanstående reaktioner identifierats från ett antal obligata 

intracellulära bakterier. Deras huvudsyfte är att under infektionscykeln 

påverka värdcellens signalvägar genom att adenylylera och fosfokolinera små 

GTPaser. Att effektivt kunna anrika och isolera dessa modifierade proteiner 

är en stor utmaning och en nödvändighet för att tränga djupare in i 

mekanismerna bakom intracellulär infektion, vilket har varit huvudsyftet 

med avhandlingsarbetet. 

Här presenteras generella metoder för syntes av adenylylerade och 

fosfokolinerade peptider modifierade på serin, threonin och tyrosin. Från 

dessa peptider har mono-selektiva polyklonala antikroppar tagits fram 

genom immunisering i kanin, följt av affinitetsupprening. Dessa antikroppar 

har sedan använts för att detektera och isolera adenylylerade proteiner. 

Vidare har peptiderna använts som referensmaterial för att utveckla 

selektiva masspektrometrimetoder för adenylylerade proteiner. Detta arbete 

innehåller också en ny metod för att detektera substrat för 

adenylyltransferaser som bygger på kovalent fastsättande av en ATP-analog i 

transferaset via en elektrofil sidokedja. Detta är första exemplet där ett 

transferas konverteras till ett kemiskt trappingreagens.  

Även små molekyler från bakterien påverkar värdcellen. Ett exempel är 

LAI-1 från Legionella pneumophila, vilken har syntetiserats som (R) och (S) 

enantiomerer inom ramen för detta arbete, så även dess biosyntetiska 

prekursor amino-LAI-1. Dessa molekyler visar effekt på Legionellabakteriens 

livscykel och påverkar dess mobilitet och virulens. I tillägg har effekten av 

LAI-1 med enantiomerer och prekursormolekyler undersökts i avseende på 

värdcellen. Här finns det en klart påvisbar effekt på cytoskelettet via Ccd42. 

Den exakta mekanismen är fortsatt under utredande. 
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Introduction 

Post-translational modifications 

The central dogma of molecular biology, as stated by Francis Crick, is that 

for the biosynthesis of proteins, DNA is transcribed into RNA, which is 

subsequently translated into the amino acid sequence composing a given 

protein (scheme 1).[1,2] While this admittedly over-simplified statement 

terminates the protein biosynthesis at this point, we know nowadays that 

most proteins undergo a maturing process after (or in some cases during) 

the translation of RNA into the protein. A major role in the maturing process 

play post-translational modifications (PTMs) that are often essential for the 

protein to fulfil its physiological function in the cell. These modifications are 

usually introduced by catalytic reactions of other enzymes, but can also 

originate from other environmental influences.[3]  

 

 

Scheme 1. Updated central dogma of molecular biology. The solid lines indicate information 

transfer between biopolymers that occurs in all living cells.[2] Dashed lines show specialised 

transfer found in some organisms. For the biosynthesis of proteins, DNA is transcribed into 

RNA, which is translated into the corresponding proteins. Once a protein is synthesised, it 

cannot be reversed into the RNA or DNA sequence anymore. While the original concept ends 

after the translation, it is now known that most proteins undergo maturing processes by PTMs. 

 

Although PTMs can be very diverse, often nucleophilic amino acid side 

chain functionalities or the N- or C-termini of a protein undergo addition of 

chemical functionalities, as in the case of phosphorylation,[4] glycosylation,[5] 

acetylation[6] or prenylation.[7] In this way, the set of the 20 natural amino 

acids can be extended, increasing the limited repertoire of chemical 

functionalities. Tight spatial and temporal control of PTM-mediating 

enzymes makes these modifications ideal regulatory components in cellular 

signalling pathways. For example, phosphorylation,[4] mediated by kinases, 
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plays a key role in many signalling pathways, activating or deactivating 

proteins dependent on their phosphorylation state. In other examples, 

phosphorylation induces degradation of proteins.[8] Next to the addition of 

chemical functionalities, the addition of whole peptides or even proteins is 

also included under the term PTM, e.g. ubiquitination[9] or SUMOylation.[10] 

Other PTMs result from non-enzymatic origins and can be rather unspecific, 

like in the case of aggregation-inducing carbonylation as a reaction to 

oxidative stress.[11] Furthermore, proteolysis (the cleavage of peptide bonds) 

can be considered a PTM. Prominent examples include the removal of the 

initiating methionine after translation or the generation of the active peptide 

hormone insulin from the propeptide proinsulin.[12] 

 

Nucleotidylylation and phosphocholination 

Many PTMs are mediated by transferases, which are enzymes that catalyse 

the transfer of a chemical group from a precursor onto the target protein, 

creating a new covalent bond. To make these reactions feasible, the 

precursors need to have a high transfer potential. This requires high-energy 

bonds to make the reactions thermodynamically favourable upon breakage. 

In this process, the transferase facilitates the reaction by bringing the 

nucleophile of the target protein in close proximity to the precursor. Cleaving 

the energy-rich bond upon nucleophilic attack creates the necessary driving 

force for the transferase reaction. Ribonucleotides represent such precursors 

with high transfer potential, as they feature several suitable electrophilic 

positions. These positions include up to two phosphoanhydrides, one 

phosphoester and one glycosidic bond, which are all used by different 

transferases (or hydrolases) to catalyse PTMs, for example in 

phosphorylation, nucleotidylylation, phosphocholination and ribosylation.  

The work presented in this thesis mainly focusses on nucleotidylylation 

and more specifically adenylylyation *  (also termed AMPylation) and 

phosphocholination. Protein adenylylation consists of the transfer of an 

adenosine monophosphate moiety onto a nucleophilic amino acid of a 

protein substrate, using adenosine triphosphate (ATP) as a precursor 

(scheme 2).[13] Enzymes mediating this reaction are referred to as adenylyl 

transferases and they catalyse the nucleophilic attack of the hydroxyl 

functionality of a tyrosine or threonine at the α-phosphate of ATP, releasing 

pyrophosphate as a leaving group. Additionally, enzymatic hydrolysis of the 

pyrophosphate under physiological conditions accelerates the reaction. The 

resulting phosphodiester is stable under physiological conditions but, like in 

                                                             
* Protein adenylylation should not be confused with adenylation, which describes the activation of amino 

acids in form of the phosphoanhydride with AMP in context of aminoacyl-tRNA formation.[209] 
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the case of many other PTMs, the reaction can be reversed enzymatically. 

Adenylyl hydrolases generate the catalytic environment enabling hydrolysis 

of the phosphodiester bond, releasing adenine monophosphate and the 

unmodified protein substrate (scheme 2).  

 

Scheme 2. Representation of reversible adenylylation. ATP is used as a precursor to transfer an 

AMP moiety onto protein substrates. In addition to tyrosine, adenylylation has been observed 

on threonine residues. The AMP modification can be removed again by adenylyl hydrolases. 

 

Adenylylation was first described in 1967 by Stadtman et al.,[14–16] as a 

process for the metabolic regulation of the glutamine synthetase (GS) in 

Escherichia coli. If high levels of glutamine are present in the cell, the 

glutamine synthetase adenylyl transferase (GSAtase) adenylylates GS at a 

specific tyrosine residue, thereby inhibiting the enzyme. The corresponding 

adenylyl hydrolase was discovered shortly after,[17] adding to the 

understanding of the environment-dependent regulation mechanism of the 

glutamine synthesis and the corresponding nitrogen metabolism. In another 

example related to this PTM, bacterial resistance in Staphylococcus aureus 

to the antibiotic kanamycin can originate from kanamycin nucleotidylyl 

transferase (KNT). Here, this nucleotidylylation of the aminoglycoside 

kanamycin with ATP, GTP or UTP eliminates the bacteriocidal effect of the 

antibiotic.[18,19] Interestingly, GSAtase and KNT share a common DNA-

polymerase β-like fold.[20,21] 

Decades later, the interest in adenylylation as a PTM was revived when 

several groups reported the involvement of this PTM in the regulation of 

host cell proteins by pathogenic intracellular bacteria.[22,23] The adenylyl 

transferases VopS from Vibrio parahaemolyticus and IbpA from Histophilus 

somni adenylylate specific tyrosine residues of small Rho GTPases. 

Intriguingly, this modification blocks certain protein-protein-interactions of 
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the small GTPases, leading to major interference with the cytoskeletal 

reorganisation of the host cell (for more details on the importance of small 

GTPases, see section “small GTPases”). The newly discovered adenylyl 

transferase activities are part of another structural protein motif, namely the 

Fic (filamentation induced by cAMP) family. The Fic family consists of more 

than 3000 members and is present in all three kingdoms of life.[24] However, 

their catalytic purpose consists of not only adenylylation, but also includes 

other PTMs, like phosphorylation.[25,26] Furthermore, adenylylation 

mediated by pathogens is not limited to Fic domains. For example DrrA, a 

protein from Legionella pneumophila, contains an adenylyl transferase 

domain with a DNA-polymerase β-like fold that adenylylates Rab GTPases 

and manipulates the vesicular transport (for an overview of adenylyl 

transferases and related proteins, see table 1).[27,28] For adenylyl hydrolases, 

only one additional protein has been identified so far, namely Legionella 

pneumophila’s SidD, which features a metal-dependent protein 

phosphatase-like (PPM) fold.[29–31] 

DNA-polymerase β-like adenylyl transferases share the conserved motif 

Gx11[D/E]x[D/E]. Mechanistically, the second aspartate residue in the motif 

of DrrA deprotonates the tyrosine hydroxyl functionality of the protein 

substrate, enabling nucleophilic attack at the α-phosphate of ATP (scheme 

3, A).[32] Fic domains on the other hand consist of a characteristic helical 

bundle of six α-helices and the conserved motif HxFx[D/E]GN[G/K]R.[33,34] 

While the basic histidine residue deprotonates the nucleophilic hydroxyl 

function of the protein substrate, the remaining residues of the catalytic 

motif facilitate positioning and activation of the phosphates for the 

nucleophilic attack (scheme 3, B).[35,36] Fic domains and DNA-polymerase 

β-like adenylyl transferases employ magnesium cations as a co-factor for 

coordination of the phosphates of the nucleotides. It should also be noted 

that not only ATP is accepted as a substrate for VopS, IbpA or DrrA.[37,38] 

However, catalytic efficiency for GTP, UTP or CTP is generally lower and, 

additionally, ATP concentrations are much higher under physiological 

conditions compared to the other nucleoside triphosphates.[39]  
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Scheme 3. A. Catalytic mechanism of DNA-polymerase β-like adenylyl transferase domain of 

DrrA.[32] Three acidic aspartate residues hold two magnesium ions in place, which coordinate to 

the triphosphate group of ATP. A fourth aspartate residue acts as base to deprotonate the 

hydroxyl functionality of the tyrosine from the protein substrate Rab1. B. Catalytic mechanism 

of the Fic domain containing protein VopS with the Fic motif HGFTDGNGR.[35] One magnesium 

ion and the asparagine and arginine residue coordinate triphosphate of ATP. The histidine 

residue activates the hydroxyl functionality of the protein substrate, which subsequently attacks 

the α-phosphate. 

 

Recently, a new Fic domain-mediated PTM, termed phosphocholination, 

was discovered. This modification by the Legionella protein AnkX consists of 

the transfer of an phosphocholine moiety to either threonine or serine 

residues (scheme 4).[42,43] In this case, CDP-choline is used as a precursor, 

which is positioned in an inverted orientation in the catalytic pocket when 

compared to the adenylylation.[44] This way, the CMP moiety functions as a 

leaving group and the β-phosphate with the attached choline is transferred 

to the protein substrate. Interestingly, AnkX targets the small GTPases Rab1 

and Rab35 in a similar fashion to the Legionella protein DrrA. Another 

analogy to adenylylation of DrrA was revealed by the description of the 

dephosphocholinase Lem3 from Legionella.[42] 

While the abundance of Fic domain containing enzymes in pathogens is 

intriguing, adenylylation and related PTMs emerge as a general principle for 

the regulation of protein activities. During infections, these mechanisms 

exploit host cell signalling pathways to the benefit of the intruder. However, 

even the human Fic domain containing protein HYPE (Huntingtin 

interacting protein E) has been shown to have adenylylating activity in 

vitro,[45,46] indicating that these PTMs are most likely not limited to 

prokaryotic systems. In many cases, physiological functions of these proteins 

have not yet been elucidated and further studies on Fic domains, especially 

concerning their substrate scope, are required.  
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Scheme 4. Schematic presentation of phosphocholination. Phosphocholinase AnkX uses CDP-

choline to transfer phosphocholine onto threonine or serine residues of protein substrates. 

Dephosphocholinase Lem3 hydrolytically removes the modification.  

 

Small GTPases 

Small GTPases (more accurately termed “small G proteins”, because they 

have both GDP/GTP-binding and GTPase activities) are a protein super-

family that consists of more than 100 members.[47] The term “small” refers to 

the relatively small protein size of 20-40 kDa. According to their function, 

the members can be divided into at least five families: Ras, Cdc42/Rho/Rac, 

Rab, Sar/Arf and the Ran. The important biological functions controlled by 

these families include cell mobility, organisation of the cytoskeleton, 

vesicular transport, signal transduction and nuclear import and export 

(table 2). 

Table 2. Summary of the small GTPase families and their function. 

Family Function Reference 

Ras Signal transduction/gene expression [48,49] 

Cdc42/Rho/Rac Cytoskeletal reorganisation/gene expression [50,51] 

Rab Vesicle trafficking [52–54] 

Sar/Arf Vesicle budding, celia formation [55,56] 

Ran Nuclear import/export, microtubule organisation [57,58] 

 

All small GTPases feature a binding site for guanosine nucleotides. A 

defining characteristic of small GTPases is the significant change in 

conformation, dependent on which nucleotide is bound to the protein.[59] If 

guanosine diphosphate (GDP) is bound, the small GTPase is in its inactive 

state, in which it is not interacting with downstream signalling effectors. If 
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the GDP is exchanged with guanosine triphosphate (GTP), the active 

conformation is attained and downstream signalling with effector proteins is 

possible (figure 1).[60] Two flexible regions of the small GTPases, referred to 

as switch I and switch II region, undergo large conformational changes upon 

nucleotide exchange.[61] Guanosine nucleotide exchange factors (GEFs) 

catalyse the reversible exchange of GDP to GTP, which is driven by the 

higher excess of GTP compared to GDP in the cell.[39,59,62,63] On the other 

hand, GTPase-activating proteins (GAPs) catalyse the inactivation of the 

small GTPase. The slow intrinsic GTPase activity of the small GTPase is 

thereby accelerated by several orders of magnitude upon binding of the 

GAP.[59,62,63] 

Because of this distinct, conformation-induced separation of active and 

inactive state, small GTPases are often referred to as molecular switches.[64] 

Many effector and regulatory proteins are involved in the interplay of small 

GTPases. However, the central role of small GTPases in many signalling 

pathways and regulatory mechanisms of a cell make them a popular target of 

many pathogens[65,66] and genetic mutations are often of oncogenic 

character.[67] 

 

Figure 1. Small GTPases act as molecular switches in mammalian cells. An inactive GDP-

bound state can be converted to the active state by nucleotide exchange induced by guanosine 

nucleotide exchange factors (GEFs). In the active state, the GTPases interacts with downstream 

effectors. The active GTP-bound state is deactivated by acceleration of the intrinsic GTPase 

activity of the small GTPase, catalysed by GTPase activating proteins (GAPs). 
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Pathogens modify host cells at a molecular level 

When a mammalian host encounters a microorganism, processes like 

phagocytosis[68] and lysosomal disruption[69] are usually capable of 

destroying the intruding organisms. Intracellular pathogenic 

microorganisms[70] on the other hand have evolved in a way that allows them 

to survive these defence mechanisms and to establish themselves inside of 

the affected host cells.[71] The location inside of mammalian cells protects the 

microbe from the detection by the immune system and the effect of many 

antibiotics. Normally, intruding pathogens are engulfed by macrophages, the 

frontline defence of the innate immune system. After ingestion, the 

pathogen-containing phagosome matures sequentially to an endosome-like 

entity and fuses with the lysosomal network, creating the phagolysosome 

where harsh digestive conditions destroy the pathogen (figure 2, A).[68,72] 

For the survival of the intracellular pathogen, it is important to prevent the 

phagosome-lysosome interaction. Therefore, many intracellular pathogens 

employ infection mechanisms to enter the cell, creating specialised vacuoles 

that do not interact with the lysosomal system. Here, a large number of 

proteins are injected into the host cell, which allow the manipulation of the 

host at a molecular level.[73,74] After establishment in the cell, the pathogen is 

largely dependent on nutrients from the host cell and its parasitic lifestyle 

becomes apparent. After a phase of extensive proliferation of the pathogen, 

lysis of the host cell is induced and the pathogens are released into the 

surrounding environment.  

The infection mechanism of Legionella pneumophila, the causative agent 

of the legionnaires’ disease in humans,[75] is a prime example. Legionella 

bacteria are not exclusively intracellular pathogens and can be found for 

example in cooling towers[76], swimming pools or air-conditioning units[77], 

where they usually infest protozoa.[78] Upon uptake in the human body via 

infected aerosols, a Legionella bacterium enters an alveolar macrophage and 

injects approximately 300 effector proteins into the host cell by the Dot/Icm 

type IV secretion system (figure 2, B).[79] Some of these effector proteins are 

essential for the creation of the Legionella-containing vacuole (LCV), a 

membrane-surrounded niche for the pathogen that resists fusion with the 

lysosomes.[80,81] In the usual endocytic pathway, shortly after phagocytosis, 

maturation to the phagosome is induced by recruitment of the small 

GTPases Rab5, Rab7 and, at a later stage, lysosome-associated membrane 

glycoproteins (LAMPs) which ultimately lead to phagolysosome formation. 

This development is impaired significantly by Legionella.[82] Instead, vesicles 

from the endoplasmic reticulum (ER) are recruited to the LCV shortly after 

phagocytosis and the LCV membrane is enriched with ribosomes.[81,82] High-

jacking of the vesicle transport from the ER to the Golgi apparatus is 

partially achieved by interference with the small GTPases Arf1 and Rab1.[83] 
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On a molecular level, modification of the latter by activation and 

adenylylation by the Legionella protein DrrA, leads to constantly active Rab1 

on the membrane of the LCV (figure 3).  

 

Figure 2. A. Phagocytosis of a non-pathogenic bacterium by a macrophage. After uptake of the 

bacterium, the phagosome is sequentially matured to an endosome-like entity and transferred 

to the lysosome. The harsh conditions of the endosomes and phagolysosomes digest the 

intruding bacterium. B. Infection of a macrophage with Legionella pneumophila and 

modulation of vesicle trafficking. Upon contact and uptake of the Legionella bacterium, the 

Dot/Icm type IV secretion system injects effector proteins into the host cell, leading to an 

inhibition of the transfer of the LCV to the lysosome network. Instead, vesicle trafficking from 

the ER to the Golgi complex is redirected to the LCV, forming a stable ribosome studded 

intracellular vacuole. After replication of the pathogen to high numbers, the host cell is lysed 

and the bacteria released (not shown). Figure modified from reference 81. 

 

DrrA consists of three domains: one adenylyl transferase domain, one 

GEF domain and one phosphatidylinositol-4-phosphate binding domain 

(P4M) domain. The DrrA-P4M domain is responsible for the localisation of 

DrrA on the outer side of the LCV membrane.[84] Here, the DrrA-GEF 

domain activates Rab1:GDP from the cytosol by exchange of the nucleotide 

GDP to GTP (figure 3).[85] Cytosolic inactive Rab1:GDP is bound by Rab 

GDP dissociation inhibitor (RabGDI), which complexes to the C-terminal 

geranyl-geranyl lipid anchor.[86] However, upon activation, the small GTPase 

is released from the complex and the lipid anchor of Rab1 consequently 

attaches to the nearby membrane of the LCV.[87] In this way, the DrrA-GEF 

domain effectively recruits Rab1 to the LCV. The active Rab1:GTP is then 

adenylylated at a specific tyrosine residue in the switch II region.[27] The 

switch II region is an essential interaction site for many host cell effector 

proteins, like MICAL (molecules interacting with CasL) proteins,[88] and 

adenylylation effectively blocks these interactions. Furthermore, the protein 

becomes inaccessible for GAPs, locking Rab1 in a constantly activated state. 

At a later stage of infection, the adenylylation is removed by the adenylyl 

hydrolase SidD and Rab1:GTP becomes accessible for GAPs again.[29,89] 
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Interestingly, Legionella also contains its own GAP for Rab1 (LepB) that can 

be found on the LCV at later stages of infection.[90] The existence of SidD and 

LepB indicates that the pathogen allows inactivation and removal of Rab1 

from the LCV at a certain stage of infection. After hydrolysis of GTP to GDP, 

RabGDI extracts Rab1 from the LCV membrane (figure 3). 

 

Figure 3. Modification of Rab1 by Legionella enzymes. The GEF domain of DrrA activates 

Rab1:GDP by GDP to GTP exchange and thereby recruits the enzyme to the membrane of the 

LCV. Here, Rab1:GTP undergoes adenylylation by DrrA, blocking the binding site for host cell 

effector proteins and GAPs. At a later stage of infection, SidD removes the adenylylation and the 

Legionella enzyme LepB (and potentially other GAPs) deactivates Rab1:GTP by hydrolysis to 

Rab1:GDP. Rab1:GDP can be extracted from the membrane by Rab1GDI. Alternatively, 

Rab1:GTP can undergo phosphocholination by AnkX at the LCV. Lem3 acts as a 

dephosphocholinase and removes the modification. Figure modified from reference 91. 

 

Surprisingly, the switch II region of Rab1 is not only undergoing 

adenylylation, but also phosphocholination during the infection process. The 

Legionella enzyme AnkX, which is secreted into the host cell, 

phosphocholinates a specific serine residue by using CDP-choline as a co-

substrate (figure 3).[42–44] As in the case of adenylylation, some protein-

protein interactions are affected by phosphocholination, e.g. the interaction 

with Rab1 GDI and with the GEF Connecdenn.[43,92] AnkX alone is sufficient 

for inducing a specific phenotype in transfected cells, showing Golgi 

disruption and inhibited alkaline phosphatase secretion.[93] However, how 

the induction of this phenotype works in detail has not yet been described. 

Furthermore, Legionella features the corresponding dephosphocholinase, 

making the reaction reversible.[92] 

How the adenylylation and phosphocholination are regulated in detail, 

and how exactly these modifications have an impact on the whole eukaryotic 

system during infection, is still a matter of ongoing scientific investigation. 

However, many pathogens apply similar mechanisms to manipulate the host 

cell behaviour to their benefit. Understanding these mechanisms on a 
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molecular level is essential for the advancement of infection biology. As a 

consequence, new targets for the development of infection-inhibiting drugs 

might arise. Identifying the substrate scope of the related PTM-mediating 

enzymes is of major importance because these interactions are the key to 

understanding the effect and relevance of pathogenic proteins. 

Quorum sensing in Legionella pneumophila 

While the interactions with the host cell are of major importance for the 

survival of the pathogen, it also has to switch between a intracellular growth 

phase, characterised by excessive replication, and a virulent phase for the 

extracellular transmission to a new host. The virulent phase consists of 

opposing traits compared to the stationary growth phase: while the 

replication is repressed, motility, competence, extracellular filaments and 

expression of genetic fitness islands are induced. Different signals can induce 

switching, for example starvation and increasing intracellular alarmone 

concentrations.[94]  

The pivotal biphasic life style[95] is regulated by quorum sensing, a 

population-density based bacterial cell-cell communication.[96] Small 

molecules, termed autoinducers, are produced by the bacteria and the 

increase in concentration based on the density of bacteria is detected by 

corresponding sensor systems.[97] In Legionella, quorum sensing is regulated 

by the Lqs (Legionella quorum sensing) system (figure 4, B). The Lqs 

system consists of the two sensor histidine kinases LqsS and LqsT,[98] located 

in the inner membrane of the cell, one response regulator LqsR[99] and the 

autoinducer synthase LqsA,[100] which synthesises the autoinducer 3-

hydroxypentandecane-4-one (LAI-1, figure 4, A).[101] LAI-1 is produced by 

the biosynthesis gene-cluster LqsA and is enriched in the cell environment, 

depending on the population density. At low LAI-1 concentrations, LqsS and 

LqsT are autophosphorylated at conserved histidine residues.[98] The 

phosphorylation converges with the binding partner LqsR, which dimerises 

upon phosphorylation. The Lqs-dependent signalling is therefore switched 

off and the transmissive growth state is repressed. At high LAI-1 

concentrations (meaning high cell density), LAI-1 inhibits the 

autophosphorylation of LqsS and LqsT, leading to unphosphorylated and 

therefore monomeric LqsR. Consequently, LqsR induces the transition from 

the stationary, replicative to the virulent, transmissive growth phase. 

Many intracellular pathogens employ similar mechanisms for the 

regulation of their growth. A closely related example is found in Vibrio 

cholerae, where the autoinducer synthase CqsA produces (S)-3-

hydroxytridecane-4-one ((S)-CAI-1, figure 4, A),[102] which is essential for 

traits like virulence and biofilm production.[103] 
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Figure 4. Legionella quorum sensing (Lqs) system controls the switch between exponential 

and stationary growth phase. The phosphorylated membrane-bound sensor kinases LqsS and 

LqsT phosphorylate the regulator LqsR. LqsR dimerises upon phosphorylation and induces 

replication, while traits like motility, virulence and fitness are repressed. When concentrations 

of the autoinducer LAI-1, which is synthesised by LqsA, increase at the periplasm, 

phosphorylation of LqsS and LqsT is inhibited. Consequently, the bacteria shifts from the 

replicative growth phase to the transmissive growth phase, which is characterised by repression 

of replication and promotion of pathogenic competence and fitness. PP = periplasm, IM = inner 

membrane. Figure modified from reference 104.  

 

Proteomics towards PTMs 

In analogy to genomics, proteomics has risen as central scientific field 

around the large-scale study of proteins and their functionalities.[105] The 

proteome consists of the expressed proteins of a genome, thus proteomics 

can be considered as functional genomics on a protein level.[106] In contrast 

to the genome, which might undergo epigenetic changes but is usually not 

altered in its sequential order of nucleobases, the proteome is highly 

dynamic. Environmental factors like stress or differentiation of cell types can 

induces significant changes to the composition and amount of the proteins 

content in a cell. As a reporter for the situation of a cell, proteomics is 
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therefore a more suitable approach than the study of the genome or the 

transcriptome, due to its consideration of the regulation of gene expression 

and translation.[107]  

Another level of complexity to the proteomic analysis of cells is added by 

the presence of PTMs. Proteins can undergo a wide variety of PTMs, which 

often are crucial for the understanding of the physiological function of a 

protein. Conventionally, three different strategies have been applied for the 

identification of post-translationally modified proteins: radioisotope 

labelling (e.g. 32P for phosphorylation, 3H and 14C for acetylation and 

methylation), western blotting (e.g. phospho-tyrosine and lysine-acetylation 

and –methylation) and peptide/protein arrays (e.g. phosphorylation and 

methylation).[108–110] While isotopic labelling and western blot analysis are 

excellent tools for the detection and the validation of PTMs, they lack the 

feasibility for high-throughput identifications. Peptide and protein arrays on 

the other hand allow for a larger amount of samples analysed in parallel but 

sensitivity and specificity of employed PTM-mediating proteins under the 

experimental conditions are often a drawback. 

With the rise of MS-based proteomics, a new powerful bioanalytical tool 

has become available for the study of PTMs. The high sensitivity and 

specificity allows the global, proteome-wide identification of PTMs. 

However, because proteomic samples from crude cell lysates are often too 

complex for direct MS analysis, strategies for the selective enrichment of the 

post-translationally modified proteins are a necessity.[111] A general workflow 

for the modification-specific MS analysis of a cell lysate is illustrated in 

figure 5. In the first step, a protein sample, usually a cell lysate, is 

submitted to proteolytic digestions. For this step, trypsin is the most 

commonly used protease, because it specifically cleaves after positively 

charged amino acids, generating a more homogenous charge-distribution 

among the peptides. Secondly, an enrichment technique is employed to 

separate the post-translationally modified peptides from the rest of the 

peptides. In the next step, the resulting peptide samples are submitted to 

nano-HPLC/MS/MS. The chromatographic separation by HPLC splits the 

peptides based on their hydrophobicity and the MS/MS technique allows the 

identification of the peptide and the localisation of the PTM, based on the 

fragmentation pattern. Finally, the generated data is bioinformatically 

processed, to verify the results statistically and to identify the associated 

proteins, by comparison with an in silico proteolytically digested sample.[112] 

In an alternate approach, the samples can be digested after the enrichment 

step, creating proteomic samples on a protein rather than a peptide level. 

Furthermore, sample complexity might be reduced prior to the lysis or 

enrichment, e.g. by sample fractionation based on molecular weight (size-

exclusion chromatography (SEC), gel-electrophoresis), charge (iso-electronic 

focussing (IEF)), or cell localisation (cellular organelle isolation).  
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Figure 5. MS-proteomic workflow for the identification of PTM-sites. A complex protein 

sample, like a cell lysate, is proteolytically digested. The resulting peptides undergo a PTM-

selective enrichment step, to separate modified from unmodified peptides. The resulting 

samples with PTM-carrying peptides are analysed by HPLC/MS/MS and the identified masses 

are processed bioinformatically. As a result, peptides are assigned to the corresponding 

proteins, the PTM sites are identified precisely and eventually a quantification of the PTM is 

possible. 

 

The low abundance of PTM-bearing peptides in the huge amount of 

unmodified peptides in a lysate makes an enrichment step crucial for a 

successful identification. It has become apparent that this enrichment is a 

major bottleneck for the high-throughput identification of proteome-wide 

PTMs and, consequently, several techniques have been developed to achieve 

a selective sample separation. These techniques include enrichment based on 

antibody-affinity, chemical derivatisation, ionic interactions and PTM-

specific enzymatic reactions.  

Antibodies pose excellent tools for the detection, as well as the enrichment 

of PTMs (scheme 5, A). The generation of a general, high-quality pan-PTM 

antibody, ideally completely independent from the surrounding peptide 

backbone, is a requirement for this approach. This enrichment technique has 

been successfully employed for the identification of sites for lysine 

acetylation,[113,114] serine, threonine, tyrosine and histidine 

phosphorylation,[115–117] arginine and lysine methylation[118] and tyrosine 

nitration.[119]  

Chemical derivatisation includes strategies like metabolic labelling, where 

small chemical groups are introduced into the co-substrates of the PTM 

reaction.[120] Most often, azides and alkynes are employed, due to their small 
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size and addressability by bioorthogonal Huisgen cycloaddition (click-

reaction, scheme 5, C).[121] Almost all PTMs have been explored based on 

this approach, e.g. farnesylation,[122] palmitoylation,[123] myristoylation [124] 

and glycosylation.[125] Similarly, some PTMs can be converted in vitro to 

reactive groups, which can be chemically captured. For example, phospho-

serine or -threonine can undergo β-elimination under basic conditions.[126] 

In a subsequent Michael-like addition, the site can be linked to an affinity 

tag, like biotin or a perfluoroalkyl residue.[127] The advantage of the chemical 

derivatisation approach is the highly stable covalent linkage between tag and 

modification, which allows for easy isolation of the tagged proteins. 

However, the underlying chemical reaction needs to be of high efficiency and 

the additional reaction step always introduces the possibility of undesired 

side reactions.  

Especially for phosphopeptides, ionic interaction-based enrichment using 

immobilised metal-ion affinity chromatography (IMAC) has been highly 

successful. Originally, Fe3+ immobilised on beads was used to coordinate the 

phosphate group of phosphorylated peptides (scheme 5, B).[128,129] Other 

metal ions have been investigated as well for this purpose, illustrating Ga3+ 

as the best candidate.[130] In addition to IMAC, TiO2-based surfaces have 

demonstrated vast potential and surpass IMAC in efficiency and robustness 

for the separation of phosphopeptides.[131,132] While these methods are highly 

interesting for PTMs with ionic character, uncharged PTMs elude 

enrichment based on these techniques. 

The application of PTM-specific enzymes for the purpose of identifying 

PTM-bearing moieties is another highly selective approach. For example, 

glycosylphosphatidylinositol(GPI)-anchored proteins can be specifically 

released from cell surfaces by treatment with phosphatidylinositol-specific 

phospholipases. The released proteins could be identified by MS 

analysis.[133,134] In another example, O-β-N-acetylglucosamine specific 

galactosyl transferase introduced a ketone functionality to GlcNAc-modifed 

proteins, making it addressable by a reaction with O-functionalised 

hydroxylamines (scheme 5, D).[135]  

While vast advances over the past years have been realised in the 

proteomic field, the selective enrichment of post-translationally modified 

peptides and proteins remains one of the major bottlenecks for a proteome-

wide mapping of PTMs. New techniques and improved sensitivities are 

needed for the further development of the field and a necessity for a further 

elucidation of the intriguing PTM-based regulatory network in eukaryotic 

cells.  
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Scheme 5. Examples of the PTM-oriented isolation of peptides and proteins. A. Enrichment of 

lysine-acetylated peptides based on affinity to an antibody immobilised on solid support. B. 

IMAC of phosphorylated peptides. Fe3+ is immobilised on solid support and forms a complex 

with the phosphate group of the modified peptides. C. Chemical derivatisation of myristoylated 

proteins. Alkynyl-myristic acid is added to the samples and replaces myristic acid in the PTM 

transfer reaction. The alkynyl functionality can be addressed by Cu(I) catalysed click chemistry 

to introduce a tag, e.g. an affinity tag like biotin. Subsequently, the modified proteins can be 

enriched, digested and analysed by MS. D. PTM-specific enzymatic modification of O-β-N-

acetylglucosamine modified proteins. Engineered β-1,4-galactosyl transferase catalyses the 

addition of a galactose derivative, carrying a ketone functionality. The corresponding UDP-

galactose derivative is used as a precursor for the reaction. Subsequently, the ketone can be 

reacted with hydroxylamine carrying an affinity tag, allowing isolation and identification of the 

modified proteins.  
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Chapter 1: Towards the identification of 
adenylylated proteins and adenylylation-
modifying enzymes (Paper I – III) 

To date, several adenylylating enzymes have been revealed. The striking 

abundance of Fic-domain-containing proteins, especially in intracellular 

pathogens, indicate that nucleotidylylation, phosphocholination and other 

modifications play a major role during infections. In the case of 

adenylylation, one key necessity for a deeper, molecular understanding of 

these modifications and their consequences is the detection of the substrates 

of adenylyl transferases. The knowledge of which protein is adenylylated 

inside a cell, allows conclusions to be drawn regarding the functions and 

mechanisms of adenylyl transferases.  

Previous work 

The identification of modified proteins from a highly complex sample (such 

as a cell lysate) has proven to be a major challenge for the PTM-devoted 

research. For adenylylation, two approaches have been investigated so far: 

on the one hand, metabolic labelling, which consists of the introduction of 

radioactive isotopes or “chemical handles” to the co-substrate of the PTM 

reaction, and, on the other hand, the use of antibodies targeting the 

modification selectively.  

Metabolic labelling has been employed for the investigation of almost all 

known PTMs.[120] Consequently, the strategy has been applied to the studies 

of adenylylation. In its simplest form, the ATP co-substrate is replaced by its 

radioactive analogue, 32P-α-labelled ATP. If an adenylylation reaction occurs, 

the 32P-α-AMP modified protein substrates can be visualised by 

autoradiography.[22] However, this method is not suited for the enrichment 

of adenylylated proteins, but was used in combination with other stable 

isotopes of ATP for a proteomics based approach to identify the substrates of 

the adenylyl transferase BepA.[136] 

Grammel et al.[137] developed a chemical reporter, which allows covalent 

functionalisation of adenylylated substrates with a propargyl group on the 

N6 position of the AMP moiety. This propargyl group can consequently 

undergo bioorthogonal click chemistry,[121] to introduce fluorescent dyes or 

affinity tags by triazole formation. The use of affinity tags, like biotin, allows 

the isolation of the adenylylated proteins out of lysates and subsequent 

identification by MS (scheme 6). This method was applied to identify 

targets of VopS[137], HYPE[46] and FicT toxins,[41] although in the latter case 

severe difficulties with the enrichment are reported. Furthermore, N6-
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fluorescein-labeled ATP was used to generate both fluorescent and 

enrichable adenylylated proteins, following an immunoprecipitation protocol 

with the use of fluorescein antibodies.[138] 

Recently, the chemical handle approach has been employed in 

combination with high density protein arrays (nucleic acid programmable 

protein arrays, NAPPA) for the high-throughput identification of a range of 

mammalian substrates of adenylyl transferases like VopS, IbpA,[139] 

HYPE[140] or DrrA.[141] 

Scheme 6. Approaches for the identification of unknown substrates of adenylyl transferases 

using chemical handles or antibodies. In the chemical handle approach, a propargyl group is 

introduced at the N6 position of adenine and transferred to the substrates by the adenylyl 

transferase. Selective click reactions with an affinity tag (e.g. biotin) carrying an azide allows the 

isolation of modified proteins. In the antibody-based approach, adenylylated proteins are 

isolated by affinity purification over immobilised AMP-antibodies. 

 

The high selectivity of the biorthogonal click reaction between alkynes and 

azides and the stability of the generated covalent bond between the tag and 

the PTM are the main advantages of this method. However, in case of 

adenylylation, several drawbacks have to be considered: The introduced 

chemical handle at the N6 position of adenine, although sterically small (in 

case of a propargyl group), creates an additional spatial requirement in the 

nucleotide binding site of the adenylyl transferase. While some adenylyl 

transferases, like VopS, seem to accept this substrate without complications, 

steric clashes are to be expected for other adenylyl transferases.[142] For 

example, kinetic data for DrrA shows the importance of the free and 

unmodified N6 amino group for catalysis[37] and the crystal structure of the 

adenylyl transferase IbpA in complex with its adenylylated substrate Cdc42 

suggests little space for a modification at the N6 position.[36] To compensate 
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this problem, a large excess of enzyme is needed,[137] which is most likely 

accompanied by less specific reactions. One approach to solve this problem 

would be to vary the position of the chemical handle on the adenosine, like it 

is reported for position C2.[143] Furthermore, the ATP derivative has to 

compete with endogenous ATP, which is present in cells at milli molar 

concentrations.[144] As the native substrate (ATP) is likely a better substrate 

for adenylyl transferases than the corresponding N6-modified ATP, large 

excesses of the probe are required for successful transfer of the chemical 

handle. Given the various roles of ATP in biological processes, the high 

concentrations of modified ATP can lead to unwanted side reactions.  

Antibodies on the other hand represent a different approach for the 

detection of adenylylated proteins. For many PTMs, antibodies have been a 

powerful tool for the enrichment of modified proteins and their subsequent 

identification by MS techniques (see section “proteomics towards PTMs”). 

Furthermore, antibodies allow for the easy detection of modified proteins by 

western blot procedures. One major advantage of the enrichment method is 

that the structure of the PTM itself is not altered, like in the case of chemical 

derivatisation. This allows a direct method to detect the modification site by 

MS/MS, giving a first validation of the identified protein as a substrate. 

Another advantage is that antibodies can be very selective and usable in low 

concentration, making unspecific reactions less likely.  

In general, adenylylation (and other nucleotidylylations) seem to be well 

suited for antibody binding due to the polar and hydrophobic characteristics 

and the size of the modification. While adenylylated proteins are unlikely to 

raise antibodies specific for the modification, but rather for the protein itself, 

adenylylated peptides present a more suitable antigen. In parallel to our 

work, Hao et al.[145] used the adenylylated peptide of the switch I region of 

the small GTPase Rac1 (EYIPT*(amp)VF, synthesised by Fmoc-SPPS 

according to Al-Eryani et al.[146]), to raise threonine-AMP specific polyclonal 

antibodies, which were used for the detection and immunoprecipitation of in 

vitro adenylylated VopS substrates. However, how these antibodies perform 

against adenylylated proteins, which are not substrates of VopS, and their 

performance in immunoprecipitations of in vivo adenylylated proteins has 

not been demonstrated. 
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Outline: From building blocks to antibodies 

The primary goal of the work presented in this thesis was the generation and 

use of a generic antibody against adenylylated proteins to facilitate the 

identification of substrates of bacterial adenylyl transferases. The first step 

was to develop a suitable strategy for the synthesis of adenylylated peptides, 

fully compatible with the Fmoc-SPPS protocol. The adenylylated peptides 

would function as reference material for MS experiments, to facilitate the 

identification of adenylylated proteins by proteomics. Furthermore, the 

adenylylated peptides would be used as antigens for the generation of 

generic antibodies against adenylylated motifs. In the next step, AMP-

antibodies could be used for the immunoprecipitation of adenylylated 

proteins. With such an enrichment method at hand, proteomic investigations 

on adenylylated proteins could be greatly promoted (scheme 7).  

 

Scheme 7. Workflow outline for the enrichment of adenylylated proteins. Adenylylated amino 

acid building blocks are used for the generation of adenylylated peptides, which can be 

immunised in rabbits to create AMP-specific antibodies. These antibodies can be immobilised 

and used for the enrichment and identification of adenylylated proteins.  
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Synthesis of a tyrosine-AMP building block  

Previously reported strategies for the synthesis of adenylylated peptides 

include an inter-assembly and a building block approach. In the inter-

assembly approach (scheme 8, A),[145,146] the peptide is first synthesised on 

solid support by standard Fmoc synthesis. The hydroxyl functionality of the 

amino acid which is going to be modified (threonine or serine) is left 

unprotected and is phosphonylated after completion of the peptide 

synthesis. The H-phosphonate-adenosine is generated with 2’,3’-

isopropylidene protected adenosine and PyBOP, followed by oxidation with 

iodine and acidic cleavage to yield the final product. While this is a quick and 

easy approach, adenylylation on tyrosine remains inaccessible and the 

method has strict requirements on the peptide sequence, e.g. excluding 

oxidation sensitive amino acids like tryptophan, methionine and cysteine.  

A building block approach, where the adenylylated motif is introduced 

into the peptide chain via a preformed adenylylated amino acid, would allow 

a more flexible composition of the peptide. Filippov et al.[147] have shown 

that tyrosine-nucleotidylylated peptides could be synthesised from 

nucleotidylylated building blocks by use of an acyl-based protective group 

strategy (scheme 8, B). However, the use of 2’, 3’-diester protection on the 

adenosine promotes depurination under the acidic conditions during SPPS, 

consequently reducing the yields dramatically in the case of tyrosine-AMP. 

Mechanistically, it is hypothesised that depurination is promoted by 

anchimeric assistance from carbonyl functionality of the 2’-ester group. 

Scheme 8. Previously described methods for the synthesis of adenylylated peptides. A. On-

resin phosphonylation of the completed peptide sequence, followed by coupling with adenosine, 

oxidation and deprotection. B. Building block approach for Fmoc-SPPS with ester protection on 

the sugar. The yields are dramatically decreased by depurination under acidic conditions. 
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We envisioned a building block approach for the synthesis of tyrosine-

adenylylated peptides that is not hampered by the drawbacks described. 

Building on the work of Filippov et al., we intended to avoid depurination by 

use of cyclic isopropylidene protection at position 2’ and 3’ of the adenosine. 

The choice of bis-Boc-protection at the N6 position of the adenosine would 

further deactivate the adenine ring system and decrease the rate of 

depurination. These considerations result in building block 1, which can be 

retrosynthetically disconnected to two alternate phosphoramidate 

precursors and the corresponding coupling partners (route A and route B, 

scheme 9). Both routes have been investigated. 

Scheme 9. Ester protection on the 2’ position gives rise to depurination under acidic 

conditions. Protection with isopropylidene should prevent this side reaction. A change from 

benzoyl to bis-Boc protection at the N6 position should further deactivate the ring system. 

Envisioned building block 1 can be disconnected either according to route A or B.  

 

The straightforward synthesis of Fmoc-tyrosine allyl ester (4)[148] and N6-

bis-Boc-2’,3’-isopropylidene adenosine[149] (3) provides the necessary 

precursors for the formulation of the phosphoramidate. Diisopropylamino-

O-cyanoethyl phosphochloridate (6) can be synthesised from phosphorus 

trichoride, diisopropyl amine and 2-cyanoethanol, however, it was 

purchased from commercial sources. Following route A (scheme 10), 
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Fmoc-tyrosine allyl ester 4 was reacted with 6 and, after quick purification 

under anhydrous and oxygen-free conditions, was directly reacted with 

adenosine 3 via a tetrazole promoted coupling. Subsequent oxidation with 

TBHP gave phosphotriester 1 as 1:1 diastereomeric mixture in 45% isolated 

yield. Reversing the reaction sequence according to route B (scheme 10) 

increased the yield to 56% under otherwise identical reaction conditions. 

Further optimisation of the reaction conditions showed that using a 2:1 

mixture of tetrazole/diisopropylammonium tetrazolide (7) as a coupling 

reagent increased the yield to 76% isolated yield. However, the potentially 

explosive character of the diisopropylammonium tetrazolide salt has to be 

considered. The building block synthesis was completed by Pd-mediated 

deallylation of the amino acid carboxyl terminus, employing phenylsilane as 

a nucleophile. The product 8 was obtained in good yields after reversed 

phase (C18 Sep Pak) purification. Subsequently, the building block 8 could be 

used directly for Fmoc-SPPS (scheme 13). 

 

Scheme 10. Synthesis route A and B to adenylylated tyrosine-AMP building block 8 for SPPS. 

Route B gives higher yields after the tetrazole mediated coupling. Optimisation revealed that a 

2:1 mixture of diisopropyl ammonium tetrazolide (7) with 1H-tetrazole gave higher yields than 

1H-tetrazole alone. TBHP: tert-butyl hydroperoxide, DIPEA: diisopropylethyl amine. 
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Synthesis of a threonine- and serine-AMP building block 

Initially, we intended to extrapolate the tyrosine-AMP building block 

approach to the generation of serine- and threonine-adenylylated peptides. 

However, it is known from the SPPS of phosphopeptides[150] that preformed 

phosphotriester building blocks of serine and threonine undergo β-

elimination under basic conditions.[151,152] Applied to adenylylated serine and 

threonine, the use of a phosphotriester building block leads to competitive β-

elimination as the adenosine monophosphate diester acts as a good leaving 

group upon abstraction of the proton at the α-position of the amino acid 

(scheme 11). To avoid this side reaction, we investigated the unprotected, 

mono-anionic phosphodiester as a building block for the peptide synthesis. 

Upon β-elimination, the di-anionic phosphomonoester would be generated, 

representing a much poorer leaving group and thereby inhibiting the 

elimination process. Synthesis of the mono-anionic phosphodiester can be 

easily achieved by replacing the 2-cyanoethyl protecting group at the 

phosphorus from the previous described synthesis with an allyl protecting 

group. In the final deallylation step, the mono-anionic diester is generated. 

 

 

Scheme 11. β-Elimination (E2 mechanism) on the threonine or serine side chain of the AMP 

building block during treatment with bases in SPPS (or during amino acid activation). A: With 

2-CNE protection at the phosphorus. B: Without additional protection of the phosphorus. The 

generation of a di-anionic leaving group in B is less favourable, inhibiting the reaction. 

R = Me, H; B = Base; Pep = peptide chain during SPPS. 
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Analogous to the tyrosine-AMP building block, commencing from N6-bis-

Boc-2’,3’-isopropylidene adenosine the phosphoramidate precursor 

(scheme 12) can be generated. In this case, diisopropylamino-allyloxy 

phosphochloridate[153] (9) is utilised, which was synthesised from 

phosphorus trichloride, diisopropyl amine, allyl alcohol and purified by 

distillation. Phosphoramidate formation was followed by the tetrazole-

mediated coupling to the free hydroxyl functionality of Fmoc-serine allyl 

ester (11) or Fmoc-threonine allyl ester (12) and subsequent oxidation. 

Simultaneous deallylation of the phosphotriester and the allyl ester at the 

carboxyl-terminus gave building blocks 15 and 16 in good yields. We found 

it crucial to buffer deallylation reaction with 2,6-lutidine, thereby forming 

the mono-lutidinium salt as the final product after reversed phase (C18 Sep 

Pak) purification. The slightly higher yields for the threonine-AMP building 

block might attribute to solubility issues of the serine derivatives during 

synthesis and purification. The products could be used directly as semi-crude 

lutidinium salts in Fmoc-SPPS after Sep Pak purification without problems. 

Analytical samples were purified by preparative HPLC. 

Scheme 12. Synthesis of serine-AMP and threonine-AMP building blocks for Fmoc-SPPS. 

 

Interestingly, after the publication of this work (paper I and II), a very 

similar building block approach was described by Ogura et al..[154] Their work 

indicates that allyl protection of the phosphoester is equally suitable for 

synthesis of tyrosine-AMP (as shown for serine-AMP and threonine-AMP). 

In addition, they claim that protection of the N6 position on the adenine is 

not essential for efficient peptide synthesis and can be omitted. This finding 

remains to be evaluated. 
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Synthesis of adenylylated Peptides 

Solid-phase peptide synthesis, as pioneered by Merrifield,[155] is an elegant 

way to synthesise peptide chains. In contrast to solution phase, isolation and 

purification of products and intermediates is greatly simplified, due to 

covalent attachment to a solid support. In SPPS, the amino acid chain is 

elongated in a repetitive cycle of deprotection and coupling; adding one 

preformed amino acid building block with each step (scheme 13). An 

orthogonal protective group strategy is a fundamental requirement of the 

strategy, allowing selective deprotection of the N-termini, while protection of 

other functional groups and the linkage to the solid support remain 

unharmed. Only after completion of the peptide chain, global deprotection of 

remaining functionalities and cleavage from the resin is achieved using 

appropriate conditions. The Fmoc strategy utilises the base labile Fmoc 

protection group on the amino acid N-termini,[156] while side chain 

protection groups and the linker to the solid support are all acid labile. 

Scheme 13. General principle of Fmoc solid phase peptide synthesis. PG = protective group; 

SG = side chain group; HBTU = hydroxybenzotriazole tetramethyluronium 

hexafluorophosphate; HOBt = 1-hydroxybenzotriazole; TFA = trifluoro acetic acid.  

 

Our tyrosine-AMP building block was first applied in Fmoc SPPS for the 

synthesis of the adenylylated switch II region of Rab1, the natural substrate 

of the adenylyl transferase DrrA from Legionella pneumophila. Synthesis 

was carried out on Tentagel-based Rink-amide resin, with cysteine(Trt) as 

the starting amino acid to utilise the thiol as a linkage point for later 

experiments. An automated peptide synthesiser was used, employing 

HOBt/HBTU activation[157] and 10-fold molar excess of the amino acids for 

coupling. For the AMP building block, manual coupling with 2.5 equivalents 

of amino acid and HOAt/HATU activation[158] was employed. The final 

peptide was N-terminally acetylated, cleaved from the resin and globally 

deprotected with TFA/TIPS/H2O (90:5:5), yielding peptide Ac-
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TITSSY*(amp)YRGAHGC-NH2 (17) in 61% isolated yield after purification 

(scheme 14).* Notably, only traces (<3%) of depurinated peptide could be 

observed by ESI-MS in the crude mixture after peptide synthesis, 

demonstrating the clear superiority of this method compared to the 

previously reported 2’,3’-diester based strategy.[147] Furthermore, the 2-

cyanoethyl protection on the phosphate was cleaved upon the first treatment 

with piperidine during Fmoc removal. Gratifyingly, the mono-anionic 

phosphodiester did not to interfere with the remaining synthesis. The same 

synthetic strategy was applied for other peptide sequences, including Ac-

GSGAY*(amp)AGSGC-NH2 (19), which was designed for immunisation 

experiments, and EVYRGAEY*(amp)AVDG (18), which is the adenylylated 

peptide motif of GlnK.  

In the same manner, 15 and 16 were established using Fmoc-SPPS to 

yield serine- and threonine-adenylylated peptides (scheme 14). Using 

conditions described for the tyrosine-AMP building block, peptide Ac-

SEYVPT*(amp)VFDNYGC-NH2 (20) from Cdc42, the natural substrate of 

IbpA, and Ac-GSGAT*(amp)AGSGC-NH2 (21) as antigens for immunisation 

experiments were synthesised in good yields (41% and 37%, respectively). 

Likewise, only traces of depurinated peptide were detectable. Furthermore, 

the use of the building block as a lutidinium salt was a good way to overcome 

solubility issues of the mono-anionic phosphodiester. With the serine-AMP 

building block, only the peptide Ac-GSGAS*(amp)AGSGC-NH2 (22) was 

synthesised, since there is hitherto no reported natural motif that is 

undergoing adenylylation on a serine residue. 

                                                             
* calculations to determine the overall yield of synthesised peptides were based on resin loadings of the 

starting amino acid 
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Scheme 14. Adenylylated peptides synthesised with generated building blocks 8, 15 and 16. 

Typical conditions: Synthesis, except for the coupling of the adenylylated building block, was 

carried out by an automated peptide synthesiser. C-terminally amide-functionalised peptides 

were assembled on Tentagel carrying RAM-anchored Fmoc-Cys(Trt) amide. Other peptides 

were synthesised on Tentagel PHB resin. Fmoc amino acids were coupled in 10-fold molar 

excess with 10 eq HBTU and 20 eq DIPEA. Adenylylated building block was coupled with 2.5 eq 

8, 15 or 16, 2.5 eq HATU, 2.5 eq HOAt and 6 eq DIPEA. For Fmoc removal 20% piperidine in 

DMF was employed. For cleavage from the resin and global deprotection of the peptide TFA 

containing 5% water and 5% triisopropylsilane (TIPS) was used.  

 

Generation of AMP specific antibodies 

Rab1 peptide Ac-TITSSY*(amp)YRGAHGC-NH2 was used as an antigen for 

the generation of Rab1-AMP specific antibodies (scheme 15). For that 

purpose, the free thiol of the peptide was conjugated to the non-

immunogenic carrier protein Keyhole Limpet Hemocyanin (KLH) by MBS 

coupling and injected into two rabbits (conjugation, immunisation and 

antibody purification was done by Biogenes GmBH, Berlin, Germany). 

Immunogenic response was increased by five booster injections over eight 

weeks. Afterwards, the polyclonal antibodies were isolated from the blood. 

Isolation of the Rab1-AMP specific antibodies was achieved by affinity 

purification over immobilised antigen, followed by depletion over the 

immobilised unmodified peptide, to separate the antibodies, which recognise 

solely the peptide backbone.  
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Scheme 15. Workflow for the generation of Rab1-AMP antibodies. The peptide antigen with a 

free thiol group is coupled via MBS to free amino groups of a non-immunogenic carrier protein 

(e.g. KLH). The antigen-protein conjugate is injected together with adjuvant into a mammal 

(e.g. rabbit). The immune response of the mammal is increased with several booster injections 

and after a certain amount of time, blood from the rabbit is isolated and clarified. The antibody 

can be isolated via affinity purification of immobilised antigen and further purified by depletion 

over the peptide not carrying the modification. KLH = Keyhole Limpet Hemocyanin; MBS = 3-

maleimidobenzoyl-N-hydroxysuccinimide ester. 

 

The performance of the resulting Rab1-AMP antibodies required 

verification by an immunosorbent assay. Therefore, the terminal cysteine of 

the Rab1-AMP peptide was conjugated to BSA by MBS and the conjugate was 

adsorbed on the bottom of a 96-well plate. Rab1-AMP antibody binding to 

the immobilised antigen was reported via a secondary fluorescent antibody 

(goat anti-rabbit IgG). We further investigated the relevance of the peptide 

backbone for antibody binding. For this purpose, peptide Ac-

GSGAY*(amp)AGSGC-NH2 was immobilised and tested analogously to the 

Rab1-AMP peptide (figure 6). A negligible difference in intensity between 

these two sequences indicates almost no relevance of the peptide backbone 

for antibody binding. The antibodies obtained from both animals show 

similar binding and no major differences in antibody titer. 
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Figure 6. Fluorescent 

immunosorbent assay for the 

Rab1-AMP antibody binding 

to the immobilised peptides 

17 and 19. Unmodified BSA 

was used as negative control.  

 

 

Rab1b and Cdc42 were adenylylated in vitro with DrrA or VopS 

respectively, and the obtained adenylylated proteins analysed by western 

blot experiments for recognition by the Rab1-AMP antibody (figure 7). 

Rab1b-AMP could clearly be distinguished from wildtype Rab1b, as the 

intensity of binding was shown to be approximately 20-fold stronger (figure 

7, A). This suggests that the peptide backbone plays a subordinate role and 

the adenylylated motif represents the key feature for antibody recognition. 

This assumption is further supported by the fact that the Rab1-AMP 

antibody also recognises Cdc42-AMP selectively when compared to wildtype 

Cdc42 (figure 7, B), even though the peptide backbone is completely 

different and the adenylylation is located on a threonine instead of a 

tyrosine. However, when antibody binding is tested under competitive 

conditions with high nucleotide concentrations (5 mM AMP), binding of 

Cdc42-AMP could not be detected anymore, while Rab1b-AMP binding 

remained, although weakened (figure 7, C). Using 5 mM GMP as a 

competitor reduced the level of binding to Cdc42-AMP slightly, while 

binding to Rab1b-AMP remained unaffected. This suggests an important 

involvement of the adenine base in antibody recognition. However, the 

furanoside and phosphodiester moiety of the AMP modification is also 

involved in binding, as the GMP was able to interfere with the antibody 

binding to Cdc42-AMP.  
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Figure 7. Western blot experiments utilising our Rab1-AMP antibody in 1:100 dilution. A. 

Specificity of the Rab1-AMP antibody to Rab1b-AMP and Rab1b. B. Recognition of different 

adenylylated proteins. The antibody allows adenylylated proteins to be distinguished from 

unmodified proteins. Cdc42-AMP, adenylylated on threonine, is also recognised. BSA-AMP 

represents peptide 19 coupled to BSA via a MBS linkage. C. Competition experiments with free 

GMP and AMP. Presence of high AMP concentrations prevents the binding to Cdc42-AMP, 

while binding to Rab1b-AMP and BSA-AMP is slightly decreased. Figure from paper I. 

 

We tested the capability of the antibody to perform immunoprecipitation 

experiments. For this purpose, adenylylated Rab1b or Cdc42 were added 

exogenously to Cos7 cell lysate, followed by the addition of biotinylated 

Rab1-AMP antibody. For this purpose, Rab1-AMP antibody was 

unspecifically biotinylated at free amino functionalities with a biotin-PEG-N-

hydroxysuccinimid construct (figure 8, A). Pulldown with streptavidin-

coated magnetic beads allowed the isolation of the adenylylated proteins 

(figure 8, C). This indicated that the antibody binds to the adenylylated 

proteins even under the competitive conditions of a cell lysate.  
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Figure 8. Immunoprecipitation experiments of 0.1 µg adenylylated Rab1b or Cdc42 from COS7 

cell lysate with biotinylated Rab1-AMP antibody. A. Biotinylation of an antibody with biotin-

PEG-NHS. Free amino groups (e.g. from lysine side chains) readily undergo amide formation 

with the NHS ester. B. Loading control, visualising all proteins. C. Immunoprecipitated 

proteins visualised by western blot. Adenylylated proteins are effectively immunoprecipitated 

from buffer and lysate. Figure from paper I. 

 

Building on these results, we intended to generate antibodies for 

adenylylated amino acids that are completely independent from the 

surrounding peptide backbone. For this purpose, a peptide was designed and 

synthesised, which consists of only of amino acids with short, mostly 

hydrophobic side chains, like glycine, alanine and serine. It was predicted 

that the resulting peptide backbone would lack the specificity required for 

antibody generation, as usually antibody-antigen interactions are of polar or 

ionic character. The designed peptides Ac-GSGAY*(amp)AGSGC-NH2 (19) 

and Ac-GSGAT*(amp)AGSGC-NH2 (21) featured C-terminal amidation and 

N-terminal acetylation, to make the termini more peptide-backbone-like and 

to avoid charged interactions. Both peptides were used separately to create 

generic tyrosine-AMP and threonine-AMP antibodies by immunisation in 

rabbits, following the same procedure as described for the Rab1-AMP 

antibody. We refrained from generating serine-AMP specific antibodies, as 

we speculated that the generic threonine-AMP antibody would most likely 

recognise serine-AMP as well, considering the subtle structural difference of 

one methyl group. Furthermore, as the serine is smaller than the threonine, 

no steric clashes are to be expected. 
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 The generic tyrosine-AMP and threonine-AMP antibodies were first 

tested in immunosorbent assays to evaluate their binding potential to 

adenylylated proteins. Both antibodies showed clear binding to their 

respective antigen in the assay (figure 9). Considering that western blot 

experiments with both adenylylated Rab1 proteins as well as adenylylated 

Cdc42 showed satisfying results, we decided to test antibody recognition of 

adenylylation that occurred in cellular systems. We transfected mammalian 

HeLa cells with the adenylyl transferase DrrA from Legionella and incubated 

the cells for 20 h (longer incubation times lead to massive cell death due to 

the toxicity of DrrA). Cells were harvested, lysed and analysed for 

adenylylation using western blot experiments. Cells containing DrrA showed 

a clear band indicative of adenylylated protein, at approximately the same 

molecular weight as Rab1-AMP, the reported substrate of DrrA. In non-

transfected cells, this band is completely absent. Dot Blot analysis with the 

tyrosine-AMP antibody revealed a detection limit of approximately 2 ng 

Rab1-AMP, when a horseradish peroxidase (HRP) coupled secondary 

antibody is used (figure 10, C). 

Figure 9. Fluorescent immunosorbent assay of the generic antibodies against adenylylation. A. 

Binding of the generic tyrosine-AMP antibody to immobilised BSA-Ac-GSGAY*(amp)AGSGC-

NH2 conjugate. B. Binding of the generic threonine-AMP antibody to BSA-Ac-

GSGAT*(amp)AGSGC-NH2 conjugate. Serum from the rabbit before the immunisation was used 

as a control. 
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Figure 10. Western blot experiments with the tyrosine-AMP and threonine-AMP antibody. A. 

and B.: HeLa cells were transfected with DrrA-GFP, and GFP as the control, and lysed after 

20 h. 15 or 30 µg lysates (total protein) were transferred to SDS-PAGE and analysed by 

subsequent western blot with GFP antibody (A) and tyrosine-AMP antibody (B). Lysates 

containing the adenylyl transferase DrrA clearly showed adenylylated proteins at a molecular 

weight similar to Rab1-AMP. 0.1 µg Rab1-AMP was used as positive control. C. Dot blot analysis 

of Rab1-AMP to determine the detection limit of the tyrosine-AMP antibody. Numbers indicate 

the amount of Rab1-AMP spotted in ng. Detection by HRP-coupled anti-rabbit IgG as secondary 

antibody. D. HeLa cells were infected with the pathogen Chlamydia. Cells were lysed at the 

indicated time points. After 20 h, western blot analysis using a 1:1 mixture of our tyrosine-AMP 

and threonine-AMP antibody shows the appearance of adenylylated proteins. At 40 h, the 

Chlamydia infection had induced lysis in a major part of the HeLa cells.  

 

In addition, this technique allowed the detection of adenylylated proteins 

from organisms where so far no adenylylation has been reported. For 

example, we tested if we could identify adenylylation during the infection 

process of Chlamydia. HeLa cells were infected with Chlamydia and lysed at 

certain time points. Western blot analysis using a combination of our generic 

tyrosine-AMP and threonine-AMP antibody clearly showed the appearance 

of adenylylated proteins after 20 h. The molecular weight of these proteins is 

around 25 kDa, which is the common size of many small GTPases. These 

results indicate that Chlamydia, like many other pathogens, utilises 

adenylylation in the infection process, possibly by targeting small GTPases. 

However, further studies are required to validate these results and to identify 

the adenylyl transferase. 
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Mass fragmentation patterns of adenylylated peptides 

For the study of adenylylation it is of major importance to establish protocols 

for the enrichment of adenylylated proteins. MS and MS/MS investigations 

to support a bottom-up proteomics approach for the identification of the 

adenylylation sites is of equal importance.  

Li et al.[159] investigated the fragmentation patterns of adenylylated amino 

acids (scheme 16) during collision induced dissociation (CID) on a Q-TOF 

instrument, revealing the generation of unique ions and neutral losses 

during this process. However, only model peptides were investigated in this 

work. A more complete study would require investigations of natural 

occurring sequences and whole adenylylated proteins undergoing a 

proteomic workflow. Investigating natural sequences of proteolytically 

digested proteins is of importance, especially in case of trypsin, the most 

commonly used protease.[160] Trypsin typically generates peptides with two-

fold cationic charges (by cleavage after lysine or arginine). Consequently, 

mono-ionic peptides are typically excluded from analysis in proteomics due 

to less confident identification, poor fragmentation and low abundance. 

Furthermore, contaminants such as detergents are often of mono-ionic 

character. 

Different fragmentation techniques were investigated with tryptically and 

chymotryptically digested adenylylated proteins. MS techniques used 

included collision induced dissociation (CID), higher-energy collisional 

(HCD) and electron transfer dissociation (ETD) fragmentation. For tryptic 

samples, precursor ions with a charge state less than two were excluded, 

while the limit was set to one for chymotryptic samples, to avoid otherwise 

low protein sequence coverage. The previously described synthetic peptides, 

consisting of the natural sequences with the corresponding adenylylated 

amino acids, functioned as necessary reference materials for the MS/MS 

investigations. 

 

 

Scheme 16. Fragmentation pattern of adenylylated motifs. Specific losses and the 

corresponding reporter ions are generated during this process. 
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CID fragmentation of threonine-adenylylated peptide 

TTNKFPSEYVPT*(amp)VF from Cdc42 revealed a distinctive pattern, which 

differed from those previously described in the literature (table 3).[159] The 

characteristic loss of the phosphoadenosine moiety (M-347), is comparable 

to the behaviour of phosphorylated threonine or serine. Additionally, 

phosphoadenosine was found as a reporter ion (m/z 348.07) that could be 

used identify threonine-adenylylated peptides. Furthermore, an additional 

reporter ion corresponding to the mass of adenine (m/z 136.062) could be 

identified. However, this value is very close to the mass of the immonium ion 

of tyrosine (m/z 136.076) and high mass accuracies are required to avoid 

misinterpretations. The combination of phosphoadenosine and adenine as 

reporter ions seems to be a legitimate way for the identification of threonine-

adenylylation. In contrast to the report of Li et al., no adenosine ions could 

be detected upon fragmentation. HCD fragmentation of this peptide gives 

similar, although slightly less intense signals, probably due to higher 

fragmentation rates resulting from the higher energies used.  

ETD fragmentation on the other hand yields less complex and easier to 

interpret spectra. The whole precursor is visible in several charged states and 

the PTM seems to be unaffected by this fragmentation method; similar to the 

behaviour of phosphorylation using this technique.[161] Of course, the 

corresponding reporter ions found in CID and HCD cannot be used for the 

identification in this case. 

 

Table 3. Characteristic ions and losses generated by different fragmentation techniques of 

adenylylated peptides. CID = collision induced dissociation; HCD = high-energy collisional 

dissociation; ETD = electron transfer dissociation. 
 

amino acid in 

peptide 

backbone 

 

ions and losses generated by 

CID HCD ETD 

 

Thr-AMP 

phosphoadenosine 

(m/z 348, M-347) 

adenine 

(m/z 136, M-135) 

phosphoadenosine 

(m/z 348, M-347) 

adenine 

(m/z 136, M-135) 

 

_ 

 

Tyr-AMP 

adenosine 

(m/z 250, M-249) 

adenine 

(m/z 136, M-135) 

adenosine 

(m/z 250, M-249) 

adenine 

(m/z 136, M-135) 

adenosine 

(m/z 250, M-249) 
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Tyrosine adenylylation was investigated on in vitro adenylylated and 

tryptically digested Rab1 and GlnK. The resulting peptides TITSSY*(amp)YR 

and GAEY*(amp)AVDFVPK showed, upon CID and HCD fragmentation, 

losses corresponding to adenine and adenosine. Elimination of 

phosphoadenosine could not be observed, consistent with reports of Li et al.. 

ETD fragmentation yielded only the loss of adenosine, but not adenine. 

Next, we investigated to what extent common search engines are suitable 

for the identification of adenylylated peptides. Mascot[162] searches were 

performed with different combinations of neutral losses. Starting with 

peptide TTNKFPSEYVPT*(amp)VF, scores for the identification of the 

correct peptide with the HCD and CID fragmentation technique were highest 

if all neutral losses are considered in the search (table 4). For ETD the 

scores were generally better (>40) no matter how many losses were included 

in the search. However, changing the charged state of the peptide from +3 to 

+2 led to a significant drop of the score (<12). The delta value (Δ) represents 

how reliable the identification AMP-position is by giving the difference 

between the correctly assigned peptide and the first wrongly annotated 

peptide. Δ values above 5 are regarded reliable, as shown in the case of HCD 

and CID fragmentation. ETD gave lower, but still acceptable, Δ values in the 

case of the triply charged peptide. For the doubly charged peptide, the values 

are too low to assume a correct assignment of the AMP moiety. 

Assigning the AMP to the correct amino acid is even more challenging if 

several amino acids can potentially be adenylylated, like in the case of the 

peptide TITSSY*(amp)YR. Adenylylation on threonine, serine and tyrosine 

were considered in the Mascot search, allowing plenty of possibilities for the 

incorrect assignment of the AMP moiety. Consequently, Δ values are much 

lower when compared to the previous peptide (table 5) and are, in some 

cases, even negative, meaning that a incorrectly assigned peptide has the 

highest score. This is especially evident for the triply charged peptide in all 

three fragmentation methods. However, some combinations gave acceptable 

results; the best were found for the doubly charged peptide in the ETD 

method, with all three neutral losses included in the search. 

In general, it seems that ETD fragmentation is most suited for the 

identification of adenylylated peptides by search engines, probably due to the 

less noisy spectra. However, the lack of reporter ions and neutral losses 

generated during the fragmentation are the drawbacks of this technique. 

Especially when several potentially adenylylated amino acids are close to 

each other, care has to be taken to not incorrectly localise the modification. 
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Interestingly, the chymotryptic fragment TTNKFPSEYVPT*(amp)VF was 

identified in a 5:1 excess (based on intensities in a full MS scan) compared to 

the peptide VPT*(amp)VF, which should be generated upon treatment with 

chymotrypsin. As digestion of the non-adenylylated protein gives only the 

short peptide VPTVF, the missed cleavage site in the adenylylated peptide 

might result from the adenylylation. The efficiency of chymotrypsin could 

possibly be reduced by the adenylylated threonine that is located three 

amino acids C-terminally from the tyrosine. Similar reactivity has been 

reported for phosphorylation sites.[163] Notably, cleavage at the position two 

amino acids C-terminally of the adenylylated threonine or cleavage with 

trypsin was not inhibited. 

Investigating the behaviour of adenylylated peptides is vital for future 

studies of this modification. MS analysis of PTMs can be challenging, even 

for PTMs that have been the focus of rigorous study.[164] For this reason, 

widespread and diverse investigations especially utilising different 

equipment and techniques are of fundamental importance. For example, our 

results differ slightly from the results of Li et al.[159] in the case of threonine-

AMP, probably due to usage of a different mass spectrometer. 
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Immunoprecipitation of adenylylated proteins 

The availability of generic antibodies against adenylylation and the work on 

the identification of adenylylation sites by MS/MS techniques were 

necessary requirements for an immunoprecipitation workflow with 

subsequent substrate identification.  

The tyrosine-AMP and threonine-AMP antibodies showed good detection 

of adenylylated proteins in western blot experiments and, consequently, 

should be suitable for the selective enrichment of adenylylated proteins from 

complex samples, including lysates. For this purpose an 

immunoprecipitation protocol was developed (figure 11). Adenylyl 

transferase domains (for example from DrrA or IbpA) were introduced into 

mammalian cells by transfection to achieve in vivo adenylylation of substrate 

proteins. Since pathogenic adenylyl transferases are usually injected into the 

cytosol, we hypothesised that this would yield similar conditions to the 

natural infection pathway. However, it should be noted that the transfected 

proteins consist only of the catalytic adenylyl transferase domain (and in 

some cases as fusion with GFP) and might behave and localise differently 

than the wildtype full-length protein. Alternatively, mammalian cells could 

be infected with the pathogen itself, but this would require more restrictive 

laboratory conditions, which were not available at the time of the 

experiments. Since most adenylyl transferase are toxic for cells (for example 

causing disruptions of vesicular transport or actin skeleton), incubation of 

cells was stopped at a certain time point (20 h was shown to be sufficient for 

satisfactory adenylylation). The cells were lysed and the lysates cleared from 

debris and DNA. Adenylylation could be monitored by western blot 

experiments (see figure 10, B and D). Generic tyrosine-AMP and/or 

threonine-AMP antibody was added, to bind adenylylated proteins. The 

antibody-substrate complex was isolated by addition of IgG-binding 

ProteinA sepharose magnetic beads, which allowed disposal of the remaining 

lysate by washing the beads. Analysis of isolated proteins was done by either 

western blot, employing a biotinylated tyrosine-AMP or threonine-AMP 

antibody for detection of adenylylation, or direct digestion of the whole 

beads with trypsin and subsequent proteomic analysis.  
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Figure 11. Workflow of an immunoprecipitation experiment. Lysates, which contain 

adenylylated proteins, are incubated with tyrosine-AMP and/or threonine-AMP antibodies. The 

antibodies bind adenylylated motifs and the antibody-antigen complex can be isolated with IgG 

binding magnetic beads. Washing and elution gives the isolated adenylylated proteins, which 

can be identified by MS experiments. 

 

The procedure was first tested with in vitro adenylylated Rab1-AMP. Non-

denaturating cell lysis buffer (containing 1% Triton X100) and denaturating 

cell lysis buffer (containing 1% SDS) were used as an initial condition, to 

simulate conditions after cell lysis. Most proteins remain in their native 

conformation and maintain catalytic activity in the presence of 1% 

Triton X100. 1% SDS induces denaturation of most proteins. Prior to 

addition of the antibody, samples were diluted to 0.1% concentration of the 

corresponding detergent. The experiments showed that the generic tyrosine-

AMP antibody is able to immunoprecipitate Rab1-AMP from both samples, 

however the IP from denaturated Rab1-AMP seems to be slightly more 

effective (figure 12, B). This is understandable, given the antibody was 

raised from an artificial peptide and denaturated proteins usually feature a 

higher exposure of polar modifications, like an AMP moiety, to the solvent. 

Furthermore, it is crucial to note that some kind of detergents are absolutely 

required for effective IP in order to avoid massive amounts of unspecific 

binding of Rab1-AMP to the beads (even in the absence of antibody) (figure 

12, C). 
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Figure 12. Western blot analysis of immunoprecipitated Rab1-AMP. 1 µg Rab1-AMP was 

suspended in either non-denaturating lysis buffer (containing 1% Triton X100) or denaturating 

lysis buffer (containing 1% SDS). The samples were subsequently diluted to 0.1% detergent 

concentration and then 5 µg antibody (ab) were added, followed by addition of IgG binding 

magnetic beads. Elution from the beads was achieved by boiling with Laemmli buffer. bef = 

sample before addition of the ab; sup = sample from the supernatant after incubation with 

beads and ab; elu = sample of the elution from the beads. A: IP of non-denaturated Rab1-AMP 

with the generic Y(amp) ab. While Rab1-AMP clearly is detected in the elution fraction, most of 

the Rab1-AMP remains in the supernatant. B: IP of denaturated Rab1-AMP. Both ab’s tested 

(the generic Y(amp) ab and the Rab1-AMP ab) were able to enrich Rab1-AMP from the 

supernatant. However, 5 µg ab seem to be insufficient to deplete the sample completely from 

Rab1-AMP. C: Negative control for the IP with the magnetic beads without ab. In the presence 

of 0.1% detergent, Rab1-AMP remains in solution. However, if the detergent is omitted, Rab1-

AMP binds strongly to the beads to an extent that the supernatant is almost completely depleted 

of it. SDS = sodium dodecyl sulfate, TBS = Tris buffered saline. 

 

While immunoprecipitation of exogenously added Rab1-AMP from a 

sample gave satisfying results, it became apparent that IP of in vivo 

adenylylation was much more challenging. Mammalian cells were 

transfected with adenylyl transferases and the content of adenylylated 

proteins confirmed by western blot analysis (figure 13). Initial attempts to 

precipitate the adenylylated proteins from non-denaturated lysates failed. 

We speculated that the adenylylation site might not be accessible to the 

antibody, for example by interference with other protein-protein 

interactions. To enhance exposure of the adenylylation site, we changed the 

protocol to induce complete denaturation of proteins in the lysate by boiling 

in 1% SDS prior antibody binding. Since the antibodies clearly detect the 

(denaturated) modified proteins on western blot, we expected better results 

from this procedure. Additionally, lysis with high SDS concentrations 

features, compared to non-denaturating lysis, the advantage that 

hydrophobic proteins (e.g. membrane proteins) and proteins from distinct 

cell compartments (e.g. from the nucleus) are solubilised as well, and all 

catalytic activity is reduced to a minimum. The latter point also includes 

adenylylation processes in the lysate (inhibition of in vitro adenylylation). 

While adenylylation of some small GTPases from these immunoprecipitated 

samples could occasionally be identified by MS, these results had low 
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confidence and were not reproducible. The only adenylylation site that could 

be confidently determined was on GFP of the IbpA-GFP construct, which 

was used for transfection of the mammalian HeLa cells (figure 13). The 

adenylylation of GFP most likely results from its close proximity to the 

adenylyl transferase domain and has no physiological relevance. If the 

experiments was performed with an IbpA-His6 construct for transfection, no 

immunoprecipitation could be observed. We suspected that the dilution of 

the lysates prior to antibody binding (which is necessary to not denaturate 

the antibodies) might allow refolding of certain proteins and cover up the 

antigen once again. In a last attempt, we tried to precipitate only the 

adenylylated peptides. By using tryptically digested lysates, all interactions 

on a protein-protein level should be abolished and the antibodies could bind 

the adenylylated peptides without hindrance. However, no reproducible 

results were obtained from these experiments, neither according to the 

described IP procedure starting from digested lysates, nor by the FACE 

(filter-aided antibody capture and elution) protocol.[165] 

 

Figure 13. Western blot analysis of IbpA-GFP transfected HeLa cells after the 

immunoprecipitation. GFP transfected cells were used as a control. Cells were lysed in boiling 

1% SDS buffer, the lysates diluted and generic Y(amp) ab was added. IgG binding beads were 

added and washed under high salt conditions to remove unspecific binding. Elution from the 

beads was achieved by boiling in Laemmli buffer. While adenylylated proteins were detected in 

the area around 20-25 kDa, these proteins were not precipitated. The only adenylylated protein 

identified by MS is IbpA-GFP, with the adenylylation site on GFP. If the experiment was 

performed with an IbpA-His6 construct, no significant differences to the control were detected 

by western blot or MS. 
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In summary, numerous attempts have been undertaken to 

immunoprecipitate adenylylated proteins, including the variation of the 

adenylyl transferases (DrrA, IbpA and HYPE), lysis conditions, incubation 

protocols for the antibodies, washing procedures and analysis methods (for 

detailed protocols, see appendix). While adenylylated proteins could be 

detected in the lysate by western blot analysis, we were only able to 

precipitate adenylylated GFP. The fact that adenylylated GFP could be 

precipitated, shows that the IP works in principle. But for the reported 

substrates (small GTPases) of the adenylyl transferases used, unknown 

factors interfere with the binding of the adenylylated antigens to the 

antibodies. It should be noted that other adenylyl transferases might have 

substrates which could be identified by the described immunoprecipitation 

procedure, however, general applicability is not given. 
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Non-hydrolysable mimics for the study of deadenylylating 
enzymes 

When our research investigations on the topic of deadenylylating enzymes 

began, there were no known examples of adenylyl hydrolases. However, 

several assumptions led to the conclusion that Legionella contains such an 

enzyme to reverse the adenylylation of Rab1 at a certain time point after 

infection. For example, Legionella lysate was found to have deadenylylating 

activity. Furthermore, Legionella protein LepB acts as a GAP for Rab1, 

deactivating it even in the adenylylated form and thereby antagonising the 

adenylylation effect.[166] Additionally, Rab1 is removed from the membrane 

of the LCV at late stages of infection. For extraction from the membrane by 

Rab1GDI, Rab1 in its GTP-bound form needs to be deactivated first by GAP 

activity, for which a previous deadenylylation is required. A regulatory 

mechanism to control adenylylation events during the infection process was 

therefore highly likely. 

Scheme 17. Outline for the identification of adenylyl hydrolases based on affinity 

chromatography. A: Hydrolysis catalysed by the adenylyl hydrolase. An adenylylated protein is 

bound to the adenylyl hydrolase and, after hydrolysis, the unmodified protein and AMP are 

released. B: A peptide sequence carrying a non-hydrolysable analogue of adenylylation is 

immobilised and the adenylyl hydrolase recognises it as a potential substrate. The hydrolase is 

unable to break the bond of the phosphodiester analogue and consequently remains bound to 

the substrate. This allows for affinity isolation of the hydrolase and subsequent identification by 

MS. X = non-hydrolysable phosphodiester mimic. 

 



 

48 

We hypothesised that peptides carrying non-hydrolysable analogues of 

adenylylated tyrosine or serine could greatly benefit the search for and the 

characterisation of adenylyl hydrolases. If the phosphodiester bond of the 

substrate is substituted with an analogues functionality which is stable to 

hydrolase activity the enzymatic reaction would be incomplete. 

Consequently, these peptides could be used as inhibitors and as affinity 

probes for adenylyl hydrolases (scheme 17).  

The most accessible non-hydrolysable mimic of a phosphodiester contains 

a sulfondiamide functional group. While it lacks the negative charge of the 

mono-anionic phosphodiester at physiological conditions, both the geometry 

and polarity of the oxo groups mimic the phosphate and it has previously 

been used as mimic of phosphorylation sites.[167] Most importantly, 

sulfonamides are stable to enzymatically catalysed hydrolysis, due to the 

more stable S-N bond. We designed building block 23 and 27, representing 

the tyrosine-AMP and serine-AMP analogues. The threonine-AMP analogue 

was not considered, due to its similarity to serine and the fact that an 

adenylyl hydrolase accepting threonine-AMP will most likely accept serine-

AMP, too. Retrosynthetic analysis of 23 and 27 yields the corresponding 

sulfamoylated amino acid precursors (25 and 28) and protected adenosine 

3, which can undergo Mitsunobu reactions[168] to yield the products (23 and 

27, scheme 18). The sulfamoylated amino acids can be generated from the 

amino functionalised amino acid analogues 26 and 29. 

 

Scheme 18. Retrosynthetic analysis of non-hydrolysable tyrosine-AMP and serine-AMP 

building blocks.  
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Starting with the non-hydrolysable tyrosine analogue (Fmoc-Tyr(nhAd)-

OH, 23), the synthesis commenced with N-terminal Fmoc and C-terminal 

allyl protected p-amino-substituted phenylalanine[169] (26, scheme 19). 

Sulfamoylation with compound 30 (generated in situ) gave intermediate 25. 

While it has been reported that compound 30 is a stable isolatable solid, we 

found it to decompose in vacuo.[170] Subsequent Mitsunobu reaction with 

adenosine 3 and DIAD as an activator gave intermediate 31. The selectivity 

of this reaction for the Boc protected secondary amine results from the lower 

pKa of this position, as the anionic form is stabilised by the carboxylate of 

the Boc group.[171] In the last synthetic step, the allyl protection on the C-

terminus of the amino acid was removed with Pd(0) and phenylsilane. 

The serine-AMP analogue (Fmoc-Ser(nhAd)-OH, 27) was synthesised in 

analogous fashion (scheme 20). Starting from the protected amino-

derivate of serine 29,[172] we found sulfamoylating reagent 32[173] far superior 

to 30, giving much cleaner reaction mixtures and higher yields. 

Furthermore, handling of this material is easier, since it is a stable solid and 

it does not need to be generated in situ. The following Mitsunobu reaction 

was performed with DMAD instead of DIAD, due to an easier separation of 

the product from the side products. Deallylation yielded the final building 

block (27), which could be directly used, like the tyrosine-AMP analogue, in 

peptide synthesis. 

Scheme 19. Synthesis of the non-hydrolysable tyrosine-AMP building block for Fmoc-SPPS. 

DIAD = diisopropylazodicarboxylate. 
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Scheme 20. Synthesis of the non-hydrolysable serine-AMP building block for Fmoc-SPPS. 

DMAP = 4-dimethylaminopyridine; DMAD = dimethylazodicarboxylate. 

 

Peptide synthesis was performed as described previously for the tyrosine-

/threonine- and serine-AMP building blocks. We chose to synthesise the 

peptide fragment of the naturally adenylylated sequences of Rab1 (Ac-

TITSSY*(nhAd)YRGAHGC-NH2 and the shorter TITSSY*(nhAd)YR) and 

Cdc42 (Ac-SEYVPS*(nhAd)VFDNYGC-NH2). Yields were synthetically 

useful, especially for the short peptide TITSSY*(nhAd)YR (scheme 21).  

Scheme 21. Synthesis of peptides carrying the non-hydrolysable AMP analogue. Synthesis 

protocol analogous to the described in scheme 14. 

 

In the course of the synthesis of the described compounds, SidD was 

discovered as an adenylyl hydrolase of Legionella.[29,30] Initial attempts to 

use peptide 34 as a pulldown probe to isolate an enzyme with 
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deadenylylating activity from Legionella lysate were not successful. We 

therefore recombinantly expressed and purified the protein SidD and tested 

if the peptides were are able to inhibit the deadenylylation of Rab1-AMP in a 

competitive manner. For this purpose an assay was employed based upon 

the change of fluorescence of a tryptophan residue in Rab1 upon 

deadenylylation.[37] This data showed clearly that neither the Rab1 peptide 

sequence TITSSY*(amp)YR, nor the corresponding non-hydrolysable mimic 

of this sequence were able to inhibit the deadenylaylation of Rab1b-AMP by 

SidD in an competitive manner. For elongated peptide chains, no inhibition 

at relevant peptide concentrations was detected either. The conclusions 

drawn from these results were that the peptides seems to be inappropriate 

substrates for SidD, probably because the enzyme recognises its substrates 

based on a three-dimensional structure. The fact that the primary structure 

of a peptide is not sufficient for protein binding makes the pulldown 

approach practically unsuitable for the identification of deadenylylating 

enzymes (at least for proteins mechanistically similar to SidD).  

To test if our mimics of adenylylated amino acids at least fulfil the 

geometrical requirements to be comparable to natural adenylylation, we 

tested our generic tyrosine-AMP and threonine-AMP antibodies against 

them (figure 14). Employing a similar immunosorbent assay as described 

for the binding to adenylylated peptide sequences, we used immobilised BSA 

conjugates of peptides 34 and 36 and compared the antibody binding to the 

corresponding AMP-peptides. Both mimics clearly show binding of the 

corresponding antibody to the sequence, however, binding affinity seems to 

be reduced when compared to the natural adenylylation motifs. This was to 

be expected, since the ionic charge on the phosphodiester is absent in the 

mimic and charged residues most likely are included in antibody recognition. 

Figure 14. Fluorescent immunosorbent assay for the binding of the tyrosine-AMP antibody (A) 

and the threonine-AMP antibody (B) to the non-hydrolysable mimics of the indicated 

adenylylated peptide sequences. 
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Future work 

The results from the immunoprecipitation experiments with generic 

tyrosine-AMP and threonine-AMP antibodies were unexpected. While the 

procedure might work with some adenylylated proteins (e.g. adenylylated 

GFP), it does not appear to be a generally applicable method. To achieve our 

goal of identifying the substrate tolerance of adenylyl transferases, novel 

methodology must be developed.  

It becomes apparent that the bottleneck of the proteomics workflow for 

the identification of adenylylation sites remains the selective enrichment of 

adenylylated proteins. This problem could be circumvented by reducing the 

level of complexity of the samples. For example, successive fragmentation of 

lysates by isoelectronic focussing (IEF), which separates proteins according 

to their isoelectric point (pI), and electrophoresis (SDS-PAGE), to separate 

the proteins on the basis of size, could reduce sample complexities low 

enough for direct identification of adenylylation sites by MS. Here, our AMP 

antibodies could be of great advantage for the detection of the adenylylation-

containing samples by immunoblotting. However, the tedious nature of this 

method constitutes a severe drawback, and it is not applicable for high-

throughput identifications.  

For the enrichment of phosphorylated proteins, immobilised metal 

affinity chromatography (IMAC), using Ga3+, Fe3+ or other metals are a 

commonly used practice.[130] A similar strategy might be transferable to 

adenylylation. For example, it is reported that certain metal complexes, like 

ruthenium polyaminocarboxylates (Ru-PAC),[174] form strong interactions 

with the adenine base unit. So far, this has only been investigated in the 

context with DNA binding.[175] In principle, an immobilised Ru-PAC complex 

might be applicable for affinity enrichment of adenylylated proteins.  
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Ongoing Work – Covalent trapping of substrates of adenylyl 
transferases 

Our desire for an enrichment protocol for adenylylated proteins led us to the 

design of a new approach. Based on the hypothesis that a stabilised 

substrate-transferase complex might be easily enrichable by genetic 

modification of the transferase, we developed the concept illustrated in 

scheme 22. In a normal adenylylation reaction (scheme 22, A), ATP is 

bound in the catalytic pocket of the adenylyl transferase, followed by binding 

of the protein substrate. The free hydroxyl group of a specific tyrosine or 

threonine residue of the substrate is activated by the catalytic environment 

of the transferase and nucleophilically attacks the α-phosphate of ATP, 

substituting pyrophosphate. We hypothesised that a slight modification of 

the adenylyl transferase and the use of an ATP analogue, could create a 

stable transferase-substrate complex. By substitution of an amino acid 

located very close to the catalytic site of the adenylyl transferase to a cysteine 

and, at the same time, replacement of ATP with an ATP derivative carrying 

an electrophilic position, the adenylylation reaction covalently links 

transferase and substrate over an AMP-like linker (scheme 22, B). This 

stable ternary complex could then be isolated. 

Here, careful design of the cysteine-containing catalytic site of the 

adenylyl transferase is of major importance. On the one hand, it is important 

to not interfere with the catalytic reaction and the binding of the ATP 

derivative, and on the other hand, the thiol moiety of the cysteine residue 

must be in close proximity of the ATP electrophilic functionality to enable 

trapping. Luckily, a crystal structure of IbpA in complex with its adenylylated 

substrate Cdc42 is available.[36] This structure can function as the basis for 

the choice of which amino acid might be exchanged to a cysteine. 

Interestingly, Fic domains have a characteristic fold, consisting of a helical 

bundle of six α-helices and a highly conserved motif HxFx[D/E]GN[G/K]R. 

We speculate that this similarity between Fic proteins could be exploited for 

our experimental design, making the choice of the mutated amino acid 

position in IbpA transferable to other Fic proteins. It is envisaged that this 

would generate a general approach for the identification of Fic domain 

substrates. 
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Scheme 22. Schematic overview of the covalent trapping of adenylylated substrates. A. 

Illustration of the catalysis of adenylylation on tyrosine. a) ATP is bound in the catalytic site of 

the adenylyl transferase. b) The protein substrate binds and the free hydroxyl function (here 

from tyrosine) substitutes pyrophosphate at the α-phosphate of ATP. c)-d) The now 

adenylylated substrate dissociates from the adenylyl transferase. B. Covalent trapping. a) A 

cysteine mutant of the adenylyl transferase binds a nucleotide derivative with an electrophilic 

position (depicted as a chloroacetamide). The thiol reacts with the derivative, forming a covalent 

binary complex. b) The trapped nucleotide derivative undergoes the adenylylation reaction in 

presence of the protein substrate. c) Adenylyl transferase and protein substrate are now 

covalently linked to each other in a ternary complex. If the transferase carries an affinity tag 

(e.g. a His-Tag), the complex can be isolated, digested and submitted to proteomic analysis. 
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Figure 15. Crystal structure of the catalytic site of IbpA in complex with adenylylated Cdc42. 

Replacing one amino acid that forms the binding hole, but is not directly involved with substrate 

binding (like Pro3752 or Ile3755), with a cysteine, could create an attachment point for potential 

electrophiles linked to an ATP derivative. Reprinted by permission from Nature Publishing 

Group, copyright 2010.[36] 

 

Based on the available crystal structure (figure 15), several mutants of 

the IbpA Fic domain have been generated, including I3714C, A3715C, 

P3752C and I3755C.* We speculated that these positions should not interfere 

significantly with substrate binding. A minor decrease in its affinity to ATP 

(and derivatives) is not problematical due to the irreversibility of the 

reaction. The protein can be pre-incubated with an excess of electrophilic 

ATP derivatives to force the reaction to completion, prior to addition to 

potential protein substrates. 

For the ATP derivatives, we decided to employ a triazole based strategy for 

the introduction of the electrophile. Replacing the nucleobase with a triazole 

allows, on one hand, easy synthetic access of the target compounds by click 

chemistry, and on the other hand, the slightly basic character of the N7 

position of adenine is mimicked (better than, for example, by an imidazole). 

We chose chloroacetamides[176] and alkylbromides as suitable electrophiles 

for our investigation. Both of the electrophiles should be quite unreactive 

under normal aqueous conditions, but when they are forced into close 

proximity to a thiol (by binding in the catalytic pocket of the adenylyl 

transferase) the reaction rate should significantly increase. This way, 

selective targeting of the designated cysteine should be possible, even in the 

presence of other thiols. Several compounds featuring different linker 

lengths from the triazole to the electrophile functionality were synthesised. 

Variation of the linker length was done to explore the optimal conditions and 

geometrical requirements for an efficient reaction. 
                                                             
* Cloning and expression of the IbpA mutants was performed in the laboratory of Prof. Aymelt Itzen, AG 

Proteinchemie, Technical University Munich (TUM), Germany. 
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Scheme 23. Synthesis of ATP-derivatives with an electrophilic trap. 

 

The synthesis of the ATP derivatives commenced from peracetylated β-

ribofuranoside (scheme 23, 37). Selective introduction of an azide as the β-

anomer was achieved with TMSN3 in the presence of SnCl4.[177] 

Chloroacetamide alkynyl compounds 39-41 were synthesised from the 

corresponding alkynyl amine and 2-chloro acetylchloride.[178] Copper-

catalysed Huisgen cycloaddition[121] gave intermediates 42-44 and 53-54 

and subsequent deacetylation with sodium methoxide in methanol at pH9.5 

gave the triazole-ribofuranoside compounds. Phosphorylation of the 5’-

position with POCl3 and subsequent addition of tributylammonium 

pyrophosphate yields the triphosphates 48-50 and 57-58.[179] Extensive 

purification was required to isolate the products, in this case two successive 

ion-exchange columns (DEAE sepharose) and one short reversed phase 

purification (in the case of the bromoalkyl compounds) were sufficient. The 

low yields can be attributed to extensive losses during purification 

procedure. Selective deacetylation at the 5’ position of compound 38 with 

lipase, followed by triazole formation, tri-phosphorylation and deacetylation 

of positions 2’ and 3’ failed in the last step.  
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Figure 16. SDS-PAGE to visualise the ternary complex formation (red box) with increasing 

substrate concentrations. 50 µM IbpA I3755C was incubated with 200 µM ATP derivative 48 for 

1.5 h at 30°C, to form the binary complex. Subsequently, Cdc42 (the substrate of IbpA) was 

added in the indicated concentrations and incubation was continued for 2 h. The formation of 

the ternary complex increases with higher Cdc42 concentrations. If the binary complex is not 

preformed and all three reaction partners are combined at once, the yield of the ternary complex 

decreases dramatically. Mg2+ was omitted in the reaction mixture, because the presence of 

catalytic magnesium lead to the hydrolysis of the ATP derivative during the binary complex 

formation. 

 

Initial experiments were performed with compound 48, to test its 

capability to form a binary complex with cysteine mutants of IbpA 

(experiments were performed by Burak Gulen*). Indeed, the IbpA mutant 

I3755C readily formed a binary complex with 48, supposedly by nucleophilic 

attack of the cysteine onto the chloroacetamide. However, we observed an 

intrinsic triphosphate hydrolysis to the corresponding AMP derivative when 

incubated with IbpA in an Mg2+-containing reaction buffer. We hypothesised 

that the Mg2+, which is involved in the catalytic mechanism of the adenylyl 

transferase (see scheme 3, B), promotes the hydrolysis by coordination to 

the β- and γ-phosphate. Therefore, we omitted the magnesium ions by 

addition of EDTA and thereby effectively inhibited the hydrolytic side 

reaction.  

When IbpA I3755C was mixed with its proteins substrate Cdc42 and 48 

and the reaction mixture was incubated for 2 h at 30°C, a newly formed 

ternary complex was detectable by SDS-PAGE (figure 16). The yield of the 

                                                             
* AG Proteinchemie, Technical University Munich (TUM), Germany. 
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ternary complex was increased significantly, when IbpA I3755C was first pre-

incubated with 48 for 1.5 h at 30°C, followed by incubation with Cdc42 for 

2 h at 30°C. If Cdc42 is used at different concentrations, a linear dependence 

of the reaction for the formation of the ternary complex became apparent 

(figure 16). To extent this work, the reaction will be investigated with 

endogenous substrates from cell lysates. Furthermore, experiments with 

different ATP derivatives and other adenylyl transferases are ongoing.  

These preliminary results are promising. The synthesis route however is in 

need of improvement to increase the yields of the last synthetic step. The 

major problem here is the purification. Since the compounds has very low 

retention in reversed phase C18 purifications (and the stability of the 

triphosphate is affected at lower or higher pH values), ion exchange 

chromatography with Et3NH2CO3 buffer is a suitable approach. However, 

great care has to be taken to avoid contamination with pyrophosphate and 

inorganic triphosphate, which tend to elute together with the ATP derivative. 

To circumvent this problem, purification over immobilised boronic acid 

might be applicable. Diol-containing compounds (like the furanoside of the 

ATP derivative) bind to the boronic acid and can be eluted by addition of 

excess glycerol (or other diols).  

Furthermore, it would be desirable to have access to a more diverse 

synthetic strategy which would allow for the exploration of different linker 

lengths and electrophiles. For this purpose, an azidofuranoside triphosphate 

precursor, which could be converted to the triazole in the last synthesis step, 

would be preferable. This work is however beyond the scope of this thesis. 

Interestingly, this covalent trapping approach is, to our knowledge, the 

first procedure to use whole proteins as covalent trapping agents for 

pulldown experiments and proteomics. The specificity of the catalytic 

protein itself is utilised and should give high selectivity for the actual 

substrates. Of course, there are drawbacks to this technique as well. For 

example, the genetic modification of the protein is required and great care 

has to be taken that its capability of catalysis and substrate recognition is not 

hampered. Furthermore, no natural adenylylation takes place, so direct 

detection of the modification by MS analysis is not possible. However, the 

covalent bond that is formed during the reaction simplifies pulldown 

experiments significantly and allows harsher washing conditions to reduce 

unspecific binding and background in the MS. Furthermore, this technique 

gives access to very stable ternary complexes, which should be of great 

interest for structural biologists.  

Additionally, an expansion of this methodology to other PTMs is, in 

principle, possible. We chose to investigate ADP-ribosylation, since the 

precursors of our ATP derivatives could be used directly for the synthesis of a 

NAD+ derivative carrying an electrophile at the position of the nucleobase. 

The synthesis sequence is outlined in scheme 24. 
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Scheme 24. Synthetic scheme for NAD+ derivatives, modified with an electrophilic 

chloroacetamide at the position of the nucleobase. 

β-Nicotinamide mononucleotide (β-NMN) was activated with CDI.[180] The 

mono-phosphorylated triazole-ribofuranoside compounds 60-62 were 

reacted with 59 to yield the corresponding NAD+ derivatives 63-65. 

Purification was achieved by IEC with DEAE-sepharose.  

Several ADP-ribosylating proteins are currently under investigation to find a 

suitable position for the introduction of a cysteine residue. Many 

mechanisms of AB toxins or human diphtheria toxin-like ADP-ribosyl 

transferases (ARTDs) are not well understood, and the covalent trapping of 

the complexes could give insights into substrate specificity and structural 

investigations.  
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Conclusions 

We developed a convenient building block based strategy to synthesise 

tyrosine-, threonine- and serine-adenylylated peptides in high efficiency and 

purity. These peptides were used on the one hand as crucial reference 

material for MS/MS investigations on adenylylation sites that will be helpful 

for the identification of adenylylated proteins. Additionally, polyclonal Rab1-

AMP, tyrosine-AMP and threonine-AMP specific antibodies were raised 

from the peptides. These antibodies showed excellent performance for the 

detection of adenylylated proteins by immunoblotting. However, they are 

less suited for their intended use as tools for immunoprecipitation 

experiments from transfected cells. While the generic tyrosine-AMP 

antibody were able to precipitate in vitro adenylylated Rab1, endogenous 

adenylylated small GTPases, or other adenylylated proteins, repeatedly 

eluded enrichment. The only protein that could be reproducibly enriched 

was adenylylated GFP from the IbpA-GFP construct. Furthermore, non-

hydrolysable mimics of adenylylation sites were synthesised as tools for the 

investigation on deadenylylating enzymes. In currently ongoing work, we 

developed a new enrichment method for adenylylated proteins based on a 

covalent trapping of the enzyme-substrate complex via an AMP-like linker. 

Initial experiments utilising ATP derivatives with an electrophilic trap show 

promising results, and the covalently stabilised ternary complex is now 

investigated for its suitability for pulldown experiments. 
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Chapter 2: Tools for the investigation of 
phosphocholination (Paper IV – V) 

Outline 

The versatility of the Fic domain is demonstrated by the range of PTM-

formations it catalyses. Besides adenylylation, phosphocholination has been 

discovered as a previously unknown PTM, which can be found during 

Legionella infections.[43] Intriguingly, the phosphocholine transferase AnkX 

targets the same substrates as the adenylyl transferase DrrA, namely Rab1 

and Rab35. Both are modified by AnkX at the switch II region, more 

specifically at Ser76 in Rab1 and Thr76 in Rab35. Similar to adenylylation, 

there is also an enzyme in Legionella which reverses the reaction, the 

dephosphocholinase Lem3.[42,92]  

We hypothesised that if we could develop a synthetic route for 

phosphocholinated peptides, this could facilitate the study of AnkX, Lem3 

and phosphocholination in general. Additionally, these peptides could also 

be used for the generation of phosphocholine specific antibodies. 

Phosphocholine antibodies are generally found in humans and are 

commercially available. However, none of them were raised from an amino 

acid conjugate.[181] Furthermore, we intended to investigate the AnkX 

reaction for its suitability as a chemoenzymatic labelling tool. 

Synthesis of PC building blocks 

Our previous experience with adenylylated building blocks for an efficient 

synthesis of adenylylated peptides led us to the conclusion that the same 

strategy would be applicable for the synthesis of phosphocholinated 

peptides. To date, phosphocholination has only been reported on serine and 

threonine; however, we decided to include tyrosine in our investigations as 

well, since it could possibly be of biological relevance.  

Envisioning a PC building block for the Fmoc SPPS, we speculated that 

neither the phosphodiester, nor the choline moiety would require any 

protection during the final peptide synthesis (scheme 25). Furthermore, 

additional protection at the phosphate would abet β-elimination in the case 

of serine and threonine. These considerations led us to building blocks 66-

68, which can be synthesised from the choline-allyl-phosphoramidate (69) 

and the corresponding amino acids 70, 71 and 72.  
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Scheme 25. Retrosynthesis of phosphocholinated serine, threonine and tyrosine building 

block. 

 

The major challenge in the synthesis was to meet the requirements of the 

highly polar phosphocholine moiety. The phosphoramidite chemistry 

requires non-nucleophilic solvents; however, the physicochemical properties 

of most choline salts limit the choice of suitable solvents dramatically. 

Various choline salts were investigated for their suitability in the reaction 

with diisopropylamino-allyloxy-phosphochloridate[153] (9, scheme 26). 

Choline tosylate has been reported for the synthesis of phosphatidyl choline 

derivatives,[182] however, we feared side reactions between the tosylate 

counterion and the reactive phosphorus(III) species. Choline 

hexafluorophosphate (73) on the other hand demonstrated good solubility in 

acetonitrile and was therefore used successfully in the reaction with 9 in 

combination with triethylamine. The resulting intermediate (69) was used 

immediately for the succeeding reactions, due to its instability and 

challenging purification. Allyl- and Fmoc-protected tyrosine, threonine and 

serine[148] with free hydroxyl groups at the side chains were used in a 

tetrazole mediated coupling, followed by oxidation with TBHP, to generate 

intermediates 74-76 in good yields (over two steps). We found 5-benzylthio-

1H-tetrazole (BTT)[183] to be the most suited activator for this reaction, 

consequently yielding the product as mono-5-(benzylthio)-tetrazolide salts. 

Deallylation yielded the final products with a free carboxy terminus and as 

the inner salt of the phosphodiester and the choline (66-68). Minor 

contamination after reversed phase Sep-Pak cartridge purification, namely 

triphenylphosphine oxide and BTT, did not interfere with the subsequent 

SPPS. Alternatively, reversed phase HPLC can be applied for higher purity. 
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Scheme 26. Synthesis of phosphocholinated amino acid building blocks. BTT = 5-benzylthio-

1H-tetrazole; TBHP = tert-butyl hydroperoxide. 

Synthesis of phosphocholinated peptides 

Building blocks 66-68 could be applied directly to Fmoc SPPS. Manual 

coupling of the building block was performed in 2-fold molar excess with 

HOAt/HATU as the coupling reagents. The remaining peptide sequences 

were generally synthesised on an automated peptide synthesiser.  

Only two naturally phosphocholinated sequences are known so far, which 

served as the starting point of our investigations. FRTITSS*(pc)YYRGAHG 

and TITSS*(pc)YYR from Rab1 were synthesised, the latter representing the 

theoretical tryptic fragment of phosphocholinated Rab1. From Rab35, 

TITST*(pc)YYR with an phosphocholinated threonine was synthesised. 

Phosphocholination on a tyrosine has not been observed in nature yet, so we 

decided to synthesise the sequence TITSSY*(pc)YR as a example, also in 

context to test Lem3 for its capability to dephosphocholinate tyrosine. All 

peptides were obtained in acceptable yields after reversed phase HPLC 

purification, ranging from 39 to 45% (calculation based on resin loading). 
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Site-directed chemoenzymatic labelling 

Site-directed labelling of proteins are highly interesting methods to 

specifically functionalise proteins that are not accessible by modification of 

the genetic code. The labour-intensive introduction of unnatural amino 

acids, for example by amber suppression stop codon methodology,[184] can be 

circumvented by chemoenzymatic labelling approaches. This usually 

involves a certain protein or peptide tag that is recognised by an enzyme and 

a molecule carrying a certain cargo (e.g. a fluorophore or biotin).[185] To date, 

several such labelling approaches have been developed.[186–190] However, 

with the help of synthesised phosphocholinated peptides, a new reversible 

labelling strategy, employing the enzymatic pair AnkX and Lem3 from 

Legionella was developed in our laboratory.  

Scheme 27. A. Chemoenzymatic labelling approach using AnkX and a synthetic CDP-choline 

derivative. The ammonium of the CDP-choline is modified with an additional label (depicted as 

a star, e.g. a fluorophore or biotin). AnkX recognises the short peptide sequence TITSSYYR 

fused to a protein of interest (POI) at the C-terminus, the N-terminus or in an internal loop 

region. Transfer of the phosphocholine yields a labelling of the POI with the cargo at a specific 

serine in the octapeptide sequence. The reaction can be reversed with the dephosphocholinase 

Lem3. B: CDP-choline derivative with modification on the quaternary amine, containing a PEG 

linker and a fluorescein moiety. 
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Goody et al. showed that AnkX accepts the small peptide sequence 

TITSSYYR, which originates from the protein Rab1, as a substrate, 

phosphocholinating it on the second serine residue.[92] A chemoenzymatic 

labelling approach was developed, utilising the short recognition sequence, 

which could be introduced to either termini or internal positions of any 

protein of interest by genetic modification.[191] In concert with a CDP-choline 

derivative, carrying any cargo of interest on the choline moiety (e.g. an 

affinity tag or a fluorophore), selective protein labelling by AnkX was 

performed (scheme 27, A). The reaction could be reversed, too, mediated 

by catalysis with Legionella protein Lem3. Different CDP-choline derivatives 

have been tested, showing derivative 77 (scheme 27, B), consisting of a 

three-unit PEG-linker to a fluorescein, as the most effective so far.  

 

Future work 

In analogy to the synthetic adenylylated peptides, the phosphocholinated 

peptides can prove useful for future investigations on phosphocholinating 

and dephosphocholinating enzymes. So far, only the enzyme pair AnkX and 

Lem3 from Legionella pneumophila has been shown to be capable of this 

intriguing modification. However, in consideration of the wide-spread 

presence of Fic domains in the kingdoms of life, the discovery of more 

phosphocholinases is likely. Furthermore, the use of the peptides as tools for 

MS investigations and the generation of antibodies against 

phosphocholinated epitopes are other interesting opportunities. 

In future work, we intend to optimise the AnkX-based chemoenzymatic 

labelling strategy concerning its effectivity and convenience to use. One 

problem that has to be solved is the acceptance of endogenous CDP-choline 

as a substrate of AnkX in mammalian cells or cell lysates. This would lead to 

side reactions with unmodified CDP-choline, making labelling under these 

conditions less efficient. To avoid this, a bump-and-hole-approach[192–194] 

could be used, and the catalytic site of AnkX could be mutated in order to not 

accept the natural CDP-choline. In parallel, the CDP-choline derivatives have 

to be modified accordingly such that they still act as a substrate for AnkX. A 

similar strategy could be used to avoid side reactions with Rab1 and Rab35 

which are present in mammalian cells and are the natural substrates of 

AnkX. Here, the recognition sequence interaction with AnkX has to be 

optimised, to avoid this side reaction. 

Another drawback of the method so far is the poor bioavailability of the 

CDP-choline derivatives, making their usage in vivo very challenging. This 

problem could be addressed via modification of the linker connecting the 

choline with the cargo molecule. Pflum et al.[195] showed that ATP-biotin 

constructs can be effectively delivered into cells by employing a polyamine 
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linker in the molecule. The reported molecule (78, scheme 28) readily 

passed the cell membrane and was accepted by kinases as substrate in 

phosphorylations. Applying this strategy to the CDP-choline derivatives, the 

PEG units (for example in molecule 77) would be replaced with polyamine 

units. It is envisaged this could improve bioavailability, allowing in vivo 

labelling of proteins by simultaneously expressed AnkX. 

 

Scheme 28. Cell-permeable ATP-polyamine-biotin, developed by Pflum et al.[195] 

 

Another potential application for the chemoenzymatic labelling approach 

is exploring the substrate scope of phosphocholinases. Currently, Rab1 and 

Rab35 are the only known substrates of AnkX. By using a CDP-choline 

derivative, where a biotin moiety is connected by a flexible linker to the 

quaternary amine of the choline, enrichment of phosphocholinated proteins 

from lysates could be achieved. Identification of the enriched proteins and 

their validation as substrates of AnkX has the potential to reveal more about 

the infection mechanism of Legionella pneumophila. 

 

Conclusions 

Synthetic methodology was developed enabling the synthesis of 

phosphocholinated serine, threonine and tyrosine building blocks. These 

compounds were utilised in SPPS to access the corresponding 

phosphocholinated peptides. We envision that these phosphocholinated 

peptides facilitate the investigations on phosphocholinating and 

dephosphocholinating enzymes. In addition, they could serve as reference 

material, for example for proteomic measurements and could be utilised for 

the generation of antibodies specific against phosphocholinated proteins. 

Furthermore, the synthetic phosphocholinated peptides were used for the 

development of a chemoenzymatic approach for the labelling of any proteins 

on basis of the interaction between AnkX and Rab1. In addition, the labelling 

of the proteins can be reversed to the unmodified species by use of the 

dephosphocholinase Lem3. We think that this methodology will add to the 

existing strategies and broaden the toolbox of the chemical biologist for the 

site-specific labelling of proteins. 
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Chapter 3: Small molecule signalling of 
Legionella pneumophila (Paper VI – VII) 

Introduction 

Small molecule signalling of pathogenic bacteria is an important mechanism 

for the regulatory processes during infections. Quorum sensing for example, 

allows the coordination of different stages in the characteristic life cycle of 

many bacteria. For the pathogen Vibrio cholerae, the cholerae autoinducer-1 

(CAI-1) was found to be an important regulatory small molecule, having 

distinct effects on the cell. A similar quorum sensing system was found in 

Legionella, consisting of the autoinducer LAI-1 and the Lqs system. 

However, what exactly the effects of LAI-1 on Legionella or the host cell are 

and how the interplay of the proteins of the Lqs system is composed upon 

LAI-1 interaction, has not been investigated in detail so far. 

Synthesis of LAI-1 and Am-LAI-1 

For the study of the Lqs system and the effect of the small autoinducer LAI-1 

on Legionella and its host cells, access the synthetic LAI-1 was necessary. 

Therefore, a synthesis of (S)-LAI-1 and its enantiomer (R)-LAI-1 was 

developed (79 and 80, scheme 29, A). In addition, we planned the 

synthesis of amino-derivatives (S)- and (R)-Am-LAI-1 (81 and 82), because 

it is plausible, based on the similarity to the Cqs system, that they are the 

biosynthetic precursors of LAI-1 in Legionella. In the biosynthesis of CAI-1, 

the protein CqsA catalyses the formation of (S)-amino-CAI-1 (85, scheme 

29, B) from (S)-2-amino-butyrate (SAB, 83) and decanoyl-coenzyme A 

(84).[102] (S)-Am-CAI-1 itself is a potent autoinducer, however it is converted 

in vivo by a yet unknown mechanism to (S)-CAI-1 (scheme 29, B). 
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Scheme 29. A. Legionella autoinducer LAI-1 and its derivatives. B. Biosynthetic pathway to 

(S)-CAI-1. 

 

The synthesis commenced with commercially available (S)-α-

hydroxybutyric acid (87, scheme 30). Double-protection with the silyl 

protection group TBDPS and subsequent ester hydrolysis gave compounds 

88. The carboxylic acid was then converted to the corresponding Weinreb-

amide 89 with N,O-dimethylhydroxylamine. The Grignard reaction with 

freshly prepared undecanylmagnesium bromide gave compound 90, which 

was subsequently deprotected to yield the final (S)-LAI-1 (79). The (R)-

enantiomer was synthesised in analogous manner. 

Scheme 30. Synthetic strategy for (S)-LAI-1. The (R)-enantiomer was synthesised in an 

analogous manner. 
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(S)-Am-LAI-1 was synthesised starting from (S)-Boc-aminobutyric acid 

(91, scheme 31). The Weinreb amide 92 was prepared via a HBTU coupling 

to N,O-dimethylhydroxylamine. In the following reaction, 

undecanylmagnesium bromide was coupled via a Grignard reaction. 

Removal of the Boc protection by treatment with HCl in diethyl ether gave 

the product 94 in its crystalline form as an HCl salt. The (R)-enantiomer was 

prepared in an analogous manner. 

 

Scheme 31. Synthetic strategy for (S)-Am-LAI-1. The (R)-enantiomer was synthesised in an 

analogous manner. 

 

LAI-1 regulates Lqs-dependent signalling 

The Lqs system of Legionella consists of the proteins LqsA, LqsS, LqsT and 

LqsR. A model has been suggested to explain the signalling circuit upon LAI-

1 interaction (figure 4). To confirm this model and to elucidate the details 

of the signalling circuit, several pharmacological experiments with synthetic 

LAI-1 were performed.  

The effect of LAI-1 on motility of L. pneumophila (strain JR32) was tested 

by treating the bacteria with 10 µM (S)-LAI-1 over one hour, followed by 

tracking of the cell migration for the following 90 s (figure 17, A). The 

results showed a clear increase of cell migration distance and cell velocity, 

which are indications for the shift of Legionella from replicative to 

transmissive phase. When deletion strains of genes encoding proteins of the 

Lqs system were used, cell motility was not increased upon LAI-1 treatment 

and was even significantly reduced in the case of ΔlqsR (figure 17, B). These 

results imply that LAI-1 detection indeed relies on the Lqs system. 
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Figure 17. Effect of (S)-LAI-1 on the cell motility of Legionella pneumophila. A. Tracking of L. 

pneumophila movement when treated with 10 µM (S)-LAI-1. B. Migration distance and C. 

velocity of L. pneumophila deletion mutants of Lqs related genes when treated with 10 µM (S)-

LAI-1. Unpaired t-test *p<0.05, **p<0.01, ***p<0.001. Figure from paper VI. 

 

Genetic evidence indicates that this change in motility results from 

increased expression of components of the flagellum. Therefore, it was 

investigated if LAI-1 induces the expression of the flagellum protein FlaA. 

While using the fluorescent protein GFP  as a reporter for the flaA promoter, 

a slight increase in fluorescence indicated an effect of (S)-LAI-1. However, 

western blot experiments, detecting the protein levels of FlaA in the cells 

after treatment with LAI-1, did not support these findings. Therefore, the 

genetic indication on an increased flaA expression could not be 

pharmacologically validated.  

The autophosphorylation of the sensor kinases LqsS and LqsT were tested 

under influence of LAI-1 and its derivatives. Therefore, inverted vesicles 

containing these two membrane proteins were prepared and incubated with 

[γ-32P]ATP and in absence or presence of (S)-LAI-1, (R)-LAI-1, (S)-Am-LAI-1 

or (R)-Am-LAI-1. For comparison, also the compounds (S)-CAI-1, (R)-CAI-1, 

(S)-Am-CAI-1 and (R)-Am-CAI-1 from Vibrio cholerae were tested. 

Autoradiography after SDS-PAGE of the samples revealed the 

phosphorylation level after 10 min. While LAI-1 and all of its derivatives 

robustly decreased the phosphorylation level of LqsS up to 40% when 

compared to the DMSO control, the compounds from V. cholerae actually 
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promoted the level of phosphorylation (figure 18, A). This could indicate an 

possible inter-species communication and a reaction of Legionella to nearby 

V. cholera bacteria. In the case of LqsT, using LqsT-containing inverted 

membrane vesicles prepared from E. coli, phosphorylation was decreased by 

LAI-1 and CAI-1 derivatives (figure 18, B). Additional experiments showed 

that these decreased levels of phosphorylation result from an inhibition of 

the phosphorylation and not from a decreased stability of phospho-LqsS or 

phospho-LqsT, Furthermore, dephosphorylation by LqsR is not promoted by 

treatment with (S)-LAI-1. 

Figure 18. Phosphorylation levels of LqsS (A) and LqsT (B) after treatment with [γ-32P]ATP 

and LAI-1- or CAI-1-derivatives. Unpaired t-test *p<0.05, **p<0.01, ***p<0.001. Figure from 

paper VI. 

 

Employing DNA microarray technology, the effect of LAI-1 on the 

transcriptome of L. pneumophila was investigated. Treatment with LAI-1 

resulted in an at least two-fold upregulation of 43 genes and a 

downregulation of five genes. Among others, these upregulated genes 

included the non-coding RNAs RsmY and RsmZ, while the RsmY- and 

RsmZ-binding regulator CsrA is downregulated. These regulators are highly 

likely involved in the switch between replicative and transmissive stage of 

Legionella and the influence of LAI-1 on them is therefore reasonable.  

In conclusion, the investigations showed a pharmacological effect of LAI-1 

on Legionella which is in agreement with the model presented in figure 4. 

High concentration of LAI-1, representing high cell density of Legionella, 

induced transmissive traits like cell motility, while the replicative traits were 

repressed. On a molecular level, LAI-1 and its derivatives inhibit the 

autophosphorylation of LqsS and LqsT, and the signal is likely transmitted 

by different binding affinities of LqsR to phosphorylated LqsS/LqsT and 

unphosphorylated LqsS/LqsT. 
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Inter-kingdom signalling 

While LAI-1 is an important regulatory molecule for the life cycle of 

Legionella, autoinducers can also allow pathogens to interact with the host 

cells.[196] Legionella mutants lacking the gene lqsA, which is responsible for 

the production of LAI-1, are not inhibited in their intracellular replication. 

When cells are co-infected with deletion mutants and wildtype Legionella, 

the deletion mutants are easily outcompeted by the wildtype.[197] 

To study the effect of LAI-1 on the host cell, synthetic LAI-1 and its 

derivatives were employed. Based on the findings that Legionella infection of 

host cells (macrophages or Dictyostelium cells) significantly inhibits the cell 

migration of the host towards a chemoattractant (chemotaxis) and the 

deletion mutant ΔlqsA, which is incapable of producing LAI-1, does not, a 

chemotaxis assay was designed. Dictyostelium discoideum was treated with 

(S)-, (R)-LAI-1 or (S)-, (R)-Am-LAI-1 for 1 h, followed by monitoring of the 

migration towards folate. The results (figure 19, A) showed an inhibition of 

migration by LAI-1. (R)-LAI-1 and (R)-Am-LAI-1 showed the strongest 

inhibition, while the (S)-enantiomers have less effect. By single cell-tracking 

it became apparent that only the directionality of the migration was affected, 

but not the speed (figure 19, B and C). Furthermore, detailed investigations 

on the cytoskeleton showed that LAI-1 alters the architecture of the 

microtubule and actin network. While the overall amount of microtubule and 

actin is not affected, the number of microtubule fibres was reduced by 

approximately 50% (figure 19, D) and the cortical actin almost completely 

disappeared (figure 19, E). This indicates that the migration of the 

eukaryotic cells is inhibited by disruption of the cytoskeletal network.  

 The scaffold protein IQGAP1 and the small GTPase Cdc42 are major 

players in the organisation of the cytoskeleton and cell migration.[198] A549 

cells, depleted from IQGAP1 and Cdc42 proteins by RNA interference, 

showed no response to LAI-1 in a scratch-closure assay, indicating that LAI-

1-dependent inhibition of migration requires these two proteins. For Cdc42, 

effectors were tested in the same manner, showing a dependence of the 

inhibition on the Cdc42 GEF ARHGEF9. Immunostaining of cells with 

IQGAP1 or Cdc42 antibodies after treatment with LAI-1 revealed a 

redistribution of IQGAP1 from the cytoplasm to the cell cortex, while the 

localisation of Cdc42 remained unaffected.  



 

73 

Figure 19. Effect of LAI-1 on cell migration of Dictyostelium discoideum. A. Cell migration of 

D. discoideum amoebae harbouring GFP towards folate when treated with 10 µM (S)-, (R)-LAI-1 

or (S)-, (R)-Am-LAI-1. B. and C. Tracking of D. discoideum movement towards folate in the 

absence and presence of 10 µM racemic LAI-1. D. and E. Immunolabelling of macrophages for 

microtubule (D) or actin (E) after treatment with 10 µM racemic LAI-1 for 1 h. Western blot 

analysis was used for quantification of total amounts of microtubule or actin in the cells. LAI-1 

reduced the number of microtubule fibres and the cortical actin. Student’s t-test *p<0.05, 

**p<0.01, ***p<0.001. Figure from paper VII. 

 

Based on these results and other experiments, a model for the LAI-1 

dependent inter-kingdom signalling was developed (figure 20). In this 

model, LAI-1 inhibits directly or indirectly GEF ARHGEF9, which is 

responsible for the activation of Cdc42 by nucleotide exchange. This might 

result in a disturbed interaction between Cdc42 and IQGAP1, which is likely 

a regulator of the small GTPase, stabilising the GTP-bound form. However, 

how exactly IQGAP1 is involved as a regulator or effector of Cdc42 is 

controversial.[199,200] As Cdc42 is a key component for the regulation of actin 

and microtubule dynamics, cell migration can be severely affected. 

Alternatively, LAI-1 could interfere with IQGAP1 directly or indirectly.  
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Figure 20. Model for the inter-kingdom inhibition of cell migration by LAI-1. Figure from 

paper VII. 

 

Future work 

LAI-1 effects the interaction between pathogen and mammalian cell, and it 

regulates the life cycle of Legionella itself. While the phenotype of LAI-1 

treated cells was described in the presented work, the molecular targets of 

the small molecule remain unclear. A molecular target identification could 

be achieved by the design and synthesis of a pulldown probe based on the 

structure of LAI-1.[201] In a pulldown experiment, the small molecule is 

linked to a solid support and incubated together with cell lysate, which 

contains the potential target(s). The small molecule and its target(s) form a 

complex, which could be separated and isolated due to the linkage to the 

solid support. However, high affinities and binding constants are a 

requirement for this strategy, because low affinity binding results in less 

stable complexes, which might not be possible to isolate. To circumvent this 

problem, photoreactive pulldown probes have been employed in several 

cases.[202–204] Here, a photoreactive functionality, like a diazirine or a 

benzophenone are linked to the small molecule. After incubation with the 

lysate, irradiation at a specific wavelength leads to the covalent capture of 

the nearby molecules, which includes the target protein.  
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Considering the target identification of LAI-1, we envisioned a molecule 

like that depicted in scheme 32 (95). While it contains the ketone and 

hydroxyl functionality like LAI-1, the alkyl chain has been modified with a 

diazirine, to allow photoreactivity, and an alkynyl functionality. The latter 

allows the isolation of the formed small molecule-protein target complex via 

a click reaction to an affinity tag. How the modifications affect the binding of 

the small molecule to the target proteins is not predictable, therefore, 

thorough testing is required to make sure that the same phenotype is 

induced. 

 

Scheme 32. Envisioned LAI-1 derivative for pulldown experiments. A photoreactive diazirine 

allows covalent capture of bound proteins by irradiation with UV light. The alkynyl functionality 

is addressable by bioorthogonal click chemistry and makes attachment of an affinity tag (e.g. 

biotin-azide) possible. 

 

Initial experiments have been conducted including alkynyl modified LAI-1 

derivatives, to see if it still induces the same, specific phenotype upon 

treatment of mammalian cells (experiments were performed by Sylvia 

Simon*). Furthermore, variations of the alkyl chain length were explored. To 

ease the synthesis, the ketone functionality has been replaced with an ester 

functionality, replacing the Grignard reaction in the synthesis with an ester 

formation (see appendix). Accordingly, LAI-1 derivatives were synthesised 

(96, 97 and 98, figure 21, A) and investigated for their effect on 

mammalian A549 cells. Immunostaining of the cells for IQGAP1 after 

treatment with 10 µM LAI-1 or its derivatives made the localisation of the 

protein visible (figure 21, B). Interestingly, (R)-LAI-1 and the racemate of 

LAI-1 induced a localisation of IQGAP1 to the cell cortex, while (S)-LAI-1 had 

a much weaker effect. This indicates that (R)-LAI-1 is the physiological active 

component from the racemate, as indicated by the results shown in 

figure 21, A as well. From the synthesised LAI-1 ester derivatives, 98 

showed a localisation of IQGAP1 to the cortex as well, but the molecules with 

a shorter alkyl chain were not as effective. However, only (S)-derivatives 

have been tested so far and the examination of the (R)-derivatives is under 

development. In future work, the compounds will be synthesised carrying a 

diazirine functionality, making them suitable for photo cross-linking based 

pulldown experiments. 

                                                             
* Institut für medizinische Mikrobiologie, University Zurich (UZH), Zurich, Switzerland. 
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Figure 21. A. Structures of synthesised (S)-LAI-1 derivatives. B. A549 cells treated for one 

hour with 10 µM LAI-1 or its derivatives. Merged stain: blue: DAPI, green: IQGAP1. LAI-1 

racemate and (R)-LAI-1 induce a localisation of IQGAP1 to the cell cortex, while this effect was 

not as prominent with (S)-LAI-1. LAI-1 derivative 98 induced the same phenotype as (R)-LAI-1, 

while 96 and 97 did not. 

Conclusions 

(S)- and (R)-LAI-1 and its amino-derivatives were synthesised for 

pharmacological testing of the autoinducers on their native organism 

Legionella pneumophila. Detailed analysis showed a clear decrease of the 

phosphorylation level of LqsS and LqsT. Overall, LAI-1 induces the shift of 

the bacteria from the replicative to the transmissive state and plays a pivotal 

role in the life cycle of the pathogen L. pneumophila. Furthermore, the inter-

kingdom signalling of LAI-1 was investigated. LAI-1 clearly effects the 

motility of mammalian cells in a pharmacological matter. This is achieved by 

the direct or indirect interference with the small GTPase Cdc42 and its 

regulator/effector IQGAP1. The detailed molecular mechanism of this 

interaction will be the challenge for future investigations. 
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Appendix 

Chapter 1: General procedure for immunoprecipitation 
experiments 

Transfection 

HeLa or HEK-293 cells were usually seeded on 10 cm cell culture dishes 

24 h prior transfection. Cells were transfected with the adenylyl transferases 

DrrA-GFP, IbpA-GFP, HYPE-GFP or HYPE(E234G)-GFP according to the 

Lipofectamine2000 protocol. Transfections were monitored by GFP 

fluorescence. For control lysates, empty vector were transfected following 

the same conditions. 

 

Lysis 

Different lysis conditions were employed to test immunoprecipitation 

under different conditions. Generally, cells were collected 20 h after 

transfection by trypsination, transferred to an Eppendorf tube, centrifuged 

and washed with PBS. The cell pellets were then suspended under different 

lysis conditions. 

For the non-denaturating lysis, cells were suspended in 1 mL non-

denaturating lysis buffer (20 mM Tris-HCl, 135 mM NaCl, 10% glycerol, 

2 mM EDTA, 2 mM TCEP, 1% NP40 or Triton X100, pH 7.0-8.0, protease 

and phosphatase inhibitor cocktail) or RIPA buffer (50 mM Tris-HCl, 

150 mM NaCl, 2 mM TCEP, 0.1% SDS, 0.5% sodium deoxycholate, 1% NP40, 

pH 7.6, protease and phosphatase inhibitor cocktail) and incubated for 1 h 

on ice. After 30 min of incubation, mechanical stress was applied every 10 

min, either by vortexing or by passing the lysate through a 0.45 mm 

diameter cannula. Afterwards, the lysates were clarified by centrifugation at 

13000 rpm for 30 min at 4°C. 

For the denaturating lysis, 75-100 µL hot SDS lysis buffer (50 mM Tris-

HCl, 2 mM EDTA, 2 mM TCEP, 1% SDS, pH 8.0, protease inhibitor cocktail 

added after cooling down) per sample was employed. After incubation at 

95°C for 5 min, vortexing and cooldown, protease inhibitors were added and 

the samples were centrifuged at 13000 rpm for 90 min at 4°C to clarify the 

lysates from debris and DNA.  

Approximate total protein concentrations were determined by either a 

Bradford or a BCA assay. Furthermore, all lysates were analysed by AMP 

western blot, using tyrosine-AMP or threonine-AMP antibody, and GFP 

western blot, to ensure that the lysates indeed contain adenylylated protein 

and adenylyl transferases. The lysates could be stored at -80°C for short-

term periods. 
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Immunoprecipitation 

Before immunoprecipitation, protein concentrations of the lysates were 

adjusted to the same levels between transfected and control samples by 

dilution with lysis buffer. Different total protein concentrations of the lysates 

were tested for the IP procedure, ranging from 0.5 mg/mL to 6 mg/mL.  

For the immunoprecipitation of non-denaturated samples, 10-50 µg 

tyrosine-AMP, threonine-AMP or a mixture of both were added to the 

samples, followed by slow rotation for 16 h at 4°C. ProteinA/G magnetic 

sepharose beads were added and rotation was continued for 1 h. 

Alternatively, it was investigated if the antibody-proteinA/G binding prior to 

addition to the lysates improves the results. Furthermore, NHS- or tosyl-

activated magnetic beads were tested after covalent linkage to the antibody. 

Denaturated lysates were diluted before the addition of antibody or 

antibody-bead-complexes to a concentration of 0.1% SDS. Otherwise, the 

procedure was analogous to that for the non-denaturated lysates.  

 

Different washing procedures were employed, but based on experiments 

with in vitro adenylylated Rab1b-AMP, the best results were obtained with 

the following procedure: 

After incubation with the beads, the lysates were placed on a magnetic 

rack and the supernatant was removed. The beads were washed twice with 

RIPA buffer, once with RIPA buffer containing 75 mM MgCl2 or 500 mM 

NaCl, once again with RIPA buffer and once with PBS. If in-solution tryptic 

digest of the whole beads was desired, the beads were additionally washed 

once with pure water or ABC buffer.  

 

In-solution digest 

For an in-solution digest, the beads were suspended in digestive buffer 

(50 mM Tris-HCl, 2 M urea, 1 mM DTT, 5 µg/mL trypsin, pH 7.5), followed 

by shaking at rt for 1 h. The supernatant was transferred to a new tube and 

the beads were washed with reducing buffer (50 mM Tris-HCl, 2 M urea, 

5 mM chloroacetamide, pH 7.5). The supernatants were combined and 

incubated for 16 h at 37°C. The reaction was stopped by addition of TFA to a 

total concentration of 1%, followed by purification using the C18 STAGE tip 

protocol.[205] Afterwards, samples were evaporated to dryness by 

centrifugation in vacuo and submitted to MS analysis. For statistical 

validation, samples were always prepared in three technical replicates.  

 

In-gel digest 

For an in-gel digest or for analysis of the IP by western blot, the washed 

beads were treated with Laemmli buffer, to elute all proteins from the beads. 

Samples were incubated for 5 min at 95°C, separated from the beads and 
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submitted to SDS-PAGE. The gel was stained by Coomassie or by silver stain 

and the bands (or the whole lanes) were cut together with the corresponding 

sites of the control sample. Gel pieces were washed sequentially with a 3:1 

and a 1:1 mixture of ABC buffer and acetonitrile until the pieces were 

colourless, reduced for 45 min at 37°C with ABC buffer containing 50 mM 

DTT and alkylated for 1 h at rt in the dark with in ABC buffer containing 55 

mM iodoacetamide. Gel pieces were washed with 1:1 ABC buffer/acetonitrile 

and shrunk with acetonitrile, followed by drying for 10 min in air. Then, 

10 µg/mL trypsin in ABC buffer were added until the pieces were submerged. 

The samples were shaken for 15 min at rt and 50 µL ABC buffer were added, 

followed by shaking for 12 h at 30°C. Samples were sonicated for 30 min at 

0°C, centrifuged and the supernatant transferred to a new tube. To maximise 

the yield, the gel pieces were shrunken with acetonitrile. After evaporation of 

the combined supernatants under centrifugation in vacuo, the samples were 

submitted for MS analysis. 

 

Western blot analysis 

In case of analysis by western blot, the washed beads were boiled in 25 µL 

Laemmli buffer for 5 min, beads were separated and the supernatant was 

loaded on SDS-PAGE gel, followed by blotting to a PVDF membrane. 

Membranes were blocked with commercially available blocking buffer and, 

afterwards, treated with biotinylated tyrosine-AMP or threonine-AMP 

antibody. Biotinylated antibodies had to be used to avoid detection of the 

antibodies eluted from the beads. Streptavidin-HRP or a streptavidin-

fluorophore conjugate was used as a reporter for binding to the adenylylated 

proteins.  

 

Immunoprecipitation on peptide level 

For the immunoprecipitation on peptide level, denaturated cell lysates (as 

described above) were precipitated with 10% TCA in cold acetone. Following 

the procedure described by Zhao et al.,[206] the pellets were resuspended in 

100 mM ABC buffer and sonicated three times for 30 seconds. To the 

resulting homogenous protein suspension 1:30 (w/w, based on theoretical 

total protein) trypsin was added and the samples were incubated for 16 h at 

37°C. Afterwards, the samples were reduced with 5 mM DTT, alkylated with 

15 mM iodoacetamide and quenched with 15 mM DTT, followed by 

immunoprecipitation. 

In addition, results based on the FASP (filter assisted sample 

preparation) procedure described by Mann et al.[207] were investigated. 

Denaturated lysates were transferred to a 10 kDa MWCO filter device and 10 

mM DTT was added. After vortexing, samples were incubated at 56°C for 30 

min on the filter. Samples were centrifuged for 20 min at 13500 g, followed 

by addition of 8 M urea buffer containing 30 mM iodoacetamide onto the 
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filter. After incubation for 25 min in the dark at rt, the samples were 

quenched with 30 mM DTT in urea buffer and centrifuged as previously 

described. Samples were washed once with urea buffer and twice with ABC 

buffer, always followed by a centrifugation step. Digestion buffer (10 µg/mL 

trypsin in ABC buffer containing 100 mM urea and 1 mM CaCl2) was added 

and the samples were incubated at 37°C for 16 h. Afterwards, the samples 

were centrifuged and the filtrate collected. The filter were washed once with 

ABC buffer and once with water, combining the filtrates. 

After digestion, immunoprecipitation could be performed as described 

above for in case of whole proteins, with the difference that in the end the 

peptides were eluted thrice from the antibodies by incubation with 0.1% TFA 

(pH2-3) for 10 min. Afterwards, samples were purified using C18 ZipTips and 

analysed by MS.  

In addition, the digested peptide samples were tested for the FACE (filter 

aided antibody capturing and elution) procedure.[165] Peptide samples 

digested according to the FASP protocol were loaded on a 30 kDa MWCO 

filter device in ABC buffer. To this solution, 30 µg tyrosine-AMP and 

threonine-AMP antibody were added. The solution was incubated overnight 

at 4 °C on the filter under rotation. Afterwards, unbound peptides were 

removed by centrifugation at 13500 g. When only a concentrate (ca. 20 µL) 

was left on the filter, the samples were diluted with ABC buffer and 

centrifuged again. This step was repeated four times. In the end, bound 

peptides were eluted from the antibodies by treatment with 0.1% TFA and 

centrifugation as described above. Subsequently, samples were analysed by 

MS. 
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Chapter 1: Synthesis of non-hydrolysable mimics of 
adenylylated motifs 

O-Allyl-N-Fmoc-L-4-(((N-Boc)sulfamido)amino)phenylalanine 

(25). Chlorosulfonyl isocyanate (1.57 ml, 18.0 mmol, 1.2 eq) was dissolved in 

anhydrous DCM (60 ml) under an argon atmosphere and cooled to 0°C. 

Tert-butyl alcohol (1.73 ml, 18.0 mmol, 1.2 eq) was added dropwise as a 

solution in anhydrous DCM (1.5 ml). The solution was allowed to stir for 

1.5 h, after which it was added dropwise at 0°C to a solution of O-Allyl-N-

Fmoc-L-4-aminophenylalanine (26, 6.65 g, 15.0 mmol) and 2,6-lutidine 

(5.22 ml, 45.1 mmol, 3 eq) in anhydrous DCM (60 ml). The reaction mixture 

was allowed to stir for 16 h at rt. 2.5% Aqueous citric acid solution (400 ml) 

was added and extracted with DCM (100 ml). The combined organic layers 

were washed with brine (200 ml) and dried over Na2SO4. After evaporation 

under reduced pressure and purification by column chromatography 

(EtOAc/cyclohexane 1:3 to 1:1) the product was obtained as a sticky white 

solid (7.70 g, 71%). 1H NMR (CDCl3, 400 MHz) δ 7.77 (d, J = 7.5 Hz, 2H), 

7.55 (m, 2H), 7.41 (t, J = 7.5 Hz, 2H), 7.31 (t, J = 7.5 Hz, 2H), 7.15 (d, J = 8.2 

Hz, 2H), 7.07 (d, J = 8.2 Hz, 2H), 5.86 (m, 1H), 5.27 (m, 3H), 4.66 (m, 1H), 

4.61 (d, J = 5.7 Hz, 2H), 4.42 (m, 2H), 4.20 (t, J = 6.8 Hz, 1H), 3.09 (m, 2H), 

1.44 (s, 9H). 13C NMR (CDCl3, 101 MHz) δ 171.2, 155.7, 150.1, 144.0, 141.6, 

135.1, 134.5, 131.5, 130.7, 128.0, 127.3, 125.2, 123.2, 120.3, 119.6, 84.4, 67.2, 

66.4, 54.9, 47.4, 37.9, 28.1. HRMS [M+H]+ = 622.2215, calcd: [M+H]+ = 

622.2218. 

 

O-Allyl-N-Fmoc-L-4-((N-Boc, N-(N6-bis-Boc-2’-3’-O-

isopropylideneadenosine)sulfamido)amino)phenylalanine (31). 

25 (6.59 g, 10.6 mmol), triphenylphosphine (2.32 g, 8.8 mmol, 0.8 eq) and 

N6-bis-Boc-2’-3’-O-isopropylideneadenosine (3, 4.48 g, 8.8 mmol, 0.8 eq) 

were dissolved in anhydrous THF (80 ml) under an argon atmosphere at 

0°C. Diisopropylazodicarboxylate (DIAD, 1.74 ml, 8.8 mmol, 0.8 eq) was 

added dropwise and the mixture was allowed to stir for 8 h at rt. The 

reaction mixture was concentrated in vacuo to half the amount of solution. 

The mixture was diluted with DCM (100 ml), washed with saturated 

NaHCO3 solution (100 ml), water (100 ml) and dried over MgSO4. 

Evaporation under reduced pressure and subsequent purification by column 

chromatography twice (first EtOAc/cyclohexane 1:3 to 1:2, then toluene/ 

EtOAc 8:1 to 4:1) resulted in the product as an amorphous white solid 

(6.80 g, 69%). 1H NMR (CDCl3, 400 MHz) δ 8.82 (s, 1H), 8.13 (s, 1H), 7.76 (t, 

J = 7.6 Hz, 2H), 7.55 (m, 2H), 7.39 (t, J = 7.5 Hz, 2H), 7.29 (t, J = 8.4 Hz, 

2H), 7.05 (m, 4H), 5.96 (s, 1H), 5.87 (m, 1H), 5.30 (m, 4H), 4.91 (m, 1H), 

4.65 (dd, J = 6.4 Hz, 19.3 Hz, 2H), 4.40 (d, J = 6.4 Hz, 2H), 4.20 (t, J = 6.7 
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Hz, 1H), 4.07 (s, 1H), 3.76 (m, 2H), 3.09 (m, 1H), 1.54 (s, 3H), 1.45 (s, 18H), 

1.38 (s, 9H), 1.31 (s, 3H). 13C NMR (CDCl3, 101 MHz) δ 171.2, 165.8, 164.4, 

155.9, 155.8, 152.6, 152.3, 151.7, 150.8, 150.6, 144.1, 143.9, 141.5, 139.1, 134.8, 

133.8, 131.4, 130.6, 127.9, 127.2, 125.2, 123.6, 120.2, 119.6, 116.1, 115.0, 114.4, 

90.6, 90.2, 85.4, 85.1, 84.3, 84.1, 82.0, 77.5, 77.2, 76.9, 73.5, 67.1, 66.4, 66.0, 

61.8, 55.0, 49.5, 47.3, 37.8, 35.5, 28.0, 27.3, 25.6, 24.5, 20.6. HRMS [M+H]+ 

= 1111.4453, calcd: [M+H]+ = 1111.4441. 

 

N-Fmoc-L-4-((N-Boc, N-(N6-bis-Boc-2’-3’-O-

isopropylideneadenosine)sulfamido)amino)phenylalanine (23). 

31 (1.50 g, 1.4 mmol) and phenylsilane (0.29 g, 2.8 mmol, 2 eq) were 

dissolved in anhydrous THF (10 ml) under an argon atmosphere. Pd(PPh3)4 

(80.0 mg, 0.07 mmol, 5 mol-%) was added as a solution in anhydrous THF 

(2 ml). The solution was stirred for 45 min. The mixture was evaporated to 

dryness and purified by column chromatography (EtOAc with 1% 

EtOAc/MeOH/acetic acid/water 3:3:3:2). The product-containing fractions 

were evaporated to dryness and, to remove acetic acid, the solid was 

dissolved in ethyl acetate (20 ml) and washed with water, brine and dried 

over Na2SO4. To remove most of the palladium reagent from not pure 

product-containing fractions, they were evaporated to dryness and 

subsequently dissolved in TBME (50 ml). The product solidified by adding 

pentane (10 ml). The solid was washed with pentane (50 ml), yielding the 

product as a light brown coloured amorphous solid (1.1 g, 76%). 1H NMR 

(CDCl3, 400 MHz) δ 8.93 (s, 1H), 8.62 (s, 1H), 7.79 (d, J = 7.4 Hz, 2H), 7.63 

(t, J = 7.0 Hz, 2H), 7.41 (d, J = 7.3 Hz, 2H), 7.33 (t, J = 7.3 Hz, 2H), 7.10 (s, 

1H), 6.91 (dd, J = 8.1 Hz, 26.2 Hz, 4H), 6.06 (s, 1H), 5.61 (d, J = 5.3 Hz, 1H), 

5.36 (d, J = 6.4 Hz, 1H), 4.97 (d, J = 5.7 Hz, 1H), 4.72 (m, 1H), 4.51 (m, 1H), 

4.23 (m, 1H), 3.29 (dd, J = 3.8 Hz, 14.3 Hz, 1H), 3.10 (m, 2H), 1.59 (s, 3H), 

1.51 (m, 18H), 1.41 (m, 12H). 13C NMR (CDCl3, 101 MHz) δ 172.7, 155.4, 

153.0, 151.3, 150.6, 144.3, 141.6, 135.0, 134.2, 131.0, 128.0, 127.2, 125.2, 

124.9, 122.6, 120.2, 120.2, 114.4, 85.9, 85.7, 84.8, 84.7, 82.1, 66.4, 54.4, 50.7, 

47.7, 37.3, 28.1, 26.9, 25.2. HRMS [M+H]+ = 1071.4131, calcd: [M+H]+ = 

1071.4128. 

 

O-Allyl-Nα-Fmoc-L-2,3-((N-Boc)sulfamido)diaminopropionic acid 

(28). Chlorosulfonyl isocyanate (0.10 mL, 1.16 mmol, 1.2 eq) was dissolved 

in anhydrous DCM (5 mL) under argon atmosphere. The solution was cooled 

to 0°C and tert-butyl alcohol (86 mg, 1.16 mmol, 1.2 eq), diluted in 

anhydrous DCM (1 mL) was added slowly. The mixture was stirred for 1.5 h 

at rt. The prepared mixture was slowly added to a solution of Nα-Fmoc-L-

2,3-diaminopropionic allylester (29, 0.36 g, 0.97 mmol) and 2,6-lutidine 

(0.68 mL, 5.81 mmol, 6 eq) in anhydrous DCM (5 mL) at 0°C. The mixture 

was stirred for 16 h at rt. The reaction mixture was poured into cold citric 
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acid (100 mL, 2.5% aqueous solution) and extracted with DCM (100 mL). 

The combined organic layers were washed with brine and dried over Na2SO4. 

Purification by column chromatography (10% EtOAc to 50% EtOAc in 

toluene) yielded the product (0.17 g, 31%). 

 

or 

 

Nα-Fmoc-L-2,3-diaminopropionic allylester (0.67 g, 1.84 mmol) was 

dissolved in anhydrous DCM (5 mL) and sulfamoylating reagent 32 (0.61 g, 

2.02 mmol, 1.1 eq) was added. The reaction mixture was stirred for 16 h, 

followed by column chromatography (10% EtOAc to 30% EtOAc in toluene), 

yielding a white solid (0.84 g, 84%). 1H NMR (400 MHz, CDCl3) δ 7.77 (d, J 

= 7.5 Hz, 2H), 7.60 (d, J = 7.4 Hz, 2H), 7.44 – 7.37 (m, 2H), 7.35 – 7.29 (m, 

2H), 5.98 – 5.86 (m, 1H), 5.75 (d, J = 7.1 Hz, 1H), 5.56 – 5.49 (m, 1H), 5.40 – 

5.26 (m, 2H), 4.73 – 4.66 (m, 2H), 4.52 (s, 1H), 4.41 (d, J = 7.0 Hz, 2H), 4.23 

(t, J = 6.9 Hz, 1H), 3.57 (s, 2H), 1.48 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 

169.6, 156.2, 150.0, 143.8, 141.4, 131.2, 127.9, 127.3, 125.2, 120.1, 119.8, 84.4, 

67.6, 67.0, 53.8, 47.2, 45.3, 28.1. HRMS [M+H]+ = 546.1902, calcd: [M+H]+ 

= 546.1904. 

 

O-Allyl-Nα-Fmoc-L-2,3-((N-Boc, N-(N6-bis-Boc-2’-3’-O-

isopropylideneadenosine))sulfamido)diaminopropionic acid 

(33). 28 (0.64 g, 1.18 mmol) was dissolved together with 

triphenylphosphine (0.34 g, 1.30 mmol, 1.1 eq) and N6-bis-Boc-2’-3’-O-

isopropylideneadenosine (3, 0.66 g, 1.30 mmol, 1.1 eq) in anhydrous THF 

(20 mL) and cooled to 0°C under argon atmosphere. Dropwise, 

dimethylazodicarboxylate (DMAD, 0.19 mL, 1.30 mmol, 1.1 eq) was added 

and after addition stirring was continued for 16 h. Subsequently, the reaction 

mixture was concentrated in vacuo and diluted with DCM, followed by 

washing with saturated NaHCO3 and water. The organic layer was dried over 

MgSO4 and evaporated to dryness. The crude material was purified by 

column chromatography (5% EtOAc to 30% EtOAc in toluene), yielding 1.07 

g of the product (1.07 g, 87%). 1H NMR (400 MHz, CDCl3) δ 8.85 (s, 1H), 

8.18 (s, 1H), 7.74 (d, J = 7.5 Hz, 2H), 7.61 – 7.55 (m, 2H), 7.40 – 7.34 (m , 

2H), 7.32 – 7.26 (m, 2H), 6.14 (d, J = 1.8 Hz, 1H), 5.95 – 5.80 (m, 2H), 5.78 

– 5.70 (m, 1H), 5.44 – 5.39 (m, 1H), 5.36 – 5.21 (m, 2H), 5.17 – 5.13 (m, 1H), 

4.69 – 4.62 (m, 2H), 4.49 – 4.30 (m, 4H), 4.21 (t, J = 7.0 Hz, 1H), 4.05 – 

3.87 (m, 2H), 3.49 – 3.34 (m, 2H), 1.58 (s, 3H), 1.44 (s, 18H), 1.42 (s, 9H), 

1.36 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 169.4, 155.9, 152.4, 152.1, 151.3, 

150.6, 150.4, 144.2, 143.6, 141.2, 131.1, 129.4, 127.7, 127.1, 125.1, 120.0, 119.4, 

114.8, 90.3, 85.7, 85.0, 84.3, 83.8, 82.2, 67.5, 66.7, 53.5, 48.7, 47.0, 44.9, 

27.8, 27.8, 27.1, 25.3. HRMS: [M+H]+ = 1035.4139, calcd: [M+H]+ = 

1035.4128. 
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Nα-Fmoc-L-2,3-((N-Boc, N-(N6-bis-Boc-2’-3’-O-

isopropylideneadenosine))sulfamido)diaminopropionic acid (27). 

33 (0.95 g, 0.92 mmol) was dissolved in THF (5 mL) and 2,6-lutidine (0.21 

mL, 1.84 mmol, 2 eq) and phenylsilane (0.23 mL, 1.84 mmol, 2 eq) were 

added. Pd(PPh3)4 (25 mg, 21.63 µmol) was dissolved in THF (1 mL) and 

added slowly to the stirring solution. The reaction mixture was stirred for 1 h 

and subsequently evaporated to dryness, co-evaporated twice with toluene 

and purified by SepPak C18 reversed phase chromatography (10 g column 

material, 10% MeCN to 60% MeCN in water. Lyophilisation yielded a white 

powder (0.72 g, 79%). 1H NMR (400 MHz, CDCl3) δ 9.81 (bs, 1H), 8.90 (s, 

1H), 8.41 (s, 1H), 7.72 (d, J = 7.5 Hz, 2H), 7.63 – 7.54 (m, 2H), 7.39 – 7.31 

(m, 2H), 7.30 – 7.26 (m, 2H), 6.23 – 6.17 (m, 1H), 6.09 – 5.93 (m, 2H), 5.47 

– 5.39 (m, 1H), 5.16 – 5.08 (m, 1H), 4.56 – 4.47 (m, 1H), 4.44 – 4.28 (m, 

3H), 4.20 (t, J = 7.0 Hz, 1H), 4.05 – 3.91 (m, 2H), 3.55 – 3.34 (m, 2H), 1.57 

(s, 3H), 1.45 – 1.40 (m, 27H), 1.35 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 

171.4, 156.2, 152.3, 152.2, 151.3, 150.2, 150.1, 145.0, 143.7, 141.2, 128.7, 127.7, 

127.1, 125.2, 119.9, 114.8, 90.5, 85.7, 84.9, 84.3, 84.2, 82.2, 67.5, 53.5, 48.9, 

46.9, 45.0, 27.9, 27.8, 27.0, 25.3. HRMS: [M+H]+ = 995.3822, calcd: 

[M+H]+ = 995.3815. 

 

Peptide synthesis 

C-terminally amide-functionalised peptides were assembled on Tentagel 

carrying RAM-anchored Fmoc-Cys(Trt) amide. Other peptides were 

synthesised on Tentagel PHB resin. Fmoc amino acids were coupled in 10-

fold molar excess with 10 eq HBTU and 20 eq DIPEA on a automated 

peptide synthsiser. Building blocks 23 or 27 were coupled manually with 2.5 

eq 23 or 27, 2.5 eq HATU, 2.5 eq HOAt and 6 eq DIPEA. For Fmoc removal 

20% piperidine in DMF was employed. For cleavage from the resin and 

global deprotection of the peptide TFA containing 5% water and 5% 

triisopropylsilane (TIPS) was used. 

 

Ac-TITSS-Y*(nhAd)-YRGAHGC-NH2 (34). Yield: 77 mg, 38%. HRMS 

[M+H]+ = 1783.7371, calcd: [M+H]+ = 1783.7388. 

 

TITSS-Y*(nhAd)-YR (35). Yield: 80 mg, 70%. HRMS [M+H]+ = 

1317.5634, calcd: [M+H]+ = 1317.5641. 

 

Ac-SEYVP-S*(nhAd)-VFDNYGC-NH2 (36). Yield: 16 mg, 29%. HRMS 

[M+H]+ = 1847.7113, calcd: [M+H]+ = 1847.7112. 
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Chapter 1: Organic synthesis of ATP and NAD+ derivatives 

2,3,5-Tri-O-acetyl-β-D-ribofuranosyl azide (38), modified procedure 

from reference 177. 1,2,3,5-Tetra-O-acetyl-β-D-ribofuranose (37, 1.00 g, 3.14 

mmol) was dissolved in anhydrous DCM (5 mL) and azidotrimethylsilane 

(0.42 mL, 3.45 mmol) was added, followed by addition of 3.14 mL of 50 mM 

tin(IV) chloride in DCM. The reaction mixture was stirred for 16 h at rt and 

subsequently diluted with DCM (15 mL) and washed with saturated NaHCO3 

solution (30 mL). The water layer was reextracted three times with DCM and 

the combined organic layers were washed with brine and dried over MgSO4. 

Evaporation to dryness yielded the pure product as a colourless oil (0.91 g, 

97%). TLC: Rf 0.62 (EtOAc/hexane 1:1). 1H NMR (400 MHz, CDCl3) δ 5.35 

(d, J = 2.0 Hz, 1H), 5.32 (dd, J = 6.8, 4.8 Hz, 1H), 5.13 (dd, J = 4.8, 2.0 Hz, 

1H), 4.41 (dd, J = 12.2, 3.2 Hz, 1H), 4.34 (m, 1H), 4.14 (dd, J = 12.1, 4.3 Hz, 

1H), 2.12 (s, 3H), 2.11 (s, 3H), 2.06 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 

170.7, 169.7, 169.5, 92.8, 79.5, 74.6, 70.6, 63.1, 20.8, 20.6, 20.6.  

 

N-Propargylchloroacetamide (39), modified procedure from 

reference 178. 2-Chloroacetylchloride (1.54 g, 1.06 mL, 13.6 mmol) was 

dissolved in anhydrous DCM (30 mL) and NaHCO3 (1.15 g, 13.6 mmol) was 

added. To the stirring mixture, propargylamine (0.50 g, 345 µL, 9.1 mmol) 

was added slowly and stirring was continued for 2 h. The mixture was 

diluted with DCM and filtered. The filtrate was washed with 5% NaHCO3 and 

brine, dried over MgSO4 and evaporated to dryness, yielding a pale brown 

crystalline solid (0.65 g, 54%). TLC: Rf 0.37 (1% MeOH in CHCl3). 1H NMR 

(400 MHz, CDCl3) δ 6.76 (s, 1H), 4.11 (m, 2H), 4.07 (s, 2H), 2.28 (t, J = 2.6 

Hz, 1H). 13C NMR (100 MHz, CDCl3) δ 165.8, 78.6, 72.4, 42.5, 29.7.  

 

N-3-Butynylchloroacetamide (40). 1-Amino-3-butyne (500 mg, 7.23 

mmol) was dissolved in anhydrous DCM (50 mL). 2-Chloroacetylchloride 

(980 mg, 676 µL, 8.68 mmol) was added slowly, followed by addition of 

DIPEA (1122 mg, 1.51 mL, 8.68 mmol). The solution was stirred for 2 h, 

washed with water and brine, dried over MgSO4 and evaporated to dryness. 

Silica column chromatography with chloroform yielded the isolated product 

as yellowish oil (900 mg, 86%). TLC: Rf 0.38 (1% MeOH in CHCl3) 1H NMR 

(400 MHz, CDCl3) δ 6.96 (bs, 1H), 4.06 (s, 2H), 3.46 (q, J = 6.3 Hz, 2H), 

2.44 (td, J = 6.3, 2.4 Hz, 2H), 2.04 (t, J = 2.6 Hz, 1H). 13C NMR (100 MHz, 

CDCl3) δ 166.4, 80.9, 70.6, 42.7, 38.4, 19.3.  

 

N-5-Pentynylchloroacetamide (41). 1-Amino-4-pentyne (500 mg, 6.01 

mmol) was dissolved in anhydrous DCM (50 mL). 2-Chloroacetylchloride 

(816 mg, 563 µL, 7.22 mmol) was added slowly, followed by addition of 



 

102 

DIPEA (935 mg, 1.26 mL, 7.22 mmol). The solution was stirred for 2 h, 

washed with water and brine, dried over MgSO4 and evaporated to dryness. 

Silica column chromatography with chloroform yielded the isolated product 

as brownish oil (850 mg, 89%). TLC: Rf 0.34 (CHCl3). 1H NMR (400 MHz, 

CDCl3) δ 6.81 (bs, 1H), 4.04 (s, 2H), 3.44 (q, J = 6.6 Hz, 2H), 2.27 (td, J = 

6.9, 2.7 Hz, 2H), 2.01 (t, J = 2.7 Hz, 1H), 1.78 (p, J = 6.8 Hz, 2H). 13C NMR 

(100 MHz, CDCl3) δ 166.1, 83.2, 69.6, 42.8, 39.2, 27.9, 16.3.  

 

1-Bromo-4-pentyne (52), modified procedure from ref 208. 1-Chloro-4-

pentyne (0.97 g, 1 mL, 9.44 mmol) was dissolved in acetone (3 mL) and 

lithium bromide (1.64 g, 18.88 mmol) was added. The reaction mixture was 

refluxed for two days and then water (5 mL) was added. The oil layer was 

filtered through a small layer of silica with heptane/Et2O 4:1, yielding a 

yellowish liquid after evaporation (720 mg, 52%). TLC: Rf 0.38 (1% EtOAc in 

hexane). 1H NMR (400 MHz, CDCl3) δ 3.54 (t, J = 6.4 Hz, 2H), 2.40 (td, J = 

6.8, 2.7 Hz, 2H), 2.06 (p, J = 6.6 Hz, 2H), 1.99 (t, J = 2.7 Hz, 1H). 13C NMR 

(100 MHz, CDCl3) δ 82.5, 69.5, 32.2, 31.4, 17.3.  

 

 

General procedure for triazole formations 

2,3,5-Tri-O-acetyl-β-D-ribofuranosyl azide 38 was dissolved together with 

the corresponding alkyne (1.1 eq, 39, 40, 41, 52 or 1-bromo-3-butyne) in 

30 mL acetone per gram azide. Copper sulfate pentahydrate (0.2 eq) and 

sodium ascorbate (0.4 eq) were each dissolved in water and added 

successively to the reaction mixture (final solvent composition: 2:1 

acetone/water). After stirring for 16 h at rt, the acetone was evaporated in 

vacuo and the mixture was diluted with water and extracted twice with 

EtOAc. The combined organic layers were washed with saturated NaHCO3 

and brine, dried over MgSO4 and concentrated in vacuo. The products were 

isolated by silica column chromatography (gradient 25% to 100% EtOAc in 

hexane). 

 

2,3,5-Tri-O-acetyl-(4-(chloroacetamidomethyl)-1,2,3-triazole)-β-

D-ribofuranoside (42). Yield: 686 mg, 95%, colourless oil. TLC: Rf 0.52 

(EtOAc). 1H NMR (600 MHz, MeOD) δ 8.04 (s, 1H), 6.27 (d, J = 3.6 Hz, 1H), 

5.88 (m, 1H), 5.65 (t, J = 5.5 Hz, 1H), 4.51 (m, 3H), 4.38 (dd, J = 12.4, 3.2 

Hz, 1H), 4.20 (dd, J = 12.4, 4.1 Hz, 1H), 4.08 (s, 2H), 2.11 (s, 3H), 2.10 (s, 

3H), 2.03 (s, 3H). 13C NMR (151 MHz, MeOD) δ 170.7, 169.9, 169.6, 168.0, 

144.9, 122.7, 89.9, 80.8, 74.1, 70.8, 62.5, 41.6, 34.5, 19.2, 19.0, 18.9. HRMS 

[M+Na]+ = 455.0948, calcd: [M+Na]+ = 455.0940. 
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2,3,5-Tri-O-acetyl-(4-(2-chloroacetamidoethyl)-1,2,3-triazole)-β-

D-ribofuranoside (43). Yield: 1.46 g, 87%, yellowish oil. TLC: Rf 0.44 

(EtOAc). 1H NMR (400 MHz, CDCl3) δ 7.56 (s, 1H), 7.20 (bs, 1H), 6.12 (d, J = 

3.8 Hz, 1H), 5.81 (m, 1H), 5.59 (t, J = 5.3 Hz, 1H), 4.47 (m, 1H), 4.39 (dd, J = 

12.3, 3.1 Hz, 1H), 4.23 (dd, J = 12.4, 4.6 Hz, 1H), 4.03 (s, 2H), 3.68 (m, 2H), 

2.97 (t, J = 6.4 Hz, 2H), 2.13 (s, 3H), 2.12 (s, 3H), 2.08 (s, 3H). 13C NMR 

(100 MHz, CDCl3) δ 170.5, 169.6, 169.4, 166.3, 145.6, 120.9, 90.1, 81.1, 74.4, 

70.9, 63.1, 42.8, 38.9, 25.4, 20.9, 20.6, 20.6. HRMS [M+Na]+ = 469.1101, 

calcd: [M+Na]+ = 469.1097. 

 

2,3,5-Tri-O-acetyl-(4-(3-chloroacetamidopropyl)-1,2,3-triazole)-β-

D-ribofuranoside (44). Yield: 993 mg, 94%, colourless oil. TLC: Rf 0.35 

(EtOAc). 1H NMR (400 MHz, CDCl3) δ 7.55 (s, 1H), 6.85 (bs, 1H), 6.11 (d, J = 

3.9 Hz, 1H), 5.80 (m, 1H), 5.60 (t, J = 5.3 Hz, 1H), 4.46 (m, 1H), 4.39 (dd, J 

= 12.3, 3.2 Hz, 1H), 4.22 (dd, J = 12.3, 4.6 Hz, 1H), 4.03 (s, 2H), 3.38 (q, J = 

6.7 Hz, 2H), 2.78 (t, J = 7.3 Hz, 2H), 2.12 (s, 3H), 2.11 (s, 3H), 2.08 (s, 3H), 

1.96 (p, J = 7.0 Hz, 2H). 13C NMR (100 MHz, CDCl3) δ 170.5, 169.6, 169.4, 

166.2, 147.4, 120.5, 90.0, 81.0, 74.4, 70.9, 63.1, 42.8, 39.2, 28.7, 22.9, 20.9, 

20.6, 20.6. HRMS [M+Na]+ = 483.1265, calcd: [M+Na]+ = 483.1253. 

 

2,3,5-Tri-O-acetyl-(4-(2-bromoethyl)-1,2,3-triazole)-β-D-

ribofuranoside (53). Yield: 370 mg, 86%, colourless oil. TLC: Rf 0.35 

(50% EtOAc in hexane). 1H NMR (400 MHz, CDCl3) δ 7.65 (s, 1H), 6.13 (d, J 

= 3.8 Hz, 1H), 5.81 (m, 1H), 5.60 (t, J = 5.3 Hz, 1H), 4.47 (m, 1H), 4.39 (dd, J 

= 12.3, 3.1 Hz, 1H), 4.22 (dd, J = 12.3, 4.4 Hz, 1H), 3.65 (t, J = 6.8 Hz, 2H), 

3.31 (t, J = 6.8 Hz, 2H), 2.11 (s, 3H), 2.11 (s, 3H), 2.07 (s, 3H). 13C NMR (100 

MHz, CDCl3) δ 170.4, 169.4, 169.3, 145.3, 121.0, 90.0, 80.9, 74.3, 70.7, 62.9, 

31.1, 29.3, 20.7, 20.5, 20.4. HRMS [M+Na]+ = 456.0389, calcd: [M+Na]+ = 

456.0377. 

 

2,3,5-Tri-O-acetyl-(4-(3-bromopropyl)-1,2,3-triazole)-β-D-

ribofuranoside (54). Yield: 400 mg, 90%, colourless oil. TLC: Rf 0.31 

(50% EtOAc in hexane). 1H NMR (400 MHz, CDCl3) δ 7.53 (s, 1H), 6.12 (d, J 

= 3.9 Hz, 1H), 5.80 (m, 1H), 5.60 (t, J = 5.3 Hz, 1H), 4.46 (m, 1H), 4.40 (dd, 

J = 12.3, 3.1 Hz, 1H), 4.22 (dd, J = 12.3, 4.4 Hz, 1H), 3.45 (t, J = 6.4 Hz, 2H), 

2.91 (t, J = 7.3 Hz, 2H), 2.25 (p, J = 6.9 Hz, 2H), 2.12 (s, 3H), 2.11 (s, 3H), 

2.08 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 170.4, 169.4, 169.3, 146.7, 120.4, 

89.9, 80.8, 74.3, 70.8, 62.9, 32.9, 31.7, 23.8, 20.7, 20.5, 20.4. HRMS 

[M+Na]+ = 470.0543, calcd: [M+Na]+ = 470.0533. 
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General procedure for deacetylations 

Tri-O-acetyl-β-D-ribofuranosyl triazole compounds (42, 43, 44, 53 or 

54) were deacetylated by dissolving in methanol (50 mL). Subsequently, the 

pH of the solution was adjusted to approximately 9.5 with sodium 

methoxide. The reaction was stirred at rt and monitored by LCMS. 

Completion of the reaction occurred usually after 2-3 hours. Afterwards, the 

reaction mixture was neutralized with 0.1% formic acid in water and 

evaporated to dryness, re-dissolved in 0.1% formic acid and purified by 

reversed phase column chromatography (C18 Sep-Pak) using a gradient from 

1% to 20% acetonitrile in 0.1% formic acid in water.  

 

(4-(Chloroacetamidomethyl)-1,2,3-triazole)-β-D-ribofuranoside 

(45). Yield: 153 mg, 99%, colourless oil. TLC: Rf 0.28 (20% 

EtOAc/MeOH/acetic acid/water 3:3:3:2 in EtOAc). 1H NMR (600 MHz, 

MeOD) δ 8.15 (s, 1H), 6.02 (d, J = 4.0 Hz, 1H), 4.50 (s, 2H), 4.47 (m, 1H), 

4.30 (t, J = 5.0 Hz, 1H), 4.12 (m, 1H), 4.08 (s, 2H), 3.80 (dd, J = 12.2, 3.2 Hz, 

1H), 3.69 (dd, J = 12.2, 4.2 Hz, 1H). 13C NMR (151 MHz, MeOD) δ 167.9, 

144.5, 121.6, 93.0, 85.8, 75.7, 70.5, 61.4, 41.6, 34.6.  

 

(4-(2-Chloroacetamidoethyl)-1,2,3-triazole)-β-D-ribofuranoside 

(46). Yield: 330 mg, 92%, colourless oil. TLC: Rf 0.24 (20% 

EtOAc/MeOH/acetic acid/water 3:3:3:2 in EtOAc). 1H NMR (400 MHz, 

MeOD) δ 8.06 (s, 1H), 6.01 (d, J = 3.9 Hz, 1H), 4.47 (m, 1H), 4.31 (t, J = 5.0 

Hz, 1H), 4.12 (m, 1H), 4.03 (s, 2H), 3.81 (dd, J = 12.2, 3.2 Hz, 1H), 3.69 (dd, 

J = 12.2, 4.3 Hz, 1H), 3.52 (t, J = 7.0 Hz, 2H), 2.94 (t, J = 7.0 Hz, 2H). 13C 

NMR (100 MHz, MeOD) δ 169.4, 146.2, 122.5, 94.4, 87.1, 77.1, 71.9, 62.8, 

43.1, 40.3, 26.2 

 

(4-(3-Chloroacetamidopropyl)-1,2,3-triazole)-β-D-ribofuranoside 

(47). Yield: 233 mg, 94%, white crystalline solid. TLC: Rf 0.19 (20% 

EtOAc/MeOH/acetic acid/water 3:3:3:2 in EtOAc). 1H NMR (400 MHz, 

MeOD) δ 8.03 (s, 1H), 6.00 (d, J = 4.0 Hz, 1H), 4.48 (m, 1H), 4.31 (t, J = 5.0 

Hz, 1H), 4.12 (m, 1H), 4.04 (s, 2H), 3.81 (dd, J = 12.2, 3.2 Hz, 1H), 3.69 (dd, 

J = 12.2, 4.3 Hz, 1H), 3.28 (t, J = 5.8 Hz, 2H), 2.75 (t, J = 7.5 Hz, 2H), 1.90 

(p, J = 7.2 Hz, 2H). 13C NMR (100 MHz, MeOD) δ 169.4, 148.4, 122.1, 94.3, 

87.1, 77.0, 71.9, 62.9, 43.2, 40.0, 29.9, 23.6.  

 

(4-(2-Bromoethyl)-1,2,3-triazole)-β-D-ribofuranoside (55). Yield: 

114 mg, 97%, colourless oil. TLC: Rf 0.50 (20% EtOAc/MeOH/acetic 

acid/water 3:3:3:2 in EtOAc). 1H NMR (400 MHz, MeOD) δ 8.14 (s, 1H), 

6.02 (d, J = 3.9 Hz, 1H), 4.48 (m, 1H), 4.31 (t, J = 5.1 Hz, 1H), 4.13 (m, 1H), 

3.82 (dd, J = 12.2, 3.2 Hz, 1H), 3.69 (m, 3H), 3.27 (t, J = 6.8 Hz, 2H). 
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13C NMR (100 MHz, MeOD) δ 146.3, 122.8, 94.4, 87.1, 77.1, 71.9, 62.9, 31.7, 

30.2. 

 

(4-(3-Bromopropyl)-1,2,3-triazole)-β-D-ribofuranoside (56). Yield: 

142 mg, 99%, colourless oil. TLC: Rf 0.51 (20% EtOAc/MeOH/acetic 

acid/water 3:3:3:2 in EtOAc). 1H NMR (400 MHz, MeOD) δ 8.07 (s, 1H), 

6.01 (d, J = 4.1 Hz, 1H), 4.49 (m, 1H), 4.31 (t, J = 5.0 Hz, 1H), 4.12 (m, 1H), 

3.81 (dd, J = 12.2, 3.2 Hz, 1H), 3.69 (dd, J = 12.2, 4.3 Hz, 1H), 3.48 (t, J = 6.5 

Hz, 2H), 2.88 (m, 2H), 2.22 (m, 2H). 13C NMR (100 MHz, MeOD) δ 147.7, 

122.3, 94.3, 87.1, 77.0, 71.9, 62.8, 33.4, 33.3, 24.8.  

 

 

General procedure for tri-phosphorylations 

Triazole (45, 46, 47, 55 or 56) was dissolved in 1 mL trimethylphosphate 

per 0.1 g triazole and 2,6-lutidine (3.0 eq) was added. The solution was 

cooled to 0°C and phosphoroxychloride (1.3 eq) was added. After stirring for 

30 min, tributylammonium pyrophosphate (3 eq) and triethylamine (8 eq) 

were added together as a solution in anhydrous DMF (2 mL per 0.1 g 

triazole). Stirring was continued for 1 min at 0˚C and the reaction was 

quenched with 1 M triethylammonium hydrogencarbonate, pH 7.6 (4 mL per 

0.1 g triazole). The reaction mixture was washed once with diethyl ether and 

concentrated in vacuo at 25°C, followed by co-evaporation with methanol. 

The remaining substance was purified at 4°C by ion-exchange 

chromatography, using two successive DEAE-sepharose columns with a 

gradient from 0 to 400 mM triethylammonium hydrogencarbonate, pH 7.6. 

Product-containing fractions were detected by TLC and evaporated at a bath 

temperature of 25°C, followed by co-evaporation with anhydrous methanol, 

yielding the products in form of the triethylammonium salts as clear oily 

substances. Compound MA373 and MA374 were further purified over a 

short isocratic SepPak C18 column with 25 mM triethylammonium 

hydrogencarbonate, 1% MeCN, pH 7.6, to remove remaining inorganic 

triphosphate. 31P NMR showed no decomposition of the triphosphates after 

storage at -20°C for several months. 

 

Tri(triethylammoinium) (4-(chloroacetamidomethyl)-1,2,3-

triazole)-β-D-ribofuranosyl 5’-triphosphate (48). Yield: 20 mg, 7%. 

TLC: Rf 0.11 (n-propanol/ammonia/water 11:7:2). 1H NMR (400 MHz, 

MeOD) δ 8.47 (s, 1H), 6.05 (d, J = 4.5 Hz, 1H), 4.57 (m, 3H), 4.50 (m, 1H), 

4.24 (m, 2H), 4.19 (s, 2H), 3.18 (q, J = 7.2 Hz, 18H), 1.30 (t, J = 7.0 Hz, 

27H). 13C NMR (100 MHz, MeOD) δ 169.3, 146.2, 122.9, 94.7, 86.0, 77.3, 

71.8, 66.2, 47.3, 43.5, 36.1, 9.1. 31P NMR (162 MHz, MeOD) δ -10.19 (d, J = 

21.3 Hz), -11.14 (d, J = 21.3 Hz), -23.39 (t, J = 21.4 Hz).  
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Tri(triethylammoinium) (4-(2-chloroacetamidoethyl)-1,2,3-

triazole)-β-D-ribofuranosyl 5’-triphosphate (49). Yield: 41 mg, 14%. 

TLC: Rf 0.14 (n-propanol/ammonia/water 11:7:2). 1H NMR (600 MHz, 

MeOD) δ 8.37 (s, 1H), 6.04 (d, J = 4.6 Hz, 1H), 4.57 (t, J = 4.8 Hz, 1H), 4.52 

(m, 1H), 4.28 (m, 1H), 4.23 (m, 2H), 4.09 (s, 2H), 3.56 (t, J = 6.7 Hz, 2H), 

3.19 (q, J = 7.3 Hz, 18H), 2.97 (t, J = 6.7 Hz, 2H), 1.31 (t, J = 7.3 Hz, 27H). 
13C NMR (151 MHz, MeOD) δ 169.5, 146.8, 122.2, 94.6, 86.0, 77.3, 71.9, 66.3, 

47.3, 43.4, 40.3, 26.2, 9.1. 31P NMR (162 MHz, MeOD) δ -10.29 (d, J = 21.2 

Hz), -11.25 (d, J = 21.6 Hz), -23.47 (t, J = 21.4 Hz).  

 

Tri(triethylammoinium) (4-(3-chloroacetamidopropyl)-1,2,3-

triazole)-β-D-ribofuranosyl 5’-triphosphate (50). Yield: 49 mg, 16%. 

TLC: Rf 0.14 (n-propanol/ammonia/water 11:7:2). 1H NMR (600 MHz, 

MeOD) δ 8.29 (s, 1H), 6.04 (d, J = 4.8 Hz, 1H), 4.55 (t, J = 4.9 Hz, 1H), 4.50 

(m, 1H), 4.27 (m, 1H), 4.23 (m, 2H), 4.08 (s, 2H), 3.27 (t, J = 6.9 Hz, 2H), 

3.19 (q, J = 7.3 Hz, 18H), 2.77 (t, J = 7.5 Hz, 2H), 1.93 (p, J = 7.0 Hz, 2H), 

1.30 (t, J = 7.3 Hz, 27H). 13C NMR (151 MHz, MeOD) δ 169.3, 148.8, 121.8, 

94.5, 86.0, 77.2, 72.0, 66.4, 47.3, 43.4, 40.1, 29.6, 23.6, 9.1. 31P NMR (162 

MHz, MeOD) δ -10.33 (d, J = 21.4 Hz), -11.28 (d, J = 21.4 Hz), -23.60 (t, J = 

21.4 Hz).  

 

Tri(triethylammoinium) (4-(2-bromoethyl)-1,2,3-triazole)-β-D-

ribofuranosyl 5’-triphosphate (57). Yield: 30 mg, 13%. TLC: Rf 0.29 (n-

propanol/ammonia/water 11:7:2). 1H NMR (400 MHz, MeOD) δ 8.31 (s, 1H), 

6.04 (d, J = 5.0 Hz, 1H), 4.56 (t, J = 5.0 Hz, 1H), 4.49 (m, 1H), 4.25 (m, 3H), 

3.70 (t, J = 7.3 Hz, 2H), 3.28 (t, J = 7.4 Hz, 2H), 3.19 (q, J = 7.3 Hz, 18H), 

1.30 (t, J = 7.3 Hz, 27H). 13C NMR (100 MHz, MeOD) δ 146.8, 122.4, 94.4, 

86.0, 77.2, 72.0, 66.5, 47.3, 31.6, 30.4, 9.1. 31P NMR (162 MHz, MeOD) δ -

10.40 (d, J = 21.0 Hz), -11.28 (d, J = 21.4 Hz), -23.69 (t, J = 21.4 Hz).  

 

Tri(triethylammoinium) (4-(3-bromopropyl)-1,2,3-triazole)-β-D-

ribofuranosyl 5’-triphosphate (58). Yield: 25 mg, 10%. TLC: Rf 0.36 (n-

propanol/ammonia/water 11:7:2). 1H NMR (400 MHz, MeOD) δ 8.23 (s, 

1H), 6.03 (d, J = 5.1 Hz, 1H), 4.57 (t, J = 5.1 Hz, 1H), 4.49 (m, 1H), 4.24 (m, 

3H), 3.51 (t, J = 6.6 Hz, 2H), 3.19 (q, J = 7.2 Hz, 18H), 2.89 (m, 2H), 2.24 (p, 

J = 6.6 Hz, 2H), 1.30 (t, J = 6.9 Hz, 27H). 13C NMR (100 MHz, MeOD) δ 

148.2, 121.8, 94.3, 86.1, 77.0, 72.1, 66.6, 47.3, 33.7, 33.5, 25.0, 9.1. 31P NMR 

(162 MHz, MeOD) δ -10.34 (d, J = 21.1 Hz), -11.26 (d, J = 21.6 Hz), -23.62 (t, 

J = 21.3 Hz).  
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General procedure for mono-phosphorylations 

Triazole 45, 46 or 47 was dissolved in TMP (1 mL per 0.1 g) and cooled to 

0°C. 2,6-lutidine (6 eq) and phosphoroxychloride (2 eq) were added and the 

solution was stirred for 3 h at 0°C. Subsequently the solution was quenched 

with 1 M triethylammonium hydrogencarbonate, pH 7.6 (4 mL per 0.1 g 

triazole). The mixture was washed once with diethyl ether and concentrated 

in vacuo. The products were isolated by preparative HPLC, using a 

pentafluorophenyl column with a gradient from 2.5% MeCN to 10% MeCN in 

water/0.1% TFA. 

 

Triethylammoinium (4-(chloroacetamidomethyl)-1,2,3-triazole)-

β-D-ribofuranosyl 5’-phosphate (60). Yield: 102 mg, 64%. 1H NMR 

(400 MHz, MeOD) δ 8.17 (s, 1H), 6.04 (d, J = 4.2 Hz, 1H), 4.51 (m, 3H), 4.35 

(t, J = 4.8 Hz, 1H), 4.26 (m, 1H), 4.16 (m, 1H), 4.11 (m, 3H), 3.20 (q, J = 7.3 

Hz, 6H), 1.31 (t, J = 7.3 Hz, 9H). 13C NMR (100 MHz, MeOD) δ 169.0, 146.2, 

122.9, 94.7, 85.9, 77.2, 71.7, 66.2, 47.3, 43.5, 36.1, 9.1. 31P NMR (162 MHz, 

MeOD) δ -0.2. 

 

Triethylammoinium (4-(chloroacetamidoethyl)-1,2,3-triazole)-β-

D-ribofuranosyl 5’-phosphate (61). Yield: 295 mg, 81%. 1H NMR (400 

MHz, MeOD) δ 8.05 (s, 1H), 6.03 (d, J = 4.0 Hz, 1H), 4.48 (m, 1H), 4.34 (t, J 

= 4.9 Hz, 1H), 4.23 (m, 2H), 4.12 (m, 1H), 4.03 (s, 2H), 3.53 (t, J = 7.0 Hz, 

2H), 3.21 (q, J = 7.3 Hz, 6H), 2.94 (t, J = 7.0 Hz, 2H), 1.31 (t, J = 7.3 Hz, 9H). 
13C NMR (100 MHz, MeOD) δ 169.5, 146.4, 122.2, 94.4, 85.1, 76.9, 71.9, 66.8, 

47.9, 43.2, 40.3, 26.2, 9.2. 31P NMR (162 MHz, MeOD) δ -0.3. 

 

Triethylammoinium (4-(chloroacetamidpropyl)-1,2,3-triazole)-β-

D-ribofuranosyl 5’-phosphate (62). Yield: 109 mg, 67%. 1H NMR (400 

MHz, MeOD) δ 8.05 (s, 1H), 6.05 (d, J = 4.2 Hz, 1H), 4.50 (t, J = 4.6 Hz, 1H), 

4.36 (t, J = 4.8 Hz, 1H), 4.28 (m, 1H), 4.21 (m, 1H), 4.15 (m, 1H), 4.05 (s, 

2H), 3.28 (t, J = 6.9 Hz, 2H), 3.21 (q, J = 7.3 Hz, 6H), 2.76 (t, J = 7.5 Hz, 

2H), 1.91 (p, J = 7.1 Hz, 2H), 1.32 (t, J = 7.3 Hz, 9H). 13C NMR (100 MHz, 

MeOD) δ 169.3, 148.9, 121.8, 94.5, 86.1, 77.2, 71.8, 66.4, 47.2, 43.4, 40.1, 

29.6, 23.6, 9.1. 31P NMR (162 MHz, MeOD) δ -0.3. 

 

General procedure for synthesis of NAD+ derivatives 

β-Nicotinamide mononucleotide (β-NMN) was dissolved in anhydrous 

DMF (1 mL per 10 mg). To the stirring solution, carbonyldiimidazole (CDI, 

5 eq) was added and stirring was continued. Formation of the imidazolide 

could be monitored by 31P NMR (newly formed signal at δ -10.1 ppm). After 

completion of the reaction, MeOH (10 eq) was added to quench excess CDI. 

After stirring for 30 min, the corresponding phosphorylated compound 

(1.0 eq) was added and stirring was continued for 16 h. The reaction was 
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quenched with 1 M triethylammonium hydrogencarbonate, pH 7.6 (1 mL per 

50 mg starting material) and evaporated to dryness at 25°C. The product was 

isolated by ion-exchange chromatography at 4°C, using two successive 

DEAE-sepharose columns with a gradient from 0 to 250 mM 

triethylammonium hydrogencarbonate, pH 7.6. Product-containing fractions 

were detected by TLC and evaporated at no more than 25°C, followed by co-

evaporation with anhydrous methanol, yielding the products in form of the 

triethylammonium salts as clear oily substances. The products usually 

contained little remaining imidazole (ca. 5-20 mol-%). 

Triethylammonium nicotinamide (4-(chloroacetamidomethyl)-

1,2,3-triazole) dinucleotide (63). Yield: 28 mg, 42%. TLC: Rf 0.41 (n-

propanol/ammonia/water 11:7:2). 1H NMR (600 MHz, D2O) δ 9.45 (s, 1H), 

9.30 (m, 1H), 8.98 (m, 1H), 8.31 (m, 1H), 8.21 (s, 1H), 6.21 (d, J = 5.3 Hz, 

1H), 6.12 (d, J = 4.9 Hz, 1H), 4.66 (m, 1H), 4.61 (m, 1H), 4.57 (m, 3H), 4.48 

(m, 2H), 4.38 (m, 2H), 4.18 (m, 4H), 3.21 (q, J = 7.4 Hz, 6H), 1.29 (t, J = 7.3 

Hz, 9H). 13C NMR (151 MHz, D2O) δ 169.6, 165.7, 146.0, 144.6, 142.6, 139.9, 

133.9, 128.6, 122.1, 99.9, 92.1, 87.1, 84.1, 77.6, 74.9, 70.8, 70.3, 65.2, 64.9, 

46.6, 42.2, 34.7, 8.2. 31P NMR (162 MHz, D2O) δ -11.3, -11.5, -11.6, -11.8. 

[M+H]+ = 703.0927, calcd: [M+H]+ = 703.0919. 

Triethylammonium nicotinamide (4-(2-chloroacetamidoethyl)-

1,2,3-triazole) dinucleotide (64). Yield: 41 mg, 32%. TLC: Rf 0.43 (n-

propanol/ammonia/water 11:7:2). 1H NMR (600 MHz, D2O) δ 9.45 (s, 1H), 

9.30 (d, J = 6.2 Hz, 1H), 8.97 (d, J = 8.1 Hz, 1H), 8.31 (m, 1H), 8.13 (s, 1H), 

6.20 (d, J = 5.5 Hz, 1H), 6.11 (d, J = 4.8 Hz, 1H), 4.63 (m, 2H), 4.59 (t, J = 

5.2 Hz, 1H), 4.48 (m, 2H), 4.39 (m, 2H), 4.26 (m, 1H), 4.20 (m, 1H), 4.16 (m, 

1H), 4.07 (s, 2H), 3.54 (t, J = 6.7 Hz, 2H), 3.21 (q, J = 7.3 Hz, 6H), 2.97 (t, J 

= 6.6 Hz, 2H), 1.29 (t, J = 7.3 Hz, 9H). 13C NMR (151 MHz, D2O) δ 169.6, 

165.7, 146.0, 145.6, 142.6, 139.9, 133.9, 128.6, 121.9, 99.9, 92.0, 87.1, 84.0, 

77.6, 75.0, 70.8, 70.3, 65.2, 64.9, 46.6, 42.2, 39.1, 24.4, 8.2. 31P NMR (162 

MHz, D2O) δ -11.3, -11.5, -11.6, -11.7. [M+H]+ 717.1084, calcd: [M+H]+ = 

717.1078. 

Triethylammonium nicotinamide (4-(3-chloroacetamidopropyl)-

1,2,3-triazole) dinucleotide (65). Yield: 51 mg, 41%. TLC: Rf 0.43 (n-

propanol/ammonia/water 11:7:2). 1H NMR (600 MHz, D2O) δ 9.45 (s, 1H), 

9.29 (d, J = 6.3 Hz, 1H), 8.97 (d, J = 8.1 Hz, 1H), 8.30 (m, 1H), 8.09 (s, 1H), 

6.19 (d, J = 5.5 Hz, 1H), 6.09 (d, J = 5.1 Hz, 1H), 4.64 (t, J = 5.0 Hz, 1H), 4.61 

(m, 1H), 4.58 (t, J = 5.3 Hz, 1H), 4.48 (m, 2H), 4.38 (m, 2H), 4.26 (m, 1H), 

4.19 (m, 1H), 4.15 (m, 1H), 4.08 (s, 2H), 3.28 (t, J = 6.8 Hz, 2H), 3.21 (q, J = 

7.3 Hz, 6H), 2.77 (t, J = 7.5 Hz, 2H), 1.92 (p, J = 7.1 Hz, 2H), 1.28 (t, J = 7.3 

Hz, 9H). 13C NMR (151 MHz, D2O) δ 169.5, 165.6, 148.1, 146.0, 142.6, 139.9, 
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133.9, 128.6, 121.3, 99.9, 91.9, 87.1, 84.1, 77.6, 74.9, 70.8, 70.4, 65.3, 64.9, 

46.6, 42.2, 39.1, 27.5, 22.0, 8.2. 31P NMR (162 MHz, D2O) δ -11.3, -11.5, -11.6, 

-11.8. [M+H]+ = 731.1240, calcd: [M+H]+ = 731.1239. 

 

Chapter 3: Organic synthesis of LAI-1 derivatives 

Scheme 33. Synthesis scheme of (S)-LAI-1 ester derivatives.  

General procedure for the ester formation 

88, the corresponding alcohol (9-decyne-1-ol, decan-1-ol or 10-undeyn-1-

ol, 1.05 eq) and HBTU (1.05 eq) were dissolved in DMF (1 mL per 100 mg 

88). To the stirring solution, DIPEA (4 eq) was added and stirring was 

continued for 16 h. Afterwards, the reaction mixture was diluted with EtOAc 

/hexane 1:1 (30 mL per 100 mg) and washed with saturated NH4Cl, 

saturated NaHCO3, water and brine. After drying over MgSO4 and 

concentration in vacuo, the products (99, 100 or 101) were isolated by silica 

column chromatography (5% EtOAc in hexane).  

9-Decynyl-(S)-2-((tert-butyldiphenylsilyl)oxy)butanoate (99). 

Yield: 116 mg, 83%, colourless oil. 1H NMR (400 MHz, CDCl3) δ 7.59 (m, 

4H), 7.38 (m, 6H), 4.21 (m, 1H), 4.15 (m, 2H), 2.17 (td, J = 7.1, 2.6 Hz, 2H), 

1.93 (t, J = 2.6 Hz, 1H), 1.83 (m, 1H), 1.66 (m, 3H), 1.51 (m, 2H), 1.33 (m, 

8H), 1.05 (s, 9H) 0.96 (t, J = 7.4 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 

175.4, 136.1, 130.1, 130.0, 129.1, 84.6, 82.2, 68.1, 65.7, 31.7, 29.0, 28.9, 28.6, 

28.5, 28.4, 27.5, 27.1, 26.7, 18.4, 8.9. 

Decyl-(S)-2-((tert-butyldiphenylsilyl)oxy)butanoate (100). Yield: 

108 mg, 77%, colourless oil. 1H NMR (400 MHz, CDCl3) δ 7.59 (m, 4H), 7.38 

(m, 6H), 4.21 (m, 1H), 4.15 (m, 2H), 1.83 (m, 1H), 1.66 (m, 3H), 1.28 (m, 

13H), 1.05 (s, 9H), 0.96 (t, J = 7.4 Hz, 3H), 0.87 (t, J = 6.8 Hz, 3H). 13C NMR 

(100 MHz, CDCl3) δ 175.7, 136.2, 130.2, 130.1, 129.1, 82.3, 65.8, 32.0, 31.7, 

29.6, 29.5, 29.4, 29.3, 28.7, 27.6, 27.2, 26.8, 22.8, 14.2, 9.0. 
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10-Undecynyl-(S)-2-((tert-butyldiphenylsilyl)oxy)butanoate (101). 

Yield: 116 mg, 81%, colourless oil. 1H NMR (400 MHz, CDCl3) δ 7.59 (m, 

4H), 7.38 (m, 6H), 4.21 (m, 1H), 4.15 (m, 2H), 2.17 (td, J = 7.0, 2.6 Hz, 2H), 

1.93 (t, J = 2.6 Hz, 1H), 1.83 (m, 1H), 1.66 (m, 3H), 1.51 (m, 2H), 1.32 (m, 

10H), 1.05 (s, 9H), 0.96 (t, J = 7.4 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 

175.5, 136.2, 130.2, 130.1, 129.1, 84.8, 82.3, 68.2, 65.9, 31.7, 29.4, 29.2, 29.1, 

28.9, 28.7, 28.6, 27.6, 27.2, 26.7, 18.4, 9.0. 

General procedure for the deprotection 

Ester (99, 100 or 101) was dissolved in THF (1 mL per 100 mg ester) and 

TBAF trihydrate was added (1.2 eq). Directly afterwards, 1 eq acetic acid was 

added to avoid transesterification. The reaction was stirred for 5 h and 

subsequently poured into water. The mixture was extracted with EtOAc and 

the organic phase was washed with water and brine. After dyring over 

MgSO4 and concentration in vacuo, silica coloumn chromatography (2% 

EtOAc in toluene) yielded the product (96, 97 or 98) as colourless oil. 

9-Decynyl-(S)-2-hydroxybutanoate (96). Yield: 28 mg, 65%, colourless 

oil. 1H NMR (400 MHz, CDCl3) δ 4.16 (m, 3H), 2.77 (bs, 1H), 2.17 (td, J = 7.1, 

2.7 Hz, 2H), 1.93 (t, J = 2.7 Hz, 1H), 1.83 (m, 1H), 1.66 (m, 3H), 1.51 (m, 2H), 

1.33 (m, 8H), 0.96 (t, J = 7.4 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 175.3, 

84.6, 71.4, 68.1, 65.7, 29.0, 28.9, 28.6, 28.5, 28.4, 27.5, 25.7, 18.4, 8.9. 

Decyl-(S)-2-hydroxybutanoate (97). Yield: 31 mg, 74%, colourless oil. 
1HNMR (400 MHz, CDCl3) δ 4.16 (m, 3H), 2.78 (bs, 1H), 1.83 (m, 1H), 1.66 

(m, 3H), 1.28 (m, 13H), 0.96 (t, J = 7.4 Hz, 3H), 0.87 (t, J = 6.8 Hz, 3H). 13C 

NMR (100 MHz, CDCl3) δ 175.5, 71.5, 65.9, 32.0, 29.6, 29.6, 29.4, 29.3, 28.7, 

27.6, 25.9, 22.8, 14.2, 9.0. 

10-Undecynyl-(S)-2-hydroxybutanoate (98). Yield: 30 mg, 72%, 

colourless oil. 1H NMR (400 MHz, CDCl3) δ 4.16 (m, 3H), 2.77 (bs, 1H), 2.17 

(td, J = 7.0, 2.6 Hz, 2H), 1.93 (t, J = 2.6 Hz, 1H), 1.83 (m, 1H), 1.66 (m, 3H), 

1.51 (m, 2H), 1.32 (m, 10H), 0.96 (t, J = 7.4 Hz, 3H). 13C NMR (100 MHz, 

CDCl3) δ 175.5, 84.8, 71.5, 68.2, 65.9, 29.4, 29.2, 29.1, 28.8, 28.7, 28.6, 27.6, 

25.9, 18.5, 9.0. 

 

 


