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Abstract	
Fungal	 laccases	 are	 multicopper	 oxidases	 with	 high	 catalytic	 versatility	 and	 low	
catalytic	requirements	(only	O2	of	the	air	is	required	for	activation).	Their	high	redox	
potential,	 especially	 of	 certain	 basidiomycete	 laccases,	 significantly	 increases	 their	
oxidation	 capacity	 compared	 to	 bacterial	 laccases.	 These	 characteristics	 together		
provide	these	enzymes	with	great	potential	for	applications	as	biocatalysts	in	a	range	
of	synthetic	or	degrading	reactions.	We	review	here	some	of	the	main	properties	and	
biotechnological	 applications	 of	 fungal	 laccases,	 underlining	 their	 overexpression	
limitations	 for	 industrial	 scale	 application.	 We	 focus	 on	 the	 use	 of	 laccases	 as	
biocatalysts	for	organic	synthesis,	with	special	emphasis	on	polymer	synthesis.	
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General	aspects	of	laccases	
Laccases	 are	 phenol	 oxidases	 (EC	 1.10.3.2)	 belonging	 to	 the	 multicopper	 oxidases	
(MCO)	 superfamily.	 Discovered	 in	 1883	 in	 the	 exudates	 of	 the	 lacquer	 tree	
Toxicodendron	vernicifluum	(Yoshida,	1883),	laccases	have	been	isolated	from	plants,	
fungi	 (ascomycetes,	 basidiomycetes	 and	 deuteromycetes),	 prokaryotes	 and	
arthropods,	where	they	are	involved	in	different	biological	processes.	Fungal	laccases	
are	 implicated	 in	 intra-	 and	 extracellular	 physiological	 processes	 including	
morphogenesis,	pigmentation,	pathogenesis,	delignification	and	detoxification	(Claus,	
2004;	 Hoegger	 et	 al.,	 2006;	 Morozova	 et	 al.,	 2007).	 White-rot	 basidiomycetes,	
responsible	for	wood	decay	in	nature,	are	among	the	main	laccase	producers	together	
with	 the	 litter-decomposing	 fungi.	 They	 secrete	 laccases	 as	 part	 of	 an	 array	 of	
oxidoreductases,	 with	 ligninolytic	 peroxidases	 as	 the	 main	 players,	 enabling	 the	
efficient	biodegradation	of	the	lignin	polymer	(Eggert	et	al.,	1996;	Lundell	et	al.,	2010).		

Fungal	 laccases	 are	 mainly	 monomeric	 extracellular	 proteins	 although	 some	
basidiomycete	 (e.g.	 Pleurotus	 ribis,	 Pleurotus	 pulmonarius,	 Trametes	 villosa,	
Cantharelus	 cibarius)	 or	 ascomycete	 laccases	 (Rhizoctonia	 solani)	 consist	 of	
homodimers	with	each	subunit	with	MW	similar	to	monomeric	laccases	(Morozova	et	
al.,	2007).	Laccases	typically	fold	in	three	cupredoxin-like	domains,	each	of	them	with	
a	typical	β-barrel	topology.	The	protein	structure	is	stabilized	by	two	disulfide	bonds,	
one	 located	 between	 domains	 one	 (D1)	 and	 three	 (D3),	 and	 the	 other	 between	
domains	 one	 (D1)	 and	 two	 (D2)	 (Fig.	 1)	 (Rivera-Hoyos	 et	 al.,	 2013;	 Hakulinen	 and	
Rouvinen,	2015).		

<Figure 1 near here>	

Laccases	 present	 four	 copper	 ions	 in	 the	 active	 site	 that	 act	 as	 cofactors	 for	 their	
catalytic	activity.	Depending	on	their	UV/visible	and	electron	paramagnetic	resonance	
(EPR)	 spectroscopy	 properties,	 these	 copper	 ions	 are	 classified	 as	 follows:	 Type	 1	
(T1)	copper,	EPR	detectable	and	with	a	strong	absorption	at	600	nm,	is	responsible	of	
the	blue	color	of	laccases;	Type	2	(T2)	copper,	colorless	but	detectable	by	EPR;	and	a	
pair	 of	 type	 3	 (T3)	 copper	 ions,	 with	 no	 EPR	 signal	 due	 to	 an	 antiferromagnetic	
coupling	mediated	 by	 a	 bridging	 hydroxyl	 ligand,	 and	weak	 absorbance	 at	 330	 nm	
(Jones	and	Solomon,	2015).	The	T2	and	T3	coppers	form	the	tri-nuclear	cluster	(TNC)	
where	 O2	 is	 reduced	 to	 water	 by	 the	 four	 electrons	 taken	 from	 four	 molecules	 of	
substrate	at	the	T1	site	(Sekretaryova	et	al.,	2019).	T1	site	is	located	in	the	D3	of	the	
protein,	while	the	tri-nuclear	cluster	(T2/T3)	is	embed	between	D1	and	D3	with	both	
domains	providing	residues	for	the	coordination	of	the	three	coppers	(arranged	in	a	
regular	 triangle).	The	T1	copper	 is	coordinated	by	one	Cys	and	two	His.	 In	 the	TNC,	
each	of	the	T3	coppers	have	three	His	ligands	and	both	are	connected	by	an	OH	bridge,	
while	the	T2	copper	is	coordinated	by	two	His	(Jones	and	Solomon,	2015).	The	highly	
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conserved	Cys-His	superexchange	pathway	(around	13	Å)	serves	as	via	to	transfer	the	
electrons	 from	T1	site	 to	 the	TNC	 (Fig.	2)	 (Piontek	et	 al.,	 2002;	 Jones	and	Solomon,	
2015).	A	conserved	Asp	residue	(Asp	206	according	to	PM1	numbering)	assists	with	
His	 ligand	 (His455	 according	 to	 PM1	 laccase	 numbering)	 to	 the	 concerted	 electro-
proton	transfer	at	the	T1	site	(Galli	et	al.,	2013).	Besides	there	are	two	conserved	acid	
residues	(Asp	77	and	Asp	453	according	to	PM1	laccase	numbering)	located	close	to	
the	TNC	 that	have	a	 crucial	 role	 in	O2	 reduction	by	aiding	O2	binding	and	providing	
protons	(favored	at	acid	pH)	(Jones	and	Solomon,	2015).	

<Figure 2 near here>	

According	 to	 the	 reduction	potential	of	 the	T1	 site,	 laccases	 can	be	 classified	as	 low	
(LRPLs,	E0	<	+500	mV,	most	plant	and	prokaryotic	laccases),	medium	(MRPLs,	E0	+500	
to	 around	 +700	mV)	 and	 high	 (HRPLs,	 E0	 from	 +720	 to	 +800	mV)	 redox	 potential	
laccases	(Pardo	and	Camarero,	2015a).	The	latter	are	mainly	produced	by	the	white-
rot,	 and	 litter-decomposing	 basidiomycete	 fungi	 and	 are	 of	 great	 biotechnological	
interest	due	to	their	high	oxidation	versatility	(Hoegger	et	al.,	2006).	These	dramatic	
changes	in	laccase’s	redox	potential	are	attributed	to	a	perturbation	in	the	geometry	
of	 the	T1	site	(Augustine	et	al.,	2008)	that	 is	 in	part	modulated	by	the	presence	of	a	
Met	 as	 the	 axial	 ligand	 in	 plant	 and	 bacterial	 laccases.	 The	 distorted	 tetrahedral	
geometry	 of	 the	 latter	 enzymes	 is	 replaced	 by	 a	 trigonal	 planar	 geometry	 in	 fungal	
laccases	(MRPLs	and	HRPLs)	with	a	non-coordinating	residue	(Leu	or	Phe)	in	the	axial	
position	(Hakulinen	et	al.,	2002;	Piontek	et	al.,	2002).	The	influence	of	the	axial	amino	
acid	in	T1	redox	potential	has	been	demonstrated	in	several	studies	(Hall	et	al.,	1999;	
Xu,	1999).	For	instance,	substitution	of	the	axial	ligand	Met	502	in	CotA	laccase	from	
Bacillus	subtilis	(E0=	455	mV)	by	non-coordinating	Leu	or	Phe	increases	E0	to	515	or	
548	mV,	respectively	(Durão	et	al.,	2006).	

Eukaryotic	 laccases	 show	molecular	masses	 between	 60-130	 kDa	 of	which	 10-50%	
may	 be	 attributed	 to	 glycosylation,	 mainly	 N-glycosylation	 (Xu	 et	 al.,	 2019).	 N-
glycosylation	takes	place	in	the	lumen	of	the	endoplasmic	reticulum	and	is	finalized	in	
the	 Golgi	 (Burda	 and	 Aebi,	 1999;	 Herscovics,	 1999),	 and	might	 influence	 secretion,	
proteolytic	 susceptibility,	 catalytic	 activity	 or	 thermal	 stability	 of	 laccases	 (Madhavi	
and	Lele,	2009).		

Laccases	 are	 capable	 to	 oxidize	 a	wide	 range	 of	 different	 compounds,	 preferably	o-	
and	p-substituted	phenols	and	aromatic	amines,	together	with	N-heterocycles	(indole,	
benzothiazol,	 tetrahydroquinoline,	 hydroxyphthalimide,	 naphthol,	 etc),	 heterocyclic	
thiols,	 as	well	 as	some	 inorganic/organic	metals.	The	oxidation	of	 these	 compounds	
only	 requires	 O2	 from	 the	 air	 as	 electron	 acceptor	 and	 produces	 water	 as	 sole-by	
product	 (Gianfreda	 et	 al.,	 1999;	 Polak	 and	 Jarosz-Wilkolazka,	 2012;	Mogharabi	 and	
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Faramarzi,	 2014).	 The	 promiscuous	 activity	 and	 low	 catalytic	 requirements	 turn	
laccases	in	biocatalysts	of	choice	for	many	different	applications.	

Catalytic	site	and	reaction	mechanism	of	laccases	
The	 catalytic	 cycle	 starts	 with	 the	 oxidation	 of	 the	 substrate	 at	 the	 T1	 site.	 It	 is	
assumed	 that	 laccase	 acts	 as	 a	 battery,	 storing	 the	 electrons	 from	 four	monovalent	
oxidation	reactions,	which	are	transferred	from	the	T1	site	to	the	TNC	to	reduce	one	
O2	 molecule	 to	 two	 H2O	 molecules	 (Jones	 and	 Solomon,	 2015).	 Consequently,	 the	
enzyme	 is	 transformed	 from	 the	 resting	 oxidized	 state	 into	 the	 fully	 reduced	 state	
(Fig.	3).	Then,	the	interaction	of	the	TNC	with	O2	proceeds	in	two	consecutive	steps.	In	
the	first	one,	two	electrons,	one	from	the	T2	Cu	and	the	other	from	one	of	the	T3	Cu	
ions	 of	 the	 fully	 reduced	 enzyme	 are	 donated	 to	 the	 molecular	 O2	 generating	 the	
peroxy	intermediate.	In	the	second	step,	the	bond	O-O	is	broken	with	the	donation	of	
two	more	 electrons	 from	 the	 T1	 and	 T3	 copper	 sites,	 rendering	 the	 fully	 oxidized	
native	intermediate	(NI)	of	the	laccase.	A	proton	transfer,	required	for	the	reduction	
of	 molecular	 O2	 to	 water	 in	 the	 TNC,	 takes	 place	 at	 the	 same	 time	 as	 the	 electron	
transfer.	The	total	reduction	of	NI	by	the	oxidation	of	a	new	set	of	substrate	molecules	
and	the	release	of	 two	water	molecules	will	start	a	new	catalytic	cycle	or,	 in	case	of	
lack	 of	more	 substrate,	 the	 slow	 decay	 to	 the	 resting	 oxidized	 form	will	 take	 place	
(Yoon	and	Solomon,	2007;	Jones	and	Solomon,	2015).	

<Figure 3 near here>	

Laccase	mediator	systems	
The	oxidation	capabilities	of	laccase	can	be	enhanced	in	the	presence	of	low	molecular	
weight	 compounds	 that	 act	 as	redox	mediators	once	oxidized	by	 the	enzyme.	 In	 the	
so-called	laccase	mediator	systems	(LMS),	the	oxidized	mediator	(“stabilized	radical”)	
acts	 as	 a	 diffusible	 electron	 carrier,	 overcoming	 steric	 hindrances,	 to	 enable	 the	
oxidation	of	bulky	substrates	such	as	lignin,	cellulose	or	starch	polymers	inaccessible	
to	the	enzyme,	or	of	substrates	with	higher	redox	potentials	that	are	not	oxidized	by	
the	enzyme	alone	(Baiocco	et	al.,	2003;	Camarero	et	al.,	2004;	Kunamneni	et	al.,	2008;	
Cañas	and	Camarero,	2010).	The	2,2'-azinobis(3-ethylbenzothiazoline-6-sulfonic	acid)	
(ABTS),	was	the	first	compound	described	in	the	1990’s	as	laccase	redox	mediator	for	
the	 enzymatic	 oxidation	 of	 non-phenolic	 lignin	 model	 compounds	 and	 the	
delignification	 and	 bleaching	 of	 paper	 pulps	 (Bourbonnais	 and	 Paice,	 1990,	 1992).	
Since	then,	 the	ability	of	other	synthetic	compounds	such	as	1-hydroxybenzotriazole	
(HBT),	violuric	acid,	or	2,2,6,6-tetramethylpiperidine	1-oxyl	(TEMPO)	to	act	as	redox	
mediators	 of	 laccases	 has	 been	 demonstrated	 in	 a	 range	 of	 oxidation	 reactions	 of	
target	 compounds	 (Call	 and	 Mücke,	 1997;	 Galli	 and	 Gentili,	 2004;	 Xu	 et	 al.,	 2009;	
Benzina	et	al.,	2012;	Rostami	et	al.,	2018).	Due	to	the	different	oxidation	mechanisms,	
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the	use	of	different	mediators	may	 lead	 to	different	products	 (Baiocco	et	 al.,	 2003).	
Ultimately,	the	use	of	mediators	adds	to	the	enzyme	higher	versatility	as	biocatalyst.	

The	industrial	application	of	LMS	has,	however,	two	main	obstacles:	the	elevated	cost	
of	 synthetic	 mediators	 and	 the	 possible	 generation	 and	 discharge	 in	 the	 industrial	
effluents	 of	 toxic	 intermediates.	 Substitution	 of	 synthetic	 mediators	 by	 low-cost	
natural	 mediators	 obtained	 from	 renewable	 sources	 constitute	 an	 efficient,	 eco-
friendly	and	sustainable	alternative	for	the	application	of	LMS	in	white	biotechnology	
processes.	This	is	the	case	of	certain	phenolic	compounds	derived	from	lignin	polymer	
that	can	be	obtained	as	bio-products	 from	the	same	industrial	processes	of	biomass	
conversion	 in	 which	 laccases	 could	 be	 implemented	 (e.g.	 wood	 pulping	 and	 pulp	
bleaching).	 These	 natural	 phenolic	 compounds	 have	 been	 successfully	 assayed	 as	
laccases	mediators	 in	dye	decolorization,	detoxification	of	 aromatic	pollutants,	pitch	
removal,	delignification	and	bleaching	of	paper	pulps	or	to	enhance	saccharification	in	
biofuel	production	(Camarero	et	al.,	2005,	2007,	2008;	Cañas	et	al.,	2007;	Gutiérrez	et	
al.,	 2007;	 Kunamneni	 et	 al.,	 2008;	 Cañas	 and	 Camarero,	 2010;	 Babot	 et	 al.,	 2011;	
Hollmann	and	Arends,	2012;	Rico	et	al.,	2014;	Pardo	and	Camarero,	2015b).	

	

Heterologous	expression	of	fungal	laccases	
Enzyme	 overexpression	 is	 mandatory	 for	 its	 commercialization	 as	 industrial	
biocatalyst,	 and	constitutes	a	 challenging	 task	 in	 the	 case	of	basidiomycete	 laccases.	
Examples	 of	 overproduction	 of	wild	 basidiomycete	 laccases	 are	 barely	 found	 in	 the	
literature.	 One	 outstanding	 example	 is	 the	 gram-scale	 production	 (1.5	 g	 l-1)	 of	 P.	
cinnabarinus	 wild	 type	 laccase	 by	 the	 monokaryotic	 Pyconoporus	 cinnabarinus	 ss3	
strain	 using	 ethanol	 as	 inducer	 (Lomascolo	 et	 al.,	 2003).	 The	 homologous	 over-
production	 of	 the	 recombinant	 native	 laccase	 was	 later	 achieved	 (1.2	 g	 l-1)	 by	
transforming	 a	 laccase-deficient	 P.	 cinnabarinus	 monokaryotic	 strain	 with	 the	 P.	
cinnabarinus	laccase	 gene	 under	 the	 control	 of	 Schizophyllum	 commune	
glyceraldehyde-3-phosphate	 dehydrogenase	 (GAPDH)	 promoter	 (Alves	 et	 al.,	 2004).	
The	 homologous	 overexpression	 of	 laccase	 III	 from	 Coriolus	 (Trametes)	 versicolor	
under	control	of	the	GAPDH	promoter	was	also	reported,	although	no	enzyme	yields	
were	 informed	 (Kajita	et	 al.,	 2004). Homologous	expression	of	Coprinus	 cinerea	 lcc1	
under	the	control	of	various	homologous	and	heterologous	promoters	was	proved	as	
well,	 obtaining	 also	 the	 highest	 laccase	 activity	 (3	 U	 ml-1	 with	 ABTS)	 with	 the	
promoter	of	GAPDH	from	Agaricus	bisporus	(Kilaru	et	al.,	2006).		

The	difficult	genetic	manipulation	of	the	natural	production	strains,	together	with	the	
lack	of	GRAS	 (generally	 recognized	as	safe)	 status	and	optimized	 scale-up	protocols	
for	 industrial	 fermentation	 of	 wild	 laccases,	 discouraged	 the	 use	 of	 basidiomycete	
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strains	to	engineer	and	produce	laccases	so	far,	drawing	the	attention	to	heterologous	
expression	 hosts	 (Otterbein	 et	 al.,	 2000).	 To	 this	 end,	 optimization	 of	 laccase	 CDS	
according	 to	 the	 codon	 usage	 of	 the	 heterologous	 host,	 selection	 of	 adequate	
expression	vectors	and	signal	peptides	and	optimization	of	the	expression	conditions	
are	carried	out	with	dissimilar	results.		

The	bacterium	Escherichia	coli	is	successfully	used	for	the	expression,	engineering	and	
scale	up	production	of	bacterial	 laccases	 (Alessandra	et	 al.,	 2010;	Hämäläinen	et	 al.,	
2018),	but	the	effective	expression	of	active	 fungal	 laccases	 in	bacteria	has	not	been	
achieved	 so	 far,	most	 likely	due	 to	differences	 in	 their	post-translational	processing	
machineries	(Salony	et	al.,	2008;	Ma	et	al.,	2018).		

By	contrast,	ascomycete	expression	systems	(both	yeasts	and	filamentous	fungi),	well	
established	 for	 the	 industrial	 production	 of	 eukaryotic	 enzymes,	 are	well	 suited	 as	
heterologous	hosts	for	the	functional	expression	of	basidiomycete	laccases.	However,	
the	levels	of	basidiomycete	enzymes	produced	in	these	systems	are	often	much	lower	
than	those	of	ascomycete	enzymes.	Some	of	the	reasons	behind	this	fact	may	be:	i)	the	
disparities	in	basidiomycete	and	ascomycete	gene	models	(basidiomycete	genes	often	
have	more	introns	with	less	conserved	start	and	stop	sequences),	ii)	the	sensitivity	of	
basidiomycete	 laccases	 to	 ascomycete	 proteases	 iii)	 the	 induction	 of	 the	 repression	
under	 secretion	stress	 (RESS)	mechanism	which	downregulates	 the	 transcription	of	
genes	encoding	secreted	proteins	or	iv)	the	activation	of	mRNA-destabilizing	proteins	
which	 may	 affect	 the	 heterologous	 mRNA	 stability,	 thereby	 diminishing	 the	
production	of	heterologous	proteins	(Su	et	al.,	2012;	Casado	López	et	al.,	2016).	

The	 low	expression	yields	and	 frequent	hyperglycosylation	of	 recombinant	proteins	
hinder	 the	 use	 of	 the	 yeast	Saccharomyces	 cerevisiae	 as	 industrial	 host	 (Herscovics,	
1999),	 whereas	 the	 powerful	 methanol-inducible	 alcohol	 oxidase	 (AOX1)	 promoter	
and	 the	 high-density	 growth	 of	 the	 yeast	 Pichia	 pastoris	 (up	 to	 OD600	 =	 500	 in	
bioreactor)	 provide,	 in	 general,	 higher	 enzyme	 yields.	 Conversely,	 variable	 enzyme	
expression	yields	are	obtained	depending	on	 the	 characteristics	of	 the	heterologous	
protein,	 which	makes	 this	 expression	 system	weakly	 predictable	 (Cereghino,	 2002;	
Mate	et	 al.,	 2013;	Wang	et	 al.,	2016).	The	highest	 enzyme	yields	ever	 reported	 (550	
mg	 l-1)	 for	a	basidiomycete	 laccase	produced	 in	P.	pastoris	 in	 fed-batch	 fermentation	
corresponds	 to	 T.	 versicolor	 laccase	 using	 AOX1	 promoter	 (Hong	 et	 al.,	 2002).	
Constitutive	promoters	such	as	the	GAPDH	have	also	been	assayed.	That	is	the	case	of	
fed-batch	 fermentation	 of	 P.	 pastoris	 producing	 POXA1b	 laccase	 (from	 the	
basidiomycete	 Pleurotus	 ostreatus),	 where	 constitutive	 production	 under	 GAPDH	
outperformed	 the	 enzyme	 levels	 obtained	 in	 AOX-induced	 cultures	 (Pezzella	 et	 al.,	
2017).	This	is	in	agreement	with	results	obtained	with	the	ascomycete	Botrytis	aclada	
laccase	(Kittl	et	al.,	2012),	where	the	enzyme	levels	were	about	40-60	mg	l-1.		
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Replacement	 of	 the	 native	 laccase	 signal	 peptide	 by	 the	 S.	 cerevisiae	 α-factor	 signal	
sequence	is	frequently	applied	to	increase	the	production	of	the	recombinant	enzyme	
by	yeast.	This	approach	was	 successfully	used	 to	express,	 for	 instance,	 two	 laccases	
from	the	white-rot	 fungus	Physisporinus	 rivulosus	 in	P.	pastoris	 (Hildén	et	 al.,	 2013).	
Moreover,	 the	 directed	 evolution	 of	 the	 laccase	 encoding	 sequence	 fused	 to	 the	 α-
factor	 pre	 proleader	was	 successfully	 used	 in	 several	 enzyme	 engineering	works	 to	
increase	the	secretion	of	fungal	laccases	by	S.	cerevisiae	(Bulter	et	al.,	2003;	Mate	et	al.,	
2010;	Camarero	et	al.,	2012;	Pardo	et	al.,	2012).	This	strategy	has	recently	rendered	
outstanding	laccase	production	yields	in	S.	cerevisiae	(25	mg	l-1)	in	our	laboratory	(de	
Salas	et	al.,	2019a).	

Among	all	 the	host	systems	used	for	protein	expression,	 filamentous	 fungi	show	the	
highest	 expression	 levels	 especially	when	 the	 secreted	 protein	 is	 homologous	 or	 is	
from	 fungal	 origin.	 Even	 if	 the	 genetic	 manipulation	 of	 filamentous	 fungi	 is	 more	
complex	than	that	of	yeasts,	the	high	expression	yields	of	active	enzyme	and	the	low	
cost	 of	 the	 growth	 media	 (filamentous	 fungi	 show	 enormous	 nutrition	 flexibility)	
make	 them	 the	preferred	hosts	 for	production	of	 industrial	 enzymes	 (Fig.	4).	There	
are	 several	 examples	 of	 basidiomycete	 laccases	 heterologously	 expressed	 in	
Aspergillus,	Trichoderma	or	Penicillium	(Abianova	et	al.,	2010).	The	highest	expression	
yields	 (close	 to	 gram	per	 liter)	 have	 been	 reported	 in	Aspergillus	 (Couto	 and	Toca-
Herrera,	 2007;	 Alessandra	 et	 al.,	 2010).	 For	 instance,	 gram-scale	 production	 of	 a	
laccase	from	Trametes	sp.	C30	has	been	achieved	in	A.	niger	(Mekmouche	et	al.,	2014).	
The	 heterologous	 production	 of	 other	 native	 basidiomycete	 laccases	 and	 their	
variants	engineered	in	vitro	has	also	been	attained	in	this	species	although	at	a	lower	
scale,	 i.e.	P.	 cinnabarinus	 wild-type	 laccase	 (145	mg	 l-1,	 Record	 et	 al.,	 2002)	 and	 an	
evolved	variant	(23	mg	l-1,	Camarero	et	al.,	2012),	and	wild-type	POXA1b	and	its	1H6C	
variant	(13	mg	l-1	and	20	mg	l-1,	respectively,	Macellaro	et	al.,	2014).	Aspergillus	oryzae	
is	 the	preferred	host	 for	producing	 industrial	enzymes	at	Novozymes	 (world	 leader	
company	 in	 commercializing	 industrial	 enzymes),	 such	 as	 the	 high-redox	 potential	
laccase	 from	 T.	 villosa	 commercialized	 as	 NS	 51002	 (no	 longer	 available)	 and	 the	
ascomycete	Myceliophtora	 thermophila	 laccase	 (NS	 51003).	 This	 expression	 system	
has	been	used	for	the	overexpression	of	basidiomycete	laccase	variants	developed	in	
our	lab	by	directed	evolution	to	an	industrial	relevant	scale	in	Novozymes	(De	Salas	et	
al.,	2016;	de	Salas	et	al.,	2019b).	

<Figure 4 near here>	

Enzymes	 can	 substitute	 chemical	 catalysts	 in	 diverse	 reactions	 providing	 the	
advantages	of	 less	 toxicity	 than	chemical	 catalyzers	and	 increasing	 the	 selectivity	 in	
some	 cases.	 Nevertheless,	 the	 frequent	 demanding	 conditions	 of	 the	 industrial	
processes	(extreme	pH,	high	temperature,	presence	of	co-solvents	or	inhibitors,	etc.),	
the	recalcitrance	of	some	substrates	or	selectivity	requirements	are	main	hurdles	for	



8 
 

the	 application	 of	 wild-type	 enzymes	 in	 industrial	 processes.	 Therefore,	 the	
engineering	of	the	enzyme	is	frequently	required	to	adjust	the	activity	and	stability	of	
the	 enzyme	 to	 the	 operation	 conditions	 or	 to	 design	 new	 or	 improved	 activity	 or	
selectivity	 towards	 specific	 substrates.	 Although	 this	 step,	 together	 with	 the	
aforementioned	overexpression	of	 the	enzyme,	 is	 indispensable	 to	apply	 laccases	at	
industrial	scale,	 this	 is	not	within	 the	objectives	of	 this	 chapter,	 and	 there	are	other	
reviews	dealing	with	this	subject	(Kunamneni	et	al.,	2008;	Gonzalez-Perez	et	al.,	2012;	
Pardo	and	Camarero,	2015b).			

	

Biotechnological	applications	

Laccases,	 alone	 or	 in	LMS,	 are	multipurpose	 biocatalysts	with	 application	 in	 a	wide	
range	of	industrial	processes	(Fig.	5).	

Fungal	laccases	are	commercialized	as	industrial	enzymes	by	Novozymes	(Denmark),	
Jena	 Biosciences	 (Germany),	 Creative	 Enzymes	 (USA),	 Ecostar	 (India),	 USBiological	
(USA),	 ASA	 Spezialenzyme	 (Germany),	 etc.	 Bacterial	 laccases	 are	 produced	 and	
commercialized	by	MetGen	(Finland).	So	far,	there	are	quite	a	few	successful	cases	of	
laccases	 formulated	 and	 commercialized	 for	 target-applications:	 Denim	 fabric	
finishing	(DeniLite®),	paper	pulp	delignification	and	bleaching	(Novozyme	NS-51003,	
MetZyme®	 LIGNO™),	 O2	 depletion	 to	 preserve	 flavors	 from	 food	 and	 beverages	
(Flavourstar®)	or	treatment	of	wine	cork	stoppers	(Suberzyme®).	Nevertheless,	there	
is	room	for	the	application	of	laccases	in	other	industrial	sectors,	as	demonstrated	in	
many	research	studies	commented	below.		

<Figure 5 near here>	

Pulp	and	paper	industry	
Due	to	the	natural	activity	of	laccases	on	phenolic	lignin,	one	of	the	first	applications	
of	 laccases	 studied	was	 precisely	 related	 to	 the	 delignification	 of	wood	 pulp	 in	 the	
pulp	 and	 paper	 industry	 (Bourbonnais	 and	 Paice,	 1992).	 Laccase-mediator	 systems	
can	 be	 applied	 for	 pulp	 bleaching	 and	 delignification	 to	 remove	 the	 residual	 lignin	
remaining	 in	 the	 paper	 pulp	 after	 cooking.	 The	 integration	 of	 a	 laccase-based	
enzymatic	 stage	 in	 the	 totally	 chlorine-free	 (TCF)	 or	 elemental	 chlorine-free	 (ECF)	
bleaching	 sequences	 can	 improve	 the	 brightness	 of	 the	 pulps,	 reduce	 the	 use	 of	
chlorine-based	harsh	 chemicals	 in	ECF	bleaching	and,	 simultaneously,	 enhance	pulp	
strength	 properties	 while	 reducing	 the	 energy	 consumption	 during	 refining	 of	 the	
pulp	(García	et	al.,	2003;	Camarero	et	al.,	2004;	Ibarra	et	al.,	2006).	Other	applications	
of	 laccases	 related	 with	 the	 paper	 industry	 are:	 i)	 fiber	 functionalization	 through	
oxidative	coupling	of	low	molecular	weight	compounds	(such	as	phenols)	to	the	paper	
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surface,	which	enhances	paper’s	strength	and	resistance	to	water	absorption	or	adds	
new	 properties	 such	 as	 antioxidant	 activity;	 ii)	 removal	 of	 lipophilic	 extractives	
deposited	in	the	bleached	pulps	(“pitch	control”);	iii)	deinking	of	secondary	fibers;	or	
iv)	 enzymatic	 treatment	 of	 the	 effluents	 from	 paper	 mills	 (Gutiérrez	 et	 al.,	 2007;	
Widsten	and	Kandelbauer,	2008;	Madhavi	and	Lele,	2009;	Garcia-Ubasart	et	al.,	2011;	
Fillat	 et	 al.,	 2012;	 Cusola	 et	 al.,	 2015).	 Recent	 functionalization	 examples	 by	 LMS	
include	 the	 grafting	 of	 carboxymethyl	 cellulose	 and	 chitosan	 on	 kraft	 pulp	 fibers	 to	
obtain	high-resistance	papers	(Ballinas-Casarrubias	et	al.,	2017)	or	 functionalization	
of	 bacterial	 cellulose	 to	 produce	 paper-silver	 nanoparticles	 composites	 with	
antimicrobial	activities	(Morena	et	al.,	2019).	

Textile	industry	
Laccases	can	improve	the	dyeing	efficiency	and	reduce	the	cost	of	the	dyeing	process	
by	in	situ	oxidation	of	inexpensive	precursors	after	their	adsorption	by	the	fabric,	aid	
textile	 bleaching	 by	 avoiding	 back	 staining	 by	 degrading	 the	 released	 dyestuff	 after	
dyeing,	or	by	bleaching	the	textile	fibers	from	natural	dyes	or	impurities	(Vasil’eva	et	
al.,	2008).	Some	of	 the	 first	developed	commercial	 laccase	 formulations	are	used	for	
denim	 fabric	 finishing	 (fading	 of	 indigo-dyed	 denim)	 to	 give	 the	 characteristic	 grey	
cast	 (Galante	 and	 Formantici,	 2003;	 Pezzella	 et	 al.,	 2015).	 Laccases	 have	 also	 been	
used	for	functional	modification	of	molecules	on	textile	fabrics	such	as	cotton	or	wool,	
improving	properties	as	water	repellence	or	resistance	(Lantto	et	al.,	2004;	Guimarães	
et	 al.,	 2011;	 Pezzella	 et	 al.,	 2015).	 In	 situ	 polymerization	 of	 catechol	 and	 p-
phenylenediamine	 catalyzed	 by	 laccase	 on	 different	 fabrics	 can	 yield	 colored	 low-
conductive	 fabrics	 with	 good	 fastness	 behavior	 after	 washing	 (Su	 et	 al.,	 2019a).	
Moreover,	 this	polymerization	 reaction	has	 been	 used	 for	 coating	wood,	 cotton	 and	
polyethylene	terephthalate	 fabrics	 to	provide	antimicrobial	properties	against	gram-
positive	 and	 gram-negative	 bacteria.	 These	 enzyme-treated	 textile	 fabrics	 are	 of	
special	 interest	 in	 hospitals	 to	 reduce	 the	 spread	 of	 nosocomial	 diseases	 (Su	 et	 al.,	
2019b).		

Waste	treatment	
More	demanding	environmental	regulations	have	pushed	laccases	to	new	application	
opportunities	 in	 waste	 treatment	 and	 disposal	 (Pezzella	 et	 al.,	 2015).	 Laccase	 can	
transform	 toxic	 recalcitrant	 compounds	 into	 less	 toxic	 and	 more	 degradable	
derivatives	 by	 direct	 dechlorinating,	 cleavage	 of	 aromatic	 rings	 or	 oxidative	
transformation	of	heterocycles	and	polycyclic	aromatic	hydrocarbons	in	hydroxylated	
intermediates	(Schultz	et	al.,	2001;	Cañas	et	al.,	2007;	Teng	et	al.,	2019).	Wastewaters	
from	 the	 food,	 textile,	 dye	 or	 printing	 industries	 enriched	 in	 phenols	 and	 aromatic	
amines	can	be	detoxified	with	 laccases	(Lante	et	al.,	2000;	Madhavi	and	Lele,	2009).	
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For	example,	a	mix	of	 fungal	enzymes	containing	 laccases	applied	to	winery-derived	
biomass	(in	combination	with	a	sonication	pretreatment)	shortened	the	degradation	
time	required	with	fungal	degradation	and	produced	commercially	useful	compounds	
such	 as	 gallic	 acid,	 lactic	 acid	 and	 glycolic	 acid	 (Karpe	 et	 al.,	 2017).	The	 removal	 of	
emergent	 organic	 pollutants	 catalyzed	 by	 laccase	 has	 also	 been	 described.	 For	
instance,	 deamination	 and	 demethylation	 of	 tetracycline	 and	 oxytetracycline	
antibiotics	was	attained	by	a	fungal	laccase	(Tian	et	al.,	2020).		

Synthetic	 organic	 dyes	 are	 very	 stable	 to	 temperature,	 light	 and	 microbial	 attack,	
making	them	difficult	to	degrade.	The	world	total	dye	production	per	year	is	around	
800,000	 tons	 of	 which	 at	 least	 10%	 is	 released	 to	 the	 environment	 through	
wastewaters,	 where	 they	 are	 a	 source	 of	 eutrophication	 and	 can	 form	 toxic	 by-
products	through	oxidation,	hydrolysis	or	other	chemical	reactions	(Konstantinou	and	
Albanis,	2004).	Traditional	methods	 for	color	removal	 from	these	wastewaters,	such	
as	 filtration,	 adsorption	 or	 coagulation-flocculation,	 are	 expensive	 and	 have	
operational	 problems.	 Laccases	 can	 catalyze	 the	 decolorization	 of	 a	 wide	 range	 of	
synthetic	organic	dyes	alone	or	in	the	presence	of	redox	mediator	compounds	(Claus	
et	 al.,	 2002;	 Gubitz	 et	 al.,	 2002;	 Camarero	 et	 al.,	 2005).	 The	 decolorization	 is	most	
frequently	linked	to	detoxification.	Detoxification	of	phenolic	azo	dyes	by	laccase	was	
proved	 by	 the	 asymmetrical	 breakdown	 of	 the	 azo	 linkage	 releasing	 molecular	
nitrogen,	 avoiding	 aromatic	 amine	 formation	 (Chivukula	 and	 Renganathan,	 1995).	
Other	example	of	azo	dye	degradation	is	the	use	of	a	laccase	from	T.	versicolor	for	the	
degradation	 of	 orange	 2	 and	 acid	 orange	 6	which	 degradation	 products	were	 non-
toxic	(Legerská	et	al.,	2018).		

A	more	detailed	description	of	the	use	of	laccases	for	waste	treatment	can	be	found	in	
Chapter	 30047:	 Michalska	 et	 al,	 Treatment	 of	 (Industrial)	Wastewaters	 and	 Liquid	
Waste.	

Food	and	beverages	
One	 relevant	 example	 of	 laccase’s	 application	 in	 food	 and	 beverage	 processing	 is	
found	 in	 the	wine	 industry,	 to	 substitute	 the	 use	of	 SO2	 for	 the	 removal	of	phenolic	
compounds	 involved	 in	 the	 maderization	 of	 wine,	 a	 process	 that	 causes	 turbidity,	
color	 intensification,	and	aroma	and	flavor	alterations.	The	polyphenols	are	oxidized	
by	 the	 enzyme,	 polymerized	 and	 removed	 by	 clarification.	 Similar	 uses	 have	 been	
proposed	for	the	treatment	of	fruit	juices	and	beer.	“Flavourstar”	commercial	laccase	
manufactured	 by	 Novozymes	 A/S	 is	 used	 to	 remove	 oxygen	 from	 finished	 beer	 in	
order	to	avoid	its	reaction	with	proteins	or	fatty	acids,	which	prevents	the	formation	
of	 off-flavor	 compounds	 (Osma	 et	 al.,	 2010).	 A	 process	 that	 uses	 laccase	 as	 dough	
additive	 in	 baking	 has	 also	 been	 patented.	 This	 process	 increases	 the	 volume	 and	
softness	of	 the	baked	product	and	at	 the	same	time	 increases	strength,	stability	and	
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reduces	the	stickiness	of	the	dough,	thereby	improving	its	machinability.	It	has	been	
suggested	 that	 this	 effect	 is	 produced	 by	 the	 oxidizing	 effect	 of	 the	 laccase	 in	 the	
dough	components	improving	the	strength	of	the	dough	gluten	structures	(Minussi	et	
al.,	2002;	Pezzella	et	al.,	2015).		

Biosensors	
Some	 optical	 and	 thermal	 biosensors	 have	 been	 reported	 using	 laccases,	 although	
electrochemical	biosensors	where	 laccase	 is	covalently	 immobilized	 in	carbon-based	
electrodes,	 to	 allow	 a	 direct	 electron	 transfer,	 has	 been	 widely	 demonstrated	 for	
detection	 of	 phenols	 with	 low	 detection	 limit	 and	 high	 sensitivity	 (Li	 et	 al.,	 2012;	
Rodríguez-Delgado	et	al.,	2015).	The	performance	of	the	biosensor	clearly	depends	on	
the	 enzyme	 immobilization	 strategy	 (Casero	 et	 al.,	 2013).	 A	 recent	 study	 combined	
botryosphaeran	fungal	biopolymer	with	multi-walled	carbon	nanotubes	to	immobilize	
laccase	 in	 the	 electrode,	 obtaining	 a	 novel	 biosensor	 for	 the	 determination	 of	
dopamine	 and	 spironolactone	 with	 good	 selectivity	 (Coelho	 et	 al.,	 2019).	 As	 an	
example	of	how	far	the	application	of	laccases	in	biosensors	can	go,	a	textile	biosensor	
was	 constructed	 by	 functionalizing	 cotton	 yarn	 with	 a	 semiconducting	 polymer	 on	
which	 laccase	 was	 absorbed.	 It	 was	 demonstrated	 to	 monitor	 human	 health	
biomarkers	 (e.g.	 Tyr)	 in	 a	 non-invasive	 way,	 finding	 potential	 application	 in	 sport,	
healthcare	and	working	safety	(Battista	et	al.,	2017).	Another	example	is	the	design	of	
a	 pH	 responsive	 color-changing	 wool	 with	 conductive	 features	 through	 laccase-
catalyzed	polymerization	of	diaminobenzenesulfonic	acid	(Zhang	et	al.,	2018).	 In	 the	
last	 years,	 intensive	 research	 has	 been	 done	 on	 the	 application	 of	 laccases	 in	
enzymatic	biofuel	cells	through	their	immobilization	in	nanocarbon	cathodes	modified	
with	 metal	 nanoparticles.	 This	 technology,	 with	 applications	 in	 biosensing,	
bioreactors	 or	 bioenergy	 conversion	 (Sekretaryova	 et	 al.,	 2016;	 Zhang	 et	 al.,	 2017;	
Rodríguez-Padrón	 et	 al.,	 2018),	 offers	 higher	 redox	 potentials	 than	 commercial	 fuel	
cells,	 but	 it	 requires	more	 development	 studies	 to	 be	 commercialized	 (Ghosh	 et	 al.,	
2019).		

Laccases	in	organic	synthesis	
The	synthesis	of	chemical	organic	compounds	catalyzed	by	 laccase	(with	or	without	
mediators)	has	attracted	the	attention	of	intensive	research	in	the	last	two	decades	to	
provide	a	more	efficient,	 cleaner	and	sustainable	alternative	 to	 the	use	of	 expensive	
catalysts	or	toxic	reagents.	

Laccases	can	catalyze	the	synthesis	of	colorful	organic	compounds	that	can	be	used	as	
dyes	 trough	 the	 oxidation	 of	 various	 phenolic	 and	 aromatic	 precursors.	 Catechol	 or	
indole	 derivatives	 (Ganachaud	 et	 al.,	 2008;	 Kim	 et	 al.,	 2011),	 phenoxazine-derived	
dyes	such	as	cinnabarinic	acid	(Eggert	et	al.,	1995;	Bruyneel	et	al.,	2008),	and	several	
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azo	dyes	have	been	obtained	with	laccase	as	biocatalyst	(Polak	and	Jarosz-Wilkolazka,	
2012).	The	latter	are	the	most	used	dyes	in	paper	printing	and	textile	dyeing,	where	
they	 account	 for	 around	50	%	of	 the	world	 total	 dye	 production	 due	 to	 their	 color	
variety	 (Konstantinou	 and	 Albanis,	 2004).	 Some	 examples	 of	 azo	 dye	 synthesis	 by	
laccase	 include	 an	 azo	 dye	 with	 two	 anthraquinoinic	 sulfonated	 chromophores	
obtained	with	immobilized	Perenniporia	ochroleuca	MUCL	41114	laccase	(Enaud	et	al.,	
2010),	 or	 the	 homocoupling	 reaction	 of	 4-methylamino	 benzoic	 acid	 mediated	 by	
laccase	 (Martorana	 et	 al.,	 2011).	 The	 coupling	 of	 phenylenediamine	 and	 α-naphtol	
catalyzed	by	P.	ostreatus	POXA1b	laccase	renders	SIC-RED	dye,	while	the	coupling	of	
resorcinol	 and	 2,5–diaminobenzenesulfonic	 acid	 renders	 other	 colored	 compounds	
(Pezzella	et	al.,	2016;	Giacobelli	et	al.,	2018).	The	use	of	1-naphtol	and	1-naphthol-8-
amino-3,6-disulfonic	 acid	 as	 precursors	 catalyzed	 by	 a	 fungal	 laccase	 engineered	 in	
our	lab	also	rendered	a	new	acidic	dye	(de	Salas	et	al.,	2019a).	

Laccases	also	catalyze	the	synthesis	of	pharmaceutical	compounds	of	high	value.	Some	
examples	are	the	enzymatic	oxidation	of	4-methyl-3-hydroxyanthranilic	acid	to	obtain	
actinocin,	 a	 proven	 antitumoral	 compound	 (Osiadacz	 et	 al.,	 1999;	Burton,	 2005),	or	
the	 synthesis	 of	 the	 powerful	 antitumoral	 drug	 vinblastine	 by	 oxidative	 coupling	of	
katarantine	 and	 vindoline	 (Sagui	 et	 al.,	 2009).	 These	 enzymes	 have	 been	 used	 to	
conjugate	 catechins	 and	 dextran	 to	 obtain	 drugs	 with	 anticancer	 activities,	 or	 to	
obtain	new	derivatives	 from	resveratrol	and	the	hormone	β-estradiol	(Nicotra	et	al.,	
2004a,	 2004b;	 Vittorio	 et	 al.,	 2016).	 The	 regioselectivity	 of	 some	 LMS	 in	 oxidation	
reactions	 save	 time	 and	 money	 compared	 with	 chemical	 organic	 synthesis.	 Fungal	
laccases	and	TEMPO	as	mediator	can	selectively	oxidize	the	primary	hydroxyl	group	
in	monosaccharides	and	disaccharides	under	mild	conditions	 for	 their	application	in	
different	 technical	areas	(Marzorati	et	al.,	2005).	A	 laccase	 from	Trametes	pubescens	
and	 TEMPO	were	 used	 for	 the	 oxidation	 of	 the	 primary	 hydroxyl	 group	 of	 natural	
glycosides	amygdalin	or	colchicoside	to	 the	corresponding	carbonyl	groups	(Baratto	
et	 al.,	 2006).	 Laccase-TEMPO	 can	 also	 selectively	 oxidize	 glycerol	 to	 generate	
glyceraldehyde	and	glyceric	acid	(Liebminger	et	al.,	2009),	or	enhace	the	antioxidant	
activity	 of	 propolis,	 attributed	 to	 the	 formation	 of	 hydroquine,	 catechol	 and	
phloroglucinol	(Botta	et	al.,	2017).	More	recently,	it	has	been	discovered	that	laccases	
are	capable	of	selective	phenol	coupling,	as	a	tailoring	step	of	polyketide	synthesis,	in	
the	 abscense	 of	 auxiliary	 proteins.	 Polyketides	 are	 a	 structurally	 and	 functioanlly	
diverse	 class	 of	 bioactive	 natural	 compounds	 proven	 to	 be	 a	 rich	 source	 of	
pharmaceutical	and	agrochemical	lead	compounds	(Fürtges	et	al.,	2019).	

Amination	 reactions	 catalyzed	 by	 laccase	 are	 of	 interest	 due	 to	 the	 antibacterial,	
antifungal,	 antiallergenic,	 anti-inflammatory	 and	 anticonvulsant	 activities	 of	 aniline	
derivatives	 (Niedermeyer	 et	 al.,	 2005).	 For	 example,	 reaction	 of	 anilines	 with	 2,5-
dihydroxybenzoic	 acid	 derivatives	 catalyzed	 by	 laccase	 renders	 N-analogous	 of	
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corollosporines	with	important	anti-microbial	activity	(Mikolasch	et	al.,	2008).	Other	
examples	 are	 the	 synthesis	 of	 5-alkylaminobenzoquinone	 and	 2,5-bis(alkylamino)-
1,4-benzoquinone	 by	 oxidative	 coupling	 of	 2-methoxy-3-methylhydroquinone	 and	
primary	amines,	such	as	octylamine,	cyclooctylamine,	and	geranylamine	(Herter	et	al.,	
2011);	the	dimerization	of	salicylic	esters	or	bisphenol	A	(Ciecholewski	et	al.,	2005);	
the	 stereoselective	 amination	 of	 racemic	 sec-alcohols	 by	 laccase-TEMPO	 (Martínez-
Montero	et	al.,	2017);	and	the	synthesis	of	triaminated	cyclohexa-2,4-dienones	using	
catechol	 and	 primary	 amines	 as	 precursors	 (Wellington	 et	 al.,	 2018).	 Laccases	 also	
catalyze	the	synthesis	of	cyclic	products	using	2,5-dihydroxybenzoic	acid	derivatives,	
and	aromatic	and	heteroaromatic	amines	as	precursors	through	oxidative	C–N	bond	
formation	 followed	 by	 cyclization	 (Hahn	 et	 al.,	 2010).	 Another	 cyclization	 reaction	
catalyzed	 by	 laccases	 is	 the	 bioconversion	 of	 2´,3,4-trihydroxychalcone	 to	 3´,4´-
dihydroxy-aurone.	 Aurones	 are	 plant	 secondary	 metabolites	 with	 significant	
biological	activity	including	anti-cancer,	anti-parasitic	and	enzyme-inhibitory	activity	
(Zerva	et	al.,	2019).	

	

• Oxidative	coupling	and	polymerization	reactions	catalyzed	by	laccase		

The	 oxidative	 coupling	 of	 phenols	 or	 aromatic	 amines	 is	 one	 of	 the	 most	 useful	
abilities	 of	 laccases	 that	 have	 been	 learned	 from	 nature,	 and	 which	 are	 widely	
exploited	in	organic	synthesis	reactions.	Lignification	of	the	plant	cell	walls	consists	of	
the	 oxidative	 p-	 and	 o-coupling	 of	 phenolic	 precursors,	 the	 cinnamyl	 alcohols,	
catalyzed	by	plant	laccases	and	peroxidases.	The	electronic	delocalization	enables	the	
radicals	 to	 couple	 at	 different	 sites	 and	 yield	 diverse	 polymeric	 products	 (type	 of	
lignins)	depending	on	the	abundance	of	precursors	available	in	the	plant	or	tissue,	and	
the	linkages	formed	(Boerjan	et	al.,	2003).	Accordingly,	two	different	dimeric	products	
(with	C-O	or	C-C	bonds)	are	obtained	from	in	vitro	oxidation	of	ferulic	acid	catalyzed	
by	laccase,	while	in	vitro	oxidation	of	sinapic	acid	leads	to	a	single	C-C	bonded	dimer	
(Tranchimand	et	al.,	2006;	Mogharabi	and	Faramarzi,	2014).	The	laccase-ABTS	system	
has	 been	 used	 for	 the	 catalysis	 of	 the	 oxidative	 coupling	 of	 heterocyclic	 thiols,	
rendering	their	corresponding	disulfides,	which	have	numerous	applications	such	as	
drug	 delivery	 systems,	 vulcanizing	 agents	 or	 as	 intermediates	 for	 the	 synthesis	 of	
sulfinyl	and	sulfenyl	compounds	(Abdel-Mohsen	et	al.,	2013).	

While	the	enzymatic	polymerization	of	syringic	acid	or	DMP	is	regioselective,	yielding	
chains	 of	 poly-phenylene	 oxide	 units	 (Ikeda	 et	 al.,	 1996b,	 1996a),	 other	 oxidative	
coupling	reactions	can	 lead	to	non-controllable	polymer	structures	with	undesirable	
characteristics.	 Different	 strategies	 have	 been	 developed	 for	 gaining	 control	 of	 the	
process	 and	 obtaining	 the	 desired	 polymer	 structure.	 The	 presence	 of	 organic	 co-
solvents,	 such	 as	 1,4-dioxane	 or	 methanol,	 increases	 the	 solubility	 of	 the	 aromatic	
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substrates	leading	in	some	cases	to	an	important	control	over	the	polydispersity	and	
polymer	size	(Hollmann	and	Arends,	2012).	 In	addition	to	classical	organic	solvents,	
ionic	liquids	have	been	use	as	co-solvents	for	polymerization	of	phenols	(Sgalla	et	al.,	
2007;	Eker	et	al.,	2009;	Khlupova	et	al.,	2016).	These	chemicals	can	increase	substrate	
solubility	or	act	as	enzyme	immobilization	matrix,	enabling	enzyme	recycling	during	
the	reaction.	 It	has	also	been	observed	that	 ionic	 liquids	stabilize	 the	enzyme	in	the	
presence	of	anionic	surfactants	required	for	example	for	the	synthesis	of	polyaniline,	
thus	increasing	polymer	yields	(Zhang	et	al.,	2014).	Regioselectivity	is	crucial	for	most	
polymerization	 reactions	 and	 it	 can	 be	 achieved	 by	 substrate	 engineering.	 For	
example,	linear	conductive	polyaniline	can	be	obtained	without	templates	by	blocking	
the	 o-position	 of	 aniline.	 However,	 this	 strategy	 yields	 a	 less	 conductive	 and	
electroactive	polymer	than	the	standard	chemical	synthesis	of	polyaniline	(Kim	et	al.,	
2007).	 Some	 compounds	 can	 act	 as	 scaffold	 (templates)	 during	 the	 polymerization	
reaction	 to	 avoid	 branch	 formation.	 These	 templates	 are	 molecules	 with	 generally	
long	 chain	 structures	 that	 direct	 the	 proper	 alignment	 of	 the	 monomers.	 In	 some	
cases,	 they	 are	 negatively	 charged,	 what	 serves	 as	 counter	 ion	 (dopant)	 for	 the	
synthesized	polymer	(Hollmann	and	Arends,	2012).	While	templates	are	often	used	to	
achieve	 polymerization	 of	 phenolic	 precursors,	 polyaniline	 synthesis	 is	 one	 of	 the	
most	 significant	 examples	 of	 the	 use	 of	 templates	 to	 aid	 the	 synthesis	 of	 a	 linear	
polymer	(Kim	et	al.,	2005).	

• Synthesis	of	polyaniline	catalyzed	by	laccase	

Chemical	synthesis	of	conductive	polyaniline	is	relatively	cheap	due	to	the	low	cost	of	
aniline	 and	 the	 high	 product	 yields.	 However,	 this	 synthesis	 is	 far	 from	
environmentally	friendly	due	to	the	elevated	quantities	of	toxic	oxidants	needed	and	
the	 very	 acidic	 pH	 of	 the	 reaction,	 releasing	 large	 quantities	 of	 pollutants	
(Shumakovich	 et	 al.,	 2011).	 Even	 more,	 the	 polyaniline	 (PANI)	 obtained	 from	 the	
chemical	polymerization	of	 aniline	 is	 soluble	only	 in	 some	organic	 solvents,	making	
the	 processability	 of	 the	 product	 difficult	 and,	 hence,	 increasing	 the	 cost	 of	 its	
application	(Huang	and	Kaner,	2006).		

On	 the	 other	 hand,	 the	 enzymatic	 polymerization	 of	 aniline	 to	 produce	 conductive	
PANI	is	environmentally	friendly,	avoiding	the	use	of	chemical	oxidizers	and	allowing	
to	increase	the	pH	of	the	reaction	up	to	3.5	(pH	must	be	below	the	pKa	of	aniline	-4.6	
at	25	C°-	to	have	a	prevalence	of	anilinium	cations	in	the	reaction).	Higher	pH	values	
implicate	 the	 prevalence	 of	 neutral	 aniline	 that	 yields	 PANI	 oligomers	 with	 low	 or	
none	 electroconductive	 capabilities	 (Sapurina	 and	 Stejskal,	 2008).	 Also	 as	
aforementioned,	 only	 a	 linear	 polyaniline	 can	 display	 conductive	 capabilities.	 To	
obtain	head	to	tail	polymers	and	to	avoid	parasitic	branch	formation,	a	co-solvent	or	
template	 must	 be	 present	 during	 the	 reaction	 (Ćirić-Marjanović	 et	 al.,	 2017).	 Still	
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some	template-free	synthesis	studies	of	polyaniline	using	laccase	as	biocatalyst	have	
been	reported.	Conductive	cotton	and	bacterial	cellulose	have	been	obtained	in	a	free	
template	 reaction	 by	 in	 situ	 polymerization	 of	 aniline	 by	 laccase	 using	 HBT	 as	
mediator	in	an	ultrasonic	bath	(Su	et	al.,	2018;	Shim	et	al.,	2019).	However,	most	often	
the	 template-free	 polymers	 are	 less	 defined	 and	 with	 an	 unclear	 protonation	 or	
oxidation	states	(Ćirić-Marjanović	et	al.,	2017).		

Polyelectrolytes	 like	 anionic	 surfactants,	 poly(vinylphosphonic	 acid),	 sulfonated	
polystyrene	 or	 even	 DNA	 are	 commonly	 used	 as	 templates	 for	 the	 synthesis	 of	
electroactive	PANI	 (Liu	et	 al.,	 1999;	Nagarajan	et	 al.,	 2000,	2001;	Karamyshev	et	 al.,	
2003).	 Among	 templates,	 anionic	 surfactants	 are	 preferred	 due	 their	 commercial	
availability	and	capability	to	maintain	the	water	solubility	of	PANI,	thus	increasing	its	
processability.	 These	 templates	 aggregate	 to	 form	 micelles	 over	 a	 critical	 micellar	
concentration,	providing	a	suitable	local	environment	for	aniline	p-coupling	(Hino	et	
al.,	2006).	The	polymerization	process	of	aniline	associated	to	this	micellar	structure	
yields	water	soluble	PANI,	that	can	be	precipitated	by	adding	an	organic	solvent,	like	
ethanol	 or	 acetone,	 to	 disaggregate	 the	 anionic	 surfactant	micelles	 (Streltsov	 et	 al.,	
2008).	Different	macromolecular	structures	can	be	obtained	by	changing	the	anionic	
surfactant	during	the	enzymatic	synthesis	of	PANI.	Anionic	surfactants	usually	inhibit	
enzyme	activity	by	protein	denaturation,	although	the	presence	of	aniline	protects	the	
enzyme	from	the	action	of	 the	surfactant	(Otzen,	2011).	The	use	of	different	anionic	
surfactants	 and	 different	 concentrations	 yields	 polyaniline	 with	 different	
spectrometric	 and	 macromolecular	 structures.	 Polyaniline	 with	 excellent	
electrochemical	and	electro-conductive	properties	was	synthesized	by	using	a	fungal	
laccase	 variant	 engineered	 in	 our	 lab	 in	 the	 presence	 of	 sodium	
dodecylbenzenesulfonate	 (SDBS)	 as	 doping	 template	 (Fig.	 6).	 The	 PANI	 obtained	 is	
displayed	 in	 nanofibers,	 which	 provides	 additional	 advantages	 over	 other	
macromolecular	 assemblies	 like	 a	 porous	 structure	 and	 a	 large	 surface-to-volume	
ratio,	which	are	optimal	properties	for	biosensor	development	(De	Salas	et	al.,	2016).	
More	 recently,	 polyaniline’s	 production	 yield	 has	 been	 enhanced	 up	 to	 87%	 (w/w,	
referred	 to	 aniline	 precursor)	 by	 the	 additional	 engineering	 of	 the	 laccase	 through	
directed	evolution	and	semi-rational	design	(de	Salas	et	al.,	2019a).		

<Figure 6 near here>	

Conclusions	
The	high	redox	potential	of	fungal	laccases	boosts	their	capabilities	to	oxidize	diverse	
aromatic	compounds,	which	together	with	the	use	of	O2	from	the	air	as	sole	catalytic	
requirement,	make	these	enzymes	biocatalysts	of	choice	 for	many	 industrial	sectors.	
Some	of	 the	 first	 applications	of	 fungal	 laccases	were	 related	 to	 the	pulp	and	paper	
industry,	taking	advantage	of	their	intrinsic	high	activity	on	lignin	phenols	associated	
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with	their	natural	function	in	plants	and	fungi.	Their	use	as	biocatalyst	in	textile,	food	
and	beverage	 industries	and	waste	treatment	have	also	been	historically	 targeted	 in	
many	research	studies.	In	the	last	two	decades,	new	research	studies	emerged	to	open	
the	range	of	laccase’s	applications	to	biosensor	design	or	to	catalyze	organic	synthesis	
reactions,	 with	 promising	 results.	 Many	 of	 the	 examples	 described	 have	 been	
relegated	over	the	years	to	the	laboratory	environment.	The	difficult	overexpression	
of	fungal	laccases	and	need	to	adjust	their	catalytic	activity	and	stability	to	operational	
conditions	are	main	hurdles	for	the	industrial	application	of	these	enzymes.	However,	
new	 and	more	 restrictive	 environmental	 regulations	 could	 be	 the	 catalyzer	 for	 the	
implementation	of	some	of	these	new	enzymatic	processes	to	an	industrial	scale.		
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Figure 1. Cartoon representation of the crystal structure of Pycnoporus cinnabarinus 

laccase (PDB 2XYB), showing the three cupredoxin domain (D1-D3) folding, the 

catalytic coppers as spheres, and the two disulfide bridges in yellow. TNC refers to tri-

nuclear cluster where oxygen is reduced to water and T1 Cu is the copper responsible 

for substrate oxidation. 
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Figure 6. Scheme of the synthesis of conductive PANI carried out in our lab using 

an engineered laccase and sodium dodecylbenzenesulfonate (SDBS) as template. 
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Figure 2. Catalytic site and catalytic mechanism of laccase. His (blue) and Cys 

(wheat) residues coordinating the catalytic coppers and conserved Asp 

residues involved in proton transfer (purple) are shown. The four coppers are 

depicted as spheres. Residues coordinating the four catalytic coppers and 

electron transfer from T1 site to the tri-nuclear cluster through the triplet H-C-

H are shown based on PM1 laccase structure (PDB: 5ANH).  
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Figure 3. Redox mechanism of the high redox potential laccase 

from T. versicolor (TvL) vs the low redox potential laccase from 

Rhus vernicifera (RvL) (adapted with permission from 

Sekretaryova et al., 2019, American Chemical Society). 



YEAST 
ADVANTAGES 
- Lots of strains and vectors 
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- Frequent hyperglycosylation 
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filamentous fungi 
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Figure 4. Comparison of yeast and filamentous ascomycetes as 

heterologous hosts for laccase production. 
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Figure 5. Examples of laccase applications. 


