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Siderophores	are	a	structurally	diverse	class	of	natural	products	common	to	most	bacteria	

and	 fungi	 as	 iron(III)-chelating	 ligands.	 Siderophores,	 including	 trihydroxamate	

ferrioxamines,	 are	 used	 clinically	 to	 treat	 iron	 overload	 diseases	 and	 show	 promising	

activity	against	many	other	 iron-related	human	diseases.	Here	we	present	a	new	method	

for	 the	 isolation	 of	 ferrioxamine	 siderophores	 from	 complex	 mixtures	 using	 affinity	

chromatography	based	on	resin-immobilized	FhuD2,	a	siderophore-binding	protein	(SBP)	

from	Staphylococcus	aureus.	The	SBP-resin	enabled	purification	of	charge	positive,	charge	

negative,	and	neutral	 ferrioxamine	siderophores.	Treatment	of	culture	supernatants	 from	

Streptomyces	violaceus	DSM	8286	with	SBP-resin	provided	an	analytically	pure	sample	of	

the	salmycins,	a	mixture	of	structurally	complex	glycosylated	sideromycins	(siderophore-

antibiotic	 conjugates)	 with	 potent	 antibacterial	 activity	 towards	 human	 pathogenic	

Staphylococcus	aureus	(MIC	=	7	nM).	Siderophore	affinity	chromatography	could	enable	the	

rapid	 discovery	 of	 new	 siderophore	 and	 sideromycin	 natural	 products	 from	 complex	

mixtures	 to	 aid	 drug	 discovery	 and	metabolite	 identification	 efforts	 in	 a	 broad	 range	 of	

therapeutic	areas.	
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Natural	products	continue	to	be	a	major	source	of	lead	molecules	for	drug	discovery	efforts	

in	 many	 therapeutic	 areas.1,	 2	 Siderophores	 are	 iron(III)-chelating	 natural	 products	

biosynthesized	 and	 excreted	 by	 bacteria	 and	 fungi	 to	 aid	 in	 iron	 acquisition.3,	 4	

Siderophores	typically	have	high-affinity	and	selectivity	 for	 iron(III)	 imparted	by	oxygen-

rich	 chelating	 groups	 such	 as	 catecholates,	 hydroxamates,	 and	 α-hydroxycarboxylates.5	

Siderophores	have	been	 investigated	 in	clinical	applications	 for	metal	chelation	therapies	

aimed	at	treating	iron	overload	diseases.6	Desferal®,	also	know	as	desferrioxamine	B,	is	a	

naturally	 occurring	 linear	 trihydroxamate	 siderophore	 from	 Streptomyces	 pilosus	 that	 is	

FDA-approved	for	the	treatment	of	human	iron	overload	diseases,	including	β-thalassemia	

(Figure	 1).7	 Ferrioxamine	 siderophores	 have	 also	 been	 explored	 as	 treatments	 for	

neurological	 disorders	 such	 as	Parkinson’s	disease,7	 chronic	pulmonary	disease	 (COPD),8	

wound	healing,9	malaria,10	and	cancer.11		

Natural	 functions	 of	 microbial	 siderophores	 include	 metal	 transport,	 toxic	 metal	

sequestration,	 quorum	 sensing,	 protection	 from	oxidative	 stress,	 virulence,	 and	 chemical	

defense.12	 The	 biosynthesis	 of	 bacterial	 siderophores	 is	 under	 transcriptional	 control	 of	

ferric	 uptake	 regulator	 (FUR)	 proteins.13	 Under	 iron-restrictive	 conditions,	 siderophore	

biosynthesis14	 takes	place	 in	 the	 cytoplasm	 followed	by	efflux	of	 the	mature	 siderophore	

scaffold	to	the	extracellular	space.15	Siderophores	bind	iron(III)	with	extraordinary	affinity	

(stability	 constants	 can	 be	 as	 high	 as	 1042)	 and	 can	 solubilize	 and/or	 strip	 the	 metal	

directly	 from	environmental	 and	biological	 sources	 (e.g.	 transferrin).4,	5	 In	Gram-negative	

bacteria,	 high-affinity	 outer	 membrane-imbedded	 receptor	 proteins	 (OMRs)	 bind	 the	

soluble	siderophore-iron(III)	complex	and	facilitate	import	with	assistance	from	the	TonB-

ExbB-ExbD	protein	complex	and	a	proton-motive	force.16	Soluble	periplasmic	siderophore-

binding	 proteins	 (SBPs)	 ferry	 the	 siderophore-iron(III)	 complex	 to	 ATP-dependent	 ABC-

type	 transporters	 that	 couple	 ATP-hydrolysis	 to	 cytoplasmic	 transport.17-20	 Enzymatic	

reduction	 of	 iron(III)	 to	 iron(II)	 secures	 the	 intracellular	 iron21,	22	 and	 provides	 recycled	

apo-siderophore.23-26	Alternatively,	reductive	iron	release	can	take	place	in	the	periplasm	of	

Gram-negative	bacteria.27	In	some	cases,	enzymatic	degradation	of	the	siderophore	scaffold	

is	necessary	to	retrieve	iron	from	the	stable	siderophore	chelate.28	Analogous	siderophore	

utilization	pathways	are	operative	 in	Gram-positive	bacteria	with	 the	 exception	of	OMRs	
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and	the	TonB-ExbB-ExbD	protein	complex.29	Instead,	SBPs	are	displayed	on	the	cell	surface	

as	 membrane-anchored	 lipoproteins	 that	 directly	 sequester	 extracellular	 siderophore-

iron(III)	complexes	and	interface	with	ATP-hydrolyzing	ABC-transporters	to	drive	import.	

Some	OMRs	and	SBPs	are	expressed	to	enable	the	utilization	of	siderophores	produced	by	

neighboring	organisms,	so	called	xenosiderophores,30	which	provide	a	competitive	growth	

advantage.31	 Xenosiderophore	 utilization	 can	 be	 countered	 by	 the	 production	 of	

sideromycins,32	siderophore-antibiotic	conjugates	(SACs),	which	deliver	a	potentially	toxic	

antibiotic	 upon	 internalization.33	 Natural	 sideromycins	 and	 synthetic	 SACs	 represent	 an	

attractive	approach	for	pathogen-targeted	antibiotic	delivery	and	have	served	as	tools	and	

inspiration	for	the	study	of	siderophore	pathways	in	bacteria	and	fungi.32,	34	

More	 than	 500	 naturally	 occurring	 siderophore	 structures	 have	 been	 reported	 in	 the	

literature.4	 The	 ferrioxamine	 family	 of	 siderophores	 is	 common	 to	 many	 soil-dwelling	

Streptomyces	 and	 marine	 bacteria.30,	 35-37	 Ferrioxamine	 siderophores	 are	 composed	 of	

repeating	units	of	N-hydroxy-putrescine	and/or	cadaverine	joined	by	succinyl	groups	that	

provide	 the	 carbonyl	 for	 the	 metal	 chelating	 hydroxamate	 ligand.7,	 38	 Three	 sequential	

hydroxamate	ligands	in	the	ferrioxamine	backbone	provides	an	ideal	template	for	chelating	

iron(III)	 with	 octahedral	 geometry,	 1:1	 siderophore:iron(III)	 stoichiometry,	 and	 stability	

constants	(KFe)	on	the	order	of	1030.4	Ferrioxamine	biosynthesis	is	driven	by	the	conserved	

operon	 desABCD,39	 which	 has	 enabled	 chemoenzymatic	 synthesis	 and	 virtual	 mining	 for	

new	 ferrioxamine	 siderophores.39-43	 However,	 many	 siderophore	 biosynthetic	 gene	

clusters	 (BGCs)	 remain	 silent	 under	 standard	 culture	 conditions	 and	many	 siderophore-

producing	 microbes	 are	 difficult	 to	 grow	 in	 the	 laboratory	 using	 standard	 cultivation	

techniques.44,	45	The	discovery	of	new	natural	products,	 including	siderophores,	 is	 further	

limited	 by	 laborious	 scale-up	 and	 purification	 from	 microbial	 cultures.3,	 4	 Historically,	

siderophore	production	and	purification	has	been	guided	by	the	extraordinary	affinity	for	

iron(III).	The	chrome	azurol	s	(CAS)	assay	is	a	colorimetric	test	for	siderophore	production	

that	can	be	applied	to	culture	supernatants	or	directly	incorporated	into	bacterial	growth	

media.46,	47	 Technological	 advances	 in	 high-resolution	 mass	 spectrometry,48	 comparative	

metabolomics,49	 microbial	 cultivation,44,	 50	 synthetic	 biology,51	 comparative	

transcriptomics,52	 metagenomics,53,	 54	 microbial	 genome-mining,55	 and	 high-throughput	
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screening56	 have	 enabled	 the	 discovery	 of	 new	 natural	 products,57	 including	

siderophores.58-60	 Recently,	 a	 new	 structural	 class	 of	 siderophores,	 the	 crochelins,	 was	

discovered	 in	 Azotobacter	 chrococcum	 culture	 supernatants	 using	 the	 “chelome”	

metabolomics	platform	that	searches	high-resolution	LC-MS/MS	data	for	the	mass	isotopes	

of	iron.48,	61	Similarly,	the	siderophore	nicoyamycin	A	was	isolated	from	a	library	of	32,879	

natural	 product	 extracts	 using	 a	 screen	 for	 growth	 inhibition	 of	 uropathogenic	 E.	 coli	

(UPEC)	under	 low	 iron	 conditions.62	 In	 both	 cases,	 preparative	purification	of	 the	metal-

chelating	 siderophores	 from	 microbial	 fermentations	 required	 challenging	

chromatographic	steps.		

Natural	product	 isolation	and	purification	 is	challenging	no	matter	how	the	metabolite	 is	

discovered.	Efforts	to	improve	the	purification	of	natural	products	from	complex	mixtures	

include	 advancements	 in	 fermentation,	 strain	 prioritization,	 heterologous	 expression,	

bioengineering,	chromatography,	and	fractionation.63	The	unique	structural	complexity	of	

natural	 products	 can	 be	 leveraged	 for	 various	 types	 of	 affinity	 chromatographies.64	

Chemoselective	 enrichment	 chromatography	 has	 been	 used	 to	 covalently	 capture	 target	

natural	 product	 classes	 from	 complex	 extracts.65	 Methods	 for	 the	 chemoselective	

enrichment	 of	 natural	 products	 containing	 hydroxyl,66	 polyol,67	 carboxylate,68	 amine,69	

thiol,70	ketone/aldehyde,71	and	conjugated	diene72-74	functional	groups	have	been	reported.	

However,	 chemoselective	 functionalization	 of	 complex	 natural	 product	 scaffolds	 is	 a	

prerequisite	for	covalent	capture	on	an	immobilization	resin	and	this	remains	a	challenge	

in	 synthetic	 organic	 chemistry.75	 Furthermore,	 natural	 product	 functionalization	must	 be	

reversible	 in	order	to	release	the	 immobilized	metabolite	and	obtain	the	native	structure	

for	 accurate	 characterization.76	 Metal	 chelation	 has	 been	 exploited	 as	 a	 reversible,	

chemoselective	 method	 to	 purify	 metal-chelating	 natural	 products,	 including	

siderophores.37,	77	Nickel(II)-based	 immobilized	affinity	chromatography	 (IMAC)	has	been	

used	 to	 purify	 hydroxamate-containing	 desferrioxamine	 siderophores	 from	 microbial	

cultures,77	 in	 a	 similar	 manner	 as	 conventional	 purification	 of	 polyhistidine-tagged	

proteins.	 Boronate	 affinity	 chromatography	 has	 also	 been	 used	 to	 purify	 catechol-based	

siderophores.78	 Both	 boronate	 and	 Ni-IMAC	 methods	 are	 selective	 for	 metal-free	
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siderophores,	 which	 can	 be	 problematic	 for	 siderophores	 that	 readily	 form	 high-affinity	

and	thermodynamically	stable	metal	chelates.4	

Protein-ligand	 affinity	 chromatography	 is	 a	 highly	 specific	 purification	 method	 that	 can	

exploit	the	strong	binding	affinity	of	a	natural	product	for	its	biological	target.79,	80	Affinity	

chromatography	 has	 been	 applied	 in	 both	 targeted81	 and	 untargeted82	 approaches	 to	

isolate	numerous	natural	product	classes.	Affinity	selection-mass	spectrometry	(ASMS)	has	

emerged	 as	 a	 promising	 method	 for	 small	 molecule	 drug	 discovery.83	 ASMS	 utilizes	 an	

immobilized	 target	 that	 is	 exposed	 to	 a	 library	 of	 compounds	 followed	 by	 elution	 with	

known	 ligands.	 Alternatively,	 immobilized	 or	 tagged	 natural	 products,	 including	

siderophores,	can	be	utilized	for	protein	pull-down	assays	to	reveal	biological	targets	from	

cell	 lysates.84,	85	 For	 example,	 a	 biotinylated	 version	 of	 the	 siderophore	 petrobactin	 was	

immobilized	 to	 avidin	 resin	 to	 enable	 the	 direct	 identification	 of	 the	 petrobactin	 import	

protein	 in	 pathogenic	 Bacillus	 anthracis.86	 Siderophores	 have	 also	 been	 immobilized	 on	

surfaces	 for	 applications	 in	 metal	 sequestration,87	 surface	 adhesion,88	 and	 pathogen	

detection.89-92	For	 these	 types	of	applications,	 covalent	modification	of	 the	siderophore	 is	

often	required	and	carries	the	risk	of	perturbing	the	affinity	for	target	proteins.	However,	

the	 reversibility,	 stoichiometric	 binding,	 and	 low	 dissociation	 constants	 (typically	

nanomolar31)	 makes	 the	 siderophore-SBP	 interaction	 attractive	 for	 affinity	 applications.	

Immobilization	 of	 SBPs	 using	 standard	protein-resin	 immobilization	 techniques	 presents	

the	opportunity	 for	sequestration	of	natural,	unmodified	siderophore	metabolites.	To	 the	

best	of	our	knowledge,	immobilized	SBPs	have	never	been	used	to	sequester	siderophores	

from	 complex	mixtures	 (at	 least	 intentionally	 since	 heterologous	 expression	 and	 affinity	

purification	 of	 some	 SBPs	 can	 result	 in	 co-purification	 with	 a	 siderophore	 ligand).93,	 94	

However,	in	one	report	soluble	CntA,	an	SBP	from	S.	aureus,	was	incubated	with	S.	aureus	

culture	 supernatant	 to	 sequester	 a	 Ni-bound	 metabolite	 later	 identified	 as	 the	

metallophore	staphylopine,	which	is	an	important	S.	aureus	virulence	factor.95,	96	

Here,	 we	 sought	 to	 streamline	 the	 isolation	 of	 siderophores	 from	 complex	 mixtures	 by	

leveraging	the	high	specificity	and	affinity	of	SBPs	for	siderophore	ligands	(Figure	2).	We	

developed	 a	 versatile	 affinity	 chromatography	 platform	 for	 sequestering	 ferrioxamine	
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siderophores	by	adhering	an	N-His6-tagged	SBP	(FhuD2	 from	S.	aureus)	 to	Ni(II)-charged	

nitriloacetic	acid	agarose	(Ni-NTA)	resin.	We	used	the	SBP-resin	to	purify	charge	positive,	

charge	negative,	and	charge	neutral	ferrioxamine	siderophores.	The	SBP-resin	is	stable	and	

can	be	cycled	repetitively	by	loading	siderophores	of	interest	and	displacing	with	sacrificial	

siderophores	 that	 are	 easily	 separated	 based	 on	 net	 charge	 using	 ion	 exchange	

chromatography.	 We	 used	 the	 FhuD2	 SBP-resin	 to	 isolate	 the	 salmycins,	 a	 mixture	 of	

glycosylated	 sideromycins,	 from	 fermentation	 extracts	 of	 Streptomyces	 violaceus	 DSM	

8286.	 The	 use	 of	 affinity	 chromatography	 greatly	 simplifies	 the	 purification	 of	 the	

salmycins	 and	 rapidly	 provides	 analytically	 pure	 material	 suitable	 for	 quantitative	

biological	assays.	Our	SBP-resin	could	be	interfaced	with	existing	natural	product	discovery	

platforms	to	selectively	survey	for	ferrioxamine	siderophores	in	diverse	environments.	

Results	&	Discussion	

Designing	a	siderophore-binding	resin.	

Bacteria	 rely	 on	 two	 types	 of	 siderophore	 receptors	 as	 gatekeepers	 for	 cell	 entry,	 OMRs	

from	the	transmembrane	beta-barrel	superfamily	and	soluble	SBPs	from	the	type	III	class	

of	the	substrate-binding	protein	superfamily.97	OMRs	present	challenges	for	 in	vitro	study	

due	 to	 lack	of	 solubility	using	 standard	heterologous	protein	 expression.16	 SBPs	 are	well	

known	for	having	high	aqueous	solubility	and	stability.	SBPs	from	Gram-negative	bacteria	

are	expressed	with	an	N-terminal	signal	sequence	 that	directs	secretion	 to	 the	periplasm	

with	signal	peptidase-mediated	cleavage	of	the	signal	peptide.	Periplasmic	SBPs	are	highly	

soluble	 and	 efficiently	 expressed	 using	 heterologous	 methods.17,	 31	 SBPs	 from	 Gram-

positive	 bacteria	 are	 co-expressed	 with	 an	 N-terminal	 signal	 sequence	 that	 is	 cleaved	

during	secretion.	SBPs	are	displayed	as	covalently	anchored	lipoproteins	on	the	surface	of	

Gram-positive	bacteria.29	Typically,	SBPs	are	selective	for	binding	a	general	structural	class	

of	siderophores	(e.g.	 ferrioxamines),	but	broadly	bind	structural	analogs	within	 the	class.	

The	 high	 solubility	 and	 broad	 substrate-binding	 ability	 of	 SBPs	 make	 these	 proteins	

excellent	candidates	for	heterologous	expression	and	in	vitro	study.31	
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We	identified	FhuD2	as	a	promising	SBP	for	siderophore-affinity	chromatography.	FhuD2	

is	selective	for	binding	trihydroxamate	siderophores,	 including	the	ferrioxamines,	 in	both	

the	iron-free	and	iron-bound	forms.31	Pathogenic	strains	of	S.	aureus,	including	methicillin-

resistant	S.	aureus	(MRSA),	display	the	SBP	FhuD2	on	the	cell	surface	as	a	virulence	factor	

during	 infection.98	 The	 hydrophobic,	 charge-neutral	 siderophore-binding	 site	 in	 FhuD2	

accomodates	a	wide	range	of	ferrioxamine	siderophores	including	charge	positive,	charge	

negative,	neutral,	and	sterically	bulky	analogs.99	Truncated	FhuD2	lacking	the	 lipopeptide	

signal	sequence	is	soluble	and	maintains	the	ability	to	bind	ferrioxamine	siderophores	and	

sideromycins	 carrying	 large	 antibiotic	 cargos	with	nanomolar	 affinity.31	We	 envisioned	 a	

simple	 strategy	 for	 using	 immobilized	 FhuD2	 to	 sequester	 ferrioxamine	 siderophores	 in	

analogy	 to	established	methods	 for	performing	affinity	 chromatography	 (Figure	 2a).	We	

hypothesized	 that	 adhering	 the	 soluble	 domain	 of	 FhuD2	 to	 Ni-NTA	 resin	 via	 a	

hexahistidine	 linker	 would	 provide	 an	 SBP-resin	 selective	 for	 binding	 ferrioxamine	

siderophores.	The	SBP-resin	could	be	treated	with	a	solution	of	the	siderophore	of	interest	

(S1)	to	load	S1	in	the	FhuD2	binding	pocket.	After	washing	with	buffer,	S1	could	be	eluted	by	

treating	the	SBP-resin	with	a	solution	of	a	sacrificial	siderophore	(S2)	that	can	displace	S1	

from	 the	 FhuD2	 binding	 site.	 Excess	 S2	 could	 be	 removed	 from	 S1	 using	 simple	 ion	

exchange	chromatography	if	the	net	charge	of	the	two	siderophores	is	different.	In	theory,	

any	SBP	could	be	immobilized	for	biased	and	unbiased	siderophore	sequestration	(Figure	

2b).	We	selected	FhuD2	to	enable	unbiased	isolation	of	hydroxamate-based	siderophores	

because	of	 its	known	siderophore	promiscuity.	Other	SBPs	are	highly	selective	and	might	

enable	 biased,	 targeted	 isolation	 of	 siderophores.29	 Genes	 encoding	 for	 SBPs	 are	 often	

clustered	in	operons	with	siderophore	biosynthesis	genes.14	Heterologous	expression	and	

immobilization	of	SBPs	from	siderophore	BGCs	might	enable	biased	isolation	of	the	cognate	

siderophore	from	cultures	of	the	producing	microbe.	

Functional	validation	of	SBP-resin.	

We	used	heterologous	expression	in	E.	coli	BL21(DE3)	to	overproduce	a	truncated	version	

of	 FhuD2,	 FhuD2Δ24,	 replacing	 the	 first	 24	 amino	 acids	with	 a	N-terminal	 hexahistidine	

motif	 to	 facilitate	 purification	 using	 Ni-NTA	 resin	 (Supplementary	 Table	 2).31	 Protein	
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purity	was	assessed	to	be	>95%	by	ESI-MS	and	SDS-PAGE	analysis	(Supplementary	 Fig.	

1,2).	 ESI-MS	 analysis	 of	 purified	N-His6-FhuD2Δ24	 showed	 an	 intact	 hexahistidine	motif	

and	 loss	 of	 the	 N-terminal	 methionine	 residue.	 N-His6-FhuD2Δ24	 is	 highly	 soluble	 in	

aqueous	buffer	and	is	stable	towards	repeated	freeze-thawing.	After	dialysis	of	the	purified	

protein	 into	 phosphate	 buffer,	 we	 loaded	 fresh	 Ni-NTA	 resin	 to	 capacity	 with	 N-His6-

FhuD2Δ24	forming	the	SBP-resin	(~0.2	µmol	FhuD2Δ24/mL;	resin	loaded	to	capacity	was	

judged	by	SDS-PAGE	analysis	of	 column	 flowthrough).	We	chose	 the	model	 siderophores	

ferrioxamine	(FO),	succinylferrioxamine	(SFO),	and	acetylferrioxamine	(AcFO)	as	iron(III)	

complexes	 to	validate	capacity	of	 the	FhuD2	SBP-resin	 to	reversibly	bind	 trihydroxamate	

siderophores	 (Figure	 1).	 FhuD2Δ24	 is	 proposed	 to	 catalyze	 the	 exchange	 of	 iron(III)	

between	ferrioxamine	siderophores.100,	101	Desferrioxamine	(DFO)	has	been	shown	to	form	

coordination	 complexes	 with	 Ni-NTA	 resin.77,	 102	 To	 avoid	 complications	 from	 iron	

exchange	and	non-specific	chelation	to	the	Ni-NTA	resin,	we	used	the	iron(III)-bound	forms	

of	 the	 siderophores.	 FO	 (net	 +1	 charge),	 SFO	 (net	 -1	 charge),	 and	AcFO	 (neutral)	 were	

chosen	based	on	differences	 in	polarity	and	net	charge	 in	order	to	facilitate	 ion	exchange	

separation	 of	 target	 siderophore	 (S1)	 and	 sacrificial	 siderophore	 (S2)	 from	 the	 SBP-resin	

column	 elution.	 Passing	 FO,	 SFO,	 and	AcFO	 through	 Ni-NTA	 resin	 without	 immobilized	

FhuD2Δ24	 resulted	 in	 no	 detectable,	 non-specific	 adherence	 to	 the	 resin.	 We	 used	 an	

intrinsic	fluorescence-quenching	assay	to	confirm	that	our	recombinant	N-His6-FhuD2Δ24		

protein	binds	FO,	SFO,	and	AcFO	with	the	anticipated	nanomolar	affinity	(Supplementary	

Fig.	 4).31	 FhuD2Δ24	 tryptophan	 fluorescence	 is	 strongly	 quenched	 upon	 ferrioxamine	

siderophore	 binding,	 presumably	 due	 in	 part	 to	 W197,	 which	 directly	 contacts	 the	

ferrioxamine	 backbone	 through	 a	 stabilizing	 hydrogen	 bond.99	 Apparent	Kd	 values	 of	N-

His6-FhuD2	for	FO,	SFO,	and	AcFO	were	53	±	6	nM,	46	±	7	nM,	and	31	±	4	nM,	respectively,	

indicating	 that	 all	 three	 siderophores	 form	1:1	 stoichiometric	 complexes	with	 soluble	N-

His6-FhuD2Δ24.	

In	 order	 for	 the	 SBP-resin	 to	 function	 as	 an	 affinity	 chromatography	 platform,	 the	 resin	

must	 bind	 to	 a	 target	 siderophore	 S1	 and	 subsequently	 release	 S1	 in	 the	 presence	 of	 a	

sacrificial	siderophore	S2	that	is	added	in	excess.	Presumably,	excess	S2	can	competitively	

displace	S1	 from	the	SBP-resin	resulting	 in	S2-saturated	resin	and	an	elution	containing	a	
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mixture	 of	 S1	 and	 S2	 (Figure	 2a).	 We	 validated	 this	 approach	 using	 all	 six	 possible	

combinations	of	FO,	SFO,	and	AcFO	as	S1	and	S2	and	confirmed	elution	of	S1	from	the	SBP-

resin	 using	 LC-MS	 (Figure	 3a).	 Siderophore	 S1	 was	 loaded	 at	 0.1	 mg/mL	 and,	 after	

sufficient	column	washing,	was	eluted	with	an	equal	volume	of	siderophore	S2	at	0.1	mg/L.	

When	FO	was	used	as	S1	the	SBP-resin	was	saturated	with	FO	and	excess	FO	was	detected	

in	the	column	flowthrough	(Fig.	 3b;	blue	trace).	No	FO	was	detected	in	the	column	wash	

(Fig.	 3b;	 red	 trace).	 Addition	 of	SFO	 as	 S2	 eluted	FO	 from	 the	 SBP-resin	 (Fig.	 3b;	 green	

trace).	The	same	batch	of	SBP-resin	was	immediately	used	for	another	cycle	of	siderophore	

purification	with	 bound	SFO	 now	 serving	 as	 S1.	 Excess	SFO	was	 detected	 in	 the	 column	

flowthrough	suggesting	 full	 saturation	of	 the	SBP-resin	(Fig.	 3c;	blue	 trace).	No	SFO	was	

detected	in	the	column	wash	(Fig.	3c;	red	trace).	Addition	of	FO	as	S2	eluted	SFO	from	the	

SBP-resin	(Fig.	3c;	green	trace).	Subsequent	cycles	with	remaining	S1:S2	siderophore	pairs	

were	 performed	 in	 analogous	 fashion	 (FO:AcFO,	Fig.	 3d;	AcFO:SFO,	Fig.	 3e;	 SFO:AcFO,	

Fig.	3f;	AcFO:	FO,	Fig.	3g).	

These	proof-of-principle	experiments	show	that	SBP-resin	can	be	cycled	with	different	S1	

and	S2	siderophore	combinations	for	sustained	siderophore	purification	without	the	need	

to	use	fresh	resin.	The	FhuD2Δ24	SBP-resin	is	robust	and	does	not	appear	to	lose	efficiency	

during	 repeated	 use.	 All	 combinations	 of	 FO,	 SFO,	 and	AcFO	 as	 S1	 and	 S2	 siderophores	

provided	 the	desired	S1	 siderophore	upon	elution	 from	 the	SBP-resin	with	S2.	The	broad	

scope	 of	 the	 SBP-resin	 is	 consistent	 with	 the	 observation	 that	 FhuD2	 enables	 broad	

utilization	of	trihydroxamate	siderophores	for	iron	acquisition	in	S.	aureus.31	Similar	FhuD2	

Kd	values	for	FO,	SFO,	and	AcFO	suggest	that	the	siderophores	competitively	bind	FhuD2	

regardless	 of	 net	 siderophore	 charge	 (Supplementary	 Fig.	 4).	 To	 demonstrate	 this	

competitive	binding,	we	treated	an	equimolar	mixture	of	FO,	SFO,	and	AcFO	with	FhuD2	

SBP-resin	followed	by	elution	with	a	fourth	ferrioxamine	siderophore,	danoxamine	(Dan)	

(Supplementary	 Table	 4).	 This	 resulted	 in	 competitive	 binding	 and	 elution	 of	 all	 three	

siderophores	 with	 only	 modest	 changes	 in	 ion	 counts	 from	 load	 to	 elution	

(Supplementary	 Fig.	 5;	 Supplementary	 Table	 5).	 The	 siderophore-binding	 pocket	 of	

FhuD2	 is	 mostly	 hydrophobic	 and	 charge	 neutral,	 which	 supports	 the	 capacity	 for	
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accommodating	 ferrioxamine	 siderophores	 with	 different	 polarity	 and	 electrostatic	

properties.99	

Separation	of	S1	and	S2	by	ion	exchange	chromatography.	

One	remaining	challenge	for	using	SBP-resin	to	purify	siderophores	is	that	column	elutions	

contain	a	mixture	of	 the	desired	siderophore	S1	and	 the	sacrificial	 siderophore	S2.	 In	our	

case,	both	S1	and	S2	are	 from	the	 ferrioxamine	family	and	give	similar	retention	times	on	

RP-C18	HPLC.	We	were	able	to	separate	mixtures	of	siderophores	by	preparative	HPLC,	but	

the	 large	 excess	 of	 the	 S2	 siderophore	 limited	 injection	 volume	 size	 and	 decreased	 peak	

resolution.	We	selected	FO,	SFO,	and	AcFO	 for	these	proof-of-principle	studies	because	of	

differences	in	net	charge	(charge	positive,	charge	negative,	and	neutral,	respectively)	that	

we	 predicted	 would	 enable	 final	 separation	 of	 S1	 and	 S2	 siderophores	 via	 ion	 exchange	

chromatography,	which	can	be	performed	on	FPLC	or	HPLC	platforms.	

The	eluent	 from	 the	SBP-resin	 requires	desalting	prior	 to	 ion	exchange	 chromatography.	

This	 can	 be	 accomplished	 using	 C18	 chromatography	 or	 by	 lyophilizing	 the	 sample	 and	

redissolving	 siderophores	 from	 the	 bulk	 solid	 using	 methanol.	 We	 used	 a	 diethylamine	

cation	 exchange	 resin	 (DEAE)	 and	 a	 Cellex	 P	 anion	 exchange	 resin	 to	 separate	 various	

combinations	of	 cationic	 (FO),	 anionic	 (SFO),	 and	neutral	 (AcFO)	 siderophores	 (Fig.	 4a).	

Presumably	 other	 commercially	 available	 cation	 and	 anion	 exchange	 solid	 phases	would	

also	be	suitable	for	this	type	of	separation.	An	aqueous	solution	containing	a	mixture	of	FO	

and	SFO	was	 loaded	onto	a	DEAE	resin	 (Fig.	 4b,c;	blue	 traces).	The	column	was	washed	

with	water	 to	 provide	 cationic	FO	 that	 does	 not	 adhere	 to	 the	 cationic	DEAE	 resin	 (Fig.	

4b,c;	red	traces).	SFO	is	left	bound	to	the	DEAE	resin	and	can	be	eluted	by	addition	of	4%	

ammonium	 hydroxide	 solution	 (Fig.	 4b,c;	 green	 traces).	Mixtures	 of	AcFO	 and	FO	 (Fig.	

4d,c;	blue	traces)	were	treated	with	Cellex	P	resin	to	bind	cationic	FO	and	provide	charge	

neutral	AcFO	in	the	column	wash	(Fig.	4d,c;	red	traces).	FO	was	eluted	by	the	addition	of	

4%	ammonium	hydroxide	solution	(Fig.	4d,c;	green	traces).	Lastly,	mixtures	of	AcFO	and	

SFO	were	separated	using	DEAE	cation	exchange	resin	(Fig.	4f,g;	blue	trace).	Anionic	SFO	

adhered	to	the	DEAE	resin	while	AcFO	eluted	in	the	column	washes	(Fig.	4f,g;	red	traces).	

SFO	 was	 eluted	 by	 addition	 of	 4%	 ammonium	 hydroxide	 in	 a	 manner	 similar	 to	 that	
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described	 for	 the	 SFO/FO	 mixture	 (Fig.	 4f,g;	 green	 traces).	 The	 use	 of	 ion	 exchange	

chromatography	can	expedite	the	final	separation	of	S1	and	S2	siderophores	obtained	from	

SBP-resin	 elutions.	 FO,	 SFO,	 and	 AcFO	 represent	 three	 distinct	 charge	 states	 for	

siderophores	(mono-cationic,	mono-anionic,	and	neutral,	respectively)	that	can	be	used	as	

the	S2	elution	siderophore	in	applications	of	the	FhuD2Δ24	SBP-resin	in	the	purification	of	

ferrioxamine	 siderophores	 from	 complex	 environmental	 samples	 and	 microbial	

fermentations.	

Purification	of	salmycins	A–D	from	S.	violaceus	DSM	8286.	

To	 demonstrate	 the	 utility	 of	 the	 FhuD2Δ24	 SBP-resin	 we	 sought	 to	 purify	 a	 natural	

siderophore	from	a	microbial	culture	(Supplementary	Fig.	6).	We	chose	a	challenging	and	

structurally	 complex	 class	 of	 sideromycins,	 the	 salmycins,	 which	 contain	 a	 ferrioxamine	

siderophore	component	that	is	recognized	by	FhuD2.103,	104	The	salmycins	are	a	mixture	of	

glycosylated	sideromycins	(Sal	A–D)	produced	by	Streptomyces	violaceus	DSM	8286.105	The	

siderophore	 portion	 of	 Sal	 A–D	 is	 a	 trihydroxamate	 siderophore	 from	 the	 ferrioxamine	

family	 known	 as	 danoxamine	 (Dan).106,	 107	 Danoxamine	 is	 composed	 of	 two	N-hydroxy-

cadaverine	 subunits	 and	 a	 terminal	 N-hydroxy-5-aminopentan-1-ol,	 or	 alternatively	 a	

terminal	N-hydroxy-4-aminobutan-1-ol,	 joined	via	succinoyl	linker	groups.	In	Sal	A–D	the	

aminodisaccharide	antibiotic	is	covalently	linked	to	danoxamine	through	a	succinoyl	ester	

bond	that	 is	 likely	to	be	hydrolyzed	upon	internalization.108	The	potency	of	the	salmycins	

(minimum	inhibitory	concentration	of	~10	nM	in	liquid	media	against	planktonic	S.	aureus)	

is	 thought	 to	 arise	 from	 high	 intracellular	 concentrations	 driven	 by	 active	 transport	

through	 FhuBCDG.29,	 32,	 109-111	 Mutations	 in	 the	 fhuD2	 gene	 confer	 resistance	 to	 the	

salmycins	in	S.	aureus	consistent	with	FhuD2	selecting	for	cell	entry.32,	104,	108	These	findings	

make	our	FhuD2Δ24	SBP-resin	a	promising	method	for	purification	of	the	salmycins	from	

S.	violaceus	cultures.	

The	salmycins	were	originally	isolated	in	1995	from	the	culture	supernatant	of	S.	violaceus	

DSM	8286.103	In	the	original	report	by	Vértesy	and	coworkers	and	two	subsequent	patents	

from	 the	 same	 group	 a	 series	 of	 hydrophobic	 resins,	 ion	 exchange	 columns,	 and	RP-C18	
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chromatgraphy	 steps	 provided	 analytically	 pure	 salmycins	 suitable	 for	 full	

characterization.112,	113	A	 large	 scale	up	 (185	L	of	 culture)	was	used	 to	provide	milligram	

quantities	of	Sal	A–D	and	enabled	the	separation	of	 isomers.	 In	our	hands,	and	others,104	

reproducing	this	purification	scheme	has	failed	to	provide	analytically	pure	samples	of	the	

salmycins.	During	our	purification	attempts	from	12	x	1	L	batch	cultures	of	S.	violaceus	DSM	

8286	following	patent	protocol	we	identified	an	unknown	contaminant	with	retention	time	

and	m/z	values	by	LC-MS	that	co-elute	with	the	salmycins	(Supplementary	Fig.	12).	As	a	

result,	 LC-MS	 analysis	 of	S.	violaceus	DSM	8286	 culture	 supernatants	 and	 solutions	 from	

various	 purification	 steps	was	 challenging	 and	we	were	 never	 able	 to	 obtain	 a	 salmycin	

sample	 free	 of	 the	 unknown	 impurity,	 even	 after	 multiple	 rounds	 of	 preparative	 HPLC	

chromatography	 using	 RP-C18	 and	 HILIC	 columns.	 The	 unknown	 impurity	 lacks	

antibacterial	 activity,	 so	 bioactivity	 guided	 fractionation	 was	 informative	 during	

purification	 of	 the	 salmycins.	 Agar	 diffusion	 antibacterial	 susceptibility	 assays	 using	

salmycin-sensitive	 S.	 aureus	ATCC	 11632	 provided	 a	 sensitive	 assay	 for	 the	 presence	 of	

salmycins	when	coupled	to	a	sister	medium	containing	FO,	which	antagonizes	the	growth	

inhibitory	 activity	 of	 the	 salmycins	 by	 competing	 for	 FhuD2-mediated	 uptake.33,	 108	 We	

aimed	 to	 use	 FhuD2Δ24	 SBP-resin	 and	 bioactivity	 guided	 fractionation	 to	 purify	 the	

salmycins	 directly	 from	 S.	 violaceus	 DSM	 8286	 cultures	 to	 overcome	 co-elution	 of	 the	

impurities	during	traditional	chromatographic	steps.	

We	 started	 with	 10	 L	 of	 S.	 violaceus	 DSM	 8286	 culture	 supernatant	 that	 was	 filtered	

through	celite,	concentrated,	and	washed	with	MeOH.	Bioactivity	assays	suggested	that	the	

MeOH	 washings	 contained	 the	 salmycins.	 The	 MeOH	 washings	 were	 concentrated	 and	

dissolved	 in	pure	H2O	 in	preparation	 for	 treatment	with	SBP-resin.	LC-MS	analysis	of	 the	

column	loading	solution	showed	a	strong	signal	in	the	Exctracted	Ion	Chromatogram	(EIC)	

for	 the	m/z	 value	 (1053)	 corresponding	 o	 the	 [M+H]+	 ion	 of	 the	Sal	 A	 iron(III)	 complex	

(Fig.	 5;	blue	trace,	retention	time	=	4.9	min).	Mass	signatures	for	other	salmycin	 isomers	

were	also	observable	by	LC-MS	(Supplementary	Fig.	10).	Unknown	impurities	with	broad	

peak	 patterns	 were	 also	 present	 in	 the	m/z	1053	 EIC	 of	 the	 load	 sample.	 When	 tested	

against	S.	aureus	ATCC	11632	on	solid	media	the	load	solution	gave	a	strong	zone	of	growth	

inhibition.	The	flowthrough	from	the	SBP-resin	showed	decreased	ion	counts	for	m/z	1053	
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peak	corresponding	to	Sal	A,	but	still	contained	the	broad	unknown	impurity	peaks	(Fig.	5;	

red	 trace)	 that	was	 accompanied	by	 a	decrease	 in	 the	 size	of	 the	 growth	 inhibition	 zone	

when	 tested	 against	 S.	 aureus	 ATCC	 11632.	 Buffer	 washes	 of	 the	 SBP-resin	 gave	 no	

detectable	ion	counts	for	m/z	1053	corresponding	to	Sal	A	in	the	EIC	(Fig.	5;	green	trace)	

and	showed	no	growth	 inhibition	against	S.	aureus	ATCC	11632.	After	elution	of	 the	SBP-

resin	with	a	dilute	solution	of	Dan	the	ion	counts	for	m/z	1053	in	the	EIC	returned	(Fig.	5;	

magenta	 trace)	 along	with	 a	 noticeable	 zone	 of	 growth	 inhibition	when	 tested	 against	S.	

aureus	ATCC	 11632.	 The	 zone	 of	 growth	 inhibition	 for	 the	 elution	 was	 hazy	 due	 to	 the	

excess	 Dan	 in	 the	 sample,	 which	 antagonizes	 salmycin	 transport	 in	 S.	 aureus.	 Further	

purification	by	RP-C18	preparative	HPLC	(Supplementary	Fig.	8)	provided	a	pure	sample	

of	 the	 salmycins	 free	 of	 Dan	 with	 potent	 antibacterial	 activity	 (Fig.	 5;	 olive	 trace).	

Purification	 of	 the	 salmycins	 by	 FhuD2Δ24	 SBP-resin	 proceeded	 smoothly	 in	 a	 similar	

manner	 observed	 for	 combinations	 of	FO,	SFO,	 and	AcFO	 used	 in	 the	 proof-of-principle	

studies.	Dan	was	used	as	the	eluting	siderophore	S2	instead	of	FO	to	increase	separation	of	

retention	 times	on	RP-C18	HPLC	(Supplementary	 Fig.	 8).	The	SBP-resin	was	 tolerant	of	

the	complex	media	and	could	be	recycled	as	done	for	the	model	siderophores.	The	amount	

of	 salmycin	 that	 can	be	purified	 from	S.	violaceus	DSM	8286	 is	 limited	by	 the	 amount	 of	

FhuD2	employed	due	 to	1:1	stoichiometric	binding	of	salmycin	by	FhuD2.99	Thus,	scaling	

up	the	purification	will	require	scaling	up	FhuD2	production.	Fortunately,	FhuD2	expresses	

at	 high	 levels	 in	 our	 E.	 coli	 BL21	 expression	 system	 and	 is	 highly	 soluble,	 stable,	 and	

tolerant	 of	 handling/immobilization.31	 Industrial	 scale	 precedent	 with	 maltose-binding	

protein	 (MBP),114,	 115	 a	 substrate-binding	 protein	 that	 is	 structurally	 related	 to	 FhuD2,	

suggests	 that	 this	 type	 of	 scale-up	 is	 achievable.	 FhuD2Δ24	 SBP-resin	 does	 not	 separate	

individual	 salmycin	 isomers,	 but	 enrichment	 using	 SBP-resin	 enhances	 HPLC	 peak	

resolution	 that	 might	 aid	 in	 final	 chromatographic	 separation	 of	 individual	 isomers	

(Supplementary	Fig.	9).	

We	also	explored	 the	 treatment	of	S.	violaceus	DSM	8286	culture	 supernatant	with	HP20	

and	DEAE	resins	prior	 to	siderophore-affinity	 	chromatography	(Supplementary	 Fig.	 7).	

We	found	that	this	treatment	was	not	necessary	when	using	FhuD2Δ24	SBP-resin,	but	was	

required	 for	 the	 use	 of	 centrifugal	 filtration	 since	 the	 culture	 supernatant	 frequently	
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clogged	the	30K	molecular	weight	cut-off	semi-permeable	membranes.	We	used	centrifugal	

filtration	 to	 scale	 up	 the	 salmycin	 purification	 and	 provide	 enough	 material	 for	

characterization.	 The	molecular	 formulas	 of	 Sal	 A–D	 were	 confirmed	 by	 high-resolution	

LC-mass	 spectrometry	 (Supplementary	 Fig.	 10,11).	 We	 also	 measured	 the	 optical	

absorbance	properties,	FhuD2	Kd	binding	constant,	iron(III)	binding	affinity	(KFe),	and	MIC	

value	 towards	 S.	 aureus	ATCC	 11632	 (Supplementary	 Fig.	 13).	 The	 UV-Vis	 absorbance	

spectrum	was	consistent	with	other	trihydroxamate	siderophores	bound	to	iron(III)	with	a	

characteristic	peak	at	427	nm	arising	 from	 ligand-to-metal	 interactions	 (Supplementary	

Fig.	 13a).	 Assuming	 an	 extinction	 coefficient	 of	 3000	 M-1cm-1	 (common	 for	 most	 1:1	

ferrioxamine:iron(III)	 complexes),31	 we	 quantified	 stock	 solutions	 of	 the	 salmycins	 to	

measure	 FhuD2Δ24	 Kd,	 KFe,	 and	 MIC	 values.	 The	 salmycins	 quenched	 the	 intrinsic	

fluorescence	 of	 N-His6-FhuD2Δ24	 similar	 to	 FO,	 SFO,	 and	 AcFO	 (Supplementary	 Fig.	

13b).	Fluorescence	quenching	of	N-His6-FhuD2Δ24	was	used	to	estimate	the	apparent	Kd	

value	of	43	±	6	nM	for	the	salmycins	in	close	proximity	with	the	apparent	Kd	values	for	FO,	

SFO,	and	AcFO	 (53	±	6	nM,	46	±	7	nM,	and	31	±	4	nM,	respectively).	The	aminoglycoside	

moiety	 does	 not	 appear	 to	 reduce	 affinity	 for	 FhuD2,	 which	 is	 consistent	 with	 binding	

studies	performed	with	structurally	related	SACs.31-33	We	used	an	EDTA	competition	assay	

to	measure	 the	 apparent	KFe	 for	 the	 salmycins	 (Supplementary	 Fig.	 13c).	 Treatment	 of	

iron(III)-bound	salmycins	with	a	 slight	excess	of	EDTA	 led	 to	 rapid	exchange	of	 iron	and	

equilibration	as	judged	by	continuous	monitoring	of	optical	absorbance	at	427	nm.	The	log	

KFe	was	calculated	to	be	25.5	±	0.1,	which	is	similar	to	the	log	KFe	reported	for	a	synthetic	

danoxamine-ciprofloxacin	(25.6	±	0.1)	and	the	parent	siderophore	Dan	(27.8	±	0.3).31	The	

log	KFe	value	of	FO	 is	30.3	±	0.4	with	 the	gain	 in	 iron(III)	affinity	arising	 from	the	simple	

change	 of	 a	 terminal	 hydroxyl	 group	 to	 a	 terminal	 primary	 amine	 that	 is	 protonated	 at	

physiological	 pH.	 FO	 is	 known	 to	 promote	 the	 growth	 of	 S.	 aureus	 ATCC	 11632	 more	

efficiently	than	Dan	under	iron-limiting	conditions.31	FO	is	also	more	antagonistic	towards	

a	danoxamine-ciprofloxacin	SAC	in	antibacterial	susceptibilities	assays	 for	S.	aureus.33	We	

showed	the	same	effect	for	the	salmycins	using	an	agar	diffusion	antibacterial	susceptibility	

assay	with	S.	aureus	ATCC	11632	(Supplementary	Fig.	13d).	The	salmycins	alone	gave	a	

well-defined	zone	of	growth	inhibition	against	S.	aureus	ATCC	11632.	In	the	presence	of	a	
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20-fold	 excess	 of	 Dan	 we	 observed	 a	 small,	 hazy	 zone	 of	 growth	 of	 inhibition.	 In	 the	

presence	of	a	20-fold	excess	of	FO	 there	was	no	visible	zone	of	growth	inhibition	and	the	

antibacterial	 activity	 of	 the	 salmycins	was	 abolished.	 The	 salmycins	 contain	 a	 secondary	

amine	 as	 part	 of	 the	 aminoglycoside	 antibiotic	 that	 is	 predicted	 to	 make	 the	 salmycin	

iron(III)	 complex	 mono-cationic	 under	 physiological	 conditions.	 We	 previously	 showed	

that	 mono-cationic	 ferrioxamine	 siderophores,	 like	 FO,	 outperform	 mono-anionic	

ferrioxamine	siderophores,	 like	Dan,	 in	S.	aureus	growth	promotion	assays.31	Our	current	

findings	are	consistent	with	this	observation	and	suggest	that	mono-cationic	salmycins	will	

be	 competitive	 with	 other	 ferrioxamine	 siderophores	 in	 microenvironments	 to	 gain	 cell	

entry	 through	 ferrioxamine	uptake	systems.	With	analytically	pure	salmycins	 in	hand	we	

also	 set	 out	 to	 confirm	 the	 literature	 reported	MIC	value	of	~10	nM	against	 strains	of	S.	

aureus.32,	104,	108	 We	 used	 the	 broth	microdilution	method	 in	 Mueller-Hinton	 No.	 2	 broth	

made	 iron-deficient	 by	 the	 addition	 of	 2,2-dipyridyl	 to	measure	 an	MIC	 value	 of	 7.8	 nM	

against	S.	aureus	ATCC	11632,	confirming	the	original	literature	value.		

	 Summary,	conclusions,	and	outlook.	

We	have	developed	a	new	affinity	chromatography	strategy	for	purifying	siderophores	by	

immobilizing	 a	 His-tagged	 SBP	 on	 Ni-NTA	 resin.	 We	 utilized	 FhuD2	 from	 pathogenic	 S.	

aureus	as	the	SBP	because	of	its	ability	to	broadly	bind	trihydroxamate	siderophores	from	

the	ferrioxamine	family.	Our	FhuD2Δ24	SBP-resin	enabled	sequestration	of	mono-cationic	

(FO),	 mono-anionic	 (SFO),	 and	 neutral	 (AcFO)	 ferrioxamines.	 Siderophore	 binding	 was	

reversible	and	all	 siderophores	could	be	displaced	 from	the	SBP-resin	using	an	excess	of	

competing	siderophore	with	similar	binding	affinity	for	FhuD2Δ24.	To	validate	the	utility	of	

SBP-resin	 in	 natural	 product	 isolation,	 we	 purified	 the	 salmycins	 from	 S.	 violaceus	DSM	

8286	 culture	 supernatants	 to	 greatly	 simplify	 the	 isolation	 of	 these	 structurally	 complex	

sideromycins.	 There	 is	 growing	 interest	 in	 the	 discovery	 of	 new	 siderophores	 and	

sideromycins	 to	 treat	 a	 variety	 of	 human	 diseases,	 including	 infectious	 diseases.12,	34,	116	

SBP-resin	 coupled	 with	 microbial	 cultivation,	 genome	 mining,	 metabolomic,	

transcriptomic,	 and	 high-throughput	 screening	 might	 expedite	 the	 discovery	 of	 new	

siderophores.	 SBP-resin	 might	 also	 be	 useful	 for	 purifying	 synthetic	 siderophores,	
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sideromycins,	 and	siderophore	conjugates	 that	often	 require	 final	purification	by	 tedious	

chromatographic	steps.108	Immobilized	SBPs	might	also	be	useful	for	studying	siderophore	

membrane	transport	paradigms	and	probing	important	structure-binding	relationships	for	

SBPs	 and	 siderophores	 that	 might	 lead	 to	 an	 improved	 understanding	 of	 microbial	

siderophore	 utilization.31,	100,	101	 In	 theory,	 SBP-resin	 can	 be	 applied	 as	 a	 general	 affinity-

based	 immobilization	 strategy	 for	 a	 variety	of	 chemical	 biology	 applications	 in	much	 the	

same	ways	as	established	technologies	such	as	MBP-maltose	and	avidin-biotin	methods,117	

although	proof-of-principle	studies	will	be	needed	to	validate	this	claim.	

SBP-resin	 has	 several	 advantages	 over	 covalent	 capture	 approaches	 to	 immobilize	

siderophores	 and	 other	 natural	 products.75	 SBP-resin	 is	 non-covalent	 and	 reversible	

allowing	 for	 mild	 recovery	 of	 immobilized	 siderophores	 of	 interest	 without	 structural	

perturbation	 through	simple	displacement	with	a	competing	sacrificial	 siderophore.	SBP-

resin	is	highly	specific	and	enables	for	targeting	specific	structural	classes	of	siderophores	

in	complex	mixtures	containing	a	variety	of	siderophore	types.	SBP-resin	could	be	adapted	

for	virtually	any	siderophore	with	a	soluble,	 cognate	SBP.	SBPs	are	 typically	selective	 for	

specific	 structural	 classes	 of	 siderophores	 including	 hydroxamates,	 catecholates,	 and	 α-

hydroxycarboxylates.4	Presumably	some	non-specific	siderophore	binding	might	take	place	

when	 trying	 to	sequester	 target	molecules	 from	mixtures	containing	diverse	siderophore	

structures.	Our	successful	purification	of	 the	salmycins	 from	crude	S.	violaceus	DSM	8286	

cultures	using	 immobilized	FhuD2Δ24	suggests	that	selective	siderophore	binding	can	be	

achieved	using	a	carefully	chosen	immobilized	SBP	with	the	proper	structural	selectivity.	In	

theory,	siderophore	BGCs	could	be	mined	for	SBPs	to	construct	siderophore	affinity	resins	

that	 might	 enable	 rapid	 isolation	 of	 new	 and	 even	 cryptic	 siderophores	 from	 microbial	

cultures.	 Genes	 encoding	 for	 SBPs	 from	 metagenomic	 studies	 could	 be	 converted	 to	

siderophore	 affinity	 resins	 to	 prospect	 dilute	 metagenomic	 samples,	 including	 human	

microbiome	 samples.118-121	 Siderophores	 from	 probiotic	 and	 pathogenic	 microbes	 play	

important	 roles	 in	 human	 health.122,	 123	 Detection	 of	 siderophores	 in	 patient-derived	

samples	from	the	human	microbiome	is	required	for	linking	these	microbial	metabolites	to	

biological	 processes	 relevant	 to	 mutualistic	 and	 pathogenic	 relationships.124	 SBP-resins	

might	be	useful	for	concentrating	siderophores	from	the	human	microbiome	with	potential	
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applications	in	probiotics,	pathogen	diagnostics,	and	elucidation	of	important	host-microbe	

and	microbe-microbe	interactions	that	depend	on	siderophores.12,	19	

Experimental	Section	

Strains,	materials,	and	instrumentation.	

Staphylococcus	aureus	ATCC	11632	 and	Streptomyces	violaceus	 DSM	8286	were	 obtained	

from	the	ATCC	and	DSMZ	collections,	respectively	(Supplementary	Table	1).	E.	coli	BL21-

Gold(DE3)	and	E.	coli	TOP10	cells	were	obtained	from	Agilent	and	Invitrogen,	respectively.	

E.	 coli	 cells	 were	 made	 electrocompetent	 by	 standard	 methods.	 A	 Bio-Rad	 MicroPulser	

electroporator	 and	 0.2	 cm	 gap	 sterile	 electroporation	 cuvettes	 were	 used	 for	

electroporation.	Bacteria	were	stored	as	frozen	glycerol	stocks	at	-80	°C.	Codon-optimized	

fhuD2Δ24	was	purchased	from	GenScript	in	a	pET28a	vector	for	heterologous	expression	in	

E.	coli	BL21(DE3)	with	an	N-terminal	hexahistidine	 tag	 (Supplementary	 Tables	 2,3).	N-

His6-FhuD2Δ24	was	overexpressed	and	purified	as	described	previously	(Supplementary	

Fig.	1,2).31	DNA	purification	was	performed	with	kits	from	Qiagen.	Plasmid	sequencing	was	

performed	 by	 Genewiz.	 Nickel-nitriloacetic	 acid	 (Ni-NTA)	 agarose	 was	 purchased	 from	

ThermoFisher	Scientific	(catalog	#	R90115).	Any	kD	SDS-PAGE	gels	were	purchased	from	

Bio-Rad.	 Proteins	 were	 dialyzed	 using	 10K	 MWCO	 SnakeSkin	 dialysis	 tubing	 purchased	

from	Thermo	Fisher	Scientific.	Proteins	were	 concentrated	by	 centrifugal	 filrations	using	

30K	MWCO	filters	from	Millipore.	All	aqueous	solutions	were	prepared	with	water	purified	

using	 a	 Milli-Q	 system	 and	 sterilized	 by	 filtration	 through	 a	 0.2	 µm	 filter.	 Media	 was	

sterilized	 using	 an	 autoclave	 unless	 otherwise	 stated.	 pH	 measurements	 were	 recorded	

using	an	Orion	Star	A111	pH	meter	and	a	PerpHecT	ROSS	micro	combination	pH	electrode	

from	 Thermo	 Fisher.	 All	 buffers,	 salts,	 media,	 solvents,	 and	 chemical	 reagents	 were	

purchased	 from	 Sigma	 Aldrich	 unless	 otherwise	 stated.	 	 All	 media	 was	 sterilized	 in	 an	

autoclave	prior	 to	 growing	bacteria.	 Siderophore	 samples	FO,	SFO,	AcFO,	 and	Dan	were	

prepared	as	described	previously	(Supplementary	Fig.	3).31	

LC-MS	was	performed	using	an	Agilent	6130	quadrupole	with	G1313	autosampler,	G1315	

diode	 array	 detector,	 and	1200	 series	 solvent	module.	 Samples	were	 prepared	 in	 0.45	µ	
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PTFE	mini-UniPrep	vials	from	Agilent.		Separations	were	achieved	using	a	5	µ	Gemini	C18	

column	(50	x	2	mm)	from	Phenomenex	fit	with	a	guard	column.	Mobile	phases	were	0.1%	

formic	 acid	 in	 (A)	 H2O	 and	 (B)	 ACN.	 Data	 were	 processed	 using	 G2710	 ChemStation	

software.	Preparative	HPLC	was	performed	using	a	Beckman	Coulter	SYSTEM	GOLD	127P	

solvent	module	and	168	diode	array	detector	using	a	Luna	10	µ	C18(2)	100	Å	column	(250	

x	21.2	mm)	from	Phenomenex	fit	with	a	guard	column	(15	x	21.2	mm).	Mobile	phases	for	

RP-C18	prep-HPLC	were	5	mM	ammonium	acetate	in	(A)	H2O	and	(B)	ACN.	Analytical	HPLC	

was	 performed	 using	 a	 Beckman	 Coulter	 SYSTEM	 GOLD	 127P	 solvent	 module	 and	 168	

detector	with	a	Phenomenex	Luna	10u	C18(2)	100	Å	column,	250	x	21.20	mm,	10	µm	with	

guard	column.	 	HPLC	data	were	processed	using	32	Karat	software,	version	7.0.	DNA	and	

protein	 concentrations	 were	 determined	 using	 a	 NanoDrop	 2000	 UV–vis	

spectrophotometer	 from	 Thermo	 Fisher	 Scientific.	 Protein	 extinction	 coefficients	 were	

determined	using	the	ExPasy	ProtParam	tool.	UV–vis	spectrophotometry	was	performed	in	

1	cm	quartz	cuvettes	on	an	Agilent	Cary	50	spectrophotometer.	High-resolution	LC-MS/MS	

spectra	 were	 collected	 using	 a	 Q-Exactive	 (Thermo-Fisher	 Scientific)	 equipped	 with	 a	

custom	built	Eksigent	microLC	at	the	Donald	Danforth	Plant	Science	Center,	St.	Louis,	MO.	

Mobile	phases	were	0.1%	formic	acid	in	(A)	H2O	and	(B)	ACN	and	a	Supelco	C8	column	(0.5	

x	150	mm)	was	used	for	chromatographic	separations.	A	flow	rate	of	15	µL/min	was	held	

constant	while	a	solvent	gradient	(2%	B	held	 for	3	min,	 then	ramped	to	100%	B	over	11	

min,	then	held	at	100%	B	for	4	min,	then	ramped	to	2%	B	over	1	min,	and	re-equilibrated	at	

2%	B	 for	6	min)	was	 formed.	The	mass	spectrometer	was	operated	 in	polarity	switching	

mode	and	scanned	from	m/z	200–500	at	a	resolution	setting	of	70,000	(at	m/z	200)	for	MS1	

and	a	resolution	of	17,500	for	MS2.	Proteins	were	analyzed	by	ESI-MS	using	a	QTOF	Bruker	

Maxis	 equipped	 with	 a	 microLC	 at	 the	 WUSTL	 NIH/NIGMS-supported	 Biomedical	 Mass	

Spectrometry	Research	Resource.	Mobile	phases	were	0.1%	formic	acid	in	(A)	H2O	and	(B)	

80%	H2O/20%	ACN	and	an	Eclipse	XDB-C8	(3.5	μm)	column	was	used	for	chromatographic	

separations.	A	flow	rate	of	200	μL/min	was	held	constant	while	a	solvent	gradient	(5%	B	

ramped	to	20%	B	over	2	min,	then	ramped	to	70%	B	over	2.5	min,	then	ramped	to	80%	B	

over	0.5	min	and	held	for	1	min,	then	ramped	to	5%	B	over	0.5	min,	and	finally	ramped	to	

0%	B	over	1.5	min.	The	mass	spectrometer	was	operated	with	a	drying	temperature	of	180	
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°C,	a	capillary	voltage	of	4,000	V,	and	a	mass	range	of	250–2500	m/z.	Data	was	processed	

using	Intact	Mass-Protein	Metrics.	

FhuD2	fluorescence	quenching.	

FhuD2	 fluorescence	 quenching	 was	 performed	 as	 described	 previously	 by	 our	 group.31	

Increasing	 concentrations	 of	 siderophore	 solutions	 in	 100	 nM	N-His6-FhuD2Δ24	 in	 TBS	

buffer	(25	mM	Tris-HCl,	8	g/L	NaCl,	0.2	g/L	KCl,	pH	7.4)	were	added	over	2	min	intervals	to	

a	100	nM	FhuD2	solution	in	TBS	buffer,	maintaining	constant	volume	of	300	μL.	Increments	

of	 siderophore	 concentrations	were	 0	 (buffer	 control),	 26.7,	 53.2,	 79.5,	 105.6,	 171,	 299,	

422,	and	881	nM,	or	until	maximum	fluorescence	no	 longer	decreased.	A	PerkinElmer	LS	

55	Luminescence	Spectrometer	was	used	for	all	measurements.	Emissions	were	analyzed	

from	 300–400	 nm	 with	 the	 following	 settings:	 the	 excitation	 wavelength	 was	 280	 nm;	

excitation	and	emission	slits	were	both	set	to	10	nm;	scan	speed	was	set	to	400	nm/min.	

Maximum	 fluorescence,	 usually	 around	 340	 nm,	 was	 taken	 for	 each	 siderophore	

concentration	 and	 dose	 dependent	 fluorescence	 quenching	 data	 were	 processed	 using	

GraphPad	 Prism	 v7.0b	 to	 calculate	 the	 apparent	 Kd	 of	 N-His6-FhuD2Δ24	 for	 each	

siderophore	 using	 a	 nonlinear	 fit	 to	 a	 one	 binding	 site	 model.	 A	 HellmaAnalytics	 High	

Precision	 Cell	 cuvette	 made	 of	 Quartz	 SUPRASIL,	 light	 path	 10x2	 mm	 was	 used	 for	 all	

experiments.	Experiments	were	performed	in	triplicate	as	independent	trials.	

Siderophore	purification	with	SBP-resin.	

A	fritted	glass	column	was	loaded	with	fresh	Ni-NTA	agarose	resin	in	1:1	EtOH:H2O	to	give	

a	working	resin	volume	of	2.3	cm	x	1	cm.	The	resin	was	washed	with	H2O	and	equilibrated	

with	SBP	buffer	(50	mM	K2HPO4,	150	mM	NaCl,	1	mM	DTT,	pH	8)	at	4	°C.	N-His6-FhuD2Δ24	

was	thawed	from	a	frozen	stock	(500	μL	of	1.5	mM	in	SBP	buffer;	this	is	enough	protein	to	

fully	saturate	the	Ni-NTA	agarose	resin),	diluted	to	3	mL	final	volume	with	SBP	buffer,	and	

added	to	the	Ni-NTA	agarose	resin.	After	rocking	at	4	°C	for	30	min	excess	SBP	buffer	was	

eluted	 and	 the	 column	 was	 washed	 with	 SBP	 buffer	 until	 no	 N-His6-FhuD2Δ24	 was	

detected	by	SDS-PAGE	analysis.	The	N-His6-FhuD2Δ24-saturated	Ni-NTA	agarose	 resin	 is	

referred	to	as	SBP-resin.	Three	siderophores	(FO,	SFO,	and	AcFO)	were	used	in	pairs	as	the	
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siderophore	of	interest	(S1)	or	sacrificial	siderophore	(S2).	Siderophore	S1	is	first	loaded	to	

the	SBP-resin	by	addition	of	5	mL	of	a	0.1	mg/mL	solution	of	S1	in	SBP	buffer	followed	by	

20	min	of	rocking	at	4	°C.	Excess	SBP	buffer	is	eluted	and	the	SBP	resin	is	washed	five	times	

with	15	mL	of	SBP	buffer	until	LC-MS	analysis	shows	no	detectable	ions	for	siderophore	S1.	

Next,	5	mL	of	a	0.1	mg/mL	solution	siderophore	S2	in	SBP	buffer	is	added	and	the	SBP	resin	

is	rocked	at	4	°C	for	20	min.	The	column	eluent	 is	analyzed	by	LC-MS	for	the	presence	of	

siderophore	S1	ions	to	confirm	displacement	from	the	SBP	resin	by	competitive	binding	of	

excess	siderophore	S2.	The	SBP	resin	can	now	be	used	in	a	second	cycle	using	the	now	resin	

bound	 siderophore	 S2	 as	 the	 siderophore	of	 interest	 S1.	 For	 LC-MS	analysis	 of	 samples	 a	

gradient	was	 formed	 from	 0%	B	 to	 100%	B	 over	 10	min,	 followed	 by	 a	 10	min	 hold	 at	

100%	B,	and	re-equilibration	to	0%	B	over	5	min.	Caution:	using	DTT	in	SBP	buffer	can	lead	

to	 reduced	 Ni-NTA	 resin	 as	 indicated	 by	 a	 blue	 to	 orange	 color	 change	 during	 the	

procedure.	 BME	 can	 be	 used	 as	 an	 alternative	 to	DTT	 to	 prevent	 this	 from	 taking	 place.	

Each	experiment	was	performed	in	duplicate	as	independent	trials.	

Separation	of	siderophores	by	ion	exchange	chromatography.	

A	fritted	glass	column	was	packed	by	gravity	with	DEAE	or	Cellex	P	resin	giving	a	working	

resin	volume	of	2	cm	x	7	cm.	Resins	were	washed	with	50	mL	of	10	mM	ammonium	acetate	

solution	in	H2O	(pH	7)	followed	by	50	mL	of	pure	H2O.	For	proof-of-principle	studies,	1:1	

mixtures	 of	 iron(III)-bound	 siderophores	 (FO	 +	 SFO;	 SFO	 +	 AcFO;	 FO	 +	 AcFO)	 at	 0.1	

mg/mL	for	each	siderophore	were	prepared	in	pure	H2O.	Samples	from	SBP-resin	elutions	

containing	combinations	of	siderophores	at	~0.1	mg/mL	each	were	first	desalted	and	then	

reconstituted	in	pure	H2O.	Desalting	was	accomplished	by	either	lyophilization	followed	by	

trituration	with	MeOH	or	C18	chromatography.	A	5	mL	aliquot	of	FO	+	SFO	 solution	was	

passed	through	DEAE	resin.	The	flowthrough	was	collected	(contains	FO)	and	the	column	

was	washed	with	2	x	5	mL	pure	H2O.	SFO	was	eluted	from	the	DEAE	resin	using	5	mL	of	4%	

aqueous	NH4OH.	A	5	mL	aliquot	of	SFO	+	AcFO	solution	was	passed	through	DEAE	resin.	

The	flow-through	was	collected	(contains	AcFO)	and	the	column	was	washed	with	2	x	5	mL	

pure	H2O.	SFO	was	eluted	from	the	DEAE	resin	using	5	mL	of	4%	aqueous	NH4OH.	A	5	mL	

aliquot	of	FO	+	AcFO	was	passed	through	Cellex	P	resin.	The	 flow-through	was	collected	

(contains	AcFO)	and	the	column	was	washed	with	2	x	5	mL	pure	H2O.	FO	was	eluted	from	
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the	Cellex	P	resin	using	5	mL	of	4%	aqueous	NH4OH.	For	each	separation,	the	column	load,	

flowthrough,	washes,	and	elution	were	analyzed	by	LC-MS.	Each	separation	was	performed	

in	duplicate	as	independent	trials.	

Purification	of	salmycins	from	S.	violaceus	DSM	8286.	

Salmycins	A–D	(Sal	A–D)	were	purified	from	cultures	of	Streptomyces	violaceus	DSM	8286	

(Supplementary	 Table	 1;	 Supplementary	 Fig.	 6).103,	112,	113	 Spore	 stocks	 of	 S.	 violaceus	

DSM	 8286	 were	 grown	 on	 malt	 extract	 agar	 plates	 (10	 g/L	 starch,	 1	 g/L	 casein,	 1	 g/L	

peptone,	1	g/L	yeast	extract,	10	g/L	malt	extract,	0.5	g/L	K2HPO4,	15	g/L	agar)	at	28	°C	for	

7–10	days,	or	until	spores	were	formed.	A	liquid	culture	was	started	by	adding	a	1	cm2	slice	

from	 the	 agar	plate	 to	250	mL	of	 liquid	 growth	media	 (15	 g/L	 glucose,	 15	 g/L	 soy	bean	

flour,	5	mL/L	corn	steep	liquor,	2	g/L	CaCO3,	and	5	g/L	NaCl,	pH	adjusted	to	7.2)	in	a	1	L	

baffled	flask.	The	starter	culture	was	incubated	at	28	°C	with	shaking	at	225	r.p.m	for	48	h.	

50	mL	of	starter	culture	was	transferred	to	a	3	L	baffled	 flask	containing	1	L	of	salmycin	

production	 media	 (20	 g/L	 soy	 bean	 flour	 and	 20	 g/L	 mannitol,	 pH	 adjusted	 to	 7.5).	

Salmycin	production	cultures	were	incubated	with	shaking	at	225	r.p.m.	at	28	°C	for	4	days.	

Salmycin	production	was	monitored	by	antibacterial	susceptibility	testing	against	S.	aureus	

ATCC	 11632,	 as	 described	 below.	 Cultures	 (10	 L	 total	 volume)	 were	 vacuum	 filtered	

through	celite	and	concentrated	by	rotary	evaporation.	The	resulting	solids	were	washed	

with	a	90%	MeOH/10%	H2O	solution	(v/v)	several	 times.	The	combined	MeOH	washings	

were	 concentrated	 by	 rotary	 evaporation	 and	 dissolved	 in	 10	 mL	 of	 pure	 H2O.	 A	 pure	

mixture	of	salmycins	A–D	can	be	obtained	using	N-His6-FhuD2Δ24	SBP-resin	as	described	

previously	 using	 the	 salmycins	 as	 siderophore	 S1	 and	 FO,	 SFO,	 AcFO,	 or	 Dan	 as	

siderophore	 S2.	 Dan	 is	 advantageous	 as	 siderophore	 S2	 because	 it	 offers	 the	 greatest	

separation	from	the	salmycins	by	RP-C18	HPLC	(Supplementary	Fig.	8).		

For	 preparative	 scale	 purification	 of	 salmycins	 A–D	we	 employed	 the	 use	 of	 centrifugal	

filtration	with	soluble	N-His6-FhuD2Δ24	rather	than	Ni-NTA-immobilized	protein.	Culture	

supernatant	(5	L	total	volume)	from	S.	violaceus	DSM	8286	production	cultures	was	passed	

through	 a	 column	 of	 hydrophobic	 HP-20	 resin	 (6	 cm	wide	 x	 25	 cm	 high)	 to	 absorb	 the	

salmycins.	 The	 HP-20	 resin	was	washed	with	 H2O	 and	 the	 crude	 salmycins	were	 eluted	
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from	the	HP-20	resin	by	the	addition	of	a	20%	IPA/80%	H2O.	The	IPA/H2O	were	removed	

via	rotary	evaporation	to	give	a	dark	brown	solid.	The	solid	was	suspended	 in	a	minimal	

volume	of	90%	MeOH/10%	H2O	and	then	centrifuged	at	5,000	r.p.m.	at	4	°C	for	20	min.	The	

supernatant	was	collected	and	the	solid	was	treated	with	90%	MeOH/10%	H2O	a	second	

time.	The	supernatants	were	combined	and	concentrated	by	rotary	evaporation	to	give	an	

orange	solid.	The	solid	was	dissolved	in	H2O	and	filtered	through	a	DEAE	anion	exchange	

column	(2	cm	wide	x	7	cm	high).	The	flowthrough	from	the	DEAE	resin	was	concentrated	

and	 dissolved	 in	 SBP	 buffer.	 This	 solution	 is	 suitable	 for	 siderophore-affinity	

chromatography	 using	 immobilized	 SBP	 columns	 (Supplementary	 Fig.	 7),	 as	 described	

previously,	or	soluble	SBP	centrifugal	filtration	units.	For	the	centrifugal	filtration	protocol	

using	soluble	SBP,	eight	Amicon	Ultra	30K	MWCO	centrifugal	filters	were	filled	with	250	μL	

of	800	μM	N-His6-FhuD2Δ24	diluted	to	1	mL	total	volume	in	SBP	buffer.	Approximately	15	

mL	of	crude	salmycins	in	SBP	buffer	was	added	to	each	centrifugal	filter	and	rocked	at	4	°C	

for	30	min.	Each	centrifugal	filter	was	then	centrifuged	at	5,000	r.p.m.	at	4	°C	for	15	min	or	

until	 ~1-2	 mL	 of	 volume	 remained	 in	 the	 filtration	 unit.	 An	 additional	 15	 mL	 of	 crude	

salmycin	solution	in	SBP	buffer	was	added	to	each	tube	and	the	process	was	repeated	until	

all	 of	 the	 crude	 salmycin	 solution	was	 passed	 through	 the	N-His6-FhuD2Δ24	 centrifugal	

filters.	 To	 elute	 the	 pure	 salmycins,	 a	 5	mL	 solution	 of	 0.2	mg/L	Dan	 in	 SBP	 buffer	was	

added	 to	 each	 centrifugal	 filter.	 After	 rocking	 for	 30	 min	 at	 4	 °C,	 the	 solutions	 were	

centrifuged	at	5,000	r.p.m.	and	the	 flowthrough	was	collected.	An	additional	5	mL	of	SBP	

buffer	was	 added	 to	 each	 centrifugal	 filter	 and	 the	 flowthrough	 after	 centrifugation	was	

combined	 with	 the	 previous	 flowthrough	 to	 give	 ~10	 mL	 total	 volume	 from	 each	

centrifugal	filter.	The	flowthroughs	from	all	centrifugal	filtration	units	were	combined	and	

concentrated	via	rotary	evaporation	to	yield	an	orange	solid.	To	decrease	the	salt	content,	

the	 solid	was	 suspended	 in	 90%	MeOH/10%	H2O	 and	 filtered.	 The	 remaining	 solid	was	

washed	 several	 times	 with	 90%	 MeOH/10%	 H2O	 and	 the	 pooled	 MeOH/H2O	 washings	

were	 concentrated	 via	 rotary	 evaporation	 and	 redissolved	 in	 H2O.	 HPLC	 and	 LC-MS	

analysis	 revealed	 a	 mixture	 of	 Dan	 and	 salmycins	 A–D	 that	 was	 separated	 using	

preparative	RP-C18	HPLC	using	a	gradient	of	5%	B	held	for	2	min,	ramped	to	25%	B	over	5	

min,	then	45%	B	over	20	min,	and	100%	over	3	min	followed	by	re-equilibration	to	0%	B	
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over	2	min	(Supplementary	Fig.	8).	Danoxamine	eluted	from	15–16	min	and	salmycins	A–

D	were	collected	 from	16–20	min.	Fractions	containing	 the	salmycins	were	confirmed	by	

bioactivity,	 analytical	 RP-C18	 HPLC,	 LC-MS,	 and	 high-resolution	 LC-MS/MS	

(Supplementary	Fig.	9–11).	This	resulted	in	a	solution	of	analytically	pure	salmycins	A–D	

with	a	total	volume	of	500	μL	and	a	total	concentration	of	81	μM	(42	μg),	which	enabled	the	

determination	of	apparent	KFe,	apparent	N-His6-FhuD2Δ24	Kd,	and	S.	aureus	MIC	values.	

Determination	of	salmycin	KFe.	

The	apparent	KFe	value	for	the	purified	mixture	of	salmycins	A–D	was	measured	using	an	

EDTA	competition	assay	for	1:1	siderophore:Fe(III)	complexes	described	previously	by	our	

group	(Supplmentary	Fig.	13c).31	A	solution	of	pure	salmycins	at	0.1	μM	was	mixed	with	

1.2	 equivalents	 of	 EDTA	 in	 HEPES	 buffer	 (10	 mM	 HEPES,	 600	 mM	 NaCl,	 100	 mM	 KCl,	

adjusted	 to	 pH	 7.4)	 to	 a	 total	 volume	 of	 1	 mL.	 The	 solution	 was	 transferred	 to	 a	

polypropylene	cuvette	and	scanned	continuously	at	430	nm	over	90	min	at	1	s/scan.	The	

experiment	was	performed	in	duplicate	as	independent	trials.	Apparent	KFe	was	calculated	

from	the	change	in	absorbance	at	430	nm	as	described	previously.31	

Antibacterial	susceptibility	testing.	

Antibacterial	activity	of	the	salmycins	was	determined	by	an	agar	diffusion	assay	or	liquid	

broth	microdilution	 assay.	 For	 both	 assays,	 overnight	 cultures	 of	 S.	 aureus	ATCC	 11632	

were	 grown	 in	LB	broth	 for	18–24	h	 starting	 from	a	 frozen	glycerol	 stock.	 	 For	 the	 agar	

diffusion	assay,	40	μL	of	this	culture	was	added	to	34	mL	of	sterile,	melted,	and	tempered	

(~47	 °C)	Mueller-Hinton	No.	 2	 agar	 (HiMedia	 Laboratories)	 supplemented	with	 100	 μM	

2,2’-bipyridine	(final	concentration).	 	After	gentle	mixing,	 the	 inoculated	melted	agar	was	

poured	into	a	sterile	petri	dish	(145	mm	x	20	mm,	Greiner	Bio-One)	and	allowed	to	solidify	

at	rt.		Wells	of	9	mm	diameter	were	cut	from	the	petri	dish	agar	and	filled	with	50	μL	of	the	

test	 sample	 solution.	 All	 pure	 test	 samples	 (FO,	 salmycins,	 and	 Dan)	 were	 tested	 at	

concentrations	 of	 0.1	 mg/mL.	 For	 testing	 of	 crude	 salmycins	 during	 purification	 the	

concentration	 was	 unknown	 and	 antibacterial	 activity	 against	 S.	 aureus	 was	 used	 as	 a	

qualitative	measurement	for	the	presence	of	the	salmycins.	The	petri	dish	was	incubated	at	

37	°C	in	ambient	air	for	18–24	h	and	the	inhibition	zone	diameters	were	measured	(mm)	
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with	 an	 electronic	 caliper.	 MIC	 values	 were	 determined	 using	 the	 broth	 microdilution	

strategy	 following	CLSI	guidelines	 in	Mueller-Hinton	No.	2	broth	supplemented	with	100	

µM	2,2’-bipyridine,	as	described	previously	by	our	group.31,	33	A	concentration	gradient	of	

1–0.0002	µM	 salmycins	was	 used	 and	 an	MIC	 value	 of	 7.8	 nM	was	 recorded	 for	 halting	

growth	of	S.	aureus	ATCC	11632	after	18	h	incubation	at	37	°C	in	ambient	air.	The	MIC	was	

judged	visually	as	the	lowest	salmycin	concentration	to	completely	inhibit	the	growth	of	S.	

aureus	ATCC	11632.	
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Figures	and	Figure	Legends	

	

Figure	1.	Structures	of	ferrioxamine	siderophores	and	sideromycins	used	in	this	study.	
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Figure	2.	(A)	General	strategy	for	receptor-mediated	purification	of	bacterial	siderophores	

using	SBP	resin.	An	N-His6	 tagged	siderophore-binding	protein	 (FhuD2	 from	S.	aureus)	 is	

adhered	to	a	Ni-NTA	agarose	resin	to	form	the	SBP	resin.	The	siderophore	of	interest	(S1)	is	

loaded	to	the	SBP	resin	and	is	bound	by	FhuD2.	A	sacrificial	siderophore	(S2)	is	then	added	

to	 displace	 siderophore	 S1	 from	 the	 SBP	 resin.	 FhuD2	 is	 selective	 for	 binding	

trihydroxamate	 siderophores.	 (B)	 Unbiased	 and	 biased	 affinity	 selection-mass	

spectrometry	 (ASMS)	 strategies	 for	 integrating	 SBP-resins	 into	 siderophore	 natural	

product	discovery	platforms.	
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Figure	3.	Loading	and	displacing	of	siderophores	on	FhuD2	SBP	resin.	(A)	Siderophore	S1	

was	 loaded	 to	 the	 FhuD2	 resin	 and	 then	 eluted	with	 siderophore	 S2.	 (B–G)	 All	 possible	

combinations	 of	 FO,	 SFO,	 and	 AcFO	 as	 the	 loading	 siderophore	 (S1)	 and	 eluting	

siderophore	(S2)	were	successful	in	providing	S1	in	the	final	elution	from	the	SBP	resin.	EIC	

traces	 are	 off-set	 by	 1	minute	 on	 the	 x-axis	 and	 a	 10%	off-set	 is	 used	 on	 the	 y-axis.	 EIC	

traces	are	representative	of	experiments	performed	in	duplicated	as	independent	trials.	
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Figure	4.	Separation	of	the	siderophore	of	interest	(S1)	and	the	sacrificial	siderophore	(S2)	

based	on	net	charge	using	ion	exchange	chromatography.	(A)	Siderophores	S1	and	S2	were	

loaded	 to	 the	 ion	 exchange	 column.	 Siderophore	 S1	 washed	 through	 the	 column	 and	

siderophore	 S2	was	 retained	 on	 the	 column	 and	 subsequently	 eluted.	 (B–G)	 All	 possible	

combinations	 of	 charge	positive	 (FO),	 charge	negative	 (SFO),	 and	 charge	neutral	 (AcFO)	

were	successfully	separated	as	S1	and	S2.	EIC	traces	are	off-set	by	0.5	minute	on	the	x-axis	

and	 a	 10%	 off-set	 is	 used	 on	 the	 y-axis.	 EIC	 traces	 are	 representative	 of	 experiments	

performed	in	duplicated	as	independent	trials.	

	



	 39	

	

Figure	 5.	 Isolation	 of	 pure	 salmycins	 from	S.	violaceus	DSM8286	 culture	 supernatant	 by	

treatment	with	FhuD2	SBP-resin	using	danoxamine	(Dan)	as	the	eluting	siderophore.	 Ion	

counts	 for	 the	Sal	 A	 [M+H]+	 ion	 (m/z	1053)	were	 tracked	via	LC-MS	 in	 the	column	 load,	

flowthrough,	wash,	elution,	and	preparative	HPLC	fractions	(Prep-C18	purified)	along	with	

growth	 inhibitory	 activity	 in	 an	 antibacterial	 agar	 diffusion	 assay	 using	 S.	 aureus	ATCC	

11632.	EIC	traces	are	off-set	by	1	minute	on	the	x-axis	and	a	10%	off-set	is	used	on	the	y-

axis.	EIC	traces	are	representative	of	experiments	performed	in	duplicated	as	independent	

trials.	
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