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Abstract	27	

The	enterohemorrhagic	Escherichia	coli	pathotype	is	responsible	for	severe	and	dangerous	28	

infections	 in	 humans.	 Establishment	 of	 the	 infection	 requires	 colonization	 of	 the	 gastro-29	

intestinal	tract,	which	is	dependent	on	the	Type	III	Secretion	System.	The	Type	III	Secretion	30	

System	 (T3SS)	 allows	 attachment	 of	 the	 pathogen	 to	 the	 mammalian	 host	 cell	 and	31	

cytoskeletal	rearrangements	within	the	host	cell.	Blocking	the	functionality	of	the	T3SS	 is	32	

likely	 to	 reduce	 colonization	 and	 therefore	 limit	 the	 disease.	 This	 route	 offers	 an	33	

alternative	 to	 antibiotics,	 and	 problems	 with	 the	 development	 of	 antibiotics	 resistance.	34	

Salicylidene	acylhydrazides	have	been	 shown	 to	have	an	 inhibitory	effect	on	 the	T3SS	 in	35	

several	pathogens.	However,	the	main	target	of	these	compounds	is	still	unclear.	Past	work	36	

has	 identified	 a	 number	 of	 putative	 protein	 targets	 of	 these	 compounds,	 one	 of	 which	37	

being	WrbA.	Whilst	WrbA	 is	considered	an	off-target	 interaction,	 this	 study	presents	 the	38	

effect	 of	 the	 salicylidne	 acylhydrazide	 compounds	 on	 the	 activity	 of	 WrbA,	 along	 with	39	

crystal	 structures	 of	 WrbA	 from	 Yersinia	 pseudotuberculosis	 and	 Salmonella	 serovar	40	

Typhimurium;	the	 latter	also	containing	parts	of	the	compound	 in	the	structure.	We	also	41	

present	data	showing	that	the	original	compounds	were	unstable	in	acidic	conditions,	and	42	

that	later	compounds	showed	improved	stability.			43	

Introduction	44	

Escherichia	coli	comprise	a	range	of	commensals	and	pathogens	that	show	diverse	genetic	content	45	
and	lifestyles.	Pathogenic	strains	of	E.	coli	are	commonly	classified	according	to	the	type	of	disease	46	
and	 location	 within	 the	 body	 that	 they	 cause	 disease.	 One	 such	 pathotype	 are	47	
Enterohaemorrhagic	 Escherichia	 coli	 (EHEC),	 responsible	 for	 some	 of	 the	 most	 severe	 and	48	
dangerous	 infections	 with	 symptoms	 including	 hemorrhagic	 diarrhea,	 hemorrhagic	 colitis,	49	
hemolytic	 uremic	 syndrome	 (HUS),	 and,	 in	 some	 cases,	 kidney	 failure.	 E.	 coli	 O157:H7	 is	 one	50	
serotype	of	EHEC,	and	is	responsible	for	the	majority	of	EHEC	infections	in	the	UK	and	USA.	E.	coli	51	
O157:H7	colonizes	ruminants,	such	as	cattle,	asymptomatically	at	the	recto-anal	junction	(RAJ)	(1-52	
3)	a	tropism	that	results	in	bacterial	shedding	in	the	faeces	(4).	Thus,	infections	in	humans	typically	53	
arise	via	the	oral-fecal	route,	from	the	consumption	of	contaminated	meat,	vegetables	and	milk.	54	
The	establishment	of	EHEC	infections	requires	colonization	of	the	gastro-intestinal	tract;	a	process	55	
that	 is	 dependent	 on	 expression	 of	 the	 Type	 Three	 Secretion	 System	 (T3SS).	 In	 EHEC,	 the	 T3SS	56	
enables	the	 intimate	attachment	of	the	bacterium	to	the	 intestinal	epithelial	cells,	characterized	57	
by	a	loss	of	microvilli	(effacement)	and	a	cytoskeletal	rearrangements	resulting	in	the	formation	of	58	
“pedestal”	 structure	 cupping	 individual	 bacteria	 (5-7).	 These	 two	 features	 generate	 the	 typical	59	
attaching-effacing	 lesions	 (A/E	 lesions)	 (5,8).	 The	 T3SS	 is	 an	 organelle	 that	 is	 highly	 conserved	60	
amongst	 Gram-negative	 bacteria,	 including	 EHEC,	 entheropathogenic	 Escherichia	 coli	 (EPEC),	61	
Yersinia	spp.,	Salmonella	spp.,	Shigella	spp.,	Pseudomonas	aeruginosa,	and	Chlamydia	spp	(9).		62	

Given	 the	 central	 role	 of	 T3SS	 in	 bacterial	 pathogenicity,	 blocking	 its	 functionality	 is	 likely	 to	63	
reduce	 colonization	 in	humans	 and,	 consequently,	 limit	 the	disease	 (10).	 Furthermore,	with	 the	64	



well-documented	rise	of	antibiotic-resistant	bacteria,	targeting	virulence	factors	such	as	the	T3SS,	65	
offers	an	alternative	 treatment	 strategy	 compared	 to	 traditional	 antibiotics.	 Indeed,	 it	has	been	66	
postulated	that	compounds	targeting	the	T3SS	would	reduce	selection	for	resistant	mutants	(10).		67	

During	the	past	decade,	a	variety	of	compounds	have	been	identified	to	target	the	T3SS,	including	68	
natural	 products	 and	 small	molecules.	 Phenotypic	 small	molecule	 screening	 originally	 identified	69	
salicylidene	acylhydrazides	 (SAs),	 as	 inhibitors	of	T3SS	 in	Y.	pseudotuberculosis	 (11).	 Subsequent	70	
work	demonstrated	the	SA	compounds	to	be	inhibitors	of	the	T3SS	in	several	different	pathogens	71	
including	Y.	pseudotuberculosis,	Shigella	flexneri,	EHEC,	Salmonella	spp.	that	cause	a	broad	range	72	
of	 gastrointestinal	 infections,	 Chlamydia	 spp.	 that	 cause	 sexually	 transmitted	 disease	 and	 the	73	
opportunistic	 pathogen	 P.	 aeruginosa	 (12-18)	 .	 Interestingly,	 this	 class	 of	 inhibitors	 also	 blocks	74	
T3SS	 in	 the	 plant	 pathogens	 Erwinia	 amylovora,	 Ralstonia	 solanacearum	 and	 Pseudomonas	75	
syringae	 (19-20).	 Further	work	 demonstrated	 that	 topical	 administration	 of	 SAs	was	 efficacious	76	
against	 C.	 trachomatis	 in	 a	 mouse	 vaginal	 infection	 model	 and	 against	 P.	 aeruginosa	 in	 burn	77	
wound	 and	 eye	 infection	models	 in	mice	 (21-23).	 In	 vitro	 and	 in	 vivo	 pharmacokinetic	 profiling	78	
indicated	 that	 these	 inhibitors	 are	 unsuited	 for	 systemic	 administration	 (24),	 due	 to	 solubility	79	
issues,	 and	 the	 fact	 that	 they	 are	 acid	 labile.	 Despite	 extensive	work	 on	 this	 promising	 class	 of	80	
broad	acting	virulence	inhibitors	the	exact	mechanism	of	action	remained	elusive.	For	intracellular	81	
pathogens	 such	 as	 Chlamydia	 spp.	 it	 has	 been	 suggested	 that	 iron	 chelation	 by	 SAs	 is	 the	82	
underlying	reason	for	growth	inhibition	(25).	83	

In	 an	 effort	 to	 better	 understand	 the	mode	 of	 action	 of	 this	 class	 of	 T3SS	 inhibitors	 pull-down	84	
experiments	 using	 a	 biotinylated	 SA	 identified	 nineteen	 putative	 protein	 targets	 of	 the	 SA	85	
compounds	(26).	Several	of	the	putative	target	proteins	were	purified	and	a	variety	of	biochemical	86	
and	 biophysical	 methods	 used	 to	 verify	 the	 interaction.	 For	 example,	 chemical	 shift	 nuclear	87	
magnetic	resonance	experiments	demonstrated	a	discrete	SA	binding	site	at	the	dimer	interface	of	88	
the	 thiol	 peroxidase,	 Tpx	 (27).	 However,	 deletion	 of	 the	 gene	 encoding	 Tpx	 did	 not	 cause	 a	89	
dramatic	effect	on	the	expression	of	 the	T3SS.	Some	regulatory	changes	were	seen,	but	not	 the	90	
stark	reduction	in	expression	one	might	expect	if	the	target	protein	was	central	to	the	phenotype	91	
(27).	 The	 conclusion	 from	 this	 work	 was	 that	 inhibition	 of	 T3SS	 activity	 is	 due	 to	 a	 poly-92	
pharmacological	 effect	 on	 proteins	 involved	 in	metabolism.	Moreover,	 it	 was	 clear	 that	 the	 SA	93	
compounds	 were	 very	 promiscuous,	 binding	 to	 some	 proteins	 with	 no	 direct	 effects	 on	 the	94	
expression	 of	 the	 T3SS.	 To	 better	 understand	 the	 mode	 of	 action	 of	 the	 SA	 compounds	 it	 is	95	
therefore	 important	 to	 determine	which	 of	 the	 identified	 target	 proteins	 are	 important	 for	 the	96	
desired	phenotype,	a	reduction	of	T3SS	expression,	and	those	that	are	not.	Moreover,	to	try	and	97	
minimize	the	promiscuous	nature	of	the	SA	compounds,	it	is	essential	to	obtain	detailed	structural	98	
data	on	the	target	proteins,	ideally	when	bound	to	the	SA	compounds.	Such	results	might	permit	99	
design	and	synthesis	of	more	selective	and	potent	SA	derivatives	potentially	suitable	for	systemic	100	
administration.	101	

One	of	the	proteins	reported	to	be	targeted	by	the	SA	compounds	is	WrbA	(tryptophan	repressor	102	
protein	A),	an	NAD(P)H	quinone	oxidoreductase	(26),	an	enzyme	found	in	many	prokaryotes	which	103	
is	 involved	 in	 the	defense	against	oxidative	stress	 (28).	Deletion	of	WrbA	does	not	directly	alter	104	



expression	of	the	T3SS	in	EHEC	suggesting	this	is	an	“off-target”	interaction	that	we	would	like	to	105	
reduce.	 To	 investigate	 WrbA,	 we	 determined	 the	 crystal	 structure	 of	 WrbA	 from	 Salmonella	106	
serovar	Typhimurium	in	complex	with	the	SA	compound	ME0052.	Biochemical	characterization	of	107	
recombinant	WrbA	shows	that	the	specific	activity	of	the	enzyme	is	decreased	upon	the	addition	108	
of	compounds	ME0052	or	ME0055.	These	data	confirm	that	the	SA	compounds	bind	and	interfere	109	
with	 the	 enzymatic	 activity	 of	 WrbA.	 Moreover,	 our	 studies	 also	 highlight	 issues	 with	 the	 SA	110	
compounds,	namely	that	they	have	poor	solubility	in	biologically-relevant	solvents,	and	that	they	111	
can	be	prone	to	hydrolysis.		112	

Methods	113	

Protein	expression	and	purification	114	

The	genes	encoding	WrbA	from	Salmonella	serovar	Typhimurium	and	Yersinia	pseudotuberculosis	115	
were	cloned	into	pet151	as	described	previously	(26-27)	and	the	proteins	were	expressed	and	116	
purified	using	established	protocols	(30),	with	the	addition	of	0.5	mM	FMN	to	the	media	upon	117	
IPTG	induction.		118	

ypWrbA	kinetic	assay	119	

Oxidation	of	NADH	was	monitored	at	340	nm,	and	benzoquinone	was	used	as	the	electron	120	
acceptor.	The	reactions	were	monitored	on	a	Shimadzu®	UV-2501PC	spectrophotometer	with	a	121	
SFA-20	Rapid	Kinetics	(Rapid	Mix)	accessory	(Hi-Tech	Scientific).	The	reactions	contained	a	400	μM	122	
solution	of	1,4-benzoquinone	in	50	mM	MOPS,	pH	7.2,	200	μM	NADH	and	the	desired	compound	123	
at	a	final	concentration	of	50	μM.	The	reactions	were	performed	at	25	°C.	124	

Crystallisation,	data	collection	and	processing	125	

Commercial	crystallisation	screens	were	set	up	using	the	sitting	drop	vapor	diffusion	method,	and	126	
drops	consisting	of	500	nl	stWrbA,	kept	at	a	concentration	of	4	mg	ml-1	(20	mM	Tris	pH	7.6,	50	mM	127	
NaCl,	0.1	mM	ME0052),	and	500	nl	reservoir.	Yellow,	cubic	crystals	appeared	within	a	week,	in	128	
conditions	consisting	of	8	%	(v/v)	Tacsimate	pH	8,	20	%	(w/v)	polyethylene	glycol	3350	(Condition	129	
10,	PEG	Ion	Screen	II	(Hampton	Research).	No	cryo-protection	was	undertaken,	before	the	crystals	130	
were	frozen	in	a	stream	of	gaseous	nitrogen	at	110	K.	Data	were	collected	at	Diamond	Light	131	
Source,	station	I03,	and	collected	in	0.15°	slices,	for	a	total	of	2400	images.	Data	were	processed	132	
with	the	xia2	pipeline	at	DLS,	relying	on	XDS	(31),	POINTLESS	and	SCALA	(32).	133	

Similarly,	colorless	crystals	of	ypWrbA	(in	similar	buffer	conditions	and	at	similar	concentration)	134	
appeared	over	night,	in	0.01	M	Nickel	chloride	hexahydrate,	0.1	M	Tris	pH	8.5,	20%	PEG	MME	135	
2000	for	(ypWrbAP1)	or	0.1M	Sodium	cacodylate	pH	6.5,	30%	PEG	8000	(ypWrbaC221).	Data	were	136	
collected	on	an	in-house	source	(Rigaku	007),	in	1°	slices	for	a	total	of	242	images.	Data	were	137	
processed	with	MOSFLM	(33),	POINTLESS	and	SCALA.	All	data	collection	and	refinement	statistics	138	
are	presented	in	Table	2.		139	

	140	



Structure	determination	and	model	refinement	141	

The	structures	were	determined	by	molecular	replacement,	using	the	model	of	WrbA	from	E.	coli		142	
(PDB	code	2R96)	(28)	cut	back	to	the	last	identical	atom	using	CHAINSAW	(34),	and	the	molecular	143	
replacement	program	PHASER	(35).	Model	refinement	was	done	in	REFMAC	(36)	or	PHENIX	(37)	144	
using	TLS	parameterization.	The	structure	was	manipulated	in	COOT	(38)	between	rounds	of	145	
refinement,	where	waters	and	ligands	were	added.	The	geometry	of	the	model	was	validated	146	
using	MOLPROBITY	(39).	Full	data	processing	and	refinement	statistics	are	presented	in	Table	2.	147	
The	dictionary	for	ME0052	was	made	with	PRODRG	(40).	Figures	were	made	in	PYMOL	(41)	and	148	
ALINE	(42).	The	atomic	coordinates	and	the	structure	factors	have	been	deposited	with	the	PDB.	149	

E.coli	growth	150	

E.coli	TUV-930	was	plated	out	in	20	mL	LB	agar	on	Petri	dishes	at	37	°C	overnight	and	stocked	in	151	
the	fridge.	E.coli	colonies	were	then	grown	in	5	mL	LB	media	at	37	°C/200rpm	overnight	the	night	152	
before	the	experiment.	153	

Secretion	Assay	154	

Sterile	250	mL	flasks	were	charged	with	50	mL	of	minimum	essential	medium	HEPES	modification	155	
(MEM-HEPES),	a	DMSO	solution	of	the	desired	compound	and	900	µL	of	the	overnight	starter	156	
cultures	of	E.coli	TUV-930.	Flasks	were	incubated	37	°C/200	rpm	until	an	OD600	of	0.6.	The	157	
solutions	were	centrifuged	at	3750	rpm/4	°C	for	15	minutes	and	supernatants	were	treated	with	158	
10%	of	trichloroacetic	acid	(5	mL)	and	1%	of	BSA	(5	µL)	to	help	proteins	precipitation.	Solutions	159	
were	stocked	at	4	°C	overnight.	To	collect	the	proteins	all	the	solutions	were	centrifuged	at	3750	160	
rpm/4	°C	for	1	hour.	Supernatants	were	removed	and	the	protein	pellets	were	dried	and	161	
suspended	in	equal	amount	of	TRIS/HCl	solution	(pH=8.8).	The	protein	pellets	were	stored	at	-20	162	
°C.	163	

Western	Blot	Procedure	164	

Eppendorf	vials	were	loaded	with	6	µL	of	SDS	solution	and	6	µL	of	proteins	solution.	Vials	were	165	
heated	up	at	95	°C	for	10	minutes.	Every	well	of	the	gel	was	loaded	with	6	µL	of	the	SDS-proteins	166	
solution.	Once	loaded,	the	gel	underwent	constant	voltage	(180	V)	for	45	minutes	in	MES	running	167	
buffer.	At	this	point,	the	proteins	were	transferred	from	the	gel	to	a	nitrocellulose	membrane,	168	
exposing	the	gel	to	a	constant	voltage	(30	V)	for	90	minutes	in	a	transfer	buffer.	Membrane	was	169	
rocked	overnight	in	2%	dried	skimmed	milk	in	PBST.	α-EspD	primary	antibody	(1:3000	in	PBST)	was	170	
incubated	for	1	hour,	followed	by	PBST	washing	(3x15	mL).	The	secondary	antibody	(α-mouse,	171	
1:6000	in	PBST)	was	consequently	incubated	for	45	minutes,	followed	by	PBST	washing	(3x15	mL).	172	
Membrane	was	then	exposed	to	ECL	solution	and	developed.	The	gel	was	plotted	with	ImageJ.	173	

	174	

Results	175	

Verification	that	WrbA	is	a	target	of	the	SA	compounds	176	



Previous	work	has	demonstrated	that	two	SA	derivates,	ME0052	and	ME0055	(Figure	1a),	bound	177	
to	WrbA	(26).	However	it	was	not	known	if	this	interaction	affected	the	activity	of	the	protein.	To	178	
address	 this,	 stop-flow	 assays	 based	 on	 the	 oxidation	 of	 NADH	 measured	 at	 340	 nm,	 were	179	
performed	at	a	range	of	ME0052	and	ME0055	concentrations.	The	specific	activity	of	the	enzyme	180	
was	 obtained	 by	 calculating	 the	 oxidation	 time	 of	 NADH	 to	 NAD+	 at	 340	 nm.	 Both	 of	 the	 SA	181	
compounds	strongly	reduced	the	specific	activity	of	WrbA	from	Salmonella	serovar	Typhimurium.	182	
At	50	μM,	ME0055	showed	an	80%	reduction	of	specific	activity,	whilst	the	same	concentration	of	183	
ME0052	resulted	in	a	62%	reduction	(Table	1).	These	data	support	the	initial	finding	that	the	two	184	
SA	compounds	bind	WrbA	and	that	this	interaction	affects	the	activity	of	the	protein.		185	

Structural	characterization	of	the	WrbA-SA	interaction		186	

To	 further	 elucidate	 the	 interaction	 between	 the	 SA	 compounds	 and	 WrbA,	 we	 aimed	 to	187	
determine	the	structure	of	WrbA	from	different	Gram-negative	pathogens	that	carry	homologues	188	
of	 the	 enzyme.	 The	 protein	 is	 highly	 conserved,	 with	 sequence	 identities	 above	 90%	 between	189	
common	pathogens	 (Figure	1b).	 Therefore	we	 cloned,	overexpressed	and	purified	WrbA	 from	a	190	
variety	of	bacteria	including	E.	coli,	Y.	pseudotuberculosis	and	S.	serovar	Typhimurium.	Henceforth,	191	
we	use	 the	 species	name	 to	 identify	 the	bacteria	 strain	 that	was	 the	 source	of	 the	WrbA	being	192	
described.		193	

Crystals	 of	 WrbA	 from	 S.	 serovar	 Typhimurium	 (stWrbA)	 and	 2	 crystal	 forms	 from	 Y.	194	
pseudotuberculosis	 (ypWrbAP1	 and	 ypWrbAC2221)	were	 obtained,	 diffracting	 to	 2.33	 Å,	 2.04	 Å	195	
and	1.99	Å,	respectively.	The	structures	of	ypWrbAP1	and	stWrbA	both	present	with	a	complete	196	
tetramer	 in	 the	 asymmetric	 unit,	 although	 flavin	 monocleotide	 (FMN)	 was	 only	 present	 in	 the	197	
stWrbA	structure.	The	structure	of	ypWrbAC2221	crystallised	with	a	dimer	in	the	asymmetric	unit,	198	
and	the	complete	tetramer	is	formed	by	symmetry	related	subunits.		199	

The	subunits	of	the	structures	superpose	very	well	on	top	of	the	other	subunits	in	the	structure,	200	
with	 root-mean-square-deviations	 (r.m.s.d.)	 less	 than	 0.2	Å	 over	 198	Cα	 atoms	 for	 the	 different	201	
chains	for	the	two	complete	tetramer	complexes,	and	 less	than	0.5	Å	over	183	Cα	atoms	for	the	202	
ypWrbAP1	structure.	Subunits	between	the	three	structures	also	superpose	well	onto	each	other	203	
with	r.m.s.d.	values	around	0.5	Å.	The	structures	also	superpose	well	onto	that	of	WrbA	from	E.	204	
coli	 (ecWrbA:	PDB	 ID:2R96)	 (28),	which	was	used	as	a	 search	model	 for	molecular	 replacement,	205	
with	a	r.m.s.d	of	0.365	Å.		206	

The	 overall	 fold	 of	 ecWrbA,	 ypWrbA	 and	 stWrbA	 is	 completely	 conserved,	 with	 the	 only	207	
differences	 an	 inserted	 amino	 acid	 in	 the	 sequence	 of	 ypWrbA	 (Figure	 1b	 and	 Figure	 2a).	 For	208	
convenience,	all	numbering	is	based	on	the	stWrbA	sequence.		209	

The	WrbA	subunit	exhibits	a	flavodoxin-fold,	with	a	twisted,	parallel	β-sheet	comprising	5	strands	210	
(β2,	β1,	β3,	β4	and	β),	sandwiched	between	5	α-helices	(α1	and	α5	on	one	side,	and	α2,	α3	and	α4	211	
on	the	opposing)	(Figure	2b).	The	four	subunits	superpose	well,	with	the	average	r.m.s.d.	between	212	
the	four	chains	of	0.2	Å.	WrbA	is	a	functional	tetramer,	with	four	FMN	binding	pockets,	made	up	in	213	
the	 interface	 of	 two	 neighboring	 subunits.	 The	 tetramer	 is	 compact	 and	 30%	 of	 the	 surface	214	



accessible	area	of	 the	subunit	 is	buried.	Each	chain	 is	 forming	an	 interface	with	 the	 three	other	215	
chains	in	the	complex	(Figure	2cd),	with	each	interface	comprising	around	10	hydrogen	bonds.	The	216	
flavin	mononuclotide		(FMN)	binding	pocket	consists	of	an	11	Å	deep	pocket,	which	buries	the	tail	217	
of	the	flavin,	and	is	made	up	of	residues	from	three	of	the	four	chains.	The	binding	of	FMN,	a	small	218	
molecule	 cofactor	 involved	 in	 single	 electron	 transfer,	 by	 WrbA	 has	 been	 described	 in	 detail	219	
elsewhere	(28),	and	here	we	will	only	discuss	the	residues	involved	briefly	(Figure	1b).	The	pocket	220	
has	a	polar	bottom	accommodating	the	phosphate	group	of	the	flavin,	and	a	network	of	hydrogen	221	
bonds	is	formed	between	the	tail	of	FMN	and	the	protein	surroundings,	in	particular	between	the	222	
phosphate	group	and	main	chain	nitrogens,	and	the	side	groups	of	S10	and	H15,	as	well	as	O4*	223	
and	O2*	which	forms	hydrogen	bonds	to	T78	and	S113,	respectively.		Further	hydrogen	bonds	are	224	
formed	 between	 atoms	 on	 the	 isoalloxazine	 ring	 of	 FMN	 (N1,	 O1,	 N3,	 O4,	 N5)	 and	main	 chain	225	
atoms	of	G115,	T116,	G118	and	F80,	respectively).	 	Around	70%	of	the	flavin	surface	is	buried	in	226	
the	 protein.	 Several	 hydrophobic	 interactions	 are	 further	 stabilizing	 the	 flavin	 pocket,	 and	 the	227	
isoalloxazine	head	group,	with	additional	contributions	from	the	neighbouring	protein	subunit.	228	

As	 the	model	 refinement	progressed,	extraneous	electron	density	 appeared	 in	 the	 stWrbA	data	229	
set,	which	could	not	be	accounted	for	by	the	model	or	by	solvent	molecules.		As	the	crystals	grew	230	
in	 the	 presence	 of	 the	 SA	 compound	 ME0052,	 this	 was	 modeled	 into	 the	 density	 (Figure	 3).	231	
However,	 the	 density	 could	 only	 accommodate	 half	 the	 compound.	 Electronic	 ionisation	 mass	232	
spectometry	of	ME0055	 in	DMSO/H2O	and	DMSO/H+	 showed	 that	 the	 compound	 is	 unstable	 in	233	
aqueous	acidic	solutions	(Figure	4).	As	a	consequence	of	this,	we	assumed	that	the	compound	had	234	
been	 hydrolysed	 during	 the	 crystallization,	 and	 only	 the	 halogenated	 fragment	 of	ME0052	was	235	
positioned	 into	 the	 density.	 The	 electron	 density	 map	 (2mFo-DFc,	 αcalc)	 shows	 peaks	 that	 are	236	
present	at	up	to	4	σ	for	the	positions	of	the	bromine	atoms,	which	is	far	higher	than	the	density	237	
corresponding	to	carbon,	nitrogen	and	oxygen	of	both	the	protein	and	the	ligands.	It	appears	that	238	
the	ligand	is	not	present	at	full	occupancy,	and	refinement	has	been	done	at	an	occupancy	of	0.7	239	
for	ME0052.	Crystals	of	stWrbA	could	not	be	grown	without	the	addition	of	ME0052	in	DMSO.		240	

The	compound	was	fitted	between	the	isoalloxazine	rings	of	the	FMN	cofactor	and	the	indole	ring	241	
of	 W98	 from	 the	 second	 subunit	 forming	 the	 binding	 site	 of	 FMN	 (Figure	 3),	 in	 a	 pi-stacking	242	
fashion.	 The	 density	 for	 the	 modeled	 compound	 can	 be	 found	 at	 all	 four	 FMN	 binding	 sites,	243	
although	at	various	quality.	However,	in	no	location	does	the	density	extend	any	further	than	the	244	
first	halogenated	phenyl-ring,	suggesting	that	the	compound	has	been	cleaved	somewhere	in	the	245	
process,	 and	 highlighting	 its	 inherent	 instability.	When	 compared	 to	 the	 structure	 of	 Tpx	 from	246	
Yersinia	 tuberculosis,	 where	 the	 binding	 site	 of	 ME0052	 was	 modeled,	 using	 NMR	 to	 assign	247	
residues	involved	in	binding	and	ligand	docking	(27),	the	binding	of	ME0052	to	stWrbA	is	similar	in	248	
that	they	both	comprise	hydrophobic	residues	with	few	polar	contacts.	This	highlights	the	fact	that	249	
the	 compounds	 are	 promiscuous	 and	 appear	 to	 attach	 to	 available	 hydrophobic	 patches.	 This,	250	
along	with	 their	 instability,	make	 this	 set	of	 compounds	 less	 than	 ideal	 for	use	as	anti-virulence	251	
drugs,	 and	 made	 us	 attempt	 to	 improve	 these	 features	 by	 design	 and	 synthesis	 of	 improved	252	
versions.	253	

Biological	Evaluation	254	



In	 parallel	with	 this	work,	 as	 the	 available	 data	 strongly	 suggested	 that	 the	 SA	 compounds	 are	255	
promiscuous,	 further	 compounds	 were	 designed	 and	 synthesized	 in	 our	 lab	 replacing	 the	256	
acylhydrazone	core	with	hydrazine-containing	heterocycles;	1,4,5,6-tetrahyropyridazine	(THP)	and	257	
1,2-dihydrophtalazine	(DHP)	(29)	 (RCZ09,	RCZ10,	RCZ17	and	RCZ18)	(Figure	5a).	These	core	units	258	
were	designed	to	retain	some	of	the	inherent	spatial	arrangement	of	the	acylhydrazones,	with	an	259	
additional	 structural	 framework	 that	 would	 provide	 a	 platform	 from	 which	 to	 elaborate	 and	260	
generate	improved	lead	compounds.	The	change	in	the	core	units	were	also	expected	to	lead	to	261	
increased	 stability	of	 the	 compounds	 towards	acidic	hydrolysis	 (Figure	5b).	 From	 the	 two	cores,	262	
four	 compounds	 were	 synthesized	 and	 shown	 to	 be	 effective	 as	 reducing	 the	 secretion	 of	263	
virulence	factors	in	EHEC.		264	

A	 key	 feature	 of	 antivirulence	 compounds	 is	 that	 they	 are	 considered	 to	 exert	 less	 selective	265	
pressure	for	the	generation	of	resistant	mutants	compared	with	traditional	antibiotics	that	kill	or	266	
prevent	 bacterial	 growth.	 Therefore,	 the	 first	 biological	 evaluation	we	performed	with	 our	 new	267	
analogues	 was	 to	 determine	 any	 effects	 of	 the	 compounds	 on	 the	 specific	 growth	 rate	 of	 the	268	
bacteria.	We	incubated	the	derivatives	at	50	μM	with	E.	coli	O157:H7	for	6	hours	and	no	reduction	269	
was	 detected	 against	 the	 growth	 (Figure	 6).	 In	 contrast,	 the	 SA	 compound	 ME0055	 showed	270	
decreased	bacterial	growth	at	this	concentration.	271	

To	determine	whether	the	derivatives	were	improved	in	terms	of	reducing	off-target	effects,	the	272	
ypWrbA	 kinetic	 assays	 were	 repeated.	 RCZ18	 was	 the	 only	 compound	 to	 show	 some	 activity	273	
against	 the	 enzyme	 with	 a	 calculated	 ypWrbA	 specific	 activity	 of	 11.28	 μmol	 min-1	 per	 mg	 of	274	
protein	 (21%	 inhibition),	 while	 no	 changing	 of	 specific	 activity	 was	 observed	 for	 the	 other	275	
analogues	(Table	1).	Still,	RCZ18	activity	on	WrbA	was	not	comparable	to	the	SA	compounds.			276	

In	order	to	have	a	fuller	picture	of	the	compound’s	potential,	the	RCZ	compounds	were	evaluated	277	
for	their	ability	to	 inhibit	the	secretion	of	T3SS	proteins.	Whilst	previously	kept	at	100	μM	when	278	
tested	for	EspD	secretion	and	growth	defects	(29),	compounds	RCZ09-18	were	here	cultured	at	50	279	
μM	in	MEM-HEPES	with	a	TUV-930	EHEC	strain	for	5	hours	(OD=0.6-0.7)	and	the	secreted	proteins	280	
were	analysed	by	SDS-PAGE	and	Western	blot	analysis	for	quantification	of	supernatant	proteins	281	
(Figure	6).	Encouragingly,	a	50-40%	reduction	in	the	supernatant	of	the	pore-forming	protein	EspD	282	
was	detected	for	compounds	RCZ10	and	RCZ18,	while	a	poor	reduction	was	also	observed	for	the	283	
dimethoxy	 analogues	 RCZ09	 and	 RCZ17.	 The	 effects	 obtained	 for	 our	 compounds	 (RCZ09-18)	284	
highlight	an	 interaction	pattern	between	the	dimethoxy	and	 the	dihydroxy	analogues	with	EspD	285	
secretion,	suggesting	that	the	two	hydroxyl	groups	may	play	a	key	role	in	the	inhibitory	effect.	286	

Even	 though	 the	 effect	 of	 both	 RCZ09	 and	 RCZ18	 on	 the	 secretion	 of	 EspD	 was	 milder	 than	287	
ME0055,	 our	 new	 compounds	 showed	 poor	 or	 no	 activity	 against	WrbA	 (off-target)	 proving	 to	288	
have	 an	 increased	 specificity	 for	 the	 currently	 unidentified	 target	 than	 the	 SA	 compound.	289	
Furthermore,	our	compounds	 resulted	 in	an	 improved	selectivity	profile	 for	bacterial	growth,	as	290	
ME0055	affected	EHEC	growth	at	50	μM.	Electron	ionization	mass	spectrometry	showed	also	their	291	
improved	stability	in	water	respect	the	acylhydrazones	(Figure	5b).	292	

Conclusion	293	



In	this	study	we	report	the	first	crystal	structure	of	a	protein	bound	to	the	SA	compound	ME0052.	294	
The	 structure	 showed	 that	 the	 interaction	 is	 clearly	 occurring	 through	 a	 pi-stacking	 interaction	295	
between	 the	 flavin	mononuclotide	 (FMN)	 core	 and	 a	 tryptophan	 residue	 (W89).	However,	 such	296	
crystal	structure	also	highlighted	the	chemical	instability	of	this	acylhydrazones,	with	only	the	right	297	
phenyl	 ring	 accounted	 for	 in	 the	 electron	 density.	 Recombinant	 WrbA	 was	 also	 obtained	 and	298	
tested	 through	 kinetic	 assay	 in	 presence	 of	 both	 SA	 compound	 ME0052	 and	 ME0055,	 which	299	
showed	significant	reduction	on	the	enzyme	activity.	300	

In	order	to	overcome	the	stability	issues	of	the	original	compounds,	four	new	analogues	of	the	SAs	301	
were	synthesized	(29).	Although	the	compounds	showed	a	decreased	inhibitory	activity	towards	302	
WrbA	compared	to	ME0055,	the	compounds	showed	an	improved	selectivity	profile	for	bacterial	303	
growth.	Previously,	we	have	shown	that	at	lower	concentrations	(10	–	20	μM)	ME0055	does	not	304	
significantly	affect	the	growth	rate,	yet	still	inhibit	secretion	(17).	Significantly,	two	of	our	new	305	
derivatives	displayed	moderate	activity	against	the	secretion	of	the	pore-forming	protein	EspD	306	
(the	tip	of	the	T3SS	apparatus).	A	50-40%	reduction	of	secretion	of	EspD	was	detected	through	307	
western	blot	for	dihydroxy	analogues	RCZ10	and	RCZ18.		A	much	reduced	effect	was	seen	for	the	308	
two	dimethoxy	analogues.	Nevertheless	the	effects	obtained	seem	to	suggest	an	effect	on	EspD	309	
secretion,	highlighting	the	importance	of	the	two	hydroxyl	groups	for	the	inhibitory	effect.	Whilst	310	
the	secretion	of	EspD	is	inhibited	less	by	the	RCZ	compounds	than	by	the	original	ME0055	311	
compound,	the	fact	that	the	compound	stability	has	now	been	much	improved,	and	the	loss	of	a	312	
key	off-target	effect,	indicates	that	the	RCZ	compounds	are	better	suited	as	scaffolds	for	further	313	
design	and	lead	compound	optimization.	Further	work	is	undergoing	to	pinpoint	the	exact	314	
mechanism	with	which	the	SA	compounds	inhibit	the	T3SS	and	how	these	can	be	improved	to	315	
further	anti-virulence	drug	development.		316	
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Tables	461	

	462	

Table	1:	WrbA	Specific	Activity	calculated	from	[(ΔAbs	min-1/ε)/α]*β,	where:	ε	(Extinction	Coefficient)	=	463	
6.22	μmol/mL,	α	(Dilution	Factor)	=	5	(only	200	μL	of	a	1	mL	stock	solution	were	used	for	one	reaction)	and	464	
β	(Normalisation	Factor)	=	357.1429	(normalization	to	mg	of	protein	for	the	correct	specific	activity	465	
(1000/2.8	μg	(Wrba	used	in	every	reaction)).	466	

Entry	(50	μM)	
WrbA	Specific	Activity	(μmol	min-1	per	mg	of	

protein)	
%Inhibition	

DMSO	 14.20	±	0.00	 0%	

ME0052	 5.51	±	0.30	 62%	

ME0055	 2.91	±	0.17	 80%	



RCZ09	 14.28	±	0.33	 0%	

RCZ10	 14.11	±	0.36	 1%	

RCZ17	 13.97	±	0.57	 2%	

RCZ18	 11.28	±	0.26	 21%	

	467	

Table	2:	Crystallisation	data	processing	and	refinement	(numbers	in	brackets	are	the	values	in	the	highest	468	
resolution	shell).		469	

	 ypWrbAP1	 ypWrbAC2221	 stWrbA	

	
Apo	 Apo	 NAD	 and	 ME0052-

bound	

PDB	code	 7Q6M	 7Q6O	 7Q6N	

Space	group	 P1	 C2221	 P212121	

a,	b,	c	(Å)	
60.680,	63.870,	

66.352,		

92.170,	109.860,	

87.730	
92.16,	92.81,	93.97	

α,	β,	γ	(°)	
118.752,	99.174,	

93.070	

90,	90,	90	
90,	90,	90	

Rmeas	 0.079	(0.154)	 0.099	(0.763)	 0.147	(0.779)	

Rpim	 0.056	(0.109)	 0.058	(0.445)	 0.040	(0.208)	

CC1/2	 0.995	(0.951)	 0.998	(0.919)	 0.992	(0.897)	

Mosaicity	(°)	 0.92	 0.4	 0.6	

Resolution	range	(Å)	
46.17	–	2.03	

(2.09-2.03)	

55.01	-1.99	(2.04-

1.99)	
41.92-	2.34	(2.40-	2.34)	

Total	No.	of	reflections	 123249	(5640)	 159164	(11010)	 460840	(34692)	

No.	of	unique	reflections	 50103	(2434)	 30856	(2157)	 34600	(2525)	

Completeness	(%)	 91.4	(59.7)	 99.9	(99.9)	 100	(100)	

Redundancy	 2.5	(1.2)	 5.2	(5.1)	 13.3	(13.7)	

〈I/σ(I)〉	 1.17	(1.72)	 12.1	(2.1)	 17.0	(3.8)	

Overall	B	factor	from	Wilson	plot	(Å2)	 11.83	 29.4	 34.8	

Completeness	(%)	 91.7	 99.2	 99.9	

Final	Rcryst	(%)	 0.173	 0.177	 0.163	

Final	Rfree	 0.211	 0.205	 0.199	

R.m.s.	deviations	 	 	 	

	Bonds	(Å)	 0.005	 0.012	 0.008	

	Angles	(°)	 0.917	 1.327	 1.083	

Average	B	factors	(Å2)	 	 	 	

	Protein	 13.74	 40.35	 31.02	

	Ions	 28.38	 46.38	 	

	FMN	/ME0052	 	 	 30.50/37.49	

	Water	 30.61	 46.90	 30.67	



Ramachandran	plot	 	 	 	

	Most	favoured	(%)	 99.75	 99.74	 99.62	

	Allowed	(%)	 0	 0.26	 0.38	

	Outliers	(%)	 0.25	 0	 0	

	470	

	471	

FIGURE	LEGENDS	472	

Figure	1:	a)	Anti-virulence	compounds	ME0052	and	ME0055.	b)	Alignment	of	WrbA	from	S.	serovar	473	
Typhimurium,	Escherichia	coli,	Yersinia	pseudotuberculosis,	Pseudomonas	aeroginosa.	Identical	residues	are	474	
highlighted	in	red,	highly	similar	residues	are	highlighted	in	black.	Residues	involved	the	binding	of	FMN	are	475	
denoted	by	black	triangles	(different	chains	are	differentiated	by	the	directionality	of	the	triangle).	Trp98	is	476	
highlighted	by	circle.		477	

	478	

Figure	2:	a)	Superposition	of	the	ASU	of	the	three	crystal	forms	of	WrbA	described	in	this	paper;	479	
ypWrbAC221	(green),	ypWrbAP1	(cyan),	stWrbA	(magenta).	b)	Single	subunit	of	WrbA,	coloured	by	rainbow	480	
spectrum	with	N-terminus	blue,	going	through	to	red	C-terminus.	c)	Cartoon	representation	of	the	481	
complete	WrbA	tetramer.	Chains	are	coloured	in	separate	colours,	FMN	is	drawn	in	violet	spheres,	ME0052	482	
fragment	is	drawn	in	grey	spheres.	Oxygen	atoms	are	coloured	in	red,	nitrogen	atoms	in	blue,	phosphour	483	
atoms	in	yellow	and	bromine	atoms	in	brown.	d)	Surface	of	single	subunit.	The	binding	interfaces	are	484	
coloured	by	the	chain	they	interact	with.	485	

	486	

Figure	3:	The	salicylaldehyde	fragment	of	ME0055	in	its	environment	within	the	crystal	structure,	with	a	487	
local	omit	2FO-FC,	αcalc	electron	density	map	in	magenta.	Different	residue	colours	signifiy	different	chains	488	
involved	in	coordination	of	the	compound.	489	

	490	

Figure	4:	Electronic	ionisation	mass	spectrometry	of	ME0055	in	DMSO/H2O	(top	image)	and	DMSO/H+	491	
(bottom	image).	In	neutral	media,	the	peak	at	296	represents	[ME0055-H]-,	while	in	acidic	media,	the	peak	492	
at	135	represents	the	corresponding	aldehyde	derived	from	ME0055	hydrolysis	[CHO-2H]2-.	This	suggests	493	
that	ME0055	is	undergoing	hydrolysis	with	acidic	pH.	494	

	495	

Figure	5:	a)	Newer	compounds	showing	reduced	inhibition	of	WrbA.	b)	Electroninc	ionisation	mass	496	
spectrometry	of	RCZ10	and	c)		RCZ17	in	DMSO/H+.	No	sign	of	degradation	is	observed.		497	

	498	

Figure	6:		a)	Growth	rate	during	exponential	phase	of	EHEC	TUV-930	b)	Plotted	graph	of	EspD	Western	Blot	499	
using	ImageJ,	with	accompanying	western	blot	below.	Blotted	against	EspD.	Data	are	a	result	of	triplicate	500	
experiments,	with	standard	error	of	the	means	reported.	501	
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