
 

 
 

 

 
 
 

Exploiting Enzyme Promiscuity 
for Rational Design 

 
 

Cecilia Branneby 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 

Royal Institute of Technology 
School of Biotechnology 

Department of Biochemistry 
Stockholm May 2005 

 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© Cecilia Branneby 
 
 
 
 
 
 
Royal Institute of Technology 
AlbaNova University Center  
School of Biotechnology 
Department of Biochemistry 
SE-106 91 Stockholm  
Sweden 
 
Printed at Universitetsservice US-AB 
Drottning Kristinas väg 53B 
SE-100 44 Stockholm 
Sweden 
 
 
ISBN 91-7178-008-4 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

To my parents 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
 



 

 
 
 
 
 

Abstract 
 

 
 
Enzymes are today well recognized in various industrial applications, being 

an important component in detergents, and catalysts in the production of 
agrochemicals, foods, pharmaceuticals, and fine chemicals. Their large use is 
mainly due to their high selectivity and environmental advantage, compared to 
traditional catalysts. Tools and techniques in molecular biology offer the 
possibility to screen the natural sources and engineer new enzyme activities 
which further increases their usefulness as catalysts, in a broader area. 

Although enzymes show high substrate and reaction selectivity many 
enzymes are today known to catalyze other reactions than their natural ones. 
This is called enzyme promiscuity. It has been suggested that enzyme 
promiscuity is Nature’s way to create diversity. Small changes in the protein 
sequence can give the enzyme new reaction specificity. 

In this thesis I will present how rational design, based on molecular 
modeling, can be used to explore enzyme promiscuity and to change the 
enzyme reaction specificity. The first part of this work describes how Candida 
antarctica lipase B (CALB), by a single point mutation, was mutated to give 
increased activity for aldol additions, Michael additions and epoxidations. The 
activities of these reactions were predicted by quantum chemical calculations, 
which suggested that a single-point mutant of CALB would catalyze these 
reactions. Hence, the active site of CALB, which consists of a catalytic triad (Ser, 
His, Asp) and an oxyanion hole, was targeted by site-directed mutagenesis and 
the nucleophilic serine was mutated for either glycine or alanine. Enzymes were 
expressed in Pichia pastoris and analyzed for activity of the different reactions. 
In the case of the aldol additions the best mutant showed a four-fold initial rate 
over the wild type enzyme, for hexanal. Also Michael additions and 
epoxidations were successfully catalyzed by this mutant. 

In the last part of this thesis, rational design of alanine racemase from 
Geobacillus stearothermophilus was performed in order to alter the enzyme 
specificity. Active protein was expressed in Escherichia coli and analyzed. The 
explored reaction was the conversion of alanine to pyruvate and 2-butanone to 
2-butylamine. One of the mutants showed increased activity for transamination, 
compared to the wild type.  
 
Key words: Candida antarctica lipase B, alanine racemase, substrate specificity, reaction 
specificity, enzyme catalytic promiscuity 



 

 
 
 
 
 

Sammanfattning 
 
 
 

Enzymer har idag ett flertal industriella användningsområden. De ingår 
bland annat som viktiga komponenter i tvättmedel och katalyserar olika 
reaktioner vid framställning av jordbrukskemikalier, livsmedel, läkemedel och 
finkemikalier. Deras stora användbarhet beror till största del på att de uppvisar 
en hög selektivitet och har miljömässiga fördelar jämfört med traditionella 
katalysatorer. Olika metoder och tekniker inom molekylärbiologin har gjort det 
möjligt att hitta nya enzymaktiviteter vilket ytterligare ökat enzymernas 
användbarhet. 

Trots att enzymer katalyserar reaktioner med hög selektivitet, både med 
avseende på substrat och på reaktion, så är det idag känt att många enzymer 
även kan katalysera andra reaktioner. Dessa enzym sägs vara promiskuösa, dvs 
de visar en variation i de reaktioner de katalyserar. Det har föreslagits att detta 
är naturens eget sätt att utveckla mångsidighet. Genom att göra små 
förändringar i proteinsekvensen kan resultatet bli ett enzym som visar en ny 
reaktionsspecificitet. 

I den här avhandlingen kommer jag att presentera hur rationell design kan 
användas för att undersöka enzymers promiskuitet och för att ändra deras 
reaktionsspecificitet. Den första delen av arbetet beskriver hur Candida antarctica 
lipas B (CALB) genom en enpunktsmutation fick en ändrad 
reaktionsselektivitet och ökad aktivitet för aldoladditioner, Michaeladditioner 
och epoxideringar. Kvantmekaniska beräkningar gjordes för att förutsäga 
möjligheten att katalysera dessa reaktioner med den tänkta mutanten. 
Resultatet blev att detta borde vara möjligt. Den katalytiskt aktiva nukleofilen, 
en serin, muterades till en glycin eller alanine. Enzymerna uttrycktes i Pichia 
pastoris och analyser gjordes för de olika reaktionerna. Den bästa av mutanterna 
gav en initialhastighet fyra gånger över den vildtypskatalyserade vid 
aldoladdition av hexanal. Samma mutant visade även en ökad aktivitet för 
Mikaeladditioner och epoxideringar, jämfört med vildtypen. 

I den sista delen av avhandlingen beskrivs hur rationell design användes för 
att ändra reaktionsspecificiteten av alanine racemas från Geobacillus 
stearothermophilus. Aktivt protein uttrycktes i Escherichia coli. Den undersökta 
reaktionen var en transaminering av alanin till pyruvat och 2-butanon till 2-
butylamin. En av mutanterna visade en ökad transamineringsaktivitet jämfört 
med vildtypsenzymet.  
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1  Introduction 

The Cells own catalysts are, with a few exceptions (some RNAs and DNAs), 
proteins called enzymes. Enzymes are of highest importance in all living 
organisms and are involved in all reactions, from taking a breath to food 
digestion, making a flower bloom and also in the moldering of a fallen leaf. 

The effectiveness of enzymes is quite remarkable, which can be quite difficult 
to understand just by hearing that they increase the reaction rate 107-1019 times 
over that of the uncatalyzed reaction (Wolfenden & Snider, 2001). If it is instead 
explained by comparing the time that the enzyme needs to perform a reaction 
and the time that it takes for the uncatalyzed reaction to occur, it might be 
easier to understand. If an enzyme-catalyzed reaction takes 1s to occur, the 
same reaction would need up to 320 billion years without enzyme. It is now 
much easier to understand that a missing enzyme or one that does not have full 
activity can cause drastic effects. This is for instance seen in many diseases, such 
as lactose intolerance, and phenylketonuria. 

Enzymes do not only catalyze the reaction with a high reaction rate, they also 
show a very high substrate and reaction selectivity and almost all substrates 
and reaction steps have their own particular enzyme (Hudson, 1992). Besides 
their natural activity in every living organism, enzymes have also been used 
more specifically by man since the ancient China and Japan. Enzymes such as 
amylases and proteases have since then been used in the manufacturing of food 
and alcoholic drinks. Also Europeans have a long history with the use of 
enzymes. In the Iliad (about 400 B.C.) it is mentioned how cheese is produced in 
kid stomachs (Buchholz & Poulsen, 2000). 

The first examples of scientific development of enzyme catalysis are from the 
beginning of the 19th century. Spallanzani described how gastric juice caused 
meat liquefaction in 1783 and three years later, in 1786, starch hydrolysis was 
described by Scheele. The development that followed was slow and the real 
break-through in biotechnology did not come until the introduction of enzymes 
in detergents in the 1960’s (Buchholz & Poulsen, 2000). Today we can find 
enzymes as catalysts for example in detergents, in the agrochemical and food 
industry, and in the production of fine chemicals and pharmaceuticals (Schmid 
et al., 2001, Zaks, 2001, Houde et al., 2004). 
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1.1 Enzyme Specificity 

The catalytic ability of an enzyme is found in the so-called active site, which 
is located in a cavity or cleft in the enzyme. This active site differs among 
enzymes, not only in size but it will also contain different catalytically active 
amino acids. Because of this, enzymes can stabilize different transition states 
and catalyze different reactions; they show reaction selectivity.  

It is often of interest to group enzymes in different classes. One way is to 
group them according to what type of reaction they catalyze and more 
specifically, which bonds they break and create. This system gives each enzyme 
a four-digit number, called the Enzymatic Commission Number (EC-number). 
The first number denotes the main reaction type and the next three are more 
and more specific to the individual enzyme. Candida antarctica lipase B has the 
EC-number 3.1.1.3 and alanine racemase with EC-number 5.1.1.1. The first digit 
here indicates that triacylglycerol lipases belong to the main group of 
hydrolases and alanine racemase to racemases. Both these groups will be 
further discussed later in this thesis, in chapter 3 and 5, respectively. 

As indicated with the EC numbers, different enzymes not only catalyze a 
specific kind of reaction, they can also discriminate between different 
substrates. This is called substrate selectivity. Even if two substrates are of the 
same size, they will show different reactivity depending on the nature of their 
functional groups. Not only because of difference in binding ability but also 
because they have different reactivity, chemoselectivity. The position of the 
functional group on the substrate is also important for the binding ability. The 
enzyme can for instance select between two hydroxyl groups on the same 
substrate, regioselectivity. Last but not least, enzymes can distinguish between 
stereoisomers, such as enantiomers (see chapter 1.2). As shown in figure 1.1 the 
active site gives a restricted area for the substrate to bind into. This means that 
one of the substrates will bind better than the other. This is called 
stereoselectivity. 

 
HO

L

M

L

a) favored binding b) unfavored binding

HOH H

M

 
 

Figure 1.1. Schematic picture of an active site consisting of one large (L) and one 
medium (M) sized pocket for the substrate to bind in. a) The fast reacting substrate 
places its large group in the large sized pocket, whereas b) the slow reacting 
enantiomer will have to place its large group in the medium sized pocket. 
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The ability of enzymes to distinguish between enantiomers is used, for 
instance in the production of agrochemicals, food additives, and 
pharmaceuticals (Yagasaki & Ozaki, 1998, Zaks, 2001). Three of the methods 
that can be used to produce enantiomerically pure compounds are asymmetric 
synthesis, kinetic resolution, and dynamic kinetic resolution. An example of 
asymmetric synthesis is the stereoselective reduction of a ketone. Unless the 
ketone is symmetric the outcome will be an enantiomerically pure alcohol with 
a maximal yield of 100% (García-Urdiales et al., 2005). By kinetic resolution two 
enantiomers can be separated. If this is really effective, one of the enantiomers 
will turn into the product whereas the other is left almost unreacted. An 
example of a kinetic resolution is the acylation of secondary alcohols. The 
drawback with this method though, is the maximal yield of 50% (Faber, 2001, 
Pàmies & Bäckvall, 2003). There are ways to overcome this limitation, for 
example by including a racemization reaction to the kinetic resolution and 
performing a dynamic kinetic resolution, the maximal yield is increased up to 
100%. A racemization reaction of the substrate will then be performed 
simultaneously with the resolution reaction, for example an acylation of a 
secondary alcohol, where the alcohol is racemized by oxidation/reduction. This 
means that the substrate will be kept racemic even though one enantiomer is 
converted to product. An important factor in a dynamic kinetic resolution is 
that only the substrate is allowed to racemize, as a racemization of the product 
would ruin the resolution effect. The limitation in the utility of this reaction is 
that it requires the two reactions to work under the same reaction conditions, 
which is not always possible. To be really effective it is also important that the 
racemization reaction goes much faster than the resolution reaction (Faber, 
2001, Pàmies & Bäckvall, 2003). 

 

1.2 Enantiomers 

At a first look two compounds might seem identical, but when looking closer 
it is found that there is no way to turn them so that they get superimposable; 
they are each others mirror images/enantiomers (Figure 1.2). Enantiomers 
themselves have the same characteristics, such as melting point and polarity, 
but at their interaction with the chirality in Nature they become very different. 
Therefore it is of highest importance for the enzymes to synthesize only the 
right enantiomer. 

 
 
 
 



 

 
 

Figure 1.2. These two substrates can at a first look seem to be identical, but a 
closer look shows that they are each others mirror image and can in no way be 
superimposed. They are enantiomers. 
 

A few examples are shown below to illustrate the importance of having the 
pure enantiomers and the consequences that can follow if not. In the 1950’s, 
pregnant women were given Neurosedyn (Thalidomide, Figure 1.3.a) to treat 
their morning sickness. The drug was though a racemic mixture of the active 
substance, where one enantiomer had the desired effect whereas the other 
caused fetus malformations. Ketamine (Figure 1.3.b) is another example, where 
the S-enantiomer is an anesthetic drug and the R-enantiomer causes 
hallucination. 

There are also other areas than the pharmaceutical industry where we find 
differences between enantiomers and it is not always that one enantiomer is 
good and one is bad, they can both be good or one can be completely 
ineffective. Limonene, for example, is a compound where one enantiomer gives 
the lemon flavor while the other gives the flavor of orange (Figure 1.3.c). Amino 
acids (Figure 1.3.d) can also be found in both enantiomeric forms. Although 
most common in their L-enantiomeric form, there are also examples where the 
D-enantiomer is required. D-Alanine for example is an important compound in 
the bacterial cell wall structure, and D-serine has been found to have an 
important role in the human brain as a neurotransmitter. 

 

N

O

O
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R
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Figure 1.3. Some examples of compounds with highly different effects depending on 
their stereochemistry are a) Neurosedyn, b) Ketamine, c) limonene and d) amino 
acid. * Identifies the stereocenter. 
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2  Techniques for Exploiting Enzyme 
Promiscuity 

2.1 Enzyme Promiscuity 

In the introduction of this thesis enzymes are presented as catalysts with 
high substrate and reaction selectivity. This is true, but the selectivity is not 
absolute. There are constantly new examples of how enzymes are used as 
catalysts for reactions other than those considered their natural. This is called 
enzyme promiscuity (Bornscheuer & Kazlauskas, 2004). An example of enzyme 
promiscuity is proteases, which show amide hydrolysis as their main activity. 
These enzymes are also known to catalyze ester hydrolysis (Pogorevc & Faber, 
2000). 

Enzyme promiscuity does not have to be seen as an unwanted side reaction 
in enzyme catalysis. The secondary activities are often far below what is 
considered to be useful, but with the help of mutations these activities can 
sometimes be reinforced (Penning & Jez, 2001). An example of this is papain, a 
protease, which also shows nitrile hydratase activity, although very low. A 
single point mutation in this enzyme gave a mutant, Gln19Glu, with a nitrile 
hydratase activity about 4×105 over that of the wild type. The wild type activity 
was at the same time decreased (Dufour et al., 1995). Another example is the 
engineering of cyclodextrin glycosyltransferase into a starch hydrolase. By 
comparing the structures of the two enzymes cyclodextrin glycosyltransferase 
and a maltogenic α-amylase two main differences could be identified in the 
substrate binding clefts. The introduction of these differences into cyclodextrin 
glycosyltransferase gave a mutant with increased hydrolysis activity. At the 
same time the cyclization activity was decreased to the extent that hydrolysis 
was the main activity (Leemhuis et al., 2003). Myoglobin, which is known to 
carry molecular oxygen in the muscles, can also catalyze a hydrogen peroxide 
supported peroxygenation of different substrates. A comparison of the protein 
structure with that of cytochrome c peroxidase suggested that a relocation of a 
histidine residue would give an enzyme with increased ability to transfer the 
ferryl oxygen to the substrate. The result was a highly stereospecific 
peroxygenase with an activity ten times that of the wild type in epoxidation of 
styrene (Ozaki et al., 1996). 
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It is not only in the laboratory that mutated enzymes are created to achieve 
proteins with new activities or other characteristics; this also happens in 
Nature. That is how the wide variety of proteins have developed from far fewer 
in ancient times and why we today have a large number of enzymes with 
different activities, but still with high structure similarity. This is called 
divergent evolution. One group of structurally related enzymes, the α/β-
hydrolase fold family, will be discussed in chapter 3. Further examples of 
enzymatic promiscuity will be described in this thesis and yet others can be 
found in review articles (O’Brien & Herschlag, 1999, Bornscheuer &Kazlauskas, 
2004, Berglund & Park, 2005). 

In addition to enzymatic promiscuity some enzymes have also been found to 
have different functionalities depending on their location in the cell, in which 
cell type they are expressed or if they are in a bound or in a free form. This has 
been called moonlighting functionality and the proteins showing this ability are 
thereby called moonlighting proteins (Jeffery, 1999, Copley, 2003). An example 
of this is phosphoglucose isomerase, which catalyzes the second step in the 
glycolysis in the cell. This enzyme is also secreted by the cell and found for 
example to stimulate the B cell maturation, although the regulating mechanism 
is not yet fully understood. Another example of how an enzyme can have 
different functions is cytochrome c. It is mainly known to be an electron-
transporter in the mitochondria membrane, but can serve as a signal for 
apoptosis. When the cell is damaged or other signal cytochrome c is released 
into the intermembrane where it forms a protein complex that signals apoptosis 
(Yarnell, 2003). Dopa decarboxylase is yet another example. This enzyme plays 
an important role in the production of the neurotransmitters dopamine and 
serotonin. As many other pyridoxal 5´-phosphate dependent enzymes, it shows 
small side activities (see chapter 5), but the interesting finding here is that the 
enzyme seems to switch reaction specificity depending on the oxygen level in 
the cell. In the oxygen-deficient state the main activity is shifted from 
decarboxylation to a combined decarboxylation and transamination of aromatic 
L-amino acids. Kinetic and structural data have shown that this change in 
reaction specificity is caused by a change in the protein conformation in the 
absence of oxygen (Bertoldi & Votattorni, 2003).  
 

2.2 Protein Engineering 

With the technology available today it is possible to clone and overexpress 
proteins in high concentrations. In addition to this, the knowledge of how to 
mutate genes has made it possible to change the protein properties, such as 
reaction specificity or stability (Hult & Berglund, 2003). There are basically two 
main strategies to perform mutations, one random approach, and one more 
rational approach (Figure 2.1) (Penning, 2001). 
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Figure 2.1. The strategies to modify a protein-encoding gene can be divided in 
random and rational methods. Examples of random methods are a) gene shuffling 
and b) random mutagenesis. Rational methods can be exemplified by c) domain 
swapping and d) site-directed mutagenesis. Gene 1 is shown in grey, and gene 2 in 
black. 

 
In those cases where no information about the protein structure is available 

or if no specific target for mutation has been identified a random method is used. 
Two examples of these are gene shuffling (Figure 2.1.a) and random 
mutagenesis (Figure 2.1.b). In gene shuffling a pool of homologous genes are 
partly digested and recombined to “new” full length genes (Stemmer, 1994). 
This can result in a large number of randomized genes, which have to be 
analyzed to find the one with the desired property. Random mutagenesis on the 
other hand, gives a large number of genes containing a varied number of point 
mutations. One method to achieve random mutagenesis is error-prone 
polymerase chain reaction (ep-PCR), where a polymerase lacking proofreading 
activity is used. This method will result in a gene with mutations, but further 
modifications of the reaction conditions are required as the error frequency 
from the beginning is still rather low (Ling and Robinson, 1997). A drawback 
with random methods is that they require a screening method, unless the 
created library is very small (Chen, 2001, García-Junceda et al., 2004). Random 
methods are also used in directed evolution, where mutations are made in more 
than one generation to change the protein characteristics.  

Rational methods include more specific methods, such as domain swapping 
(Figure 2.1.c) and site-directed mutagenesis (Figure 2.1.d). If the goal is to 
exchange a whole domain from one gene to another, domain swapping can be 
used. The last of the mentioned methods is site-directed mutagenesis, where 
one or a few specific amino acids are targeted (Chen, 2001). Specific primers are 
designed to introduce the wanted mutation. This will be discussed further in 
chapter 2.3. Rational methods can for instance be used to reinforce promiscuous 

a) Gene shuffling c) Domain swapping 

b) Random mutagenesis d) Site-directed mutagenesis 

X

Randomly recombined Selectively recombined 

X X X X X 
Random point mutations Single point mutation 



 

   8

reactions, change substrate specificity and enzyme mechanism, and increase 
protein stability (Cedrone et al., 2000, Yokoigawa et al., 2003). Another benefit 
with rational design is that it does not require a screening method to find the 
mutant with the desired properties. To be able to use a rational method some 
knowledge about the protein sequence(s) and structure is required. Structures 
that have been solved either by x-ray crystallography or NMR can usually be 
found in the database RCSB protein databank (Berman et al., 2000). Today 
three-dimensional structures of 27663 proteins, peptides and viruses can be 
found in this database and if nucleic acids and carbohydrates are included, the 
total number of available structures is 30361 (April 5th, 2005). If the structure of 
the protein in question has not been solved it is possible to do a homology 
search of the protein sequence, in order to predict the structure of the full 
protein or a specific area of the protein. This requires that the protein structure 
of a homologous protein is known (Guex et al., 1999). 

The computer’s role in rational design is quite important. It first of all gives 
the possibility to study the protein structure to find the target for mutation. 
Further, it is possible to predict if a reaction that is to be studied by enzyme 
catalysis is possible. This is done by quantum chemical calculations, which 
gives the energy levels in the different steps of a reaction.  

An illustrative example on how different methods can be combined is the 
work done by Hellinga and coworkers. Here they present how modeling 
studies of both ribose-binding protein and triose phosphate isomerase could 
predict mutations of ribose-binding protein to introduce isomerase activity. The 
final mutant showed an activity 105-106 above background (Dwyer et al., 2004). 
 

2.3 Site-Directed Mutagenesis 

In site-directed mutagenesis a specific primer is designed to introduce a 
mutation (Figure 2.2.a). Two generally used methods to introduce mutations 
are overlap extension PCR (Ho et al., 1989), and QuickChange® site-directed 
mutagenesis (Stratagene). In overlap extension PCR (Figure 2.2.b), the mutation 
is introduced by using four primers and two separate PCR reactions. This gives 
two DNA fragments which have overlapping ends. Next, the original gene is 
degraded by an enzyme, DpnI, which recognizes methylation on the original 
strand. This leaves the mutated PCR product, which in the following PCR is 
extended to a full length gene. The overlapping ends of the first PCR product 
are here used as primers. The gene can then be cloned into a vector. 
QuickChange® site-directed mutagenesis is a more direct method and 
introduces the mutation on a gene that is already cloned into a vector (Figure 
2.2c). By this method only the two primers containing the mutation are 
required. After the PCR the original sequence is, as before, degraded by DpnI, 
leaving only the new sequence, containing the mutation. 

Once the gene with the desired sequence has been cloned into a vector it is 
time to transform. The first host is almost exclusively Escherichia coli, even if the 
final goal is to express protein in a higher host. The reason is that E. coli does 
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not incorporate the vector into its own genome, but carries the free vector 
(Figure 2.2.d). This offers an easy way to retain the gene for further work and 
analysis. Also in the case of protein expression E. coli is a first hand choice, as it 
only requires a short expression time. E. coli is easy to handle and is inexpensive 
compared to other hosts like Pichia pastoris. The limitation in the use of E. coli 
lies in that it is a prokaryote and can therefore not perform all post-translational 
modifications, such as glycosylation. If the expression in E. coli fails, P. pastoris 
is a commonly used host. Transformation into P. pastoris requires a linearized 
DNA, whereas when transforming to E.coli circular DNA can be used. P. 
pastoris will, as other eukaryotic hosts, incorporate the vector and gene into its 
own genome (Figure 2.2.d). The gene will thereby be more stable in the P. 
pastoris cell than the free vectors in E. coli, where it risks to be eliminated from 
the host. P. pastoris has the ability to glycosylate a protein, which for instance 
can be an important factor in the folding of an active protein. It also gives the 
possibility to excrete the protein extracellularly. This can be a large benefit in 
the purification of the protein, which can otherwise cause tedious work. 
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Figure 2.2. a) Original gene and designed primer, containing a single

site directed mutagenesis can for instance be performed either by b) overla
QuickChange® site-directed mutagenesis. d) Once the gene is modified an
it is transformed into a host cell. Transformation into E. coli leaves the free
whereas P. pastoris and other eukaryotic cells will incorporate the vector in
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3  α/β-Hydrolase Fold Enzymes 

As mentioned earlier, enzymes can be classified according to the reactions 
they catalyze. Another way to classify enzymes is according to their fold. The 
α/β-hydrolase fold family is one of the largest fold families (Figure 3.1.a) (Ollis 
et al., 1992, Holmquist, 2000, Bugg, 2004). Enzymes within this family share the 
same three-dimensional fold and have a very well preserved active site, which 
consists of a catalytic triad, nucleophile/histidine/acid, and an oxyanion hole 
(Figure 3.1.b). The nucleophile can either be a serine, a cysteine or an aspartate 
and it is found on the so called “nucleophilic elbow”, a short sequence of Gly-X-
Nuc-X-Gly that is commonly found within the α/β-hydrolases. By having the 
histidine and the acid (aspartate or glutamate) coordinated to the nucleophile, 
the pKa of the nucleophile is lowered which enables the nucleophilic attack. 
Another important structural part in the active site is the oxyanion hole. This 
usually consists of two backbone amide protons, but there are a few exceptions, 
where a side chain hydroxyl group from either a serine or a threonine has been 
found to hydrogen bind to the oxyanion. The purpose of the oxyanion hole is to 
stabilize the oxyanion formed in transition state, after the nucleophilic attack. 

None of the enzymes in this fold family requires a cofactor to be catalytically 
active. This has made these enzymes interesting biocatalysts as it is a large 
benefit not to need the sensitive and costly cofactors (Holmquist, 2000, Bugg, 
2004). 

The proteins within the family of α/β-hydrolases show large homology, 
indicating that they have undergone divergent evolution from one enzyme and 
then developed different activities, sometimes by very small changes. This has 
resulted in a large group of enzymes that can catalyze a large variety of 
reactions. Examples of enzymes that are found here are lipases, esterases, 
dehalogenases, epoxide hydrolases and C-C hydrolases. Although the name 
indicates that all these enzymes catalyze hydrolysis, that is cleavage by reaction 
with water, there are also enzymes that catalyze other types of reactions within 
this family. One example of this is hydroxynitrile lyase, which catalyzes a C-C 
bond cleavage to form hydrogen cyanide and a ketone (Figure 3.2). Other 
examples are bromoperoxidase, chloroperoxidase and 2,4-dioxygenase 
(Holmquist, 2000). 

 
 
 
 



 

 
 

 

 
Figure 3.1. a) Candida antarctica lipase B, CALB, is an example of an enzyme that is 
found within the α/β-hydrolase fold family. b) In CALB the catalytic triad, 
nucleophile/histidine/acid, consists of Ser/His/Asp, and the oxyanion hole 
consists of two backbone amide protons and a threonine hydroxyl.  
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Figure 3.2. Four of the reaction types catalyzed by enzymes within the α/β-
hydrolase folding class are esterification, epoxide hydrolysis, C-C hydrolysis and 
C-C bond cleavage. The catalytic triad and the oxyanion hole are found in all these 
enzymes although their reaction specificity differs. 
 
 

Within the group of α/β-hydrolases we can for example find many enzymes 
that are involved in everyday functions in our bodies. One very important 
enzyme that is found within this fold class is acetylcholine esterase. 
Acetylcholine is a neurotransmitter that is released to mediate nerve impulses 
in the body. Once it is released from one nerve cell and has forwarded the 
signal to the next it is fast hydrolyzed to acetyl and choline, by acetylcholine 
esterase. The enzyme, acetylcholine esterase, is covalently bound to the 
postsynaptic membrane, the impulse receiver, and is an example of an enzyme 
that shows kinetic perfection, having a kcat/KM-value close to the diffusion limit 
(Stryer, 1995). Another enzyme that is found within this fold family is for 
instance pancreatic lipase, which is active in the digestion of dietary 
triglycerides in humans. Pancreatic lipase requires a colipase to be active in the 
pancreatic juice, as the colipase stabilizes the open, active, conformation of the 
enzyme (Holmquist, 2000). 
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3.1 Candida antarctica Lipase B 

Candida antarctica is a yeast that was first isolated in Antarctic, with the aim 
to find enzymes with extreme properties (Kirk & Christensen, 2002). It produces 
two different kinds of lipases, named A (CALA) and B (CALB) (Patkar et al. 
1993). Although CALA shows many interesting qualities, not least a highly 
uncommon substrate specificity, CALB has been studied more often and is now 
well characterized. 

Lipases are known to catalyze the hydrolysis of triacylglycerols as their 
natural reaction. They also show interfacial activation, which means that their 
activity increases drastically when they enter a water/lipid interface (Sarda & 
Desnuelle, 1958, Verger & De Haas, 1976, Martinelle et al., 1995). Lipases are 
often also found to be very stable and can be used even in organic solvents. This 
has highly increased their use and lipases can now be found in many industrial 
applications (Houde et al., 2004). Although CALB share many of these features 
it differs in that it does not show any interfacial activation. 

CALB (Figure 3.1) possesses a great regio- and stereoselectivity (see chapter 
1.1), which is used in the resolution of racemic alcohols, amines and thiols 
(Chapman et al., 1996, Öhrner et al., 1996). It shows a high stability in organic 
solvents, which together with its high stereoselectivity gives it properties which 
are difficult for many other catalysts to reach. This has made it a very useful 
catalyst and it can now be found in many industrial processes (Kirk & 
Christensen, 2002). It is for instance found in industrial applications such as the 
pharmaceutical (Fishman et al., 2001, Popp et al., 2004) and cosmetic industry 
(Houde, 2004) and it is also a good catalyst for reactions such as 
polymerizations (Mei et al., 2003, Mahapatro et al., 2004), and resolutions to 
prepare pure enantiomers (Costa et al., 2004). Some more specific examples of 
the use of CALB are in the production of the bronchodilator (R,R)-formoterol 
(Campos et al., 2000) and an azole antifungal compound against Candida and 
pulmonary Aspergillus infections (Zaks & Dodds, 1997). CALB is also used in 
large scale production of the pure enantiomers of ethyl-3-hydroxybutyrate, 
which both are important intermediates in the pharmaceutical industry 
(Fishman et al., 2001). 
 

3.1.1 Protein Structure 
The three-dimensional structure of CALB was solved in 1994 and not long 

thereafter another structure was solved, containing an inhibitor bound in the 
active site (Uppenberg et al., 1994 & 1995). These showed that CALB has an 
α/β-hydrolase fold (Figure 3.1.a). The active site lies buried in a cavity, but 
unlike most other lipases it does not have a lid to cover the active site and does 
therefore not show interfacial activation. 

From the crystal structures it was found that there are two pockets which the 
substrate (substrate 2 in Figure 3.3) can occupy (Figure 3.1.b). The medium 
sized pocket (M) cannot fit a group larger than ethyl, whereas the size 
restriction in the large pocket (L) is almost unlimited. This means that for 
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enantiomers with one group larger than ethyl, only one of the two enantiomers 
can fit comfortably into the active site. This gives CALB its stereoselectivity. 
 

3.1.2 Reaction Mechanism 
In a hydrolysis of a carboxylic ester (Figure 3.3), catalyzed by CALB, 

substrate 1 binds in the active site and the carboxylic carbon is attacked by the 
nucleophilic serine. The tetrahedral intermediate is stabilized by the oxyanion 
hole. An acyl enzyme is then formed as the alcohol, product 1, is released. A 
water molecule or an alcohol, substrate 2, then enters the active site and attacks 
the ester whereby a new tetrahedral intermediate is formed. In the final step the 
product (product 2) leaves the active site. 
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Figure 3.3. Reaction mechanism of CALB. The reaction is catalyzed by the 
catalytic triad (Ser-His-Asp) and an oxyanion hole, consisting of three hydrogen 
bonds. 
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3.2 Protein Engineering of Hydrolases 

Mutagenesis is an important tool to give information about enzymes. The 
role of the oxyanion hole has for example been demonstrated by mutation 
studies. A single point mutation of CALB, Thr40Ala/Val, gives a large decrease 
in kcat/KM for esters. By using substrates, containing a hydroxyl group the 
mutants partly regain their activity and show stereoselective hydrolysis of ethyl 
hydroxy esters (Magnusson et al., 2001). Another example of how an enzyme 
has been engineered to get increased enantioselectivity is epoxide hydrolase. 
This enzyme was subjected to directed evolution. One mutant could be detected 
with increased enantioselectivity, after only one round of error-prone PCR. The 
enantioselectivity in the resolution of glycidyl phenyl ether increased from 4.6 
for the wild type catalyzed reaction to 10.8 for the mutant. The mutant was 
found to contain three mutations, but only one was found close to the active site 
(Reetz et al., 2003). 

There is also an example of a mutant that was created to increase the 
thermostability of CALB, or more specifically to increase its resistance towards 
irreversible thermal inactivation. The best mutant showed an over 20-fold 
increase in half-life time at 70 °C, and was retrieved after two rounds of error-
prone PCR (Zhang et al., 2003). 

 
A single-point mutation of CALB has also been shown to give an enzyme 

with increased activity towards aldol additions (paper I and II), Michael 
additions (paper III) and epoxidations (paper V). This is yet another example of 
enzymatic promiscuity and will be further presented in the following chapter. 
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4  Rational Design of Candida antarctica Lipase B 

Aldol additions, Michael additions and epoxidations are examples of 
reactions that are of high importance in organic synthesis, as they provide 
important intermediates for instance in the food and pharmaceutical industries 
(Schmid et al., 2001, Lee et al., 2003). Research is constantly ongoing to find new 
activities from Nature. We have chosen to use the stable protein structure of a 
lipase as a scaffold to harbor new reaction mechanisms. In this chapter I will 
present how a single point mutation of Candida antarctica lipase B (CALB) gave 
increased activity for three studied reactions, highly different from the natural 
hydrolysis activity.  

Initially, molecular modeling of CALB (Figure 4.1.a) suggested that this 
enzyme could also be a good catalyst for other reactions than those earlier 
examined with the wild type enzyme. By removing the nucleophilic serine and 
using the remaining catalytic dyad His/Asp and the oxyanion hole it was 
suggested to be a good catalyst for aldol additions, Michael additions, and 
epoxidations. One part of the molecular modeling was quantum mechanical 
(QM) calculations, which were used to calculate the activation energies for the 
reactions. Two mutants, Ser105Gly and Ser105Ala (Figure 4.1.b, c), were created 
by site-directed mutagenesis and expressed in Pichia pastoris. In the initial 
study, activity was found for aldol additions (paper I). The highest activity was 
found with the Ser105Ala mutant, which was thereby chosen for further 
investigation. Further studies were made on aldol additions (paper II) and also 
on Michael additions (paper III), and epoxidations (paper V). 
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Figure 4.1. Structure of the active site in CALB a) wild type with an ester bound in 
the transition state, after attack of the serine 105, b) Ser105Ala mutant with an 
enolate (first substrate in an aldol addition) and c) Ser105Ala mutant with the 
proposed transition state of a Michael addition (Nu= S, N) or epoxidation (Nu = O). 

 

4.1 Aldol Addition 

One of the most challenging and important tasks in organic synthesis is 
asymmetric C-C bond formation. Aldol addition is an example of such a 
reaction and is found in the synthesis and break down of carbohydrates in 
Nature. Catalysts for these reactions are found both among bio-, organo- 
and organometallic catalysts (Machajewski & Wong, 2000, Notz et al., 
2004). In the following chapter aldolases, a biocatalyst, will be discussed 
more in detail together with my own results.  
 

4.1.1 Aldolases 
Aldolases are the enzymes found in Nature as catalysts in the coupling 

between a donor (usually a ketone) and an acceptor (an aldehyde), in 
reactions which show both high stereoselectivity and works under mild 
reaction conditions. Mechanistically aldolases are divided in two classes 
(Gefflaut et al., 1995). 
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Class I aldolases are found in all kinds of cells, prokaryotes as well as 
eukaryotes. These enzymes are characterized by the formation of an 
immonium intermediate in the active site, between the donor substrate and 
an active site lysine (Figure 4.2.a).  

Class II aldolases are only found in prokaryotes and lower eukaryotes 
such as yeast, algae and fungi. In these enzymes the donor substrate forms 
an enolate, which is stabilized by a zink ion (Figure 4.2.b). The most stable 
aldolases are generally found among the class II aldolases (Gijsen et al, 
1996). 

In both cases the donor substrate binds in the active site and attacks the 
acceptor substrate to form the final product. 
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Figure 4.2. Active site of a fructose-1,6-bisphosphate aldolase from a) class I, 
showing the formed immonium intermediate between the donor substrate 
and the active site lysine and b) class II, showing the donor substrate enolate, 
stabilized by a zink ion. The attack on the acceptor substrate is shown in both 
cases (Machajewski & Wong, 2000). 

 
Aldolases show high substrate specificity for the donor substrate, which 

leads to four main groups, namely dihydroxyacetone phosphate, pyruvate 
(or phosphoenol pyruvate), acetaldehyde and glycine. Although highly 
limited in their acceptance of donor substrate they show a much broader 
acceptance of acceptor substrates. Deoxyriose-5-phosphate aldolase has for 
instance shown to catalyze the sequential aldol addition of acetaldehyde 
(De Sanits et al., 2003). Fructose-1,6-diphosphate has been used in the 
synthesis of iminosugars and deoxythiosugars (Takayama et al., 1997). 

 

4.1.2 Non-Enzymatic Catalysts 
In addition to the aldolases there are a number of other chemical 

catalysts for aldol additions, which are outside of the scope of this thesis. 
One example is proline, which is usually classified as an organocatalyst, 
but has also been called “the simplest enzyme” (Movassaghi & Jacobsen, 
2002). Proline and derivatives have shown high stereoselectivity in the 
aldolization of various aldehydes and ketones (Notz et al., 2004, Casas et 
al., 2005, Cobb et al., 2005). 

Also catalytic antibodies, called abzymes, are used as catalysts in aldol 
additions and retro-aldol additions. These antibodies show broad substrate 
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specificity and can today for example be found as catalysts in the activation 
of prodrugs. Some catalytic antibodies, with aldolase activity, are today 
commercially available (Machajewski & Wong, 2000). The active site of 
these catalytic antibodies contains a lysine residue which forms an imine 
intermediate with the donor substrate, resembling the class I aldolases 
(Figure 4.2.a). 

Another group of catalysts that can be used are metal complexes, which 
can be used to activate either the donor (such as Rh and Pd complexes) or 
the acceptor (such as Sn, Ti and Cu complexes) substrate in an aldol 
addition (Machajewski & Wong, 2000). 
 

4.1.3 A CALB Mutant as Catalyst for Aldol Additions 
The initial idea to use the oxyanion hole in CALB to stabilize the reaction 

intermediate in an aldol addition was tested by quantum mechanical (QM) 
calculations. The overall activation energies from these calculations were 
found to be close to 15 kcal/mol for acetaldehyde and 17 kcal/mol for 
acetone, which suggested that the reactions were possible and would give 
reaction rate in the same order as natural aldolases (paper I). Two CALB 
mutants Ser105Gly and Ser105Ala were created by site-directed 
mutagenesis. The remaining active site consisted of the histidine, the 
aspartate and the oxyanion hole (Figure 4.1.b). The histidine was expected 
to function as a base in the deprotonation and formation of an enolate, 
which would then be stabilized by the oxyanion hole. This resembled the 
active site of a class II aldolase (Figure 4.2.b). In the initial studies the wild 
type enzyme and the two mutants, Ser105Gly and Ser105Ala, were 
explored as catalysts for aldol additions. The Ser105Ala mutant showed the 
highest activity, four times that of the wild type enzyme and about 300 
times over the background reactions in the aldolization of hexanal. To 
confirm that the reaction took place in the active site reactions were also 
run with covalently inhibited enzyme and with albumin. The background 
reactions showed almost no activity, which confirms the importance of the 
active site in the catalysis (Table 4.1 and paper I). 

 
Table 4.1. Aldolization of hexanal, catalyzed by CALB wild type and 
mutants. Control reactions were examined to verify that the reaction 
took place in the active site. 

Catalyst Activity [µmol prod × h-1 × g-1 enzyme]

Albumin
Inhibited CALB
Wild type
Ser105Gly
Ser105Ala

0.2
0.3

19
57
80  
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The catalytic antibodies that have been used in aldol additions usually 
have an activity between 15-150 day-1 (Tanaka et al., 2004). This can be 
compared with our CALB mutant, Ser105Ala, which showed an activity of 
65 day-1, for hexanal (paper I). Further comparison between these catalysts 
shows that the catalytic antibodies react with high enantioselectivity, which 
was not found with our CALB mutant. Catalytic antibodies on the other 
hand do not seem to be as stable in organic solvent as our CALB mutant, 
which was used in pure cyclohexane (Hoffmann et al., 1998, Machajewski 
& Wong, 2000, Tanaka et al., 2004). 

The reaction rates in the initial studies were found to be much lower 
than what was predicted by the QM calculations. To find the reason for 
that, further experiments were performed. New substrates were used in an 
attempt to find one that had a better binding and showed a better 
reactivity, preferably with some stereoselectivity. In this part of the project 
only one of the mutants, Ser105Ala, was examined. Neither of the 
substrates showed any increase in reaction rate (paper II), which led to 
further modeling studies to find an explanation to this. 

From docking studies and molecular dynamics it could be concluded 
that the substrate bound in the right position, but that the distance between 
the α-proton of the substrate and the active site histidine was longer (4.2Å) 
than that of a hydrogen bond. The molecular dynamic studies that 
followed were performed to give a more accurate picture of how often the 
α-proton came within the right distance from the histidine. The results 
were that only about 0.5% of the structures were within the right distance 
and the average distance was found to be about 6.2 Å (Figure 4.3 and paper 
II). This meant that although the activation energy was low enough for the 
reaction to occur with a fairly good rate, the frequency for this to happen 
was too low for an overall high reaction rate. 
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Figure 4.3. a) The first substrate is bound in the active site and the substrate 
α-proton is attacked by the histidine. b) A structure of the active site of the 
CALB mutant, Ser105Ala, with the two substrates (hexanal) bound. The 
distance between the histidine and the substrate α-proton is marked, which is 
longer than that of a normal hydrogen bond. 

 
 
In an attempt to find an explanation to the even lower reaction rates that 

were found with the new substrates compared to that of hexanal, their α-proton 
acidity were calculated (Scheme 4.1 and Table 4.2) (Hilal et al., 2003). The 
substrates with the lowest pKa-values were those that showed reactivity (1-6). 
The values for those substrates were quite similar. From this it could be 
expected that they would all show similar reaction rates, but then also factors 
like steric hindrance and binding affinity has to be taken in consideration. 

 
 

6.2 Å 
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Scheme 4.1. General reaction scheme for aldol additions. R1 and R2 are defined in 
Table 4.2. 
 

 
Table 4.2. Comparison of the pKa values and the relative reaction rates for 
aldolization of the respective substrate. Reaction scheme in Scheme 4.1. 

Substrate Relative rate (substrate/hexanal)a

(2) R1=Me, R2=H
(3) R1=i-Pr, R2=H
(4) R1=Bn, R2=H

(5) R1=Bn, R2=Me
(6) R1=H, R2=Me
(7) R1=Et, R2=Me
(8) R1=Et, R2=Et
(9) R1=Pr, R2=Et

65
7
5
3
1

b

b
a Total product formation (aldol and α,β-unsaturated product), bthe reaction rate 
was calculated to be less than 0.03 relativ that of hexanal (1).

b

(1) R1=Bu, R2=H

pKa for R1 and R2

15.5
15.2
15.6
11.7

15.0, 17.5
17.6

19.1, 17.6
19.0, 18.9
19.1, 18.9

100

 
 
An unexpected result was that the reaction took place without any 

enantioselectivity. A shift in the diastereoisomeric ratio was detected compared 
to the uncatalyzed reaction, for hexanal (Figure 4.4). This shows that the 
enzyme catalyzed a stereoselective reaction, but suggests that two different 
binding modes are preferred. The substrates in the continuing study were 
chosen also to increase the chance to give stereoselective reactions (Table 4.2 
and paper II). However, neither of these showed any enantioselectivity. No 
good explanation to this could be given, but a speculation was that the size of 
the active site allowed for the substrate to bind in more than one way. 
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Figure 4.4. The aldol products were detected in enantiomeric pairs by analysis on 
GC, using both chiral and nonchiral column. The reaction was found to be 
stereoselective, with one enantiomeric pair formed faster by CALB-mutant 
catalysis. 
 
 

In conclusion it can be said that the CALB mutant, Ser105Ala, gave an 
increased activity for aldol additions, compared to that of the wild-type 
enzyme. The low reaction rate was probably a consequence of lack of optimal 
geometry in the active site, while the general idea of the proposed reaction 
mechanism still holds.  
 

4.2 Michael Addition 

Michael addition was originally the name for conjugate additions of enolate 
ions to α,β-unsaturated carbonyl compounds. Nowadays Michael addition is 
used for reactions giving a 1,4-addition of any nucleophile to an α,β-
unsaturated carbonyl compound (Scheme 4.2).  
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Scheme 4.2. General reaction scheme for Michael additions. The nucleophile is 
added to the α,β-unsaturated substrate in a 1,4-addition mode. 
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This type of reaction is fundamental in organic synthesis, such as in the 
synthesis of compounds with a thioether linkage as well as in the formation of 
new carbon-carbon bonds (Wabnitz & Spencer, 2003, Yao et al., 2004). Michael 
additions are also of interest in the synthesis of N-substituted imidazoles (Cai et 
al., 2004 a,b). 

 

4.2.1 Catalysts for Michael Additions 
Michael additions are not the most commonly found reactions in Nature but 

there are a few enzymes that show Michael addition activity as part of their 
natural activity, for instance some in baker’s yeast (Bertolli et al., 1981, Tomoya 
& Nobuo, 1984). More specific enzymes that have been used are O-acetylserine 
sulfhydrylase, a pyridoxal 5´-phosphate dependent enzyme (see chapter 5), 
which catalyzes a Michael addition in the synthesis of cysteine (Tai & Cook, 
2001). Hydrolases have been used as catalysts in Michael additions (Kitazume 
et al., 1986, Cai et al., 2004 a,b, Torre et al., 2004, Yao et al., 2004) and 
thymidylate synthase is known to catalyzes the final step in the synthesis of  the 
nucleotide dTMP (Ivanetich & Santi, 1992). 

Other catalysts, which in addition to aldol additions, catalyzes Michael 
additions are proline and derivatives thereof. These reactions proceed with high 
activity and in some cases also with high stereoselectivity (Notz et al., 2004, 
Cobb et al., 2005). 

 

4.2.2 A CALB Mutant as Catalyst for Michael Additions 
Michael additions were the second reaction type to be investigated with the 

CALB mutant, Ser105Ala, next after aldol additions. From the initial QM 
calculations for Michael additions the activation energy was found to be about 
12 kcal/mol, for methanethiol and acrolein. The experimental results that 
followed gave reaction rates in the range of 10-3 - 4 min-1 and the enzyme 
proficiency ((kcat/KM)/knon) reached 107, which is similar to natural enzymes 
(paper III). The reactions gave high yields, but no stereoselectivity could be 
detected. 

The reaction mechanism predicted for the Michael addition was that the 
histidine abstracts the proton from the nucleophile the nucleophile attacks the 
β-carbon on the α/β-unsaturated substrate, bound in the active site. This gives a 
transition state that is stabilized by the oxyanion hole (Figure 4.5.a), and next 
the final product is formed. 

In comparison to the long distance between the histidine and the substrate α-
proton in an aldol addition (Figure 4.3), the distance to the thiol in a Michael 
addition in much shorter (Figure 4.5). This can partly explain for the higher 
reaction rate detected in the Michael addition (paper I and III). 
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Figure 4.5. The Michael addition takes place between the nucleophile and the 
carbonyl β-carbon, after activation by histidine 224. a) Shows the nucleophilic 
attack and b) shows the three-dimensional view of the substrates bound in the 
active site. The distance from the thiol to the histidine and the carbonyl β-carbon is 
shown. 

 
In the Michael addition as well as the aldol addition the histidine, His224, 

had to be in its unprotonated state when the reaction started (Figure 4.5). A 
study of the reaction rates of Michael additions, catalyzed by enzyme that had 
been immobilized at pH 7.6 and 8.6, respectively, showed that the activity 
increased with a higher pH (paper III). The reaction rate was increased more 
than 10 times for the reaction between pentane-2-thiol and but-2-enal when the 
immobilization pH was increased from 7.6 to 8.6, for the Ser105Ala mutant 
(Figure 4.6). The reason for why this effect was not seen for the wild type could 
possibly be explained by that the nucleophilic serine, in the wild type, 
hydrogen binds to the histidine and thereby lowers its pKa. This hydrogen bond 
is not possible in the mutant.  

3.0 Å

4.5 Å
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In conclusion the Michael additions were found to be successfully catalyzed 
by the CALB mutant, Ser105Ala, and the catalyst shows broad substrate 
specificity. 

Figure 4.6. Michael addition of 2-pentanethiol to 2-but
by C. antarctica lipase B Ser105Ala mutant (●,○) and wi
curves show control experiments with imidazole (×), e
wild-type (◊) and the background reaction with substr
symbols denote immobilization of enzyme or prewa
buffer of pH 8.6 or pH 7.6, respectively (paper III). 

 
In the aldol addition one of the products obta

carbonyl compound, the dehydrated aldol prod
substrate in a Michael addition. To exploit this
addition were run in a sequential reaction to fo
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Scheme 4.3. A sequential, one-pot, three step reaction of (a) aldol addition (b), 
dehydration and (c) Michael addition. The gas chromatogram identifies the 
products (1-3). 

 

4.3 Epoxidation 

Epoxides are compounds that contain a three-membered ring, including one 
oxygen atom. As three-membered rings are highly strained they are very 
reactive toward nucleophilic substitutions and can undergo stereospecific ring-
opening to give bifunctional compounds. These compounds can in turn be used 
as intermediates in the preparation of enantiomerically pure bioactive 
compounds, for instance as intermediates for pharmaceuticals and fine 
chemicals (Wang et al., 2003). Epoxides can for example be formed from simple 
alkenes, α,β-unsaturated carbonyl compounds, and unsaturated fatty acids 
among others, using hydrogen peroxide (Scheme 4.4). Hydrogen peroxide is 
though a slow oxidant and it needs to be activated in order to be an efficient 
oxygen donor.  

 

R1

R2
+

HO
OH

R2
- H2O R1

Ocatalyst  
 
Scheme 4.4. General reaction scheme for epoxidation of an alkene, using hydrogen 
peroxide. 

 

4.3.1 Catalysts for Epoxidations 
There are today both chemical and biological catalysts available for 

epoxidations. Enzymes that naturally catalyze the epoxidation reactions are 
monooxygenases, which can catalyze epoxidation reactions of alkenes both 
with high regio- and stereospecificity (de Visser et al., 2002, Bernasconi et al., 
2004). Also haloperoxidases, or more specifically chloroperoxidases, catalyze 
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stereoselective epoxidation of alkenes (Zaks & Dodds, 1995, Dembitsky, 2003). 
Epoxides can be synthesized in a reaction where hydrogen peroxide first reacts 
with a carboxylic acid to form a peroxy acid. This can be catalyzed by CALB 
(Björkling et al 1992, Lau, et al., 2000). In the following step, the peroxy acid 
reacts with an α,β-unsaturated compound, such as an alkene or an olefin to 
form an epoxide. This step is not reported to be enzyme catalyzed, but it is the 
rate limiting step in the reaction. Bicarbonate has shown to be an efficient 
activator of hydrogen peroxide and is used in epoxidations, resulting in high 
yields and small amounts of diols can be found only in a few cases. The benefit 
with bicarbonate, compared to other non-enzymatic catalysts, is that there are 
no toxic effects from the catalyst, but the drawback is that such system does not 
give any stereoselectivity (Yao & Richardson, 2000). The low enantiomeric 
purity in epoxidations is also a drawback with organic peroxy acids (Besse & 
Veschambre, 1994). 

Transition metal ligands, such as molybdenum and vanadium, are also used 
as catalysts for epoxidations and give good yield and high enantiomeric purity. 
Their substrate specificity is though narrow (Besse & Veschambre, 1994). 
 

4.3.2 A CALB Mutant as Catalyst for Epoxidations 
Earlier reports show a sequential reaction where peroxide first reacts with a 

carboxylic acid in an enzyme–catalyzed peroxidation. The peroxy acid that is 
formed then reacts with an alkene to form an epoxide. The reaction mechanism 
proposed in figure 4.7 is on the other hand a direct lipase-catalyzed 
epoxidations. 
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Figure 4.7. Proposed reaction mechanism for epoxidation, catalyzed by a CALB 
mutant, Ser105Ala. 
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In this study CALB wild type and a mutant, CALB Ser105Ala, were used as 
catalysts in epoxidations of α,β-unsaturated carbonyl compounds. Hydrogen 
peroxide was used as oxygen donor, without extra addition of a carboxylic acid 
(paper V). The hypothesis behind this was that the α,β-unsaturated carbonyl 
compound would be activated by binding into the oxyanion hole, while the 
hydrogen peroxide would be activated by the active site histidine (Figure 4.7). 
The experimental work was in line with the hypothesis and the highest activity 
was found in the mutant catalyzed reaction, which further strengthened the 
hypothesis. It was concluded that the reaction mechanism in this case did not 
go via a peroxy acid as presented in earlier reports (Björkling et al., 1992, 
Skouridou et al, 2003), as the mutant, lacking the nucleophile, does not retain 
any hydrolysis activity. This led to the conclusion that the epoxidation was 
directly catalyzed by the lipase, according to the reaction mechanism presented 
in figure 4.7. 2-Butenal showed the highest reaction rate of the examined 
substrates, and also the highest yield 15 and 37%, after 620 h, for the wild-type- 
and Ser105Ala-enzyme, respectively. Also cinnamaldehyde and 2-
cyclohexenone reacted (Table 4.3 and paper V). The rate enhancement was 
calculated to be 2.5×104 in the mutant catalyzed reaction of 2-butenal (Table 
4.3). No stereoselectivity could be found here, as in the aldol- and Michael 
additions. This can possibly be explained by the relatively large active site that 
makes it possible for the nucleophilic attack to come from either side of the 
substrates. 

 
 
 

Table 4.3. Calculations of the catalytic efficiency. 

2-butenal

1-butene-3-one

cinnamaldehyde
cyclohexanone

2-methyl-2-pentenal

5.0×10-4

0.50
0.17
n.d.

0.80
0.041
0.16

n.d.
n.d.
n.d.

n.d.
n.d.

1.6×104

0.083
0.98

1.2
0.045
0.11

2.5×104

0.090
0.66

Substrate uncat WT Ser105Ala

[min-1M-1] [min-1] [min-1][M] [M]

n.d. = not detectable  
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4.4 Summary 

The CALB serine mutant Ser105Ala showed an increased activity for three 
promiscuous reactions, aldol addition, Michael addition and epoxidation. At 
the same time the natural activity, hydrolysis, was drastically decreased (Table 
4.4). 

 
Table 4.4. Data where the largest difference in activity between wild-type and 
mutant enzyme (paper I-III and V) was found. 

hydrolysis
aldol addition

Michael addition
epoxidation

1.1×106

0.80
49
1.0×10-3

n.d.
3.0

75
1.7

WT Ser105Ala

[h-1] [h-1]

Reaction

n.d. = not detectable  
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5  PLP-Dependent Enzymes 

Vitamins and vitamin derivatives play important roles in all cells. Some 
vitamin derivatives work as cofactors in different enzymes. Pyridoxal 5’-
phosphate (PLP) is the bioactive derivative of vitamin B6, pyridoxine. The 
biosynthesis of PLP occurs in plants and microorganisms, whereas humans 
must obtain it from dietary sources. PLP is found as cofactor in enzymes that 
catalyze various interconversions of α-amino acids, and in the synthesis of 
amino sugars (Eliot & Kirsch, 2004). It can also function as a catalyst itself, in its 
free form (Tsai et al., 1978, Pugnière et al., 1983, Jacob III, 1996). Within the 
group of PLP-dependent enzymes enzymatic promiscuity is very common; that 
is, the enzymes often show activity for more than one reaction (Percudani & 
Peracchi, 2003). 
 

5.1 PLP as Cofactor 

The cofactor, PLP, has been found as cofactor of enzymes in five of the six 
main enzyme classes and in over 140 enzymes (John, 1995, Toney, 2005). 
Thereby it is outstanding among all cofactors in the diversity of reactions it is 
involved in (Eliot & Kirsch, 2004). Some examples of PLP-dependent enzymes 
are racemases, transaminases, decarboxylases, synthases and aldolases. With 
only a few exceptions they all catalyze reactions involving amino acids and only 
the PLP-dependent phosphorylases do not directly involve a reaction between a 
substrate amine and a PLP carbonyl (John, 1995, Percudani & Peracchi, 2003, 
Eliot & Kirsch, 2004). 

All living cells contain PLP-dependent enzymes although their most 
pronounced abundance is found in prokaryotes where it is found in about 1.5% 
of all enzymes (Percudani & Peracchi, 2003). Being more common in 
prokaryotes, it has been said to be involved mainly in the fundamental 
reactions. It is also of high importance in eukaryotes, such as human cells. 
Decarboxylases are for instance involved in the biosynthesis of the 
neurotransmitters γ-aminobutyric acid (GABA) and serotonin and deficiency 
can cause depression and anxiety (McCarty, 2000). The PLP-dependent 
enzymes are also common drug targets, such as γ-aminobutyric acid 
aminotransferase in the treatment of epilepsy and serine 
hydroxymethyltransferase in cancer therapy (Eliot & Kirsch, 2004). 
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The PLP-dependent enzymes have been grouped in different ways. Christen 
and his coworkers grouped the enzymes in three families, α, β, γ, depending on 
at which atom the final reaction occurs (Alexander et al., 1994). Another way to 
group the enzymes is based on sequence and structure analysis. This has so far 
resulted in five fold-classes (Eliot & Kirsch, 2003). 
 

5.2 Racemases and Transaminases 

Among the amino acids the L-enantiomers are the most commonly occurring 
in Nature, but also the D-enantiomers of amino acids are known to have 
important functions. For instance, D-alanine and D-glutamate are found in the 
peptidoglycan layer of the bacterial cell wall. D-Serine is a signaling molecule in 
mammalian brains and D-aspartate is a mediator in the endocrine system 
(Yoshimura & Esaki, 2003). D-Amino acids are also used as intermediates in the 
production of pharmaceuticals, food additives and agrochemicals (Yagasaki & 
Ozaki, 1998). The interconversion between the two enantiomers of an amino 
acid to provide both enantiomers is catalyzed by racemases. 

Transaminases are important in the biosynthesis and metabolism of amino 
acids. Depending on the position of the reacting amine the transaminases are 
divided into α- and ω-transaminases (Shin et al., 2003). ω-Transaminases show a 
broad substrate acceptance and have in addition to amino acids shown activity 
for amines. They have therefore been used in the production of chiral amines 
(Shin & Kim, 1997).  

 

5.2.1 Reaction Mechanism 
With the exception of the PLP-dependent phosphorylases all PLP-dependent 

enzymes share the same first reaction step. In the resting state PLP is found 
covalently bound to a lysine as an internal imine in the enzyme active site 
(Scheme 5.1.a). This makes it more reactive than the free PLP (John, 1995). 
During the reaction PLP is instead bound to the substrate amine group as an 
external imine (Scheme 5.1.b). From here the reactions will take different routes 
depending on the conformation of the formed imine complex. The bond to be 
broken will be in a plane perpendicular to the PLP-imine π-system, according to 
the Dunathan hypothesis (Dunathan, 1966 & 1971). Figure 5.1 shows the 
conformation for a racemization or transamination with the α-proton 
perpendicular to the PLP-imine π-system. As both racemizations and 
transaminations will show the same configuration at this stage there must be 
something else to determine which of the two reactions that is to take place and 
the protonation state of the pyridine nitrogen has shown to be an important 
factor. The protonation state is in turn dependent on which amino acid that is 
coordinated to the pyridine nitrogen (marked with an asterisk in Scheme 5.1.a). 
In transaminases there is either an aspartate or a glutamate, hydrogen bonding 
to the pyridine nitrogen, which will stabilize the quinonoid intermediate, and 
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the proton will be placed on the C4’ (Scheme 5.1.c). Hydrolysis of the structure 
that has gone through the proton transfer will result in transamination. Alanine 
racemase on the other hand has an arginine coordinated to the pyridine 
nitrogen which will therefore not be protonated and the quinonoid will not be 
stabilized (Sun & Toney, 1999, Yow et al, 2003, Eliot & Kirsch, 2004). It has been 
suggested that the racemization does not go through a quinonoid intermediate, 
which has also been shown by the missing absorbance at the region between 
480-530 nm (Watanabe, et al., 2002, Spies & Toney, 2003). The reprotonation of 
the Cα can then come from either face of the imine and thereby form a racemate 
(Scheme 5.1.d). 
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Figure 5.1. According to the Dunathan hypothesis (Dunathan, 1966 and 1971) the bond 
perpendicular to the coenzyme-imine π-system will be broken. In this figure the α-proton 
will be broken, resulting in racemization or transamination. The top figure shows the 
imine molecule, and the bottom figure shows the same molecule seen from the side. 

 

5.3 Alanine Racemases 

Alanine racemase was first identified in Streptococcus faecalis (Wood & 
Gunsalus, 1951). It’s first and for a long time only known function was to 
provide D-alanine to the peptidoglycan layer in the bacterial cell wall (Shaw et 
al., 1997, Nomura, et al., 2001). Therefore, alanine racemase has been selected as 
a target in the search for an inactivator that can be used as an antibacterial agent 
against for instance pneumonia, tuberculosis and osteomyelitis. Unfortunately 
the inhibitors found so far show unspecific inhibition also of other PLP-
dependent enzymes (LeMagueres et al., 2003 and 2005). Alanine racemase has 
also been found in eukaryotes, such as fungi and in the animal kingdom. The 
first report of an alanine racemase from a non-bacterial source was from the 
fungus Tolypociadium niveum. Here it is a key enzyme in the biosynthesis of the 
cyclic undecapeptide cyclosporin A, which has immunosuppresive properties 
(Hoffmann et al., 1994). 
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methyltransferase (III) are shown. * Denotes the pyridine nitrogen (5.1.a) and # marks the C4´ 
(5.1.c). 

Scheme 5.1. a) In the resting state PLP is bound to an active site lysine through an imine bond. 
b) The different possibilities of bond breaking to perform different reactions are shown. (I) In 
the case where the imine is deprotonated, the reaction route will be either transamination or 
racemization. c) Transamination is found when the pyridine-nitrogen is protonated and a 
quinonoid is formed, whereas in d) racemases the pyridine-nitrogen will not be protonated. 
Also the route for α-decarboxylation (II) and retro aldolization, here serine hydroxyl 
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.3.1 Protein Structure 
yotes are found either as a monomer (Wasserman 

5.3.2 Reaction Mechanism 
f alanine racemase has been well studied. In 

 

5
Alanine racemase in prokar

et al., 1984, Badet & Walsh, 1985, Esaki & Walsh, 1986) or a dimer (Inagaki et al., 
1986, Tanizawa et al., 1988, Shaw et al., 1997). The eukaryotic enzymes on the 
other hand have been found to be trimeric or tetrameric (Hoffmann et al., 1994, 
Nomura et al., 2001). Although the structure of the active enzymes looks 
differently in different cells they are all built of relatively uniform monomers, 
about 40 kDa in size (Nomura et al. 2001). 

The dimeric alanine racemase from Geobacillus stearothermophilus belongs to 
fold type III, of the PLP-dependent enzyme folds. Each subunit consists of two 
domains, one eight stranded α/β barrel at the N-terminal and the other consists 
of three β-sheets at the C-terminal. In the dimer the N-terminal of one monomer 
interacts with the C-terminal of the other. Each dimer also contains two active 
sites, both located between the two monomers (Figure 5.2.a) (Shaw et al., 1997). 
Dissociation studies have shown that the monomer gives a non active protein 
(Toyama et al., 1991). Each active site has a PLP bound to a lysine in the resting 
state, the same lysine is involved in the proton transfer in the racemization 
reaction, together with tyrosine 265 (Figure 5.2.b). Water molecules have also 
been identified in the dimeric structure as important structure stabilizers 
(Mustata & Briggs, 2004). 

 

The structure and active site o
Geobacillus stearothermophilus Lys39, the PLP-binding residue, and Tyr265 are 
known to be the catalytically active amino acids. This has also been shown by 
mutations (Watanabe et al., 1999 a,b). A requirement to perform the 
racemization is that the proton can be transferred between the two catalytically 
active residues, Lys39 and Tyr265. There have been many suggestions for how 
this is carried out. One suggestion has been that water molecules in the active 
site are responsible for supplying the required protons to the catalytically active 
amino acids (Spies & Toney, 2003, Mustata & Briggs, 2004). Later studies have 
shown that no water molecule is at the right position to perform proton 
transfer. Another possible solution includes the substrate carboxylate in the 
proton transfer (Scheme 5.2) (Watanabe et al., 2002). This mechanism has not 
yet been fully accepted even though further experiments have been presented 
which agrees with this mechanism (Spies et al., 2004). By studying the crystal 
structure Esaki and coworkers suggested that the carboxylate can rotate freely 
in the active site to reach both bases (Watanabe et al., 2002), which disagrees 
with the suggestion that Arg136 participates in the substrate binding by 
hydrogen binding to the substrate carboxylate (Stamper et al., 1998). 

 



 

 
 

 
 

Figure 5.2. Structural view of alanine racemase a) consisting of two monomers, 
shown in grey and purple, respectively. b) The active site shown in a close up. The 
catalytically active residues Lys39 and Tyr265 are shown, located on each side of 
the PLP-alanine complex. Arg219 is shown hydrogen bound to the pyridine 
nitrogen.
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Scheme 5.2. The latest suggestion to the reaction mechanism of alanine racemase 
involves the substrate carboxylate in the proton transfer between the two bases. 
The two bases are Lys39 and Tyr’265 and come from each of the two monomers. 
With this reaction mechanism there is no quinonoid intermediate formed 
(Watanabe et al., 2002). 

 

5.4 Protein Engineering of PLP-Dependent Enzymes 

There are many reports on how the PLP-dependent enzymes have been 
mutated to change substrate- or reaction specificity, and also to cause other 
changes to the protein, for instance to make them more thermostable. A few 
examples of all these reports will follow here, not least to illustrate that it really 
is fine tuning to give the proteins their high specificity and that minor changes 
can cause dramatic differences. 

Alanine racemase from Geobacillus stearothermophilus has been mutated to 
identify the catalytic residues (Kurokawa et al., 1998, Sun & Toney, 1999, 
Watanabe et al., 1999 a,b). A single point mutation of the catalytic base, Tyr265, 
is enough to turn the racemase into a transaminase by completely abolish its 
racemization activity whereas the transamination activity is increased at least 
four-fold (Watanabe et al., 1999a). In another report the same mutant, Tyr265, is 
shown to give a 2.3×105-fold increase in retroaldol activity, compared to that of 
the wild type enzyme (Seebeck & Hilvert, 2003). Alanine racemase shows very 
high substrate specificity and has in addition to alanine only shown minor 
activity for serine. Patrick et al (2002) have shown that tyrosine (Tyr354) plays 
an important role in this strict substrate specificity. A single point mutation of 
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Tyr354 for alanine, asparagine or glutamine gave an increased specific activity 
for racemization of serine with a factor of 50 to 80. 

Aspartate aminotransferase also shows promiscuity in that it catalyzes 
racemization as a side reaction. A single point mutation is enough to increase its 
racemization activity seven times and at the same time decrease the 
transamination activity six-fold (Vacca et al., 1995). With a triple mutation 
Christen and coworkers turned aspartate aminotransferase into an L-aspartate 
β-decarboxylase. The mutated amino acids are hydrogen bonding to the 
substrate’s α-carboxylate group, to the cofactor phosphate and the distal 
carboxylate of the substrate. kcat/KM for the decarboxylation is found to increase 
over 180 times with the best of the triple mutants, compared to the wild type. 
At the same time the transamination decreases with a factor of 1.3×105 (Graber 
et al., 1999). Ornithine decarboxylase is yet another example, which in addition 
to its decarboxylase activity catalyzes a decarboxylation-dependent 
transamination as a side reaction. A single point mutation of this enzyme 
increases the side reaction activity 200-fold, whereas the decarboxylation 
activity decreases 600-fold (Jackson et al., 2000). 

The psychrophilic (heat sensitive) alanine racemase from Bacillus 
psychrosaccharolyticus has a higher catalytic activity than the thermostable 
alanine racemase from Geobacillus stearothermophilus. In an attempt to increase 
the thermostability of the psychrophilic enzyme, a double point mutation was 
made to decrease the flexibility of the active site, which has been suggested to 
cause its naturally low thermostability. The mutant shows a higher activity up 
to 50 ºC and also the KM is markedly affected and decreased from 5.0 µM to 0.23 
µM, despite that the mutation sites were located on the protein surface 
(Yokoigawa et al., 2003). 

 

5.5 Activity and Stability of Mutants of an Alanine 
Racemase 

The idea of this work was to change the substrate specificity of alanine 
racemase from Geobacillus stearothermophilus. The substrates of interest were 
amines, which differs from amino acids in that they do not contain an α-
carboxylate. Considering the nature of amino acids and amines it was 
concluded that the active site of alanine racemase would need to be more 
hydrophobic to accept amines. From the suggested reaction mechanism (Figure 
5.3) (Watanabe et al., 2002), it was also assumed that a group for proton transfer 
between the two bases was needed, in the absence of the substrate α-
carboxylate. The protein crystal structure was studied to find the targets to 
mutate. Arginine 136 was identified to hydrogen bind to the substrate α-
carboxylate and was therefore targeted and mutated for alanine, to increase the 
hydrophobicity in the active site. The best position to introduce a carboxylate, 
to facilitate the proton transfer, was found to be Cys311 (Figure 5.3), which was 
mutated for glutamate. A double mutant containing both these mutations, 
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Arg136Ala/Cys311Glu, was also made to create an enzyme which both had the 
ability to accept amines and could perform the proton transfer between the two 
bases in a racemization reaction. Finally a triple mutant was created, where also 
Tyr43 (Figure 5.3) was mutated for a histidine. This tyrosine hydrogen binds to 
the PLP-phosphate. A mutant where both this hydrogen bond and that between 
Arg136 and the PLP-hydroxyl was removed was considered, to study the effect 
on the protein thermostability. 

 

 
 

Figure 5.3. Active site of alanine racemase, pointing out the targeted amino acids, Tyr43, 
Arg136, and Cys311. The catalytically active Lys39 and Tyr265 are shown in grey, together with 
the alanine-PLP complex, and Arg219 hydrogen bound to the pyridine nitrogen. 

 
Alanine racemase was cloned from G. stearothermophilus and mutations were 

introduced into the host strain, using QuickChange® mutagenesis. Protein was 
expressed in E. coli and examined for activity. All proteins had activity for 
racemization of alanine, the single mutant Arg136Ala as much as 74%, 
compared to the wild-type enzyme (Figure 5.4 and paper IV). This alanine 
racemase is known to be thermostable and a frequently used purification step is 
to incubate the cell extract at 70 °C for 1 h, to denature other proteins (Inagaki et 
al., 1986). This procedure was performed for the expressed proteins, to examine 
the heat stability of the mutants, compared to the wild-type enzyme. Activity 
assays, after incubation, showed that all mutants had a decreased 
thermostability. Only the single mutant Cys311 retained activity, 8% of the 
initial activity (Figure 5.4 and paper IV). 
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Figure 5.4. Specific activity was measured for alanine racemase wild type 
and mutants, before and after incubation at 70 °C for 1 h (paper IV). 

 
In both racemization and transamination of amines and amino acids, a 

proton has to be abstracted (Scheme 5.1). The pKa of these protons on alanine 
and 2-butylamine are 34 and 54, respectively. To facilitate the deprotonation the 
acidity of these protons need to be decreased. Pyridoxal 5’-phosphate (PLP) has 
shown to be very efficient for this and is used by many enzymes. By forming 
the imine between PLP and the amino groups of alanine and 2-butylamine the 
pKa values decrease to 21 and 39, respectively. To further increase the 
possibility of deprotonation, the imine-nitrogen is found to be protonated, 
which further lowers the pKa. The enzyme also adds to this effect, by extra 
stabilization of the intermediate and the result is an efficient enzyme which 
catalyzes the deprotonation.  

The experimental work on racemization of amine, catalyzed by wild type and 
mutants, showed no activity. A possible conclusion from this could be that the 
acidity of the proton to be abstracted was not low enough, even when bound in 
the active site. Another explanation could be that the proton transfer between 
the two bases was not optimal, even with the introduced carboxylate in the 
active site. 

A known side reaction of alanine racemase is transamination, although this 
activity is low for the wild-type enzyme. Alanine racemase, wild type and 
mutants, were examined for transamination activity, not only for alanine, but 
also for 2-butanone. This resulted in a continuous system of transamination, 
which could be analyzed both on formation of pyruvate and amine (Scheme 
5.3). 
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Scheme 5.3. Reaction scheme for the continuous transamination of alanine and 2-
butanone. The reaction process can be analyzed both by detecting produced 
pyruvate (spectrophotometry) and 2-butylamine (GC) (paper IV). 

 
 
From the experiments that were performed it was concluded that a single 

mutation, where a hydrogen bond donor to the substrate carboxylate was 
removed, was enough to increase the binding affinity for ketones. This could be 
detected by following the transamination of ketone and alanine and compare 
the different catalysts (Table 5.1 and paper IV). The formed amine was 
identified by GC-MS, although the concentrations were too low to identify any 
possible stereoselectivity. Transamination of 2-butanone is though not expected 
to take place with stereoselectivity, due to two main reasons. 2-Butanone is 
most likely able to bind in both directions in the active site and as the enzyme 
contains two bases, the proton abstraction and replacement could come from 
either side of the substrate (Figure 5.2.b). The final conclusion was that the 
alanine racemase mutant, Arg136Ala, had an increased affinity for ketones, 
which could bind into the active site and react in a continuous transamination 
together with alanine. 
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Table 5.1. Transamination of alanine and 2-butanone, catalyzed by alanine 
racemase wild type and mutants. The reactions were run with 100 mM substrate 
and at different temperatures. 

[µmol × min-1 × g-1 protein]
37 °C 60 °C

WT
Arg136Ala
Cys311Glu
Arg136Ala/Cys311Glu
Tyr43His/Arg136Ala/Cys311Glu

0.0050
0.055
0.0070
0.0030
n.d.

0.0050
0.0047
0.002

n.d.

[µmol × min-1 × g-1 protein]

n.d.

n.d.= not detectable  
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Conclusions 

Many enzymes are today known to catalyze also other reactions than their 
natural, although usually with much lower activity, called enzyme promiscuity.  

Throughout this thesis, several examples of enzyme promiscuity have been 
presented, from my research as well as from the literature. It has also been 
presented how enzymes with very small changes can be given new 
functionalities. Sometimes a single-point mutation can be enough to change the 
reaction specificity so a side reaction becomes the main activity. In Nature this 
is known as divergent evolution, and has resulted in a large number of enzymes 
with high homology. 

In this thesis I have presented how a yeast lipase, Candida antarctica lipase B, 
was targeted by site-directed mutagenesis to remove the catalytic serine, in 
order to increase its activity for three reactions that are found as side reactions 
in the wild type enzyme. The mutated enzyme catalyzed aldol additions, 
Michael additions and epoxidations of substrates that cannot be catalyzed by 
the natural enzymes. The second enzyme explored was alanine racemase from 
Geobacillus stearothermophilus. A single mutant, where the substrate carboxylate-
binding arginine was mutated for an alanine, gave increased transamination 
activity for 2-butanone and alanine. 

There are today many examples where enzymes are used as catalysts in 
industry. Rational design is an established strategy to optimize the performance 
of such catalysts. With the increased interest in enzyme promiscuity and the 
challenge to imitate Nature’s own way to create diversity, enzyme catalysis will 
be of even larger use in the future. 
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