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What	is	the	purpose	of	catechol	oxidase

All	we	see	is	a	piece	of	bruised	fruit	on	the	supermarket	shelf	–	but	what	are	the	mechanisms	behind	bruising	and	browning,	and	how	does	it	protect	damaged	plants	against	both	bacterial	and	fungal	disease?	Making	sure	that	food	reaches	the	consumer	in	good	condition	is	both	big	business	and	an	environmental	issue.	Catechol	oxidase	activity	may
be	of	huge	economic	importance.	It	has	been	estimated	that	half	the	world’s	fruit	and	vegetable	crop	is	lost	due	to	post-harvest	browning	reactions	due	to	the	enzyme.	Every	piece	of	food	has	an	environmental	impact,	and	the	fertilisers	and	energy	used	to	produce	it	are	wasted	if	it	is	thrown	away	uneaten.	Uneaten	food	is	also	a	financial	loss	to	the
producer	or	retailer.	This	project	starter	contains	ideas	for	investigating	the	enzyme	activity	in	plant	tissues,	suitable	for	Advanced	Higher	Biology	investigations	and	EPQs.	Background	information	Catechol	oxidase	(also	called	polyphenoloxidase)	is	an	enzyme	found	in	a	wide	variety	of	plants.		It	is	responsible	for	the	darkening	observed	when	many
fruits	or	vegetables	are	cut	or	bruised.	Catechol	oxidase	catalyses	the	reaction	of	catechol,	which	is	colourless,	to	the	yellow	compound,	ortho-quinone	(o-quinone).		o-quinone	then	reacts	with	oxygen	in	the	air	to	form	brown-black	compounds	called	melanins.	Catechol	is	present	in	small	quantities	in	the	vacuoles	of	cells	of	many	plant	tissues.	
Catechol	oxidase	is	present	in	the	cell	cytoplasm.	If	the	plant	tissues	are	damaged,	the	catechol	is	released	and	the	enzyme	converts	the	catechol	to	ortho-quinone,	which	is	a	natural	antiseptic.	Catechol	oxidase	therefore	has	a	role	in	plant	defence	mechanisms,	helping	to	protect	damaged	plants	against	both	bacterial	and	fungal	disease.	It	has	been
suggested	that	the	quantity	of	catechol	oxidase	produced	by	a	plant	may	be	related	to	its	susceptibility	to	fungal	infection.	Catechol	oxidase	activity	is	also	of	economic	importance.		It	has	been	estimated	that	half	the	world’s	fruit	and	vegetable	crop	is	lost	due	to	post-harvest	browning	reactions	due	to	the	enzyme.	Further	reading	WRAP	website.
WRAP	is	a	UK	charity	that	focuses	on	the	sustainable	use	of	resources.	They	have	a	particular	focus	on	understanding	the	causes	of	food	waste	and	hence	reducing	it.	Genetically	modified	non-browning	apples	are	approved	in	the	U.S.	This	article	from	Discover	Magazine	describes	a	new	transgenic	variety	of	apple	that	‘turns	off’	the	gene	that	controls
the	browning	process	seen	when	an	apple	is	cut	and	exposed	to	the	air	(Discover	Magazine,	February	18,	2015).	‘Smarter’	plant	breeding	to	cut	lettuce	waste.	Researchers	from	Harper	Adams	University	are	identifying	the	genes	that	make	certain	varieties	of	lettuce	more	susceptible	to	browning	than	others.	They	hope	this	will	enable	them	to	breed
new	varieties	that	will	take	longer	to	turn	brown,	especially	in	bagged	salad	mixes.	Writtle	College	has	a	well-respected	centre	for	Post-Harvest	Technology.	Their	research	gives	an	insight	into	the	key	issues	currently	being	addressed	by	UK	businesses	and	research.	Practical	Investigations	–	step-by-step	protocols	We’ve	put	together	step-by-step
protocols	for	you	to	use	for	a	practical	investigation	on	this	topic.	Catechol	oxidaseIdentifiersEC	no.1.10.3.1CAS	no.9002-10-2	DatabasesIntEnzIntEnz	viewBRENDABRENDA	entryExPASyNiceZyme	viewKEGGKEGG	entryMetaCycmetabolic	pathwayPRIAMprofilePDB	structuresRCSB	PDB	PDBe	PDBsumSearchPMCarticlesPubMedarticlesNCBIproteins
Catechol	oxidase	is	a	copper	oxidase	that	contains	a	type	3	di-copper	cofactor	and	catalyzes	the	oxidation	of	ortho-diphenols	into	ortho-quinones	coupled	with	the	reduction	of	molecular	oxygen	to	water.	It	is	present	in	a	variety	of	species	of	plants	and	fungi	including	Ipomoea	batatas	(sweet	potato)[1]	and	Camellia	sinensis	(Indian	tea	leaf).[2]
Metalloenzymes	with	type	3	copper	centers	are	characterized	by	their	ability	to	reversibly	bind	dioxygen	at	ambient	conditions.[3]	In	plants,	catechol	oxidase	plays	a	key	role	in	enzymatic	browning	by	catalyzing	the	oxidation	of	catechol	to	o-quinone	in	the	presence	of	oxygen,	which	can	rapidly	polymerize	to	form	the	melanin	that	grants	damaged
fruits	their	dark	brown	coloration.	Biological	Function	Overall	reaction	catalyzed	by	catechol	oxidase:	production	of	two	o-quinones	and	2	molecules	of	water	from	two	molecules	of	catechol	and	one	molecule	of	dioxygen.	Polyphenol	oxidases	are	a	family	of	di-copper	metalloenzymes	that	include	tyrosinase	and	catechol	oxidase.[4]	In	plants,	both
enzymes	can	catalyze	the	oxidation	of	ortho-diphenols	substrates	into	their	corresponding	ortho-quinones.	The	key	difference	between	the	two	related	enzymes	is	that	tyrosinase	can	catalyze	the	hydroxylation	of	monophenols	to	diphenols	(monophenolase	activity)	as	well	as	the	oxidation	of	the	o-diphenol	to	the	o-quinone	(diphenolase	activity)
whereas	catechol	oxidase	only	possesses	diphenolase	activity.[5]	When	plant	tissue	is	damaged,	the	chloroplast	may	rupture	and	release	catechol	oxidase	into	the	plant	cytoplasm,	and	vacuoles	may	also	rupture,	releasing	stored	catechol	into	the	cytoplasm.	The	tissue	damage	also	allows	oxygen	to	penetrate	into	the	cell.	Thus,	tissue	damage	facilitates
the	interaction	of	catechol	oxidase	with	its	substrate	to	produce	o-benzoquinone,	which	can	polymerize	non-enzymatically	to	yield	melanins	that	form	an	insoluble	barrier	for	wound	protection.[6]	Proteolytic	Processing	Catechol	oxidase	is	nuclear-encoded,	and	its	N-terminal	end	contains	a	signal	peptide	that	directs	the	protein	to	the	chloroplast
thylakoid	lumen,	where	it	can	either	be	soluble	or	loosely	associated	with	the	thylakoid	membrane.[7]	Initially	transcribed	as	a	pro-enzyme,	the	catechol	oxidase	precursor	undergoes	two	rounds	of	proteolytic	processing	and	transport	before	it	enters	the	thylakoid	lumen.	Utilizing	a	[35S]	methionine-labeled	precursor	protein,	Sommer	et	al.	elucidated
a	proteolytic	processing	pathway	common	to	a	variety	of	plants	including	pea	(Pisum	sativum),	tomato	(Lycopersicon	esculentum),	and	maize	(Zea	mays).[8]	The	67	kD	precursor	was	imported	into	the	stroma	in	an	ATP-dependent	manner	where	a	stromal	peptidase	processes	the	precursor	into	a	62	kD	intermediate.	The	translocation	of	this
intermediate	into	the	thylakoid	lumen	was	light-dependent	and	results	in	the	generation	of	the	mature	59	kD	enzyme.[9]	Based	on	analysis	of	the	precursor	and	mature	catechol	oxidase	purified	from	Ipomoea	batatas,	proteolytic	processing	removes	both	the	N-terminal	transit	peptide	as	well	as	a	C-terminal	domain	that	covers	the	enzyme	active	site.
[10]	Enzyme	Structure	The	reduced	(Cu(I)-Cu(I))	and	native	(Cu(II)-Cu(II))	catechol	oxidase	di-copper	active	site	from	the	Ipomoea	batata	crystal	structure	(PDB:	1BT1,	1BT2).	The	crystal	structure	of	catechol	oxidase	purified	from	Ipomoea	batatas	has	been	resolved	in	its	active	form	in	both	the	oxidized	Cu(II)-Cu(II)	state	and	the	reduced	Cu(I)-Cu(I)
state.[11]	It	is	a	globular,	single	domain	monomeric	enzyme	that	is	approximately	55	by	45	by	45	Å	in	size	and	ellipsoid	in	shape.	A	four	α-helix	bundle	comprises	the	enzyme	core,	which	girds	the	active	site	containing	the	dicopper	center.[12]	The	nitrogens	on	the	imidazole	side	chains	of	His88,	His109,	and	His118	coordinate	with	the	first	catalytic
copper	while	the	nitrogens	on	the	imidazole	side	chains	on	His240,	His244	and	His274	coordinate	with	the	second	catalytic	copper	ion.	In	the	oxidized	Cu(II)-Cu(II)	state,	each	copper	ion	possesses	a	four	coordinate	trigonal	pyramidal	geometry,	with	the	three	histidine	residues	and	a	bridging	hydroxide	molecule	forming	the	four	ligands	on	each
copper	ion.	Comparing	the	reduced	(Cu(I)-Cu(I))	state	with	the	native	(Cu(II)-Cu(II))	state	of	the	enzyme,	the	key	difference	is	the	distance	between	the	two	copper	centers.	In	the	oxidized	Cu(II)-Cu(II)	state,	the	Cu-Cu	distance	is	3.3	Å	while	in	the	reduced	Cu(I)-Cu(I)	state,	the	distance	increases	to	4.4	Å.[1]	While	the	active	site	of	both	tyrosinase	and
catechol	oxidase	contain	the	di-copper	center,	variations	in	each	enzyme’s	respective	structure	result	in	differing	activity.	In	catechol	oxidase,	a	phenylalanine	side-chain	(Phe261)	is	above	one	of	the	copper	centers	and	prevents	the	substrate	from	coordinating	with	both	copper	ions	in	the	active	site.	This	precludes	the	bidentate	coordination	complex
necessary	for	di-phenolate	hydroxylation	characteristic	of	tyrosinase	but	absent	in	catechol	oxidase.[13]	Furthermore,	His109	bound	to	one	of	the	copper	centers	is	also	covalently	linked	with	Cys192	through	a	thioether	bridge.[14]	This	cysteine-histidine	cross-linking	may	further	restrain	the	enzyme	active	site	from	assuming	the	bidentate
coordination	complex	readily	formed	in	tyrosinase.	Catalytic	Cycle	and	Mechanism	Proposed	catalytic	cycle	of	catechol	oxidase	purified	from	Ipomoea	batata.	Although	a	crystal	structure	of	catechol	oxidase	has	been	solved,	questions	concerning	the	exact	mechanism	of	the	reaction	remain.	One	mechanism	proposed	by	Eicken	et	al.	is	based	on	the
crystal	structure	of	catechol	oxidase	purified	from	Ipomoea	batatas.[11]	The	catalytic	cycle	begins	with	the	catechol	oxidase	in	its	native	oxidized	Cu(II)-Cu(II)	state	with	a	coordinated	hydroxide	ion	bridging	the	two	copper	centers.	As	catechol	enters	the	active	site,	a	proton	is	abstracted	from	one	of	the	alcohols.	The	catechol	coordinates	with	a	Cu(II)
center	in	a	monodentate	fashion,	displacing	one	of	the	coordinating	histidine	residues.	The	coordinated	hydroxide	ion	abstracts	another	proton	from	catechol	to	form	water,	and	the	catechol	is	oxidized	to	o-quinone.	The	two	resulting	electrons	reduce	both	copper	centers	to	their	Cu(I)-Cu(I)	state.	Dioxygen	then	binds	one	copper	center,	displacing	the
coordinated	water	molecule,	and	another	molecule	of	catechol	binds	to	the	other	copper	center,	displacing	another	histidine	residue.	This	forms	a	complex	in	which	one	copper	center	has	a	tetragonal	planar	coordination	with	His240,	His244	and	the	dioxygen	molecule.	The	other	copper	center	retains	its	initial	tetragonal	pyramidal	geometry	with
dioxygen,	His88	and	His118	in	the	equatorial	positions,	and	His109	in	an	axial	position.[3]	In	this	state,	the	enzyme	active	site	is	in	a	ternary	catechol	oxidase–O22−–catechol	complex.	Two	electrons	are	transferred	from	the	substrate	to	the	dioxygen,	followed	by	cleavage	of	the	O–O	bond.	Water	is	released,	and	the	second	o-quinone	product	is	formed
together	with	the	restoration	of	the	initial	Cu(II)-Cu(II)	state	to	complete	the	catalytic	cycle.[15]	This	proposed	catalytic	cycle	is	supported	by	the	experimental	observation	that	stoichiometric	amounts	of	o-quinone	form	after	catechol	addition	to	the	enzyme,	even	when	dioxygen	is	absent.[15]	Furthermore,	both	the	oxidized	Cu(II)-Cu(II)	state	and	the
reduced	Cu(I)-Cu(I)	state	were	the	two	states	identified	by	the	crystal	structure	of	Ipomoea	batatas.	The	monodentate	binding	of	catechol	to	the	copper	center	was	supported	by	the	crystal	structure	of	catechol	oxidase	bound	with	the	bound-substrate	analogue	inhibitor	phenylthiourea,	which	also	binds	to	the	copper	center	in	a	monodentate	fashion.
[11]	However,	one	issue	with	this	catalytic	cycle	is	that	the	charge	of	the	active	site	changes	during	the	catalytic	cycle	from	+1	to	+3.	This	necessitates	the	presence	of	nearby	bases	that	can	store	the	protons;	however,	the	X-ray	crystal	structure	does	not	indicate	the	presence	of	any	such	bases	as	the	histidine	residues	are	coordinated	with	the	copper
centers.[16]	Other	catalytic	cycles	elucidated	with	DFT	calculations	and	crystal	structures	have	been	proposed	which	maintain	the	same	charge	in	the	active	site	throughout	the	cycle	and	thus	do	not	require	nearby	bases.[15][16]	However,	certain	intermediates	in	the	proposed	cycle	are	not	consistent	with	experimental	findings	such	as	that
stoichiometric	amounts	of	o-quinone	can	form	after	catechol	addition	in	the	absence	of	oxygen.[16]	Economic	and	Industrial	Relevance	The	oxidation	of	phenol	substrates	to	their	corresponding	quinones	are	the	primary	cause	of	fruit	and	vegetable	browning	during	ripening,	handling,	and	processing.[17]	Enzymatic	browning	affects	the	nutritional
quality	and	appearance	of	fruits	and	produce.	Over	half	of	fruit	losses	are	estimated	to	occur	as	a	result	of	enzymatic	browning,	and	tropical	produce	are	particularly	vulnerable	to	this	reaction.[6]	The	loss	of	nutrients	can	occur	due	to	the	interaction	of	quinones,	produced	by	the	oxidation	of	diphenols,	with	the	side	chains	of	essential	amino	acids
derived	from	plant	proteins.	In	particular,	thiol	and	amine	functional	groups	on	the	side	chains	of	amino	acids	are	highly	susceptible	to	quinone	binding	and	alkylation.[18]	The	key	role	of	catechol	oxidase	in	enzymatic	browning	makes	it	a	common	target	for	inhibition.	While	a	number	of	inhibitory	strategies	exist	such	as	high	temperature
treatments(70-90	°C)	to	eliminate	catechol	oxidase	catalytic	activity,[6]	a	popular	strategy	is	decreasing	the	pH	with	citric	acid.	Catechol	oxidase	is	more	catalytically	active	in	the	pH	4-8	range	due	to	coordination	of	the	histidine	residues	to	the	catalytic	copper	centers.	The	use	of	acids	like	citric	acid	to	decrease	the	pH	below	this	optimum	range
diminishes	the	binding	of	the	enzyme	to	its	active	site	copper	because	the	protonation	of	histidine	residues	interferes	with	their	ability	to	coordinate	with	the	copper	centers.[19]	Artificial	Enzymes	New	approaches	to	design	artificial	enzymes	based	on	amino	acids	or	peptides	as	characteristic	molecular	moieties	have	led	to	a	significant	expansion	of
the	field	of	artificial	enzymes	or	enzyme	mimics.	Recent	results	by	the	group	of	Rob	Liskamp	have	shown	that	scaffolded	histidine	residues	can	be	used	as	mimics	of	certain	metalloproteins	and	-enzymes.	The	structural	mimicry	of	certain	copper	proteins	(e.g.	hemocyanin,	tyrosinase	and	catechol	oxidase),	containing	type-3	copper	binding	sites,	has
been	shown.	This	is	a	significant	improvement	since	the	use	of	scaffolded	histidine	residues	is	one	step	closer	to	the	mimicry	of	enzymes	by	biologically	relevant	species.[20]	References	^	a	b	Gerdemann	C,	Eicken	C,	Krebs	B	(March	2002).	"The	crystal	structure	of	catechol	oxidase:	new	insight	into	the	function	of	type-3	copper	proteins".	Accounts	of
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