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1. Introduction 

1.1. Adenosine Triphosphate (ATP) and ATP Hydrolyzing Enzymes 

1.1.1. Adenosine Triphosphate and Its Functions 

Adenosine triphosphate (ATP) was discovered in the year 1929 by the German 

chemist Karl Lohmann.[5] In the year 1941, the biochemist Fritz Albert Lippmann 

revealed that ATP is the main molecule to couple exergonic and endergonic 

processes in living cells.[6] The importance of ATP for the energy metabolism is 

illustratively demonstrated by the fact that mammalian cells contain a high level of 

ATP, which is in the low millimolar range,[7] and that the amount of ATP that is turned 

over by human beings every day is in the range of their own body weight.[8] 

 

Fig. 1.1.: Structure of adenosine triphosphate (ATP).
[9] 

The structure of ATP consists of three parts (Fig. 1.1.).[9] The sugar moiety of 

a ribose and the nucleobase adenine, which is attached to the anomeric center of the 

ribose, make up the nucleoside part of ATP. This nucleoside core is modified with a 

phosphate chain consisting of three phosphate moieties connected via 

phosphoanhydride bonds at the O5ô-position. 

The energy that can be used to promote endergonic processes is liberated 

during cleavage of the phosphoanhydride bonds of ATP. The hydrolysis of the b-g-

phosphoanhydride bond of ATP releases a free energy of approx. 30 kJ/mol under 

standard conditions.[10] Even more energy can be utilized, if the a-b-

phosphoanhydride bond is hydrolyzed. The energy of the hydrolysis of this bond 

releases approx. 32 kJ/mol. Furthermore, the pyrophosphate formed during this 

reaction can be further hydrolyzed yielding another approx. 34 kJ/mol. This process 

is catalyzed by the ubiquitously occurring enzyme pyrophosphatase.[11] As 

pyrophosphate is in this way continuously withdrawn from the equilibrium, the 

reaction of a-b-phosphoanhydride cleaving enzymes is further shifted towards the 

formation of the reaction products. 
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ATP is produced in animals while metabolizing nutrients in order to utilize the 

energy liberated during these processes. There are many catabolic pathways, like 

glycolysis[12], citrate cycle[13], oxidative phosphorylation[14] or b-oxidation[15], that can 

result in the formation of ATP and that have been extensively studied. 

The energy released by the hydrolysis of ATP is used to drive an almost 

innumerable number of processes that require energy or regulation. Although this list 

cannot be complete, in the following some major ways, by which ATP can be utilized, 

are outlined. 

 

Fig. 1.2.: Different mechanisms, by which the energy of ATP can be utilized. R1: e.g. coenzyme A, an 

amino acid or ubiquitin. R2: e.g. a serine, threonine or tyrosine side-chain of a target protein, a 

nucleoside or a hexose. 

Different enzymes utilize the energy of the cleavage of the b-g-

phosphoanhydride of ATP to drive conformational changes in their three-dimensional 

structure (Fig. 1.2. A).[16] This process relies on different spatial orientations of the 

enzyme, when bound to ATP or to ADP, respectively. These structural changes can 

be used to drive different processes. Ion pumps e.g. use conformational changes to 

transport specific ions through the cell membrane against a concentration gradient.[17] 
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Furthermore, motor proteins use the energy of ATP hydrolysis to move along 

components of the cytoskeleton in an orderly fashion and in this way to directionally 

move cargo in a cell or to rearrange the cytoskeleton.[18,19] Additionally, they are key 

to the movement of muscles in animals and thus critical for the directional movement 

of whole organisms.[20] 

The energy of ATP hydrolysis can also be used to activate molecules towards 

further chemical reactions (Fig. 1.2. B). In this context, the reaction of ATP with a 

carboxylic acid to give an acylated AMP analogue and pyrophosphate is often 

utilized. This activated carboxylic acid can be used for various transformations. It can, 

e.g. be used to attach the carboxylic acid to coenzyme A via a thioester bond.[21] 

These intermediates are needed for several anabolic and catabolic processes. 

Furthermore, AMP analogues acylated with an amino acid are important 

intermediates of aminoacyl-tRNA-synthetases that use the activated amino acid to 

specifically charge tRNAs and are therefore at the heart of protein synthesis.[22] 

Additionally, ubiquitin and ubiquitin-like proteins are in this way activated towards 

conjugation to a target protein.[23] 

Besides hydrolysis the energy content of the ATP bonds can also be used to 

introduce other controlled chemical reactions (Fig. 1.2. C). A key reaction that can be 

performed is the transfer of the g-phosphate to target proteins.[24] This reaction is 

catalyzed by the family of protein kinases and results in the phosphorylation of 

serine, threonine, tyrosine and histidine residues of target proteins. In the interplay 

with protein dephosphatases that cleave of this modification these enzymes regulate 

the activity of various proteins by e.g. altering their structure or the interactions of the 

respective proteins. This process is a very fast way to regulate various interactions 

and is one of the key regulatory mechanisms in living cells. 

In addition to proteins also small molecule metabolites can be phosphorylated 

using ATP as phosphate source (Fig. 1.2. C).[25] The phosphorylation of glucose to 

give glucose-6-phosphate is e.g. the key step for the entrance of glucose into 

glycolysis and later on into the citrate cycle. Phosphorylation reactions like this are 

therefore key to many different anabolic and catabolic pathways. 

ATP can also be converted to metabolites other than ADP and AMP (Fig. 1.2. 

D and E). It can e.g. be converted to cyclic AMP (cAMP)[26] or cyclic di-AMP[27]. 

These molecules are signal molecules and regulate various biological pathways. 

The energy of the phosphate chain of ATP can also be used for its organized 

polymerization (Fig. 1.2. F).[28] RNA polymerases catalyze the template-directed 

polymerization of ATP with other nucleoside triphosphates to form various RNA 

transcripts that are needed for protein synthesis,[29] but also fulfill various other tasks 

in a cell.[30,31] 
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Taken together, the processes that rely on ATP turnover are almost 

innumerable. Methods that allow studying the activity of ATP processing enzymes 

therefore have a huge potential concerning possible applications. In the following the 

two ATP consuming enzymes that are in the focus of the presented work are 

introduced. 

1.1.2. The Motor Protein Eg5 

Eg5 is an important member of the family of kinesin motor proteins. It has 

been discovered by Le Guellec in 1991[32] and is highly conserved in all eukaryotic 

organisms from yeast to humans. Eg5 consists of a head-, a neck-linker- and a tail-

domain and forms a functional homotetrameric complex, which is able to migrate 

along microtubules towards the plus-end in an ATP-dependent manner.[16] During 

this process, one Eg5 tetramer binds to two microtubules in an antiparallel fashion. In 

this way, migration of Eg5 along these microtubules does not lead to a 

translocalization of Eg5, but pushes the minus-end of the two attached microtubules 

to the periphery of the cell. This process is key for establishing the bipolar spindle 

apparatus that is essential for correct cell division.[33,34] The depletion of Eg5 

therefore leads to a stop of the cell cycle in mitosis and a typical phenotype of 

monoastral spindles. 

 

Fig. 1.3.: Mechanism of the movement of Eg5.
[18]

 Eg5 is bound tightly to microtubules in the ATP 

bound state (T) or when no nucleotide is bound. It is only loosely associated with microtubules in the 

ADP bound state (D). In this way a coordinated series of ATP binding, ADP release and ATP cleavage 

events leads to the directional movement of Eg5 along microtubules. Modified from [2]. Copyright 

2013 The Royal Society of Chemistry. 

The movement of Eg5 along microtubules is ATP dependent. Each Eg5 

polypeptide chain contains an active ATPase, which is located in its head-domain.[16] 

This domain is also responsible for the attachment to the microtubules. In a widely 

accepted model (Fig. 1.3.)[18] kinesins bind tightly to microtubules, if they contain ATP 

or no nucleotide in the head domain, but are only loosely associated with the 

microtubules in the ADP bound state. In this way Eg5 can migrate along a 

microtubule by a series of ATP binding, ATP hydrolysis and ADP release events. 

Understanding of Eg5 function has greatly benefited from the development of 

small molecule inhibitors during the last years. The first specific cell-permeable 

inhibitor, monastrol, has been found by Mayer et al. in 1999.[35] Monastrol inhibits 
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Eg5 activity by interfering with its motility, but not with its binding to the 

microtubules.[36] Besides the biological interest in Eg5 inhibitors they have also been 

shown to be useful therapeutics in the treatment of cancer.[37] 

Due to the essential involvement of Eg5 in cell division and the possible 

therapeutic applications of Eg5 modulators, there is a huge interest in studying the 

activity of Eg5 and effectors of this enzyme. 

1.1.3. The Family of Ubiquitin and Ubiquitin-like Activating Proteins (E1s) 

 

Fig. 1.4.: Mechanism of the activation of ubiquitin-like proteins (Ubls).
[23]

 A) The Ubl is first activated 

by its cognate E1 upon consumption of ATP. This results in an AMP analogue acylated with the Ubl, 

which is attacked by the active site cysteine of the E1 to form a thioester. Next, the Ubl is transferred 

to an E2 to form a thioester with the active site cysteine. B) Mechanism of HECT-E3s. The HECT-E3 

forms a thioester with the Ubl supplied by the E2 and subsequently transfers the Ubl to the target 

protein. C) Mechanism of RING-E3s. The RING-E3 forms a complex with an E2 conjugated to the Ubl 

and the target protein and in this way facilitates Ubl transfer. Target: target protein. Modified in part 

from [2]. Copyright 2013 The Royal Society of Chemistry. 

In the year 1978 A. Chiechenover, Y. Hod and A. Hershko discvovered a heat-

stable peptide that, together with other cellular components, drives the degradation of 

proteins in an ATP dependent fashion.[38] This ground-breaking work initiated the 

huge research field that deals with the controlled degradation of proteins in cellular 

protein homeostasis and has been awarded with the Nobel Prize in Chemistry in 

2004. Since this discovery it has been found that this polypeptide, ubiquitin, is used 

to covalently modify target proteins and in this way not only mark them for 

degradation, but also regulate cellular function of the proteins in various ways.[39,40] 

Furthermore, it has also been discovered that several ubiquitin-like proteins (Ubls) 
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exist in the human genome that are also used to regulate protein functions.[41,42] The 

most widely studied Ubls are NEDD8 and SUMO1. 

For the conjugation of Ubls to their target proteins they are initially activated by 

a ubiquitin-like protein activating enzyme (E1) at the expense of ATP (Fig. 1.4. A).[23] 

In the first step, these enzymes catalyse the attack of the C-terminal carboxylic acid 

of the Ubl at the a-phosphate of ATP giving pyrophosphate and an acylated AMP 

intermediate. This activated carboxylic acid is next attacked by the active site 

cysteine of the E1. This results in the liberation of AMP and an E1-Ubl thioester 

conjugate. In a next step, the Ubl is transferred to a Ubl conjugating enzyme (E2) and 

forms another thioester with a cysteine residue of this enzyme (Fig. 1.4. A). From this 

conjugate the Ubl is transferred to a target protein in most cases via covalent 

attachment to a lysine residue using an iso-peptide bond. This process requires in 

many cases the help of a ubiquitin ligase (E3). The two main groups of E3 ligases 

are HECT (homologous to the E6AP carboxyl terminus) domain[43] and RING (really 

interesting new gene) domain[44] E3s. HECT E3s form a thioester to the Ubl supplied 

by the respective E2 and subsequently transfer it to the required target protein (Fig. 

1.4. B).[43] In contrast, RING E3s do not have a catalytically active cysteine and act 

as adapter to form a complex with the respective E2 and the target protein that 

allows direct transfer of the Ubl from the E2 to the target (Fig. 1.4. C).[44] 

As various proteins have to be conjugated with Ubls in response to very 

specific stimuli a high degree of specificity has to be obtained in the conjugation 

machinery.[45] Nevertheless, only one specific E1 for each Ubl has been discovered 

with the exception that two human E1s for ubiquitin have been identified.[46,47] This 

shows that the specificity is not obtained by specific activation of the Ubls, but by the 

downstream enzyme cascade. For this purpose, several E2 enzymes and many 

different E3 enzymes exist that allow specificity of Ubl conjugation to a desired target 

protein at the correct time.[45] 

This also demonstrates that interfering with Ubl activation at the E1 level will 

have large effects on living cells. Therefore, it is not surprising that E1 inhibitors have 

been proposed to be useful therapeutic agents e.g. for the treatment of different 

kinds of cancers.[48] Nevertheless, only a few inhibitors of E1 activity have been 

described.[49-52] This is probably due to the fact that easy-to-use high-throughput 

assays for studying E1 activity in the absence of the downstream enzyme cascade 

have not been available. Therefore, novel assays that allow continuously monitoring 

E1 activity could have broad applications in studying activity and effectors of E1 

enzymes. 
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1.2. Assays for Studying ATP Hydrolyzing Enzymes 

Various different assays exist that allow monitoring the specific activity of certain ATP 

consuming enzymes using the individual outcome of the ATP consuming reaction, 

e.g. protein modification[53], ion transport[54] or motility[55]. Furthermore, several 

methods have been developed that allow detection of the activity of different types of 

ATP consuming enzymes using a common detection mechanism. Some of the most 

widely applied methods of this type are highlighted in the following. 

1.2.1. Radioactive Assays 

Radioactive labeling of ATP is used for the sensitive detection of ATP turnover by 

ATP consuming enzymes using autoradiography. The main issue to be addressed in 

these assays is how to separate the radioactive starting material from the radioactive 

product to allow detection of turnover. Different methods have been described to 

address this issue. 

 

Fig. 1.5.: Different radioactive ATP analogues that are used to study ATP cleaving enzymes. After the 

cleavage the radioactivity is linked to the nucleoside (A and B) or to the formed phosphate (C). The 

same analogues are also used to study pyrophosphate releasing enzymes in an analogous fashion. 

ATP, labeled with 3H at the nucleoside e.g. at the H-2- and H-8-position, can 

be used for this purpose (Fig. 1.5. A).[56] In this case, ATP is resolved from formed 

ADP or AMP using e.g. thin-layer chromatography or gel-electrophoresis prior to 

measurement of the radioactive signal. The same can also be performed using an 

ATP analogue having a 32P-nucleus at the a-phosphate (Fig. 1.5. B).[57,58] Using this 

analogue radioactivity also remains in the ADP or AMP product and can be resolved 

using the same methods. 

An alternative is to use ATP that is labeled with 32P at the g-phosphate in 

combination with the same separation techniques.[59] In this case the radioactivity of 

the product is no longer present on a nucleoside, but in released phosphate or 

pyrophosphate (Fig. 1.5. C). Therefore, one can also use the fact that ATP binds to 
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activated charcoal, whereas phosphate and pyrophosphate do not.[60-62] After 

treatment with activated charcoal and filtration the remaining radioactivity in the flow-

through can be evaluated providing a direct measure for the amount of ATP that was 

turned over. Both methods are equally well suited to study phosphate- or 

pyrophosphate-releasing enzymes. 

For pyrophosphate-releasing enzymes an additional method can be used as 

these enzymes usually form an acylated AMP intermediate.[21-23] If the activated 

carboxylic acid of this intermediate cannot be transferred to a substrate, the back-

reaction with pyrophosphate to give ATP can be observed.[63,64] If radioactive 32P-

pyrophosphate is used, this ATP-pyrophosphate exchange assay can be used to 

detect incorporation of radioactivity into ATP using the described method using 

charcoal and in this way to detect enzymatic activity. 

All radioactivity-based methods do not allow the continuous detection of ATP 

consuming enzyme activity as they require further processing of the reaction mixture 

prior to measurement. Furthermore, the risks related to radioactive compounds have 

to be taken into account when using these assays. 

1.2.2. Spectroscopic Detection of Released Phosphate or Pyrophosphate 

 

Fig. 1.6.: Different concepts of the colorimetric detection of ATP cleavage. A) Cleavage by phosphate 

releasing enzymes. B) For studying pyrophosphate releasing enzymes the formed pyrophosphate is 

transformed to phosphate by the enzyme pyrophosphatase. C) The formation of a complex anion from 

phosphate and molybdate is key to the shown colorimetric methods.
[65]

 D) Reduction of the anion 

forms Molybdenum Blue.
[65-69]

 E) Complexation with Malachite Green leads to a color change from 

brown (free dye) to green (complex).
[70-72]

 The exact stoichiometry and structure of the complex is not 

reported. 
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The colorimetric detection of phosphate released during the activity of ATP 

consuming enzymes is generally based on the discovery that phosphate and 

molybdate form a complex of the stoichiometry PMo12O40
3ī in solution (Fig. 1.6. 

C).[65] 

In one major type of these assays, this complex is reduced selectively in the 

presence of excess molybdate giving a strong blue color of the anion PMo12O40
7- 

(Molybdenum Blue, Fig. 1.6. D).[66] This color is measured using UV-VIS 

spectroscopy to quantify the activity of ATP consuming enzymes. Initially this 

reduction has been performed using hydroquinone in the presence of sulfite,[65] but 

several other reducing agents have been used since then.[67] Today, a combination of 

the reducing agent ascorbic acid in combination with the stabilizer sodium citrate 

under acidic conditions can be considered the standard procedure.[68] In certain 

cases sodium arsenite is also added to enhance the signal.[68,69] Although this assay 

detects phosphate, it can also be adapted to the detection of pyrophosphate 

releasing enzymes, if pyrophosphatase is added to the reaction mixture.[69] This 

enzyme cleaves pyrophosphate to give two molecules of phosphate, which in turn 

are detected by formation of molybdenum blue (Fig. 1.6. B). 

Another approach to detect the complex anion PMo12O40
3- utilizes its 

complexation to cationic dyes. The most widely applied dye in this context is 

Malachite Green (Fig. 1.6. E).[70,71] Upon coordination to the complex anion the 

intense color of Malachite Green changes from brown to green. This color change 

can be read out by the absorption at 650 nm. The Malachite Green assay has the 

advantage over the reductive assays that higher sensitivity is obtained. It can also be 

used for the detection of the activity of pyrophosphate producing enzymes by using 

pyrophosphatase (Fig. 1.6. B).[72] 

Both methods allow accurate detection of the activity of ATP consuming 

enzymes, but need further processing of the reaction mixture prior to measurement 

and therefore do not allow the continuous detection of ATP consuming enzyme 

activity. 

Additionally, a fluorogenic method to detect released phosphate has been 

described.[73] It relies on the use of a phosphate binding protein from E. coli that has 

been mutated to contain a single cysteine that is labeled with a fluorescent dye. In 

the presence of phosphate the fluorescence intensity of the construct rises due to 

conformational changes. The fluorescence signal can be continuously detected. A 

modification to detect pyrophosphate using the same principal as described before 

has been published.[74] It is therefore a very promising assay to continuously study 

the activity of various ATP consuming enzymes, but still requires the use of an 

additional protein component that may also be affected during the study of effectors 

of the enzyme of interest. Furthermore, it has to be operated using very controlled 
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conditions to exclude contaminating phosphate in all used protein preparations and 

buffers. 

1.2.3. Enzyme-Coupled Assays 

The action of ATP consuming enzymes can also be studied by detecting the products 

formed using enzymatic turnover. 

 

Fig. 1.7.: Different concepts of enzyme-coupled assays for the detection of ATP cleavage. A) 

Cleavage by phosphate releasing enzymes. B) Formed ADP can be reconverted to ATP using 

phosphoenolpyruvate with the help of pyruvate kinase.
[75]

 This is accompanied by formation of 

pyruvate, which is reduced to lactate by lactate dehydrogenase. This process consumes NADH. The 

decrease in absorption of NADH at 340 nm is monitored. C) Formed phosphate can be detected by 

the reaction with amino-6-mercapto-7-methylpurine ribonucleoside (methylthioguanosine, MESG) that 

is catalyzed by purine-nucleoside phosphorylase.
[76,77]

 Rise of absorption of the product at 360 nm is 

monitored. 

In a widely applied assay, ADP formed during the enzymatic reaction is 

recycled to ATP using phosphoenolpyruvate and pyruvate kinase (Fig. 1.7. B).[75] 

The formed pyruvate is then reduced by the enzyme lactate dehydrogenase with 

consumption of NADH. The depletion of NADH can be monitored using its absorption 

at 340 nm. However, this assay cannot be applied to pyrophosphate producing 

enzymes. 

Another enzyme-coupled assay relies on the use of purine-nucleoside 

phosphorylase (Fig. 1.7. C).[76] The substrate amino-6-mercapto-7-methylpurine 

ribonucleoside (methylthioguanosine, MESG) is converted to 2-amino-6-mercapto-7-

methylpurine and ribose-1-phosphate by this enzyme in a phosphate-dependent 

reaction. The absorption of 2-amino-6-mercapto-7-methylpurine can be quantified at 

360 nm and is a direct measure for the formation of phosphate. The assay can also 
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be adapted to monitor pyrophosphate-releasing enzymes, when inorganic 

pyrophosphatase is additionally used.[77] 

Both assays can be monitored in a continuous fashion, but enzyme-coupled 

assays have the intrinsic drawback, that effects on all the enzymes used for detection 

have to be considered, when studying effectors of an enzyme of interest. 

1.2.4. Methods for Studying ATP Binding 

ATP analogues modified with a fluorescent dye can be used to study the binding of 

ATP to different proteins. This is, because the fluorescence intensity of various dyes 

rises, when bound to a protein. The pioneering molecule in this instance is mantATP 

(Fig. 1.8.).[78] In this analogue ATP is modified with the N-methyl-anthraniloyl 

fluorophore. It has been used to study the kinetics of binding and release of 

nucleotides to various ATP binding proteins.[36,79-83] Recently, different ATP 

analogues having alternative dyes have been proposed to overcome the drawbacks 

of short wavelength absorption and emission of mantATP.[84-86] 

 

Fig. 1.8.: Mechanism of sensing ATP binding using mantATP.
[36,78-83]

 mantATP is only weakly 

fluorescent in solution and fluorescence is enhanced upon binding to an ATP binding protein of 

interest. 

Additionally, several other labels can be attached to ATP to study ATP binding 

proteins. In this context, cross-linking agents like benzophenones or arylazides have 

been used.[87-89] Furthermore, spin-labels (for EPR studies)[90,91] or a biotin-moiety (for 

affinity purification) were attached to ATP.[92] 

 

Fig. 1.9.: The O2ô- and O3ô-linked isomers of mantATP isomerize quickly in aqueous solution.
[93] 

Although some other attachment sites were investigated, mainly modification 

of the O2ô- and O3ô-hydroxyl groups of ATP was used for the attachment of the 

labels.[36,79-92] This is probably due to the ease of the synthesis of these analogues. 

When studying binding of these ATP analogues to a protein of interest, it has to be 
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considered that the binding characteristics of these unoptimized analogues can be 

significantly different to those of ATP. Optimizing the attachment modes to ATP 

would allow studying ATP binding by analogues that are closer to the natural 

situation. 

Furthermore, attachment to the O2ô- and O3ô-position has mainly been 

performed using ester- or carbamate attachment. These attachment modes are 

prone to isomerization (Fig. 1.9.) and consequently mixtures of the two isomers have 

to be used.[93,94] These isomers can have significantly different properties making 

data analysis difficult.[95] Therefore, also for modifications at the O2ô- and O3ô-position 

it would be of interest to obtain analogues that are stably modified and can be used 

in regioisomerically pure form. 

1.3. Synthesis of Modified ATP Analogues 

1.3.1. Synthesis of ATP Analogues Modified at the Nucleoside 

As described in chapter 1.2.4. ATP analogues modified at the nucleoside have 

various applications especially concerning ATP binding. In general, two strategies 

exist to construct ATP analogues modified at the nucleoside. The modification can be 

attached to the already existing nucleoside triphosphate or modification can be 

performed on the nucleoside level followed by triphosphate synthesis. 

 

Fig. 1.10.: Transformations that can be used to introduce modifications to ATP on the triphosphate 

level. A) An activated carboxylic acid can be coupled to the hydroxyl groups of the ribose. The 

modified ATP analogue is obtained as mixture of the O2ô- and O3ô-regioisomeres.
[86,96-99]

 B) 6-Chloro-

9-(b-D-ribofuranosyl)-purine triphosphate can be reacted with amines to give N6-modified ATP 

analogues.
[100]

 C) Modifications at the C8-position can be introduced by a Suzuki-Miyaura cross-

coupling reaction using C8-bromoadenosine triphosphate.
[101] 

Performing the reaction on the triphosphate level requires very mild conditions 

that do not affect the existing triphosphate chain. Therefore, only a limited number of 

modifications can be introduced in this way. Modifications of the O2ô- and O3ô-

position using an ester attachment can be introduced in this manner (Fig. 1.10. 
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A).[86,96-99] Activating the carboxylic acid of interest with one of the common activating 

reagents, e.g. CDI, and subsequent coupling to ATP results in this kind of molecules. 

It is this straight-forward synthesis method that explains the widespread use of these 

analogues. Modifications at the N6-position have also been introduced at the 

nucleotide level (Fig. 1.10. B).[100] For this purpose, 6-chloro-9-(b-D-ribofuranosyl)-

purine triphosphate is first synthesized. This molecule can then be labeled with 

various amines using a nucleophilic aromatic substitution reaction. Also modification 

of the C8-position has been shown by a Suzuki-Miyaura coupling of C8-

bromoadenosine triphosphate with boronic acids (Fig. 1.10. C).[101] Despite these 

examples, modification at the triphosphate level is not feasible for the construction of 

ATP analogues with many other substitution patterns. 

 

Fig. 1.11.: Two possible protection group free synthesis methods for ATP analogues. A) 

Phosphorylation of the O5ô-position of adenosine is performed using phosphorous oxychloride and 

subsequent hydrolysis. The monophosphate is then coupled to pyrophosphate to give the 

triphosphate.
[111-113]

 B) One-pot procedure for the preparation of ATP analogues.
[114-116]

 Adenosine is 

phosphorylated at the O5ô-position with phosphorous oxychloride giving the dichlorophosphate. This is 

in the same pot reacted with pyrophosphate to give the cyclic trimetaphosphate, which upon 

hydrolysis yields the linear triphosphate. 

In contrast, modification of almost all positions of the nucleoside can be 

performed on the nucleoside level with tailored attachment modes in a straight-

forward manner using various synthetic procedures.[102-110] These analogues have to 

be transferred to the corresponding triphosphate in an additional step. For this 

purpose the nucleoside can either be transformed into a monophosphate and then 

coupled to pyrophosphate (Fig. 1.11. A)[111-113] or the triphosphate can be 

constructed in a one-pot reaction (Fig. 1.11. B).[114-116] A widely applied method to 

obtain triphosphates in a one-pot procedure is based on the discovery by M. 

Yoshikawa et al. that unprotected nucleosides can be specifically phosphorylated 

with phosphorous oxychloride at the O5ô-position.[114] In a methodology developed by 

J. Ludwig[115] and modified by T. Kovács and L. Ötvös[116] the adenosine analogue is 

treated with phosphorous oxychloride in trimethylphosphate in the presence of proton 
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sponge. This leads to the formation of the O5ô-dichlorophosphate. This molecule is in 

the same pot reacted with tetrabutylammonium pyrophosphate in DMF yielding the 

cyclic trimetaphosphate. This is in turn opened by the addition of water giving the 

desired linear triphosphate. Due to the mild reaction conditions this methodology can 

be applied for the synthesis of ATP analogues bearing various substitution patterns. 

Alternatively, triphosphates can also be synthesized in one pot using 

phosphorous(III) reagents and subsequent oxidation of the reaction product.[117] 

1.3.2. Synthesis of ATP Analogues Modified at the Phosphate Chain 

Analogues of ATP that are modified at the phosphate chain have been shown to be 

interesting substrates e.g. for labeling proteins using protein kinases[118-122] or for 

studying RNA polymerases[123]. Different methods have been published to modify the 

phosphate chain of ATP. 

 

Fig. 1.12.: Methods for the synthesis of triphosphates modified at the phosphate chain. A) ATP is 

activated with a carbodiimide activation reagent (e.g. DCC or EDC) to give the cyclic 

trimetaphosphate.
[124]

 This can be reacted with nucleophiles to give g-modified ATP analogues.
 [118-

122,125-128]
 B) ADP is activated with CDI to give the phosphoimidazolate.

[129]
 This can be reacted with a 

modified phosphate to give g-modified ATP analogues. 

ATP can be activated using carbodiimide reagents that are typically used for 

the activation of carboxylic acids, like EDC or DCC (Fig. 1.12. A).[124] This results in 

the formation of a cyclic trimetaphosphate. This species can be reacted with several 

nucleophiles like amines[118-122,125-127] or phenols[128] to give g-modified ATP 

analogues. ATP analogues modified at the g-phosphate via an oxygen-linkage can be 

obtained by activating ADP with CDI and coupling of the activated diphosphate to a 
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monophosphate (Fig. 1.12. B).[129] Alternatively, the monophosphate can be 

activated, typically with CDI, and coupled to the diphosphate.[127] Furthermore, there 

is one report of the direct alkylation of the g-phosphate of ATP using an alkyl bromide 

to give the corresponding g-modified ATP analogue.[128] 

 

Fig. 1.13.: Method for the synthesis of d-modified adenosine tetraphosphate analogues. ATP is 

activated using a carbodiimide activating reagent to give the cyclic trimetaphosphate.
[135]

 This is 

reacted with a modified phosphate to give d-modified adenosine tetraphosphate analogues. 

For certain applications it has been shown that d-modified nucleoside 

tetraphosphates are superior substrates then the g-modified triphosphates.[125,128,131-

134] The d-modified tetraphosphate analogues can be manufactured in an analogous 

fashion as the ATP analogues modified at the g-phosphate via an oxygen-linkage 

(Fig. 1.13.). ATP is activated to give the cyclic trimetaphosphate and then coupled to 

a monophosphate[135] or the monophosphate is activated with CDI and coupled to the 

triphosphate[136]. 

Although ATP analogues modified at the phosphate chain have been used to 

study different enzymes, a systematic study of their synthesis and stability has not 

been performed. 

1.4. Förster Resonance Energy Transfer (FRET) Based Probes 

1.4.1. Theoretical Basis of FRET 

 

Fig. 1.14.: Jablonski diagram
[138]

 of an isolated fluorophore. After excitation from the ground state (S0) 

by absorption of light the fluorophore has several ways to relax back to the ground state. Thin lines: 

vibrationally excited states of the respective electronic state. IC: internal conversion. Triplet states are 

omitted for clarity. 
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Förster resonance energy transfer (FRET) is a radiationless transfer of the 

excitation energy of a fluorescent donor to an acceptor dye that occurs in a range of 

donor-acceptor distances of 2 nm to 10 nm.[137] Its theoretical basis is described in 

the following. 

The process of excitation and relaxation of a fluorophore is best visualized in a 

Jablonski diagram (Fig. 1.14.).[138] When an isolated fluorophore is excited from the 

ground state S0 to a vibrationally excited S1 state, it relaxes quickly to the vibrational 

ground state of S1 by internal conversion, i.e. by release of heat.[139] From the S1 

state the fluorophore has, if triplet states are not significantly populated, two possible 

ways to relax to the S0 state. On the one hand the energy can be released as heat by 

internal conversion in a radiationless process.[139] On the other hand, a photon can be 

emitted in a process called fluorescence.[140] This photon is usually of smaller energy 

and therefore longer wavelength then the initially exciting photon (Stokes shift).[141] 

This is, because some energy is released via internal conversion from the 

vibrationally excited S1 to the vibrational ground-state of S1 and due to the fact that 

fluorescence can also occur to vibrationally excited states of S0. The amount of 

photons emitted upon excitation by one photon is the fluorescence quantum yield 

and depends on the ratio of the rate of fluorescence compared to the rate of all 

radiationless deactivation mechanisms.[142] 

 

Fig. 1.15.: Jablonski diagram of two fluorophores that are in close proximity and have matching 

characteristics for FRET. After excitation from the ground state (S0) by absorption of light the donor 

fluorophore can transfer its energy to the acceptor via radiationless coupling of the transition dipoles of 

the two dyes (FRET). Thin lines: vibrationally excited states of the respective electronic state. IC: 

internal conversion. Triplet states are omitted for clarity. 

If a second dye is in close proximity to the excited fluorophore the excitation 

energy can be transferred using the FRET mechanism (Fig. 1.15.).[137] This 

radiationless energy transfer relies on the coupling of the transition dipole moments 

of the two fluorophores. Due to this additional deactivation mechanism for the first 
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fluorophore its fluorescence quantum yield and therefore fluorescence intensity is 

reduced. The second fluorophore is after FRET in an excited state, normally a 

vibrationally excited S1. This relaxes to the ground-state of S1 and then has the 

described two possibilities to relax to the S0 state, namely internal conversion or 

fluorescence. 

Ὁ  
Ὑ

Ὑ ὶ
 

Fig. 1.16.: Formula for the FRET efficiency. E = FRET efficiency, R0 = Förster radius, r = donor-

acceptor distance.
[142] 
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Fig. 1.17.: Formula for the Förster radius. The first term contains factors that are either constant or 

cannot be directly influenced by design of the donor-acceptor pair. R0 = Förster radius, Q0 = quantum 

yield of the donor in the absence of the acceptor, J = spectral overlap integral of the fluorophores, k
2
: 

dipole orientation factor, n = refractive index of the medium, NA = Avogadroôs number.
[142] 

The efficiency of this FRET process critically depends on different 

parameters.[142] The formula for the FRET efficiency shows that it is dependent on the 

inverse sixth power of the distance of the two fluorophores and mainly changes in the 

region of the Förster radius R0 (Fig. 1.16.).[137] R0 is the distance of the two 

fluorophores at which the FRET efficiency is 50%. It depends on various parameters 

(Fig. 1.17.).[142] Many of these are either constant or cannot be directly influenced by 

the choice of the dyes. Furthermore, it depends on the fluorescence quantum yield of 

the donor, which should be as high as possible to obtain a large Förster radius, and 

the spectral overlap of the emission of the fluorescence donor with the absorption of 

the fluorescence acceptor. The better these characteristics of the two dyes match the 

higher is the FRET efficiency at the same donor-acceptor distance. The choice of the 

two fluorophores is therefore critical to obtain high FRET efficiency. 

 

Fig. 1.18.: General principle of FRET based probes to study enzymatic hydrolysis. In the non-cleaved 

state upon excitation of the fluorescence donor, the excitation energy is transferred to the 

fluorescence acceptor due to FRET. After cleavage and dissociation of the dyes by diffusion FRET is 

no longer possible. If the dyes are significantly closer to each other than the Förster radius in the non-

cleaved state, the FRET efficiency changes from almost complete FRET to no FRET. This large 

change in FRET efficiency can be used for the very sensitive detection of enzymatic activity. 



1. Introduction 
 

18 
 

The fact that makes FRET most interesting for various applications is its 

dependence on the donor-acceptor distance (Fig. 1.16.).[142] If this distance changes 

e.g. in a probe to study enzymatic activity during the action of the enzyme, the 

change of the FRET efficiency can be used as direct measure of this activity.[143] In 

the easiest scenario (Fig. 1.18., see also chapter 1.4.2.) the two dyes are attached to 

each other, fixing them at a donor-acceptor distance that is shorter than the Förster 

radius in the original state resulting in high FRET. After enzymatic activity the two 

dyes are separated which results, after diffusion, in an almost infinite distance 

between the dyes. In this way the FRET efficiency changes to almost 0 in the 

cleaved state. This high change in FRET efficiency can be used for the construction 

of very sensitive probes for enzymatic activity. 

 

Fig. 1.19.: The two cases of possible FRET based enzyme probes. A) When a non-fluorescent 

acceptor dye is used, cleavage of the FRET probe results in a rise of fluorescence at one wavelength. 

B) When a fluorescent acceptor is used, fluorescence of the acceptor can be measured in the non-

cleaved probe. After cleavage this fluorescence is reduced accompanied by a rise of donor 

fluorescence at shorter wavelengths. This change at two wavelengths in opposite directions allows 

monitoring of cleavage independent of probe concentration (ratiometric FRET probe). 

Depending on the characteristics of the fluorescence acceptor two different 

cases to use this effect for measuring enzyme activity are distinguished.[143] If the 

fluorescence acceptor has a fluorescence quantum yield of approx. 0, it is referred to 

as a dark-quencher as no fluorescence can be observed after FRET (Fig. 1.19. A). 

Probes using a dark-quencher are non-fluorescent as long as FRET occurs and 

show fluorescence after termination of FRET e.g. after cleavage by an enzyme of 

interest. They are therefore referred to as fluorescence turn-on probes. If the 

fluorescence acceptor shows significant fluorescence, its emission can be observed 

as long as FRET occurs (Fig. 1.19. B). As an additional step of internal conversion 
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occurs in the S1 state of the donor, this emission is of longer wavelength than the 

emission of the fluorescence donor. FRET therefore results in a change in the 

fluorescence characteristics in a way that fluorescence at longer wavelength of the 

fluorescence acceptor is high as long as FRET occurs and is diminished upon 

termination of FRET. This is accompanied by a rise of the fluorescence at shorter 

wavelengths by the fluorescence donor. Therefore, the fluorescence intensity 

changes at two wavelengths in opposite directions. The ratio of this two fluorescence 

intensities can be used to quantify FRET efficiency in a concentration independent 

manner. Probes based on this principal are referred to as ratiometric FRET probes. 

1.4.2. FRET Probes for Studying Enzymatic Hydrolysis 

Enzymatic substrates labeled with two fluorophores that largely changes their 

fluorescence characteristics upon cleavage due to the termination of FRET as 

described (chapter 1.4.1.) have been used to study various enzymes.[143] 

The enzyme family that has been most widely studied in this instance is the 

family of proteases. The method has been introduced to this field by Matayoshi et al. 

in 1990.[144] A peptide sequence that contains the specific cleavage site of the 

protease of interest is synthesized and labeled at both termini with a fluorescence 

donor and a fluorescence acceptor, respectively. This concept could be used for the 

detection of the activity of various proteases using incorporation of the specific 

cleavage site into the peptide sequence.[145,146] Furthermore, using a library of doubly 

labeled peptides this method could also be applied to screen for the specific 

cleavage site of a protease of interest.[147] 

It has been demonstrated that this methodology can also be applied for in 

cellulo applications.[148-151] For this purpose cell permeable constructs have been 

synthesized and used for the detection of protease activity in cells. In one study this 

was used to directly visualize that localization of a protein does not have to directly 

correlate with protein activity.[152] In this case, collagenase was used to cleave a 

doubly labeled collagen analogue. Whereas the protein was almost equally 

distributed in the whole cell, collagenase activity could only be detected at the front of 

the cell, while migrating through a collagen matrix. This demonstrates the power of 

this approach to study enzymatic activity in a cellular context and in this way answer 

questions that cannot be explained solely by protein localization. 

Proteases are ideal substrates for this approach as they have a highly specific 

cleavage sequence allowing detection of one protease in the context of all other 

proteases present in the cell. Additionally, they are very tolerant to changes in the 

periphery of the peptide allowing them to accept substrates with two labels as 

needed for this approach. 
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Different other enzymes have also been studied using this approach in vitro. 

These include e.g. disulfide reductases,[153] b-lactamases,[154] phospholipases,[155-157] 

phosphodiesterases[158] and glycosidases[159]. For some of these enzymes it has also 

been possible to perform in cell studies.[153,154,156,157] 
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2. Aim of This Work 

The aim of this work was the development of novel ATP based probes to study the 

activity of ATP hydrolyzing enzymes continuously and without the need of additional 

enzymes or reagents. 

For this purpose a novel assay for ATP hydrolyzing enzymes was envisaged. 

This assay relies on ATP analogues linked to two fluorophores able to undergo FRET 

(Fig. 2.1.). In such an ATP analogue emission of the fluorescence donor (D) should 

be quenched due to intramolecular transfer of the excitation energy to the 

fluorescence acceptor (A). If the two dyes are properly attached to the ATP 

analogue, they should be separated upon cleavage by an ATP cleaving enzyme of 

interest. For this purpose, one of the dyes has to be attached to the nucleoside core 

and the other one has to be attached to the phosphate chain. In this case, after 

cleavage FRET should no longer be possible resulting in a large change in 

fluorescence characteristics. 

 

Fig. 2.1.: Concept of the doubly labeled ATP analogues to study ATP consumption. In the non-

cleaved state excitation of the fluorescence donor should result in transfer of the excitation energy to 

the acceptor via FRET and fluorescence of the acceptor should be observed. Upon cleavage FRET 

should no longer be possible and direct donor emission should be detected. Cleavage of the a-b-

phosphoanhydride bond is exemplarily shown. Modified from [1]. Copyright 2013 Wiley-VCH. 

As doubly labeled ATP analogues had not been synthesized beforehand, a 

synthesis strategy for these analogues should be established. First, the possible 

attachment modes to the phosphate chain should be tested to evaluate, which kind of 

modification at this position can be used to obtain stable ATP analogues. Next, using 

attachment to the O2ô position of adenosine, at which a modification is well accepted 

by several enzymes,[36,79-92] a synthesis strategy for doubly labeled ATP analogues 

should be elaborated. This should be used to synthesize several doubly labeled ATP 

analogues bearing different combinations of fluorescent dyes to show the 

applicability of the synthesis strategy. 

Next, the fluorescence characteristics of the synthesized ATP analogues 

should be tested. For this purpose, a straight-forward method to quantitatively cleave 
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the ATP analogues should be elaborated. The fluorescence characteristics of both 

the non-cleaved and the cleaved state should be measured and used to evaluate the 

change of fluorescence upon enzymatic cleavage. This information should be used to 

find the combination of dyes that is best suited to study ATP hydrolyzing enzymes 

using the envisaged approach. 

Next, doubly labeled ATP analogues should be used to study the enzymatic 

activity of the kinesin Eg5 and of ubiquitin and ubiquitin-like activating enzymes. As 

two bulky modifications have to be attached to ATP for this approach, their 

attachment modes should be optimized. For this purpose several ATP analogues 

modified at the nucleoside should be synthesized to identify the attachment site at 

the nucleoside core of ATP, at which modification is best accepted by the respective 

enzyme. Furthermore, the stable modifications of the phosphate chain should be 

investigated on their substrate properties using these enzymes. Once a possible 

mode of attachment is found for both modifications needed, a tailored ATP analogue 

should be synthesized using the optimized combination of dyes. This analogue 

should then be used to evaluate its fluorescence characteristics and its acceptance 

by the respective enzyme. 

 Finally, the tailored ATP analogue should be used to set up an in vitro assay 

for the enzyme of interest relying on its change in fluorescence characteristics. The 

scope and possible applications of this method should be evaluated.  
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3. Results and Discussion 

3.1. Synthesis and Stability of ATP Analogues Modified at the 
Phosphate Chain 

3.1.1. Synthesis of ATP Analogues Modified at the Phosphate Chain 

For the envisaged approach to study ATP hydrolyzing enzymes, ATP has to be 

modified at two different positions ï at the nucleoside core and at the phosphate 

chain. Several positions are available for modification at the nucleoside core, but only 

attachment to the terminal phosphate of the phosphate chain is feasible. In this way 

the type of linkage to the phosphate chain could be crucial for the acceptance of 

these probes by the enzyme of interest. Furthermore, stability of the attachment to 

the phosphate chain could be an issue. Therefore, ATP analogues bearing different 

linkages to the phosphate chain were synthesized to investigate their stability as well 

as, later on, their acceptance by the respective enzymes. 

 

Fig. 3.1.: Structure of the three g-modified ATP analogues used to study their stability. 

ATP analogues modified at the phosphate chain have already been shown to 

be substrates of different enzymes, e.g. protein kinases[118-122] and RNA 

polymerases[123], and are therefore an interesting class of molecules. Nevertheless, 

the synthesis and stability of different kinds of these analogues had never been 

studied systematically. To address this issue, three ATP analogues were designed 

and synthesized (Fig. 3.1.). Nitrogen- and oxygen-linked analogues, like compound 1 

and 2, have already been reported.[118-122,125-129] Carbon-linked nucleotides, like 

compound 3, were previously unknown, but hold the potential to broaden the scope 

of probes to study ATP hydrolyzing enzymes. 

All of the analogues bear an azidohexyl-linker at the terminal phosphate. This 

linker was chosen as the azide is stabile to a wide range of conditions and should not 

be affected during the stability tests. Furthermore, it can be used for copper-

catalyzed azide-alkyne cycloaddition (CuAAC)[160-162], reduced to an amine that can 

be used for further labeling or transformed by one of many other specific 

reactions[163]. In this way, this modification is also a valuable starting point for further 

functionalization of the nucleotides. 

Nitrogen-linked nucleotides can be easily synthesized starting from unmodified 

ATP by activation of the phosphate chain to give the cyclic trimetaphosphate and 

subsequent ring opening using the desired amine (Scheme 3.1.).[118-122,125-127] In this 
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case, the reaction between the sodium salt of ATP and 6-azidohexylamine[164] was 

performed in an aqueous system at pH 6.0 using EDC as the activator giving 

compound 1 in 12% yield. This synthesis strategy should be easily adaptable to 

doubly modified ATP analogues. 

 

Scheme 3.1.: Synthesis of nitrogen-linked triphosphate 1. 

For the synthesis of oxygen-linked ATP analogues, the coupling of a 

nucleoside diphosphate with the monophosphate of the linker is usually used.[127] For 

this approach, two phosphorylated compounds have to be available prior to coupling. 

In the case of unmodified nucleosides this is not a large challenge as natural 

nucleoside diphosphates are commercially available and the monophosphate of the 

linker can be easily prepared from the corresponding alcohol. In contrast, for the 

synthesis of the doubly labeled nucleotides envisaged here, modified nucleoside 

diphosphates need to be produced, which is usually a difficult task and results in low 

yields. 

Therefore, an alternative synthesis strategy for this kind of molecules had to 

be established. In this context, direct alkylation of a nucleoside triphosphate using an 

alkyl bromide in water had been reported once.[130] This strategy has the advantage 

that only one phosphorylated compound has to be synthesized and that the required 

nucleoside triphosphate is more readily synthesized than a nucleoside diphosphate. 

Additionally, a variety of commercially available or readily synthesizable alkylating 

reagents is available to be tested in this reaction. 

The applicability of this kind of reaction was explored using the reaction of 

ATP with 1-bromopentane as model reaction (Fig. 3.2.). Using the disodium salt of 

ATP in a two phase system of either water and diethyl ether or water and chloroform 

did not result in formation of the desired product. Therefore, strictly anhydrous 

conditions were evaluated for this reaction. As the disodium salt of ATP is poorly 

soluble in organic solvents, an alternative ATP salt had to be used. For this purpose, 

a column containing CHELEX-100 ion-exchange resin was pre-equilibrated with 

tetrabutylammonium bromide and washed with deionized water. By passing the 

disodium salt of ATP through this column it was transformed into its 

tetrabutylammonium salt. This salt of ATP is readily soluble in organic solvents. 
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Fig. 3.2.: Evaluation of the alkylation of ATP with 1-bromopentane using various conditions. 
1
No 

product detected by RP-HPLC. 
2
Isolated yield after ion-exchange chromatography and RP-HPLC. 

Modified from [4]. Copyright 2012 American Chemical Society. 

Using the tetrabutylammonium salt of ATP and 1-bromopentane the alkylation 

reaction was evaluated in DMF and DMSO. To further exclude water from the 

reaction mixture both reagents were separately dissolved in the respective solvent 

and dried over molecular sieves in a nitrogen atmosphere overnight at room 

temperature. After unification of the two solutions the reaction was stirred at room 

temperature overnight. Performing the reaction in DMSO gave 20% of the mono-

alkylated ATP analogue. Conducting the same reaction in DMF gave 17% of this 

product. As the yields are quite similar and as DMF is more volatile than DMSO and 

therefore easier to handle, DMF was chosen as solvent for this kind of reactions. 

Using these conditions, the tetrabutylammonium salt of ATP was next reacted with 6-

azido-1-bromohexane[165] to obtain the originally envisaged compound 2 (Scheme 

3.2.). This compound was obtained in 22% yield. 

 

Scheme 3.2.: Synthesis of oxygen-linked triphosphate 2. 

To prove the regiochemistry of the mono-alkylated ATP analogue NMR 

studies were performed. Initially, attachment to the phosphate chain was proven 

using the 1D 1H- and 13C-NMR spectra of compound 2 (Fig. 3.3.). In the 1H-NMR 

spectrum the signal of the methylene group of the 6-azidohexyl linker, which is 

directly attached to ATP, was observed as pseudo-quartet with a coupling constant of 

J = 6.5 Hz. This shows that, besides the vicinal coupling to the two protons of the 

adjacent methylene group, a further coupling nucleus is in close proximity. This 

would not be the case, if the linker would be attached at any carbon, oxygen or 
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Fig. 3.3.: 
1
H- (A) and 

13
C-NMR (B) of the methylene group of the 6-azidohexyl-linker in compound 2, 

which is directly attached to ATP. 

 

Fig. 3.4.: 
1
H-

31
P-HMBC-NMR of compound 2. Coupling between the a-phosphate (Pa) and the 5ô-

protons of ATP (H-5ô) as well as between the g-phosphate (Pg) and the protons of the methylene group 

of the azidohexyl-linker, directly attached to ATP, was observed. 

nitrogen of the nucleoside, but points towards attachment to the phosphate chain. 

The same conclusion can be drawn from the 13C-NMR, in which the carbon of the 

same methylene group was observed as a doublet with a coupling constant of J = 6.2 

Hz. In this way the two 1D NMR spectra show that the linker is attached to the 

phosphate chain. 
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To additionally prove the attachment to the g-phosphate a 2D 31P-1H-HMBC 

experiment was conducted (Fig. 3.4.). In this experiment coupling of 1H and 31P 

nuclei mediated via four to five covalent bonds should be observable. In the case of 

compound 2 coupling of the two diastereotopic protons of the 5ô-methylene group of 

ATP to one phosphorous atom resonating at d = -11.7 ppm was observed. 

Additionally, coupling of the methylene group of the linker, directly attached to ATP, 

was observed to a phosphorous resonating at d = -11.2 ppm. Due to the chemical 

shifts, it can be concluded that these are the two terminal phosphates of the 

phosphate chain. As it is known that the nucleoside is attached to the a-phosphate 

via its 5ô-methylene group and as the methylene group of the linker couples to the 

other terminal phosphate, the linker is attached to the g-phosphate of ATP. This 

proofs that the desired compound 2 was obtained using this new alkylation reaction. 

 

 

Scheme 3.3.: Evaluation of the scope of the alkylation reaction using different alkylation reagents. The 

azido-modified ATP analogues were synthesized by M. Welter during his bachelor thesis.
[166] 

To further evaluate this methodology the reaction of tetrabutylammonium ATP 

with further alkylating reagents was performed (Scheme 3.3.). M. Welter could show 

in his bachelor thesis that compound 2 is also obtained in 23% yield using the same 

reaction conditions and 6-azidohexyl tosylate as the alkylating reagent.[166] He could 

further demonstrate that the same holds true for five further ATP analogues modified 

with different azide containing linkers at the g-phosphate.[166] Furthermore, g-(pent-4-

yn-1-yl)-ATP was synthesized using pent-4-yn-1-yl tosylate as alkylating reagent in 

15% yield. Taken together, this shows that alkylation of ATP is a versatile strategy to 

obtain ATP analogues modified at the g-phosphate and that this strategy should be 

easily adapted for the alkylation of ATP analogues modified at the nucleoside to 

obtain doubly modified, oxygen-linked ATP analogues. 

Carbon-linked analogues of ATP, like compound 3, had not been explored 

before. As an alkylation approach, like the one used for the oxygen-linked analogues, 
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is not feasible in this case, coupling of tetrabutylammonium ADP with 7-azidoheptyl-

phosphonic acid was planned (Scheme 3.4.). ADP was activated with CDI to give the 

phosphoimidazolate and subsequently coupled to 7-azidoheptylphosphonic acid[167] 

in the presence on triethylamine to give 11% of the carbon-linked ATP analogue 3. 

 

Scheme 3.4.: Synthesis of carbon-linked triphosphate 3. 

Earlier studies had revealed that d-modified nucleoside tetraphosphates are 

better accepted by certain enzymes than g-modified nucleoside triphosphate 

analogues.[125,128,131-134] To broaden the scope of ATP analogues into this direction, 

the synthesis of oxygen- (compound 4) and carbon-linked (compound 5) d-modified 

adenosine tetraphosphate analogues was next pursued (Scheme 3.5.). In his 

bachelor thesis, M. Mex elaborated on a synthesis strategy for this kind of 

molecules.[167] He could show that activation of tetrabutylammonium ATP using EDC 

hydrochloride in DMF resulted in the formation of adenosine trimetaphosphate. This 

analogue was coupled to 6-azidohexyl phosphate[167] and 7-azidoheptyl-phosphonic 

acid[167] in the presence of triethylamine to give compound 4 and compound 5 in 24% 

or 28% yield, respectively. 

 

 

Scheme 3.5.: Synthesis of oxygen-linked tetraphosphate 4 and carbon-linked tetraphosphate 5 as 

established by M. Mex during his bachelor thesis.
[167] 

In summary, a novel synthetic strategy for oxygen-linked adenosine 

triphosphate analogues was elaborated. Furthermore, one analogue each of the so 

far not described carbon-linked adenosine tri- and tetraphosphate analogues was 

synthesized. In this way, five different types of ATP analogues modified at the 

phosphate chain could be obtained. 
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3.1.2. Stability of ATP Analogues Modified at the Phosphate Chain 

To show the applicability of the different kinds of ATP analogues modified at the 

phosphate chain for the synthesis of doubly labeled ATP analogues, their stability 

towards different pH conditions was evaluated. This stability is crucial to exclude non-

enzymatic hydrolysis, when these analogues are used to study enzymatic activity. 

To test stability, the different ATP analogues were incubated in buffer at 

different pH conditions, between pH 2 and pH 12, for 2 hours at 37 °C. The reaction 

mixtures were subsequently analyzed by analytical RP-HPLC. 

 

Fig. 3.5.: pH stability of nitrogen-linked triphosphate 1 (A) and oxygen-linked triphosphate 2 (B). The 

ATP analogue (100 mM) was treated at the indicated pH for 2 h at 37 °C and the reaction mixture was 

analyzed by analytical HPLC. The product obtained from compound 1 at acidic conditions (**) was 

identified as unmodified ATP by HR-ESI-MS. *: unaffected starting material. 

In the case of the nitrogen-linked ATP analogue 1 stability was observed at 

neutral pH and using alkaline conditions (Fig. 3.5. A). In contrast, using acidic 

conditions decomposition of the analogue was detected. Even at pH 5.5 first signs of 

degradation were observed. In all cases one major product was detected at acidic 

conditions. HR-ESI-MS revealed that this product is unmodified ATP resulting from 

acidic cleavage of the phosphorous-nitrogen bond. Using oxygen-linked ATP 

analogue 2 in the same set of experiments showed that this analogue is stable from 

pH 2 to pH 12 (Fig. 3.5. B). Carbon-linked ATP analogue 3 showed stability between 

pH 3 and pH 12 and only slight signs of degradation at pH 2 (Fig. 3.6.). 
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Fig. 3.6.: pH stability of carbon-linked triphosphate 3. The ATP analogue (100 mM) was treated at the 

indicated pH for 2 h at 37 °C and the reaction mixture was analyzed by analytical HPLC. *: unaffected 

starting material. 

In summary, nitrogen-linked analogues are not well suited for the development 

of doubly labeled ATP analogues as non-enzymatic hydrolysis of these analogues 

even at slightly acidic conditions has to be considered. In contrast, oxygen-linked 

ATP analogues, like compound 2, are stable over the whole pH range studied. 

Furthermore, the so far not explored, carbon-linked ATP analogues, like compound 

3, are stable from pH 3 to pH 12. Thus, this kind of molecules is an attractive 

alternative for the synthesis of ATP analogues modified at the phosphate chain. 

Next, oxygen- and carbon-linked adenosine tetraphosphate analogues 4 and 5 

were tested in the same assay (Fig. 3.7.). This revealed that both analogues show 

the same high stability as their shorter homologues. 
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Fig. 3.7.: pH stability of oxygen-linked tetraphosphate 4 (A) and carbon-linked tetraphosphate 5 (B). 

The ATP analogue (100 mM) was treated at the indicated pH for 2 h at 37 °C and the reaction mixture 

was analyzed by analytical HPLC. *: unaffected starting material. 

Taken together, four of the five tested kinds of ATP analogues modified at the 

phosphate chain were found to be stable to conditions ranging from pH 3 to pH 12 

(Fig. 3.8.). These analogues are therefore a set of molecules that can be used to 

systematically test the ability of different ATP hydrolyzing enzymes to utilize ATP 

analogues modified at the phosphate chain. They are a valuable tool-box to tailor 

ATP analogues modified at the phosphate chain for various applications.[118-123] 

Furthermore, they can be used for the design of stable doubly labeled ATP 

analogues as envisaged here. 

 

Fig. 3.8.: Structure of the five different ATP analogues studied on their stability. Oxygen-linked 

nucleotides 2 and 4 as well as novel carbon-linked nucleotides 3 and 5 showed stability from pH 3.0 to 

pH 12.0 and can be used as stable probes to study enzymatic activity and as starting points for the 

synthesis of doubly labeled ATP analogues. 
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3.2. Doubly Labeled ATP Analogues 

3.2.1. Concept for the Synthesis of Doubly Labeled ATP Analogues 

As doubly labeled ATP analogues had not been synthesized beforehand, a strategy 

for their synthesis had to be established. To be able to obtain ATP analogues with 

different kinds of labels in a straight-forward manner, the synthesis strategy was 

planned to attach the labels as late as possible. Therefore, ATP analogues modified 

with two linkers containing protected amines were envisaged. These should later on 

be used to attach the two labels using NHS ester chemistry. The two amine 

protection groups have to be orthogonal meaning that the first protection group has 

to be deprotected in the presence of the second. Furthermore, the second protecting 

group has to be removed in the presence of the first label. Therefore, this 

deprotection reaction has to be as mild as possible to be tolerated by various labels. 

 

Scheme. 3.6.: Strategy for the labeling of doubly modified ATP analogues. 

An azide and a trifluoroacetamide were chosen as amine protecting groups 

(Scheme 3.6.). First, the trifluoroacetamide is deprotected to give the first amine 

using alkaline conditions[168,169] leaving the azide completely unaffected. After 

coupling of the first label, the azide can be reduced to the amine using a Staudinger 
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reaction with a phosphine as reducing agent.[170,171] This reaction is conducted at 

room temperature at slightly alkaline conditions to ensure deprotonation of the 

phosphine. These conditions should be tolerated by a large selection of labels. 

 

Scheme 3.7.: Strategy for the synthesis of doubly modified ATP analogues. 

To be able to use this labeling strategy, a doubly modified ATP analogue 

containing two linkers attached to an azide and a trifluoroacetamide, respectively, 

has to be synthesized (Scheme 3.7.). For this purpose, the synthesis strategy starts 

with a linker modified adenosine that is, depending on the site of modification, 

synthesized from a commercially available nucleoside. This adenosine analogue is 

then transferred to the triphosphate. The second modification is introduced using one 

of the synthetic methods for modification of the phosphate chain described earlier 

(chapter 3.1.1.) giving the doubly modified ATP scaffold. This analogue is then 

modified with two desired labels as described above. 

This strategy should allow the synthesis of doubly labeled ATP analogues 

having any combination of attachment modes to the nucleoside core and to the 

phosphate chain. Furthermore, due to the late attachment of the labels it should be 

easily used to construct a library of different doubly labeled ATP analogues from one 

common doubly modified scaffold. In this way the characteristics of various 

combinations of labels is easily investigated. 

3.2.2. Synthesis of Doubly Modified ATP Analogues 

To explore, whether this synthesis strategy is applicable, a doubly modified ATP 

analogue was synthesized using attachment to the O2ô-position and to the g-

phosphate via an oxygen-linkage. The O2ô-position was chosen as modification at 

the ribose hydroxyls is accepted by several ATP hydrolyzing enzymes.[36,79-92] The 

oxygen-linkage to the g-phosphate was chosen as it is stable over a wide range of 

conditions as shown earlier (chapter 3.1.2.). 
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Scheme 3.8.: Synthesis of a doubly modified ATP scaffold bearing an amine at the O2ó-position and 

an azide at the g-phosphate.  

The synthesis (Scheme 3.8.) started with adenosine that was regioselectively 

alkylated at the O2ô-position using sodium hydride and 6-azido-1-bromohexane[165] in 

36% yield to give compound 6. Regiochemistry was established using 2D COSY 

NMR spectroscopy (Fig. 3.9.). In this spectrum, coupling between the H-3ô-proton 

and the OH-3ô-proton, as well as between the two H-5ô-protons and the OH-5ô-proton 

was observed, whereas no coupling from the H2ô-atom to any OH-atom was 

observed. This shows that the 2ô hydroxyl group is modified with the linker containing 

the azide. The azide was next reduced giving the amine and in situ protected to give  

 

 

Fig. 3.9.: COSY-NMR of compound 6 showing that alkylation proceeded at the O2ô-position. 
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the trifluoroacetamide in compound 7 in 93% yield. Triphosphate synthesis[114-116] 

gave compound 8 in 57% yield. This triphosphate was alkylated at the g-phosphate 

using 6-azido-1-bromohexane[165], as described above. Deprotection of the 

trifluoroacetamide gave the doubly modified ATP scaffold 9 in 25% yield over the last 

two steps. This molecule already contains the first amine ready for conjugation and 

the azide that can be reduced to the second amine after attachment of the first label. 

Next, the scaffold with the interchanged protecting group pattern was also 

synthesized (Scheme 3.9.). Starting from O2ô-(6-azidohexyl)-adenosine 6 the 

triphosphate 10 was synthesized[114-116] in 39% yield. This analogue was alkylated at 

the g-phosphate using 6-iodo-1-trifluoroacetamido-hexane[172]. Deprotection using 

aqueous ammonia gave doubly modified ATP analogue 11 in 25% yield over the last 

two steps. 

 

Scheme 3.9.: Synthesis of a doubly modified ATP scaffold bearing an azide at the O2ó-position and an 

amine at the g-phosphate. 

In this way, the ATP scaffold modified with two linkers at the O2ô-position and 

the g-phosphate was synthesized with both arrangements of the azide and the 

trifluoroacetamide using the synthesis strategy described earlier (chapter 3.2.1.). 

3.2.3. Synthesis of the Dyes 

 

Scheme 3.10.: Synthesis of the cyanine dyes Cy3 15 and Cy5 16. 
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To test the fluorescence characteristics of various doubly labeled ATP 

analogues different combination of dyes had to be attached to the doubly modified 

ATP scaffold using their NHS esters. As quite large amounts of dyes are needed for 

these synthesis efforts, synthesis of these dyes was performed. 

Cyanine dyes are especially well suited for FRET applications at short donor-

acceptor distances as used in the envisaged probes.[173] Therefore, the syntheses of 

the fluorophores Cy3 15 and Cy5 16 were conducted in analogy to the literature 

(Scheme 3.10.).[174] The synthesis started with the indolenine 12, which was 

alkylated using methyl iodide and bromohexanoic acid to give indolenine 13 in 58% 

and indolenine 14 in 37%, respectively.[174] 

 

Scheme 3.11.: One-pot synthesis of cyanine dyes as exemplarily shown for Cy3 15. 

The two indolenines were coupled to give the cyanine dyes using an 

established one-pot procedure (Scheme 3.11.).[174] To obtain the Cy3 15 the 

indolenine 14 was incubated with diphenylformamidine in acetic anhydride at 120 °C 

resulting in mono-substitution of diphenylformamidine. The reaction was cooled to 

room temperature and the indolenine 13 and pyridine were added to finally obtain the 

unsymmetrically substituted Cy3 15 in 42% yield. The same reaction sequence using 

malonaldehyde diphenylimine hydrochloride instead of diphenylformamidine gave 

Cy5 16 in 35% yield.[174] Both dyes were converted to their NHS esters using 

disuccinimidyl carbonate in DCM in the presence of DIPEA for 12 hours at room 

temperature in 70% and 77% yield, respectively. 

For the biochemical applications envisaged, water soluble dyes are highly 

desired. Although the cyanine dyes synthesized are quite polar, more hydrophilic 

analogues could be advantageous. Therefore, the sulfonated analogues Sulfo-Cy3 

20 and Sulfo-Cy5 21 were also synthesized (Scheme 3.12.). The synthesis started 

with para-hydrazino-benzenesulphonic acid, which was transformed to the indolenine 

17 using a Fischer indole-like synthesis in 29% yield.[175] This was alkylated using 

ethyl iodide or 6-bromohexanoic acid to give compound 18 in 99% and compound 19 

in 73%, respectively.[175] The synthesis of the sulfonated cyanine dyes 20 and 21 had 

not been reported in a one-pot procedure so far, but as the synthesis described 

above was successful for the non-sulfonated analogues, it was also attempted for the 

sulfonated counterparts. Coupling the indolenines 18 and 19 with 

diphenylformamidine gave good conversion to the desired dye Sulfo-Cy3 20. This 

was precipitated from the reaction mixture by addition of diethyl ether. This step is 
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crucial to obtain the pure dye. The precipitate was further purified by RP-HPLC to 

give Sulfo-Cy3 20 in 44% yield. Accordingly, Sulfo-Cy5 21 was prepared using 

malonaldehyde diphenylimine hydrochloride and precipitation using ethyl acetate in 

35% yield. Both dyes were transformed to their NHS esters using disuccinimidyl 

carbonate in DMF and pyridine in 75% yield, each. 

 

 

Scheme 3.12.: Synthesis of the sulfonated cyanine dyes Sulfo-Cy3 20 and Sulfo-Cy5 21. 

To be able to investigate ATP analogues with even longer wavelength of 

excitation and emission the dye Sulfo-Cy7 22 was also synthesized (Scheme 3.13.). 

Using the protocol established above with glutaconaldehyde diphenylimine 

hydrochloride as coupling reagent and ethyl acetate for precipitation Sulfo-Cy7 22 

was obtained in 3.5% yield. This was transformed to its NHS ester in 78%. It has to 

be noted that this NHS ester still contained approx. 60% of the free acid, but was, 

nevertheless, used for coupling. 

 

 

Scheme 3.13.: Synthesis of the sulfonated cyanine dye Sulfo-Cy7 22. 
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Scheme 3.14.: Synthesis of the dark quencher Eclipse 25. 

A doubly labeled ATP analogue can also contain a non-fluorescent instead of 

a fluorescent acceptor and in this way serve as fluorescent turn-on probe for the 

activity of ATP hydrolyzing enzymes (see chapter 1.4.1.). Therefore, the dark 

quencher Eclipse 25 was synthesized (Scheme 3.14.).[176] N-Methyl-aniline was 

alkylated with ethyl 4-bromo-butyrate giving aniline 23 in 63% yield.[177] The ester was 

saponified using NaOH in methanol and water to give aniline 24 in 76% yield.[177] 

Coupling with the diazonium salt of 2-chloro-4-nitro-aniline gave the Eclipse 

quencher 25 in 89% yield.[176] This was converted using N-hydroxysuccinimide and 

EDC hydrochloride in DMF to give 60% of the NHS ester. 

In conclusion, five different fluorescent dyes and one dark quencher were 

synthesized. For this purpose, a one-pot synthesis for the sulfonated cyanine dyes 

Sulfo-Cy3, Sulfo-Cy5 and Sulfo-Cy7 was elaborated. All dyes were transformed to 

their NHS esters and can subsequently be used for coupling to the doubly modified 

ATP analogues. 

3.2.4. Labeling of Doubly Modified ATP Analogues 

To evaluate the fluorescence characteristics of the different combinations of dyes, 

doubly labeled analogues were synthesized starting from the doubly modified ATP 

analogues 9 and 11. 

 

Scheme 3.15.: Synthesis of the ATP analogue 28, doubly labeled with the fluorophores Sulfo-Cy3 and 

Sulfo-Cy5, starting from compound 9. 
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First, the analogue containing the fluorophores Sulfo-Cy3 and Sulfo-Cy5 was 

synthesized (Scheme 3.15.). Starting from analogue 9 Sulfo-Cy5 was coupled to the 

free amine giving compound 26 in 70% yield. For this NHS ester coupling a buffered 

aqueous solution of 9 at pH 8.9 was utilized and the NHS ester of Sulfo-Cy5 was 

added as solution in DMF. The reaction proceeded at room temperature overnight. 

This protocol was also employed for all further NHS ester couplings. Next, the azide 

of compound 26 had to be reduced. For this purpose it was dissolved in a mixture of 

water, methanol and triethylamine (2:2:1, v/v) and treated with TCEP hydrochloride at 

room temperature overnight. These conditions leave the dye Sulfo-Cy5 completely 

intact and result in 68% yield of the amine in compound 27 after purification by RP-

HPLC. These conditions are a very mild method for the reduction of the azide and 

are suitable for the synthesis of various doubly labeled ATP analogues. Finally, the 

Sulfo-Cy3 NHS ester was coupled to the amine to give doubly labeled ATP analogue 

28 in 64% yield. The three step procedure for the labeling of 9 thus resulted in an 

overall yield of 30%. 

 

Scheme 3.16.: Synthesis of the ATP analogue 28, doubly labeled with the fluorophores Sulfo-Cy3 and 

Sulfo-Cy5, starting from compound 11. 

Compound 28 was also synthesized from doubly modified analogue 11 

(Scheme 3.16.). The synthesis was performed in an analogous fashion with the 

inverse order for the addition of the two NHS esters. This resulted in an overall yield 

of 28% over the last three steps showing that both synthesis sequences are equally 

well suited for the synthesis of doubly labeled ATP analogues. 

Using the same synthesis strategy starting from analogue 11 four further 

doubly labeled ATP analogues, bearing the combinations of Sulfo-Cy5/Sulfo-Cy7 

(35), Cy3/Cy5 (36), Sulfo-Cy3/Eclipse (37) and Cy3/Eclipse (38) were synthesized 

with yields between 4% and 31% over three steps (Scheme 3.17.). 
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Scheme 3.17.: Synthesis of five ATP analogues, doubly labeled with different combinations of dyes, 

starting from compound 11. 

3.2.5. Fluorescence Characteristics of Doubly Labeled ATP Analogues 

To test which of the combinations of dyes is best suited for studying ATP hydrolyzing 

enzymes, the fluorescence characteristics of the doubly labeled ATP analogues were 

investigated. For this purpose, a method to quantitatively cleave these analogues 

had to be established. 

The phosphodiesterase I from Crotalus adamanteus (Snake Venom 

Phosphodiesterase, SVPD) is known to unspecifically cleave different types of 

nucleotides and nucleic acids to give the corresponding nucleoside 

monophosphates.[178,179] To investigate, whether this enzyme is also able to cleave 

the synthesized doubly labeled ATP analogues, analogue 28 was incubated with and 

without SVPD in a buffer containing magnesium chloride for 30 minutes at 30 °C 

(Fig. 3.10.). The sample was analyzed by analytical RP-HPLC. After incubation 

without SVPD the probe remained completely unaffected as judged by only one peak 

eluting from the column that had the absorption characteristics of Sulfo-Cy3 and 

Sulfo-Cy5. The identity of this peak was verified by ESI-MS. In contrast, after 

incubation with SVPD two peaks eluted that exhibited the absorption characteristics 

of either Sulfo-Cy3 or Sulfo-Cy5, respectively. The peaks were identified as the 

monophosphate of the Sulfo-Cy5 labeled nucleoside and the diphosphate of the 

Sulfo-Cy3 labeled linker by ESI-MS. Treatment with SVPD is thus a well suitable 

method to prepare the completely cleaved state of the synthesized probes. Cleavage 

with SVPD was obtained for all analogues synthesized. Nevertheless, for the more 

apolar compounds 37 and 38 lower concentration of 10 mM had to be used. In the 
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case of compound 38 10% DMSO had to be used in the buffer. These conditions 

resulted in >98% cleavage for compound 37 and >95% cleavage for compound 38. 

 

Fig. 3.10.: 2D-RP-HPLC analysis of the incubation of ATP analogue 28 (100 mM) in the absence (A) 

or presence (B) of SVPD (2 mg/mL) in buffer containing 100 mM NaCl, 50 mM Tris-HCl (pH 7.9), 

10mM MgCl2 and 1 mM DTT for 30 min at 30 °C. The inlets show the molecules detected in the 

corresponding peaks and their ESI-MS data. All further RP-HPLC analyses of compounds 35 ï 38 are 

shown in the appendix. Modified from [3]. Copyright 2013 The Royal Society of Chemistry. 

By treatment with or without SVPD the completely cleaved and completely 

non-cleaved states of all ATP analogues were thus prepared. To evaluate the 

fluorescence characteristics all crude reaction mixtures were diluted to 1 mM of probe 

with PBS buffer and fluorescence was measured with excitation of the fluorescence 

donor (510 nm for Cy3 and Sulfo-Cy3, 610 nm for Sulfo-Cy5). 

In total, three combinations of two fluorophores were investigated. These 

analogues should mainly show fluorescence of the fluorescence acceptor in the non-

cleaved state due to FRET (see chapter 1.4.1.). Upon cleavage this fluorescence 

should decrease accompanied by a rise in donor fluorescence at shorter 

wavelengths. As the fluorescence changes at two wavelengths in opposite directions 

the ratio of both fluorescence intensities should be used to monitor cleavage 

independent of changes in probe concentration (ratiometric FRET probes). 
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Fig. 3.11.: Analysis of the fluorescence characteristics of the different doubly labeled ATP analogues. 

(A) General structure of the doubly labeled ATP analogues. D: fluorescence donor, A: fluorescence 

acceptor. (B-F) Fluorescence spectra of the different doubly labeled ATP analogues (100 mM) after 

incubation in the absence (black line) or presence (red line) of SVPD (2 mg/mL) in buffer containing 

100 mM NaCl, 50 mM Tris-HCl (pH 7.9), 10 mM MgCl2 and 1 mM DTT for 30 min at 30 °C. For the 

apolar analogues 37 and 38 the conditions were changed to 10 mM ATP analogue, 50 mM NaCl, 25 

mM Tris-HCl, 5 mM MgCl2 and 500 mM DTT. In the case of analogue 38 10% DMSO were additionally 

used. Fluorescence was measured from the crude reaction mixture after dilution to a probe 

concentration of 1 mM in PBS with excitation of the donor (510 nm for Sulfo-Cy3 and Cy3, 610 nm for 

Sulfo-Cy5). FI: fluorescence intensity. Modified from [3]. Copyright 2013 The Royal Society of 

Chemistry. 

In the case of ATP analogue 28 (Fig. 3.11., panel B), doubly labeled with 

Sulfo-Cy3 and Sulfo-Cy5, one observes almost exclusively fluorescence of the 

acceptor Sulfo-Cy5 at 670 nm in the non-cleaved state. Upon cleavage with SVPD 

fluorescence at this wavelength is reduced, accompanied by a rise of Sulfo-Cy3 

fluorescence at 570 nm. The ratio of both fluorescence intensities changes by a 

factor of approx. 140-fold during this reaction. Compound 28 is thus a very promising 

ratiometric FRET probe for ATP hydrolyzing enzymes. 

In the case of ATP analogue 35 (Fig. 3.11., panel C), bearing Sulfo-Cy5 and 

Sulfo-Cy7, an approx. 37-fold increase in donor fluorescence was observed upon 

cleavage. In contrast, fluorescence of the acceptor Sulfo-Cy7 cannot be observed in 

either state. This is probably due to the low fluorescence quantum yield of Sulfo-Cy7 

and due to additional quenching effects in the non-cleaved probe. The analogue 35 is 

thus no ratiometric FRET probe. It could be used as fluorescence turn-on sensor for 
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ATP hydrolyzing enzymes, but more efficient and stable acceptors are available for 

this purpose.[176,180] 

The third ATP analogue (36, Fig. 3.11., panel D) bearing two fluorophores 

was modified with the less polar dyes Cy3 and Cy5. These could have the advantage 

of passive cellular uptake and may thus be interesting for in cell applications.[181-183] 

Upon enzymatic cleavage the ratio of fluorescence intensity of the donor and the 

acceptor changes approx. 70 fold in this case, making the analogue interesting as 

ratiometric FRET probe. Nevertheless, solubility problems in aqueous buffer 

containing magnesium chloride arise with this analogue. For in vitro applications the 

soluble analogue 28 is thus superior. 

Besides the use of fluorescent acceptors, FRET based ATP analogues may 

also be designed using non-fluorescent quenchers (see chapter 1.4.1.). These 

analogues do not have the advantage of change of fluorescence at two wavelengths, 

but can still be easily used as fluorescence turn-on sensors for enzyme activity. 

The combination of Sulfo-Cy3 and the fluorescence quencher Eclipse was first 

investigated. The analogue bearing these dyes (37, Fig. 3.11., panel E), is almost 

completely quenched in the non-cleaved state. Fluorescence rises by a factor of 66 

upon cleavage. It is thus a good fluorescence turn-on sensor for its hydrolysis. 

Furthermore, this analogue is soluble in aqueous buffer making in vitro experiments 

easy to perform. 

ATP analogue 38 (Fig. 3.11., panel F), bearing the non-sulfonated cyanine 

dye Cy3 and the Eclipse quencher, shows very similar fluorescence characteristics 

as compound 37. Nevertheless, solubility problems arise when using this probe in the 

presence of magnesium chloride. 10% DMSO have to be used in the assay mixture 

to maintain solubility. The analogue is therefore not very well suited to study ATP 

hydrolyzing enzymes. 

In total, five ATP analogues labeled with different combinations of dyes have 

been investigated on their fluorescence characteristics. The combination of the 

fluorophore Sulfo-Cy3 and the quencher Eclipse results in a fluorescence turn-on 

probe for ATP hydrolysis. Combining the two fluorophores Sulfo-Cy3 and Sulfo-Cy5, 

as well as Cy3 and Cy5 results in probes that change their fluorescence 

characteristics at two wavelengths in opposite directions and can be used as 

ratiometric FRET probes. Due to the better solubility in aqueous buffer the dyes 

Sulfo-Cy3 and Sulfo-Cy5 as investigated in analogue 28 can be considered best for 

typical in vitro applications. 

3.3. Synthesis of ATP Analogues Modified at the Nucleoside 

As described earlier (chapter 2), two dyes have to be attached to ATP for the 

envisaged approach. Therefore, it will most likely be beneficial to optimize their 
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attachment modes to obtain ATP analogues with tailored activity towards an enzyme 

of interest. 

The four stable ATP analogues modified at the phosphate chain, described 

earlier (chapter 3.1.1. and 3.1.2.), are available to be used to screen for modifications 

that are well accepted at this position. The other modification has to be attached to 

the nucleoside core. Various positions exist that can be chemically modified at the 

nucleoside. Six of these positions were chosen for the synthesis of ATP analogues to 

study the acceptance by the ATP hydrolyzing enzymes of interest (Fig. 3.12.). 

 

Fig. 3.12.: Structures of the six triphosphates modified at the nucleoside chosen to study the active 

site architecture of different ATPases. Analogues 40 and 41 were synthesized and described in the 

Ph.D. thesis of N. Hard.
[184]

 Modified from [2]. Copyright 2013 The Royal Society of Chemistry. 

Positions O2ô, O3ô and C4ô of the ribose were chosen as they are supposed to 

interfere less with the conformation of the glycosidic bond and the triphosphate than 

the C1ô or C5ô modified analogues. Furthermore, analogues modified at the C2-, N6- 

and C8-position of the nucleobase were chosen as these modifications can be 

introduced without altering the heterocycle. All of these analogues are not only 

valuable tools to tailor doubly labeled ATP analogues, but might themselves also be 

precursors for interesting singly labeled enzyme probes as ATP analogues modified 

at the nucleoside have been widely applied to study binding of ATP to various 

enzymes (see chapter 1.2.4.). [36,79-92] 

Earlier studies using ATP analogues modified at the nucleoside mainly 

focused on modification of the O2ô- and O3ô-position of the nucleoside via ester or 

carbamate attachment.[36,79-92] This is probably mainly due to the straight-forward 

synthetic availability. Modifications attached in this way to these position 

regioisomerize quickly to give the mixture of O2ô- and O3ô-modified analogues.[93-95] 

At least in one case it could be shown that the regioisomers can have very different 

characteristics.[86] Therefore, ATP analogues modified at the O2ô- and O3ô-position, 

respectively, should be synthesized using stable ether attachment as this is not 
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prone to isomerization. In this way the characteristics of the two different attachment 

modes, especially concerning acceptance by certain ATP hydrolyzing enzymes, can 

be studied separately. This should result in tailored and more stable probes for ATP 

binding. 

At all positions a linker containing a trifluoroacetamide was introduced. The 

trifluoroacetamide is a surrogate for labels attached via an amide bond and 

additionally holds the potential to be deprotected to the amine and used for further 

labeling. The analogues modified at the C2-position (41) and the C4ô-postion (40) 

were synthesized in the Ph.D. thesis of N. Hardt[184] and thus a synthesis had to be 

elaborated merely for the remaining four nucleotides. 

The synthesis for O2ô-(6-trifluoroacetamidohexyl)-adenosine triphosphate 8 

has already been presented in chapter 3.2.2. 

 

Scheme 3.18.: Synthesis of the O3ô-modified ATP analogue 39. 

For the synthesis of the O3ô-modified analogue 39 (Scheme 3.18.), adenosine 

was protected with trityl protecting groups at the O2ô-, O5ô- and N6-position to give 

compound 44 in 22% yield.[185] Subsequently, the O3ô-position was alkylated using 6-

azido-1-bromohexane[165] in the presence of NaH in DMF to yield compound 45 in 

50%. Deprotection of the trityl groups using 80% aqueous acetic acid gave 

compound 46 in 58% yield. At this stage regioselective attachment to the O3ô-

position using COSY NMR spectroscopy was proven (data not shown). Using a 

Staudinger reduction followed by trifluoroacetamide protection resulted in O3ô-

trifluoroacetamidohexyl-adenosine 47 in 57% yield. This nucleoside was transformed 

to the triphosphate[114-116] 39 in 49% yield. 

Next the N6-modified analogue 42 was synthesized using a protocol that had 

been established in the bachelor thesis of M. Mex (Scheme 3.19.).[167] For this 

purpose, inosine was converted to 6-chloro-9-(b-D-ribofuranosyl)-purine 48 in a three 
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step procedure in 65% as reported.[186] This molecule was reacted with 

diaminohexane to give 49 in 83% yield, which was protected using ethyl 

trifluoroacetate to result in compound 50 in 58% yield.[167] Triphosphate synthesis[114-

116] gave 34% of N6-(6-trifluoroacetamidohexyl)-adenosine 42. 

 

 

Scheme 3.19.: Synthesis of the N6-modified ATP analogue 42. 

Finally, the ATP analogue modified at the C8-position was synthesized 

(Scheme 3.20.). Starting from adenosine, 8-bromoadenosine 51 was prepared by 

bromination in acetate buffer as reported in 65% yield.[187] This nucleoside was 

coupled to 5-trifluoroacetamido-pent-1-yne[188] using a Sonogashira coupling in 80% 

yield to give nucleoside 52. The corresponding triphosphate 43 was synthesized in 

31%.[114-116] 

 

Scheme 3.20.: Synthesis of the C8-modified ATP analogue 43. 

Together with the two ATP analogues synthesized by N. Hardt, these four ATP 

analogues modified at the nucleoside build up a tool-box that can be used to study 

the active site architecture of ATP hydrolyzing enzymes. This can be used to tailor 

the modification site at the nucleoside not only for the doubly labeled ATP analogues 

envisaged here, but also for singly modified ATP probes that can be used for various 

applications (see chapter 1.2.4.).[36,79-92] In combination with optimizing the 

attachment mode to the phosphate chain using the analogues modified at the 

phosphate chain, this should result in doubly labeled ATP analogues tailored for 

maximal activity with the enzyme of interest. 
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3.4. The Motor Protein Eg5 

3.4.1. ATP Analogues Modified at the Nucleoside 

 
Fig. 3.13.: (A) Scheme of the assay used to study Eg5 activity a)-e) Eg5 migrates along microtubules 

in an ATP dependent fashion. D: ADP bound state, T: ATP bound state. f) After quenching using 

perchloric acid, released phosphate is detected by complexation with malachite green and molybdate 

and monitoring of the absorption of the complex at 650 nm. (B) Structures of all ATP analogues 

modified at the nucleoside that were used to study the substrate spectrum of Eg5. (C) The ATP 

analogues (100 mM) were incubated with the motor domain of Eg5 (25 nM) in the presence of 

microtubules (100 nM) that stimulate ATP hydrolysis in buffer containing 20 mM PIPES (pH 6.8), 1 mM 

MgCl2, 1 mM EGTA, 0.1 mg/mL BSA and 0.1 ɛM taxol at room temperature. The reaction was 

quenched after 0 min and after 6 min using perchloric acid and malachite green solution was added. 

The absorption at 650 nm was measured. The difference of both values was calculated and 

normalized to natural ATP. Negative controls were performed without kinesin. Values represent mean 

+ SEM of three independent experiments. Modified from [2]. Copyright 2013 The Royal Society of 

Chemistry. 

To investigate, at which position of the nucleoside core of ATP a modification 

can be attached without loss of acceptance by Eg5, we tested the six ATP analogues 

modified at the nucleoside in a Malachite Green Assay (MGA, Fig. 3.13. A).[70-72] 

Briefly, the ATP analogue was incubated with the motor domain of Eg5 in the 

presence of microtubules that stimulate the ATP hydrolysis and magnesium ions 

needed as cofactor for the hydrolysis. The reaction was incubated for indicated times 
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at room temperature and quenched by addition of perchloric acid. If the analogue is 

accepted by Eg5, the modified ADP and phosphate are formed. Released phosphate 

is, subsequently, detected by addition of malachite green and sodium molybdate that 

form a complex with phosphate, which absorbs at 650 nm (see chapter 1.2.2.). Thus, 

absorbance at 650 nm directly correlates to the amount of the ATP analogue turned 

over by Eg5. 

To test, which analogues are accepted by Eg5, all analogues were incubated 

with Eg5 for 0 min and 6 min (Fig. 3.13.). The difference of the two absorbances at 

650 nm was calculated and normalized to natural ATP. Incubation without Eg5 was 

performed as negative control. 

None of the analogues showed any hydrolysis in the absence of Eg5 showing 

that all analogues are not cleaved by non-enzymatic processes. In the case of N6-

modified analogue 42 and C8-modified analogue 43 no turnover was detected in the 

presence of Eg5 as well. For the modification at the N6-position this is in agreement 

with earlier studies that already showed that N6-modified ATP analogues are not 

accepted by Eg5.[55] 

Using the analogue 41 modified at the C2-postion some hydrolysis by Eg5 

was observed. Furthermore, analogues 8, 39 and 40 modified at the O2ô-, O3ô- or 

C4ô-position of the ribose, respectively, showed good acceptance by Eg5. For all 

three analogues 60% to 70% of the turnover of ATP was observed showing that all 

three modification sites are well suited to study Eg5. 

 

Fig. 3.14.: The ATP analogues (100 mM) were incubated with Eg5 (25 nM) in the presence of 

microtubules (100 nM) that stimulate ATP hydrolysis in buffer containing 20 mM PIPES (pH 6.8), 1 mM 

MgCl2, 1 mM EGTA, 0.1 mg/mL BSA and 0.1 ɛM taxol at room temperature. The reaction was 

quenched after 0 min, 3 min and 6 min, Malachite Green solution was added and the absorption at 

650 nm was measured. The difference of the respective value and the value after incubation with the 

same analogue for 0 min was calculated and normalized to the value after incubation of natural ATP 

for 6 min. Negative controls were performed without ATP. Values represent mean + SEM of three 

independent experiments. Modified from [2]. Copyright 2013 The Royal Society of Chemistry. 
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Next, a kinetic experiment was performed to further quantify the acceptance of 

the different ATP analogues by Eg5 as compared to ATP (Fig. 3.14.). For this 

purpose the enzymatic reaction was quenched after 0 min, 3 min and 6 min and 

analyzed using the MGA. The value after incubation with the same analogue for 0 

min was subtracted from each value, the data was normalized to the value after 

incubation of natural ATP for 6 minutes and plotted against the incubation time. It can 

be seen that the signal rises linearly with time for all analogues tested showing that 

the assay is in the linear range. No activity was observed in the absence of ATP. All 

four analogues tested here were turned over by Eg5. O2ô-modified analogue 8 

showed the fastest kinetics and restored about 70% of the Eg5 activity observed in 

the presence of natural ATP. Modification at the O2ô-position is therefore most 

promising for the design of probes to study Eg5. 

 

Fig. 3.15.: (A) Scheme of the experiment. Full-length Eg5 tetramers (5 mM) are immobilized via casein 

and move Cy3 labeled microtubules on top of the glass slide. (B) Kymographs sowing movement of 

one representative microtubule in the absence of ATP (-ATP), in the presence of ATP (ATP, 10 mM) 

and in the presence of O2ô-modified ATP analogue (8, 10 mM). (C) Quantification of the movement of 

microtubules using the different conditions. Addition of the Eg5 specific inhibitor Monastrol (MA) was 

used to prove dependence of the movement on Eg5 activity. 100Ȥ (ATP, 8), 50Ȥ (-ATP), or 25 (ATP 

and 8 plus 100 ɛM Monastrol) microtubules were quantified. Two independent experiments were 

performed. Bars represent the average velocity over three minutes plus standard deviation. Modified 

from [2]. Copyright 2013 The Royal Society of Chemistry. 

To further evaluate, whether ATP hydrolysis is still coupled to the motility of 

Eg5 we set up a motility assay (Fig. 3.15.).[55] This assay was performed in 

collaboration with M. Möckel from the group of Prof. T. U. Mayer. In this assay Eg5 is 

absorbed onto the surface of a cover slip. Next, Cy3 labeled microtubules are added 

that bind to Eg5 and are, in this way, immobilized to the surface. In the absence of 
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ATP no movement of the microtubules was detectable using fluorescence 

microscopy. In contrast, upon addition of ATP the microtubules moved at a speed of 

approx. 0.9 mm/min. In the presence of O2ô-modified ATP analogue 8 almost the 

same speed of movement was detected showing that this analogue is able to 

introduce the normal functionality of Eg5. Specific coupling of this movement to Eg5 

activity was further established by treatment with the Eg5 specific inhibitor 

Monastrol[35] that was able to inhibit movement in the presence of ATP as well as in 

the presence of 8. 

 

Fig. 3.16.: Crystal structure of Eg5 (Connolly surface, PDB 1II6) with ATP in the active site. Dark 

green arrow: position, at which modification is best accepted; light green arrows: positions, at which 

modifications are also tolerated. Modified from [2]. Copyright 2013 The Royal Society of Chemistry. 

Next, the biochemical data was corralated to structural data of the active site 

of Eg5 (Fig. 3.16.).[16] Overall the crystal structure indicates most of the biochemical 

data. The O2ô-, O3ô- and C2-position, at which modifications are accepted, point 

towards the exterior of the active site. Modification at these sites should not interfere 

with binding to Eg5 as also seen in the biochemical data. The N6- and C8-position 

point towards the interior of the active site and modification at these sites is also not 

accepted in the biochemical experiments. Nevertheless, not all the biochemical data 

can be directly deduced from the crystal structure. The C4ô-position is not very 

accessible in the crystal structure. Therefore, modification at this position seems to 

be less favored. The analogue modified at this position is, nevertheless, quite well 

accepted by Eg5. Furthermore, positions O2ô, O3ô and C2 all seem to be equally 

solvent exposed in the crystal structure. The fact that Eg5 favors modification at the 

O2ô-position over modification at the other sites cannot be concluded from the crystal 

structure. 
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In summary, four positions at the nucleoside core of ATP were found that can 

be modified without losing acceptance by Eg5. Modification at the O2ô-position is best 

accepted by Eg5 and the investigated analogue modified at this position is still able 

to introduce the normal motility associated with Eg5. This attachment site is therefore 

best suited to study Eg5 using ATP analogues. It could be the starting point for 

doubly labeled ATP analogues to investigate Eg5. Furthermore, singly modified ATP 

analogues, to study e.g. ATP binding to Eg5 (see chapter 1.2.4.),[36,79-92] could be 

optimized using this well accepted, stable and regioisomerically pure way to modify 

ATP instead of the commonly used attachment to the O2ô- and O3ô-position using 

ester or carbamate attachment. 
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3.4.2. ATP Analogues Modified at the Phosphate Chain 

 

Fig. 3.17.: Acceptance of the ATP analogues modified at the phosphate chain by Eg5. ATP or the 

corresponding ATP analogue (100 mM) were treated with (red line) or without (black line) 800 nM Eg5 

in the presence of 800 nM microtubules in buffer containing 20 mM PIPES (pH 6.8), 1 mM MgCl2, 1 

mM EGTA, 0.1 mg/mL BSA and 0.1 ɛM taxol for 2 h at 25 °C. Reactions were terminated by treatment 

at 65 °C for 15 min and analyzed by RP-HPLC. 
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As several positions were found, at which ATP can be modified at the nucleoside 

core, without losing substrate properties with Eg5, the different attachment modes to 

the phosphate chain were next investigated. Therefore, the four stable analogues 

modified at the phosphate chain (2 ï 5) were investigated with Eg5. 

For this purpose we set up an RP-HPLC assay (Fig. 3.17.) for Eg5 activity as 

the Malachite Green Assay is not directly amenable to study ATP analogues modified 

at the phosphate chain. In this assay, ATP or the indicated ATP analogue is treated 

with Eg5 in the presence of microtubules for 2 hours at 25 °C. The reaction is 

terminated by heat-inactivation of Eg5 at 65 °C. All reaction mixtures are analyzed by 

RP-HPLC. In the case of natural ATP a shift was detected in the RP-HPLC trace 

indicating that complete turnover was observed. The new peak seen in the case of 

ATP treated with Eg5 corresponds to unmodified ADP. This peak should also be 

observed for all analogues, if cleavage can occur. Nevertheless, for all analogues 

investigated the RP-HPLC traces after incubation with and without Eg5 are identical. 

This shows that all analogues modified at the phosphate chain are not accepted by 

Eg5. 

Inspection of the crystal structure of Eg5 reveals that this is not surprising (Fig. 

3.16.). The phosphate chain of ATP points to the interior of the active site. The g-

phosphate is buried insight the protein. Modification at this site seems to interfere 

with binding of the ATP analogues to Eg5. 

In conclusion, modification of the phosphate chain as needed for the doubly 

modified ATP analogues envisaged here, is not possible in the case of Eg5 as such 

analogues are not accepted as substrates by this enzyme. Therefore, investigation of 

the kinesin Eg5 using the envisaged assay was not pursued any further. 

3.5. Ubiquitin and Ubiquitin-like Activating Enzymes (E1s) 

3.5.1. ATP Analogues Modified at the Nucleoside 

Next, the applicability of the envisaged assay to study ubiquitin activation by UBA1 

was investigated. The acceptance of the ATP analogues modified at the nucleoside 

was evaluated using an E6AP autoubiquitylation assay.[189] Briefly, in this assay 

ubiquitin is activated by the ubiquitin activating enzyme UBA1 at the expense of ATP. 

Next, ubiquitin is transferred to the E2 UbcH5B and finally to E6AP, which catalyzes 

its poly-autoubiquitylation. Consumption of ubiquitin and E6AP as well as 

appearance of polyubiquitylated E6AP is monitored using SDS-PAGE. 
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Fig. 3.18.: (A) Scheme of the assay used to study UBA1 activity. Ubiquitin is activated by UBA1 in an 

ATP dependent fashion and then transferred to E6AP with the help of the E2 UbcH5B, which finally 

results in poly-autoubiquitylation of E6AP. Consumption of ubiquitin (Ub) and E6AP as well as rise of 

polyubiquitylated E6AP (E6AP-Ub) is monitored by SDS-PAGE. (B) Structures of all ATP analogues 

modified at the nucleoside that were used to study the substrate spectrum of UBA1. (C) The ATP 

analogues (500 mM) were incubated in the presence of UBA1 (150 nM), UbcH5B (2.5 mM), E6AP (300 

nM) and ubiquitin (60 mM) for 1 h at 37 °C. The outcome of the reaction was monitored by SDS-PAGE. 

ATP was omitted as negative control. *: UBA1, **:UbcH5B. Modified from [2]. Copyright 2013 The 

Royal Society of Chemistry. 

The ATP analogues were incubated in the presence of UBA1, UbcH5B, E6AP 

and ubiquitin at 37 °C for 1 h and the outcome of the reaction was monitored by 

SDS-PAGE (Fig. 3.18.). One can see that in the case of incubation without ATP 

ubiquitin and E6AP are still present after the reaction time. In contrast, after 

incubation with ATP the amount of ubiquitin is largely reduced accompanied by a rise 

of polyubiquitylated E6AP. In the case of modified ATP analogues 39, 40 and 41 no 

appearance of polyubiquitylated E6AP was detected. These analogues are therefore 

not accepted as substrates by UBA1. C8-modified analogue 43 induces some 

formation of polyubiquitylated E6AP, but, as judged by the strong remaining ubiquitin 

band, only very little ubiquitin has been transferred. Analogue 43 is therefore a poor 

substrate for UBA1. In the presence of O2ô-modified analogue 8 and N6-modified 

analogue 42 levels of ubiquitin are largely reduced after incubation. These two 

analogues are therefore promising substrates for UBA1. 
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Fig. 3.19.: (C) The ATP analogues (500 mM) were incubated in the presence of a rate-limiting amount 

of UBA1 (10 nM) and UbcH5B (1 mM), E6AP (300 nM) and ubiquitin (30 mM) for 1 h at 37 °C. The 

reaction was quenched after 0 h, 1 h and 2 h and the outcome of the reaction was monitored by SDS-

PAGE. The ubiquitin band was quantified. Consumption of ubiquitin was calculated relative to 

incubation for 0 h with the same analogue and normalized to the consumption of ubiquitin after 

incubation with ATP for 2 h. ATP was omitted as negative control. Values represent mean ± SEM of 

triplicates. Modified from [2]. Copyright 2013 The Royal Society of Chemistry. 

To further quantify the acceptance of the analogues by UBA1 a kinetic 

experiment was set up (Fig. 3.19.). For this purpose, more stringent conditions were 

used, i.e. a rate-limiting concentration of UBA1 was used, and the reaction was 

quenched after 0 h, 1 h and 2 h. To quantify the reaction outcome, the intensity of the 

ubiquitin band was analyzed. Consumption of ubiquitin was calculated relative to 

incubation with the same ATP analogue for 0 h and normalized to incubation with 

ATP for 2 h. 

No ubiquitylation was detected in the absence of ATP. In contrast, during 

incubation with ATP a linear increase of ubiquitin consumption was detected over 

time. In the case of N6-modified analogue 42 almost the same rate of consumption of 

ubiquitin was detected showing that this analogue is very well accepted by UBA1. In 

contrast, almost no consumption of ubiquitin was detected in the case of compound 

8. Due to the more stringent conditions used here this is, nevertheless, not 

contradictory to the result found in the initial experiment. It shows that N6-modified 

compound 42 is a much better substrate of UBA1 than O2ô-modified compound 8. 

Next, the biochemical data were correlated with the structural data of the 

active site (Fig. 3.20.). As no crystal structure of UBA1 with a nucleotide in the active 

site has been solved so far, the crystal structure of the related enzyme UBA5 ï the 

ubiquitin-like protein activating enzyme for Ufm1 ï was used.[190] The structure with 

ATP bound to the active site shows good correlation with the biochemical data. 

Positions N6 and O2ô, at which modification is accepted, point towards the exterior of 

the active site and thus modification at these positions are expected to be well 

accepted upon binding. Positions O3ô, C4ô and C2 point towards the interior of the 

protein and modification at these sites should not be tolerated. This is also reflected 
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in the biochemical data. Although the crystal structure correlates well with the 

biochemical data, not all the results can be deduced directly from the crystal 

structure. Modification at the C8-position seems to clash with the active site. 

Nevertheless, modification at this site is tolerated to a certain degree, suggesting that 

the active site has some flexibility. Furthermore, the large preference of UBA1 for N6-

modified ATP analogues over their O2ô-modified counterparts cannot be seen in the 

crystal structure. 

 

Fig. 3.20.: Crystal structure of UBA5 (Connolly surface, PDB 3H8V) with ATP in the active site. Dark 

green arrow: Position, at which modification is best accepted by UBA1; light green arrows: positions, 

at which modifications are also tolerated by UBA1. Modified from [2]. Copyright 2013 The Royal 

Society of Chemistry. 

Taken together, N6-modified analogues of ATP, like compound 42, are most 

promising for the modification of ATP at the nucleoside core for studying UBA1. This 

attachment mode could be used to obtain tailored ATP analogues modified at the 

nucleoside to analyze e.g. binding of ATP to UBA1. Furthermore, it is the best 

starting point for the attachment of the first modification needed for the doubly 

labeled ATP analogues envisaged here. 
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3.5.2. ATP Analogues Modified at the Phosphate Chain 

 

Fig. 3.21.: ATP or the indicated ATP analogue (500 mM) were preincubated with SAP (0.05 U/mL) for 

30 min at 37 °C and SAP was heat-inactivated at 65 °C for 15 min. The reaction mixtures were then 

incubated in the presence of UBA1 (60 nM), UbcH5B (0.5 mM), E6AP (800 nM) and ubiquitin (30 mM) 

for 5 h at 37 °C. The outcome of the reaction was monitored by SDS-PAGE. ATP was omitted as 

negative control. In the case of ATP* (positive control) ATP was also added after heat-inactivation of 

SAP. *: UBA1, **: SAP, ***: UbcH5B. 

As the N6-position of ATP can be easily modified without losing substrate properties 

for UBA1, the acceptance of analogues modified at the phosphate chain (2 ï 5) by 

UBA1 was investigated next. For this purpose, an E6AP autoubiquitylation assay 

(see chapter 3.5.1.) was performed with these analogues (Fig. 3.21.). All reactions 

were pretreated in the presence of shrimp alkaline phosphatase (SAP), which 

dephosphorylates triphosphates to the nucleoside,[191] but does not turn over 

analogues modified at the phosphate chain. This is an additional control that activity 

in the case of the ATP analogues modified at the phosphate chain is caused by these 

molecules and not by small contaminating amounts of ATP. 

The reaction without ATP (-ATP) did not yield polyubiquitylation of E6AP. The 

same holds true for the reaction with ATP (ATP). This shows that ATP is fully 

converted by SAP to adenosine and in this way no ATP is available for ubiquitin 

activation. In the positive control (ATP*) ATP was also added after heat-inactivation 

of SAP. In this case polyubiquitylation of E6AP was observed accompanied by 

almost complete consumption of ubiquitin. 

Incubation with the carbon-linked triphosphate analogue 3 did not result in 

polyubiquitylation of E6AP showing that this kind of modification is not accepted by 
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UBA1. For oxygen-linked triphosphate 2 some polyubiquitylation was detected by the 

appearance of polyubiquitylated E6AP. However, as seen by the ubiquitin band, 

which is as strong as in the negative control, only minor amounts of ubiquitin have 

been transferred indicating that 2 is not a well-accepted substrate of UBA1. In 

contrast, in the presence of d-modified tetraphosphate analogues 4 and 5 a 

significant consumption of ubiquitin was observed accompanying the rise of 

polyubiquitylated E6AP. This shows that these analogues are better substrates for 

UBA1. Nevertheless, less ubiquitin is transferred in these cases as compared to 

natural ATP. This demonstrates that these modifications also reduce acceptance of 

the ATP analogues by UBA1. Modification at the phosphate chain is therefore the 

more problematic modification needed for the envisaged approach to study UBA1. 

The same has already been seen for Eg5 (chapter 3.4.2.). 

Thus, modification of the phosphate chain of ATP via a d-modification of an 

adenosine tetraphosphate analogue using an oxygen- or carbon-linkage can be used 

to study UBA1. Consequently, the combination of modifications at the N6-position 

and at the d-phosphate of an adenosine tetraphosphate analogue is a valuable 

starting point to construct doubly labeled ATP analogues to study UBA1 using the 

assay envisaged here. 

3.5.3. Synthesis of Tailored ATP Probes for UBA1 

As the biochemical data show that modification at the N6-position and at the d-

phosphate of an adenosine tetraphosphate are best accepted by UBA1 (chapter 

3.5.1. and 3.5.2.), an analogue bearing this modification pattern and using the 

oxygen attachment to the phosphate chain was next synthesized. The dyes Sulfo-

Cy3 and Sulfo-Cy5 were chosen for its modification as these turned out to result in 

the best fluorescence characteristics and in high solubility in aqueous buffer (chapter 

3.2.5.). 

 

Scheme 3.21.: Synthesis of the ATP analogue 56, doubly labeled at the N6-position and at the d-

phosphate via an oxygen linkage with the fluorescent dyes Sulfo-Cy5 and Sulfo-Cy3. 
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Starting from compound 42 M. Mex could show in his bachelor thesis that the 

doubly modified scaffold 53 can be obtained in 23% using the method for the 

synthesis of d-modified adenosine tetraphosphates discussed above (Scheme 

3.21.).[167] This scaffold was deprotected with 0.1 M NaOH and, after adjustment of 

the pH to 8.7, labeled with the NHS ester of Sulfo-Cy5 in the same pot to give 

compound 54 in 23% yield. The azide was reduced using the described procedure 

(chapter 3.2.1. and 3.2.4.) to give adenosine tetraphosphate analogue 55 in 74% 

yield. This molecule was finally labeled with the NHS ester of Sulfo-Cy3 to give the 

doubly labeled probe 56 in 61% yield. 

 

Scheme 3.22.: Synthesis of the ATP analogues 57, labeled with the dye Sulfo-Cy5 at the N6-position, 

and 58, labeled with the dye Sulfo-Cy3 at the d-phosphate via an oxygen linkage. 

To gain some more insights into the separate effects of labeling at the two 

positions, the singly labeled analogues 57 and 58 were also synthesized (Scheme 

3.22.). Starting from compound 42 the trifluoroacetamide was deprotected using 0.1 

M NaOH and the resulting amine was labeled using the NHS ester of Sulfo-Cy5 to 

give compound 57 in 45% yield. To synthesize compound 58, adenosine 

tetraphosphate analogue 4 was reduced using the described Staudinger reaction to 

yield compound 59 in 42%. This compound was coupled to the Sulfo-Cy3 NHS ester 

to give compound 58 in 74% yield. 

 

Scheme 3.23.: Synthesis of the ATP analogue 63, doubly labeled at the N6-position and at the d-

phosphate via an oxygen linkage with the dyes Eclipse and Sulfo-Cy3. 
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The investigation of the different combinations of dyes revealed that the 

combination of the dyes Sulfo-Cy3 and Eclipse results in a fluorescence turn-on 

sensor with a high change in fluorescence intensity and high solubility (chapter 

3.2.5.). Therefore, this combination of dyes was also used to label the described 

scaffold (Scheme 3.23.). For this purpose, the doubly modified scaffold was 

deprotected using aqueous ammonia to give compound 60 in 80% yield. The amine 

of this compound was labeled with the NHS ester of the Eclipse quencher to result in 

the singly labeled analogue 61 in 15% yield. The azide was reduced using the 

established protocol to give compound 62 in 71% yield. To complete the synthesis, 

this molecule was labeled using the NHS ester of Sulfo-Cy3 to yield the doubly 

labeled probe 63 in 44%. 

 
Scheme 3.24.: Synthesis of the ATP analogue 67, doubly labeled at the N6-position and at the d-

phosphate via a carbon linkage with the fluorescent dyes Sulfo-Cy5 and Sulfo-Cy3. 

To gain some further flexibility, the scaffold containing modifications at the N6-

position as well as at the d-phosphate via a carbon-linkage was also synthesized 

(Scheme 3.24.) as this modification of the phosphate chain is also quite well 

accepted by UBA1 (chapter 3.5.2.). Modification of analogue 42 at the phosphate 

chain using 7-azidoheptylphosphonic acid to give compound 64 in 41% yield could 

be shown in the bachelor thesis of M. Mex.[167] This molecule was deprotected using 

0.1 M NaOH and coupled to the NHS ester of Sulfo-Cy5 in the same pot to result in 

compound 65 in 48% yield. The azide was reduced in 80% yield to give ATP 

analogue 66. This was, finally, labeled with the NHS ester of Sulfo-Cy3 to yield 

doubly labeled analogue 67 in 41%. 

Overall, three different tailored doubly labeled probes to study the activity of 

UBA1 were synthesized using the optimized attachment to the N6-position and to the 

d-phosphate of an adenosine tetraphosphate analogue. Using attachment to the 

phosphate chain via an oxygen linkage the combinations of the two fluorescent dyes 

Sulfo-Cy3 and Sulfo-Cy5 as well as of the fluorescence dye Sulfo-Cy3 with the dark 

quencher Eclipse were attached to ATP. The combination of Sulfo-Cy3 and Sulfo-
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Cy5 was also attached using attachment to the d-phosphate via a carbon-linkage to 

gain some further flexibility. 

3.5.4. Fluorescence Characteristics of the Tailored ATP Probes 

Next, the fluorescence characteristics of the doubly labeled ATP analogues tailored 

for UBA1 were investigated using the SVPD assay described before (chapter 3.2.5.). 

 

Fig. 3.22.: Fluorescence spectra of compound 56. 100 mM probe 56 were incubated with (red) or 

without (black) 0.02 mg/mL SVPD in a buffer containing 10 mM MgCl2, 1 mM DTT, 100 mM NaCl and 

50 mM Tris-HCl (pH 7.9) at 30 °C for 30 min. The reactions were diluted to 1 mM concentration of the 

ATP analogue with PBS and fluorescence was measured with excitation at 520 nm. Modified from [1]. 

Copyright 2013 Wiley-VCH. 

Analogue 56, modified with the fluorophores Sulfo-Cy3 and Sulfo-Cy5, shows 

almost exclusively fluorescence of the fluorescence acceptor in the non-cleaved state 

after incubation without SVPD (Fig. 3.22.). After cleavage in the presence of SVPD a 

large rise of fluorescence at the wavelengths of the fluorescence donor Sulfo-Cy3 

was detected. This is accompanied by a reduction in acceptor fluorescence. The ratio 

of the fluorescence intensities changes by a factor of 146. This shows that probe 56 

is very well suited as ratiometric FRET probe to study the activity of ATP hydrolyzing 

enzymes. 
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Fig. 3.23.: Fluorescence spectra of compound 63 (A) and 67 (B). 100 mM of the indicated probe were 

incubated with (red) or without (black) 0.02 mg/mL SVPD in a buffer containing 10 mM MgCl2, 1 mM 

DTT, 100 mM NaCl and 50 mM Tris-HCl (pH 7.9) at 30 °C for 30 min. The reactions were diluted to 1 

mM concentration of the ATP analogue with PBS and fluorescence was measured with excitation at 

520 nm. 

The fluorescence spectra of compound 63 bearing a non-fluorescent acceptor 

dye show that this analogue is almost non-fluorescent in the non-cleaved state (Fig. 

3.23.). The fluorescence of the donor Sulfo-Cy3 rises by a factor of 35 upon 

cleavage. This shows that this analogue is well suited as fluorescence turn-on probe 

for ATP hydrolyzing enzymes. 

Analogue 67, which bears the alternative attachment via the carbon-linkage to 

the d-phosphate, shows very similar fluorescence characteristics as compound 56 

(Fig. 3.24.). It is also a very well suited ratiometric FRET probe to study its own 

hydrolysis and adds some flexibility to the types of analogues that might be used to 

study UBA1. 

In summary, the three tailored ATP analogues to study UBA1 all show high 

changes in fluorescence characteristics upon cleavage. Both analogues modified 

with the fluorophores Sulfo-Cy3 and Sulfo-Cy5 are ratiometric FRET probes with high 

changes in the fluorescence ratio at both emission wavelengths. The analogue 

modified with Sulfo-Cy3 and the dark quencher Eclipse is a fluorescence turn-on 

sensor for ATP hydrolysis. According to their fluorescence characteristics all three 
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analogues thus hold the potential to easily measure UBA1 activity provided that they 

are accepted as substrate by UBA1. 

3.5.5. Acceptance of the Tailored Probes by UBA1 

 

Fig. 3.25.: Acceptance of different ATP analogues by UBA1. Upper panel: Structures of all ATP 

analogues used to study the substrate spectrum of UBA1. Lower panel: The ATP analogues (250 mM) 

were preincubated in the presence or absence of shrimp alkaline phosphates (SAP, 0.05 U/mL) that 

dephosphorylates ATP analogues not modified at the phosphate chain to the nucleoside for 30 min at 

37 °C. SAP was heat-inactivated for 15 min at 65 °C. This reaction mixtures were incubated in the 

presence of UBA1 (300 nM), UbcH5B (0.5 mM), E6AP (150 nM) and ubiquitin (30 mM) for 5 h at 37 °C. 

The outcome of the reaction was monitored by SDS-PAGE. ATP was omitted as negative control. *: 

UBA1, **: SAP, ***: UbcH5B. 

An E6AP autoubiquitylation assay[189] was next used to study the acceptance 

of the tailored ATP analogues by UBA1. Additionally, all reactions were pretreated in 

the presence and absence of shrimp alkaline phosphatase (SAP). This enzyme 

dephosphorylates all ATP analogues not modified at the phosphate chain to the 

nucleoside.[191] In this way, it is an additional control that activity in the case of the d-
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modified adenosine tetraphosphates is caused by these molecules and not by small 

contaminating amounts of ATP. 

For the ATP analogue 56 modified at the N6-position and the d-phosphate via 

an oxygen-linkage with the dyes Sulfo-Cy3 and Sulfo-Cy5, all singly labeled and 

linker modified ATP analogues had been prepared to check the influence of every 

modification separately. Therefore, the investigation of the acceptance by UBA1 was 

performed with this set of molecules (Fig. 3.25.). 

In the SDS-PAGE no turnover of E6AP and ubiquitin was detected in the 

reactions without ATP after preincubation in the presence or absence of SAP. In the 

presence of ATP complete consumption of ubiquitin and E6AP was detected after 

preincubation without SAP, but no turnover was visible after preincubation with SAP. 

This shows that complete turnover is possible using these conditions with the natural 

substrate. On the other hand, it also shows that sufficient amounts of SAP were used 

to completely suppress activity by ATP analogues not modified at the phosphate 

chain. 

In the case of N6-modified analogue 42 complete turnover can be seen only 

after preincubation without SAP. This again shows the good acceptance of this 

analogue by UBA1. Even after labeling of the N6-position with the bulky fluorophore 

Sulfo-Cy5 (compound 57) complete turnover was found. This indicates that 

modification even with large residues at the N6-position is well accepted by UBA1. 

Using the d-modified analogue 4 ubiquitin is also largely consumed. This 

observation is independent of addition of SAP. Hence, activation of ubiquitin is 

caused by 4 and not by contaminating amounts of ATP. Nevertheless, some ubiquitin 

remains after incubation with this compound. This shows that modification at the 

phosphate chain interferes more with turnover by UBA1 then modification at the N6-

position. The d-labeled compound 58 also induces polyubiquitylation of E6AP 

regardless of pretreatment with or without SAP. The remaining ubiquitin band is 

stronger in this case showing that less ubiquitin has been transferred. This indicates 

that the bulky modification at this position interferes more with turnover by UBA1 then 

a smaller linker. 

Polyubiquitylation of E6AP was also detected using the doubly modified ATP 

analogue 53. Nevertheless, as seen by the high amount of ubiquitin left, this 

analogue is not as well accepted as the singly modified analogues 4 and 42. 

Therefore, both modifications have additive effects in lowering the turnover of the 

ATP analogues by UBA1. 

As seen by the appearance of polyubiquitylated E6AP doubly modified ATP 

analogue 56 is also able to promote ubiquitylation, although only minor amounts of 

ubiquitin have been transferred in this case as judged by the strong remaining 

ubiquitin band. Labeling with the two bulky fluorophores seems to interfere more 
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drastically with turnover by UBA1 than modification with the two smaller linkers. 

Nevertheless, doubly labeled ATP analogue 56 is a substrate for UBA1 and can 

introduce the natural ubiquitylation cascade. 

 

Fig. 3.26.: ATP or the indicated ATP analogue (500 mM) were preincubated with SAP (0.05 U/mL) for 

30 min at 37 °C and SAP was heat-inactivated at 65 °C for 15 min. The reaction mixtures were then 

incubated in the presence of UBA1 (2 mM), UbcH5B (0.5 mM), E6AP (400 nM) and ubiquitin (60 mM) 

for 5 h at 37 °C. The outcome of the reaction was monitored by SDS-PAGE. ATP was omitted as 

negative control. In the case of ATP* (positive control) ATP was also added after heat-inactivation of 

SAP. *: UBA1, **: SAP, ***: UbcH5B. 

Using the experimental set-up of the E6AP autoubiquitylation assay the other 

tailored doubly labeled ATP analogues were also investigated (Fig. 3.26.). All 

analogues are accepted by UBA1 as seen by the appearance of polyubiquitylated 

E6AP, which does not significantly enter the gel. The quenched analogue 63 is least 

accepted under these conditions as seen by the rather low amount of 

polyubiquitylated E6AP. Nevertheless, all analogues can induce the natural 

ubiquitylation cascade and are thus turned over by UBA1 using the normal enzymatic 

mechanism. 
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Fig. 3.27.: The indicated ATP analogue was incubated in the presence or absence of 600 nM UBA1 

with ubiquitin (60 mM) in buffer containing 5 mM MgCl2, 1.25 mM DTT, 50 mM NaCl and 25 mM Tris 

(pH 7.6) at 37 °C. The fluorescence intensity was measured with excitation at 535 nm and emission at 

590 nm over time. Rel. fluorescence intensity was calculated by division by the fluorescence intensity 

at 0 min. Values represent mean ± SEM of triplicates.. 

Finally, it was investigated, whether the analogues can be utilized to study the 

activity of UBA1 directly without utilizing the downstream enzyme cascade (Fig. 

3.27.). Therefore, reactions using the three tailored ATP analogues in the presence 

or absence of ubiquitin with UBA1 and magnesium chloride were set up and the 

fluorescence signal of the fluorescence donor Sulfo-Cy3 was detected over time. In 

all cases a rise of fluorescence was detected in the presence of UBA1 that was not 

observable in its absence. This shows that all analogues can be utilized to study 

UBA1 activity. Normalizing the fluorescence intensity to the signal at 0 min shows 

that all analogues are equally well suited to study UBA1 activity using the 

fluorescence signal in this assay. 

The assay that was set up in this way is operated in a continuous fashion and 

thus allows obtaining several data points from one common reaction. Furthermore, 

the assay can be performed in the absence of all other enzymes or reagents and 

thus allows studying effectors of UBA1 without the need to rule out effects on other 
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enzymes of the ubiquitylation cascade. This direct and continuous detection of UBA1 

activity has not been possible with any assay described so far. 

3.5.6. Online Monitoring of UBA1 Activity 

Doubly labeled ATP analogue 56 was next used to set up an in vitro assay for UBA1 

activity. The name Time-Resolved ATPase Sensor Assay (TRASE) was coined for 

this assay. 

 

Fig. 3.28.: ATP analogue 56 (10 mM) was incubated with indicated amounts of UBA1 in the presence 

of ubiquitin (60 mM) in buffer containing 5 mM MgCl2, 1.25 mM DTT, 50 mM NaCl and 25 mM Tris (pH 

7.6) at 37 °C. The fluorescence intensity was measured with excitation at 535 nm and emission at 590 

nm over time. (A) Time course of the reactions with different UBA1 concentrations. Lines are linear fits 

of the data. (B) Dependence of the rise of fluorescence intensity on the UBA1 concentration. Rise of 

fluorescence was calculated by linear fitting of the fluorescence intensity over time. Values represent 

mean ± SEM of triplicates.. Modified from [1]. Copyright 2013 Wiley-VCH. 

First, the amount of UBA1 used in the TRASE assay was varied (Fig. 3.28.). It 

can be seen that the rise of the fluorescence correlates well with the amount of UBA1 

used. By linear fitting of the curves the rise of fluorescence intensity is calculated. 

This value is linearly dependent on the amount of UBA1 used. 
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Fig. 3.29.: ATP analogue 56 (10 mM) was incubated with indicated amounts of ubiquitin (Ub) in the 

presence of UBA1 (300 nM) in buffer containing 5 mM MgCl2, 1.25 mM DTT, 50 mM NaCl and 25 mM 

Tris (pH 7.6) at 37 °C. The fluorescence intensity was measured with excitation at 535 nm and 

emission at 590 nm over time. (A) Time course of the reactions with different ubiquitin concentrations. 

(B) Dependence of the rise of fluorescence intensity on the ubiquitin concentration. Rise of 

fluorescence was calculated by linear fitting of the fluorescence intensity over time. Values represent 

mean ± SEM of triplicates. 

Next, the dependence of the signal in the TRASE assay on the ubiquitin 

concentration was investigated (Fig. 3.29.). A saturating behavior with rising 

concentrations of ubiquitin was observed. Half of the maximal velocity of the reaction 

was observed at approx. 50 mM ubiquitin. This is significantly higher than the 

reported KM for ubiquitin of approx. 0.2 mM.[192] This shows that the bulky 

modifications of the ATP analogue also seem to interfere with ubiquitin binding to 

UBA1. Nevertheless, the complete inactivity in the absence of ubiquitin shows that 

the observed signal is solely caused by ubiquitin activation by UBA1. 
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Fig. 3.30.: ATP analogue 56 (10 mM) was incubated with indicated amounts of magnesium chloride 

(Mg
2+

) in the presence of ubiquitin (60 mM) and UBA1 (300 nM) in buffer containing 1.25 mM DTT, 50 

mM NaCl and 25 mM Tris (pH 7.6) at 37 °C. The fluorescence intensity was measured with excitation 

at 535 nm and emission at 590 nm over time. (A) Time course of the reactions with different 

magnesium chloride concentrations. (B) Dependence of the rise of fluorescence intensity on the 

magnesium chloride concentration. Rise of fluorescence was calculated by linear fitting of the 

fluorescence intensity over time. Values represent mean ± SEM of triplicates. 

Performing the TRASE assay with varying concentrations of magnesium 

chloride (Fig. 3.30.) revealed a saturating dependence on the magnesium chloride 

concentration. The half maximal velocity of the reaction was reached at a magnesium 

chloride concentration of approx. 2.5 mM. 

Finally, the temperature dependence of the reaction was monitored using the 

TRASE assay (Fig. 3.31.). No activity in the absence of UBA1 was detected at all 

temperatures studied. In the presence of UBA1 slow turnover was detected at low 

temperatures starting at 20 °C. Rising the temperature from that point resulted in 

increasing turnover of ATP analogue 56. The optimal temperature of the reaction is 

at approx. 35 °C to 37 °C. At higher temperatures activity of UBA1 decreases and no 

activity was detected at 44 °C or higher. 
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Fig. 3.31.: ATP analogue 56 (10 mM) was incubated at the indicated temperature with or without UBA1 

(300 nM) in the presence of ubiquitin (60 mM) in buffer containing 5 mM MgCl2, 1.25 mM DTT, 50 mM 

NaCl and 25 mM Tris (pH 7.6) for 4 hours. UBA1 was heat-inactivated at 65 °C for 15 min. The 

fluorescence intensity was measured at 37 °C with excitation at 535 nm and emission at 590 nm. 

Values represent mean ± SEM of triplicates. 

Taken together, the dependence of UBA1 activity in the TRASE assay on all 

mechanistically needed components has been shown. The activity rises linearly with 

UBA1 concentration and shows saturating dependences on ubiquitin and magnesium 

chloride concentration. The half maximal velocity is reached at a ubiquitin 

concentration of approx. 50 mM, which is significantly higher than the reported KM of 

0.2 mM in an assay using only the natural components.[192] This shows that the 

modifications of ATP analogue 56 also interfere with ubiquitin binding to UBA1. 

Furthermore, an optimal temperature for the reaction of 35 °C to 37 °C was 

evaluated. 

3.5.7. Monitoring Ubiquitin-like Activation 

Using the various singly modified ATP analogues described earlier (chapter 3.1.1. 

and 3.3.) ATP analogue 56 was optimized for activity with the ubiquitin activating 

enzyme UBA1. Next, it was investigated, whether this analogue can also serve for 

monitoring the activity of other related ubiquitin-like (Ubl) protein activating enzymes 

(E1s) using the TRASE assay. The E1s APPBP1/UBA3 for the Ubl NEDD8[193] and 

SAE1/SAE2 for the Ubl SUMO1[194] were chosen for further experiments. 
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Fig. 3.32.: Investigation of the activation of different Ubls by E1 enzymes.10 mM 56 were mixed with 

30 mM of the indicated Ubl, 600 nM of the indicated E1 enzyme and 1.25 mM DTT in a buffer 

containing 50 mM NaCl and 25 mM Tris-HCl (pH 7.6). The reaction was started by addition of 5 mM 

MgCl2. The fluorescence intensity was measured with excitation at 535 nm and emission at 590 nm 

over time. Rise of fluorescence was calculated by linear fitting of the fluorescence intensity over time. 

Values represent mean ± SEM of triplicates. Modified from [1]. Copyright 2013 Wiley-VCH. 

The activity of the three E1 enzymes was monitored in the presence of each of 

the three Ubls and in the absence of any Ubl, respectively (Fig. 3.32.). It can be seen 

that all E1s are only active in the TRASE assay in the presence of their cognate Ubl. 

This is expected for most of the combinations of E1 and Ubl and underlines the 

specificity of the Ubl activation in the TRASE assay. Nevertheless, some activation of 

NEDD8 by the ubiquitin E1 UBA1 has been reported, although this reaction was two 

orders of magnitude slower than the reaction with ubiquitin.[195] This is not 

contradictory to the data presented here. Activation of NEDD8 by UBA1 at that 

reaction rate would be below the detection limit of the presented assay. 

In summary, the TRASE assay using ATP analogue 56 optimized for UBA1 

can also be used to study activation of NEDD8 and SUMO1. It can furthermore be 

used to study the specificity of E1s for different Ubls. 

3.5.8. Effects of Ubiquitin-like Conjugating Enzymes (E2s) 

Next, the possibility of using the TRASE assay to study stimulating effects on E1 

enzymes was investigated. Therefore, the influence of various ubiquitin-like 

conjugating enzymes (E2s) on E1 activity was studied. The ubiquitin E2s UbcH3,[196] 

UbcH5B[197] and UbcH7[198], the Nedd8 E2s Nce2[199] and Ubc12[193] and the SUMO1 
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E2 Ubc9[200] were studied with the three E1s described above. For this purpose the 

E1 concentration was adjusted in a way that the unstimulated reaction without E2 

was similarly fast for all E1 enzymes. It can be seen from the experimental data that 

turnover of 56 by all E1s is stimulated by each of their cognate E2s (Fig. 3.33.). 

Furthermore, the turnover by none of the E1s is stimulated by any of the non-cognate 

E2s.  

 

Fig. 3.33.: Investigation of the stimulation of the E1 enzymes by different E2 enzymes.10 mM 56 were 

mixed with the indicated E2 enzyme (2 mM), the indicated E1 enzyme (300 nM UBA1 and 

SAE1/SAE2, 75 nM APPBP1/UBA3), 30 mM of the cognate Ubl and 1.25 mM DTT in a buffer 

containing 50 mM NaCl and 25 mM Tris-HCl (pH 7.6). The reaction was started by addition of 5 mM 

MgCl2. The fluorescence intensity was measured with excitation at 535 nm and emission at 590 nm 

over time. Rise of fluorescence was calculated by linear fitting of the fluorescence intensity over time. 

% stimulation was calculated relative to the mean of the reactions without E2. Values represent mean 

± SEM of triplicates.Modified from [1]. Copyright 2013 Wiley-VCH. 

This shows that the TRASE assay can be used to study the specificity of the 

interaction of E1s with E2s. Additionally, it suggests that the TRASE assay can in 

general serve as method to monitor stimulating or inhibiting effects on E1 activity. 
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3.5.9. Screening for Inhibitors of UBA1 

Finally, the TRASE assay was applied for the screening of inhibitors for UBA1. 

Inhibition of UBA1 has been proposed to be therapeutically useful as it can have anti-

cancer effects in certain cell lines.[48] Nevertheless, only a few inhibitors of UBA1 

have been reported.[49-52] This is probably the case, because no easy-to-use method 

to directly screen for UBA1 inhibitors has been available. Indeed, screening 

endeavors so far relied on the use of in cell assays of protein degradation[201] or on 

the detection of ubiquitin chain formation[202]. Both methods need to use of the whole 

ubiquitylation cascade and inhibitors of all downstream enzymes also score positive 

in these assays. Initial hits have to be verified very carefully to exclude inhibition of 

any other enzymatic component. 

In contrast, the TRASE assay is performed in the absence of the whole 

downstream enzyme cascade. Therefore, only direct inhibitors of UBA1 are found in 

a screening using this method. Furthermore, the assay can be performed in a time-

resolved fashion, which allows identifying compounds that do not inhibit UBA1 

activity, but unspecifically alter the fluorescence characteristics of ATP analogue 56. 

The TRASE assay therefore seems to be exceptionally well suited for the screening 

of inhibitors of UBA1. 

 

Fig. 3.34.: ATP analogue 56 (2 mM) was incubated with or without magnesium chloride (Mg
2+

, 5 mM) 

in the presence of ubiquitin (60 mM) and UBA1 (300 nM) in buffer containing 1.25 mM DTT, 50 mM 

NaCl and 25 mM Tris (pH 7.6) at 37 °C. The fluorescence intensity was measured with excitation at 

535 nm and emission at 590 nm over time. (A) Time course of the reactions with or without 

magnesium chloride. (B) Quantification of the rise of fluorescence intensity. Rise of fluorescence was 

calculated by linear fitting of the fluorescence intensity over time. Both reactions were performed 12 

times. 
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To test the applicability of the TRASE assay for screening endeavors the 

stability of the assay was tested (Fig. 3.34.). For this purpose, 12 positive and 12 

negative controls (without magnesium chloride) were performed. It can be seen that 

all positive and negative controls, respectively, overlap extremely well and that 

positive and negative controls are highly separated from each other. The Zô-value[203] 

of the assay, deduced from the rise of fluorescence, was calculated to be 0.73. This 

demonstrates that the assay is very well suited for screening endeavors. 

 

Fig. 3.35.: UBA1 (300 mM) was preincubated with approx. 20 mM of the compounds of the library or 

with DMSO (positive and negative controls) in the presence of 56 (2 mM), ubiquitin (60 mM) and UBA1 

(300 nM) in buffer containing 1.25 mM DTT, 50 mM NaCl and 25 mM Tris (pH 7.6) for 30 min at 37 °C. 

The reaction was started by addition of MgCl2 (10 mM) or water (negative control). 16 positive and 16 

negative controls were performed on each plate. The fluorescence intensity was measured with 

excitation at 535 nm and emission at 590 nm over time. Rise of fluorescence was calculated by linear 

fitting of the fluorescence intensity over time. % Inhibition was calculated for every compound relative 

to the mean of the positive and the negative controls of the same plate. 

Therefore, a small screen of compounds for their ability to act as UBA1 

inhibitors was set up. For this purpose, a library containing a total of 1279 

compounds that are either natural products or FDA approved drugs was screened. In 

this screening five initial hits were identified that inhibit UBA1 activity to more than 

90% (Fig. 3.35.). Four of these five compounds were verified to inhibit UBA1 activity 

in the TRASE assay (Fig. 3.36.). Two compounds, namely SMH1 and SMH2, 

considerably inhibit UBA1 activity at a concentration of 5 mM and were thus chosen 
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for further characterization. For this two compounds concentration dependent 

inhibition in the TRASE assay was next investigated. SMH1 and SMH2 inhibit UBA1 

with an IC50 value of 1.62 ° 0.13 mM and 4.63 ° 0.65 mM, respectively (Fig. 3.37. A). 

Both compounds are also able to inhibit E6AP polyubiquitylation (Fig. 3.37. B). 

 

Fig. 3.36.: (A) Structure of the hits identified in the screening. (B) Validation of the compounds. UBA1 

(300 mM) was preincubated with the indicated concentration of the compounds of the library or with 

DMSO (positive and negative controls) in the presence of 56 (2 mM), ubiquitin (60 mM) and UBA1 (300 

nM) in buffer containing 1.25 mM DTT, 50 mM NaCl and 25 mM Tris (pH 7.6) for 30 min at 37 °C. The 

reaction was started by addition of MgCl2 (10 mM) or water (negative control). The fluorescence 

intensity was measured with excitation at 535 nm and emission at 590 nm over time. Rise of 

fluorescence was calculated by linear fitting of the fluorescence intensity over time. % Inhibition was 

calculated for every compound relative to the mean of the positive and the negative controls of the 

same plate. Modified from [1]. Copyright 2013 Wiley-VCH. 
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Fig. 3.37.: (A) Determination of the concentration dependence of the inhibition of UBA1 by the two 

most potent compounds, SMH1 and SMH2. UBA1 (300 mM) was preincubated with the indicated 

concentration of the compounds of the library or with DMSO (positive and negative controls) in the 

presence of 56 (10 mM), ubiquitin (60 mM) and UBA1 (300 nM) in buffer containing 1.25 mM DTT, 50 

mM NaCl and 25 mM Tris (pH 7.6) for 1 h at 37 °C. The reaction was started by addition of MgCl2 (5 

mM) or water (negative control). The fluorescence intensity was measured with excitation at 535 nm 

and emission at 590 nm over time. Rise of fluorescence was calculated by linear fitting of the 

fluorescence intensity over time. % Inhibition was calculated for every compound relative to the mean 

of the positive and the negative controls of the same plate. Values represent mean ± SEM of 

triplicates. (B) 20 mM compound were preincubated with UBA1 (150 nM), UbcH5B-His (500 nM) and 

ubiquitin (60 mM) in buffer containing 5 mM MgCl2, 1.25 mM DTT, 50 mM NaCl and 25 mM Tris-HCl 

(pH 7.6) at 37 °C for 1 h. 500 mM ATP and 400 nM His-E6AP were added and the reaction was run at 

37 °C for 2 hours and analyzed by a coomassie-stained SDS-PAGE. *: UBA1, **: UbcH5B.Modified 

from [1]. Copyright 2013 Wiley-VCH. 
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Fig. 3.38.: The indicated amount of SMH1 was preincubated with UBA1 (20 nM), UbcH5B-His (1 mM) 

and ubiquitin (30 mM) in buffer containing 5 mM MgCl2, 1.25 mM DTT, 50 mM NaCl and 25 mM Tris-

HCl (pH 7.6) at 37 °C for 1 h. 500 mM ATP and 800 nM His-E6AP were added and the reaction was 

run at 37 °C for 1 hours and analyzed by a coomassie-stained SDS-PAGE. Modified from [1]. 

Copyright 2013 Wiley-VCH. 

As it showed the higher potency in the TRASE assay, SMH1 was the most 

active compound identified in the screen. This compound is b-lapachone that is 

known to have anti-cancerogenic and proapoptotic activity,[204] but has not been 

associated with inhibition of UBA1. 

To further evaluate the inhibitory activity of b-lapachone on UBA1 activity this 

compound was studied in a concentration dependent manner in an E6AP 

polyubiquitylation assay (Fig. 3.38.). The IC50 of this inhibition was calculated as 1.59 

° 0.07 mM demonstrating that the inhibition found in the TRASE assay (1.62 ° 0.13 

mM) is resembled in this standard assay (Fig. 3.39.). Furthermore, as the E6AP 

assay is performed at much higher concentrations of natural ATP, this data suggest 

that the inhibition of UBA1 by b-lapachone is not ATP competitive. 
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Fig. 3.39.: Determination of the concentration dependence of the inhibition of UBA1 by SMH1 using 

the TRASE assay (black line) and the E6AP polyubiquitylation assay (red line). The conditions are the 

same as in Fig. 3.37. and Fig. 3.38., respectively. The E6AP assay was evaluated quantifying the 

ubiquitin band and calculating the consumption of ubiquitin relative to the negative control. % Inhibition 

was calculated relative to the positive and the negative controls. Values represent mean ± SEM of 

triplicates. Modified from [1]. Copyright 2013 Wiley-VCH. 

 

Fig. 3.40.: Calcium-induced degradation of cyclin B in Xenopus laevis egg extract pretreated with 

DMSO or 500 mM b-lapachone. Samples were analyzed by immunoblotting for cyclin B. Ubiquitin-

dependent degradation of cyclin B is slowed down by b-lapachone, CSF: cell extract arrested in 

metaphase by cytostatin factor. Tubulin serves as loading control. The experiment was repeated three 

times. b-lap: b-lapachone. Modified from [1]. Copyright 2013 Wiley-VCH. 

To show that this inhibition can also be found in a physiologically relevant 

setting, experiments in Xenopus laevis egg extracts[205] were performed by T. Tischer 

from the group of Prof. T. U. Mayer (Fig. 3.40.). This system is valuable to study 

effects of ubiquitylation in regulating cell cycle progression. The metaphase-arrested 
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extract was pretreated with b-lapachone or DMSO as control. After releasing the 

extract from metaphase by addition of calcium, the E3 Anaphase promoting 

Complex/Cyclosome (APC/C) is activated,[206] which results in ubiquitylation and 

subsequent destruction of the protein cyclin B. If UBA1 is inhibited by b-lapachone 

this process should be slowed down as ubiquitylation should not be possible 

anymore. In the presence of DMSO cyclin B is quickly destroyed after addition of 

calcium. In contrast, in extracts pretreated with b-lapachone cyclin B remained 

detectable for longer time. This suggests that b-lapachone also inhibits UBA1 activity 

in the context of Xenopus laevis egg extracts. 

Taken together, the TRASE assay is very well suited for the screening of 

inhibitors of E1 enzymes. As exemplarily shown for UBA1 the assay shows high 

reproducibility that allows performing screening endeavors. In a benchmark study, a 

small library of 1279 compounds was screened for inhibition of UBA1 using the 

TRASE assay. This revealed that b-lapachone is a potent inhibitor of UBA1 with an 

IC50 value in the low micromolar range. b-lapachone is able to inhibit 

autoubiquitylation of E6AP with a very similar IC50 showing the applicability of the 

TRASE assay for screening inhibitors that are also active using only natural 

components of the ubiquitylation cascade. Furthermore, it suggests that b-lapachone 

does not act in an ATP competitive manner. Finally, experiments performed in 

Xenopus laevis egg extracts suggest that b-lapachone also inhibits UBA1 in a 

physiologically relevant set-up. 
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4. Summary 

The aim of this study was to establish ATP analogues modified with two different 

dyes as novel tools to directly visualize cleavage by ATP hydrolyzing enzymes. 

First, several ATP analogues modified at the phosphate chain were 

synthesized using attachment to the g-phosphate via a nitrogen, oxygen or carbon 

atom. Investigating the stability of these analogues towards different pH conditions 

revealed, that whereas oxygen- and carbon-linked analogues are stable from pH 3 to 

pH 12, nitrogen-linked analogues hydrolyze even at slightly acidic conditions. 

Nitrogen-linked ATP analogues are not well suited for synthesizing stable ATP 

analogues. In contrast, carbon-linked ATP analogues were shown to be attractive 

alternatives to their commonly used oxygen-linked counterparts. Additionally, the 

oxygen- and carbon-linked tetraphosphates were synthesized and showed the same 

high stability as the corresponding triphosphates. 

Relying on this information, a synthesis of doubly modified ATP analogues 

was designed using attachment of the modifications to the g-phosphate of ATP via an 

oxygen linkage and to the O2ô position via a stable ether attachment. In this synthesis 

strategy, an adenosine analogue modified with a linker bearing a protected amine at 

the O2ô position was initially synthesized. After transformation to the triphosphate, the 

g-phosphate was alkylated with a second linker bearing an orthogonally protected 

amine. As amine precursors a trifluoroacetamide and an azide were used. In this 

way, the trifluoroacetamide was deprotected using alkaline conditions leaving the 

azide completely unaffected. The obtained amine was then labeled with the first dye 

using NHS ester chemistry. Subsequently, the azide was reduced using a Staudinger 

reaction under very mild conditions that are tolerated by all of the dyes tested. The 

amine was labeled with the second dye to complete the synthesis of the doubly 

labeled ATP analogue. This strategy has the advantage that the labels are attached 

towards the end of the synthesis, which allows obtaining analogues modified with 

different combinations of dyes from one common doubly modified ATP scaffold in a 

straight-forward manner. In this way, synthesis effort can be reduced. Using this 

strategy a total of five different combinations of dyes were attached to ATP. 

Next, the possibility to quantitatively cleave the ATP analogues was evaluated. 

It was found that the phosphodiesterase I from C. adamanteus (Snake Venom 

Phosphodiesterase, SVPD) is well suited to quantitatively cleave the analogues 

between the a- and the b-phosphate. Investigating the fluorescence spectra of the 

analogues revealed that all synthesized probes largely change their fluorescence 

characteristics upon enzymatic cleavage and could be used to monitor the activity of 

ATP hydrolyzing enzymes. Nevertheless, two combinations of dyes are especially 

well suited for in vitro applications. The combination of the fluorophores Sulfo-Cy3 
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and Sulfo-Cy5 results in a ratiometric FRET probe largely changing the ratio of 

fluorescence intensities at both wavelengths upon cleavage. Furthermore, combining 

the fluorophore Sulfo-Cy3 with the dark quencher Eclipse results in a fluorescence 

turn-on probe, whose fluorescence strongly rises upon cleavage. Both analogues 

have the additional advantage to be perfectly water soluble as opposed to their non-

sulfonated counterparts. 

To obtain doubly labeled analogues that are accepted by an ATP hydrolyzing 

enzyme of interest, the attachment modes of the labels have to be optimized. 

Therefore, four novel ATP analogues modified at different positions of the nucleoside 

core were synthesized. Together with two known modified ATP analogues these 

molecules can be used to study the substrate spectrum of the ATP hydrolyzing 

enzymes of interest. 

Subsequently, acceptance of the modified ATP analogues by the kinesin Eg5 

was investigated. Using the analogues modified at the nucleoside, it was shown that 

Eg5 accepts modifications at the positions C2, O2ô, O3ô and C4ô and that modification 

at the O2ô-position is tolerated best. Whereas modification at the O2ô- and the O3ô-

position has already been used to study Eg5,[36,207] the positions C4ô and C2 open 

new possibility to obtain tailored Eg5 probes. These novel analogues can be the 

starting point for tailored, singly labeled ATP analogues to study e.g. binding of ATP 

to Eg5. Testing different ATP analogues modified at the phosphate chain revealed 

that Eg5 is not able to tolerate any of the modifications tested at this position. 

Therefore, Eg5 is not suited to be studied by the developed approach. 

Finally, ubiquitin-like protein activating enzymes (E1s) were investigated 

starting with the ubiquitin E1 UBA1. Investigation of the ATP analogues modified at 

the nucleoside revealed that UBA1 accepts modification at the N6-position and that 

an analogue modified at this position is almost as well accepted as natural ATP. 

Performing an E6AP autoubiquitylation experiment using the ATP analogues 

modified at the phosphate chain demonstrated that UBA1 accepts adenosine 

tetraphosphate analogues modified at the d-phosphate regardless of attachment of 

the modification via an oxygen- or carbon-linkage. The synthesis of a doubly modified 

adenosine tetraphosphate analogue bearing a trifluoroacetamide at the N6-position 

and an azide at the d-phosphate using an oxygen-linkage was performed. This 

analogue was obtained in a straight-forward manner using the established protocol. It 

was labeled using the combinations of Sulfo-Cy3 and Sulfo-Cy5 as well as Sulfo-Cy3 

and the Eclipse quencher. Furthermore, the analogue modified with the dyes Sulfo-

Cy3 and Sulfo-Cy5 at the N6-position and at the d-phosphate via a carbon-linkage 

was synthesized. All three analogues show high changes in fluorescence 

characteristics similar to the ones observed for the respective O2ô- and g-modified 

analogue. 
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All three analogues are used by UBA1 as substrate to promote the 

polyubiquitylation of E6AP. Furthermore, incubation of all three analogues with UBA1 

in the presence of ubiquitin and magnesium chloride resulted in a strong increase of 

the fluorescence intensity with time that was not observed in the absence of UBA1. 

The analogue modified with the dyes Sulfo-Cy3 and Sulfo-Cy5 at the N6-position and 

the d-phosphate via an oxygen-linkage was chosen for further investigations. 

Varying the concentration of UBA1 revealed that the rise of fluorescence 

depends linearly on its concentration. Furthermore, saturating dependences on 

ubiquitin and magnesium chloride concentration were observed. Strikingly, this time-

resolved ATPase sensor assay (TRASE) is operated in the absence of the 

downstream enzyme cascade of the ubiquitylation process. It is therefore the first 

method that allows directly monitoring the activity of UBA1 in a continuous fashion. 

To elaborate on the scope of the TRASE method the ubiquitin-like activating 

enzymes APPBP1/UBA3 for NEDD8 and SAE1/SAE2 for SUMO1 were also 

investigated using the ATP analogue optimized for UBA1. All enzymes can be 

studied using the presented ATP analogue. Furthermore activity was only observed 

in the presence of the cognate ubiquitin-like protein demonstrating the specificity of 

the TRASE assay. 

Next, the influence of ubiquitin-like conjugating enzymes (E2s) on the 

enzymatic activity of the E1s was investigated. The enzymatic activity of the E1s is 

stimulated by the cognate E2 enzymes, whereas no activation by non-cognate 

enzymes was observed. This demonstrates that the TRASE assay is very well suited 

to study effectors stimulating or inhibiting enzymatic activity of E1 enzymes. 

Finally, the TRASE method was applied for a screening of UBA1 inhibitors that 

have been shown to be possible anti-cancer agents. The most promising hit, b-

lapachone, has an IC50 value of 1.62 ° 0.13 mM in the TRASE assay. A very similar 

IC50 was also found in an E6AP autoubiquitylation assay using natural ATP (1.59 

° 0.07 mM). The inhibitory effect of b-lapachone was also verified in a Xenopus laevis 

egg extract experiment. This shows the good applicability of TRASE to identify 

inhibitors that are also active in the natural context.  

Taken together, tailored doubly labeled ATP analogues have been shown to 

be valuable tools to study the ATP consuming process of ubiquitin-like protein 

activation. Furthermore, the TRASE assay is the first method described that allows 

continuously monitoring E1 activity in the absence of the downstream enzyme 

cascade and is thus suited to directly study effectors of E1 activity in a straight-

forward manner.  
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5. Outlook 

On the basis of this work several additional issues could be elaborated on to expand 

the scope of the described method to address further biological problems. 

First, the doubly labeled ATP analogues for studying E1 enzymes could be 

further optimized to enhance their properties. For this purpose different approaches 

could be taken. The linkers used to connect the two dyes to ATP have so far not 

been optimized. Screening different linker lengths and topologies could result in 

doubly labeled probes that are to a higher degree accepted by the E1 of interest. 

Alternatively, it could be investigated whether the acceptance of the analogues can 

be enhanced by changing the attachment mode to the phosphate chain. This work 

has demonstrated that d-modified tetraphosphates are superior substrates for E1 

enzymes than g-modified triphosphates. It could therefore be interesting to study 

even longer phosphate chains on their acceptance by E1 enzymes. Furthermore, 

additional combinations of dyes could also be used to expand the scope of 

fluorescence characteristics of the ATP analogues towards future applications. Due 

to the attachment of the dyes towards the end of the synthesis and the mild synthesis 

procedures almost all available dyes could be used for this purpose. 

Next, it could also be investigated, whether E1 enzymes can be engineered to 

better accept the ATP analogues presented. For this purpose, the TRASE assay 

could be used to screen libraries of E1 mutants for variants that show better 

acceptance of the doubly labeled analogues. These libraries could be constructed 

using random or site-directed mutagenesis approaches. 

Furthermore, the new kinds of singly modified ATP analogues presented could 

be used to investigate the active site architectures of various proteins as shown for 

Eg5 and UBA1. This could lead to the development of tailored labeled probes to 

study enzymatic activity or to monitor ATP binding by various ATP binding proteins. 

Finally, it could be investigated, whether the concept of doubly labeled ATP 

analogues can be transferred to studying further ATP consuming enzymes. In this 

context, several enzyme families seem to be favorable. RNA polymerases have been 

shown to tolerate ATP analogues modified at the nucleoside[123] as well as at the 

phosphate chain[208] as substrates. They could therefore be well suited to be studied 

using doubly labeled ATP analogues. Members of the family of aminoacyl-tRNA-

synthetases (AARS) can catalyze the synthesis and cleavage of diadenosine 

tetraphosphates using their ATP binding site.[209,210] Therefore, modifications at the 

phosphate chain should be tolerated by these enzymes opening the opportunity to 

study them using the presented approach. Finally, some chaperones have been 

shown to accept modifications at the nucleoside or at the phosphate chain of ATP, 
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respectively, when binding ATP.[211] They could therefore also be interesting targets 

to be studied. 

Generally, the syntheses and methods established here will be useful for the 

construction of various novel nucleotide analogues that will allow better 

understanding of the mechanisms and regulations of various nucleotide processing 

enzymes. 
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6. Zusammenfassung und Ausblick 

Das Ziel dieser Arbeit war es, ATP-Analoga, die mit zwei Farbstoffen modifiziert sind, 

als neue Werkzeuge zu etablieren, die die direkte Visualisierung ihrer Spaltung durch 

ATP-verbrauchende Enzyme erlauben. 

Zunächst wurden verschiedene phosphatmodifizierte ATP-Analoga dargestellt. 

Hierzu wurde eine Anknüpfung an die Phosphatkette über ein Stickstoff-, Sauerstoff- 

oder Kohlenstoffatom verwendet. Die Untersuchung der pH-Stabilität dieser Analoga 

ergab, dass sauerstoff- und kohlenstoffverknüpfte Derivate über einen pH-Bereich 

von 3.0 bis 12.0 stabil sind. Im Gegensatz hierzu hydrolysieren stickstoffverknüpfte 

Analoga schon unter leicht sauren Bedingungen. Daher ist die Anknüpfung an die 

Phosphatkette über ein Stickstoffatom nicht geeignet, um stabile ATP-Sonden zu 

synthetisieren. Kohlenstoffverknüpfte Analoga sind hingegen eine attraktive 

Alternative zu den üblicherweise verwendeten sauerstoffverknüpften Molekülen. 

Zusätzlich wurden auch sauerstoff- oder kohlenstoffverknüpfte Tetraphosphate 

synthetisiert. Diese zeigen die gleiche hohe Stabilität wie die entsprechenden 

Triphosphate. 

Basierend auf diesen Arbeiten wurde als Nächstes die Synthese von doppelt 

farbstoffmodifizierten ATP-Analoga entworfen. Hierbei wurde eine Modifikation des g-

Phosphats über eine Sauerstoffanknüpfung und der O2ó-Position über eine stabile 

Etherbindung untersucht. In der Synthesestrategie wurde zunächst ein 

Adenosinanalog synthetisiert, das einen Linker mit einem geschütztem Amin an der 

O2ó-Position trägt. Nach Überführung in das entsprechende Triphosphat wurde das g-

Phosphat mit einem Linker, der ein zweites, orthogonal geschütztes Amin trägt, 

alkyliert. Als Aminvorstufen wurden hierbei ein Trifluoracetamid und ein Azid 

ausgewählt. Auf diese Weise wurde das Trifluoracetamid unter alkalischen 

Bedingungen entschützt, die das Azid toleriert. Das so erhaltene Amin wurde über 

NHS-Esterchemie mit dem ersten Farbstoff versehen. Im nächsten Schritt wurde das 

Azid in einer Staudingerreaktion unter sehr milden Bedingungen zum Amin reduziert. 

Unter diesen Bedingungen sind alle verwendeten Farbstoffe stabil. Das entstandene 

Amin wurde im letzten Schritt mit dem zweiten Farbstoff versehen, um die Synthese 

eines doppelt farbstoffmodifizierten Analoges zu vollenden. Diese Strategie hat den 

Vorteil, dass die Farbstoffe gegen Ende der Synthesesequenz eingeführt werden, 

was die Synthese von ATP-Analoga mit verschiedenen Farbstoffkombinationen 

ausgehend von demselben doppelt modifizierten Grundgerüst erlaubt. Auf diese 

Weise kann der Syntheseaufwand reduziert werden. Mit dieser Strategie wurden fünf 

verschiedene Farbstoffkombinationen an ATP angeknüpft. 

Als nächstes wurde untersucht, wie die Analoga vollständig hydrolytisch  

gespalten werden können. Es stellte sich heraus, dass die Phosphodiesterase I 
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(Snake Venom Phosphodiesterase, SVPD) aus dem Gift der Diamant-

Klapperschlange (C. adamanteus) geeignet ist, die Analoga quantitativ zwischen 

dem a- und dem b-Phosphat zu spalten. Bei der Untersuchung der 

Fluoreszenzspektren der ATP-Analoga wurde gefunden, dass alle synthetisierten 

Sonden ihre Fluoreszenzeigenschaften bei Spaltung deutlich ändern. Daher sind sie 

alle generell geeignet, um ATP hydrolysierende Enzyme zu untersuchen. Allerdings 

sind zwei Farbstoffkombinationen besonders vorteilhaft für in vitro Anwendungen. 

Die Kombination der Farbstoffe Sulfo-Cy3 und Sulfo-Cy5 ergibt eine ratiometrische 

FRET-Sonde, die das Verhältnis der Fluoreszenzintensität bei zwei Wellenlängen in 

entgegengesetzte Richtungen verändert. Auf diese Weise kann das Verhältnis der 

Intensität bei diesen beiden Wellenlängen als konzentrationsunabhängiges Maß für 

die Hydrolyse verwendet werden. Weiterhin ergibt die Kombination der Farbstoffe 

Sulfo-Cy3 und Eclipse eine Sonde, die im ungespaltenen Zustand fast nicht 

fluoresziert und deren Fluoreszenz bei der Spaltung deutlich ansteigt. Beide Analoga 

haben den zusätzlichen Vorteil, dass sie sich, im Gegensatz zu den nicht sulfonierten 

Molekülen, gut in Wasser lösen. 

Um doppelt farbstoffmodifizierte ATP-Analoga zu erhalten, die von Enzymen 

als Substrat akzeptiert werden, mussten die Arten der Anknüpfung an das Nukleotid 

optimiert werden. Für diesen Zweck wurden vier neue ATP-Analoga synthetisiert, die 

an verschiedenen Positionen des Nukleosids modifiziert sind. Zusammen mit zwei 

bereits bekannten nukleosidmodifizierten ATP-Analoga können diese Moleküle 

benutzt werden, um das Substratspektrum von ATP hydrolysierenden Enzymen zu 

untersuchen. 

Als nächstes wurde die Akzeptanz der modifizierten Analoga durch das 

Kinesin Eg5 untersucht. Mit den nukleosidmodifizierten Analoga konnte gezeigt 

werden, dass Eg5 Modifikationen an den Positionen C2, O2ó, O3ó und C4ó akzeptiert 

und dass Modifikationen an der O2ó-Position am besten toleriert werden. Während 

Modifikationen an der O2ó- und O3ó-Position bereits benutzt wurden, um Eg5 zu 

untersuchen,[36,207] eröffnen die C4ó- und die C2-Position neue Möglichkeiten 

maßgeschneiderte Sonden für Eg5 zu synthetisieren. Sie können ein Startpunkt sein, 

um neue einfach farbstoffmarkierte ATP-Analoga zu synthetisieren, die z.B. geeignet 

sind, um die Bindung von ATP an Eg5 zu untersuchen. Bei der Untersuchung der 

phosphatmodifizierten ATP-Analoga wurde gefunden, dass Eg5 nicht in der Lage ist 

eine der getesteten Modifikationen der Phosphatkette zu tolerieren. Daher ist der 

entwickelte Assay nicht geeignet, um die Aktivität von Eg5 zu untersuchen. 

Abschließend wurden Ăubiquitähnliche Proteine aktivierende Enzymeñ (E1-

Enzyme) untersucht, wobei mit der Ubiquitin-E1 UBA1 begonnen wurde. Die 

Untersuchung der nukleosidmodifizierten Analoga ergab, dass UBA1 N6-modifizierte 

Analoga fast so gut akzeptiert wie natürliches ATP. Weiterhin ergab ein E6AP-
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Polyubiquitylierungsassay mit den phosphatmodifizierten Analoga, dass UBA1 d-

modifizierte Tetraphosphate, unabhängig von der Anknüpfung über ein Sauerstoff- 

oder ein Kohlenstoffatom, als Substrat akzeptiert. Daher wurde die Synthese eines 

Analogons durchgeführt, das an der N6-Position einen trifluoracetamidmodifizierten 

Linker und am d-Phosphat über ein Sauerstoffatom einen azidmodifizierten Linker 

trägt. Dieses Molekül konnte unkompliziert über die etablierte Syntheseroute 

dargestellt werden. Es wurde mit den Kombinationen der Farbstoffe Sulfo-Cy3 und 

Sulfo-Cy5, sowie Sulfo-Cy3 und Eclipse versehen. Weiterhin wurde ein Analog 

synthetisiert, das an der N6-Position Sulfo-Cy5 und am d-Phosphat, über ein 

Kohlenstoffatom verknüpft, Sulfo-Cy3 trägt. Alle drei Analoga zeigen starke 

Änderungen ihrer Fluoreszenzeigenschaften bei der Spaltung. Diese Änderungen 

fallen ähnlich aus, wie bei den entsprechenden O2ó- und g-phosphatmodifizierten 

Gegenstücken. 

Alle drei Analoga sind in der Lage die Polyubiquitylierung von E6AP zu 

initiieren und werden von UBA1 als Substrat erkannt. Weiterhin resultiert die 

Inkubation aller drei Analoga mit UBA1 in der Gegenwart von Ubiquitin und 

Magnesiumchlorid in einem linearen Anstieg der Fluoreszenz über die Zeit. Das 

Analog, das über eine Sauerstoffanknüpfung am d-Phosphat mit Sulfo-Cy3 und an 

der N6-Position mit Sulfo-Cy5 modifiziert ist, wurde für die weiteren Untersuchungen 

ausgewählt. 

Variation der UBA1-Konzentration zeigte, dass der Anstieg des 

Fluoreszenzsignals linear von der Konzentration von UBA1 abhängt. Weiterhin 

konnten sättigende Abhängigkeiten von der Ubiquitin- und Magnesiumchlorid-

Konzentration beobachtet werden. Dieser zeitaufgelöste ATPase Sensorassay (time-

resolved ATPase sensor assay, TRASE) wird in der Abwesenheit aller anderer 

Enzyme der Ubiquitylierungskaskade durchgeführt. Er ist daher die erste Methode, 

die die direkte Beobachtung der Ubiquitinaktivierung durch UBA1 in Echtzeit erlaubt. 

Um die Anwendungsbreite der Methode zu untersuchen, wurden als nächstes 

die E1-Enzyme APPBP1/UBA3 für NEDD8 und SAE1/SAE2 für SUMO1 mit der für 

UBA1 optimierten Sonde untersucht. Alle Enzyme können mit dem präsentierten 

ATP-Analogon untersucht werden. Weiterhin konnte nur Aktivität in der Anwesenheit 

der kognaten ubiquitinähnlichen Proteine detektiert werden, während keine Aktivität 

in Anwesenheit der nicht kognaten Proteine gesehen wurde. Dies zeigt die Spezifität 

des TRASE-Assays. 

Als nächstes wurde der Einfluss von ubiquitinkonjugierenden Enzymen (E2s) 

auf die E1-Aktivität untersucht. Die enzymatische Aktivität der E1-Enzyme wird durch 

alle kognaten E2-Enzyme stimuliert, während keine Stimulation durch nicht kognate 

E2-Enzyme gesehen werden kann. Dies zeigt, dass TRASE sehr gut geeignet ist, um 

Effektoren, die die E1-Aktivität stimulieren oder inhibieren, zu untersuchen. 
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Abschließend wurde die TRASE-Methode für ein Screening von UBA1-

Inhibitoren angewendet, die als mögliche Antikrebsmittel vorgeschlagen wurden. Das 

vielversprechendste gefundene Molekül ist b-Lapachon. Es inhibiert UBA1 im 

TRASE-Assay mit einem IC50 von 1.62 ° 0.13 mM. Ein sehr ähnlicher IC50 wird auch 

im E6AP Polyubiquitylierungsassay mit nur natürlichen Komponenten detektiert (1.59 

° 0.07 mM). Der inhibitorische Effekt von b-Lapachon konnte auch im Extrakt aus 

Xenopus laevis Eiern bestätigt werden. Dies zeigt die gute Anwendbarkeit des 

TRASE-Assays für die Identifizierung von Inhibitoren, die auch im natürlichen 

Kontext aktiv sind. 

Zusammenfassend konnten ATP-Analoga, die mit zwei Farbstoffen modifiziert 

sind, als wertvolle Werkzeuge etabliert werden, um den ATP verbrauchenden 

Prozess der Aktivierung von ubiquitinähnlichen Proteinen zu untersuchen. Weiterhin 

ist der präsentierte TRASE-Assay die erste Methode, die es erlaubt die E1-Aktivität 

kontinuierlich in der Abwesenheit aller anderer Enzyme der Ubiquitylierungskaskade 

zu untersuchen. Sie ist damit sehr gut geeignet direkte Effektoren der E1-Aktivität 

einfach zu untersuchen. 

Ausgehend von dieser Arbeit könnten verschiedene weitere Punkte adressiert 

werden, um die Anwendungsbreite der beschriebenen Methode auf weitere 

biologische Systeme auszuweiten. 

Zuerst könnten die Eigenschaften der ATP-Analoga, die es erlauben E1-

Aktivität zu untersuchen, weiter optimiert werden. Zu diesem Zweck könnten 

verschiedene Ansätze gewählt werden. Die Linker, die gewählt wurden, um die 

Farbstoffe an ATP anzuknüpfen, wurden bisher nicht optimiert. Die Untersuchung 

verschiedener Linkerlängen oder ïtopologien könnte zu ATP-Analoga führen, die 

besser von E1-Enzymen akzeptiert werden. Alternativ könnte untersucht werden, ob 

die Substrateigenschaften über eine veränderte Anknüpfung an die Phosphatkette 

weiter verbessert werden können. Die vorliegende Arbeit hat gezeigt, dass d-

modifizierte Tetraphosphate besser akzeptiert werden, als g-modifizierte 

Triphosphate. Daher könnte es vielversprechend sein, noch längere Phosphatketten 

auf ihre Substrateigenschaften zu untersuchen. Weiterhin könnten zusätzliche 

Farbstoffkombinationen benutzt werden, um die Fluoreszenzeigenschaften der ATP-

Analoga im Hinblick auf zukünftige Anwendungen weiter maßzuschneidern. Wegen 

der späten Anknüpfung der Farbstoffe und der milden Reaktionsbedingungen, 

könnten hierzu nahezu alle verfügbaren Farbstoffe verwendet werden. 

Als nächstes könnte untersucht werden, ob E1-Enzyme optimiert werden 

können, so dass sie die verwendeten ATP-Analoga besser als Substrat akzeptieren. 

Der TRASE-Assay könnte hierbei verwendet werden, um Bibliotheken von E1-

Mutanten nach Varianten zu durchmustern, die die ATP-Analoga besser umsetzen 
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können. Diese Bibliotheken könnten durch ortsspezifische oder zufällige Mutagenese 

erstellt werden. 

Weiterhin könnten die präsentierten einfach modifizierten ATP-Analoga 

verwendet werden, um die Struktur der Bindetasche von verschiedenen Proteinen zu 

untersuchen, wie es hier für Eg5 und UBA1 gemacht wurde. Dies könnte zur 

Entwicklung von maßgeschneiderten modifizierten Sonden führen, die geeignet sind 

die enzymatische Aktivität oder die ATP-Bindung von verschiedenen ATP bindenden 

Enzymen zu untersuchen. 

Abschließend könnte untersucht werden, ob das Konzept der doppelt 

farbstoffmodifizierten ATP-Analoga auch auf weitere ATP verbrauchende Enzyme 

übertragen werden kann. In diesem Zusammenhang bieten sich einige 

Enzymfamilien besonders für die Untersuchung an. RNA-Polymerase können sowohl 

phosphatmodifizierte,[123] als auch nukleosidmodifizierte ATP-Analoga als Substrat 

akzeptieren.[208] Sie könnten daher sehr gut geeignet sein, um mit der präsentierten 

Methode untersucht zu werden. Mitglieder der Familie der Aminoacyl-tRNA-

Transferasen können sowohl die Synthese, als auch die Hydrolyse von 

Diadenosintetraphosphat in ihrer ATP-Bindestelle katalysieren.[209,210] Daher sollten 

Modifikationen an der Phosphatkette von diesen Enzymen toleriert werden, was die 

Möglichkeit eröffnet, sie mit dem präsentierten Ansatz zu untersuchen. Auch einige 

Chaperone können Modifikationen an der Phosphatkette, sowie am Nukleosid 

während der ATP-Bindung tolerieren.[211] Sie könnten daher auch interessante 

Zielenzyme sein. 

Im Allgemeinen werden die Synthesen und Methoden, die hier entwickelt 

wurden, hilfreich sein, um diverse neuartige Nukleotidanaloga maßzuschneidern, die 

ein besseres Verständnis der Mechanismen und Regulationen von verschiedensten 

Nukleotid-verändernden Enzymen erlauben werden. 
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7. Experimental Part 

7.1. Chemical Synthesis 

7.1.1. General Information 

All temperatures quoted are uncorrected. All reagents were used without further 

purification. 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 a ÄktaPurifier (GE Healthcare) 

with a DEAE SephadexÊ A-25 (GEHealthcare Bio-SciencesAB) column using a 

linear gradient (0.1 M ï 1.0 M) of triethylammonium bicarbonate buffer (TEAB, pH 

7.5). Reversed phase high pressure liquid chromatography (RP-HPLC) for the 

purification of compounds was performed using a Shimadzu unit having LC8a pumps 

and a Dynamax UV-1 detector. A VP 250/21 NUCLEODUR C18 HTec, 5mm 

(Macherey-Nagel) column and a gradient of acetonitrile in 50 mM TEAA buffer (pH 

7.0) were used. All compounds purified by RP-HPLC were obtained as their 

triethylammonium salts after repeated freeze-drying. The 1H-NMR signals of 

triethylammonium are not reported. Analytical RP-HPLC was performed using a 

Shimadzu Prominence system. A VP 250/4 NUCLEODUR C18 HTec, 5mm 

(Macherey-Nagel) column and a gradient of acetonitrile in 50 mM TEAA buffer (pH 

7.0) were used. NMR spectra were recorded on a Bruker Avance III 400 MHz 

spectrometer and a Bruker AVIII 600 MHz spectrometer. 1H and 13C chemical shifts 

are reported relative to the residual solvent peak and are given in ppm (d). Silica gel 

column chromatography was performed using Merck silica gel G60. HR-ESI-MS 

spectra were recorded on a Bruker Daltronics microTOF II. For fluorescent 

measurements a Perkin Elmer Luminescence Spectrometer LS50 or an infinite F500 

plate reader (TECAN) were used. 

 

7.1.2. Buffers for Chemical Synthesis 

Triethylammonium bicarbonate buffer (TEAB): 

1 M TEAB buffer was manufactured by suspending triethylamine (5 mol) in water and 

passing carbon dioxide (from evaporated dry ice) through the mixture until the pH is 

7.5. The buffer was diluted to 5 L to give 1 M TEAB. The buffer was diluted to 0.1 M 

as needed. 

Triethylammonium acetate buffer (TEAA): 

1 M TEAA buffer was obtained by mixing 1 mol triethylamine with water and slowly 

adding 1 mol acetic acid. After cooling to room temperature, the pH was adjusted to 
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7.0 and the buffer was diluted to 1 L to give 1 M TEAA. It was diluted to 50 mM as 

needed. 

1 M NaHCO3 buffer: 

1 mol NaHCO3 was dissolved in water and the pH was adjusted to 8.9 or 8.7 as 

needed using 5 M NaOH solution. The solution was diluted to 1 L to give 1 M 

NaHCO3 buffer. 

7.1.3. General Experimental Procedures 

General Procedure 1: Synthesis of Triphosphates: 

The respective nucleoside (1 eq., approx. 50 mM) and proton sponge (1.5 eq.) were 

dissolved in trimethylphosphate and cooled to 0 °C. To this, phosphorous oxychloride 

(1.2 eq.) was added dropwise. The solution was kept at 0 °C for 1 hour. 

Tributylamine (10 eq.) and bis-(tributylammonium)-pyrophosphate (5 eq., 0.5 M in 

DMF) were added and the solution was stirred at room temperature for 1 hour. The 

reaction was quenched by addition of 0.1 M TEAB buffer and stirring for 30 minutes 

at room temperature. The reaction mixture was extracted three times with ethyl 

acetate and the aqueous phase was evaporated. The product was purified by anion-

exchange chromatography and RP-HPLC. Fractions containing the product were 

evaporated and the product repeatedly freeze dried from water to give the 

triphosphate. 

General Procedure 2: g-Phosphate Alkylation:  

The respective triphosphate was converted into its tetrabutylammonium salt by 

passing through a column containing Chelex100 preequilibrated with Bu4NBr. The 

tetrabutylammonium triphosphate (1eq., approx. 20 mM) and the alkylation reagent 

(approx.. 3 eq., approx. 60 mM) were separately dissolved in DMF and dried over 

molecular sieves overnight. The two solutions were combined and slightly stirred at 

room temperature overnight. The solvents were evaporated under reduced pressure 

and the crude product was purified by anion-exchange chromatography and RP-

HPLC or directly subjected to deprotection of the trifluoroacetamide group. Fractions 

containing the product were evaporated and the product repeatedly freeze dried from 

water to give the alkylated triphosphate. 

General Procedure 3: Trifluoroacetamide Deprotection: 

The trifluoroacetamide protected nucleotide (1 eq., approx. 10 mM) was dissolved in 

10% NH3 aq. The reaction was stirred at room temperature for 2 - 4 hours until the 

reaction was complete. The solvents were evaporated under reduced pressure and 

the crude product was purified by anion-exchange chromatography (if crude starting 
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material was used) and RP-HPLC. Fractions containing the product were evaporated 

and the product repeatedly freeze dried from water to give the free amine. 

General Procedure 4: Azide Reduction: 

The azide modified nucleotide (1 eq., approx. 3 mM) was dissolved in 

water/methanol/triethylamine (2:2:1) and tris-(2-carboxyethyl)-phosphine 

hydrochloride (7 eq.) was added rapidly and stirred at room temperature for 3 ï 12 

hours until complete conversion. The solvents were evaporated under reduced 

pressure. The compound was purified by RP-HPLC. Fractions containing the product 

were evaporated and the product repeatedly freeze dried from water to give the free 

amine. 

General Procedure 5: NHS Ester Coupling: 

The nucleotide containing a free amine (1 eq., approx. 5 mM) was dissolved in 0.1 M 

NaHCO3 (pH 8.7 or pH 8.9 as indicated) and the appropriate NHS ester (approx.. 1.5 

eq.), dissolved in DMF (approx. 30 mM), was added. The solution was stirred at room 

temperature for 2 ï 12 hours until complete conversion was achieved. For the less 

polar NHS esters of Cy3, Cy5 and Eclipse higher amounts of DMF (up to DMF/0.1 M 

NaHCO3 1:1) had to be used to maintain solubility. The solvents were evaporated 

under reduced pressure. The compound was purified by RP-HPLC. The solvent was 

evaporated and the product repeatedly freeze dried from water to give the labeled 

triphosphate. 

7.1.4. Synthesis of g-N-(6-Azidohexyl)-Adenosine Triphosphate 1 

 

g-N-(6-azidohexyl)-adenosine triphosphate 1: 

Disodium ATP (49 mmol) and 6-azido-hexylamine[164] (70 mg, 490 mmol, 10 eq.) were 

dissolved in 10 mL of water. The reaction mixture was adjusted to pH 6.0. EDC 

hydrochloride (199 mg, 1.04 mmol, 21 eq.) was added. The reaction was stirred at 

room temperature for 12 h. The pH was adjusted to 8.5 and the solvent was 

evaporated. Purification by anion-exchange chromatography and RP-HPLC gave 5.7 

mmol (12%) of compound 1 as colourless oil. 
1H NMR (D2O, 400 MHz): d 8.59 (s, 1H, H-8), 8.29 (s, 1H, H-2), 6.15 (d, J = 5.9 Hz, 

1H, H-1ô), 4.80 (m, 1H, H-2ô), 4.56 (m, 1H, H3ô), 4.40 (m, 1H, H4ô), 4.25 (m, 2H, H5ôa, 

H5ôb), 3.22 (m, 2H, N3īCH2), 2.79 (q, J = 8.0 Hz, 2H, CH2īNHīPg), 1.45 ī 1.28 (m, 

8H, 4 × CH2-linker). 
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31P NMR (D2O, 162 MHz): d ī0.9 (d, J = 20.6 Hz, 1P), ī11.6 (d, J = 18.6 Hz, 1P), 

ī23.0 (t, J = 20.1 Hz, 1P). 

 HR-ESI-MS: found: 630.1017; calculated: 630.0987 (MīH+, C16H27N9O12P3
ī); 

deviation: 4.8 ppm. 

7.1.5. Synthesis of g-O-(6-Azidohexyl)-Adenosine Triphosphate 2 

 

g-O-(6-azidohexyl)-adenosine triphosphate 2:  

This compound was synthesized using general procedure 2 starting from ATP (285 

mmol, 1 eq.) and 6-azido-1-bromo-hexane[165] (293 mg, 1.43 mmol, 5 eq.) in 22% 

yield. 
1H NMR (MeOD, 400 MHz): d 8.61 (s, 1H, H-8), 8.22 (s, 1H, H-2), 6.11 (d, J = 5.4 Hz, 

1H, H-1ô), 4.73 (t, J = 5.2 Hz, 1H, H-2ô), 4.57 (m, 1H, H-3ô), 4.28 (m, 3H, H-4ô, H-5ôa, 

H-5ôb), 4.00 (q, J = 6.5 Hz, 2H, Pg-O-CH2), 3.25 (t, J = 6.9 Hz, 2H, N3-CH2), 1.61 (m, 

2H, CH2-linker), 1.54 (m, 2H, CH2-linker), 1.36 (m, 4H, 2x CH2-linker). 
31P NMR (MeOD, 162 MHz): d -11.2 (d, J = 18.3 Hz, 1P), -11.7 (d, J = 18.6 Hz, 1P), -

23.2 (t, J = 18.5 Hz, 1P). 

HR-ESI-MS: found: 631.0839; calculated: 631.0827 (M-H+, C16H26N8O13P3
-); 

deviation: 1.9 ppm. 

7.1.6. Synthesis of g-O-(Pent-4-yn-1-yl)-Adenosine Triphosphate 

 

g-O-(pent-4-yn-1-yl)-adenosine triphosphate: 

This compound was synthesized using general procedure 2 starting from ATP (10 

mmol, 1 eq.) and pent-4-yn-1-yl tosylate[212] (2.4 mg, 10 mmol, 1 eq.) in 15% yield. 
1H NMR (D2O, 400 MHz): d 8.56 (s, 1H, H-8), 8.30 (s, 1H, H-2), 6.18 (d, J = 6.0 Hz, 

1H, H-1ô), 4.83 ï 4.80 (m, 1H, H-2ô), 4.60 ï 4.56 (m, 1H, H-3ô), 4.46 ï 4.41 (m, 1H, H-

4ô), 4.30 ï 4.25 (m, 2H, H-5ôa, H-5ôb), 4.01 (q, J = 6.5 Hz, 2H, Pg-O-CH2), 2.29 ï 2.20 

(m, 3H, CH2-CC, CC-H), 1.77 (quintet, J = 6.6 Hz, 2H, CH2-CH2-CH2). 
31P NMR (MeOD, 162 MHz): d -10.7 - -11.0 (m, 1P), -11.1 - -11.6 (m, 1P), -22.3 - -

22.9 (m, 1P). 

HR-ESI-MS: found: 572.0324; calculated: 572.0343 (M-H+, C15H21N5O13P3
-); 

deviation: 3.3 ppm. 
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7.1.7. Synthesis of g-C-(7-Azidoheptyl)-Adenosine Triphosphate 3 

 

g-C-(7-azidoheptyl)-adenosine triphosphate 3: 

Tetrabutylammonium ADP (232 mmol, 1 eq.) and 7-azido-heptyl-phosphonate[167] 

(480 mg, 2.32 mmol, 10 eq.) were separately dissolved in 3 mL DMF/DMSO 4:1 (v/v) 

each and stored over molecular sieves for 24 hours. CDI (188 mg, 1.16 mmol, 5 eq.) 

was added to ADP and the solution was kept at room temperature for 12 hours. 

Methanol (75 mL) was added and the solution was kept at room temperature for 3 

hours. Triethylamine (650 mL, 470 mg, 4.64 mmol, 20 eq.) was added. This solution 

was combined with the solution of 7-azido-heptyl-phosphonate and kept at 40 °C for 

24 hours. Purification by anion-exchange chromatography and RP-HPLC gave 26 

mmol (11%) of compound 3 as colorless oil. 
1H NMR (MeOD, 400 MHz): d 8.59 (s, 1H, H-8), 8.20 (s, 1H, H-2), 6.09 (d, J = 5.6 Hz, 

1H, H-1ô), 4.73 (t, J = 5.3 Hz, 1H, H-2ô), 4.57 (m, 1H, H-3ô), 4.31 (m, 1H, H-5ôa), 4.24 

(m, 2H, H-4ô, H-5ôb), 3.25 (t, J = 6.8 Hz, 2H, N3-CH2), 1.82 (m, 2H, CH2-Pg), 1.67 (m, 

2H, CH2-linker), 1.55 (m, 2H, CH2-linker), 1.34 (m, 6H, 3x CH2-linker). 
31P NMR (MeOD, 162 MHz): d 17.6 (d, J = 22.5 Hz, 1P), -11.6 (d, J = 17.7 Hz, 1P), -

23.0 (t, J = 20.6 Hz, 1P). 

HR-ESI-MS: found: 629.1056; calculated: 629.1034 (M-H+, C17H28N8O12P3
-); 

deviation: 3.5 ppm. 

7.1.8. Synthesis of d-O-(6-Azidohexyl)-Adenosine Tetraphosphate 4 

 

g-O-(6-azidohexyl)-adenosine tetraphosphate 4[167]: 

Tetrabutylammonium ATP (217 mmol, 1 eq.) and 6-azido-hexyl-phosphate[167] (484 

mg, 2.17 mmol, 10 eq.) were separately dissolved in 3 mL DMF each and stored over 

molecular sieves for 12 hours. EDC hydrochloride (125 mg, 651 mmol, 3 eq.) was 

added to ATP and the solution was kept at room temperature for 2.5 hours. Methanol 

(70 mL) was added and the solution was kept at room temperature for 3 hours. 

Triethylamine (600 mL, 438 mg, 4.34 mmol, 20 eq.) was added. This solution was 

combined with the solution of 6-azido-hexyl-phosphate and kept at 40 °C for 24 
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hours. Purification by anion-exchange chromatography and RP-HPLC gave 52 mmol 

(24%) of compound 4 as colorless oil. 
1H NMR (MeOD, 400 MHz): d 8.64 (s, 1H, H-8), 8.23 (s, 1H, H-2), 6.10 (d, J = 6.1 Hz, 

1H, H-1ô), 4.77 (t, J = 5.6 Hz, 1H, H-2ô), 4.65 (m, 1H, H-3ô), 4.35 (m, 1H, H-5ôa), 4.24 

(m, 2H, H-4ô, H-5ôb), 4.02 (q, J = 6.4 Hz, 2H, Pd-O-CH2), 3.26 (t, J = 6.9 Hz, 2H, N3-

CH2), 1.68 - 1.50 (m, 4H, 2x CH2-linker), 1.46 - 1.36 (m, 4H, 2x CH2-linker).  
31P NMR (MeOD, 162 MHz): d -11.0 (m, 1P), -11.6 (m, 1P), -23.3 (m, 2P). 

HR-ESI-MS: found: 711.0508; calculated: 711.0490 (M-H+, C16H27N8O16P4
-); 

deviation: 2.5 ppm. 

7.1.9. Synthesis of d-C-(7-Azidoheptyl)-Adenosine Tetraphosphate 5 

 

g-C-(7-azidoheptyl)-adenosine tetraphosphate 5[167]: 

Tetrabutylammonium ATP (100 mmol, 1 eq.) and 7-azido-heptyl-phosphonate[167] 

(207 mg, 1.0 mmol, 10 eq.) were separately dissolved in 3 mL DMF each and stored 

over molecular sieves for 12 hours. EDC hydrochloride (57.5 mg, 300 mmol, 3 eq.) 

was added to ATP and the solution was kept at room temperature for 2.5 hours. 

Methanol (33 mL) was added and the solution was kept at room temperature for 3 

hours. Triethylamine (279 mL, 202 mg, 2.0 mmol, 20 eq.) was added. This solution 

was combined with the solution of 7-azido-heptyl-phosphonate and kept at 40 °C for 

24 hours. Purification by anion-exchange chromatography and RP-HPLC gave 28 

mmol (31 mg, 28%) of compound 5 as colorless oil. 
1H NMR (MeOD, 400 MHz): d 8.63 (s, 1H, H-8), 8.20 (s, 1H, H-2), 6.11 (d, J = 6.2 Hz, 

1H, H-1ô), 4.79 (t, J = 5.7 Hz, 1H, H-2ô), 4.66 (m, 1H, H-3ô), 4.34 (m, 1H, H-5ôa), 4.24 

(m, 2H, H-4ô, H-5ôb), 3.26 (t, J = 6.9 Hz, 2H, N3-CH2), 1.83 (m, 2H, CH2-Pd), 1.67 (m, 

2H, CH2-linker), 1.56 (m, 2H, CH2-linker) , 1.35 (m, 6H, 3x CH2-linker). 

31P NMR (MeOD, 162 MHz): d 17.7 (d, J = 19.6 Hz, 1P), -11.6 (m, 1P), -23.3 (m, 2P). 

HR-ESI-MS: found: 709.0729; calculated: 709.0697 (M-H+, C17H29N8O15P4
-); 

deviation: 4.5 ppm. 



7. Experimental Part 
 

99 
 

7.1.10. Synthesis of O2ó-(6-Aminohexyl)-g-(6-Azidohexyl)-Adenosine 
Triphosphate 9 

 

O2ô-(6-azidohexyl)-adenosine 6: 

Adenosine (0.86 g, 3.22 mmol, 1 eq.) was dissolved in 40 mL hot DMF and cooled to 

room temperature. NaH (103 mg, 4.30 mmol, 1.3 eq.) was added and the mixture 

was stirred for 2 hours. 6-Azido-1-bromohexane[165] (0.96 g, 4.68 mmol, 1.5 eq.) was 

dissolved in 10 mL DMF and added to the reaction mixture. The solution was stirred 

at room temperature overnight and quenched by the addition of 10 mL methanol. The 

mixture was stirred at room temperature for 30 minutes and solvents were 

evaporated under reduced pressure. Column chromatography (5% methanol in 

dichloromethane) gave 457 mg (1.17 mmol, 36%) of compound 6 as white solid. 
1H NMR (d6-DMSO, 400 MHz): d 8.38 (s, 1H, H-8), 8.14 (s, 1H, H-2), 7.34 (bs, 2H, 

NH2), 5.98 (d, J = 6.5 Hz, 1H, H-1ô), 5.43 (dd, J = 6.7 Hz, J = 4.7 Hz, 1H, OH-5ô), 5.16 

(d, J = 3.5 Hz, 1H, OH-3ô), 4.47 (dd, J = 6.2 Hz, J = 4.9 Hz, 1H, H-2ô), 4.34 ï 4.25 (m, 

1H, H-3ô), 3.99 (q, J = 3.2 Hz, 1H, H-4ô), 3.73 ï 3.63 (m, 1H, H-5ôa), 3.55 (m, 2H, H-

5ôb, O2ô-CH2a), 3.34 ï 3.29 (m, 1H, O2ô-CH2b), 3.21 (t, J = 6.9 Hz, 2H, N3-CH2), 1.45 

ï 1.31 (m, 4H, 2x CH2-linker), 1.25 ï 1.06 (m, 4H, 2x CH2-linker). 

HR-ESI-MS: found: 393.1977; calculated: 393.1993 (M+H+, C16H25N8O4
+); deviation: 

4.1 ppm. 

O2ô-(6-trifluoroacetamidohexyl)-adenosine 7: 

O2ô-(6-Azidohexyl)-adenosine 6 (120 mg, 306 mmol, 1 eq.) and triphenylphosphine 

(160 mg, 612 mmol, 2 eq.) were dissolved in 8 mL THF and 2 mL water. The solution 

was stirred at room temperature for 24 hours. The solvents were evaporated and the 

residue was coevaporated with methanol three times. The product was dissolved in 

10 mL methanol and triethylamine (50 mL, 36.5 mg, 361 mmol, 1.2 eq.) and ethyl 

trifluoroacetate (50 mL, 59.5 mg, 420 mmol, 1.4 eq.) were added. The solution was 

stirred at room temperature for 24 hours and the solvents were evaporated. Column 

chromatography gave 132 mg (286 mmol, 93%) of compound 7 as white solid. 
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1H NMR (d6-DMSO, 400 MHz): d 9.33 (s, 1H, NHTFA), 8.38 (s, 1H, H-8), 8.14 (s, 1H, 

H-2), 7.34 (bs, 2H, NH2), 5.98 (d, J = 6.4 Hz, 1H, H-1ô), 5.42 (dd, J = 7.1 Hz, J= 4.6 

Hz, 1H, OH-5ô), 5.15 (d, J = 5.1 Hz, 1H, OH-3ô), 4.49 (dd, J = 5.9 Hz, J = 4.9 Hz, 1H, 

H-2ô), 4.34 ï 4.26 (m, 1H, H-3ô), 3.99 (q, J = 3.2 Hz, 1H, H-4ô), 3.73 ï 3.65 (m, 1H, H-

5ôa), 3.62 ï 3.49 (m, 2H, H-5ôb, O2ô-CH2a), 3.40 ï 3.30 (m, 1H, O2ô-CH2b), 3.10 (q, J 

= 6.7 Hz, 2H, NHTFA-CH2), 1.44 ï 1.31 (m, 4H, 2x CH2-linker), 1.21 ï 1.05 (m, 4H, 

2x CH2-linker). 
19F NMR (d6-DMSO, 376 MHz): d -74.4 (s, 3F). 

HR-ESI-MS: found: 463.1894; calculated: 463.1911 (M+H+, C18H26F3N6O5
+); 

deviation: 3.7 ppm. 

O2ô-(6-trifluoroacetamidohexyl)-adenosine triphosphate 8: 

This compound was synthesized using general procedure 1 starting from compound 

7 (90 mg, 194 mmol, 1 eq.) in 57% yield. 
1H NMR (D2O, 400 MHz): d 8.55 (s, 1H, H-8), 8.23 (s, 1H, H-2), 6.13 (d, J = 7.0 Hz, 

1H, H-1ô), 4.56 (dd, J = 5.0 Hz, J = 2.2 Hz, 1H, H-3ô), 4.44 (dd, J = 6.8 Hz, J = 5.2 Hz, 

1H, H-2ô), 4.31 ï 4.24 (m, 1H, H-4ô), 4.22 ï 4.14 (m, 1H, H-5ôa), 4.14 ï 4.07 (m, 1H, 

H-5ôb), 3.75 ï 3.64 (m, 1H, O2ô-CH2a), 3.54 ï 3.43 (m, 1H, O2ô-CH2b), 2.96 (t, J = 7.1 

Hz, 2H, NHTFA-CH2), 1.35 ï 1.06 (m, 4H, 2x CH2-linker), 1.01 ï 0.74 (m, 4H, 2x 

CH2-linker).  

19F NMR (D2O, 376 MHz): d -75.9 (s, 3F). 
31P NMR (D2O, 162 MHz): d -10.8 (d, J = 20.4 Hz, 1P), -11.5 (d, J = 19.0 Hz, 1P), -

23.3 (t, J = 19.8 Hz, 1P). 

HR-ESI-MS: found: 701.0729; calculated: 701.0745 (M-H+, C18H27F3N6O14P3
-); 

deviation: 2.3 ppm. 

O2ô-(6-trifluoroacetamidohexyl)-g-(6-azidohexyl)-adenosine triphosphate 9:  

This compound was synthesized using general procedure 2 and 3 starting from O2ô-

(6-trifluoroacetamidohexyl)-adenosine triphosphate 8 (103 mmol) and 6-azido-1-

bromohexane[165] (512 mmol) in 25% yield. 
1H NMR (D2O, 400 MHz): d 8.64 (s, 1H, H-8), 8.28 (s, 1H, H-2), 6.18 (d, J = 7.0 Hz, 

1H, H-1ô), 4.68 (dd, J = 2.1 Hz, J = 5.0 Hz, 1H, H-3ô), 4.56 (dd, J = 5.1 Hz, J = 6.9 Hz, 

1H, H-2ô), 4.46 ï 4.42 (m, 1H, H-4ô), 4.34 ï 4.20 (m, 2H, H5ôa, H5ôb), 3.91 (q, J = 6.8 

Hz, 2H, gP-O-CH2), 3.71 (dt, J = 6.3 Hz, J = 10.4 Hz, 1H, 2ô-O-CH2a), 3.54 (dt, J = 

6.2 Hz, J = 10.4 Hz, 1H, 2ô-O-CH2b), 3.21 (t, J = 6.8 Hz, 2H, CH2-N3), 2.87 (t, 7.4 Hz, 

2H, CH2-NH2), 1.57 ï 1.36 (m, 8H, 4x CH2-linker), 1.24 ï 0.93 (m, 8H, 4x CH2-linker). 
31P NMR (D2O, 162 MHz): d -11.0 (d, J = 18.2 Hz, 1P), -11.6 (d, J = 18.2 Hz, 1P), -

23.3 (t, J = 18.2 Hz, 1P). 
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HR-ESI-MS: found: 730.1858; calculated: 730.1875 (M-H+, C22H39N9O13P3
-); 

deviation: 2.3 ppm. 

7.1.11. Synthesis of O2ó-(6-Azidohexyl)-g-(6-Aminohexyl)-Adenosine 
Triphosphate 11 

 

O2ó-(6-azidohexyl)-adenosine triphosphate 10: 

This compound was synthesized using general procedure 1 starting from O2ô-(6-

azidohexyl)-adenosine 6 (170 mmol) in 39% yield. 
1H NMR (D2O, 400 MHz): d 8.65 (s, 1H, H-8), 8.35 (s, 1H, H-2), 6.23 (d, J = 7.2 Hz, 

1H, H-1ô), 4.73 (dd, J = 2.1 Hz, J = 5.2 Hz, 1H, H-3ô), 4.63 (dd, J = 5.2 Hz, J = 7.2 Hz, 

1H, H-2ô), 4.52 ï 4.47 (m, 1H, H-4ô), 4.39 ï 4.32 (m, 1H, H-5ôa), 4.32 ï 4.25 (m, 1H, 

H-5ôb), 3.84 ï 3.75 (m, 1H, 2ô-O-CH2a), 3.62 ï 5.53 (m, 1H, 2ô-O-CH2b), 3.15 (t, J = 

6.9 Hz, 2H, CH2-N3), 1.53 ï 1.21 (m, 4H, 2x CH2-linker), 1.17 ï 0.92 (m, 4H, 2x CH2-

linker). 
31P NMR (D2O, 162 MHz): d -10.7 (d, J = 17.1 Hz, 1P), -11.4 (d, J = 19.6 Hz, 1P), -

21.1 (t, J = 19.3 Hz, 1P). 

HR-ESI-MS: found: 631.0819; calculated: 631.0827 (M-H+, C16H26N8O13P3
-); 

deviation: 1.3 ppm. 

O2ó-(6-azidohexyl)-g-(6-aminohexyl)-adenosine triphosphate 11: 

This compound was synthesized using general procedure 2 and 3 starting from O2ô-

(6-azidohexyl)-adenosine triphosphate 10 (390 mmol) and 1-iodo-6-

trifluoroacetamidohexane[172] (1.17 mmol) in 25% yield. 
1H NMR (MeOD-d4, 400 MHz): d 8.65 (s, 1H, H-8), 8.21 (s, 1H, H-2), 6.16 (d, J = 5.0 

Hz, 1H, H-1ô), 4.64 (t, J = 4.6 Hz, 1H, H-3ô), 4.41 (t, J = 5.0 Hz, 1H, H-2ô), 4.37 ï 4.22 

(m, 3H, H-4ô, H-5ôa, H-5ôb), 4.03 (q, J = 6.2 Hz, 2H, gP-O-CH2), 3.72 (dt, J 9.6 Hz, J = 

6.5 Hz, 1H, 2ô-O-CH2a), 3.57 (dt, J = 9.6 Hz, J = 6.5 Hz, 1H, 2ô-O-CH2b), 3.22 ï 3.16 

(m, 2H, CH2-N3), 2.98 (t, J = 6.7 Hz, 2H, CH2-NH2), 1.75 ï 1.59 (m, 4H, 2x CH2-

linker), 1.59 ï 1.39 (m, 8H, 4x CH2-linker), 1.36 ï 1.19 (m, 4H, 2x CH2-linker). 
31P NMR (MeOD-d4, 162 MHz): d -10.6 (d, J = 17.1 Hz, 1P), -11.3 (d, J = 19.5 Hz, 

1P), -22.2 - -22.8 (m, 1P). 

HR-ESI-MS: found: 730.1862; calculated: 730.1875 (M-H+, C22H39N9O13P3
-); 

deviation: 1.8 ppm. 
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7.1.12. Synthesis of Cyanine Dyes Cy3 15 and Cy5 16 

 

1,2,3,3-Tetramethylindoleninium iodide 13[174]: 

2,3,3-Trimethylindolenine 12 (7.95 g, 0.05 mol, 1 eq.) was dissolved in 30 mL 

nitromethane. The solution was cooled with a water bath. Methyl iodide (7.05 g, 0.05 

mol, 1 eq.) was added. The solution was stirred at room temperature for 7 hours. The 

product was precipitated with 200 mL diethyl ether, collected by filtration, washed 

with diethyl ether and dried in vacuo. Compound 13 was obtained as white powder 

(9.5 g, 0.029 mol, 58%). 
1H NMR (d6-DMSO, 400 MHz): d 7.94 ï 7.88 (m, 1H, H-Ar), 7.85 ï 7.80 (m, 1H, H-

Ar), 7.66 ï 7.58 (m, 2H, H-Ar), 3.97 (s, 3H, N1-CH3), 2.76 (s, 3H, C2-CH3), 1.52 (s, 

6H, 2x C3-CH3). 

1-(5-Carboxypentyl)-2,3,3-trimethylindoleninium bromide 14[174]: 

2,3,3-Trimethylindolenine 12 (7.95 g, 0.05 mol, 1 eq.) was dissolved in 30 mL 

nitromethane. 6-bromohexanoic acid was added and the solution was stirred at 80 °C 

for 6 hours. The product was precipitated by addition of 200 mL diethyl ether. The 

product was collected by filtration, washed with diethyl ether and dried in vacuo. 

Compound 14 was obtained as white powder (6.5 g, 0.018 mol, 37%). 
1H NMR (d6-DMSO, 400 MHz): d 8.02 ï 7.94 (m, 1H, H-Ar), 7.88 ï 7.81 (m, 1H, H-

Ar), 7.67 ï 7.59 (m, 2H, H-Ar), 4.46 (t, J = 7.7 Hz, 2H, N1-CH2), 2.84 (s, 3H, C2-CH3), 

2.23 (t, J = 7.2 Hz, 2H, CH2-COOH), 1.98 ï 1.78 (m, 2H, N1-CH2-CH2), 1.60 ï 1.49 

(m, 8H, 2x C3-CH3, CH2-CH2-COOH), 1.48 ï 1.37 (m, 2H, N-CH2-CH2-CH2). 

Cy3 15[174]: 

Compound 14 (0.8 g, 2.26 mmol, 1 eq.) was dissolved in 6 mL acetic anhydride and 

diphenylformamide (530 mg, 2.7 mmol, 1.2 eq.) was added. The solution was stirred 
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at 120 °C for 30 minutes. The reaction mixture was cooled to room temperature. 

Compound 13 (0.95 g, 3.16 mmol, 1.4 eq.) was added, followed by addition of 6 mL 

pyridine. The solution was stirred at room temperature for 12 hours. The solvents 

were evaporated. The residue was dissolved in dichloromethane, washed three times 

with water, once with 0.1 M hydrochloric acid and the organic phase was dried over 

magnesium sulphate. The solvents were evaporated. The product was purified by 

flash chromatography (0% to 8% methanol in dichloromethane) to give 510 mg (0.95 

mmol, 42%) of compound 15 as red solid.  
1H NMR (d6-DMSO, 400 MHz): d 8.35 (t, J = 13.5 Hz, 1H, H-b), 7.66 ï 7.61 (m, 2H, 

H-Ar), 7.49 ï 7.40 (m, 4H, H-Ar), 7.34 ï 7.26 (m, 2H, H-Ar), 6.52 (d, J = 13.5 Hz, 2H, 

H-a, H-aô), 4.12 (t, J = 7.4 Hz, 2H, N1-CH2), 3.66 (s, 3H, N-CH3), 2.20 (t, J = 7.2 Hz, 

2H, CH2-COOH), 1.79 ï 1.63 (m, 14H, N-CH2-CH2, 4x C3-CH3), 1.62 ï 1.51 (m, 2H, 

CH2-CH2-COOH), 1.49 ï 1.37 (m, 2H, N-CH2-CH2-CH2). 

Cy5 16[174]:  

Compound 14 (0.8 g, 2.26 mmol, 1 eq.) was dissolved in 6 mL acetic anhydride and 

malonaldehyde diphenylimine hydrochloride (697 mg, 2.7 mmol, 1.2 eq.) was added. 

The solution was stirred at 120 °C for 30 minutes. The reaction mixture was cooled to 

room temperature. Compound 13 (0.95 g, 3.16 mmol, 1.4 eq.) was added, followed 

by addition of 6 mL pyridine. The solution was stirred at room temperature for 12 

hours. The solvents were evaporated. The residue was dissolved in 

dichloromethane, washed three times with water, once with 0.1 M hydrochloric acid 

and the organic phase was dried over magnesium sulphate. The solvents were 

evaporated. The product was purified by flash chromatography (0% to 15% methanol 

in dichloromethane) to give 450 mg (0.80 mmol, 35%) of compound 16 as blue solid. 
1H NMR (d6-DMSO, 400 MHz): d 8.33 (t, J = 13.1 Hz, 2H, H-b, H-bô), 7.61 (d, J = 7.5 

Hz, 2H, H-Ar), 7.45 ï 7.35 (m, 4H, H-Ar), 7.29 ï 7.21 (m, 2H, H-Ar), 6.56 (t, J = 12.4 

Hz, 1H, H-g), 6.30 (d, J = 14.0 Hz, 1H, H-a), 6.26 (d, J = 14.1 Hz, 1H, H-aô), 4.09 (t, J 

= 7.1 Hz, 2H, N1-CH2), 3.60 (s, 3H, N-CH3), 2.18 (t, J = 7.2 Hz, 2H, CH2-COOH), 

1.74 ï 1.62 (m, 14H, N-CH2-CH2, 4x C3-CH3), 1.59 ï 1.49 (m, 2H, CH2-CH2-COOH), 

1.42 ï 1.32 (m, 2H, N-CH2-CH2-CH2). 

Cy3 NHS ester:  

Compound 15 (200 mg, 0.37 mmol, 1 eq.) was dissolved in 4 ml dichloromethane. 

DIPEA (137 mL, 104 mg, 0.81 mmol, 2.2 eq.) and disuccinimidyl carbonate (120 mg, 

0.47 mmol, 1.3 eq.) were added. The solution was stirred at room temperature for 12 

hours. The reaction mixture was diluted with dichloromethane, washed with water, 

hydrochloric acid and brine, dried over magnesium sulphate and the solvents were 

evaporated. Cy3 NHS ester (165 mg, 0.26 mmol, 70%) was obtained as red solid. 
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1H NMR (CDCl3, 400 MHz): d 8.41 (t, J = 13.4 Hz, 1H, H-b), 7.42 ï 7.31 (m, 6H, H-Ar, 

H-a, H-aô), 7.26 ï 7.20 (m, 2H, H-Ar), 7.14 (t, J = 8.2 Hz, 2H, H-Ar), 4.26 (t, J = 7.3 

Hz, 2H, N1-CH2), 3.81 (s, 3H, N-CH3), 2.82 (s, 4H, 2x CH2-NHS), 2.66 (t, J = 7.3 Hz, 

2H, CH2-COOH), 1.97 ï 1.80 (m, 4H, CH2-CH2-COOH, N-CH2-CH2), 1.79 ï 1.63 (m, 

14H, N-CH2-CH2-CH2, 4x C3-CH3). 

Cy5 NHS ester: 

Compound 16 (200 mg, 0.35 mmol, 1 eq.) was dissolved in 4 mL dichloromethane. 

DIPEA (137 mL, 104 mg, 0.81 mmol, 2.3 eq.) and disuccinimidyl carbonate (120 mg, 

0.47 mmol, 1.3 eq.) were added. The solution was stirred at room temperature for 12 

hours. The reaction mixture was diluted with dichloromethane, washed with water, 

hydrochloric acid and brine, dried over magnesium sulphate and the solvents were 

evaporated. Cy5 NHS ester (181 mg, 0.27 mmol, 77%) was obtained as blue solid. 
1H NMR (CDCl3, 400 MHz): d 8.18 (t, J = 13.0 Hz, 1H, H-b), 8.17 (t, J = 13.0 Hz, 1H, 

H-b'), 7.38 ï 7.29 (m, 4H, H-Ar), 7.23 ï 7.13 (m, 2H, H-Ar), 7.14 ï 7.04 (m, 2H, H-Ar), 

6.78 (t, J = 12.5 Hz, 1H, H-g), 6.33 (d, J = 13.5 Hz, 1H, H-a), 6.30 (d, J = 13.5 Hz, 

1H, H-aô), 4.05 (t, J = 7.3 Hz, 2H, N1-CH2), 3.69 (s, 3H, N-CH3), 2.85 (s, 4H, CH2-

NHS), 2.62 (t, J = 7.2 Hz, 2H, CH2-COOH), 1.89 ï 1.77 (m, 4H, N-CH2-CH2, CH2-

CH2-COOH), 1.74 (s, 6H, 2x C3-CH3), 1.71 (s, 6H, 2x C3-CH3), 1.66 ï 1.57 (m, 2H, 

N-CH2-CH2-CH2). 
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7.1.13. Synthesis of Sulfonated Cyanine Dyes Sulfo-Cy3 20, Sulfo-Cy5 21 
and Sulfo-Cy7 22 

 

Potassium 2,3,3-trimethyl-indolenine-5-sulphonate 17[175]: 

para-Hydrazinobenzene sulphonic acid (50 g, 267 mmol, 1 eq.) and 3-methyl-2-

butanone (84 mL, 67.6 g, 780 mmol, 3 eq.) were dissolved in 150 mL acetic acid and 

refluxed for 3 hours whilst being stirred using a mechanical stirrer. The solution was 

cooled to 4 °C and the product was collected by filtration. The residue was dissolved 

in 800 mL methanol and precipitated by addition of 200 mL saturated KOH in iso-

propanol. The product was collected by filtration, washed with iso-propanol and dried 

in vacuo. Compound 17 (21.6 g, 78 mmol, 29%) was obtained as purple solid. The 

product was pure enough to be used for the further transformations. A sample was 

purified by RP-HPLC and obtained as the pure triethylammonium salt. 
1H NMR (D2O, 400 MHz): d 7.81 (d, J = 1.6 Hz, 1H, H-Ar), 7.77 (dd, J = 8.1 Hz, J = 

1.6 Hz, 1H, H-Ar), 7.53 (d, J = 8.1 Hz, 1H, H-Ar), 1.29 (s, 6H, 2x C3-CH3). The C2-

CH3-group cannot be observed in D2O. This effect is in agreement with the 

literature.[175] 
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1-Ethyl-2,3,3-trimethyl-indoleninium-5-sulphonate 18[175]: 

Compound 17 (10 g, 36 mmol, 1 eq.) was suspended in 40 mL ethyl iodide and the 

reaction mixture was stirred at 80 °C for 12 hours. The precipitate was collected by 

filtration and washed with three 50 mL portions of acetone and dried in vacuo. 

Compound 18 (9.5 g, 35.6 mmol, 99%) was obtained as purple solid. 
1H NMR (D2O, 400 MHz): d 8.16 (d, J = 1.5 Hz, 1H, H-Ar), 8.07 (dd, J = 8.5 Hz, J = 

1.5 Hz, 1H, H-Ar), 7.95 (d, J = 8.5 Hz, 1H, H-Ar), 4.57 (q, J = 7.5 Hz, 2H, N1-CH2), 

1.64 (s, 6H, 2x C3-CH3), 1.58 (t, J = 7.5 Hz, 3H, N1-CH2-CH3). The C2-CH3-group 

cannot be observed in D2O. This effect is in agreement with the literature.[175] 

1-(5-Carboxyethyl)-2,3,3-trimethyl-indoleninium-5-sulphonate 19[175]:  

Compound 17 (10 g, 36 mmol, 1 eq.) was suspended in 100 mL 1,2-

dichlorobenzene, 6-bromohexanoic acid (9.8 g, 50 mmol, 1.4 eq.) was added and the 

reaction mixture was stirred at 110 °C for 12 hours. The solvent was decanted, the 

residue was triturated with iso-propanol (400 mL), collected by filtration, washed with 

iso-propanol and dried in vacuo. Compound 19 (9.3 g, 26 mmol, 73%) was obtained 

as purple solid. 
1H NMR (d6-DMSO, 400 MHz): d 8.02 (s, 1H, H-Ar), 7.91 (d, J = 8.5 Hz, 1H, H-Ar), 

7.82 (d, J = 8.5 Hz, 1H, H-Ar), 4.44 (t, J = 7.5 Hz, 2H, N1-CH2), 2.83 (s, 3H, C2-CH3), 

2.22 (t, J = 7.1 Hz, 2H, CH2-COOH), 1.91 ï 1.78 (m, 2H, N1-CH2-CH2), 1.61 ï 1.50 

(m, 8H, 2x C3-CH3, CH2-CH2-COOH), 1.47 ï 1.36 (m, 2H, N1-CH2-CH2-CH2). 

Sulfo-Cy3 20: 

Compund 19 (798 mg, 2.3 mmol, 1 eq.) and diphenylformamidine (530 mg, 2.7 

mmol, 1.2 eq.) were dissolved in 9 mL acetic anhydride and stirred at 120 °C for 30 

minutes. The solution was cooled to room temperature and compound 18 (840 mg, 

3.1 mmol, 1.4 eq.) and 9 mL pyridine were added. The solution was stirred at room 

temperature for 12 hours. The product was precipitated by addition of 30 mL diethyl 

ether, collected by centrifugation and three times resuspended in diethyl ether and 

collected by centrifugation. The product was purified by RP-HPLC. Compound 20 

(707 mg, 0.97 mmol, 44%) was obtained as red solid. 
1H NMR (D2O, 400 MHz): d 8.55 (t, J = 13.5 Hz, 1H, H-b), 7.94 ï 7.91 (m, 2H, H-Ar), 

7.89 ï 7.83 (m, 2H, H-Ar), 7.40 (d, J = 8.3 Hz, 1H, H-Ar), 7.38 (d, J = 8.3 Hz, 1H, H-

Ar), 6.40 (d, J = 13.4 Hz, 1H, H-a), 6.39 (d, J = 13.4 Hz, 1H, H-a'), 4.21 ï 4.08 (m, 

4H, 2x N-CH2), 2.37 (t, J = 7.3 Hz, 2H, CH2-COOH), 1.94 ï 1.81 (m, 2H, N1-CH2-

CH2), 1.76 (s, 12H, 4x C3-CH3), 1.71 ï 1.61 (m, 2H, CH2-CH2-COOH), 1.49 ï 1.35 

(m, 5H, N1-CH2-CH2-CH2, N-CH2-CH3). 
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Sulfo-Cy5 21: 

Compound 19 (798 mg, 2.3 mmol, 1 eq.) and malonaldehyde diphenylimine 

hydrochloride (697 mg, 2.7 mmol, 1.2 eq.) were dissolved in 6 mL acetic anhydride 

and stirred at 120 °C for 30 minutes. The solution was cooled to room temperature 

and compound 18 (840 mg, 3.1 mmol, 1.4 eq.) and 6 mL pyridine were added. The 

solution was stirred at room temperature for 12 hours. The product was precipitated 

by addition of 30 mL ethyl acetate, collected by centrifugation and three times 

resuspended in ethyl acetate and collected by centrifugation. The product was 

purified by RP-HPLC. Compound 21 (590 mg, 0.79 mmol, 35%) was obtained as 

blue solid. 
1H NMR (D2O, 400 MHz): d 7.94 (t, J = 13.1 Hz, 1H, H-b), 7.93 (t, J = 13.1 Hz, 1H, H-

b'), 7.83 ï 7.72 (m, 4H, H-Ar), 7.30 (d, J = 8.8 Hz, 1H, H-Ar), 7.28 (d, J = 8.8 Hz, 1H, 

H-Ar), 6.46 (t, J = 12.5 Hz, 1H, H-g), 6.18 (d, J = 13.6 Hz, 1H, H-a), 6.13 (d, J = 13.5 

Hz, 1H, H-a'), 4.10 ï 3.94 (m, 4H, 2x N-CH2), 2.24 (t, J = 7.3 Hz, 2H, CH2-COOH), 

1.81 ï 1.70 (m, 2H, N1-CH2-CH2), 1.65 ï 1.54 (m, 14H, 4x C3-CH3, CH2-CH2-

COOH), 1.46 ï 1.35 (m, 2H, N1-CH2-CH2-CH2), 1.31 (t, J = 7.1 Hz, 3H, N-CH2-CH3). 

Sulfo-Cy3 NHS ester: 

Compound 20 (200 mg, 0.28 mmol) was dissolved in 4 mL dimethylformamide and 

0.2 mL pyridine. Disuccinimidyl carbonate (105 mg, 0.41 mmol, 1.5 eq.) was added 

and the solution was stirred at 60 °C for 3 hours. The product was precipitated with 

ethyl acetate, collected by centrifugation and three times resuspended in ethyl 

acetate and collected by centrifugation. The product was dried in vacuo. Sulfo-Cy3 

NHS ester (170 mg, 0.21 mmol, 75%) was obtained as red solid. 
1H NMR (d6-DMSO, 400 MHz): d 8.36 (t, J = 13.5 Hz, 1H, H-b), 7.82 ï 7.78 (m, 2H, 

H-Ar), 7.71 ï 7.64 (m, 2H, H-Ar), 7.40 (d, J = 8.3 Hz, 1H, H-Ar), 7.39 (d, J = 8.3 Hz, 

1H, H-Ar), 6.52 (d, J = 13.4 Hz, 1H, H-a), 6.51 (d, J = 13.4 Hz, 1H, H-a'), 4.23 ï 4.07 

(m, 4H, 2x N-CH2), 2.80 (s, 4H, CH2-NHS), 2.70 (t, J = 7.1 Hz, 2H, CH2-COOH), 1.84 

ï 1.60 (m, 16H, N1-CH2-CH2, 4x C3-CH3, CH2-CH2-COOH), 1.56 ï 1.43 (m, 2H, N1-

CH2-CH2-CH2), 1.32 (t, J = 7.2 Hz, 2H, N-CH2-CH3). 

Sulfo-Cy5 NHS ester: 

Compound 21 (200 mg, 0.27 mmol) was dissolved in 4 mL dimethylformamide and 

0.2 mL pyridine. Disuccinimidyl carbonate (102 mg, 0.40 mmol, 1.5 eq.) was added 

and the solution was stirred at 60 °C for 3 hours. The product was precipitated with 

ethyl acetate, collected by centrifugation and three times resuspended in ethyl 

acetate and collected by centrifugation. The product was dried in vacuo. Sulfo-Cy5 

NHS ester (170 mg, 0.20 mmol, 75%) was obtained as blue solid. 



7. Experimental Part 
 

108 
 

1H NMR (d6-DMSO, 400 MHz): d 8.36 (t, J = 13.1 Hz, 2H, H-b, H-b), 7.83 ï 7.79 (m, 

2H, H-Ar), 7.67 ï 7.60 (m, 2H, H-Ar), 7.32 (d, J = 8.2 Hz, 1H, H-Ar), 7.31 (d, J = 8.3 

Hz, 1H, H-Ar), 6.58 (t, J = 12.4 Hz, 1H, H-g), 6.31 (d, J = 14.0 Hz, 1H, H-a), 6.29 (d, J 

= 13.8 Hz, 1H, H-a'), 4.20 ï 4.03 (m, 4H, 2x N-CH2), 2.80 (s, 4H, CH2-NHS), 2.68 (t, 

J = 7.2 Hz, 2H, CH2-COOH), 1.78 ï 1.62 (m, 16H, N1-CH2-CH2, 4x C3-CH3, CH2-

CH2-COOH), 1.52 ï 1.40 (m, 2H, N1-CH2-CH2-CH2), 1.26 (t, J = 7.1 Hz, 3H, N-CH2-

CH3). 

Sulfo-Cy7 22: 

Compund 19 (798 mg, 2.3 mmol, 1 eq.) and glutoconaldehyde diphenylimine 

hydrochloride (767 mg, 2.7 mmol, 1.2 eq.) were dissolved in 6 mL acetic anhydride 

and stirred at 120 °C for 30 minutes. The solution was cooled to room temperature 

and compound 18 (840 mg, 3.1 mmol, 1.4 eq.) and 6 mL pyridine were added. The 

solution was stirred at room temperature for 12 hours. The product was precipitated 

by addition of 40 mL ethyl acetate, collected by centrifugation and three times 

resuspended in ethyl acetate and collected by centrifugation. The product was 

purified by RP-HPLC. Compound 22 (65 mg, 0.084 mmol, 3.5%) was obtained as 

green solid. 
1H NMR (D2O, 400 MHz): d 7.94 (t, J = 13.1 Hz, 1H, H-b), 7.93 (t, J = 13.1 Hz, 1H, H-

b'), 7.86 ï 7.79 (m, 4H, H-Ar), 7.62 (t, J = 12.4 Hz, 1H, H-d), 7.26 (d, J = 9.0 Hz, 1H, 

H-Ar), 7.25 (d, J = 9.0 Hz, 1H, H-Ar), 6.56 (t, J = 12.5 Hz, 2H, H-g, H-gô), 6.30 (d, J = 

13.5 Hz, 1H, H-a), 6.27 (d, J = 13.4 Hz, 1H, H-a'), 4.14 ï 4.00 (m, 4H, 2x N-CH2), 

2.27 (t, J = 7.2 Hz, 2H, CH2-COOH), 1.84 ï 1.72 (m, 2H, N1-CH2-CH2), 1.71 ï 1.58 

(m, 14H, 4x C3-CH3, CH2-CH2-COOH), 1.49 ï 1.39 (m, 2H, N1-CH2-CH2-CH2), 1.33 

(t, J = 7.1 Hz, 3H, N-CH2-CH3). 

Sulfo-Cy7 NHS ester: 

Compound 22 (65 mg, 83 mmol) was dissolved in 1.5 mL dimethylformamide and 

0.075 mL pyridine. Disuccinimidyl carbonate (102 mg, 0.40 mmol, 1.5 eq.) was 

added and the solution was stirred at 60 °C for 1.75 hours. The product was 

precipitated with ethyl acetate, collected by centrifugation and three times 

resuspended in ethyl acetate and collected by centrifugation. The product was dried 

in vacuo. Sulfo-Cy7 NHS ester (57 mg, 65 mmol, 78%) was obtained as green solid. 

The product still contained 58% of compound 22, but was nevertheless used for the 

coupling reaction. 
1H NMR (d6-DMSO, 400 MHz): d 7.88 (t, J = 12.8 Hz, 2H, H-b, H-b'), 7.77 (t, J = 12.6 

Hz, 1H, H-d), 7.76 ï 7.72 (m, 2H, H-Ar), 7.66 ï 7.59 (m, 2H, H-Ar), 7.33 - 7.26 (m, 

2H, H-Ar), 6.60 ï 6.48 (m, 2H, H-g, H-gô), 6.41 ï 6.32 (m, 2H, H-a, H-a'), 4.19 ï 4.00 

(m, 4H, 2x N-CH2), 2.81 (s, 4H, CH2-NHS), 2.68 (t, J = 7.2 Hz, 2H, CH2-COOH), 1.80 
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ï 1.50 (m, 18H, N1-CH2-CH2, 4x C3-CH3, CH2-CH2-COOH, N1-CH2-CH2-CH2), 1.27 

(t, J = 7.1 Hz, 3H, N-CH2-CH3). 

7.1.14. Synthesis of the Dark-quencher Eclipse 25 

 

Ethyl 4-(methyl-(phenyl)-amino)-butanoate 23[177]: 

N-Methylaniline (13.4 g, 125 mmol, 1eq.), ethyl 3-bromobutanoate (26.4 g, 136 

mmol, 1.1 eq.) and 2,6-lutidine (14.5 g, 136 mmol, 1.1 eq.) were dissolved in 125 mL 

acetonitrile and refluxed for 12 hours. The solvent was removed in vacuo, the residue 

was dissolved in ethyl acetate, washed with water, dried over magnesium sulphate 

and the solvent was evaporated. Purification by distillation (0.2 mbar, 105 °C ï 115 

°C) gave compound 23 (17.5 g, 79 mmol, 63%) as colourless liquid. 
1H NMR (CDCl3, 400 MHz): d 7.32 ï 7.25 (m, 2H, H-Ar), 6.80 ï 6.71 (m, 3H, H-Ar), 

4.17 (q, J = 7.1 Hz, 2H, O-CH2), 3.41 (t, J = 7.4 Hz, 2H, N-CH2), 2.98 (s, 3H, N-CH3), 

2.40 (t, J = 7.2 Hz, 2H, CH2-COOH), 1.97 (quintet, J = 7.2 Hz, 2H, N-CH2-CH2),1.31 

(t, J = 7.2 Hz, 3H, CH3). 

Sodium 4-(methyl-(phenyl)-amino)-butanoate 24[177]: 

Compound 23 (5 g, 22.6 mmol) and 1 g sodium hydroxide were dissolved in 10 mL 

methanol and 10 mL water. The reaction mixture was refluxed for 90 minutes and the 

solvents were evaporated. The solid was dissolved in 20 mL hot methanol and 

precipitated by addition of 200 mL acetonitrile. The precipitate was collected by 

filtration and dried in vacuo. Compound 24 (3.7 g, 17.2 mmol, 76%) was obtained as 

white solid. 
1H NMR (d6-DMSO, 400 MHz): d 7.15 ï 7.08 (m, 2H, H-Ar), 6.73 ï 6.67 (m, 2H, H-

Ar), 6.57 ï 6.51 (m, 1H, H-Ar), 3.28 (t, J = 7.6 Hz, 2H, N-CH2), 2.85 (s, 3H, N-CH3), 

1.90 (t, J = 7.0 Hz, 2H, CH2-COOH), 1.90 (quintet, J = 7.0 Hz, 2H, N-CH2-CH2). 

Eclipse quencher 25[176]: 

2-Chloro-4-nitroaniline (5.2 g, 30 mmol, 1.8 eq.) was dissolved in 120 mL 1 M 

hydrochloric acid and 60 mL acetonitrile and cooled to 5 °C. Sodium nitrite (2.1 g, 0.3 

mmol, 1.8 eq.) in 20 mL water was added dropwise over 5 minutes. The reaction 

mixture was stirred for 30 minutes at 0 °C. Compound 24 (3.7 g, 17.2 mmol, 1eq.) in 

60 mL acetonitrile was added at that temperature over 30 minutes. The mixture was 
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kept at room temperature overnight. The solvent was decanted from the precipitate. 

The residue was dissolved in methanol and the solvent was evaporated. The product 

was purified by flash chromatography (6% methanol in dichloromethane). Compound 

25 (6.3 g, 15.3 mmol, 89%) was obtained as purple solid. 
1H NMR (d6-DMSO, 400 MHz): d 12.15 (bs, 1H, COOH), 8.44 (d, J = 2.4 Hz, 1H, H-

Ar), 8.25 (dd, J = 8.9 Hz, J = 2.5 Hz, 1H, H-Ar), 7.89 ï 7.83 (m, 2H, H-Ar), 7.79 (d, J 

= 8.9 Hz, 1H, H-Ar), 6.96 ï 6.91 (m, 2H, H-Ar), 3.53 (t, J = 7.5 Hz, 2H, N-CH2), 3.10 

(s, 3H, N-CH3), 2.31 (t, J = 7.1 Hz, 2H, CH2-COOH), 1.81 (quintet, J = 7.3 Hz, 2H, N-

CH2-CH2). 

Eclipse NHS ester: 

Compound 25 (100 mg, 251 mmol, 1 eq.), N-hydroxysuccinimid (61 mg, 530 mmol, 

2.1 eq.) and EDC hydrochloride (61 mg, 320 mmol, 1.3 eq.) were dissolved in 5 mL 

dimethylformamide and stirred at room temperature for 48 hours. The reaction was 

diluted with ethyl acetate, washed with water and brine, dried over magnesium 

sulphate and the solvent was evaporated. Eclipse NHS ester (76 mg, 153 mmol, 

60%) was obtained as purple solid. 
1H NMR (CDCl3, 400 MHz): d 8.40 (d, J = 2.4 Hz, 1H, H-Ar), 8.16 (dd, J = 9.0 Hz, J = 

2.4 Hz, 1H, H-Ar), 7.99 ï 7.94 (m, 2H, H-Ar), 7.78 (d, J = 9.0 Hz, 1H, H-Ar), 6.87 ï 

6.80 (m, 2H, H-Ar), 3.61 (t, J = 7.4 Hz, 2H, N-CH2), 3.15 (s, 3H, N-CH3), 2.87 (s, 4H, 

CH2-NHS), 2.71 (t, J = 7.0 Hz, 2H, CH2-COOH), 2.17 ï 2.07 (m, 2H, N-CH2-CH2). 

7.1.15. Synthesis of Doubly Labeled Analogue 28 from 9 

 

g-(6-Azidohexyl)-O2'-(6-Sulfo-Cy5-amidohexyl)-adenosine triphosphate 26:  

This compound was synthesized using general procedure 5 starting from g-(6-

azidohexyl)-O2'-(6-aminohexyl)-adenosine triphosphate 9 (11.7 mmol) and Sulfo-Cy5 

NHS ester (19.8 mmol) in 70% yield. 
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1H NMR (D2O, 400 MHz): d 8.58 (s, 1H, H-8), 8.15 (s, 1H, H-2), 7.91 (t, J = 13.1 Hz, 

2H, H-b-Sulfo-Cy5, H-bô-Sulfo-Cy5), 7.87 ï 7.77 (m, 4H, H-Ar-Sulfo-Cy5), 7.32 (d, J = 

8.3 Hz, 1H, H-Ar-Sulfo-Cy5), 7.29 (d, J = 8.5 Hz, 1H, H-Ar-Sulfo-Cy5), 6.46 (t, J = 

12.5 Hz, 1H, H-g-Sulfo-Cy5), 6.17 (d, J = 13.5 Hz, 1H, H-a-Sulfo-Cy5), 6.14 (d, J = 

13.5 Hz, 1H, H-aΩ-Sulfo-Cy5), 6.10 (d, J = 6.5 Hz, 1H, H-1ô), 4.63 (dd, J = 3.0 Hz, J = 

4.9 Hz, 1H, H-3ô), 4.48 (t, J = 5.6 Hz, 1H, H-2ô), 4.38 ï 4.33 (m, 1H, H-4ô), 4.29 ï 4.15 

(m, 2H, H-5ôa, H-5ôb), 4.12 ï 3.96 (m, 4H, 2x Sulfo-Cy5-N-CH2), 3.87 (q, J = 6.6 Hz, 

2H, gP-O-CH2), 3.66 (dt, J = 10.0 Hz, J = 6.3 Hz, 1H, 2ô-O-CH2a), 3.48 (dt, J = 10.0 

Hz, J = 6.2 Hz, 1H, 2ô-O-CH2b), 3.14 (t, J = 7.0 Hz, 2H, CH2-N3), 2.93 (t, J = 6.9 Hz, 

2H, CH2-NH-CO), 2.18 (t, J = 6.8 Hz, 2H, NH-CO-CH2), 1.83 ï 0.89 (m, 37H, 11x 

CH2-linker, 5x CH3). 
31P NMR (D2O, 162 MHz): d -11.1 (d, J = 18.3 Hz, 1P), -11.7 (d, J = 20.1 Hz, 1P), -

23.4 (t, J = 18.3 Hz, 1P). 

HR-ESI-MS: found: 683.6940; calculated: 683.6956 (M-2H+, C55H76N11O20P3S2
2-); 

deviation: 2.3 ppm. 

g-(6-Aminohexyl)-O2'-(6-Sulfo-Cy5-amidohexyl)-adenosine triphosphate 27:  

This compound was synthesized using general procedure 4 starting from g-(6-

azidohexyl)-O2'-(6-Sulfo-Cy5-amidohexyl)-adenosine triphosphate 26 (8.2 mmol) in 

68% yield. 
1H NMR (D2O, 400 MHz): d 8.56 (s, 1H, H-8), 8.12 (s, 1H, H-2), 7.95 (t, J = 13.1 Hz, 

2H, H-b-Sulfo-Cy5, H-bô-Sulfo-Cy5), 7.86 ï 7.75 (m, 4H, H-Ar-Sulfo-Cy5), 7.29 (d, J = 

8.4 Hz, 1H, H-Ar-Sulfo-Cy5), 7.27 (d, J = 8.4 Hz, 1H, H-Ar-Sulfo-Cy5), 6.43 (t, J = 

12.5 Hz, 1H, H-g-Sulfo-Cy5), 6.16 (d, 13.5 Hz, 1H, H-a-Sulfo-Cy5), 6.12 (d, J = 13.5 

Hz, 1H, H-a'-Sulfo-Cy5), 6.08 (d, J = 6.7 Hz, 1H, H-1ô), 4.66 ï 4.60 (m, 1H, H-3ô), 

4.53 (t, J = 5.8 Hz, 1H, H-2ô), 4.40 ï 4.32 (m, 1H, H-4ô), 4.30 ï 4.14 (m, 2H, H-5ôa, H-

5ôb), 4.11 ï 3.96 (m, 4H, 2x Sulfo-Cy5-N-CH2), 3.90 (q, J = 6.4 Hz, 2H, gP-O-CH2), 

3.71 ï 3.61 (m, 1H, 2ô-O-CH2a), 3.53 ï 3.44 (m, 1H, 2ô-O-CH2b), 2.97 ï 2.88 (m, 4H, 

CH2NH2, CH2-NH-CO), 2.18 (t, J = 6.7 Hz, 2H, CH2-CO-NH), 1.82 ï 0.89 (m, 37H, 

11x CH2-linker, 5x CH3). 
31P NMR (D2O, 162 MHz): d -11.0 (d, J = 17.5 Hz, 1P), -11.7 (d, J = 18.4 Hz), -23.0 - 

-23.8 (m, 1P). 

HR-ESI-MS: found: 670.6995; calculated: 670.7003 (M-2H+, C55H78N9O20P3S2
2-); 

deviation: 1.2 ppm. 
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g-(6-Sulfo-Cy3-amidohexyl)-O2'-(6-Sulfo-Cy5-amidohexyl)-adenosine 

triphosphate 28:  

This compound was synthesized using general procedure 5 starting from g-(6-

aminohexyl)-O2'-(6-Sulfo-Cy5-amidohexyl)-adenosine triphosphate 27 (5.6 mmol) and 

Sulfo-Cy3 NHS ester (11.2 mmol) in 64% yield. 
1H NMR (MeOD-d4, 600 MHz): d 8.64 (s, 1H, H-8), 8.56 (t, J = 13.5 Hz, 1H, H-b-

Sulfo-Cy3), 8.31 (t, J = 13.0 Hz, 1H, H-b-Sulfo-Cy5), 8.30 (t, J = 13.0 Hz, 1H, H-bô-

Sulfo-Cy5), 8.18 (s, 1H, H-2), 7.98 ï 7.86 (m, 8H, H-Ar-Sulfo-Cy), 7.43 (d, J = 8.3 Hz, 

1H, H-Ar-Sulfo-Cy), 7.42 (d, J = 8.3 Hz, 1H, H-Ar-Sulfo-Cy), 7.35 (t, J = 7.6 Hz, 2H, 

H-Ar-Sulfo-Cy), 6.70 (t, J = 12.5 Hz, 1H, H-g-Sulfo-Cy5), 6.59 (d, J = 13.5 Hz, 1H, H-

a-Sulfo-Cy3), 6.55 (d, J = 13.4 Hz, 1H, H-aô-Sulfo-Cy3), 6.36 (d, J = 13.7 Hz, 1H, H-

a-Sulfo-Cy5), 6.35 (d, J = 13.5 Hz, 1H, H-aô-Sulfo-Cy5), 6.15 (d, J = 5.2 Hz, 1H, H-

1ô), 4.60 (t, J = 4.0 Hz, 1H, H-3ô), 4.41 (t, J = 4.9 Hz, 1H, H-2ô), 4.33 ï 4.22 (m, 5H, H-

4ô, 2x Sulfo-Cy-N-CH2), 4.21 ï 4.15 (m, 4H, H-5ôa, H-5ôb, Sulfo-Cy-N-CH2), 4.12 (t, J 

= 7.3 Hz, 2H, Sulfo-Cy-N-CH2), 3.99 ï 3.91 (m, 2H, gP-O-CH2), 3.67 ï 3.58 (m, 1H, 

2ô-O-CH2a), 3.51 ï 3.44 (m, 1H, 2ô-O-CH2b), 3.12 (t, J = 7.0 Hz, 2H, CH2-NH-CO), 

3.07 (t, J = 7.1 Hz, 2H, CH2-NH-CO), 2.21 (t, J = 7.4 Hz, 2H, CH2-CO-NH), 2.18 (t, J 

= 2.18, 2H, CH2-CO-NH), 1.88 ï 1.14 (m, 58H, 14x CH2-linker, 10x CH3). 
31P NMR (MeOD-d4, 162 MHz): d -9.8 - -10.5 (m, 1P), -10.6 - -11.1 (m, 1P), -20.6 - -

21.4 (m, 1P). 

HR-ESI-MS: found: 976.7944; calculated: 976.7985 (M-2H+, C86H114N11O27P3S4
2-); 

deviation: 4.2 ppm. 

7.1.16. Synthesis of Doubly Labeled Analogues 28, 35, 36, 37 and 38 from 
11 
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g-(6-Sulfo-Cy3-amidohexyl)-O2'-(6-azidohexyl)-adenosine triphosphate 29: 

This compound was synthesized using general procedure 5 starting from g-(6-

aminohexyl)-O2'-(6-azidohexyl)-adenosine triphosphate 11 (35.0 mmol) and Sulfo-

Cy3 NHS ester (60.4 mmol) in 71% yield. 
1H NMR (MeOD-d4, 400 MHz): d 8.59 (s, 1H, H-8), 8.57 (t, J = 13.4 Hz, 1H, H-b-

Sulfo-Cy3), 8.20 (s, 1H, H-2), 7.97 ï 7.89 (m, 4H, H-Ar-Sulfo-Cy3), 7.44 (d, J = 8.4 

Hz, 1H, H-Ar-Sulfo-Cy3), 7.42 (d, J = 8.4 Hz, 1H, H-Ar-Sulfo-Cy3), 6.57 (d, J = 13.7 

Hz, 1H, H-a-Sulfo-Cy3), 6.53 (d, J = 13.6 Hz, 1H, H-aô-Sulfo-Cy3), 6.15 (d, J = 5.4 

Hz, 1H, H-1ô), 4.62 (t, J = 4.4 Hz, 1H, H-3ô), 4.47 (t, J = 5.2 Hz, 1H, H-2ô), 4.38 ï 4.21 

(m, 5H, H-4ô, H-5ôa, H-5ôb, Sulfo-Cy3-N-CH2), 4.18 (t, J = 7.5 Hz, 2H, Sulfo-Cy3-N-

CH2), 4.00 (q, J = 6.6 Hz, 2H, gP-O-CH2), 3.71 (dt, J = 9.5 Hz, J = 6.4 Hz, 1H, 2ô-O-

CH2a), 3.54 (dt, J = 9.5 Hz, J = 6.5 Hz, 1H, 2ô-O-CH2b), 3.22 ï 3.14 (m, 2H, CH2-N3), 

3.13 (t, J = 7.0 Hz, 2H, CH2-NH-CO), 2.22 (t, J = 7.3 Hz, 2H, CH2-CO-NH), 1.89 ï 

1.19 (m, 37H, 11x CH2-linker, 5x CH3). 
31P NMR (MeOD-d4, 162 MHz): d -11.2 (d, J = 18.3 Hz, 1P), -11.7 (d, J = 18.3 Hz, 

1P), -23.1 (t, J = 16.5 Hz, 1P). 

HR-ESI-MS: found: 670.6863; calculated: 670.6877 (M-2H+, C53H74N11O20P3S2
2-); 

deviation: 2.1 ppm. 

g-(6-Sulfo-Cy5-amidohexyl)-O2'-(6-azidohexyl)-adenosine triphosphate 31:  

This compound was synthesized using general procedure 5 starting from g-(6-

aminohexyl)-O2'-(6-azidohexyl)-adenosine triphosphate 11 (20 mmol) and Sulfo-Cy5 

NHS ester (36.2 mmol) in 81% yield. 
1H NMR (MeOD-d4, 400 MHz): d 8.60 (s, 1H, H-8), 8.31 (t, J = 13.1 Hz, 1H, H-b-

Sulfo-Cy5), 8.30 (t, J = 13.1 Hz, 1H, H-bô-Sulfo-Cy5), 8.19 (s, 1H, H-2), 7.92 ï 7.32 

(m, 4H, H-Ar-Sulfo-Cy5), 7.38 ï 7.32 (m, 2H, H-Ar-Sulfo-Cy5), 6.68 (t, J = 12.5 Hz, 

1H, H-g-Sulfo-Cy5), 6.37 (d, J = 13.7 Hz, 1H, H-a-Sulfo-Cy5), 6.33 (d, J = 13.6 Hz, 

1H, H-aô-Sulfo-Cy5), 6.16 (d, J = 5.6 Hz, 1H, H-1ô), 4.62 (t, J = 4.2 Hz, 1H, H-3ô), 4.47 

(t, J = 5.3 Hz, 1H, H-2ô), 4.38 ï 4.23 (m, 3H, H-4ô, H-5ôa, H-5ôb), 4.23 ï 4.15 (m, 2H, 

Sulfo-Cy5-N-CH2), 4.15 ï 4.08 (m, 2H, Sulfo-Cy5-N-CH2), 4.00 (q, J = 6.5 Hz, 2H, 

gP-O-CH2), 3.70 (dt, J = 9.5 Hz, J = 6.4 Hz, 1H, 2ô-O-CH2a), 3.54 (dt, J = 9.5 Hz, J = 

6.6 Hz, 1H, 2ô-O-CH2b), 3.18 (t, J = 6.9 Hz, 2H, CH2-N3), 3.16 ï 3.09 (m, 2H, CH2-

NH-CO), 2.21 (t, J = 7.4 Hz, 2H, CH2-CO-NH), 1.88 ï 1.19 (m, 37H, 11x CH2-linker, 

5x CH3). 
31P NMR (MeOD-d4, 162 MHz): d -11.0 (d, J = 18.2 Hz, 1P), -11.5 (d, J = 18.4 Hz, 

1P), -22.3 - -23.0 (m, 1P). 

HR-ESI-MS: found: 683.6934; calculated: 683.6956 (M-2H+, C55H76N11O20P3S2
2-); 

deviation: 3.2 ppm. 
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g-(6-Cy3-amidohexyl)-O2'-(6-azidohexyl)-adenosine triphosphate 32:  

This compound was synthesized using general procedure 5 starting from g-(6-

aminohexyl)-O2'-(6-azidohexyl)-adenosine triphosphate 11 (35 mmol) and Cy3 NHS 

ester (52.5 mmol) in 36% yield. 
1H NMR (MeOD-d4, 400 MHz): d 8.61 (s, 1H, H-8), 8.52 (t, J = 13.5 Hz, 1H, H-b-Cy3), 

8.17 (s, 1H, H-2), 7.53 (d, J = 7.4 Hz, 2H, H-Ar-Cy3), 7.44 (d, J = 7.8 Hz, 2H, H-Ar-

Cy3), 7.39 -. 7.27 (m, 4H, H-Ar-Cy3), 6.44 (d, J = 13.5 Hz, 1H, H-a-Cy3), 6.42 (d, J = 

13.4 Hz, d, 1H, H-aô-Cy3), 6.15 (d, J = 5.4 Hz, 1H, H-1ô), 4.65 (t, J = 4.4 Hz, 1H, H-

3ô), 4.44 (t, J = 5.2 Hz, 1H, H-2ô), 4.41 ï 4.33 (m, 1H, H-5ôa), 4.32 ï 4.22 (m, 2H, H-4ô, 

H-5ôb), 4.14 (t, J = 7.4 Hz, 2H, Cy3-N-CH2), 4.02 (q, J = 6.5 Hz, 2H, gP-O-CH2), 3.74 

ï 3.66 (m, 4H, 2ô-O-CH2a, Cy3-N-CH3), 3.54 (dt, J = 9.5 Hz, J = 6.6 Hz, 1H, 2ô-O-

CH2b), 3.20 ï 3.15 (m, 2H, CH2-N3), 3.12 (t, J = 6.9 Hz, 2H, CH2-NH-CO), 2.22 (t, J = 

7.3 Hz, 2H, CH2-CO-NH), 1.90 ï 1.19 (m, 34H, 11x CH2-linker, 4x CH3). 
31P NMR (MeOD-d4, 162 MHz): d -11.1 (d, J = 18.3 Hz, 1P), -11.6 (d, J = 18.3 Hz, 

1P), -23.0 (t, J = 18.4 Hz, 1P). 

HR-ESI-MS: found: 583.7212; calculated: 583.7231 (M-2H+, C52H72N11O14P3
2-); 

deviation: 3.3 ppm. 

g-(6-Sulfo-Cy3-amidohexyl)-O2'-(6-aminohexyl)-adenosine triphosphate 30:  

This compound was synthesized using general procedure 4 starting from g-(6-Sulfo-

Cy3-amidohexyl)-O2'-(6-azidohexyl)-adenosine triphosphate 29 (24.9 mmol) in 90% 

yield. 
1H NMR (MeOD-d4, 400 MHz): d 8.67 (s, 1H, H-8), 8.56 (t, J = 13.4 Hz, 1H, H-b-

Sulfo-Cy3), 8.19 (s, 1H, H-2), 7.99 ï 7.87 (m, 4H, H-Ar-Sulfo-Cy3), 7.44 (d, J = 8.3 

Hz, 1H, H-Ar-Sulfo-Cy3), 7.42 (d, J = 8.4 Hz, 1H, H-Ar-Sulfo-Cy3), 6.57 (d, J = 13.6 

Hz, 1H, H-a-Sulfo-Cy3), 6.53 (d, J = 13.6 Hz, 1H, H-aô-Sulfo-Cy3), 6.17 (d, J = 6.3 

Hz, 1H, H-1ô), 4.64 (dd, J = 4.6 Hz, J = 2.4 Hz, 1H, H-3ô), 4.54 (t, J = 5.4 Hz, 1H, H-

2ô), 4.36 ï 4.12 (m, 7H, H-4ô, H-5ôa, H-5ôb, 2x Sulfo-Cy3-N-CH2), 3.99 (q, J = 6.6 Hz, 

2H, gP-O-CH2), 3.66 ï 3.52 (m, 2H, 2ô-O-CH2a, 2ô-O-CH2b), 3.13 (t, J = 7.0 Hz, CH2-

NH-CO), 2.95 ï 2.80 (m, 2H, CH2-NH2), 2.21 (t, J = 7.3 Hz, 2H, CH2-CO-NH), 1.89 ï 

1.11 (m, 37H, 11x CH2-linker, 5x CH3). 
31P NMR (MeOD-d4, 162 MHz): d -11.0 (d, J = 18.1 Hz, 1P), -11.7 (d, J = 18.3 Hz, 

1P), -22.2 - -22.9 (m, 1P). 

HR-ESI-MS: found: 657.6917; calculated: 657.6925 (M-2H+, C53H76N9O20P3S2
2-); 

deviation: 1.2 ppm. 
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g-(6-Sulfo-Cy5-amidohexyl)-O2'-(6-aminohexyl)-adenosine triphosphate 33:  

This compound was synthesized using general procedure 4 starting from g-(6-Sulfo-

Cy5-amidohexyl)-O2'-(6-azidohexyl)-adenosine triphosphate 31 (16.2 mmol) in 79% 

yield. 
1H NMR (MeOD-d4, 400 MHz): d 8.69 (s, 1H, H-8), 8.30 (t, J = 13.0 Hz, 1H, H-b-

Sulfo-Cy5), 8.29 (t, J = 13.0 Hz, 1H, H-bô-Sulfo-Cy5), 8.19 (s, 1H, H-2), 7.91 ï 7.86 

(m, 4H, H-Ar-Sulfo-Cy5), 7.38 ï 7.32 (m, 2H, H-Ar-Sulfo-Cy5), 6.68 (t, J = 12.4 Hz, 

1H, H-g-Sulfo-Cy5), 6.36 (d, J = 13.7 Hz, 1H, H-a-Sulfo-Cy5), 6.34 (d, J = 13.7 Hz, 

1H, H-aô-Sulfo-Cy5), 6.18 (d, J = 6.5 Hz, 1H, H-1ô), 4.66 (dd, J = 4.6 Hz, J = 2.2 Hz, 

1H, H-3ô), 4.56 (dd, J = 6.3 Hz, J = 5.1 Hz, 1H, H-2ô), 4.36 ï 4.07 (m, 7H, H-4ô, H-5ôa, 

H-5ôb, 2x Sulfo-Cy5-N-CH2), 4.00 (q, J = 6.6 Hz, 2H, gP-O-CH2), 3.66 ï 3.54 (m, 2H, 

2ô-O-CH2a, 2ô-O-CH2b), 3.13 (t, J = 7.1 Hz, 2H, CH2-NH-CO), 2.95 ï 2.79 (m, 2H, 

CH2-NH2), 2.21 (t, J = 7.3 Hz, 2H, CH2-CO-NH), 1.89 ï 1.10 (m, 37H, 11x CH2-linker, 

5x CH3). 
31P NMR (MeOD-d4, 162 MHz): d -10.9 (d, J = 18.3 Hz, 1P), -11.6 (d, J = 18.0 Hz, 

1P), -22.0 - -22.8 (m, 1P). 

HR-ESI-MS: found: 670.6988; calculated: 670.7003 (M-2H+, C55H78N9O20P3S2
2-); 

deviation: 2.2 ppm. 

g-(6-Cy3-amidohexyl)-O2'-(6-aminohexyl)-adenosine triphosphate 34:  

This compound was synthesized using general procedure 4 starting from g-(6-Cy3-

amidohexyl)-O2'-(6-azidohexyl)-adenosine triphosphate 32 (12.6 mmol) in 91% yield. 
1H NMR (MeOD-d4, 400 MHz): d 8.72 (s, 1H, H-8), 8.50 (t, J = 13.4 Hz, 1H, H-b-Cy3), 

8.16 (s, 1H, H-2), 7.52 (d, J = 7.5 Hz, 2H, H-Ar-Cy3), 7.46 ï 7.39 (m, 2H, H-Ar-Cy3), 

7.37 ï 7.25 (m, 4H, H-Ar-Cy3), 6.42 (d, J = 13.4 Hz, 1H, H-a-Cy3), 6.40 (d, J = 13.3 

Hz, 1H, H-aô-Cy3), 6.17 (d, J = 6.7 Hz, 1H, H-1ô), 4.67 (dd, J = 4.5 Hz, J = 1.7 Hz, 1H, 

H-3ô), 4.55 (dd, J = 6.5 Hz, J = 4.8 Hz, 1H, H-2ô), 4.37 ï 4.29 (m, 1H, H-5ôa), 4.27 ï 

4.17 (m, 2H, H-4ô, H-5ôb), 4.13 (t, J = 7.4 Hz, 2H, Cy3-N-CH2), 4.01 (q, J = 6.6 Hz, 

2H, gP-O-CH2), 3.69 (s, 3H, Cy3-N-CH3), 3.63 ï 3.50 (m, 2H, 2ô-O-CH2a, 2ô-O-CH2b), 

3.12 (t, J = 6.8 Hz, 2H, CH2-NH-CO), 2.95 ï 2.78 (m, 2H, CH2-NH2), 2.22 (t, J = 7.3 

Hz, 2H, CH2-CO-NH), 1.89 ï 0.97 (m, 34H, 11x CH2-linker, 4x CH3). 
31P NMR (MeOD-d4, 162 MHz): d -10.8 (d, J = 18.8 Hz, 1P), -11.7 (d, J = 19.6 Hz, 

1P), -22.5 (t, J = 18.8 Hz, 1P). 

HR-ESI-MS: found: 572.7412; calculated: 572.7435 (M-2H+, C52H74N9O14P3
2-); 

deviation: 4.0 ppm. 
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g-(6-Sulfo-Cy3-amidohexyl)-O2'-(6-Sulfo-Cy5-amidohexyl)-adenosine 

triphosphate 28:  

This compound was synthesized using general procedure 5 starting from g-(6-Sulfo-

Cy3-amidohexyl)-O2'-(6-aminohexyl)-adenosine triphosphate 30 (11.2 mmol) and 

Sulfo-Cy5 NHS ester (14.8 mmol) in 44% yield. 
1H NMR (MeOD-d4, 400 MHz): d 8.62 (s, 1H, H-8), 8.56 (t, J = 13.4 Hz, 1H, H-b-

Sulfo-Cy3), 8.29 (t, J = 13.2 Hz, 2H, H-b-Sulfo-Cy5, H-bô-Sulfo-Cy5), 8.17 (s, 1H, H-

2), 7.97 ï 7.85 (m, 8H, H-Ar-Sulfo-Cy), 7.42 (d, J = 8.4 Hz, 1H, H-Ar-Sulfo-Cy), 7.41 

(d, J = 8.3 Hz, 1H, H-Ar-Sulfo-Cy), 7.38 ï 7.31 (m, 2H, H-Ar-Sulfo-Cy), 6.69 (t, J = 

12.4 Hz, 1H, H-g-Sulfo-Cy5), 6.58 (d, J = 13.6 Hz, 1H, H-a-Sulfo-Cy3), 6.54 (d, J = 

13.7 Hz, 1H, H-aô-Sulfo-Cy3), 6.35 (d, J = 13.6 Hz, 1H, H-a-Sulfo-Cy5), 6.34 (d, J = 

13.6 Hz, 1H, H-aô-Sulfo-Cy5), 6.15 (s, 1H, H-1ô), 4.61 (t, J = 4.2 Hz, 1H, H-3ô), 4.41 (t, 

J = 5.1 Hz, 1H, H-2ô), 4.35 ï 4.08 (m, 11H, H-4ô, H-5ôa, H-5ôb, 4x Sulfo-Cy-N-CH2), 

3.97 (q, J = 6.4 Hz, 2H, gP-O-CH2), 3.69 ï 3.60 (m, 1H, 2ô-O-CH2a), 3.55 ï 3.44 (m, 

1H, 2ô-O-CH2b), 3.12 (t, J = 6.9 Hz, 2H, CH2-NH-CO), 3.07 (t, J = 6.9 Hz, 2H, CH2-

NH-CO), 2.21 (t, J = 7.4 Hz, 2H, CH2-CO-NH), 2.18 (t, J = 7.3 Hz, 2H, CH2-CO-NH), 

1.87 ï 1.16 (m, 58H, 14x CH2-linker, 10x CH3). 
31P NMR (MeOD-d4, 162 MHz): d -10.3 (d, J = 17.7 Hz, 1P), -10.9 (d, J = 17.7 Hz, 

1P), -20.8 - -21.4 (m, 1P). 

HR-ESI-MS: found: 650.8615; calculated: 650.8629 (M-3H+, C86H113N11O27P3S4
3-); 

deviation: 2.2 ppm. 

g-(6-Sulfo-Cy5-amidohexyl)-O2'-(6-Sulfo-Cy7-amidohexyl)-adenosine 

triphosphate 35:  

This compound was synthesized using general procedure 5 starting from g-(6-Sulfo-

Cy5-amidohexyl)-O2'-(6-aminohexyl)-adenosine triphosphate 33 (12.8 mmol) and 

Sulfo-Cy7 NHS ester (36 mmol) in 48% yield. 
1H NMR (MeOD-d4, 400 MHz): d 8.69 (s, 1H, H-8), 8.29 (t, J = 13.2 Hz, 2H, H-b-

Sulfo-Cy5, H-bô-Sulfo-Cy5), 8.27 (s, 1H, H-2), 7.96 (t, J = 13.1 Hz, 1H, H-b-Sulfo-

Cy7), 7.95 (t, J = 13.0 Hz, 1H, H-bô-Sulfo-Cy7), 7.91 ï 7.84 (m, 8H, H-Ar-Sulfo-Cy), 

7.64 (t, J = 12.7 Hz, 1H, H-d-Sulfo-Cy7), 7.35 (d, J = 8.9 Hz, 1H, H-Ar-Cy), 7.34 (d, J 

= 8.7 Hz, 1H, H-Ar-Sulfo-Cy), 7.31 (d, J = 9.0 Hz, 1H, H-Ar-Sulfo-Cy), 7.30 (d, J = 8.8 

Hz, 1H, H-Ar-Sulfo-Cy), 6.70 (t, J = 12.5 Hz, 1H, H-g-Sulfo-Cy5), 6.61 (t, J = 12.6 Hz, 

1H, H-g-Sulfo-Cy7), 6.60 (t, J = 12.5 Hz, 1H, H-gô-Sulfo-Cy7), 6.41 ï 6.29 (m, 4H, H-

a-Sulfo-Cy5, H-aô-Sulfo-Cy5, H-a-Sulfo-Cy7, H-aô-Sulfo-Cy7), 6.14 (d, J = 4.4 Hz, 

1H, H-1ô), 4.57 (t, J = 4.8 Hz, 1H, H-3ô), 4.38 ï 4.06 (m, 12H, H-2ô, H-4ô, H-5ôa, H-5ôb, 

4x Sulfo-Cy-N-CH2), 4.01 (q, J = 6.6 Hz, 2H, gP-O-CH2), 3.72 ï 3.65 (m, 1H, 2ô-O-

CH2a), 3.62 ï 3.53 (m, 1H, 2ô-O-CH2b), 3.12 (t, J = 7.0 Hz, 2H, CH2-NH-CO), 3.08 (t, 
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J = 7.1 Hz, 2H, CH2-NH-CO), 2.20 (t, J = 7.4 Hz, 2H, CH2-CO-NH), 2.19 (t, J = 7.2 

Hz, 2H, CH2-CO-NH), 1.86 ï 1.18 (m, 58H, 14x CH2-linker, 10x CH3). 
31P NMR (MeOD-d4, 162 MHz): d -10.9 (d, J = 18.3 Hz, 1P), -11.4 (d, J = 17.6 Hz, 

1P), -22.0 - -22.6 (m, 1P). 

HR-ESI-MS: found: 1002.8105; calculated: 1002.8142 (M-2H+, C90H118N11O27P3S4
2-); 

deviation: 3.7 ppm. 

g-(6-Cy3-amidohexyl)-O2'-(6-Cy5-amidohexyl)-adenosine triphosphate 36:  

This compound was synthesized using general procedure 5 starting from g-(6-Cy3-

amidohexyl)-O2'-(6-aminohexyl)-adenosine triphosphate 34 (6.8 mmol) and Cy5 NHS 

ester (10.2 mmol) in 12% yield. 
1H NMR (MeOD-d4, 400 MHz): d 8.64 (s, 1H, H-8), 8.49 (t, J = 13.5 Hz, 1H, H-b-Cy3), 

8.20 (t, J = 13.1 Hz, 2H, H-b-Cy5, H-bô-Cy5), 8.11 (s, 1H, H-2), 7.55 ï 7.21 (m, 16H, 

H-Ar-Cy), 6.59 (t, J = 12.5 Hz, 1H, H-g-Cy5), 6.45 (d, J = 13.5 Hz, 1H, H-a-Cy3), 6.43 

(d, J = 13.4 Hz, 1H, H-aô-Cy3), 6.27 (d, J = 13.6 Hz, 1H, H-a-Cy5), 6.24 (d, J = 13.6 

Hz, 1H, H-aô-Cy5), 6.14 (d, J = 5.5 Hz, 1H, H-1ô), 4.68 (t, J = 4.0 Hz, 1H, H-3ô), 4.44 ï 

4.33 (m, 2H, H-2ô, H-5ôa), 4.31 ï 4.21 (m, 2H, H-4ô, H-5ôb), 4.17 ï 4.06 (m, 4H, 2x Cy-

N-CH2), 4.02 (q, J = 6.3 Hz, 2H, gP-O-CH2), 3.70 (s, 3H, Cy-N-CH3), 3.68 ï 3.64 (m, 

1H, 2ô-O-CH2a), 3.62 (s, 3H, Cy-N-CH3), 3.55 ï 3.46 (m, 1H, 2ô-O-CH2b), 3.12 (t, J = 

6.4 Hz, 2H, CH2-NH-CO), 3.05 (t, J = 7.0 Hz, 2H, CH2-NH-CO), 2.23 (t, J = 7.4 Hz, 

2H, CH2-CO-NH), 2.19 (t, J = 7.2 Hz, 2H, CH2-CO-NH), 1.89 ï 1.11 (m, 52H, 14x 

CH2-linker, 8x CH3). 
31P NMR (MeOD-d4, 162 MHz): d -10.3 (d, J = 18.1 Hz, 1P), -10.9 (d, J = 18.3 Hz, 

1P), -20.8 - -21.3 (m, 1P). 

HR-ESI-MS: found: 804.8811; calculated: 804.8849 (M-2H+, C84H110N11O15P3
2-); 

deviation: 4.7 ppm. 

g-(6-Sulfo-Cy3-amidohexyl)-O2'-(6-Eclipse-amidohexyl)-adenosine triphosphate 

37:  

This compound was synthesized using general procedure 5 starting from g-(6-Sulfo-

Cy3-amidohexyl)-O2'-(6-aminohexyl)-adenosine triphosphate 30 (11.2 mmol) and 

Eclipse NHS ester (14.2 mmol) in 27% yield. 
1H NMR (MeOD-d4, 400 MHz): d 8.61 (s, 1H, H-8), 8.53 (t, J = 13.3 Hz, 1H, H-b-

Sulfo-Cy3), 8.37 (d, J = 2.3 Hz, 1H, H-Ar-Eclipse), 8.18 (dd, J = 9.0 Hz, J = 2.3 Hz, 

1H, H-Ar-Eclipse), 8.16 (s, 1H, H-2), 7.98 ï 7.83 (m, 6H, 4x H-Ar-Sulfo-Cy3, 2x H-Ar-

Eclipse), 7.78 (d, J = 9.0 Hz, 1H, H-Ar-Eclipse), 7.40 (d, J = 8.2 Hz, 1H, H-Ar-Sulfo-

Cy3), 7.38 (d, J = 8.2 Hz, 1H, H-Ar-Sulfo-Cy3), 6.85 (d, J = 9.3 Hz, 2H, H-Ar-Eclipse), 

6.52 (d, J = 13.5 Hz, 1H, H-a-Sulfo-Cy3), 6.48 (d, J =13.4 Hz, 1H, H-aô-Sulfo-Cy3), 

6.14 (d, J = 5.1 Hz, 1H, H-1ô), 4.61 (t, J = 4.4 Hz, 1H, H-3ô), 4.39 (t, J = 5.0 Hz, 1H, H-
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2ô), 4.35 ï 4.08 (m, 7H, H-4ô, H-5ôa, H-5ôb, 2x Sulfo-Cy3-N-CH2), 3.98 (q, J = 6.4 Hz, 

2H, gP-O-CH2), 3.69 ï 3.59 (m, 1H, 2ô-O-CH2a), 3.55 ï 3.47 (m, 3H, 2ô-O-CH2b, 

Eclipse-N-CH2), 3.15 ï 3.07 (m, 7H, Eclipse-N-CH3, 2x CH2-NH-CO), 2.26 (t, J = 7.2 

Hz, 2H, CH2-CO-NH), 2.22 (t, J = 7.3 Hz, 2H, CH2-CO-NH), 2.00 -1.10 (m, 39H, 12x 

CH2-linker, 5x CH3). 
31P NMR (MeOD-d4, 162 MHz): d -10.4 (d, J = 18.2 Hz, 1P), -10.9 (d, J = 18.1 Hz, 

1P), -21.0 - -21.7 (m, 1P). 

HR-ESI-MS: found: 836.7305; calculated: 836.7341 (M-2H+, C70H91ClN13O23P3S2
2-); 

deviation: 4.3 ppm. 

g-(6-Cy3-amidohexyl)-O2'-(6-Eclipse-amidohexyl)-adenosine triphosphate 38: 

This compound was synthesized using general procedure 5 starting from g-(6-Cy3-

amidohexyl)-O2'-(6-aminohexyl)-adenosine triphosphate 34 (6.8 mmol) and Eclipse 

NHS ester (8.7 mmol) in 13% yield. 
1H NMR (MeOD-d4, 400 MHz): d 8.60 (s, 1H, H-8), 8.48 (t, J = 13.5 Hz, 1H, H-b-Cy3), 

8.36 (d, J = 2.3 Hz, 1H, H-Ar-Eclipse), 8.17 (dd, J = 9.1 Hz, J = 2.3 Hz, 1H, H-Ar-

Eclipse), 8.14 (s, 1H, H-2), 7.87 (d, J = 9.0 Hz, 2H, H-Ar-Eclipse), 7.78 (d, J = 8.9 Hz, 

1H, H-Ar-Eclipse), 7.53 ï 7.48 (m, 2H, H-Ar-Cy3), 7.45 ï 7.38 (m, 2H, H-Ar-Cy3), 

7.35 ï 7.25 (m, 4H, H-Ar-Cy3), 6.84 (d, J = 9.4 Hz, 2H, H-Ar-Eclipse), 6.40 (d, J = 

13.5 Hz, 1H, H-a-Cy3), 6.38 (d, J = 13.4 Hz, 1H, H-aô-Cy3), 6.13 (d, J = 5.3 Hz, 1H, 

H-1ô), 4.61 (t, J = 4.4 Hz, 1H, H-3ô), 4.39 (t, J = 5.1 Hz, 1H, H-2ô), 4.36 ï 4.20 (m, 3H, 

H-4ô, H-5ôa, H-5ôb), 4.11 (t, J = 7.5 Hz, Cy3-N-CH2), 3.98 (q, J = 6.4 Hz, 2H, gP-O-

CH2), 3.70 ï 3.59 (m, 4H, 2ô-O-CH2a, Cy3-N-CH3), 3.55 ï 3.46 (m, 3H, 2ô-O-CH2b, 

Eclipse-N-CH2), 3.13 ï 3.07 (m, 7H, Eclipse-N-CH3, 2x CH2-NH-CO), 2.25 (t, J = 7.1 

Hz, 2H, CH2-CO-NH), 2.21 (t, J = 7.2 Hz, 2H, CH2-CO-NH), 2.00 ï 1.16 (m, 36H, 12x 

CH2-linker, 4x CH3). 
31P NMR (MeOD-d4, 162 MHz): d -10.4 (d, J = 18.3 Hz, 1P), -11.0 (d, J = 18.4 Hz, 

1P), -21.0 - -21.6 (m, 1P). 

HR-ESI-MS: found: 1500.5435; calculated: 1500.5474 (M-H+, C69H90ClN13O17P3
-); 

deviation: 2.6 ppm. 



7. Experimental Part 
 

119 
 

7.1.17. Synthesis of O3ó-(6-Trifluoroacetamidohexyl)-Adenosine 
Triphosphate 39 

 

2ô,5ô,N-Tritrityl-adenosine 44[185]:  

Adenosine (4.53 g, 17.0 mmol, 1 eq.) and trityl chloride (18.9 g, 68.0 mmol, 4 eq.) 

were dissolved in 150 mL pyridine and stirred at 100 °C for 4 hours. The solution was 

poured into ice-water and the precipitate was collected by filtration. The solid was 

redissolved in chloroform and extracted with 1 M HCl and saturated NaHCO3 and 

dried over MgSO4. The solvent was evaporated and the product was isolated by 

column chromatography (0-3% ethyl acetate in dichloromethane) to give 3.63 g (3.7 

mmol, 22%) of compound 44 as yellowish solid. 
1H NMR (d6-DMSO, 400 MHz): d 8.10 (s, 1H, H-8), 7.60 (s, 1H, H-2), 7.44-6.98 (m, 

46H, H-Trt, NH), 5.94 (d, J = 6.1 Hz, 1H, H-1ô), 5.09 ï 4.96 (m, 2H, H-2ô, OH-3ô), 4.03 

ï 3.93 (m, H-4ô), 3.27 ï 3.19 (m, 1H, H-3ô), 3.13 ï 3.14 (m, 1H, H-5ôa), 2.99 ï 2.88 

(m, 1H, H-5ôb). 

HR-ESI-MS: found: 994.4316; calculated: 994.4327 (M+H+, C67H56N5O4
+); deviation: 

1.1 ppm. 

O3ô-(6-Azidohexyl)-2ô,5ô,N-tritrityl-adenosine 45:  

Compound 44 (3.5 g, 3.5 mmol, 1 eq.) was dissolved in 150 mL acetonitrile and NaH 

(1.63 g, 60% in mineral oil, 41 mmol, 12 eq.) was added. The mixture was stirred at 

room temperature for 10 minutes and NaI (175 mg, 1.2 mmol, 0.3 eq.) and 6-azido-1-

bromohexane[165] (2.15 g, 10.5 mmol, 3 eq.) were added. The mixture was stirred for 

48 hours and quenched with 30 mL ethanol for 30 minutes at room temperature. The 

solvents were evaporated. The residue was redissolved in ethyl acetate and 

extracted with 1 M phosphate buffer (pH 7.0, 1 M) three times. The organic layer was 

dried over MgSO4 and the solvents were evaporated under reduced pressure. 
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Column chromatography (4:1 to 3:1 hexane in ethyl acetate) gave 1.96 g (1.75 mmol, 

50%) of compound 45 as yellowish solid. 
1H NMR (d6-DMSO, 400 MHz): d 8.37 (s, 1H, H-8), 7.49 (s, 1H, H-2), 7.44 (s, 1H, 

NH), 7.40 ï 6.99 (m, 45H, H-Trt), 6.14 (d, J = 7.5 Hz, 1H, H-1ô), 5.18 (dd, J = 7.4 Hz, 

J = 5.0 Hz, 1H, H-2ô), 3.96 (t, J = 5.3 Hz, H-4ô), 3.27 (t, J = 6.9 Hz, 2H, N3-CH2), 3.25 

ï 3.12 (m, 2H, H-5ôa, O3ô-CH2a), 2.96 ï 2.86 (m, 1H, H-5ôb), 2.79 ï 2.70 (m, 1H, O3ô-

CH2b), 2.50 ï 2.45 (m, 1H, H-3ô), 1.54 ï 1.41 (m, 4H, 2x CH2-linker), 1.41 ï 1.26 (m, 

4H, 2x CH2-linker). 

HR-ESI-MS: found: 1119.5274; calculated: 1119.5280 (M+H+, C73H67N8O4
+); 

deviation: 0.5 ppm. 

O3ô-(6-Azidohexyl)-adenosine 46:  

Compound 45 (1.96 g, 1.75 mmol, 1 eq.) was dissolved in 80 mL 80% acetic acid 

and stirred at 100 °C for 90 minutes. The solvent was evaporated and the residue 

was purified by column chromatography (dichloromethane - 10% methanol in 

dichloromethane) to give 400 mg (1.02 mmol, 58%) of compound 46 as white solid. 
1H NMR (d6-DMSO, 400 MHz): d 8.35 (s, 1H, H-8), 8.14 (s, 1H, H-2), 7.34 (bs, 2H, 

NH2), 5.88 (d, J = 6.2 Hz, 1H, H-1ô), 5.45 (t, J = 5.8 Hz, 1H, OH-5ô), 5.40 (d, J = 6.1 

Hz, 1H, OH-2ô), 4.74 (q, J = 5.6 Hz, 1H, H-2ô), 4.04 (q, J = 3.5 Hz, 1H, H-4ô), 3.97 ï 

3.92 (m, 1H, H-3ô), 3.72 ï 3.60 (m, 2H, H5ôa, O3ô-CH2a), 3.60 ï 3.45 (m, 2H, H-5ôb, 

O3ô-CH2b), 3.32 (t, J = 6.9 Hz, 2H, N3-CH2), 1.62 ï 1.47 (m, 4H, 2x CH2-linker), 1.42 

ï 1.28 (m, 4H, 2x CH2-linker). 

HR-ESI-MS: found: 393.1990; calculated: 393.1993 (M+H+, C16H25N8O4
+); deviation: 

0.8 ppm. 

O3ô-(6-Trifluoroacetamidohexyl)-adenosine 47:  

O3ô-(6-Azidohexyl)-adenosine 46 (360 mg, 918 mmol, 1 eq.) and triphenylphosphine 

(480 mg, 1.8 mmol, 2 eq.) were dissolved in 16 mL THF and 4 mL water. The 

solution was stirred at room temperature for 12 hours. The solvents were evaporated 

and the residue was coevaporated with methanol three times. The product was 

dissolved in 10 mL methanol and triethylamine (150 mL, 110 mg, 1.08 mmol, 1.2 eq.) 

and ethyl trifluoroacetate (150 mL, 179 mg, 1.26 mmol, 1.4 eq.) were added. The 

solution was stirred at room temperature for 12 hours and the solvents were 

evaporated. Column chromatography gave 240 mg (520 mmol, 57%) of compound 47 

as white solid. 
1H NMR (MeOD-d4, 400 MHz): d 8.30 (s, 1H, H-8), 8.17 (s, 1H, H-2), 5.97 (d, J = 6.3 

Hz, 1H, H-1ô), 4.84 ï 4.79 (m, 1H, H-2ô), 4.23 (q, J = 2.7 Hz, 1H, H-4ô), 4.09 (dd, J = 

5.2 Hz, J = 2.9 Hz, 1H, H-3ô), 3.90 (dd, J = 12.6 Hz, J = 2.7 Hz, 1H, H-5ôa), 3.73 (dd, 

J = 12.6 Hz, J = 2.7 Hz, 1H, H-5ôb), 3.70 ï 3.64 (m, 1H, O3ô-CH2a), 3.64 ï 3.56 (m, 
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1H, O3ô-CH2b), 3.28 (t, J = 6.9 Hz, 2H, NHTFA-CH2), 1.70 ï 1.51 (m, 4H, 2x CH2-

linker), 1.51 ï 1.31 (m, 4H, 2x CH2-linker). 
19F NMR (MeOD-d4, 376 MHz): d -77.3 (s, 3F). 

HR-ESI-MS: found: 463.1903; calculated: 463.1911 (M+H+, C18H26F3N6O5
+); 

deviation: 1.7 ppm. 

3ô-O-(6-Trifluoroacetamidohexyl)-adenosine-5ô-triphosphate 39:  

This compound was synthesized using general procedure 1 starting from 3ô-O-(6-

trifluoroacetamidohexyl)-adenosine 47 (388 mmol) in 49% yield. 
1H NMR (MeOD-d4, 400 MHz): d 8.60 (s, 1H, H-8), 8.20 (s, 1H, H-2), 6.09 (d, J = 7.1 

Hz, 1H, H-1ô), 4.94 ï 4.86 (m, 1H, H-2ô), 4.35 ï4.31 (m, 1H, H-4ô), 4.30 ï 4.20 (m, 3H, 

H-3ô, H-5ôa, H-5ôb), 3.80 ï 3.72 (m, 1H, O3ô-CH2a), 3.72 ï 3.64 (m, 1H, O3ô-CH2b), 

3.29 (t, J = 7.2 Hz, 2H, NHTFA-CH2), 1.72 ï 1.54 (m, 4H, 2x CH2-linker), 1.53 ï 1.36 

(m, 4H, 2x CH2-linker). 
19F NMR (MeOD-d4, 376 MHz): d -77.3 (s, 3F). 
31P NMR (MeOD-d4, 162 MHz): d -10.2 (m, 1P), -11.3 (d, J = 21.8 Hz, 1P), -23.4 (m, 

1P). 

HR-ESI-MS: found: 701.0740; calculated: 701.0745 (M-H+, C18H27F3N6O14P3
-); 

deviation: 0.7 ppm. 

7.1.18. Synthesis of N6-(6-Trifluoroacetamidohexyl)-Adenosine 
Triphosphate 42 

 

6-Chloro-9-(b-D-ribofuranosyl)-purine 48[186]:  

Inosine (2 g, 7.5 mmol, 1 eq.) was suspended in 40 mL dichloromethane. To this 

trifluoroacetic anhydride (12 mL, 17.8 g, 85.0 mmol, 11 eq.) was added. The reaction 

mixture was stirred at room temperature for 12 hours. The solvents were evaporated 

under reduced pressure and the residue was redissolved in 200 m dichloromethane. 

The solution was cooled to 0 °C and a mixture of DMF (1.52 mL, 1.4 g, 20 mmol, 2.6 

eq.) and thionyl chloride (3.03 mL, 5.0 g, 42 mmol, 5.6 eq.) in 80 mL dichloromethane 

was added dropwise. The solution was refluxed for 12 hours. The mixture was 

evaporated to a volume of 60 mL and extracted with saturated sodium 
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hydrogencarbonate solution. The aqueous layer was reextracted with 

dichloromethane twice. The combined organic phases were dried over MgSO4 and 

evaporated to dryness. The residue was dissolved in 6 mL methanol and refluxed for 

12 hours. To the resulting suspension 12 mL diethyl ether were added to complete 

precipitation and the product was collected by filtration to afford 1.4 g (4.9 mmol, 

65%) of compound 48 as white solid. 
1H NMR (d6-DMSO, 400 MHz): d 8.95 (s, 1H, H-8), 8.81 (s, 1H, H-2), 6.05 (d, J = 5.2 

Hz, 1H, H-1ô), 5.56 (d, J = 5.7 Hz, 1H, OH-2ô), 5.24 (d, J = 5.1 Hz, 1H, OH-3ô), 5.08 (t, 

J = 4.6 Hz, 1H, OH-5ô), 4.59 (q, J = 4.6 Hz, 1H, H-2ô), 4.20 (q, J = 4.4 Hz, 1H, H-3ô), 

3.99 (q, J = 4.0 Hz, 1H, H-4ô), 3.75 ï 3.67 (m, 1H, H-5ôa), 3.63 ï 3.55 (m, 1H, H-5ôb). 

HR-ESI-MS: found: 321.0136; calculated: 321.0152 (M+Cl-, C10H11Cl2N4O4
-); 

deviation: 5.0 ppm. 

N6-(6-Aminohexyl)-adenosine 49[167]:  

6-Chloro-9-(b-D-ribofuranosyl)-purine 48 (1 g, 3.5 mmol, 1 eq.) was suspended in 30 

mL ethanol. Triethylamine (0.48 mL, 0.35 g, 3.5 mmol, 1 eq.) and 1,6-diaminohexane 

(2.92 g, 22.6 mmol, 6 eq.) were added and heated to 100 °C for 3 hours. The 

reaction mixture was cooled to room temperature and stirred for 12 hours to 

complete precipitation. The product was collected by filtration to give 1.06 g (2.9 

mmol, 83%) of compound 49 as white solid. 
1H NMR (d6-DMSO, 400 MHz): d 8.33 (s, 1H, H-8), 8.19 (s, 1H, H-2), 7.86 (s, 1H, C6-

NH), 5.87 (d, J = 6.1 Hz, 1H, H-1ô), 5.42 (bs, 2H, OH), 5.18 (bs, 1H, OH), 4.61 (t, J = 

5.4 Hz, 1H, H-2ô), 4.17 ï 4.11 (m, 1H, H-3ô), 3.96 (q, J = 3.4 Hz, 1H, H-4ô), 3.67 (dd, J 

= 3.4 Hz, J = 12.0 Hz, 1H, H-5ôa), 3.55 (bd, J = 12.0 Hz, 1H, H-5ôb), 3.46 (bs, 2H, C6-

NH-CH2), 2.49 ï 2.45 (m, 2H, NH2-CH2), 1.64 ï 1.53 (m, 2H, C6-NH-CH2-CH2), 1.39 

ï 1.21 (m, 6H, 3x CH2-linker). 

HR-ESI-MS: found: 367.2081; calculated: 367.2088 (M+H+, C16H27N6O4
+); deviation: 

1.9 ppm. 

N6-(6-Trifluoroacetamidohexyl)-adenosine 50[167]:  

Compound 49 (1.06 g, 2.9 mmol, 1 eq.) was suspended in 30 mL methanol. 

Triethylamine (0.51 mL, 0.37 g, 3.7 mmol, 1.3 eq.) and ethyl trifluoroacetate (0.51 

mL, 0.61 g, 4.3 mmol, 1.5 eq.) were added. The reaction mixture was stirred at room 

temperature for 12 hours. The product was collected by filtration to give 780 mg (1.7 

mmol, 58%) of compound 50 as white solid. 
1H NMR (d6-DMSO, 400 MHz): d 9.37 (bt, J = 5.7 Hz, 1H, NHTFA), 8.33 (s, 1H, H-8), 

8.19 (bs, 1H, H-2), 7.87 (s, 1H, C6-NH), 5.87 (d, J = 6.1 Hz, 1H, H-1ô), 5.47 ï 5.36 

(m, 2H, OH-2ô, OH-5ô), 5.20 ï 5.13 (m, 1H, OH-3ô), 4.65 ï 4.55 (m, 1H, H-2ô), 4.19 ï 

4.11 (m, 1H, H-3ô), 4.00 ï 3.93 (m, 1H, H-4ô), 3.72 ï 3.62 (m, 1H, H-5ôa), 3.60 ï 3.51 

(m, 1H, H-5ôb), 3.46 (bs, 2H, C6-NH-CH2), 3.16 (q, J = 6.5 Hz, 2H, NHTFA-CH2), 
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1.64 ï 1.53 (m, 2H, C6-NH-CH2-CH2), 1.53 ï 1.42 (m, 2H, NHTFA-CH2-CH2), 1.40 ï 

1.21 (m, 4H, 2x CH2-linker). 
19F NMR (d6-DMSO, 376 MHz): d -74.4 (s, 3F). 

HR-ESI-MS: found: 463.1894; calculated: 463.1911 (M+H+, C18H26F3N6O5
+); 

deviation: 3.7 ppm. 

N6-(6-Trifluoroacetamidohexyl)-adenosine-5ô-triphosphate 42[167]:  

This compound was synthesized using general procedure 1 starting from N6-(6-

trifluoroacetamidohexyl)-adenosine 50 (541 mmol) in 34% yield. 
1H NMR (D2O, 400 MHz): d 8.45 (s, 1H, H-8), 8.16 (bs, 1H, H-2), 6.06 (d, J = 6.1 Hz, 

1H, H-1ô), 4.69 ï 4.63 (m, 1H, H-2ô), 4.50 ï 4.43 (m, 1H, H-3ô), 4.30 ï 4.23 (m, 1H, H-

4ô), 4.21 ï 4.13 (m, 1H, H-5ôa), 4.13 ï 4.06 (m, 1H, H-5ôb), 3.46 (bs, 2H, C6-NH-CH2), 

3.24 (t, J = 6.9 Hz, 2H, NHTFA-CH2), 1.58 ï 1.47 (m, 2H, C6-NH-CH2-CH2), 1.46 ï 

1.35 (m, 2H, NHTFA-CH2-CH2), 1.33 ï 1.18 (m, 4H, 2x CH2-linker).  

19F NMR (D2O, 376 MHz): d -75.8 (s, 3F). 
31P NMR (D2O, 162 MHz): d -10.9 (d, J = 20.9 Hz, 1P), -11.6 (d, J = 18.7, 1P), -23.4 

(t, J = 19.8, 1P). 

HR-ESI-MS: found: 701.0723; calculated: 701.0745 (M-H+, C18H27F3N6O14P3
-); 

deviation: 3.1 ppm. 

7.1.19. Synthesis of C8-(5-Trifluoroacetamidopent-1-yn-1-yl)-Adenosine 
Triphosphate 43 

 

C8-Bromo-adenosine 51[187]:  

Adenosine (5 g, 18.7 mmol) was suspended in 110 mL sodium acetate buffer (0.5 M, 

pH 4.0). To this were added 185 mL water containing 2.15 mL of bromine. The 

reaction was stirred at room temperature for 12 hours. 30 mL NaHSO3 solution (5 M) 

were added, the solution was neutralized and the precipitate was recovered by 

filtration. Compound 51 (12.3 mmol, 65%) was obtained as off-white solid. 
1H NMR (d6-DMSO, 400 MHz): d 8.12 (s, 1H, H-2), 7.56 (bs, 2H, NH2), 5.84 (d, J = 

7.0 Hz, 1H, H-1ô), 5.49 (dd, J = 8.6 Hz, J = 3.9 Hz, 1H, OH-5ô), 5.45 (d, J = 6.3 Hz, 

1H, OH-2ô), 5.22 (d, J = 4.6 Hz, 1H, OH-3ô), 5.13 ï 5.06 (m, 1H, H-2ô), 4.22 ï 4.17 (m, 
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1H, H-3ô), 4.00 ï 3.96 (m, 1H, H-4ô), 3.71 ï 3.64 (m, 1H, H-5ôa), 3.57 ï 3.48 (m, 1H, 

H-5ôb). 

HR-ESI-MS: found: 346.0145; calculated: 346.0128 (M+H+, C10H13BrN5O4
+); 

deviation: 4.9 ppm. 

C8-(5-Trifluoroacetamido-pent-1-yn-1-yl)-adenosine 52:  

C8-Bromo-adenosine 51 (200 mg, 0.58 mmol, 1 eq.) and triethylamine (3.37 mL, 

2.46 g, 24 mmol, 40 eq.) were dissolved in 25 mL DMF. PdCl2(PPh3)2 (12.0 mg, 17.0 

mmol, 0.03 eq.) and CuI (1 mg, 5.8 mmol, 0.01 eq.) were added. The solution was 

stirred at room temperature for 5 minutes. 5-Trifluoroacetamido-pentyne[188] (268 mg, 

1.5 mmol, 2.6 eq.) was added. The solution was stirred at room temperature for 96 

hours and the solvents were evaporated under reduced pressure. The residue was 

triturated with dichloromethane and the resulting solid was collected by filtration to 

give 205 mg (0.46 mmol, 80%) of compound 52 as white solid. 
1H NMR (d6-DMSO, 400 MHz): d 9.52 (bs, 1H, NHTFA), 8.15 (s, 1H, H-2), 7.57 (bs, 

2H, NH2), 5.95 (d, J = 6.9 Hz, 1H, H-1ô), 5.59 (dd, J = 8.3 Hz, J = 3.4 Hz, 1H, OH-5ô), 

5.42 (bs, 1H, OH-2ô), 5.20 (bs, 1H, OH-3ô), 4.99 (bt, J = 5.8 Hz, 1H, H-2ô), 4.24 ï 4.17 

(m, 1H, H-3ô), 3.99 (dd, J = 6.0 Hz, J = 3.6 Hz, 1H, H-4ô), 3.73 ï 3.63 (m, 1H, H-5ôa), 

3.59 ï 3.48 (m, 1H, H-5ôb), 3.36 ï 3.29 (m, 2H, NHTFA-CH2), 2.63 (t, J = 7.1 Hz, 

2H,CH2-CC), 1.84 (quintet, J = 7.1 Hz, 2H, CH2-CH2-CH2). 

HR-ESI-MS: found: 445.1427; calculated: 445.1442 (M+H+, C17H20F3N6O5
+); 

deviation: 3.4 ppm. 

C8-(5-Trifluoroacetamido-pent-1-yn-1-yl)-adenosine-5ô-triphosphate 43:  

This compound was synthesized using general procedure 1 starting from C8-(5-

trifluoroacetamido-pent-1-yn-1-yl)-adenosine 52 (135 mmol) in 31% yield. 
1H NMR (D2O, 400 MHz): d 8.20 (s, 1H, H-2), 6.13 (d, J = 5.9 Hz, 1H, H-1ô), 5.23 (t, J 

= 6.1 Hz, 1H, H-2ô), 4.59 (m, 1H, H-3ô), 4.36 ï 4.27 (m, 2H, H-4ô, H-5ôa), 4.27 ï 4.16 

(m, 1H, H-5ôb), 3.50 (t, J = 6.9 Hz, 2H, NHTFA-CH2), 2.69 (t, J = 6.9 Hz, 2H, CH2-

CC), 1.97 (quintet, J = 6.9 Hz, 2H, CH2-CH2-CH2). 
19F NMR (D2O, 376 MHz): d -75.7 (s, 3F). 
31P NMR (D2O, 162 MHz): d -19.9 (m, 1P), -11.4 (d, J = 18.2 Hz, 1P), -23.0 (m, 1P). 

HR-ESI-MS: found: 683.0266; calculated: 683.0275 (M-H+, C17H21F3N6O14P3
-); 

deviation: 1.3 ppm. 
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7.1.20. Synthesis of Tailored Doubly Labeled Analogue 56 

 

d-(6-Azidohexyl)-N6-(6-trifluoroacetamidohexyl)-adenosine tetraphosphate 

53[167]:  

Compound 42 (342 mmol) was converted into the tetrabutylammonium salt by 

passing it through a column of CHELEX 100 cation-exchange resin, preequilibrated 

with tetrabutylammonium bromide. Compound 42 and 6-azido-hexyl-phosphate[167] 

(763 mg, 3.42 mmol, 10 eq.) were separately dissolved in 5 mL DMF each and 

stored over molecular sieves for 12 hours. EDC hydrochloride (197 mg, 1.03 mmol, 3 

eq.) was added to compound 42 and the solution was kept at room temperature for 

2.5 hours. Methanol (111 mL) was added and the solution was kept at room 

temperature for 3 hours. Triethylamine (946 mL, 690 mg, 6.84 mmol, 20 eq.) was 

added. This solution was combined with the 6-azido-hexyl-phosphate solution and 

kept at 40 °C for 24 hours. Purification by anion-exchange chromatography and RP-

HPLC yielded 80 mmol (23%) of 53 as colorless oil. 

1H NMR (MeOD, 400 MHz): d 8.56 (s, 1H, H-8), 8.23 (bs, 1H, H-2), 6.09 (d, J = 6.1 

Hz, 1H, H-1ô), 4.77 (t, J = 5.6 Hz, 1H, H-2ô), 4.63 (dd, J = 2.7 Hz, J = 4.9 Hz, 1H, H-

3ô),  4.38 ï 4.28 (m, 1H, H-5ôa), 4.28 ï 4.19 (m, 2H, H-4ô, H-5ôb), 4.01 (q, J = 6.6 Hz, 

2H, Pd-O-CH2), 3.58 (bs, 2H, C6-NH-CH2), 3.31 ï 3.24 (m, 4H, N3-CH2, NHTFA-

CH2), 1.75-1.35 (m, 16H, 8x CH2-linker). 

31P NMR (MeOD, 162 MHz): d -11.1 (m, 1P), -11.7 (m, 1P), -23.4 (m, 2P). 

HR-ESI-MS: found: 906.1394; calculated: 906.1361 (M-H+, C24H39F3N9O17P4
-); 

deviation: 3.6 ppm. 

d-(6-Azidohexyl)-N6-(6-Sulfo-Cy5-amidohexyl)-adenosine tetraphosphate 54:  

Compound 53 (40 mmol) was dissolved in 10 mL 0.1 M NaOH and kept at room 

temperature for 4 hours. 2 mL of 1 M sodium hydrogencarbonate buffer (pH 8.7) 

were added and the solution was readjusted to pH 8.7. Sulfo-Cy5 NHS ester (41 mg, 

48 mmol, 1.2 eq.) in 1 mL DMF was added and the solution was stirred at room 
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temperature for 12 hours. Purification by RP-HPLC yielded 9.2 mmol (23%) of 54 as 

dark blue oil. 
1H NMR (MeOD, 400 MHz): d 8.56 (s, 1H, H-8), 8.31 (t, J = 13.0 Hz, 1H, Hb-Sulfo-

Cy5), 8.30 (t, J = 13.0 Hz, 1H, Hbô-Sulfo-Cy5), 8.21 (bs, 1H, H-2), 7.93 ï 7.84 (m, 4H, 

HAr-Sulfo-Cy5), 7.34 (d, J = 7.8 Hz, 1H, HAr-Sulfo-Cy5), 7.32 (d, J = 7.8 Hz, 1H, 

HAr-Sulfo-Cy5), 6.69 (t, J = 12.6 Hz, 1H, Hg-Sulfo-Cy5), 6.36 (d, J = 13.6 Hz, 1H, Ha-

Sulfo-Cy5), 6.34 (d, J = 13.6 Hz, 1H, Haô-Sulfo-Cy5), 6.09 (d, J = 6.1 Hz, 1H, H-1ô), 

4.75 (t, J = 5.5 Hz, 1H, H-2ô), 4.61 (dd, J = 2.6 Hz, J = 4.7 Hz, 1H, H-3ô),  4.38 ï 4.26 

(m, 1H, H-5ôa), 4.26 - 4.08 (m, 6H, H-4ô, H-5ôb, 2x N-CH2-Sulfo-Cy5), 4.00 (q, J = 6.5 

Hz, 2H, Pd-O-CH2), 3.57 (bs, 2H, C6-NH-CH2), 3.26 (t, J = 6.9 Hz, 2H, N3-CH2), 3.12 

ï 3.07 (m, 2H, CO-NH-CH2), 2.19 (t, J = 7.2 Hz, 2H, NH-CO-CH2), 1.90 - 1.20 (m, 

37H, 11x CH2-linker, 5x CH3). 
31P NMR (MeOD, 162 MHz): d -10.8 (d, J = 16.1 Hz, 1P), -11.4 (d, J = 15.8, 1P), -

22.6 (bs, 2P). 

HR-ESI-MS: found: 723.6759; calculated: 723.6787 (M-2H+, C55H77N11O23P4S2
2-); 

deviation: 3.9 ppm. 

d-(6-Aminohexyl)-N6-(6-Sulfo-Cy5-amidohexyl)-adenosine tetraphosphate 55:  

This compound was synthesized using general procedure 4 starting from d-(6-

azidohexyl)-N6-(6-Sulfo-Cy5-amidohexyl)-adenosine tetraphosphate 54 (8.7 mmol) in 

74% yield. 
1H NMR (MeOD, 400 MHz): d 8.54 (s, 1H, H-8), 8.31 (t, J = 13.0 Hz, 1H, Hb-Sulfo-

Cy5), 8.30 (t, J = 13.0 Hz, 1H, Hbô-Sulfo-Cy5), 8.21 (bs, 1H, H-2), 7.93 ï 7.83 (m, 4H, 

HAr-Sulfo-Cy5), 7.37 (d, J = 7.8 Hz, 1H, HAr-Sulfo-Cy5), 7.35 (d, J = 7.8 Hz, 1H, 

HAr-Sulfo-Cy5), 6.70 (t, J = 12.5 Hz, 1H, Hg-Sulfo-Cy5), 6.37 (d, J = 13.7 Hz, 1H, Ha-

Sulfo-Cy5), 6.35 (d, J = 13.7 Hz, 1H, Haô-Sulfo-Cy5), 6.08 (d, J = 5.7 Hz, 1H, H-1ô), 

4.71 (t, J = 5.3 Hz, 1H, H-2ô), 4.57 (dd, J = 3.3 Hz, J = 4.7 Hz, 1H, H-3ô), 4.34 - 4.08 

(m, 7H, H-4ô, H-5ôa, H-5ôb, 2x N-CH2-Sulfo-Cy5), 4.03 (q, J = 6.1 Hz, 2H, Pd-O-CH2), 

3.57 (bs, 2H, C6-NH-CH2), 3.16 ï 3.08 (m, 2H, CO-NH-CH2), 2.98 ï 2.92 (m, 2H, 

NH2-CH2), 2.19 (t, J = 7.3 Hz, 2H, NH-CO-CH2), 1.90-1.20 (m, 37H, 11x CH2-linker, 

5x CH3). 
31P NMR (MeOD, 162 MHz): d -10.8 (m, 1P), -11.4 (m, 1P), -22.5 (m, 2P). 

HR-ESI-MS: found: 710.6839; calculated: 710.6835 (M-2H+, C55H79N9O23P4S2
2-); 

deviation: 0.6 ppm. 
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d-(6-Sulfo-Cy3-amidohexyl)-N6-(6-Sulfo-Cy5-amidohexyl)-adenosine 

tetraphosphate 56:  

This compound was synthesized using general procedure 5 starting from d-(6-

aminohexyl)-N6-(6-Sulfo-Cy5-amidohexyl)-adenosine tetraphosphate 55 (6.4 mmol) 

and Sulfo-Cy3 NHS ester (8.4 mmol) in 61% yield. 
1H NMR (MeOD, 600 MHz): d 8.57 (s, 1H, H-8), 8.56 (t, J = 13.4 Hz, 1H, Hb-Sulfo-

Cy3), 8.31 (t, J = 13.0 Hz, 1H, Hb-Sulfo-Cy5), 8.30 (t, J = 13.0 Hz, 1H, Hbô-Sulfo-

Cy5), 8.19 (bs, 1H, H-2), 7.97-7.86 (m, 8H, HAr-Sulfo-Cy), 7.42 (d, J = 6.0 Hz, 1H, 

HAr-Sulfo-Cy), 7.41 (d, J = 6.0 Hz, 1H, HAr-Sulfo-Cy), 7.35 (d, J = 8.3 Hz, 1H, HAr-

Sulfo-Cy), 7.33 (d, J = 8.3 Hz, 1H, HAr-Sulfo-Cy), 6.69 (t, J = 12.3 Hz, 1H, Hg-Sulfo-

Cy5), 6.56 (d, J = 13.5 Hz, 1H, Ha-Sulfo-Cy3), 6.52 (d, J = 13.4 Hz, 1H, Haô-Sulfo-

Cy3), 6.36 (d, J = 13.1 Hz, 2H, Ha-Sulfo-Cy5), 6.34 (d, J = 13.1 Hz, 2H, Ha'-Sulfo-

Cy5), 6.09 (d, J = 6.0 Hz, 1H, H-1ô), 4.74 (t, J = 5.5 Hz, 1H, H-2ô), 4.60 (dd, J = 3.2 

Hz, J = 4.8 Hz, 1H, H-3ô), 4.35 ï 4.28 (m, 1H, H-5ôa), 4.27-4.07 (m, 10H, H-4ô, H-5ôb, 

4x N-CH2-Sulfo-Cy), 4.00 (q, J = 6.4 Hz, 2H, Pd-O-CH2), 3.54 (bs, 2H, C6-NH-CH2), 

3.14 ï 3.10 (m, 4H, 2x CO-NH-CH2), 2.21 (t, J = 7.4 Hz, 2H, NH-CO-CH2), 2.19 (t, J 

= 7.4 Hz, 2H, NH-CO-CH2), 1.90 - 1.20 (m, 58H, 14x CH2-linker, 10x CH3). 
31P NMR (MeOD, 162 MHz): d -10.3 (d, J = 15.8 Hz, 1P), -11.0 (d, J = 16.2 Hz, 1P), -

21.6 (bs, 2P). 

HR-ESI-MS: found: 677.5211; calculated: 677.5183 (M-3H+, C86H114N11O30P4S4
3-); 

deviation: 4.1 ppm. 

7.1.21. Synthesis of Singly Labeled Analogues 57 and 58 

 

N6-(6-Sulfo-Cy5-amidohexyl)-adenosine triphosphate 57:  

Compound 42 (118 mmol) was dissolved in 5.5 mL 0.1 M NaOH and kept at room 

temperature for 4 hours. 1 mL of 1 M sodium hydrogencarbonate buffer (pH 8.7) was 

added and the solution was readjusted to pH 8.7. Sulfo-Cy5 NHS ester (121 mg 141 

mmol, 1.2 eq.) in 1 mL DMF was added and the solution was stirred at room 

temperature for 12 hours. Purification by RP-HPLC gave 53 mmol (45%) of 

compound 57 as dark blue oil. 
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1H NMR (d4-methanol, 400 MHz): d 8.51 (s, 1H, H-8), 8.31 (t, J = 13.1 Hz, 1H, Hb-

Sulfo-Cy5), 8.30 (t, J = 13.0 Hz, 1H, Hbô-Sulfo-Cy5), 8.21 (s, 1H, H-2), 7.89 (m, 4H, 

HAr-Sulfo-Cy5), 7.36 (m, 2H, HAr-Sulfo-Cy5), 6.71 (t, J = 12.4 Hz, 1H, Hg-Sulfo-Cy5), 

6.37 (d, J = 13.6 Hz, 1H, Ha-Sulfo-Cy5), 6.35 (d, J = 13.6 Hz, 1H, Haô-Cy5), 6.09 (d, 

J = 5.7 Hz, 1H, H-1ô), 4.71 (t, J = 5.1 Hz, 1H, H-2ô), 4.51 (m, 1H, H-3ô), 4.32 - 4.07 (m, 

7H, H-4ô, H-5ôa, H-5ôb, 2x N-CH2-Sulfo-Cy5), 3.56 (bs, 2H, C6-NH-CH2), 3.14 (m, 2H, 

CO-NH-CH2), 2.19 (t, J = 7.3 Hz, 2H, NH-CO-CH2), 1.85-1.35 (m, 29H, 7x CH2-linker, 

5x CH3). 
31P NMR (MeOD, 162 MHz): d -9.7 (d, J = 18.6 Hz, 1P), -11.0 (d, J = 19.9 Hz, 1P), -

22.5 (bs, 1P). 

HR-ESI-MS: found: 621.1489; calculated: 621.1479 (M-2H+, C49H65N8O20P3S2
2-); 

deviation: 1.6 ppm. 

d-(6-Aminohexyl) adenosine tetraphosphate 59:  

This compound was synthesized using general procedure 4 starting from d-(6-

azidohexyl) adenosine tetraphosphate 4 (17.2 mmol) in 42% yield. 
1H NMR (MeOD, 400 MHz): d 8.62 (s, 1H, H-8), 8.18 (s, 1H, H-2), 6.10 (d, J = 6.0 Hz, 

1H, H-1ô), 4.78 (t, J = 5.4 Hz, 1H, H-2ô), 4.57 (m, 1H, H-3ô), 4.28 (m, 3H, H-4ô, H-5ôa, 

H-5ôb), 4.04 (q, J = 6.0 Hz, 2H, Pd-O-CH2), 3.03 (bs, 2H, NH2-CH2), 1.80 - 1.58 (m, 

4H, 2x CH2-linker), 1.56 - 1.41 (m, 4H, 2x CH2-linker). 
31P NMR (MeOD, 162 MHz): d -10.7 (bs, 1P), -11.3 (bs, 1P), -21.2 (bs, 2P). 

HR-ESI-MS: found: 685.0556; calculated: 685.0585 (M-H+, C16H29N6O16P4
-); 

deviation: 4.2 ppm. 

d-(6-Sulfo-Cy3-amidohexyl)-adenosine tetraphosphate 58:  

This compound was synthesized using general procedure 5 starting from d-(6-

aminohexyl) adenosine tetraphosphate 59 (7.2 mmol) and Sulfo-Cy3 NHS ester (8.4 

mmol) in 74% yield. 
1H NMR (MeOD, 400 MHz): d 8.64 (s, 1H, H-8), 8.56 (t, J=13.5 Hz, 1H, Hb-Sulfo-

Cy3), 8.17 (s, 1H, H-2), 7.94 (m, 4H, HAr-Sulfo-Cy3), 7.42 (d, J = 8.2 Hz, 1H, HAr-

Sulfo-Cy3), 7.41 (d, J = 8.2 Hz, 1H, HAr-Sulfo-Cy3), 6.56 (d, J = 14.0 Hz, 1H, Ha-

Sulfo-Cy3), 6.54 (d, J = 14.0 Hz, 1H, Ha'-Sulfo-Cy3), 6.11 (d, J = 5.9 Hz, 1H, H-1ô), 

4.75 (t, J = 5.4 Hz, 1H, H-2ô), 4.59 (m, 1H, H-3ô), 4.37 - 4.13 (m, 7H, H-4ô, H-5ôa, H-

5ôb, 2x N-CH2-Sulfo-Cy5), 3.98 (q, J = 6.4 Hz, 2H, Pd-O-CH2), 3.13 (m, 2H, CO-NH-

CH2), 2.22 (t, J = 7.3 Hz, 2H, NH-CO-CH2), 1.88-1.37 (m, 29H, 7x CH2-linker, 5x 

CH3). 
31P NMR (MeOD, 162 MHz): d -10.4 (m, 1P), -11.0 (m, 1P), -21.3 (bs, 2P). 

HR-ESI-MS: found: 431.7466; calculated: 431.7460 (M-3H+, C47H63N8O23P4S2
3-); 

deviation: 1.4 ppm. 
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7.1.22. Synthesis of Tailored Doubly Labeled Analogue 63 

 

d-(6-Azidohexyl)-N6-(6-aminohexyl)-adenosine tetraphosphate 60:  

This compound was synthesized using general procedure 3 starting from d-(6-

azidohexyl)-N6-(6-trifluoroacetamidohexyl)-adenosine tetraphosphate 53 (34.7 mmol) 

in 80% yield. 
1H NMR (MeOD, 400 MHz): d 8.63 (bs, 1H, H-8), 8.18 (bs, 1H, H-2), 6.11 (d, J = 4.8 

Hz, 1H, H-1ô), 4.76 ï 4.66 (m, 1H, H-2ô), 4.66 ï 4.58 (m, 1H, H-3ô),  4.34 ï 4.20 (m, 

3H, H-4ô, H-5ôa, H-5ôb), 3.99 (q, J = 6.5 Hz, 2H, Pd-O-CH2), 3.55 (bs, 2H, C6-NH-

CH2), 3.26 (t, J = 6.9 Hz, 2H, N3-CH2), 2.97 ï 2.83 (m, 2H, NH2-CH2), 1.75-1.50 (m, 

8H, 4x CH2-linker), 1.47-1.35 (m, 8H, 4x CH2-linker). 
31P NMR (MeOD, 162 MHz): d -10.7 - -11.1 (m, 1P), -11.3 - -11.7 (m, 1P), -22.4 - -

23.4 (m, 2P). 

d-(6-Azidohexyl)-N6-(6-Eclipse-amidohexyl)-adenosine tetraphosphate 61:  

This compound was synthesized using general procedure 5 starting from d-(6-

azidohexyl)-N6-(6-aminohexyl)-adenosine tetraphosphate 60 (19.4 mmol) and Eclipse 

NHS ester (48.5 mmol) in 15% yield. 
1H NMR (MeOD, 400 MHz): d 8.61 (s, 1H, H-8), 8.38 (d, J = 2.5 Hz, 1H, H-Ar-

Eclipse), 8.21 (s, 1H, H-2), 8.19 (dd, J = 9.1 Hz, J = 2.5 Hz, 1H, H-Ar-Eclipse), 7.93 ï 

7.87 (m, 2H, H-Ar-Eclipse), 7.80 (d, J = 9.1 Hz, 1H, H-Ar-Eclipse), 6.89 ï 6.84 (m, 

2H, H-Ar-Eclipse), 6.09 (d, J = 5.9 Hz, 1H, H-1ô), 4.77 ï 4.70 (m, 1H, H-2ô), 4.62 ï 

4.57 (m, 1H, H-3ô),  4.37 ï 4.29 (m, 1H, H-5ôa), 4.27 ï 4.20 (m, 2H, H-4ô, H-5ôb), 4.01 

(q, J = 6.5 Hz, 2H, Pd-O-CH2), 3.61 ï 3.50 (m, 4H, C6-NH-CH2, Eclipse-N-CH2), 3.24 

(t, J = 6.9 Hz, 2H, N3-CH2), 3.19 ï 3.14 (m, 2H, CO-NH-CH2), 3.11 (s, 3H, Eclipse-N-

CH3), 2.26 (t, J = 7.1 Hz, 2H, CH2-CO-NH), 1.95 (quintet, J = 7.2 Hz, 2H, Eclipse-

CH2-CH2-CH2) 1.73 ï 1.34 (m, 16H, 8x CH2-linker). 
31P NMR (MeOD, 162 MHz): d -10.7 - -11.3 (m, 1P), -11.3 - -11.8 (m, 1P), -22.4 - -

23.4 (m, 2P). 
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d-(6-Aminohexyl)-N6-(6-Eclipse-amidohexyl)-adenosine tetraphosphate 62:  

This compound was synthesized using general procedure 4 starting from d-(6-

azidohexyl)-N6-(6-Eclipse-amidohexyl)-adenosine tetraphosphate 61 (2.9 mmol) in 

71% yield. 
1H NMR (MeOD, 600 MHz): d 8.57 (s, 1H, H-8), 8.40 (d, J = 2.4 Hz, 1H, H-Ar-

Eclipse), 8.23 ï 8.17 (m, 2H, H-2, H-Ar-Eclipse), 7.94 ï 7.88 (m, 2H, H-Ar-Eclipse), 

7.81 (d, J = 8.9 Hz, 1H, H-Ar-Eclipse), 6.91 ï 6.85 (m, 2H, H-Ar-Eclipse), 6.10 (d, J = 

5.7 Hz, 1H, H-1ô), 4.73 (t, J = 5.4 Hz, 1H, H-2ô), 4.64 ï 4.60 (m, 1H, H-3ô),  4.39 ï 

4.30 (m, 1H, H-5ôa), 4.29 ï 4.20 (m, 2H, H-4ô, H-5ôb), 4.07 (q, J = 5.7 Hz, 2H, Pd-O-

CH2), 3.60 ï 3.51 (m, 4H, C6-NH-CH2, Eclipse-N-CH2), 3.19 (m, 2H, CO-NH-CH2), 

3.13 (s, 3H, Eclipse-N-CH3), 3.03 ï 2.98 (m, 2H, NH2-CH2), 2.28 (t, J = 7.1 Hz, 2H, 

CH2-CO-NH), 1.97 (quintet, J = 7.2 Hz, 2H, Eclipse-CH2-CH2-CH2) 1.80 ï 1.30 (m, 

16H, 8x CH2-linker). 
31P NMR (MeOD, 162 MHz): d -10.4 - -10.8 (m, 1P), -11.0 - -11.4 (m, 1P), -21.8- -

22.7 (m, 2P). 

d-(6-Sulfo-Cy3-amidohexyl)-N6-(6-Eclipse-amidohexyl)-adenosine 

tetraphosphate 63:  

This compound was synthesized using general procedure 5 starting from d-(6-

aminohexyl)-N6-(6-Eclipse-amidohexyl)-adenosine tetraphosphate 62 (2.1 mmol) and 

Sulfo-Cy3 NHS ester (3.0 mmol) in 44% yield. 
1H NMR (MeOD, 600 MHz): d 8.59 (s, 1H, H-8), 8.52 (t, J = 13.4 Hz, 1H, H-b-Sulfo-

Cy3), 8.36 (d, J = 2.4 Hz, 1H, H-Ar-Eclipse), 8.19 ï 8.14 (m, 2H, H-2, H-Ar-Eclipse), 

7.96 ï 7.94 (m, 2H, H-Ar-Sulfo-Cy3), 7.93 ï 7.90 (m, 2H, H-Ar-Sulfo-Cy3), 7.88 ï 

7.84 (m, 2H, H-Ar-Eclipse), 7.78 (d, J = 8.9 Hz, 1H, H-Ar-Eclipse), 7.40 (d, J = 8.6 

Hz, 1H, H-Ar-Sulfo-Cy3), 7.38 (d, J = 8.6 Hz, 1H, H-Ar-Sulfo-Cy3), 6.86 ï 6.83 (m, 

2H, H-Ar-Eclipse), 6.52 (d, J = 13.5 Hz, 1H, H-a-Sulfo-Cy3), 6.48 (d, J = 13.4 Hz, 1H, 

H-aô-Sulfo-Cy3), 6.09 (d, J = 5.9 Hz, 1H, H-1ô), 4.74 (t, J = 5.4 Hz, 1H, H-2ô), 4.60 ï 

4.57 (m, 1H, H-3ô),  4.34 ï 4.29 (m, 1H, H-5ôa), 4.27 ï 4.24 (m, 1H, H-4ô), 4.24 ï 4.18 

(m, 3H, H-5ôb, Sulfo-Cy3-N-CH2), 4.15 ï 4.09 (m, 2H, Sulfo-Cy3-N-CH2), 3.99 (q, J = 

6.4 Hz, 2H, Pd-O-CH2), 3.54 ï 3.46 (m, 4H, C6-NH-CH2, Eclipse-N-CH2), 3.16 (t, 2H, 

CO-NH-CH2), 3.13 (t, J = 7.0 Hz, 2H, CO-NH-CH2), 3.10 (s, 3H, Eclipse-N-CH3), 2.27 

(t, J = 7.2 Hz, 2H, CH2-CO-NH), 2.21 (t, J = 7.4 Hz, 2H, CH2-CO-NH), 1.94 (quintet, J 

= 7.2 Hz, 2H, Eclipse-CH2-CH2-CH2) 1.85 ï 1.34 (m, 37H, 11x CH2-linker, 5x CH3). 
31P NMR (MeOD, 162 MHz): d -10.2 - -10.6 (m, 1P), -10.8 - -11.1 (m, 1P), -20.8- -

22.1 (m, 2P). 
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7.1.23. Synthesis of Tailored Doubly Labeled Analogue 67 

 

d-C-(7-Azidoheptyl)-N6-(6-trifluoroacetamidohexyl)-adenosine tetraphosphate 

64[167]:  

Compound 42 (97.6 mmol) was converted into the tetrabutylammonium salt by 

passing it through a column of CHELEX 100 cation-exchange resin, preequilibrated 

with tetrabutylammonium bromide. Compound 42 and 7-azido-heptyl-

phosphonate[167] (218 mg, 976 mmol, 10 eq.) were separately dissolved in 5 mL DMF 

each and stored over molecular sieves for 12 hours. EDC hydrochloride (56 mg, 293 

mmol, 3 eq.) was added to compound 42 and the solution was kept at room 

temperature for 2.5 hours. Methanol (32 mL) was added and the solution was kept at 

room temperature for 3 hours. Triethylamine (272 mL, 198 mg, 1.95 mmol, 20 eq.) 

was added. This solution was combined with the 7-azido-heptyl-phosphate solution 

and kept at 40 °C for 12 hours. Purification by anion-exchange chromatography and 

RP-HPLC yielded 40 mmol (41%) of 64 as colorless oil. 

1H NMR (MeOD, 400 MHz): d 8.60 (s, 1H, H-8), 8.24 (s, 1H, H-2), 6.12 (d, J = 6.1 Hz, 

1H, H-1ô), 4.80 (t, J = 5.6 Hz, 1H, H-2ô), 4.70 ï 4.66 (m, 1H, H-3ô), 4.41 ï 4.31 (m 1H, 

H-5ôa), 4.29 ï 4.21 (m, 2H, H-4ô, H-5ôb), 3.70 ï 3.53 (m, 2H, C6-NH-CH2), 3.32 ï 3.25 

(m,4H, N3-CH2), 1.90-1.36 (m, 20H, CH2-Pd, 9x CH2-linker). 
19F NMR (MeOD, 376 MHz): d -77.3 (s, 3F). 
31P NMR (MeOD, 162 MHz): d 17.6 (d, J = 21.0 Hz, 1P), -11.6 (d, J = 17.6 Hz, 1P), -

22.9 - -23.6 (m, 2P). 

d-C-(7-Azidoheptyl)-N6-(6-Sulfo-Cy5-amidohexyl)-adenosine tetraphosphate 65:  

Compound 64 (33 mmol) was dissolved in 6 mL 0.1 M NaOH and kept at room 

temperature for 4 hours. 1 mL of 1 M sodium hydrogencarbonate buffer (pH 8.7) 

were added and the solution was readjusted to pH 8.7. Sulfo-Cy5 NHS ester (33 mg, 

39 mmol, 1.2 eq.) in 1 mL DMF was added and the solution was stirred at room 
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temperature for 12 hours. Purification by RP-HPLC yielded 16.0 mmol (48%) of 65 as 

dark blue oil. 
1H NMR (MeOD, 400 MHz): d 8.56 (s, 1H, H-8), 8.31 (t, J = 13.1 Hz, 1H, H-b-Sulfo-

Cy5), 8.30 (t, J = 13.0 Hz, 1H, H-bô-Sulfo-Cy5), 8.21 (s, 1H, H-2), 7.94 ï 7.85 (m, 4H, 

H-Ar-Sulfo-Cy5), 7.39 ï 7.31 (m, 2H, H-Ar-Sulfo-Cy5), 6.69 (t, J = 12.5 Hz, 1H, H-g-

Sulfo-Cy5), 6.36 (d, J = 13.6 Hz, 1H, H-a-Sulfo-Cy5), 6.34 (d, J = 13.6 Hz, 1H, H-aô-

Sulfo-Cy5), 6.09 (d, J = 6.2 Hz, 1H, H-1ô), 4.76 (t, J = 5.5 Hz, 1H, H-2ô), 4.67 ï 4.62 

(m, 1H, H-3ô), 4.37 ï 4.29 (m 1H, H-5ôa), 4.28 ï 4.08 (m, 6H, H-4ô, H-5ôb, 2x Sulfo-

Cy5-N-CH2), 3.67 ï 3.49 (m, 2H, C6-NH-CH2),  3.25 (t, J = 6.9 Hz, 2H, N3-CH2), 3.17 

ï 3.12 (m, 2H, CH2-NH-CO), 2.19 (t, J = 7.3 Hz, 2H, CH2-CO-NH), 1.88-1.33 (m, 

41H, CH2-Pd, 12x CH2-linker, 5x CH3). 
31P NMR (MeOD, 162 MHz): d 17.7 (d, J = 20.4 Hz, 1P), -11.6 (d, J = 16.6 Hz, 1P), -

22.7 - -23.5 (m, 2P). 

d-C-(7-Aminoheptyl)-N6-(6-Sulfo-Cy5-amidohexyl)-adenosine tetraphosphate 

66:  

This compound was synthesized using general procedure 4 starting from d-C-(7-

azidoheptyl)-N6-(6-Sulfo-Cy5-amidohexyl)-adenosine tetraphosphate 65 (16.0 mmol) 

in 80% yield. 
1H NMR (MeOD, 400 MHz): d 8.54 (s, 1H, H-8), 8.31 (t, J = 13.0 Hz, 1H, H-b-Sulfo-

Cy5), 8.30 (t, J = 13.1 Hz, 1H, H-bô-Sulfo-Cy5), 8.21 (s, 1H, H-2), 7.92 ï 7.85 (m, 4H, 

H-Ar-Sulfo-Cy5), 7.39 ï 7.32 (m, 2H, H-Ar-Sulfo-Cy5), 6.69 (t, J = 12.4 Hz, 1H, H-g-

Sulfo-Cy5), 6.36 (d, J = 13.7 Hz, 1H, H-a-Sulfo-Cy5), 6.34 (d, J = 13.6 Hz, 1H, H-aô-

Sulfo-Cy5), 6.09 (d, J = 5.8 Hz, 1H, H-1ô), 4.73 (t, J = 5.4 Hz, 1H, H-2ô), 4.62 ï 4.58 

(m, 1H, H-3ô), 4.36 ï 4.28 (m 1H, H-5ôa), 4.28 ï 4.07 (m, 6H, H-4ô, H-5ôb, 2x Sulfo-

Cy5-N-CH2), 3.62 ï 3.50 (m, 2H, C6-NH-CH2),  3.14 (t, J = 7.0 Hz, 2H, CO-NH-CH2), 

2.93 (t, J = 6.7 Hz, 2H, CH2-NH2), 2.19 (t, J = 7.3 Hz, 2H, CH2-CO-NH), 1.87-1.34 (m, 

41H, CH2-Pd, 12x CH2-linker, 5x CH3). 
31P NMR (MeOD, 162 MHz): d 18.2 - 17.7 (m, 1P), -11.3 ï -11.7 (m, 1P), -22.6 - -

23.4 (m, 2P). 

d-C-(7-Sulfo-Cy3-amidoheptyl)-N6-(6-Sulfo-Cy5-amidohexyl)-adenosine 

tetraphosphate 67:  

This compound was synthesized using general procedure 5 starting from d-C-(7-

aminoheptyl)-N6-(6-Sulfo-Cy5-amidohexyl)-adenosine tetraphosphate 66 (12.8 mmol) 

and Sulfo-Cy3 NHS ester (15.7 mmol) in 41% yield. 
1H NMR (MeOD, 400 MHz): d 8.57 (s, 1H, H-8), 8.56 (t, J = 13.5 Hz, 1H, H-b-Sulfo-

Cy3), 8.31 (t, J = 13.0 Hz, 1H, H-b-Sulfo-Cy5), 8.30 (t, J = 13.0 Hz, 1H, H-bô-Sulfo-
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Cy5), 8.19 (s, 1H, H-2), 7.98 ï 7.85 (m, 8H, H-Ar-Sulfo-Cy), 7.45 ï 7.39 (m, 2H, H-Ar-

Sulfo-Cy), 7.38 ï 7.31 (m, 2H, H-Ar-Sulfo-Cy), 6.70 (t, J = 12.4 Hz, 1H, H-g-Sulfo-

Cy5), 6.57 (d, 13.8 Hz, 1H, H-a-Sulfo-Cy3), 6.53 (d, J = 13.7 Hz, 1H, H-aô-Sulfo-

Cy3), 6.36 (d, J = 13.7 Hz, 1H, H-a-Sulfo-Cy5), 6.34 (d, J = 13.7 Hz, 1H, H-aô-Sulfo-

Cy5), 6.10 (d, J = 6.2 Hz, 1H, H-1ô), 4.76 (t, J = 5.5 Hz, 1H, H-2ô), 4.65 ï 4.60 (m, 1H, 

H-3ô), 4.36 ï 4.07 (m, 11H, H-4ô, H-5ôa, H-5ôb, 4x Sulfo-Cy-N-CH2), 3.64 ï 3.46 (m, 

2H, C6-NH-CH2), 3.15 ï 3.10 (m, 4H, 2x CO-NH-CH2), 2.21 (t, J = 7.1 Hz, 2H, CH2-

CO-NH), 2.19 (t, J = 7.3 Hz, 2H, CH2-CO-NH), 1.89-1.32 (m, 62H, CH2-Pd, 15x CH2-

linker, 10x CH3). 
31P NMR (MeOD, 162 MHz): d 18.3 (d, J = 21.0 Hz, 1P), -11.3 (d, J =16.9 Hz, 1P), -

22.0 - -22.8 (m, 2P). 

7.1.24. pH Stability of ATP Analogues Modified at the Phosphate Chain 

Compounds were dissolved at a concentration of 100 mM in 50 mL of 20 mM citrate 

buffer (pH 2.0, 3.0, 3.5), acetate buffer (pH 4.0, 4.5, 5.0, 5.5), phosphate buffer (pH 

6.0, 7.0, 8.0), or carbonate buffer (pH 9.0, 10.0, 11.0, 12.0), respectively, and 

incubated for 2 h at 37 °C. The mixtures were neutralized by addition of 50 mL of 100 

mM phosphate buffer (pH 7). The samples were analyzed by analytical RP-HPLC 

using a 4 mm × 250 mm C18 column and a gradient from 5% to 18% acetonitrile in 

50 mM triethylammonium acetate buffer (pH 7.0) over 15 min. The product formed by 

incubation of compound 1 at pH 2.0 was subjected to HR-ESI-MS: found: 505.9881; 

calculated: 505.9874 (ATPīH+, C10H15N5O13P3
ī); deviation: 1.4 ppm. 

7.2. Biochemical Experiments 

7.2.1. Buffers for Biochemical Experiments 

LB medium: 

10 g NaCl, 10 g tryptone and 5 g yeast extract were dissolved in 1 L water und 

sterilized by autoclaving. 

PBS buffer: 

137 mM NaCl, 2.7 mM KCl and 12 mM NaH2PO4 were dissolved in 1 L water and the 

pH was adjusted to 7.4 with NaOH.  

50 mM PBS buffer: 

137 mM NaCl, 2.7 mM KCl, and 50 mM NaH2PO4 were dissolved in 1 L water and 

the pH was adjusted to 7.4 with NaOH.  

 

 



7. Experimental Part 
 

134 
 

PBS-T buffer: 

137 mM NaCl, 2.7 mM KCl, 12 mM NaH2PO4 and 1% (w/v) Triton were dissolved 1 L 

in water and the pH was adjusted to 7.4 with NaOH. 

Lämmli Running Buffer: 

The buffer was manufactured as 10x buffer containing 30.0 g Tris, 144.0 g glycine 

and 10.0 g SDS at pH 8.3 in 1 L water. The buffer was diluted to 1x for SDS-PAGE. 

Separating Gel Buffer: 
18.15 g Tris-HCl (pH 8.8) are dissolved in 100 mL of water. 

Stacking Gel Buffer: 

6 g Tris-HCl (pH 6.8) are dissolved in 100 mL of water. 

7.2.2. General Methods 

SDS PAGE: 

For all SDS-PAGE analyses the samples were treated as follows. To the reaction 

mixture was added one fourth of the volume of 5x loading buffer (80 mM Tris-HCl (pH 

6.8), 120 mM DTT, 80 mM SDS, 12% glycerol, bromophenol blue) and the samples 

were boiled for 5 min. 

The separating gel was cast using the required percentage of acrylamide 

(containing 2.6% bis-acrylamide), 0.1% (w/v) ammonium peroxodisulfate and 3.75 

mL separating gel buffer in a total volume of 15 mL. The polymerisation was started 

using 15 mL TEMED. For E6AP assays a lower separating gel using 15% of 

acrylamide and an upper separating gel using 10% of acrylamide were cast. On top 

of the separating gel a stacking gel was cast using 5% acrylamide (containing 2.6% 

bis-acrylamide), 940 mL stacking gel buffer and 0.1% (w/v) ammonium 

peroxodisulfate in a total volume of 4 mL. The polymerisation was started using 4 mL 

TEMED. 

The samples were separated at a current of 50 mA using 1x Lämmli buffer. 

The gel was fixed using a solution of 1% phosphoric acid in 20% methanol in water 

for 1 hour at room temperature. For staining, 20 mL Roti-Blue (5x concentrate, Roth) 

were diluted with 80 mL 20% methanol in water and the gel was incubated with this 

solution for 12 hours at room temperature. The background staining was destained 

using 20% methanol in water. 

Preparation of microtubules: 

1 mL of tubulin (10 mg/mL) was cleared by centrifugation (186,000 g, 4 °C, 10 min). 

25% glycerol, 1.5 mM GTP and buffer containing 20 mM PIPES, 1 mM MgCl2 and 1 

mM EGTA were added to a final volume of 2 mL. The mixture was incubated at 37 °C 

https://www.google.de/search?biw=1920&bih=911&q=ammonium+peroxodisulfate&spell=1&sa=X&ei=KKUoUpCwM8KNtQaFk4GoCQ&ved=0CCoQvwUoAA
https://www.google.de/search?biw=1920&bih=911&q=ammonium+peroxodisulfate&spell=1&sa=X&ei=KKUoUpCwM8KNtQaFk4GoCQ&ved=0CCoQvwUoAA
https://www.google.de/search?biw=1920&bih=911&q=ammonium+peroxodisulfate&spell=1&sa=X&ei=KKUoUpCwM8KNtQaFk4GoCQ&ved=0CCoQvwUoAA
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for 30 minutes. 40 mM taxol were added and incubation continued for additional 30 

minutes. The microtubules were collected by centrifugation (186,000 g, 35 °C, 30 

min) and resuspended in buffer containing 20 mM PIPES, 1 mM MgCl2, 1 mM EGTA 

and 25 mM taxol. Microtubules were labeled with Cy3 as needed using an established 

protocol.[55] 

Preparation of Ubl columns[213]: 

12.5 mL Affi-Gel 10 (Bio-Rad) suspension were put into a glass frit and the solvent 

was sucked off without drying the gel. The gel was washed with 50 mL water and 50 

mL 0.1 M sodium hydrogencarbonate solution (pH 9.0). The gel was transferred in an 

Erlenmeyer flask and 2.0 mg/mL of the ubiquitin-like protein in 10 mL 0.1 M sodium 

hydrogencarbonate was added. The suspension was stirred at room temperature for 

1 hour. 1 mL 0.1 M ethanolamine (pH 8.0) was added and the mixture was stirred for 

1 hour. The gel was put into a column and washed with 50 mL 0.1 M sodium 

hydrogencarbonate (pH 9.0), 50 mL 50 mM PBS containing 5 mg/mL BSA, 50 mL 50 

mM PBS, 50 mL 100 mM Tris-HCl (pH 9.0), 50 mL 50 mM Tris-HCl (pH 7.5) and 50 

mL 50 mM Tris-HCl (pH 7.5) containing 0.1% w/v NaN3. The amount of ubiquitin-like 

protein bound to the column was estimated by comparing the levels of ubiquitin-like 

protein in the flow-through and in the originally applied solution using SDS-PAGE. 

The column was stored at 4 °C. 

7.2.3. Expression and Purification of Proteins 

Human recombinant Eg5 motor domain: 

The wild-type motor domain of human Eg5 (aa 1 ï 371) was expressed as 6x His-

tagged protein from a pQE80 vector in BL21(DE3)RIL E. coli cells. The cells were 

grown overnight in LB medium containing chloramphenicol and carbenicillin at 37 °C, 

diluted by a factor of 100 and grown until the OD600 was 0.6. The cells were 

transferred to 16 °C. The expression was induced by addition of 1 mM IPTG and Eg5 

was expressed for 12 hours at 16 °C. The cells were collected by centrifugation. The 

pellet was resuspended in 20 mM Tris-HCl (pH 8.0) buffer containing 300 mM NaCl, 

5 mM imidazole, 1 mM PMSF and 0.1% Triton. The cells were lysed by sonification 

and the solution was cleared by centrifugation. 250 mL Ni-NTA beads were washed 

with three times 20 mL 20 mM Tris-HCl (pH 8.0) buffer containing 300 mM NaCl and 

5 mM imidazole and the supernatant of the cell debri was added to these beads. The 

mixture was incubated for 2 hours at 4 °C. The beads were collected by filtration, 

washed two times with 20 mL 20 mM Tris-HCl (pH 8.0) buffer containing 300 mM 

NaCl, 20 mM imidazole, 0.1% Triton X, 1 mM MgCl2 and 1 mM ATP and once with 20 

mL 20 mM Tris-HCl (pH 8.0) buffer containing 300 mM NaCl, 20 mM imidazole and 

0.1% Triton X. The protein was eluted in 500 mL fractions with 20 mM Tris-HCl (pH 
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8.0) buffer containing 300 mM NaCl and 200 mM imidazole. The purity of the protein 

was checked by SDS-PAGE. 

Human recombinant Eg5 full length protein: 

Full-length Eg5 was expressed, purified and kindly provided by N. Al-Obaidi from the 

group of Prof. T. U. Mayer. Human Eg5 was expressed as NȤterminally His10Ȥtagged 

protein in SF9 cells using the BaculoTM
 virus system. Cells were lysed in lysis buffer 

(25 mM TrisȤHCl pH 8.0, 250 mM NaCl, 1 mM ATP, 5 mM MgCl2, 0.1% Triton and 

CompleteTM
 protease inhibitors) by douncing on ice. Cleared lysate was incubated with 

NiȤNTA agarose beads for 2 h at 4 °C, washed with lysis buffer supplemented with 20 

mM Imidazole and eluted repetitively with 0.5x bed volumes of elution buffer (25 mM 

TrisȤHCl pH 8.0, 250 mM NaCl, 1 mM ATP, 5 mM MgCl2, 200 mM Imidazole). Elution 

fractions were analyzed by SDSȤPAGE and subsequent coomassie staining / 

western blot analysis using antiȤEg5 antibody. Selected elution fractions were 

dialyzed (25 mM TrisȤHCl pH 7.4, 150 mM NaCl, 10% glycerol, 10 mM 2Ȥ

mercaptoethanol, 1 mM ATP, 5 mM MgCl2) over night at 4 °C. Dialyzed His10ȤEg5 

was aliquoted in small fractions, snap frozen and stored at Ȥ80 °C. 

Tubulin: 

Tubulin was prepared and kindly provided by M. Möckel from the group of Prof. T. U. 

Mayer. Tubulin was isolated from pig brain as reported earlier.[214] 

Human Recombinant Ubiquitin:  

Human wild-type ubiquitin was expressed as untagged protein from a pET3a vector 

in BL21(DE3)RIL E. coli cells. The cells were grown overnight in LB medium 

containing chloramphenicol and carbenicillin at 37 °C, diluted by a factor of 100 and 

grown until the OD600 was 0.6. The expression was induced by addition of 400 mM 

IPTG and ubiquitin was expressed for 4 hours at 37 °C. The cells were collected by 

centrifugation. The pellet was resuspended in 25 mM sodium acetate (pH 5.0) buffer 

containing 1 mM PMSF. The cells were lysed by sonification and the solution was 

cleared by centrifugation. The supernatant was loaded onto a SP-Sepharose column, 

pre-equilibrated with the same buffer without PMSF. The protein was eluted with a 

linear gradient to 1 M NaCl in the same buffer. The fractions containing pure ubiquitin 

were identified by SDS-PAGE, pooled and dialyzed with buffer containing 50 mM 

NaCl and 25 mM Tris-HCl (pH 7.6). 

Human Recombinant NEDD8: 

Human wild-type NEDD8 was expressed as untagged protein from a pET3a vector in 

BL21(DE3)RIL E. coli cells. The cells were grown overnight in LB medium containing 

chloramphenicol and carbenicillin at 37 °C, diluted by a factor of 100 and grown until 
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the OD600 was 0.6. The expression culture was transferred to 25 °C. The expression 

was induced by addition of 400 mM IPTG and NEDD8 was expressed for 5 hours at 

25 °C. The cells were collected by centrifugation. The pellet was resuspended in 50 

mM Tris-HCl (pH 7.5) buffer containing 1 mM PMSF. The cells were lysed by 

sonification and the solution was cleared by centrifugation. The supernatant was 

loaded onto a tandem SP-Sepharose and MonoQ column, pre-equilibrated with the 

same buffer without PMSF. The flow-through was collected and contained the 

protein. The flow-through was loaded onto a Superdex 75 column, preequilibrated 

with PBS containing additional 200 mM NaCl, and eluted with the same buffer. The 

fractions containing pure NEDD8 were identified by SDS-PAGE, pooled and dialyzed 

with buffer containing 50 mM NaCl and 25 mM Tris-HCl (pH 7.6). 

Human Recombinant SUMO1: 

Human wild-type SUMO1 was cloned into a pET3a vector by D. Schneider from the 

group of Prof. A. Marx and kindly provided. It was expressed as untagged protein in 

BL21(DE3)RIL E. coli cells. The cells were grown overnight in LB medium containing 

chloramphenicol and carbenicillin at 37 °C, diluted by a factor of 100 and grown until 

the OD600 was 0.6. The expression culture was transferred to 30 °C. The expression 

was induced by addition of 400 mM IPTG and SUMO1 was expressed for 12 hours at 

30 °C. The cells were collected by centrifugation. The pellet was resuspended in 50 

mM Tris-HCl (pH 7.5) buffer containing 1 mM PMSF. The cells were lysed by 

sonification and the solution was cleared by centrifugation. The supernatant was 

loaded onto a MonoQ column, pre-equilibrated with the same buffer without PMSF. 

The protein was eluted with a linear gradient to 1 M NaCl in the same buffer. The 

fractions containing the protein were loaded onto a Superdex 75 column, 

preequilibrated with PBS containing additional 200 mM NaCl, and eluted with the 

same buffer. The fractions containing pure SUMO1 were identified by SDS-PAGE, 

pooled and dialyzed with buffer containing 50 mM NaCl and 25 mM Tris-HCl (pH 

7.6). 

Human recombinant UBA1: 

Human wild-type UBA1 was expressed as 6x His-tagged protein from a pET32a 

vector in BL21(DE3)RIL E. coli cells.[69] The cells were grown overnight in LB medium 

containing chloramphenicol and carbenicillin at 37 °C, diluted by a factor of 100 (final 

volume 2l) and grown until the OD600 was 0.3. The expression culture was 

transferred to 15 °C. The expression was induced by addition of 1 mM IPTG and 

UBA1 was expressed for 12 hours at 15 °C. The cells were collected by 

centrifugation. The pellet was resuspended in 40 mL 50 mM Tris-HCl (pH 7.5) buffer 

containing 1 mM DTT and 1 mM PMSF. The cells were lysed by sonification and the 

solution was cleared by centrifugation. The protein was purified by covalent affinity 
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purification.[214] The ubiquitin-column (chapter 7.2.2.) was washed with 50 mL 50 mM 

Tris-HCl (pH 7.5) containing 2 mM ATP and 10 mM MgCl2. The buffer was 

prewarmed to 30 °C. To the supernatant of the expression were added 2 mM ATP, 

10 mM MgCl2, 10 mM creatine phosphate and 1 U/mL creatine phosphokinase. This 

solution was prewarmed to 30 °C and passed through the column at a rate of 1 

mL/min. The column was washed with 20 mL 50 mM Tris-HCl (pH 7.5), 30 mL Tris-

HCl (pH 7.5) containing 200 mM KCl, 20 mL 50 mM Tris-HCl (pH 7.5) and the protein 

was eluted with 3 10 mL fractions of 100 mM Tris-HCl (pH 9.0) containing 10 mM 

DTT. The pH of the fractions was directly adjusted to 7.5 using 1 M HCl and the 

purity was assessed by SDS-PAGE. The fractions containing the pure product were 

pooled concentrated to 500 mL using a VIVASPIN 20 (Sartorius, MWCO 50,000). The 

solution was three times diluted to 10 mL using 50 mM Tris-HCl (pH 7.5) containing 1 

mM DTT and concentrated to 500 mL to exchange the buffer. 

Human recombinant APPBP1/UBA3: 

Human wild-type APPBP1/UBA3 was expressed as GST-tagged protein from a 

pGST vector[215] in BL21(DE3)RIL E. coli cells. The cells were grown overnight in LB 

medium containing chloramphenicol and carbenicillin at 37 °C, diluted by a factor of 

100 and grown until the OD600 was 0.3. The expression culture was transferred to 16 

°C. The expression was induced by addition of 1 mM IPTG and UBA1 was expressed 

for 12 hours at 16 °C. The cells were collected by centrifugation. The pellet was 

resuspended in 40 mL 50 mM Tris-HCl (pH 7.5) buffer containing 1 mM DTT and 1 

mM PMSF. The cells were lysed by sonification and the solution was cleared by 

centrifugation. The protein was purified by covalent affinity purification as described 

for UBA1 using a NEDD8 column. 

Human recombinant SAE1/SAE2: 

Human wild-type SAE1/SAE2 was expressed as GST-tagged protein from a pGEX-

4T vector[216] in BL21(DE3)RIL E. coli cells. The cells were grown overnight in LB 

medium containing chloramphenicol and carbenicillin at 37 °C, diluted by a factor of 

100 and grown until the OD600 was 0.3. The expression culture was transferred to 20 

°C. The expression was induced by addition of 1 mM IPTG and UBA1 was expressed 

for 12 hours at 20 °C. The cells were collected by centrifugation. The pellet was 

resuspended in 40 mL 50 mM Tris-HCl (pH 7.5) buffer containing 1 mM DTT and 1 

mM PMSF. The cells were lysed by sonification and the solution was cleared by 

centrifugation. The protein was purified by covalent affinity purification as described 

for UBA1 using a SUMO1 column. 
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Human recombinant Ubiquitin-like conjugating enzymes (E2s): 

The E2 enzymes used were expressed, purified and kindly provided by D. Pagliarini 

from the group of Prof. M. Scheffner. All used human wild-type ubiquitin-like 

conjugating enzymes were expressed as C-terminally 6x His-tagged proteins from a 

pET3a_His vector in BL21(DE3)RIL E. coli cells. The cells were grown overnight in 

LB medium containing chloramphenicol and carbenicillin at 37 °C, diluted by a factor 

of 100 and grown until the OD600 was 0.3. The expression was induced by addition of 

400 mM IPTG and the E2 enzyme was expressed for 4 hours at 37 °C. The cells were 

collected by centrifugation. The pellet was resuspended in PBS-T buffer. The cells 

were lysed by sonification and the solution was cleared by centrifugation. To the 

supernatant were added 50 mL Ni-NTA beads prewashed with three times 5 mL PBS-

T containing 10 mM imidazole. The mixture was incubated at 4 °C for 2 hours. The 

beads were collected by centrifugation and washed with three times 5 mL PBS-T 

containing 20 mM imidazole and 25 mM Tris-HCl (pH 7.6) containing 50 mM NaCl 

and 20 mM imidazole. The protein was eluted with two times 100 mL 25 mM Tris-HCl 

(pH 7.6) containing 50 mM NaCl and 300 mM imidazole. The solution was directly 

diluted fivefold with 25 mM Tris-HCl (pH 7.6) containing 50 mM NaCl and purity of the 

fractions was tested by SDS-PAGE. 

Human recombinant E6AP and His-E6AP: 

Human wild-type E6AP was expressed as untagged protein in Sf9 cells and purified 

by anion-exchange chromatography as described earlier.[217] Human recombinant 

E6AP was also expressed as 6x His-tagged protein in Sf9 cells in analogy to the 

reported procedure.[217] The cells were lysed in PBS-T and purified by Ni-NTA 

chromatography as described for the ubiquitin-like conjugating enzymes. 

7.2.4. SVPD Cleavage and Fluorescence Spectroscopy 

The corresponding doubly dye labeled ATP analogue (100 mM) was processed with 

or without SVPD (2 mg/mL, 20 mg/mL for 56, 63, 67) in a buffer containing 100 mM 

NaCl, 50 mM Tris-HCl (pH 7.9), 10 mM MgCl2 and 1 mM DTT in a total volume of 60 

mL for 30 min at 30 °C. In the cases of the least polar analogues 36 and 38 these 

conditions did not result in complete cleavage as precipitation of the probes occurred. 

Therefore, probe 36 (10 mM) was treated with 16 mg/mL SVPD in a buffer containing 

50 mM NaCl, 25 mM Tris-HCl (pH 7.9), 5 mM MgCl2 and 500 mM DTT in a total volume 

of 600 mL for 30 min at 30 °C. Probe 38 (10 mM) was treated for 2 h at 30 °C using 

the same conditions as for 36 with the exception that 10% DMSO were used in the 

buffer. All reactions were quenched by addition of 60 mL 0.1 M EDTA. For 

fluorescence measurements the SVPD reactions were diluted to a final concentration 

of the probe of 1 mM with PBS buffer and the fluorescence spectra of the crude 
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reaction solutions were measured. Excitation of Sulfo-Cy3 and Cy3 was performed 

using a wavelength of 510 nm or 520 nm as indicated. Sulfo-Cy5 was excited at 610 

nm. Fluorescence intensities were determined by integration of the fluorescence 

spectra from 540 nm to 620 nm (640 nm to 720 nm for 35) for donor fluorescence 

intensity and from 640 nm to 720 nm for acceptor fluorescence intensity (28, 36, 56, 

67). For quenched ATP analogues (35, 37, 38, 63) change of fluorescence intensity 

was calculated as the quotient of the donor fluorescence intensity in the cleaved and 

in the non-cleaved state. For ratiometric FRET probes (28, 36, 56, 67) the ratio of 

fluorescence intensities was calculated as the quotient of the donor and the acceptor 

fluorescence intensity. Change of the ratio of fluorescence intensities was calculated 

as the quotient of the ratio of fluorescence intensities in the cleaved and in the non-

cleaved state. For HPLC analyses the SVPD reactions were separated by analytical 

RP-HPLC (a linear gradient of acetonitrile in 50 mM aqueous triethylammonium 

acetate (TEAA buffer, pH 7.0) was used). Fractions containing the ATP analogues or 

their fragments were collected and further characterized by ESI-MS. 

7.2.5. Malachite Green Assay for Eg5 Activity 

ATP or the indicated ATP analogue (100 mM), Eg5 (motor domain, 25 nM) and 

microtubules (100 nM) were incubated in buffer containing 20 mM PIPES (pH 6.8), 1 

mM MgCl2, 1 mM EGTA, 0.1 mg/mL BSA and 0.1 ɛM taxol at room temperature. 

After the indicated time interval 10 mL of reaction mixture were quenched by addition 

of 40 ɛl 1 M HClO4. 50 ɛl malachite green solution (1.3 M HCl, 8.5 mM ammonium 

molybdate, 363 nM malachite green) were added. After 20 minutes at room 

temperature absorbance at 650 nm was measured. Relative absorbance was 

calculated by subtracting the absorbance after 0 min. The relative absorbance for 

natural ATP after 6 min of incubation was normalized to 1. 

7.2.6. Motility Assay for Eg5 Activity 

The motility assay was performed in collaboration with M. Möckel from the group of 

Prof. T. U. Mayer. The motility assay was performed as described,[55] with the 

following exceptions: Cy3Ȥlabeled tubulin instead of rhodamineȤlabeled tubulin was 

used. The final concentration of precleared (25000 x g, 5 min, 4 °C) His10ȤEg5 floated 

into the motility chamber was 5 ɛM. Gliding assays were performed in the presence 

of 10 mM ATP or 10 mM ATP analogue. Measurements were performed on a Zeiss 

Axio Imager M1 with a Photometrics Cascade II:512 EMCCD camera (20ms 

acquisition, gain: 1000, 10 sec steps over 3 min) and Visiview Software from Visitron. 

Velocity measurements were performed using ImageJ and the plugin MTrackJ. 
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7.2.7. HPLC Assay for Eg5 Activity 

ATP or the corresponding ATP analogue (100 mM) were treated with or without 800 

nM Eg5 (motor domain) in the presence of 800 nM microtubules in buffer containing 

20 mM PIPES (pH 6.8), 1 mM MgCl2, 1 mM EGTA, 0.1 mg/mL BSA and 0.1 ɛM taxol 

for 2 h at 25 °C. The reactions were terminated by treatment at 65 °C for 15 min and 

analyzed by RP-HPLC. 

7.2.8. E6AP Autoubiquitylation Assay 

General Procedure: 

ATP or the indicated ATP analogue was mixed with UBA1, UbcH5B-His, E6AP or 

His-E6AP (as indicated) and ubiquitin in a buffer containing 25 mM Tris-HCl (pH 7.6), 

50 mM NaCl, 5 mM MgCl2 and 1.25 mM DTT. The concentrations of all components 

are indicated at the respective experiment. The mixture was incubated for the 

indicated time at 37 °C and analyzed by SDS-PAGE. 

E6AP Polyubiquitylation Assay with SAP Pretreatment: 

ATP or the indicated ATP analogue was mixed with 0.05 U/mL SAP in buffer 

containing 25 mM Tris-HCl (pH 7.6), 50 mM NaCl, 5 mM MgCl2 and 1.25 mM DTT 

and incubated for 30 min at 37 °C. SAP was inactivated by treatment at 65 °C for 15 

min. All enzymatic components of the E6AP polyubiquitylation assay, as described 

earlier, were added at the indicated concentration and the reaction was incubated at 

37 °C for the indicated time. The reaction mixture was analyzed by SDS-PAGE. 

E6AP Polyubiquitylation Assay with inhibitors: 

The indicated amount of the respective inhibitor was preincubated with UBA1, 

UbcH5B-His and ubiquitin in buffer containing 5 mM MgCl2, 1.25 mM DTT, 50 mM 

NaCl and 25 mM Tris-HCl (pH 7.6) at 37 °C for 1 h. ATP and His-E6AP were added 

and the reaction was run at 37 °C for the indicated time and analyzed by SDS-PAGE. 

All concentrations are indicated at the respective experiment. 

7.2.9. TRASE Assay 

General Procedure: 

ATP analogue 56 was mixed with UBA1, and ubiquitin in buffer containing MgCl2, 

1.25 mM DTT, 50 mM NaCl and 25 mM Tris (pH 7.6). All concentrations are indicated 

at the respective experiment. One of the essential components (UBA1, ubiquitin or 

MgCl2) was omitted. The reaction mixture and the omitted component were 

separately prewarmed to 37 °C for 10 min. The reaction was started by addition of 

the missing component and the fluorescence intensity was measured with excitation 
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at 535 nm and emission at 590 nm over time. Rise of fluorescence intensity was 

calculated by linear fitting of the fluorescence intensity over time.  

Investigation of the Different Tailored Analogues with TRASE: 

The reaction was set-up as described with the exception that the indicated ATP 

analogue was used instead of 56. 

Temperature Dependent Experiment with TRASE: 

The reactions were set-up as described and incubated at the indicated temperature 

for 4 hours. The reaction was terminated by heat-inactivation of UBA1 at 65 °C for 15 

min. The reaction mixtures were prewarmed to 37 °C for 10 min and the fluorescence 

intensity was measured with excitation at 535 nm and emission at 590 nm. 

Investigation of the different Ubls with TRASE: 

The reaction was set-up as described with the exception that the indicated E1 

enzyme and the indicated Ubl were used. 

Investigation of the different E2 enzymes with TRASE: 

The reaction was set-up as described with the exception that the indicated E1 

enzyme and the indicated Ubl were used. Additionally, the indicated E2 enzyme was 

added. % Stimulation was calculated relative to the mean of the reactions without E2. 

TRASE assay for Screening and Characterizing UBA1 Inhibitors: 

The reactions were set-up as described in the absence of one of the essential 

components. The indicated inhibitor was added at the given concentration and pre-

incubated for the indicated time at 37 °C. The reaction was started by addition of the 

missing component. Rise of fluorescence intensity was calculated by linear fitting of 

the fluorescence intensity over time. % Inhibition was calculated relative to the mean 

of the positive and negative controls on the same plate. 

7.2.10. Experiment in Xenopus laevis Egg Extract 

This experiment was performed by T. Tischer from the group of Prof. T. U. Mayer. 

Xenopus leavis egg extract was prepared as described previously.[205] The extract 

was incubated with DMSO as solvent control or b-lapachone at a concentration of 

500 mM for 90 min at 20 °C. Subsequently, Ca2+ was added to a final concentration of 

0.6 mM and samples were taken at times indicated. Reactions were stopped by 

mixing with Laemmli sample buffer (180 mM Tris pH 6.8, 30% glycerol, 10% SDS) 

and boiling for 10 min at 95 °C. The cyclin B2 antibody used for immunoblotting was 

purchased from MBL. 
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9. Appendix 

9.1. HPLC Analyses and Fluorescence Spectra of ATP Analogues 

9.1.1. Doubly Labeled ATP Analogue 28 

 

Fig. 9.1.: HPLC analysis of incubation of 28 without (a) or with (b) phosphodiesterase I of C. 

adamanteus (SVPD). Left panels: 2D-RP-HPLC analysis of the reaction (inlets: HR-ESI-MS analysis 

of the peaks of the RP-HPLC analysis). Right upper panels: Extract of the RP-HPLC analysis at 570 

nm. Right lower panels: Fluorescence spectra measured with excitation at 510 nm (black line: 

fluorescence spectrum of the indicated reaction, grey line: fluorescence spectrum of the other reaction 

for comparison). Modified from [3]. Copyright 2013 The Royal Society of Chemistry. 














