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1 General Introduction 

 

1.1 Adenosine Triphosphate (ATP) 

 

Adenosine triphosphate (ATP) is a nucleoside triphosphate that consists of an adenine, which 

is linked to a ribose via an N-glycosidic bond. This ribose is linked to three phosphates (, , ) 

in ester- or anhydride bonds (Fig. 1).[1]   

 

Figure 1. Structure of adenosine triphosphate with its atom numbers and named building blocks.[1] 

 

ATP was discovered in 1929 by the biochemist Karl Lohmann, who isolated ATP from muscle 

and liver extracts.[2] Since early studies in the 1940’s by Lippmann[3], Engelhardt and 

Ljubimova[4] the biochemical function of ATP is known. ATP is the main energy transfer 

molecule[3], which is important for muscle contraction[4] and involved in cellular respiration[5]. 

In 1949 the chemical synthesis of ATP was first performed by Baddiley and Todd.[6] Due to its 

function as energy transfer molecule ATP acts as the universal cosubstrate of enzymes coupling 

exergonic with endergonic chemical reactions and is therefore involved in many intracellular 

processes.[3] Hydrolytic cleavage of the phosphoanhydride bond leads to adenosine diphosphate 

(ADP) and phosphate or adenosine monophosphate (AMP) and pyrophosphate (PP) 

(Scheme 1). 
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Scheme 1. Hydrolytic cleavage reaction of ATP, catalyzed by enzymes.  

 

The cleavage releases ~30.5 kJ/ mol energy for ADP and ~45 kJ/ mol energy for AMP (due to 

additional cleavage of PP to phosphate).[1b] Biosynthesis of ATP mainly takes place in the 

mitochondria and is mostly coupled to an ion gradient that promotes the synthesis.[1b] Within 

its role as cosubstrate of energy-requiring cellular processes, ATP is one of the final products 

in cellular respiration, photophosphorylation and fermentation.[1b] The importance of ATP is also 

demonstrated by the high level of ATP (1 – 10 mM) in every cell.[7] Additionally, the calculated 

amount of ATP turnover of a human being per day is in the range of their own body weight.[8]  

Beside its function as energy donor and acceptor, ATP is used as signaling molecule for 

intracellular and extracellular processes.[1] During intracellular signaling ATP is used to produce 

the second messenger molecule cyclic AMP (cAMP) by the adenylate cyclase.[9] ATP is also 

involved in intracellular signal transduction processes. Here, it is used as cosubstrate and 

therefore source of a phosphate group, which is used by certain kinases in order to 

phosphorylate their substrates to either activate or inactivate them.[1b] In this way, ATP can be 

used to modify molecules post-translationally.[10]  
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1.2 Modified ATP Analogs to Study Enzyme Activity 

 

Parts of this section are already published in Top Curr Chem 2017, 375:28.[11] 

 

ATP-processing enzymes can be studied in many different ways. One possibility is the use of 

modified ATP analogs, which are consumed by the enzymes of interest. Since numerous 

ATP-cleaving enzymes of distinct classes exist, studying turnover of ATP allows investigating a 

variety of cellular processes. Monitoring the ATP consumption of an enzyme can be realized by 

several approaches. Classical strategies make use of radioactively labeled ATP[12] or measure 

the released phosphate or pyrophosphate (PP) using colorimetric detection.[13] Another common 

method is the chemical modification of ATP at the -phosphate.[11] Even methods that monitor 

the consumption in real-time exist, but they are rather rare.[11] 

Modified ATP that contains radioactive labels (Figure 2) allows easy detection and quantification 

and does not change the chemical properties of the molecule. When such an ATP analog is 

cleaved, at least one part of it is radioactively labeled. In case of the -phosphate isotopic-

labeled ATP, the amount of cleaved phosphate or pyrophosphate can be determined with 

autoradiography.[14] For the adenosine isotopic-labeled ATP[15] and the -phosphate isotopic-

labeled ATP[16], the amount of AMP, ADP and uncleaved ATP can be calculated. Although this 

method is relatively easy to handle it has some disadvantages. Continuous monitoring of ATP 

hydrolysis is impossible because radioactivity-based methods require further processing/ 

separation of the reactions and there are always some risks when using radioactive-labeled 

compounds, which also do not allow to use them in vivo. 

 

Figure 2. Different radioactive-labeled ATP analogs that are used to study ATP-consuming enzymes. Radioactive labels are 

marked in gray. 

 

Another common approach to study enzyme activity is the use of modified ATP analogs, which 

cleavage can be detected by spectroscopy. Every ATP hydrolysis leads to the formation of free 

phosphate or pyrophosphate groups, which can be detected colorimetrically with different 

reactions.[17, 13a] One example is the addition of molybdate anions after ATP hydrolysis 

(Scheme 2). This leads to formation of PMo12O4
3-, which is later reduced to molybdenum blue 
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(PMo12O4
3-).[17a,17b] The molybdenum blue allows visualization of the free phosphate groups, 

since it is spectrometrically detectable by UV-VIS at = 830 nm[18]. Such colorimetric detection 

methods that monitor released phosphate do not allow continuous detection of ATP hydrolysis 

and involve a lot of preparative work.  

 

Scheme 2. Chemical reactions that take place by using molybdate anions for colorimetric detection of ATP cleavage to study 

ATP-consuming enzymes. Formation of molybdenum blue can be detected at 830 nm. The exact stoichiometry and structure 

of the complex is not reported. 

 

Modifications at the -phosphate of ATP can be attached by different linkages (Figure 3). The 

majority of such analogs are phosphoramidate-modified ATP analogs[19], although they are 

prone to hydrolysis under acidic conditions[20]. Also ATP analogs that are modified as 

phosphothioester[21], phosphoester[20,22] or phosphonate[20]  have been reported. Depending on 

the moiety attached at the -phosphate, the ATP hydrolysis can be detected. Often attached 

moieties are for example i) alkines or azides for further functionalization by click-chemistry[19g], 

ii) biotin for recognition by streptavidin[19c,19h,19i] or iii) dyes for colorimetric detection[19b,23].  

 

Figure 3. General structure of a -phosphate-modified ATP analog, with various linker. X: e.g. NH, O, S, CH2, acyl (Ac). 

 

Mostly, modifications at the -phosphate of ATP do not allow the continuous measurement of 

ATP cleavage. This can be either improved by the choice of a chromophore that is quenched by 

the ATP or the attachment of a second chromophore. Here, fluorescent dyes that are suitable 

for Förster resonance energy transfer (FRET) are ideal candidates (a short introduction in FRET 

is given in chapter 1.3). If a quenching mechanism between the fluorophore and the ATP 

molecule, e.g. the adenine moiety exists, the cleavage can be detected even with one 

fluorophore[24]. Depending on the choice of the fluorophore this can be measured via 

fluorescence intensity or fluorescence lifetime measurements. In case of two attached 

fluorophores that are able to undergo FRET, the ATP cleavage and thereby enzyme activity can 

be detected through the disruption of FRET.  

 



1 General Introduction 

5 

 

In the following two chapters, the synthesis of a variety of -phosphate-modified ATP analogs 

and doubly labeled ATP analogs for FRET applications are described in more detail. Also some 

published applications of those ATP analogs are reported.  

 

1.2.1 Phosphate-Modified ATP Analogs  

For the terminal attachment of a modification to the phosphate chain of nucleotides a variety 

of different connection modes can be used. In many cases this attachment needs to be 

optimized for the specific enzyme of interest. Factors that contribute to the selection of the 

modification include i) tolerance of the enzyme towards the modification, ii) stability of the 

modification under the assay conditions and iii) synthetic accessibility of the specific molecule. 

Many ATP analogs modified at the terminal phosphate have a length of the phosphate chain of 

two phosphoanhydride units as found in the most common nucleoside triphosphates. In the 

simplest case, one of the atoms of the -phosphate can be exchanged with another atom. This 

has e.g. been done for the exchange of one oxygen to sulfur (ATPS)[25] or fluorine (ATPF)[26]. 

However, many systems require the installation of larger reporter molecules. These 

modifications are obtained with various chemistries on the terminal phosphate (Figure 4). 

 

Figure 4. Structures of various phosphate-modified ATP analogs: ATPS, ATPF, phosphoramidate- (ATP-NH-X), phosphoester- 

(ATP-O-X), phosphothioester- (ATP-S-X), phosphonate- (ATP-CH2-X) and acyl phosphate- (ATP-Ac-X) modified ATP.  

 

Molecules with nitrogen[19,27,28], oxygen[19f,20,28], sulfur[29] or carbon[20,30] directly attached to the 

phosphor atom have been reported. For synthesizing modified nucleotides based on strong 

nucleophiles like amines for phosphoramidate analogs[19g] or phenols for phosphoester 
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variants[19d], the unmodified ATP can be directly activated with e.g. a carbodiimide-based 

reagent to give the cyclic trimetaphosphate[31]. This intermediate is then attacked by the 

nucleophile to give the modified nucleotide. In the case of phosphoester-modified[20,32] and 

phosphothioester-modified molecules[26] the direct alkylation of the -phosphate of the ATP or 

ATPS was also employed. A special class of phosphoester-modified ATP analogs are acyl 

phosphates[33]. These contain an anhydride between the terminal phosphate and a carboxylic 

acid. Such molecules were synthesized by activation of a carboxylic acid and subsequent 

coupling to the ATP. For example, for the ATPS, the phosphoramidate-modified ATP analogs 

and the analogs that are modified with an acyl phosphate some applications for studying the 

turnover of kinases are reported[19i,27,33,34].  

For several applications, especially for DNA and RNA polymerases[19d], but also for the ubiquitin-

activating enzyme E1 (UBA1)[22], it has been shown that longer phosphate chains are beneficial 

for the acceptance of a modification at the terminal phosphate. Thus, phosphoester-[20], 

phosphoramidate-[35] and phosphonate-modified[20] tetraphosphates have been synthesized. 

For the phosphoester- and phosphonate-modified molecules[20] the ATP is activated as 

mentioned above to give the trimetaphosphate and coupled to an O-alkyl phosphate or alkyl 

phosphonate. For the phosphoramidate-modified analogs[35], a nucleoside tetraphosphate is 

activated with a carbodiimide and coupled to an amine. In the cases of DNA polymerases even 

longer phosphate chains, i.e. penta- or hexaphosphates[35,36], have proven superior with regard 

to enzymatic turnover. These molecules are synthesized by coupling a di- or triphosphate 

containing the modification with the nucleoside triphosphate. 

Besides the acceptance by the enzyme of interest, the chemical stability of the molecules under 

the assay conditions is an important prerequisite. To address the question of the stability of 

various modes of nucleotide modification, phosphoramidate-, phosphoester- and phosphonate-

modified ATP analogs were investigated towards their stability under different pH conditions[20]. 

Whereas phosphoramidate variants are hydrolyzed at the P-N bond in solutions with a pH value 

below 6, phosphoester- and phosphonate-modified molecules are stable over a broad pH range 

from 2 to 12. The same stability is found for phosphoester- and phosphonate-modified 

tetraphosphates. This shows that for phosphoramidate-modified analogs the assay conditions 

have to be carefully chosen in order to exclude chemical hydrolysis, whereas phosphoester- 

and phosphonate-modified nucleotides are stable over a wide range of conditions. So far, there 

are no studies about the stability of acyl phosphate-modified ATP analogs, but for acyl 

phosphates in general it is known that their optimal pH range it between pH 5 and pH 6.[37] 

Alkaline conditions yield in more decomposition of the acyl phosphates than acidic conditions.[37] 
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Similar observations were made for AMP modified with a leucine via acyl phosphate linkage. 

Here, the best stability was observed at pH 5.1 and 6.5 at 37 °C after 30 min.[38]  

 

1.2.2 Doubly Labeled ATP Analogs for FRET Applications  

Using ATP analogs labeled with two different fluorophores that are able to undergo FRET (a 

short introduction in FRET is given in chapter 1.3) is a powerful approach to study enzymatic 

activity as it allows detection of the enzyme activity without the necessity to use further 

reagents or supplementary enzymes. Therefore, this technology was applied in complex 

biological systems like cell lysates or even intact cells. Furthermore, if fluorescence microscopy 

is used, enzymatic activity was studied with high temporal and spatial resolution. For this 

concept (Scheme 3) ATP is labeled with two fluorophores, one at the adenosine part of the 

molecule and the other one at the terminal phosphate[22]. In this way, in the non-cleaved state 

the two fluorophores are able to interact through FRET. Upon excitation of the fluorescence 

donor it will transfer the excitation energy to the acceptor, whose emission is detected. In 

contrast, no or only low direct emission of the donor is detectable. After enzymatic cleavage, 

FRET is no longer possible and the emission of the donor is detected accompanied by a reduction 

in acceptor fluorescence. The ratio of the two fluorescence intensities therefore gives a 

concentration independent measure for the cleavage of the nucleotide that can be detected by 

fluorescence spectroscopy or microscopy. To come up with a suitable nucleotide-based probe 

that fulfills this function, various parameters need to be optimized. On the one hand the optical 

properties of the fluorophores need to be tailored to reach high changes in the fluorescence 

spectra. On the other hand, the nucleotides need to be optimized for acceptance by the enzyme 

of interest. 

 

Scheme 3. Concept of a FRET-ATP analog. In the non-cleaved state, the two fluorophores D and A (here: Sulfo-Cy3 and 

Sulfo-Cy5) attached to the nucleotide are able to undergo FRET. Thus, the energy of the exited donor (here: Sulfo-Cy3) is 

transferred to the acceptor (here: Sulfo-Cy5), resulting in fluorescence of the acceptor. After enzymatic turnover, FRET is no 

longer possible and direct emission of the donor (here: Sulfo-Cy3) is detected.  
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To study the properties of various fluorophores in the context of doubly modified ATP analogs, 

a series of O2’-andphosphoester-modified ATP analogs with different FRET dye pairs (e.g. 

O2’-Sulfo-Cy5-ATP-O-Sulfo-Cy3) have been synthesized[39]. These molecules are cleaved by 

snake venom phosphodiesterase (SVPD) and can be investigated towards their fluorescence 

characteristics before and after cleavage. Intriguingly, a FRET pair consisting of the dyes 

Sulfo-Cy3 and Sulfo-Cy5 results in a more than 100-fold change of the ratio of the donor and 

acceptor fluorescence intensities upon cleavage. Furthermore, using the non-fluorescent 

acceptor Eclipse in combination with Sulfo-Cy3 a fluorogenic probe can be generated, whose 

fluorescence increases more than 50-fold upon cleavage. Thus, these combinations of dyes are 

suitable to construct FRET-based nucleotide probes[39]. 

The modification at the nucleoside can be optimized by screening a variety of nucleoside-

modified ATP analogs with a free phosphate chain[40]. It was shown that no universal accepted 

modification exists. Consequently, the position of the modification on the nucleoside had to be 

individual tested/ selected for each enzyme of interest. For the second modification, ATP 

analogs that are exclusively modified at the terminal phosphate can be tested separately. In 

the case of UBA1 it has been shown that this enzyme accepts phosphoester modifications at 

the -phosphate of an adenosine tetraphosphate analog[22]. In addition UBA1 is able to tolerate 

modifications at the N6-position and the -phosphate simultaneously. If this scaffold is equipped 

with the two fluorophores, a probe is obtained that is able to directly detect UBA1 activity 

without the need of using any additional enzymes or reagent.  

 

Figure 5. Structure of the N6-FRET-Ap4 analog used to study UBA1 activity.[22]   

 

This assay could be extended to the E1-activating enzymes (a short introduction in the ubiquitin 

cascade is given in chapter 1.4.1) of Nedd8 and SUMO and was applied to study a small library 

of compounds towards their inhibition of UBA1 activity, identifying -lapachone as an inhibitor 

of this enzyme[22]. One of the main advantages of this kind of assay is that it works in complex 

environments. As a model study, an O2’- and -phosphoester-modified ATP analog and an 
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O2’- and -phosphoester-modified Ap4 analog were studied in cell lysates of human cells[41]. It 

was observed that the ATP analog is stable in these lysates, whereas the Ap4 analog is quickly 

turned over. Utilizing different chemical inhibitors and siRNA experiments, it was shown that 

the human diadenosine tetraphosphate hydrolase NUDT2 is responsible for this activity making 

this compound an attractive tool to study NUDT2 activity in cell lysates. Going one step further, 

the analogs were also internalized into human cells using electroporation. Upon fixation and 

using an acceptor-photobleaching protocol the turnover of these analogs can also be studied in 

a cellular environment. These studies showed that both nucleotide-based probes are rapidly 

turned over, whereas a non-hydrolyzable control that does not contain a nucleotide element is 

stable as indicated by constant high FRET efficiencies. In this way, a first proof was provided 

that these analogs are actually usable to study nucleotide turnover directly in a cellular 

environment. In another study[42], a fluorogenic variant of ATP that contained a donor 

fluorophore at the C2-position and a dark quencher as acceptor at the -phosphate via 

phosphoester linkage, was used. This analog could be consumed to clarify the involvement of 

ATP turnover in a novel carbonylation pathway in lysates of the anaerobic bacterium 

Desulfococcus biacutus. 

Although these analogs showed first promising results, their substrate scope is limited to only 

a few ATP-cleaving enzymes. This is mainly due to the kind of attachment at the terminal 

phosphate, which is not the most well accepted modification, but very stable during synthesis 

and different assay conditions.  

 

1.2.3 Doubly Labeled Diadenosine Polyphosphate Analogs for FRET 

Applications  

Diadenosine triphosphates (Ap3A) or diadenosine polyphosphates (ApnA) in general, are ATP 

analogs that consist of another adenosine moiety on their terminal phosphate. They were 

discovered in 1966 as product of the protein biosynthesis in E. coli[44]. Because of their terminal 

adenosine moiety, they are another kind of phosphate-modified ATP analog. Similar to the 

phosphate-modified ATP analogs (chapter 1.2.1), also longer phosphate chains exist, like 

tetraphosphates or pentaphosphates. In comparison to ATP, the cellular concentration of Ap3A 

and Ap4A is rather low in the nanomolar to micromolar range[44], but the level can be influenced 

by external stimuli e.g. temperature, pH value or oxidants[45]. Although some publications exist, 

which show the consumption of those ApnA by different enzymes[46,47] the current knowledge 

about their major biological function is still limited.  
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Adapting the FRET-labeling approach to the Ap3A scaffold (Figure 6) allows monitoring the 

activity of the human diadenosine triphosphate hydrolase FHIT[43]. The two fluorophores are 

introduced to the two N6-positions of Ap3A, retaining good substrate characteristics for FHIT. 

Therefore, the activity of FHIT can be efficiently studied in vitro and the effect of inhibitors on 

this activity can be investigated. Furthermore, it could be shown that the activity of endogenous 

FHIT can be studied in lysates of human cells using this tool. 

 

Figure 6. Structure of the N6-FRET-Ap3A analog used to study FHIT activity.[43] 

 

 

1.3 Theoretical Basis of Förster Resonance Energy Transfer 

(FRET) 

 

Förster resonance energy transfer (FRET) is a process of energy transfer between two 

chromophores and was first described in 1948 by the physicist Theodor Förster.[48] It is 

characterized by the energy transfer from an electronically exited donor chromophore to an 

acceptor chromophore through nonradiative dipole-dipole coupling, caused by a donor-induced 

oscillation in the acceptor.[48] The transition and electronic states of these chromophores was 

illustrated by Alexander Jablonski in 1933.[49] This illustration is called “Jablonski diagram” 

which is shown in scheme 4 in a modified way. First, the donor fluorophore is excited from the 

ground state (S0) to an excited state (S1) by absorption of light. Then, instead of directly 

releasing this energy by emission of a photon, the donor can transfer its energy to the acceptor 

via radiationless coupling of the transition dipoles of the two dyes. The energy level of this 

acceptor is therefore promoted from ground state to the excited state and converts back to the 

ground state by photon emission. As a result, emission of radiation at wavelengths of acceptor 

emission can be observed upon excitation of the donor chromophore.  
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Scheme 4. Modified Jablonski diagram of two fluorophores that interact via FRET. Bold lines: vibrationally ground states; light 

lines: vibrationally excited states of the respective electronic state S0 (ground state) and S1 (excited state). IC: internal 

conversion. Triplet states are omitted for clarity.  

 

The efficiency of FRET depends on three main criteria: the spatial distance between donor and 

acceptor, the spectral overlap of the donor emission and the acceptor absorption (see Figure 7) 

and the relative orientation of donor and acceptor dipole moments.[50] Typically FRET is limited 

to distance ranges of about 1–10 nm and the efficiency decreases with increased distance.[51] 

More precisely, the distance r influences the efficiency with an inverse 6th power law, described 

in formula 1.[51]  

𝐸 =  
1

1 +  (𝑟 𝑅0)⁄ 6 

Formula 1. Efficiency of FRET (E) is determined by the Förster distance (R0) with the donor to acceptor separation             

distance r.[51]  

 

As a result of distance dependency, FRET efficiency can be measure only if two molecules are 

in close proximity to each other.[52] Since most organic compounds are not fluorescent, such 

molecules are labeled with different fluorescent dyes like the cyanines Cy3 and Cy5 (discovered 

in the beginning of the 20th century by W. König[53]) in order to perform these measurements. 

This fluorophore labeling strategy is used for studying protein-protein interactions[54] and 

interactions between proteins and other molecules in real-time[55]. Consequently, it is helpful 

to study signal pathway in cellula and for high-throughput screenings of active agents.[56] 

Typically, FRET efficiency is determined by measuring varied intensities of the emission of the 

acceptor or the donor after excitation of the donor.[55]  
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Figure 7. Absorption and emission profiles of Sulfo-Cy3 (left, pink) and Sulfo-Cy5 (right, blue). Emission spectra of Sulfo-Cy3 

and absorbance spectra of Sulfo-Cy5 are in bold lines and their overlap is shown with a grey area under the curve. Absorption 

spectra of Sulfo-Cy3 and emission spectra of Sulfo-Cy5 are shown in light lines. a.u.: arbitrary unit.  

 

 

1.4 ATP-Consuming Enzymes 

 

ATP acts as the universal cosubstrate of enzymes coupling exergonic with endergonic chemical 

reactions and is therefore involved in many intracellular processes.[3] Thus, numerous 

ATP-cleaving enzymes of distinct classes exist. Important examples for ATP-consuming 

enzymes are ion pumps (e.g., Ca2+-ATPases and the Na+/K+-ATPases[57]), motor proteins (e.g. 

kinesins,[58] dyneins,[59] myosins[60]), acyl-transferring enzymes (e.g., acyl-CoA synthetases,[61] 

aminoacyl-tRNA-synthetases[62] or ubiquitin-activating enzymes[63]), RNA polymerases[64] and 

kinases[65]. Therefore, studying turnover of ATP allows investigating a variety of cellular 

processes.  

 

This work was focused on three ATP-cleaving enzymes, namely the ubiquitin-activating enzyme 

E1 (UBA1), the focal adhesion kinase (FAK) and the v-Src kinase. UBA1 and the two kinases 

belong to mechanistically different classes of enzymes, which makes them interesting for 

comparison towards their propensity of processing different modified ATP analogs.  

 

1.4.1 Ubiquitin-Activating Enzyme E1 (UBA1) 

UBA1 is one of the initial enzymes (E1) in the ubiquitin conjugation system (Figure 8), which 

modifies numerous target proteins by the covalent attachment of ubiquitin (Ub).[63] 

Ubiquitination was first described by A. Ciechanover, A. Hershko and Y. Hod in 1978, by their 

discovery of a heat-stable peptide that together with other cellular components drives the 
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degradation of proteins in dependency of ATP.[66] UBA1 catalyzes the attack of the C-terminal 

carboxylic acid of Ub at the -phosphate of ATP. Consequently, ATP is cleaved between the 

--phosphoanhydride bond and Ub adenylate is formed, followed by the covalent attachment 

of Ub to UBA1 via a thioester bond.[63,67] Next, Ub is transferred from the UBA1 to an E2 enzyme. 

With assistance from an E3 ligase, Ub is transferred to the target protein, by forming an 

isopeptide bond between the C-terminal carboxylate and the -amino group of a lysine residue 

of the target.[63] That’s why, the ubiquitinated target is transported to the proteasome, where 

the target protein is degraded and Ub is recycled.[63] Since ubiquitination is involved in the 

regulation of numerous fundamental cellular processes[63,68], it is not surprising that 

deregulation of components of the ubiquitin conjugation system contributes to the development 

of various human diseases including cancer and neurodegenerative disorders.[69] Consequently, 

UBA1 has been considered as a target in the treatment of various types of cancer[70]. Therefore, 

a detailed understanding of the enzymatic activity of UBA1 and the downstream processes it is 

involved in is indispensable.  

 

Figure 8. Mechanism of ubiquitination cascade. UBA1 forms an UBA1-Ub-thioester intermediate by adenylation. Ub is 

transferred to an E2 enzyme and then to the target protein with assistance from an E3 ligase. Deubiquitinating enzymes 

within the proteasome release and recycle ubiquitin during protein degradation. Ub: ubiquitin, PP: pyrophosphate 

 

1.4.2 Focal Adhesion Kinase (FAK) 

Kinases play essential roles in the transfer of intracellular signals and have therefore been the 

subject of widespread interest for several decades. So, the second enzyme of interest in this 
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study is the focal adhesion kinase (FAK). FAK is a protein tyrosine kinase (PTK), that attacks 

the --phosphoanhydride bond of ATP and thereby transfers the -phosphate of ATP.[71] FAK 

was independently identified by S. Hanks[72], J.-L. Guan[73] and M. Schaller[74] in 1992 as a 

protein with a huge amount of phosphorylated tyrosine that localizes to focal adhesions and as 

substrate of the Src oncogene.[75] It is an important intracellular signaling protein that regulates 

cell adhesion, shape and motility by integrating signals from integrins and growth factor 

receptors (Figure 9).[75,76]  

 

Figure 9. Localization, interactions and downstream signaling of FAK and Src kinase. Focal contact proteins (green) can be 

activated by signals from the extracellular matrix (ECM) (gray structure) that are transferred through the cell membrane to 

the focal contacts by integrins (yellow and orange). The focal contact proteins paxillin and talin recruit other adhesion proteins 

as FAK. Thereby, the whole activation- and signaling-machinery is started, since kinases like FAK and Src phosphorylate 

themselves and other adhesion proteins that recruit new interaction partners. Activation of FAK and Src kinase lead to different 

downstream signals, e.g. activation of the Rho family GTPases, change of cell shape or regulation of cell migration.  

 

Similar to other PTKs, FAK transfers the -phosphate of ATP to the tyrosine residues of its 

substrates. FAK signaling can be triggered by cues from the extracellular matrix (ECM) and is 

associated with the formation and turnover of cell adhesion structures termed focal 

adhesions.[71a,75,76] FAK is structured in an N-terminal FERM (band 4.1, ezrin, radixin, moesin 

homology) domain, a central kinase domain and a C-terminal focal adhesion targeting (FAT) 

domain[77] (Figure 10).  
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Figure 10. Simplified FAK domain structure with the phosphorylation sites. FAK contains a FERM domain (dark blue), a kinase 

domain (green) and a FAT domain (light blue). Important phosphorylation sites are also indicated. 

 

The FAT domain is critical for targeting FAK to the focal adhesions via binding to paxillin and 

talin.[78] The FERM domain binds and inhibits the kinase domain of FAK[79]. The opening of the 

FERM domain is mediated by interaction of FAK with cytoplasmic regions of integrins[73, 74] or 

growth factor receptors[80]. Although the precise mechanism for FAK activation is not finally 

settled, it is known that integrin or growth factor activation induces phosphorylation at tyrosine 

(Y397), which can be occur via FAK itself (autophosphorylation) or other cellular kinases.[81] 

Phosphorylated Y397 recruits and activates the Src kinase, which phosphorylates Y576 and 

Y577 in FAK[82] and leads to fully activated FAK.  

It has been shown that FAK protein expression is elevated in many highly malignant human 

cancers.[83] It promotes changes in cell shape[84] and formation of podosomes or invadopodia[85], 

which are involved in an invasive cell phenotype[86]. Consequently, understanding and 

monitoring FAK activity and signal transduction is highly desired.  

 

1.4.3 Src Kinase 

Similar to FAK, the Src kinase is a PTK-family member that transfers the -phosphate of ATP to 

the tyrosine residues of its substrates. The non-receptor tyrosine kinase Src is an important 

key player in the transduction of signals and thereby involved in the regulation of cell 

proliferation, adhesion and motility[87]. The subcellular localization of Src kinase at the cellular 

membrane, particularly at the perinuclear, the endosomal and the plasma membrane, is 

important for the regulatory function of Src kinase.[87] Src kinase is structured in a C-terminal 

tail, containing a negative-regulatory tyrosine (Y530), four Src homology (SH) domains and an 

N-terminal domain (Figure 11).[88] The SH domains were further distinguished in: i) the 

autophosphorylation site (Y419)-containing SH1 kinase domain, ii) the SH2 domain, which 

interacts with the negative-regulatory Y530, iii) the SH3 domain, which promotes 

intramolecular contact with the kinase domain and iv) the SH4 domain, which is important for 

membrane localization.[89] Usually Y530 within the C-terminal tail is phosphorylated and the 

SH2 domain binds and thereby inactivates Src kinase.[89, 90] Through cellular events such as 

mitosis the basal suppression of Src kinase activity is disrupted.[91] This controlled activation of 

Src kinase is altered by many different processes, as for example the regulated 
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dephosphorylation of its negative-regulatory Y530 by protein tyrosine phosphatases or 

mutations.[91] The viral-Src kinase form (v-Src kinase) in Rous Sarcoma virus is the first 

discovered oncogene and one well studied member of the Src-family kinases.[92, 90b] Its gene 

and function was identified and sequenced in the 1970’s and 1980’s mainly by M. Bishop and 

H. E. Varmus.[93] The cellular counterpart (c-Src kinase), which is ubiquitously expressed in 

vertebrate cells, was also discovered by M. Bishop and H. E. Varmus in 1976[94] and is one of 

the oldest and most investigated proto-oncogene.[90a] In v-Src kinase, the regulatory 

phosphorylation site is missing, since the C-terminal end is truncated (Figure 11 B) and 

therefore v-Src kinase is constitutively activated. An increased Src kinase activity has been 

observed in several human cancers, e.g. colon and breast cancer.[91] It is proposed that Src 

kinase affects the processes of cancer cell adhesion, motility, invasion and tumor growth, which 

directly influence the metastatic potential.[95] Although much progress has been made in 

elucidating the role of Src kinase since its discovery in the 1910’s[92] by P. Rous, the whole 

scope of Src kinase functions is still unclear. Therefore, understanding and having the ability to 

monitor Src kinase activity and signal transduction is highly desired.  

 

Figure 11. Simplified Src kinase domain structures with the phosphorylation sites. A) c-Src kinase, B) v-Src kinase. Src kinase 

contains a kinase domain (yellow) and three more SH domains (gray and light blue). Important phosphorylation sites are also 

indicated. 
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2 Scope of the Thesis 

 

The general aim of this work is the development of ATP-like signaling molecules, i.e. modified 

analogs based on the structure of ATP. Since several classes of ATP-consuming enzymes exist, 

this strategy allows studying various enzymes with regard to their activity by monitoring their 

cleavage of the ATP analogs.  

Until now, the use of ATP analogs to study enzyme activity is in many cases limited to in vitro 

applications and indirect measurement methods. Due to the limited substrate scope of the 

modified ATP analogs that are used so far, only a few examples of ATP analogs exist that allow 

continuous monitoring of the enzyme activity. Consequently, new classes of ATP analogs that 

can be used to study enzymes in vitro but have also the potential to be used in vivo should be 

developed in this work. First, the broad substrate scope of different classes of ATP analogs and 

their stability under different assay conditions need to be investigated. With this knowledge the 

complex synthesis of ATP analogs that consist of two modifications for measuring direct and 

continuous cleavage of the probes will be planned and performed. Here, both modifications will 

be labeled with fluorescent dyes that can undergo FRET, which allows monitoring the probe 

consumption via fluorescence readout (Scheme 5). These probes should be used to investigate 

classes of kinases that could not be studied in real-time with the so far existing doubly labeled 

ATP analogs. Since ATP analogs modified with two fluorescent dyes are very bulky, the steric 

hindrance in the active site of the kinases might prohibit binding of these analogs. This can be 

counteracted with selective engineering of the kinase in a way that the active site is enlarged 

and a tiny hole is created. The combination of such a mutated enzyme with a bulky molecule 

can lead to unique interactions, when the wild type enzyme does not bind the bulky molecule 

owing to steric hindrance. This “bump and hole strategy”[96] could be used to study the enzyme 

of interest directly within its cellular context, when a pair of modified ATP analogs and mutated 

kinases exclusively interact with each other. 
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Scheme 5. Concept to monitor enzyme activity with FRET-ATP probes in real-time.  

 

Furthermore, ATP analogs based on the scaffold of Ap3A should be synthesized. They give the 

ability to study different kinds of interactions and modifications like the still not fully understood 

post-translational modification AMPylation. Ap3A analogs labeled with two FRET-suitable dyes 

would allow the continuous measurement of various Ap3A-cleaving enzymes, which could be a 

potent method to investigate potential inhibitors of Ap3A-cleaving enzymes. 
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3 Synthesis of Phosphate-Modified ATP Analogs ─ Are 

they Substrates for UBA1, FAK or Src Kinase? 

 

Parts of this chapter are already published in ChemBioChem, 2017, 18, 378-381[28]. 

 

3.1 Synthesis of Phosphate-Modified ATP Analogs 

 

In order to investigate the influence of modifications at the phosphate of ATP on the acceptance 

of the molecule by the respective enzyme, different phosphoramidate-modified ATP analogs, 

acyl phosphate-modified ATP analogs, phosphoester-modified ATP analogs and phosphoester-

modified adenosine tetraphosphate analogs were synthesized (shown in figure 12).  

 

The phosphoester-modified ATP analogs, acyl phosphate-modified ATP analogs and 

phosphoester-modified adenosine tetraphosphate analogs were kindly provided by Daniel 

Hammler. The ATP-NH-Sulfo-Cy3 was synthesized together with Yannick Leist as part of his 

bachelor thesis[97].  
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Figure 12. Structures of all used phosphate-modified ATP analogs in this chapter. Additionally, the structure of the Atto488 dye 

as carboxylic acid is shown.  

 

 

 

ATP-Ac-Atto488 

ATP-Ac-N3 
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3.1.1 Synthesis of -Phosphoramidate-Modified ATP Analogs 

 

ATP-NH-N3 (1) 

The synthesis of ATP-NH-N3 (1) (Scheme 6 A) was performed by treatment of disodium ATP 

with 1-amino-6-azido-hexane (3) in the presence of 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide hydrochloride (EDCxHCl) in water and DMF at pH 7.5 and purified by RP-HPLC 

(19 % yield)[19g,20]. The 1-amino-6-azido-hexane linker (3) was synthesized in two steps 

(Scheme 6 B), starting from 1,6-dibromohexane with NaN3 in DMF. The obtained 

1,6-diazidohexane (2) (87 % yield) was partially reduced with PPh3 in a mixture of Et2O, 1 M 

HCl and ethyl acetate and results in 38 % 1-amino-6-azido-hexane (3) after column 

chromatography on silica.[98] 

 

Scheme 6. Synthesis of ATP-NH-N3 (1) (A) and 1-amino-6-azido-hexane (3) (B). 

 

ATP-NH-biotin (4) 

The second analog ATP-NH-biotin (4) was synthesized by treatment of disodium ATP with 

N-(6-aminohexyl)-D-biotinamide (6) in the presence EDCxHCl in water and DMF at pH 7.5 

(Scheme 7 A). After purification by RP-HPLC 18 % product was obtained. The used 

N-(6-aminohexyl)-D-biotinamide (6) was synthesized in a two-step synthesis starting from 

D-biotin (Scheme 7 B). D-biotin was transformed to its NHS ester form with EDCxHCl and NHS 

in DMF[99]. This D-biotin-NHS ester was filtered and washed with EtOH/ AcOH/ H2O 95:1:4 

(90 % yield). Coupling of the 1,6-diaminohexane with the D-biotin-NHS ester (5) was 

performed in DMF and the N-(6-aminohexyl)-D-biotinamide (6) was used without further 

purification. 
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Scheme 7. Synthesis of ATP-NH-biotin (4) (A) and N-(6-aminohexyl)-D-biotinamide (6) (B). 

 

ATP-NH-Sulfo-Cy3 (7) 

The third analog was synthesized by labeling the -phosphate of ATP via a phosphoramidate 

linkage with Sulfo-Cy3. For the synthesis of this ATP-NH-Sulfo-Cy3 analog (7) a new one-step 

synthesis strategy was used, starting from the commercially available disodium ATP (Scheme 

8 A). Disodium ATP was mixed with an excess of EDCxHCl in condensation buffer (published by 

C. Richert et al.[100]), containing 0.2 M HEPES, 0.4 M NaCl, 0.16 M MgCl2 and 0.1 M 

1-ethylimidazole at pH 7.5. Then, Sulfo-Cy3-1-hexylamine (10) was added and the mixture 

was stirred for 48 h at room temperature to result in the Sulfo-Cy3-labeled -phosphoramidate-

modified ATP analog (7) after RP-HPLC purification (10 % yield)[97]. Although the yield in this 

one-step synthesis is moderate, this synthesis strategy has several advantages. It allows to 

start directly from the commercial available disodium ATP, the reaction takes place in aqueous 

solution and requires only one final purification step of the acid-labile phosphoramidate[20].  

The Sulfo-Cy3-1-hexylamine (10) used here was synthesized in 49 % yield by coupling 

6-aminohexylamine to Sulfo-Cy3-NHS ester (9) in aqueous NaHCO3 solution with DMF at pH 

8.9 (Scheme 8 B). The Sulfo-Cy3-NHS ester (9) was freshly synthesized from the Sulfo-Cy3-

carboxylic acid (8) with disuccinimidyl carbonate in DMF and pyridine in quantitative yield. 

Sulfo-Cy3-1-hexylamine (10) was purified with RP-HPLC before used.  
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Scheme 8. Synthesis of ATP-NH-Sulfo-Cy3 (7) (A) and Sulfo-Cy3-1-hexylamine (10) (B).  

 

3.1.2 Synthesis of Fluorescent Dyes 

To investigate the influence of bulky fluorophores attached to ATP analogs on the consumption 

of different enzymes, the cyanine dye Sulfo-Cy3 (8) was synthesized (Scheme 9)[102]. This 

cyanine dye has the advantage of water solubility due to its sulfone groups, which is necessary 

for biochemical applications like in vitro enzyme assays. Furthermore, the class of cyanine dyes 

are well suited for FRET applications, which will be interesting in later synthesis of doubly 

modified analogs (see chapter 4). The synthesis started with the transformation of 

para-hydrazino-benzenesulphonic acid to the indolenine (11) by using a Fischer indole-like 

synthesis (56 % yield).[101] Next, this indolenine was alkylated with 6-bromohexanoic acid or 

ethyl iodide and 99 % heptanoyl-indolenine (12) and 95 % ethyl-indolenine (13) were 

obtained.[101] The coupling of the indolines was performed in a one-pot synthesis with 

diphenylformamidine.[102] After product precipitation with diethylether, RP-HPLC purification of 
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the Sulfo-Cy3 dye was performed and Sulfo-Cy3 was obtained as carboxylic acid (8) (10 % 

yield).  

 

Scheme 9. Synthesis of Sulfo-Cy3-COOH (8).  

 

 

3.2 Design and Selection of Assays to Detect Enzymatic 

Consumption of Different ATP Analogs 

 

In order to clarify which kind of phosphate-modified ATP analogs are accepted by different 

enzymes, three ATP-cleaving enzymes from two mechanistically distinct classes were chosen. 

The --phosphoanhydride-cleaving ubiquitin-activating enzyme E1 (UBA1), the 

-phosphate-transferring focal adhesion kinase (FAK) and the v-Src kinase were studied and 

their propensity of processing all phosphate-modified ATP analogs were compared.  

 

3.2.1 E6AP Autoubiquitination Assay to Study UBA1 Activity 

The turnover of the -phosphate-modified ATP analogs by UBA1 was determined by performing 

an autoubiquitination assay using E6AP (Scheme 10).[103] In this in vitro assay UBA1 activates 
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ubiquitin (Ub) by forming a thioester bond between the C-terminal carboxyl group of Ub and 

the catalytic cysteine residue of UBA1 at the expense of ATP. Next, Ub is transferred to a 

cysteine residue of a ubiquitin-conjugating enzyme E2 (e.g., UbcH5b) and finally, it is covalently 

attached to a target protein via a ubiquitin-protein ligase E3.[63,66,67] In this case, E6AP acts as 

the E3 ligase and the target protein at the same time, resulting in modification of E6AP by 

formation of Ub chains. This autoubiquitination is monitored by SDS-PAGE and subsequent 

Coomassie staining. In other words, UBA1 activity and therefore ATP consumption leads to 

decreased levels of unmodified E6AP and free Ub and the simultaneous formation of 

ubiquitinated E6AP (E6AP-Ubn).  

 

Scheme 10. Scheme of E6AP autoubiquitination assay to study UBA1 activity in vitro. Ubiquitin is activated by UBA1 in an 

ATP-dependent manner and then transferred to E6AP with the help of UbcH5b, thus resulting in poly-autoubiquitination of 

E6AP. 

 

3.2.2 FAK In Vitro Assay 

Next, the processing of the -phosphate-modified ATP analogs by FAK using a new in vitro 

kinase assay (Scheme 11) were studied. In detail, the recombinant human FAK kinase domain 

fused to a FIVE-tag (hFAK-KD), a recombinant FAK substrate (the concatenated 

autophosphorylation site (Y397) of hFAK fused to a GST-tag) and ATP or one of the analogs 

were incubated at 37 °C for 1 h. Here, FAK cleaves the --phosphoanhydride bond of ATP and 

transfers the -phosphate to its substrate resulting in phosphorylated tyrosine pY397. After 

performing SDS-PAGE, the phosphorylated substrate was detected via immunoblotting. In 

contrast to a previously published assay[40], the 33 kDa large hFAK-KD tagged with a FIVE-tag 

and the 41 kDa large GST-tagged substrate are detected individually with specific primary 

antibodies. The degree of substrate phosphorylation was recognized by a phosphotyrosine-

specific primary antibody (-pY).  
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Scheme 11. FAK in vitro assay: a) GST-tagged substrate (containing four tyrosines, Y) and the FIVE-tagged hFAK-KD were 

incubated with ATP or analog at 37 °C for 1 h; b) western blotting was followed by immunodetection with anti-phosphotyrosine 

antibody (-pY) and c) Horseradish peroxidase (HRP)-conjugated secondary antibody; d) Luminol chemiluminescence was 

visualized upon oxidation by HRP. e) After western blotting, streptavidin-Alexa647 bound to biotin in case of ATP-NH-biotin, 

and f) was detected by fluorescence readout. 

 

3.2.3 V-Src Kinase In Vitro Assay 

The third in vitro assay to study the consumption of the -phosphate-modified ATP analogs, 

was designed with the Src kinase. The Src kinase cleaves the --phosphoanhydride bond of 

ATP and transfers the -phosphate to a substrate tyrosine residue, similar to FAK. Substrates 

of the Src kinase can be other kinases, e.g. the Y576 and Y577 within the kinase domain 

activation loop of the focal adhesion kinase[75], other adhesion molecules like CEACAMs 

(Carcinoembryonic antigen-related cell adhesion molecules)[104] or the autophosphorylation site 

Y416 of Src itself[93].  

In this assay design the viral Src kinase domain (v-Src-KD) from Rous Sarcoma virus (aa 267–

517) was used, since it lacks the regulatory phosphorylation site and is constitutively activated. 

The cytoplasmic domain of CEACAM3 (aa 177–252), which contains two tyrosine residues 

(Y230, Y241) is a natural substrate of the Src kinase[104]. It was fused to a GST-tag and serves 

as the substrate in this assay. ATP (or analog) was incubated with v-Src-KD and the 

CEACAM3-cyto substrate at 37 °C for 1 h. The reaction products were analyzed by 

immunoblotting with antibodies against the GST-tag (-GST) and phosphorylated tyrosine 

(-pY).  
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Scheme 12. V-Src kinase in vitro assay. (a) GST-tagged cytoplasmic domain of CEACAM3 and v-Src-KD were incubated with 

ATP or its analog at 37° C for 1 h; (b) Phosphorylation was analyzed by immunodetection with anti-phosphotyrosine antibody 

(-pY) and (c) Horseradish peroxidase (HRP)-conjugated secondary antibody; (d) Luminol chemiluminescence was visualized 

upon oxidation by HRP.  

 

 

3.3 Stability of -Phosphate-Modified ATP Analogs 

 

Before the synthesized ATP analogs were tested in the chosen in vitro assays, their stability 

had to be investigated. Since phosphoester-modified ATP and adenosine tetraphosphosphate 

analogs are known to be stable from pH 2 to pH 12[20], only the phosphoramidate- and acyl 

phosphate-modified ATP analogs were studied. The phosphoramidate-modified ATP analogs are 

known to be sensitive to acidic conditions[20], so their stability under the planned assay 

consitions had to be investigated. The ATP-NH-Sulfo-Cy3 and the ATP-Ac-Atto488 analogs were 

chosen as examples for the phosphoramidate-modified analogs and the acyl phosphate-

modified ATP analogs. Both analogs were mixed in the corresponding in vitro assay buffer 

(UBA1 buffer, FAK buffer, Src buffer) and incubated at 37 °C. After incubation, the probes were 

diluted with water and separated on the analytical RP-HPLC. For details of the buffer 

ingredients, see chapter 10.2.13. As reference, a probe in buffer without prior incubation 

(0 min) was chosen.  

 

3.3.1 Stability of the Sulfo-Cy3-Labeled Phosphoramidate-Modified ATP 

Analog 

The stability of the ATP-NH-Sulfo-Cy3 analog was verified by measuring the absorbance at 

550 nm (max for Sulfo-Cy3) on the PDA detector of the analytical RP-HPLC system. The 
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following figures (Figure 13 A–C) show the direct comparison of HPLC traces at 550 nm with 

0 min /1 h incubation at 37 °C in the three different buffers of the above mentioned in vitro 

assays. Although all three buffers have different ingredients and varied final pH values (from 

pH 7.6 to 6.6) the phosphoramidate-modified ATP analog is stable under the tested conditions, 

since no decomposition was observed by analytical RP-HPLC. 

     

 

Figure 13. RP-HPLC analysis of ATP-NH-Sulfo-Cy3 under UBA1 (A), FAK (B) and v-Src kinase (C) in vitro assay conditions 

after incubation for 0 min or 1 h at 37 °C in assay buffer. Absorbance was monitored at 550 nm. a. u. = arbitrary unit. 

 

3.3.2 Stability of the Atto488-Labeled Acyl Phosphate-Modified ATP Analog 

For investigating the stability of the acyl phosphate-modified ATP analogs, the ATP-Ac-Atto488 

analog was chosen. The stability of this analog was verified by measuring the absorbance at 

500 nm (max for Atto488) on the PDA detector of the analytical RP-HPLC system. The following 

figures (Figure 14 A–C) show the direct comparison of HPLC traces at 500 nm with 0 min /1 h 

incubation at 37 °C in the three different buffers. Although it is known that acyl phosphates in 

general are most stable between pH 5 and 6[37], no decomposition was observed on the 

analytical RP-HPLC under the tested pH values. Therefore, the acyl phosphate-modified ATP 

analog is stable in all three buffers with different ingredients and varied final pH values (from 

pH 7.6 to 6.6).  
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Figure 14. RP-HPLC analysis of ATP-Ac-Atto488 under UBA1 (A), FAK (B) and v-Src kinase (C) in vitro assay conditions after 

incubation for 0 min or 1 h at 37 °C in assay buffer. Absorbance was monitored at 500 nm. a. u. = arbitrary unit. 

 

 

3.4 Enzymatic Consumption of Different Phosphate-Modified 

ATP Analogs 

 

3.4.1 Consumption by UBA1 

The processing of the phosphate-modified ATP analogs by UBA1 was determined by performing 

an autoubiquitination assay using E6AP. Here, the UBA1 activity and therefore the ATP 

consumption leads to decreased levels of unmodified E6AP and free Ub and the simultaneous 

formation of ubiquitinated E6AP (E6AP-Ubn). This decreased levels and formations of high 

molecular mass-shifted bands is visualized on Coomassie stained SDS gels and afterwards 

quantitatively analyzed, calculating the integrated band intensities by using ImageJ. 
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Processing of -Phosphate-Modified ATP Analogs by UBA1 

First, the consumption of -phosphoester- (ATP-O-N3) and -phosphoramidate- (ATP-NH-N3 and 

ATP-NH-biotin) modified ATP analogs was investigated (Figure 15). Similar to the reaction in 

the presence of natural /unmodified ATP, addition of phosphoramidate-modified ATP analogs 

results in the formation of ubiquitinated E6AP (E6AP-Ubn). In fact, the level of highly 

ubiquitinated E6AP observed in the presence of ATP-NH-N3 is comparable to that seen when 

unmodified ATP was used. Furthermore, the appearance of highly ubiquitinated E6AP is 

accompanied by an equivalent decrease in the levels of free ubiquitin and the unmodified form 

of E6AP. Similar results were obtained for ATP-NH-biotin, though E6AP appears to be somewhat 

less efficiently ubiquitinated than in the presence of ATP or ATP-NH-N3. Nonetheless, the data 

clearly indicate that the phosphoramidate-modified analogs are consumed by UBA1 for Ub 

activation. In contrast, E6AP autoubiquitination could not be observed with ATP-O-N3 indicating 

that this analog is not or only poorly used by UBA1. All observations on the Coomassie stained 

SDS gel (Figure 15 A) were confirmed by quantitative analysis (Figure 15 B).  

 

Figure 15. UBA1 consumption of -phosphate-modified ATP analogs monitored by E6AP ubiquitination. A) ATP or analog 

(500 µM) was incubated with UBA1 (75 nM), UbcH5b (800 nM), E6AP (1.25 µM), and ubiquitin (8 µM) for 30 min at 37 °C. The 

products were analyzed by SDS-PAGE and followed by Coomassie staining; B) For quantification of ubiquitinated E6AP 

(E6AP-Ubn), unmodified E6AP, and free ubiquitin (Ub) the integrated band intensities of Ub, E6AP and E6AP-Ubn were 

calculated by using ImageJ. Values were normalized to the amount of free ubiquitin without ATP (mean ± SEM of two 

independent experiments). 

 

Based on these results, -phosphate-modified ATP analogs with bulkier modifications like dyes 

were studied (Figure 16). All different classes of -phosphate-modified ATP analogs consist of 

azide, Atto488 and/or Sulfo-Cy3 moieties on the -phosphate. Additional to the phosphoester 

and phosphoramidates, the class of acyl phosphates (ATP-Ac-N3/-Atto488) were investigated. In 



3 Synthesis of Phosphate-Modified ATP Analogs ─ Are they Substrates for UBA1, FAK or Src 

Kinase? 

31 

 

accordance to the first E6AP assay, absence of ATP and the presence of both phosphoester-

modified ATP analogs (ATP-O-N3/-Atto488) show neither the formation of E6AP-Ubn nor a 

decrease of free Ub. Furthermore, similar to unmodified ATP and ATP-NH-N3, highly 

ubiquitinated E6AP was detected for both dye-modified phosphoramidate ATP analogs 

(ATP-NH-Atto488 and ATP-NH-Sulfo-Cy3). Although the quantification (Figure 16 B) shows that 

ATP-NH-N3 leads to more E6AP-Ubn than the dye-modified analogs, it is clearly shown that all 

three tested phosphoramidate analogs are consumed by UBA1. Nonetheless, the best substrate 

of UBA1 seem to be the acyl phosphate-modified ATP analogs. They show the highest level of 

E6AP-Ubn (level in the quantification is even higher than for natural ATP), which is accompanied 

by an equivalent decrease in the levels of free ubiquitin and the unmodified form of E6AP. A 

difference in consumption by UBA1 between the Atto488- and N3-modified acyl phosphate ATP 

analogs is only visible in the level of free ubiquitin. Here, the Ub-level is slightly more decreased 

in the presence of ATP-Ac-N3, which can be observed on the Coomassie stained SDS gel (Figure 

16 A) and the quantitative analysis (Figure 16 B). Although the stability of the acyl phosphate-

modified ATP analogs was confirmed by analytical HPLC, the formation of highly ubiquitinated 

E6AP due to enzymatic cleavage of the acyl phosphate analogs by UBA1 is not unambiguous. 

It is reported that acyl phosphate-modified ATP analogs can be used to label enzyme binding 

pockets containing lysine residues[33]. Since UBA1, Ub, UbcH5b and E6AP contain at least some 

lysine residues, the acyl phosphate label could be attacked by these lysines resulting in natural 

ATP, which leads to E6AP-Ubn and consumption of Ub.  
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Figure 16. UBA1 consumption of -phosphate-modified ATP analogs monitored by E6AP ubiquitination. A) ATP or analog 

(100 µM) was incubated with UBA1 (75 nM), UbcH5b (800 nM), E6AP (1.25 µM), and ubiquitin (8 µM) for 30 min at 37 °C. The 

products were analyzed by SDS-PAGE and followed by Coomassie staining; B) For quantification of ubiquitinated E6AP 

(E6AP-Ubn), unmodified E6AP, and free ubiquitin (Ub) the integrated band intensities of Ub, E6AP and E6AP-Ubn were 

calculated by using ImageJ. Values were normalized to the amount of free ubiquitin without ATP. 

 

Processing of Adenosine Tetraphosphate (Ap4) Analogs by UBA1 

Next, the consumption of -phosphoester-modified Ap4 by UBA1 was investigated. It was 

recently demonstrated that -phosphoester-modified Ap4 analogs modified with an azide moiety 

are substrates of UBA1.[22] Again, the influence of a bulky dye, here Atto488, was tested. 

Formation of ubiquitinated E6AP for unmodified ATP, Ap4-O-N3 and Ap4-O-Atto488 (Figure 17 A) 

could be observed. The decrease in the levels of free ubiquitin and the unmodified form of E6AP 
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are only hardly visible for both -phosphoester-modified Ap4 analogs, in contrast to natural/ 

unmodified ATP. Nevertheless, the Coomassie stained SDS gel (Figure 17 A) and the 

quantitative analysis (Figure 17 B) indicate clearly consumption of both -phosphoester-

modified Ap4 analogs and thereby show that attachment of the Atto488 dye in contrast to 

attachment of an azide moiety has only small influence.  

 

Figure 17. UBA1 consumption of -phosphate-modified Ap4 analogs monitored by E6AP ubiquitination. A) ATP or Ap4 analog 

(100 µM) was incubated with UBA1 (75 nM), UbcH5b (800 nM), E6AP (1.25 µM), and ubiquitin (8 µM) for 30 min at 37 °C. The 

products were analyzed by SDS-PAGE and followed by Coomassie staining; B) For quantification of ubiquitinated E6AP 

(E6AP-Ubn), unmodified E6AP, and free ubiquitin (Ub) the integrated band intensities of Ub, E6AP and E6AP-Ubn were 

calculated by using ImageJ. Values were normalized to the amount of free ubiquitin without ATP (ATP and -ATP: mean ±SEM 

of three independent experiments). 

 

Processing of Diadenosine Polyphosphates (ApnAs) by UBA1 

Further, also the turnover of diadenosine polyphosphates by UBA1 was studied. Here, 

commercially available diadenosine triphosphate (Ap3A), diadenosine tetraphosphate (Ap4A) 

and diadenosine pentaphosphate (Ap5A) were used instead of ATP (Figure 18). For Ap3A neither 

formation of ubiquitinated E6AP, nor decrease of the level of free ubiquitin were observed, 

similar to the absence of ATP. In the case of Ap4A, the level of free ubiquitin seems to be 

unchanged, but appearance of E6AP-Ubn is slightly visible. In contrast, Ap5A leads to a clear 

formation of E6AP-Ubn and also a clear decrease of free ubiquitin. Both, the level of E6AP-Ubn 

and free ubiquitin are not as distinct as for natural ATP (Coomassie stained SDS gel (Figure 

18 B) and quantification (Figure 18 C)). Nonetheless, the data clearly indicate that the Ap5A is 
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consumed by UBA1. Since no E6AP autoubiquitination could be observed with Ap3A, this analog 

is not or only poorly used by UBA1. 

 

Figure 18. UBA1 consumption of diadenosine polyphosphates (ApnAs) monitored by E6AP ubiquitination. A) Structures of 

Ap3A, Ap4A and Ap5A; B) ATP or ApnA (100 µM) was incubated with UBA1 (75 nM), UbcH5b (800 nM), E6AP (1.25 µM), and 

ubiquitin (8 µM) for 30 min at 37 °C. The products were analyzed by SDS-PAGE and followed by Coomassie staining; C) For 

quantification of ubiquitinated E6AP (E6AP-Ubn), unmodified E6AP, and free ubiquitin (Ub) the integrated band intensities of 

Ub, E6AP and E6AP-Ubn were calculated by using ImageJ. Values were normalized to the amount of free ubiquitin without ATP 

(ATP and -ATP: mean ± SEM of three independent experiments; Ap3A and Ap4A: mean ± SEM of two independent 

experiments). 

 

3.4.2 Consumption by FAK-KD 

The turnover of the synthesized phosphate-modified ATP analogs by FAK was visualized with 

an in vitro kinase assay. After incubation of kinase (hFAK-KD), substrate (recombinant FAK 

autophosphorylation sequence) and ATP or its analog, the degree of substrate phosphorylation 
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was recognized by a phosphotyrosine-specific primary antibody (-pY) after SDS-PAGE and 

western blot analysis.  

 

Processing of-Phosphate-Modified ATP Analogs by FAK 

In the first FAK assay, the consumption of -phosphoester- (ATP-O-N3) and -phosphoramidate- 

(ATP-NH-N3 and ATP-NH-biotin) modified ATP analogs was studied. Phosphorylated substrate 

could be detected for ATP-NH-N3 and ATP-NH-biotin as well as for natural ATP via the 

phosphotyrosine antibody (Figure 19).  

 

Figure 19. Consumption of ATP (100 µM) or ATP analogs (100 µM) by hFAK-KD (200 nM) with FAK substrate (160 nM) is 

visualized by western blotting and -pY and fluorescence readout with streptavidin-Alexa647. Immunodetection with -FIVE 

and -GST verify the presence of equivalent amounts of the FIVE-tagged hFAK-KD and GST-FAK substrate in the respective 

samples. 

 

Time course experiments showed that already after 5 minutes conversion of natural ATP (Figure 

20 A) and the ATP-NH-biotin analog (Figure 20 B) is detectable. Interestingly, the bulky 

phosphate modification biotin did not interfere with the reactivity of the phosphotyrosine 

antibody (Figure 19 and 20 B). The intensities of the detected phosphotyrosine signals are less 

pronounced for the phosphoramidate-modified ATP analogs than for natural ATP (Figure 19). 

Additionally, in case of ATP-NH-biotin, the biotin-modified phosphorylated substrate could be 

visualized by fluorescence readout upon incubation with a streptavidin-Alexa647 conjugate 

(Figure 19 and 20 B). In the presence of the phosphoester-modified analog (ATP-O-N3), no 

phosphotyrosine signal was observed indicating that this analog is not consumed by this kinase 

(Figure 19). Immunodetection with -FIVE and -GST showed the presence of equivalent 

amounts of the FIVE-tagged hFAK-KD and GST-FAK substrate in the respective samples (Figure 

19 and 20). 
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Figure 20. Consumption of ATP (100 µM) and ATP-NH-biotin (100 µM) by hFAK-KD (200 nM) with FAK substrate (160 nM) in 

time dependence. Consumption of ATP (A) is visualized by western blotting and -pY. Consumption of ATP-NH-biotin (B) is 

visualized by western blotting and -pY and fluorescence readout with streptavidin-Alexa647. Immunodetection with -FIVE 

and -GST verify the presence of equivalent amounts of the FIVE-tagged hFAK-KD and GST-FAK substrate in the respective 

samples. 

 

Next, the consumption of ATP analogs with bulkier modifications like dyes was studied (Figure 

21). All different classes of -phosphate-modified ATP analogs consist of azide- and Atto488 

moieties on the -phosphate. Additional to the phosphoester and phosphoramidates, the class 

of acyl phosphates (ATP-Ac-N3/-Atto488) was investigated. Similar to the first assay, no 

phosphorylated substrate could be detected for the phosphoester-modified ATP analogs 

(ATP-O-N3 and ATP-O-Atto488). Further, natural ATP and ATP-NH-N3 lead again to 

phosphorylated substrate, which was indicated by the phosphotyrosine signals. In comparison 

to ATP-NH-N3, the bulky phosphoramidate analog ATP-NH-Atto488 showed no phosphotyrosine 

signal in the western blot analysis, which indicates that the Atto488 moiety impedes the 

phosphoramidate consumption by FAK. Other than for the phosphoramidate-modified ATP 

analogs, the Atto488 moiety does not interfere the turnover of the acyl phosphates. Both acyl 

phosphate-modified ATP analogs (ATP-Ac-N3 and ATP-Ac-Atto488) are processed by FAK and 

result in phosphorylated substrate. Interestingly, the ATP-Ac-Atto488 seem to be favored over 

the ATP-NH-N3. Additionally, in case of ATP-Ac-Atto488, the Atto488-modified phosphorylated 

substrate could be visualized by fluorescence readout at 473 nm before western blot analysis. 
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Immunodetection with -GST and -FIVE indicated the presence of equivalent amounts of the 

GST-FAK substrate and the FIVE-tagged hFAK-KD in the respective samples. Once more, the 

result of the acyl phosphate-modified ATP analogs has to be interpreted with caution. HFAK-KD 

as well as the artificial FAK substrate contain lysine residues, which can attack the carbonyl 

carbon of the acyl phosphate with their -amino group[33]. Consequently, unmodified ATP is 

formed, which can be processed by FAK and yield in phosphorylated substrate. When lysine 

residues of the FAK substrate attack the Atto488-acyl phosphate-modified ATP, the Atto488 label 

is attached to the substrate, resulting in fluorescence signals that can be detected at 473 nm. 

Therefore, the resulting fluorescence and phosphotyrosine signals of the acyl-modified ATP 

analogs in figure 21 are difficult to interpret.  

 

Figure 21. Consumption of ATP (10 µM) or ATP analogs (100 µM) by hFAK-KD (200 nM) with FAK substrate (160 nM) is visualized 

by fluorescence readout at 473 nm and western blotting and -pY. Immunodetection with -FIVE and -GST verify the 

presence of equivalent amounts of the FIVE-tagged hFAK-KD and GST-FAK substrate in the respective samples. 

 

Processing of Adenosine Tetraphosphate (Ap4) Analogs by FAK 

Last, the consumption of -phosphoester-modified Ap4 analogs by FAK was investigated (Figure 

22). Similar to the previously shown experiment the analogs consist of azide- and Atto488 

moieties on the -phosphate. Neither Ap4-O-N3 nor Ap4-O-Atto488 yield in phosphorylated 

substrate and only natural ATP was consumed by FAK. Since the immunodetection with -GST 

and -FIVE verified the presence of equivalent amounts of the GST-FAK substrate and the FIVE-

tagged hFAK-KD in the respective samples, it is clearly shown that FAK does not process either 

of the two tested -phosphoester-modified Ap4 analogs. That’s why, no statement about the 

influence of the bulky Atto488 dye in case of the Ap4 analogs can be made. 
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Figure 22. Consumption of ATP (10 µM) or -phosphate-modified Ap4 analogs (100 µM) by hFAK-KD (200 nM) with FAK 

substrate (160 nM) is visualized by western blotting and -pY. Immunodetection with -FIVE and -GST verify the presence 

of equivalent amounts of the FIVE-tagged hFAK-KD and GST-FAK substrate in the respective samples. 

 

3.4.3 Consumption by v-Src-KD 

In a similar way to the FAK in vitro assays, the turnover of the synthesized phosphate-modified 

ATP analogs by the viral Src kinase was investigated in vitro. Here, the kinase domain of v-Src 

(v-Src-KD), the substrate (cytoplasmic domain of CEACAM3) and ATP or its analog were 

incubated and the degree of substrate phosphorylation was determined by a phosphotyrosine-

specific primary antibody (-pY) after SDS-PAGE and western blot analysis.  

 

Processing of -Phosphate-Modified ATP Analogs by v-Src Kinase 

First, the consumption of different classes of -phosphate-modified ATP analogs by v-Src kinase 

and the influence of bulky modifications like dyes were studied (Figure 23). All different classes 

of -phosphate-modified ATP analogs (phosphoesters, phosphoramidates and acyl phosphates) 

consist of azide and Atto488 moieties on the -phosphate. Similar to results with the FAK, no 

phosphorylated substrate could be detected for the phosphoester-modified ATP analogs 

(ATP-O-N3 and ATP-O-Atto488). The phosphotyrosine signal intensity is as low as in the absence 

of ATP. Further, natural ATP shows a distinct phosphotyrosine signal. The phosphoramidate- 

and acyl phosphate-modified ATP analogs showed phosphotyrosine signals, too, which indicated 

their consumption by v-Src kinase. In comparison to the FAK assay (Figure 21), v-Src kinase 

consumes the bulky Atto488 moiety also in the case of the phosphoramidate-modified analogs. 

The smaller modified analogs ATP-NH-N3 and ATP-Ac-N3 show more intense phosphotyrosine 

signals than the bulkier ATP-NH-Atto488 and ATP-Ac-Atto488 ones. In all those cases the amount 

of phosphorylated substrate was clearly less than for natural ATP, although the amount of 

natural ATP was 10 times less than of the -phosphate-modified ATP analogs. For the 

ATP-NH-Atto488 and the ATP-Ac-Atto488, the Atto488-modified phosphorylated substrate could be 
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additionally visualized by fluorescence readout at 473 nm before western blot analysis. With 

the -GST antibody after western blot analysis, the presence of equivalent amounts of the 

GST-tagged CEACAM3 substrate in the respective samples was confirmed. Similar to FAK, v-Src 

kinase and the CEACAM3 substrate contain lysine residues, which can react with the acyl 

phosphate in an enzyme-independent manner[33]. Consequently, the -pY signal for ATP-Ac-N3 

and ATP-Ac-Atto488 can result from natural ATP after acyl attachment on the lysine residues. 

Reaction between lysine of the cytoplasmic domain of CEACAM3 and the acyl-linked Atto488 can 

therefore yield in fluorescence signals at 473 nm.  

 

Figure 23. Consumption of ATP (1 µM) or ATP analogs (10 µM) by v-Src kinase (200 nM) with CEACAM3 (800 nM) is visualized 

by fluorescence readout at 473 nm and western blotting and -pY. Immunodetection with -GST verifies the presence of 

equivalent amounts of the GST-tagged CEACAM3 substrate in the respective samples 

 

Processing of Adenosine Tetraphosphate (Ap4) Analogs by v-Src Kinase 

Next, the turnover of -phosphoester-modified Ap4 analogs by v-Src kinase was investigated. 

As in the experiment above, the analogs consist of azide and Atto488 moieties, which allows to 

investigate the influence of the bulky Atto488 modification, this time on the -phosphate (Figure 

24). In this case, only natural ATP leads to phosphorylated substrate. Both -phosphoester-

modified Ap4 analogs (Ap4-O-N3 and Ap4-O-Atto488) showed no phosphotyrosine signal, similar 

to the absence of ATP. The immunodetection with -GST verified the presence of equivalent 

amounts of the GST-CEACAM3 substrate in the respective samples. Identically to the FAK 

(Figure 22), the v-Src kinase does not consume the tested -phosphoester-modified Ap4 

analogs, which therefore seem to be no or only poor substrates for phosphotyrosine-kinases.  
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Figure 24. Consumption of ATP (1 µM) or -phosphate-modified Ap4 analogs (10 µM) by v-Src kinase (200 nM) with CEACAM3 

(800 nM) is visualized by western blotting and -pY. Immunodetection with -GST verifies the presence of equivalent amounts 

of the GST-tagged CEACAM3 substrate in the respective samples. 

 

Processing of -Acyl Phosphate-Modified ATP Analogs  

Acyl phosphate-modified ATP analogs are known to be used for lysine labeling e.g. within the 

active site of kinases.[33] In this work, two acyl phosphate-modified ATP analogs (ATP-Ac-N3 

and ATP-Ac-Atto488) were used to study their interaction with the ATP-cleaving enzymes UBA1, 

FAK and Src. Since in all used in vitro assays not only the enzymes, but also the substrates, 

targets or co-enzymes contain lysine residues, the risk of false positive results, independent 

from consumption, is very high. In this case, the -amino group of lysines attacks the carbonyl 

carbon of the acyl phosphate-modified ATP analog.[33] That’s why, a control experiment with 

ATP-Ac-Atto488 under FAK in vitro assay conditions was performed. The ATP analog was 

incubated in FAK kinase buffer with only the kinase (hFAK-KD), only the FAK substrate or with 

both for 1 h at 37 °C. After SDS-PAGE, the SDS gel was washed for 15 min with water and the 

fluorescence at 473 nm (corresponding to the used Atto488 dye) was detected. In figure 25 the 

fluorescence readout of the SDS gel is shown and substrate labeling with Atto488 is not only 

obtained in presence of kinase and substrate (“ATP-Ac-Atto488”), but also in absence of FAK 

with incubation of the ATP-Ac-Atto488 analogs with the FAK substrate only (“-hFAK-KD”). 

Comparison of the intensities of the labeled substrate signals indicates that the labeling is 

enzyme-independent, since no difference in signal intensity can be observed between presence 

(“ATP-Ac-Atto488”) and absence (“-hFAK-KD”) of the kinase. 
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Figure 25. Consumption of ATP-Ac-Atto488 (100 µM) by hFAK-KD wt (200 nM) or/ with FAK substrate (160 nM) is visualized by 

fluorescence readout at 473 nm. -substrate: incubation of hFAK-KD wt and ATP-Ac-Atto488; -hFAK-KD: incubation of FAK 

substrate and ATP-Ac-Atto488; -ATP-Ac-Atto488: incubation of hFAK-KD wt and FAK substrate; ATP-Ac-Atto488: incubation of 

hFAK-KD wt, FAK substrate and ATP-Ac-Atto488. 

 

 

3.5 Conclusive Summary 

 

In conclusion, all three ATP-consuming enzymes UBA1, FAK and v-Src kinase accept the 

phosphoramidate-modified ATP analogs and the acyl phosphate-modified ATP analogs, whereas 

the phosphoester-modified ATP analogs are not processed. In case of the acyl phosphate-

modified ATP analogs, the results have to be interpreted with caution. They can be false positive, 

since it is possible that the results are based on an enzyme-independent attacking of the 

carbonyl carbon of the acyl by the -amino group of lysines[33]. Even though the stability of the 

acyl phosphate analogs under the used assay conditions was confirmed, unspecific reactions 

cannot be excluded. In a control experiment (Figure 25) it was shown that the ATP-Ac-Atto488 

can yield in Atto488-labeled FAK substrate signals at 473 nm without the presence of the kinase. 

Consequently, the use of the acyl phosphate-modified ATP analogs is no reliable tool to detect 

enzyme-specific interactions or to monitor enzyme activity. Therefore, only the 

phosphoramidate-modified ATP analogs have a high potential to be used for further 

functionalization that allow the monitoring of their consumption by different classes of enzymes.  

In more detail, UBA1 and v-Src kinase process the phosphoramidates and acyl phosphates 

independently from the further functionalization of the modification (e.g. bulky dye or azide 

moiety). FAK distinguishes between the kind of functionalization in the case of the 

phosphoramidate-modified ATP analogs. While the azide and biotin moieties are accepted, the 
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Atto488 dye-modified phosphoramidate ATP analog is not consumed. The acceptance of 

phosphoramidate- and acyl phosphate-modified ATP analogs by protein kinases is in accordance 

with the literature[19i,33]. But it was also reported that kinases (serine-threonine) can process 

phosphoester-modified ATP analogs[19f,104]. However, in these studies no direct comparisons 

with phosphoramidate-modified and acyl phosphate-modified counterparts were performed and 

therefore, it cannot be excluded that the kinases studied in these reports have a preference for 

acyl phosphate- or phosphoramidate-modified ATP analogs as well. Furthermore, while 

phosphoester-modified dNTP and NTP analogs have been reported to be consumed by DNA 

polymerases and UBA1, respectively, these were mainly tetra- and hexaphosphates for DNA 

polymerases[19d,106] and tetraphosphates for UBA1[22], but not phosphoester-modified 

triphosphate analogs as studied here. In this study, it could be shown that the Ap4 analogs are 

only substrates of UBA1 and not of the phosphotyrosine kinases FAK and v-Src. The influence 

of the functionalization of the -phosphoester-modified Ap4 analogs with an azide or Atto488 dye 

moiety was also investigated. The turnover of these Ap4 analogs by UBA1 is only slightly 

influenced by the type of functionalization. Furthermore, UBA1 seem to process also 

diadenosine polyphosphates as ATP surrogate, in case of Ap5A. This observation is not 

mentioned in literature. So far, only interactions between kinases and Ap5A are known.[47] Since 

the kinase assay readout used here is based on the phosphotyrosine antibody, it was not 

possible to investigate the acceptance of the diadenosine polyphosphates by FAK or v-Src 

kinase.  
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4 Synthesis of Doubly Labeled ATP Analogs for FRET 

Applications – Are they Substrates for Kinases? 

 

4.1 Synthesis of Doubly Labeled ATP Analogs and their 

Precursors 

 

Combining a -phosphate modification with an additional modification at the nucleoside scaffold 

of ATP provides the opportunity to attach two different fluorophores on one ATP molecule. 

These fluorophores can be chosen to be suitable to undergo Förster resonance energy transfer 

(FRET)[48]. FRET efficiency can be easily read out by measuring the change in emission intensity 

after excitation of the donor dye.[56] Such doubly modified ATP analogs act as FRET-based 

probes and have the potential to allow continuous monitoring of the activity of ATP-consuming 

enzymes.[11,39] After cleavage by the enzyme of interest the two fluorophores are separated, 

resulting in a large change of fluorescence characteristics. Earlier studies indicate that for 

typical in vitro applications a combination of the sulfonated polymethine dyes Sulfo-Cy3 and 

Sulfo-Cy5 seems to be most promising due to their excellent solubility in aqueous buffer and a 

large change of fluorescence characteristics upon cleavage.[39] Until now, such FRET-ATP 

analogs were synthesized with a phosphoester linkage on the - or -phosphate of a modified 

ATP or Ap4 analog. Their use was limited to the study of the --phosphoanhydride-cleaving 

UBA1[22], the model enzyme snake venom phosphodiesterase (SVPD) from C. adamenteus[39] 

and of enzyme activity in cell lysates[41,42]. To make these FRET probes accessible for other 

enzyme classes like kinases, the modification of the -phosphate with a phosphoramidate 

instead of a phosphoester can be advantageous.[28] The positions for the modification on the 

nucleoside scaffold of ATP used in this work were chosen based on previous studies that 

showed, which modified positions of ATP are accepted by various enzymes[40]. So, the promising 

positions O2’, O3’ on the ribose and C2 and N6 on the adenine were selected.  

 

4.1.1 Synthesis of Fluorescent Dyes 

The FRET-suitable cyanine dyes Sulfo-Cy3 and Sulfo-Cy5 were both synthesized starting from 

para-hydrazino-benzenesulphonic acid.[102] The sulfonated forms of the cyanines were chosen 
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due to their better water solubility, which is of great advantage for biochemical applications like 

in vitro enzyme assays.  

The synthesis of the Sulfo-Cy5 dye (14)[102] (Scheme 13 A) started with a Fischer indole-like 

synthesis, in which the para-hydrazino-benzenesulphonic acid is transformed to the indolenine 

(11) in 56 % yield.[90] This first step and the next two steps of the synthesis of Sulfo-Cy5 are 

identical with the first steps of the synthesis of the Sulfo-Cy3 dye (8) (see chapter 3.1.2). As 

in case of Sulfo-Cy3, the next step is the alkylation of the indolenine with 6-bromohexanoic 

acid or ethyl iodide, which yields 99 % heptanoic-indolenine (12) and 95 % ethyl-indolenine 

(13).[90] For Sulfo-Cy5, the coupling of both indolines took place in a one-pot synthesis with 

malonaldehyde diphenylamine hydrochloride.[102] After product precipitation with ethyl acetate 

a subsequent RP-HPLC purification was performed and the Sulfo-Cy5 dye was obtained as 

carboxylic acid (14) in 8 % yield.  

For later synthetic applications, the Sulfo-Cy5-carboxylic acid (14) was transformed in its NHS 

ester form (15) with disuccinimidyl carbonate in DMF and pyridine in quantitative yield (Scheme 

13 B). The identical procedure was done for the Sulfo-Cy3-NHS ester synthesis (see chapter 

3.1.2).  
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Scheme 13. Synthesis of Sulfo-Cy5-COOH (14) (A) and Sulfo-Cy5-NHS ester (15) (B).  

 

4.1.2 Synthesis of ATP Analogs that are Modified on the Nucleoside 

Moiety 

 

O2’-Sulfo-Cy5-ATP (20) 

First, ATP analogs with Sulfo-Cy5 labels at the selected positions on the nucleoside scaffold 

were synthesized. The Sulfo-Cy5-labeled O2’-modified ATP analog (20) (Scheme 14) was 

synthesized starting with the alkylation of adenosine with 6-azido-1-bromohexane (16) in 40 % 

yield (17), similar to literature[39,40]. The 6-azido-1-bromohexane (16) (32 % yield) was 

previously synthesized from 1,6-dibromohexane with NaN3 in DMSO (Scheme 14 A).[107] 
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Triphosphate synthesis (20 % yield, (18)) was performed with the Yoshikawa method[108]. The 

azide was reduced in a Staudinger reduction with tris(2-carboxyethyl)phosphine (TCEP) in a 

mixture of water, methanol and triethylamine and yield in 75 % O2’-aminohexyl-modified ATP 

(19). Finally, dye coupling was performed with the Sulfo-Cy5-NHS ester (15) in aqueous 

NaHCO3 solution at pH 8.7 to obtain O2’-Sulfo-Cy5-ATP (20) (73 % yield) after RP-HPLC 

purification.  

 

Scheme 14. Synthesis of 6-azido-1-bromohexane (16) (A) and the O2’-Sulfo-Cy5-ATP (20) (B).  

 

O3’-Sulfo-Cy5-ATP (26) 

For the synthesis of O3’-Sulfo-Cy5-ATP (26) (Scheme 15), the adenosine was first selectively 

protected at the O2’-, O5’- and N6-positions with trityl chloride in pyridine (20 % yield, 

(21))[39,102]. Next, the O3’-position was alkylated with 6-azido-1-bromohexane (16) to obtain 

61 % O3’-azidohexyl-modified ATP (22).[40] Now, the protecting-groups were removed by acetic 

acid treatment (83 % yield, (23)) before triphosphate synthesis (21 % yield, (24)) was 

performed with the Yoshikawa method[108]. Via a Staudinger reduction with TCEP, the azide was 

reduced (64 % yield, (25)). Finally, dye coupling was performed with the NHS ester of the 
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Sulfo-Cy5 dye (15) in aqueous NaHCO3 solution at pH 8.7 to obtain O3’-Sulfo-Cy5-ATP (26) 

(67 % yield) after RP-HPLC purification. 

 

Scheme 15. Synthesis of the O3’-Sulfo-Cy5-ATP (26). 

 

C2-Sulfo-Cy5-ATP (34) 

For the synthesis of C2-modified ATP analogs, the modification was introduced on the 

C2-position of the adenine scaffold. Consequently, 2-iodoadenosine (30) (Scheme 16) had to 

be prepared, which could later be selectively modified at the C2-iodine. 2-Iodoadenosine (30) 

was synthesized according to literature[109]. First, the O2’-, O3’- and O5’-positions of guanosine 

were protected with acetic anhydride, 4-diamino-methylpyridine and triethylamine in 

acetonitrile (70 % yield, (27))[109]. Next, the N6-position of guanosine was chlorinated (72 % 

yield) with phosphoryl chloride in tetraethylammoniumchloride and N,N-dimethylaniline in 

acetonitrile (28)[109]. In a Sandmeyer-like reaction the iodine was introduced at the C2-position, 

with iodine, diiodomethane, copperiodide and isopentylnitrite in THF and result in 87 % 6-

Chloro-2-iodo-9-(2,3,5-tri-O-acetyl--D-ribofuranosyl)-9H-purine (29)[109]. The final step was 

the deprotection of the acetyl groups and the amination of the N6-position with 7 N NH3 in 

methanol, resulting in 38 % 2-iodoadenosine (30).  
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Scheme 16. Synthesis of the 2-iodoadenosine (30).[109] 

 

In the first step of the C2-Sulfo-Cy5-ATP (30) synthesis (Scheme 17) 2-iodoadenosine (30) 

was treated with 6-aminohexylamine in 2-methoxyethanol under alkaline conditions followed 

by protection of the amino groups with ethyl trifluoroacetate to obtain (31) in 47 % yield.[110] 

The resulting compound was converted to the triphosphate (11 % yield, (32)) with the 

Yoshikawa method[108]. Afterwards the 6-amino function was deprotected by treatment with 

10 % NH3 in water yielding 99 % C2-aminohexyl-modified ATP (33). Finally, dye coupling was 

performed with the Sulfo-Cy5-NHS ester (15) in aqueous NaHCO3 solution at pH 8.7 to obtain 

50 % C2-Sulfo-Cy5-ATP (34) after RP-HPLC purification. 
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Scheme 17. Synthesis of the C2-Sulfo-Cy5-ATP (34). 

 

N6-Sulfo-Cy5-ATP (36) 

The N6-Sulfo-Cy5-ATP analog (36) (Scheme 18) was synthesized in two steps starting from 

the N6-trifluoroacetamidohexyl-amino-ATP[40]. First, the 6-amino function was deprotected by 

treatment with 10 % NH3 in water to obtain (35). Without purification, the Sulfo-Cy5-coupling 

was performed with the Sulfo-Cy5-NHS ester (15) in aqueous NaHCO3 solution at pH 8.7 to 

obtain 50 % N6-Sulfo-Cy5-ATP (36) over both steps after RP-HPLC purification. 
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Scheme 18. Synthesis of the N6-Sulfo-Cy5-ATP (36). 

 

4.1.3 Synthesis of Doubly Labeled FRET-ATP Analogs 

 

O2’-FRET-ATP analog (37) with the ATP-NH-Sulfo-Cy3 synthesis strategy 

The preparation of the four nucleoside-Sulfo-Cy5-modified ATP analogs was straight forward. 

Next, the synthesis of a doubly labeled ATP analog as a FRET-based ATP analog was performed. 

The attachment of the cyanine dye Sulfo-Cy3 via phosphoramidate linkage was performed 

similar to the synthesis of ATP-NH-Sulfo-Cy3 (7) (see chapter 3.1.1). For the O2’-FRET-ATP 

(37), O2’-Sulfo-Cy5-ATP (20) was mixed with an excess of EDCxHCl in condensation buffer 

(published by C. Richert et al.[100]), containing 0.2 M HEPES, 0.4 M NaCl, 0.16 M MgCl2 and 0.1 M 

1-ethylimidazole at pH 7.5. Then, Sulfo-Cy3-1-hexylamine (10) was added and the mixture 

stirred for 72 h at room temperature to obtain the O2’-Sulfo-Cy5--phosphoramidate-

Sulfo-Cy3-modified ATP analog (O2’-FRET-ATP) (37) after final RP-HPLC purification (7 % yield) 

(Scheme 19). The advantage of this one-step synthesis is that the reaction takes place in 

aqueous solution and requires just one single purification of the acid-labile phosphoramidate[20].  
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Scheme 19. One-step synthesis of the O2’-FRET-ATP (37) according to C. Richert et al.[100]. 

 

Other FRET-ATP Analogs with the ATP-NH-Sulfo-Cy3 Synthesis Strategy 

The same conditions of the O2’-FRET-ATP (37) synthesis were applied for the intended 

syntheses of O3’-FRET-ATP (38), C2-FRET-ATP (39) and N6-FRET-ATP (40) (Scheme 20). So, 

Sulfo-Cy5-modified precursors (26), (34) and (36) were each mixed with an excess of EDCxHCl 

in buffer containing 0.2 M HEPES, 0.4 M NaCl, 0.16 M MgCl2 and 0.1 M 1-ethylimidazole at pH 

7.5. Then, Sulfo-Cy3-1-hexylamine (10) was added and the mixtures stirred for 72 h at room 

temperature. Unfortunately, none of the three syntheses yielded FRET-ATP products. RP-HPLC 

purification revealed several non-identified, yet none of the signals could be assigned to the 

desired products.  
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Scheme 20. One-step synthesis of the O3’-FRET-ATP (38) (A), C2-FRET-ATP (39) (B) and N6-FRET-ATP (40) (C) according 

to C. Richert et al.[100]. 
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Optimization of O2’-FRET-ATP (37) Synthesis  

Since the intended syntheses of the O3’-FRET-ATP (38), the C2-FRET-ATP (39) and the 

N6-FRET-ATP (40) analogs did not yield any product, the synthesis of the O2’-FRET-ATP (37) 

was repeated. However, in contrast to previous experiments no O2’-FRET-ATP was obtained. 

Similar to the approaches for the O3’-FRET-ATP, the C2-FRET-ATP and the N6-FRET-ATP, 

several signals could be observed by RP-HPLC analysis, yet none of them corresponded to the 

one for O2’-FRET-ATP. A possible explanation for the problems in reproducibility could be the 

low yield in the synthesis and therefore, the huge influence of minor variations in the reaction 

conditions e.g. humidity or temperature. 

Consequently, a new synthesis route was tested. Instead of the one-step attachment of the 

Sulfo-Cy3-1-hexylamine (10), a two-step route was chosen (Scheme 21). Based on the partial 

success of the synthesis of the O2’-modified analog, the optimization was focussed on the 

O2’-FRET-ATP (37).  

The first step of this new route was similar to the synthesis of the ATP-NH-N3 analog (1). The 

O2’-Sulfo-Cy5-ATP (20) was treated with 6-aminohexylamine in the presence of EDCxHCl in 

water and DMF at pH 7.5 and purified by RP-HPLC (22 % yield, (41)). The second and final step 

was the coupling of the Sulfo-Cy3. Sulfo-Cy3-NHS ester (9) was added to (41) in aqueous 

NaHCO3 solution at pH 8.7 and 40 % yield was obtained after RP-HPLC purification. This new 

synthesis route for the O2’-FRET-ATP (37) was reproducible with similar yields, which now 

allows a stable synthesis of the novel phosphoramidate-modified FRET-ATP analog.  
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Scheme 21. Optimized two-step synthesis of the O2’-FRET-ATP (37).  

 

 

4.2 Spectroscopic Properties of O2’-FRET-ATP and its 

Consumption by SVPD  

 

4.2.1 Fluorescence Characteristics of O2’-FRET-ATP 

After finishing the synthesis of the O2’-FRET-ATP, the stability and fluorescence characteristics 

were further analyzed. Consequently, fluorescence detection of the O2’-FRET-ATP with and 

without incubation with SVPD from C. adamenteus were performed. In detail, the O2’-FRET-ATP 

was incubated in presence or absence of SVPD in buffer and afterwards FRET was detected. 

Here, the donor emission was measured after excitation of the donor dye (concept in 

Scheme 22).  
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Scheme 22. FRET concept for detecting ATP consumption using O2’-FRET-ATP. A fluorescence donor ‘D’ is attached to the 

-phosphate of ATP and a fluorescence acceptor ‘A’ is attached to the O2’-position of the same ATP molecule. Upon excitation, 

intramolecular energy transfer from D to A is possible. After cleavage this energy transfer is no longer possible, leading to a 

distinct change in fluorescence characteristics. ROH= Residue with hydroxyl moiety. 

 

The absorption and the emission spectra of the O2’-FRET-ATP in presence and absence of 

140 nM SVPD (incubation for 30 min at 37 °C in buffer) are presented combined in figure 26. 

Förster resonance energy transfer (FRET) of the probe can be detected if excitation of the donor 

dye (Sulfo-Cy3) leads to emission of the acceptor dye (Sulfo-Cy5). Without SVPD, the ATP 

analog can undergo FRET and the energy transfer of the excited donor to the acceptor can be 

measured. That’s why the ATP analog emits at 690 nm (corresponding to the maximum of the 

acceptor dye) and not at 590 nm as the free donor Sulfo-Cy3. In presence of SVPD, the 

O2’-FRET-ATP is cleaved and FRET is disrupted. So, emission at 590 nm increases and emission 

at 690 nm decreases, which can be both detected. One advantage of such FRET probes is the 

monitoring of the change in fluorescence intensities at two wavelengths. This allows the analysis 

of the ratio between two fluorescence intensities, which makes the monitoring of the probe 

cleavage concentration-independent. Here, the observed ratio of the change in fluorescence 

intensities at 590 and 690 nm is approximately a factor of 5.6.  

 

Figure 26. Fluorescence spectra of O2’-FRET-ATP after treatment with and without SVPD (140 nM). Black and gray lines show 

the absorption spectra, yellow and orange show the emission spectra at 485 nm excitation. 
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4.2.2 Real-Time Fluorescence Readout of O2’-FRET-ATP Consumption by 

SVPD 

The next fluorescence readout was performed in real-time, monitoring the intensity of the donor 

emission at 590 nm after excitation at 515 nm over time at 37 °C (Figure 27). The fluorescence 

intensity increases in the presence of 10 nM SVPD (orange triangles), which directly monitors 

the cleavage of the O2’-FRET-ATP. Without SVPD (gray squares), no cleavage occurs and the 

donor emission stays low, since the energy of the donor is transferred to the acceptor.  

 

Figure 27. SVPD real-time fluorescence readout. Cleavage of O2’-FRET-ATP by SVPD (10 nM; orange triangles) is monitored 

in real-time by measuring the fluorescence intensity (FI) of the fluorescence donor (excitation: 515 nm; emission: 590 nm). 

Values were normalized to the FI at 0 min (mean ± SEM of three independent experiments); a.u.: arbitrary unit. 

 

4.2.3 Stability of O2’-FRET-ATP and HPLC Analysis of its Consumption by 

SVPD 

To further confirm on the one hand the cleavage of the O2’-FRET-ATP by SVPD and on the other 

hand its stability during the assay conditions, the samples were analyzed by RP-HPLC analysis 

after incubation in buffer with or without the presence of the enzyme (10 nM) for 0 min or 1 h 

(Figure 28). During RP-HPLC analysis, the absorbance at 550 nm (absorbance maximum of 

Sulfo-Cy3) and at 650 nm (absorbance maximum of Sulfo-Cy5) were monitored over time. 

Comparison of the O2’-FRET-ATP without SVPD, incubated for 1 h at 37 °C with O2’-FRET-ATP 

without incubation showed no differences. The retention times were identical and only one 

signal was observed with absorbance at 650 nm and 550 nm. Consequently, the stability of the 

FRET probe during assay conditions was confirmed. In comparison, O2’-FRET-ATP incubated 

with SVPD for 1 h at 37 °C showed three signals: the signal of the intact O2’-FRET-ATP analog 

with absorbance at 550 nm and 650 nm, one signal with a slightly faster retention time with 

only absorbance at 650 nm and a signal which was detected two minutes earlier with exclusive 

absorbance at 550 nm. These results verify the cleavage of the O2’-FRET-ATP with SVPD 

treatment. 
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Figure 28. RP-HPLC analysis of O2’-FRET-ATP after treatment with and without SVPD (10 nM). Absorbance was monitored at 

650 nm (gray line) and 550 nm (orange line), a.u.: arbitrary unit. 

 

 

4.3 Consumption of O2’-Sulfo-Cy5-ATP, ATP-NH-Sulfo-Cy3 

and O2’-FRET-ATP by v-Src Kinase 

 

It was shown that the doubly modified O2’-FRET-ATP analog allows continuous monitoring of 

the activity of ATP-consuming enzymes like SVPD. Upon cleavage by SVPD the two fluorophores 

are separated, which results in a large change in fluorescence characteristics. The FRET-ATP 

analogs published previously contain a phosphoester linkage on the - or -phosphate of a 

modified ATP or Ap4 analog[22,39]. That is the reason why their use was limited to the study of 

SVPD[39], UBA1[22], or of enzyme activity in cell lysates[40,41]. This novel O2’-FRET-ATP consist 

of a -phosphoramidate instead of a -phosphoester, which should make this FRET probe 

accessible for other enzyme classes like kinases.  

 

4.3.1 V-Src-KD In Vitro Assay with O2’-Sulfo-Cy5-ATP, 

ATP-NH-Sulfo-Cy3 and O2’-FRET-ATP 

The consumption of the novel FRET-ATP analog was investigated with the viral Src kinase in 

the already mentioned Src kinase in vitro assay (see chapter 3.2.3). First, the mono labeled 

ATP analogs O2’-Sulfo-Cy5-ATP and ATP-NH-Sulfo-Cy3 were tested. The kinase domain of v-Src 

(v-Src-KD), substrate (cytoplasmic domain of CEACAM3) and ATP or its analog 
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(O2’-Sulfo-Cy5-ATP, ATP-NH-Sulfo-Cy3 or O2’-FRET-ATP) were incubated and the degree of 

substrate phosphorylation was determined by a phosphotyrosine-specific primary antibody 

(-pY) after SDS-PAGE and western blot analysis. Both mono-labeled ATP analogs 

O2’-Sulfo-Cy5-ATP and ATP-NH-Sulfo-Cy3 were used to study the activity of Src kinase in vitro. 

Phosphorylated substrate was detected for ATP, O2’-Sulfo-Cy5-ATP (Figure 29 A) and 

ATP-NH-Sulfo-Cy3 (Figure 29 C) (for quantification see Figure 29 B and D). The 

phosphotyrosine signals were less pronounced for the modified ATP analogs than for ATP, and 

almost no signal was observed in the absence of ATP. Again, the bulky fluorophores did not 

interfere with the reactivity of the anti-phosphotyrosine antibody.  

 

Figure 29. Consumption of ATP (1 µM), O2’-Sulfo-Cy5-ATP (10 µM) (A) or ATP-NH-Sulfo-Cy3 (10 µM) (C) by v-Src kinase 

(200 nM) with CEACAM3 (800 nM) is visualized by western blotting and -pY. Immunodetection with -GST verifies the 

presence of equivalent amounts of the GST-tagged CEACAM3 substrate in the respective samples (A+C). For quantification 

(B+D) of phosphorylated CEACAM3, the integrated band intensities of -pY were calculated by using ImageJ. The values were 

normalized to the amount of phosphorylated substrate with natural ATP (mean ± SEM of three independent experiments); 

a. u. = arbitrary unit. 

 

Finally, the turnover of the O2’-FRET-ATP by v-Src-KD was tested (Figure 30). Phosphorylated 

substrate could be observed for ATP and the O2’-FRET-ATP analog. Surprisingly, even the two 

bulky fluorophores on one ATP molecule allow the transfer of the -phosphate by v-Src kinase. 

This result makes the O2’-FRET-ATP a very promising probe for FRET detection of enzyme 

activity.  
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Figure 30. Consumption of ATP (1 µM) or O2’-FRET-ATP (10 µM) (A) by v-Src kinase (200 nM) with CEACAM3 (800 nM) is 

visualized by western blotting and -pY. Immunodetection with -GST verifies the presence of equivalent amounts of the 

GST-tagged CEACAM3 substrate in the respective samples. B) For quantification of phosphorylated CEACAM3, the integrated 

band intensities of -pY were calculated by using ImageJ. The values were normalized to the amount of phosphorylated 

substrate with natural ATP (mean ± SEM of three independent experiments); a. u. = arbitrary unit. 

 

4.3.2 Stability of O2’-Sulfo-Cy5-ATP, ATP-NH-Sulfo-Cy3 and 

O2’-FRET-ATP under v-Src Assay Conditions 

To verifiy the stability of the O2’-Sulfo-Cy5-ATP and ATP-NH-Sulfo-Cy3 analogs under the v-Src 

in vitro assay conditions RP-HPLC analysis was performed after incubating O2’-Sulfo-Cy5-ATP 

and ATP-NH-Sulfo-Cy3 for 0 min or 1 h at 37 °C in v-Src kinase buffer (Figure 31 A and B). 

Since no decomposition was detected for one of the analogs after incubation for 1 h at 37 °C 

in assay buffer, the stability during our in vitro assay was confirmed. During RP-HPLC analysis, 

the absorbance was monitored at 650 nm or 550 nm, corresponding to the maxima of the dyes.  
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Figure 31. RP-HPLC analysis of O2’-Sulfo-Cy5-ATP (A) and ATP-NH-Sulfo-Cy5 (B) under v-Src kinase in vitro assay conditions 

after incubation for 0 min or 1 h at 37 °C in assay buffer. Absorbance was monitored at 650 nm (gray) or 550 nm (orange). 

a. u. = arbitrary unit. 

 

The stability of the O2’-FRET-ATP analog under the v-Src in vitro assay conditions was again 

verified by RP-HPLC analysis (Figure 32). O2’-FRET-ATP was incubated for 0 min or 1 h at 37 °C 

in v-Src kinase buffer, before RP-HPLC analysis was performed. This time the absorbance of 

the RP-HPLC analysis was monitored at 650 nm and 550 nm, corresponding to the absorption 

maxima of both dyes. Incubation for 1 h at 37 °C in assay buffer showed no decomposition of 

O2’-FRET-ATP. Consequently, also the O2’-FRET-ATP analog is stable under the v-Src kinase in 

vitro assay conditions.  

 

Figure 32. RP-HPLC analysis of O2’-FRET-ATP under v-Src kinase in vitro assay conditions after incubation for 0 min or 1 h at 

37 °C in assay buffer. Absorbance was monitored at 650 nm (gray) and 550 nm (orange). a. u. = arbitrary unit. 

 

4.3.3 Real-Time Fluorescence Readout of O2’-FRET-ATP Consumption by 

v-Src-KD 

As demonstrated in the preceding chapters, the consumption of the O2’-FRET-ATP with v-Src 

kinase in vitro and the real-time fluorescence monitoring of SVDP activity could be performed 
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successfully. Consequently, the O2’-FRET-ATP analogs should be used in a next step to detect 

the Src kinase activity in real-time. Similar to the SVPD consumption, the fluorescence intensity 

of the donor dye was continuously measured after exciting the donor at 515 nm. The 

O2’-FRET-ATP analog was incubated with the CEACAM3 substrate and different amounts of 

v-Src-KD at 37 °C and the donor emission at 590 nm was measured over time. FRET can be 

only detected if the probe is not cleaved by v-Src, since then the excitation of the donor dye 

(Sulfo-Cy3) yield in emission of the acceptor dye (Sulfo-Cy5). This can be observed in absence 

of v-Src kinase since the donor emission is very low. Due to processing of O2’-FRET-ATP by 

v-Src-KD, the -phosphate with the donor dye will be cleaved and FRET is disrupted. This leads 

to a continuous increase in donor emission, which is shown in figure 33. Monitoring the cleavage 

of O2’-FRET-ATP is hardly possible with 500 nM v-Src-KD, but with 1 µM v-Src-KD a clear 

consumption of this ATP analog is detected and v-Src kinase activity is thereby shown. 

However, although the used concentrations of 5 µM ATP analog and 1 µM v-Src kinase are in 

accordance with published KM values for the ATP consumption of v-Src kinase[96], the measured 

effects are relatively low. Nevertheless, this is the first time that the kinase activity can be 

monitored directly and in real-time without the use of additional sensor components. In contrast 

to other methods, where the kinase activity is detected only with the help of supplementary 

compounds e.g. a luminescent europium complex[111], the FRET-based ATP analog presented 

here serves as kinase activity sensor as well as kinase substrate. With these results, it is shown 

that the method of FRET dye-labeled ATP is not only suitable for monitoring the activity of 

UBA1[22] but can also be used to study other classes of ATP-consuming enzyme, like kinases. 

 

Figure 33. V-Src kinase real-time fluorescence readout. V-Src kinase activity is monitored directly by the cleavage of 

O2’-FRET-ATP (5 µM) in the presence of the cytoplasmic domain of CEACAM3 (5 µM) by measuring the fluorescence intensity 

(FI) of the fluorescence donor as readout (excitation: 515 nm; emission: 590 nm). Values were normalized to the FI at 0 min 

(mean ± SEM of three independent experiments); a. u.: arbitrary unit. 
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4.4 Consumption of O2’-Sulfo-Cy5-ATP, ATP-NH-Sulfo-Cy3 

and O2’-FRET-ATP by FAK-KD wild type 

 

To investigate whether the doubly modified O2’-FRET-ATP analog was appropriately designed 

to detect enzyme activity not only by v-Src kinase, but generally by ATP-consuming enzymes, 

especially kinases, the ATP consumption by FAK wild type (wt) was analyzed.  

 

4.4.1 FAK-KD wild type In Vitro Assay with O2’-Sulfo-Cy5-ATP, 

ATP-NH-Sulfo-Cy3 and O2’-FRET-ATP 

To study the processing of the mono-labeled ATP analogs O2’-Sulfo-Cy5-ATP and 

ATP-NH-Sulfo-Cy3 and the doubly modified O2’-FRET-ATP analog, the FAK in vitro assay 

(chapter 3.2.2) was used. The turnover of the synthesized ATP analogs by FAK was visualized 

with a phosphotyrosine-specific primary antibody that recognizes the degree of substrate 

phosphorylation. After incubation of kinase (hFAK-KD), substrate (recombinant FAK 

autophosphorylation sequence) and ATP or its analog SDS-PAGE and western blot analysis had 

to be performed.  

In contrast to the v-Src kinase, the wild type hFAK-KD does not consume the ATP-NH-Sulfo-Cy3 

and the O2’-FRET-ATP. Only ATP and O2’-Sulfo-Cy5-ATP showed signals for phosphorylated 

substrate with the phosphotyrosine-antibody (-pY) (Figure 34). Although it was shown that 

the wild type hFAK-KD generally processes -phosphoramidate-modified ATP, the 

ATP-NH-Sulfo-Cy3 is not consumed. This is in accordance to the results of the FAK in vitro 

assay with different -phosphate-modified ATP analogs in chapter 3.4.2. For ATP-NH-Atto488 in 

chapter 3.4.2 and ATP-NH-Sulfo-Cy3 here, it seems that the bulky Sulfo-Cy3 and Atto488 

moieties somehow influences the phosphoramidate consumption by FAK. Consequently, the 

O2’-FRET-ATP with its Sulfo-Cy3-labeled -phosphoramidate is also not turned over, although 

the mono-labeled O2’-Sulfo-Cy5-ATP is a substrate of the wild type hFAK-KD.  
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Figure 34. A) Consumption of ATP (10 µM), O2’-FRET-ATP (100 µM), ATP-NH-Sulfo-Cy3 (100 µM) or O2’-Sulfo-Cy5-ATP 

(100 µM) by hFAK-KD wt (200 nM) with FAK substrate (160 nM) is visualized by western blotting and -pY. Immunodetection 

with -FIVE and -GST verify the presence of equivalent amounts of the FIVE-tagged hFAK-KD wt and GST-FAK substrate the 

respective samples. B) For quantification of phosphorylated substrate, the integrated band intensities of -pY were calculated 

by using ImageJ. The values were normalized to the amount of phosphorylated substrate with natural ATP (mean ± SEM of 

three independent experiments); a. u. = arbitrary unit. 

 

4.4.2 Stability of O2’-Sulfo-Cy5-ATP, ATP-NH-Sulfo-Cy3 and 

O2’-FRET-ATP under FAK Assay Conditions 

Similar to chapter 4.3.2, the stability of the used analogs under the FAK in vitro assay conditions 

was examined. The verification of the stability of the analogs O2’-Sulfo-Cy5-ATP, 

ATP-NH-Sulfo-Cy3 and O2’-FRET-ATP under the FAK in vitro assay conditions was carried out 

by RP-HPLC analysis. Here, O2’-Sulfo-Cy5-ATP (Figure 35 A), ATP-NH-Sulfo-Cy3 (Figure 35 B) 

and O2’-FRET-ATP (Figure 35 C) were each incubated for 0 min or 1 h at 37 °C in FAK buffer. 

The absorbance during the RP-HPLC analysis was measured at 650 nm and/ or 550 nm, 

corresponding to the absorption maxima of the dyes. Since no decomposition was detected for 

any of the three analogs after incubation for 1 h at 37 °C in assay buffer, the stability of all 

three analogs during the FAK in vitro assay was confirmed.  
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Figure 35. RP-HPLC analysis of O2’-Sulfo-Cy5-ATP (A), ATP-NH-Sulfo-Cy3 (B) and O2’-FRET-ATP (C) under FAK in vitro assay 

conditions after incubation for 0 min or 1 h at 37 °C in assay buffer. Absorbance was monitored at 650 nm (gray) and/ or 

550 nm (orange). a. u. = arbitrary unit. 

 

 

4.5 Conclusive Summary 

 

In this chapter, the systematic development of a synthesis route for the FRET-labeled O2’-ATP 

analog was presented. First, several ATP analogs with modifications on the nucleoside moiety 

that are labeled with Sulfo-Cy5 were synthesized. The synthesis route of the FRET-ATP analogs 

was optimized for the O2’-FRET-ATP. The FRET properties of the doubly labeled ATP analog 

were studied with the model enzyme SVPD. Cleavage of the FRET-ATP probe by SVPD disrupts 

FRET and leads to a change in fluorescence emission spectra. This can be observed with 

fluorescence spectroscopy, RP-HPLC analysis and via fluorescence readout in real-time. In vitro 

assays with v-Src kinase and the O2’-FRET-ATP and the corresponding mono-labeled analogs 

ATP-NH-Sulfo-Cy3 and O2’-Sulfo-Cy5-ATP showed that all three analogs are consumed by v-Src 

kinase. In comparison, FAK does only process the O2’-Sulfo-Cy5-ATP. The stability of all three 
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analogs in both in vitro kinase assay conditions was confirmed by analytical RP-HPLC analysis. 

Finally, first results for the direct and continuous detection of Src kinase activity by performing 

real-time fluorescence experiments with the O2’-FRET-ATP could be shown. Nevertheless, for 

this real-time measurements with the novel FRET-ATP probe no notable change in donor 

emission intensities, as expected due to previous results[11,39], could be observed. It appears 

as the combination of the -phosphoramidate with the modified O2’-position is weakening the 

sensitivity of this probe. While some optimization has to be done in the future, it is an important 

progress in the development of online probes for studying different enzyme activities, e.g. of 

kinases. With this novel phosphoramidate-modified FRET-ATP analog kinase activity can be 

detected directly, without the help of supplementary compound, since the FRET-ATP serves as 

activity sensor and substrate. 
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5 Is the O2’-FRET-ATP Analog a Substrate for Different 

FAK-KD Mutants? 

 

5.1 Design, Cloning and Expression of FAK-KD Mutants with 

Enlarged Active Sites  

 

The design of the hFAK-KD mutants with enlarged active sites, the construct cloning for 

subsequent baculovirus transduces expression in insect cells[112] as well as the purification of 

the expressed mutants were part of the master thesis preceding this PhD thesis (S. Ermert, 

Marx Group, University of Konstanz, 2014)[113]. 

 

In contrast to the v-Src kinase, the wild type hFAK-KD does not process the ATP-NH-Sulfo-Cy3 

and the O2’-FRET-ATP analogs. Consequently, mutants of the hFAK-KD, which should accept 

these analogs as substrate would be beneficial. Enlarging the active site, where ATP binds the 

hFAK-KD, could be one option to generate function. This can be realized by performing alanine 

scanning at the binding pocket, where amino residues in close proximity to the -phosphate of 

the ATP are mutated to the small amino acid alanine. In order to decide which residues should 

be mutated to alanine, the crystal structure and information about the functional relevant 

residues of FAK are very important. Analyzing the crystal structure[77] showed several possible 

mutation positions at the ATP-binding site in FAK. Figure 36 B reveals the sequence alignment 

of FAK and similar or related kinases of different organisms like human, mouse and chicken. It 

points out which residues are highly conserved and thus, might be important or essential for 

the function of the kinases. In contrast to the highly conserved amino acids aspartic acid 546, 

leucine 567 and lysine 583, the less conserved amino acids glutamine 432 and lysine 467 are 

promising residues for alanine mutagenesis. Additionally, residue 467 is already an alanine in 

the Src kinase. Computer simulated models of the crystal structure of the possible 

hFAK-KD mutants with the single mutations Q432A or K467A and with the double mutation 

Q432A and K467A are presented in figure 36 A. It is shown that both chosen mutagenesis sites 

enlarge space in the active site at the area of the -phosphate. 
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Figure 36. Designed mutants of FAK-KD. A) Model of the crystal structure of the kinase domain of hFAK-KD (gray surface) 

with bound non-hydrolyzable AMP-PNP (yellow-orange sticks) that is analog to ATP. Important residues are shown as pink 

sticks (PDB file 2J0L[77]).Wild type hFAK-KD structure with residues close to the -phosphate of ATP that are candidates for 

alanine mutagenesis and computer simulated model of the crystal structure of the kinase domain of hFAK-KD mutants with 

the mutated alanine at position 432, 467 and 432+467 are shown. B) Multiple sequence alignment with Clustal W of kinase 

domains of FAK, PYK2 and Src of human, mouse and chicken. Conserved residues are marked gray, orange and yellow. Green 

squares show the focused residues Q432, K467, D546, L567 and K583.  
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5.2 Activity of FAK-KD Mutants with Natural ATP in the FAK 

In Vitro Assay 

 

Investigating the activity of the expressed hFAK-KD mutants Q432A, K467A and Q432A K467A 

were also part of the master thesis preceding this PhD thesis (S. Ermert, Marx Group, University 

of Konstanz 2014)[113]. 

 

The activity of the expressed hFAK-KD mutants was tested in the in vitro kinase assay with 

natural ATP. The conditions were similar to chapter 3.2.2 and the assay was incubated for 

30 min at 37 °C. Figure 37 shows the western blot analysis, which detected the activity of all 

three hFAK-KD mutants Q432A, K467A and Q432A K467A in comparison to the wild type 

hFAK-KD. The amount of phosphorylated substrate (detected by -pY) varies strongly between 

all types of FAK, which indicates different ranges of activities of the hFAK-KD variants. Whereas 

the activity of the hFAK-KD Q432A is very similar to the one of the hFAK-KD wt, the hFAK-KD 

K467A seems to be more active. The activity of the double mutant Q432A K467A is by far the 

lowest. Only a weak signal for phosphorylated substrate can be observed. One possible 

explanation could be that two alanine mutations increase the active site of FAK too much, which 

hampers the binding of ATP. 

 

Figure 37. Consumption of ATP (100 µM) by hFAK-KD wt (200 nM), hFAK-KD Q432A (200 nM), hFAK-KD K467A (200 nM) or 

hFAK-KD Q432A K467A (200 nM) with FAK substrate (160 nM) is visualized by western blotting and -pY. Immunodetection 

with -FIVE and -GST verify the presence of equivalent amounts of the FIVE-tagged hFAK-KD and GST-FAK substrate the 

respective samples.[113] 
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5.3 Consumption of O2’-Sulfo-Cy5-ATP, ATP-NH-Sulfo-Cy3 

and O2’-FRET-ATP by FAK-KD Mutants 

 

To investigate whether the doubly modified O2’-FRET-ATP analog is not only processed by v-Src 

kinase, but generally by ATP-consuming enzymes, especially kinases, the ATP consumption by 

FAK wt and the FAK mutants was analyzed. The FAK in vitro assay (chapter 3.2.2) and the real-

time fluorescence readout (chapter 4.2.2) were used to examine the processing of the mono-

labeled ATP analogs O2’-Sulfo-Cy5-ATP and ATP-NH-Sulfo-Cy3 and the doubly modified 

O2’-FRET-ATP analog.  

 

5.3.1 FAK-KD In Vitro Assays with O2’-Sulfo-Cy5-ATP, 

ATP-NH-Sulfo-Cy3 and O2’-FRET-ATP 

First, O2’-Sulfo-Cy5-ATP, ATP-NH-Sulfo-Cy3 and O2’-FRET-ATP were tested concerning their 

action on all three FAK mutants. The turnover of the synthesized ATP analogs by FAK was 

visualized with a phosphotyrosine-specific primary antibody that recognizes the degree of 

substrate phosphorylation. In the case of the Sulfo-Cy3-labeled -phosphate modification (for 

ATP-NH-Sulfo-Cy3 and O2’-FRET-ATP), an additional fluorescence readout was performed. After 

incubation of kinase (hFAK-KD), substrate (recombinant FAK autophosphorylation sequence) 

and ATP or its analog, SDS-PAGE and western blot analysis had to be performed. 

 

hFAK-KD Q432A 

Contrary to the wild type hFAK-KD (see chapter 4.4.1), the hFAK-KD Q432A processes natural 

ATP, the O2’-Sulfo-Cy5-ATP analog and the O2’-FRET-ATP analog (Figure 38). Only the 

ATP-NH-Sulfo-Cy3 showed no clear signal for phosphorylated substrate with the 

phosphotyrosine-antibody (-pY). That’s why, a signal for Sulfo-Cy3-labeled phosphorylated 

substrate in the fluorescence readout at 532 nm is only detectable for the O2’-FRET-ATP and 

not for ATP-NH-Sulfo-Cy3 (Figure 38 A). Comparison of the quantification (Figure 38 B) 

between the signal intensity of ATP-NH-Sulfo-Cy3 and the absence of ATP shows that the 

difference is only marginal. Therefore, one can conclude that only the O2’-Sulfo-Cy5-ATP and 

O2’-FRET-ATP analogs are consumed by the Q432A variant of hFAK-KD, but not the 

ATP-NH-Sulfo-Cy3. Reasons for the turnover of the doubly labeled O2’-FRET-ATP, but not the 

mono-labeled ATP-NH-Sulfo-Cy3 are not known so far. One can suppose that the second 
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modification on the nucleoside moiety improves the binding capacity between the active site of 

hFAK-KD Q432A and the O2’-FRET-ATP. This could be further investigated with biophysical 

methods that study binding interactions between the enzyme and the ATP molecules.  

 

Figure 38. A) Consumption of ATP (10 µM), O2’-FRET-ATP (100 µM), ATP-NH-Sulfo-Cy3 (100 µM) or O2’-Sulfo-Cy5-ATP 

(100 µM) by hFAK-KD Q432A (200 nM) with FAK substrate (160 nM) is visualized by fluorescence readout at 532 nm and 

western blotting and -pY. Immunodetection with -FIVE and -GST verify the presence of equivalent amounts of the 

FIVE-tagged hFAK-KD Q432A and GST-FAK substrate the respective samples. B) For quantification of phosphorylated 

substrate, the integrated band intensities of -pY were calculated by using ImageJ. The values were normalized to the amount 

of phosphorylated substrate with natural ATP (mean ± SEM of three independent experiments); a. u. = arbitrary unit. 

 

hFAK-KD K467A 

Similar to the Q432A variant of hFAK-KD, the hFAK-KD K467A processes natural ATP, the 

O2’-Sulfo-Cy5-ATP analog and the O2’-FRET-ATP analog (Figure 39). Again, only the 

ATP-NH-Sulfo-Cy3 showed no signal for phosphorylated substrate with the phosphotyrosine-

antibody (-pY). Comparison of the quantification (Figure 39 B) between the signal intensity of 

ATP-NH-Sulfo-Cy3 and the absence of ATP shows that the difference is only marginal and 

confirms that ATP-NH-Sulfo-Cy3 is no substrate of hFAK-KD K467A. Other than for 

ATP-NH-Sulfo-Cy3, the O2’-FRET-ATP leads to a signal for Sulfo-Cy3-labeled phosphorylated 

substrate in the fluorescence readout at 532 nm (Figure 39 A). In comparison with the hFAK-KD 

Q432A results (Figure 38), the signal intensities for phosphorylated substrate with the 

O2’-FRET-ATP and the O2’-Sulfo-Cy5-ATP analog are very similar.  
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Figure 39. A) Consumption of ATP (10 µM), O2’-FRET-ATP (100 µM), ATP-NH-Sulfo-Cy3 (100 µM) or O2’-Sulfo-Cy5-ATP 

(100 µM) by hFAK-KD K467A (200 nM) with FAK substrate (160 nM) is visualized by fluorescence readout at 532 nm and 

western blotting and -pY. Immunodetection with -FIVE and -GST verify the presence of equivalent amounts of the FIVE-

tagged hFAK-KD K467A and GST-FAK substrate the respective samples. B) For quantification of phosphorylated substrate, 

the integrated band intensities of -pY were calculated by using ImageJ. The values were normalized to the amount of 

phosphorylated substrate with natural ATP (mean ± SEM of three independent experiments); a. u. = arbitrary unit. 

 

hFAK-KD Q432A K467A 

In contrast to the two single mutants Q432A and K467A, the double mutant Q432A K467A 

consumes only the natural ATP (Figure 40). Not even the O2’-Sulfo-Cy5-ATP analog is accepted, 

as in case of the wild type hFAK-KD. Consequently, there is only a signal for phosphorylated 

substrate with natural ATP and none for any of the analogs. No signal in the fluorescence 

readout at 532 nm can be observed (Figure 40 A). Comparison of the quantification (Figure 

40 B) between the signal intensity of the three modified ATP analogs and the absence of ATP 

shows only small difference. This indicates that either all analogs are not or only poor substrates 

of hFAK-KD Q432A K467A or the size of the active site is too large for the ATP analogs to fit.  
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Figure 40. A) Consumption of ATP (10 µM), O2’-FRET-ATP (100 µM), ATP-NH-Sulfo-Cy3 (100 µM) or O2’-Sulfo-Cy5-ATP 

(100 µM) by hFAK-KD Q432A K467A (200 nM) with FAK substrate (160 nM) is visualized by fluorescence readout at 532 nm 

and western blotting and -pY. Immunodetection with -FIVE and -GST verify the presence of equivalent amounts of the 

FIVE-tagged hFAK-KD Q432A K467A and GST-FAK substrate the respective samples. B) For quantification of phosphorylated 

substrate, the integrated band intensities of -pY were calculated by using ImageJ. The values were normalized to the amount 

of phosphorylated substrate with natural ATP (mean ± SEM of three independent experiments); a. u. = arbitrary unit. 

 

5.3.2 Attempts of Real-Time Fluorescence Readout of O2’-FRET-ATP 

Consumption by hFAK-KD Q432A and hFAK-KD K467A 

It was demonstrated that the hFAK-KD Q432A and hFAK-KD K467A variants process the 

O2’-FRET-ATP analog in the in vitro assays which were analyzed by western blotting. In a next 

step a real-time fluorescence readout with those FAK mutants and the doubly labeled FRET 

analog was planned. Similar to the SVPD and v-Src kinase real-time fluorescence readouts 

(chapter 4.2 and 4.3.3), the fluorescence intensity of the donor dye is continuously measured, 

after excitation of the donor.  

The O2’-FRET-ATP analog was incubated with substrate (a GST-tagged recombinant FAK 

autophosphorylation sequence) and different amounts of hFAK-KD Q432A or hFAK-KD K467A 

at 37 °C and the donor emission was measured over time. Without enzymatic conversion of 

the O2’-FRET-ATP, the probe can undergo FRET. Consequently, the donor emission at 590 nm 

(Sulfo-Cy3) is very low after excitation of the donor at 515 nm. By processing the 

O2’-FRET-ATP, hFAK-KD Q432A or K467A transfer the -phosphate (with its attached donor 

dye) to the substrate. As a result, the donor and the acceptor dyes are not in close proximity 

and FRET is disrupted, which leads to an increase in donor emission intensity at 590 nm.  
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The fluorescence signals in figure 41 shows that no consumption of the O2’-FRET-ATP by 

hFAK-KD Q432A and hFAK-KD K467A was detectable. Neither higher concentrations of the 

hFAK variants (0.5 µM and 1 µM) nor increasing measurement times lead to any detectable 

turnover of the O2’-FRET-ATP analog. It seems as the real-time fluorescence readout is not 

sensitive enough to monitor the cleavage or is somehow disturbed by the buffer ingredients. 

The lack in sensitivity would indicate that the turnover of the hFAK-KD mutants is very low, 

although the used concentrations of 5 µM ATP analog and 1 µM kinase are in the range of 

published KM values for the ATP consumption by FAK wt.[114] Nevertheless, the KM values for 

ATP consumption of both mutants Q432A and K467A are not determined and thus, it is neither 

excluded that the concentrations used in this attempted real-time fluorescence readout are too 

low for detecting enzyme activity, nor that the used amounts of FRET-ATP inhibit the activity 

of hFAK-KD Q432A and hFAK-KD K467A. HPLC analysis could confirm the -phosphate transfer 

of O2’-FRET-ATP that was detected with the FAk in vitro assay (Figure 38 and 39). Due to 

difficulties in setting up conditions for HPLC analysis with the used amounts of ATP analogs and 

peptides this could not be investigated.  

 

Figure 41. Attempted FAK real-time fluorescence readout. hFAK-KD Q432A (0.5 or 1 µM) (A) activity and hFAK-KD K467A 

(0.5 or 1 µM) (B) is monitored directly by the cleavage of O2’-FRET-ATP (5 µM) in the presence of the FAK substrate (5 µM) 

by measuring the fluorescence intensity (FI) of the fluorescence donor as readout (excitation: 515 nm; emission: 590 nm). 

Values were normalized to the FI at 0 min (mean ± SEM of three independent experiments); a. u.: arbitrary unit.  

 

 

5.5 Conclusive Summary 

 

New hFAK-KD mutants were presented that have enlarged active sites due to specific alanine 

scanning at positions Q432 and K467. Both single hFAK-KD mutants Q432A and K467A as well 

as the double mutant Q432A K467A can still consume natural ATP. In vitro assays with the 
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modified ATP analogs O2’-Sulfo-Cy5-ATP, ATP-NH-Sulfo-Cy3 and O2’-FRET-ATP confirm the 

varying activity levels, which were already observed with natural ATP and show different 

discriminations of the hFAK-KD mutants. Whereas hFAK-KD wild type, Q432A and K467A 

mutants process the nucleoside-labeled O2’-Sulfo-Cy5-ATP, the double mutant Q432A K467A 

does not. The low activity of the Q432A K467A double mutant might be a result of less 

interaction between essential amino acid residues of FAK and the ATP molecule due to both 

alanine mutations within one enzyme. This could hamper the binding efficiency of the ATP 

analogs and the enzyme due to long binding distances between the important interacting 

residues of FAK and the ATP molecule. All three mutants and the wild type do not consume the 

mono-labeled ATP-NH-Sulfo-Cy3, which fits to results of chapter 3.4.2. Interestingly, the 

O2’-FRET-ATP analog that consist of the O2’-Sulfo-Cy5 and the phosphoramidate-linked 

Sulfo-Cy3 labels is processed by hFAK-KD Q432A and hFAK-KD K467A. Possible explanations 

for the consumption of the doubly labeled O2’-FRET-ATP, but not the mono-labeled 

ATP-NH-Sulfo-Cy3 are not known so far. Possibly the binding capacity between the active site 

of hFAK-KD Q432A or hFAK-KD K467A and the O2’-FRET-ATP are supported by the second 

O2’-Sulfo-Cy5 modification. Such binding interaction between the O2’-FRET-ATP and the FAK 

mutants could be further investigated with biophysical methods e.g. biolayer 

interferometry.[115] Enlarging the active site of FAK at the position 467 is very efficient to extend 

the substrate scope of FAK. Consequently, alanine at position 467 (which is already naturally 

occurring on position 467 in the Src kinase (see figure 36 B)) seems to be the reason for the 

great acceptance of the bulky O2’-FRET-ATP.  

Since the wild type hFAK-KD does not consume the O2’-FRET-ATP, pairs of kinase mutant and 

ATP analogs are now available that fulfill the criteria of the “bump and hole strategy”[96] and 

react selectively with each other. In the first real-time fluorescence experiments with the 

O2’-FRET-ATP and hFAK-KD Q432A and hFAK-KD K467A, no enzyme activity could be detected, 

although the used ATP analog concentration is within the range of the published KM values for 

ATP consumption by FAK wt. It might be possible that the KM values for ATP turnover by 

hFAK-KD Q432A and hFAK-KD K467A vary a lot. So, either the used FRET-ATP concentration 

was too low to detect any activity or the concentration was too high and therefore inhibits both 

FAK mutants. Although the first real-time fluorescence experiments showed no detectable 

cleavage of the O2’-FRET-ATP by the Q432A or K467A mutants of hFAK-KD, these selective 

pairs are promising for further in vivo steps. Using FAK wild type knock out cells in which the 

FAK Q432A or K467A mutants are expressed allows to study the cleavage of the O2’-FRET-ATP 

in cells. Consequently, the specific activity of those FAK mutants can be monitored in cellula. 

Therefore, on the one hand FAK Q432A- and FAK K467A- specific cell lines have to be developed 

https://en.wikipedia.org/wiki/Bio-layer_interferometry
https://en.wikipedia.org/wiki/Bio-layer_interferometry


5 Is the O2’-FRET-ATP Analog a Substrate for Different FAK-KD Mutants? 

 

76 

 

and established. On the other hand, the O2’-FRET-ATP has to be incorporated in the cell. This 

can be performed by several strategies e.g. microinjection.  

In conclusion, a pair of ATP analog and kinase was found that reacts selectively with each other 

in vitro and thereby creates a promising setup for real-time measurements of kinase activity in 

vivo.  
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6 Synthesis of Fluorescent-Labeled Ap3A Analogs to 

Detect AMPylation 

 

6.1 AMPylation 

 

Diadenosine polyphosphates (ApnAs) were discovered in the 1960’s during protein biosynthesis 

in E. coli[44] , but until today the major function of ApnAs is rather unclear and only a few 

enzymes were found consuming them.[46] Recent research in the Marx Group (University of 

Konstanz) indicate that modified diadenosine triphosphate (Ap3A) can be used as substrates 

for AMPylation.  

AMPylation was discovered in 1967 by E. Stadtman[116] and is a transient post-translational 

modification of proteins, similar to phosphorylation, where adenosine monophosphate (AMP) is 

covalently attached to a target protein. Attachment and detachment is catalyzed by different 

enzymes that hydrolyze ATP by attacking the -phosphate.[117] Although this has been 

intensively investigated since the discovery of AMPylation, only a few AMP-transferring enzymes 

are known[116b,118]. Within the identified AMP-transferring enzymes the functions of 

GS-ATase[116b], VopS[118a] and HYPE[119] are the most well-known. One limitation in the 

investigation of the major role of AMPylation and the proteins that are involved is the detection 

of AMPylation, e.g. due to the limited sensitivity and the high false positive and false negative 

quote. The most common methods are i) the use of radioactive-labeled ATP 

analogs[116b,118a,118c,119a] (analog to chapter 1.1), ii) the detection via specific antibodies either 

for AMP directly or for AMPylated threonine or tyrosine[120], iii) the use of modified ATP analogs 

that can be further functionalized e.g. via copper(I)-catalyzed azide-alkyne cycloaddition 

(CuAAC) with a fluorophore[119,121] or iv) the detection with LC-MS by a mass-shift of 329 Da 

corresponding to AMP[118a,116c,117,122]. In conclusion, a lot of effort was done to understand 

AMPylation, but the knowledge about the function and mechanism is still limited.  

Recently, Yizhi Yuan (Marx Group, University of Konstanz) showed that a C2-modified Ap3A 

analog, functionalized with ethynyl moieties on both C2-positions of the adenosine scaffolds 

(Figure 42) seem to be accepted for AMPylation in human cell lysate. He observed this within 

an in vitro AMPylation assay, where a CuAAC of the reaction mixture with an azide-modified 

dye was performed after the AMPylation reaction. The fluorescence signals were read out on a 
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SDS gel. To reduce the individual work steps within this assay and to get less unspecific labeling 

arising in the background during CuAAC further modified Ap3A analogs need to be synthesized. 

That’s why, C2-modified Ap3A analogs that are labeled with fluorescent dyes were synthesized 

and tested with regards to their consumption in different human cell lysates. 

 

Figure 42. Structure of the C2-ethynyl-modified Ap3A, synthesized by Yizhi Yuan (Marx Group, University of Konstanz).  

 

 

6.2 Synthesis of C2-Modified Ap3A Analogs 

 

The syntheses of the following two C2-modified Ap3A analogs were performed together with 

Daniel Hammler. 

 

C2-Atto488-Ap3A (46) 

For the synthesis of the C2-Atto488-modified Ap3A analog (46) (Scheme 23), the modification 

will be introduced on the C2-position of the adenine scaffold. Consequently, 2-iodoadenosine 

(30) had to be synthesized before, which allows the selective introduction of modifications at 

the C2-iodine. 2-Iodoadenosine (30) was synthesized according to literature.[105] 

Now, the trifluoroacetamido-pent-1-yn-1-yl was introduced at the C2-position in a Sonogashira 

coupling reaction, catalyzed by tetrakis(triphenylphosphine)palladium(0) with copper iodide in 

triethylammonium and DMF[40]. The C2-(5-Trifluoroacetamido-pent-1-yn-1-yl)‐adenosine (42) 

synthesis yield in 91 %. After monophosphate synthesis with phosphorylchloride in trimethyl 

phosphate in 35 % yield (43)[123], diadenosine triphosphate coupling was performed with the 

Jessen approach[124]. So, the adenosine monophosphate was first activated with (iPr2N)2POFm 

and 5-phenyltetrazole in dry DMF and DCM. Next, the intermediate was oxidized by meta-

chloroperoxy benzoic acid (mCPBA). After precipitation in Et2O/ hexane, the intermediate was 

deprotected with piperidine. The final precipitation was done with Et2O before the product (44) 
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was purified by RP-HPLC (24 % yield). In the next step, deprotection of the TFA groups was 

performed with 3 % aqueous ammonia solution, which yielded 29 % of compound (45) after 

RP-HPLC purification.  

For the synthesis of the Atto488-labeled C2-modified Ap3A, the Atto488 attachment is the final 

step that needs to be performed. This was done by classical NHS ester coupling reaction. The 

C2-(5-Amino-pent-1-yn-1-yl)‐diadenosine triphosphate (45) was dissolved in 0.1 M aqueous 

NaHCO3 at pH 8.7 and the Atto488-NHS ester was added. After purification by IEX-HPLC and 

RP-HPLC 62 % of C2-(5-Atto488-pent-1-yn-1-yl)‐diadenosine triphosphate (46) were obtained.  

 

Scheme 23. Synthesis of C2-Atto488-modified Ap3A (46) starting from 2-iodoadenosine (30).  
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C2-FRET-Ap3A (49) 

For the synthesis of the C2-FRET-Ap3A (49), which is labeled with Atto488 on one adenosine and 

with an Eclipse quencher[125] on the other adenosine, the first four steps were identical to the 

C2-Atto488-Ap3A (46) synthesis (Scheme 23). After deprotection of the TFA groups, the Eclipse 

quencher was attached (Scheme 24 B). For the NHS ester coupling with Eclipse-NHS ester (47), 

the Eclipse-NHS ester was freshly prepared in 95 % yield with N,N,N′,N′-tetramethyl-

O-(N-succinimidyl)-uroniumtetrafluorborat (TSTU) and trimethylamine in DMF, starting from 

Eclipse-COOH (Scheme 24 A). Now 0.65 equivalents of the Eclipse-NHS ester (47) were 

dissolved in DMF and added to the C2-(5-Amino-pent-1-yn-1-yl)‐diadenosine triphosphate (45) 

in a mixture of 0.1 M aqueous NaHCO3 and DMF at pH 8.7. The crude product was filtered, 

washed with water and purified by IEX-HPLC and RP-HPLC. 12 % C2-(5-Eclipse-pent-1-yn-1-yl)‐

C2-(5-Amino-pent-1-yn-1-yl)‐diadenosine triphosphate (48) could be obtained. In the final 

step, the Atto488 moiety was attached by NHS ester coupling, too. Atto488-NHS ester was added 

to C2-(5-Eclipse-pent-1-yn-1-yl)‐C2-(5-Amino-pent-1-yn-1-yl)‐diadenosine triphosphate (48) in 

0.1 M aqueous NaHCO3 at pH 8.7. After purification by IEX-HPLC and RP-HPLC, 30 % of the 

C2-(5-Eclipse-pent-1-yn-1-yl)‐C2-(5-Atto488-pent-1-yn-1-yl)‐diadenosine triphosphate (49) 

were obtained.  

Due to the selection of the two labels, the Atto488-fluorophore and the Eclipse quencher, a 

C2-modified Ap3A analog was synthesized that is susceptible for FRET.  
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Scheme 24. Synthesis of Eclipse-NHS ester (47) (A) and C2-FRET-Ap3A (49) (B) with Atto488 and Eclipse modifications starting 

from C2-(5-amino-pent-1-yn-1-yl)-Ap3A (45). 

 

 

6.3 Spectroscopic Properties of C2-FRET-Ap3A 

 

Similar to the O2’-FRET-ATP analog in chapter 4.2.1, the fluorescence characteristics of the 

C2-FRET-Ap3A were investigated with and without snake venom phosphodiesterase (SVPD) 

from C. adamenteus. The fluorescence emission of this Atto488 donor was read out after exciting 

the donor dye (concept in Scheme 25) during incubation of C2-FRET-Ap3A in presence and 

absence of SVPD in buffer.  
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Scheme 25. FRET concept for detecting Ap3A consumption using C2-FRET-Ap3A. Atto488 is attached at the C2-position of 

adenosine as fluorescence donor and Eclipse is attached at the other C2-position of the same Ap3A molecule as acceptor and 

dark quencher. Upon excitation at 500 nm, intramolecular energy transfer from Atto488 to Eclipse is possible, which quenches 

the fluorescence. After cleavage this energy transfer is no longer possible, leading to an increase in Atto488 emission at 520 nm. 

ROH= Residue with hydroxyl moiety. 

 

The absorption and the emission spectra of the C2-FRET-Ap3A in presence and absence of 

140 nM SVPD (incubation for 30 min at 37 °C in buffer) are shown combined in one Figure 43. 

For the C2-FRET-Ap3A, the ratio of the change in emission intensity at 520 nm by a factor of 

approximately 20 was observed. 

 

Figure 43. Fluorescence spectra of C2-FRET-ATP after treatment with and without SVPD (140 nM). Black and green dotted 

lines show the absorption spectra, gray and green solid lines show the emission spectra at 500 nm excitation. 
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6.4 In Vitro AMPylation Assay 

 

The novel fluorescent-labeled C2-Atto488-modified Ap3A analog was tested concerning its 

consumption during AMPylation by cell lysate in vitro using published conditions[121]. The assay 

scheme is shown in scheme 26.  

 

Scheme 26. In vitro AMPylation assay with H1299 cell lysate (10 µg) and Ap3A (200 µM), ATP (200 µM) or modified Ap3A 

(200 µM) incubated in AMPylation buffer for 1 h at 37 °C. After separation via SDS-PAGE, AMPylation of the proteins was 

analyzed by fluorescence readout at 473 nm and Coomassie staining; Ap3A*: modified Ap3A analogs. 

 

6.4.1 Consumption of C2-Atto488-Ap3A by H1299 Cell Lysate 

For the in vitro AMPylation assay, lysate from H1299 cells was used. The H1299 cells are a lung 

cancer cell line that is known to be FHIT deficient.[126] Since FHIT is one of the few known 

human Ap3A-consuming enzyme[46], the use of FHIT deficient cell lysate is an advantage for the 

investigation of novel Ap3A interactions or consuming enzymes. After cell harvesting, the cells 

were lyzed with lysis buffer and sonication. The concentration of the cell lysate was determined 

by BCA assay before the in vitro AMPylation assay could be performed. Next, 10 µg cell lysate 

and 200 µM C2-Atto488-Ap3A were mixed with AMPylation buffer and incubated for 1 h at 37 °C. 

Controls were performed in absence of C2-Atto488-Ap3A, in absence of cell lysate and with ATP 

or unmodified Ap3A instead of the C2-Atto488-Ap3A. Afterwards, the reactions were quenched 

on ice and separated via SDS-PAGE. The SDS gel was washed with water for 30 min before the 

fluorescence intensity at 473 nm was read out. Next, the same SDS gel was stained with 

Coomassie to detect all Atto488-independent protein signals.  

The fluorescence readout at 473 nm (Figure 44 A) shows specific interactions of the 

C2-Atto488-Ap3A analog with the H1299 cell lysate, since only the reaction with C2-Atto488-Ap3A 

showed signals in this readout. Fluorescence signals were neither detectable in the absence of 

C2-Atto488-Ap3A (lane 2, 4 and 5) nor in the absence of cell lysate (lane 1). The most intense 
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signals are located around the molecular weight of about 45 and 60 kDa. In comparison, the 

Coomassie staining (Figure 44 B) shows protein signals for all reactions that contain lysate. The 

Coomassie signal intensities of the different reactions are similar to each other, which confirms 

the use of the same amount of H1299 cell lysate in each reaction. Taken together, it could be 

shown that, despite of the two bulky Atto488 moieties on the C2-Atto488-Ap3A analog detectable 

proteins exist that interact with this Atto488-labeled Ap3A analog.  

 

Figure 44. Analysis of the AMPylation assay with H1299 cell lysate (10 µg) in presence or absence of Ap3A (200 µM), 

C2-Atto488-Ap3A (200 µM) or ATP (200 µM) after incubation for 1 h at 37 °C, visualized via fluorescence readout at 473 nm (A) 

and followed by Coomassie staining (B). 

 

 

6.5 Consumption of C2-FRET-Ap3A by SVPD 

 

The second synthesized fluorescent-labeled Ap3A analogs was modified with two FRET-suitable 

labels on the C2-position. So, instead of an in vitro AMPylation assay with fluorescence readout 

of the SDS-PAGE gel, a direct fluorescence readout is possible. To confirm the use of such direct 

fluorescence readout with cell lysate or other enzymes of interest, the efficiency had to be 

investigated. As a proof of concept, the model enzyme SVPD from C. adamenteus was used, 

which is known to cleaves all phosphate groups on nucleotides including even such with terminal 

modifications.  
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In detail, the C2-FRET-Ap3A was incubated in presence and absence of 10 nM SVPD in buffer 

and the fluorescence emission of the Atto488 was measured after exciting the donor dye (Atto488) 

(concept in Scheme 25). FRET can be detected, if excitation of the donor dye leads to emission 

of the acceptor dye (Eclipse) or to low emission of the donor dye. Without SVPD, the Ap3A 

analog can undergo FRET and the energy transfer from the excited Atto488 to the Eclipse can 

be measured. So, the Ap3A analog does not emit at 520 nm as the free donor Atto488. In 

presence of SVPD, the C2-FRET-Ap3A is cleaved and FRET is disrupted. Consequently, emission 

at 520 nm increases and can be detected.  

 

6.5.1 Real-Time Fluorescence Readout of C2-FRET-Ap3A Consumption by 

SVPD 

The fluorescence readout was performed in real-time and the intensity of the donor emission 

at 520 nm after excitation at 500 nm was monitored over time at 37 °C (Figure 45). The 

fluorescence intensity increases in the presence of SVPD and permits direct monitoring of the 

cleavage of the C2-FRET-Ap3A. Without SVPD, no cleavage occurs and the donor emission stays 

low, since the energy of the Atto488 donor is transferred to the Eclipse quencher. The ratio of 

the change in fluorescence intensity at 520 nm is approximately a factor of 8.7. 

 

Figure 45. SVPD real-time fluorescence readout. Cleavage of C2-FRET-Ap3A (5 µM) by SVPD (10 nM; cyan triangles) is 

monitored in real-time by measuring the fluorescence intensity (FI) of the fluorescence donor (excitation: 500 nm; emission: 

520 nm). Values were normalized to the FI at 0 min (mean ± SEM of three independent experiments); a. u.: arbitrary unit. 

 

6.5.2 Stability of C2-FRET-Ap3A and its Consumption by SVPD 

To further confirm on the one hand the cleavage of the C2-FRET-Ap3A by SVPD and on the 

other hand its stability during the assay conditions, the samples were analyzed by RP-HPLC 

analysis (Figure 46). During RP-HPLC analysis, the absorbance at 500 nm (absorbance 

maximum of Atto488) was monitored over time. Comparison of the C2-FRET-Ap3A without SVPD, 

incubated for 1 h at 37 °C with the C2-FRET-Ap3A without SVPD and without incubation showed 
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no differences. The retention times were identical and only one signal was observed at 500 nm 

absorbance. In comparison, C2-FRET-Ap3A incubated with SVPD for 1 h at 37 °C showed only 

one main signal with a retention time of approximately 9 min shorter, which confirms the 

cleavage of the C2-FRET-Ap3A. These RP-HPLC analysis traces verify the cleavage of the 

C2-FRET-Ap3A with SVPD treatment and the stability of this molecule under the assay 

conditions.  

 

Figure 46. RP-HPLC analysis of C2-FRET-Ap3A after treatment with and without SVPD (10 nM). Absorbance was monitored at 

500 nm (gray line); a. u.: arbitrary unit. 

 

 

6.6 Real-Time Fluorescence Readout of C2-FRET-Ap3A 

Consumption by Cell Lysate 

 

Subsequent to the successful results of the real-time fluorescence readout after SVPD turnover, 

the C2-FRET-Ap3A analog should be used to monitor the cleavage by cell lysate in real-time. 

Similar to the SVPD consumption, the fluorescence intensity of the donor dye (Atto488) was 

continuously measured at 520 nm. The C2-FRET-Ap3A analog was incubated with H1299 or 

HEK293T cell lysate at 37 °C and the donor emission was measured over time after exciting 

the donor at 500 nm. When no cell lysate enzymes consume the C2-FRET-Ap3A, FRET can be 

still detected and excitation of the donor dye (Atto488) leads to emission of the acceptor (Eclipse) 

and no or only low emission of the donor. Consumption of the C2-FRET-Ap3A will disrupt FRET 

and leads to increased emission of the Atto488 donor.  
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C2-FRET-Ap3A Consumption by HEK293T Cell Lysate 

First, the C2-FRET-Ap3A analog was incubated with 15 µg HEK293T cell lysate at 37 °C and the 

donor emission was measured at 520 nm over time (Figure 47). No consumption of the 

C2-FRET-Ap3A can be detected by no or only low emission of the Atto488 donor dye, since FRET 

is still possible. This can be observed in absence of cell lysate (gray squares). Consumption of 

the C2-FRET-Ap3A by the HEK293T cell lysate enzymes (orange triangles) disrupts FRET, which 

leads to a continuous increase in donor emission at 520 nm (Figure 47). For the HEK293T cell 

lysate, the calculated ratio of the change in fluorescence intensity at 520 nm is approximately 

a factor of 3.6.  

 

Figure 47. C2-FRET-Ap3A real-time fluorescence readout with HEK293T cell lysate. Consumption of C2-FRET-Ap3A (5 µM) by 

HEK293T cell lysate (15 µg; orange triangles) is monitored in real-time by measuring the fluorescence intensity (FI) of the 

fluorescence donor (excitation: 500 nm; emission: 520 nm). Values were normalized to the FI at 0 min (mean ± SEM of three 

independent experiments); a. u.: arbitrary unit. 

 

C2-FRET-Ap3A Consumption by H1299 Cell Lysate 

Next, the C2-FRET-Ap3A analog was incubated with 15 µg H1299 cell lysate at 37 °C and the 

donor emission was measured again over time at 520 nm (Figure 48). FRET can be detected in 

absence of H1299 cell lysate (gray squares), since no emission at 520 nm was measured. 

Consumption of the C2-FRET-Ap3A by the H1299 cell lysate enzymes (yellow circles) disrupts 

FRET and a continuous increase in donor emission at 520 nm can be observed. This 

consumption by H1299 cell lysate can be seen in figure 46, although it is only a minor increase. 

That’s why, the turnover of the C2-FRET-Ap3A analogs by H1299 cell lysate enzymes is not as 

good as seen in the case of HEK293T cell lysate enzymes (Figure 47). In comparison with 

HEK293T cell lysate, the ratio of the change in fluorescence intensity at 520 nm is clearly lower 

with a factor of approximately 1.5. To compare this low cleavage efficiency of the H1299 cell 

lysate with the SVPD consumption, 10 nM SVPD was added after 1 h incubation at 37 °C for 

one reaction with the H1299 cell lysate (cyan rhombuses). Residual C2-FRET-Ap3A, which was 
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so far not cleaved by H1299 cell lysate, was completely consumed by the SVPD within 1 h. This 

leads to a ratio of the change in fluorescence intensity at 520 nm by a factor of approximately 

3.6, similar to the ratio of the HEK293T cell lysate.  

 

Figure 48. C2-FRET-Ap3A real-time fluorescence readout with H1299 cell lysate. Consumption of C2-FRET-Ap3A (5 µM) by 

H1299 cell lysate (15 µg; yellow circles) and after addition of SVPD (10 nM) after 1 h to the H1299 cell lysate (cyan rhombuses) 

is monitored in real-time by measuring the fluorescence intensity (FI) of the fluorescence donor (excitation: 500 nm; emission: 

520 nm). Values were normalized to the FI at 0 min (without lysate values and H1299 cell lysate values: mean ± SEM of 

three independent experiments); a. u.: arbitrary unit. 

 

With these results it is shown that the use of FRET-labeled Ap3A is suitable for monitoring the 

consumption of Ap3A by cell lysate in vitro and is a viable method to study potential 

Ap3A-consuming enzymes or their inhibitors.  

 

 

6.7 Conclusive Summary 

 

Taken together, with the syntheses of the two novel fluorescent-labeled Ap3A analogs that 

contain the labels on the C2-position, novel probes were investigated in order to study Ap3A 

consumption. The Atto488-modified C2-Ap3A analog could be used to study in vitro AMPylation 

via SDS-PAGE analysis with a direct fluorescence readout. In comparison to other modified 

Ap3A analogs, this Atto488-labeled analog has two major advantages. First, a direct fluorescence 

readout after SDS-PAGE can be performed after the AMPylation reaction without additional 

reaction or incubation steps as for example in the case of CuAAC. This minimizes unspecific 

reactions that can occur based on the application of secondary labels for the fluorescence 

readout. The major improvement is the low background with nearly no unspecific signals, which 

reduces the amount of false positive or false negative hits tremendously.  
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The C2-FRET-Ap3A can be used to study Ap3A consumption directly in a time-dependent assay. 

With this real-time readout one can easily prove, if the C2-Ap3A is a substrate of an enzyme of 

interest or of a distinct cell class. Additionally, the test of potential inhibitors for Ap3A-cleaving 

enzymes can be easily performed with this assay. Therefore, this assay can be used to identify 

novel interaction partners of Ap3A as well as to prove the cleavage efficiency of found 

Ap3A-consuming enzymes in a time-saving manner. Furthermore, it is a promising tool to study 

the efficiency of potential inhibitors of such enzymes. In comparison with the so far synthesized 

N6-FRET-Ap3A analogs[47], the FRET-Ap3A analog presented here is modified on the C2-position, 

which leads to a different substrate scope. Studies with N6-modified Ap3A analogs by Yizhi Yuan 

(Marx Group, university of Konstanz) showed that these modified Ap3A analogs are no 

substrates for AMPylation, in contrast to the C2-modified ones. Moreover, the used flourophores 

for the C2-FRET-Ap3A allow, in addition to the FRET readout, fluorescence lifetime 

measurements to detect the consumption of this Ap3A analog. 
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7 Summary 

The objective of this work was to develop novel signaling probes, based on the structure of ATP 

in order to study the activity of various ATP-cleaving enzymes. This can be achieved by 

synthesizing different modified ATP analogs that are still processed by those enzymes. 

Alternatively, enzymes containing mutations that allows the consumption of the modified 

signaling molecules can be used instead. 

First, the three ATP-consuming enzymes UBA1, FAK and v-Src kinase were tested in vitro for 

their acceptance of different - or -phosphate-modified ATP and Ap4 analogs. For the kinase 

domains of both kinases FAK and v-Src new in vitro assays with natural or artificial substrates 

were developed. Here, the phosphorylated tyrosin within the substrates and thereby processing 

of ATP or its analogs was detected by a phosphotyrosine-specific antibody after western blot 

analysis. For the UBA1 studies, the established E6AP autoubiquitination assay[103] was used, 

which detects highly ubiquitinated E6AP that indicates the consumption of ATP by UBA1. The 

stability of all tested classes of phosphate-modified ATP analogs was confirmed via HPLC 

analysis under the used assay conditions. It was shown that all enzymes prefer the 

phosphoramidate-modified ATP analogs and do not process the phosphoester variants. In 

addition, UBA1 accepts both tested Ap4 analogs almost independently of the functionalization 

type as well as the diadenosine polyphosphate Ap5A. The consumption of the various modified 

phosphoramidate ATP analogs was independent of other types of functionalization (e.g. azide, 

biotin or dye moiety) in case of UBA1 and the v-Src kinase. However, FAK distinguished 

between different functionalized phosphoramidate-modified ATP analogs, since the azide and 

biotin moieties are processed, but the Atto488 dye-modified analog is not. These results clearly 

indicate the high potential of the class of phosphoarmidate-modified ATP analogs to study the 

consumption of ATP and thereby the activity of various ATP-consuming enzymes. 

 

Scheme 27. Principle to detect consumption of phosphate-modified ATP or Ap4 analogs by UBA1, FAK or v-Src kinase. 

 

Based on the first results, the synthesis route for doubly modified ATP analogs that contain the 

phosphoramidate modification at the -phosphate and are labeled with fluorescent dyes was 

systematically developed. The chosen fluorescent dyes are able to undergo FRET, which allows 
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studying the cleavage of such doubly labeled ATP analogs by fluorescence readout. Since 

cleavage of the FRET-labeled ATP analogs disrupts FRET and leads to a change of the emission 

spectra, these probes can be even used to study their consumption in real-time.  

For the syntheses of FRET-ATP analogs, first the corresponding ATP analogs with modifications 

on the O2’-, O3’-, C2- and N6-positions of the nucleoside scaffold had to be synthesized. All 

these analogs containing modifications on the nucleoside moiety were labeled with the cyanine 

dye Sulfo-Cy5. Next, the second label, a Sulfo-Cy3-labeled phosphoramidate modification at 

the -phosphate had to be attached. This step was first optimized for natural ATP and leds to 

Sulfo-Cy3-labeled -phosphoramidate-modified ATP. Since the adaptation of this synthesis step 

to the ATP analogs with Sulfo-Cy5-labeled nucleoside modifications did not work as expected, 

the synthesis route was changed. Instead of the one-step attachment of the Sulfo-Cy3-labeled-

hexylamine via phosphoramidate linkage, the procedure was separated into two steps. After 

introduction of the hexylamine-linker via phosphoramidate linkage, the -phosphate-modified 

ATP analogs was purified and the Sulfo-Cy3 label was subsequently attached. With this 

synthesis strategy the O2’-FRET-ATP analog could be obtained, which was further characterized 

with regard to its change in emission spectra and used for first cleavage experiments with the 

model enzyme SVPD. The cleavage of the O2’-FRET-ATP analog by SVPD and therefore the 

activity of this enzyme could be detected on a fluorescence reader in real-time.  

Next, the turnover of this O2’-FRET-ATP analog in comparison with the mono-labeled analogs 

O2’-Sulfo-Cy5-ATP and ATP-NH-Sulfo-Cy3 was studied with v-Src kinase and FAK in vitro. V-Src 

kinase processes all three analogs and the cleavage of the O2’-FRET-ATP analog could also be 

monitored in real-time on a fluorescence reader. In comparison to the v-Src kinase, FAK only 

consumes the O2’-Sulfo-Cy5-ATP analog. Although the real-time detection with O2’-FRET-ATP 

shows no notable v-Src kinase activity, the promising western blot results show explicit the 

potential of the O2’-FRET-ATP with the phosphoarmidate linkage to study kinase activity in real-

time in cellula.  

 

Scheme 28. Monitoring enzyme activity (SVPD and v-Src kinase) by western blot analysis and real-time fluorescence readout 

with O2’-FRET-ATP. 
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Up to this point, the novel O2’-FRET-ATP probe was only consumed in vitro by v-Src kinase and 

not by FAK. Thus, the use of FAK mutants instead of the so far used wild type form of FAK was 

considered. Consequently, three mutants of the human FAK kinase domain (Q432A, K467A and 

Q432A K467A) that were generated before by alanine scanning[113] and contain more space for 

large modified ATP analogs on their active site were used in the in vitro assay. It was previously 

shown that these FAK mutants are still active and consume natural ATP, although they have 

mutations within the active site.[113] It is noteworthy that the activity varied between each 

mutant and the wild type. The three FAK mutants Q432A, K467A and Q432A K467A were 

studied in vitro with regard to their turnover of the doubly labeled O2’-FRET-ATP probe and the 

corresponding mono-labeled probes O2’-Sulfo-Cy5-ATP and ATP-NH-Sulfo-Cy3. The resulting 

fluorescence and -phosphotyrosine readouts were quantified and compared with the readout 

of the wild type FAK. It was shown that not only the activity but also the discrimination of FAK 

wild type and the FAK mutants vary a lot. Similar to the wild type, none of the mutants 

processes the ATP-NH-Sulfo-Cy3 analog. But the O2’-Sulfo-Cy5-ATP analog and even the 

O2’-FRET-ATP analog were consumed by the Q432A and K467A FAK mutants. For the 

O2’-FRET-ATP probe the -phosphotyrosine signals could be confirmed by fluorescence signals 

of the Sulfo-Cy3-labeled phosphorylated substrate. The double mutant Q432A K467A does not 

accept any of the three modified ATP analogs, whereas the O2’-Sulfo-Cy5-ATP analog was 

accepted by the wild type. The different consumption of modified ATP analogs by the FAK 

mutants fit to the shown variations in activity with natural ATP. First real-time in vitro 

experiments on the fluorescence reader with the O2’-FRET-ATP and the FAK Q432A and FAK 

K467A mutants showed no detectable cleavage, yet the western blot results of the in vitro 

assays are very convincing that the criteria for the “bump and hole strategy” are fulfilled with 

these enzyme-analog pairs. With the O2’-FRET-ATP–FAK Q432A or O2’-FRET-ATP–FAK K467A 

pair in hand, further in cellula studies with FAK knock out cells and cells that exclusively contain 

the Q432A or K467A variant of FAK instead of the wild type can be performed. These would 

lead to new insights on the activity regulation and an extended signaling pathway of FAK in 

vivo.  

 

Scheme 29. Detection of FAK mutant activity by consumption of O2’-FRET-ATP. 
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Besides the studies of phosphate- and doubly modified ATP analogs with regard to their stability 

and consumption by various ATP-consuming enzymes, another ATP similar class, the 

diadenosine triphosphates (Ap3A) were synthesized and studied. Two fluorescent-labeled Ap3A 

probes that contain symmetric modifications on the C2-positions of both adenosine scaffolds 

were synthesized and characterized. One probe is completely symmetric and consist of two 

Atto488 labels attached via a pentynyl-linker at the C2-position. This probe was used to study in 

vitro AMPylation with H1299 cell lysate by fluorescence readout of the SDS-PAGE gel without 

additional incubation or purification steps. A few specific interaction signals and nearly no 

background signals were detected. Consequently, such bulky Ap3A analogs are promising 

approaches to study AMPylation. Thus, a second Ap3A probe that is suitable for FRET was 

synthesized. Here, Atto488 was attached only on one adenosine moiety and an Eclipse dark 

quencher was attached on the other adenosine scaffold. This C2-FRET-Ap3A probe was 

characterized with regard to its stability and fluorescence spectra properties with the model 

enzyme SVPD. Cleavage of the C2-FRET-Ap3A by SVPD disrupts FRET and the emission intensity 

increases, which can be monitored directly. Finally, real-time fluorescence readouts that detect 

the cleavage of the C2-FRET-Ap3A by SVPD and the lysate of two different human cell lines 

H1299 and HEK293T, could be performed. This indicates the great power to use this FRET-Ap3A 

probe to study potential AMPylating enzymes and promising inhibitors for Ap3A-consuming 

enzymes. 

 

Scheme 30. Monitoring C2-FRET-Ap3A consumption with SVPD and cell lysate by measuring fluorescence intensity in real-time. 
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8 Outlook 

This work shows the systematic development of FRET-based signaling probes that can be used 

to study different classes of enzymes in real-time. With the detailed study of the stability and 

acceptance of different -phosphate-modified ATP analogs, the great potential of ATP analogs 

that contain a phosphoramidate modification was discovered. These results lead to the 

development of a phosphoramidate-containing probe that is modified with two FRET-suitable 

dyes. Such O2’-FRET-ATP probe was used to study enzyme activity of the v-Src kinase and 

mutants of the FAK in vitro. First real-time measurements with v-Src kinase were obtained with 

this FRET probe. The next steps will be the use of this O2’-FRET-ATP probe in cellula. Therefore, 

various options to transfer the probe in living cells can be considered e.g. permeabilization with 

detergents[127], electroporation[128], cell squeezing[129] or microinjection[130]. In the case of the 

Src kinase and FAK, the use of total internal reflection fluorescence (TIRF) microscopy[131] will 

be highly suitable for observing the special localization of FAK and Src kinase at the focal 

adhesions. Here, the advantage would be that precise monitoring of the consumption of the 

FRET probes by both kinases can be performed without influence of other potential cleavage 

reactions that can occur in the cell. To further distinguish between the activity of FAK and the 

Src kinase, cell lines with a Src knock out or a FAK knock out can be used. These cell lines can 

also be used for transfection with the FAK mutants Q432A or K467A, which will generate cells 

that exclusively express the mutated forms of FAK and contain no FAK wild type. Such FAK 

mutant cells will allow studying the mode of action and the process of FAK signaling within the 

cellular context in real-time. 

For the C2-FRET-Ap3A analogs, future use in evaluating the power of potential inhibitors of 

Ap3A-consuming enzymes is very promising. Furthermore, the influence of different Ap3A-

cleaving enzymes in cellula can be investigated directly and continuously.  

To conclude, the scope of possible applications with FRET-labeled ATP or Ap3A analogs is broad 

since they are not limited to in vitro applications and allow real-time monitoring. Especially 

FRET-labeled ATP analogs that contain phosphoramidate modifications have the potential to 

endorse studying the activity of a huge amount of different enzymes, since this modification is 

accepted by a variety of ATP-consuming enzymes.  
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9 Zusammenfassung und Ausblick 

Ziel dieser Dissertationsarbeit war die die Entwicklung neuer Signalmoleküle die zur 

Aktivitätsmessung ATP-spaltender Enzyme verwendet werden sollen. Daher wurden 

verschiedene Moleküle basierend auf der Struktur von ATP synthetisiert, welche weiterhin von 

ATP-spaltenden Enzymen verbraucht werden. Falls solche modifizierten ATP Analoga nicht mehr 

von den natürlich vorkommenden ATP-spaltenden Enzymen akzeptiert werden, können 

mutierte Varianten dieser Enzyme mit einer vergrößerten ATP-Bindetasche verwendet werden.  

Als erstes wurden ATP- und Ap4-Analoga mit verschiedenen Modifikationen am - bzw. 

-Phosphat hergestellt und deren Akzeptanz durch die Enzyme UBA1, FAK und v-Src Kinase in 

vitro getestet (Scheme 27). Für die Tests mit FAK und v-Src Kinase wurden neue in vitro Assays 

entwickelt, in denen die Kinase-Domänen der der jeweiligen Enzyme verwendet wurden. In 

diesen in vitro Kinase-Assays wurde das phosphorylierte Substrat und somit die Verwendung 

der modifizierten ATP- und Ap4-Analoga mittels -Phosphotyrosin Antikörper im Anschluss an 

SDS-Gelelektrophorese und Western Blot nachgewiesen. Für die Studien mit UBA1 wurde der 

bereits etablierte E6AP Autoubiquitinierungs-Assay[103] verwendet. Die jeweiligen Stabilitäten 

der Phosphat-modifizierten ATP- und Ap4-Analoga unter den verwendeten Assay Bedingungen 

wurden mittels analytischer HPLC überprüft und bestätigt. Alle drei getesteten Enzyme 

akzeptieren die Phosphoramidat-modifizierten ATP Analoga aber nicht diejenigen mit einer 

Phosphoester-Modifizierung. Zusätzlich verwendet UBA1 auch die beiden getesteten 

Ap4-Analoga (Ap4-O-N3 und Ap4-O-Atto488) sowie das Diadenosin Polyphosphat Ap5A als ATP 

Ersatz. V-Src und UBA1 akzeptieren alle Phosphoramidat-modifizierten ATP-Analoga, 

wohingegen FAK nur Phosphoramidat-Analoga mit Azid oder Biotin und nicht mit Farbstoff 

umsetzt. Insgesamt zeigen diese ersten Ergebnisse das große Potential von Phosphoramidat-

modifizierten ATP-Analoga als Signalmoleküle zur Aktivitätsmessung verschiedener ATP-

verbrauchender Enzyme auf. 

Aufgrund dieser Ergebnisse wurden im zweiten Teil der Arbeit doppelt markierte ATP-Analoga 

mit Phosphoramidat-Modifizierung am -Phosphat systematisch entwickelt. Hierfür wurden zwei 

verschiedene FRET-geeignete Farbstoffe gewählt, welche die Messung des ATP Verbrauches per 

Fluoreszenzauslesung erlauben. Die Spaltung der FRET-markierten ATP-Analoga führt zu einer 

Veränderung des Emissionsspektrums, welches wiederum genutzt werden kann um die 

Aktivität der ATP-verbrauchenden Enzyme in Echtzeit zu messen (Scheme 28). Für die 

Synthese der FRET-ATP-Analoga wurden zuerst verschiedene ATP-Analoga mit 

unterschiedlichen modifizierten Positionen am Nukleosid (O2’, O3’, C2 und N6) hergestellt. Der 
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erste FRET-Farbstoff (Sulfo-Cy5) wurde zunächst an alle vier Analoga mit Modifizierungen am 

Nukleosid angebracht, bevor zuletzt die Phosphat-Modifikation mit Sulfo-Cy3 Farbstoff als 

Phosphoramidat-Bindung eingeführt wurde. Der letzte Schritt, das Anbringens des 

Sulfo-Cy3-Phosphoramidat-Linkers wurde nur für das O2’-FRET-ATP-Analogon optimiert. 

Dieses O2’-FRET-ATP Analogon konnte anschließend mit Hilfe von SVPD auf seine 

Fluoreszenzeigenschaften getestet werden. Durch Spaltung von SVPD wird FRET unterbrochen 

und die Emission des Donors (Sulfo-Cy3) steigt (in Echtzeit messbar) an. Als nächstes wurde 

der Verbrauch sowohl von O2’-FRET-ATP als auch von den beiden einzel-modifizierten Analoga 

O2’-Sulfo-Cy5-ATP und ATP-NH-Sulfo-Cy3 durch FAK und die v-Src Kinase getestet. Hierbei 

wurde der Antikörper-basierte in vitro Assay sowie die Fluoreszenz-Echtzeitmessung 

verwendet. V-Src Kinase akzeptiert alle drei getesteten ATP-Analoga. Für das O2’-FRET-ATP 

konnte der Verbrauch durch v-Src Kinase auch mittels Fluoreszenz-Echtzeitmessung ermittelt 

werden. FAK hingegen verwendet nur das O2’-Sulfo-Cy5-ATP. Die Akzeptanz von O2’-FRET-ATP 

durch v-Src Kinase und die damit verbundene Möglichkeit die Aktivität in Echtzeit zu messen, 

deutet auf das hohe Potenzial solcher Phosphoramidat-modifizierten FRET-ATP-Proben für die 

in vitro aber auch für die in vivo Verwendung zur Aktivitätsmessung verschiedenster ATP-

verbrauchender Enzyme hin.  

Da die natürliche FAK weder das ATP-NH-Sulfo-Cy3 noch das O2’-FRET-ATP akzeptierte, 

wurden anstelle des Wildtyp-Enzyms mutierte Varianten mit vergrößerten ATP-Bindetaschen 

eingesetzt. Bei den drei hier verwendeten FAK Mutanten wurden die Positionen Q432 und K467 

zu Alanin mutiert (FAK Q432A, FAK K467A und FAK Q432A K467A).[113] Alle drei FAK Mutanten 

variierten bereits in ihrer Aktivität mit natürlichem ATP[113], weshalb der unterschiedliche 

Umsatz der drei bereits zuvor verglichenen ATP Analoga (O2’-FRET-ATP, O2’-Sulfo-Cy3-ATP 

und ATP-NH-Sulfo-Cy3) nicht verwunderlich ist. FAK Q432A und FAK 467A akzeptieren im 

Vergleich zum Wildtyp FAK nicht nur das O2’-Sulfo-Cy5-ATP sondern auch das O2’-FRET-ATP 

(Scheme 29). Die Doppelmutante FAK Q432A K467A hingegen akzeptiert keines der getesteten 

ATP Analoga. Da sich der Verbrauch von O2’-FRET-ATP durch Wildtyp FAK und die FAK Mutanten 

Q432A und K467A stark unterscheidet, erhält man somit ein ideales Interaktionspaar, welches 

das gezielte Messen von Enzymaktivitäten ermöglicht. Die Verwendung von FAK Q432A oder 

FAK K467A mit vergrößerten Bindetaschen („Holes“) in FAK Wildtyp knock-out Zellen in 

Kombination mit dem sterisch anspruchsvollen O2’-FRET-ATP Analogon („Bump“) (Einbringen 

in die Zelle z.B. mittels Mikroinjektion[130]) erlaubt das selektive Messen und Beobachten von 

FAK Aktivität in Zellen oder anderen lebenden Organismen.  

Neben den ATP- und Ap4-Analoga wurden auch Diadenosin Polyphosphat-Analoga im Rahmen 

dieser Dissertationsarbeit hergestellt. Hierfür wurden Ap3A Moleküle mit verschiedenen 
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Modifizierungen an den beiden C2-Positionen des Adenins versehen. Das mit zwei 

Atto488-Farbstoffen markierte C2-Ap3A-Analogon wurde in einem in vitro AMPylierungs-Assay 

verwendet um potenzielle AMPylierungs-Enzyme in H1299 Zelllysat zu markieren. Die 

Fluoreszenzauslesung des SDS-Gels zeigte, dass Proteine vorhanden sind, die das sterisch sehr 

anspruchsvolle C2-Atto488-Ap3A verwenden jedoch kaum Hintergrundsignale sichtbar sind. Die 

Verwendung solcher Farbstoff-markierten C2-Ap3A-Analoga vereinfacht und präzisiert den 

Ablauf eines solchen in vitro AMPylierungs Assays. Daraufhin wurde ein C2-modifiziertes Ap3A 

mit Atto488-Farbstoff und Eclipse-Quencher an den C2-Positionen synthetisiert, welche für 

FRET-Messungen geeignet ist. Mit Hilfe von SVDP wurden die Fluoreszenzeigenschaften des 

C2-FRET-Ap3A-Analogon bestimmt. Durch Spaltung des Moleküls wird FRET unterbrochen und 

der Anstieg der Emission von Atto488 kann in Echtzeit gemessen werden (Scheme 30). Diese 

Messungen wurden auch mit C2-FRET-Ap3A und HEK293T Zelllysat bzw. H1299 Zelllysat 

durchgeführt. Die Spaltung des C2-FRET-Ap3A in beiden Zelllysaten konnte eindeutig 

beobachtet werden. Somit ist die hergestellte C2-FRET-Ap3A-Probe sehr geeignet für die Suche 

und Identifikation sowohl von Ap3A-spaltentenden oder AMPylierenden-Enzymen als auch von 

potenziellen Inhibitoren solcher Enzyme.  
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10 Experimental Procedures – Materials and Methods 

 

10.1 Synthesis 

 

10.1.1 General Experimental Details for Synthesis 

All temperatures quoted are uncorrected. All reagents are commercially available and used 

without further purification, if not mentioned otherwise. Chemicals were purchased from 

commercial suppliers (Sigma Aldrich, Merck, VWR, Acros Organics, ABCR, and TCI Chemicals) 

and used as received, if not stated differently. Dry solvents were obtained from Sigma-Aldrich 

and used without further purification. Reactions were conducted with exclusion of air and 

moisture as needed.  

Anion-exchange chromatography was performed on an ÄktaPurifier (GE Healthcare) with DEAE 

Sephadex™ A‐25 (GE Healthcare Bio‐SciencesAB) column using a linear gradient (0.1 M –1 M) 

of triethylammonium bicarbonate buffer (TEAB, pH 7.5). For ion-exchange high pressure liquid 

chromatograpy (IEX-HPLC) a Shimadzu system having LC 20AP or LC 20AT pumps and SPD 

M20A PDA detectors was used. A DNAPac PA-100, Preparative (Thermo Scientific) column and 

a gradient of aqueous buffer B (25 mM Tris pH 8.0, 0.5 M NaClO4, 5 % MeCN) in aqueous buffer 

A (25 mM Tris pH 8.0, 5 % MeCN) were used. Reversed phase high pressure liquid 

chromatography (RP-HPLC) for the purification of compounds was performed using a Shimadzu 

system having LC 20AP or LC 20AT pumps and SPD M20A PDA detectors. A 250/21 or 250/16 

Nucleodur C18 HTec, 5 µm (Macherey-Nagel) column and a gradient of acetonitrile in 50 mM 

aqueous triethylammonium acetate (TEAA buffer, pH 7.0) or 50 mM aqueous triethylammonium 

bicarbonate (TEAB buffer, pH 7.5) were used. All compounds purified by RP-HPLC were obtained 

as their triethylammonium salts after repeated freeze-drying. Reversed phase medium pressure 

liquid chromatohgraphy (RP-MPLC) was performed using a Büchi PrepChrom C-700 system with 

a SVF D26-RP18 25-40 µm (Götec-Labortechnik GmbH) column with a gradient of acetonitrile 

in MilliQ water. The 1H NMR signals of triethylammonium are not reported. Nuclear Magnetic 

Resonance (NMR) spectra were recorded on a Bruker Avance III 400 MHz spectrometer and 

600 MHz spectrometer. 1H, 13C 19F and 31P chemical shifts are reported relative to the residual 

solvent peak and are given in ppm (δ). High resolution electro-spray-ionization mass spectra 

(HR-ESI-MS) were recorded on a Bruker Daltronics micrOTOF‐Q II ESI‐Qq‐TOF. The reported 

yields refer to the analytically pure substance and are not optimized. Phosphates yields are 
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measured by UV absorption using the published extinction coefficients of the nucleosides or 

dyes.  

 

10.1.2 Synthesis of -Phosphate-Modified ATP Analogs and their 

Precursors 

 

6-Azidohexyl--NH-adenosine triphosphate (ATP-NH-N3) (1) according to [19g] 

  

EDCxHCl (29 mg, 0.15 mmol, 5 eq.) was added to disodium ATP (0.03 mmol, 1 eq.) in water 

(1.5 mL) and adjusted to pH 7.5 with NaOH. After 5 min stirring at RT, 1-amino-6-azido-hexane 

(4.7 mg, 0.033 mmol, 1.1 eq.) in DMF (0.6 mL) was added and the reaction mixture was stirred 

overnight at RT. The reaction mixture was purified by RP-HPLC (MeCN/ 50 mM TEAB buffer) 

and yielded 6 µmol (1) (7.5 mg, 19 %) of a colorless oil. 

RP-HPLC (250/16 Nucleodur C18 HTec, 5 µm) with a linear gradient of MeCN (5–40 % in 

30 min) in 50 mM aqueous TEAB buffer (pH 7.5): 21 min (max: 260 nm). 

1H NMR (400 MHz, D2O): δ = 8.79 (s, 1H, H8), 8.48 (s, 1H, H2), 6.35 (d, J = 5.9 Hz, 1H, H1’), 

5.02–5.00 (m, 1H, H2’), 4.78–4.75 (m, 1H, H3’), 4.63–4.58 (m, 1H, H4’), 4.50–4.41 (m, 2H, 

H5’), 3.52 (t, J = 6.7 Hz, 1H, N3-CH2), 3.19 (t, J = 7.5 Hz, 1H, N3-CH2), 2.99 (q, J = 7.5, 7.1 

Hz, 2H, CH2-NH--P), 1.91–1.83 (m, 1H, CH2-CH2-N3), 1.83 – 1.76 (m, 1H, CH2-CH2-N3), 1.64–

1.27 (m, 6H, 3x CH2-linker) ppm.  

31P NMR (162 MHz, D2O): δ = -0.63 (d, J = 21.2 Hz, 1P, -P), -11.19 (d, J = 19.3 Hz, 1P, -P), 

-22.48–-23.07 (m, 1P, -P) ppm.  

HR-ESI-MS [M+1H]+: m/z calculated: 630.0987, m/z found: 630.0981, deviation: 0.95 ppm. 
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N-(6-Aminohexyl)-D-biotinamide--NH-adensoine triphosphate (ATP-NH-biotin) (4) 

according to [19g] 

 

EDCxHCl (29 mg, 0.15 mmol, 5 eq.) was added to disodium ATP (0.03 mmol, 1 eq.) in water 

(1.5 mL) and adjusted to pH 7.5 with 1 M NaOH. After 5 min stirring at RT, N-(6-aminohexyl)-

D-biotinamide (6) (14 mg, 0.04 mmol, 1.3 eq.) in DMF (0.6 mL) was added and the reaction 

mixture was stirred overnight at RT. The reaction mixture was purified by RP-HPLC (MeCN/ 50 

mM TEAB buffer) and yielded 5 µmol (4) (4.6 mg, 18 %) of a white solid. 

RP-HPLC (250/21 Nucleodur C18 HTec, 5 µm) with a linear gradient of MeCN (5–40 % in 

30 min) in 50 mM aqueous TEAB buffer (pH 7.5): 13 min (max: 260 nm). 

1H NMR (400 MHz, D2O): δ = 8.60 (s, 1H, H8), 8.30 (s, 1H, H2), 6.17 (d, J = 6.1 Hz, 1H, H1’), 

4.65–4.55 (m, 2H, H3’, H6a*), 4.44–4.39 (m, 2H, H4’, H3a*), 4.30–4.24 (m, 2H, H5’), 3.33–

3.26 (m, 1H, H4*), 3.03–2.98 (m, 1H, H6*), 2.84–2.79 (m, 2H, CH2-NH--P), 2.78 (s, 1H, 

H6*), 2.24 (t, J = 7.1 Hz, 2H, CH2-CO), 1.77–1.51 (m, 4H, CO-NH-CH2, S-CH-CH2), 1.43–1.06 

(m, 12H, 4x CH2-linker, 2x CH2-biotin) ppm. 

31P NMR (162 MHz, D2O): δ = -0.65 (d, J = 21.4 Hz, 1P, -P), -11.34 (d, J = 18.9 Hz, 1P, -P), 

-22.74 (t, J = 20.2 Hz, 1P, -P) ppm.  

HR-ESI-MS (m/z): [M+2H]2+ m/z calculated: 414.5887, [M+2H]2+ found: 414.5895, deviation: 

1.90 ppm. 

 

D-biotin-NHS ester (5) according to [99] 

 

A solution of D-biotin (3.00 g, 12.3 mmol, 1 eq.), EDCxHCl (2.82 g, 14.7 mmol, 1.2 eq.) and 

N-hydroxysuccinimid (1.70 g, 14.7 mmol, 1.1 eq.) in DMF (100 mL) was stirred at RT overnight. 

The reaction mixture was then concentrated under reduced pressure and the residue was 
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filtered and washed with a mixture of EtOH/ AcOH/ H2O (95:1:4). The obtained D-biotin-NHS 

ester (5) was dried under vacuum and used for the next reaction without further purification 

(yield 90 %, 11.05 mmol, 3.77 g). 

1H NMR (600 MHz, DMSO-d6): δ = 6.43 (t, J = 1.8 Hz, 1H), 6.37 (d, J = 1.5 Hz, 1H), 4.31 (ddt, 

J = 7.5, 5.2, 1.1 Hz, 1H), 4.15 (ddd, J = 7.7, 4.4, 1.8 Hz, 1H), 3.11 (ddd, J = 8.4, 6.4, 4.4 Hz, 

1H), 2.84 (d, J = 5.1 Hz, 1H), 2.82 (d, J = 5.3 Hz, 1H), 2.67 (td, J = 7.2, 1.1 Hz, 2H), 2.58 (d, 

J = 12.4 Hz, 1H), 1.69–1.59 (m, 3H), 1.55–1.46 (m, 1H), 1.47–1.36 (m, 2H) ppm. 

13C NMR (151 MHz, DMSO-d6): δ = 170.27, 168.94, 162.69, 61.00, 59.17, 55.24, 30.00, 27.84, 

27.59, 25.45, 24.32 ppm. 

HR-ESI-MS (m/z): [M+1H]+ calculated: 342.1118, [M+1H]+ found: 342.1115, deviation: 0.87 

ppm. 

 

N-(6-aminohexyl)-D-biotinamide (6) 

  

D-biotin-NHS ester (5) (58 mg, 0.172 mmol, 1 eq.) in DMF (2 mL) was added dropwise to a 

solution of 6-aminohexylamine (100 mg, 0.86 mmol, 5 eq.) in DMF/ water (2 mL) at pH 8.7 

(adjusted with 0.1 M NaHCO3, pH 8.7). After stirring for 3 h at RT the reaction mixture was then 

concentrated under reduced pressure. The obtained N-(6-aminohexyl)-D-biotinamide (6) was 

dried under vacuum and used for the next reaction without further purification.  

1H NMR (400 MHz, DMSO-d6): δ = 7.71 (t, J = 5.6 Hz, 1H), 6.37 (d, J = 25.3 Hz, 2H), 4.30 (d, 

J = 12.8 Hz, 1H), 4.12 (d, J = 14.1 Hz, 1H), 3.56 (bs, 2H), 3.09 (d, J = 19.2 Hz, 1H), 3.01 (q, 

J = 6.6 Hz, 2H), 2.82 (dd, J = 12.4, 5.1 Hz, 1H), 2.58 (d, J = 12.4 Hz, 1H), 2.04 (t, J = 7.4 

Hz, 2H), 1.68–1.19 (m, 16H) ppm. 

13C NMR (101 MHz, DMSO-d6): δ = 174.65, 172.21, 61.52, 59.66, 55.89, 41.92, 38.80, 35.69, 

33.53, 28.67, 28.51, 26.82, 26.60, 25.81, 25.54 ppm. 

HR-ESI-MS (m/z): [M+1H]+ calculated: 343.2162, [M+1H]+ found: 343.2157, deviation: 1.45 

ppm. 
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-(6-Sulfo-Cy3-amidohexyl)-adenosine triphosphate (ATP-NH-Sulfo-Cy3) (7)[97] 

 

First a condensation buffer according to a protocol from C. Richert[100] containing commercially 

available disodium ATP was prepared. This condensation buffer contains: 0.2 M HEPES, 0.4 M 

NaCl, 0.16 M MgCl2, 0.1 M 1-ethyl-imidazole, 0.03 M ATPxNa2 and 0.8 M EDCxHCl. The pH value 

was adjusted to pH 7.5 and the buffer stirred for 1 h at RT to activate the ATP. Afterwards 

65 µL (containing 2 µmol ATP) of this mixture were added to Sulfo-Cy3-1-hexylamine (10) 

(10 µmol, 7.35 mg, 5 eq.) and the reaction stirred for 48 h at RT. After RP-HPLC purification 

(50 mM TEAB buffer/ MeCN) -(6-Sulfo-Cy3-amidohexyl)-ATP (7) was obtained in 0.21 µmol 

(10 % yield). 

RP-HPLC (250/16 Nucleodur C18 HTec, 5 µm) with a linear gradient of MeCN (5–40 % in 

30 min) in 50 mM aqueous TEAB buffer (pH 7.5): 20.5 min (max: 260 nm,max: 550 nm). 

1H NMR (400 MHz, D2O): δ = 8.62–8.48 (m, 2H, H8, H Sulfo-Cy3), 8.19 (s, 1H, H2), 7.93 (s, 

2H, Har Sulfo-Cy3), 7.89 (t, J = 7.34 Hz, 2H, Har Sulfo-Cy3), 7.41 (dd, J = 11.47, 8.35 Hz, 2H, 

Har Sulfo-Cy3), 6.36 (dd, J = 13.45, 6.23 Hz, 2H, H Sulfo-Cy3), 6.11 (d, J = 5.97 Hz, 1H, 

H1’), 4.82 (m, 1H, H2’), 4.57 (t, 1H, H3’), 4.37 (s, 1H, H4’), 4.32–4.03 (m, 6H, H5’, 2 x 

Sulfo-Cy3-N-CH2), 3.04 (t, J = 6.85 Hz 2H, O2’-CH2), 2.87–2.76 (m, 2H, CH2-NH--P), 2.23 

(t, J = 7.14 Hz, 2H, CO-NH-CH2), 1.94–1.57 (m, 19H, CH2-CO-NH, 5x CH3, 1x CH2-linker), 

1.45–1.07 (m, 12H, 6x CH2-linker) ppm. 

31P NMR (162 MHz, D2O): δ = -1.34 (d, 1P, -P), -11.39 (d, 1P, -P), -22.85 (t, 1P, -P) ppm. 

1H-31P-HMBC NMR (D2O): δ = -11.40 (d, 1P, -P) + 4.37 (s, 1H, H4’) + 4.32–4.20 (m, 2H, 

H5’), -1.34 (d, 1P, -P) + 2.82 (m, 2H, CH2-NH) ppm. 
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HR-ESI-MS (m/z): [M-3H]3- calculated for C47H63N9O19P3S2: 404.7637; [M-3H]3- found: 

404.7662; deviation 6.2 ppm.  

 

Sulfo-Cy3-NHS ester (9) and Sulfo-Cy5-NHS ester (15) 

 

Sulfo-Cy3-COOH (8) or Sulfo-Cy5-COOH (14) (200 mg, 1 eq.) was dissolved in dry DMF (4 mL) 

and dry pyridine (0.2 mL). Disuccinimidyl carbonate (160 mg, 625 µmol, 1.5 eq.) was added 

and the mixture stirred at 60 °C for 90 minutes. The reaction was quenched with ethyl acetate 

(20 mL) and the precipitated product was collected by centrifugation. The precipitated product 

was washed three times with ethyl acetate (10 mL) and afterwards dried at high vacuum. The 

products (Sulfo-Cy3-NHS ester (9) or Sulfo-Cy5-NHS ester (15)) were used without further 

purification. The amount of unreacted acid was determined by NMR spectroscopy.  

 

Sulfo-Cy3-1-hexylamine (10) 

 
 

6-Aminohexylamine (10 eq., 2.130 mmol, 247.5 mg) was dissolved in water (6 mL). 1 M 

aqueous NaHCO3 (10 mL) was added and the pH value adjusted to pH 8.7. Sulfo-Cy3-NHS ester 

(9) (1 eq., 0.213 mmol, 155 mg) was dissolved in DMF (10 mL) and added dropwise over the 

period of 10 min to the solution of 6-aminohexylamine. The reaction stirred at RT overnight. 

After evaporation, the product was dissolved in water and purified with preparative RP-HPLC 
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(50 mM TEAB buffer/ MeCN). Product fractions were collected and freeze-dried several times to 

yield 77 mg (10) (0.105 mmol, 49 %) purple colored powder.  

RP-HPLC (250/16 Nucleodur C18 HTec, 5 µm) with a linear gradient of MeCN (5–40 % in 

30 min) in 50 mM aqueous TEAB buffer (pH 7.5): 23 min (max: 550 nm). 

1H NMR (400 MHz, D2O): δ = 8.52 (t, J = 13.21 Hz, 1H, H), 7.94 (m, 2H, Har), 7.88 (dt, J = 

9.38 Hz, J = 1.89 Hz, 2H, Har), 7.39 (t, J = 9.04 Hz, 2H, Har), 6.43 (d, J = 4.16 Hz, 1H, H), 

6.40 (d, J = 4.04 Hz, 1H, H’), 4.13 (m, 4H, 2 x N-CH2), 2.98 (t, J = 7.00 Hz, 2H, CH2-NH-CO), 

2.93 (t, J = 7.44 Hz, 2H, CH2-NH2), 2.20 (t, J = 7.00 Hz, CH2-CO-NH), 1.86 (m, 2H, CH2), 

1.74 (s, 12H, 4 x CH3), 1.63 (m, 2H, CH2), 1.56 (m, 2H, CH2), 1.38 (t, J = 7.17 Hz, 2H, 

N-CH2-CH3), 1.30–1.15 (m, 8H, 4 x CH2-linker) ppm. 

HR-ESI-MS (m/z): [M-1H]1- calculated for C36H51N4O7S2: 727.3205; [M-1H]1- found: 727.3210; 

deviation 0.69 ppm. 

 

 

10.1.3 Synthesis of FRET-ATP Analogs and their Precursors 

 

O2’-(6-Aminohexyl)‐adenosine triphosphate (19) according to [39] 

 

O2’-(6-Azidohexyl)-adenosine triphosphate (18) (20 μmol, 1 eq.) was dissolved in a mixture of 

water (6 mL), methanol (8 mL) and trimethylamine (4 mL). Tris(2-carboxyethyl)phosphine 

hydrochloride (TCEPxHCl) (33 mg, 100 µmol, 5 eq.) was added and the mixture stirred 

overnight at RT. The aqueous mixture was evaporated under reduced pressure. The compound 

was purified by RP-HPLC (50 mM TEAB buffer/ MeCN) to give 15 µmol (19) (75 %) of a white 

solid. 

RP-HPLC (250/16 Nucleodur C18 HTec, 5 µm) with a linear gradient of MeCN (5–40 % in 

30 min) in 50 mM aqueous TEAB buffer (pH 7.5): 14 min (max: 260 nm). 



10 Experimental Procedures – Materials and Methods 

108 

 

1H NMR (400 MHz, D2O): δ = 8.61 (s, 1H, H8), 8.28 (s, 1H, H2), 6.19 (d, J = 7.2 Hz, 1H, H1’), 

4.71 (dd, J = 5.2, 1.9 Hz, H2’), 4.57 (dd, J = 7.2, 5.0 Hz, 1H, H3’), 4.46 (p, J = 2.6 Hz, 1H, 

H4’), 4.39–4.19 (m, 2H, H5’), 3.71 (dt, J = 10.5, 6.2 Hz, 1H, O2’-CH2a), 3.55 (dt, J = 10.5, 

6.2 Hz, 1H, O2’-CH2b), 2.93–2.78 (m, 2H, NH2-CH2), 1.52–1.35 (m, 4H, CH2-linker), 1.18–

0.89 (m, 4H, CH2-linker) ppm. 

31P NMR (162 MHz, D2O): δ = -10.41 (d, J = 19.6 Hz, 1P), -11.34 (d, J = 20.4 Hz, 1P), -23.03 

(t, J = 19.8 Hz, 1P) ppm. 

HR-ESI-MS (m/z): [M-1H]1- calculated for C16H28N6O13P3: 605.0933; [M-1H]1- found: 605.0915; 

deviation 2.97 ppm. 

 

O2’-(6-Sulfo-Cy5‐amidohexyl)‐adenosine triphosphate (O2’-Sulfo-Cy5-ATP) (20) 

according to [39] 

 

O2’-(6-Aminohexyl)-adenosine triphosphate (19) (15 μmol, 1 eq) was dissolved in 0.1 M 

aqueous NaHCO3 (1 mL) at pH 8.7. Sulfo-Cy5-NHS ester (15) (16.8 mg, 22.5 µmol, 1.5 eq.) 

was dissolved in DMF (200 µL) and added to the mixture. The pH value was proved and 

readjusted to pH 8.7. The mixture was stirred at RT overnight and was evaporated under 

reduced pressure. The compound was dissolved in water and purified by RP-HPLC (50 mM TEAB 

buffer/ MeCN) to give 11 µmol (20) (73 %) of a dark blue solid. 

RP-HPLC (250/16 Nucleodur C18 HTec, 5 µm) with a linear gradient of MeCN (5–40 % in 

30 min) in 50 mM aqueous TEAB buffer (pH 7.5): 25 min (max: 260 nm, max: 650 nm). 

1H NMR (400 MHz, D2O): δ = 8.53 (s, 1H, H8), 8.12 (s, 1H, H2), 7.90 (t, J = 13.0 Hz, 2H, H 

Sulfo-Cy5), 7.82–7.71 (m, 4H, Har Sulfo-Cy5), 7.32–7.13 (m, 2H, Har Sulfo-Cy5), 6.41 (q, J = 

11.9 Hz, 1H, H Sulfo-Cy5), 6.22–6.02 (m, 3H, H1’, H Sulfo-Cy5), 4.62 (t, J = 4.1 Hz, 1H, 

H2’), 4.47 (t, J = 5.9 Hz, 1H, H3’), 4.34 (s, 1H, H4’), 4.22 (d, J = 11.1 Hz, 2H, H5’), 3.99 (s, 

4H, 2x Sulfo-Cy5-N-CH2), 3.63 (dt, J = 12.0, 6.1 Hz, 1H, O2’-CH2a), 3.45 (dt, J = 9.8, 6.2 Hz, 
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1H, O2’-CH2b), 2.88 (t, J = 6.9 Hz, 2H, CH2-NH-CO), 2.14 (m, 2H, CH2-CO-NH), 1.80–1.46 

(m, 39H, 5 x CH3, 7 x CH2-linker) ppm. 

31P NMR (162 MHz, D2O): δ = -10.71 (d, J = 14.3 Hz 1P, -P), -11.42 (d, J = 19.7 Hz, 1P, -P), 

-23.00 (t, 1P, -P) ppm. 

HR-ESI-MS (m/z): [M-2H]2- calculated for C49H65N8O20P3S2: 621.1479; [M-2H]2- found: 

621.1500; deviation 3.38 ppm. 

 

O3’-(6-Azidohexyl)‐adenosine triphosphate 24 

 

O3’-(6-Azidohexyl)-adenosine (23) (188 mg, 388 μmol, 1 eq.) and N,N,N′,N′-tetramethyl-

1,8-naphthalenediamine (proton sponge) (130 mg, 606 μmol, 1.6 eq.) were coevaporated twice 

with acetonitrile and dried at high vacuum. The solids were dissolved in distillated 

trimethylphosphate (TMP) (10 mL) and cooled to 0 °C. Distillated phosphorous oxychloride 

(50.4 μl, 86 mg, 558 μmol, 1.4 eq.) was added dropwise. The reaction was stirred at 0 °C for 

1 h. 1.1 g (2 mmol, 5 eq.) of bis-(tributylammonium)‐pyrophosphate was dissolved in dry DMF 

(4 mL) and cooled after addition of tributylamine (1.04 mL, 780 mg, 4.22 mmol, 11 eq.). The 

precooled pyrophosphate mixture was added and the solution was warmed to RT and stirred 

for 30 min. 0.1 M TEAB buffer (pH 7.5) (10 mL) was added for quenching and the reaction was 

stirred for further 30 min. The mixture was extracted with ethyl acetate to remove the TMP 

until the volume of the aqueous layer was constant. The aqueous phases were evaporated 

under reduced pressure and the compound was purified by anion-exchange chromatography 

and RP-HPLC (50 mM TEAB buffer/ MeCN) to give 82 µmol (24) (21 %) of a white solid.  

RP-HPLC (250/16 Nucleodur C18 HTec, 5 µm) with a linear gradient of MeCN (5–40 % in 

30 min) in 50 mM aqueous TEAB buffer (pH 7.5): 24 min (max: 260 nm). 

1H NMR (400 MHz, D2O): δ = 8.49 (s, 1H, H8), 8.15 (s, 1H, H2), 6.05 (d, J = 6.6 Hz, 1H, H1’), 

4.85 (t, J = 5.9 Hz, 1H, H2’), 4.43 (t, J = 2.8 Hz, 1H, H4’ ), 4.27 (dd, J = 5.3, 2.8 Hz, 2H, H3’), 

4.21 (d, J = 4.6 Hz, 2H, H5’), 3.70 (t, J = 6.7 Hz, 2H, O3’‐CH2), 3.28 (t, J = 6.8 Hz, 2H, 

N3-CH2), 1.69–1.50 (m, 4H, 2x CH2‐linker), 1.43–1.28 (m, 4H, 2x CH2‐linker) ppm. 
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31P NMR (162 MHz D2O): δ = ‐10.72 (d, J = 19.5 Hz, 1P, -P), ‐11.51 (d, J = 20.1 Hz, 1P, -P), 

-23.23 (t, J = 19.6 Hz, 1P, -P) ppm. 

 

O3’-(6-Aminohexyl)‐adenosine triphosphate (25) according to [38] 

 

O3’-(6-Azidohexyl)-adenosine triphosphate (24) (50 μmol, 1 eq.) was dissolved in a mixture of 

water (15 mL), methanol (20 mL) and trimethylamine (10 mL). TCEPxHCl hydrochloride 

(72 mg, 250 µmol, 5 eq.) was added and the mixture stirred overnight at RT. The aqueous 

mixture was evaporated under reduced pressure. The compound was purified by RP-HPLC (50 

mM TEAB buffer/ MeCN) to give 32 µmol (25) (64 %) of a white solid. 

RP-HPLC (250/16 Nucleodur C18 HTec, 5 µm) with a linear gradient of MeCN (5–40 % in 

30 min) in 50 mM aqueous TEAB buffer (pH 7.5): 15 min (max: 260 nm). 

1H NMR (400 MHz, D2O): δ = 8.42 (s, 1H, H8), 8.14 (s, 1H, H2), 6.01 (d, J = 6.0 Hz, 1H, H1’), 

4.77 (t, J = 5.6 Hz, 1H, H2’), 4.37 (s, 1H, H4’), 4.24 (t, J = 4.5 Hz, 1H, H3’), 4.18–4.15 (m, 

2H, H5’), 3.65 (dt, J = 12.6, 6.5 Hz, 2H, O3’-CH2), 2.93 (t, J = 7.4 Hz, 2H, NH2-CH2), 1.65–

1.53 (m, 4H, CH2-linker), 1.44–1.28 (m, 4H, CH2-linker) ppm. 

31P NMR (162 MHz D2O): δ = -10.81 (d, J = 19.5 Hz, -P), -11.47 (d, J = 19.6 Hz, -P), -23.20 

(t, J = 19.7 Hz, -P) ppm. 
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O3’-(6-Sulfo-Cy5‐amidohexyl)‐adenosine triphosphate (O3’-Sulfo-Cy5-ATP) (26) 

according to [39] 

 

O3’-(6-Aminohexyl)-adenosine triphosphate (25) (40 μmol, 1 eq) was dissolved in 0.1 M 

aqueous NaHCO3 (2 mL) at pH 8.7. Sulfo-Cy5-NHS ester (15) (45 mg, 60 µmol, 1.5 eq.) was 

dissolved in DMF (400 µL) and added to the mixture. The pH value was proved and readjusted 

to pH 8.7. The mixture was stirred at RT overnight and subsequently evaporated under reduced 

pressure. The compound was dissolved in water and purified by RP-HPLC (50 mM TEAB buffer/ 

MeCN) to give 27 µmol (26) (67 %) of a dark blue solid. 

RP-HPLC (250/16 Nucleodur C18 HTec, 5 µm) with a linear gradient of MeCN (5–40 % in 

30 min) in 50 mM aqueous TEAB buffer (pH 7.5): 25 min (max: 260 nm). 

1H NMR (400 MHz, D2O): δ = 8.51 (s, 1H, H8), 8.13 (s, 1H, H2), 7.91 (t, J = 13.1 Hz, 2H, H 

Sulfo-Cy5), 7.82–7.71 (m, 5H, Har Sulfo-Cy5), 7.26 (t, J = 7.7 Hz, 2H, Har Sulfo-Cy5), 6.43 (t, 

J = 12.4 Hz, 1H, H Sulfo-Cy5), 6.12 (dd, J = 21.5, 13.6 Hz, 2H, , H Sulfo-Cy5), 6.03 (d, J = 

7.0 Hz, 1H, H1), 4.81 (s, 1H, H2’), 4.38 (s, 1H, H4’), 4.27–4.12 (m, 3H, H3’, H5’), 4.01 (t, J = 

9.1 Hz, 5H, Sulfo-Cy5-N-CH2), 3.65 (t, J = 6.6 Hz, 2H, O3’-CH2), 3.09–3.01 (m, 2H, 

CH2-NH-CO), 2.19 (t, J = 7.1 Hz, 2H, CH2-CO-NH), 1.79–1.31 (m, 39H, 5x CH3, 7x CH2-linker) 

ppm. 

31P NMR (162 MHz D2O): δ = -10.77 (d, J = 19.5 Hz, 1P, -P), -11.46 (d, J = 20.1 Hz, 1P, -P), 

-23.16 (t, J = 16.8 Hz, 1P, -P) ppm. 
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C2-(6-Trifluoroacetamidohexyl)‐amino-adenosine (31) according to [110] 

 

2-Iodoadenosine (30) (1.00 g, 2.55 mmol, 1 eq.) was suspended in 2-methoxyethanol (20 mL). 

1,6-Diaminohexane (5.93 g, 51 mmol, 20 eq.) was added and the mixture was stirred overnight 

at 150 °C. After cooling to 0 °C and addition of TEA (0.7 mL, 5.1 mmol, 2 eq.), ethyl trifluoro-

acetate (TFAOEt) (15.1 mL, 127.5 mmol, 50 eq.) was added dropwise. The suspension was 

stirred overnight at 0 °C. 4 mL ethanol was added and the solvents were removed under 

reduced pressure. The crude product was precleared by column chromatography over silica gel 

with MeOH/ DCM (1:10). The product fraction was purified by RP-MPLC (H2O/ MeCN) to give 

1.2 mol (31) (573 mg, 47 % yield) of a white solid.  

RP-MPLC (SVF D26-RP18 25-40µm) with a gradient of MeCN in water (5–40 %: 1–20 min, 

40 %: 20–32.5 min, 40–100 %: 32.5–37.5 min): 20 min (max: 260 nm). 

1H NMR (400 MHz, DMSO-d6): δ = 9.32 (s, 1H, NHTFA), 7.82 (s, 1H, H8), 6.59 (s, 2H, C6-NH2), 

6.06 (t, J = 5.5 Hz, 1H, C2-NH), 5.66 (d, J = 6.1 Hz, 1H, H1’), 5.28 (s, 1H, 2’OH), 5.04 (s, 2H, 

3’OH), 4.53 (m, 1H, H2’), 4.07 (m, 1H, H3’), 3.83 (q, J = 3.8 Hz, 1H, H4’), 3.57 (d, J = 10.5 

Hz, 1H, H5’a), 3.51–3.43 (m, 1H, H5’b), 3.14 (dd, J = 17.2, 6.4 Hz, 4H, C2-NH-CH2, 

TFA-NH-CH2), 1.44 (q, J = 6.9 Hz, 4H, 2x CH2-linker), 1.27–1.21 (m, 4H, 2x CH2-linker) ppm. 

19F NMR (376 MHz, DMSO-d6): δ = -74.43 (s, 3 F) ppm. 

 

C2-(6-Trifluoroacetamidohexyl)‐amino-adenosine triphosphate (32) 

 

C2-(6-Trifluoracetamido-hexyl)-amino-adenosine (31) (100 mg, 210 µmol, 1 eq.) and 

1,8-bis(di-methylamino)naphthalene (63 mg, 294 µmol, 1.4 eq.) were coevaporated with 

acetonitrile two times, dissolved in dry TMP (5 mL) and cooled to 0 °C. Dry POCl3 (21 µl, 230 

µmol, 1.1 eq.) was added dropwise. The solution was stirred for 1 h at 0 °C. 

Bis(tributylammonium)-pyrophosphate (575 mg, 1.05 mmol, 5 eq.) and TBA (0.5 mL, 

2.10 mmol, 10 eq.) were dissolved in dry DMF (2 mL) and added to the reaction mixture at 
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0 °C. After stirring for 30 min without cooling the reaction was quenched by addition of 0.1 M 

TEAB buffer (pH 7.5) (6 mL). The mixture was extracted with ethyl acetate to remove the 

unreacted TMP until the volume of the aqueous layer was constant. The aqueous phases were 

evaporated under reduced pressure and the compound was purified by anion-exchange 

chromatography and RP-HPLC (50 mM TEAB buffer/ MeCN) to give 46 µmol (32) (22 %) of a 

white solid.  

RP-HPLC (250/16 Nucleodur C18 HTec, 5 µm) with a linear gradient of MeCN (5–40 % in 

30 min) in 50 mM aqueous TEAB buffer (pH 7.5): 21 min (max: 260 nm). 

1H NMR (400 MHz, D2O): δ = 8.16 (s, 1H, H8), 5.97 (d, J = 5.6 Hz, 1H. H1’), 4.69 (t, J = 5.4 

Hz, 1H, H2’), 4.55 (t, J = 4.5, 1H, H3’), 4.40–4.34 (m, 1H, H4’), 4.34–4.22 (m, 2H, H5’), 3.45–

3.31 (m, 4H, C2-NH-CH2, TFA-NH-CH2), 1.70–1.56 (m, 4H, 2x CH2-linker), 1.48–1.37 (m, 4H, 

2x CH2-linker) ppm. 

19F NMR (376 MHz, D2O): δ = -75.74 (s, 3 F) ppm. 

31P NMR (162 MHz, D2O): δ = -10.58 (d, J = 19.4 Hz, 1P, -P), -11.22 (d, J = 19.5 Hz, 1P, 

-P), -23.05 (t, J = 19.7 Hz, 1P, -P) ppm. 

 

C2-(6-Aminohexyl)‐amino-adenosine triphosphate (33) according to [110] 

 

C2-(6-Trifluoroacetamidohexyl)-amino-adenosine triphosphate (32) (98 μmol, 1 eq.) was 

dissolved in 10 % aqueous NH3 (30 mL) and the mixture stirred overnight at 4 °C. The aqueous 

mixture was evaporated under reduced pressure. And the compound was purified by RP-HPLC 

(50 mM TEAB buffer/ MeCN) to give 96 µmol (33) (98 %) of a white solid. 

RP-HPLC (250/16 Nucleodur C18 HTec, 5 µm) with a linear gradient of MeCN (5–40 % in 

30 min) in 50 mM aqueous TEAB buffer (pH 7.5): 13 min (max: 260 nm). 

1H NMR (400 MHz, D2O): δ = 8.12 (s, 1H, H8), 5.95 (d, J = 5.4 Hz, 1H, H1’), 4.76 (s, 1H, H2’), 

4.57 (t, J = 4.6 Hz, 1H, H3’), 4.42–4.36 (m, 1H, H4’), 4.36–4.19 (m, 2H, H5’), 3.35 (t, J = 6.8 

Hz, 2H, C2-CH2), 3.01 (t, J = 7.4 Hz, 2H, NH2-CH2), 1.72–1.57 (m, 4H, CH2-linker), 1.46–1.39 

(m, 4H, CH2-linker) ppm. 
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31P NMR (162 MHz, D2O): δ = -10.29 (d, J = 19.2 Hz, -P), -11.16 (d, J = 19.4 Hz, -P), -22.83 

(t, J = 19.2 Hz, -P) ppm. 

 

C2-(6-Sulfo-Cy5‐amidohexyl)‐amino-adenosine triphosphate (C2-Sulfo-Cy5-ATP) 

(34) according to [39] 

  

C2-(6-Aminohexyl)-amino-adenosine triphosphate (33) (50 μmol, 1 eq) was dissolved in 0.1 M 

aqueous NaHCO3 (2 mL) and adjusted to pH 8.7. Sulfo-Cy5-NHS ester (15) (60 mg, 75 µmol, 

1.5 eq.) was dissolved in DMF (500 µL) and added to the mixture. The pH value was proved 

and readjusted to pH 8.7. The mixture stirred at RT overnight and was evaporated under 

reduced pressure. The compound was dissolved in water and purified by RP-HPLC (50 mM TEAB 

buffer/ MeCN) to give 25 µmol (34) (50 %)  of a dark blue solid. 

RP-HPLC (250/16 Nucleodur C18 HTec, 5 µm) with a linear gradient of MeCN (5–40 % in 

30 min) in 50 mM aqueous TEAB buffer (pH 7.5): 23 min (max: 260 nm, max: 650 nm). 

1H NMR (400 MHz, MeOD-d4): δ = 8.29 (td, J = 13.0, 4.2 Hz, 2H, H Sulfo-Cy5), 8.12 (s, 1H, 

H8), 7.97–7.88 (m, 5H, Har Sulfo-Cy5), 7.34 (dd, J = 8.5, 6.5 Hz, 2H, Har Sulfo-Cy5), 6.71 (t, 

J = 12.4 Hz, 1H, H Sulfo-Cy5), 6.36 (dd, J = 13.7, 12.0 Hz, 2H, H Sulfo-Cy5), 5.96 (d, J = 

5.9 Hz, 1H, H1’), 4.75 (t, J = 5.5 Hz, 1H, H2’), 4.55 (d, J = 7.4 Hz, 1H, H3’), 4.33–4.07 (m, 

7H, H4’, H5’,Har Sulfo-Cy5), 3.36 (t, J = 3.4 Hz, 2H, C2-CH2), 3.16 (t, J = 6.9 Hz, 2H, 

CH2-NH-CO), 2.21 (t, J = 7.2 Hz, 2H, CH2-CO-NH), 1.89–1.28 (m, 39H, 5x CH3, 7x CH2-linker) 

ppm. 

31P NMR (162 MHz, MeOD-d4): δ = -10.17 (d, J = 20.7 Hz, 1P, -P), -11.28 (d, J = 21.1 Hz, 

1P, -P), -23.58 (t, J = 21.6 Hz, 1P, -P) ppm. 
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N6-(6-Sulfo-Cy5‐amidohexyl)‐adenosine triphosphate (N6-Sulfo-Cy5-ATP) (36)[40] 

  

N6-(6-Trifluoroacetamidohexyl)-adenosine triphosphate (20 μmol, 1 eq) was dissolved in 10 % 

aqueous NH3 (4 mL) and the mixture stirred for 3 h at RT. After evaporation under reduced 

pressure the compound (35) was purified by RP-HPLC (250/16 Nucleodur C18 HTec, 5 µm; with 

a linear gradient of MeCN (5–40 % in 30 min) in 50 mM aqueous TEAB buffer (pH 7.5): 12 min) 

(35). After evaporation and freeze-drying, the white solid was dissolved in 0.1 M aqueous 

NaHCO3 (1.5 mL) at pH 8.7. Sulfo-Cy5-NHS ester (15) (23 mg, 30 µmol, 1.5 eq.) was added 

to the mixture and the pH value was proved and readjusted to pH 8.7. The mixture was stirred 

at RT for 1 h and was evaporated under reduced pressure. The compound was dissolved in 

water and purified by RP-HPLC (50 mM TEAB buffer/ MeCN) to give 10 µmol (36) (50 %) of a 

dark blue solid. 

RP-HPLC (250/16 Nucleodur C18 HTec, 5 µm) with a linear gradient of MeCN (5–40 % in 

30 min) in 50 mM aqueous TEAB buffer (pH 7.5): 24 min (max: 260 nm, max: 650 nm). 

1H NMR (400 MHz, MeOD-d4): δ = 8.52 (s, 1H, H8), 8.32 (td, J = 13.0, 4.1 Hz, 2H, H 

Sulfo-Cy5), 8.22 (s, 1H, H2), 7.90 (dd, J = 7.9, 4.1 Hz, 5H, Har Sulfo-Cy5), 7.36 (t, J = 7.9 Hz, 

2H, Har Sulfo-Cy5), 6.70 (t, J = 12.4 Hz, 1H, H Sulfo-Cy5), 6.36 (dd, J = 13.7, 9.1 Hz, 2H, H 

Sulfo-Cy5), 6.10 (d, J = 5.8 Hz, 1H, H1’), 4.74 (t, J = 5.5 Hz, 1H, H2’) 4.55 (dd, J = 5.1, 3.1 

Hz, 1H, H3’), 4.38–4.27 (m, 1H, H4’), 4.27–4.23 (m, 2H, H5’), 4.23–4.10 (m, 4H, 

Sulfo-Cy5-N-CH2), 3.59 (s, 2H, N6-CH2), 2.20 (t, J = 7.3 Hz, 2H, CH2-NH-CO), 1.84 (t, J = 7.6 

Hz, 2H, CH2-CO-NH), 1.78–1.34 (m, 39H, 5x CH3, 7x CH2-linker) ppm. 

31P NMR (162 MHz, MeOD-d4): δ = -10.31 (d, J = 21.2 Hz, 1P, -P), -11.26 (d, J = 21.4 Hz, 

1P, -P), -23.60 (t, J = 23.4 Hz, 1P, -P) ppm. 
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-(6-Aminohexyl)-O2’-(6-Sulfo-Cy5-amidohexyl)-adenosine triphosphate (41) 

 

O2’-(6-Sulfo-Cy5-amidohexyl)-adenosine triphosphate (20) (5 µmol, 1 eq.) and EDCxHCl 

(5 mg, 25 µmol, 5 eq.) were dissolved in water (200 µL) and stirred at RT. The pH value was 

adjusted to pH 7.5. 6-Aminohexylamine (20 eq., 100 µmol, 12 mg) was dissolved in DMF 

(100 µL) and slowly added to the mixture. The pH value was readjusted to pH 7.5 and the 

mixture stirred overnight at RT. The mixture was evaporated under reduced pressure. The 

compound was dissolved in water and purified by RP-HPLC (50 mM TEAB buffer/ MeCN) to give 

1.1 µmol (41) (22 %) of a dark blue solid. 

RP-HPLC (250/16 Nucleodur C18 HTec, 5 µm) with a linear gradient of MeCN (5–40 % in 

30 min) in 50 mM aqueous TEAB buffer (pH 7.5): 25 min (max: 260 nm, max: 650 nm). 

1H NMR (400 MHz, D2O): δ = 8.60 (s, 1H, H8), 8.14 (s, 1H, H2), 8.06 (t, J = 13.0 Hz, 2H, H 

Sulfo-Cy5), 7.92–7.80 (m, 4H, Har Sulfo-Cy5), 7.35 (dd, J = 16.0, 8.4 Hz, 2H, Har Sulfo-Cy5), 

6.54 (t, J = 12.5 Hz, 1H, H Sulfo-Cy5), 6.27 (d, J = 13.7 Hz, 2H, H Sulfo-Cy5), 6.12 (d, J = 

6.7 Hz, 1H, H1’), 4.69–4.63 (m, 1H, H2’), 4.63–4.54 (m, 1H, H3’), 4.42–4.35 (m, 1H, H4’), 

4.30–4.16 (m, 2H, H5’), 4.13–4.03 (m, 4H, 2x Sulfo-Cy5-N-CH2), 3.77–3.66 (m, 1H, 

O2’-CH2a), 3.59–3.48 (m, 1H, O2’-CH2b), 2.95 (q, J = 7.4 Hz, 4H, CH2-NH-CO, CH2-NH2), 2.82 

(q, J = 7.7 Hz, 2H, CH2-NH--P), 2.21 (t, J = 6.8 Hz, 2H, CH2-CO-NH), 1.84–1.34 (m, 25H, 

CH3, CH2-linker), 1.26–0.97 (m, 12H, CH3, CH2-linker) ppm. 

31P NMR (162 MHz, D2O): δ = -0.78 (d, J = 21.1 Hz, -P), -11.49 (d, J = 19.1 Hz, -P), -22.88 

(t, J = 20.2 Hz, -P) ppm. 

1H-31P-HMBC NMR (D2O): δ = -11.49 (d, 1P, -P) + 4.39 (m, 1H, H4’) + 4.30–4.16 (m, 2H, 

H5’), -0.80 (d, 1P, -P) + 2.83 (m, 2H, CH2-NH) ppm. 
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-(6-Sulfo-Cy3-amidohexyl)-O2’-(6-Sulfo-Cy5-amidohexyl)‐adenosine triphosphate 

(O2’-FRET-ATP) (37) 

 

-(6-Aminohexyl)-O2’-(6-Sulfo-Cy5-amidohexyl)-adenosine triphosphate (41) (1.1 µmol, 

1 eq.) was dissolved in aqueous 0.1 M NaHCO3 (700 µL) and stirred at RT. The pH value was 

adjusted to pH 8.7. Dry Sulfo-Cy3-NHS ester (5 mg, 9.4 µmol, 6 eq.) was added and the pH 

value was readjusted to pH 8.7. The mixture stirred overnight at RT. The compound was purified 

by RP-HPLC (50 mM TEAB buffer/ MeCN) to give 0.43 µmol (37) (40 %) of a dark purple solid. 

RP-HPLC (250/16 Nucleodur C18 HTec, 5 µm) with a linear gradient of MeCN (5–40 % in 

30 min) in 50 mM aqueous TEAB buffer (pH 7.5): 25.5 min (max: 260 nm, max: 550 nm, max: 

650 nm). 

1H NMR (400 MHz, MeOD-d4): δ = 8.68–8.58 (m, 2H, H8, H Sulfo-Cy3), 8.35 (t, J = 13.0 Hz, 

2H, H Sulfo-Cy5), 8.24 (s, 1H, H2), 8.03–7.92 (m, 8H, Har Sulfo-Cy), 7.47 (dd, J = 8.3, 4.3 

Hz, 2H, Har Sulfo-Cy), 7.42–7.37 (m, 2H, Har Sulfo-Cy), 6.74 (t, J = 12.4 Hz, 1H, H Sulfo-Cy5), 

6.60 (dd, J = 17.7, 13.4 Hz, 2H, H Sulfo-Cy3), 6.40 (dd, J = 13.7, 4.2 Hz, 2H, H Sulfo-Cy5), 

6.21 (d, J = 5.3 Hz, 1H, H1’), 4.71 (t, J = 4.5 Hz, 1H, H2’), 4.49 (t, J = 5.1 Hz, 1H, H3’), 4.45–

4.12 (m, 11H, H4’, H5’, 4x Sulfo-Cy-N-CH2), 3.79–3.71 (m, 1H, O2’-CH2a), 3.65–3.57 (m, 1H, 

O2’-CH2b), 3.22–3.16 (m, 2H, CH2-NH-CO), 3.14 (d, J = 7.0 Hz, 2H, CH2-NH-CO), 3.03 (d, J 

= 8.0 Hz, 2H, CH2-NH--P), 2.30–2.21 (m, 4H, CH2-CO-NH), 1.98–1.21 (m, 58H, 14x 

CH2-linker, 10x CH3) ppm. 
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31P NMR (243 MHz, D2O): δ = -0.75 (d, J = 19.6 Hz, -P), -11.37 (d, J = 19.0 Hz, -P), -22.76 

(t, J = 36.0 Hz, -P) ppm. 

1H-31P-HMBC NMR (MeOD-d4): δ = -11.37 (d, J = 19.0 Hz, -P) + 4.31–4.41 (m, 3H, H4’, H5’), 

-0.75 (d, J = 19.6 Hz, -P) + 3.03 (d, J = 8.0 Hz, 2H, CH2-NH--P) ppm. 

HR-ESI-MS (m/z): [M-3H]3- calculated for C87H119N12O26P3S4: 650.8692; [M-3H]3- found: 

650.8781; deviation 13.5 ppm.  

 

10.1.4 Synthesis of C2-Ap3A Analogs and their Precursors 

 

C2-(5-Trifluoroacetamido-pent-1-yn-1-yl)‐diadenosine triphosphate (44) according to [124] 

 

C2-(5-Trifluoroacetamido-pent-1-yn-1-yl)‐adenosine monophosphate (43) (200 μmol, 2 eq.) 

was dissolved in dry DMF (1 mL) and mixed with (iPr2N2)2POFm (140 µmol, 60 mg, 1.4 eq.), 

which was dissolved in dry DCM (1 mL) and dry DMF (0.5 mL) before. The reaction was started 

by addition of 5-phenyltetrazole (560 µmol, 82 mg, 5.6 eq.) and stirred for 1 h at RT. After 

completion, meta-chloroperoxy benzoic acid (mCPBA) (340 µmol, 63.4 mg, 3.4 eq.) was added 

and the reaction was stirred for 30 min at RT. The intermediate was isolated by precipitation 

with Et2O/ hexane (5:1) (10 mL) and collected by centrifugation (10 min at 4000 rpm). The 

resulting pellet was dissolved in DMF (1.8 mL) and piperidin (0.1 mL) and stirred for 30 min at 

RT. The crude product was precipitated with Et2O (2 mL) and collected by centrifugation 

(10 min at 4000 rpm). The pellet was dissolved in water (5 mL) and purified by RP-HPLC (50 mM 

TEAB buffer/ MeCN) and gave 24 µmol (44) (24 %) of a white solid after freeze-drying. 

RP-HPLC (250/21 Nucleodur C18 HTec, 5 µm) with a linear gradient of MeCN (5–40 % in 

30 min) in 50 mM aqueous TEAB buffer (pH 7.5): 23 min (max: 268 nm). 

1H NMR (400 MHz, MeOD-d4): δ = 8.51 (s, 2H, H8), 5.99 (d, J = 5.1 Hz, 2H, H1’), 4.63 (t, J = 

5.1 Hz, 2H, H2’), 4.53 (t, J = 4.4 Hz, 2H, H3’), 4.29 (ddd, J = 10.1, 6.4, 3.0 Hz, 2H, H4’), 

4.21–4.12 (m, 4H, H5’), 3.39 (t, J = 7.0 Hz, 4H, CH2-NH-TFA), 2.43 (t, J = 7.1 Hz, 4H, 

C≡C-CH2-CH2), 1.83 (p, J = 7.1 Hz, 4H, C≡C-CH2-CH2) ppm. 
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31P NMR (162 MHz, MeOD-d4): δ = -11.83 (d, J = 19.7 Hz, 2P, -P), -23.25 (t, J = 19.2 Hz, 1P, 

-P) ppm. 

1H-31P-HMBC NMR (MeOD-d4): δ = -11.83 (d, 2P, -P) + 4.30 (ddd, 2H, H4’) + 4.21–4.12 (m, 

2H, H5’) ppm. 

19F NMR (376 MHz, MeOD-d4): δ = -77.39 (s, 1F, NH-TFA) ppm. 

HR-ESI-MS (m/z): [M-2H]2- calculated for C34H37F6N12O18P3: 554.0727; [M-2H]2- found: 

554.0744; deviation 3.07 ppm. 

 

C2-(5-Amino-pent-1-yn-1-yl)‐diadenosine triphosphate (45) 

 

C2-(5-Trifluoroacetamido-pent-1-yn-1-yl)‐diadenosine triphosphate (44) (21 μmol, 1 eq.) was 

dissolved in 3 % aqueous ammonia solution (2 mL) and stirred for 1.5 h at RT. After 1.5 h the 

aqueous ammonia solution was evaporated and the crude product was dissolved in water and 

purified by RP-HPLC (50 mM TEAB buffer/ MeCN) and gave 6 µmol (45) (29 %) of a white solid 

after freeze-drying. 

RP-HPLC (250/21 Nucleodur C18 HTec, 5 µm) with a linear gradient of MeCN (5–40 % in 

30 min) in 50 mM aqueous TEAB buffer (pH 7.5): 8 min (max: 268 nm). 

1H NMR (400 MHz, D2O): δ = 8.37 (s, 2H, H8), 5.94 (d, J = 4.5 Hz, 2H, H1’), 4.60 (t, J = 4.7 

Hz, 2H, H2’), 4.54 (t, J = 4.8 Hz, 2H, H3’), 4.37 (d, J = 19.1 Hz, 6H, H4’, H5’), 3.19–3.13 (m, 

4H, CH2-NHTFA), 2.61–2.51 (m, 4H, C≡C-CH2-CH2), 2.00 (p, J = 7.3 Hz, 4H, C≡C-CH2-CH2) 

ppm. 

31P NMR (162 MHz, D2O): δ = -11.41 (d, J = 17.5 Hz, 2P, -P), -22.63 (t, J = 17.7 Hz, 1P, -P) 

ppm. 

1H-31P-HMBC NMR (D2O): δ = -11.40 (d, 2P, -P) + 4.35 (d, 6H, H4’, H5’) ppm. 

HR-ESI-MS (m/z): [M-1H]1- calculated for C30H40N12O16P3: 917.1893; [M-1H]1- found: 

917.1619. 
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4’,5’-Disulfo-2-((4-(succinimidooxy)-4-oxobutyl)(methyl)carbamoyl)rhodamine 

(Atto488-NHS ester) 

 

(synthesized and kindly provided by Daniel Hammler, Marx Group, University of Konstanz) 

4’,5’-Disulfo-2-((3-carboxypropyl)(methyl)carbamoyl)rhodamine (Atto488-COOH) (75 mg, 

127 µmol, 1 eq.) was dissolved in dry DMF (4 mL) before dry trimethylamine (265 µL, 193 mg, 

1.9 mmol, 15 eq.) and TSTU (115 mg, 382 mmol, 3 eq.) were added. The reaction mixture was 

stirred for 2.5 h at RT and the mixture turned dark purple. After vacuum evaporation, the 

mixture was purified by RP-MPLC (in H2O/ MeOH with 0.1 % TFA). The product fractions were 

concentrated and freeze-dried and yield in 85 µmol (66 %) of a dark red Atto488-NHS ester 

powder.  

 

C2-(5-Atto488-pent-1-yn-1-yl)‐diadenosine triphosphate (C2-Atto488-Ap3A) (46) 

 

C2-(5-Amino-pent-1-yn-1-yl)‐diadenosine triphosphate (45) (2 μmol, 1 eq.) was dissolved in 

0.1 M aqueous NaHCO3 (1.2 mL) and the pH value was adjusted to pH 8.7. Atto488-NHS ester 

(10 µmol, 5 eq.) was added and the mixture was stirred at RT. The pH value was readjusted to 

pH 8.7 with 1 M aqueous NaHCO3 and after 15 min Atto488-NHS ester (8 µmol, 4 eq.) was added. 

After readjusting the pH value to pH 8.7 with 1 M aqueous NaHCO3, the mixture stirred for 1 h 

at RT. The crude product was purified by IEX-HPLC and RP-HPLC (50 mM TEAB buffer/ MeCN) 

and gave 1.25 µmol (46) (62 %) of a red solid after freeze-drying. 

IEX-HPLC (DNAPac PA-100, Preparative) with a linear gradient of aqueous buffer B (5 mM Tris 

pH 8.0, 0.5 M NaClO4, 5 % MeCN) (0–50 % in 27 min) in aqueous buffer A (25 mM Tris pH 8.0, 

5 % MeCN): 22 min (max: 268 nm, max: 500 nm). 
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RP-HPLC (250/21 Nucleodur C18 HTec, 5 µm) with a linear gradient of MeCN (5–40 % in 

30 min) in 50 mM aqueous TEAB buffer (pH 7.5): 22 min (max: 260 nm, max: 500 nm). 

1H NMR (400 MHz, D2O): δ = 8.34 (d, J = 10.9 Hz, 2H, H8), 7.73–7.60 (m, 4H, Atto488-H5, 

Atto488-H6), 7.58–7.47 (m, 2H, Atto488-H4), 7.46–7.28 (m, 2H, Atto488-H7), 7.24–7.00 (m, 4H, 

Atto488-H1’, Atto488-H8’), 6.95 (t, J = 8.5 Hz, 4H, Atto488-H2’, Atto488-H7’), 5.90 (t, J = 6.3 Hz, 

2H, H1’), 4.60–4.51 (m, 2H, H2’), 4.52–4.38 (m, 2H, H3’), 4.29 (m, 6H, H4’, H5’), 3.36–3.28 

(m, 2H, CH3-N-CH2a), 3.19 (m, 2H, CH3-N-CH2b), 3.16–2.99 (m, 2H, CO-NH-CH2a), 2.97–2.89 

(m, 2H, CO-NH-CH2b), 2.70 (s, 4H, CH3a), 2.59 (s, 2H, CH3b), 2.42 (t, J = 6.7 Hz, 4H, 

C≡C-CH2), 2.13 (m, 2H, NH-CO-CH2a), 1.87–1.58 (m, 8H, NH-CO-CH2b, NH-CO-CH2-CH2, 

C≡C-CH2-CH2a), 1.32 (m, 2H, C≡C-CH2-CH2b) ppm. 

31P NMR (162 MHz, D2O): δ = -11.49 (d, J = 19.1 Hz, 2P, -P), -22.98 (t, J = 18.7 Hz, 1P, -P) 

ppm. 

1H-31P-HMBC NMR (D2O): δ = -11.50 (d, 2P, -P) + 4.32 (m, 6H, H4’, H5’) ppm. 

HR-ESI-MS (m/z): [M-2H]2- calculated for C80H81N18O34P3S4: 1029.1624; [M-2H]2- found: 

1029.1642; deviation 1.75 ppm. 

 

Eclipse-NHS ester (47) 

 

Eclipse-COOH (200 µmol, 75 mg, 1 eq.) and N,N,N′,N′-tetramethyl-O-(N-succinimidyl)-

uroniumtetrafluorborat (TSTU) (180 mg, 600 µmol, 3 eq.) were dissolved in dry DMF (3 mL) 

and dry trimethylamine (140 µL) and stirred at RT for 1 h. The mixture was extracted with 

DCM/ 1 M aqueous NaHCO3. After drying the organic phase with MgSO4 the product was purified 

by column chromatography with silica (2 % MeOH in DCM) and gave 190 µmol (47) (90 mg, 

95 % yield) of a dark red solid. TLC in 8 % MeOH in DCM: Rf = 0.82. 
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C2-(5-Eclipse-pent-1-yn-1-yl)‐C2-(5-amino-pent-1-yn-1-yl)‐diadenosine triphosphate 

(48) 

 

C2-(5-Amino-pent-1-yn-1-yl)‐diadenosine triphosphate (45) (7.5 μmol, 1 eq.) was dissolved in 

DMF (2.4 mL), 1 M aqueous NaHCO3 (0.6 mL) and water (3.0 mL) and the pH value was 

adjusted to pH 8.7. Eclipse-NHS ester (47) (5.25 µmol, 2.5 mg, 0.7 eq.) was dissolved in DMF 

(0.5 mL). Eclipse-NHS ester (47) dissolved in DMF (0.35 eq.; 0.25 mL of the mixture) was 

added to the aqueous diadenosine triphosphate mixture and stirred at RT. The pH value was 

readjusted to pH 8.7 with 1 M aqueous NaHCO3 and after 15 min further Eclipse-NHS ester (47) 

in DMF (0.35 eq.; 0.25 mL of the mixture) was added. After readjusting the pH value to pH 8.7 

with 1 M aqueous NaHCO3, the mixture was stirred for 3 h at RT. The aqueous DMF mixture 

was evaporated and the product was dissolved in water and filtered. After evaporation the 

product was purified by IEX-HPLC and RP-HPLC (50 mM TEAB buffer/ MeCN) and gave 

0.89 µmol (48) (12 %) of a dark red solid after freeze-drying. 

IEX-HPLC (DNAPac PA-100, Preparative) with a linear gradient of aqueous buffer B (5 mM Tris 

pH 8.0, 0.5 M NaClO4, 5 % MeCN) (0–50 % in 27 min) in aqueous buffer A (25 mM Tris pH 8.0, 

5 % MeCN): 20.5 min (max: 268 nm, max: 523 nm). 

RP-HPLC (250/16 Nucleodur C18 HTec, 5 µm) with a linear gradient of MeCN (5–100 % in 

35 min) in 50 mM aqueous TEAB buffer (pH 7.5): 23 min (max: 268 nm, max: 523 nm). 

HR-ESI-MS (m/z): [M-1H]1- calculated for C47H55ClN16O19P3: 1275.2725; [M-1H]1- found: 

1275.2351. 
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C2-(5-Eclipse-pent-1-yn-1-yl)‐C2-(5‐Atto488-pent-1-yn-1-yl)‐diadenosine 

triphosphate (C2-FRET-Ap3A) (49) 

 

C2-(5-Eclipse-pent-1-yn-1-yl)‐C2-(5‐amino-pent-1-yn-1-yl)‐diadenosine triphosphate (48) 

(0.9 μmol, 1 eq.) was dissolved in 0.1 M aqueous NaHCO3 (2.0 mL) and the pH value was 

adjusted to pH 8.7. Atto488-NHS ester (1.03 µmol, 1.5 mg, 1.2 eq.) was added and the mixture 

stirred at RT. After readjusting the pH value to pH 8.7, the mixture was stirred for 2 h at RT. 

The crude product was purified by IEX-HPLC and RP-HPLC (50 mM TEAB buffer/ MeCN) and 

gave 0.27 µmol (49) (30 %) of a red solid after freeze-drying. 

IEX-HPLC (DNAPac PA-100, Preparative) with a linear gradient of aqueous buffer B (5 mM Tris 

pH 8.0, 0.5 M NaClO4, 5 % MeCN) (0–40 % in 25 min) in aqueous buffer A (25 mM Tris pH 8.0, 

5 % MeCN): 22 min (max: 260 nm, max: 500 nm) 

RP-HPLC (250/21 Nucleodur C18 HTec, 5 µm) with a linear gradient of MeCN (5–80 % in 

30 min) in 50 mM aqueous TEAB buffer (pH 7.5): 20 min (max: 260 nm, max: 500 nm). 

1H NMR (400 MHz, MeOD-d4): δ = 8.62 (d, J = 7.6 Hz, 2H, H8), 8.41 (d, J = 2.4 Hz, 1H, Eclipse-

H3), 8.21 (dd, J = 8.9, 2.5 Hz, 1H, Eclipse-H6), 7.90 (d, J = 8.9 Hz, 2H, Eclipse-H3’. Eclipse-

H5’), 7.81 (d, J = 9.0 Hz, 1H, Eclipse-H5), 7.75–7.68 (m, 2H, Atto488-H5, Atto488-H6), 7.62–

7.56 (m, 1H, Atto488-H4), 7.53–7.45 (m, 1H, Atto488-H7), 7.16 (dd, J = 17.3, 9.3 Hz, 2H, 

Atto488-H1’, Atto488-H8’), 7.01 (dd, J = 14.7, 9.2 Hz, 1H, Atto488-H2’. Atto488-H7’), 6.86 (d, J = 

9.1 Hz, 2H, Eclipse-H2’, Eclipse-H6’), 6.06 (d, J = 4.9 Hz, 2H, H1’), 4.77–4.68 (m, 2H, H2’), 

4.64 (d, J = 4.6 Hz, 2H, H3’), 4.43–4.35 (m, 2H, H4’), 4.30–4.21 (m, 4H, H5’), 3.57–3.48 (m, 

2H, Eclipse-CH3-N-CH2), 3.41–3.29 (m, 6H, Atto488-CH3-N-CH2, CO-NH-CH2), 3.11 (s, 3H, 

Eclipse-CH3), 2.74 (s, 2H, Atto488-CH3a), 2.68 (s, 1H, Atto488-CH3b), 2.49 (t, J = 6.9 Hz, 2H, 

Atto488-NH-CO-CH2), 2.40 (t, J = 7.0 Hz, 2H, Atto488-C≡C-CH2a, Eclipse- C≡C-CH2a), 2.34 (d, 

J = 7.2 Hz, 2H, Eclipse-NH-CO-CH2), 2.00–1.94 (m, 2H, Eclipse-NH-CO-CH2-CH2), 1.88–1.71 

(m, 6H, Atto488-NH-CO-CH2-CH2, Atto488-C≡C-CH2b, Eclipse-C≡C-CH2b, 
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Atto488-C≡C-CH2-CH2a, Eclipse-C≡C-CH2-CH2a), 1.46–1.39 (m, 2H, Atto488-C≡C-CH2-CH2b, 

Eclipse-C≡C-CH2-CH2b) ppm. 

31P NMR (162 MHz, D2O): δ = -11.98 (d, J = 19.1 Hz, 2P, -P), -23.44 (t, J = 18.7 Hz, 1P, -P) 

ppm. 

1H-31P-HMBC NMR (MeOD-d4): δ = -11.38 (d, 2P, -P) + 4.41 (m, 2H, H4’) + 4.29 (m, 4H, H5’) 

ppm. 

HR-ESI-MS (m/z): [M-2H]2- calculated for C72H77ClN19O28P3S2: 923.1695; [M-2H]2- found: 

923.1719; deviation 2.6 ppm. 

 

10.2 Biochemical Assays 

 

10.2.1 General Procedures 

All temperatures quoted are uncorrected. All chemicals are commercially available from Sigma 

Aldrich, Merck, VWR, Acros Organics, ABCR, AppliChem, Fluka and Riedl-de Häen and were 

used without further purification, if not stated differently. For all assays and buffers fresh Milli-Q 

water (purified by Milli-Q purifiers from Millipore Corporation) was used. Used equipment and 

their manufacturer are mentioned in detail within the corresponding sections.   

 

10.2.2 SDS-Polyacrylamide Gel-Electrophoresis (PAGE)  

For SDS-Polyacrylamide gel-electrophoresis equipment from BioRad was used. Separation gels 

consisted generally of 12.5 % or 15 % polyacrylamide. Stacking gels consisted of 5 % 

polyacrylamide. The recipes for separation and stacking gels are listed in table 1. 

Table 1. Recipes for separation and stacking gel used for SDS-PAGE 

Separation gel (12.5 %) Separation gel (15 %) Stacking gel (5 %) 

Polyacrylamide (40 %) 3.1 mL Polyacrylamide  (40 %) 3.7 mL Polyacrylamide (40 %) 1.25 mL 

Milli-Q 4.3 mL Milli-Q 3.7 mL Milli-Q 6.15 mL 

1.5 M Tris pH 8.8 2.5 mL 1.5 M Tris pH 8.8 2.5 mL 0.5 M Tris pH 6.8 2.5 mL 

SDS (20 %) 50 µL SDS (20 %) 50 µL SDS (20 %) 50 µL 

APS (10 %) 30 µL APS (10 %) 30 µL APS (10 %) 30 µL 

TEMED 15 µL TEMED 15 µL TEMED 15 µL 
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Ammonium persulfate (APS) and tetramethylethylendiamine (TEMED) were always added last 

to the solution. After preparation of the separation gel, the stacking gel was added. The SDS 

gel was used with SDS running buffer (3 % w/v Tris base, 14.4 % w/v glycine, 1 % w/v SDS). 

Protein samples were mixed with 4 x SDS sample buffer (4 % w/v SDS, 20 % w/v glycerol, 

125 mM Tris HCl, 20 % v/v -mercaptoethanol, 1 % w/v bromphenol blue; pH 6.8), boiled for 

5 min at 95 °C and added to the gel slots. Protein separation was performed at 120 V or 30 mA. 

For Coomassie staining the gel was incubated in Coomassie staining solution (25 % v/v iPrOH, 

10 % v/v acetic acid, 3 % w/v Coomassie) for 0.5 h. Afterwards the gel was incubated in 

destaining solution (45.4 % v/w MeOH, 9.1 % acetic acid) until the background became clear 

and all protein bands were visible. Before taking a picture with Amersham Imager 600 (GE 

Healthcare), the gel was placed in water for 1 h.  

 

10.2.3 Western Blot Analysis 

For detection of proteins with specific antibodies, a semi-dry western bot analysis was 

performed after the separation via SDS-PAGE. For this, three blotting papers (Whatman) were 

soaked in anode buffer (25 mM Tris base, 50 mM 6-aminohexanoic acid; pH 10.4, 20 % MeOH) 

and put in the semi-dry electroblotter (peQLab Biotechnologie). A PVDF membrane, activated 

for 3 s in MeOH and rinsed with anode buffer was added on top of the papers. The SDS gel was 

placed on the membrane. Three more blotting papers, soaked with cathode buffer (25 mM Tris 

base; pH 9.4, 20 % MeOH), were added and remaining air between the layers was removed. 

The transfer was performed at 80 mA per membrane for 90 min. After blotting the proteins on 

the membrane, the membrane was stained with Coomassie staining solution and the marker 

bands were retraced. To avoid unspecific binding of the antibodies the membrane was blocked 

with blocking solution (2 % BSA, 0.05 % w/v NaN3 in 1 L TBS-T buffer) for 1–2 h at RT. The 

primary antibody was diluted in blocking solution as indicated (Table 2) and added to the 

membrane. After incubation overnight at 4 °C, the membrane was washed three times for 

10 min with TBS-T (50 mM Tris base, 150 mM NaCl; pH 7.5, 0.05 % Tween 20) and incubated 

for 1 h with the appropriate secondary HRP-conjugated antibody, diluted in 10 mL TBS-T, as 

indicated (Table 2). After three additional washing steps with TBS-T the membrane was 

exposed with the ECL detection system (2 mM 4-iodophenylboronic acid, 1.25 mM luminol, 0.1 M 

Tris HCl (pH 8.8) and 5.3 mM H2O2) and chemiluminescence detected with ChemiDoc Touch 

(BioRad).  
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Table 2. Details of the used antibodies 

Antibody Dilution Company Description 

-pY 1:100 in  

blocking solution 

Tag-tools Konstanz; 

Germany 

monoclonal against phosphotyrosine; 

anti-mouse; igG 2b, clone PY72 

-GST 1:1000 in 

blocking solution 

Hauck Group University 

of Konstanz, Germany 

polyclonal; anti-rabbit 

-FIVE 1:1000 in 

blocking solution 

Tag-tools Konstanz; 

Germany 

monoclonal against FIVE; anti-mouse; 

clone DÜ 142 

Streptavidin-

Alexa467 

1:500 in 

blocking solutuion 

MoBiTec Göttingen, 

Germany 

Alexa Fluor 647-conjugated 

streptavidin 

-mouse 1:10000 in 

TBS-T 

Dianova Hamburg, 

Germany 

HRP-conjugated AffiniPure goat; anti-

mouse; IgG (H+L) 

-rabbit 1:3000 in 

TBS-T 

Dianova, Hamburg, 

Germany 

HRP-conjugated AffiniPure goat; anti-

rabbit; IgG (H+L) 

 

10.2.4 RP-HPLC Stability analysis 

For RP-HPLC analysis the ATP or Ap3A analogs (30 µM) were mixed in UBA1 buffer (25 mM Tris 

HCl (pH 7.6), 50 mM NaCl, 5 mM MgCl2, 1.25 mM DTT), FAK buffer (125 mM NaCl, 48 mM MgCl2 

and 50 mM HEPES; pH 7.5) or v-Src kinase buffer (100 mM Tris HCl, 0.25 mM Na3VO4, 2 mM 

EGTA, 125 mM MgCl2 and 25 mM MnCl2; pH 6.6) in a total volume of 30 µL. The samples were 

incubated for 0 min or 1 h at 37 °C. After incubation (or immediately after mixing) the probes 

were quenched at 4 °C and diluted with 70 µL H2O. Analytical RP-HPLC analysis was performed 

with an EC250/8 Nucleodur C18 HTec, 5μm (Macherey-Nagel) column and a gradient (5 %–40 

%) of acetonitrile in 50 mM aqueous triethylammonium bicarbonate (TEAB buffer, pH 7.5). 

Absorbance was detected at 500 nm, 550 nm or 650 nm due to the absorbance maxima of 

Atto488, Sulfo-Cy3 and Sulfo-Cy5.  

The O2’-FRET-ATP analog and the C2-FRET-Ap3A analog (30 µM) were additionally analyzed 

with or without 100 nM snake venom phosphodiesterase (SVPD) from C. adamenteus 

(Worthington Biochemical Corporation) in buffer containing 100 mM NaCl, 100 mM Tris HCl (pH 

8.9) and 15 mM MgCl2 in a total volume of 30 µL at 37 °C.  
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10.2.5 E6AP Autoubiquitination Assay to Study UBA1 Activity  

Previously described in literature[22,41,103] 

ATP (500 µM or 100 µM) or the indicated ATP analog (500 µM or 100 µM) was mixed with UBA1 

(75 nM), UbcH5b (800 nM), E6AP (1.25 µM) and ubiquitin (8 µM) in a buffer containing 25 mM 

Tris HCl (pH 7.6), 50 mM NaCl, 5 mM MgCl2 and 1.25 mM DTT. The mixture was incubated for 

30 min at 37 °C and analyzed by SDS-PAGE. After Coomassie staining overnight, the destained 

gel was visualized with Amersham Imager 600 (GE Healthcare). 

 

10.2.6 Focal Adhesion Kinase In Vitro Assay  

ATP (100 µM) or the indicated ATP analog (100 µM), FAK substrate (the repeated 

phosphorylation sequence of hFAK: aa 378-406 containing four tyrosine residues) (160 nM) and 

hFAK-KD (wild type or mutants) (200 nM) were incubated in buffer containing 125 mM NaCl, 

48 mM MgCl2 and 50 mM HEPES at pH 7.5 for 1 h at 37 °C. To detect phosphorylated tyrosine 

in the substrate, the samples were separated by a 12.5 % SDS-PAGE and afterwards semi-dry 

blotted on a PVDF membrane (western blot). Visualization of dye-labeled substrate was 

detected in a fluorescence readout of the SDS gel with Typhon FLA9500 (GE Healthcare) before 

western blotting was performed. So, the SDS gel was washed for 30 min in water. Afterwards, 

the same SDS gel could be used for western blotting. For the immunodetection the primary 

antibody -pY (-phosphotyrosine; tag-tools, Konstanz, Germany) recognizes phosphorylated 

tyrosine 397 in the substrate, -FIVE (tag-tools; Konstanz, Germany) detects the FIVE-tag of 

hFAK-KD and -GST (Hauck Group, University of Konstanz, Germany) identifies the GST-tag of 

the substrate. All primary antibodies were detected with the secondary goat -mouse HRP-

conjugated antibody (Dianova; Hamburg, Germany) or the secondary goat -rabbit HRP-

conjugated antibody (Dianova; Hamburg, Germany). Finally, the PVDF membranes were 

exposed with the ECL detection system (2 mM 4-iodophenylboronic acid, 1.25 mM luminol, 0.1 

M Tris HCl (pH 8.8) and 5.3 mM H2O2) and chemiluminescence was measured. For recognition 

of the GST-tagged substrate (independent from the phosphorylation status), the membranes 

were stripped with mild stripping buffer (7.3 mM Tween 20, 20 mM glycine, 3.5 mM SDS; pH 2.2) 

for recovery and afterwards incubated with primary antibody -GST. Visualization of 

biotin-modified substrate was performed by incubation with streptavidin-Alexa647 (MoBiTec 

Göttingen, Germany). Alexa647 was detected in the fluorescence readout of the PVDF 

membrane with Typhon FLA9500 (GE Healthcare). 
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10.2.7 V-Src Kinase In Vitro Assay 

ATP (1 µM) or the indicated ATP analogs (10 µM) were incubated with the cytoplasmic domain 

of CEACAM3 (aa 177-252 containing two tyrosine residues; 800 nM) and the kinase domain of 

v-Src (v-Src-KD) (200 nM) in buffer (pH 6.6) containing 100 mM Tris HCl (pH 7.2), 0.25 mM 

Na3VO4, 2 mM EGTA, 125 mM MgCl2 and 25 mM MnCl2 at 37 °C for 1 h. To detect phosphorylated 

tyrosine in the substrate, the samples were separated by a 12.5 % SDS-PAGE and afterwards 

semi-dry blotted on a PVDF membrane (western blot). For immunodetection the primary 

antibody -pY (-phosphotyrosine; tag-tools, Konstanz, Germany) recognizes phosphorylated 

tyrosines 230 and 241 in the cytoplasmic domain of CEACAM3 and -GST (Hauck Group, 

University of Konstanz, Germany) identifies the GST-tag of CEACAM3. The -pY primary 

antibody was detected with the secondary goat -mouse HRP-conjugated antibody (Dianova; 

Hamburg, Germany) and the -GST primary antibody with the secondary goat -rabbit HRP-

conjugated antibody (Dianova; Hamburg, Germany). Finally, the PVDF membranes were 

exposed with the ECL detection system (2 mM 4-iodophenylboronic acid, 1.25 mM luminol, 0.1 

M Tris HCl (pH 8.8) and 5.3 mM H2O2) and chemiluminescence was measured. For recognition 

of the GST-tagged substrate (independent from the phosphorylation status), the membranes 

were stripped with mild stripping buffer (7.3 mM Tween 20, 20 mM glycine, 3.5 mM SDS; pH 

2.2) for recovery and were afterwards incubated with primary antibody -GST.  

 

10.2.8 In vitro AMPylation with C2-Atto488-Modified Ap3A with H1299 

Cell Lysate 

H1299 cells were harvested from an 80–90 % confluent dish, by centrifugation for 5 min at 

500xg. The pellet was frozen at -20 °C until further usage. The frozen pellet was chilled on ice 

for 20 min and resuspended in lysis buffer (200 µL: 180 µL 1x PBS buffer with 1 mM EDTA and 

30 µL protease inhibitor (cOmplete, Mini tablets 7x conc.; Roche). After sonication (10 s) the 

lysate was centrifuged for 30 min at 4 °C at 21000xg. Next, the supernatant was taken and 

the concentration was determined with a BCA assay (BCA Kit Thermo Scientific).  

For the AMPylation reaction 10 µg H1299 cell lysate and 200 µM C2-modified Ap3A analog, Ap3A 

or ATP were mixed in buffer (pH 7.4) containing 20 mM HEPES, 100 mM NaCl, 5 mM MgCl2 and 

1 mM DTT in a total volume of 15 µL. After incubation for 1 h at 37 °C the reaction was cooled 

to 4 °C, quenched with 4x SDS sample buffer (4 % w/v SDS, 20 % w/v glycerol, 125 mM Tris 

HCl, 20 % v/v β-mercaptoethanol, 1 % w/v bromophenol blue (pH 6.8)) and heat-denaturated 

for 5 min at 95 °C. To detect AMPylation specific interactions, the samples were separated by 

a 12.5 % SDS-PAGE. Visualization of dye-modified interactions was detected in the fluorescence 
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readout of the SDS gel with Typhon FLA9500 (GE Healthcare) after washing the SDS gel for 

30 min in water. Afterwards Coomassie staining and destaining was performed as control to 

visualize unspecific protein bands on the Amersham Imager 600 (GE Healthcare).  

 

10.2.9 Real-Time Fluorescence Readout of O2’-FRET-ATP with SVPD  

The O2’-FRET-ATP analog (20 µM) was incubated in buffer containing 100 mM NaCl, 100 mM 

Tris HCl (pH 8.9) and 15 mM MgCl2 in a total volume of 30 µL at 37 °C. After preincubation for 

3 min, SVPD (100 nM) was added and the fluorescence readout (with Varioskan Flash from 

Thermo Scientific) was started. For 1 h, every 2 min, the emission at 590 nm was measured 

after excitation at 515 nm. The presented values were normalized to the fluorescence intensity 

at 0 min and show the mean ± SEM of three independent experiments. 

 

10.2.10 Real-Time Fluorescence Readout of O2’-FRET-ATP with v-Src 

Kinase  

The O2’-FRET-ATP analog (5 µM) and the cytoplasmic domain of CEACAM3 (aa 177-252 

containing two tyrosine residues; 5 µM) were incubated in buffer (pH 6.6) containing 100 mM 

Tris HCl (pH 7.2), 0.25 mM Na3VO4, 2 mM EGTA, 125 mM MgCl2 and 25 mM MnCl2 at 37 °C. After 

preincubation for 10 min, v-Src-KD (0.5 or 1 µM) was added and the fluorescence readout (with 

Varioskan Flash from Thermo Scientific) was started. For 2 h, every 2 min, the emission at 

590 nm was measured after excitation at 515 nm. The presented values were normalized to 

the fluorescence intensity at 0 min and show the mean ± SEM of three independent 

experiments.  

 

10.2.11 Real-Time Fluorescence Readout of O2’-FRET-ATP with 

hFAK-KD Q432A and hFAK-KD K467A  

The O2’-FRET-ATP analog (5 µM) and the FAK substrate (the repeated phosphorylation 

sequence of hFAK: aa 378-406 containing four tyrosine residues) (5 µM) were incubated in 

buffer (pH 7.5) containing 125 mM NaCl, 48 mM MgCl2 and 50 mM HEPES at 37 °C. After 

preincubation for 10 min, hFAK-KD Q432A or hFAK-KD K467A (0.5 or 1 µM) were added and 

the fluorescence readout (with Varioskan Flash from Thermo Scientific) was started. For 2 h, 

every 2 min, the emission at 590 nm was measured after excitation at 515 nm. The presented 
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values were normalized to the fluorescence intensity at 0 min and show the mean ± SEM of 

three independent experiments. 

 

10.2.12 Real-Time Fluorescence Readout of C2-FRET-Ap3A with SVPD 

and Cell Lysates 

The C2-FRET-Ap3A (5 µM) was mixed in buffer (pH 7.4) containing 20 mM HEPES, 100 mM NaCl, 

5 mM MgCl2 and 1 mM DTT in a total volume of 30 µL. Next, SVPD (10 nM) or cell lysate (15 µg 

of H1299 cells or HEK293T cells) was added, mixed and incubated at 37 °C. The fluorescence 

readout (with Varioskan Flash from Thermo Scientific) was started immediately and for 2 h, 

every 2 min the emission at 520 nm was measured after excitation at 500 nm. The presented 

values were normalized to the fluorescence intensity at 0 min and show the mean ± SEM of 

three independent experiments. 

In the case of H1299 cell lysate, once SVPD (10 nM) was added after measuring for 1 h. 

Afterwards the fluorescence readout, measuring every 2 min was continued for 1 h more.  

 

10.2.13 Buffers and Solutions for Biochemical Assays 

 

Table 3. Ingredients of buffers and solutions for biochemical assays 

Name Compositions 

Anode Buffer (5 x) 125 mM Tris base, 200 mM 6-aminohexanoic acid (pH 10.4) 

APS 10 % ammonium persulfate in Milli-Q water 

Blocking solution 2 % BSA, 0.05 % w/v NaN3 in 1 x TBS-T 

Buffer A (IEX-HPLC) 25 mM Tris pH 8.0, 5 % MeCN 

Buffer B (IEX-HPLC) 5 mM Tris pH 8.0, 0.5 M NaClO4, 5 % MeCN 

Cathode Buffer (5 x) 125 mM Tris base (pH 9.4) 

Coomassie staining solution 25 % v/v iPrOH, 10 % v/v acetic acid, 3 % w/v Coomassie 

Destaining solution 45.5 % v/v MeOH, 9.1 % v/v acetic acid 

ECL solution 2 mM 4-iodophenylboronic acid, 1.25 mM luminol, 0.1 M Tris 

HCl (pH 8.8) and 5.3 mM H2O2 

H2O2 30 % v/v H2O2 
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FAK buffer (10 x) 1.25 M NaCl, 480 mM MgCl2, 500 mM HEPES (pH 7.5) 

PBS (10 x) 1.37 M NaCl, 26.8 mM KCl, 14.7 mM KH2PO4, 78.1 mM Na2PO4 

Running buffer for SDS-PAGE 3 % w/v Tris base, 14.4 % w/v glycine, 1 % w/v SDS 

SDS 20 % w/v sodium dodecyl sulfate 

SDS sample buffer (4 x) 4 % w/v SDS, 20 % w/v glycerol, 125 mM Tris HCl, 20 % v/v 

β-mercaptoethanol, 1 % w/v bromophenol blue (pH 6.8) 

Separation gel buffer 1.5 M Tris HCl (pH 8.8) 

Stacking gel buffer 0.5 M Tris base (pH 6.8) 

Stripping buffer (mild) 10 mL Tween 20, 15 g glycine, 1 g SDS, add to 1 L with Milli-Q 

water (pH 2.2) 

SVPD buffer (10 x) 1 M Tris, 1 M NaCl, 150 mM MgCl2 (pH 8.9) 

TBS-T 200 mL 10 x TBS, 10 mL Tween 20, add to 2 L Milli-Q water 

TBS (10 x) 500 mM Tris base, 1.5 M NaCl (pH 7.5) 

TEAB buffer (1 M) 5 M triethylamine, carbon dioxide (from evaporated dry ice) 

add to 5 L with Milli-Q water (pH 7.5) 

TEAA buffer (1 M) 1 M triethylamine, 1 M acetic acid add to 1 L with Milli-Q water 

(pH 7.0)  

UBA 1 buffer (1 x) 25 mM Tris HCl (pH 7.6), 50 mM NaCl, 5 mM MagCl2, 1.25 mM 

DTT 

v-Src kinase buffer (10 x) 1 M Tris HCl (pH 7.2), 2.5 mM Na3VO4, 20 mM EGTA, 1.25 M 

MgCl2, 250 mM MnCl2 (pH 6.6) 

 

 

10.3 Protein Cloning, Expression and Purification 

 

10.3.1 Expression and Purification of Enzyme Components for the 

E6AP Assay 

(performed and kindly provided by Fabian Offensperger, Scheffner Group, University of 

Konstanz) 

Human recombinant UBA1 was expressed by a baculoviral expression system in High Five cells 

(Invitrogen) and purified by anion‐exchange chromatography. Human recombinant UbcH5b was 

expressed as His-tagged protein in E. coli BL21 cells and purified by Ni‐NTA chromatography 
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followed by dialysis against 300 mM NaCl, 25 mM Tris pH 7.5, 0.2 mM DTT, 5 % glycerol. Human 

recombinant E6AP was expressed as His‐tagged protein in E. coli Rosetta 2 (DE3) cells and 

purified by Ni-NTA and anion-exchange chromatography. Ubiquitin from bovine erythrocytes 

was purchased from Sigma Aldrich. 

 

10.3.2 Expression and Purification of Human FAK Kinase Domain  

(performed during my master thesis[113]; purification was done by Susanne Feindl-Boeckh, 

Hauck Group, University of Konstanz) 

The kinase domain of human FAK (aa 411‐689, hFAK‐KD) was expressed with an N‐terminal 

6xHis-tag and a C‐terminal PEYFK sequence (FIVE epitope-tag; tag-tools) as an epitope-tag. 

Expression of the fusion protein was performed in Sf9 insect cells using the pVL1392 transfer 

vector and the Bac-to-Bac® Baculovirus Expression System[112] (Invitrogen by Life 

Technologies). Cells were lyzed in Sf9 lysis buffer (0.33 % Tween 20, 1 mM EDTA, 500 mM 

NaCl, 100 μM PMSF, 1 mM β‐mercaptoethanol in 25 mM Tris‐HCl, 1:1000 leupeptin; pH 7.5) for 

30 min at 4 °C. The lysate was cleared for 1 h at 13000 rpm at 4 °C. The recombinant hFAK-KD 

was purified by fast protein liquid chromatography using a HisTrapFFcrude 1 mL column 

(Pharmacia) with a linear gradient (5-50 %) of buffer B (50 mM NaPO4, 0.5 M NaCl, 0.5 M 

imidazole; pH 8.0) after washing with buffer A (50 mM Tris, 0.5 M NaCl, 25 mM imidazole; pH 

8.0). 

 

10.3.3 Cloning and Purification of GST-4x FAK Substrate  

(performed and kindly provided by Dr. Alexander Buntru, Hauck Group, University of Konstanz) 

The DNA sequence surrounding the FAK autophosphorylation site at amino acid Y397 

(corresponding to aa 378–406) was amplified with primers hFAKaa378-406-BamH1 sense 

5’-GCGATCGGATCCAACAGCGAAAAGCAAGGC-3’ and hFAKaa378-406-NotI anti 5’-GCGACT 

GCGGCCGCTTACAGGTCCTCCTCGCTGATCAGCTTCTGCTCGCCAGTATCTTCTTCATCTATAATCTCA

G-3’ using human FAK cDNA (clone IMAGp998F0111030Q3; RZPD, Berlin, Germany) as a 

template. The resulting PCR fragment was cloned into the BamH1/ Not1 sites of vector pGEX4T1 

(GE Healthcare, Freiburg, Germany) to obtain plasmid pGEX-1x-FAK substrate. Two 

complementary, 5’-phosphorylated oligonucleotides encompassing the FAK 

autophosphorylation site (Oligo FAKaa378-406 sense: 5’-pGATCCAACAGCGAAAAGCAA 

GGCATGCGGACACACGCCGTCTCTGTGTCAGAAACAGATGATTATGCTGAGATTATAGATGAAGAAGA



10 Experimental Procedures – Materials and Methods 

133 

 

TACTGGCC-3’ and Oligo FAKaa378-406 anti: 5’-pGATCGGCCAGTATCTTCTTCATCTATAATCT 

CAGCATAATCATCTGTTTCTGACACAGAGACGGCGTGTGTCCGCATGCCTTGCTTTTCGCTGTTG-3’) 

were annealed and cloned in frame into the BamH1 site of pGEX-1x-FAK substrate resulting in 

plasmid pGEX-2x-FAK substrate. Next, primers newFAKaa378-406-BamH1-sense 

5’-CCGCGTGGATCCAACAGC-3’ and newFAKaa378-406-BamH1-anti 5’-ACTGCTGGATCCC 

TCGCCAGTATCTTCTTC-3’ were used together with plasmid pGEX-2x-FAK substrate as a 

template to amplify the 2x FAK autophosphorylation site. The resulting PCR fragment was 

cloned in frame into the BamH1 site of plasmid pGEX-2x-FAK substrate resulting in vector 

pGEX-4x FAK substrate. Vector pGEX-4x FAK substrate was transformed in E. coli BL21 cells 

and, upon IPTG induction for 6 h at 37 °C, the bacteria were harvested, sonicated and the 

GST-4x FAK substrate was purified by standard procedures using glutathione-agarose FF 

(Amersham Biosciences, Uppsala, Sweden). Following dialysis in PBS/ 10 % glycerol, the 

purified protein was frozen in liquid nitrogen and kept at -80 °C until use. 

 

10.3.4 Expression and Purification of v-Src Kinase Domain 

(performed and kindly provided by Dr. Alexander Buntru, Ann-Kathrin Fuchs and Susanne 

Feindl-Boeckh, Hauck Group, University of Konstanz) 

The kinase domain of v-Src kinase (aa 267-517, v-Src‐KD) was expressed in Sf9 insect cells 

using the pVL1392 transfer vector and the Bac-to-Bac® Baculovirus Expression System[112] 

(Invitrogen by Life Technologies). Cells were lyzed in Sf9 lysis buffer (0.33 % Tween 20, 1 mM 

EDTA, 500 mM NaCl, 100 μM PMSF, 1 mM β‐mercaptoethanol in 25 mM Tris‐HCl, 1:1000 

leupeptin, pH 7.5) for 30 min at 4 °C. The lysate was cleared for 1 h at 13000 rpm at 4 °C. The 

recombinant v-Src‐KD was purified by fast protein liquid chromatography using a 

HisTrapFFcrude 1 mL column (Pharmacia) with a linear gradient (5-50 %) of buffer B (50 mM 

NaPO4, 0.5 M NaCl, 0.5 M imidazole, pH 8.0) after washing with buffer A (50 mM Tris, 0.5 M 

NaCl, 25 mM imidazole, pH 8.0). 

 

10.3.5 Cloning and Purification of GST-CEACAM3 Cytoplasmic 

Domain  

(performed and kindly provided by Kathrin Kopp, Hauck Group, University of Konstanz) 

The cytoplasmic CEACAM3 wt (aa 177-252) was amplified with primers CEA3cytopGEX sense 

5’-GGGGGATCCAAAACTGGAAGAACCAGCATCCAG-3’ and CEA3cytopGEXsense anti 

5’-GGGGCGGCCGCTCAACCCACAGGAGCAGCTCCTG-3’ using human pcDNA-CEACAM3-wt 
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(5’-CCAAAACTGGAAGAACCAGCATCCAGCGTGACCTCAAGGAGCAGCAGCCCCAAGCCCTTGCCCCT

GGCCGTGGTCCCTCCCACAGCTCTGCCTTCTCGATGTCCCCTCTCTCCACTGCCCAGGCCCCCCTACC

CAACCCCAGGACAGCAGCTTCCATCTATGAGGAATTGCTAAAACATGACACAAACATTTACTGCCGGA

TGGACCACAAAGCAGAAGTGGCTTCTTAGCTTCCGCCAGGAGCTGCTCCTGTGGGTTGA-3’) as a 

template. The resulting PCR fragment was cloned into the BamH1/ Not1 sites of vector pGEX4T1 

(GE Healthcare, Freiburg, Germany) to obtain plasmid pGEX4T1-CEACAM3-cyto-wt. Vector 

pGEX4T1-CEACAM3-cyto-wt was transformed in E. coli BL21 cells and upon IPTG induction for 

6 h at 37 °C, the bacteria were harvested, sonicated and the GST-cytoplasmic domain CEACAM3 

wt was purified by standard procedures using glutathione-agarose FF (Amersham Biosciences, 

Uppsala, Sweden). Following dialysis in PBS/ 10 % glycerol, the purified protein was frozen in 

liquid nitrogen and kept at -80 °C until use. 
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12 Appendix 

 

12.1 Calculation of the FRET efficiency  

 

In the following tables, the raw data, calculated data and resulting calculated ratio factors for 

the change in emission intensities from the measured emission spectra or real-time 

fluorescence readout are presented. 

 

12.1.1 Calculation from Emission Spectra  

 

Table 4. Calculation of the ratio of the change in emission intensities for O2’-FRET-ATP and C2-FRET-Ap3A, calculated from emission 

spectra data. 

O2’-FRET-ATP emission maxima at 668 nm 

± enzyme raw data calculated data calculatetd ratio factor 

- SVPD 2462.0 0.18 
~ 5.6 

+ SVPD 6393.5 1.00 

 

 

 

C2-FRET-Ap3A emission maxima at 520 nm 

± enzyme raw data calculated data calculatetd ratio factor 

- SVPD 80.2 0.05 
~ 20.0 

+ SVPD 1595.9 1.00 
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12.1.2 Calculation from Real-Time Fluorescence Readout 

 

Table 5. Calculation of the ratio of the change in emission intensities for C2-FRET-Ap3A, calculated from real-time fluorescence readout 

data. 

C2-FRET-Ap3A emission at 520 nm  

± enzyme calculated data at 2 h calculatetd ratio factor 

- enzyme/ lysate 0.839  

+ SVPD 7.308 ~ 8.71 

HEK293T cell lysate 3.019 ~ 3.60 

H1299 cell lysate 1.275 ~ 1.52 

H1299 cell lysate + 

SVPD after 1 h 
3.063 ~ 3.65 
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12.2 NMR Spectra of the Novel Compounds 

 

12.2.1 NMR Spectra of -Phosphate-Modified ATP Analogs  

 

ATP-NH-N3 (1) 

1H NMR 

 

31P NMR 
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1H-31P-HMBC NMR 

 

 

ATP-NH-biotin (4) 

1H NMR 
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31P NMR 

 

 

1H-31P-HMBC NMR 
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ATP-NH-Sulfo-Cy3 (7) 

1H NMR 

 

 

31P NMR 
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1H-31P-HMBC NMR 
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12.2.2 NMR Spectra of ATP Analogs Modified at the Nucleoside 

Moiety 

 

O2’-Aminohexyl-ATP (19) 

1H NMR 

 

 

31P NMR 
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O2’-Sulfo-Cy5-ATP (20) 

1H NMR 

 

 

31P NMR 
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O3’-Azidohexyl-ATP (24) 

1H NMR 

 

 

31P NMR 
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O3’-Aminohexyl-ATP (25) 

1H NMR 

 

 

31P NMR 
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O3’-Sulfo-Cy5-ATP (26) 

1H NMR 

 

 

31P NMR 
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C2-TFA-aminohexyl-adenosine (31) 

1H NMR 

 

 

19F NMR 
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C2-TFA-aminohexyl-ATP (32) 

1H NMR 

  

 

19F NMR 
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31P NMR 
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C2-Aminohexyl-ATP (33) 

1H NMR 

 

 

31P NMR 
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C2-Sulfo-Cy5-ATP (34) 

1H NMR 

 

 

31P NMR 
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N6-Sulfo-Cy5-ATP (36) 

1H NMR 

 

 

31P NMR 
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12.2.3 NMR Spectra of Doubly Modified ATP Analogs 

 

O2’-Sulfo-Cy5-ATP-NH-hexylamine (41) 

1H NMR 

 

 

31P NMR 
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1H-31P-HMBC NMR 

 

 

O2’-FRET-ATP (37) 

1H NMR 
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31P NMR 

 

 

1H-31P-HMBC NMR 
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12.2.4 NMR Spectra of C2-Modified Ap3A Analogs 

 

C2-TFA-pentynyl-Ap3A (44) 

1H NMR 

 

 

31P NMR 
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19F NMR 

 

 

1H-31P-HMBC NMR 
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C2-Amino-pentynyl-Ap3A (45) 

1H NMR 

 

 

31P NMR 
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1H-31P-HMBC NMR 

 

 

C2-Atto488-Ap3A (46) 

1H NMR 
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31P NMR 

 

 

1H-31P-HMBC NMR 
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C2-FRET-Ap3A (49) 

1H NMR 

 

 

31P NMR 
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1H-31P-HMBC NMR 
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12.3 List of Abbreviations 

 

~ approximately 

% percent 

- antibody against 

 chemical shift 

 wavelength 

µg microgram 

µL microliter 

µM micromolar 

°C degree Celsius 

A alanine or fluorescence acceptor 

aa amino acids 

Ac acyl 

ADP adenosine diphosphate 

AMP adenosine monophosphate 

Ap4 adenosine tetraphosphate 

Ap3A diadenosine triphosphate 

Ap4A diadenosine tetraphosphate 

Ap5A diadenosine pentaphosphate 

ApnA diadenosine polyphosphate 

APS ammonium persulfate 

aq. aquaeous 

ar aromatic 

ATP adenosine triphosphate 

Atto488 4’,5’-disulfo-2-((3-carboxypropyl)(methyl)carbamoyl) rhodamine 110 

a. u. arbitrary unit 

cAMP cyclic adenosine monophosphate 

CEACAM carcinoembryonic antigen-related cell adhesion molecules 

CuAAC copper(I)-catalyzed azide-alkyne cycloaddition 

C-terminus carboxy-terminus 

Cy3 cyanine dye 3 

Cy5 cyanine dye 5 

d doublet 

D aspartic acid or fluorescence donor 
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DCM dichloromethane 

dd doublet of doublet 

DMF dimethylformamide 

DMSO dimethyl sulfoxide 

DNA deoxyribonucleic acid 

dNTP deoxyribonucleotide triphosphate 

DTT dithiothreitol 

E FRET efficiency 

eq. equivalents 

E. coli Escherichia coli 

E6AP E6AP ubiquitin-protein ligase 

E6AP-Ubn ubiquitinated E6AP 

ECM extracellular matrix 

EDC 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

ECL enhanced chemiluminescence 

EDTA ethylenediaminetetraacetic acid 

EGTA ethylene glycol tetraacetic acid 

e.g. exempli gratia; for example 

FAK focal adhesion kinase 

FAT focal adhesion targeting domain 

FERM 4.1. band/ezrin/radixin/moesin 

FHIT fragile histidine triad protein 

FI fluorescence intensity 

FIVE PEYFK sequence 

FPLC fast liquid protein chromatography 

FRET Förster resonance energy transfer 

g gram 

GST glutathione S-transferase 

h hours 

HEK293T human embryonic kidney 293T cell line 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

hFAK human focal adhesion kinase 

hFAK-KD human focal adhesion kinase-kinase domain 

His histidine 

HMBC heteronuclear multiple-bond correlation spectroscopy 

HRP horseradish peroxidase 
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HR-ESI-MS high resolution electro-spray-ionization mass spectra 

H1299 human non-small cell lung carcinoma cell line 

IC internal conversion 

IEX-HPLC ionexchange high pressure liquid chromatography 

i.e. id est; that is 

J coupling constant 

K lysine 

kDa kilo Dalton 

kJ kilo Joule 

L liter or leucine 

M Molar 

m multiplet 

mA milliampere 

mCPBA meta-chloroperoxy benzoic acid 

mg milligram 

MHz megahertz 

min minute 

Milli-Q Milli-Q water 

mL milliliter 

mM millimolar 

mol mole 

MPLC medium pressure liquid chromatography 

MW molecular weight 

m/z mass to charge ratio 

N normal 

NEDD8 neural precursor cell expressed, developmentally down-regulated 8 

ng nanogram 

NHS N-hydroxy succinimide 

nM nanomolar 

nm nanometer 

NMR nuclear magnetic resonance spectroscopy 

NTA nitrilotriacetic acid 

NTP nucleotide triphosphate 

NUDT2 nudix motif 2 

N-terminus amino-terminus 

p pentet 



12 Appendix 

174 

 

PAGE polyacrylamide gel electrophoresis 

PBS phosphate-buffered saline 

PCR polymerase chain reaction 

PDB protein data base 

PMSF phenylmethylsulfonyl fluoride 

PP pyrophosphate 

ppm parts per million 

proton sponge N,N,N′,N′-tetramethyl-1,8-naphthalenediamine 

PTK protein tyrosine kinase 

PVDF polyvinylidene fluoride 

pY phosphorylated tyrosine 

PYK2 protein tyrosine kinase 2 

q quartet 

Q glutamine 

r distance 

R0 Förster distance 

Rf retention factor 

RP-HPLC reversed phase high pressure liquid chromatography 

rpm rotations per minute 

RT room temperature 

s seconds or singlet 

S0 singlet ground state 

S1 first exited singlet state 

SDS sodium dodecyle sulfate 

SEM standard error of the mean 

Sulfo-Cy3 sulfo-cyanine dye 3 

Sulfo-Cy5 sulfo-cyanine dye 5 

SUMO small ubiquitin-like modifier 

SVPD snake venom phosphodiesterase 

t triplet 

TBS tris-buffered saline 

TCEP tris(2-carboxyethyl)phosphine 

TEAA triethylammonium acetate buffer 

TEAB triethylammonium bicarbonate buffer 

TEMED N,N,N’,N’-tetramethyl-ethylenediamine 

TFA trifluoroacetyl or trifluoroacetic acid 
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TFAOEt ethyl trifluoroacetate 

THF tetrahydrofurane 

TIRF total internal reflection fluorescence 

TLC thin layer chromatography 

TMP trimethylphosphate 

Tris 2-amino-2-(hydroxymethyl)propane-1,3-diol 

TSTU N,N,N′,N′-tetramethyl-O-(N-succinimidyl)-uroniumtetrafluorborat 

Ub ubiquitin 

UBA1 ubiquitin-activating enzyme E1 

UbcH5b ubiquitin-conjugating enzyme E2 

UV ultraviolet 

UV-VIS ultraviolet-visible 

V volt 

v-Src-KD viral Src kinase-kinase domain 

v/v volume per volume 

wt wild type 

w/v weight per volume 

xg g-force 

Y tyrosine 
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