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Quantitative	Chemoproteomic	Profiling	Reveals	Multiple	Target	
Interactions	of	Spongiolactone	Derivatives	in	Leukemia	Cells		
M.	H.	Wright,a	†	Y.	Tao,c	J.	Krysiak,a	S.	Chamni,b,∆	A.	Weigert-Munoz,a	N.	Harvey,b	D.	Romo	c	*	and	
S.	A.	Siebera	*

The	spongiolactones	are	marine	natural	products	with	an	unusual	
rearranged	spongiane	 skeleton	and	a	 fused	β-lactone	 ring.	These	
compounds	have	potential	anticancer	properties,	but	 their	mode	
of	 action	has	 yet	 to	be	explored.	Here	we	employ	 activity-based	
protein	 profiling	 to	 identify	 the	 targets	 of	 a	 more	 potent	
spongiolactone	derivative	 in	 live	cancer	cells,	and	compare	 these	
to	 the	 target	profile	of	a	simpler	β-lactone.	These	proteomic	hits	
provide	the	first	insights	into	the	covalent	mechanism	of	action	of	
this	natural	product	class.	

The	spongiolactones	are	a	class	of	natural	products	with	anti-
proliferative	 and	 potentially	 immunosuppressive	 properties.1	
These	 compounds	 contain	 a	 unique	 cyclopentane	 fused	 β-
lactone,	 a	potentially	protein-reactive	moiety	 targeting	 serine	
hydrolase	active	site	nucleophiles	in	a	range	of	cell	types	from	
cancer	 cells	 to	 bacteria.2-4	 However,	 the	 spongiolactone	
mechanism	 of	 action	 is	 yet	 to	 be	 elucidated.	 Previously	 we	
reported	the	first	total	synthesis	of	(+)-spongiolactone	(1)	and	
the	 discovery	 of	 a	 more	 potent,	 isomeric	 derivative,	 regio	
(D9,12),	 C6,	 C15-bis-epi-spongiolactone	 (±)-2	 (Fig.	 1a).5	 This	
derivative,	 even	 as	 a	 racemate,	 exhibited	 greater	 potency	
toward	a	human	chronic	mylogenous	leukemia	cell	line	(K562)	
in	comparison	to	the	natural	product	(IC50	29	±	4	vs.	129	±	10	
µM,	 respectively).	 To	 further	 understand	 its	 mechanism	 of	
action,	 including	 identification	of	 possible	 cellular	 targets,	we	
developed	 an	 enantioselective	 synthesis	 of	 the	 isomeric	
spongiolactone	derivative	(+)-2	in	addition	to	a	derived	alkynyl	
probe	 (+)-3.	This	probe,	 along	with	 the	 racemic	 version	 (±)-3,	
was	 then	 applied	 in	 activity-based	 protein	 profiling	 (ABPP)6,	 7	
to	 elucidate	 the	 targets	 of	 this	 natural	 product	 derivative	 in	
live	cells	(Fig.	1b).	

Based	 on	 our	 previously	 established	 synthetic	 route	 to	
spongiolactone,	we	utilized	a	kinetic	resolution	of	a	previously	
described	 advanced,	 racemic	 intermediate,	 tri-substituted	
cyclohexanone	 (±)-8,	 obtained	 in	 3	 steps	 from	 1,3-
cyclohexanedione	(Scheme	1).5	Under	standard	CBS	reduction	
conditions	the	corresponding	alcohol	(+)-9	was	isolated	in	37%	
yield8,	 9	 (92%	 ee).	 The	 relative	 stereochemistry	 of	 the	 tetra-
substituted	cyclohexane	(+)-9	was	assigned	based	on	coupling	
constant	 analysis	 while	 the	 absolute	 stereochemistry	 was	
assigned	 based	 on	 the	 CBS	 model	 (see	 ESI	 for	 details).10	
Subsequent	 Swern	 oxidation	 delivered	 the	 optically	 active	

Fig.	1.	(a)	Structures	of	spongiolactone	(+)-1,	regio	bis-epi	spongiolactone	(+)-2,	probe	
(+)-3,	and	previous	β-lactone	probe	(±)-4.	(b)	β-lactone	containing	compounds	
potentially	react	with	active	site	nucleophiles	on	proteins;	compounds	containing	an	
alkyne	can	be	clicked	to	functionalized	azides	for	ABPP	experiments	to	identify	protein	
targets	via	fluorescent	SDS-PAGE	or	mass	spectrometry.	
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cyclohexanone	 (+)-8,	 previously	 described	 in	 racemic	 form.	
This	cyclohexanone	was	then	converted	to	primary	alcohol	(+)-
11	 employing	 our	 previously	 established	 synthetic	 route	 via	
the	 tricyclic	 b-lactone	 (+)-10	 to	 deliver	 both	 regio,	 bis-epi	
spongiolactone	 (+)-2	 and	 the	 alkynyl	 probe	 (+)-3	 through	
esterification	 with	 isovaleric	 acid	 and	 5-hexynoic	 acid,	
respectively.	 The	 racemic	 version	 of	 the	 alkynyl	 probe,	 (±)-3	
was	 prepared	 for	 initial	 protein	 profiling	 in	 an	 analogous	
fashion	to	the	optically	active	probe	(+)-3	(Scheme	S1).		
Both	 parent	 compound	 (±)-2	 and	 probes	 (±)-3	 and	 (+)-3	
exhibited	micromolar	activity	 (14-30	µM)	 in	a	cell	 cytotoxicity	
assay	 against	 K562	 cells	 and	 comparable	 activity	 in	 another	
leukemic	 cell	 line,	 Jurkat	 (Fig.	 2a,	 Fig.	 S1).	 Enantiomerically	
pure	 (+)-2	 showed	an	 increase	 in	potency	 (~2-fold)	 compared	
to	 the	 racemic	 compound.	 Simple	 racemic,	 β-lactone	 (±)-4,	
which	was	previously	 utilized	 to	 label	 enzymes	 in	 bacteria,2,	 3	
also	showed	growth	inhibition	of	K562	cells,	which	was	weaker	
but	nonetheless	in	the	same	range	as	the	spongiolactones.	
We	 next	 sought	 to	 determine	 whether	 these	 β-lactone-
containing	 compounds	 covalently	 labelled	 proteins	 in	 live	
cancer	 cells.	 The	 terminal	 alkyne	 handle	 of	 probe	 3	 enables	
downstream	 capture	 of	 probe-labelled	 proteins	 by	 copper-
catalysed	 click	 chemistry	 (CuAAC)	 and	 analysis	 by	 in-gel	
fluorescence	and	proteomics	(Fig.	1b).11	In	initial	studies,	K562	
cells	 were	 incubated	 with	 10	 μM	 racemic	 probe	 (±)-3	 (or	
vehicle,	 DMSO,	 control)	 to	 obtain	 a	 global	 and	 absolute	
stereochemistry-independent	 labeling	 pattern.	 Cells	 were	
lysed	 and	 proteins	 ligated	 to	 rhodamine-azide	 (RhN3)	 via	
CuAAC.	 Gel	 separation	 and	 fluorescence	 imaging	 revealed	
multiple	 bands,	 which	 were	 dose-dependently	 outcompeted	
by	 pre-incubation	 of	 cells	 with	 racemic	 regio	 bis-epi	
spongiolactone	 (±)-2	 and,	 to	 a	 lesser	 extent,	 spongiolactone	
(+)-1	(Fig.	S2),	suggesting	that	the	probe	(±)-3	 labels	the	same	
proteins	 as	 spongiolactone	 and	 regio,	 bis-epi-spongiolactone.	
Enantiomerically	 pure	 probe	 (+)-3	 gave	 a	 similar	 pattern	 to	
racemic	(±)-3	in	both	K562	and	Jurkat	cells	(Fig.	2b),	with	dose-
dependent	 labelling	 down	 to	 3	 µM	 (Fig.	 S2).	 To	 identify	
labelled	 proteins,	 samples	 from	 K562	 cells	 incubated	with	 10	
µM	 (+)-3	were	 ligated	 to	biotin-N3,	 enriched	on	avidin	beads,	
digested	 by	 trypsin	 and	 peptides	 analysed	 by	 gel-free	 LC-
MS/MS.	 Label	 free	 quantification	 (MaxLFQ12)	 was	 performed	

to	 quantify	 intensities	 and	 compare	 DMSO	 with	 probe-
incubated	 samples.	 We	 observed	 high	 reproducibility	 across	
four	 biological	 replicates	 (Fig.	 S3).	 Consistent	 with	 the	 large	
numbers	 of	 bands	 on-gel,	 104	 proteins	 were	 significantly	
enriched	 in	 samples	 treated	 with	 (+)-3	 over	 controls	
(log2(probe	 3/DMSO)>2	 and	 t-test,	 Fig.	 2d,	 Table	 S1).	 Gene	
Ontology	 (GO)13	 analysis	 revealed	 that	 hits	 are	 typically	
involved	 in	 lipid	 metabolism	 and	 transport	 processes	 (Table	

Fig.	2.	(a)	Cytotoxicity	of	compounds	in	K562	and	Jurkat	cells	(MTT	assay).	
Biological	triplicate,	except	for	*	(single	experiment,	technical	triplicate).	n.d.	=	
not	determined.	Weighted	mean	(error).	See	Supp.	Fig.	S1	for	curves.	(b)	In-gel	
fluorescence	analysis	after	labelling	with	(+)-3	in	K562	and	Jurkat	cells.	(c)	
Overlap	of	hits	in	K562	and	Jurkat	cell	lines.	(d)	Volcano	plot	depicting	
enrichment	and	significance	of	enrichment	in	chemical	proteomics	experiments	
with	K562	cells	(10	μM	(+)-3).	See	Tables	S1	and	S2.	
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Scheme	1.	Synthesis	of	compound	(+)-2	and	probe	(+)-3.	See	also	Scheme	S1	in	Supplementary	Information.
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