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ABSTRACT	

DEVELOPMENT	AND	CHARACTERIZATION	OF	FLUORESCENT	MANNOSE-	AND	SIALIC	

ACID	BASED	CHEMICAL	PROBES	FOR	LECTIN	DISCOVERY	AND	ENZYME	STUDIES	

Master	of	Science,	2019	
	

Tasnim	Abukar	
	

Molecular	Science	
	

Ryerson	University	
	
-	

	
BODIPY	(4,4–Difluoro-4-boro-3a,4a-diaza-s-indacene)	dyes	are	relatively	nonpolar	

fluorescent	molecules	used	as	biological	labeling	reagents.	The	advantages	of	using	BODIPY	

dyes	as	tags	include	their	unique	photochemical	properties,	allowing	for	an	easy	and	

sensitive	monitoring	of	target	components.	This	thesis	will	discuss	the	synthesis	of	novel	

fluorescent	“BODIPY”-labeled	carbohydrate-based	chemical	probes	and	highlight	their	uses	

in	different	biological	applications.	In	chapter	one,	we	have	focused	on	the	development	of	

BODIPY-mannose-based	chemical	probes	for	the	discovery	and	characterization	of	

mannose-binding	lectins	on	surfaces	of	Actinobacteria.	The	synthesis	of	these	probes	and	

their	efficiency	to	detect	mannose-binding	lectins	using	different	techniques	such	as	

fluorescence	microscopy	and	flow	cytometry	are	discussed.	In	chapter	two,	we	have	

focused	on	the	chemo-enzymatic	synthesis	of	BODIPY-sialic	acid	based	chemical	probes	for	

enzymatic	detection	of	specific	glycoconjugates	on	proteins.	The	use	of	these	probes	as	

donor	substrates	to	probe	the	enzymes	involved	in	glycan	sialylation	are	discussed.		
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Chapter	1: Development	of	Mannose-based	Fluorescent	Probes	for	
Mannose-binding	Lectin	Discovery		

	

 Introduction		
	

 Overview	of	Lectins		
	

Lectins	are	carbohydrate-binding	proteins	that	are	ubiquitous	in	nature	and	have	

the	common	ability	to	recognize	and	bind	to	specific	carbohydrate	structural	

epitopes	without	altering	them.1	The	distinctive	carbohydrates	decorated	on	the	

surfaces	of	cells	make	them	targets	for	lectins.	Lectins	are	typically	comprised	of	

two	or	more	binding	sites	specific	for	carbohydrate	molecules,	referred	to	as	the	

carbohydrate-recognition	domains	(CRDs).	2	These	domains	mediate	lectin	activity	

and	can	exist	in	four	central	arrangements.	CRDs	alone	can	constitute	the	entire	

lectin	(Figure	1A),	which	results	in	its	function	being	reliant	on	multivalency.	2	This	

arrangement	explains	the	ability	of	specific	plant	lectins	to	cluster	glycoproteins	on	

cell	surfaces,	which	results	in	their	ability	to	agglutinate	cells.	2	CRDs	associated	

with	extra	functional	domains	permit	the	protein	to	carry	out	several	biological	

functions	including	enzymatic	reactions,	ligand-binding	and	anchoring	proteins	to	

cell	membranes	(Figure	1B).	2	CRDs	associated	with	membrane	anchors	connected	

to	the	cytoplasmic	regions	facilitate	transfer	of	information	(Figure	1C).	2	CRDs	

associated	with	oligomerization	domains	enable	multivalent	binding	to	increase	the	

binding	strength	and	direct	the	geometric	position	of	binding	sites.	2	(Figure	1D).		



	
	

2	

	

Figure	1:	Arrangements	of	carbohydrate-binding	domains	(CRDs)	of	lectins.	A)	Lectins	

comprising	of	just	CRDs;	B)	Lectins	consisting	of	CRDs	associated	with	other	functional	

domains;	C)	Lectins	consisting	of	CRDs	associated	with	membrane	anchors;	and	D)	

Lectins	consisting	of	CRDs	associated	with	oligomerization	domains.2		

	

Besides	the	arrangements	of	CRDs,	lectins	are	also	classified	by	their	structural	

homology	and	evolutionary	similarities.	Their	structure	can	range	from	flat	surfaces	

to	deeply	buried	pockets	depending	on	the	type	of	lectin.	3	Typical	structural	folds	of	

lectin	CRDs	tabulated	from	numerous	crystallographic	and	spectroscopic	studies	are	

associated	to	specific	lectin	groups.	For	example,	L-type	lectins,	which	are	a	large	

group	of	lectins	found	in	plants	and	animals,	have	a	common	tertiary	structural	

motif	known	as	the	“jelly-roll	fold”	illustrated	in	Figure	2.	2,	4			

		

A	 B	 C	 D	
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Figure	2:	“Jelly-roll	fold”	structure	of	L-type	lectins.	A)	Simple	illustration	of	the	“jelly-

roll	fold”	configuration.	B)	“Jelly-roll	fold”	structure	represented	in	monomeric	

concanavalin	A	(Con	A).4,	10	

	

At	the	CRD,	lectin-carbohydrate	binding	is	reversible	and	occurs	through	the	

following	weak	interactions:	hydrogen	bonding,	van	der	Waals,	hydrophobic	

interactions	and	metal	ions	(i.e.	Ca2+,	Mg2+	and	Mn2+).	Lectin-carbohydrate	

interactions	lead	to	conformational	changes	that	mediate	specific	interactions	in	

living	organisms	like	cell-cell	contact,	cell-cell	communication,	cell	signaling,	and	cell	

development.	5,	6	These	interactions	also	play	an	essential	role	in	various	

pathological	processes	such	as	infection,	cancer	cell	metastasis,	and	inflammation.	6	

For	instance,	galectins	a	family	of	lectins	with	a	similar	binding	affinity	for	β-

galactoside	sugars	are	involved	in	immune	and	inflammatory	responses.	4	Hepatic	

lectins,	a	group	of	membrane	receptor	proteins	which	specifically	bind	β-N-

acetylglucosamine	(β-GlcNAc)	moieties	have	been	reported	to	be	capable	of	

mediating	endocytosis.	7	Cell	surface	glycoproteins	bearing	terminal	mannoside	

	 	

A	 B	
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residues	can	act	as	high	affinity	ligands	for	different	fimbriated	pathogens,	enabling	

pathogen-host	recognition.	8		

 Detection	methods	of	Lectins	and	Their	Shortcomings		
	

As	lectins	play	an	important	role	in	a	number	of	diverse	biological	processes,	the	

search	for	the	development	of	effective	techniques	to	probe	them	are	continuing.	An	

essential	aspect	of	investigating	their	biological	functions	is	the	identification	and	

evaluation	of	their	quantity	in	cells.	Current	methods	that	exist	are	practical	in	

detecting	lectins	though	they	are	accompanied	with	a	few	shortcomings.	For	

instance,	one	method	is	a	carbohydrate	affinity	chromatography,	which	involves	the	

use	of	carbohydrate	ligands	immobilized	to	a	solid	support	allowing	for	the	

separation	of	lectins	based	on	their	specific	interaction	with	the	solid	support.	The	

disadvantages	of	this	technique	is	that	there	is	no	definitive	proof	that	all	the	lectins	

have	eluted	from	the	column	or	even	bound	to	the	solid	support.	9	Another	method	

is	a	hemagglutination	inhibition	assays,	which	determines	the	specificity	of	lectins	

by	measuring	the	amount	of	carbohydrates	required	to	prevent	the	agglutination	of	

red	blood	cells.	10	Although,	this	technique	is	effective	at	determining	the	specificity	

of	lectins,	the	disadvantages	is	that	they	do	require	the	use	of	red	blood	cells	and	

large	amounts	of	lectin	source.	10	Surface	plasmon	resonance	(SPR)	and	quartz	

crystal	microbalance	(QCM)	are	methods	that	have	the	common	ability	to	detect	

changes	in	mass	upon	lectin-carbohydrate	binding.	11	In	both	of	these	methods,	the	

carbohydrate	ligand	is	immobilized	onto	the	surface	of	a	sensor	chip	and	

subsequently	the	lectin	solution	is	flowed	over	the	chip	surface,	allowing	for	
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interaction	to	occur.	11,	12	A	few	disadvantages	of	these	methods	are	that	it	cannot	

easily	differentiate	specific	and	non-specific	interactions,	there	are	difficulties	in	the	

detection	of	low	molecular	weight	compounds,	and	in	obtaining	uniformly	

functionalized	surfaces	when	using	sensor	chips.	11,	12	Moreover,	current	in	vitro	

protein	studies	do	not	always	adequately	elucidate	their	biological	functions.	14	For	

this	reason,	the	development	of	nondestructive	analysis	tools	for	use	in	biological	

research	is	highly	necessary.		

	

 Small-Molecule	Probes		
	

Contrary	to	the	physical	methods	described	above,	small-molecule	probes	also	

referred	to	as	molecular	probes	represent	a	nondestructive	method	that	has	widely	

been	used	in	biological	applications.	13,	14	These	probes	are	tags	that	have	been	used	

to	visualize,	characterize	and	quantify	biological	processes	occurring	in	living	

systems.	14	Generally,	a	chemical	probe	is	comprised	of	three	main	structural	

components:	i)	the	recognition	element;	ii)	tag	moiety	and;	iii)	the	linker	illustrated	

in	Figure	3.	27	The	recognition	element	in	the	probe	design	permits	specific	

interaction	with	a	target.	Several	types	of	targeting	ligands	can	be	considered	for	the	

recognition	element	like	carbohydrates,	peptides,	proteins,	antibody,	nucleic	acids,	

nanoparticles	and	other	small	molecules.		In	addition	to	targeting,	the	selection	of	an	

optimal	tag	moiety	is	also	important	in	probe	design,	as	it	is	the	component	that	

produces	signal	for	imaging	purposes.	27	The	tag	moiety	can	range	from	being	a	

radionuclides	(positron-emission	tomography),	magnetic	molecules	(magnetic	
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resonance	imaging),	microbubbles	(ultrasound),	bioluminescence	or	fluorescent	

molecules.	27	Photochemical	properties,	physical	and	chemical	properties	are	all	key	

considerations	when	choosing	an	ideal	tag.	For	instance,	since	small	molecule	

biological	probes	are	relatively	low	mass,	the	attachment	of	large	dyes	can	

substantially	impact	the	biological	function	of	the	recognition	element	i.e.	cell	

permeability,	steric	hindrance,	hydrophobicity,	and	non-specific	binding	properties.	

The	final	component	of	the	probe,	which	is	the	linker,	connects	the	recognition	

element	with	the	dye,	minimizing	the	interaction	between	them.	15,	27	Varying	the	

linker	can	influence	the	overall	property	of	the	probe	such	that	it	improves	

solubility,	flexibility,	cell	permeability	etc.		

	

Figure	3:	Schematic	representation	of	a	small-molecule	biological	probe.		

	

1.1.3.1 Recognition	Element		
	

The	recognition	element	is	the	key	aspect	of	specificity	for	small-molecule	biological	

probe	technologies.		In	the	design	of	carbohydrate-based	probes	for	lectin	studies,	

the	recognition	element	must	comprise	of	a	specific	carbohydrate	ligand,	which	

would	interact	with	the	target	lectins.	This	carbohydrate	ligand	can	range	from	

monosaccharides,	oligosaccharides	and	polysaccharides,	depending	on	the	desired	

mode	of	action.	It	has	been	reported	that	carbohydrate–lectin	interactions	typically	
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occur	with	low	binding	affinities,	though	it	has	been	shown	that	multivalency	

significantly	enhances	binding.	17,	18,	19	Binding	affinities	of	divalent	and	trivalent	

carbohydrate	ligands	were	observed	to	being	up	to	103	–	and	106	–	fold	higher,	

respectively,	than	monovalent	carbohydrate	ligands.	17	Lee	et	al.,	(2006)	

investigated	monovalent	and	trivalent	carbohydrate	probes	that	consisted	of	

a	photoreactive	benzophenone	group,	which	upon	irradiation	covalently	bound	

weakly	bound	lectins.	18	Within	30min	of	irradiation,	strong	binding	of	probes	to	

lectins	were	observed;	however	greater	binding	affinities	were	seen	with	the	

trivalent	carbohydrate	probes	18.	Similar	results	were	also	seen	with	the	

carbohydrate-functionalized	poly	(ρ-phenylene	ethynylene)	(PPE)	probe	developed	

by	Disney	et	al.,	(2004),	where	it	was	displayed	that	multivalent	interactions	greatly	

enhanced	the	binding	affinity	and	selectivity	of	the	probe	to	FimH	E.coli.	19		

	

1.1.3.2 Fluorescent	tags		
	

Among	the	number	of	available	methods	of	detection,	fluorescence	detection	has	

several	distinct	advantages,	being	highly	sensitive	to	sample	concentration,	less	

sensitive	to	instrument	variability	and	allowing	for	an	easy	and	sensitive	monitoring	

of	target	components	and	even	their	interactions	in	vivo.	Assessment	of	fluorescence	

signals	is	one	of	the	most	sensitive	methods	amongst	other	analytical	techniques.	20	

In	order	to	be	used	for	biological	applications	the	fluorescent	dye	component	should	

exhibit	the	following	desirable	properties,	such	as;	high	molar	extinction	

coefficients,	low	toxicity,	high	quantum	yield	(ΦF),	large	Stokes	shift,	long	
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fluorescence	lifetime	(τF),	and	photostability.	62	Fluorescent	dyes	used	for	biological	

labelling	can	be	categorized	with	regards	to	the	labelling	modalities	between	

fluorescent	dye	and	the	labelled	biomolecule.	21	For	instance,	the	fluorescent	dye	

can	be	bound	to	the	biomolecule	via	an	active	group	(i.e.	azide,	alkyne	or	NHS-

ester);	or	it	can	also	be	inserted	into	the	DNA	structure	of	an	organism	via	

transfection	(i.e.	GFP	or	RFP)	or	transiently	expressed	i.e.	GFP-fusion	proteins	from	

plasmids.	21		

Among	the	numerous	types	of	fluorescent	dyes	used	in	biological	

applications,	BODIPY	(4,4	–Difluoro-4-boro-3a,4a-diaza-s-indacene)	dyes	show	

significant	promise	for	this	body	of	work	(Figure	4	and	Table	1).	Being	a	

photostable	substitute	for	fluorescein,	it	is	strongly	absorbing	and	emits	relatively	

sharp	fluorescence	maxima	in	the	visible	and	near	infrared	region	with	high	

quantum	yields	up	to	ΦF	=	0.97.	22,	23,	24	Due	to	its	relative	insensitivity	to	the	pH,	

solvent	and	polarity	of	its	environment	it	makes	a	preferred	choice	for	the	labelling	

of	biomolecules.	25	Structural	modifications	of	these	dyes	allow	the	tuning	of	their	

fluorescence	characteristics	as	well	as	easy	labelling	to	various	biomolecules.		

	

	

	

Figure	4:	Core	structures	of	common	bound	fluorescent	dyes.	
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Table	1:	Properties	of	common	bound	fluorescent	dyes	used	in	biological	studies	

	

1.1.3.3 Linker		
	

The	overall	property	of	the	carbohydrate-based	probes	can	also	be	optimized	in	the	

linker	portion,	as	it	joins	the	recognition	element	and	the	tag	moiety.	The	linker	

component	can	be	varied	to	control	the	overall	size	and	property	of	the	probe.	

However,	it	should	minimize	the	interactions	between	the	recognition	element	and	

the	fluorescent	tag	so	that	there	is	no	interference	between	their	separate	and	

significant	functions.	26	Therefore,	the	linker	length	is	an	essential	parameter	as	it	

can	influence	the	functionality	of	the	probe,	i.e.	allow	simultaneous	binding	of	

recognition	elements	to	lectins	without	creating	unfavourable	enthalpy	strains.	3	A	

really	short	spacer	can	result	in	steric	hindrance,	whereas,	a	very	long	spacer	can	

increase	the	risk	of	non-specific	binding.	Linkers	used	in	carbohydrate-based	probes	

can	provide	an	overall	hydrophilic	or	hydrophobic	property,	i.e.	improving	

permeability	and	solubility.		For	instance,	polyethylene	glycol	(PEG)	linkers,	are	

Fluorescent 
Dyes 

Absorbance
λabs (nm) 

Emission 
λem (nm) 

Quantum 
yield (ΦF)

Pros Cons Reference

DBD 420 - 440 520 - 630 0.12 - 0.57 - Large stokes shift - Photo-bleaching 20, 32, 61

Coumarins 350 - 400 430 - 450 ~0.63 - Good water 
solubility 

- Sensitive to pH
- Not as bright

- Autofluorescence
68, 69, 70

Cyanines 548 -684 570 - 710 ~0.15 - 0.3 - Large stokes shift
- Sensitive to solvent 

changes
- Not as bright

71, 72, 73

Fluoresceins ~492 ~515 ~0.6 - 0.78 - Good water
solubility - pH sensitive 74, 75, 76, 

77

BODIPY 502 - 504 509 - 512 ~0.80 – 0.97

- Insensitive to pH
- Very bright

- Great photostability Low stokes shift
22, 23, 24, 

25
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biologically	inert	and	nonionic	molecules	consisting	of	repeated	oxyethylene	(–CH2–

CH2–O–)	subunits	that	have	a	molecular	weight	ranging	from	200	g	mol-1	to	

40,000,000	g	mol-1.	27		The	popularity	of	these	linkers	are	primarily	due	to	their	

ability	to	enhance	the	aqueous	solubility	of	hydrophobic	molecules,	which	has	

previously	been	demonstrated	by	Bader	et	al.,	(2016)	with	his	developed	DBD-PEG-

mannose	probe.	28,	29	Polyacrylamide	(PAA)	carriers	can	also	be	selected	as	linkers	

particularly	for	their	hydrophilic	and	flexibility	properties	seen	in	fluorescein-PAA	

carbohydrate	probes	developed	by	Galanina	et	al.,	(2001).	16	These	PAA	carriers	

have	also	exhibited	no	interference	with	binding	of	probe	to	cellular	lectins.	16	

Furthermore,	in	some	cases	the	linker	component	can	support	the	recognition	

element	by	covalently	binding	weakly	bound	lectins	to	the	probe	via	UV	

illumination,	shown	by	Lauc	et	al.,	(2000),	with	his	developed	photoaffinity	

glycoprobes.	30		

For	the	development	of	mannose-based	probes,	bound	fluorescent	dyes	are	

the	choice	of	tag	moiety	due	to	the	ease	of	conjugation	to	the	probe.	Perhaps	some	of	

the	best	linking	methods	that	can	be	employed	for	the	conjugation	of	the	dye	to	the	

probe	includes	the	copper-catalyzed	azide-alkyne	cycloaddition	(CuAAc)	reaction	or	

succinimidyl	ester	reaction,	due	to	their	simple	reaction	conditions,	

stereospecificity,	production	of	high	yields	and	minimal	byproducts	that	can	be	

simply	removed.	CuAAc	reactions	involve	the	use	of	a	copper	(I)	catalyst	to	‘click’	a	

terminal	alkyne	group	to	an	azide	group	forming	a	stable	disubstituted	triazole	

linked	product	illustrated	in	Figure	5.	Succinimidyl	ester	reaction	involves	an	
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amine-reactive	group	such	as	NHS	esters	reacting	with	primary	amines	under	

alkaline	conditions	to	form	a	stable	amide	linked	product	as	illustrated	in	Figure	6.		

	

Figure	5:	General	reaction	scheme	for	copper-catalyzed	azide-alkyne	cycloaddition	
(CuAAC).	

	

	

Figure	6:	General	conditions	of	a	succinimidyl	ester	reaction.		

	

 Carbohydrate-based	Probes	and	its	Components		
	

Research	has	shown	that	the	main	advantage	of	using	carbohydrate-based	chemical	

probes	is	that	it	allows	for	the	detection	and	identification	of	new	lectins	possessing	

identical	or	similar	carbohydrate-binding	properties,	even	if	their	sequence	

homology	is	unknown.	16	Carbohydrate-based	chemical	probes	are	small	molecules	

that	must	consist	of	a	carbohydrate	moiety	as	the	recognition	element	for	the	

specific	interaction	with	the	target	lectin.	Whereas,	the	tag	and	linker	components	

can	vary,	depending	on	the	desired	molecular	property	and	detection	method.	

Development	of	effective	carbohydrate	probe	design	should	provide	minimal	non-
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specific	binding	with	cellular	components.	Thus,	the	tag	and	linker	components	

must	insignificantly	affect	the	specific	carbohydrate-lectin	interaction.		

To	date,	a	few	carbohydrate-based	chemical	probes	have	been	developed	to	study	

carbohydrate-lectin	interactions.	These	probes	have	consisted	of	recognition	

elements	including	monovalent	and	multivalent	carbohydrate	ligands;	tags	ranging	

from	phosphorescent	and	fluorescent	dyes;	and	linkers	varied	by	size,	length,	

rigidity,	and	hydrophilic	and	hydrophobic	properties.		Although	the	majority	of	the	

carbohydrate-based	chemical	probes	that	exist	in	the	literature	have	been	shown	to	

recognize	and	bind	to	their	target	lectins,	however,	they	are	accompanied	with	a	

number	of	limitations	i.e.	non-specific	binding,	photo	bleaching,	dimerization	and	

oligomerization	of	labelled	lectins.	To	date	the	development	of	carbohydrate-based	

chemical	probes	that	efficiently	detect	lectins	still	requires	investigation.		

	

 Project	Objectives		
	
	
The	overall	goal	of	this	project	is	to	develop	efficient	mannose-based	chemical	

probes	for	use	in	the	detection	of	mannose-binding	lectins	in	various	

microorganisms.		In	particular,	Actinobacteria	will	be	examined.	The	Wakarchuk	lab	

as	well	as	others	have	shown	there	to	be	cell	surface	mannosylated	proteins	present	

in	these	microorganisms.	63,	64,	65	These	distinctive	mannosylated	proteins	presented	

on	their	surfaces	make	them	likely	targets	for	lectins.	To	date,	only	a	few	lectin-

carbohydrate	interactions	have	been	elucidated	for	this	group	of	bacteria.	A	few	of	

its	members	such	as	Cellulomonas	fimi	(C.fimi)	and	Cellulomonas	flavigena	
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(C.flavigena)	have,	through	genome	sequencing,	recently	been	suggested	

to	containing	a	putative	mannose-binding	lectin,	identified	through	sequence	

homology.	66	Therefore,	with	the	proposed	mannose-based	chemical	probes	this	

work	explores	whether	mannose-binding	lectins	exist	on	the	surfaces	of	these	cells.			

This	project	is	broken	down	into	three	aims:		

1. Development	and	characterization	of	mannose-based	chemical	probes.		

2. Investigation	of	the	functionality	of	the	mannose-based	chemical	probes	on	

known	mannose-binding	lectins	using	flow	cytometry	and	fluorescence	

microscopy	techniques.		

3. Using	mannose-based	chemical	probes	to	discover	the	presence	of	mannose	

binding	lectins	on	microorganisms.	

For	the	development	of	mannose-based	chemical	probes,	the	recognition	element	of	

choice	must	consist	of	a	mannose	moiety	(i.e.	monosaccharides	vs.	disaccharides),	

for	the	specific	interaction	with	target	mannose-binding	lectins.	BODIPY	fluorescent	

dyes	will	be	the	choice	of	tag	owing	to	the	properties	previously	discussed.	For	the	

linker	component,	PEG-based	linkers	will	be	used,	as	it	should	offset	the	

hydrophobic	properties	of	the	BODIPY	fluorescent	tag	(Figure	7).	
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Figure	7:	Chemical	structures	of	proposed	BODIPY-mannose-based	probes.	

Recognition	element	(red);	linker	(purple);	and	fluorescent	tag	(green).	

	

	 	It	is	hypothesized	that	the	composition	(tag,	linker,	and	recognition	element)	

of	the	developed	mannose-based	chemical	probes	will	have	an	effect	on	its	overall	

efficiency	to	specifically	target	and	bind	mannose-binding	lectins.	The	fluorescent	

tag	on	the	chemical	probe	will	influence	whether	background	labelling	and	non-

specific	binding	is	observed.	To	investigate	the	functionality	of	these	probes,	tests	

will	be	done	on	Escherichia	coli	expressing	FimH	a	known	mannose	binding	surface	

lectin	31,	67	and	examined	through	flow	cytometry	and	fluorescence	microscopy	

techniques.			

	 Flow	cytometry	is	a	laser-based	technology	that	uses	light	to	count	and	sort	

cells	based	on	the	fluorescent	characteristics	of	each	cell	in	the	fluid	mixture.		It	will	

be	used	to	study	the	binding	selectivity	of	the	mannose-based	probes	to	mannose-

binding	lectin	containing	cells.	Two	sets	of	binding	analyses	will	be	conducted;	i)	a	

direct	binding	analysis,	where	the	probe	is	directly	incubated	with	cells	and	ii)	an	

inhibition	binding	analysis,	where	a	competitive	ligand	is	introduced	to	inhibit	the	
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binding	of	the	probe	to	cells.		In	theory,	if	the	direct	binding	analysis	is	successful	

the	data	that	is	generated	will	show	a	peak	shift	to	a	higher	fluorescence	intensity	

for	the	population	of	cells	bound	to	the	probe	in	comparison	to	the	unstained	cells	

(negative	control).	Furthermore,	if	the	inhibition	binding	analysis	is	successful	the	

data	that	is	generated	will	show	a	peak	shift	to	lower	fluorescence	intensity	since	

the	binding	of	the	probe	to	cells	is	inhibited,	ultimately	showing	selectivity	of	the	

probe.		

	 Fluorescence	microscopy	will	be	used	to	visually	investigate	the	binding	

specificity	of	probes	to	cells.	The	key	component	of	this	method	is	the	fluorescent	

dye	as	this	is	the	molecule	that	is	illuminated	resulting	in	the	excited	fluorescent	

molecule	to	emit	light	that	can	be	collected	and	visualized.	Images	produced	will	

show	the	localization	of	the	dye	molecules,	which	provides	information	regarding	

specificity.	

1.1.5.1 Control	Mannose-binding	Lectin	–	FimH	
	
	
FimH	are	30kDa	mannose-binding	lectins	found	on	the	organelle	tip	of	Type	1	

fimbriae	of	E.coli	cells.	31	FimH	is	a	well-studied	lectin,	produced	as	a	300	amino	acid	

precursor	and	subsequently	processed	into	a	279	amino	acid	mature	form.	67	These	

proteins	are	surface	adhesion	proteins	of	E.	coli	that	are	responsible	for	the	specific	

binding	of	D-mannose	containing	host	surfaces.	32	Since,	FimH	lectins	are	known	to	

specifically	bind	to	mannose	residues,	they	will	be	used	as	control	lectins	in	this	

study	to	examine	the	functionality	and	efficiency	of	these	mannose-based	chemical	
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probes,	prior	to	using	them	to	discover	mannose-binding	lectins	on	C.fimi	and	

C.flavigena.		

 Experimental		
	

 Materials		
	
	
Copper	(II)	sulfate	pentahydrate,	(+)-sodium	L-ascorbate,	tris(3-

hydroxypropyltriazolylmethyl)amine	(THPTA),	aminoguanidine	hydrochloride,	7-

hydroxycoumarin-3-carboxylic	acid	N-succinimidyl	ester	(1.9)	were	all	supplied	by	

Sigma-Aldrich.	C-18	silica	gel	columns	were	self-packed	with	silica	powder	also	

obtained	from	Sigma-Aldrich.	Plastic-backed	TLC	silica	gel	60	and	glass-backed	TLC	

plate	(20	cm	x	20	cm	x	1	mm	thick)	were	purchased	from	EDM	Millipore.	All	water	

used	was	obtained	from	the	Milli-Q	system	also	purchased	from	EDM	Millipore.	

BODIPY	FL	alkyne	(1.1)	was	purchased	from	Lumiprobe	and	planar	BODIPY-alkyne	

(1.2)	was	supplied	by	the	Koivisto	Lab	in	the	Department	of	Chemistry	and	Biology	

at	Ryerson	University.	BODIPY-NHS	(1.6)	was	supplied	by	the	Withers	Lab	in	the	

Department	of	Chemistry	at	University	of	British	Columbia.	α-D-mannopyranoside-

PEG3-azide	(1.3)	was	obtained	from	Sussex	Research	and	D-mannose-α	-1,3-

mannosyl-α-pentylamine	(1.7)	was	supplied	by	GlycoNet	Core	Services.	The	pre-

packed	Superdex	peptide	10/300	GL	column	was	purchased	from	GE	Healthcare.	

The	EZDOC	System	was	purchased	from	BioRad.	The	vacuum	concentrator	and	

freeze	drier	equipment	were	purchased	from	Labconco.	
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 General	method	for	compound	characterizations	
	
	
1H	NMR	spectra	were	recorded	at	400	MHz	on	a	Bruker	Avance	III	400	instrument	

at	ambient	temperature.	Chemical	shifts	(δ)	are	reported	in	parts	per	million	(ppm)	

from	low	to	high	field	and	references	to	a	residual	nondeuterated	solvent	(H2O)	for	

1H	nuclei.	Standard	abbreviations	indicating	multiplicity	are	used	as	follows:	s	=	

singlet;	d	=	doublet;	m	=	multiplet;	br	=	broad.	Mass	spectra	were	obtained	from	an	

Advion	mass	spectroscopy	instrument.	Samples	were	introduced	onto	instrument	

via	TLC/MS	technique	and	run	on	an	ESI	probe.	Methanol	was	used	as	the	extracting	

solvent	with	flow	rate	of	0.15	mL/min.	Full	scan	mass	spectra	were	recorded	in	the	

positive-ion	mode	in	a	mass	range	of	100	to	2000	Da	applying	the	following	

parameters:	detector	gain	1250,	ESI	voltage	3500	V,	capillary	voltage	180	V,	source	

voltage	offset	20	V,	source	voltage	span	30	V,	capillary	temperature	250°C,	source	

gas	temperature	200°C.		

	

 Purification	technique	using	C-18	silica	columns	
	
	
Excess	reactant	components	were	removed	from	the	reaction	mixture	on	C-18	silica	

columns.	Prior	to	loading	reaction	mixture	onto	column,	it	was	washed	with	20	mL	

of	methanol	(MeOH)	and	20	mL	of	water,	successively.	Subsequently,	the	reaction	

mixture	was	slowly	loaded	onto	C-18	column	and	BODIPY-labelled	probes	were	

retained	on	the	column.	Un-bound	components	were	eluted	out	the	column	during	

the	wash	step	with	10	mL	of	water.	While,	the	BODIPY-labelled	probes	were	eluted	

with	~4	mL	of	MeOH.		
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 Purification	using	preparative	glass-backed	TLC	plates	
	
	
Total	volume	of	reaction	mixture	was	reduced	to	approximately	80	μL	using	a	

vacuum	concentrator.	The	concentrated	reaction	mixture	was	then	layered	

onto	a	preparative	glass-backed	TLC	plate	(20	cm	x	20	cm	x	1	mm	thick)	and	was	

developed	using	the	solvent	mix	4:2:1:0.1	(EtOAc:MeOH:	H2O:	HOAc).	Developed	

TLC	plate	were	allowed	to	completely	dry	in	the	dark	at	room	temperature	(RT)	for	

10–24	h.	Once	completely	dry,	band	of	interest	were	scraped	off	the	(the	mobility	of	

probes	are	slightly	different	based	on	it	being	a	monosaccharide	or	disaccharide)	

carefully	with	a	Scoopula	and	transferred	into	a	50	mL	conical	tube.	Probes	were	

separated	from	the	silica	by	washing	the	silica-bound	probes	with	warm	water	

(40°C)	until	silica	was	completely	clear	and	centrifuged	at	1751	x	g	at	RT	for	5	min.	

Supernatant	was	gently	decanted	without	including	silica	and	subsequently	purified	

following	method	outlined	in	section	2.3.	The	absorbance	at	504	nm	(ABS504nm)	was	

determined	for	the	BODIPY-labelled	product.	MeOH	was	used	as	a	blank	and	was	

used	to	dilute	product.	Obtained	ABS504nm	was	then	used	to	calculate	the	final	

concentration	of	the	product	(extinction	coefficient	=	80,000	cm-1	M-1).		Product	was	

then	completely	dried	down	using	a	vacuum	concentrator	and	stored	at	-20°C.		
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 Synthesis	and	Purification	of	Mannose-based	Probes		
	

1.2.5.1 Synthesis	of	BODIPY-PEG-Mannose		
	
	
A	4	mM	BODIPY-alkyne	stock	solution	was	prepared	by	dissolving	BODIPY-alkyne	

(0.66	mg,	2	μmol)	in	300	μL	of	DMF	and	200	μL	of	water.	A	20	mM	α-D-

mannopyranoside-PEG3-azide	(1.3)	stock	solution	was	prepared	by	dissolving	α-D-

mannopyranoside-PEG3-azide	(1.3)	(2.67	mg,	8	μmol)	in	400	μL	of	water.	A	2	mM	

CuSO4	stock	solution	was	prepared	by	dissolving	CuSO4	(0.50	mg,	2	μmol)	in1	ml	of	

water.	A	50	mM	ligand	THPTA	stock	solution	was	prepared	by	dissolving	ligand	

THPTA	(35.7	mg,	82.2	μmol)	in	2	ml	of	water.	A	100	mM	aminoguanidine	stock	

solution	was	prepared	by	dissolving	aminoguanidine	(13.1	mg,	0.12	mmol)	in	1	ml	

of	water.	And	100	mM	sodium	ascorbate	stock	solution	was	prepared	by	dissolving	

sodium	ascorbate	(24.9	mg,	0.13mmol)	in	1	ml	of	water.	The	BODIPY-PEG-mannose	

probe	was	synthesized	via	a	CuAAc	reaction	under	the	following	assay	conditions:	2	

mM	BODIPY	alkyne,	potassium	phosphate	buffer	pH	7	to	make	up	the	total	volume,	

4	mM	Man-PEG-azide,	0.25	mM	CuSO4,	1.25	mM	ligand,	5	mM	aminoguanidine	and	5	

mM	sodium	ascorbate.	Once	all	reagents	were	combined,	the	reaction	was	incubated	

at	37°C	in	the	dark.	Progress	of	the	reaction	was	monitored	on	a	plastic-backed	TLC	

plate	(silica	60)	until	full	conversion	of	product	formation	was	observed.	0.5μL	of	

the	reaction	was	spotted	on	a	TLC	plate	and	was	developed	using	a	4:2:1:0.1	mix	of	

EtOAc:MeOH:H2O:HOAc	solvent.	The	developed	TLC	plate	was	placed	on	a	blue	light	

tray	(λex	=	460nm)	and	was	then	inserted	into	the	EZDOC	imaging	system	for	band	

quantitation.	The	resulting	reaction	mixture	was	then	purified	using	the	method	



	
	

20	

outlined	in	section	2.4.	From	a	1	mL	reaction	~5	mg	of	product	was	obtained.	1H	

NMR	(400	MHz,	D2O):	δ	=	7.94	(s,	1H),	7.56	(s,	1H),	7.42	(s,	1H),	7.01	(s,	1H),	6.31	(s,	

1H),	4.90	(s,	1H),	4.83	(s,	2H),	4.53	–	4.41	(m,	5H),	3.98	–	3.51	(m,	17H),	3.20	(br,	

2H),	2.72	(br,	2H),	2.51	(s,	3H),	2.27	(s,	3H).		

TLC-MS	(ESI):	C29H41BF2N6O9	[M+Na]+,	calculated	m/z	=	689.48,	found	m/z	689.4.		

1.2.5.2 Synthesis	of	BODIPY-Mannobiose		
	
	
D-mannose-α	-1,3-mannosyl-α-pentylamine	(1.7)	(3.2	mg,	7.49μmol)	was	

resuspended	in	150	μL	of	sodium	borate	(25	mM,	pH	8.5).	In	a	separate	

microcentrifuge	tube	BODIPY-NHS	(1.6)	(3	mg,	7.7μmol)	was	dissolved	in	154	μL	of	

dimethylformamide	(DMF).	The	two	components	were	mixed	together	in	a	single	

microcentrifuge	tube	and	incubated	at	room	temperature	with	constant	rotating	for	

3-24h.	The	progress	of	the	reaction	was	monitored	on	a	plastic-backed	TLC	plate	

until	full	conversion	of	product	formation	was	observed.	0.5μL	of	the	reaction	was	

spotted	on	a	TLC	plate	and	was	developed	using	a	4:3:2:0.1	mix	of	

EtOAc:MeOH:H2O:HOAc	solvent.	Quantification	of	the	developed	TLC	plate	was	done	

on	a	blue	light	tray	(λex	=	460nm),	which	was	inserted	into	the	EZDOC	imaging	

system.	The	reaction	mixture	was	then	purified	using	the	method	outlined	in	section	

2.4.	From	a	1	mL	reaction	~4.3	mg	of	product	was	obtained.	1H	NMR	(400	MHz,	

D2O):	δ	=	7.32	(s,	1H),	6.97	(s,	1H),	6.32	(s,	1H),	6.18	(s,	1H),	5.12	(br,	2H),	4.08	–	

4.05	(m,	2H),	3.88	–	3.75	(m,	9H),	3.70-3.59	(m,	3H),	3.37	(br,	2H),	3.16-	3.12	(m,	

4H),	2.45	(s,	1H),	2.16	(s,	1H),	1.48	–	1.39	(m,	5H),	1.21-1.10	(m,	6H).	TLC-MS	(ESI):	

C31H46BF2N3O12	[M+Na]	+,	calculated	m/z	724.30,	found	m/z	724.5.	
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1.2.5.3 Synthesis	of	Coumarin-Mannobiose	
	
	
D-mannose-α	-1,3-mannosyl-α-pentylamine	(1.7)	(3.2	mg,	7.49μmol)	was	

resuspended	in	150	μL	of	sodium	borate	(25	mM,	pH	8.5).	In	a	separate	

microcentrifuge	tube,	7-hydroxycoumarin-3-carboxylic	acid	N-succinimidyl	ester	

(1.9)	(2.3	mg,	7.6	μmol)	was	dissolved	in	152	μL	of	dimethylformamide	(DMF).	The	

two	components	were	mixed	together	in	a	single	microcentrifuge	tube	and	

incubated	at	room	temperature	with	constant	rotating	for	10-24h.	The	progress	of	

the	reaction	was	monitored	on	a	plastic-backed	TLC	plate	until	full	conversion	of	

product	formation	was	observed.	0.5μL	of	the	reaction	was	spotted	on	a	TLC	plate	

and	was	developed	using	a	4:3:2:0.1	mix	of	EtOAc:MeOH:H2O:HOAc	solvent.		

Quantification	of	the	developed	TLC	plate	was	done	on	a	blue	light	tray	(λex	=	

460nm),	which	was	inserted	into	the	EZDOC	imaging	system.	Purification	was	done	

on	a	superdex	peptide	10/300	GL	column	attached	to	a	ÄKTA	pure	chromatography	

system	(GE	Healthcare).	Resulting	reaction	mixture	was	diluted	with	10	mM	

ammonium	acetate	+	20%	acetonitrile	(ACN)	pH	7.5	buffer	in	a	1:1	(v/v).	Diluted	

reaction	mixture	was	loaded	onto	column	at	1mL/min	flow	rate.	The	product	was	

eluted	at	1mL/min	with	a	isocratic	flow	of	10	mM	ammonium	acetate	+	20%	ACN	

pH	7.5	buffer	and	2	mL	fractions	were	collected.	The	eluted	product	was	then	

analyzed	on	a	plastic-backed	TLC	plate	to	confirm	the	elimination	of	impurities.	The	

purified	coumarin-mannobiose	fractions	were	then	pooled	and	completely	dried	

down	using	a	freeze	dryer	and	final	product	was	stored	at	-20°C.	From	a	1	mL	

reaction	~4.0	mg	of	product	was	obtained.		1H	NMR	(400	MHz,	D2O):	δ	=	8.55	(s,	

1H),	7.59	(s,	1H),	6.88	(s,	1H),	6.73	(s,	1H),	5.11	(s,	1H),	4.85	(m,	2H),	4.08	–	4.05	(m,	
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2H),	3.90	-	3.83	(m,	2H)	3.78	–	3.55	(m,	9H),	3.38	(t,	2H),	2	(s,	2H),	1.67	–	1.64	(m,	

5H),	1.48	–	146	(m,	6H).		TLC-MS	(ESI):	C27H37NO15	[M+Na]	+,	calculated	m/z	638.21,	

found	m/z	638.3.		

	

1.2.5.4 Synthesis	of	BODIPY-PEG-amine		
	

A	20	mM	azido-PEG3-amine	stock	solution	was	prepared	by	dissolving	azido-PEG3-

amine	(1.3	mg,	6	μmol)	in	300	μL	of	25	mM	sodium	borate	pH	8.5.	The	CuAAC	

reaction	protocol	outlined	in	section	2.5.1	was	used.	The	progress	of	the	reaction	

was	monitored	on	a	plastic-backed	TLC	plate	until	full	conversion	of	product	

formation	was	observed.	0.5μL	of	the	reaction	was	spotted	on	a	TLC	plate	and	was	

developed	using	a	4:2:1:0.1	mix	of	EtOAc:MeOH:H2O:HOAc	solvent.	The	developed	

TLC	plate	was	then	analyzed	on	the	EZDOC	system	using	a	blue	light	tray	for	band	

quantification.	The	reaction	mixture	was	then	purified	using	the	method	outlined	in	

section	2.4.	From	a	1	mL	reaction	~2	mg	of	product	was	obtained.	NMR	and	MS	

analysis	will	be	done	prior	to	final	submission	of	thesis.		
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 Growth	of	Bacteria		
	

1.2.6.1 Growth	conditions	for	C.	fimi	and	C.	flavigina	
	
	
C.	fimi	wild-type	strain	(ATCC	484)	was	streaked	onto	a	plate	containing	low	sodium	

lennox	broth	agar	media.	Plate	was	incubated	at	30°C	for	48h.	A	colony	from	the	

plate	was	used	to	inoculate	25	mL	of	2x	YT	media	in	a	125	mL	baffled	flask.	The	flask	

was	then	incubated	at	30°C	with	shaking	at	180rpm	for	30h	or	until	cells	have	

reached	an	optical	density	at	λ	600	nm	(OD600)	of	1.	Cells	were	then	transferred	to	a	

microcentrifuge	tube	and	centrifuged	at	13,000	x-g	for	10	min.	The	supernatant	was	

discarded	and	the	cells	were	washed	twice	with	1X	PBS.	Washed	pellet	was	

resuspended	with	1X	PBS	and	cell	mixture	was	diluted	to	a	target	OD600	C.	flavigina	

wild-type	(ATCC	482)	was	also	grown	using	the	same	conditions	as	C.	fimi.		

	

1.2.6.2 Growth	conditions	for	FimH	E.coli	and	FimH	mutant	E.coli	
	
	
FimH	E.coli	wild-type	strain	(NRG857c)	was	scrapped	off	a	frozen	glycerol	stock	

(supplied	by	the	McPhee	Lab	at	Ryerson	in	the	Department	of	Chemistry	and	

Biology	at	Ryerson	University)	with	a	pipette	tip	and	used	to	inoculate	3	mL	of	low	

sodium	LB	and	it	was	incubated	at	37°C	with	shaking	at	200	rpm	for	24hr.	The	next	

day	a	subculture	was	made	with	1/50	dilution	from	the	overnight	into	a	3	mL	low	

sodium	LB	and	incubated	at	37°C	with	shaking	at	200	rpm	for	~2h	or	until	cells	

have	reached	an	OD600	=	1.	Cells	were	then	transferred	to	a	microcentrifuge	tube	

and	centrifuged	at	13,000	x-g	for	10	min.	The	supernatant	was	discarded	and	the	
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cells	were	washed	twice	with	1X	PBS.	Washed	pellet	was	resuspended	with	1X	PBS.	

FimH	mutant	E.coli	strain	(NRG857c	ΔFimH)	(supplied	by	the	McPhee	Lab	at	

Ryerson	in	the	Department	of	Chemistry	and	Biology	at	Ryerson	University)		was	

also	grown	using	the	same	conditions	as	FimH	E.coli.	

	

 Flow	Cytometry	Analysis	
	
	
All	flow	cytometry	analyses	were	done	on	the	BD	Accuri	C6	plus	flow	cytometer	

instrument	(BD	Biosciences).	Pre-set	flow	rate	and	core	size	used	were	14	µL/min	

and	10-µm	core,	respectively.	Laser	excitation	used	was	488nm	and	emission	used	

was	530	±	15nm.	Total	events	analyzed	per	sample	was	50,000	–	100,000.		All	flow	

cytometry	analyses	were	conducted	in	triplicates.		

	

1.2.7.1 Direct	&	Inhibition	Binding	Preparation	with	PFA	fixation	
	
	
After	bacterial	growth	to	target	OD600,	cells	were	washed	with	1x	PBS,	centrifuged	at	

13,000	x-g	for	10	min	to	remove	media.	For	the	direct	binding	analysis,	200	μL	cells	

at	target	OD600	were	first	incubated	with	probe	(25	μM	or	100	μM)	for	1h	in	a	

microcentrifuge	tube	in	the	dark	at	room	temperature.	Mixture	was	then	washed	3X	

with	1x	PBS	by	centrifugation	to	remove	unbound	probe	and	the	supernatant	was	

discarded.	Bacterial	cell	pellet	was	fixed	with	PFA	(2%	or	4%)	for	20min	and	then	

washed	3X	with	1X	PBS	by	centrifugation.	Supernatant	was	discarded	and	cells	were	

resuspended	in	0.4	mL	1x	PBS	for	flow	cytometry	analysis.		
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For	inhibition	binding	analysis,	the	protocol	described	for	direct	binding	assay	

was	used,	however	an	additional	step	was	introduced	prior	to	PFA	fixation.	In	this	

step,	a	competitive	ligand	(1mM)	was	incubated	with	the	cells	for	1h	in	a	

microcentrifuge	tube	in	the	dark	at	room	temperature.		

	

1.2.7.2 Direct	&	Inhibition	Binding	Preparation	with	NaN3	treatment	
	
	
After	bacterial	growth	to	target	OD600,	cells	were	then	washed	with	1x	PBS	and	

centrifuged	at	13,000	x-g	for	10	min	to	remove	media.	For	the	direct	binding	

analysis,	bacterial	cells	were	treated	with	1	mM	NaN3	for	~15-20min.	Cells	were	

then	washed	3	times	with	1x	PBS	by	centrifugation	and	supernatant	was	discarded.	

Cells	were	re-suspended	in	1x	PBS	and	the	final	OD600	was	measured.	Probe	(25	μM	

or	0.1mM)	was	then	added	to	the	200	μL	cells	at	target	OD600	and	incubated	for	1h	in	

a	microcentrifuge	tube	in	the	dark	at	room	temperature.	Cells	were	then	washed	3X	

with	1X	PBS	by	centrifugation	to	remove	unbound	probe.	Supernatant	was	

discarded	and	cells	were	resuspended	in	0.4	mL	1x	PBS	for	flow	cytometry	analysis.		

For	Inhibition	binding	analysis,	the	protocol	described	for	direct	binding	assay	

was	used,	however	and	additional	step	was	incorporated	after	the	step	with	the	

excess	probe	washed	off.	In	this	step,	a	competitive	ligand	(1mM)	was	incubated	

with	the	cells	for	1h	in	a	microcentrifuge	tube	in	the	dark	at	room	temperature.		
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 Fluorescence	Microscopy		
	
	
All	fluorescence	microscopy	images	were	acquired	from	a	deconvolution	

fluorescence	microscope	(Olympus).	Three	preparation	methods	were	used:		

Method	1:	FimH	E.coli	and	FimH	mutant	E.coli	cells	(OD600	=	1)	were	incubated	

with	6	μM	or	25	μM	probe	in	a	microcentrifuge	tube	for	1h	in	the	dark	at	room	

temperature.	20	μL	of	mixture	was	transferred	onto	coverslips	in	a	6-well	plate.	The	

sample	was	then	allowed	to	air	dry	onto	the	coverslip	for	~3h.	Excess	probe	was	

washed	off	3X	with	1x	PBS	with	5min	of	gentle	shaking.	Cells	were	then	fixed	with	

2%	PFA	for	20min	and	then	washed	3X	with	1x	PBS.	Coverslips	were	then	mounted	

on	the	glass	slides	with	a	drop	of	DAKO,	which	was	then	allowed	to	dry	10-24h	in	

the	dark.			

	 Method	2:	C.	fimi	and	C.	flavigina	cells	(OD600	≈	0.23)	were	incubated	with	25-

μM	probe	in	microcentrifuge	tube	for	1h	in	the	dark	at	room	temperature.	Excess	

probe	was	washed	off	3X	with	1x	PBS.	Cells	were	fixed	with	2%	PFA	for	20min	and	

washed	3X	with	1x	PBS.	Fixed	cells	were	co-stained	with	DAPI	for	15min	and	

washed	excess	off	3X	with	1x	PBS.	Stained	bacterial	cells	were	then	prepared	for	

imaging	using	an	agarose	pad	method	outlined	in	a	previously	published	

procedure.33	However,	the	coverslip/agarose	pad	set-up	was	optimized	as	follows,	

from	bottom	to	top:	glass	slide,	agarose	pad,	2	μL	bacterial	culture,	and	coverslip.		

	 Method	3:	C.	fimi	and	C.flavigena	cells	(OD600	≈	0.23)	were	first	treated	with	1	

mM	NaN3	for	15-20	min.	Cells	were	then	washed	3X	with	1x	PBS	by	centrifugation	

and	supernatant	was	discarded.	Cells	were	then	incubated	with	0.1	mM	probe	in	a	

microcentrifuge	tube	for	1h	in	the	dark	at	room	temperature.	Excess	probe	was	
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washed	off	3X	with	1x	PBS.	Cells	were	then	co-stained	with	DAPI	for	15min	and	

washed	excess	off	3X	with	1x	PBS.	Stained	bacterial	cells	were	then	prepared	for	

imaging	using	an	agarose	pad	method	outlined	in	a	previously	published	

procedure.33	However,	the	coverslip/agarose	pad	set-up	was	optimized	as	follows,	

from	bottom	to	top:	glass	slide,	agarose	pad,	2	μL	bacterial	culture,	and	coverslip.	
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 Results		
	

 Development	of	Mannose-based	Probes		
	

1.3.1.1 Synthesis	of	BODIPY-PEG-Mannose	Probes		
	
	
Both	mannose-based	chemical	probes	were	synthesized	using	the	CuAAC	reaction	

outlined	in	Figure	5,	which	labelled	the	α-D-mannopyranoside-PEG3-azide	(1.3)	

with	either	the	lumiprobe	BODIPY-alkyne	(1.1)	or	the	planar	BODIPY-alkyne	(1.2)	

(Figure	8A).	From	the	TLC	results	obtained,	about	95%	of	the	BODIPY-alkyne	(1.1)	

was	successfully	‘clicked’	onto	the	α-D-mannopyranoside-PEG3-azide	within	2h	of	

incubation	forming	BODIPY-PEG-mannose	(1.4)	(Figure	8B).	Whereas,	only	about	

~44.8%	of	the	BODIPY-alkyne	(1.2)	was	‘clicked’	onto	the	α-D-mannopyranoside-

PEG3-azide	within	10	h	of	incubation	generating	a	directly	conjugated	BODIPY-PEG-

mannose	(1.5)	(Figure	8C).	No	further	product	formation	with	the	BODIPY	(1.2)	tag	

was	observed	even	after	72	hours	of	incubation.		
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Figure	8:	Synthesis	of	BODIPY-PEG-Mannose	Probes.	A)	Chemical	structures	of	the	

starting	materials	used	in	the	CuAAc	reaction.	B)	TLC	analysis	of	BODIPY-PEG-

mannose	(1.4)	synthesis.	Lane	1:	starting	material,	BODIPY-alkyne;	Lanes	2:	CuAAc	

reaction	mixture,	time	point:	2h.	C)	TLC	analysis	of	Planar-BODIPY-PEG-mannose	

(1.5)	synthesis.	Lane	1:	starting	material,	planar	BODIPY-alkyne;	Lanes	2:	CuAAc	

reaction	mixture,	time	point:	10h.	

	

1.3.1.2 Synthesis	of	BODIPY-Mannobiose	probe	
	
	
The	BODIPY-mannobiose	(1.8)	probe	was	synthesized	using	the	succinimidyl	ester	

reaction.	In	this	reaction,	the	amine-reactive	BODIPY	dye	was	reacted	with	the	D-
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generating	a	stable	amide	linked	BODIPY	labelled	mannobiose	product	illustrated	in	

Figure	9A.	From	the	TLC	results	obtained,	about	85%	relative	conversion	was	

achieved	within	3h	of	incubation	and	labelled	product	was	then	successfully	

purified	via	preparative	TLC	(Figure	9B).		

	

	

	

Figure	9:		Synthesis	of	BODIPY-Mannobiose.	A)	Succinimidyl	ester	reaction	scheme	of	

BODIPY-mannobiose	and	B)	TLC	analysis	of	BODIPY-mannobiose	synthesis.	Lane	1:	

starting	material,	BODIPY-NHS;	Lanes	2:	reaction	mixture,	time	point:	3	h;	Lane	3:	

purified	BODIPY-mannobiose	fraction.		

1.3.1.3 Synthesis	of	Coumarin-Mannobiose	
	
	
The	coumarin-mannobiose	(1.10)	probe	was	synthesized	using	the	succinimidyl	

ester	reaction	as	well,	illustrated	in	Figure	10.	From	the	TLC	results	obtained,	about	

75%	relative	conversion	was	achieved	within	22h	of	incubation	as	seen	in	Lane	2	of	
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Figure	11B.	The	mixture	was	then	successfully	purified	via	size-exclusion	

chromatography,	where	four	different	fractions	(Fractions	a-b)	were	observed	to	

elute	from	the	column	(Figure	11A).	The	coumarin-mannobiose	probe	successfully	

eluted	first	due	to	its	larger	size	(fraction	a),	which	was	confirmed	by	TLC	as	shown	

in	Lane	3	on	Figure	11B.		

	

	

	

Figure	10:	Succinimidyl	ester	reaction	scheme	of	coumarin-mannobiose	
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Figure	11:	Synthesis	of	Coumarin-Mannobiose.	A)	Purification	of	coumarin-

mannobiose	by	size-exclusion	chromatography	and	B)	TLC	analysis	of	coumarin-

mannobiose	reaction	mixture	and	fractions	from	purification.	Lane	1:	starting	

material,	Coumarin-NHS;	Lanes	2:		reaction	mixture,	time	point:	22h;	Lanes	3-5:	

fractions	from	purification.	Lane	3:	fraction	a	(purified	coumarin-mannobiose);	Lane	

4:	fraction	b;	and	Lane	5:	fraction	c.		
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 Flow	Cytometry	Analysis	
	

1.3.2.1 Direct	binding	and	inhibition	binding	of	mannose	probes	on	FimH	E.coli		
	
	
In	order	to	investigate	the	selectivity	of	BODIPY-PEG-mannose	probe	for	FimH	

lectins,	a	direct	binding	analysis	was	conducted.	Alongside	the	control	FimH	E.coli	

cells	(NRG857c),	the	direct	binding	analysis	was	also	conducted	on	FimH	mutant	

E.coli	cells	(NRG857c	ΔFimH)	under	identical	conditions.	In	the	analysis,	a	BODIPY-

PEG-amine	compound,	missing	the	mannose	recognition	element,	was	also	

incorporated	into	the	study	to	investigate	whether	there	was	non-specific	binding	

occurring	with	the	BODIPY-PEG	component	of	the	probe.	From	the	histogram	

results	shown	in	Figure	12A,	its	evident	that	the	BODIPY-PEG-mannose	probe	is	

binding	to	the	FimH	E.coli	cells	due	to	the	~8.3	fold	increase	in	fluorescence	

intensity	compared	to	the	unstained	cells.	In	addition,	a	slight	fluorescence	intensity	

shift	was	also	observed	for	the	cells	incubated	with	BODIPY-PEG-amine,	suggesting	

that	the	BODIPY-PEG	region	of	the	probe	was	a	bit	sticky.		The	histogram	obtained	

for	the	FimH	mutant	E.coli	cells	in	Figure	12B,	shows	that	the	selectivity	of	the	

BODIPY-PEG-mannose	probe	is	specifically	for	FimH	lectins	as	similar	shift	were	not	

observed	with	the	FimH	mutant	E.coli	cells.	However,	this	histogram	confirmed	that	

the	BODIPY-PEG	component	of	the	probe	was	in	fact	‘sticky’	with	both	the	BODIPY-

PEG-amine	and	BODIPY-PEG-mannose	probe	having	the	same	fluorescence	intensity	

shift	in	the	FimH	mutant	E.coli	cells.	This	‘stickiness’	observed	might	be	the	

hydrophobic	or	hydrogen	bond	interactions	that	might	be	occurring	between	the	

BODIPY-PEG	component	and	cell	surface	components.		
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Figure	12:	Investigating	the	binding	specificity	of	BODIPY-PEG-Mannose	probe	for	

FimH	lectins	by	flow	cytometry.	Direct	binding	analyses	of	probes	binding	to	A)	FimH	

E.coli	cells	(OD600	=	1)	and	B)	FimH	mutant	E.coli	cells	(OD600	=	1).	Negative	control,	

probe	absent	(red);	cells	incubated	with	25	μM	BODIPY-PEG-Mannose	amine	(orange);	

and	cells	incubated	with	25	μM	BODIPY-PEG-Mannose	probe	(blue).	MFI:	median	

fluorescence	intensity.		
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To	further	investigate	the	selectivity	of	the	BODIPY-PEG-mannose	probe	for	FimH	

lectins,	an	inhibition	binding	analysis	was	carried	out,	which	introduced	a	

competitive	ligand.		This	analysis	was	done	to	investigate	whether	the	binding	of	the	

probe	to	the	FimH	E.coli	cells	would	be	inhibited	resulting	in	a	decrease	in	

fluorescence	intensity.	The	competitive	ligand	selected	for	the	analysis	was	the	4-

nitrophenyl	α-D-mannopyranoside,	known	for	specifically	binding	to	FimH	lectins.	

From	the	histogram	obtained,	inhibition	activity	was	observed	with	the	competitive	

ligand.	A	decrease	in	fluorescence	intensity	was	seen	in	comparison	to	the	shift	with	

just	the	BODIPY-PEG-mannose	probe	(Figure	13).	Similar	analysis	was	also	

conducted	on	FimH	mutant	E.coli	cells,	resulting	in	no	inhibition	activity,	instead	

relatively	similar	fluorescence	intensity	shifts	were	observed	for	the	BODIPY-PEG-

amine,	BODIPY-PEG-mannose	probe	and	competitive	ligand	due	to	the	“stickiness”	

of	the	probes	(Figure	14).			
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Figure	13:	Inhibition	binding	studies	to	investigate	the	selectivity	of	BODIPY-PEG-

Mannose	probe	binding	to	FimH	E.coli	cells	by	flow	cytometry.	Negative	control,	probe	

absent	(red).	Non-specific	binding	of	25	μM	control	BODIPY-PEG-amine	probe	to	FimH	

E.coli	cells	(green).	Selective	binding	of	25	μM	BODIPY-PEG-mannose	probe	to	FimH	

E.coli	cells	(orange).	Inhibition	of	this	selective	binding	by	the	competitive	ligand:	4-

nitrophenyl	α-D-mannopyranoside	(blue).		Analyses	were	all	done	with	FimH	E.coli	

cells	at	OD600	=	1.	For	each	sample	the	analysis	of	100,000	events	were	done.	MFI:	

median	fluorescence	intensity.		
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Figure	14:	Inhibition	binding	studies	to	investigate	the	non-specific	binding	of	

BODIPY-PEG-Mannose	probe	to	FimH	mutant	E.coli	cells	by	flow	cytometry.	Negative	

control,	probe	absent	(red).	Non-specific	binding	of	25	μM	control	BODIPY-PEG-amine	

probe	to	FimH	mutant	E.coli	cells	(blue).	Non-specific	binding	of	25	μM	BODIPY-PEG-

mannose	probe	to	FimH	mutant	E.coli	cells	(orange).	Inhibition	studies	with	

competitive	ligand:	4-nitrophenyl	α-D-mannopyranoside	(green).		Analyses	were	all	

done	with	FimH	mutant	E.coli	cells	at	OD600	=	1.	For	each	sample	the	analysis	of	

100,000	events	were	done.	MFI:	median	fluorescence	intensity.		

	

A	comparative	study	on	the	binding	affinity	of	monosaccharide	and	disaccharide	

mannose-based	probes	were	investigated	on	FimH	E.coli	cells.		From	the	histogram,	

cells	incubated	with	the	BODIPY-PEG-mannose	probe	generated	a	~9.2-fold	

increase	in	fluorescent	intensity	compared	to	the	unstained	cells,	whereas	a	~70-

fold	increase	was	observed	for	the	BODIPY-mannobiose	probe	(Figure	15).	These	

results	indicate	that	there	is	a	higher	binding	affinity	of	disaccharide	mannose	for	
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FimH	lectins	in	comparison	to	monosaccharide	mannose,	which	agrees	with	what	

has	been	reported	in	literature.	78	

	

	

Figure	15:	Binding	comparison	of	BODIPY-PEG-Mannose	and	BODIPY-Mannobiose	

probes	to	FimH	E.coli	by	flow	cytometry.	Negative	control,	probe	absent	(red).	Binding	

of	0.1	mM	BODIPY-PEG-mannose	probe	to	FimH	E.coli	cells	(blue).	Binding	of	0.1	mM	

BODIPY-mannobiose	probe	to	FimH	E.coli	cells	(orange).	Analyses	were	all	done	with	

FimH	E.coli	cells	at	OD600	=	1.	For	each	sample	the	analysis	of	100,000	events	were	

done.	MFI:	median	fluorescence	intensity.		

	

To	further	investigate	the	selectivity	of	the	BODIPY-mannobiose	probe	for	FimH	

lectins,	an	inhibition	binding	analysis	was	carried	out,	which	introduced	a	

competitive	ligand.		This	analysis	was	done	to	investigate	whether	the	binding	of	the	

probe	to	the	FimH	E.coli	cells	would	be	inhibited	resulting	in	a	decrease	in	
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fluorescence	intensity.	The	competitive	ligand	selected	for	the	analysis	was	a	

coumarin-mannobiose	ligand,	which	consisted	of	the	exact	recognition	element	and	

linker	as	the	BODIPY-mannobiose	probe.	The	only	difference	was	in	their	tag	

moiety;	where	for	the	coumarin-mannobiose	competitive	ligand	consisted	of	a	

coumarin	dye,	while	the	BODIPY-mannobiose	probe	consisted	of	a	BODIPY	dye	

(Figure	16).	Both	coumarin	and	BODIPY	dyes	do	not	emit	in	the	same	wavelength	

region,	thus	the	fluorescence	intensity	of	the	coumarin	dye	will	not	be	picked	up	in	

the	flow	cytometry	analysis.	From	the	histogram	obtained,	inhibition	activity	was	

observed	with	the	coumarin-mannobiose	competitive	ligand.	A	~4.74-fold	decrease	

in	fluorescence	intensity	was	seen	in	comparison	to	the	shift	with	just	the	BODIPY-

mannobiose	probe	(Figure	17).	Similar	analysis	was	also	conducted	on	FimH	

mutant	E.coli	cells,	resulting	in	no	inhibition	activity,	instead	the	same	fluorescence	

intensity	shifts	were	observed	for	the	BODIPY-PEG-amine,	BODIPY-mannobiose	

probe	and	competitive	ligand	due	to	the	“stickiness”	of	the	probes	(data	not	shown).			

	

	

	

Figure	16:	Chemical	structure	of	BODIPY-Mannobiose	and	Coumarin-Mannobiose	
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Figure	17:	Inhibition	binding	studies	to	investigate	the	selectivity	of	BODIPY-

Mannobiose	probe	binding	to	FimH	E.coli	cells	by	flow	cytometry.	Negative	control,	

probe	absent	(red).	Non-specific	binding	of	0.1	μM	control	BODIPY-PEG-amine	probe	

to	FimH	E.coli	cells	(blue).	Selective	binding	of	0.1	μM	BODIPY-PEG-mannose	probe	to	

FimH	E.coli	cells	(orange).	Inhibition	of	this	selective	binding	by	the	competitive	

ligand:	coumarin-mannobiose	(green).		Analyses	were	all	done	with	FimH	E.coli	cells	

at	OD600	=	1.	For	each	sample	the	analysis	of	100,000	events	were	done.	MFI:	median	

fluorescence	intensity.		
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1.3.2.2 Direct	binding	and	inhibition	binding	of	mannose	probes	on	C.	fimi	
	
	
Direct	binding	analyses	were	done	on	C.fimi	cells	at	three	different	OD600	≈	1.0,	0.6	

and	0.3	to	determine	which	OD600	was	the	most	effective	for	conducting	this	

experiment.	The	stickiness	of	the	BODIPY-PEG	component	of	the	probe	to	C.fimi	was	

also	investigated	with	the	BODIPY-PEG-amine.	The	histograms	obtained	for	all	three	

OD600	show	a	similar	trend	in	fluorescence	intensity	shifts	of	the	BODIPY-PEG-amine	

and	BODIPY-PEG-mannose	probe	(Figure	18).	The	results	show	that	the	BODIPY-

PEG	component	of	the	probe	is	in	fact	sticky	due	to	the	~3-fold	fluorescence	

intensity	increase	that	was	observed	with	the	BODIPY-PEG-amine	in	comparison	to	

the	unstained	cells.	In	addition,	larger	fluorescence	intensity	shift	was	observed	

with	the	BODIPY-PEG-mannose	probe	suggesting	that	there	was	selectivity	of	the	

probe	to	C.fimi.	From	all	three	OD600	investigated	the	OD600	≈	0.3	(Figure	18	C)	gave	

the	best	results	due	to	the	elimination	of	the	shoulder	peak	that	is	observed	with	the	

C.fimi	cells	at	OD600	≈1.0	and	0.6	(Figure	18	A,	B).	
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Figure	18:	Binding	performance	of	BODIPY-PEG-amine	and	BODIPY-PEG-Mannose	

probe	to	C.fimi	cells	by	flow	cytometry.		The	following	OD600	values	were	tested:	A)	

OD600	≈	1.0,	B)	OD600	≈	0.6	and	C)	OD600	≈	0.3.	Negative	control,	probe	absent	(red).	

Non-specific	binding	of	25	μM	control	BODIPY-PEG-amine	probe	to	C.fimi	cells	(blue).	

Direct	binding	studies	of	25	μM	BODIPY-PEG-mannose	probe	binding	to	C.fimi	cells.	

For	each	sample	the	analysis	of	100,000	events	were	done.	MFI:	median	fluorescence	

intensity.		
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To	further	investigate	the	selectivity	of	the	BODIPY-PEG-mannose	probe	for	C.fimi	

cells,	an	inhibition	binding	analysis	was	carried	out	with	the	competitive	ligand,	4-

nitrophenyl	α-D-mannopyranoside.	This	analysis	was	done	to	investigate	whether	it	

will	inhibit	the	probe−C.fimi	interaction.	However,	from	the	histogram	obtained,	no	

inhibition	was	observed	since	the	fluorescence	intensity	did	not	decrease	by	the	

addition	of	this	ligand	(Figure	19).	Indicating	that	the	4-nitrophenyl	α-D-

mannopyranoside	was	not	an	effective	competitive	ligand	and	therefore	a	ligand	

with	stronger	inhibition	activity	is	needed.	

	

Figure	19:	Investigating	the	selectivity	of	BODIPY-PEG-Mannose	probe	binding	to		

C.fimi	cells	by	flow	cytometry.	Negative	control,	probe	absent	(red).	Non-specific	

binding	of	0.1	mM	control	BODIPY-PEG-amine	probe	to	C.fimi	cells	(blue).	Selective	

binding	of	0.1	mM	BODIPY-PEG-mannose	probe	to	C.fimi	cells	(orange).	Inhibition	of	

this	selective	binding	by	the	competitive	ligand:	4-nitrophenyl	α-D-mannopyranoside	

(green).		For	each	sample	the	analysis	of	100,000	events	were	done.	MFI:	median	

fluorescence	intensity.		
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A	comparative	study	on	the	binding	affinity	of	monosaccharide	and	disaccharide	

mannose-based	probes	were	investigated	on	C.fimi	cells.		From	the	histogram,	cells	

incubated	with	the	BODIPY-PEG-mannose	probe	generated	a	~11.5-fold	increase	in	

fluorescent	intensity	compared	to	the	unstained	cells,	whereas	a	slightly	larger	

fluorescence	intensity	shift	was	observed	for	the	BODIPY-mannobiose	probe	

(Figure	20).		

	

Figure	20:	Binding	comparison	of	BODIPY-PEG-Mannose	and	BODIPY-Mannobiose	

probes	to	C.fimi	by	flow	cytometry.	Negative	control,	probe	absent	(red).	Non-specific	

binding	of	0.1	mM	control	BODIPY-PEG-amine	probe	to	C.fimi	cells	(blue).	Binding	of	

0.1	mM	BODIPY-PEG-mannose	probe	to	C.fimi	cells	(orange).	Binding	of	0.1	mM	

BODIPY-mannobiose	probe	to	C.fimi	cells	(green).	Analyses	were	all	done	with	cells	at	

OD600	=	0.231.	For	each	sample	the	analysis	of	100,000	events	were	done.	MFI:	median	

fluorescence	intensity.		
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1.3.2.3 Direct	binding	and	inhibition	binding	of	mannose	probes	on	C.	flavigena	
	
	
Initially,	direct	binding	analyses	were	done	on	C.flavigena	cells	at	three	different	

OD600	≈	1.0,	0.6	and	0.3	to	determine	which	OD600	was	the	most	effective	for	

conducting	this	experiment.	It	was	determined	that	an	OD600	close	to	0.3	was	

optimal,	which	is	similar	to	the	results	observed	for	C.fimi	cells	described	above.					

To	investigate	the	selectivity	of	the	BODIPY-PEG-mannose	probe	for	

C.flavigena	cells,	both	a	direct	and	inhibition	binding	analysis	were	carried	out.	The	

competitive	ligand	selected	for	the	analysis	was	the	4-nitrophenyl	α-D-

mannopyranoside.	From	the	histogram	obtained,	a	fluorescence	intensity	shift	was	

observed	with	the	BODIPY-PEG-mannose	probe	from	the	direct	binding	analysis	

suggesting	that	there	was	selectivity	of	the	probe	to	C.flavigina.	For	the	inhibition	

studies,	a	slight	inhibition	activity	can	be	seen	with	a	slight	decrease	in	fluorescence	

intensity	compared	to	BODIPY-PEG-mannose	(Figure	21).	However,	a	more	

effective	competitive	ligand	with	stronger	inhibition	activity	is	needed.	
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Figure	21:	Investigating	the	selectivity	of	BODIPY-PEG-Mannose	probe	binding	to		

C.flavigena	cells	by	flow	cytometry.	Negative	control,	probe	absent	(red).	Non-specific	

binding	of	0.1	mM	control	BODIPY-PEG-amine	probe	to	C.flavigena	cells	(blue).	

Selective	binding	of	0.1	mM	BODIPY-PEG-mannose	probe	to	C.flavigena	cells	(orange).	

Inhibition	of	this	selective	binding	by	the	competitive	ligand:	4-nitrophenyl	α-D-

mannopyranoside	(green).		For	each	sample	the	analysis	of	100,000	events	were	done.	

MFI:	median	fluorescence	intensity.		

	

A	comparative	study	on	the	binding	affinity	of	monosaccharide	and	disaccharide	

mannose-based	probes	were	investigated	on	C.flavigena	cells.		From	the	histogram	

results,	cells	incubated	with	the	BODIPY-PEG-mannose	probe	and	BODIPY-

mannobiose	probe	generated	a	slight	difference	in	fluorescent	intensity	compared	
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to	the	unstained	cells,	with	a	~10-fold	increase	for	BODIPY-PEG-mannose	and	a	

~13.5-fold	increase	for	BODIPY-mannobiose.	(Figure	22).		

	

Figure	22:	Binding	comparison	of	BODIPY-PEG-Mannose	and	BODIPY-Mannobiose	

probes	to	C.flavigena	by	flow	cytometry.	Negative	control,	probe	absent	(red).	Non-

specific	binding	of	0.1	mM	control	BODIPY-PEG-amine	probe	to	C.flavigena	cells	(blue).	

Binding	of	0.1	mM	BODIPY-PEG-mannose	probe	to	C.flavigena	cells	(orange).	Binding	

of	0.1	mM	BODIPY-mannobiose	probe	to	C.flavigena	cells	(green).	Analyses	were	all	

done	with	cells	at	OD600	=	0.234.	For	each	sample	the	analysis	of	100,000	events	were	

done.	MFI:	median	fluorescence	intensity.	

	

 Fluorescence	Microscopy	
	
	
Fluorescence	microscopy	was	used	in	order	to	test	the	binding	specificity	of	the	

mannose-based	probes	for	mannose-binding	lectins.	The	probes	were	initially	
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tested	on	the	control	FimH	E.coli	cells	(NRG857c),	where	BODIPY-mannose	probes	

were	incubated	with	cells	at	OD600	=	1.00	and	fixed	onto	glass	slides	with	2%	PFA	

and	co-stained	cells	with	a	blue-fluorescent	DAPI	nucleic	acid	stain.	The	images	

were	generated	in	different	channels:	bright	field	channel,	fluorescence	channels	

(DAPI	and	BODIPY)	and	a	merged	channel,	which	merged	the	bright	field	and	

fluorescence	channels	into	a	single	image.	A	6	x10-3	mM	probe	concentration	was	

optimal	for	the	fluorescence	microscopy	studies,	which	clearly	showed	specific	

binding	of	BDP-PEG-mannose	probes	for	the	FimH	E.coli	cells	as	illustrated	in	

Figure	23.	However,	it	was	also	observed	that	not	all	the	cells	were	stained	with	the	

probe,	which	might	be	due	to	cells	not	having	the	exact	distribution	of	FimH	lectins	

on	their	surfaces.			

	

	
	

Figure	23:	FimH	E.coli	Microscopy	images	for	co-localization	investigation	with	

BODIPY-PEG-mannose	probe.	FimH	E.coli	(NRG857c)	at	OD600	=	1.00	incubated	with	6	

x10-3	mM	of	BODIPY-PEG-mannose	probe.	Channels:	1)	Bright	field,	2)	DAPI,	3)	

BODIPY	and	4)	Merged.		
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Fluorescence	microscopy	was	also	used	to	visualize	whether	putative	mannose-

binding	lectins	were	present	on	C.fimi	and	C.flavigena	cells.	Cells	at	OD600	≈	0.23	

were	incubated	with	probes	and	prepared	via	an	agarose	pad	method	outlined	in	

section	2.8.	The	agarose	pad	method	was	used	as	it	effectively	immobilized	cells	

during	imaging	and	minimized	the	overlapping	of	cells.	Cells	were	also	co-stained	

with	a	DAPI	stain	and	instead	of	chemical	fixation	with	PFA,	cells	were	treated	with	

1	mM	of	NaN3.	A	probe	concentration	of	25	x10-2	mM	was	optimal	for	the	

fluorescence	microscopy	studies,	which	showed	some	binding	of	probes	to	cells	as	

illustrates	in	Figure	24.		

	

	

	
Figure	24:	C.fimi	Microscopy	images	for	co-localization	investigation.	A)	Cells	

incubated	with	25	x10-2	mM	of	BODIPY-PEG-mannose	probe.	B)	Cells	incubated	with	

25	x10-2	mM	of	BODIPY-mannobiose	probe.	Studies	were	done	with	cells	at	OD600	=	

0.231.	Channels:	1)	Bright	field,	2)	DAPI,	3)	BODIPY	and	4)	Merged.		
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 Discussion	
	

 Development	of	the	mannose-based	probes		
	
	
For	the	development	of	mannose-based	probes	the	selection	of	the	probe	

composition	(tag,	linker,	and	recognition	element)	were	critical	for	their	design,	as	it	

will	have	an	effect	on	their	overall	efficiency.	Three	mannose-based	probes	were	

developed;	two	of	them	consisted	of	a	monosaccharide	mannose	recognition	

element	and	PEG	linker,	while	the	third	probe	consisted	of	a	disaccharide	mannose	

recognition	element	and	a	pentylamine	linker.	All	three	probes	were	comprised	of	a	

BODIPY	dye	as	the	tag	moiety,	functionalized	with	either	an	alkyne	or	NHS	ester	

group	which	allowed	for	the	conjugation	of	the	dye	to	the	probe	to	occur	through	

the	CuAAc	or	succinimidyl	ester	reactions,	respectively.	For	the	most	part,	the	

synthesis	of	the	monosaccharide	and	disaccharide	mannose	probes	did	not	pose	any	

issues,	with	most	of	them	being	obtained	at	high	product	yields	of	80%	or	more.		

For	the	development	of	the	monosaccharide	mannose	probes,	two	BODIPY	

derivatives	were	tested	as	the	tag	moiety.	Comparing	the	two	derivatives,	issues	

were	observed	with	the	planar	BODIPY-alkyne	(1.2)	derivative.	The	planar	BODIPY-

alkyne	(1.2)	tag	gave	a	much	lower	product	yield	of	44.8%	compared	to	the	

BODIPY-alkyne	(1.1)	tag,	which	gave	about	a	95%	relative	percent	yield	via	CuAAc	

reaction.	A	reason	for	why	labelling	differences	were	observed	is	due	to	the	steric	

and	electronic	differences	between	the	two	BODIPY	derivatives	(1.1	and	1.2).	

Particularly	since	one	of	the	planar	BODIPY	(1.2)	dye	is	directly	conjugated	to	the	

PEG	linker	of	the	probe	while	the	other	is	not.		In	addition,	because	the	BODIPY-
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alkyne	(1.1)	consists	of	a	propylamide-based	spacer	it	might	be	enhancing	the	

aqueous	solubility	during	the	CuAAc	reaction.	While	the	planar	BODIPY-alkyne	(1.2)	

was	observed	to	experience	solubility	issues	during	the	CuAAc	reaction,	requiring	

~30%	excess	of	the	solvent	(DCM)	in	order	to	keep	it	in	solution.	Also	the	alkyne	

group	might	be	unstable	located	at	the	C-2	position	of	the	planar	BODIPY	(1.2)	

molecule,	which	might	be	favouring	its	degradation	during	the	CuAAc	reaction.		

The	linker	components	selected	for	the	development	of	the	probes	have	

shown	to	offset	the	hydrophobic	properties	of	the	BODIPY	dyes,	and	thus	increasing	

its	solubility	in	aqueous	environments.	As	well	as,	minimizing	the	interactions	

between	the	recognition	elements	(monosaccharide	and	disaccharide	mannose)	and	

the	BODIPY	component	so	that	there	is	no	interference	between	their	separate	

function,	which	was	evident	from	the	flow	cytometry	and	fluorescence	microscopy	

results	obtained	for	the	cells	analyzed.			

	

 Functionality	of	mannose-based	probes	on	FimH	E.coli		
	
	
In	this	research,	the	FimH	E.coli	strain	NRG857c	was	used	as	control	cells	since	their	

surfaces	are	decorated	with	the	well-known	mannose-binding	FimH	lectins.	In	

addition	to	this	strain,	a	second	strain	NRG857c	ΔFimH	was	used	where	its	FimH	

lectin	was	deleted	from	the	genome.	The	use	of	these	cells	were	essential	as	it	

allowed	for	the	study	of	the	selectivity	of	these	mannose-based	probes	using	flow	

cytometry	and	fluorescence	microscopy	techniques.	Alongside	testing	the	selectivity	

of	the	mannose-based	probes	for	FimH	lectins,	it	was	also	necessary	to	make	sure	
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that	the	tag	moiety	and	the	linker	components	of	the	probe	did	not	contribute	

significantly	to	non-specific	interactions	of	the	probes	with	the	cells.	In	order	to	

investigate	this,	cells	were	incubated	with	a	BODIPY-PEG-amine	compound	missing	

the	mannose	recognition	element.	Ideally,	this	compound	should	not	interact	with	

the	FimH	lectins.	However	a	distinctive	non-specific	binding	of	this	compound	to	

both	the	FimH	and	FimH	mutant	E.coli	cells	were	observed.	This	distinctive	non-

specific	binding	was	also	observed	with	the	FimH	mutant	E.coli	cells	incubated	with	

the	BODIPY-PEG-mannose	probe,	suggesting	that	the	BODIPY-PEG	component	of	the	

probe	is	in	fact	‘sticky’.	This	‘stickiness’	observed	is	most	likely	might	be	occurring	

due	to	the	hydrophobic	interactions	between	the	aromatic	portion	of	the	BODIPY	

tag	and	the	cell	surface	components.		However	this	non-specific	binding	observed	

seems	to	be	minimal,	as	it	was	not	seen	to	contribute	to	background	labelling	in	

fluorescence	microscopy.	Particularly,	since	no	staining	was	detected	in	FimH	E.coli	

cells	incubated	with	the	BODIPY-PEG-amine	compound	(data	not	shown).		

Furthermore,	the	BODIPY-PEG-amine	compound	was	also	used	to	investigate	

the	selectivity	of	the	mannose	based	probes,	along	with	inhibition-binding	studies.	It	

was	evident	that	the	mannose-based	probes	were	specifically	binding	to	the	FimH	

lectins,	due	to	the	distinguishable	fluorescence	intensity	shifts	observed	in	the	flow	

cytometry	analyses.	Additionally,	binding	of	probes	to	cells	was	also	detected	by	

fluorescence	microscopy	as	bright	staining	was	seen	from	cells.	An	interesting	point	

to	note	about	the	microscopy	results	obtained	was	that,	not	all	the	cells	were	

stained	with	the	probe,	which	might	be	due	to	the	fact	that	not	all	the	cells	have	the	

same	distribution	of	FimH	lectins.		
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The	BODIPY-mannobiose	probe,	consisting	of	the	disaccharide	3α-mannobiose	

as	the	recognition	element,	increased	the	binding	affinity	to	FimH	lectins	in	

comparison	to	the	BODIPY-PEG-mannose	probe,	consisting	of	a	monosaccharide	

mannose	as	the	recognition	element.	FimH	E.coli	cells	incubated	with	the	BODIPY-

PEG-mannose	probe	generated	a	~9.2-fold	increase	in	fluorescent	intensity	

compared	to	the	unstained	cells,	whereas	a	~70-fold	increase	was	observed	for	the	

BODIPY-mannobiose	probe,	agreeing	with	what	has	been	reported	in	literature.	78	

Furthermore,	inhibition	binding	studies	with	the	competitive	ligands,	4-nitrophenyl	

α-D-mannopyranoside	and	coumarin-mannobiose,	confirmed	the	selectivity	of	the	

mannose-based	probes	for	FimH	lectins	by	successfully	inhibiting	the	lectin-probe	

interactions	observed,	as	predicted.			

	

 Discovery	of	mannose-binding	lectins	on	C.	fimi	and	C.	flavigena	
	
	
Due	to	the	promising	results	obtained	with	these	mannose-based	probes	on	FimH	

E.coli,	it	gave	us	the	confidence	to	move	on	to	using	these	probes	as	analytical	tools	

to	detect	the	existence	of	mannose-binding	lectins	on	microorganisms.		Since	C.fimi	

and	C.flavigena	have	through	genome	sequencing	recently	been	suggested	to	

containing	a	putative	mannose-binding	lectin	66,	we	used	these	probes	to	explore	

whether	they	are	applicable	to	reveal	the	presence	of	mannose-binding	lectins	on	

their	surfaces.		

Exploratory	work	was	performed	in	order	to	optimize	the	conditions	for	

binding	of	the	mannose-based	probes	to	the	surfaces	of	C.fimi	and	C.flavigena	cells.	
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Unlike	the	FimH	E.coli	cells	described	above,	it	was	a	bit	challenging	to	determine	

what	optical	density	at	λ	600	nm	(OD600)	was	optimal	for	flow	cytometry	analysis.	

From	all	the	OD600	values	investigated	the	OD600	between	0.23	to	0.3	gave	the	best	

results	due	to	the	elimination	of	the	‘shoulder’	peak	observed	with	both	the	C.fimi	

and	C.flavigena	cells	at	OD600	values	greater	than	0.6.	This	observed	peak	

‘shouldering’	might	be	due	to	the	formation	of	cell	clumps	at	higher	concentrations	

thus	generating	the	different	cell	populations	seen	in	the	histograms	for	both	the	

unstained	and	stained	cells.			

Consequently,	the	direct	binding	and	inhibition	binding	analyses	were	

performed	at	the	optimal	OD600	values	for	both	C.fimi	and	C.flavigena	cells	to	search	

for	these	putative	mannose-binding	lectins	on	their	surfaces.	The	direct	binding	

results	obtained	suggested	that	the	probes	were	somewhat	binding	to	the	cells	due	

to	the	distinct	fluorescence	intensity	shift	observed	on	their	flow	cytometry	

histograms.	Additionally,	binding	of	probes	to	cells	was	also	detected	by	

fluorescence	microscopy,	as	bright	staining	was	seen	for	some	cells.	Comparing	the	

monosaccharide	and	disaccharide	probes,	a	significant	difference	in	their	binding	

affinities	for	the	cells	were	not	observed.	Since	its	known	that	multivalency	

significantly	enhances	binding	29,	it	was	intriguing	that	a	greater	shift	in	

fluorescence	intensity	was	not	obtained	with	the	disaccharide	probe.		Assuming	that	

mannose-binding	lectins	actually	exist	on	the	surfaces	of	these	cells,	it	might	be	that	

these	lectins	prefer	disaccharides	comprising	of	specific	glycosidic	linkages.	The	

BODIPY-mannobiose	probe	consists	of	a	3α-mannobiose	as	the	recognition	element,	

which	is	composed	of	two	mannose	residues	joined	by	a	α-1,	3	glycosidic	linkage.		
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To	corroborate	the	binding	results	obtained	with	the	direct	binding	studies,	an	

inhibition	binding	studies	with	the	competitive	ligand,	4-nitrophenyl	α-D-

mannopyranoside	was	performed.	The	results	obtained	were	inconclusive	as	the	

inhibition	activities	observed	were	slim	to	none.	Indicating	that	the	4-nitrophenyl	α-

D-mannopyranoside	was	not	an	effective	competitive	ligand,	as	it	was	not	observed	

to	compete	with	the	probe,	which	was	evident	from	the	flow	cytometry	histograms	

where	a	decrease	in	fluorescence	intensity	was	not	observed.	Thus,	these	studies	

could	not	validate	whether	the	probes	were	actually	binding	to	mannose-binding	

lectins.	
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 Concluding	Remarks	
	
	
The	presence	of	mannose-binding	lectins	has	been	speculated	to	play	important	

biological	roles	in	cellular	adhesion,	cell	differentiation,	pathogen	recognition	and	

defense	against	pathogenic	microorganisms.	20,	19	The	search	for	the	development	

of	effective	techniques	to	probe	them	has	been	an	ongoing	research	interest.	This	

chapter	looked	at	the	development	of	mannose-based	chemical	probes	to	explore	

whether	mannose-binding	lectins	exist	on	the	surfaces	of	microorganisms.	A	fast	

and	efficient	synthesis	of	BODIPY-mannose	probes	were	presented	and	the	binding	

affinities	of	monosaccharide	and	disaccharide	mannose	recognition	elements	were	

compared.	The	binding	of	these	probes	to	the	control	FimH	E.coli	cells	

demonstrated,		that	these	probes	could	reasonably	detect	mannose-binding	lectins	

on	cell	surfaces.	These	probes	have	also	allowed	for	the	use	of	flow	cytometry	and	

fluorescence	microscopy	techniques	to	efficiently	detect	mannose-binding	lectins.	

However,	it	should	be	mentioned	that	for	the	investigation	of	putative	mannose-

binding	lectins	on	the	surfaces	of	C.fimi	and	C.flavigena	the	results	obtained	were	

inconclusive.	Therefore,	additional	steps	are	required	to	clarify	these	results.		

	

 Future	Work			
	
	
Future	work	on	this	project	involves	the	clarification	of	the	results	obtained	for	

C.fimi	and	C.flavigena	in	order	to	confirm	whether	putative	mannose-binding	lectins	

exist	on	their	surfaces.	To	achieve	this,	certain	protocols	and	techniques	used	in	this	

project	need	to	be	optimized.	For	instance,	different	competitive	ligands	need	to	be	
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investigated	for	the	inhibition	binding	studies	using	flow	cytometry	technique.	

Other	techniques	such	as	carbohydrate	affinity	chromatography	can	be	employed,	in	

order	to	support	the	results	generated.	Future	work	will	also	look	into	modifying	

the	current	mannose-based	probes	with	different	tag,	linker,	and	mannose	

recognition	elements,	in	order	to	enhance	its	efficiency	for	detecting	mannose-

binding	lectins	in	various	microorganisms.	For	instance,	photoreactive	linkers	can	

be	used	as	they	could	covalently	link	weakly	bound	lectins	to	the	probe.	18	

Recognition	elements	comprised	of	multivalent	mannose	ligands	will	also	be	looked	

into,	since	multivalent	interactions	greatly	enhance	the	binding	affinity	and	

selectivity.	19.	It	would	be	interesting	to	explore	the	binding	profiles	of	other	

mannobiose	recognition	elements	with	different	glycosidic	linkages	than	the	one	

used	in	this	thesis	such	as	2α-mannobiose	and	6α-mannobiose,	which	are	composed	

of	two	mannose	residues	joined	by	a	α-1,	2	and	a	α-1,	6	glycosidic	linkage,	

respectively.	
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Chapter	2: 	Development	of	Sialic	Acid-based	Fluorescent	Probes	
for	Enzyme	Studies					

	

 Introduction		
	

 Overview	of	Sialoglycans	
	
	
	Sialic	acids,	are	a	negatively	charged	nine-carbon	monosaccharide	family,	typically	

found	in	the	terminated	ends	of	oligosaccharide	chains	in	cell	surface	glycoproteins	

and	glycolipids.	34,	35	The	family	of	sialic	acids	currently	comprise	of	more	than	50	

structurally	different	natural	analogues	(Figure	25).	35	The	largest	structural	

variations	occur	at	the	carbon	5	(C-5)	position	of	sialic	acids,	where	the	

modifications	at	this	position	determines	the	core	sialic	acid	forms	which	are	N-

acetylneuraminic	acid	(Neu5Ac),	N-glycolylneuraminic	acid	(NeuGc),	and	2-keto-3-

deoxynononic	acid	(KDN).	36	Neu5Ac	is	the	most	abundant	and	widely	synthesized	

member	of	the	family,	with	its	structure	comprising	of	a	6	carbon	carboxylic	acid	

ring	with	an	acetamido	group	at	the	C-5	position	and	hydroxyl	groups	at	C-4,	C-7,	C-

8,	and	C-9.	37	Neu5Gc	are	common	amongst	most	mammalian	tissues	but	

conspicuously	absent	on	human	cells,	due	the	deletion	of	the	hydroxylase	(CMAH)	

gene,	which	is	vital	for	its	formation.	37,	38	Neu5Gc	is	structurally	similar	to	Neu5Ac,	

except	for	the	hydroxyl	group	on	the	N-5	acetyl	moiety.	KDN	on	the	other	hand	

constitutes	of	a	hydroxyl	group	at	the	C-5	position.	Although	KDN	is	present	

amongst	mammalian	cells	they	are	often	expressed	at	lower	levels	in	comparison	to	

the	other	sialic	acid	members.39	Further	structural	diversity	of	these	core	sialic	acid	

members	can	be	generated	by	modification	of	their	hydroxyl	groups	at	C-4,	C-7,	C-8,	
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and	C-9	with	O-acetyl,	O-methyl,	O-sulfate,	O-lactyl,	or	phosphate	substituents.	36,	40,	

41	Besides	their	structural	diversity,	they	are	notably	diverse	in	their	glycosidic	

linkages,	fundamental	glycan	chains	and	their	exposed	location.	42	Given	their	

remarkable	diversity,	it	is	not	surprising	that	they	are	involved	in	several	biological	

roles,	including	regulation	of	solubility,	stability	and	half-lives	of	secreted	proteins,	

act	as	cellular	receptors	for	influenza	viruses,	and	ligands	during	cell-cell	

interactions	and	cell-molecule	recognition.	41,	42,	43	For	instance,	non-sialylated	

glycoforms	have	been	shown	to	exhibit	drastically	shorter	in-vivo	half-lives	

compared	to	their	sialylated	equivalents.	44	Increasing	the	amount	of	sialic	acid	

residues	of	therapeutic	glycoprotein	boosts	in-vivo	half-life.	44	

	

	

	

Figure	25:	The	general	chemical	structure	of	sialic	acid.	Various	structural	of	

modifications	can	occur	at	the	R	positions.	

	

 Types	of	Sialoglycans		
	
	
Sialylation	is	defined	as	the	modification	of	proteins	or	lipids,	in	which	sialic	acid	

moieties	are	introduced	onto	the	terminal	end	of	an	oligosaccharide	chain	in	a	

glycoprotein.	Two	of	the	most	commonly	studied	glycoforms	in	protein	sialylation	

are	N-linked	glycans	and	O-	linked	glycans.	The	presences	of	these	glycans	are	

O
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OR2R5
R7O



	
	

60	

significant	in	promoting	biological	activity	in	a	variety	of	different	glycoproteins.	N-

linked	protein	glycosylation	is	a	co-translational	event	that	occurs	in	the	

endoplasmic	reticulum	during	protein	synthesis.	45	In	the	endoplasmic	reticulum,	N-

glycosidic	linkages	are	known	to	promote	the	proper	folding	of	newly	synthesized	

polypeptides.	46	On	the	other	hand,	O-linked	protein	glycosylation	occurs	after	the	

translational	event	in	the	Golgi	apparatus.	45	Before	glycans	reach	the	cell	surface,	

they	are	further	modified	and	developed	in	the	Golgi	apparatus,	in	order	to	produce	

mature	glycoproteins.	45	

N-linked	glycans	are	linked	to	the	amide	nitrogen	of	an	asparagine	(Asn)	

residue.	40,	45	In	terms	of	structure,	all	N-linked	glycans	share	a	common	core	

carbohydrate	sequence;	two	N-acetylglucosamine	(GlcNAc)	residues	linked	to	a	

branched	mannose	(Man)	trio	(Man3-GlcNAc2-N-Asn)	illustrated	in	Figure	26.	47	

Several	carbohydrate	residues	may	also	be	linked	onto	the	Man	trio	of	the	core,	

forming	large	and	branched	oligosaccharide	chains.	N-linked	glycans	can	be	

classified	as	high-mannose,	hybrid,	or	complex	types.	47	Typically,	the	hybrid	and	

complex	subgroups	often	contain	sialic	acid	residues.	47	
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Figure	26:	Common	core	carbohydrate	sequences	of	N-linked	glycan	structures.	40	

	

O-linked	glycans	are	linked	to	the	hydroxyl	groups	of	serine	or	threonine	

residues	(Ser/Thr).	40,	45	Unlike	N-linked	glycans,	O-linked	glycans	do	not	have	a	pre-

constructed	‘core’	structure;	instead	a	sequential	addition	of	monosaccharide	

residues	are	added	in	a	stepwise	manner.	47	The	consecutive	construction	of	the	

glycan	chain	only	transpires	after	the	monosaccharide	N-acetylgalactosamine	

GalNAc	is	linked	to	the	Ser/Thr	residues,	catalyzed	by	GalNAc	transferase.	40,	45	This	

GalNAc-O-Ser/Thr	linkage	is	referred	to	as	the	Tn	antigen.	There	are	seven	O-glycan	

core	subtypes	that	can	all	be	terminated	with	sialic	acid	residues.	40	The	most	

common	types	are	Core-1	O-glycan	(Galβ1-3GalNAc-O-Ser/Thr)	also	referred	to	as	T	

antigen,	Core-2	O-glycan	(GlcNAcβ1-6	(Gal	β1-3)GalNAc-O-Ser/Thr),	and	Core-3	O-

glycan	(GlcNAcβ1-3GalNAc-O-Ser/Thr)	(Figure	27).	40,	48	The	construction	of	the	

N-acetylglucosamine
N-acetylgalactosamine
Fucose

Galactose
Mannose
Neu5Ac
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oligosaccharide	chains	in	O-glycans	can	consist	of	a	variability	of	monosaccharides,	

branches,	linkages	and	isomers,	which	typically	are	not	too	complex	compared	to	N-

glycans.	49		

	

 Sialyltransferases	
	
	
Sialylation	of	glycoproteins	are	catalyzed	by	regio-selective	sialyltransferases.	They	

are	disulfide-containing,	type	II	transmembrane	glycoproteins	involved	in	the	final	

steps	of	sialic	acid	pathway.	They	catalyze	the	transfer	of	an	activated	sialic	acid	

donor	onto	terminal	galactose	(Gal),	GalNAc	or	sialic	acid	residues	of	glycoproteins	

through	specific	glycosidic	linkages.	50,	51	The	activated	sialic	acid	donor	used	is	a	

cytidine	5’-monophosphate	(CMP)-Neu5Ac.	In	regards	to	their	regio-selectivity	and	

acceptor	specificity,	all	eukaryotic	sialyltransferases	belong	to	the	

glycosyltransferase	family	29	according	to	Carbohydrate-Active	enZYmes	(CAZy)	

database.	52	These	sialyltransferases	are	categorized	in	four	subfamilies:	ST3	β-

galactoside	α	-2,3-sialyltransferases	(ST3Gal),	ST6	β-galactoside	α	-2,6-

sialyltransferase	(ST6Gal),	α-N-acetylgalactosaminide	α-2,6-sialyltransferase	

(ST6GalNAc)	and	α-N-acetylneuraminate	α-2,8-sialyltransferase	(ST8Sia).	52,	53	They	

have	been	named	according	to	their	monosaccharide	acceptor	and	their	glycosidic	

linkages.	52,	53	These	enzymes	catalyze	the	formation	of	different	glycosidic	linkages,	

α-2,	3	or	α-2,	6	on	terminal	Gal	residues	in	N-	or	O-	linked	glycans;	α-2,	6	on	terminal	

GalNAc	residues	in	O-linked	glycans	and	α-2,	8	on	terminal	Neu5Ac	residues	in	N-	or	

O-linked	glycans.	54		
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 ST3Gal1	vs.	ST6Gal1		
	
	
ST3Gal1	and	ST6Gal1	are	among	the	few	sialyltransferases	that	have	their	X-ray	

crystal	structures	elucidated.	There	structures	have	been	shown	to	contain	the	

glycosyltransferases	GT-A	(variant	2)	fold.	55,	56	For	both	enzymes,	the	7	core	β-

strands	occupy	similar	regions,	containing	the	conserved	sialylmotifs.	55	However	

they	distinguish	between	their	last	β-strand,	where	in	ST6Gal1	a	α-helical	linker	is	

present,	which	allows	for	the	antiparallel	orientation	at	the	end	of	the	β-sheet	while	

in	the	ST3Gal1,	the	last	β-strand	is	in	a	parallel	arrangement.	55,	56	In	addition,	

ST6Gal1	catalytic	domain	comprises	of	a	large	N-terminal	extension,	which	is	absent	

in	ST3Gal1,	suggesting	that	it	may	be	involved	in	substrate	binding.	55	Both	ST3Gal1	

and	ST6Gal1,	catalyze	the	transfer	of	Neu5Ac	through	the	formation	of	α-2,	3-	and	α-

2,	6-glycosidic	linkages,	respectively.	The	ST3Gal1	enzyme	recognizes	the	terminal	

Gal	residue	on	O-linked	glycans	(T	antigen)	forming	a	sialyl-T	antigen	(Figure	27).	

Whereas,	the	ST6Gal1	enzyme	recognizes	the	terminal	Gal	residue	on	N-linked	

glycans	(Figure	26).		
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Figure	27:	Biosynthesis	of	O-glycan	chains.	Illustration	of	Core-1	(Tn	antigen),	Core-2	

(T	antigen)	and	Core	3	subtype	formations.	Modifications	of	Tn	antigen	and	T	antigens	

by	ST6GalNAc1-2	and	ST3Gal1	generating	sialyl-Tn	antigen	and	sialyl-T	antigens.	48	

	

 Probing	Sialylation		
	
	
Since	sialylation	is	typically	the	final	step	of	glycan	modifications,	the	level	of	

sialylation	reflects	the	maturation	of	glycosylation.	Manipulation	and	control	of	

sialylation	levels	have	been	an	important	research	interest,	particularly	in	the	

development	of	therapeutic	proteins.	Therefore,	developing	simple	methods	for	
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probing	sialylation	will	be	beneficial	for	monitoring	glycosylation	as	well	as	

understanding	its	biological	effects	on	protein	function.		

Traditionally,	the	uses	of	antibodies	and	lectins	have	been	relied	on	for	

glycan	detections.	57	However,	these	methods	come	with	a	number	of	drawbacks.	

Although,	antibodies	with	high	specificity	for	distinct	glycan	epitopes	exist,	it	is	

challenging	to	develop	high-affinity	antibodies	for	glycans	in	general.	57	It	is	also	

difficult	to	develop	antibodies	that	can	distinguish	between	N-linked	and	O-linked	

glycans.	57	Similarly,	lectins	typically	have	low	affinities	for	certain	glycan	targets	

and	often	lack	specificity.	57	Instead,	chemo-enzymatic	labelling	of	glycans	have	

shown	to	be	more	effective.	This	method	utilizes	glycosyltransferases	for	their	

inherent	substrate	specificity	to	transfer	modified	sugars	onto	target	acceptor	

glycans.	These	modified	sugars	can	be	functionalized	with	a	tag	moiety	for	means	of	

detection.		

To	date,	sialic	acids	with	a	few	modifications	have	been	shown	to	be	

tolerated	by	sialyltransferases	and	therefore	have	been	used	as	tags	to	detect	

glycosylation.	54,	68	However,	only	a	few	studies	have	been	reported	on	the	

sialylation	kinetics	of	sialyltransferases	with	exogenous	glycoproteins	and	how	they	

tolerate	modified	sialic	acids.	54			
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 Project	objectives		
	
	
The	overall	goal	of	this	project	is	to	develop	efficient	BODIPY-sialic	acid	probes	for	

enzyme	studies.	The	Wakarchuk	lab	has	been	characterizing	the	enzymes	that	

transfer	sialic	acids	to	various	carbohydrate	acceptors.	Therefore,	it	is	critical	for	the	

development	of	probes	that	allow	easy	enzymatic	detection	of	specific	

glycoconjugates.	Amongst	these	enzymes	the	sialyltransferases	ST3Gal1	and	

ST6Gal1	will	be	investigated	in	this	study.		

This	project	has	been	broken	down	into	two	aims:		

1) Development	and	characterization	of	BODIPY-sialic	acid	probes.		

2) Applying	these	BODIPY-sialic	acid	probes	to	study	the	ST3Gal1	and	ST6Gal1.			

Since	sialic	acids	with	modifications	at	the	C-5	and	C-9	positions	have	been	used	as	

chemical	tags	to	detect	glycosylation,	a	BODIPY	dye	has	been	selected	as	a	

fluorescent	label.	Sialic	aids	used	for	this	research	will	be	functionalized	with	an	

azido	group	at	the	C-5	and	C-9	position	(Figure	28)	allowing	for	the	labelling	with	

BODIPY-alkyne	via	CuAAc	reaction.	This	study	aims	to	determine	the	efficiency	of	

human	ST3Gal1	and	ST6Gal1	enzymes	to	catalyze	the	transfer	of	C-5	and	C-9	

modified	sialic	acid	donors	onto	different	O-linked	and	N-linked	glycan	containing	

acceptor	proteins,	respectively.		
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Figure	28:	Chemical	structures	of	C-5	and	C-9	azido	modified	sialic	acids.		

	

2.1.6.1 Acceptor	Proteins	for	Modification		
	

The	following	three	asialoglycoproteins	were	used	as	acceptor	proteins	for	the	

sialylation	studies	of	ST3Gal1	and	ST6Gal1.	Two	of	the	asialoglycoproteins	used	

consist	of	N-linked	glycans,	while	the	third	consists	of	an	O-linked	glycan.		

a) Interferon	alpha-2b	(IFNα-2b):	is	a	glycoengineered	protein	that	contains	a	

single	core-1	(T	antigen)	O-glycosylation	site.	This	glycoengineered	protein	is	

a	part	of	an	ongoing	project	in	the	Wakarchuk	lab,	where	we	have	been	

examining	its	synthesis.		It	would	be	interesting	to	see	whether	the	BODIPY-

sialic	acid	probes	can	be	used	to	detect	the	presence	of	Gal-β1,	3-GalNAcα.			

b) Plant	expressed	human	butyrylcholinesterase	(BuChE):	is	another	target	

protein	part	of	another	ongoing	project	in	the	Wakarchuk	lab,	where	they	

have	been	looking	at	the	in-vitro	N-glycan	modifications	of	these	plant	

derived	BuChE	in	order	to	mimic	human	BuChE	N-glycan	chains.		

c) Asialo-alpha	1	anti-trypsin	(Asialo-α1AT):	is	a	serine	protein	inhibitor	

comprising	of	N-glycosidically	linked	oligosaccharide	chains.	59	It	is	another	

target	protein	studied	in	the	Wakarchuk	lab,	where	in	vitro	protein	
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modifications	using	sialyltransferases	are	being	looked	at.	Therefore,	easy	

ways	to	monitor	and	quantify	the	sialylation	of	N-glycans	are	needed.		

	

 Experimental			
	

 Materials		
	
	
9-aminoacridine,	cytidine	5′-triphosphate	(CTP),	p-anisaldehyde	was	purchased	

from	Sigma-Aldrich.	Sialic	acid	aldolase	was	obtained	from	Carbosynth.	Sodium	

pyruvate	was	obtained	from	Medstore	University	of	Toronto	(U	of	T).	ManNAz	

compound	was	obtained	from	the	Nitz	Lab	in	the	Department	of	Chemistry	at	the	U	

of	T.	The	9-azido-Neu5Ac	(2.2)	was	purchased	from	Sussex	Research.	5	mL	HiTrap	

Capto	Q	anion	exchange	column	was	purchased	from	GE	Healthcare.		

	

 Analysis	of	compounds	by	MALDI-TOF	mass	spectroscopy		
	
	
1	μL	of	a	15	mg/mL	solution	of	9-aminoacridine	(9-AA)	in	isopropanol/acetonitrile	

(60:40)	was	transferred	to	the	sample	plate	and	dried.	1	μL	of	the	product	solution	

(10	pmol/	μL	made	up	in	water)	was	then	spotted	on	top	of	the	matrix	spot	and	

dried.	Spectra	was	acquired	on	a	Autoflex	Speed	MALDI-TOF	instrument	employing	

a	Nd:YAG	laser	(355	nm).	Linear	negative	mode	using	accelerating	voltage	of	3047	V	

was	used	to	obtain	the	spectra.	Calibration	performed	using	red	phosphorous	

clusters.		
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 Synthesis	and	Purification	of	BODIPY-Sialic	acid	Probes		
	

2.2.3.1 Synthesis	and	Purification	of	SiaNAz		
	

A	30	mM	ManNAz	stock	solution	was	prepared	by	dissolving	ManNAz	(10.4mg,	

39.7μmol)	in	a	50	mM	Tris	pH	7.5	buffer	(1.3	mL).	A	100	mM	sodium	pyruvate	stock	

solution	was	prepared	by	dissolving	sodium	pyruvate	(110	mg,	1	mmol)	in	a	50	mM	

Tris	pH	7.5	buffer	(10	mL).	The	siaNAz	was	then	synthesized	via	an	aldol	

condensation	reaction	according	to	a	previously	published	procedure.79	In	a	1.75	

mL	microcentrifuge	tube,	333.3	μL	of	30	mM	ManNaz	was	combined	with	500	μL	of	

100	mM	sodium	pyruvate,	sialic	acid	aldolase	(3	mg)	and	166.7	μL	of	water.	The	1	

mL	reaction	mixture	was	incubated	at	room	temperature	for	about	72	hours,	

rotating	in	the	dark.	Progress	of	reaction	was	monitored	on	an	aluminum-backed	

TLC	plate	until	no	increased	product	formation	was	observed.	0.5	μL	of	reaction	was	

spotted	on	a	TLC	plate	and	was	developed	using	a	4:2:1:0.1	mix	of	

EtOAc:MeOH:H2O:HOAc	solvent.	The	developed	TLC	plate	was	then	stained	with	a	p-

anisaldehyde	stain	and	charred	forming	brown	spots	to	indicate	the	presence	of	

ManNAz	(Rf	≈	0.63)	and	siaNAz	(Rf	≈	0.24)	and	a	yellow	spot	to	indicate	the	

presence	of	sodium	pyruvate	(Rf	≈	0.46).	The	siaNAz	was	then	purified	using	a	mini	

macro-prep	DEAE	column.	siaNAz	was	loaded	onto	the	DEAE	column	and	pre-

washed	with	water	and	eluted	with	0.5	M	ammonium	acetate	(pH	7.5)	buffer.	The	

eluted	fractions	were	then	analyzed	using	an	aluminum-backed	TLC	plate	as	

described	above	to	confirm	target	product	was	obtained.	The	siaNAz	product	was	

then	further	purified	using	a	freeze	drier	to	remove	the	ammonium	acetate	by	re-
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suspending	the	sample	in	water	and	freezing	drying	subsequently.	This	step	was	

repeated	twice.	From	a	1	mL	reaction	~8	mg	of	product	was	obtained.	TLC-MS	(ESI):	

(C11H18N4O9)	[M-H]-,	calculated	m/z	349.10,	found	m/z	349.1.		

	

2.2.3.2 Synthesis	of	activated	azido-sialic	acid-CMP	substrates	
	

An	enzymatic	reaction	was	conducted	using	Neisseria	meningitides	CMP-β-sialic	acid	

synthetase	(NSY-05)	to	transfer	cytidine	5’-monophosphate		(CMP)	onto	the	azido-

sialic	acid	substrates	from	the	donor	cytidine	5′-triphosphate	(CTP).	The	assays	

were	conducted	in	a	final	volume	of	1	mL,	the	following	components	were	mixed	in	

a	1.75	mL	microcentrifuge	tube:	5	mM	CTP	and	5	mM	azido-sialic	acid	substrate	in	

100	mM	Tris	pH	8.5,	20	mM	MgCl2,	100	mM	Tris	pH	8.5,	0.2	mM	Dithiothreitol		

(DTT),	0.36	mg/mL	NSY-05	and	water	to	make	up	the	final	1	mL	volume.	Reaction	

mixture	was	then	incubated	at	37°C	for	~3h,	and	progress	of	the	reaction	was	

monitored	on	an	aluminum-backed	TLC	plate.		0.5μL	of	the	reaction	was	spotted	on	

a	TLC	plate	and	was	developed	using	a	4:3:2:1	mix	of	EtOAc:MeOH:H2O:NH4OH.		The	

developed	TLC	plate	was	then	stained	with	p-anisaldehyde	and	charred.			

	

2.2.3.3 Purification	of	azido-sialic	acid-CMP	substrates	
	
	
Azido	modified	sialic	acid-CMP	substrates	were	purified	on	a	5	ml	HiTrap	Capto	Q	

anion	exchange	column	attached	to	a	ÄKTA	pure	chromatography	system.	1	mL	of	

reaction	mixture	was	diluted	with	10	mM	ammonium	bicarbonate	in	a	1:5	(v/v).	
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Diluted	reaction	mixture	was	loaded	onto	the	column	at	2	mL/min	flow	rate	and	run	

with	a	0-25%	gradient	flow	of	0.5	M	ammonium	bicarbonate	buffer.	The	product	

was	eluted	out	from	the	column	at	~20-25%	of	0.5	M	ammonium	bicarbonate	while	

the	excess	CTP	eluted	from	the	column	at	100%	of	0.5	M	ammonium	bicarbonate.	

The	eluted	fractions	containing	the	azido	modified	sialic	acid-CMP	were	pooled	and	

immediately	freeze	dried.	Dried	down	product	were	stored	in	-80°C	until	further	

use.		

	

2.2.3.4 BODIPY-labelling	of	Neu5Ac-CMP	substrates		
	
	
A	20	mM	azido	modified	sialic	acid-CMP	stock	solutions	were	prepared	by	

dissolving	9-azido-Neu5Ac-CMP	(2.56	mg,	4	μmol)	or	siaNAz-CMP	(2.62	mg,	4	μmol)	

in	200	μL	of	100	mM	Tris	pH	8.5.	The	CuAAC	reaction	protocol	outlined	in	section	

2.5.1	was	used.	The	progress	of	the	reaction	was	monitored	on	a	plastic-backed	TLC	

plate	until	full	conversion	of	product	formation	was	observed.	0.5	μL	of	the	reaction	

was	spotted	on	a	TLC	plate	and	was	developed	using	a	4:2:1:0.1	mix	of	

EtOAc:MeOH:H2O:HOAc	solvent.	The	developed	TLC	plate	was	then	analyzed	on	the	

EZDOC	system	using	a	blue	light	tray	for	band	quantification.	The	reaction	mixture	

was	then	purified	using	either	the	preparative-TLC	method	outlined	in	section	2.4	or	

the	superdex	peptide	10/300	GL	column	outline	in	section	2.5.4.	MALDI-TOF-MS:	

BODIPY-9-Neu5Ac-CMP	(C37H48BF2N10O16P)	[M-H]-,	calculated	m/z	967.30,	found	

m/z	966.894.	BODIPY-5-Neu5Ac-CMP	(C37H48BF2N10O17P)	[M-H]-,	calculated	m/z	
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983.29,	found	m/z	983.273.	Due	to	hydrolysis,	1H	NMR	analysis	could	not	be	

obtained.		

 Human	ST3Gal1	Modification	of	Interferon	α-2b	
	
	
Reactions	were	performed	in	40	μL	at	30°C	and	4	μL	samples	were	taken	at	various	

time	points.	1	mg/mL	(32	μM)	interferon	alpha-2b	(IFNα-2b)	obtained	from	

Wakarchuk	lab)	was	modified	using	50	mM	HEPES	pH	7.2,	0.05	mM	BODIPY-

Neu5Ac-CMP	donor,	0.1	mg/mL	human	ST3Gal1	(HUST-60,	an	MBP-fusion	to	

ST3Gal	1).	Reactions	were	stopped	with	1%	SDS	solution	before	running	on	15%	

SDS-PAGE.	Samples	at	each	time	point	were	analyzed	by	SDS-PAGE	and	visualized	

by	fluorescence	(blue	light	tray)	and	Coomassie	brilliant	blue	(CBB)	staining	on	the	

EZDOC	imaging	system	for	band	quantitation.	

	

 Human	ST6Gal1	Modification	of	Asialo-A1AT	and	BuChE		
	

Reactions	were	all	performed	in	40	μL	at	30°C	and	4	μL	samples	were	taken	at	

various	time	points.	Asialo-alpha	1	anti-trypsin	(asialo-α1AT)	(obtained	from	the	

desialylation	of	commercial	A1AT	[prolastin	c]	from	Grifols)	and	plant	expressed	

human	butyrylcholinesterase	(BuChE)	(obtained	from	PlantForm	Corporation)	were	

modified	by	incubating	the	proteins	with	human	ST6Gal1	(HUST-119,	MBP-fusion	to	

ST6Gal1	obtained	from	Hirak	Saxena	in	the	Wakarchuk	lab)	using	the	following	

reaction	conditions:	2	mg/mL	asialo-A1AT	(38	μM)	or	BuChE	(30	μM),	50	mM	

HEPES	pH	7.2,	10	mM	MgCl2,	0.01	%	Triton,	0.1	mM	BODIPY-Neu5Ac-CMP	and	0.1	
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mg/mL	HUST-119.	Reactions	were	stopped	with	1%	SDS	solution	before	running	on	

12%	SDS-PAGE.	Samples	at	each	time	point	were	analyzed	by	SDS-PAGE	and	

visualized	by	fluorescence	(blue	light	tray)	and	Coomassie	brilliant	blue	(CBB)	

staining	on	the	EZDOC	imaging	system	for	band	quantitation.	
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 Results		
	

 Development	of	BODIPY-Neu5Ac	probes	
	

2.3.1.1 Synthesis	of	SiaNAz	
	
	
The	siaNAz	compound	was	successfully	synthesized	using	the	aldol	condensation	

reaction	from	the	starting	materials	ManNAz,	sodium	pyruvate	and	sialic	acid	

aldolase	(Figure	29A).	It	was	evident	that	the	addition	of	an	excess	amount	of	

sodium	pyruvate	in	the	reaction	increased	the	product	yield.	In	this	synthesis,	a	

ManNAz	to	sodium	pyruvate	assay	concentration	ratio	of	1:5	was	used.	In	order	to	

verify	the	production	and	the	removal	of	the	siaNAz	material	(Rf	≈	0.24),	it	was	

analyzed	on	a	TLC	plate	along	with	the	starting	materials	ManNAz	(Rf	≈	0.63)	and	

sodium	pyruvate	(Rf	≈	0.46)	as	shown	below	in	Figure	29B.	From	TLC	analyses	no	

further	product	formation	was	observed	past	a	72h	time	point.		
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B)	

	
	

Figure	29:	Synthesis	of	SiaNAz.	A)	Aldol	condensation	reaction	scheme	of	siaNAz	and	

B)	TLC	analysis	of	the	siaNAz	synthesis.	Lane	1:	starting	material,	ManNAz;	Lanes	2:	

aldol	condensation	reaction,	time	point:	72h;	Lane	3:	starting	material,	sodium	

pyruvate.	
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2.3.1.2 Activation	of	azido-Neu5Ac-CMP	substrates		
	
	
The	activation	of	siaNAz-	and	9-azido-Neu5Ac	substrates	were	enzymatically	

synthesized	by	a	bacterial	Neisseria	CMP-β-sialic	acid	synthetase	(NSY-05)	which	

transfers	a	cytidine	5’-triphosphate	(CMP)	onto	the	azido-Neu5Ac	acceptor	

substrates	from	the	donor	cytidine	5’-triphosphate	(CTP)	in	the	presence	of	the	

metal	ion,	Mg2+	(Figure	30A).	From	the	TLC	results	shown	in	Figure	30B,	

conversion	to	activated	azido-Neu5Ac	substrates	were	successfully	achieved	within	

2h	of	incubation.	Due	to	the	higher	polarity	of	the	CMP	conjugated	azido-Neu5Ac	

substrates	it	migrated	much	slower	up	the	TLC	plate	in	comparison	to	their	

inactivated	counterparts.	In	addition,	BODIPY-labelled	Neu5Ac	substrates	can	also	

be	successfully	activated	under	similar	conditions	within	3h	of	incubation	(Figure	

31).		
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B)	

	

	

Figure	30:	Activation	of	azido-Neu5Ac	substrates	via	CMP-β-sialic	acid	synthetase	

(NSY-05)	A)	Reaction	scheme	of	the	azido-Neu5Ac-CMP	substrates.	C-5	modified	

Neu5Ac	(R1=	N3,	R2=	OH)	and	C-9	modified	Neu5Ac	(R1=	H,	R2=	N3].	B)	TLC	analysis	of	

CMP-conjugate	synthesis.	I)	Synthesis	of	siaNAz-CMP	and;	II)	Synthesis	of	9-azido-

Neu5Ac-CMP.	Lane	1:	starting	material,	CTP;	Lane	2:	Negative	control,	NSY-05	absent;	

Lanes	3-4,	NSY-05	present,	time	points:	2h	and	3h.	
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Figure	31:	Activation	of	BODIPY-9-Neu5Ac	via	CMP-β-sialic	acid	synthetase	(NSY-05).	

A)	Reaction	scheme	of	the	BODIPY-9-Neu5Ac-CMP	substrates.	B)	TLC	analysis	of	

BODIPY-9-Neu5Ac-CMP	synthesis.	Lane	1:	Negative	control,	NSY-05	absent.	Lanes	2:	

NSY-05	present,	time	point:	3h.		
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relative	conversion	to	BODIPY-5-Neu5Ac-CMP	and	BODIPY	9-Neu5Ac-CMP	

occurred,	respectively	(Figure	32).	The	labelling	can	also	successfully	be	done	prior	

to	the	activation	of	azido	sialic	acid	(data	not	shown).		

	

	

Figure	32:	Synthesis	of	BODIPY-labelled	Neu5Ac-CMP	derivatives	using	CuAAc	

reaction.	A)	BODIPY-9-Neu5Ac-CMP:	I)	chemical	structure	and;	II)	TLC	analysis	of	

BODIPY-9-Neu5Ac-CMP	synthesis,	Lane	1:	starting	material,	BODIPY-alkyne;	and	Lane	

2:	CuAAc	reaction	mixture,	time	point	1hr.	B)	BODIPY-5-Neu5Ac-CMP:	I)	chemical	

structure	and;	II)	TLC	analysis	of	BODIPY-5-Neu5Ac-CMP	synthesis,	Lane	1:	starting	

material,	BODIPY-alkyne;	and	Lane	2:	CuAAc	reaction,	time	point	1hr.		
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 Functional	testing	of	BODIPY-Neu5Ac	probes	on	proteins		
	

2.3.2.1 Sialylation	of	IFNα-2b	using	Human	ST3Gal1		
	
	
The	BODIPY-Neu5Ac-CMP	probes	were	used	to	investigate	the	human	ST3Gal1	and	

to	compare	its	efficiency	to	transfer	both	probes	onto	1	mg/mL	of	the	protein	

acceptor	interferon	alpha-2b	(IFNα-2b),	which	contained	a	single	T	antigen	

modification.	From	the	SDS-PAGE	gels	and	the	densitometric	data	obtained,	was	

able	to	successfully	transfer	both	the	C-9	and	C-5	modified	Neu5Ac	substrates	onto	

IFNα-2b	(Figure	33).	Within	15	minutes	of	incubation,	transfer	of	both	the	BODIPY-

9-	and	BODIPY-5-Neu5Ac-CMP	were	observed,	which	increased	with	time,	clearly	

illustrated	in	the	fluorescently	imaged	gels.	However,	BODIPY-9-Neu5Ac-CMP	

substrate	was	seen	to	be	transferred	~7	folds	more	than	the	BODIPY-5-Neu5Ac-

CMP	substrate,	which	was	evident	from	the	thicker	and	brighter	protein	bands	seen	

on	the	fluorescence	image.			
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B)	

Probe:	 BODIPY-9-Neu5Ac-CMP	 BODIPY-5-Neu5Ac-CMP	

Lane	

Time	

(min)	 CBB	 Fluorescence	 Ratio	 CBB	 Fluorescence	 Ratio	

1	 -	 -	 -	 -	 -	 -	 -	

2	 15	 1569414	 473040	 0.3	 1326340	 8064	 0.04	

3	 30	 1533425	 666525	 0.43	 1365082	 100926	 0.07	

4	 60	 1587357	 848610	 0.53	 1392895	 115182	 0.08	

5	 120	 1678540	 1114200	 0.66	 1542475	 136323	 0.08	

6	 180	 1872200	 1264112	 0.67	 1540200	 138432	 0.09	

7	 O/N	 1912608	 1560800	 0.81	 1430190	 128775	 0.09	

	

Figure	33:	Comparison	of	BODIPY-Neu5Ac-CMP	probes	in	the	modification	of	IFNα-2b	

using	human	ST3Gal1.	A)	SDS-PAGE	comparison	of	the	probes	(0.05mM):	I)	BODIPY-9-

Neu5Ac-CMP	and	ii)	BODIPY-5-Neu5Ac-CMP.	B)	Densitometric	analysis:	a	quantitative	

study	to	determine	which	probe	is	efficiently	transferred	onto	1	mg/mL	protein	using	

0.1	mg/mL	ST3Gal1.	Coomassie	blue	staining	(CBB).		Lane	1:	Negative	control;	

ST3Gal1	absent.	Lanes	2-7:	ST3Gal1	present,	time	points	15,	30,	60,	120,	180	min	and	

overnight.		
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2.3.2.2 Sialylation	of	BuChe	and	AS-α1AT	Human	ST6Gal1		
	
	
The	BODIPY-Neu5Ac-CMP	probes	were	used	to	study	the	human	ST6Gal1	and	to	

compare	its	efficiency	to	transfer	both	probes	onto	two	different	N-glycan	

containing	protein	acceptors;	asialo-alpha	1	anti-trypsin	(asialo-α1AT)	and	plant	

expressed	human	butyrylcholinesterase	(BuChE).	Human	ST6Gal1	was	investigated	

for	its	ability	to	modify	2	mg/mL	of	target	proteins.		

For	the	analysis	on	BuChE,	the	SDS-PAGE	gels	and	the	densitometric	data	

obtained	showed	that	ST6Gal1	was	able	to	successfully	transfer	both	the	BODIPY-5-	

and	BODIPY-9-Neu5Ac-CMP	substrates	at	about	the	same	rate	(Figure	34).	Within	

15	minutes	of	incubation,	transfer	of	both	the	BODIPY-9-	and	BODIPY-5-Neu5Ac-

CMP	were	observed,	which	increased	with	time,	illustrated	in	the	fluorescently	

imaged	gels.		

Whereas	for	asialo-A1AT,	the	results	obtained	showed	that	ST6Gal1	transfers	

both	the	BODIPY-5-	and	BODIPY-9-Neu5Ac-CMP	substrates	at	completely	different	

rates	(Figure	35).	The	ST6Gal1	was	observed	to	transfer	BODIPY-5-Neu5Ac-CMP	

much	more	efficiently	compared	to	BODIPY-9-Neu5Ac-CMP,	where	only	faint	bands	

can	be	detected	on	the	fluorescently	imaged	gel.	
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B)		

Probe:	 BODIPY-5-Neu5Ac-CMP	 BODIPY-9-Neu5Ac-CMP	

Lane	
Time	

(min)	
CBB	 Fluorescence	 Ratio	 CBB	 Fluorescence	 Ratio	

1	 -	 -	 -	 -	 -	 -	 -	

2	 0	 1256066	 41940	 0.03	 1499841	 94410	 0.06	

3	 30	 1060262	 146025	 0.14	 1390914	 276570	 0.20	

4	 60	 927472	 175860	 0.19	 1606955	 393000	 0.24	

5	 120	 926262	 223920	 0.24	 1660120	 477450	 0.29	

6	 240	 901600	 244485	 0.27	 1679279	 494595	 0.29	

7	 O/N	 1687560	 615105	 0.36	 1955835	 560612	 0.29	

	

Figure	34:	Comparison	of	BODIPY-Neu5Ac-CMP	probes	in	the	modification	of	BuChE	

using	human	ST6Gal1.	A)	SDS-PAGE	comparison	of	the	probes	(0.1mM)	BODIPY-9-

Neu5Ac-CMP	and	BODIPY-5-Neu5Ac-CMP.	B)	Densitometric	analysis:	a	quantitative	

study	to	determine	which	probe	is	efficiently	transferred	onto	2	mg/mL	protein	using	

0.1	mg/mL	ST6Gal1.	Coomassie	blue	staining	(CBB).		Lane	1:	Negative	control;	

ST6Gal1	absent.	Lanes	2-7:	ST6Gal1	present,	time	points	0,	30,	60,	120,	240	min	and	

overnight.		
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B)	

Probe:	 BODIPY-9-Neu5Ac-CMP	 BODIPY-5-Neu5Ac-CMP	

Lane	
Time	

(min)	
CBB	 Fluorescence	 Ratio	 CBB	 Fluorescence	 Ratio	

1	 -	 -	 -	 -	 -	 -	 -	

2	 0	 3799368	 13024	 0.00	 3636620	 245646	 0.07	

3	 30	 3111601	 12362.5	 0.00	 3443371	 1617162	 0.47	

4	 60	 3328523	 12128	 0.00	 3098535	 1718182	 0.55	

5	 120	 3065923	 10331.5	 0.00	 3395575	 1940178	 0.57	

6	 240	 3342744	 21544	 0.01	 3570709	 2046551	 0.57	

7	 O/N	 4523463	 21019	 0.00	 3988411	 2469144	 0.62	

	

Figure	35:	Comparison	of	BODIPY-Neu5Ac-CMP	probes	in	the	modification	of	AS-

α1AT	using	human	ST6Gal1.	A)	SDS-PAGE	comparison	of	the	probes	(0.1mM)	BODIPY-

9-Neu5Ac-CMP	and	BODIPY-5-Neu5Ac-CMP.	B)	Densitometric	analysis:	a	quantitative	

study	to	determine	which	probe	is	efficiently	transferred	onto	2	mg/mL	protein	using	

0.1	mg/mL	ST6Gal1.	Coomassie	blue	staining	(CBB).		Lane	1:	Negative	control;	

ST6Gal1	absent.	Lanes	2-7:	ST6Gal1	present,	time	points	0,	30,	60,	120,	240	min	and	

overnight.	
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 Discussion		
	
	
To	evaluate	the	transfer	efficiencies	of	the	human	sialyltransferases,	two	sialic	acid	

probes	with	modifications	on	the	C-5	and	C-9	positions	were	successfully	developed.	

The	siaNAz	substrate	was	initially	synthesized	via	an	aldol	condensation	reaction	

and	successfully	purified	by	anion-exchange	chromatography,	which	was	later	

confirmed	by	ESI-MS	analysis.	Activated	sialic	acid	derivatives	were	then	

enzymatically	synthesized	by	a	bacterial	Neisseria	CMP-β-sialic	acid	synthetase	

(NSY-05).	The	activation	can	occur	before	or	after	the	labelling	with	BODIPY,	as	both	

routes	generated	relatively	high	yields	of	90%	or	greater.	An	issue	to	take	into	

consideration	was	that	activated	sialic	acids	(CMP-sialic	acid)	are	in	fact	prone	to	

chemical	hydrolysis	especially	if	kept	in	solution	for	too	long,	eventually	leading	to	a	

1:1	mixture	of	free	CMP	and	deactivated	sialic	acids	61.	A	reason	for	this	is	due	to	the	

additional	electron-withdrawing	effect	of	their	anomeric	carboxylate	group	61.	To	

prevent	this	issue,	activated	sialic	acids	were	freeze	dried	and	the	unused	fractions	

were	stored	at	-80°C	until	further	use.	Subsequently,	the	azido	modifications	at	the	

C-5	and	C-9	positions	allowed	for	the	quick	and	efficient	labelling	with	the	BODIPY-

alkyne	(I)	through	the	CuAAc	reaction,	which	was	later	confirmed	by	MALDI-TOF-

MS.	Each	of	the	BODIPY-5	and	BODIPY-9-Neu5Ac-CMP	substrates	were	directly	

used	with	both	the	ST3Gal1	and	ST6Gal1.		

An	in	vitro	sialyltransferase	assay	was	developed	based	on	

asialoglycoproteins	as	acceptor	substrates	for	testing	the	efficiencies	of	human	

ST3Gal1	and	ST6Gal1	for	transferring	the	donor	substrates	BODIPY-5	and	BODIPY-
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9-Neu5Ac-CMP.		The	ST3Gal1	studies	were	performed	on	O-linked	glycoproteins,	

whereas	ST6Gal1	studies	were	performed	on	N-linked	glycoproteins.	From	the	

results	described	above,	ST3Gal1	efficiently	recognized	and	sialylated	the	terminal	

Gal	residue	on	the	single	T	antigen	found	in	interferon	alpha-2b	(IFNα-2b).	Both	the	

sialic	acid	donor	substrates	were	seen	to	be	transferred	by	ST3Gal1,	however	

BODIPY-9-Neu5Ac-CMP	substrate	was	transferred	~7	folds	more	than	the	BODIPY-

5-Neu5Ac-CMP	substrate.	Suggesting	that	there	is	better	recognition	of	the	C-9	

modified	sialic	acid	by	the	IFNα-2b	glycoprotein.		

For	ST6Gal1	studies,	different	transfer	profiles	were	obtained	for	the	two	N-

glycan	containing	acceptor	proteins,	butyrylcholinesterase	(BuChE)	and	asialo-

alpha	1	anti-trypsin	(asialo-α1AT).	From	the	results	described	above,	ST6Gal1	was	

observed	to	effectively	modify	BuChE	with	both	the	C-5	and	C-9	modified	sialic	acid	

donors.	Both	donor	substrates	were	seen	to	be	transferred	onto	BuChE	at	a	

relatively	similar	rate,	suggesting	that	this	glycoprotein	does	not	discriminate	

between	the	two	modifications.	Whereas	for	asialo-A1AT,	ST6Gal1	was	only	able	to	

efficiently	transfer	the	BODIPY-5-Neu5Ac-CMP	substrate.	Really	low	transfer	was	

observed	with	the	BODIPY-9-Neu5Ac-CMP	substrate	visualized	by	SDS-PAGE,	

signifying	that	there	is	better	recognition	of	the	C-5	modified	sialic	acid	by	the	

asialo-A1AT	glycoprotein.		
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 Concluding	Remarks		
	
	
Given	that	sialic	acids	are	typically	found	on	the	terminal	ends	of	glycoconjugates,	it	

is	not	surprising	that	they	are	essential	in	several	biological	roles.	Therefore,	

developing	simple	methods	for	probing	sialylation	is	an	important	research	interest,	

as	it	allows	for	the	manipulation	and	control	of	sialylation	levels,	as	well	as	

elucidating	the	wide-ranging	biological	functions	of	sialic	acids.	This	chapter	

involved	the	successful	development	of	BODIPY-sialic	acid	probes	with	azido	

modifications	on	the	C-5	and	C-9	positions	of	sialic	acid,	which	allowed	for	the	quick	

and	efficient	labelling	with	BODIPY	dyes.	It	was	found	that	these	BODIPY-sialic	acid	

derivatives	can	be	transferred	onto	asialoglycoproteins	with	human	ST3Gal1	and	

ST6Gal1	sialyltransferases.	Differences	in	transfer	efficiencies	were	observed	

indicating	the	specificity	of	the	sialyltransferases	and	asialoglycoproteins	for	

modifications	of	sialic	acids	at	either	the	C-5	or	C-9	positions.	This	study	outlined	

the	application	of	these	BODIPY-sialic	acid	probes	as	a	rapid	analytical	tool	for	the	

detection	of	T-antigen	(Gal-β1,3-GalNAcα)	O-glycans	on	glycoproteins.	As	well	as	

using	them	as	an	assay	for	monitoring	in	vitro	protein	sialylation	on	N-glycans.	

	

 Future	Work	
	

Future	studies	with	these	BODIPY-sialic	acid	probes	could	involve	surveying	the	

transfer	efficiencies	of	other	mono-sialyltransferases	and	polysialyltransferases	not	

just	from	mammalian	cell	lines,	but	also	bacterial	derivatives	as	well.	In	addition,	

using	these	as	rapid	analytical	tools	in	proteomics	studies	could	also	be	examined	
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owing	to	their	specificity	and	selectivity.	For	instance,	the	deficiencies	of	sialic	acids	

in	endothelial	cells	can	be	investigated,	by	using	these	probes	to	identify	and	isolate	

the	subset	of	glycoproteins	that	are	missing	the	sialic	acid	residues	that	specific	

sialyltransferases	add.	
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Figure	A1:	1H	NMR	spectrum	of	compound	1.4	in	D2O	
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Figure	A2:	1H	NMR	spectrum	of	compound	1.8	in	D2O	

NH

O
N

B
N

F
F

O
HOHO

O
HO
HO

O

O
HO
HO

HO

1.8
BO

DIPY'M
annobiose

NH

O
N

B
N

F
F

O
HOHO

O
HO
HO

O

O
HO
HO

HO

1.8
BO

DIPY'M
annobiose

DCM
DCM

DCMDMF

DMF
DMF



	
	

92	

	
	

Figure	A3:	1H	NMR	spectrum	of	compound	1.10	in	D2O	
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