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Abstract: Identification of the molecular target(s) of anti-
cancer metal complexes is a formidable challenge since most of
them are unstable toward ligand exchange reaction(s) or
biological reduction under physiological conditions. Gold(III)
meso-tetraphenylporphyrin (gold-1a) is notable for its high
stability in biological milieux and potent in vitro and in vivo
anticancer activities. Herein, extensive chemical biology
approaches employing photo-affinity labeling, click chemistry,
chemical proteomics, cellular thermal shift, saturation-transfer
difference NMR, protein fluorescence quenching, and protein
chaperone assays were used to provide compelling evidence
that heat-shock protein 60 (Hsp60), a mitochondrial chaperone
and potential anticancer target, is a direct target of gold-1a
in vitro and in cells. Structure—activity studies with a panel of
non-porphyrin gold(I1l) complexes and other metalloporphyr-
ins revealed that Hsp60 inhibition is specifically dependent on
both the gold(Ill) ion and the porphyrin ligand.

The distinct structural properties and reactivity conferred by
metal-ligand coordination offer appealing possibilities for the
design of new anticancer therapeutics based on metal
coordination chemistry."! In this context, gold complexes
have been increasingly studied since a number of examples
have been reported to display promising activity towards
various cancer cells and multidrug-resistant cancer cells
in vitro.”) Most reported examples of gold(III) complexes
displaying antiproliferative properties have been noted to be
unstable under physiological conditions, thus rendering sub-
sequent development of therapeutic application a formidable
challenge. In recent years, a number of gold(IIT) complexes
supported by strong donor ligands have been reported to
possess good stability and display potent anticancer activity,®!
and examples include a series of anticancer gold(IIl) por-
phyrins. Among them, [Au(TPP)]Cl (denoted gold-1a,
Figure 1) is stable under physiological conditions, resistant
to reduction by glutathione, highly cytotoxic to various cancer
cell lines, including cisplatin-resistant cancer cells and multi-
drug-resistant cells, and exhibits potent in vivo anticancer
properties in multiple animal tumor models.
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Figure 1. Gold-1a, clickable photoaffinity probe of gold-1a (probe-1),
and a metal-free photoaffinity probe (probe-1C).

Identification of the direct molecular target(s) that
account for the anticancer action of metal complexes has
always been a difficult task. The outstanding stability of gold-
1a under various biological conditions makes it possible to
probe the molecular targets by using chemical biology
approaches such as affinity-based proteome profiling. So
far, there are only a few studies on protein target identifica-
tion for metal compounds by using single affinity conjugates
and pull-down techniques.””! Of relevance to this work, photo-
affinity and/or click chemistry probes of different types have
been applied in studies of cisplatin-based compounds for
analyzing Pt-DNA adducts and their interacting proteins./ In
the present study, we utilized a clickable photo-affinity
probel’ to isolate the protein binding partner(s) of gold-1a.
This analysis, together with various supporting biochemical
and cellular experiments, revealed heat-shock protein 60
(Hsp60) to be an important molecular target of gold-1a.
Hsp60 is an essential chaperone for mitochondrial protein
transport and folding,”™! playing important roles in apoptosis
regulation and tumor maintenance, and it is up-regulated in
primary human cancerous tumors.’! Only a few compounds
that demonstrate in vitro inhibition of Hsp60 have been
identified so far.'”l Herein, we show that gold(IIT) porphyrins
target Hsp60 both in vitro and in cells.

Probe-1 was synthesized by appending a linker (hexa-
ethylene glycol), a clickable tag (alkyne), and a photo-affinity
tag (benzophenone) onto one of the meso-phenyl rings of the
porphyrin ligand of gold-1a (Figure 1). Another probe with
a free meso-tetraphenylporphyrin ring, probe-1C (Figure 1),
was also synthesized and used to examine non-specific
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binding and specific binding owing to the presence of
gold(I1T). Probe-1 is cytotoxic to a number of cancer cell
lines, with half-maximal inhibitory concentration (ICs)
values at low micromolar levels close to those of gold-1a
(Table S1 in the Supporting Information). Probe-1C was not
cytotoxic to the cancer cell lines examined at concentrations
up to 100 pm.

The photo-affinity labeling of cellular proteins by probe-
1 was examined (Figure 2 and Figure S1 in the Supporting
Information) by incubating cancer cells with probe-1, fol-
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Figure 2. |dentification of the protein labeled by probe-1 as Hsp60.

A) Hela cells were treated with increasing concentrations of probe-

1 for 1 h followed by UV irradiation and click reaction with azide-
conjugated biotin. The biotinylated proteins were detected by immuno-
blotting. B) HelLa, NCI-H460, and SW480 cells were incubated with
probe-1 (1), probe-1 in the presence of 3-fold excess of gold-1a (2),
and probe-1C (3). C) Hela cells were treated with 4 pm probe-1 or
probe-1C followed by UV irradiation and click reaction with Cy5-azide.
Isoformic protein spots labeled with Cy5 on a 2D gel were identified as
Hsp60 by MALDI-TOF/TOF MS. D) Hela cells were treated with 4 um
probe-1 (1), probe-1C (2), or DMSO vehicle (3), followed by UV
irradiation and click reaction with biotin-azide. The biotinylated pro-
teins were isolated over streptavidin beads (pull-down) and detected
by immunoblotting with Hsp60 antibody. E) Purified Hsp60 (0.5 um)
or Hsp60/Hsp10 complex (0.5 um) were incubated with vehicle (1),

1 um probe-1 (2), 1 um probe-1 in the presence of a 10-fold excess of
gold-1a (3), or 1 pum probe-1C (4), followed by photo-affinity labeling
and click reaction with biotin-azide.

lowed by UV irradiation and click reaction with azide-
conjugated biotin. As shown in Figure 2 A, B, a biotinylated
protein of approximately 60 kDa was detected after incubat-
ing cells with probe-1 at 1 um for 1h. The photo-affinity-
labeled protein signals markedly diminished when cells were
exposed to a 3-fold excess of gold-1a, thus suggesting that
probe-1 specifically recognizes the same protein target(s) as
the parental gold-1a. No photo-affinity-labeled protein was
detected for probe-1C, which comprises free H,TPP ligand.

To identify the photo-affinity-labeled protein(s) of probe-
1, the cell lysates were subjected to a click reaction with azide-
conjugated CyS5, followed by resolution by two-dimensional
gel electrophoresis (Figure 2C and Figure S2). Fluorescence
scanning showed isoformic protein spots of around 60 kDa,
which were identified as the heat-shock protein Hsp60 by
MALDI-TOF/TOF MS (Table S2, SI). The photo-affinity-
labeled proteins were also identified by a quantitative pro-
teomics approach by using the stable isotope labeling by
amino acids in cell culture (SILAC) technique followed by
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affinity isolation of biotinylated proteins and Orbitrap LC-
MS/MS analysis (Figure S3)."" Hsp60 was again identified as
the photo-affinity-labeled protein, since it showed the highest
enrichment ratio (Table S3). The identification of the photo-
affinity-labeled protein as Hsp60 was also confirmed by biotin
pull-down and immunoblot detection with an Hsp60 antibody
(Figure 2D). Probe-1 also directly labeled purified Hsp60, as
well as Hsp60 in a complex with its cofactor, Hsp10, in vitro
(Figure 2E). This labeling was diminished by the presence of
a 10-fold excess of gold-la. No significant photo-affinity
labeling of Hsp60 was detected for probe-1C (Figure 2E).

The subcellular localization of gold-1a was examined by
fluorescence imaging of cells treated with probe-1, followed
by photo-affinity labeling and click chemistry with azide-
conjugated fluorescein (FAM). Filamentous and punctate
fluorescent signals that colocalized with a mitochondrial stain
(MitoTracker Orange) and mitochondrial Hsp60 immuno-
fluorescence were observed (Figure 3 and Figure S4). The
mitochondria as a target of gold-1a was suggested by previous
work.[“)

A Probe 1-FAM

MitoTracker

Overlay

Probe 1-FAM Anti-Hsp60 Overlay

Figure 3. Fluorescence imaging of Hela cells treated with 4 um probe-
1 for 1 h, showing colocalization with the mitochondrial marker
MitoTracker Orange (A) and Hsp60 immunofluorescence (B). Scale
bar: 10 pm.

To assess whether Hsp60 is engaged by gold-1a inside
cells, we applied a cellular thermal-shift assay (CETSA),!'!
which is based on the biophysical principle of ligand-induced
thermal stabilization of targeted proteins. Hsp60 in cells
treated with gold-1a was significantly stabilized, as indicated
by the marked temperature increases required for protein loss
by denaturation/precipitation compared to untreated controls
(Figure 4 A). The thermal stability of Hsp60 increased as cells
were treated with increasing concentrations of gold-1a (Fig-
ure 4B). Thus, the CETSA data provide evidence that Hsp60
is a molecular target that is engaged by gold-1a in cells. We
also employed a previously described procedure to determine
whether gold-l1a impairs the chaperone activity of Hsp60
inside cells by measuring the activity of a mitochondrial
substrate of Hsp60 (Figure S5)."! The data are consistent
with mitochondrial Hsp60 inhibition by gold-1a.

The direct impact of gold-1a on Hsp60 invitro was
investigated. The apparent binding of gold-1a to Hsp60 was
demonstrated by saturable quenching of protein fluorescence
by gold-1a, with a binding ratio of 1:1 and an apparent
dissociation constant K, of approximately 3.68 um. Probe-
1 elicited very similar protein fluorescence quenching to gold-
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Figure 4. Cellular thermal-shift assay (CETSA). A) Stabilization of
Hsp60 after incubating cells with gold-1a. The band intensity of
soluble Hsp60 at 56°C is set at 100%. B) Dose-dependent stabiliza-
tion of Hsp60 by gold-Ta in Hela cells at a denaturing temperature
(60°C). The band intensity of Hsp60 with maximal stabilization is set

Zuschriften

A
10 —b—a A
R » ©Gold-1a B [ 1
& 3 B Probe-1
|§ 50 # Probe-1C A Lol 2
- 25
o & A ot 1
0 5 10 15 20 25
Concentration (uM) ity 2
Complexes Probe-1 Probe-1C  Gold-1a 85 30 75
Ky (M) 364 N/A 3.68 ppm

Figure 5. The interactions of gold-1a, probe-1, and probe-1C with
Hsp60 in vitro. A) Saturable quenching of Hsp60 protein fluorescence
(19 um; excitation: 262 nm; emission: 340 nm) by gold-1a, probe-1,
and probe-1C, and the apparent dissociation constants (Kj).

B) "H NMR spectra of gold-1a in the absence (1) or presence (2) of
Hsp60. C) STD NMR spectra of gold-1a in the absence (1) or presence
(2) of Hsp60.

to 100 %.

1a but probe-1C did not have this effect (Figure SA and
Figure S6). The interaction between Hsp60 and gold-1a was

further supported by satu-
ration-transfer  difference
(STD) NMR measure-
ments. In 'HNMR, gold-
la shows signals at 7.5-
8.0 ppm, attributable to pro-
tons in the phenyl ring and
porphyrin.  Both  peak
broadening and peak shift-
ing were observed in the
presence of Hsp60, thus
confirming an interaction
between  gold-la  and
Hsp60 (Figure 5B). Fur-
thermore, the STD spec-
trum, which was only
obtained from gold-1a in
the presence of Hsp60,
lends further support to the
binding of gold-1a to Hsp60
(Figure 5C).

We next examined the
effect of gold-la on the
chaperone  activity  of
Hsp60 in the reactivation
of denatured malate dehy-
drogenase (MDH) in vi-
tro.l! Hsp60/Hsp10
refolded denatured MDH
to recover around 25% of
the enzyme activity under
standard assay conditions.
When Hsp60/Hspl0 was
treated with gold-la (2-
20 um), there was a signifi-
cant dose-dependent inhib-

ition of the chaperone-
mediated reactivation of
denatured MDH  (Fig-
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ure 6 A). Probe-1 inhibited the chaperone activity of Hsp60
at a similar level to gold-1a (Figure 6 B). It is noteworthy that
gold-1a and all other complexes in the present study were
tested for their effects on MDH activity and no inhibition was
found.
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Figure 6. Structure—activity relationship of different porphyrin complexes with Hsp60. A) The dose-dependent
effect of gold-1a on chaperone activity of Hsp60 in vitro in terms of MDH refolding. B) Effects of probe-1,
gold(l11) porphyrins, [Pt"(5-MePyTPP)]", and non-porphyrin complexes (10 um) on the chaperone activity of
Hsp60. *p <0.05, n>3. C,D) Quenching of Hsp60 (19 um) fluorescence by gold(l11) porphyrins (C) and others
(D). E) In vitro cytotoxicity (24 h) of various gold(lIl) porphyrins and platinum(ll) porphyrin against Hela cells.
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In addition to gold-1a, a series of gold(III) porphyrins
(gold-2a," [Au™(5-CPTPP)]CI, [Au"'(5-PyTPP)|Cl), [Au™-
(MPIXDME)|CI, and [Au"(OEP)]C)"! were prepared
(Figure 6). These gold(III) porphyrins significantly inhibited
Hsp60 chaperone activity by more than 50% and strongly
quenched Hsp60 fluorescence by more than 70% (Fig-
ure 6B,C). A Pt derivative of gold-1a, [Pt"(5-MePyTPP)]Cl,
which is mono-valent cationic owing to an N-substituted
pyridine group, did not appreciably affect Hsp60 chaperone
activity and fluorescence (Figure 6B,D). Two other non-
porphyrin gold(III) and platinum(II) complexes, [Au'™-
(CANMC)(NHO)]OTE  (H,CAN”C =2,6-diphenylphyridine;
NHC = N-heterocyclic  carbene)’ and [Pt"(CAN~N)-
(NHC)|PF, (HCAN”N = 6-phenyl-2,2"-bipyridine),'”’ did
not significantly inhibit Hsp60 chaperone activity and only
slightly quenched Hsp60 fluorescence (Figure 6 B,D). Thus,
while all of these metal complexes (except for [Pt"(5-
MePyTPP)|Cl) showed similar cytotoxicity towards HeLa
cells, with low micromolar ICs, values (Figure 6 E), only the
gold(IIT) porphyrins generally display high binding activities
and strong inhibitory effects on Hsp60.

The effects of some stable and fairly water-soluble
metalloporphyrins were also examined. As shown in Fig-
ure S7, Ga™ protoporphyrin IX chloride (GaPPIX) markedly
inhibited Hsp60 activity, while Sn" protoporphyrin IX
dichloride (SnPPIX) showed modest inhibition and Zn"
protoporphyrin IX (ZnPPIX) had little effect. Free proto-
porphyrin IX (H,PPIX) showed little effect on Hsp60. The
mechanisms of inhibition of Hsp60 by the individual metal-
loporphyrins remain to be elucidated, but the specific roles of
the metal ion centers are apparent.

The present study features the identification of a direct
molecular target of stable anticancer metal complexes
through the combination of a photo-affinity and click
chemistry approach (the trifunctional clickable photo-affinity
probe of gold-1a). Although there could be additional
molecular targets that may escape detection with the present
chemical probes, the mitochondrial chaperone Hsp60 as
a direct molecular target of gold(IIT) porphyrins is supported
by multiple independent assays. Structure—activity studies
with a panel of non-porphyrin gold(IIl) and platinum(II)
complexes, as well as other metalloporphyrins, revealed that
the inhibitory activity on Hsp60 is specifically dependent on
both the gold(III) ion and porphyrin ligand. It is tempting to
speculate that the gold(IIT) porphyrins may bind to the target
proteins through hydrophobic interactions with the porphyrin
ligand as well as electrophilic interactions with the gold(IIT)
ion. The gold(I1T) ion center is essential for Hsp60 inhibition,
since platinum(II) and metal-free porphyrins failed to inhibit
the activity of Hsp60. There are ample opportunities for
optimizing the anticancer activities of gold(IIT) porphyrins by
modifying the peripheral substituents on the porphyrin
ligands and hence the interactions with Hsp60, as well as
the cellular targeting.

www.angewandte.de

Zuschriften

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

An dte

Chemie

Acknowledgements

This work was supported by the Innovation and Technology
Fund (ITF-Tier 2 ITS/130/14FP) and a Special Equipment
Grant of UGC (SEG_HKUO02). We are indebted to Dr. K.-H.
Sze and Dr. M.-K. Tse for their help with STD NMR
experiment, Dr. W.-S. Lin for performing the cellular thermal-
shift analysis, and Dr. T. Zou for constructive comments. We
acknowledge the Centre for Genomic Sciences for mass
spectrometric analysis and the Core Facility of Li Ka Shing
Faculty of Medicine for confocal imaging.

Keywords: antitumor agents - biological targets -
chemical proteomics - gold porphyrins - Hsp60

How to cite: Angew. Chem. Int. Ed. 2016, 55, 1387-1391
Angew. Chem. 2016, 128, 1409-1413

[1] a) H. T. Chifotides, K. R. Dunbar, Acc. Chem. Res. 2005, 38, 146;
b) Y. Jung, S. J. Lippard, Chem. Rev. 2007, 107, 1387; c) P. C. A.
Bruijnincx, P.J. Sadler, Curr. Opin. Chem. Biol. 2008, 12, 197,
d) C.-M. Che, E-M. Siu, Curr. Opin. Chem. Biol. 2010, 14, 255,
e) G. Gasser, L. Ott, N. Metzler-Nolte, J. Med. Chem. 2011, 54, 3;
f) S.J. Berners-Price, A. Filipovska, Metallomics 2011, 3, 863;
¢) A. Casini, L. Messori, Curr. Top. Med. Chem. 2011, 11, 2647,
h) E. P. Swindell, P. L. Hankins, H. Chen, D. U. Miodragovic,
T. V. O’Halloran, Inorg. Chem. 2013, 52, 12292; i) M. Dérr, E.
Meggers, Curr. Opin. Chem. Biol. 2014, 19,76, j) N. Muhammad,
Z. Guo, Curr. Opin. Chem. Biol. 2014, 19, 144; k) K. D. Mjos, C.
Orvig, Chem. Rev. 2014, 114, 4540;1) K. Suntharalingam, W. Lin,
T. C. Johnstone, P. M. Bruno, Y.-R. Zheng, M. T. Hemann, S. J.
Lippard, J. Am. Chem. Soc. 2014, 136, 14413; m) D. Y. Wong,
W. W. Ong, W. H. Ang, Angew. Chem. Int. Ed. 2015, 54, 6483,
Angew. Chem. 2015, 127, 6583.

[2] a) T.M. Simon, D. H. Kunishima, G.J. Vibert, A. Lorber, J.
Rheumatol. Suppl. 1979, 6, 91; b) H.-Q. Liu, T.-C. Cheung, S.-M.
Peng, C.-M. Che, J. Chem. Soc. Chem. Commun. 1995, 1787,
¢) R. G. Buckley, A. M. Elsome, S. P. Fricker, G. R. Henderson,
B. R. C. Theobald, R. V. Parish, B. P. Howe, L. R. Kelland, J.
Med. Chem. 1996, 39, 5208; d) C. F. Shaw III, Chem. Rev. 1999,
99, 2589; e) I. Ott, Coord. Chem. Rev. 2009, 253, 1670; f) S.
Nobili, E. Mini, I. Landini, C. Gabbiani, A. Casini, L. Messori,
Med. Res. Rev. 2010, 30, 550.

[3] a) A. Casini, G. Kelter, C. Gabbiani, M. A. Cinellu, G. Min-

ghetti, D. Fregona, H.-H. Fiebig, L. Messori, J. Biol. Inorg.

Chem. 2009, 14,1139; b) L. Ronconi, D. Aldinucci, Q. P. Dou, D.

Fregona, Anti-Cancer Agents Med. Chem. 2010, 10,283 c) C.-M.

Che, R. W.-Y. Sun, Chem. Commun. 2011, 47, 9554; d) T. Zou,

C. T. Lum, S. S.-Y. Chui, C.-M. Che, Angew. Chem. Int. Ed. 2013,

52, 2930; Angew. Chem. 2013, 125, 3002; e)N. Lease, V.

Vasilevski, M. Carreira, A. de Almeida, M. Sanat, P. Hirva, A.

Casini, M. Contel, J. Med. Chem. 2013, 56, 5806; f) R. D. Teo,

H. B. Gray, P. Lim, J. Termini, E. Domeshek, Z. Gross, Chem.

Commun. 2014, 50, 13789; g) K. J. Akerman, A. M. Fagenson, V.

Cyril, M. Taylor, M. T. Muller, M. P. Akerman, O. Q. Munro, J.

Am. Chem. Soc. 2014, 136, 5670.

a) C.-M. Che, R. W.-Y. Sun, W.-Y. Yu, C.-B. Ko, N. Zhu, H. Sun,

Chem. Commun. 2003, 1718; b) Y. Wang, Q.-Y. He, R. W.-Y.

Sun, C.-M. Che, J.-F. Chiu, Cancer Res. 2005, 65, 11553; ¢) W. Li,

Y. Xie, R. W.-Y. Sun, Q. Liu, J. Young, W.-Y. Yu, C.-M. Che, P. K.

Tam, Y. Ren, Br. J. Cancer 2009, 101,342; d) C. T. Lum, A. S.-T.

Wong, M. C. M. Lin, C.-M. Che, R. W.-Y. Sun, Chem. Commun.

2013, 49, 4364; ¢) C. T. Lum, R. W.-Y. Sun, T. Zou, C.-M. Che,

Chem. Sci. 2014, 5, 1579; f) L. He, T. Chen, Y. You, H. Hu, W.

(4

—

Angew. Chem. 2016, 128, 1409 —1413


http://dx.doi.org/10.1021/ar0302078
http://dx.doi.org/10.1021/cr068207j
http://dx.doi.org/10.1016/j.cbpa.2007.11.013
http://dx.doi.org/10.1016/j.cbpa.2009.11.015
http://dx.doi.org/10.1021/jm100020w
http://dx.doi.org/10.1039/c1mt00062d
http://dx.doi.org/10.1021/ic401211u
http://dx.doi.org/10.1016/j.cbpa.2014.01.005
http://dx.doi.org/10.1016/j.cbpa.2014.02.003
http://dx.doi.org/10.1021/cr400460s
http://dx.doi.org/10.1021/ja508808v
http://dx.doi.org/10.1002/anie.201500934
http://dx.doi.org/10.1002/ange.201500934
http://dx.doi.org/10.1039/c39950001787
http://dx.doi.org/10.1021/jm9601563
http://dx.doi.org/10.1021/jm9601563
http://dx.doi.org/10.1021/cr980431o
http://dx.doi.org/10.1021/cr980431o
http://dx.doi.org/10.1016/j.ccr.2009.02.019
http://dx.doi.org/10.1007/s00775-009-0558-9
http://dx.doi.org/10.1007/s00775-009-0558-9
http://dx.doi.org/10.1039/c1cc10860c
http://dx.doi.org/10.1002/anie.201209787
http://dx.doi.org/10.1002/anie.201209787
http://dx.doi.org/10.1002/ange.201209787
http://dx.doi.org/10.1021/jm4007615
http://dx.doi.org/10.1039/C4CC06577H
http://dx.doi.org/10.1039/C4CC06577H
http://dx.doi.org/10.1021/ja412350f
http://dx.doi.org/10.1021/ja412350f
http://dx.doi.org/10.1039/b303294a
http://dx.doi.org/10.1158/0008-5472.CAN-05-2867
http://dx.doi.org/10.1038/sj.bjc.6605147
http://dx.doi.org/10.1039/C2CC37366A
http://dx.doi.org/10.1039/C2CC37366A
http://dx.doi.org/10.1039/c3sc53203h
http://www.angewandte.de

GDCh
~~

Zheng, W.-L. Kwong, T. Zou, C.-M. Che, Angew. Chem. Int. Ed.
2014, 53, 12532; Angew. Chem. 2014, 126, 12740.
a) B. Wang, Y. Liang, H. Dong, T. Tan, B. Zhan, J. Cheng, K. K.
Lo, Y. W. Lam, S. H. Cheng, ChemBioChem 2012, 13, 2729,
b) M. V. Babak, S. M. Meier, K. V.M. Huber, J. Reynisson,
A. A.Legin, M. A. Jakupec, A. Roller, A. Stukalov, M. Gridling,
K. L. Bennett, J. Colinge, W. Berger, P.J. Dyson, G. Superti-
Furga, B. K. Keppler, C. G. Hartinger, Chem. Sci. 2015, 6, 2449.
a) Y. Mikata, Q. He, S.J. Lippard, Biochemistry 2001, 40, 7533;
b) C. X. Zhang, P. V. Chang, S.J. Lippard, J. Am. Chem. Soc.
2004, 126, 6536; ¢) G. Zhu, S.J. Lippard, Biochemistry 2009, 48,
4916; d) J. D. White, M. F. Osborn, A.D. Moghaddam, L. E.
Guzman, M. M. Haley, V.J. DeRose, J. Am. Chem. Soc. 2013,
135, 11680; e) S. Ding, X. Qiao, J. Suryadi, G. S. Marrs, G. L.
Kucera, U. Bierbach, Angew. Chem. Int. Ed. 2013, 52, 3350;
Angew. Chem. 2013, 125, 3434; f) M. F. Osborn, J. D. White,
M. M. Haley, V.J. DeRose, ACS Chem. Biol. 2014, 9, 2404.
[7] a) H. C. Kolb, M. G. Finn, K. B. Sharpless, Angew. Chem. Int.
Ed. 2001, 40, 2004; Angew. Chem. 2001, 113, 2056; b) S. Ziegler,
V. Pries, C. Hedberg, H. Waldmann, Angew. Chem. Int. Ed. 2013,
52, 2744; Angew. Chem. 2013, 125, 2808.
[8] a) J. Zeilstra-Ryalls, O. Fayet, C. Georgopoulos, Annu. Rev.
Microbiol. 1991, 45, 301; b) S. Nisemblat, O. Yaniv, A. Parnas, F.
Frolow, A. Azem, Proc. Natl. Acad. Sci. USA 2015, 112, 6044.
a) E. T.L. Soo, G. W. C. Yip, Z. M. Lwin, S.D. Kumar, B.-H.
Bay, In Vivo 2008, 22, 311; b) J. C. Ghosh, T. Dohi, B. H. Kang,
D. C. Altieri, J. Biol. Chem. 2008, 283, 5188; c) F. Cappello, E. C.
de Macario, L. Marasa, G. Zummo, A.J. L. Macario, Cancer
Biol. Ther. 2008, 7, 801; d) J. C. Ghosh, M. D. Siegelin, T. Dohi,
D. C. Altieri, Cancer Res. 2010, 70, 8988; ¢) H. Nakamura, H.
Minegishi, Curr. Pharm. Des. 2013, 19, 441; f) F. Cappello, A. M.

5

—_

6

—_

[9

—

Zuschriften

Gammazza, A.P. Piccionello, C. Campanella, A. Pace, E. C.
de Macario, A. J. L. Macario, Expert Opin. Ther. Targets 2014,
18, 185.

[10] a) H. Itoh, A. Komatsuda, H. Wakui, A. B. Miura, Y. Tashima, J.
Biol. Chem. 1999, 274, 35147; b) Y. Nagumo, H. Kakeya, M.
Shoji, Y. Hayashi, N. Dohmae, H. Osada, Biochem. J. 2005, 387,
835; ¢) H. S. Ban, K. Shimizu, H. Minegishi, H. Nakamura, J.
Am. Chem. Soc. 2010, 132, 11870; d) C. Cassiano, M. C. Monti,
C. Festa, A. Zampella, R. Riccio, A. Casapullo, ChemBioChem
2012, 13, 1953.

[11] a) D. M. Molina, R. Jafari, M. Ignatushchenko, T. Seki, E. A.
Larsson, C. Dan, L. Sreekumar, Y. Cao, P. Nordlund, Science
2013, 341, 84; b) R. Jafari, H. Almqvist, H. Axelsson, M.
Ignatushchenko, T. Lundbéick, P. Nordlund, D. M. Molina, Nat.
Protoc. 2014, 9, 2100.

[12] T.J. Corydon, J. Hansen, P. Bross, T. G. Jensen, Mol. Genet.
Metab. 2005, 85, 260.

[13] K. L. Nielsen, N. J. Cowan, Mol. Cell 1998, 2, 93.

[14] K. H.-M. Chow, R. W.-Y. Sun, J. B. B. Lam, C. K.-L. Li, A. Xu,
D.-L. Ma, R. Abagyan, Y. Wang, C.-M. Che, Cancer Res. 2010,
70, 329.

[15] R. W.-Y. Sun, C. K.-L. Li, D.-L. Ma, J. J. Yan, C.-N. Lok, C.-H.
Leung, N. Zhu, C.-M. Che, Chem. Eur. J. 2010, 16, 3097.

[16] J.J. Yan, A. L.-FE. Chow, C.-H. Leung, R. W.-Y. Sun, D.-L. Ma,
C.-M. Che, Chem. Commun. 2010, 46, 3893.

[17] R. W.-Y. Sun, A. L.-F. Chow, X.-H. Li, J. J. Yan, S. S.-Y. Chui, C.-
M. Che, Chem. Sci. 2011, 2, 728.

Received: October 14, 2015
Published online: December 9, 2015

Angew. Chem. 2016, 128, 14091413

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.de

An dte

Chemie

1413


http://dx.doi.org/10.1002/ange.201407143
http://dx.doi.org/10.1002/cbic.201200517
http://dx.doi.org/10.1039/C4SC03905J
http://dx.doi.org/10.1021/bi010318j
http://dx.doi.org/10.1021/ja049533o
http://dx.doi.org/10.1021/ja049533o
http://dx.doi.org/10.1021/bi900389b
http://dx.doi.org/10.1021/bi900389b
http://dx.doi.org/10.1021/ja402453k
http://dx.doi.org/10.1021/ja402453k
http://dx.doi.org/10.1002/anie.201210079
http://dx.doi.org/10.1002/ange.201210079
http://dx.doi.org/10.1021/cb500395z
http://dx.doi.org/10.1002/1521-3773(20010601)40:11%3C2004::AID-ANIE2004%3E3.0.CO;2-5
http://dx.doi.org/10.1002/1521-3773(20010601)40:11%3C2004::AID-ANIE2004%3E3.0.CO;2-5
http://dx.doi.org/10.1002/1521-3757(20010601)113:11%3C2056::AID-ANGE2056%3E3.0.CO;2-W
http://dx.doi.org/10.1002/anie.201208749
http://dx.doi.org/10.1002/anie.201208749
http://dx.doi.org/10.1002/ange.201208749
http://dx.doi.org/10.1146/annurev.mi.45.100191.001505
http://dx.doi.org/10.1146/annurev.mi.45.100191.001505
http://dx.doi.org/10.1073/pnas.1411718112
http://dx.doi.org/10.1074/jbc.M705904200
http://dx.doi.org/10.4161/cbt.7.6.6281
http://dx.doi.org/10.4161/cbt.7.6.6281
http://dx.doi.org/10.1158/0008-5472.CAN-10-2225
http://dx.doi.org/10.1517/14728222.2014.856417
http://dx.doi.org/10.1517/14728222.2014.856417
http://dx.doi.org/10.1074/jbc.274.49.35147
http://dx.doi.org/10.1074/jbc.274.49.35147
http://dx.doi.org/10.1042/BJ20041355
http://dx.doi.org/10.1042/BJ20041355
http://dx.doi.org/10.1021/ja104739t
http://dx.doi.org/10.1021/ja104739t
http://dx.doi.org/10.1002/cbic.201200291
http://dx.doi.org/10.1002/cbic.201200291
http://dx.doi.org/10.1126/science.1233606
http://dx.doi.org/10.1126/science.1233606
http://dx.doi.org/10.1038/nprot.2014.138
http://dx.doi.org/10.1038/nprot.2014.138
http://dx.doi.org/10.1016/j.ymgme.2005.04.003
http://dx.doi.org/10.1016/j.ymgme.2005.04.003
http://dx.doi.org/10.1016/S1097-2765(00)80117-3
http://dx.doi.org/10.1158/0008-5472.CAN-09-3324
http://dx.doi.org/10.1158/0008-5472.CAN-09-3324
http://dx.doi.org/10.1002/chem.200902741
http://dx.doi.org/10.1039/c001216e
http://www.angewandte.de

