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Abstract	
Enzyme	selectivity	means	that	the	enzyme´s	preferences	towards	competing	substrates	
will	be	different.	In	this	thesis,	the	enzyme	selectivity	has	been	studied	for	utilization	in	
synthesis	of	functionalized	macromonomers.	The	aim	was	to	study	how	the	inherent	–	
or	 introduced	 –	 selectivity	 of	 lipases	 can	 be	 used	 to	 introduce	 thiol‐	 or	 ene‐
functionalities	 into	 short	 polyesters.	 Thiol‐	 and	 ene‐functionalized	 renewable	 organic	
precursor	 molecules	 in	 combination	 with	 thiol‐ene	 click	 chemistry	 opens	 up	 for	 a	
sustainable	material	 production.	 Lipases	 do	not	 normally	 affect	 ene‐moieties	 and	 the	
preference	 towards	 thiols	 is	 low,	enabling	 introduction	of	 these	 functional	 groups	 for	
further	modifications.	In	addition,	lipases	have	been	shown	to	be	good	catalysts	in	the	
formation	of	polyesters,	both	via	ring‐opening	and	polycondensation	polymerization.		
	
In	 paper	 I	 Candida	 antarctica	 lipase	 B	 was	 used	 to	 end‐functionalize	 poly(ε‐
caprolactone)	 with	 free	 thiols	 in	 a	 one‐pot	 reaction.	 The	 advantage	 of	 using	 a	
chemoselective	 lipase	as	catalyst	was	 that	no	protection	of	 the	 thiol	was	needed.	The	
chemoselectivity	displayed	by	Candida	antarctica	 lipase	B	 turned	out	 to	be	88	000	 in	
favour	 of	 the	 alcohol	 (paper	 II).	 Rhizomucor	miehei	 lipase	 showed	 less	 pronounced	
chemoselectivity.	 The	 largest	 contribution	 to	 the	 selectivities	 was	 derived	 from	 the	
more	than	two	orders	of	magnitude	higer	KM	towards	the	thiol	compared	to	the	alcohol.	
Thiols	 can	 be	 cross‐linked	with	 enes	 in	 radical	 reactions	 to	 form	 networks,	 enabling	
formation	of	materials.		
	
One	 promising	 renewable	molecule	 containing	 an	 acrylate	moiety	 is	 itaconic	 acid.	 In	
paper	III	the	selectivity	towards	the	two	esters	in	dimethyl	itaconate	was	investigated	
and	the	active	site	of	Candida	antarctica	 lipase	B	was	redesigned	to	generate	variants	
with	increased	and	decreased	selectivity.	One	variant	showed	14‐fold	higher	selectivity	
and	could	regioselectively	add	dimethyl	itaconate	onto	a	diol.	This	variant	could	be	used	
in	end‐functionalizations	of	polymers,	introducing	acrylate‐ester	end‐groups.	
	
The	 enzyme	 selectivity	 towards	 lactones	 and	 their	 corresponding	 polyesters	 is	 of	
importance	 when	 designing	 a	 ring‐opening	 polymerization	 reaction.	 In	 paper	 IV	
Candida	antarctica	 lipase	 B	 was	 found	 to	 prefer	 ω‐pentadecalactone	 and	 polyesters	
over	ε‐caprolactone	ten‐fold,	while	Humicola	insolens	cutinase	preferred	ε‐caprolactone	
and	 its	 corresponding	 polyester	 four‐fold	 over	ω‐pentadecalactone	 and	 its	 polyester.	
From	 a	 selectivity	 point	 of	 view,	 Candida	antarctica	 lipase	 B	 and	 Humicola	 insolens	
cutinase	would	be	equally	good	in	ring‐opening	polymerization	of	ω‐pentadecalactone,	
while	 in	 the	case	of	ε‐caprolactone	Humicola	insolens	cutinase	would	be	 the	preferred	
choice.				



 

 

Sammanfattning	
Dagligen	 står	 vi	 inför	 mängder	 av	 val.	 Vad	 vi	 väljer	 beror	 på	 en	 rad	 sammanvägda	
orsaker.	 Våra	 preferenser	 är	 individuella.	 Genom	 att	 förstå	 vilka	 preferenser	 olika	
individer	 har,	 kan	 vi	 på	 ett	 bättre	 sätt	 bemöta	 våra	 medmänniskor	 och	 till	 fullo	 ta	
tillvara	på	deras	potential.	Det	samma	gäller	enzymer.		
	
Enzymer	 är	 proteiner	 som	 katalyserar	 kemiska	 reaktioner,	 dvs	 bryter	 och	 skapar	
bindningar	mellan	atomer	i	molekyler.	Olika	enzymer	utför	olika	reaktioner,	precis	som	
vi	människor	har	olika	yrken	och	utför	olika	arbeten.	I	vår	forskningsgrupp	undersöker	
vi	möjligheterna	att	använda	enzymer	vid	materialtillverkning.	Vår	idé	är	att	med	hjälp	
av	enzymer	göra	väl	definierade	byggstenar	som	senare	enkelt	kan	bindas	samman	till	
material	med	 olika	 egenskaper.	 För	 att	 göra	 dessa	 byggstenar	 krävs	 det	 att	 enzymet	
visar	hög	selektivitet,	dvs	att	enzymet	till	största	del	gör	den	avsedda	reaktionen	bland	
många	tänkbara.					
	
I	mitt	doktorsarbete	har	 jag	undersökt	några	enzymers	selektivitet.	Det	visade	sig	att	
enzymet	Candida	antarctica	 lipase	B	mycket	lättare	kunde	använda	alkoholer	än	tioler	
som	substrat	(artikel	II).	Selektiviteten	var	så	hög	att	nästan	enbart	alkoholgrupperna	
användes,	vilket	gav	polyestrar	med	 fria	 tiolgrupper	 i	ändarna	(artikel	I).	Vid	samma	
reaktion	med	en	kemisk	katalysator	skulle	tiolen	behöva	skyddas.		
	
Itakonat	är	en	annan	intressant	förening	eftersom	den	har	en	dubbelbindning	och	kan	
framställas	 genom	 fermentering.	 I	 artikel	 III	 undersöktes	 möjligheten	 att	 göra	
byggstenar	 innehållande	 itakonat.	En	variant	av	Candida	antarctica	 lipase	B	 togs	 fram	
och	 visade	 sig	 ha	 14	 gånger	 högre	 selektivitet	 än	 den	 naturligt	 förekommande	
varianten.	Den	lämpade	sig	för	att	introducera	itakonatet	regioselektivt	på	ändarna	av	
en	diol	och	skulle	kunna	göra	detsamma	på	en	polymer	med	fria	alkoholgrupper.	
	
De	byggstenar	vi	gör	består	av	repeterande	enheter	med	en	speciell	(funktionell)	enhet	
längst	 ut.	 Enzymet	 använder	 både	 de	 separata	 och	 de	 sammansatta	 enhetena	 som	
substrat.	I	artikel	IV	undersökte	vi	två	enzymers	preferens	för	enkla	enheter	(laktoner)	
och	sammansatta	enheter	(polyestrar)	och	fann	att	Candida	antarctica	lipase	B	föredrog	
ω‐pentadekalakton	samt	polyestrar	 före	ε‐caprolakton	som	substrat,	medan	Humicola	
insolens	 cutinase	visade	högre	preferens	 för	 ε‐caprolakton	och	dess	polyester	 jämfört	
med	ω‐pentadekalakton	och	dess	polyester.	Rent	selektivitetsmässigt	är	alltså	Candida	
antarctica	lipase	B	och	Humicola	insolens	cutinase	lika	bra	på	att	syntetisera	polyestrar	
av	 ω‐pentadekalakton,	 medan	 i	 ε‐caprolaktonfallet	 är	 Humicola	 insolens	 cutinase	 ett	
bättre	val.	
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1.	Introduction	

Enzymes	are	proteins	capable	of	increasing	the	probability	of	a	chemical	reaction.	They	

do	 so	 by	 lowering	 the	 energy	 barrier	 necessary	 to	 overcome	 when	 a	 substrate	 is	

transformed	 to	 a	 product.	 The	 rate	 enhancement	 of	 an	 enzyme	 catalyzed	 reaction,	

compared	 to	 the	 uncatalyzed	 reaction,	 is	 often	 in	 the	magnitude	 of	 108	 [Wolfenden,	

2006],	but	the	range	is	wide.	The	enzyme	with	the	highest	rate	enhancement	known	is	

orotidine	 monophosphate	 decarboxylase	 (EC	 4.1.1.23),	 which	 converts	 orotidine	

monophosphate	to	uridine	monophosphate,	with	a	rate	enhancement	of	1017	[Radzicka	

and	Wolfenden,	1995].	Ever	since	the	discovery	of	enzymes	and	their	ability	to	catalyze	

chemical	reactions,	scientists	have	tried	to	take	advantage	of	their	properties.	Enzymes	

can	be	used	as	final	products,	for	example	in	detergents	and	in	pharmaceuticals,	or	as	a	

processing	aid	 like	 in	sugar,	 textile,	 leather	and	 feed	 industries.	They	are	also	used	 in	

food	and	beverage	production	such	as	alcohol,	baking	and	dairy	industries.		

Enzymes	display	substrate	selectivity,	 i.e.	 the	 turnover	rates	 for	competing	substrates	

will	 be	different.	This	allows	 them	 to	 control	 reaction	pathways	 that	otherwise	 could	

cause	unwanted	effects	in	a	living	organism.	The	selectivity	can	depend	on,	for	example,	

sterical	hindrance	or	chemical	properties.	This	 thesis	 is	 focusing	on	different	kinds	of	

lipase	selectivity;	the	chemoselectivity	towards	alcohols	and	thiols	(paper	I	and	II),	the	

chemo‐	 and	 regioselectivity	 towards	 the	 two	 esters	 in	dimethyl	 itaconate	 (paper	 III)	

and	the	substrate	selectivity	towards	lactones	of	different	size	and	their	corresponding	

polyesters	(paper	IV).	The	intention	in	our	research	group	is	to	use	selectivity	to	make	

macromonomers	with	predefined	structures	in	one	step.	Functional	groups,	 like	thiols	

or	enes,	are	introduced	as	handles	for	 further	reactions.	For	example,	the	handles	can	

cross‐link	 by	 UV‐curing	 to	 produce	 films,	 which	 allows	 for	 a	 quick	 and	 easy	 way	 to	

produce	materials.					
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1.1	Enzyme	kinetics	

To	investigate	enzyme	selectivity,	knowledge	about	the	enzyme	kinetics	is	needed.	In	an	

enzyme	 catalyzed	 reaction,	 enzyme	 (E)	 and	 substrate	 (S)	 form	 an	 enzyme‐substrate	

complex	 (ES),	 called	 the	Michaelis‐Menten	 complex,	which	 is	 a	 non‐covalently	 bound	

intermediate.	 The	 complex	 can	 then	 either	 dissociate	 or	 cross	 the	 energy	 barrier	 to	

form	product	(P),	(eq.	1.1).	The	reaction	rate	(v)	of	product	formation	is	dependent	on	

the	 catalytic	 constants	 kcat	 and	 KM,	 the	 substrate	 concentration	 [S]	 and	 the	 enzyme	

concentration	[E],	according	to	the	Michaelis‐Menten	equation	(eq.	1.2).	The	specificity	

constant,	 kcat/KM,	 is	 an	 apparent	 second‐order	 rate	 constant	 of	 the	 enzyme	 reaction	

reflecting	the	specificity	and	efficiency	of	the	reaction	(eq.	1.3).	Enzyme	selectivity	is	the	

ratio	of	the	specificity	constants,	when	comparing	two	competing	reactions	(eq.	1.4).	

	

	 ↔ ↔ ↔ 	 	 	 (eq.	1.1)	 	

	 	 	 		 (eq.	1.2)	

	 	 	 (eq.	1.3)	

	 	 	 	 		 (eq.	1.4)	
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2.	Carboxylic	ester	hydrolases		

The	enzymes	investigated	in	this	thesis,	Candida	antarctica	lipase	B,	Rhizomucor	miehei	

lipase	 and	 Humicola	 insolens	 cutinase	 all	 belong	 to	 the	 enzyme	 sub‐subclass	 of	

carboxylic	ester	hydrolases	(E.C.	3.1.1).	The	enzymes	are	further	subdivided	according	

to	their	natural	substrates	into	esterases,	lipases,	cutinases	and	more.	However,	this	is	a	

classification	 made	 up	 by	 the	 scientific	 community.	 All	 enzymes	 within	 the	 class	 of	

carboxylic	ester	hydrolases	have	the	ability	to	use	different	ester	substrates.	

Triacylglycerol	lipases	(EC	3.1.1.3),	in	this	thesis	called	lipases,	hydrolyze	triglycerides	

to	 glycerol	 and	 free	 fatty	 acids.	They	are	 found	 in	 animals,	 plants,	 bacteria	 and	 fungi,	

where	 they	play	an	 important	 role	 in	 the	metabolism.	Lipases	have	an	α/β‐hydrolase	

fold	[Ollis	et	al,	1992],	a	conserved	catalytic	triad	(Ser,	His,	Asp/Glu)	[Brady	et	al,	1990]	

and	an	oxyanion	hole	which	stabilizes	the	oxyanion	in	the	transition	state	[Brzozowski	

et	al,	1991].	The	catalytic	serine	is	sitting	in	a	nucleophilic	elbow	[Ollis	et	al,	1992]	with	

a	highly	conserved	sequence	of	Gly/Thr‐X‐Ser‐X‐Gly.	

Lipases	 have	 found	 many	 industrial	 applications,	 as	 reviewed	 by	 Schröken	 and	

Kempers	 2009,	Ghanem	2007	and	Houde	et	al.	 2004.	Detergent	 formulas	use	 lipases,	

proteases	and	cellulases	with	broad	substrate	 specificity	and	good	activity	 in	alkaline	

environments	 and	 at	 high	 temperatures.	 Lipases	 are	 widely	 used	 in	 oleochemical	

transformations,	 for	 example	 to	make	 cocoa	butter	 from	cheaper	 triglycerides	 and	 to	

produce	 isopropyl	 myristate	 for	 use	 in	 cosmetics.	 Kinetic	 resolution	 of	 alcohols	 and	

amines	is	an	additional	large	area	for	lipases.	The	industry	finds	great	value	in	lipases,	

as	 can	 be	 seen	 in	 the	 huge	 number	 of	 patent	 applications	 (>10	000	 found	 with	

SciFinder).	 Further,	 there	 is	much	 research	 activity	 regarding	 lipases,	 for	 example	 in	

bio‐fuel	production	and	polyester	synthesis	[Schröken	and	Kempers,	2009;	Kobayashi,	

2009].		
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Cutin	hydrolases	(EC	3.1.1.74),	in	this	thesis	called	cutinases,	also	belong	to	the	family	

of	hydrolases	acting	on	ester	bonds.	Their	natural	substrate	is	cuticle,	a	polyester	made	

of	 cutin	 (hydroxy	and	hydroxyepoxy	C16	and	C18	 fatty	acids),	protecting	plants	 from	

fungal	 infection	 [Purdy	and	Kolattukudy,	1975].	Cutinases	 are	 the	 smallest	protein	of	

the	α/β‐hydrolase	fold	family	with	molecular	weights	of	20‐22	kDa.	The	catalytical	triad	

Ser‐His‐Asp	is	located	in	a	shallow	ditch‐like	cavity,	and	is	thus	more	accessible	to	the	

surrounding	than	in	the	lipases	[Martinez	et	al,	1992].		

Cutinases	 have	 been	 investigated	 on	 a	 research	 level	 for	 usage	 in	 different	 kinds	 of	

applications,	similar	to	those	for	lipases	[Dutta	et	al,	2009;	Baker	and	Montclare,	2010].	

Many	patent	applications	regarding	cutinases	have	been	registered,	indicating	that	the	

industry	have	found	suitable	applications	(>450	found	with	SciFinder).		

	

2.1	Reaction	mechanism	

The	reaction	of	 lipases	and	cutinases	proceeds	 through	a	ping	pong	bi	bi	mechanism.	

Three	 catalytical	 residues	 are	 involved;	 serine,	 histidine	 and	 aspartate/glutamate,	

which	are	arranged	to	lower	the	pKa	of	the	serine	hydroxyl	group	and	thus	enable	it	to	

do	 a	 nucleophilic	 attack	 on	 the	 carbonyl	 carbon	 of	 the	 substrate	 (scheme	 2.1).	 The	

acylation	 step	 starts	 with	 the	 first	 substrate,	 an	 acyl	 donor,	 finding	 its	 way	 into	 the	

active	site	of	 the	enzyme	where	a	Michaelis‐Menten	complex	 is	 formed.	The	histidine	

acts	as	a	general	base,	activating	the	serine	hydroxyl	group,	which	attacks	the	carbonyl	

carbon	on	the	substrate,	forming	a	tetrahedral	intermediate	(TI	1).	The	oxyanion	charge	

is	stabilized	by	hydrogen	bonds	to	the	residues	of	the	oxyanion	hole,	while	the	positive	

charge	 of	 the	 histidine	 is	 stabilized	 by	 aspartate/glutamate.	 The	 tetrahedral	

intermediate	collapses	and	by	expulsion	of	the	first	product,	an	alcohol,	the	acyl	enzyme	

intermediate	is	formed	(AE).	The	tetrahedral	intermediates	are	flanked	on	both	sides	by	

transition	states,	where	bonds	are	broken	and	formed.	The	transition	states	represent	

the	highest	energy	barriers	 the	 reaction	has	 to	overcome.	The	deacylation	 step	 starts	

with	 the	second	substrate,	 an	acyl	acceptor,	attacking	 the	carbonyl	carbon	 in	 the	acyl	

enzyme,	forming	the	second	tetrahedral	intermediate	(TI	2).	
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Scheme 2.1. The enzyme mechanism of lipases and cutinases is exemplified by a hydrolysis 
reaction. The  first  substrate, an ester,  is attacked by  the  serine  in  the enzyme active  site 
creating an acyl enzyme and  the  first product, an alcohol. The  second  substrate, a water 
molecule, attacks the acyl enzyme and a new ester is formed and released from the enzyme 
as a product.  

A	proton	 is	 transferred,	now	from	the	second	substrate	via	the	histidine	to	the	serine	

oxygen.	The	second	product	 is	released	 from	the	enzyme,	which	 is	 then	ready	 for	 the	

next	cycle.	Depending	on	the	substrates,	different	outcomes	can	be	achieved.	An	ester	as	

acyl	donor	will	create	an	alcohol	when	forming	the	acyl	enzyme.	If	the	acyl	acceptor	is	

water,	 the	 product	will	 be	 an	 acid	 and	 the	 overall	 reaction	 is	 hydrolysis	 of	 the	 ester	

(scheme	2.2).	 If	 the	 lipase	 is	 used	 in	 organic	 solvents,	 an	 alcohol	 can	be	used	 as	 acyl	

acceptor	and	the	product	will	be	a	new	ester.	In	the	same	way	a	thiol	or	amine	as	acyl	

acceptor	will	produce	a	thioester	or	amide	as	product.		
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Scheme 2.2. Lipases can form acids, amides, esters or thioesters depending on the acyl 
acceptor. The acyl enzyme is the central intermediate common for all reactions.  

	

2.2	Candida	antarctica	lipase	B	

The	 lipase	 B	 from	 the	 yeast	 Candida	antarctica	 consists	 of	 317	 amino	 acids	 (figure	

2.1A).	 The	 active	 site	 residues	 are	 serine	 105,	 histidine	 224	 and	 aspartate	 187.	 The	

oxyanion	hole	consists	of	backbone	and	side	chain	of	threonine	40	and	the	backbone	of	

glutamine	106	[Uppenberg	et	al,	1994].	Candida	antarctica	lipase	B	(CalB)	often	shows	

high	enantioselectivity	and	is	a	popular	catalyst	for	resolution	of	alcohols	and	amines	as	

reviewed	by	Ghanem	2007	and	Gotor‐Fernándes	et	al,	 2006.	Resolution	of	 secondary	

alcohols	and	amines	are	made	at	an	industrial	scale	of	hundreds	to	thousands	of	metric	

tons	per	year	by	BASF	[Schmid	et	al,	2001].	In	polyesterification	reactions,	CalB	shows	

high	 performance	 and	 its	 use	 has	 been	 extended	 to	 functionalized	 polymers	 as	

reviewed	by	Kobayashi	2009	and	Heise	and	Palmans	2010.		
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A	number	of	 successful	engineering	approaches	have	been	applied	on	CalB	 to	change	

the	 substrate	 specificity	 [Magnusson	et	al,	2005a,b;	Qian	et	al,	2007;	 	 Juhl	et	al,	2010;	

Syrén	 et	al,	 2010].	 CalB	 has	 been	 shown	 to	 catalyze	 non‐conventional	 reactions	 like	

aldol	and	Michael‐type	additions	as	reviewed	by	Busto	et	al.	2010.		

CalB	 is	 commercially	 available	 from	 Sigma‐Aldrich,	 Sprin	 Technologies	 (Italy)	 and	

Daejeon	 Internet	 Trade	 Center	 (China).	 In	 this	 thesis	 the	 preparation	 Novozym	 435	

(Novozymes	A/S),	which	is	CalB	immobilized	on	an	acryl	resin,	was	investigated	(paper	

I‐IV).	 In	 addition,	 variants	 of	 CalB	 engineered	 in	 our	 lab	 were	 investigated	 to	 find	

altered	selectivities	(paper	III).		

	

2.3	Humicola	insolens	cutinase	

Humicola	 insolens	 is	 a	 soft‐rot	 fungus	 that	 expresses	 a	 cutinase	 of	 191	 amino	 acids	

(figure	2.1B),	with	50	percent	sequence	identity	to	Fusarium	solani	cutinase	[Ternström	

et	al,	2005].	The	catalytic	amino	acids	are	serine	103,	histidine	171	and	aspartate	158.	

The	oxyanion	hole	is	formed	by	the	side	chain	of	serine	26	and	backbone	of	glutamine	

104.	Hic	is	much	smaller	than	the	two	lipases	investigated	in	this	thesis,	with	an	active	

site	 that	 is	 shallower	 and	 more	 oblong.	 Hic	 has	 been	 used	 in	 ring‐opening	

polymerizations	 of	 lactones	 [Hunsen	 et	 al,	 2007	 and	 2008],	 in	 hydrolysis	 and	

deacetylation	of	plastics	(PVA	and	PET)	[Ronkvist	et	al,	2009a,b]	and	in	acyl	transfer	of	

acrylates	[Syrén	et	al,	2010].	Hic	protein	used	in	this	thesis	was	a	gift	from	Novozymes	

A/S	and	immobilized	on	Accurel	beads	in	our	lab	(paper	IV).	

	

2.4	Rhizomucor	miehei	lipase	

Rhizomucor	miehei	lipase	(Rml)	is	a	fungal	lipase	of	269	amino	acids	(figure	2.1C).	The	

catalytic	residues	are	serine	144,	histidine	257	and	aspartate	203	[Brady	et	al,	1990].	

The	backbones	of	serine	82	and	 leucine	145	constitute	the	oxyanion	hole	[Norin	et	al,	

1994].	Rml	has	a	pronounced	 interfacial	activation	and	the	 lid	region	 is	 formed	of	 the	

amino	acid	residues	85	to	91	[Brzozowski	et	al,	1991].		
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The	 crystal	 structure	of	Rml	was	one	of	 the	 first	 lipases	 to	be	published	 [Brady	et	al,	

1990].	Rml	is	frequently	used	as	an	industrial	catalyst,	for	example	in	fat	modifications	

for	cosmetics,	bio‐diesel	and	food	industry	[Houde	et	al,	2004;	Rodrigues	et	al,	2010a].	

Resolution	of	chiral	compounds	using	Rml	as	catalyst	has	been	reviewed	by	Rodrigues	

et	al.	 2010b.	 Lipozyme®,	 from	Novozymes	 A/S,	 is	Rml	 immobilized	 on	 ion‐exchange	

resin	and	was	the	preparation	investigated	in	this	thesis	(paper	II).	
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3.	Lipase	catalyzed	polyester	synthesis	

The	production	of	polymers	is	a	big	and	growing	market.	Synthetic	polymers	are	found	

in	many	products;	plastics,	fabrics	and	building	materials	just	to	mention	a	few.	Today	

polymers	are	made	by	chemical	catalysis,	but	during	 the	 last	 ten	years	 the	 interest	 in	

enzyme‐catalyzed	 polymerization	 has	 grown.	 The	 advantages	 of	 using	 enzymes	 as	

catalyst	 are	 that	 they	 often	 display	 high	 selectivity	 and	 operate	 under	mild	 reaction	

conditions;	 i.e.	 temperature	 and	 acidity	 [Kobayashi,	 2009].	 The	 group	 of	 enzymes	

receiving	most	attention	in	polyester	synthesis	 is	 lipases.	Their	hydrolytic	activity	can	

in	 a	 low	 water	 environment	 be	 turned	 to	 for	 example	 ester	 synthesis	 producing	

polyesters	 when	 suitable	 monomers	 are	 provided.	 Lipases	 can	 make	 polyesters	 by	

either	polycondensation	or	ring‐opening	polymerization.	

3.1	Polycondensation	

Polyesters	 can	 be	 synthesized	 from	 diacids	 (or	 diesters)	 and	 diols	 (AA,	 BB‐type	

monomers)	or	from	hydroxy	acids	(AB‐type	monomers)	by	polycondensation	(scheme	

3.1).	The	two	pioneering	works	on	enzyme	catalyzed	polycondensation	of	diacids	and	

diols	by	Okumura	et	al.	in	1984	and	of	hydroxy	acids	by	Ajima	et	al.	in	1985	have	been	

followed	by	many	more	as	reviewed	by	Kobayashi	2009.	To	achieve	polyesters	of	high	

molecular	mass,	water	(or	alcohol)	produced	during	the	reaction	has	to	be	removed	to	

shift	 the	 equilibrium	 from	 hydrolysis	 to	 propagation	 of	 the	 polyester	 chain.	 The	

conventional	way	of	producing	polyesters	by	polycondensation	polymerization	is	to	use	

an	 acidic	 catalyst	 at	 high	 temperature	 (>	 200◦C)	 and	under	 reduced	pressure.	 At	 this	

high	 temperature,	 side	 reactions	 such	as	dehydration	of	 diols	 can	occur	 [Varma	et	al,	

2005].	 Using	 a	 lipase	 as	 catalyst	 allows	 for	 a	 lower	 temperature,	 leading	 to	 less	 side	

reactions. 
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Scheme 3.1. Polycondensation reaction. A) Example of an AA, BB‐type reaction with diacid 
and diol as monomers. B) Example of AB‐type reaction with a hydroxy acid monomer.  

 

3.2	Ring‐opening	polymerization		

Polyesters	 can	 be	 made	 by	 a	 ring‐opening	 polymerization	 (ROP)	 reaction	 if	 the	

monomer	consists	of	a	ring‐closed	ester,	for	example	lactones	or	lactides	(figure	3.1).	

 

Figure 3.1. Lactones (1), cyclic carbonates (2) and lactides (3) can be used as monomers in 
ring‐opening polymerization. 

The	 advantage	 of	 using	 a	 ring‐ester	 monomer	 is	 that	 no	 product	 is	 released	 in	 the	

acylation	 step	 and	 thus	 the	 atom	 efficiency	 will	 be	 100	 percent.	 The	 ring‐opening	

polymerization	 requires	 an	 initiator	 to	 start	 the	 reaction	 (scheme	 3.2	 and	 3.3).	 By	

defining	the	 initiator	to	monomer	ratio	the	polymer	 length	can	be	controlled.	Enzyme	

catalyzed	ROP	of	lactones	was	first	published	independently	by	the	groups	of	Knani	et	

al.	 and	Uyama	and	Kobayashi,	 both	 in	1993.	These	 studies	have	been	 followed	up	by	

many	 others	 as	 reviewed	 by	 Matsumura	 2006,	 Albertsson	 and	 Srivastava	 2008	 and	

Kobayashi	2009.	 	
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Scheme  3.2.  Schematic mechanism of  a  ring‐opening polymerization  (ROP)  reaction.  The 
reaction  is  initiated by an alcohol or water after which  the open  lactone can be used  for 
propagation. Termination can be done using an acid or an ester.  

 

The	polymer	product	properties	are	crucial	 for	 its	appropriateness	as	material.	Using	

larger	lactones,	the	polymeric	product	becomes	more	like	low	density	poly(ethylene)	in	

its	physical	properties,	while	the	ester	groups	may	still	make	it	biodegradable	[Focarete	

et	al,	2001].	Larger	 lactones	are	difficult	 to	polymerize	using	non‐enzymatic	methods.	

Organometallic	initiators	show	high	activity	towards	small	lactones	(4‐7	member	rings)	

while	the	polymerizability	decreases	with	the	ring	size,	since	the	driving	force	for	ROP	

is	 the	 ring‐strain	 [Duda	 et	 al,	 2002].	 On	 the	 other	 hand,	 lipases	 show	 increasing	

polymerizability	with	 increasing	ring	size	 [Duda	et	al,	2002;	van	der	Mee	et	al,	2006].	

The	reason	for	this	was	further	 investigated	for	CalB	and	 it	was	shown	that	when	the	

lactone	possessed	a	 transoid	conformation,	which	 is	only	possible	 for	 larger	 lactones,	

the	 reactivity	 in	 the	 enzyme	 increases	 [van	 Buijtenen	 et	 al,	 2007].In	 paper	 IV	 the	

selectivity	between	ω‐pentadecalactone	(PDL)	and	ε‐caprolactone	(CL)	was	determined	

to	be	15	 for	CalB,	which	 is	 in	 line	with	previously	 reported	values	 [Veld	et	al,	 2009].	

Interestingly,	Humicola	insolens	cutinase	(Hic)	showed	a	reverse	selectivity,	with	a	four‐

fold	preference	for	CL.	
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Lipases	use	a	variety	of	carboxylic	esters	as	substrates,	independently	of	if	we	consider	

them	to	be	substrates	or	products.	A	reaction	in	which	the	lipase	cut	and	paste	between	

esters	 is	 termed	acyl	 transfer,	 since	 the	 lipase	 transfers	 the	acyl	part	of	 the	molecule	

from	one	ester	to	another	via	the	acyl	enzyme.		

	

The	substrate	selectivities	towards	CL,	PDL	and	their	corresponding	polyesters;	poly(ε‐

caprolactone)	P(CL)	and	poly(ω‐pentadecalactone)	P(PDL)	were	investigated	in	paper	

IV.	 The	 aim	 was	 to	 see	 if	 the	 lactone	 monomers	 were	 better	 substrates	 than	 their	

corresponding	 polyesters.	 This	 knowledge	 would	 give	 a	 better	 understanding	 of	 the	

ring‐opening	polymerization	(ROP)	progress.		
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Table  3.1.  Enzyme  selectivity  towards  ε‐caprolactone,  ω‐pentadecalactone  and  their 
corresponding polyesters.  

  CalB    Hic 

Substrate  Normalized  

selectivity[a] 

Ratio[b]    Normalized 

selectivity[a] 

Ratio[b] 

CL  1   0.07 (0.7)    1  1.0 (10) 
P(CL) [c]  14 (1.4)  1.0 (0.1)
           
PDL  15   1.5 (15)    0.28  1.6 (16) 
P(PDL) [c]  10 (1.0)  0.18 (0.018) 

[a] Each substrate was allowed to compete with a reference substrate; p‐tolyl acetate in the 
case  of  CalB  and  1‐phenylethyl  acetate  in  the  case  of Hic.  The  product  formations were 
followed  and  analyzed  by  NMR.  The  selectivities  were  calculated  and  normalized  to              
ε‐caprolactone, individually for each enzyme.  
[b] The ratio of lactone selectivity to polyester selectivity. 
[c]  The  concentration  of  polyesters was  treated  as  the molar  concentration  of  polymers 
with  a mean  chain  length of  ten.  The  concentration  can  also be  treated  as equal  to  the 
polyester ester moiety concentration (figures within brackets). 
 
 

The	enzyme	preference	is	the	ratio	of	the	reaction	rates	of	ROP	to	acyl	transfer,	which	

will	 be	 determined	 by	 the	 lactone	 and	 polyester	 concentrations	 together	 with	 the	

enzyme	 selectivity	 towards	 these	 substrates	 (equation	 4,	 chapter	 1.2).	 If	 the	 enzyme	

prefers	 the	 lactone	over	 the	polyester	 as	 a	 substrate,	 the	ROP	will	 be	 the	dominating	

reaction.	 On	 the	 other	 hand,	 if	 the	 enzyme	 prefers	 the	 polyester	 over	 the	 lactone	 as	

substrate,	 acyl	 transfer	 reactions	 in	which	 the	enzyme	cuts	and	pastes	 the	polyesters	

will	 dominate.	 There	 are	 cases	 where	 acyl	 transfer	 is	 unwanted,	 for	 example	 when	

compounds	containing	an	ester	group	are	used	as	initiators	in	a	polyester	synthesis,	as	

in	the	case	with	HEMA	(hydroxy	ethyl	methacrylate)	and	HEA	(hydroxy	ethyl	acrylate)	

initiated	ROP	[Takwa	et	al,	2008;	Xiao	et	al,	2009].	

The	normalized	selectivities	 for	 the	polyesters	 in	 table	3.1	are	dependent	on	how	the	

polyester	 concentration	 is	 calculated.	 The	 concentration	 can	 either	 be	 thought	 of	 as	

equal	 to	 the	 concentration	 of	 polyester	 molecules	 or	 to	 the	 concentration	 of	 ester	

moieties	within	the	polymers.	The	actual	value	is	probably	somewhere	in	between.		
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As	can	be	seen	in	table	3.1,	CalB	prefers	P(CL)	over	CL	and	PDL	over	P(PDL),	regardless	

of	how	the	polyester	concentration	is	calculated.	Thus,	it	will	be	easier	(require	fewer	

turnovers)	to	reach	a	high	lactone	conversion	with	PDL	compared	to	CL,	since	the	non	

productive	acyl	transfer	reaction	will	be	less	pronounced	in	the	PDL	case.	To	see	if	the	

deep	hollow‐like	active	site	of	CalB	is	the	main	reason	for	the	substrate	selectivities	that	

can	be	seen	in	table	3.1,	Hic,	which	has	a	shallow	ditch‐like	active	site,	was	investigated.	

Hic	 shows	 higher,	 or	 equal,	 preference	 for	 the	 lactones	 as	 compared	 to	 their	

corresponding	polyesters	 in	both	cases	(table	3.1).	Thus	the	shapes	of	 the	active	sites	

probably	do	influence	the	preference.		

From	 a	 selectivity	 point	 of	 view,	 Candida	antarctica	 lipase	 B	 and	 Humicola	 insolens	

cutinase	would	be	equally	good	in	ring‐opening	polymerization	of	ω‐pentadecalactone,	

while	 in	the	case	of	ε‐caprolactone	Humicola	insolens	cutinase	would	be	the	preferred	

choice.	 	 Since	 only	 the	 selectivities,	 not	 the	 reactivities	 towards	 the	 substrates	 have	

been	compared,	nothing	can	be	concluded	about	which	enzyme	would	be	the	preferred	

one	in	a	polyester	synthesis.		

If	 the	enzyme	specificity	 can	be	assumed	 to	be	 the	 same	 for	 all	polyester	ester	moieties,	

independent	 of	 the	 chain	 length,	 the	 polymerization	 process	 can	 be	 simulated	 using	

equation	4	 in	 chapter	1.2.	Two	 cases	have	been	modeled.	 In	 the	 first	 case,	 the	polyester	

concentration	 was	 treated	 as	 a	 molar	 concentration	 (figure	 3.2	 A	 and	 B).	 The	 initiator	

concentration	is	in	this	case	important,	since	it	denotes	the	polyester	concentration.		

	

In	the	model	the	initiator	concentration	was	set	to	1/10	of	the	lactone	concentration	and	

the	initiator	was	assumed	to	be	a	much	better	acyl	acceptor	than	the	hydroxyl	group	of	the	

ring‐opened	 lactone.	 The	 initiators	 will	 then	 be	 consumed	 during	 the	 first	 ten	 percent	

conversion	 and	 thereafter	 the	 polyester	 concentration	 is	 not	 changed	 significantly.	 The	

rate	 ratio	 depends	 thereafter	 only	 on	 the	 lactone	 concentration	 and	 decline	 with	 the	

conversion	(figure	3.2	A).	At	really	high	conversions,	acyl	transfer	between	polyesters	will	

dominate	(figure	3.2	B)	and	the	growth	of	polyesters	will	decline	even	though	the	enzyme	

turnover	rate	is	the	same.		
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If	 the	 experiments	 reflect	 the	 selectivity	 per	 ester	moiety,	 the	 lactones	 are	much	 better	

substrates	 compared	 to	 their	 corresponding	 polyesters	 in	 all	 cases	 except	 for	 CL	 using	

CalB,	 where	 the	 reverse	 preference	 was	 seen	 (figure	 3.2	 C).	 At	 high	 conversions	 the	

polyester	concentration	will	be	high,	independently	of	how	the	concentration	is	calculated	

and	the	models	will	be	comparable	(figure	3.2	B	and	D).			

			

Summarizing	 the	 insights	 from	 these	 simple	models	 it	 can	be	 seen	 that	 the	 ring‐opening	

reaction	will	 initially	 be	 dominating,	 since	 the	 lactone	 concentration	 largely	 exceeds	 the	

one	 of	 the	 polyester	 (figure	 3.2	 A	 and	 C).	 As	 the	 reaction	 proceeds	 and	 the	 polyester	

concentration	increases,	acyl	transfers	will	occur	more	and	more	often,	and	finally	be	the	

dominating	 reaction	 (figure	 3.2	 B	 and	 D).	 The	 polymerization	 rate	will	 slow	 down	with	

enhanced	acyl	transfer	activity.	This	shows	that	the	enzyme	selectivity	towards	the	lactone	

and	its	corresponding	polyester	will	influence	the	polymerization	rate	and	is	an	important	

factor	when	designing	a	reaction	system.		
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4.	Utilizing	lipase	selectivity	in	polymer	synthesis	

One	 of	 the	 major	 benefits	 of	 using	 lipases	 as	 catalysts	 in	 polymer	 synthesis	 is	 the	

possibility	to	easily	achieve	regio‐,	enantio‐	and	chemoselective	reactions.		

	

4.1	Enantioselectivity	

The	enantioselectivity	of	CalB	 towards	substituted	 lactones	 (in	both	ring‐opening	and	

subsequent	polymerization)	has	been	thoroughly	investigated	during	the	last	decade,	as	

reviewed	by	Heise	 and	Palmans	2010.	 Since	 substituted	 lactones	act	 both	 as	 the	 acyl	

donor	and	the	acyl	acceptor	(in	the	opened	form	of	the	lactone),	the	selectivity	will	be	

determined	by	both	the	acylation	and	the	deacylation	steps.	ω‐Methylated	lactones	with	

a	 ring	 size	 of	 less	 than	 eight	 was	 found	 to	 display	 (S)‐selectivity	 in	 hydrolysis	 and	

transacylation	 (ring	 opening),	 while	 larger	 lactones	 showed	 (R)‐selectivity	 [van	

Buijtenen	et	al,	2007].		

In	 polymerization	 reactions,	 the	 highest	 reaction	 rates	 were	 observed	 for	 larger	

lactones,	which	produced	the	(R)‐secondary	alcohol	upon	ring‐opening.	Un‐reactive	(S)‐

secondary	 alcohols	 can	 be	 polymerized	 in	 a	 dynamic	 kinetic	 resolution	 process,	 to	

produce	 (R)‐enantiomeric	 polyesters	 [van	 As	 et	al,	 2005;	 van	 Buijtenen	 et	al,	 2006].	

Dynamic	kinetic	 resolution	can	also	be	applied	on	polycondensation	 reactions,	where	

diacids	and	racemic	diols	form	enantiomeric	polyesters	[Hilker	et	al,	2006;	van	As	et	al,	

2007;	Kanca	et	al,	2008].			
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4.2	Chemoselectivity	

Chemoselectivity	 is	 the	existence	of	a	preferential	reaction	of	a	chemical	reagent	with	

one	 functional	 group	 in	 the	 presence	 of	 other	 functional	 groups	 [Smith	 and	 March,	

2001].	Although	this	definition	has	been	used	for	a	wide	variety	of	competing	functional	

groups,	 the	 term	 chemoselectivity,	when	used	 in	 this	 thesis,	 additionally	 implies	 that	

the	competing	functional	groups	are	substrates	for	the	same	enzyme	form	(free	enzyme	

or	 acyl	 enzyme	 in	 the	 case	 of	 lipases).	 One	 example	 is	 the	 chemoselectivity	 towards	

alcohol	and	amine	substrates	displayed	by	Burkholderia	cepacia	lipase,	which	catalyzes	

the	acylation	of	1‐phenylethanol	a	hundred	times	faster	than	the	corresponding	amine	

using	methyl	butyrate	as	acyl	donor	[Cammenberg	et	al,	2006].	

In	paper	II,	 the	chemoselectivity	towards	alcohols	and	thiols	was	 investigated	for	the	

two	lipases	CalB	and	Rml	(scheme	in	table	4.1).	CalB	showed	a	pronounced	selectivity	of	

88	000	 in	 favor	 of	 the	 alcohol	 (table	 4.1).	 The	 enzyme	 could	 not	 be	 saturated	 with	

hexanethiol	and	showed	reaction	rates	directly	proportional	to	the	thiol	concentration	

up	to	1.8	M.	The	KM‐value	towards	the	thiol	is	more	than	100‐fold	higher	than	towards	

the	alcohol.	This	was	also	the	case	for	Rml,	which	showed	a	selectivity	of	1200.	

In	 literature,	 only	 one	KMapp‐value	 towards	 a	 thiol	 in	 an	 acyl	 transfer	 reaction	with	 a	

lipase	can	be	found.	In	a	reaction	with	oleic	acid	and	butanethiol	using	Rml	 in	form	of	

Lipozyme	as	catalyst,	the	KMapp	towards	butanethiol	is	reported	to	1.85	M	[Caussette	et	

al,	 1997],	 but	 the	 primary	 data	 does	 not	 obey	 saturation	 kinetics.	 Reports	 of	 acyl	

transfer	 reactions	 with	 thiol	 substrates,	 where	 the	 two	 lipases	 CalB	 and	 Rml	 are	

compared	with	 respect	 to	 their	 activities	 have	been	made	 by	Weber	et	al.	 1999.	 It	 is	

concluded	that	CalB	and	Rml	have	the	same	enzyme	activity	when	compared	per	gram	

immobilized	enzyme	after	24	h	reaction.	The	conversion	at	that	time	cannot	be	 found	

within	 the	 paper,	 but	 the	 activities	 are	 probably	 not	 derives	 from	 initial	 rates. 

Nevertheless,	using	the	data	from	Weber	et	al.	1999	in	combination	with	the	data	from	

the	active	site	titration	in	paper	II,	 it	 turns	out	 that	 the	acyl	transfer	rate	for	 thiols	 is	

300	times	higher	for	Rml	than	CalB.	This	is	in	line	with	our	results	(table	4.1),	where	the	

ratio	of	initial	rates	of	Rml	to	CalB	for	the	thiol	acyl	transfer	reaction	was	1	600.		
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Table  4.1.  Acyl  transfer  reactions  with  ethyl  octanoate  as  acyl  donor  and  hexanol  or 
hexanethiol as acyl acceptors.  

 

Catalyst  (kcat/KM)
app 

s‐1M‐1 

kcat
app [a] 

s‐1 

KM
app [a] 

M 

Chemoselectivity  Ratios relative 
to uncatalyzed 
reaction [e] 

CalB          (kcat/KM)OH     
(kcat/KM)SH 

Hexanol  710  14±9  0.019±0.002    88000    730 

Hexanethiol  0.0081[b]  ‐  >1.8[c] 

Rml           

Hexanol  16000  130±10 0.0084±0.002    1200    10 

Hexanethiol  13[b]  ‐  >1.8[c] 

        (knon)OH     
(knon)SH 

Uncatalyzed[d]        120    1 

Pseudo‐one substrate kinetics were measured by varying the acyl acceptors concentrations 

at one saturated acyl donor concentration (0.5 M ethyl octanoate). 

[a] Non‐linear regression of Michaelis‐Menten equation. 

[b] Calculated from rates as a function of substrate concentrations far below KM.  

[c] The initial rates were directly proportional to the hexanethiol concentration up to 1.8 M.  
[d] Background reactions with no enzyme. Vinyl octanoate was used as acyl donor since no 
reaction was detected within ten days using ethyl octanoate. 
[e] Chemoselectivity normalized to the uncatalyzed selectivity.  

	

Iglesias	et	al.	published	a	paper	on	the	chemoselectivity	towards	thiols	and	alcohols	for	

lipases	 in	 1996.	 They	 found	 that	 only	 O‐acylation	 and	 no	 S‐acylation	 occur	 for	

mercaptoalcohols	 in	 acyl	 transfer	 reaction	 using	 the	 lipase	 from	 porcine	 pancrease,	

Candida	cylindracea	or	Rhizomucor	miehei	as	catalysts.		

O R

O

XH

X R

O

OH

lipase

R = C7H15

X = S or O
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Scheme  4.1.  A)  Mercaptoethanol  (1)  was  used  as  initiator  in  the  ring‐opening 

polymerization of ‐caprolactone (2) giving the thiol end‐functionalized product (3).  
B) Poly(‐caprolactone) (4) was synthesized from ‐caprolactone (2) initiated with water.  
I) Poly(‐caprolactone) was end  functionalized by  γ‐thiobutyrolactone  (5) or as  in  II) with     
3‐mercaptopropionic acid (7).  

	

The	 low	 reactivity	 of	 thiols	 for	CalB	 has	 been	 noticed	 by	Öhrner	et	al.	 in	 1996	when	

investigating	the	acylation	of	secondary	alcohols	and	their	amine	and	thiol	analogues.		

The	 usefulness	 of	 a	 chemoselective	 enzyme	 was	 shown	 in	 paper	 I.	 Thiol	 end‐

functionalized	poly(‐caprolactone)	has		previously	been	made	chemically	in	a	two	step	

reaction	 where	 the	 thiol	 was	 protected	 during	 the	 ring‐opening	 polymerization	

[Trollsås	 et	 al,	 1998;	 Carrot	 et	 al,	 1999].	 In	 paper	 I,	 a	 novel	 route	 to	 thiol	 end‐

functionalized	 polyesters	 in	 a	 one‐pot	 synthesis	 using	 the	 chemoselective	 CalB	 as	

catalyst	was	 shown.	 ε‐Caprolactone	was	used	 as	 backbone	 in	 the	 polymer	 chain.	 The	

polymer	 was	 initiated	 with	 mercaptoethanol	 or	 terminated	 with	 either																														

γ‐thiobutyrolactone	or	3‐mercaptopropionic	acid	(scheme	4.1).		



Utilizing lipase selectivity in polymer synthesis 

23 

 

The	 enzyme	 used	was	 the	 commercially	 available	 Novozym	 435.	 The	 degree	 of	 thiol	

functionalization	was	70‐90	percent.	Since	the	high	chemoselectivity	displayed	by	 the	

lipase	was	utilized,	no	protection	of	the	thiol	group	was	needed.		

This	 new	 approach	 with	 thiol	 end‐functionalization	 of	 polyesters	 using	 a	

chemoselective	 lipase	 as	 catalyst	 has	 been	 followed	up	within	 the	Biocatalysis	Group	

together	 with	 the	 Coating	 Technology	 Group	 at	 KTH,	 by	 Takwa	 et	 al,	 producing	

macromonomers	and	materials	[Takwa	et	al,	2006	and	2008;	Simpson	2008]. Kato	et	al.	

have	 made	 polyesters	 with	 free	 thiol	 groups	 along	 the	 polyester	 chain	 by	 a	

polycondensation	reaction	of	dimethyl	2‐mercaptosuccinate	and	hexane‐1,6‐diol	using	

CalB	as	 catalyst	 [Kato	et	al,	 2009].	 Similar	polyesters	with	pendant	 thiol	 groups	were	

made	 using	 3‐mercaptoglycerol	 and	 CalB	 as	 catalyst	 in	 a	 polycondensation	 reaction	

[Fehling	 et	 al,	 2010].	 Kerep	 et	 al.	 reported	 that	 2‐mercaptoethanol	 initiated	 ring‐

opening	polymerization	of	ε‐caprolactone	with	lipase	and	microwave	irradiation	gives	a	

higher	 chemoselectivity	 than	polymerization	with	only	 lipase	 as	 catalyst	 [Kerep	et	al,	

2007].	Further,	ROP	using	ω‐mercapto	alcohols	has	been	performed	chemoselectively	

using	rare	earth	phenolate	as	catalyst	[Zhu	et	al,	2010].	 

	

4.3	Regioselectivity	

It	 has	 been	 shown	 that	 CalB	 can	 grow	 polymers	 from	 glycopyranosides	 selectively	

[Córdova	et	al,	1998].	The	selectivity	is	towards	the	primary	alcohol,	being	much	more	

reactive	 than	 the	 secondary	 alcohols	 in	 the	 glycopyranoside.	 In	 a	 recent	 paper,	 the	

selectivity	displayed	by	CalB	 towards	primary	and	secondary	alcohols	 in	glycerol	was	

utilized	 to	 produce	 self‐assembly	 micellar	 nanotransporters	 [Gupta	 S.	 et	 al,	 2010].	

Lipases	 can	 also	 grow	 polyesters	 selectively	 from	 dendrimeric	 initiators	 [Córdova,	

2001],	 from	 polyglycidol	 macroinitiators	 [Hans	 et	 al,	 2006],	 or	 by	 grafting	 from	

polymers	[Duxbury	et	al,	2007].	In	these	cases	the	selectivity	is	mainly	an	effect	of	the	

relative	steric	hindrance	of	the	hydroxyl	groups	in	the	dendrimer/polymer	compared	to	

the	hydroxyl	groups	at	the	ends	of	the	growing	polyesters.	
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In	 paper	 III	 we	 have	 investigated	 the	 use	 of	 CalB	 as	 catalyst	 for	 introduction	 of	

dimethyl	 itaconate	 into	a	polycondensation	product.	The	 idea	was	 to	make	 functional	

macromonomers	for	use	in,	for	example,	curable	materials.	Itaconic	acid	is	a	promising	

renewable	 bulk	 chemical,	 which	 can	 be	 produced	 by	 fermentation.	 Until	 now,	 the	

dominating	use	of	 itaconic	 acid	 is	 as	 a	 co‐polymer	 in	 radical	polymerization,	 creating	

co‐polymers	with	free	acid	groups	that	increase	the	adhesion	properties	of	the	polymer.	

If	 the	 ene‐group	 in	 itaconate	 is	 preserved,	 it	 can	 be	 used	 as	 a	 handle	 for	 further	

reactions.	 This	 can	 be	 accomplished	 if	 the	 polymerization	 takes	 place	 at	 the	 ester	

groups	 using	 a	 catalyst	 that	 retain	 the	 ene‐group	 intact.	 Lipases	 have	 been	 found	 to	

possess	these	criteria	and	enable	such	reactions.		

	

In	2010	two	papers	were	published	on	enzyme	catalyzed	polycondensation	of	dimethyl	

itaconate.	 Barrett	 et	al.	 showed	 that	macromonomers	 of	 dimethyl	 itaconate	 and	 1,4‐

cyclohexanedimethanol	or	poly(ethylene	glycol)	could	be	made	using	CalB.	Yasuda	et	al.	

produced	 polymers	 of	 dimethyl	 itaconate	 and	 1,4‐butandiol,	 copolymerized	 with	

methyl	 12‐hydroxystearate,	 using	 Burkholderia	 cepacia	 lipase	 (Bcl)	 or	 CalB.	 In	 both	

these	 cases	 the	 itaconate	 molecule	 ends	 up	 incorporated	 in	 the	 polyester,	 with	

possibilities	 to	 use	 the	 enes	 in	 further	 reactions.	 Nevertheless,	 none	 of	 the	 above	

reactions	use	the	whole	potential	of	the	enzyme.	In	a	polycondensation	reaction	it	is	a	

drawback	if	the	enzyme	shows	different	specificities	towards	the	two	ester	groups.	 In	

such	 case,	 one	 ester	 will	 be	 used	 much	 more	 frequently	 than	 the	 other,	 both	 as	 a	

substrate	 and	 as	 a	 product	 in	 reversible	 acyl	 transfer	 reactions,	 slowing	 down	 the	

product	formation.		

	

The	selectivity	towards	the	two	ester	groups	in	dimethyl	itaconate	was	investigated	for	

CalB	wt	and	variants	(paper	III).	It	was	found	that	CalB	wt	shows	a	selectivity	similar	to	

the	 acid	 catalyzed	 acyl	 transfer	 reaction,	 which	 implies	 that	 the	 enzyme	 does	 not	

contribute	to	the	selectivity	(table	4.2).	In	a	previous	study,	a	two‐	to	three‐fold	higher	

selectivity	 between	 propionate	 and	methyl	methacrylate	was	 reported	 using	CalB	wt	

compared	to	acid	catalyst	[Syrén	et	al,	2010].		
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Table 4.2. Acyl transfer selectivity of the competing esters in dimethyl itaconate, denoted A 
and B according to the figure. 

 

Catalyst  Initial acyl transfer rate[a] [s‐1] Selectivity[b]

rateB/rateA

Relative 

selectivity[c] 

  A  B  

Acid catalyzed  3∙10‐6 6∙10‐5 22 1 

CalB wt  0.29 5.5 19 0.9

CalB Val190Ala  0.31 2.2 7.0 0.3

CalB Gln157Ala  0.081 22 270 12 

Bcl  nd[d]  nd[d] 0.8 0.04

 [a] Calculated from the slope of initial rates for the competing sides of dimethyl itaconate 
at fixed substrate concentration (3 M of both dimethyl itaconate and 10‐undecenol). The 
enzyme preparations were active site titrated. Initial product formation was followed and 
analyzed by NMR.  
[b] Ratio of the initial rates.  
[c] Relative selectivity as compared to the acid catalyzed reaction (enzyme/acid). 
[d] The enzyme load on Bcl was too low to active site titrate. 
	

	

Since	 the	 two	 esters	 of	 dimethyl	 itaconate	 resembles	 propionate	 and	 methyl	

methacrylate	 respectively,	 the	 selectivity	 was	 expected	 to	 follow	 the	 same	 pattern.	

However,	CalB	wt	showed	almost	the	same	selectivity	compared	to	the	acid.	Thus,	it	can	

be	concluded	that	compared	to	the	acid,	the	specificity	displayed	by	CalB	towards	the	B‐

ester	is	reduced	with	the	same	magnitude	as	the	specificity	towards	the	A‐ester	in	CalB	

wt.	This	opens	up	possibilities	for	creating	successful	variants	with	altered	selectivities.		
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The	variant	CalB	Gln157Ala	 showed	a	270‐fold	preference	 for	 the	B‐ester	 (table	4.2).	

The	 change	 in	 selectivity	was	probably	 due	 to	 the	 enlarged	 active	 site	 of	 the	 variant,	

which	more	 freely	 could	 accept	 the	 A‐ester	 moiety	 when	 the	 B‐ester	 forms	 the	 acyl	

enzyme.	The	 increased	 total	 reaction	rate	of	CalB	Gln157Ala	 implies	a	 lower	reaction	

barrier	 towards	 B‐product	 formation	 leading	 to	 an	 increased	 kcat.	 The	 same	 variant	

showed	improved	kcat	values	for	both	the	initiation	(4.5‐fold)	and	the	propagation	(90‐

fold)	in	ROP	of	D,D‐(R,R‐)lactide	[Takwa	et	al,	2011].	

	

Increased	 reaction	 rate	 is	 desirable	 in	 an	 enzyme	 variant,	 but	 often	 quite	 difficult	 to	

obtain.	When	the	aim	is	to	alter	the	selectivity,	it	is	more	likely	that	a	successful	variant	

has	reduced	activity	to	both	substrates.		

	

CalB	 Val190Ala	 showed	 a	 three‐fold	 lower	 selectivity	 towards	 the	 ester	 groups	 of	

dimethyl	itaconate	compared	to	CalB	wt.	The	aim	was	to	use	a	less	selective	variant	to	

more	 easily	 incorporate	 dimethyl	 itaconate	 into	 a	 polycondensation	 product.	

Nevertheless,	the	total	reaction	rate	was	decreased,	which	resulted	in	a	variant	just	as	

good	as	CalB	wt	per	mole	active	enzyme	in	producing	a	di‐functional	 itaconate	to	>95	

percent	yield	(see	paper	III	for	more	information).		

	

The	selectivity	of	Bcl	towards	dimethyl	itaconate	was	shown	to	be	close	to	one	(figure	

4.1),	which	 is	 the	same	value	reported	by	Yasuda	et	al,	2010.	CalB	and	Bcl	have	quite	

similar	 active	 sites,	 both	 according	 to	 geometry	 and	 amino	 acids.	 In	 the	 positions	

corresponding	to	CalB	Gln157,	Ile189	and	Val190,	Bcl	has	the	residues	Leu167,	Val266	

and	Val267.	It	seems	that	the	cavity	adjacent	to	Gln157	is	important	for	the	selectivity	

towards	dimethyl	itaconate.	In	Bcl	the	Leu167	is	positioned	somewhat	further	into	the	

active	site,	probably	because	no	H‐bond	can	be	formed	from	the	leucine	side	group	like	

it	can	between	Gln157	and	Asp134	in	CalB.	A	free	side	group	takes	up	more	space	as	it	

rotates	 freely.	This	makes	 the	active	 site	of	Bcl	 narrower	and	probably	decreases	 the	

reactivity	 towards	 the	 B‐ester	 of	 dimethyl	 itaconate	 with	 respect	 to	 the	 inherent	

chemical	reactivity	of	the	two	ester	groups.		
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It	would	be	a	waste	of	both	energy	and	possibilities	if	the	biobased	compounds	had	to	

be	forced	into	the	current	oil‐based	plastic	production	systems.	Instead	we	should	take	

advantage	of	 the	 infancy	of	 this	era	 to	 set	up	systems	utilizing	 the	multitude	of	 small	

functionalized	monomers	or	macromonomers,	produced	from	biomass.	These	could	be	

combined	 to	 generate	 materials	 with	 all	 possible	 properties.	 The	 production	 of	

macromonomers	 from	 biobased	 starting	 materials	 could	 be	 done	 using	 enzymes	 in	

order	 to	 reduce	 the	 environmental	 impact	 of	 the	 processes.	 Life	 cycle	 analyses	 of	

enzymatic	synthesis	of	esters	show	a	reduction	in	energy	consumption,	global	warming	

and	acidification	[Cowan	et	al,	2008],	implying	the	advantage	of	an	enzymatic	process.		

		

Combinations	of	macromonomers	could	be	done	using	click	chemistry.	The	advantages	

are	many.	Most	macromonomers	can	be	designed	to	be	 liquid,	easy	to	spread	out	and	

mix.	 Cross‐linkage	 by	 click	 chemistry	 is	 rapid,	 (near)	 quantitative	 and	 often	

stereospecific	 [Kolb	 et	 al,	 2001].	 Examples	 of	 click‐reactions	 are	 nucleofilic	 ring‐

opening	 reactions,	 cycloadditions	 of	 unsaturated	 species	 and	 heteroatom	 addition	 to	

carbon‐carbon	multiple	 bonds.	 So	 far,	 the	 Cu(I)‐mediated	 addition	 of	 an	 azide	 to	 an	

alkyne	 has	 gained	 most	 attention	 [Moses	 and	 Moorhouse,	 2007].	 But	 the	 thiol‐ene	

reactions	have	emerged	as	an	interesting	complement.	Polyesters	with	 free	thiols	and	

enes	are	of	interest	due	to	their	ability	to	cross‐link	to	form	networks	[Dondoni,	2008;	

Lowe,	2010].	The	network	makes	the	polymer	more	rigid	and	the	technique	is	used	for	

example	 in	production	of	 polymeric	 films	used	 in	paints,	 lacquer	 and	glue.	Molecules	

with	ene	or	thiol	functionalities	are	readily	available	from	renewable	resources	such	as	

unsaturated	 fatty	 acids,	 itaconates,	 terpenes,	 limonenes,	 methionine	 and	 cysteine	

[Willke	and	Vorlop,	2004;	Berger,	2007].	

	

There	is	no	need	to	limit	the	use	of	biobased	functional	building	blocks	to	polymers	and	

plastics	only,	rather	they	can	be	used	in	any	kind	of	application	where	the	properties	of	

click‐chemistry	 are	 desirable,	 like	 in	 drug	 discovery	 and	 bio‐conjugation	 [Nwe	 and	

Brechbiel,	 2009;	 Kolb	 and	 Sharpless,	 2003;	 Raghavan	 and	 Hang,	 2009],	 biohybrid	

materials	 [Dirks	 et	 al,	 2007]	 and	 microarray	 techniques	 [Gupta	 N.	 et	 al,	 2010]



Selectivity from the lipase perspective 

29 

 

	

5.	Selectivity	from	the	lipase	perspective	

Many	 lipases	 display	 enantioselectivity	 towards	 secondary	 alcohols.	 In	 an	 empirical	

study	 it	 was	 found	 that	 lipases	 prefer	 the	 (R)‐enantiomer	 of	 secondary	 alcohols	

[Kaslaukas	et	al,	1991].	Later	it	was	shown	that	a	stereospecificity	pocket,	which	can	fit	

only	 small	 substituents,	 is	 located	 in	 the	 alcohol	 binding	 site	 and	 this	 allows	 for	 a	

molecular	understanding	to	the	enantioselectivity	[Uppenberg	et	al,	1995].		

	

In	general,	 lipase	 selectivity	 is	often	caused	by	 sterical	discrimination	 towards	one	of	

the	 two	 substrates.	 Electrostatics	 has	 a	 less	 pronounced	 role,	 probably	 because	 the	

aliphatic	 chains	 of	 the	 natural	 substrates	 do	 not	 offer	 such	 possibilities.	 Increased	

knowledge	 about	 the	 structural‐functional	 relationship	 in	 lipases	 provides	 a	 deeper	

understanding	 of	 the	 variety	 of	 substrate	 specificity	 observed.	 So	 far	 no	 complete	

compilation	 has	 been	made.	 Schmid	 and	Veger	 studied	 graphically	 the	 active	 sites	 of	

four	lipases	and	noticed	differences	in	polarity	and	geometry	[Schmid	and	Veger,	1998].	

They	concluded	that	the	observed	differences	are	the	origin	to	the	variety	in	substrate	

specificity.		

	

Structural	 classification	 of	 nine	 lipases	 according	 to	 their	 active	 site	 geometry	 has	

recently	been	done	and	correlated	to	their	enantioselectivities	towards	one	acyl	donor	

and	one	acyl	 acceptor	 [Naik	et	al,	 2010].	The	 investigated	 lipases	were	 arranged	 into	

four	groups;	Rml‐like,	CalA‐like,	CalB‐like	and	cutinase‐like	(table	5.1).	According	to	the	

classification	the	highest	selectivities	towards	acyl	donors	would	be	displayed	by	Rml‐	

and	CalA‐like	lipases	and	towards	acyl	acceptors	by	CalB‐like	lipases.	Cutinases	would	

not	be	suitable	for	selectivity	reactions.	This	is	in	accordance	with	my	results	in	paper	

I‐IV,	as	discussed	in	chapter	5.1	and	5.2.	
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Table 5.1. Classification of lipases according to the active site geometry  
as suggested by Naik et al. 2010. 
  Acyl donor site  Acyl acceptor site

Rml‐like  Narrow  Large

CalA‐like  Narrow tunnel  Wide

CalB‐like  Large  Narrow

Cutinase‐like  Wide  Wide

     

	

5.1	Lipase	selectivity	of	acyl	donors		

Two	acyl	donors	(A	and	B)	competing	for	an	enzyme	will	form	different	acyl	enzymes	(F	

and	F´	scheme	5.1).	The	selectivity	 towards	 the	acyl	donors	 is	 the	sum	of	all	 involved	

kinetic	 constants	 in	 the	 reaction	 paths,	 from	 enzyme	 and	 substrates	 via	 the	 acyl	

enzymes	 to	 enzyme	 and	 products.	 The	 acyl	 acceptor	 (C)	will	 influence	 the	 selectivity	

since	 the	 acyl	 enzymes	 are	 on	 different	 reaction	 paths.	 Therefore,	 the	 selectivity	will	

change	with	the	acyl	acceptor	and	its	concentration.		

 

Scheme 5.1. Cleland notation of an enzyme reaction with competing acyl donors (A and B) 
following ping pong bi bi kinetics. 
 

5.1.1	Itaconate 

Dimethyl	 itaconate	offers	a	 complicated	case	of	 competing	acyl	donors.	Since	 the	 two	

competing	esters	are	parts	of	the	same	molecule,	their	concentrations	cannot	be	altered	

with	respect	to	each	other,	and	thus	no	kinetic	constants	can	be	measured	separately.	

Nevertheless,	as	they	are	competing	substrates,	the	selectivity	can	be	measured	giving	

valuable	 information.	 In	 paper	 III,	 the	 initial	 rates	 were	 measured	 for	 CalB	 wt	 and	

variants,	in	order	to	determine	the	selectivity	displayed.	
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Scheme 5.2. Dimethyl itaconate will form different acyl enzymes depending on which ester 
(A or B) is used as acyl donor. The products will also compete for the free enzyme.  
	

	

The	variant	CalB	Gln157	displayed	high	selectivity	and	was	used	to	end‐functionalize	a	

diol	regioselectively	with	dimethyl	itaconate	(see	paper	III	for	more	information).	The	

reaction	 paths	 over	 the	 two	 different	 acyl	 enzymes	 can	 be	 seen	 in	 scheme	 5.2.	 	 All	

reactions	 are	 reversible.	 The	 two	 esters	 of	 dimethyl	 itaconate	 and	 the	 two	 final	

products	 (A‐product	 and	 B‐product)	 will	 compete	 for	 the	 free	 enzyme.	 At	 high	

conversion	the	acyl	enzymes	will	predominantly	be	formed	from	the	product	esters.	As	

long	as	there	is	any	free	methanol	present,	dimethyl	itaconate	can	be	reformed,	which	

with	time	will	lead	to	thermodynamic	equilibrium.	If	the	methanol	concentration	can	be	

kept	very	low,	the	only	alternative	for	the	acyl	enzyme	will	be	to	react	with	the	recently	

released	 alcohol	 (ROH)	 to	 form	 the	 same	 product	 back	 again.	 In	 this	 way,	 the	 final	

distribution	of	the	product	esters	will	be	determined	by	enzyme	selectivity	alone.	Thus,	

when	the	selectivity	is	towards	the	acyl	donors,	the	removal	of	the	released	alcohol	(or	

water	if	the	acyl	donor	is	an	acid)	is	important	to	utilize	the	full	potential	of	the	enzyme	

selectivity.	

	
B
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It	 is	 known	 that	 acyl	 chains	 of	 five	 carbons	 or	 less	 can	 be	 bound	 in	 an	 extended	

conformation	 [Fransson,	 2008],	 whereas	 longer	 chains	 have	 to	 bend	 at	 the	 fourth	

carbon	 to	 fit	 into	 the	acyl	binding	pocket	as	can	be	seen	 in	 the	 crystal	 structure	with	

Tween	80	bond	in	the	active	site	[Uppenberg	et	al,	1995].		

	

The	 acrylate	 part	 of	 dimethyl	 itaconate	 will	 be	 planar	 due	 to	 the	 conjugation	 of	 the	

double	bonds.	When	the	A‐ester	reacts,	the	itaconate	acyl	chain	can	bend	at	the	fourth	

carbon.	 This	 is	 not	 possible	when	 the	 B‐ester	 reacts.	 Instead	 the	 itaconate	 has	 to	 be	

squeezed	 in‐between	 Thr40,	 Asp134	 and	 Gln157.	 These	 sterical	 clashes	 are	 relived	

when	Gln157	 is	changed	 to	alanine,	open	up	a	pocket	 in	 the	acyl	donor	site.	Thus,	by	

introducing	a	new	cavity	in	the	acyl	donor	binding	site,	selectivity	could	be	afforded	in	a	

way	 analogous	 to	 the	 selectivity	 towards	 secondary	 alcohols	 displayed	 due	 to	 the	

stereospecificity	pocket	in	the	acyl	acceptor	site.	

	

5.1.2	Lactones	

ROP	 of	 un‐branched	 lactones	 could	 be	 expected	 to	 show	 fair	 reaction	 rates	 when	

catalyzed	by	lipases,	since	all	lipase	active	sites	can	fit	aliphatic	chains.	Nevertheless,	a	

pronounced	difference	between	different	sizes	of	lactones	has	been	noted	(see	chapter	

3.2).	 	 In	 paper	 IV	 the	 selectivity	 towards	 ε‐caprolactone	 (CL),	 ω‐pentadecalactone	

(PDL)	and	their	corresponding	polyesters	were	determined.	It	was	shown	that	CL	is	not	

as	good	a	substrate	as	PDL	for	CalB,	while	they	are	equally	good	substrates	for	Hic.	The	

difference	 could	 be	 caused	 partly	 by	 the	 different	 ability	 of	 the	 enzymes	 to	 fit	 the	

substrates	in	their	active	sites.	

The	maximum	 binding	 energy	 is	 gained	when	 the	 substrate	 fully	 occupies	 the	 active	

site;	i.e.	both	the	acyl	donor	and	acyl	acceptor	sites.	In	CalB	the	acyl	donor	binding	site,	

i.e.	from	the	catalytic	serine	to	the	entrance,	will	fit	a	chain	length	of	nine	carbons	while	

in	Hic	only	seven	carbons	can	be	fit	[Fransson,	2008].	Further,	structural	differences	of	

the	 active	 sites	 in	CalB	 and	Hic	 forces	 the	 acyl	 donor	 to	bend	 at	 carbon	 four	 in	CalB,	

while	the	substrate	is	allowed	an	extended	form	in	Hic	(figure	5.2).		
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Lactones	have	a	bent	conformation	due	to	the	ring	structure.	It	is	more	pronounced	in	

ε‐caprolactone	than	in	ω‐pentadecalactone,	while	their	corresponding	polyesters	prefer	

an	extended	conformation.		

	

CL	 and	 PDL	 were	 modeled	 into	 the	 active	 site	 of	 CalB	 and	Hic	 as	 Michaelis‐Menten	

complexes	(figure	5.3).	 Interestingly,	PDL	fits	perfectly	into	the	active	site	of	CalB	and	

occupies	both	the	acyl	donor	site	and	the	acyl	acceptor	site	fully,	thanks	to	the	bending	

of	 the	ring.	On	 the	other	hand,	CL	 is	not	able	 to	use	 the	 full	binding	potential	 since	 it	

bends	too	sharply	to	fit	both	binding	sites.	This	may	be	a	reason	to	why	CalB	displays	

higher	 reaction	rates	 towards	 larger	 lactones	compared	 to	smaller.	However,	KM	data	

for	lactones	do	not	show	any	correlation	with	the	size	of	the	lactone	[van	der	Mee	et	al,	

2006;	Namekawa	et	al,	1998].		

	

The	active	site	in	Hic	is	much	wider	and	shallower	than	in	CalB.	The	lactones	fit	into	the	

active	 site	 cavity,	 but	 neither	 of	 them	utilizes	 the	whole	 binding	 potential	 since	 both	

lactones	bend	at	a	too	small	angle.	PDL	is	partly	exposed	to	the	surface,	and	forces	the	

residues	 Leu64	 and	 Ile167	 to	 adopt	 restricted	 conformations	 not	 to	 interfere	with	 it	

(figure	5.4).	This	could	be	part	of	the	reason	for	the	inverted	selectivity	towards	CL	and	

PDL	of	Hic	compared	to	CalB.	

	

5.2	Lipase	selectivity	of	acyl	acceptors	 

In	a	reaction	with	two	acyl	acceptors	(C	and	D,	scheme	5.3.),	the	competition	will	be	for	

the	same	acyl	enzyme	(F).	The	acyl	donor	(A)	will	influence	the	selectivity.	According	to	

the	 structural	 classification,	 table	 5.1.,	 CalB	 should	 be	 good	 at	 discriminating	 acyl	

acceptors.	 This	 can	 be	 seen	 in	 the	 often	 high	 enantioselectivity	 towards	 secondary	

alcohols.		
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Scheme 5.3. Cleland notation of an enzyme reaction with competing acyl acceptors (C and 
D) following ping pong bi bi kinetics. 
 

 

5.2.1	Thiols	and	alcohols		

CalB	turned	out	to	be	enormously	selective	in	a	reaction	where	alcohols	and	thiols	were	

allowed	 to	 compete,	 while	 Rml	 showed	 a	 more	 moderate	 preference	 for	 alcohols	

(chapter	4.3,	paper	II).	To	put	 the	chemoselectivity	displayed	by	 the	 two	 lipases	 into	

perspective,	 the	 chemoselectivity	 of	 the	 uncatalyzed	 reaction	was	 investigated.	 Using	

the	 same	reaction	conditions	as	 for	 the	enzymes,	no	product	was	detected	within	 ten	

days	 of	 reaction.	 Therefore,	 the	 activated	 ester	 vinyl	 octanoate	 was	 used.	 The	 acyl	

transfer	 reaction	 was	 run	 in	 a	 competitive	 manner,	 and	 the	 ratio	 of	 the	 reaction	

constants	(knon)OH	/	(knon)SH	was	measured	to	120	(table	4.1,	chapter	4.2).	The	enzymatic	

contribution	 was	 derived	 by	 dividing	 the	 chemoselectivity	 of	 the	 lipases	 with	 the	

chemoselectivity	 of	 the	 uncatalyzed	 reaction.	 The	 enzymatic	 contribution	 of	 the	

chemoselectivity	 was	 730	 for	 CalB	 and	 ten	 for	Rml.	 The	 largest	 contributions	 to	 the	

chemoselectivity	 were	 the	 higher	KM	 values	 displayed	 for	 the	 thiol	 compared	 to	 the	

corresponding	alcohol,	with	KM	ratios	of	more	than	two	orders	of	magnitude.		

Thiols	are	more	hydrophobic	than	alcohols.	One	simple	hypothesis	is	that	lipases	have	

evolved	to	attract	water	close	to	the	catalytic	serine	to	support	hydrolysis	of	fatty	acids.	

The	alcohol	should	be	able	to	bind	favorable	at	the	same	site,	while	thiols	would	not	be	

promoted	of	a	hydrophilic	surrounding.	The	transfer	free	energy	(ΔGtr)	for	thiols	when	

transferred	 from	 cyclohexane	 to	water	 is	 typically	 15‐20	 kJ	mol‐1	 higher	 than	 for	 the	

corresponding	alcohols	[Han	et	al,	2008; Marenich	et	al,	2007].		
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This	 means	 that	 partitioning	 from	 the	 reaction	 phase	 (cyclohexane)	 to	 the	 catalyst	

phase	(hydrophilic	water	channel	site)	will	be	less	favorable	for	thiols	than	for	alcohols.	

Based	on	this	hypothesis,	KM‐values	two	to	three	orders	of	magnitude	higher	for	thiols	

than	alcohols	were	predicted.		

	

For	CalB	the	selectivity	may	entirely	be	a	KM	effect,	as	no	saturation	was	achieved	with	

the	thiol.	In	contrast,	the	selectivity	displayed	by	Rml	was	lower	than	expected,	with	a	

ten‐fold	 enzymatic	 contribution	 while	 the	 higher	 KM	 towards	 the	 thiol	 indicates	 a	

hundred‐fold	contribution.	This	implies	that	Rml	actually	favor	the	catalysis	of	the	thiol	

substrate,	how	and	why	remains	yet	unknown.	One	reason	could	be	that	the	larger	acyl	

acceptor	site	of	Rml,	compared	to	CalB,	more	easily	accommodates	thiol	substrates.	

	

	

5.3	Competing	reaction	systems	

Enzyme	 selectivity	 is	 the	 ratio	 of	 specificities	 (kcat/KM)	 towards	 the	 substrates.	 Two	

methods	 can	 be	 used	 to	 determine	 the	 selectivity.	 Either	 individual	 specificities	 are	

determined	 for	 the	 substrates	 and	 their	 ratio	 gives	 the	 selectivity	 (paper	 II)	 or	 the	

selectivity	is	measured	directly	by	allowing	the	substrates	to	compete	with	each	other	

(papers	III	and	IV).		

	

To	determine	individual	specificities	measurements	of	kcat	and	KM	are	needed.	Lipases	

follow	two‐substrate	kinetics	and	the	two	substrate	concentrations	have	to	be	varied	to	

get	 the	 true	 kinetic	 constants.	 This	 is	 time‐consuming	 since	 25	 or	 more	 successful	

reactions,	 each	 with	 at	 least	 four	 samples	 taken	 within	 ten	 percent	 conversion,	 are	

required.	 To	 simplify,	 pseudo	 one‐substrate	 kinetics	 can	 be	 applied,	 where	 one	

substrate	 concentration	 is	 held	 constant	 and	 much	 above	 its	 KM,	 while	 the	 other	 is	

varied.	 The	 apparent	 kinetic	 constants	 for	 the	 varied	 substrate	 are	 derived	 at	 settled	

conditions.	The	number	of	reactions	decreases	drastically	to	at	least	five.		
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Competing	substrate	systems	present	many	advantages.	First	of	all,	it	requires	only	one	

successful	 reaction.	 Secondly,	 the	 enzyme	 concentration	 does	 not	 have	 to	 be	 known,	

since	 the	 substrates	 experience	 the	 same	 amount	 of	 free	 enzyme.	 Thirdly,	 the	

experimental	errors	 from	setup	and	measurements	decrease	as	 the	reaction	rates	are	

measured	simultaneously	in	the	same	system.	Fourthly,	if	the	enzyme	deactivates	with	

time,	as	in	the	case	of	Hic	(paper	IV),	the	decrease	of	free	enzyme	will	be	the	same	for	

both	substrates	and	the	selectivity	will	remain	unaffected.	The	drawbacks	are	that	nor	

individual	 kinetic	 constants	 (kcat	 and	 KM)	 neither	 the	 specificities	 (kcat/KM)	 can	 be	

derived	from	competing	systems.		
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6.	Concluding	remark	

The	selectivity	is	an	important	quantity	in	many	reaction	systems,	as	have	been	shown	

in	 this	 thesis.	 It	 tells	 about	 the	 enzyme	 behavior	 in	 complex	 reaction	 systems.	 To	

understand	 enzyme	 selectivity	 is	 to	 understand	 the	 outcome	 of	 a	 synthesis	 and	 the	

possibilities	 for	 its	 improvement	 by	 enzyme	 engineering	 or	 reaction	 system	

modification.	
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