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ABSTRACT	Target	identification	is	crucial	for	elucidating	the	mechanisms	of	bioactive	molecules	in	
drug	discovery.	However,	traditional	methods	assess	compounds	individually,	making	it	challenging	
to	 efficiently	 examine	 multiple	 compounds	 in	 parallel,	 especially	 for	 structurally	 diverse	 com-
pounds.	This	study	reports	a	novel	strategy	called	chemical	genomics-facilitated	chemical	prote-
omics	(CGCP)	for	multiplexing	target	identification	of	bioactive	small	molecules.	CGCP	correlates	
compounds'	perturbation	of	global	transcription,	or	chemical	genomic	profiles,	with	their	reactivity	
towards	target	proteins,	enabling	simultaneous	identification	of	targets.	We	demonstrated	the	util-
ity	of	CGCP	by	studying	the	targets	of	celastrol	(Cel)	and	four	other	electrophilic	compounds	with	
varying	levels	of	similarity	to	Cel	based	on	their	chemical	genomic	profiles.	We	identified	multiple	
novel	targets	and	binding	sites	shared	by	the	compounds	in	a	single	experiment.	CGCP	enabled	mul-
tiplexity	and	improved	the	efficiency	of	 target	 identification	for	structurally	distinct	compounds,	
indicating	its	potential	to	accelerate	drug	discovery.	

INTRODUCTION	
Identification	of	the	cellular	targets	of	bioactive	small	molecules	is	an	essential	but	challenging	

step	 in	 drug	 discovery1.	 Various	 chemical	 proteomics	 strategies	 have	 been	developed	 for	 target	
identification	in	a	large	scale.	Compound-centric	chemical	proteomics	methods	employ	synthetic	
probes	 to	mimic	 the	bioactive	molecules	and	enrich	 their	binding	proteins	 for	subsequent	mass	
spectrometry	(MS)	identification2,	3.	These	methods	offer	sensitivity	by	enriching	specific	targets	of	
the	given	compounds,	however,	usually	investigate	compounds	on	an	individual	basis.	High	through-
put	methods	such	as	 thermal	proteome	profiling	(TPP)4,	drug	affinity	responsive	target	stability	
(DARTS)5,	multiplexed	thiol	reactivity	profiling	(MTRP)6,	and	target	responsive	accessibility	profil-
ing	(TRAP)7	that	are	based	on	the	changes	of	target	stability	or	cysteine/lysine	druggability	allow	
the	target	screening	of	multiple	compounds	in	parallel.	However,	either	the	compound	needs	to	be	
examined	on	individual	basis,	or	only	compounds	with	high	structural	similarity	can	be	analyzed	
together.	We	still	lack	an	effective	approach	that	utilizes	chemical	probes	for	specific	target	enrich-
ment,	and	meanwhile	allow	multiplexed	target	identification	of	compounds	with	diversified	struc-
tures.		
To	achieve	 this	 goal,	 clustering	 compounds	not	based	on	 structural	 similarity	but	 rather	 their	

functionality	 is	 important.	 In	 chemical	 genomics,	 differential	 gene	 expression	 profiles	 under	
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compound	perturbation	are	recorded	as	signatures.	Signatures	with	high	similarity	represent	con-
nections	 between	 compounds	 with	 similar	 functions	 regardless	 of	 structural	 similarity8,9.	 The	
L1000	Connectivity	Map	(CMap)	developed	by	Broad	Institute	is	a	comprehensive	collection	of	ge-
nome-wide	transcriptional	expression	data	derived	from	cultured	human	cells	treated	with	bioac-
tive	small	molecules,	along	with	advanced	pattern-matching	algorithms.	The	L1000	CMap	database	
documents	 chemical	 genomic	 signatures	of	more	 than	5000	small	molecules	and	provides	 their	
connectivity	scores	to	one	another10.	By	integrating	these	components,	CMap	facilitates	the	discov-
ery	of	functional	connections	among	drugs,	genes,	and	diseases,	highlighting	shared	gene-expres-
sion	changes	that	occur	in	response	to	various	treatments.	Researchers	can	easily	access	the	public	
transcriptome	data	of	various	compounds	in	different	cell	lines,	bypassing	the	process	of	collecting	
gene	expression	data	by	themselves.	Given	that	CMap	data	was	used	to	successfully	predict	com-
pounds	with	the	same	functions9,11,	we	reason	that	signatures	could	have	correlations	with	com-
pounds’	binding	targets	and	potential	to	facilitate	target	identification	process.	
Bioactive	electrophile	celastrol	(Cel),	a	quinone	methide	that	exhibits	anti-inflammatory12,	anti-

oxi-dant13,	 anti-cancer	activities14,	 etc11,15,	was	recognized	as	one	of	 the	 top-five	promising	drug	
candidates	from	natural	products16.	As	Cel	has	attractive	functions	and	multiple	targets,	we	selected	
it	as	a	representative	compound	to	evaluate	the	new	strategy	CGCP,	 together	with	other	electro-
philes	(Auranofin	(Aur),	Withaferin	A	(WA),	Triptolide	(TL),	and	Vinpocetine	(Vin))	that	are	of	high,	
medium,	and	 low	similarity	 to	Cel	according	to	chemical	genomics.	Aur	 is	a	gold	compound,	ap-
proved	by	Food	and	Drug	Administration	(FDA)	of	the	USA	for	treatment	of	arthritis	by	decreasing	
inflammation17.	WA	is	a	natural	steroidal	lactone,	known	for	its	diverse	pharmacological	activities,	
including	its	role	as	a	tumor	growth	inhibitor	and	its	anti-inflammatory	properties18.	TL	is	a	natural	
diterpenoid,	exhibiting	antirheumatic,	anti-inflammatory,	immunomodulatory,	and	antitumor	phar-
macological	effects19.	Vin	is	a	synthetic	derivative	of	the	vinca	alkaloid	vincamine,	has	been	used	for	
treatment	of	cerebrovascular	disorders	such	as	stroke	and	dementia	for	over	three	decades20.	 In	
recent	years,	several	protein	targets	of	these	electrophiles	have	been	identified,	for	example,	Cel	was	
found	to	inhibit	the	enzymatic	activity	of	catechol-O-methyltransferase	(COMT)21.	However,	there	
are	limited	reports	detailing	the	specific	binding	sites.	Mapping	the	binding	sites	of	bioactive	com-
pounds	enables	researchers	to	predict	how	effectively	a	compound	will	bind	to	its	target,	which	is	
essential	for	assessing	its	efficacy	and	safety.	By	identifying	these	sites,	scientists	can	design	more	
effective	drugs,	optimize	existing	compounds,	and	minimize	side	effects.	Site	mapping	also	deepens	
insights	 into	drug	mechanisms	of	action	and	can	 facilitate	 the	discovery	of	new	therapeutic	 tar-
gets22-23.	
In	this	study,	CGCP	offered	an	innovative	approach	to	compound	clustering	for	multiplexed	target	

profiling.	We	grouped	compounds	according	to	their	similarities	on	the	transcriptome	level.	The	
transcriptome	data	used	in	CGCP	were	from	CMap	database.	After	compound	clustering,	target	iden-
tification	was	then	conducted	by	cysteine	profiling.	CGCP	provided	novel	targets	and	novel	binding	
sites,	which	were	validated	with	complementary	approaches.	We	anticipated	broader	utility	of	CGCP	
for	efficient	target	profiling	of	a	variety	of	compounds	in	future.	
	
RESULTS	AND	DISCUSSION	

Optimization	of	a	chemical	proteomics	method	for	comprehensive	profiling	of	ligandable	targets.	
First,	we	optimized	the	chemical	proteomics	method	to	comprehensively	capture	reactive	cysteines,	
which	served	as	potential	binding	sites	of	electrophilic	compounds.	Two	complementary	cysteine-
reactive	probes	IAA6,24,25and	EBX26,	along	with	three	cleavable	biotin-azide	were	tested	to	achieve	
comprehensive	screening	of	ligandable	cysteines	(Figure	S1).	An	optimal	working	concentration	of	
IAA	at	100	μM	and	EBX	at	50	μM	were	determined	to	enable	saturate	labeling	(Figure	S2A).	Com-
pared	to	IAA,	EBX	showed	higher	proteome	reactivity	according	to	the	gel-based	fluorescence	re-
sults	(Figure	S2A),	which	was	consistent	with	the	previous	report25.	Additionally,	the	UV	cleavable	



 

biotin-azide	showed	the	highest	labeling	efficiency	(Figure	S2B)	when	the	click	reaction	was	per-
formed	with	tryptic	peptides	(Figure	S2C	and	S2D).	The	coverage	of	reactive	cysteines	across	the	
proteome	was	improved	by	the	simultaneous	use	of	the	two	cysteine-reactive	probes	because	the	
two	probes	can	label	complementary	cysteinome	(Figure	S3A).	Across	five	cell	liens	and	mouse	tis-
sue	 sample,	while	 2998	 (49%)	 cysteines	were	 commonly	 found	 in	 both	 probes,	 1825	 cysteines	
(30%)	were	only	enriched	by	EBX,	and	1302	cysteines	(21%)	were	only	enriched	by	IAA	(Figure	
S3B).	The	reproducibility	and	robustness	of	this	method	was	tested	with	five	human	cell	lines,	HeLa,	
HeLa	S3,	Jurkat,	PC3,	and	NCIH460.	The	correlation	coefficients	between	biological	replicates	in	any	
one	of	the	five	cell	lines	were	all	above	0.90	(Figure	1A-B).	Representative	spectra	generated	from	
IAA-labeled	and	EBX-labeled	cysteine-containing	peptides	exhibited	high	quality,	as	shown	in	Fig-
ure	1C,	1D	and	S4.	Taken	together,	the	combination	of	two	complementary	chemical	probes	with	UV	
biotin-azide	facilitated	the	most	comprehensive	coverage	of	ligandable	cysteines.		
	
Multiplexed	target	profiling	of	electrophiles	with	the	approach	chemical	genomics-facilitated	chem-
ical	proteomics	 (CGCP).	We	next	verified	 the	associations	between	 the	reactivity	of	electrophilic	
compounds	towards	cysteines	are	of	high,	medium,	and	low	similarity	to	Cel,	in	terms	of	their	per-
turbations	on	global	gene	expression.	Using	Cel	as	a	reference	compound	in	L1000	CMap	database,	
Aur,	WA,	and	TL	get	a	connectivity	score	of	98,	96,	56,	respectively.	Vin,	with	a	connectivity	score	of	
0,	was	regarded	as	the	negative	control	(Figure	2A).	Notably,	Aur	and	WA	demonstrated	the	most	
similarity	to	Cel	in	terms	of	global	gene	expression	regulation,	while	TL	showed	medium	similarity,	
and	Vin	exhibited	the	least	similarity.	When	we	applied	a	cysteine	profiling	strategy	to	these	com-
pounds	simultaneously,	Aur,	and	WA	presented	similar	profiles	to	that	of	Cel	in	the	heatmap	(Figure	
2B),	with	broad-spectrum	cysteines	as	potential	binding	sites	(Table	S1).	The	result	was	consistent	
when	we	analyzed	the	%inhibition	upon	compound	treatment,	with	the	order	of	median	values	be-
ing	Cel	(74)	>	Aur	(72)	>	WA	(71)	>	TL	(12)	>	Vin	(7)	(Figure	2C).	There	were	642	cysteines	with	
high	reactivities	shared	between	Cel	and	Aur	groups,	698	cysteines	with	high	reactivities	shared	
between	Cel	and	WA	groups,	560	cysteines	with	high	reactivities	shared	by	Cel,	Aur	and	WA	groups	
(Figure	2D).	TL	bound	fewer	reactive	cysteines	than	Cel,	with	134	cysteines	in	common.	Vin	showed	
the	minimum	inhibition	on	cysteine	reactivity	to	IAA,	with	few	common	targets	with	Cel.	To	further	
evaluate	the	cysteine-binding	reactivity	quantitively,	we	adopted	a	mathematic	formula	to	evaluate	
the	cysteine-binding	abilities	based	on	the	chemical	proteomics	results	(Figure	2E	and	S5).	When	
Cel	was	used	as	the	reference,	its	cysteine-binding	ability	was	set	as	the	baseline	y=0,	and	any	curve	
of	the	compound	below	y=0	indicated	lower	reactivity	between	the	compound	and	a	specific	cyste-
ine	compared	to	the	reference.	No	matter	which	compound	was	set	as	the	reference,	the	curves	of	
Cel,	Aur,	and	WA	were	close	to	each	other	and	kept	a	similar	pattern	in	cysteines	with	both	high	
%inhibition	and	low	%inhibition.	Taken	together,	we	found	that	the	cysteine	reactivity	with	elec-
trophilic	compounds	is	associated	with	their	induced	cellular	perturbations	of	global	gene	expres-
sion.	

	



 

 

Figure	 1.	Method	 establishment	 of	 cysteine	 profiling	 by	 the	 simultaneous	 use	 of	 two	 chemical	
probes.	(A)	General	workflow	of	optimized	cysteine	profiling	method.	(B)	Correlation	analysis	of	
our	method	in	five	cell	lines.	(C	and	D)	Typical	spectra	of	probe-labeled	peptides	of	protein	MCM3.	
	
Targeted	MS	strategy	to	validate	the	small	molecule-protein	interactions.	With	the	CGCP	approach,	
over	1800	cysteines	were	identified	and	over	1200	reactive	cysteines	with	%inhibition	>	15	upon	
treatment	were	regarded	to	be	potential	binding	sites	of	the	selected	electrophiles.	We	evaluated	
the	effectiveness	of	the	CGCP	approach	by	examining	reported	interactions	between	electrophiles	
and	target	proteins	as	benchmarks	(Figure	3A,	3B,	and	S6).	The	known	binding	site	of	Cel,	Cys40	of	
prostaglandin	E	synthase	3	(PTGES3)27,	and	the	known	binding	sites	of	TL,	Cys83	and	Cys173	of	
peroxiredoxin-1	(PRX1)28	were	monitored	with	the	targeted	MS	method	parallel	reaction	monitor-
ing	(PRM).	Compared	to	the	DMSO	group,	reduced	intensities	upon	compound	treatment	indicate	
binding	occupancy	of	the	compound	in	individual	cysteine.	As	expected,	the	binding	of	Cel	to	Cys40	
of	PTGES3,	and	TL	to	Cys83/Cys173	of	PRX1	were	observed	by	PRM,	which	agree	with	the	results	
obtained	using	CGCP.	We	also	examined	the	reported	target	proteins	in	which	the	binding	sites	were	
unknown.	CGCP	effectively	revealed	potential	bindings	sites	of	the	electrophiles	in	their	reported	
target	proteins,	including	Cys328	of	vimentin	as	the	target	of	WA29,	and	Cys100	of	peroxiredoxin-5	
(PRX5)	to	bind	Aur30.	Previously	the	C-terminal	domain	of	heat	shock	protein	90β	(Hsp90β)	was	
predicted	as	the	target	region	of	Hsp90β	inhibitors	such	as	Cel31	and	WA32.	Based	on	the	CGCP	re-
sults,	Cys564	of	Hsp90β	was	identified	to	be	the	potential	binding	site	(Figure	3B).	



 

Figure	2.	Cysteine	profiling	to	evaluate	the	correlation	between	genome	perturbations	of	electro-
philes	and	their	reactivity	towards	cysteines.	(A)	The	connectivity	score	and	rank	of	indicated	elec-
trophile	with	Cel	as	a	reference,	based	on	chemical	genomics	analysis.	Score=	100	or	rank	as	top	1	
indicates	extreme	similarity	to	Cel.	(B)	A	heatmap	and	(C)	a	violin	plot	shows	the	results	of	a	com-
petition	experiment	and	proteomics	quantification.	Live	cells	were	 incubated	with	 the	 indicated	
compounds	followed	by	probe	labeling.	Cysteines	that	react	with	electrophiles	will	no	longer	get	
labeled	by	probe	and	thus	cause	decreased	MS	intensity.	The	percentage	reduction	of	probe	labeling	
by	electrophiles	was	calculated	for	each	cysteine	as	follows:	%	inhibition	=	100(1-Ielectrophile/IDMSO).	
Ielectrophile:	Intensity	of	electrophile	treatment.	IDMSO:	Intensity	of	DMSO	treatment.	Dotted	line	indi-
cates	the	median	value	of	%	inhibition.	We	defined	cysteines	with	%inhibition	>	50	as	cysteines	
with	high	reactivities	to	the	compound.	(D)	A	Venn	diagram	shows	shared	cysteines	with	high	reac-
tivities	(%inhibition	>	50)	upon	Cel,	Aur	and	WA	treatment.	(E)	Evaluation	of	cysteine-binding	abil-
ities	of	electrophiles	with	a	mathematical	measurement.	Cel	was	set	as	the	reference	with	y=0,	and	
mean	difference	with	minus	value	showed	lower	cysteine-binding	ability	than	the	reference.		
	
Biochemical	assays	in	two	representative	proteins	PRX1	and	Hsp90β	to	verify	binding	interactions.	
The	novel	electrophile-target	protein	interactions	identified	with	CGCP	were	further	validated	with	
several	 independent	 assays.	 As	 shown	 in	 Figure	 4A,	 in-gel	 fluorescence	 scanning	 revealed	 that	
probe	labeling	of	PRX1	by	IAA	or	EBX	were	abolished	after	incubation	with	Cel	or	WA	at	a	relatively	
low	concentration	(5	μM),	indicating	strong	interactions.	On	the	other	hand,	Aur	and	TL	exhibited	a	
concentration-dependent	manner	of	interaction,	presenting	strong	binding	competitiveness	at	high	
concentration	(50	μM).	Vin	showed	minimal	competition	with	the	probe	for	PRX1	labeling	even	at	
the	high	concentration.	The	in-gel	fluorescence	results	were	in	agreement	with	the	MS	results	(Fig-
ure	 S7).	 In	 a	 thermal	 shift	 assay,	 four	 binders	 of	 PRX1	 stabilized	 the	 endogenous	 protein	 and	
changed	the	thermal	denaturation	temperature,	whereas	the	vehicle	(DMSO)	and	Vin	failed	to	do	so	
(Figure	4B).		
	
To	further	confirm	the	binding	sites	identified	with	CGCP,	we	compared	the	binding	of	electrophiles	
to	wild-type	and	mutant	target	proteins	(Figure	4C	and	4D).	Cys83	and	Cys173	of	PRX1	were	iden-
tified	to	be	binding	sites	shared	by	TL,	Aur,	WA	and	Cel.	A	synthetic	probe	Cy3-TL28	was	used	to	label	
recombinant	wild-type	 and	mutant	 PRX1	 for	 in-gel	 fluorescence	 visualization	 (Figure	 4C).	 Con-
sistent	with	the	results	shown	in	Figure	4A,	Cel,	Aur,	WA,	and	TL	effectively	inhibited	probe	labeling	
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of	wild-type	PRX1	while	Vin	did	not	show	any	inhibition.	After	Aur,	WA,	and	TL	treatment,	the	C83S	
mutant	of	PRX1	showed	increased	labeling	compared	to	wild-type	PRX1,	indicating	Cys83	in	PRX1	
as	a	binding	target	of	Aur,	WA,	and	TL.	Similarly,	after	Cel,	Aur,	WA	and	TL	treatment,	the	C173S	
mutant	of	PRX1	showed	increased	labeling	than	wild-type	PRX1,	indicating	Cys173	in	PRX1	as	a	
binding	target	of	Cel,	Aur,	WA,	and	TL.	These	findings	illustrated	the	important	roles	of	both	Cys83	
and	Cys173	in	the	formation	of	the	PRX1-compound	complex.	The	increased	fluorescence	intensi-
ties	in	the	C83S	and	C173S	mutants	compared	to	the	wild-type	PRX1	in	DMSO	group	were	likely	due	
to	structural	changes	of	PRX1,	which	dissociated	from	its	multimeric	form33	upon	Cys83	and	Cys173	
mutations,	exposing	additional	cysteine	residues	that	can	bind	the	probe.	Cel,	which	has	a	strong	
absorption	at	440	nm	and	is	orange	in	color,	has	its	chromophore	disrupted	by	covalent	binding	to	
reactive	cysteines	 in	 target	protein,	 leading	 to	decreased	absorption	 in	a	UV-visible	assay34.	The	
wild-type	PRX1	dramatically	decreased	Cel’s	absorption	while	C83S	and	C173S	mutants	had	only	
partial	inhibition,	indicating	the	importance	of	both	cysteines	for	binding	(Figure	4D).	
 

 

Figure	3.	Verification	of	known	and	novel	interactions	between	tested	electrophiles	and	proteins	
with	targeted	MS.	(A)	Detected	interactions	between	electrophiles	and	known	binding	sites	in	re-
ported	target	proteins.	Red	color	highlights	known	ligands	of	the	binding	sites.	(B)	Detected	inter-
actions	between	electrophiles	and	novel	binding	sites	of	target	proteins.	Red	color	highlights	re-
ported	ligands	of	the	indicated	proteins.	Data	are	presented	as	mean	values	±	SD,	n	=	3.	Statistical	
significance	was	 assessed	 via	 unpaired	 Student’s	 t-test	 (two-tailed)	 comparing	 to	 DMSO	 group,	
*p<0.05.	**p<0.01.	
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Figure	4.	Verification	of	electrophile-target	protein	 interactions	 in	PRX1.	(A)	 In-gel	 fluorescence	
scan	of	recombinant	PRX1	labeled	with	IAA	or	EBX	probe,	in	presence	or	absence	of	the	indicated	
compounds	 as	 competitors.	 (B)	 Cellular	 thermal	 shift	 assay	 (CETSA)	 shows	 the	 thermostability	
change	of	PRX1	after	incubation	with	indicated	compounds	(50	μM)	or	vehicle	(right	panel).	One	
representative	western	blot	was	shown	(left	panel)	quantification	based	on	three	independent	ex-
periments.	(C)	In-gel	fluorescence	scan	of	recombinant	PRX1	and	its	mutants	labeled	with	Cy3-TL	
probe	in	presence	or	absence	of	the	indicated	compounds	(50	μM)	as	competitors.	For	each	gel	im-
age,	the	relative	intensities	were	calculated,	when	the	DMSO-treated	group	was	regarded	as	1.00.	
(D)	UV	absorption	of	Cel	after	incubation	with	recombinant	PRX1,	its	mutants	or	DTT.	Decrease	of	
absorption	indicates	interaction	and	disruption	of	the	chromophore	of	Cel.		
	
As	another	representative,	wild-type	and	mutant	Hsp90β	were	used	to	validate	the	novel	electro-
phile-target	protein	interactions.	As	shown	in	Figure	5A,	it	was	indicated	that	the	probe	labeling	of	
Hsp90β	by	IAA	or	EBX	were	inhibited	after	incubation	with	Cel	at	a	relatively	low	concentration	(5	
μM),	suggesting	strong	interactions.	On	the	other	hand,	Aur	and	WA	showed	a	concentration-de-
pendent	manner	of	interaction,	presenting	strong	binding	competitiveness	at	a	high	concentration	
(50	μM).	In	agreement	with	the	MS	results	shown	in	Figure	3B,	TL	and	Vin	barely	competed	with	
the	probe	to	label	Hsp90β	even	at	the	high	concentration.	The	selectivity	mechanism	of	Cel	and	WA	
adduct	to	Cys564	in	Hsp90β	was	further	revealed	by	molecular	docking	(Figure	5B).	We	found	that	
both	Cel	and	WA	possessed	low	docking	scores	(around	-5)	with	Cys564	in	Hsp90β,	revealing	the	
probability	of	ligand	interactions.		
	
Next,	to	confirm	the	binding	site	identified	with	CGCP	and	predicted	by	docking,	we	compared	the	
binding	of	electrophiles	to	wild-type	and	mutant	target	proteins	(Figure	5C	and	5D).	Cel,	Aur,	and	
WA	effectively	inhibited	the	probe	labeling	of	wild-type	Hsp90β.	After	Cel	and	WA	treatment,	the	
C564S	mutant	 of	Hsp90β	 showed	 increased	 labeling	 compared	 to	wild-type	Hsp90β,	 indicating	
Cys564	in	Hsp90β	as	a	binding	target	of	Cel	and	WA	(Figure	5C).	These	findings	were	consistent	
with	our	 targeted	MS	 results	 (Figure	3B),	which	 together	 suggested	 that	Cel	 and	WA	can	 target	
Cys564	of	Hsp90β,	while	Aur	may	not	mainly	target	Cys564	of	Hsp90β.	 In	addition,	with	an	UV-
visible	assay,	the	wild-type	Hsp90β	dramatically	decreased	Cel’s	absorption	while	the	C564S	mu-
tant	had	only	partial	inhibition,	indicating	the	importance	of	Cys564	for	binding	(Figure	5D).	
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Figure	5. Verification	of	novel	compound-protein	interactions	in	Hsp90β.	(A)	In-gel	fluorescence	
scan	of	recombinant	Hsp90β	treated	with	indicated	compounds	at	5	μM	or	50	μM	followed	by	IAA	
or	EBX	probe	labeling.	(B)	Molecular	docking	shows	the	interactions	of	Cel	or	WA	with	the	Cys564	
by	forming	a	covalent	bond	(PDB	entry	5FWM).	(C)	In-gel	fluorescence	scan	of	recombinant	Hsp90β	
and	its	mutants	treated	with	indicated	electrophiles	(50	μM)	followed	by	probe	labeling.	For	each	
gel	image,	the	relative	intensities	were	calculated,	when	the	intensity	of	DMSO-treated	group	in	WT	
was	regarded	as	1.00.	(D)	UV	absorption	of	Cel	after	incubation	with	the	indicated	compound	or	
proteins.	Decrease	of	absorption	indicates	interaction	with	Cel	and	disruption	of	its	chromophore. 

CONCLUSIONS	
In	this	work,	we	developed	an	approach	named	CGCP	that	integrates	chemical	genomics	and	chem-
ical	proteomics	for	multiplexed	target	profiling	of	structurally	distinct	electrophiles.	As	a	proof-of-
concept	study,	we	demonstrated	the	utility	of	CGCP	by	target	profiling	of	Cel	and	other	structurally	
distinct	electrophilic	compounds	that	are	of	high,	medium,	and	low	similarity	to	Cel,	according	to	
their	cellular	perturbation	of	gene	expression.	Cysteine	profiling	with	two	complementary	chemical	
probes	led	to	the	identification	of	both	known	and	novel	binding	targets	of	the	tested	electrophiles.	
Notably,	we	found	that	the	cysteine	reactivity	with	electrophilic	compounds	is	associated	with	their	
cellular	perturbations	of	global	gene	expression.	Using	CGCP,	we	identified	common	targets	of	Cel,	
Aur,	WA	and	TL,	and	validated	the	newly	identified	binding	proteins	and	binding	sites	with	targeted	
MS	and	biochemical	assays.		
CGCP	enables	multiplexed	chemical	proteomics	and	thus	enhance	the	efficiency	of	target	identifi-

cation,	particularly	for	structurally	diverse	compounds.	Comparing	to	the	traditional	chemical	pro-
teomics	 strategies	 for	 target	 identification,	which	 require	 examining	 compounds	 individually	 or	
only	analyzing	those	with	high	structural	similarity,	CGCP	offers	an	 innovative	approach	to	com-
pound	clustering	for	multiplexed	target	profiling.	It	is	compatible	to	traditional	chemical	proteomics	
strategies	 for	 target	 identification	 such	 as	 activity-based	protein	profiling	 (ABPP)	 and	many	 re-
ported	chemical	probes.	The	current	version	of	CGCP	can	be	readily	used	when	the	compounds	of	
interest	as	well	as	the	cell	lines	are	documented	in	L1000	database,	so	their	chemical	genomic	pro-
files	are	most	relevant.	If	other	compounds	and	cell	lines	are	the	study	focus,	researchers	need	to	
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acquire	RNA	sequencing	data	and	perform	the	data	analysis	as	described	previously10.	In	addition,	
the	site	identification	number	in	CGCP	can	be	improved	by	using	labeled	quantification	techniques	
like	tandem	mass	tag	(TMT)35.	
It	is	foreseeable	that	the	CGCP	strategy	should	be	applicable	to	a	broad	spectrum	of	compounds	

be-yond	the	proof-of-concept	cases	shown	in	the	present	study.	For	example,	lysine-targeting	mol-
ecules	could	be	examined	with	lysine-reactive	chemical	probes36	and	proteome	profiling	methods	
for	CGCP	target	identification.	Theoretically,	CGCP	should	also	be	applicable	to	compounds	without	
obvious	electrophilic	properties.	There	are	many	good	methods	for	target	profiling	of	noncovalent	
drugs,	such	as	by	using	photo-crosslinking	probes,	or	TPP4,	TRAP7,	etc.	CGCP	is	compatible	with	
these	methods	because	the	major	difference	lays	in	the	classification	of	compounds.	In	CGCP,	com-
pounds	are	grouped	based	on	their	chemical	genomic	profiles,	which	is	independent	of	their	selec-
tivity	of	binding	residues	or	mode	of	actions.	Therefore,	simply	adaption	or	integration	with	other	
methods/probes	will	enable	broader	applications	of	CGCP	to	study	more	compounds. Following	
target	profiling	by	CGCP,	pharmacists	can	validate	the	efficacy	of	small	molecules	for	specific	protein	
targets	 through	pharmacological	phenotyping	studies,	 thereby	enhancing	 the	drug	development	
process.	
	

EXPERIMENTAL	SECTION	
Cell	culture.	HeLa,	HeLa	S3	were	grown	in	DMEM	medium.	Jurkat	and	NCI-H460	cells	were	grown	

in	RPMI-1640	medium.	PC3	 cell	was	 grown	 in	Ham's	F12K	medium.	All	mediums	were	 supple-
mented	with	10%	fetal	bovine	serum	(FBS),	100	unit/mL	penicillin	and	100	μg/mL	streptomycin.	
All	cells	were	cultured	at	37	°C	with	5%	CO2.	
Query	in	L1000	CMap	database.	There	is	a	web-based	searching	engine	and	here	is	the	search-

ing	 link	 using	 Celastrol	 as	 the	 query:	 https://clue.io/command?q=/conn%20%22celastrol%22.	
The	CMap	con-nectivity	score	 is	a	standardized	measure	that	ranges	 from	-100	to	100.	For	each	
perturbagen	in	the	query	results,	the	score	reflects	similarity	to	the	current	query.	The	data	is	avail-
able	for	download,	al-lowing	for	easy	and	user-friendly	access.		
In-gel	fluorescence	scan.	For	HeLa	S3	cell	lysate	(2	μg/uL,	50	uL),	probe	labeling	was	performed	

with	alkynyl	iodoacetamide	(IAA)	(10,	50,	100	µM)	or	TMS-ethynylbenziodoxolone	(EBX)	(10,	50,	
100	µM)	for	1	hour	at	room	temperature	(RT).	Click	chemistry	was	initiated	by	sequential	addition	
of	 the	 following	 to	 each	 lysate:	 100	 µM	 TAMRA-azide,	 1	mM	TCEP,	 100	 µM	 TBTA	 ligand	 in	 1:4	
DMSO:t-butyl	 alcohol,	 and	 1	 mM	 CuSO4.	 After	 incubation	 for	 1.5	 hours	 at	 RT,	 reactions	 were	
quenched	by	acetone	protein	precipitation.	Protein	pellets	were	resuspended	in	sample	buffer	and	
resolved	by	SDS-PAGE.	Gels	were	scanned	for	fluorescently	labeled	proteins	(Typhoon	Imaging	Sys-
tem,	GE),	then	stained	with	Coomassie	blue.		
Compound	treatment	and	cell	lysis.	PC3	cells	were	grown	until	90%	confluency,	treated	with	

10	μM	compounds	or	vehicle	 for	60	min	at	37°C	and	then	rinsed	two	times	with	1	×	Phosphate	
Buffered	Saline	(PBS).	The	purity	of	compounds	was	determined	to	be	>95%	by	HPLC.	Cells	were	
lifted	by	0.25%	trypsin	and	pellets	were	harvested	by	centrifugation	at	1,400	g	for	3	min.	Cell	pellets	
were	lysed	by	sonication	in	cold	1	×	PBS	with	1	×	protease	inhibitor	(Roche),	pH	7.4.	The	sonifier	
(SFX	550,	Branson)	worked	with	a	pulsed	regime	for	2	min	(10	second	sonication,	15	second	pause)	
at	30%	amplitude	under	ice	cooling.	After	centrifugation	at	16,000	g,	4	oC	for	20	min,	the	superna-
tant	fraction	was	collected	and	adjusted	to	2.0	μg/μL	by	BCA	assay.	For	HeLa,	HeLa	S3,	Jurkat	and	
NCI-H460	cell	lines	without	compound	treatment,	the	procedure	is	same	with	PC3	cells.		
Probe	labeling	and	proteomic	sample	preparation	(click	reaction	in	peptides).	Protein	ly-

sates	were	labeled	with	100	μM	IAA	or	50	μM	EBX	for	1	hour	at	RT.	Proteins	were	then	reduced	with	
10	mM	dithiothreitol	(DTT)	and	incubated	at	45	ºC	for	30	min,	and	further	alkylated	with	30	mM	
iodoacetamide	 (IAM)	 at	RT	 for	 30	min	 in	 the	dark.	 Protein	precipitation	was	performed	with	 a	
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methanol-chloroform	system	(aqueous	phase/methanol/chloroform,	4:4:1	 (v/v/v)).	The	protein	
pellets	were	resuspended	by	sonication	in	25	mM	ammonium	bicarbonate	containing	0.2	M	urea.	
Lysates	were	digested	by	MS-grade	Lys-C	(Wako)	at	an	enzyme/protein	ratio	of	1:200	(w/w)	for	2	
hours	 at	 37	 °C.	 A	 secondary	 digestion	 was	 performed	 by	 adding	 sequencing-grade	 trypsin	
(Promega)	at	an	enzyme/protein	ratio	of	1:50	(w/w)	for	additional	12	hours	at	37	°C.	Then	the	
digests	were	desalted	with	HLB	extraction	cartridges	(Waters)	and	dried.	The	dried	peptide	mix-
tures	were	then	dissolved	in	50	μL	30%	ACN.	Click	chemistry	was	performed	in	the	presence	of	300	
μM	ultraviolet	(UV)-cleavable	biotin-azide	or	DDE	biotin-azide,	2	mM	TCEP,	300	μM	TBTA	ligand	in	
1:4	DMSO:t-butyl	alcohol	and	2	mM	CuSO4.	Samples	were	allowed	to	react	at	RT	for	1	h	in	the	dark	
with	rotation.	The	excess	biotin	was	removed	by	strong	cation	exchange	(SCX).	The	eluent	in	5	mM	
NaH2PO4,	0.4	M	NaCl,	25%	ACN	(PH=3.0)	was	dried	and	then	reconstituted	in	1	×	PBS	to	interact	
with	pre-washed	streptavidin	agarose	for	4	hours	at	RT.	Streptavidin	agarose	was	washed	with	2	M	
urea	in	1	×	PBS,	1	×	PBS,	and	ultra-pure	water	(twice)	using	a	micro	bio-spin	column	to	remove	non-
specific	binding	peptides	and	salts.	The	washed	agarose	beads	were	resuspended	in	ultra-pure	wa-
ter	and	irradiated	with	365	nm	UV	light	for	15	min	under	gently	shaking	for	UV-biotinylated	pep-
tides.	For	DDE-biotinylated	peptides,	the	agarose	beads	were	resuspended	in	2%	hydrazine	and	in-
cubated	 for	1	hour	at	RT	under	gently	shaking.	The	supernatant	was	collected	by	centrifugation	
(1,200	g,	2	min),	cleaned	by	self-packed	C18	stage-tip,	dried	under	vacuum,	and	stored	at	−80	°C	
until	MS	analysis.		
Liquid	chromatography	(LC)-MS/MS	analysis	and	data	processing.	LC-MS/MS	analyses	were	

performed	on	Orbitrap	Fusion	Lumos	mass	spectrometer	(Thermo	Fisher	Scientific)	coupled	with	
an	UltiMate	3000	UPLC	system	(Thermo	Fisher	Scientific).	A	RSLC	C18	analytical	column	(75	μm	×	
250	mm,	2.0	μm,	100	Aw )	(Thermo	Fisher	Scientific)	was	employed	for	LC	separation.	Mobile	phases	
A	and	B	consist	of	0.1%	FA	in	water	and	0.1%	FA	in	ACN,	respectively.	A	120	min	length	gradient	at	
a	flow	rate	of	300	nL/min	and	an	initial	2%	mobile	phase	B	was	used.	Mobile	phases	B	was	increased	
to	4%	at	12	min,	30%	at	88	min,	85%	at	104	min	and	held	for	5	min.	Then,	mobile	phase	B	was	back	
to	2%	at	110	min	and	maintained	this	composition	until	120	min.	Data	was	collected	in	data-de-
pendent	acquisition	(DDA)	mode.	The	top	ten	precursor	 ions	with	a	charge	state	of	2+	or	higher	
were	fragmented	by	HCD.	The	MS1	Orbitrap	resolution	was	set	at	60,000,	and	the	MS1	AGC	target	
was	set	at	4	×	105.	The	MS2	Orbitrap	resolution	was	set	at	30,000,	and	the	MS2	AGC	target	and	the	
maximum	injection	 time	were	set	at	1	×	105	 and	50	ms.	The	acquired	 label-free	DDA	data	were	
searched	against	the	homo	sapiens	UniProt	database	(Version	June	2020,	20368	entries)	using	the	
SEQUEST	algorithm	(Proteome	Discoverer	2.4,	Thermo	Fisher	Scientific).	Precursor	ion	mass	toler-
ance	and	fragmentation	tolerance	were	set	as	10	ppm	and	0.02	Da	for	the	database	search.	Methio-
nine	oxidation,	carboxyamidomethylation	on	cysteine,	custom	modification	from	cleavage	of	cleav-
able	 biotin	 (IAA-UV	 adduct	m/z	 252.1222;	 EBX-UV	 adduct	m/z	 181.0851;	 IAA-DDE	 adduct	m/z	
315.1443;	EBX-DDE	adduct	m/z	243.0994)	were	specified	as	variable	modifications,	no	fixed	mod-
ifications	were	specified.	The	identified	proteins	were	filtered	with	a	false	discovery	rate	of	1%.			
	
ASSOCIATED	CONTENT		
Supporting Information 
Experimental	 section	 (including	 chemicals	 and	materials,	 sample	 preparation	 of	 cell	 lysate	 and	
mouse	tissue,	mathematical	measurement	building	and	evaluation,	validation	of	protein	targets	us-
ing	PRM-based	assay,	plasmid	construction,	protein	over	expression	and	purification,	UV-visible	as-
say,	thermal	shift	assay,	molecular	docking	studies,	and	purity	determination),	and	figures	(includ-
ing	chemical	structures	of	probes,	cleavable	biotins,	and	compounds;	method	optimization	of	cys-
teine	profiling;	Identification	number	of	cysteines	from	different	cell	lines	and	mouse	tissue	sample;	
characterization	of	reactive	cysteines	by	a	mathematical	model.)	



 11 

Predicted	binding	model	of	Celastrol	with	Hsp90β	(PDB)	
Predicted	binding	model	of	Withaferin-a	with	Hsp90β	(PDB)	
Molecular	formula	strings	(CSV)	
Table	of	identified	reactive	cysteines	by	MS	in	PC3	cells.	
 

AUTHOR INFORMATION 
*Corresponding	Author	
Qian	Zhao	−	State	Key	Laboratory	of	Chemical	Biology	and	Drug	Discovery,	Department	of	Applied	
Biology	and	Chemical	Technology,	The	Hong	Kong	Polytechnic	University,	Hong	Kong,	SAR	999077,	
China;	orcid.org/	0000-0003-2244-6516;	Email:	q.zhao@polyu.edu.hk	
Authors	
Yang	Yang	−	State	Key	Laboratory	of	Chemical	Biology	and	Drug	Discovery,	Department	of	Applied	
Biology	and	Chemical	Technology,	The	Hong	Kong	Polytechnic	University,	Hong	Kong,	SAR	999077,	
China;	Centre	for	Eye	and	Vision	Research,	17W	Hong	Kong	Science	Park,	Hong	Kong,	SAR	999077,	
China;	orcid.org/	0000-0002-1269-2804.	
Yin-suen	Tse	−	State	Key	Laboratory	of	Chemical	Biology	and	Drug	Discovery,	Department	of	Ap-
plied	Biology	and	Chemical	Technology,	The	Hong	Kong	Polytechnic	University,	Hong	Kong,	 SAR	
999077,	China;	Laboratory	for	Synthetic	Chemistry	and	Chemical	Biology	Limited,	Hong	Kong,	SAR	
999077,	China.	
Qi	 Zhang	−	Centre	 for	Eye	 and	Vision	Research,	 17W	Hong	Kong	Science	Park,	Hong	Kong,	 SAR	
999077,	China	
Kin-yau	Wong	−	Department	of	Applied	Mathematics,	The	Hong	Kong	Polytechnic	University,	Hong	
Kong,	SAR	999077,	China;	orcid.org/0000-0001-9066-1619.	
Chenxi	Yang	−	State	Key	Laboratory	of	Chemical	Biology	and	Drug	Discovery,	Department	of	Applied	
Biology	and	Chemical	Technology,	The	Hong	Kong	Polytechnic	University,	Hong	Kong,	SAR	999077,	
China.	
Ying	Yang	−	State	Key	Laboratory	of	Chemical	Biology	and	Drug	Discovery,	Department	of	Applied	
Biology	and	Chemical	Technology,	The	Hong	Kong	Polytechnic	University,	Hong	Kong,	SAR	999077,	
China.	
Shuqi	Li	−	State	Key	Laboratory	of	Chemical	Biology	and	Drug	Discovery,	Department	of	Applied	
Biology	and	Chemical	Technology,	The	Hong	Kong	Polytechnic	University,	Hong	Kong,	SAR	999077,	
China.	
Kin-wa	Lau	−	Department	of	Applied	Mathematics,	The	Hong	Kong	Polytechnic	University,	Hong	
Kong,	SAR	999077,	China.	
Trevor	 C.	 Charles−	 Department	 of	 Biology,	 University	 of	 Waterloo,	 Waterloo,	 Canada;	 or-
cid.org/0000-0002-0344-5932.	
Thomas	C.	Lam	−	Centre	for	Eye	and	Vision	Research,	17W	Hong	Kong	Science	Park,	Hong	Kong,	
SAR	999077,	China;	orcid.org/0000-0002-3511-	5620.	
Notes:	The	authors	declare	no	competing	financial	interest.	

ACKNOWLEDGMENT  
We	thank	Prof.	Jerome	Waser	for	providing	EBX	reagent.	We	acknowledge	the	funding	support	from	
NSFC	21705136,	Research	Grants	Council-GRF	15304819,	GRF	15307122,	CRF	C5033-19E,	R5008-
22,	and	ITC	MRP/043/21.	We	thank	the	support	from	Centre	for	Eye	and	Vision	Research	(CEVR)	
and	 Laboratory	 for	 Synthetic	 Chemistry	 and	 Chemical	 Biology	 Limited	 (LSCCB)	 under	 the	
Health@InnoHK	Programme	launched	by	ITC,	HKSAR.	We	thank	the	PolyU	Research	Facilities	UCEA	
and	ULS,	RCSV,	RiFood,	RCMI	for	technical	support.	
 

mailto:q.zhao@polyu.edu.hk


 12 

ABBREVIATIONS	USED	
ABPP,	 activity-based	 protein	 profiling;	 Aur,	 auranofin;	 Cel,	 celastrol;	 CMap,	 Connectivity	 Map;	
CETSA,	 cellular	 thermal	 shift	 assay;	 CGCP,	 chemical	 genomics-facilitated	 chemical	 proteomics;	
DARTS,	drug	affinity	responsive	target	stability;	EBX,	ethynylbenziodoxolone;	Hsp90β,	heat	shock	
protein	90β;	IAA,	alkynyl	iodoacetamide;	MS,	mass	spectrometry;	MTRP,	multiplexed	thiol	reactivity	
profiling;	PRM,	parallel	reaction	monitoring;	PRX1,	peroxiredoxin-1;TPP,	thermal	proteome	profil-
ing;	TRAP,	target	responsive	accessibility	profiling;	TL,	triptolide;	Vin,	vinpocetine;	WA,	withaferin-
a.	
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