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/Abstract: Simple and robust assays to monitor enzymatic
ATP cleavage with high efficiency in real-time are scarce. To
address this shortcoming, we developed fluorescently la-
belled adenosine tri-, tetra- and pentaphosphate analogues
of ATP. The novel ATP analogues bear — in contrast to earli-
er reports — only a single acridone-based dye at the termi-
nal phosphate group. The dye’s fluorescence is quenched by
the adenine component of the ATP analogue and is restored
upon cleavage of the phosphate chain and dissociation of
the dye from the adenosine moiety. Thereby the activity of
ATP-cleaving enzymes can be followed in real-time. We dem-
onstrate this proficiency for ubiquitin activation by the ubig-

uitin-activating enzymes UBAT1 and UBA6 which represents\
the first step in an enzymatic cascade leading to the cova-
lent attachment of ubiquitin to substrate proteins, a process
that is highly conserved from yeast to humans. We found
that the efficiency to serve as cofactor for UBA1/UBA6 very
much depends on the length of the phosphate chain of the
ATP analogue: triphosphates are used poorly while penta-
phosphates are most efficiently processed. Notably, the
novel pentaphosphate-harbouring ATP analogue supersedes
the efficiency of recently reported dual-dye labelled ana-
logues and thus, is a promising candidate for broad applica-

tions.
J

Introduction

Ubiquitination — the covalent modification of proteins by the
76 amino acid protein ubiquitin (Ub) — is a ubiquitous protein
modification with fundamental roles in numerous cellular pro-
cesses including protein degradation, DNA damage repair, cell
cycle regulation and gene expression."? Malfunction of the
ubiquitination system contributes to a broad variety of human
diseases like cancer, diabetes or neurodegenerative disor-
ders.®># For the attachment of Ub to substrate proteins, the
consecutive action of at least three classes of enzymes is
needed. In the first step, Ub is activated by a ubiquitin-activat-
ing enzyme (E1) at the consumption of ATP. Thereby Ub is ade-
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nylated and then transferred to the active-site- cysteine of the
E1 to form a thioester with the C-terminal glycine carboxylate
of Ub®! (Figure 1A). By transthiolation, Ub is transferred to a
ubiquitin-conjugating enzyme (E2). Finally, by the aid of ubig-
uitin-protein ligases (E3), Ub is covalently connected to the
target protein by forming an isopeptide bond with the e-
amino group of a lysine residue.

In humans, two E1s (UBA1 and UBA®6) for Ub are known."”!
Quantifying and following E1 activity in real-time is of great
importance to study for example, effectors, but means to do
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Figure 1. A) Ubiquitin (Ub) activation by E1 (UBA1) with ATP. Adenylated Ub
is loaded on UBA1 by the formation of a thioester. B) Concept of mono-la-
belled ATP analogues as UBA 1 sensors that are investigated in this study:
When in close proximity to the nucleobase adenine, the fluorescent dye is
quenched as a result of photoinduced electron transfer (PET). After enzymat-
ic release of the phosphate chain, the fluorescence is restored.
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so are sparse. Available E1 activity assays include SDS-PAGE
analysis of E1/E2-Ub thioester conjugates by Western Blot,®
radio-labelling of the involved proteins with >[I or *[P],"”
FRET between Ub and E1™ or enzyme-coupled spectrophoto-
metric assays for phosphate determination.'”” Drawbacks of
these assays are that they are either laborious, do not allow
continuous read-out or are dependent on additional enzymes
of the downstream cascade. To fill this gap, we have recently
developed a time-resolved ATPase sensor (TRASE) based on a
Forster resonance energy transfer (FRET) pair embedded within
the ATP scaffold to continuously monitor ATP-dependent en-
zymes."*' This ATP FRET probe sensor uses two fluorescent
dyes, a donor and an acceptor dye, that are attached to the
terminal phosphate group and to adenine, respectively. By em-
ploying the TRASE assay, we found that y-modified triphos-
phates are poorly accepted by UBA1 whereas 6-modified tetra-
phosphates turned out to be better substrates."

In order to improve the substrate properties of ATP-based
E1 sensors, we synthesized and investigated new ATP ana-
logues that contain only one dye and differ in the length of
the phosphate chain for their propensity to visualize E1 activi-
ty. Indeed, we identified a fluorescent dye with an acridone
core structure that is efficiently quenched by the canonical nu-
cleobase adenine.

While triphosphates were poorly processed, we found that
also in this case acceptance is improved by elongation of the
phosphate chain, that is, tetraphosphates are better accepted
than triphosphates. In fact, elongation of the phosphate chain
to pentaphosphate resulted in even better analogues enabling
us to follow the activation of Ub by both enzymes, UBA1 and
UBAG, in real-time.

Results and Discussion

Recently, we developed y-modified ATP analogues that are
suitable as model compounds for monitoring enzymatic ATP
consumption by fluorescence lifetime readout. Compared to
other probes, these compounds contain only one instead of
two fluorophores, which promises better enzymatic accept-
ance. Fluorescence lifetime changes between the intact and
the cleaved ATP analogues are caused by the quenching of
fluorescence by the nucleobase adenine (Figure 1B). The
quenching is caused by photoinduced electron transfer (PET).
In PET, the efficiency for electron transfer rates and thus for
quenching can be estimated by using the Rehm-Weller equa-
tion and/or by comparing the involved highest occupied mo-
lecular orbital (HOMO) energy levels."”"'” The PET process
starts with excitation of the acceptor chromophore by irradia-
tion (step 1 in Figure 2). This promotes an electron into the
lowest unoccupied molecular orbital (LUMO) of the acceptor.
In case the HOMO of a neighbouring donor molecule in the
immediate vicinity is higher in energy than the HOMO of the
acceptor molecule, an electron is transferred from donor to ac-
ceptor (step 2) and fluorescence is quenched. The cycle is
closed by transfer of an electron from the acceptor LUMO to
the donor HOMO. This process can only take place for dis-
tances between acceptor and donor on a nanometre scale,
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Figure 2. PET and the donor and acceptor frontier orbital energies.

that is, in the intact ATP analogue. Enzymatic cleavage of the
phosphate chain, however, leads to an immediate separation
of the dye-adenine pair by diffusion such that fluorescence of
the dye is restored.

PET-based quenchers that have previously been employed
in biological assays are guanine (—5.33 eV; calculated from its
redox potential)?*” and tryptophan (—4.90 eV; calculated from
its redox potential),”"! both of which possess high HOMO ener-
gies.”?>?% By contrast, due to its lower HOMO energy (—5.78 +
0.01 eV),"¥ adenine has only rarely been used as quencher. To
develop new suitable dye-adenine pairs, we used photoelec-
tron spectroscopy in air (PESA) to determine HOMO energy
levels for hydrophilic dyes. With this approach, we recently
were able to investigate different fluorophores like rhodamines
and BODIPYs from dry thin films that suited for fluorescence
lifetime readout when attached to ATP."® While we could dem-
onstrate enzymatic processing and real-time detection of these
compounds, their main drawback was the relatively short life-
time of these dyes. This made the detection of lifetime
changes especially under biologically relevant conditions diffi-
cult.

In order to overcome this shortcoming, we now investigated
fluorescent dyes with long fluorescent lifetimes. Acridone and
quinacridone as well as their derivatives are interesting candi-
dates for our purpose, especially because they are extremely
photostable,”” have a long fluorescence lifetime of 14 ns and
22 ns, respectively, and show no spectral pH dependency in
the biological relevant range from pH 5-9.%® However, only
few examples are reported where in particular acridone deriva-
tives under the name Puretime 14 (PT14) were used for fluo-
rescence lifetime-based biological assays.”*=? For functional-
ization and attachment of acridone or quinacridone to ATP, we
followed a known synthesis strategy. Initially, we created
water-soluble compounds from the organic pigments by intro-
ducing sulfonic acid residues (Scheme 1).%8 We expected that
sulfonation would also lower the energy of the frontier orbitals
that in turn would result in efficient quenching of the dye
when being in close proximity to adenine.

Both N-alkylated fluorescent dyes were treated with hot sul-
phuric acid, which yielded Sacridone-COOH (2.1) and
S,quinacridone-COOH (4), respectively. For disulfonation of the
functionalized acridone, we used 65% SO; in H,SO, to yield
S,acridone-COOH (2.2).

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Synthesis of disulfonated acridone (upper panel) and quinacri-
done (lower panel) derivatives: a) conc. H,SO,, 120°C, 20 h. b) 65% SO in
conc. H,S0,, rt, 24 h. ¢) conc. H,SO,, 110°C, 20 h.

With the water-soluble compounds 2.1, 2.2 and 4 in hand,
we performed PESA to obtain insights into the HOMO energies
in air. To be efficiently quenched by adenine, the HOMO ener-
gies of the fluorescent dyes should be lower than that of ATP
(=5.78£0.01 eV)!'® (Figure 3).
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Figure 3. Relative HOMO energies in air. The dashed line represents the
value for ATP.

We found that all functionalized acridones (1, 2.1 and 2.2)
possess lower HOMO energies than ATP, whereas the sulfonat-
ed S,quinacridone (4) is higher in energy. For the acridone de-
rivatives (1-2.2), we measured HOMO energies of —5.91+
0.05eV (1), —5.93+0.03eV (2.1) and —6.03+0.02eV (2.2).
These findings nicely confirmed our expectation that the
HOMO energies are decreasing, the more electron-withdrawing
groups are introduced. Since the measured HOMO energies
are lower than that of ATP, we moved on to the synthesis of a
v-modified ATP analogue bearing disulfonated acridone. Here,
we followed a well-established synthesis strategy. In brief, com-
mercially available ATP was alkylated,*® followed by azide re-
duction with tris(2-carboxyethyl)phosphine (TECP) and subse-
quent NHS ester coupling by activating the carboxylic acid of
S,acridone-COOH (2.2) with N,N,N’,N'-tetramethyl-O-(N-succin-
imidyl)uronium tetra-fluoroborate (TSTU) in situ which was fi-
nally coupled without purification to the free amine to yield
Aps-Dye (5) (Scheme 2).

As a first proof of concept, we determined the fluorescence
lifetimes of Ap;-Dye (5) in the intact and cleaved state. As a
model enzyme for cleavage, we used the ATP hydrolysing
phosphodiesterase | from Crotalus adamanteus (Snake Venom
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Scheme 2. Synthesis of S2acridone functionalized tri- and tetraphosphates.
a) TECP, MeOH, Et;N, H,0, 18 h, 4°C. b) 1. S,acridone-COOH, TSTU, Et;N, DMF,
rt, 3 h, 2. S,acridone-NHS, 0.1m NaHCO;, rt, 1 h.

Phosphodiesterase, SVPD). Before cleavage, we measured a
fluorescence lifetime value of 8.71+0.10 ns. By addition of
SVPD, the triphosphate is cleaved and the quencher adenine is
released as AMP and separated from the fluorophore. Here, we
measured a value of 15.64 +0.25 ns, corresponding to an abso-
lute lifetime change of 6.93 £0.27 ns. With typical experimental
errors in fluorescence lifetime determination in the range of
100 ps, this difference is well suited to use lifetimes for quan-
tification of ATP analogue cleavage. Additional absorption and
emission spectra recorded before and after cleavage with
SVPD did not reveal a spectral shift assuming a low interaction
between the sulfonated dye and the nucleobase adenine (data
are shown in the Supporting Information).

Encouraged by these results, we next focused on the syn-
thesis of ATP analogues with longer phosphate chains to de-
termine their acceptance by UBA1. From our previous experi-
ments on the enzymatic turnover of ATP analogues by UBAT,
we knew that modified d&-tetraphosphates are superior sub-
strates compared to modified y-triphosphates in UBA1-mediat-
ed activation of Ub." We speculated that extended phosphate
anhydride chains in the present ATP analogue will also increase
the activity towards UBA1. Therefore, we synthesized a modi-
fied O-tetraphosphate by activating ATP with 1-ethyl-3-(3-di-
methylaminopropyl) carbodiimide (EDC) to form a trimeta-
phosphate which was treated with 1-(6-azido)hexyl phosphate
according to the literature [34]. Afterwards the product was re-
duced and coupled to S,acridone-NHS (Ap,-Dye (6), Scheme 2).
Interestingly, for Ap,-Dye (6) we found a fluorescence lifetime
of 8.74+0.03 ns, which is similar to that of Ap;-Dye (5) (8.71+
0.10 ns).

Findings from other groups showed that modified penta-
phosphates are even better substrates for nucleic acid poly-
merases than shorter congeners®=>"" which motivated us to
additionally synthesize an e-modified alkylated pentaphos-
phate. Described synthesis routes of alkylated pentaphos-
phates that follow P'-N activation and subsequent substitution
often lead to unwanted side-products.?>**-*% Therefore, we de-
cided to explore a known iterative polyphosphorylation ap-
proach strategy.*"’ The reaction is conducted in several steps
without purification in one pot. Only modified monophos-
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phates are needed as starting materials, which can be easily
obtained in high yields or are even commercially available.
Scheme 3 shows an overview of the synthesis of Aps-Dye. Di-
isopropylamino dichlorophosphine (7) is reacted first with py-
rophosphate to form a cyclic pyrophosphoryl P-amidite (8)
which is coupled to 6-azidohexyl phosphate by subsequent ox-
idation to form 1-(6-azido)hexyl phosphoryl cyclotriphosphate
(9). The cyclic trimetaphosphate is then opened by adding ad-
enosine monophosphate as nucleophile and MgCl, to yield e-
0O-6-azidohexyl)-adenosine-O5’-pentaphosphate (10) in a one-
pot reaction with an overall yield of 11%. Reduction of the
azide followed by coupling of the activated S,acridone using
its NHS ester yielded the desired compound (Aps-Dye (11),
28% over two steps, Scheme 3). For the Aps-Dye 11, the fluo-
rescence lifetime of 9.86+0.19 ns is slightly higher than that
observed for the tri- and tetraphosphates 5 and 6 (8.71+
0.10 ns and 8.74 +0.03 ns, respectively). The same fluorescence
lifetime of the free dye was measured when 10 was treated
with SVPD as for (5+6) (15.64+0.25 ns). The reduced quench-
ing for longer distances between dye and quencher pairs is in
accordance to the literature where efficient PET-quenching
takes place on a sub-nanometre scale.*?
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Scheme 3. Synthesis Scheme of unsymmetrical pentaphosphates: a) PP*2
Bu,N™, MeCN, DIPEA, 0°C, 10 min. b) 1. 6-azidohexyl phosphate*Bu,N "
MeCN/DMF, ETT, rt, 3 h. 2. mCPBA, rt, 20 min. c) AMP*Bu,N", MeCN/DMF,
MgCl,, rt, 1.5 h. d) TECP, MeOH, Et;N, H,0, 18 h, 4°C. e) S,acridone-NHS,
0.1m NaHCO;, 1 h, rt.

With all three compounds in hand, we tested them towards
their performance in an E6AP auto-ubiquitination assay that
was previously shown to be well-suited to qualitatively evalu-
ate the acceptance of ATP analogues by UBA1 (Figure 4).">*
All reaction mixtures were pre-treated with recombinant
shrimp alkaline phosphatase (rSAP) which dephosphorylates all
terminally bound phosphate groups, for example, of ATP to its
nucleoside,” while it leaves terminally modified nucleotides
unaffected (like for Ap,-Dye). This ensures that the observed
activity is due to the Ap,-Dye analogue and does not originate
from potential contaminations of natural ATP. After preincuba-
tion, rSAP was inactivated by heating the mixture to 65°C for
5 minutes. In the first lane in Figure 4 A and B, reactions are de-
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Figure 4. Investigation of the substrate scope of UBA1 (A) and UBAG6 (B) for
ATP analogues using an E6AP auto-ubiquitination assay. UBA1 and UBA6 ac-
tivity is monitored by the appearance of poly-ubiquitinated E6AP (E6AP-
Ubn) and the simultaneous decrease of the band intensity of free Ub and
E6AP in a Coomassie blue stained SDS-PA gel. All probes were preincubated
with rSAP. ATP/Ap,-Dye =150 um, MgCl2=10 mm, DTT =1.25 mwm, UBA1/
UBA6 =300 nm, UbcH5b =500 nm, E6AP =250 nm and Ub =30 um, 90 min,
30°C.

picted in which ATP is hydrolysed by rSAP and, thus, auto-
ubiquitination of E6AP is not observed. As positive control, an
additional amount of ATP was added after inactivation of rSAP
which results in the formation of poly-ubiquitinated forms of
E6AP (E6AP-Ub,) and a concurrent decrease of free Ub and
non-modified E6AP, respectively. The results obtained clearly
indicate that Aps;-Dye (5) is poorly processed by UBA1, while
the extension of the phosphoanhydride chain increases activi-
ty. In fact, Aps-Dye (11) was found to be an excellent substrate
for UBAT, superior also to Ap,-Dye (6).

Similar to UBA1, UBA6 is known to support E6AP autoubi-
quitination.” ! Hence, to determine the ability of UBA6 to
employ our ATP analogues, we also followed the formation of
polyubiquitinated E6AP. As before, rSAP was used to remove
terminally bound phosphates and an additional amount of ATP
was added as positive control after heat inactivation of rSAP,
which resulted in the formation of polyubiquitinated E6AP
(Figure 4B). Within 90 minutes, formation of E6AP-Ub, was nei-
ther observed with Ap;-Dye (5) nor with Ap,-Dye (6) whereas
the pentaphosphate analogue (11) was accepted as substrate.
However, the efficiency appeared to be lower than for UBA1.

Next, we investigated whether real-time experiments are
feasible by using UBA1 as well as UBA6 (Figure S2.1 and S2.2).
A standard multiwell plate reader was used for this purpose
and the increase in intensity at 450 nm of S,acridone was fol-
lowed. The same picture as already seen in the E6AP auto-
ubiquitination assay described above was observed. With Aps-
dye (5) no increase in fluorescence intensity and thus no acti-
vated Ub was detected whereas the tetraphosphate and the
pentaphosphate are processed by UBAT and UBA6. Again, the
pentaphosphate 11 shows its superior properties over Ap,-Dye
(6). With UBA1 it is able to adenylate Ub about 2 times faster
(Figure S2.1) and with UBA6 even 6 times faster (Figure S2.2).

Encouraged by these positive results, we determined the ve-
locity of the UBA1 reaction depending on the Ub concentra-
tion. Additionally, we compared the herein reported analogues
with the best earlier reported doubly labelled ATP analogue

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Steady-state kinetics of UBA1 activated Ub as a function of Ub con-
centration. The fitting curves represent the nonlinear least squares best fit
to the described equation. K;=50 um.

(Cy5-Ap,-Cy3) (for structure see Supporting Information). Inter-
estingly, at high Ub concentration we observed for all three
compounds a reaction inhibition (see Supporting Information
Figure 52.3-52.5), while at low substrate concentration, Michae-
lis-Menten kinetics were observed. A possible explanation for
this observation is that the UBA1-SH binding site is non-cova-
lently occupied by a second Ub upon increasing Ub concentra-
tion, thus, inhibiting the transfer of adenylated Ub to the
active-site cysteine of UBA1 by forming a thioester with the C-
terminal glycine carboxylate of Ub. Therefore, we fitted our
data (Figure 5) to a kinetic model describing such a mode of
inhibition*® [Eq. 11:

_ Vmax
o Ku 18]
T+8+7%

The high affinity binding site is described by K, whereas
the inhibitory site, which is in general markedly lower in affini-
ty, is described by K. We found for all analogues a K; of approx-
imately 50 um and a Ky of (4.14+0.5) um for Aps-Dye (11)
which is more than 7 times lower than the Kj, for Ap,-Dye (6)
(29.1£3.0) pm and almost 20 times lower than the doubly la-
belled Cy5-Ap,-Cy3 (76.1+£6.7) um. However, the Ky for Ub
with natural ATP is even lower (0.2 um) suggesting that our an-
alogues may somewhat interfere with Ub binding."”!
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Finally, we measured the activation of Ub by UBA1 and
UBA6 under conditions, where both thioesters (i.e. UBAT ~ Ub
and UBA6 ~ Ub) are unloaded. To do so, we added UbcH5b
and E6AP in the same concentration as for the SDS-PAGE ex-
periment (Figure 4). As shown in Figure 6, again neither UBA1
nor UBAG6 are able to activate Ub with Ap;-dye (5) as cofactor,
while elongation of the phosphate chain rescues activity as al-
ready seen in the SDS-PAGE analysis. Ap,-Dye (6) and Aps-Dye
(11) are both linearly processed which shows once more the
suitability of our setup. Moreover, the extension of the tetra-
phosphate chain to Aps-Dye (11) increases acceptance of both
UBA1 and UBAG6 significantly. When all cognate enzymes are
present, UBA1 activates Ub approximately 2.9 times faster with
Aps-Dye (11) as ATP source compared to Ap,-Dye (6). This ten-
dency is also seen with UBA6 where the activation with Aps-
Dye (11) is even 4.9 times faster than with Ap,-Dye (6).

Conclusions

In conclusion, we developed and explored novel fluorescently
labelled adenosine tri-, tetra-, and pentaphosphates. The ATP
analogues bear a single acridone-based dye at the terminus of
the phosphate chain. Most importantly, the dye’s fluorescence
is quenched by the adenine residue of the ATP analogue. Fluo-
rescence is restored upon cleavage of the phosphate chain
and dissociation of the dye from the adenosine moiety. There-
by the activity of ATP cleaving enzymes can be followed.

In comparison to our earlier approaches, in this approach
only one dye modification is appended to the ATP analogue.
This has several advantages. Obviously, the synthesis towards
the probes is simplified making these sensors more readily
available. Another advantage is the absence of any modifica-
tion at the nucleobase thereby rendering the analogues to be
superiorly processed by the enzymes investigated here. This
might be due to the fact that upon usage by the adenylate-
forming enzymes investigated here, the formed reactive ade-
nylated ubiquitin species is identical to that with natural ATP.

By elongation of the phosphate chain, we were able to in-
crease acceptance and reaction velocity significantly and dem-
onstrated this for UBA1 and UBA6 that accept Aps-Dye (11)
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Figure 6. Real-time autoubiquitination assay with Ap,;-Dye, Ap,-Dye and Aps-Dye =5 um, MgCl,=10 mm, DTT=1.25 mm, UbcH5b =500 nm, E6AP =250 nwm,
Ub=30 pum and A) UBA1 =300 nm, B) UBA6 =300 nm. All data represent standard deviation (SD) of triplicates. Excitation A.,=360 nm, emission 4., =450 nm.
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best. We could also show that the herein presented analogues
can be readily used in real-time assays to follow Ub activation
by UBA1 and UBA6. Notably, using the developed disulfonated
acridone, the read-out can be both fluorescence intensity and
lifetime. These characteristics make the herein developed ATP
analogues versatilely applicable for future uses, for example, in
the high-throughput screening for effectors of E1 enzymes.

Acknowledgements

We are indebted to Prof. Dr. L. Schmidt-Mende, University of
Konstanz for the use of the PESA equipment. Funding by Deut-
sche Forschungsgemeinschaft, SFB 969, TP B10 is gratefully ac-
knowledged.

Conflict of interest

The authors declare no conflict of interest.

Keywords: ATP - fluorescent probes - PET - UBA1 - ubiquitin

[1]1 M. Hochstrasser, Nature 2009, 458, 422 -429.
[2] Y.T. Kwon, A. Ciechanover, Trends Biochem. Sci. 2017, 42, 873 -886.
[3] A.L. Schwartz, A. Ciechanover, Annu. Rev. Pharmacol. Toxicol. 2009, 49,
73-96.
[4] D. Wang, L. Ma, B. Wang, J. Liu, W. Wei, Cancer Metastasis Rev. 2017, 36,
683-702.
5] A. Hershko, A. Ciechanover, Annu. Rev. Biochem. 1998, 67, 425-479.
[6] B. A. Schulman, J. Wade Harper, Nat. Rev. Mol. Cell Biol. 2009, 10, 319-
331.
[71 J. Jin, X. Li, S. P. Gygi, J. W. Harper, Nature 2007, 447, 1135-1138.
[8] A.A. Yunus, C.D. Lima, Methods Enzymol., Academic Press, 2005,
Vol. 398, pp. 74-87.
[9] A.L. Haas, Methods Mol. Biol. 2005, 301, 23 -35.
[10] D.C. Scott, J. K. Monda, C.R.R. Grace, D. M. Duda, R.W. Kriwacki, T.
Kurz, B. A. Schulman, Mol. Cell 2010, 39, 784-796.
M. D. Boisclair, C. McClure, S. Josiah, S. Glass, S. Bottomley, S. Kamerkar,
I. Hemmila, J. Biomol. Screening 2000, 5, 319-328.
C. E. Berndsen, C. Wolberger, Anal. Biochem. 2011, 418, 102-110.
N. Hardt, S. M. Hacker, A. Marx, Org. Biomol. Chem. 2013, 11, 8298
8305.
S. M. Hacker, N. Hardt, A. Buntru, D. Pagliarini, M. Mockel, T. U. Mayer, M.
Scheffner, C. R. Hauck, A. Marx, Chem. Sci. 2013, 4, 1588-1596.
S. M. Hacker, D. Pagliarini, T. Tischer, N. Hardt, D. Schneider, M. Mex, T. U.
Mayer, M. Scheffner, A. Marx, Angew. Chem. Int. Ed. 2013, 52, 11916-
11919; Angew. Chem. 2013, 125, 12133-12137.
D. Hammler, A. Marx, A. Zumbusch, Chem. Eur. J. 2018, 24, 15329-
15335.
[17] S. Nad, H. Pal, J. Phys. Chem. A 2000, 104, 673 -680.
[18] T.P. Le, J. E. Rogers, L. A. Kelly, J. Phys. Chem. A 2000, 104, 6778-6785.
[19] M. Sauer, J. Hofkens, J. Enderlein, Handbook of Fluorescence Spectrosco-
py and Imaging, Chapter 7, Wiley-VCH, Weinheim 2011, Vol. 1.
[20] C.A. M. Seidel, A. Schulz, M. H. M. Sauer, J. Phys. Chem. 1996, 100,
5541-5553.
[21] M.R. DeFelippis, C.P. Murthy, M. Faraggi, M. H. Klapper, Biochemistry
1989, 28, 4847 -4853.

(1]

[12]
[13]

[14]

[15]

[16]

[22]

[23]

[24]

[25]

[26]
[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]
[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

J. Korlach, D.W. Baird, A.A. Heikal, K.R. Gee, G.R. Hoffman, W.W.
Webb, Proc. Natl. Acad. Sci. USA 2004, 101, 2800 - 2805.

D. P. McEwen, K. R. Gee, H. C. Kang, R.R. Neubig, Anal. Biochem. 2001,
291, 109-117.

A. Draganescu, S. C. Hodawadekar, K. R. Gee, C. Brenner, J. Biol. Chem.
2000, 275, 4555 -4560.

H. Chen, S.S. Ahsan, M.E.B. Santiago-Berrios, H.D. Abruna, W.W.
Webb, J. Am. Chem. Soc. 2010, 132, 7244 -7245.

S. Doose, H. Neuweiler, M. Sauer, ChemPhysChem 2009, 10, 1389-1398.
N. Bahr, E. Tierney, J-L. Reymond, Tetrahedron Lett. 1997, 38, 1489-
1492.

J. A. Smith, R. M. West, M. Allen, J. Fluoresc. 2004, 14, 151-171.

A. Boettcher, N. Gradoux, E. Lorthiois, T. Brandl, D. Orain, N. Schiering, F.
Cumin, J. Woelcke, U. Hassiepen, J. Biomol. Screening 2014, 19, 870-
877.

S. Pritz, K. Doering, J. Woelcke, U. Hassiepen, Expert Opin. Drug Discovery
2011, 6, 663 -670.

K. Doering, G. Meder, M. Hinnenberger, J. Woelcke, L. M. Mayr, U. Has-
siepen, J. Biomol. Screening 2009, 14, 1-9.

J. M. Goldberg, L. C. Speight, M. W. Fegley, E. J. Petersson, J. Am. Chem.
Soc. 2012, 134, 6088 -6091.

S.E. Lee, L. M. Elphick, A. A. Anderson, L. Bonnac, E. S. Child, D. J. Mann,
V. Gouverneur, Bioorg. Med. Chem. Lett. 2009, 19, 3804 -3807.

S. M. Hacker, M. Mex, A. Marx, J. Org. Chem. 2012, 77, 10450 - 10454.

A. Sood, S. Kumar, S. Nampalli, J. R. Nelson, J. Macklin, C. W. Fuller, J.
Am. Chem. Soc. 2005, 127, 2394 -2395.

J. Korlach, A. Bibillo, J. Wegener, P. Peluso, T.T. Pham, I. Park, S. Clark,
G.A. Otto, S.W. Turner, Nucleosides, Nucleosides Nucleotides Nucleic
Acids 2008, 27, 1072-1083.

B. A. Flusberg, D.R. Webster, J. H. Lee, K. J. Travers, E. C. Olivares, T. A.
Clark, J. Korlach, S. W. Turner, Nat. Methods 2010, 7, 461-465.

Q. Sun, J. Sun, S.-S. Gong, C.-J. Wang, X.-C. Wang, Chin. Chem. Lett.
2015, 26, 89-92.

J. Jemielity, J. Stepinski, M. Jaremko, D. Haber, R. Stolarski, R. E. Rhoads,
E. Darzynkiewicz, Nucleosides Nucleotides Nucleic Acids 2003, 22, 691 -
694.

L. C. Davies, J. A. Stock, S. E. Barrie, R. M. Orr, K. R. Harrap, J. Med. Chem.
1988, 31, 1305-1308.

J. Singh, N. Steck, D. De, A. Hofer, A. Ripp, I. Captain, M. Keller, P. A.
Wender, R. Bhandari, H. J. Jessen, Angew. Chem. Int. Ed. 2019, 58, 3928 -
3933; Angew. Chem. 2019, 131, 3968 -3973.

T. Niehorster, A. Loschberger, I. Gregor, B. Kramer, H.-J. Rahn, M. Patting,
F. Koberling, J. Enderlein, M. Sauer, Nat. Methods 2016, 13, 257 —262.

S. Ermert, S. M. Hacker, A. Buntru, M. Scheffner, C.R. Hauck, A. Marx,
ChemBioChem 2017, 18, 378-381.

M. de Backer, S. McSweeney, H. B. Rasmussen, B. W. Riise, P. Lindley, E.
Hough, J. Mol. Biol. 2002, 318, 1265-1274.

C. Pelzer, I. Kassner, K. Matentzoglu, R.K. Singh, H.-P. Wollscheid, M.
Scheffner, G. Schmidtke, M. Groettrup, J. Biol. Chem. 2007, 282, 23010—
23014.

R. A. Copeland, Enzymes: A Practical Introduction to Structure, Mecha-
nism, and Data Analysis, 2nd ed., Wiley, 2000.

K. E. Wee, Z. Lai, K.R. Auger, J. Ma, K. Y. Horiuchi, R. L. Dowling, C.S.
Dougherty, J. I. Corman, R. Wynn, R. A. Copeland, J. Protein Chem. 2000,
19, 489-498.

Manuscript received: March 2, 2020
Revised manuscript received: March 6, 2020

Accepted manuscript online: March 10, 2020

Version of record online: April 28, 2020

Chem. Eur. J. 2020, 26, 6279 - 6284 www.chemeurj.org

6284

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://doi.org/10.1038/nature07958
https://doi.org/10.1038/nature07958
https://doi.org/10.1038/nature07958
https://doi.org/10.1016/j.tibs.2017.09.002
https://doi.org/10.1016/j.tibs.2017.09.002
https://doi.org/10.1016/j.tibs.2017.09.002
https://doi.org/10.1146/annurev.pharmtox.051208.165340
https://doi.org/10.1146/annurev.pharmtox.051208.165340
https://doi.org/10.1146/annurev.pharmtox.051208.165340
https://doi.org/10.1146/annurev.pharmtox.051208.165340
https://doi.org/10.1007/s10555-017-9703-z
https://doi.org/10.1007/s10555-017-9703-z
https://doi.org/10.1007/s10555-017-9703-z
https://doi.org/10.1007/s10555-017-9703-z
https://doi.org/10.1146/annurev.biochem.67.1.425
https://doi.org/10.1146/annurev.biochem.67.1.425
https://doi.org/10.1146/annurev.biochem.67.1.425
https://doi.org/10.1038/nrm2673
https://doi.org/10.1038/nrm2673
https://doi.org/10.1038/nrm2673
https://doi.org/10.1038/nature05902
https://doi.org/10.1038/nature05902
https://doi.org/10.1038/nature05902
https://doi.org/10.1016/j.molcel.2010.08.030
https://doi.org/10.1016/j.molcel.2010.08.030
https://doi.org/10.1016/j.molcel.2010.08.030
https://doi.org/10.1177/108705710000500503
https://doi.org/10.1177/108705710000500503
https://doi.org/10.1177/108705710000500503
https://doi.org/10.1016/j.ab.2011.06.034
https://doi.org/10.1016/j.ab.2011.06.034
https://doi.org/10.1016/j.ab.2011.06.034
https://doi.org/10.1039/c3ob41751d
https://doi.org/10.1039/c3ob41751d
https://doi.org/10.1039/c3ob41751d
https://doi.org/10.1039/c3sc21916j
https://doi.org/10.1039/c3sc21916j
https://doi.org/10.1039/c3sc21916j
https://doi.org/10.1002/anie.201304723
https://doi.org/10.1002/anie.201304723
https://doi.org/10.1002/anie.201304723
https://doi.org/10.1002/ange.201304723
https://doi.org/10.1002/ange.201304723
https://doi.org/10.1002/ange.201304723
https://doi.org/10.1002/chem.201803234
https://doi.org/10.1002/chem.201803234
https://doi.org/10.1002/chem.201803234
https://doi.org/10.1021/jp993206z
https://doi.org/10.1021/jp993206z
https://doi.org/10.1021/jp993206z
https://doi.org/10.1021/jp000855y
https://doi.org/10.1021/jp000855y
https://doi.org/10.1021/jp000855y
https://doi.org/10.1021/jp951507c
https://doi.org/10.1021/jp951507c
https://doi.org/10.1021/jp951507c
https://doi.org/10.1021/jp951507c
https://doi.org/10.1021/bi00437a049
https://doi.org/10.1021/bi00437a049
https://doi.org/10.1021/bi00437a049
https://doi.org/10.1021/bi00437a049
https://doi.org/10.1073/pnas.0308579100
https://doi.org/10.1073/pnas.0308579100
https://doi.org/10.1073/pnas.0308579100
https://doi.org/10.1006/abio.2001.5011
https://doi.org/10.1006/abio.2001.5011
https://doi.org/10.1006/abio.2001.5011
https://doi.org/10.1006/abio.2001.5011
https://doi.org/10.1074/jbc.275.7.4555
https://doi.org/10.1074/jbc.275.7.4555
https://doi.org/10.1074/jbc.275.7.4555
https://doi.org/10.1074/jbc.275.7.4555
https://doi.org/10.1021/ja100500k
https://doi.org/10.1021/ja100500k
https://doi.org/10.1021/ja100500k
https://doi.org/10.1002/cphc.200900238
https://doi.org/10.1002/cphc.200900238
https://doi.org/10.1002/cphc.200900238
https://doi.org/10.1016/S0040-4039(97)00137-8
https://doi.org/10.1016/S0040-4039(97)00137-8
https://doi.org/10.1016/S0040-4039(97)00137-8
https://doi.org/10.1177/1087057114521295
https://doi.org/10.1177/1087057114521295
https://doi.org/10.1177/1087057114521295
https://doi.org/10.1517/17460441.2011.571250
https://doi.org/10.1517/17460441.2011.571250
https://doi.org/10.1517/17460441.2011.571250
https://doi.org/10.1517/17460441.2011.571250
https://doi.org/10.1177/1087057108327328
https://doi.org/10.1177/1087057108327328
https://doi.org/10.1177/1087057108327328
https://doi.org/10.1021/ja3005094
https://doi.org/10.1021/ja3005094
https://doi.org/10.1021/ja3005094
https://doi.org/10.1021/ja3005094
https://doi.org/10.1016/j.bmcl.2009.04.028
https://doi.org/10.1016/j.bmcl.2009.04.028
https://doi.org/10.1016/j.bmcl.2009.04.028
https://doi.org/10.1021/jo301923p
https://doi.org/10.1021/jo301923p
https://doi.org/10.1021/jo301923p
https://doi.org/10.1021/ja043595x
https://doi.org/10.1021/ja043595x
https://doi.org/10.1021/ja043595x
https://doi.org/10.1021/ja043595x
https://doi.org/10.1080/15257770802260741
https://doi.org/10.1080/15257770802260741
https://doi.org/10.1080/15257770802260741
https://doi.org/10.1080/15257770802260741
https://doi.org/10.1038/nmeth.1459
https://doi.org/10.1038/nmeth.1459
https://doi.org/10.1038/nmeth.1459
https://doi.org/10.1016/j.cclet.2014.09.015
https://doi.org/10.1016/j.cclet.2014.09.015
https://doi.org/10.1016/j.cclet.2014.09.015
https://doi.org/10.1016/j.cclet.2014.09.015
https://doi.org/10.1081/NCN-120022611
https://doi.org/10.1081/NCN-120022611
https://doi.org/10.1081/NCN-120022611
https://doi.org/10.1021/jm00402a008
https://doi.org/10.1021/jm00402a008
https://doi.org/10.1021/jm00402a008
https://doi.org/10.1021/jm00402a008
https://doi.org/10.1002/anie.201814366
https://doi.org/10.1002/anie.201814366
https://doi.org/10.1002/anie.201814366
https://doi.org/10.1002/ange.201814366
https://doi.org/10.1002/ange.201814366
https://doi.org/10.1002/ange.201814366
https://doi.org/10.1038/nmeth.3740
https://doi.org/10.1038/nmeth.3740
https://doi.org/10.1038/nmeth.3740
https://doi.org/10.1002/cbic.201600590
https://doi.org/10.1002/cbic.201600590
https://doi.org/10.1002/cbic.201600590
https://doi.org/10.1016/S0022-2836(02)00035-9
https://doi.org/10.1016/S0022-2836(02)00035-9
https://doi.org/10.1016/S0022-2836(02)00035-9
https://doi.org/10.1074/jbc.C700111200
https://doi.org/10.1074/jbc.C700111200
https://doi.org/10.1074/jbc.C700111200
https://doi.org/10.1023/A:1026501515450
https://doi.org/10.1023/A:1026501515450
https://doi.org/10.1023/A:1026501515450
https://doi.org/10.1023/A:1026501515450
http://www.chemeurj.org

