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The free energy provided by adenosine triphosphate (ATP) hydrolysis is centra l to many cellular processes 

and, therefore, the number of enzymes utilizing ATP as a substrate is almost innumerable. Modified 

ana logues of ATP are a valuable means to understand the biological function of ATPases. Although 

these enzymes have evo lved towards binding to ATP, large differences in active site architectures were 

found. In order to systematica lly access the specific active site constraints of different ATPases su itable 

tools are required. Here, we present the synthesis of six new ATP-based ATPase probes modified at three 

different positions of the nucleobase and the ribose, respectively. Subsequently, we studied the ATPases 

focal adhesion kinase FAK, the ubiquitin-activating protein UBA 1 and the kinesin Eg5 as exa mples for 

ATPases that process ATP by different mechanisms. We find that for each of these enzymes at least one 

position in ATP can be modified without loss of acceptance by the enzyme. However, the positions at 

which modifications are to lerated significantly differ between the studied enzymes allowing fingerprints 

to be drawn for reactivity. The introduced ATP ana logues may form the basis for the design of tailored 

probes with increased affinity and specificity for a specific ATPase of interest. 

Introduction 

In the post-genomic era, one of the great challenges is to dissect 
the function and regulation of cellular molecules.' In this 
context, adenosine and its nucleotides playa central role since 
the free energy provided by ATP hydrolysis is central to many 
cellular processes and, therefore, the number of enzymes 
utilizing ATP as a substrate is almost innumerable! Although 
they all bind ATP, different enzyme families have evolved very 
distinct structural elements to optimize their binding .. There
fore, knowledge about the specific ATP binding site architecture 
and its functional constraints of ATP-processing enzymes 
(ATPases) is pivotal to elucidate their mechanisms of action. 

Analogues of ATP have proven themselves as invaluable 
probes to elucidate the mechanism of reactions catalyzed by 
ATP-dependent enzymes in depth. Mainly, modifications 
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attached via an ester or carbamate bond at the 02/- and 03/

position of the ribose have been used to study ATPases. One 
pioneering molecule in the field is N-methyl-anthraniloyl-ATP 
(mantATP).· This fluorophore-conjugated ATP analogue has 
been widely used to study the kinetics of binding and release of 
ATP to various enzymes using the change of fluorescence 
intensity as a readout. s Recently, alternative fluorophore
conjugated ATP analogues have been used to overcome the 
drawbacks of the short wavelength absorption and emission of 
mantATP.· Furthermore, these analogues have also been help
ful to monitor the distance between the ATP binding site and a 
fluorophore labeled DNA substrate in the case of a bacterial 
transcription regulatory protein using the Forster resonance 
energy transfer (FRET) mechanism.' 

Besides dyes, further modifications of ATP include photo
crosslinking reagents, such as aryl azides or benzophenones 
introduced by ester or carbamate attachment to the 02/- and 
03/-position. These analogues can be used to affinity label the 
active site of ATPases and in this way to gain information on 
active site architecture.· Spin-labels were also introduced to ATP 
for investigation of ATPases in EPR studies." Furthermore, 
affinity purification of certain ATPases using biotin-labeled ATP 
analogues has been accomplished.'o 

All the abovementioned ATP analogues comprising ester 
bonds have the drawback that labels attached to the 02/- and 
03/-position of ATP isomerize quickly," Using a carbamate 
linkage this isomerization can be slowed down, but obtaining 
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pu re isomers is still difficult." Oiwa et al. could nicely show that 
- at least in the case of a Cy3 labeled ATP analogue - the two 
isomers can have very different spectroscopic features compli
cating data analysis. 13 

Attachment sites other than the 02' - or 03' -position have been 
exploited in a few cases.10 However, most of these ATP probes are 
conditioned by the synthetic availability of their modifications 
rather than adjustment to the biological system of interest. A 
possibility to study the best attachment site toATP and in this way 
to optimize the probes towards a specific ATPase is still missing. 

The goal in this study is to systematically explore the active 
site constraints of different ATPases using a set of ATP 
analogues that bear modifications at different positions within 
the nucleotide. In this way, fingerprints of the site-specific 
demands of different ATP binding sites will be obtained. 
Therefore, we synthesized ATP analogues with modifications at 
three different positions of the nucleobase as well as the 02'-, 
03'· and C4'-position of the ribose, respectively (Fig. lA). 

We set out to synthesize analogues bearing a tri
fluoroacetamide group at the chosen positions. This modifica
tion was used since it can be easily converted to the free amine 
by deprotection. In this way, the six molecules presented here 
will also allow straightforward further modification by usage of 
amine-reactive chemistries. 
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Fig. 1 (A) Natural ATP (1) and six novel ATP analogues (2-7) used in this study. 

All analogues bear a modification fu sed to a trifluoroacetamide group at three 

different positions of the nucleobase as well as at the 02' -. 0 3' and C4'-posit ion of 

t he ribose. respectively. (8) Turnover of ATP by the three classes of ATPases 

including one representative of phosphor transferases. "' ~- and B.y-phosphate 
cleaving enzymes investigated in thi s study. 

Subsequently, we evaluated the ATP analogues on their ability 
to be used by different classes of ATPases. We chose to investi
gate three enzymes that belong to mechanistically different types 
of ATPases and, therefore, process ATP by different modes of 
action (Fig. lB). The focal adhesion kinase (FAK) belongs to the 
family of protein tyrosine kinases and was chosen as an example 
for an enzyme that cleaves the p-y-phosphoanhydride bond and 
transfers the y-phosphate of ATP to a substrate." The kinesin 
Eg5 is representative ofkinesin motor proteins and processes the 
p-y-phosphoanhydride bond. It uses the energy released by this 
cleavage to undergo structural changes and in this way to migrate 
along microtubules. 16 The ubiquitin-activating enzyme UBAl is 
the initial protein starting the ubiquitylation process and cleaves 
the a-p-phosphoanhydride bond and uses the energy to form a 
thioester that is used to activate ubiquitin towards conjugation. 17 

We find that for each of these enzymes at least one position in 
ATP can be modified without loss of acceptance by the enzyme. 
However, the positions at which modifications are tolerated 
significantly differ. 

Results and discussion 
Synthesis of ATP analogues 

In order to explore suitable sites for modifications within the 
ATP skeleton we chose the 02'-, 03'- and C4'-positions, 
respectively, since they were expected to interfere less with 
conformations of the glycosidic bond and the triphosphate in 
comparison to modifications of positions Cl' and C5'. 

Positions C2, N6 and C8 were chosen for nucleobase modi
fications since the positions of the nitrogen atoms within the 
heterocycle are retained. 

The synthesis of ATP analogues modified at the 02'- and 03'
started with adenosine (Scheme 1). Up to now, 02'- and 03'
modified ATP probes have mainly been used as a mixture of 
both isomers as a consequence of isomerisation of the modifi
cation attached by an ester or carbamate bond.l1 Thus, we 
synthesized the stable ether modifications of these sites. 

The synthesis of 02'-(6-(trifluoro-acetamido)-hexyl)-adeno
sine triphosphate (2) started with the treatment of adenosine 
with NaH and the conversion with 6-azido-l-bromohexane to 
give 36% of 02'-(6-azidohexyl)-adenosine (2a).18 Compound 2a 
was converted to the corresponding amine via a Staudinger 
reduction" and subsequent TFA protection was performed 
using ethyl trifluoroacetate to give 02'-( 6-(trifluoroacetamido)
hexyl)-adenosine (2b) in 93% yield. The corresponding 
triphosphate 2 was obtained in 57% yield following a one-pot 
procedure.2

" 

For the synthesis of 03'-(6-(trifluoroacetamido)-hexyl)-aden
osine triphosphate (3), adenosine was 02'-, 05'- and N6-trityl 
protected using trityJchloride and pyridine to yield adenosine 3a 
in 45%.>' Compound 3a was treated with NaH and reacted with 6-
azido-l-bromohexane to give 3b in a yield of 50%.22 The protec
tion groups were removed with 80% acetic acid, the azide was 
reduced with triphenylphosphine in a Staudinger reduction1' 
and the resulting free amine was subsequently TFA-protected 
with ethyl trifluoroacetate to give 03'-(6-(trifluoroacetamido)
hexyl)-adenosine (3d) in a yield of 33% over three steps. 
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Scheme 1 Synthesis of three novel ribose modified ATP ana logues (2-4). (a) 6-Azido-1-bromohexane, NaH, DM F, r.\. , 24 h. (b) PPh" THF, H20, r.t ., 24 h. (c) Ethyl 

trifluoroacetate, Et,N, MeOH, r.\., 24 h. (d) (1) POCl" proton sponge, TMP, 0 "C, 1 h, (2) (Bu,NH+),H2P20,>-, Bu, N, r.t., 30 min, (3) 0.1 M TEAB, pH = 7.5, r.t., 30 min. (e) 

Trt-CI, pyridine, 100 · C, 4 h. (f) 6-Azido- 1-bromohexane, NaH, ACN, r.t., 48 h. (g) 80% AcOH, 110 · C, 90 min. (h) Triphenyl-(6-(trif luoroacetamido)hexyl)-phosphonium 

iodide, t-BuOK, THF, r.t., 2 h. (i) H2/Pd, THF, r.t., 2 h. (j) AcOH/Ac20, r.t., 24 h. (k) (1) N6-Bz-adenine, BSA, ACN, reflux, 2 h, 0 uc. (2) TMSO-Tf, reflux, 24 h. (I) TBAF, AcOH, 

THF, r.\. , 24 h. (m) (1) 33% NH3 aq., r. \., 3.5 h. (2) Ethyl trifluoroacetate, MeOH, NEt3, r.t. , 3 h. 

Triphosphate 3 was obtained from 3d in 49% yield following a 
one-pot procedure.'· 

The modification at the C4'-position was introduced by the 
de novo synthesis of C4'-(7-(trifluoroacetamido )-heptyl)-modi
fied adenosine triphosphate (4) starting with compound 4a that 
was synthesized in a five step synthesis as reported." The 
aldehyde at the C4-position was converted to a modification 
containing the trifluoroacetamide moiety via Wittig reaction 
using triphenyl-( 6-(trifluoroacetamido )-hexyI)-phosphonium 
iodide that was synthesized in a four-step procedure starting 
from 6-amino-l-hexanol," followed by hydrogenation using 
10% PdlC under Hz atmosphere. Subsequent protection group 
manipulations using AcOH/AczO and catalytic amounts of 
H2S04 yielded the acetyl protected ribose 4d in 72% over three 
steps. Glycosylation was performed via the Vorbriiggen 
approach using N6-benzoyl protected adenine." The protected 
adenosine bearing a modification at the C4'-position was 
obtained in 50% yield. The main side product could be identi
fied as N7-linked adenosine. By deprotection of the 5'-hydroxyl 
group using 1 M TBAF solution, compound 4f could be obtained 
in 63%. Compound 4f was used for triphosphate synthesis 
following a one-pot procedure in 14%.'· The resulting triphos
phate was deprotected using 33% NH3(aq)-HzO (1 : 2) to give 
C4'-(7-aminoheptyl)-modified adenosine triphosphate. Next, 
the amino group of the adenosine triphosphate was TFA pro
tected using ethyl trifluoroacetate to give C4'-(7-(tri
fluoroacetamido)-heptyl) adenosine triphosphate (4) in a yield 
of 30% over the last two steps, 

Next, we turned to the synthesis of ATP analogues modified 
at the nucleobase (Scheme 2A). To attach a modification to the 
C2-position of the nucleobase, we synthesized 2-iodo-adenosine 
in a five-step synthesis according to Enge ls and colleagues 
starting from guanosine.'· A Sonogashira coupling reaction was 
performed with 5-trifluoroacetamido-pentyne to give C2-(5-tri
fluoroacetamido-pent-l -yn-l-yl)-adenosine (5a) in 93% yield . 
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Triphosphate 5 was obtained following a standard procedure in 
34% yield.'· 

N6-(6-(trifluoroacetamido)-hexyl) adenosine triphosphate (6) 
was synthesized starting with 6-chloro-9-(!3-D-ribofuranosyl)
purine (6a) that was synthesized over 3 steps in 65% starting 
from inosine." Treatment with 1,6-diaminohexane under 
alkaline conditions·· followed by amino group protection with 
ethyl trifluoroacetate gave N6-(6-(trifluoroacetamido)-hexyl) 
adenosine (6c) in 48% yield over two steps. Triphosphate 6 was 
obtained using nucleoside 6c in 34% yield using a standard 
procedure.'· 

C8-(5-trifluoroacetamido-pent-l-yn-l-yl) adenosine triphos
phate (7) was synthesized starting from 8-bromo-adenosine." 
Sonogashira coupling with 5-trifluoroacetamido-pentyne gave 
C8-(5-trifluoroacetamido-pent-l-yn-l-yl) adenosine (7a) in 83% 
yield. Triphosphate 7 was obtained in 31% yield following a 
standard procedure.'· 

In principle, the presented ATP analogues are amenable to 
be converted to tailored ATPase probes by cleavage of the TFA
amide to yield an aliphatic amine and subsequent coupling to 
a label of interest. To provide first proof along these lines we 
exemplarily investigated these conversions using the N6-

modified triphosphate 6 and the standard fluorescent dye 
Sulfo-Cy5 that was suitably modified in order to covalently 
connect both molecules yielding the labeled triphosphate 6d 
(Scheme 2B). The trifluoroacetamide of triphosphate 6 was 
deprotected using 0.1 M NaOH in water at room temperature 
yielding the free amine and leaving the triphosphate chain 
intact. This molecule can subsequently be reacted with the 
commercially available Sulfo-Cy5 N-hydroxy succinimide (NHS) 
ester in situ. For this purpose, the reaction was adjusted to pH 
8.7 using carbonate buffer and treated with the Sulfo-Cy5 NHS 
ester dissolved in DMF at room temperature. In this way, 
Sulfo-Cy5 labeled triphosphate 6d was obtained in 45% yield 
over two steps. 
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Scheme 2 (A) synthe: is of three novel n~cleobase 2~od ified ATP analogues (5-7). (a) 5-Trif luoroacetamido-pentyne, Pd(PPh3)4, Cui, NEt3, DMF, r.t., 24 h. (b) (1) POCI3, 
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tnfluoroacetate, Et3N, MeOH, r.t., 24 h. (e) 5-Trifluoroacetamido-pentyne, PdCI2(PPh3h, Cui, Et3N, DMF, r.t. , 24 h. (B) Synthesis of the dye labelled analogue 6d (a) (i) 

0.1 M NaOH, 4 h, RT, (ii) Sulfo-Cy5 NHS ester, 0.1 M NaHC03, DMF, pH 8.7, r.t. , 12 h. . 

Biochemical evaluation of ATP analogues 

Having the six novel trifluoroacetamide-modified triphosphates 
available, we turned to the investigation of their acceptance by 
different ATPases and started with an example of a protein 
kinase. The approximately 500 protein kinases encoded in the 
human genome comprise one of the largest protein families 
and together control virtually every cellular process!· Protein 
kinases catalyze the transfer of the y-phosphate group of ATP 
onto their substrate proteins and this reversible modification 
often serves as a switch to alter the functionality of the substrate 
protein. In multicellular animals the subset of protein tyrosine 
kinases (PTKS) , which transfer the y-phosphate to tyrosine 
residues of their substrates, have a key role in signal trans
duction, regulating cell proliferation and other cellular behav
iour. Accordingly, deregulated PTK activity is often causally 
involved in diseases such as cancer making PTKs a prime target 
for therapeutics." As a prototype PTK, we chose to investigate 
FAK, which is activated upon cell adhesion and mediates signal 
transduction downstream of integrins.32 

To evaluate the ability of FAK to utilize the modified ATP 
analogues we employed an in vitro kinase assay based on the 
recombinant FAK kinase domain and a peptide substrate 
(Fig. 2A)." To this end, we immobilized a surrogate FAK 
substrate peptide (poly-(Glu: Tyr)j 4: 1) in 96-well plates. 
Modified ATP analogues were added to the substrate either with 
or without kinase and incubated at 37 °C. Phosphorylation of 
poly-(Glu-Tyr) was detected by a phosphotyrosine-specific 

antibody in combination with a secondary antibody coupled to 
horseradish-peroxidase (HRP). HRP activity was then measured 
by oxidation of tetramethylbenzidine (TMB) as a read-out for 
FAK-mediated tyrosine phosphorylation. 

The results of these in vitro kinase assays show significant 
differences between the modified ATP analogues and their use 
by FAK (Fig. 2B). Specifically, modifications at 02'-position (2), 
03'-position (3) and C2-position (5) of ATP are tolerated by this 
PTK. In contrast, the C4'-modified (4), N6-modified (6), and C8-

modified (7) analogues are not used as a co-substrate by FAK. 
To further investigate the ability of FAK to utilize ATP 

analogues, we conducted a time course analysis (Fig. 2C). A 
linear increase of the target phosphorylation can be seen in this 
experiment for all investigated ATP analogues allowing quan
tification of the substrate properties of the different ATP 
analogues. While 02'-modified ATP (2) shows about 70% of 
the phosphorylation activity of natural ATP, the 03'
modified analogue (3) shows only about 40%. Most importantly, 
using the ATP analogue bearing a 5-(pent-1-yn-1-yl)-tri
fluoroacetamide at the C2-position (5) almost 90% of the kinase 
activity observed with natural ATP can be reached . 

Next, we investigated the acceptance of the synthesized ATP 
analogues by the kinesin motor protein Eg5 that cleaves the 13-y
phosphoanhydride bond. This protein is a key player in the 
establishment of the bipolar spindle apparatus and therefore 
essential for correct cell division." In its catalytic cycle a highly 
coordinated series of ATP binding, ATP hydrolysis, ADP and 
phosphate release events catalyzed by the motor domain leads 
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Fig. 2 (A) Schematic depiction of the FAK in vitro kinase assay using modified ATP
analogues. (a) Incubation of immobil ized, tyrosine-rich peptide substrate, FAK, and 

the ATP of interest at 37 "c. (b) Immobilized substrate is incubated w ith anti

phosphotyrosine antibody. (c) The primary anti-phosphotyros ine-antibody is 

detected by a HRP-conjugated secondary antibody. (d) HRP oxidizes TMB to its 

oxidated form TMBo,. The reaction was quenched after 3 min with 2 M H2S04 and 

the absorption of TMBo, measured at 450 nm. (B) Absorption of TMBo, in t he 
reaction solutions of the indicated ATP analogue after 1 hour of incubation. The 

absorpt ions were normalized to unmodified ATP (1 ). Negative controls were per

formed w ithout add ition of the kinase. Va lues represent mean + SEM of th ree 
independent experiments. (C) Absorption ofTMBo, in the reaction solutions of the 

indicated ATP ana logue after incubation for indicated time intervals. The absorp

tions were normalized to incubation with unmodified ATP (1) for 1 hour. Va lues 
represent mean ± SEM of three independent experiments done in tr iplicates. 

Negative controls were performed w ithout ATP. The 02'-modif ied (2), 03'-modi

fi ed (3) and C2-modified (5) analogues can clea rly serve as a co-substrate for FAK. 

to migration along microtubules towards the plus end 
(Fig. 3A).JS Due to its tetrameric structure, Eg5 is supposed to be 
able to crosslink and slide apart antiparallel microtubules 
within the mitotic spindle. Inhibition of Eg5 by the small 
molecule compound Monastrol in vivo has widely helped to 
understand the process of spindle bipolarization.'6 

We examined the tolerance of the monomeric motor-domain 
of Eg5 for the different ATP analogues using a reported mala
chite green assay.37 The Eg5-mediated release of y-phosphate 
can be quantified by detecting the change in absorption at 
650 nm due to complex formation of malachite green with 
phosphate. We measured the absorption after 0 minutes and 6 
minutes of incubation and calculated the acceptance by Eg5 for 
each analogue as the difference between both values (Fig. 3B). 
Negative controls were performed without Eg5. Additionally, we 
evaluated the time-dependence of the reaction (Fig. 3C). The 
reaction was stopped by addition of perchloric acid at indicated 
time points. The rise of absorbance in all reactions is linear over 
time showing that the measurements were performed in the 
linear portion of the kinetic curve. 

The results revealed that modification at the ribose moiety of 
ATP at all positions tested is well accepted by Eg5. Up to 70% of 
the activity observed with natural ATP can be retained using 
the 02'-modified analogue 2. Interestingly, the C4'-modified 
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Fig.3 (A) Schematic depiction of the ATPase assay for the activity assay of ATP 
analogues towards Eg5. (a)- (e) Using a highly coordinated series of ADP release, 

ATP binding, ATP hydrolysis and phosphate release events Eg5 can migrate along 

microtubules. (f) After quenching with perchloric acid the release of phosphate 

can be detected by add ition of ma lachite green and measu rement of the 

increasing absorption of the malachite green phosphate complex at 650 nm. (B) 

All ATP ana logues were treated w it h Eg5 and microtubules and the reaction was 

quenched after 0 min and 6 min at ambient. Relative absorption was calculated as 
the difference between the two va lues and normalized to natural ATP (1). 

Negative control s were performed without kinesin. Va lu es represent mean + SEM 

of th ree independent experiments. (C) All ATP ana logues were treated with Eg5 

and microtubules and the react ion was quenched after 0 min, 3 min and 6 min at 

ambient. Relative absorpti on was ca lcu lat ed by subtracting the value at 0 min and 

normalized to the value after incubation for 6 min w ith natural ATP (1). Negative 

controls were performed w ithout ATP. Va lues represent mean ± SEM of three 

independent experiments. The 02'-modified (2), 03'-modified (3), C4'-modified 

(4) and C2-modified (5) ATP ana logues can clea rly act as substrate for Eg5. 

derivative 4 is also comparably active in this assay, whereas this 
analogue is not utilized by FAI<. In addition, some activity can 
be seen using the C2-modified analogue 5. However, compared 
to FAK, Eg5 was less efficient in using analogue 5 as substrate. 
The N6-modified (6) and C8-modified (7) analogues were almost 
completely inactive in this system. 

To show that the high degree of acceptance observed for 
ATP analogue 2 correlates with the ability of Eg5 to migrate 
along microtubules we performed a microtubule-gliding assay 
(ESI, Fig. SIt). In this assay, full length Eg5 is absorbed on a 
glass slide and the Eg5-mediated movement of fluorescently 
labelled microtubules is determined. As expected fro m our 
malachite green studies, the observed microtubule velocity is 
almost identical in the presence of ATP or 02'-modified ATP 
analogue 2 (ESI, Fig. SIt). The absolute value is in good 
agreement with the reported value for unmodified ATP.J6 In 
contrast, no motility of the microtubules can be observed if no 
ATP is supplied. To ensure that the motility of the microtu
buies is indeed caused by Eg5 we additionally performed an 
inhibition experiment using Monastrol. The motility is 
inhibited by Monastrol to a large degree in the presence of ATP 
as well as in the presence of modified analogue 2 unambigu
ously demonstrating that the motility is exclusively caused by 
Eg5 activity. 



Finally, we investigated the tolerance of the ATP analogues 
by the ubiquitin {Ub )-activating enzyme UBAl that cleaves the a

/3-phosphoanhydride bond of ATP to activate Ub by first Ub
adenylate formation followed by Ub-thioester formation with 
UBAL UBAl is the initial enzyme in the ubiquitin conjugation 
system which modifies numerous target proteins by the cova
lent attachment of ubiquitin ("ubiquitylation"). As ubiq
uitylation has been involved in the regulation of many, if not all, 
fundamental cellular processes, it is not surprising that dereg
ulation of components of the ubiquitin-conjugation system 
contributes to the development of various human disorders 
including cancer and neurodegenerative disorders!" Accord
ingly, UBAl has been considered as target in the treatment of 
various types of cancer!9 

In the initial step of the ubiquitin conjugation cascade, UBAl 
activates ubiquitin by conjugation to the a-phosphate group of 
ATP releasing pyrophosphate and then transfers ubiquitin from 
the adenylate to its catalytic cysteine residue by forming a 
thioester bond (Fig. 4A). Th is initiates transfer of ubiquitin to a 
cysteine of a ubiquitin conjugating enzyme (EZ). Finally, ubiq
uitin can be transferred to a target protein with the help of a 
ubiquitin ligase {E3).·o 
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Fig.4 (A) Schematic depiction of the assay to study the acceptance of the ATP 
analogues by UBA 1. (a) UBA 1 activates ubiquitin in an ATP-dependent manner. 
(b) This activation initiates the t ransfer of ubiquitin via the E2 to E6AP. Poly
ubiquitin chains are formed on E6AP accompanied by the consumption of non-

To study the acceptance of the modified ATP analogues by 
UBAl we performed an E6AP autoubiquitylation assay.· ' E6AP is 
an E3 ligase that has been causally associated with the devel
opment of three different human disorders - cervical cancer, 
Angelman syndrome, and autism spectrum disorders - and, 
thus, understanding and monitoring its activity is of consider
able biomedical interest.·' In the auto-ubiquitylation assay, 
ubiquitin is activated as described above. In the last step, E6AP 
serves as both E3 ligase and target protein resulting in its auto
ubiquitylation with numerous ubiquitin moieties. This can be 
monitored in a coomassie stained SDS-PAGE by a decrease in 
the levels of non-modified E6AP and free ubiquitin and 
concomitant appearance of polyubiquitylated forms of E6AP 
that do not enter the gel. After incubation in the absence of ATP, 
E6AP and ubiquitin are still present, whereas both bands vanish 
almost completely after incubation with ATP accompanied by a 
rise of polyubiquitylated E6AP (ESI, Fig. szt). To quantify the 
amount of ubiquitylation that takes place in the reactions we 
decided to quantify the remaining band of free ubiquitin 
(Fig. 4B). The N6-modifed ATP 6 is the most active as detected by 

modified E6AP and ubiquitin. (c) All three processes can be monitored by SDS- C 
PAGE followed by Cooma ssie staining. (B) All ATP analogues were incubated in 
the presence of 150 nM UBA 1. UbcH5b (E2). E6AP and ubiquitin for 1 h at 37 ' c. 
The intensity of the remaining ubiquitin band was quantified. Consumption of 
ubiquitin was calcu lated relative to incubation w ithout ATP and this va lue was 
normalized to natural ATP. Values represent mean + SEM of two independent 
experiments. (C) All ATP analogues were incubated in the presence of a rate 
limiting amount (10 nM) UBA1. UbcH5b (E2). E6AP and ubiquitin for indicated 
time intervals at 37 °C. The intensity of the remaining ubiquitin band was 
measured. Consumption was ca lcu lated relative to incubation for 0 hours and 
this va lue was normalized to the incubation with natural ATP for 2 hours. Va lues 
represent mean ± SEM of two independent experiments. As judged by the 
strong disappearance of free ubiquitin the N6-modified ana logue 6 is best 
accepted in th is system. At a high E 1 concentration activity can also be seen with 
the 02'-modified ATP 2 and to a lesser extent with the (8-modified ATP 7. This 
activity can hardly be seen even for 02'-modified ATP 2 at a rate-limit ing E1 
concentration. This shows that this ana logue is significantly less well tolerated 
than analogue 6. 

Fig. 5 (A) Close-up view of FAK (purple. Connolly surface. PDB: 21JM) with ATP 
(sticks) bound to the active site. (B) View into the active site of Eg5 (yellow. 
Connolly surface. PDB: 1116) with ADP (sticks) bound. (C) Active site of UBA5 (blue. 
Connolly surface. PDB: 3H8V) with ATP (sticks) attached. Dark green arrow: 

position. at which modification is tolerated best; light green arrow positions. at 
which modification is also accepted. 
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almost the same level of depletion of the band representing free 
ul:1iquitin as for natural ATP. Of note, this ATP analogue has 
prOven to be completely inactive with the two other ATPases 
tes ted. Additionally, some reduction of the ubiquitin band is 
detected with the 02'-modified analogue 2 and the C8-modified 
analogue 7. Nevertheless, as judged by the lower amount of 
consumed ubiquitin, less ubiquitin was transferred in these 
cases indicating that these modifications are less well tolerated 
by DBAL All other modifications at the 03'-position (3), C4'

position (4), and C2-position (5) turned out to be inactive with 
UBAl. 

To quantify the utilization of the ATP analogues by UBAl we 
performed a time course analysis (Fig. 4C). As the ubiquitylation 
process is a mUlti-enzyme cascade we decided to work at a rate
limiting concentration of 10 nM UBAl in this case. In this way a 
direct quantification of the degree of utilization of the ATP 
analogues should be possible. One can see that even using these 
stringent conditions the N6-modified analogue 6 is almost as 
well tolerated as natural ATP. Nevertheless, the second best 
analogue, 02'-modified ATP 2, does not show high turnover of 
ubiquitin in this case. 

Conclusions 

In conclusion, we synthesized six novel adenosine triphosphate 
analogues. We chose to modify ATP at three different positions 
ofthe nucleobase (C2, N6 and C8) as well as at the 02'-, 03'- and 
C4'-position of the ribose. All molecules could be obtained in 
pure form without regioisomerisation. In each molecule the 
modifications are attached via stable carbon-oxygen-ether, 
carbon- nitrogen or carbon- carbon bonds that prohibit iso
merisation or cleavage of the connection during the studies. 

All of the modified ATP analogues were employed in three 
different enzymatic assays to investigate their substrate prop
erties. To analyse distinct classes of ATPases we investigated the 
protein kinase FAK transferring the y-phosphate to a peptide 
substrate, the kinesin Eg5 cleaving the (3-y-phosphoanhydride 
bond and the ubiquitin-activating enzyme UBAl cleaving the rJ.

(3-phosphoanhydride bond, as they all belong to mechanistically 
distinct classes of ATPases. We were able to find modification 
sites that are very well tolerated for each of the tested enzymatic 
systems. Additionally, each modified ATP analogue synthesized 
turned out to be active with at least one of the enzymes. 

For FAI( and Eg5 we found that modification at the 02'- and 
03'-position is accepted. This result is in good agreement with 
the widespread use of 02'- or 03'-ester or carbamate modified 
ATP analogues to investigate kinases and kinesins.',·,8,9 Never
theless, using the depicted strategy to design new enzymatic 
probes could result in more stable and homogeneous mole
cu les. Furthermore, at least in the case of FAK and UBAl a large 
difference in acceptance of the 02'- and 03'-modification was 
observed showing that one regioisomer is more active than the 
other. 

In addition, we found that FAK tolerates C2-modified ATP 
analogues best. Due to the high conservation of active sites 
within the kinase family43 we predict that these results will be 
valid not on ly for FAK, but also for other enzymes within this 
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fam ily. Interestingly, only in the case of Eg5 we found that 
C4'-modified ATP analogues are well accepted. This class of 
probes has not been described before and could open the way to 
probes that can specifically address kinesins in the presence of 
other ATPases. 

In contrast, UBAl has a very different substrate spectrum. 
UBAl can accept 0 2'-modified ATP analogues as the other 
enzymes, but also shows activity with C8-modified analogues 
and has a strong preference for modification at the position N6. 

The latter two modification sites are inactive in both other 
systems studied . These results indicate that the binding pocket 
of this class of enzymes is very different from the other ATPases, 
Furthermore, modification at the N6-position was proposed to 
result in ATP analogues that cannot be used as substrate for 
major classes of ATPases including kinases and kinesins!· In 
this way such analogues cou ld be a very valuable starting point 
for the design of specific probes for UBAl. Indeed, the accep
tance of N6-modified ATP analogues by UBAl is in good 
agreement with the usage of 6-modified adenosine analogues as 
ATP competitive inhibitors for UBAl and homologous 
enzymes!' 

Interestingly, the biochemical data on the substrate prop
erties of the ATP analogues presented here can be rationalized 
by known binding modes of ATP elucidated by crystal structure 
analysis (Fig. 5). Whereas, the relevant crystal structures of FAI( 
(with ATP) and Eg5 (with ADP) are available,'· no crystal struc
ture of UBAl in complex with a nucleotide has been reported. 
Therefore, we used the crystal structure ofUBA5, a related El for 
the ubiquitin-Iike protein Ufml, in complex with ATP for our 
comparison.47 

At first glance, one can see that a ll positions, at which 
modification is tolerated by the respective enzymes, point 
towards the exterior of the protein. In this way, a modification at 
these positions can be accommodated by the enzyme while the 
ATP analogue is bound to the active site. Additionally, most of 
the positions, at which modification is not accepted (N6 and C8 
for FAK and Eg5, C2 and C4' for UBAl), are buried inside the 
active site excluding modification. The results are thus overall 
in good agreement with the known crystal structures, 

Nevertheless, not a ll the information deduced from the 
biochemical experiments can be predicted by the crystal struc
tures, In the case ofFAK a large solvent accessible surface can be 
seen that includes positions C2, 02', 03' and C4' of ATP. 
Whereas all other positions can be modified without loss of 
function, modification at the C4'-position is not tolerated by 
FAIC Furthermore, identification of the C2-position as the best 
modification site is not possible solely by inspection of the 
crystal structure. 

Although, a similar solvent accessible surface can be seen in 
the active site of Eg5 modification at the 02'-position is more 
favoured than at the C2-position in this case, Additionally, 
modification at C4' is tolerated by Eg5. By visual inspection this 
position seems to be less accessible than in the case of FAK, 
which does not tolerate modifications at this position. 

A very different mode of binding to ATP can be seen in the 
case of UBA5. In this case, the N6- and 02'-position are best 
accessible. Analogues modified at both sites are active in our 



swdies using UBAL Nevertheless, the strong preference for the 
N6-position cannot be directly rationalized from the crystal 
stf11cture. Furthermore, modification at position C8- or position 
03' seems to clash similarly with the active site. Whereas the 
modification at the 03'-position is indeed not tolerated, the C8-
position can be modified retaining at least some degree of 
acceptance by UBAL 

Taken together, the biochemical results obtained here add 
substantially to the knowledge on the active site constraints of 
the studied enzymes. Since nature has evolved significantly 
different active site architectures of ATPases3 this profiling is of 
importance to understand substrate recognition and process
ing. As crystal structures comprise snap-shots of the enzymes 
bot1l1d to ATP, no information can be obtained on perturbations 
of enzyme-substrate conformations caused by the modification 
occurring during binding or release. Furthermore, as the ATP 

binding site of proteins might have a certain degree of flexi
bility, some modifications clashing in the static crystal structure 
may be tolerated by active site remodelling. Therefore, the 
presented biochemical data on acceptance of different ATP 

analogues in addition to crystal structures will allow an 
improved design of tailored ATP probes. 
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