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The cover image illustrates the biocatalytic investigations in this thesis. The left 
hand side of the image shows Candida antarctica lipase B catalyzing a 
conjugate addition of acetylacetone to methyl acrylate to yield methyl 4-acetyl-
5-oxo-hexanoate. The right hand side of the image shows an ω–transaminase 
from Arthrobacter citreus catalyzing a transamination between  
4-fluorophenylacetone and isopropylamine to give (S)-1-(4-fluorophenyl)propan-
2-amine and acetone.  



 

ABSTRACT 

In a lipase investigation, Candida antarctica lipase B (CALB) are explored for 
enzyme catalytic promiscuity. Enzyme catalytic promiscuity is shown by 
enzymes catalyzing alternative catalytic transformations proceeding via 
different transition state structures than normal. CALB normally performs 
hydrolysis reactions by activating and coordinating carboxylic acid/ester 
substrates in an oxyanion hole prior to nucleophilic attack from an active-site 
serine resulting in acyl enzyme formation. The idea of utilizing the carbonyl 
activation oxyanion hole in the active-site of CALB to catalyze promiscuous 
reactions arose by combining catalytic and structural knowledge about the 
enzyme with chemical imagination. We choose to explore conjugate addition 
and direct epoxidation activities in CALB by combining molecular modeling 
and kinetic experiments. By quantum-chemical calculations, the investigated 
promiscuous reactions were shown to proceed via ordered reaction 
mechanisms that differ from the native ping pong bi bi reaction mechanism. 
The investigated promiscuous activities were shown to take place in the enzyme 
active-site by various kinetic experiments, but despite this, no enantioselectivity 
was displayed. The reason for this is unknown, but can be a result of a too 
voluminous active-site or the lack of covalent coordination of the substrates 
during enzyme-catalysis (Paper I-IV). Combining enzyme structural knowledge 
with chemical imagination may provide numerous novel enzyme activities to be 
discovered. In an ω-transaminase investigation, two (S)-selective ω-
transaminases from Arthrobacter citreus (Ac-ωTA) and Chromobacterium 
violaceum (Cv-ωTA) are explored aiming to improve their catalytic properties. 
Structural knowledge of these enzymes was provided by homology modeling. A 
homology structure of Ac-ωTA was successfully applied for rational design 
resulting in enzyme variants with improved enantioselectivity. Additionally, a 
single-point mutation reversed the enantiopreference of the enzyme from (S) to 
(R), which was further shown to be substrate dependent (Paper V). A homology 
structure of Cv-ωTA guided the creation of an enzyme variant showing reduced 
isopropyl amine inhibition. 

 

Keywords: Candida antarctica lipase B · enzyme catalysis · enzyme catalytic 
promiscuity · molecular modeling · ω-transaminase 

 



 

SAMMANFATTNING 

I en lipas-studie, studeras katalytisk enzympromiskuitet i Candida antarctica lipas B 
(CALB). Katalytisk enzympromiskuitet uppvisas av enzymer som katalyserar 
alternativa katalytiska transformationer som passerar via övergångsstrukturer som 
skiljer sig från de normala. CALB utför normalt hydrolysreaktioner genom att 
aktivera och koordinera karboxylsyra/ester substrat i ett oxyanjonhål före nukleofil 
attack från en serin i aktiva sätet, vilket resulterar i bildningen av ett acylenzym. 
Iden att använda det karbonylaktiverade oxyanjonhålet i det aktiva sätet i CALB 
för att katalysera promiskuösa reaktioner väcktes genom att kombinera katalytisk 
och strukturell kunskap om enzymet med kemisk fantasi. Vi valde att utforska 
konjugatadditions- och direktepoxideringsaktivieter i CALB genom att kombinera 
molekylmodellering med kinetiska experiment. Kvantkemiska beräkningar visade 
att de studerade promiskuösa reaktionerna följde ordnade reaktionsmekanismer 
som skiljer sig från den normala ping pong bi bi reaktionsmekanismen. De 
promiskuösa aktiviteterna kunde påvisas i det aktiva sätet, men trots detta, 
uppvisades ingen enantioselektivitet. Anledningen till detta är inte känt, men kan 
vara resultatet av ett för stort aktivt säte eller avsaknad av kovalent 
substratkoordination under enzymkatalys (Paper I-IV). Genom att kombinera 
strukturell kunskap med kemisk fantasi kan fler nya enzymaktiviteter upptäckas. I 
en ω-transaminas-studie studeras två (S)-selektiva ω-transaminaser från 
Arthrobacter citreus (Ac-ωTA) och Chromobacterium violaceum (Cv-ωTA) med 
målsättningen att öka dess katalytiska egenskaper. Homologimodellering 
tillämpades för att erhålla strukturell kunskap om dessa enzymer. En 
homologistruktur av Ac-ωTA användes framgångsrikt för rationell förändring vilket 
resulterade i enzymvarianter med ökad enantioselektivitet. Dessutom ändrade en 
enpunktsmutation enzymets enantiopreferens från (S) till (R), vilket vidare visade 
sig vara substratberoende (Paper V). En homologistruktur av Cv-ωTA guidade 
skapandet av en enzymvariant som uppvisar reducerad isopropylamininhibering. 

 

Nyckelord: Candida antarctica lipas B · enzymkatalys · katalytisk 
enzympromiskuitet · molekylmodellering · ω-transaminas 
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1. INTRODUCTION 
Enzymes are proteins with catalytic power developed by Nature through 
evolution over millions of years. The catalytic power of an enzyme can be 
determined experimentally by measuring its catalytic proficiency or rate 
enhancement (Radzicka and Wolfenden, 1995), but its origin is not fully 
understood. An enzyme-catalyzed reaction proceeds via a transition state of 
lower activation energy than the corresponding uncatalyzed reaction. This was 
explained by Pauling in 1948 to be a result from transition state stabilization 
(Pauling, 1948). Further explorations of the origin of the catalytic power of 
enzymes suggest that complementarity effects, like electrostatics, binding 
modes or arrangement of molecules in the enzyme active-site, constitute the 
major contribution to the catalytic power of enzymes (Cannon and Benkovic, 
1998; Cleland, 1998; Neet, 1998; Warshel, 1998). 

Enzymes are chiral three-dimensional molecules constructed by chains of 
L-amino acids connected by peptide bonds. The specific order of amino acids 
gives each enzyme a specific fold with unique properties. The enzyme structure 
contains a cavity, called active-site, which character gives each type of 
enzyme its specificity to select its substrate among many. The active-site 
coordinates the substrate in a precise orientation in order to perform correct 
chemical transformation. The degree of specificity and selectivity is not 
absolute. Many enzymes are promiscuous and show wider substrate 
acceptance or perform alternative catalytic transformations that differ from 
normal.  

The remarkable characteristics of enzymes make them attractive 
biocatalysts for transformations of organic compounds. The application of 
biocatalysts, such as enzymes, for chemical transformations of organic 
compounds is called biocatalysis. Humans have applied enzymes in whole cell 
systems since ancient times for brewing of beer, making wine, cheese and bread 
baking. Nowadays, pharmaceutical industry and various industrial processes 
involve enzymes (Kirk et al. 2002; van Beilen et al. 2002; Patel, 2008). The use of 
enzymes in unconventional media, such as organic solvents, has increased the 
utility of enzymes in industrial processes (Klibanov, 2001). Also, the application of 
enzymes in industrial processes increases with the increasing demand of 
stereospecific syntheses and environmentally compatible processes (Patel, 2008). 
To date, the most applied enzymes for industrial processes are lipases, 
glycosidases and proteases (www.reportlinker.com/p0148002/World-Enzymes-
Market.html).  

Biocatalysis offers a range of advantages over traditional chemistry, since it 
provides; high substrate selectivity, mild reaction conditions, low energy 
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requirement, low amount of byproducts, reduced number of synthetic reaction 
steps and non-toxic and biodegradable catalysts. The application of enzymes 
often lead to simple processes yielding products of high quality in one reaction 
step without the harsh reaction conditions often needed for conventional organic 
chemistry. But, there are also disadvantages when using biocatalysts. The reaction 
rate using substrates that is unnatural to the enzyme is usually lower than when 
using normal substrates or traditional chemical catalysts and high concentrations 
of reagents can affect the enzyme stability negatively. Enzymes are often 
unstable in organic or biphasic organic-aqueous media and can easily be 
inactivated. However, these disadvantages could be overcome by protein 
engineering (Grunwald 2009; Hailes et al. 2007).  

Finally, an implementation of a biocatalytic application requires a 
thorough investigation of the biocatalytic system. Generally, industrial processes 
require reaction conditions that differ from those in Nature and the performance 
of native enzymes is rarely adequate for industrial processes. Suitable enzymes 
can be obtained by searching Nature for an ideal catalyst or to engineer an 
existing one. Before a realization of a new industrial process its environmental 
impacts must be evaluated. A generally accepted method for this is 
Environmental Life Cycle Assessment (LCA), which evaluates processes in terms 
of consumption of resources and emissions to the environment. Novozymes 
published a LCA to compare biocatalytic- and chemical production of 
emollient esters. The implementation of the biocatalytic process reduced the 
energy consumption by 60% and the emission of unpleasant pollutants was 
reduced by 90% (Thum and Oxenbell, 2008). 
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1.1  Enzyme Selectivity 

All living organisms contain networks of biochemical cascade reactions 
mediated and regulated by enzymes. To control these systems, enzymes must 
work coordinated and be selective. Enzyme selectivity is generally known as the 
possibility of an enzyme to distinguish between different substrates as well as 
between different chemical functionalities on a substrate. The nature of the 
active-site makes enzymes able to recognize and operate on substrates 
according to three major types of substrate selectivities; chemo-, regio- and 
stereoselectivity. Enzymes that are selective for a single type of functional group 
and leave other functionalities untouched show chemoselectivity. Candida 
antarctica lipase B (CALB) is a chemoselective enzyme that, for example, prefers 
alcohols over thiols (105-fold) in transacylation of ethyl octanoate in 
cyclohexane (Hedfors, 2009). By enzyme regioselectivity, an enzyme identifies 
one functional group on a substrate depending on position among several 
functional groups of the same kind. CALB performs regioselective transacylation 
of sugars by acting only on its primary hydroxyl group (Woudenberg-van 
Oosterom et al. 1995; Anderson et al. 1998; Gotor-Fernández et al. 2006). 
Enzymes are chiral molecules and hence identify substrate chirality upon 
enzyme substrate complex formation to display enantio- or stereoselectivity. 
CALB display higher enantioselectivity in transacylation of secondary alcohols 
compared to transacylation of primary or tertiary alcohols, due to an optimal fit 
of secondary alcohols in its narrow alcohol binding pocket (Orrenius et al. 1995; 
Naik et al. 2010). 
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1.2  Enzyme Catalytic Promiscuity 

The enzyme active-site is optimized by evolution for a specific chemical 
transformation and specific substrate recognition, but despite this, many 
enzymes perform alternative activities or accept alternative substrates by 
showing “promiscuous” behavior. Enzymes with promiscuous behavior can 
occasionally; (I) have increased activity in reaction conditions that is unnatural 
to the enzyme (enzyme reaction condition promiscuity), (II) show broader 
substrate acceptance (enzyme substrate promiscuity), (III) show alternative 
catalytic abilities (enzyme catalytic promiscuity) or (IV) perform catalysis at an 
alternative active-site (enzyme alternate-site promiscuity) (Hult and Berglund, 
2007; Taglieber et al. 2007).  

The phenomenon of enzyme catalytic promiscuity has recently been 
highlighted within the field of biocatalysis in numerous papers (Jensen, 1976; 
O´Brian and Herschlag, 1999; Copley, 2003; James and Tawfik, 2003; 
Bornscheuer and Kazlauskas, 2004; Kazlauskas, 2005; Khersonsky et al. 2006; 
DePristo, 2007; Hult and Berglund, 2007; Toscano et al. 2007; Nobeli et al. 2009; 
Tokuriki and Tawfik, 2009; Babtie et al. 2010; Khersonsky and Tawfik, 2010). 
Catalytic promiscuity is widely accepted as an advantageous feature for 
evolution of novel enzymes. Promiscuity may contribute to the survival of an 
organism in an altered environment by adoption of activities that can, for 
example, detoxify antibiotics, pesticides and other pollutants cased by human 
activities found in the environment (Copley, 2003; Babtie et al. 2010).  

Why does an enzyme show catalytic promiscuity and is it possible for 
Nature to evolve an enzyme that can only perform one chemical 
transformation? All enzymes are thought to have evolved from promiscuous 
activities in ancestral generalist enzymes. The increased catalytic specificity and 
selectivity is thought to be a result from divergence and evolution (Jensen, 1976; 
O´Brian and Herschlag, 1999; Khersonsky et al. 2006; Babtie et al. 2010; 
Khersonsky and Tawfik, 2010). A promiscuous activity is normally not affecting an 
organism if its promiscuous reaction does not affect the rate of the native 
activity or if the substrate for the promiscuous reaction is unnatural to the 
enzyme. Then, there is no selective pressure to remove the promiscuous 
reaction. Catalytic promiscuous behavior is often hidden behind a native 
catalytic transformation and only visible under special conditions, which makes 
it difficult to discover if not intentionally searched for (Copley, 2003; Nobeli et al. 
2009; Batie et al. 2010).  

Catalytic promiscuity means that a chemical transformation proceeds via 
a different reaction mechanism where the bond that is formed or broken differs 
from the native transformation and hence leads to an alternative transition state 
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structure. This can proceed in a wild-type enzyme that is subjected to substrates 
that is unnatural to the enzyme (accidental catalytic promiscuity) or in a variant 
enzyme where catalytic amino acid residues are replaced (induced catalytic 
promiscuity) (Hult and Berglund, 2007). There are numerous examples of 
accidental catalytic promiscuity in the literature. In a recent example, a putative 
Diels-Alderase macrophomate synthase (MPS) was shown to be an efficient 
aldolase that decarboxylates oxaloacetate to yield an enolate that reacts with a 
sugar in a stereoselective aldol-type addition (Gillingham et al. 2010). An example 
of catalytic promiscuity induced by mutation, was shown for an alanine 
racemase from Geobacillus stearothermophilus where a single-point mutation 
suppressed the native racemase activity to favor a promiscuous retro-aldol 
activity (Seebeck and Hilvert, 2003).  
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1.3 Candida antarctica Lipase B 

1.3.1 General 

Lipases (EC 3.1.1.3) belong to the enzyme main class of hydrolases. Lipases 
normally hydrolyze triglycerides into glycerol and the corresponding free fatty 
acids at an oil-water interface (Scheme 1). The hydrolysis can be replaced by 
transacylation, if the oil-water medium is replaced by a dry organic solvent 
containing another nucleophile than water (alcohol, sugar, thiol or amine) 
(Martinelle and Hult, 1995a). Most lipases show interfacial activation (Sarda and 
Desnuelle, 1958); the opening of a lid covering the active-site at an oil-water 
interface (Tilbeurgh et al. 1993).  
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Scheme 1. Lipases digest triglycerides into glycerol and corresponding fatty acids at an oil-
water interface.  

Candida antarctica lipase B (CALB), also known as Pseudozyma antarctica 
lipase B (Boekhout, 1995), is suggested to be a crossbreed between an esterase 
and a lipase, because the enzyme displays no significant homology to other 
known lipase sequences (Uppenberg et al. 1994), has low activity against large 
triglyceride substrates and show no interfacial activation (Martinelle et al. 1995). 

1.3.2 Structure 

The structure of CALB was solved in 1994 by Uppenberg et al. revealing an α/β-
hydrolase fold (Ollis et al. 1992; Holmquist, 2000). A solvent exposed 
hydrophobic channel leads down to the enzyme active-site. In the active-site, a 
catalytic triad, consisting of S105, H224 and D187, and an oxyanion hole, built 
up by T40 and Q106, are found (Uppenberg et al. 1994). The structure of CALB 
with the catalytically active amino acids and a tetrahedral intermediate 
depicted is shown in Figure 1. 
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Figure 1. The structure of CALB derived from the 1LBS crystal structure (Uppenberg et al. 1995) 
deposited in the Protein Data Bank (www.rcsb.org). The amino acids constructing the catalytic 
triad (S105, H224 and D187) and oxyanion hole (T40 and Q106) are depicted in sticks. A 
tetrahedral intermediate of methyl butanoate, constructed by modifications of the inhibitor 
structure adopted from the crystal structure, is covalently bound to the catalytic S105 and 
coordinated by hydrogen bonds to the oxyanion hole and H224. The hydrogen bond 
coordination’s in the active-site are shown by yellow dashes. Molecular graphics created with 
YASARA (www.yasara.org) and PovRay (www.povray.org). 
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Scheme 2. The ping pong bi bi reaction mechanism of Candida antarctica lipase B for 
hydrolysis of an ester to carboxylic acid. The nucleophilic S105 forms an acyl enzyme and an 
acid is formed after an attack of water (Hult, 1992). A transacylation reaction can take place if 
the water molecule is replaced by an alcohol (Martinelle and Hult, 1995). 

1.3.3 Reaction mechanism 

CALB displays a ping pong bi bi type of kinetics that includes the formation of two 
tetrahedral intermediates and an acyl enzyme (Hult, 1992). The reaction 
mechanism for hydrolysis of an ester by CALB is shown in Scheme 2. The ester 
substrate enters the active-site and becomes activated and coordinated to the 
oxyanion hole formed by T40 and Q106. The nucleophilic S105 attacks the 
carbonyl carbon of the substrate to form a tetrahedral intermediate that is 
stabilized by the oxyanion hole. An acyl enzyme is formed as an alcohol is 
released from the intermediate. Water attacks the acyl enzyme to form a second 
tetrahedral intermediate. The product is then released and the enzyme is ready to 
act on a new substrate. A transacylation reaction can occur if water is excluded 
from the system and replaced by another nucleophile, such as an alcohol 
(Martinelle and Hult, 1995).  
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1.3.4 Candida antarctica lipase B promiscuity 

CALB is nowadays known as a highly promiscuous enzyme, since it displays 
enzyme condition-, substrate- and catalytic promiscuity. The enzyme is in 
immobilized form active and stable in reaction conditions that are unnatural to 
the enzyme, like organic solvent and at elevated temperatures (Uppenberg et 
al. 1994). CALB has a broad substrate acceptance and accepts a wide range 
of carbonyl compounds, like aldehydes, ketones, esters and acids. The enzyme 
condition- and substrate promiscuity of CALB has lead to a number of industrial 
lipase applications (Schmid et al. 2001; Liese et al. 2006). The enzyme has been 
shown to catalyze various alternative reactions that proceed in the enzyme 
active-site via transition states that differ from the native transformation, like 
aldol additions (Branneby et al. 2003 and 2004), conjugate additions (Torre et al. 
2004, 2005; Cai et al. 2004; Paper I, II, IV; Xu et al. 2007b; Qian et al. 2007; 
Strohmeier et al. 2009), direct epoxidations (Paper III), decarboxylative aldol- and 
Knoevenagel reactions (Feng et al. 2009) and Markovnikov additions (Lou et al. 
2008, 2009).  

1.3.5 Industrial application 

CALB is an attractive industrial biocatalyst because of its substrate- and reaction 
promiscuity in combination with its highly selective behavior (Uppenberg et al. 
1994; Anderson et al. 1998; Kovac et al. 2000; Berglund, 2001; Jaeger and Eggert, 
2002; Reetz, 2002; Gotor-Fernández et al. 2006; Naik et al. 2010). Lipases can in 
general be applied in non-aqueous environments to provide enantiopure chiral 
molecules by transacylation reactions. Lipases are applied for asymmetric 
synthesis and kinetic resolution of racemic alcohols, acids, esters or amines. CALB 
are used as a catalyst in a number of industrial transacylation applications 
(Schmid et al. 2001; Liese et al. 2006; Gotor-Fernández et al. 2006). As examples, 
the enzyme is applied for synthesis of esters, polyesters and amides, for 
regioselective synthesis of carbohydrate monoesters and to obtain 
enantiomerically enriched alcohols, amines and carboxylic acids 
(www.novozymes.com). Novozymes provides a commercially available 
preparation of CALB known as Novozym®435 that is adsorbed on macroporous 
resins (www.novozymes.com). 
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1.4  ω-Transaminases  

1.4.1 General 

Transaminases or aminotransferases (EC 2.6.1.X) belong to the enzyme main class 
of transferases and catalyze reversible transfer of an amino group from an amino 
acid to yield an α-keto acid enabled by a coenzyme pyridoxal-5´-phoshate (PLP) 
(Enzyme Nomenclature, 1992). All transaminases catalyze the same type of 
reaction but have different substrate specificity (Metha et al. 1993). The ω–
transaminases (EC 2.6.1.18) transfer amino groups that are separated from a 
carboxyl group by at least one methylene group (Pannuri et al. 2006).  

Numerous microorganisms containing (S)-selective ω-transaminases have 
been reported, such as Alcaligenes denitrificans Y2k-2 (Yun et al. 2004b), 
Arthrobacter citreus (Matcham et al. 1999), Bacillus megaterium SC6394 
(Hanson et al. 2004), Bacillus thuringiensis JS64 (Shin and Kim, 1998), 
Chromobacterium violaceum (Kaulmann et al. 2007), Klebsiella pneumoniae 
JS2F (Shin and Kim, 2001), Mesorhizobium (Kim et al. 2007), Vibrio fluvialis JS17 
(Shin and Kim, 1999). There are two (R)-selective ω-transaminases reported; 
Arthobacter sp. KNK168 (Iwasaki et al. 2003) and a Codexis ω-transaminase 
variant ATA117 (www.codexis.com). The (S)- and (R)-selective ω-transaminases 
belong to different fold types. 

1.4.2 Pyridoxal-5´-phosphate 

Enzymes dependent on pyridoxal-5´-phosphate (PLP) are able to catalyze various 
different reactions by stereoelectronic control (Scheme 3). The primary function of 
PLP is anion stabilization of the α-carbon. After deprotonation, decarboxylation or 
R-group cleavage at the α-position of an external aldimine, stabilization is 
achieved by delocalization of the negative charge by resonance in the 
quinonoid intermediate π-system (Eliot and Kirsch, 2004). The type of reaction 
catalyzed (retro aldol cleavage, decarboxylation, transamination or 
racemization) depends on the position of the bond to be cleaved in relation to 
the pyridoxal phosphate ring (John, 1995; Paiardini et al. 2003). According to the 
Dunathan hypothesis, the bond to be cleaved must be positioned perpendicular 
to the coenzyme-imine π–system (Dunathan, 1966). The formed π-orbital is then 
aligned for maximal overlap with the coenzyme-imine π–system, which lowers the 
transition state energy and hence increases the reaction rate (Figure 2).  
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Scheme 3. Structure of PLP in complex with an L-amino acid (an external aldimine). The bond 
to be cleaved must be positioned perpendicular to the coenzyme-imine π–system in order to 
gain delocalized energy according to Dunathan’s hypothesis. A, B and C illustrate different 
reaction routes that can be catalyzed depending on the position of the bond to be cleaved 
(Dunathan, 1966; John, 1995; Paiardini et al. 2003). Route A shows the deprotonation 
according to transaminases, racemaces and β-decarboxylases. Route B shows the cleaving of 
an R group, according to threonine aldolases that forms L-glycine and acetaldehyde. Route C 
shows decarboxylation by decarboxylases. 

 

Figure 2. A three-dimensional structure of an external aldimine viewed in the plane. The bond 
to be cleaved must be positioned perpendicular to the coenzyme-imine π–system in order to 
gain delocalized energy according to Dunathan’s hypothesis. Molecular graphics created 
with YASARA (www.yasara.org) and PovRay (www.povray.org). 

 

Figure 3. The structure of a dimeric transaminase from Silicibacter pomeroyi (3HMU.pdb) 
deposited in the Protein Data Bank (www.rcsb.org). The two subunits are indicated by cyan 
and red color. The PLP molecules (adopted from 3FCR.pdb) are shown in ball-and-sticks. 
Molecular graphics created with YASARA (www.yasara.org) and PovRay (www.povray.org). 
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1.4.3 Structure 

In the present investigation, (S)-selective ω-transaminases from Arthrobacter 
citreus (Ac-ωTA) and Chromobacterium violaceum (Cv-ωTA) are explored. To 
date, there is no crystal structure of these ω-transaminases deposited in the 
Protein Data Bank (www.rcsb.org). However, a homologous transaminase from 
Silicibacter pomeroyi (3HMU.pdb) showing 27% and 51% sequence identity to Ac-
ωTA and Cv-ωTA, respectively, was found by blast seaches. The overall structure 
of this enzyme is shown in Figure 3.  

All transaminases with known crystal structures with higher than 20% 
sequence identity to Cv-ωTA are dimeric molecules (Sayer et al. 2006). The ω-
transaminase dimeric molecule is built up by two equal subunits and the two 
active-sites involve amino acid residues from both subunits. PLP is coordinated in 
the active-site by a covalent Schiff base linkage to the ε-amino group of a 
catalytic lysine. The phosphate anchor of PLP (the three non-ester phosphate 
oxygen atoms) is coordinated to several water molecules and amino acid 
residues from both subunits in what is called “the phosphate group binding cup” 
(Denesyuk et al. 2002).  

1.4.4 Reaction mechanism 

Transaminases are assumed to follow a ping pong bi bi reaction mechanism 
(Scheme 4). This mechanism involves two half reactions. In the first half-reaction, 
an amino donor reacts with PLP to form pyridoxamine phosphate (PMP). In the 
second half-reaction, the amino group is transferred from PMP to an amino 
acceptor compound (Silverman, 2000). 

The ω-transaminases can be applied in either synthesis or resolution mode. 
In synthesis mode (Scheme 5), an amino group is transferred to a prochiral ketone 
to produce a chiral amine. The resolution mode involves transfer of an amino 
group from the preferred enantiomer of a racemate to an acceptor substrate to 
yield corresponding ketone and chiral amine (Scheme 6). However, the synthesis 
mode is often preferred, since the overall theoretical yield is 100% while the 
maximal theoretical yield of a kinetic resolution is only 50%. A combination of 
synthesis and resolution mode is also possible to give deracemization (Scheme 7). 
For deracemization, the ketone generated in the resolution mode can be used as 
a substrate in synthesis mode by applying an ω-transaminase with reversed 
enantiopreference (Koszelewski et al. 2009).  
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Scheme 4. The ω-transaminases are assumed to follow a ping pong bi bi reaction mechanism. 
In resting state, PLP is covalently attached to the enzyme by a Schiff base linkage to the  
ε-nitrogen of a catalytic lysine (an internal aldemine). An amine donor reacts with the internal 
aldemine to form pyridoxamine-5´-phosphate (PMP), free lysine and a keto product. An 
amine acceptor reacts with PMP to form a quinonoid and water. Finally, the catalytic lysine 
absorbs a proton from the quinonoid to yield a chiral amine (Silverman, 2000). 
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Scheme 5. An example of a transamination reaction in synthesis mode using an (S)-selective 
ω-transaminase that converts acetophenone (amino acceptor) into (S)-1-phenylethylamine 
using isopropyl amine (amino donor). 
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Scheme 6. A transamination reaction in resolution mode using a racemic amine and 
puruvate. In this example, an (S)-selective ω-transaminase converts (S)-1-phenylethylamine 
into acetophenone, (R)-1-phenylethylamine remains and pyruvate is converted to L-alanine. 
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Scheme 7. Deracemization of racemic mexiletine in a two-step procedure. In the first step, an 
(S)-selective ω-transaminase converts (S)-mexiletine into keto product, while (R)-mexiletine 
remains, by using pyruvate as amine acceptor. In the second step, an (R)-selective ω-
transaminase converts the keto product by using D-alanine, to (R)-mexiletine and puruvate. If 
the order of the ω-transaminases is the opposite, (S)-mexiletine is received. The scheme is 
adopted from Koszelewski et al. 2009. 

The transaminase reaction most often suffers from unfavorable 
thermodynamic reaction equilibrium, since the ketone usually is more stable than 
the corresponding amine due to electron resonance effects (Shin and Kim, 1999). 
Different methods have been developed to overcome this problem. The reaction 
equilibrium can be shifted by applying an excess of amine donor or by removal of 
the coproduct by various chemical- or enzymatic methods. For example, using 
isopropyl amine as amine donor results in acetone, which can be evaporated 
from the reaction at elevated temperatures (Matcham et al. 1999) or reduced to 
an alcohol by an alcohol dehydrogenase (Cassimjee et al. 2010). Further enzyme 
displacement systems have been applied using lactate dehydrogenase (Shin and 
Kim, 1999; Koszelewski et al. 2008; Truppo et al. 2009), alanine dehydrogenase 
(Koszelewski et al. 2008) and pyruvate dehydrogenase (Goetz et al. 2001; Höhne 
and Bornscheuer, 2008). 

O NH2
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1.4.5 Industrial application 

There is a major industrial interest in ω-transaminases due to their ability to 
catalyze asymmetric synthesis of chiral amines with high enantioselectivity while 
accepting a wide range of substrates (Taylor et al. 1998; Stewart, 2002). Various 
enzymatic processes have been developed for preparation of chiral amines. 
For example, racemic amines have been resolved by transacylation using 
hydrolytic enzymes, such as lipases or proteases or by oxidation using amine 
oxidases (Höhne and Bornscheuer, 2009). Enantioselective transamination by ω-
transaminases is an alternative to other enzymatic- and chemical methods for 
production of chiral amines since these enzymes can be used in both resolution 
and synthesis mode, have broad substrate range and requires no coenzyme 
regeneration (Taylor et al. 1998). But, the substrate and product inhibition in 
combination with unfavorable reaction equilibrium have limited the application 
of ω-transaminases in larger scales. 

The pioneering work on ω-transaminases was performed by the American 
company Celgene Corporation in the 1990s (Stirling et al. 1990; Matcham and 
Bowen, 1996). This company applied directed evolution to develop thermostable 
ω-transaminase variants for the synthesis of (S)-methoxyisopropyl amine from 
methoxyacetone and isopropyl amine. The enzymatic synthesis could then be 
performed at an elevated temperature to evaporate the formed acetone and 
hence shift the unfavourable thermodynamic equilibrium towards product 
(Matcham et al. 1999). In 1997, Celgene Corporation was purchased by Cambrex 
Corporation. Consequently, Cambrex Karlskoga AB applies optimized (R)- and (S)-
selective ω-transaminase variants for industrial production of various chiral amines, 
like aminotetralins, methylbenzylamines, phenylpropylamines and polyfunctional 
amines (Pannuri et al. 2006; Martin et al. 2007; Lidström, 2007). 
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1.5  Molecular Modeling  

In molecular modeling, molecular structure and function are explored in order to 
understand and predict molecular behavior. Molecular modeling involves various 
computer-based methods such as quantum mechanics, molecular mechanics, 
minimizations and simulations. The molecular systems that can be explored range 
from small molecules to complex macromolecules like proteins and DNA (Leach, 
2001). For molecular modeling of proteins, a three-dimensional protein structure is 
required, which can be experimentally provided by X-ray crystallography, NMR or 
by homology modeling methods. In March 2010, there were over 62 000 protein 
crystal structures deposited in the Protein Data Bank (www.rcsb.org). These 
structures can offer essential information about enzyme and substrate interactions.  

In molecular modeling of protein systems, energy minimization is applied to 
lower the overall energy in order to reach the global energy minimum. However, 
systems can be trapped in the closest local minimum. To overcome this 
phenomenon, molecular dynamics that simulates molecular behavior of a protein 
system over time can be utilized. Energy minimization can obtain a static picture 
to compare different states of similar systems and molecular dynamic simulations 
can provide information about structural motions affected by parameters such as 
solvent, pH and temperature. Energy minimization and molecular dynamics 
simulations were applied in the present investigation to find the binding modes 
and hydrogen bond coordination of some substrates that is unnatural to CALB 
(Paper I, III and IV) and for proper hydrogen bond coordination of PLP in the ω-
transaminase active-site (Paper V). 

Prediction of substrate binding modes and substrate coordination in an 
enzyme active-site can be explored by molecular docking simulations. This type 
of computer simulation is commonly applied in small-molecule drug discovery 
for hit identification (find a suitable substrate from a database) and lead 
optimization (find the substrate binding mode). In the molecular docking 
simulation method, a ligand starts from a random position outside a receptor 
(enzyme) and different ligand (substrate) binding modes are explored until the 
best one is found. This method allows ligand flexibility and the binding energy for 
the ligand to the binding site to be calculated. AutoDock (Morris et al. 1998) is a 
well-known software that applies the docking simulation method. In the present 
investigation, AutoDock4 was applied to find the binding modes of some 
substrates that is unnatural to CALB (Paper I, III, and IV) and to explore the 
enantiopreference of an ω-transaminase from Arthrobacter citreus (Ac-ωTA) 
variant CNB05-01 and variants thereof (Paper V). 
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1.5.1 Homology modeling 

When a protein crystal structure is not available, a three dimensional protein 
model structure can be constructed by homology modeling. In biology, 
homology is defined as having a common evolutionary origin, which can be 
supported by sequence- or three dimensional similarities (Lewin, 1987; Reeck et al. 
1987). Homology modeling is based on the observations that the structure of a 
protein is determined by its amino acid sequence and that the structures are 
conserved to a higher extent than the primary sequences. This observation makes 
it possible to generate homology models of proteins with very low sequence 
identities (Chothia and Lesk, 1986, Sander and Schneider, 1991). 

The general goal with homology modeling is to generate a protein 
structure from a protein sequence that is comparable to an experimentally 
determined structure (by X-ray crystallography or NMR).  The protein to be 
modeled is called query or target and a protein crystal structure with high 
sequence identity is called template. The template can be found by a simple 
blast search using the query sequence. The sequence identity is related to the 
quality of the generated model. A generally accepted rule of thumb is that 
homology modeling is effective if the query show more than 40-50% sequence 
identity to template (Tramontano, 2006). 

Homology modeling generally involves four steps; (1) template recognition, 
(2) target to template alignment, (3) model building and optimization and (4) 
model evaluation. The target to template alignment is generally accepted as the 
most critical step (Martí-Renom et al. 2000). A lot of research has been spent on 
how to tell a computer to do the right decisions in order to generate homology 
models automatically. Today, there are numbers of online available homology 
modeling servers that provides homology structures with high throughput using 
different homology modeling techniques with varying results. In the present 
investigation, the EsyPred3D homology modeling server (Lambert et al. 2002) was 
applied to create homology models of the ω-transaminases from Arthrobacter 
citreus (Paper V) and Chromobacterium violaceum (unpublished data). 
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1.6  Protein Engineering  

Protein engineering is an important tool to extend the scope and applications of 
enzymes with desired physical and catalytic properties. Today, the major 
strategies for protein engineering are directed evolution, semi-rational design and 
rational design (Chen, 2001; Chica et al. 2005; Turner, 2009; Otten et al. 2010). 
Directed evolution is the method to use when an enzyme structure is not available 
or the positions of the wanted mutations are not known. This method is often 
applied when aiming for increased thermostability. Directed evolution involves 
iterative rounds of generating gene libraries by random mutagenesis, gene 
expression and library screening for desired properties (Turner, 2009). Semi-rational 
design of enzymes combines the random directed evolution method and a site-
specific rational design method. By using semi-rational approaches smaller 
libraries can be created by targeting several specific residues by using structural 
or functional knowledge (Chica et al. 2005). Successful enzyme engineering by 
rational design requires knowledge about the enzyme function, mechanism and 
structure. The target amino acids can then be selected and altered by site-
directed mutagenesis. Rational design can be applied to increase reaction rates, 
substrate specificity, explore reaction mechanisms and to achieve enzyme 
catalytic promiscuity. In the present investigation, rational design was applied and 
will therefore be more thoroughly discussed in the following text. 

The power of rational design has been demonstrated by numerous 
successful examples in the literature. A successful example where the 
enantiopreference of CALB was changed from (R)- to (S)-selectivity by a single-
point mutation in the enzyme active-site was shown by Magnusson et al. The 
enantioselectivity of the lipase variant changed 8 300 000 times towards 1-
phenylethanol compared to wild-type enzyme (Magnusson et al. 2005). In a 
second example, the enantiopreference of a Bacillus subtilis esterase was 
reversed from (R)- to (S)-selectivity by a combination of rational design and 
directed evolution (Bartsch et al. 2008). In the present investigation, a rational 
designed variant of CALB was applied to demonstrate that the promiscuous 
conjugate addition- and direct epoxidation activities proceeds without formation 
of acyl enzyme or hemiacetal formation (Paper I-IV). Rational design based on 
homology modeling was successfully applied to create variants of an ω-
transaminase from Arthrobacter citreus variant CNB05-01 with increased 
enantioselectivity or reversed enantiopreference for a particular substrate (Paper 
V) and an ω-transaminase from Chromobacterium violaceum with reduced 
isopropyl amine inhibition (unpublished data).  
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1.7  Enzyme Thermodynamics  

Enzymes accelerate reaction rates of chemical transformations by transition state 
stabilization (Pauling, 1948). This is achieved by providing an environment and a 
reaction pathway that is energetically more favorable than in bulk solution. 
Enzymes use following strategies to a varying degree to accomplish transition 
state stabilization; approximation of reactants, covalent catalysis, general 
acid/base catalysis, conformational distortion and preorganized active-site 
complementary to the transition state structure (Cannon and Benkovic, 1998; 
Cleland, 1998; Neet, 1998; Warshel, 1998; Copeland, 2000).  

1.7.1 Transition state theory 

The Eyring equation (Equation 1) is based on the transition state theory (Eyring, 
1935), which in turn is based on that; (I) rates can be calculated by focusing only 
on the activated complexes (transition state complexes), (II) the activated 
complexes are in quasi-equilibrium with the reactants, and (III) the activated 
complexes can be turned over to products at a frequency, υ, corresponding to 
that of the stretching vibration of the bond to be broken or formed (Equation 2). In 
the Eyring equation, k is a rate constant, kB is the Boltzmann constant, T is the 
reaction temperature in Kelvin, h is the Planck’s constant and R is the ideal gas 
constant.  
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An enzyme-catalyzed reaction goes from free enzyme E and substrate S to 
product P by passing a transition state with high energy. Enzymes increase the 
reaction rate over an uncatalyzed reaction by stabilizing the transition state and 
hence lowering the activation energy barrier (Figure 4). The Gibbs free energies 
(G) associated with each state of an enzyme-catalyzed reaction can be 
estimated from kinetic measurements. For example, the turnover number can be 
related to the activation energy Ea or the free energy for the transition state 
complex ΔG‡kcat by applying the Eyring equation (Equation 3). A reaction profile 
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diagram in Figure 4 shows the relation between the kinetic constants and the free 
energy parameters.  
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Figure 4. An energy profile diagram of an uncatalyzed reaction (grey curve) and an enzyme-
catalyzed reaction (black curve) along a reaction coordinate. A reaction starts from free 
enzyme E and substrate S. In the presence of an enzyme, the reaction proceeds via an 
enzyme substrate complex ES before formation of a transition state complex ES‡. The transition 
state complex can either dissociate to free enzyme E and substrate S or proceed to an 
enzyme product complex EP before the reaction is completed to yield free enzyme E and 
product P. In the uncatalyzed case, the substrate is directly converted into transition state S‡ 
that can go backwards to free substrate S or forward to form product P. The corresponding 
differences in free energy along the reaction coordinate are indicated. 

Combining the Eyring equation (Equation 3) with the definition of Gibbs 
free energy (Equation 4), the change in Gibbs free energy of activation ΔG‡kcat, 
enthalpies of activation ΔH‡ and entropies of activation ΔS‡ can be determined 
by plotting ln k/T against 1/T (Equation 5). In the present investigation, a 
temperature study of a direct epoxidation reaction showed that lipase-catalyzed 
reactions in aqueous buffer had a lower entropic contribution to the activation 
free energy compared to the spontaneous reaction, which could originate from a 
requirement of rearrangement of water molecules to stabilize the transition state 
(Paper III).  
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1.7.2 Enzyme catalytic proficiency 

A spontaneous reaction rate ( ) for a two substrate reaction is determined 
according to Equation 6, where [S]1 and [S]2 are the two substrate concentrations. 
It is often of interest to compare the rate of an enzyme-catalyzed reaction with 
the corresponding spontaneous reaction rate to show the enzyme rate 
enhancement  (Equation 7). This value varies a lot between different enzymes 
(105-1017), but is an indication on how effective an enzyme is for a particular 
substrate (Radzicka and Wolfenden, 1995; Wolfenden and Snider, 2001). Enzyme 
catalytic proficiency  (Equation 8) is a measure of the catalytic power of an 
enzyme (108-1023) and differs from enzyme rate enhancement by also providing 
a measure of enzyme substrate affinity (Miller and Wolfenden, 2001; Wolfenden 
and Snider, 2001). These equations were applied in the present investigation to 
show the catalytic performance of CALB for promiscuous conjugate and direct 
epoxidation activities (Paper I-IV).  

nonk

xK

txK

v = knon×[S]1×[S]2 Equation (6) 

noncatx = kkK  Equation (7) 

( ) nonMcattx = kKkK  Equation (8) 

The difference in energy in transition state (ΔΔG‡) between an enzyme-
catalyzed reaction and a spontaneous reaction can be measured by subtracting 
the Gibbs free energy ΔG‡kcat by that for ΔG‡knon, indicated in Figure 4. In the 
present investigation, differences between lipase-catalyzed reactions and 
spontaneous reactions of approximately -40 kJ mol-1 was shown for a direct 
epoxidation reaction (Paper III), which corresponds to a possible transition state 
stabilization in the enzyme by two hydrogen bonds (Magnusson et al. 2005). 
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2.  PRESENT INVESTIGATION 
This thesis is based on biocatalytic investigations that are presented within this 
chapter in two parts. These investigations have resulted in five papers found in the 
end of the thesis. In a lipase investigation (Paper I-IV), Candida antarctica lipase B 
(CALB) is explored for enzyme catalytic promiscuity. In an ω–transaminase 
investigation (Paper V), rational design based on homology modeling was 
applied to yield ω–transaminase variants with improved catalytic properties.  

 
 
2.1  Lipase Investigation 

2.1.1 Objective 

The objective of the lipase investigation was to explore CALB for enzyme 
catalytic promiscuity with main focus on understanding enzyme and substrate 
interactions. For this, collaboration was initiated with the division of Physical 
Chemistry at KTH to combine kinetic experiments and molecular modeling. 
Initially, the possibility of utilizing the carbonyl activation oxyanion hole in the 
active-site of CALB for catalysis of various promiscuous activities involving carbonyl 
compounds like aldol additions, Bayer-Villiger oxidations, conjugate additions and 
direct epoxidation reactions was investigated by molecular modeling. The 
enzyme substrate interactions and reaction mechanisms in CALB were suggested 
for each reaction by quantum-chemical calculations. A variant of CALB was 
suggested (S105A) to prevent acyl enzyme or hemiacetal formation by the 
nucleophilic S105. Both CALB wild-type and CALB S105A was chosen for further 
investigations of its catalytic promiscuity. 

2.1.2 Conjugate addition activity 

Promiscuous conjugate addition activity of lipases had previously been shown 
by others (Kitazume et al. 1986, Kitazume and Murata, 1987 and 1988). In these 
studies, esterases, lipases and proteases were applied for catalysis of 
trifluorinated α,β-unsaturated carboxyl acids and esters in buffer solution or 
organic solvent yielding enantioselective conjugate adducts. To further explore 
and understand the molecular interactions of the promiscuous lipase-catalyzed 
conjugate addition activity, we explored the active-site of CALB S105A by both 
kinetic experiments and molecular modeling. A reaction mechanism for a 
model conjugate addition system containing methanethiol and 2-propenal in 
CALB S105A were determined and explored in detail by quantum-chemical 
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calculations at the division of Physical Chemistry at KTH (Scheme 8). According 
to this reaction mechanism, the native ping pong bi bi reaction mechanism for 
hydrolysis/transacylation activity is altered to an ordered bi uni reaction 
mechanism for conjugate addition activity. An α,β-unsaturated carbonyl 
compound, 2-propenal, coordinated to the enzyme oxyanion hole formed by 
T40 and Q106. Thiols can coordinate to various amino acid residues in the 
active-site. The coordination of methanethiol to H224 activates and possesses 
the substrate in a productive binding mode for conjugate addition. H224 
activates methanethiol by proton abstraction prior nucleophilic attack on the β-
carbon of 2-propenal. A conjugate addition intermediate is formed which is 
stabilized by the oxyanion hole. The catalytic reaction ends by a proton transfer 
from H224 to the α-carbon of the conjugate addition intermediate. The product 
leaves the active-site and the enzyme is ready to turnover another pair of 
substrates. The rate determinating step of this reaction mechanism was shown 
by quantum-chemical calculations to be the proton transfer from H224 to the α-
carbon of the conjugate addition intermediate (Paper I).  

The conjugate addition activity of CALB wild-type and CALB S105A were 
explored using various nucleophiles to α,β-unsaturated carbonyl compounds 
(aldehydes, ketones and an ester) (Scheme 9). Nucleophiles like alcohols, amines, 
1,3-dicarbonyl compounds, thiols and water were selected for evaluation. Only 
diethyl amine, 1,3-dicarbonyl compounds and thiols reacted in a conjugate 
addition fashion. This was explained by the concept of soft and hard electrophiles 
and nucleophiles (Jacobs, 1997). α,β-Unsaturated carbonyl compounds are 
considered as ambident electrophiles that may react on different sites depending 
on the nucleophile. Generally for α,β-unsaturated carbonyl compounds, hard 
nucleophiles react on the carbonyl carbon in an 1,2-addition and soft 
nucleophiles react with the β-carbon in an 1,4-addition (conjugate addition). 
Alcohols and water are hard nucleophiles and prefer 1,2-addition to α,β-
unsaturated carbonyl compounds. Thiols and 1,3-dicarbonyl compounds are soft 
nucleophiles that react in 1,4-fashion to α,β-unsaturated carbonyl compounds.  
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Scheme 8. Proposed ordered bi uni reaction mechanism for conjugate addition of 
methanethiol to 2-propenal catalyzed by CALB S105A (Paper I).  
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Scheme 9. General reaction scheme for conjugate additions catalyzed by CALB wild-type or 
CALB S105A in buffer solution, organic solvent or without solvent at 20 ˚C. Aldehydes, ketones 
and an ester were able to undergo enzyme-catalyzed conjugate additions using diethyl 
amine, 1,3-dicarbonyl compounds and thiols. The following substrates were used for 
conjugate additions: (1) 2-Propenal, R1=H, R2=H, R3=H; (2) 2-Butenal, R1=H, R2=H, R3=Me; (3) 2-
Pentenal, R1=H, R2=H, R3=Et; (4) 2-Methyl-2-pentenal, R1=H, R2=Me, R3=Et; (5) 3-Phenyl-2-
propenal, R1=H, R2=H, R3=Ph; (6) 2-Cyclohexenone, R1=Me, R2=H, R3=Et; (7) Methyl vinyl ketone, 
R1=Me, R2=H, R3=H; (8) Methyl acrylate, R1=OMe, R2=H, R3=H; (9) Diethyl amine; (10) 
Acetylacetone, R4=Me; (11) Dimethyl malonate, R4=OMe; (12) Ethanethiol, R5=Et; (13) tert-
Butylthiol, R5=tBu; (14) 2-Butylthiol, R5=2-Bu; (15) 2-Pentanethiol, R5=2-Pent; (16) Benzylthiol, 
R5=Bz; (17) Thiophenol, R5=Ph. 

The kinetic constants for various conjugate additions are compiled in Table 
1 and 2. CALB wild-type and the S105A variant performed conjugate additions 
with thiols (Table 1) at similar rates. Only CALB S105A could catalyze conjugate 
additions using methyl acrylate in organic solvent (Table 1, Entry 21 and 22). No 
product was detected using the wild-type enzyme, since the nucleophilic S105 
can form an acyl enzyme with the ester that can block further reaction. 
Additionally, unexplained and in contradiction to these results, the conjugate 
addition of diethyl amine to methyl acrylate in organic solvent proceeded faster 
using wild-type enzyme compared to the S105A variant (Table 1, Entry 23). CALB 
S105A catalyzed carbon-carbon bond formation through conjugate addition 
between 1,3-dicarbonyl compounds and α,β-unsaturated carbonyl compounds 
faster than CALB wild-type. The conjugate addition of acetylacetone to 2-
propenal was 36 times faster than CALB wild-type. This reaction was also 
remarkably faster than the other reactions, with a of 4000 s-1. Conjugate 
additions using acetylacetone as nucleophile performed better than when using 
dimethyl malonate. This could be due to a more acidic α-proton of acetyl 
acetone and by enzyme inhibition caused by acyl enzyme formation using 
dimethyl malonate.  

app
catk
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Table 1. Kinetic constants for CALB S105A and CALB wild-type (wt) catalyzed conjugate 
addition using different combinations of thiols or diethyl amine to α,β-unsaturated carbonyl 
compounds. The spontaneous reaction rates ( ) are shown for comparison. Reactions nonk
were performed in organic solvents at 20 ˚C. 

 Reactants Kinetic constants 

Entry Acceptor[a] Donor[b] app
S105A cat,k  

[min-1] 

app
 wtcat,k  

[min-1] 
nonk  

[min-1 M-1] 

app
S105A cat,k /  nonk

[M-1] 

1 1 13 3.5  1.5 × 10-5 2.3 × 105 

2 2 12 4.3 4.6 3.0 × 10-5 1.4 × 105 

3 2 13 0.6  3.3 × 10-6 1.8 × 105 

4 2 14 0.18  1.1 × 10-6 1.6 × 105 

5 2 15 1.03 0.67 9.9 × 10-7 1.0 × 106 

6 2 16 1.3  1.3 × 10-4 1.0 × 104 

7 3 12 1.03 0.93 3.8 × 10-6 2.7 × 105 

8 3 13 0.0077  3.3 × 10-6 2.3 × 103 

9 3 14 0.044  6.5 × 10-8 6.8 × 105 

10 3 15 0.056 0.018 5.0 × 10-6 1.1 × 104 

11 3 16 1.3  3.8 × 10-5 3.4 × 104 

12 4 12 0.41  2.0 × 10-7 2.1 × 106 

13 4 16 0.21 0.22 3.3 × 10-5 6.4 × 103 

14 5 12 0.13  6.5 × 10-5 2.0 × 103 

15 5 13 0.024  2.3 × 10-8 1.0 × 106 

16 5 14 0.058  2.0 × 10-7 2.9 × 105 

17 5 15 0.27 0.097 9.9 × 10-8 2.7 × 106 

18 5 16 1.2  1.0 × 10-6 1.2 × 106 

19 6 15 0.27 0.48 1.9 × 10-5 1.4 × 104 

20 6 17 1.4  1.1 × 10-7 1.3 × 107 

21 8 12 0.064 <0.010 2.0 × 10-7 3.2 × 105 

22 8 15 0.028 <1.7 × 10-5 2.3 × 10-8 1.2 × 106 

23 8 9 <15 810 2.4 × 10-3 < 6.3 × 103 

[a]  Acceptors: 
(1) 2-Propenal 
(2) 2-Butenal 
(3) 2-Pentenal  

(4) 2-Methyl-2-pentenal  
(5) 3-Phenyl-2-propenal 
(6) 2-Cyclohexenone  
(8) Methyl acrylate  

[b]  Donors:  
(9)   Diethylamine   
(12) Ethanethiol  
(13) tert-Butylthiol 

(14) 2-Butylthiol 
(15) 2-Pentanethiol  
(16) Benzylthiol  
(17) Thiophenol 
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Table 2. Kinetic constants for CALB S105A and CALB wild-type (wt) catalyzed conjugate 
addition using different combinations of 1,3-dicarbonyl compounds to α,β-unsaturated 
carbonyl compounds. The spontaneous reaction rates ( ) are shown for comparison. nonk
Reactions were performed without solvent at 20 ˚C.  

 Reactants[a]   Kinetic constants 

Entry Acceptor[a] Donor[b] app
S105A cat,k  

[s-1] 

app
 wtcat,k   

[s-1] 

nonk  

[s-1M-1] 

app
S105A cat,k / nonk  

[M-1] 

1 1 10 4000 110 2.6 × 10-5 1.5 × 108 

2 7 10 1.2 0.9 4.8 × 10-9 2.4 × 108 

3 8 10 0.081 0.0024 2.6 × 10-8 3.1 × 106 

4 1 11 < 10-7 < 10-7 < 10-10 - 

5 7 11 0.32 0.0058 4.4 × 10-7 7.2 × 105 

6 8 11 0.009 1.1 × 10-5 1.5 × 10-11 5.9 × 108 

[a]  Acceptors: 
(1) 2-Propenal 
(7) Methyl vinyl ketone 
(8) Methyl acrylate 

[b]  Donors: 
(10) Acetylacetone 
(11) Dimethyl malonate 
  

 

To demonstrate that the lipase-catalyzed conjugate addition takes place 
in the enzyme active-site, a reaction containing irreversibly inhibited CALB wild-
type was examined. A common lipase inhibitor, methyl p-nitrophenyl  
n-hexylphosphonate, which reacts with the catalytic S105 to form an irreversible 
enzyme substrate complex that blocks the active-site was applied according to 
Rotticci et al. (2000). Experiment showed that a reaction containing inhibited wild-
type enzyme was just as slow as the spontaneous reaction (Figure 5). This was later 
also shown by Strohmeier et al. (2009). 

According to the enzyme inhibition studies, the CALB-catalyzed conjugate 
addition takes place in the enzyme active-site. Despite this, no enantioselectivity 
was displayed for the explored reactions in Table 1. Also, various CALB variants 
(Q157H, S105A/I189W, S105A/V190L, T40A, W104A, W104H and W104Q) and other 
enzymes (Candida antarctica lipase A (CALA), cutinase and hydroxynitrile lyase 
from Manihot esculenta (Me-HNL)) showed conjugate addition activity without 
enantioselectivity (unpublished data). 
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Figure 5. Conjugate addition of 2-pentanethiol to 2-butenal in cyclohexane catalyzed by 
CALB S105A variant (●) or CALB wild-type (■). The bottom five curves show control experiments 
with imidazole (×), carrier without enzyme (▲), inhibited wild-type (◊) and the spontaneous 
reaction (+).  

The lack of enantiomeric preference in CALB for conjugate additions was 
further explored by molecular modeling by Strohmeier et al. (2009). In that study, 
no specific binding modes were revealed using an enantiomer pair of a chiral 
conjugate adduct. The lack of enantioselectivity was explained by a too 
voluminous enzyme active-site (Strohmeier et al. 2009). Various enzymes, like 
acylases (Xu et al. 2005, 2007a, 2007b; Qian et al. 2007), lipases (Torre et al. 2004, 
2005; Paper I, II, III; Xu et al. 2005, 2007a, 2007b; Cai et al. 2006) and proteases 
(Cai et al. 2004, 2006) catalyze conjugate additions to produce racemic products 
from prochiral substrates. It is possible that all these enzymes have too large 
active-sites for enantioselective conjugate addition, but enantioselective 
conjugate additions of trifluorinated α,β-unsaturated carboxyl acids and esters 
using different hydrolytic enzymes in buffer solution have been reported (Scheme 
10) (Kitazume et al. 1986, Kitazume and Murata, 1987 and 1988). These results 
have not been repeated within the literature. The reason for enantioselectivity in 
those cases can be the formation of an acyl enzyme complex that keeps the 
substrate fixed during enzyme-catalysis. The enzymatic reaction ends by a 
hydrolysis step to release the conjugate adduct from the enzyme. The use of 
trifluorinated compounds seems to increase the rate of the conjugate addition to 
be competitive with the hydrolysis activity that would otherwise be too fast to 
compete with for the promiscuous reaction. Conjugate additions of aldehydes 
and ketones are assumed to proceed in CALB wild-type without the formation of 
an acyl enzyme, since no possible leaving group is present. CALB wild-type will 
most probably form an acyl enzyme with methyl acrylate. Since there is no 
substrate to react with the acyl enzyme, the enzyme is blocked for further 
transformations. A noncovalent coordinated intermediate is free to move in a 
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totally different way in the active-site compared to a covalently coordinated 
intermediate. The difference between a tetrahedral intermediate that is both 
covalently and hydrogen bond coordinated in the active-site of CALB wild-type 
and a conjugate addition intermediate with only hydrogen bond coordination 
in the active-site of CALB S105A is shown in Figures 6 and 7. 

 
HO

O

CF3

NuH EnzO

O

CF3

Nu H2O

OEnzyme

Scheme 10. Enantioselective conjugate addition of trifluorinated α,β-unsaturated carbonyl 
compounds by various nucleophiles (sec-amines and thiols) catalyzed by different hydrolases. 
Highest stereoselectivity (71% ee) was achieved using Candida rugosa lipase in buffer solution 
at 40˚C (Kitazume et al. 1986; Kitazume and Murata, 1987 and 1988). Scheme adapted from 
Faber 2000. 

Michaelis-Menten kinetics revealed the catalytic 
proficiency ( ) nonMcat kKk of CALB S105A for three conjugate addition reactions; 
(1) thiophenol to 2-cyclohexenone in toluene, (2) acetylacetone to methyl vinyl 
ketone in cyclohexane and (3) acetylacetone to methyl acrylate in buffer solution 
(Table 3). In reaction number 1 and 2, the catalytic proficiencies were high and 
were comparable to those values of some normal enzyme-catalyzed reactions 
(108-1023)(Radzicka and Wolfenden, 1995; Wolfenden and Snider, 2001). Using the 
kinetic constants for the three conjugate additions in Table 3, Gibbs free energy of 
activation was determined at 298 K. The difference between the Gibbs free 
energy of activation for the enzyme-catalyzed reaction and the Gibbs free 
energy of activation for the spontaneous reaction (ΔΔG‡) can be related to the 
number of hydrogen bonds formed in the transition state, since it was shown by 
Magnusson et al. (2005) that one hydrogen bond corresponds to -20 kJ mol-1. For 
the investigated conjugate additions, the ΔΔG‡ values are between -34 and -48 
kJ mol-1, which correlates to a coordination by 1.7 to 2.4 hydrogen bonds in the 
transition state. According to the proposed reaction mechanism three hydrogen 
bonds are available for transition state stabilization. 

 

 

HO
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Q106 

Figure 6. A covalently bound tetrahedral intermediate in the active-site of CALB wild-type. The 
catalytically important amino acid residues (T40, S105, Q106, D187 and H224) of CALB wild-
type with a tetrahedral intermediate are shown in sticks. The structure of CALB was derived 
from the 1LBS crystal structure (Uppenberg et al. 1995) from the Protein Data Bank 
(www.rcsb.org). The tetrahedral intermediate was constructed by modifications of the inhibitor 
structure adopted from the crystal structure. The hydrogen bonds are shown by yellow dashes. 
Molecular graphics created with YASARA (www.yasara.org) and PovRay (www.povray.org).  

 
Figure 7. A noncovalently coordinated conjugate addition intermediate in the active-site of 
CALB S105A. The catalytically important amino acid residues (T40, Q106, D187 and H224) and 
Ala105 of CALB S105A with a conjugate addition intermediate are shown in sticks. The structure 
of CALB was derived from the 1TCA crystal structure (Uppenberg et al. 1994) from the Protein 
Data Bank (www.rcsb.org). The hydrogen bonds are shown by yellow dashes. Molecular 
graphics created with YASARA (www.yasara.org) and PovRay (www.povray.org).  

 

Tetrahedral 
intermediate

Acetylacetone 

A105 

H224 

D187 
T40 

T40 
S105 

D187 

H224 

Q106 
Conjugate addition 

intermediate

T40 A105 

D187 

H224 

Q106 

 
Figure 8. Acetylacetone coordinated to the oxyanion hole of CALB S105A. The two carbonyl 
oxygens of acetylacetone are coordinated by three hydrogen bonds provided by T40 and 
Q106. The catalytically important amino acid residues (T40, Q106, D187 and H224), Ala105 and 
acetylacetone are shown in sticks. The hydrogen bonds are displayed by yellow dashes. 
Molecular graphics created with YASARA (www.yasara.org) and PovRay (www.povray.org). 
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Table 3. Kinetic constants, change in Gibbs free energy and corresponding number of 
hydrogen bond coordination for conjugate additions of thiophenol (17) to 2-cyclohexenone 
(6) in toluene, acetylacetone (10) to methyl vinyl ketone (7) in cyclohexane and 
acetylacetone (10) to methyl acrylate (8) in buffer solution catalyzed by CALB S105Ala. The 
spontaneous reaction rates are shown for comparison. 

Entry 
 

Reactants 
 ( )app

Mcat Kk  
[s-1 M-1] 

nonk  
[s-1 M-1] 

( )app

non

Mcat

k
Kk

 
∆∆G‡[d] 

[kJ mol-1] 
Number 

of  
H-bonds[e] 

1 6 + 17[a] 3 1 × 10-7 2 × 107 - 42 2.1 

2 7 + 10[b]   1 5 × 10-9 2 × 108 - 48 2.4 

3 8 + 10[c]   0.01 1 × 10-8 1 × 106 - 34 1.7 

[a] 2-Cyclohexenone (0.001-2.5M), thiophenol (0.03 M), internal standard (n-decane, 0.3 M), 
43 mg ml-1 immobilized enzyme on carrier containing 2.3% (w/w) CALB S105A or 1.8% (w/w) 
CALB wild-type in toluene at 20 ˚C. 

[b] Methyl vinyl ketone (0.04-1 M), acetylacetone (0.1 M), internal standard (dodecane,  
0.3 M), 29 mg ml-1 immobilized enzyme on carrier containing 2.3% (w/w) CALB S105A or 1.8% 
(w/w) CALB wild-type in cyclohexane at 20 ˚C. 

[c] Methyl acrylate (0.16 M), acetylacetone (0.01-0.16 M), internal standard (1,4-dioxane,  
0.04 M), 20 mg ml-1 immobilized enzyme on carrier containing 1.8% (w/w) CALB S105A or 1.6% 
(w/w) CALB wild-type in sodium acetate buffer (20 mM, pH 5.0) at 21 ˚C. 

[d] Determined at 298 K using the Eyring equation. 

[e] The theoretically calculated number of hydrogen bond coordination is based on the value 
of one hydrogen bond (-20 kJ mol-1) (Magnusson et al. 2005). 

 

Molecular docking simulations of acetylacetone to CALB S105A and CALB 
wild-type revealed coordination of the 1,3-dicarbonyl compound into the 
oxyanion hole (Paper III and Figure 8). The two carbonyl oxygens could 
coordinate by one (CALB wild-type) or three (CALB S105A) hydrogen bonds 
provided by T40 and Q106. To experimentally explore acetylacetone for substrate 
inhibition, apparent kinetic constants were determined for a conjugate addition 
using methyl vinyl ketone and acetyl acetone in cyclohexane at 20 ˚C (Table 4). 
The concentration of methyl vinyl ketone was varied for three constant 
concentrations of acetylacetone. Experiments revealed substrate inhibition, since 
the apparent kinetic specificity constant ( )app

Mcat Kk  decreased with higher 
concentration of acetylacetone. According to the ordered bi uni reaction 
mechanism for conjugate addition activity in CALB S105A (Paper I), methyl vinyl 
ketone should bind in the oxyanion hole while acetylacetone should coordinate 
to H224. To avoid substrate inhibition by the 1,3-dicarbonyl compound, methyl 
vinyl ketone must coordinate to the oxyanion hole before acetylacetone. 
However, applying the lipase in a buffer solution of low pH results in a protonated 
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His224. Consequently, one of the two carbonyl oxygens of acetylacetone could 
coordinate to His224 and spontaneously form an enolate. 

Table 4. Kinetic constants for the conjugate addition of acetylacetone to methyl vinyl ketone 
catalyzed by CALB S105A in cyclohexane. The spontaneous reaction rates ( ) are shown nonk
for comparison.   

 Concentration of acetylacetone 

Kinetic constants 0.10 M 0.50 M 1.0 M 

( )app
Mcat Kk  [s-1M-1] 1.2 1.0 0.66 

 

Normally, CALB catalyzes hydrolysis of esters in water solution. It was 
experimentally demonstrated that the S105A mutation suppressed the hydrolytic 
activity of CALB to reveal conjugate addition activity (Paper IV). A model system 
consisting of an α,β-unsaturated ester (methyl acrylate) and a 1,3-dicarbonyl 
compound (acetylacetone) in buffer solution was applied to distinguish the 
hydrolytic- and conjugate addition activities of CALB wild-type and S105A variant  
(Scheme 11).  

 

 

 

 

Scheme 11. Model system to demonstrate the hydrolytic activity of CALB wild-type and 
conjugate addition activity in CALB S105A. Methyl acrylate can be hydrolyzed to form 
acrylic acid or react with acetylacetone in a conjugate addition to yield methyl 4-acetyl-5-
oxo-hexanoate. The reaction was performed in buffer solution at 21 ˚C. 

The experiments displayed hydrolytic activity of CALB wild-type and 
conjugate addition activity of CALB S105A (Table 5). The wild-type enzyme 
catalyzed hydrolysis of methyl acrylate to acrylic acid according to the native 
ping pong bi bi reaction mechanism (Martinelle and Hult, 1995) shown in Scheme 
2. However, the formed acyl enzyme can undergo nucleophilic attack by 

nonk  [s-1M-1] 4.8 × 10-9 4.8 × 10-9 4.8 × 10-9 

( ) non
app

Mcat kKk  2.4 × 108 2.2 × 108 1.4 × 108 

Reaction conditions: Methyl vinyl ketone (0.04-1 M), acetylacetone (0.1, 0.5 and  
1 M), internal standard (dodecane, 0.3 M), 20 mg ml-1 immobilized enzyme on carrier 
containing 2.3% (w/w) CALB S105A at 20 ˚C. 

O

O

21 °C

O

OOO

O

O

20 mM NaOAc pH 5

H2O

or

HO

OCALB wild-type

CALB S105A

21 °C
20 mM NaOAc pH 5
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acetylacetone on the β-carbon, but this reaction is too slow to compete with the 
native hydrolysis activity. No enzyme-catalyzed hydrolysis was detected for the 
model system using CALB S105A. In the S105A variant, the native activity was 
suppressed while conjugate addition activity was displayed. In a similar 
investation, Torre et al. showed that the ratio of aminolysis/conjugate addition can 
be altered by using different organic solvents, i.e hydrophobic solvents favored 
conjugate addition while hydrophilic solvents favored aminolysis (Torre et al. 2005). 

Table 5. Kinetic constants for hydrolysis or conjugate addition activities of CALB wild-type or 
CALB S105A. 

 

To conclude, CALB shows promiscuous conjugate addition activity. A 
reaction mechanism for the conjugate addition was established, where the 
native ping pong bi bi type of kinetics of CALB was rerouted to an ordered bi uni 
kinetics for conjugate addition activity. CALB wild-type and CALB S105A catalyzed 
conjugate additions of a sec-amine, 1,3-dicarbonyl compounds and thiols to α,β-
unsaturated carbonyl compounds like aldehydes, ketones and an ester in buffer 
solution, organic solvents or without solvent. The wild-type activity of CALB was 
suppressed by a replacement of the catalytic S105. This demonstrates the 
possibility to suppress a native activity in order to expose a promiscuous activity. 
The reactions obeyed Michaelis-Menten kinetics resulting in catalytic proficiencies 
that in some cases were of the same order as those values of enzymes with 
normal substrates. The catalytic transformation was shown to take place in the 
enzyme active-site by inhibition experiments. Despite this, no enantioselectivity 
was displayed for the explored conjugate addition reactions. The lack of 
enantiopreference of the CALB catalyzed conjugate additions can be due to a 
too voluminous active-site or the lack of covalent coordination of the substrates 
during enzyme-catalysis.  

 app
catk [min-1] 

Catalyst Hydrolysis Conjugate addition 

CALB wild type 0.6 < 10-4 [a] 

CALB S105A < 10-4 [b]  0.02 

Reaction conditions: Methyl acrylate (0.16 M), acetylacetone (0.04 M), internal standard 
(1,4-dioxane, 0.04 M), 20 mg ml-1 immobilized enzyme on carrier containing 1.8% (w/w) 
CALB S105A or 1.6% (w/w) CALB wild-type in  sodium acetate buffer 
(20 mM, pH 5.0)  at 20 ˚C. 

[a] Measured after 14 days.  

[b] Measured after 70 days. 
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2.1.3 Direct epoxidation activity 

In the second part of the lipase investigation, CALB was explored for promiscuous 
direct epoxidation activity. Lipases have previously been applied to partly 
catalyze epoxidation reactions (Björkling et al. 1990, 1992; Warwel and Klaas, 1995; 
Klaas and Warwel 1996, 1997, 1999a, 1999b; Lau et al. 2000; Skouridou et al. 2003). 
However, in those cases, the lipase only catalyzes the initial step of the 
epoxidation, i.e. the formation of a peroxy acid, and not the epoxidation step. 
The lipase-catalyzed peroxy acid formation follows the native ping pong bi bi 
reaction mechanism and the actual epoxidation takes place outside the enzyme. 
This type of epoxidation may be called indirect epoxidation. For lipase-catalyzed 
indirect epoxidation (Scheme 12) the enzyme forms a peroxy acid from a 
carboxylic acid and hydrogen peroxide. Peroxy acid is spontaneously reacting 
with an alkene. The spontaneous reaction could take place outside the enzyme, 
since the alkene has no coordination in the enzyme active-site (Björkling et al. 
1990).  

In contrast to the indirect epoxidation route that is only partly lipase-
catalyzed, the epoxidation step in the direct epoxidation reaction is proposed to 
occur in the enzyme active-site. The direct epoxidation activity of CALB was 
explored both computationally and experimentally. By applying the S105A variant 
of CALB, the indirect epoxidation route through a ping pong bi bi reaction 
mechanism is impossible.  
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Scheme 12. An example of an indirect epoxidation reaction partly catalyzed by a lipase via 
the native ping pong bi bi reaction mechanism. The formation of a peroxy acid from a 
carboxylic acid and hydrogen peroxide is catalyzed by the enzyme. The peroxy acid is 
spontaneously reacting further with an alkene to form a carboxylic acid and an epoxide 
(Björkling et al. 1990). The alkene has no coordination in the enzyme and therefore the last 
epoxidation step is spontaneous. 
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Scheme 13. Proposed ordered bi bi reaction mechanism for direct epoxidation of 2-butenal 
by hydrogen peroxide catalyzed by CALB S105A (Paper III). The two structures in brackets 
indicates the two transition state structures.  
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A reaction mechanism for the direct epoxidation in CALB S105A was 
determined by density functional theory calculations at the division of Physical 
Chemistry at KTH (Scheme 13). According to the proposed ordered bi bi 
reaction mechanism, 2-butenal (an α,β-unsaturated carbonyl compound) is 
coordinated to T40 by two hydrogen bonds, while hydrogen peroxide is 
coordinated to an unprotonated H224. H224 abstracts a proton from hydrogen 
peroxide and consequently, the inner oxygen forms a bond to the β-carbon of 
2-butenal. The negative charge that is formed on the aldehyde is by resonance 
effects transferred to the carbonyl oxygen that is stabilized in the oxyanion hole. 
The hydrogen bond between H224 and the inner oxygen is transferred to the 
outer oxygen of hydrogen peroxide before the reaction proceeds. Then, a 
covalent bond is formed between the inner oxygen of hydrogen peroxide and 
the α–carbon of the aldehyde. At the same time as the epoxide is formed, the 
H224 proton is transferred to the outer oxygen of hydrogen peroxide to form 
water.  

This reaction mechanism differs from the native ping pong bi bi reaction 
mechanism (Scheme 2), proceeds via other transition states (shown in brackets 
in Scheme 13) and is consequently a promiscuous activity. This reaction 
mechanism differs from the reaction mechanism proposed for the conjugate 
addition activity (Paper I), since two products are formed in the direct 
epoxidation reaction compared to only one product in the conjugate addition 
reaction. Reactants, 3-phenyl-2-propenal and hydrogen peroxide and a 
corresponding intermediate in the active-site of CALB S105A are shown in 
Figures 9 and 10. 
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Figure 9. Two reactants, 3-phenyl-2-propenal and hydrogen peroxide, in the active-site of 
CALB S105A. The catalytic important amino acid residues, T40, Q106, D187 and H224 are 
depicted. Possible hydrogen bond coordination is shown by white dashed lines.  
 

 

Figure 10. A direct epoxidation reaction intermediate, involving the reactants 3-phenyl-2-
propenal and hydrogen peroxide, in the active-site of CALB. The catalytic important amino 
acid residues, T40, Q106, D187 and H224 are depicted. Possible hydrogen bond 
coordination is shown by white dashed.  
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The direct epoxidation reaction was explored using a model system 
containing hydrogen peroxide and 2-butenal or 3-phenyl-2-propenal in organic 
solution (acetonitrile) or buffer solution (100 mM KH2PO4, pH 3.9) catalyzed by 
CALB wild-type or CALB S105A (Scheme 14). The CALB S105A variant was applied 
to show the direct epoxidation activity, since the indirect epoxidation reaction 
route via acyl enzyme formation leading to peroxy acid is impossible without the 
catalytic S105. Using the CALB S105A variant as catalyst for the model system, 
higher conversions were obtained compared to when using the wild-type 
enzyme. In Figure 11, the product formation over time is shown for a direct 
epoxidation containing hydrogen peroxide and 2-butenal in acetonitrile at 20 ˚C. 
Using the CALB variant as catalyst, 80% conversion was obtained after 17.5 days 
while only 44% conversion was reached after the same time using the wild-type 
enzyme. The direct epoxidation reaction was shown to take place in the enzyme 
active-site by performing reactions containing methyl p-nitrophenyl n-
hexylphosphonate (Figure 11). Control reactions were performed using 
immobilized albumin and polypropylene carrier without enzyme to compare to 
the enzyme-catalyzed reactions and the spontaneous reaction. However, all 
these reactions were almost as slow as the spontaneous reaction. 

H2O2 H2O
100 mM KH2PO4 buffer pH 3.9

or acetonitrile, 20°C

O

H

O

H

or

H
O

O

or
O

H
O

CALB wild-type 
or CALB S105A

 

Scheme 14. Model system applied to explore the direct epoxidation reaction catalyzed by 
CALB. Hydrogen peroxide in 35% water solution was mixed with 2-butenal or 3-phenyl-2-
propenal to form corresponding epoxides and water by the use of CALB wild-type or CALB 
S105A as catalyst in water solution or in acetonitrile. 
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Figure 11. A direct epoxidation reaction containing 2-butenal (0.3 M) and hydrogen 
peroxide (0.4 M) in acetonitrile at 20 ˚C. The product formation is shown versus time for 
reactions catalyzed by CALB S105A (□) or CALB wild-type (▲). The bottom five curves show 
control experiments containing immobilized albumin (○), inhibited CALB wild-type (∆) or carrier 
without enzyme (×). The spontaneous reaction (●) is shown as comparison.  

The kinetic constants for the direct epoxidation catalyzed by CALB wild-
type and S105A variant were examined in buffer solution or acetonitrile under 
pseudo-one substrate conditions (Table 6). The pH of the buffer solution was set 
low to suppress the spontaneous reaction. The concentration of aldehyde was 
varied while the concentration of hydrogen peroxide was constant. Using 2-
butenal in buffer solution, the CALB S105A variant showed increased specificity 
constant ( )app

Mcat Kk  and increased catalytic proficiency ( ) non
app

Mcat kKk , 
compared to CALB wild-type. No saturation was reached when the same 
reaction was performed in acetonitrile. The specificity constants ( )app

Mcat Kk  in 
acetonitrile were up to 20-fold lower than those in buffer solution. Despite this, 
the catalytic proficiency for the reaction in acetonitrile increased as a result of 
a slower spontaneous reaction. Due to solubility, direct epoxidation reactions 
containing 3-phenyl-2-propenal were only performed in acetonitrile. The 
obtained specificity constants were low for the direct epoxidation reactions 
containing 3-phenyl-2-propenal, but increased 10-fold when using CALB 
Ser105Ala compared to wild-type enzyme. 
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Table 6. Kinetic constants for direct epoxidations of 2-butenal or 3-phenyl-2-propenal by 
hydrogen peroxide in buffer solution or in acetonitrile (ACN) catalyzed by CALB wild-type 
or S105A at 20°C. 

 app
catk  

 [min-1] 
MK  

[M] 
( )app

Mcat Kk  
[M-1 min-1] 

nonk  
[M-1 min-1] ( ) non

app
Mcat kKk  

CALB wild-type 
2-butenal 
- in buffer[a] 

- in ACN[b] 
3-phenyl- 
2-propenal 
- in ACN[c] 

 
 

22 
n.s[d] 

 
 

0.24 
n.s[d] 

 
 

94 
6 
 
 

0.003 

 
 

3 × 10-5 
6 × 10-7 

 
 

2 × 10-7 

 
 

3 × 106 
1 × 107 

 
 

2 × 105 

CALB S105A 
2-butenal 
- in buffer[a] 
- in ACN[b] 
3-phenyl- 
2-propenal 
- in ACN[c] 

 
 

34 
n.s[d] 

 
 

0.19 
n.s[d] 

 
 

180 
9 
 
 

0.03 

 
 

3 × 10-5 
6 × 10-7 

 
 

2 × 10-7 

 
 

6 × 106 
2 × 107 

 
 

2 × 106 

[a] 2-Butenal (0.004, 0.009, 0.026, 0.14, 0.65, 2.2 M), hydrogen peroxide (0.4 M), internal 
standard (1,4-dioxane, 0.3 M), 17 mg ml-1 immobilized enzyme on carrier containing 2.3% 
(w/w) CALB S105A or 1.8% (w/w) CALB wild-type in  KH2PO4 buffer (100 mM , pH 3.9) at 20 ˚C.  

[b] 2-Butenal (0.003, 0.03, 0.3, 1, 3, M), hydrogen peroxide (0.4 M), internal standard  
(n-decane, 0.3 M), 17 mg ml-1 immobilized enzyme on carrier containing 2.3% (w/w) CALB 
S105A or 1.8% (w/w) CALB wild-type in  acetonitrile at 20 ˚C.  

[b] 2-Butenal (0.003, 0.03, 0.3, 1, 3, M), hydrogen peroxide (0.4 M), internal standard  
(n-decane, 0.3 M), 17 mg ml-1 immobilized enzyme on carrier containing 2.3% (w/w) CALB 
S105A or 1.8% (w/w) CALB wild-type in  acetonitrile at 20 ˚C. 

[d] n.s = no saturation was reached at 3-phenyl-2-propenal concentrations up to 3 M. 

 

Using the kinetic constants for 2-butenal in buffer solution or acetonitrile 
(Table 6), Gibbs free energy of activation was determined at 298 K (Table 7). 
The catalytic power of the enzyme is indicated by ∆∆G, which corresponds to 
the difference between the enzyme-catalyzed reaction and the spontaneous 
reactions. These values are approximately -40 kJ mol-1 and correspond to the 
energy value of two hydrogen bonds (Magnusson et al. 2005). According to the 
reaction mechanism for the direct epoxidation (Scheme 12) three hydrogen 
bonds are available to coordinate the two substrates in the active-site. 
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Table 7. Experimental Gibbs free energy[a] calculated for direct epoxidation reactions 
containing 2-butenal from the kinetic constants in Table 6. The energy for the enzyme 
contribution is correlated to a theoretically calculated number of hydrogen bonds[b]. 

 ∆GES ∆GES‡ ∆Gkcat  ∆Gknon ∆∆G 

 
Number of 
H-bonds 

CALB wild-type 
- in buffer 
- in ACN 

 
- 4 
 

 
72 
79 

 
75 

 

 
109 
119 

 
- 37 
- 40 

 
1.9 
2.0 

CALB S105A 
- in buffer 
- in ACN 

 
- 4 
 

 
70 
78 

 
74 

 

 
109 
113 

 
- 39 
- 41 

 
1.9 
2.0 

[a] Experimental Gibbs free energies calculated at 298 K using the Eyring equation.  

[b] The theoretically calculated number of hydrogen bond coordination in transition state is 
based on the value of one hydrogen bond (-20 kJ mol-1) (Magnusson et al. 2005). 

 

Table 8. Experimental activation parameters determined for direct epoxidation of 2-butenal by 
hydrogen peroxide catalyzed by CALB wild-type or CALB S105A in buffer solution or 
acetonitrile. 

 ∆G‡[c] 

[kJ mol-1] 
∆H‡ 

[kJ mol-1] 
∆S‡ 

[J mol-1 K] 

CALB wild-type 
- buffer[a] 
- ACN[b] 

 
78 
82 

 
65 
58 

 
-45 
-81 

CALB S105A  
- buffer[a] 
-  ACN[b] 

 
76 
80 

 
63 
61 

 
-43 
-64 

Uncatalyzed 
- buffer[a] 

 
109 

 
69 

 
-134 

[a] Performed at 20, 30, 43, 56 ˚C. 

[b] Performed at 15, 30, 50 ˚C. 

 
[c] Determined for 298 K. 
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By performing the direct epoxidation reaction at various temperatures, 
experimental activation parameters could be determined (Table 8). The result 
from this temperature study was in well agreement with the experimentally 
determined Gibbs free energy of activation from enzyme kinetics in Table 7. The 
activation parameters were almost the same for both enzymes. However, the 
reaction in acetonitrile show lower entropy of activation compared to the 
reaction in buffer solution. This could be due to a more favorable desolvation of 
the substrates in buffer solution that results in a larger entropy gain. The 
spontaneous reaction was only analyzed in buffer solution and showed even 
lower entropy of activation and hence increased Gibbs free energy of 
activation. This could be explained by the need to rearrange water molecules 
in order to stabilize the transition state for the reaction to proceed. 

To conclude, CALB shows promiscuous direct epoxidation activity. 
According to the proposed reaction mechanism, the direct epoxidation follows 
an ordered bi bi reaction route in the lipase. The activity of CALB S105A indicated 
that the reaction did not require formation of an acyl enzyme to proceed. The 
direct epoxidation reaction was shown to take place in the enzyme active-site, 
but despite this, no enantioselectivity were shown for the explored model system. 



 

2.2  ω-Transaminase Investigation  

2.2.1 Objective 

The objective of the ω-transaminase investigation was to obtain homology 
structures of two (S)-selective ω-transaminases originating from Arthrobacter 
citreus (Ac-ωTA) and Chromobacterium violaceum (Cv-ωTA) in order to guide 
enzyme optimization by rational design.  

2.2.2 Homology modeling of ω-transaminases 

Protein engineering by rational design requires a three dimensional enzyme 
structure. Since no crystal structure of Ac-ωTA or Cv-ωTA is available, homology 
modeling was applied. Homology modeling requires a template structure and a 
correct alignment. PSI-BLAST searches (http://blast.ncbi.nlm.nih.gov/Blast.cgi) 
revealed low sequence identity (<30%) of Ac-ωTA to the matched crystal 
structures found in the Protein data bank (www.rcsb.org). Alignments were also 
performed to protein-sequences of other well known (S)-selective ω–
transaminases (Alcaligenes denitrificans Y2k-2 (Yun et al. 2004b), Arthrobacter 
citreus (Matcham et al. 1999; Martin et al. 2007), Bacillus megaterium SC6394 
(Hanson et al. 2004), Chromobacterium violaceum (Kaulmann et al. 2007), 
Pseudomonas putida (3A8U.pdb), Vibrio fluvialis JS17 (Yun et al. 2004a) to 
evaluate their homology (Table 9). Unexpectedly, the ω–transaminase from 
Bacillus megaterium SC6394 show 96% sequence identity to Ac-ωTA and one 
can speculate whether these two enzymes have the same origin.  

PSI-BLAST searches (www.blast.ncbi.nlm.nih.gov) revealed a transaminase 
from Silicibacter pomeroyi (3HMU.pdb), showing 27% sequence identity to Ac-
ωTA and 51% sequence identity to Cv-ωTA, that was further applied as a 
template. The atomic coordinates of the homology structures were generated 
by an online homology modeling web server ESyPred3D (Lambert et al. 2002; 
http://www.fundp.ac.be/urbm/biioinfo/esypred/). Alignments in ESyPred3D are 
obtained by five different alignment programs: ClustalW (Thompson et al. 1994), 
Dialign2 (Morgenstern 1999), Match-Box (Depiereux et al. 1997), Multalin 
(Corpet, 1988) and PRRP (Gotoh, 1996). Three-dimensional models are 
generated by the MODEL homology modeling routine of the program 
MODELLER release 4 (Šali and Blundell, 1993). The RMDS values of the generated 
monomeric homology structures was 0.764 Å over 443 aligned residues for Ac-
ωTA  and 0.217 Å over 456 aligned residues for Cv-ωTA.  
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Table 9. Sequence identity[a] [%] of Ac-ωTA and Cv-ωTA to other known (S)-selective ω-
transaminases. 

ω-Transaminases from: Ac-ωTA Cv-ωTA 

Alcaligenes denitrificans Y2k-2 29 33 

Arthrobacter citreus - 28 

Bacillus megaterium SC6394 96 30 

Chromobacterium violaceum DSM 30191 28 - 

Pseudomonas putida  25 33 

Vibrio fluvialis JS17 23 38 

[a] Sequence identities calculated using ncbi pblast (www.blast.ncbi.nlm.nih.gov). 

 

The homology models were built as monomers, but the biological unit of 
the proteins is assumed to be dimeric (Sayer et al. 2007). The atomic 
coordinates for dimeric structures were obtained using the YASARA software 
(Krieger et al. 2002) by structural alignments to the dimeric template structure. 
The template structure lacks PLP and hence also the homology models. 
Structural alignments to a second transaminase structure, a putative 
aminotransferase from Silicibacter (3FCR.pdb) were achieved to adopt the 
atomic coordinates for PLP to the homology structures. Refinements of the two 
homology structures were made in the YASARA software by side chain 
optimization and energy minimization keeping the backbone fixed. The overall 
structures of Ac-ωTA and Cv-ωTA are shown in Figures 11 and 14, respectively. 
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2.2.3 Rational design of Ac-ωTA 

The homology model of Ac-ωTA (Figure 11) was applied for rational design of an 
Ac-ωTA variant (CNB05-01). The objective was to improve the enatioselectivity of 
CNB05-01 for 4-fluorophenylacetone. Three amino acid residues (E326D, V328A 
and Y331C) were selected in the enzyme active-site for site-directed mutagenesis 
(Figure 12). The selected amino acid residues are positioned in a loop originating 
from the second subunit of the dimeric enzyme molecule. This loop contains an 
anchoring point (T330) for the phosphate group of PLP. According to homology 
modeling, this loop is close to the substrate in (R)-configuration and altering the 
size of this loop may influence enantioselectivity. Amino acid residue Y331 is 
positioned below T330. Mutation Y331C may provide an additional PLP 
hydrogen bond coordination and/or change the conformation of the loop 
resulting in altered enantioselectivity. 

Variants of CNB05-01 were created by site-directed mutagenesis and 
further investigated for a model system containing either 4-fluorophenylacetone 
or 4-nitroacetophenone and isopropyl amine (Scheme 15). The CNB05-01 
variant has previously been optimized for isopropyl amine and hence accepts 
high concentrations of the substrate, which will drive the reaction toward product. 
Enzyme-catalyzed reactions were performed in synthesis mode in phosphate 
buffer and were analyzed on HPLC after 24 hours.  

 F

CNB05-01NH2

O
F

O
O

NH2

NH2

NO2

 
or or 

 

NO2 

Scheme 15. Model system to explore the performance of the CNB05-01 variant and variants 
thereof in synthesis mode. Isopropyl amine is used as amino donor and either 4-
fluorophenylacetone or 4-nitroacetophenone functioned as amino acceptors. 
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Figure 11. Homology model of Ac-ωTA. The two subunits are indicated by green and blue 
color. The PLP molecules are shown in balls-and-sticks. Molecular graphics created with 
YASARA (www.yasara.org) and PovRay (www.povray.org). 

 

K298 

D269 

T330 

E326 

V328 

Y331 

Figure 12. Close up view of one of the two active-sites of the dimeric homology structure of 
Ac-ωTA. PLP is displayed in ball-and-sticks. The amino acid residues D269, K298 and T330 are 
shown in element colored sticks and E326, V328 and Y331 are depicted in yellow sticks. The 
hydrogen bond coordination of PLP is shown by yellow dashes. Molecular graphics created 
with YASARA (www.yasara.org) and PovRay (www.povray.org).  
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In line with the project objective, variants showing increased 
enantioselectivity for 4-fluorophenylacetone was obtained (Table 10). For variant 
CNB05-01/Y331C, the enantioselectivity was increased from 98% ee to excellent 
(>99.5% ee). Additionally, a single-point mutation (V328A) reversed the enzyme 
enantiopreference for 4-fluorophenylacetone from 98% ee (S) to 58% ee (R), while 
showing retained enantiopreference and enantioselectivity for 4-nitro-
acetophenone. 

Table 10. Enzyme catalyzed reactions performed for the model system in synthesis mode. 

 4-Fluorophenylacetone 4-Nitroacetophenone 

Enzyme variant  Conversion[a][%] ee[a] [%] Conversion[a] [%] ee[a] [%] 

CNB05-01  21.7  98 (S)  81.5 >99.5 (S) 

CNB05-01/E326D  40.2  99 (S)  59.9 >99.5 (S) 

CNB05-01/V328A  44.3  58 (R)  64.3 >99.5 (S) 

CNB05-01/Y331C  28.0  >99.5 (S)  62.8 >99.5 (S) 

CNB05-01/E326D/Y331C  7.6  99 (S)  18.4 >99.5 (S) 

CNB05-01/V328A/Y331C  49.7  39 (R)  14.9 >99.5 (S) 

Reaction conditions: 4-Fluorophenylacetone (20 mM) or 4-nitroacetophenone (20 mM), 
isopropyl amine (670 mM),  PLP (0.2 mg/ml), freeze dried cells containing ω–transaminase 
variant CNB05-01 or variants thereof (50 mg) in buffer solution (57 mM, pH 7.3) at 30˚C. 

[a] Calculated from product formation after 24 hours. 

 

The shift in enantiopreference for 4-fluorophenylacetone by the V328A 
mutation required further exploration. Molecular dockings simulations were 
implemented to explore the system on a molecular level. Dockings were 
performed using the AutoDock module in the YASARA software. Quinonoid 
structures of PLP and 4-fluorophenylacetone or 4-nitroacetophenone in (S)- and 
(R)-configuration (Scheme 16) were applied for 50 independent dockings to four 
enzyme structures corresponding to variant CNB05-01, CNB05-01/V328A, CNB05-
01/Y331C and CNB05-01/V328A/Y331C. The docking results were evaluated 
according to AutoDock binding energies (kJ mol-1) and a productive binding 
mode definition (Scheme 16), where the pyridine ring nitrogen proton of PLP 
must be directed to D269 and the phosphate anchor should be directed to the 
“phosphate group binding cup”. The docking results are summarized in Table 11. 
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Both binding energies and the fraction of structures in productive binding mode 
correlate well to the experimentally observed shift in enantiopreference.  

 

 

 

 

 

 

Scheme 16. Definition of productive binding mode applied to evaluate the molecular 
docking simulations to the transaminase homology structure: 1) The pyridine ring nitrogen 
proton of a general quinonoid structure must be directed to D269 and 2) the phosphate 
group must be directed to the “phosphate group binding cup”. The configuration of a 
quinonoid leading to (R)- or (S)-amine is shown in Figure A and B, respectively. (X=F, n=1 or 
X=NO2, n=0) 

Table 11. The average binding energies and the fraction of docked structures in productive 
binding mode for 50 independent docking simulations of quinonoid intermediate structures of 
PLP and 4-fluorophenylacetone or 4-nitroacetophenone leading to (S)- and (R)-amines to 
enzyme variants corresponding to CNB05-01, CNB05-01/V328A, CNB05-01/Y331C and CNB05-
01/V328A/Y331C. 

 Quinonoid intermediate 
structures of PLP and  

4-fluorophenylacetone 

Quinonoid intermediate 
structures of PLP and  
4-nitroacetophenone 

 Average 
 binding 
energy  

[kJ mol-1] 

Fraction of 
structures in 
productive 

binding  
mode [%] 

Average  
binding 
energy  

[kJ mol-1] 

Fraction of 
structures in 
productive 

binding 
mode [%] 

Enzyme variant (S) (R) (S) (R) (S) (R) (S) (R) 

CNB05-01 42.6 39.6 94 88 38.2 32.1 72 8 

CNB05-01/V328A 41.0 44.5 64 94 39.0 32.1 32 8 

CNB05-01/Y331C 41.9 39.8 96 88 36.3 31.9 50 2 

CNB05-01/V328A/Y331C 40.6 43.2 70 86 38.7 32.0 28 8 
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In this study, homology modeling was a powerful tool to target amino acid 
residues in order to improve the enantioselectivity of Ac-ωTA by rational design. A 
homology structure of Ac-ωTA was successfully applied to increase the 
enantioselectivity of CNB05-01 for 4-fluorophenylacetone. Excellent 
enantioselectivity was obtained by variant CNB05-01/Y331C, which increased the 
enantioselectivity from 98% ee to over 99.5% ee. Also, a shift in enantiopreference 
was obtained by a single-point mutation (V328A) for 4-fluorophenylacetone, from 
98% ee (S) to 58% ee (R), while showing retained enantiopreference and 
enantioselectivity for 4-nitroacetophenone. The observed shift in 
enantiopreference is an important discovery, since other known (R)-selective 
transaminases (D-amino acid transaminases) have a different fold. Molecular 
docking simulations confirmed the reversed enantiopreference of the enzyme 
variant and indicated additional space for the substrate in (R)-configuration 
leading to reversed enantiopreference. This study extends the limited knowledge 
of how to improve the enantioselectivity of ω-transaminases by rational design, 
since most enzyme engineering of ω-transaminases is performed by directed 
evolution.  
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2.2.4 Rational design of Cv-ωTA 

The characteristics of Cv-ωTA have recently been explored by others (Kaulmann 
et al. 2007; Schell et al. 2009; Smithies et al. 2009). The enzyme shows low activity 
for isopropyl amine as amine donor. The enzyme performance using isopropyl 
amine was initially explored by kinetic measurements indicating isopropyl amine 
inhibition at increased concentrations (Figure 13). An enzyme variant was 
designed to decrease the isopropyl amine inhibition using a homology structure, 
described in 2.2.2 Homology modeling of ω-transaminases (Figure 14). The position 
of the mutation, W60, was guided by the literature (Figure 15). In a recent paper, 
the specific activity of the ω–transaminase from Vibrio fluvialis JS17 for isopropyl 
amine was 20-fold improved by a single-point mutation (W57G) (Cho et al. 2008). 
Also, the CNB05-01 variant accepts high concentrations of isopropyl amine and 
contains corresponding mutation (Y60C). The data given in this section are 
unpublished. 

Cv-ωTA/W60C was created by site-directed mutagenesis. Both Cv-ωTA 
wild-type and Cv-ωTA/W60C were expressed in E. coli and purified by IMAC. PLP 
was added in excess before desalting the enzyme preparations to obtain a 
balanced ratio of PLP to enzyme, according to Cassimjee et al. (2009). Purified 
enzymes were freeze dried and redisolved in phosphate buffer (50 mM, pH 7.0). 
Reactions were performed in synthesis mode using a model system consisting of 
amino acceptor (acetophenone or 4-nitroacetophenone), isopropyl amine and 
Cv-ωTA or Cv-ωTA/W60C (0.2 mg/ml) (Scheme 17). Samples were taken after 24 
hours and analyzed on HPLC. Specific activities, conversions and 
enantioselectivities were determined and compiled in Table 12. The conversions 
and specific activities were low, but enhanced for the enzyme variant. The 
enantioselectivities were high and no (R)-amine could be detected.   

Enzyme kinetics was performed to determine the specificity constant 
( ) for isopropyl amine using Cv-ωTA wild-type and Cv-ωTA/W60C. Initial 
reaction rates were measured spectrophotometrically at various concentrations 
of isopropyl amine, while the concentration of acetophenone was kept 
constant at 2.0 mM. The specificity constant for isopropyl amine was 6.8 mM for 
the wild-type enzyme, while the corresponding value could not be determined for 
the enzyme variant due to no enzyme saturation (  >500 mM) (Figure 13). The 
increased  value for Cv-ωTA/W60C compared to wild-type enzyme could be 
a result of less enzyme inhibition by isopropyl amine. Also some variants of Ac-ωTA 
containing the corresponding mutation have a high  value (Matcham et al. 
1999). However, a preliminary stability evaluation of the enzyme showed 
decreased stability after 1 hour incubation in 400 mM isopropyl amine. 

MK

MK

K

MK

M
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Figure 14. Homology model of Cv-ωTA. The two subunits are indicated by blue and magenta 
color and the PLP molecules are shown in balls-and-sticks. Molecular graphics created with 
YASARA (www.yasara.org) and PovRay (www.povray.org). 

 

 

D259 

W60 

K288 T321 

Figure 15. Close up view of the active-site of Cv-ωTA with W60 depicted in yellow sticks.  A 
quinonoid structure of PLP and isopropyl amine is shown in ball-and-sticks. The amino acid 
residues D259, K288 and T321 are shown in elements sticks. The PLP hydrogen bond 
coordination is depicted by yellow dashes. Molecular graphics created with YASARA 
(www.yasara.org) and PovRay (www.povray.org). 
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Scheme 17. Model system to explore the performance of Cv-ωTA and the Cv-ωTA/W60C 
variant in synthesis mode using isopropyl amine as amine donor and either acetophenone or 
4-nitroacetophenone as amine acceptors. 

Table 12. ω-Transaminase-catalyzed reactions for the model system in Scheme 17. 

 Acetophenone 4-Nitroacetophenone 

Enzyme Specific 
activity 
[U/mg] 

Conversion 

[%] 
ee  
[%] 

Specific 
activity 
[U/mg] 

Conversion 

[%] 
ee  
[%] 

Cv-ωTA 1.3 × 10-5 0.2 >99 2.5 × 10-4 3.3 >99 

Cv-ωTA/W60C 1.3 × 10-4 1.3 >99 9.9 × 10-4 13.9 >99 

Reaction conditions: Acetophenone (2.0 mM) or 4-nitroacetophenone (1.8 mM), isopropyl 
amine (188 mM), 0.2 mg/ml Cv-ωTA or Cv-ωTA/W60C in buffer solution (50 mM, pH 7.0) at 
37˚C.  

[a] Kinetic data calculated from product formation after 24 hours. 

 

0

0.001

0.002

0.003

0.004

0.005

0 250 500 750 1000 1250 1500

Concentration of IPA [mM]

Sp
ec

ifi
c 

ra
te

 [
U

/m
g

]

 

 

 

Figure 13. Michaelis Menten curve to demonstrate the kinetic effect of Cv-ωTA/W60C. The 
concentration of acetophenone was constant at 2 mM. The specific reaction rates for  
Cv-ωTA wild-type is shown by filled dots (●) and for Cv-ωTA/W60C with open circles (○). 
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To summarize, rational design of the Cv-ωTA was performed to decrease 
isopropyl amine inhibition. According to enzyme-catalyzed reactions of a model 
system in synthesis mode, Cv-ωTA/W60C showed increased specific activity and 
conversion compared to wild-type enzyme. Enzyme kinetics indicated an 
increased  for the variant enzyme, suggesting higher isopropyl amine 
tolerance. However, stability measurements showed decreased enzyme stability 
in the presence of an excess of isopropyl amine. These results are only preliminary 
and more experiments are to be evaluated. However, these results show that the 
activity of Cv-ωTA for reactions of isopropyl amine in synthesis mode can be 
improved by applying rational design. 

MK
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3.  CONCLUSIONS AND FUTURE ASPECTS 
The lipase investigation demonstrated promiscuous conjugate addition and direct 
epoxidation activities of CALB. The reaction rates of these promiscuous activities 
were generally low and may be increased by enzyme optimization through 
protein engineering. This is of interest for chemical applications if the lack of 
enantioselectivity is solved. This investigation was of fundamental character and 
has contributed increased knowledge of how to engineer, reroute and explore an 
enzyme reaction mechanism to obtain enzyme catalytic promiscuity. 

The ω-transaminase investigation showed that homology modeling can be 
applied to optimize this type of enzymes by rational design. The investigation 
showed that a single-point mutation in the active-site of an ω-transaminase 
variant from Arthrobacter citreus increased the enzyme enatioselectivity, while 
another mutation reversed the enzyme enantiopreference. The observed 
reversed enantiopreference is of importance since other known (R)-selective 
transaminases have a different fold. The ω-transaminase from Chromobacterium 
violaceum suffers from isopropyl amine inhibition. A variant enzyme was created 
showing less isopropyl amine inhibition. The ω-transaminase investigation has 
increased the knowledge about ω-transaminases and their selectivity. Much 
research of ω-transaminases has been done within industry and is concealed 
information. The academic era of ω-transaminases has just begun and will 
provide more accessible knowledge of these enzymes. 

Finally, enzyme catalytic promiscuity and ω-transaminases are attractive 
issues within the biocatalysis field. Enzyme catalytic promiscuity provides 
fundamental knowledge about enzyme substrate interactions and the evolution 
of novel enzymes. Novel enzymes are demanded by the industry that needs to 
optimize their chemical processes in an environmentally sustainable way. The ω-
transaminases are applied industrially for production of enantiomerically pure 
amines and theses enzymes generally need optimization to fit the required 
reaction conditions. Finally, implementation of new industrial biocatalytic 
processes are aided by increased research within the biotechnology field, since 
most enzymes require modifications before industrial application to fit process 
conditions in terms of availability, stability and substrate specificity. 
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