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Abstract 

Recombinant Candida antarctica lipase B was successfully produced in the 
methylotropic yeast Pichia pastoris. The specific activities of Candida antarctica lipase 
B produced in Pichia pastoris and commercial Candida antarctica lipase B from 
Novozymes were the same. In shake-flask cultivations the expression levels were about 
25 mg L-1. Production levels could be increased to 1.5 g L-1, using a fermentor. A model 
to simulate growth and oxygen consumption was described. The high cell density 
growth could be explained by the low maintenance coefficient of Pichia pastoris. 
Enrichment of the aeration with oxygen increased the recombinant protein production. 
The lipase was also produced as a fusion to a cellulose binding module. The cellulose 
binding module did not interfere with the specific activity of the lipase. With this fusion 
protein catalytic reactions can be performed in close proximity to a cellulose surface. 
The binding module can also function as an affinity tag for purification. Establishment 
of the Candida antarctica lipase B production system allowed the engineering of 
Candida antarctica lipase B variants. Four different variants were produced in order to 
investigate if electrostatic interactions contributed to enantioselectivity. The 
enantioselectivity of two halogenated secondary alcohols was doubled for the Ser47Ala 
variant. This implied that electrostatic interactions are important for enantioselectivity. 
The Trp104His variant showed a decrease in enantioselectivity for all tested substrates. 
This was caused by an increase in the size of the stereoselectivity pocket. Symmetrical 
secondary alcohols of different size were used to map the stereoselectivity pocket. A 
substituent as large as a propyl or isopropyl could be accommodated in the pocket of the 
Trp104His variant. In the wild-type lipase the stereoselectivity pocket was estimated to 
fit an ethyl group. The enzyme variants were subjected to a thermodynamic study, to 
elucidate changes in the enthalpic and entropic contributions to enantioselectivity. The 
enthalpic and entropic contributions changed for the different lipase variants and were 
compensatory. The compensation was not perfect, allowing for changes in 
enantioselectivity.  
In general one can conclude that rational design of new enzyme properties, in order to 
change the substrate selectivity, is feasible if based on a thorough model of substrate 
enzyme interactions.  
 
Key words: Protein expression, Candida antarctica lipase B, Pichia pastoris, site-
directed mutagenesis, fermentation, selectivity 
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Samenvatting 

Recombinant Candida antarctica lipase B is met success geproduceerd in de 
metylotropische gist Pichia pastoris. De specifieke activiteit van Candida antarctica 
lipase B geproduceerd in Pichia pastoris en Candida antarctica lipase B van 
Novozymes was hetzelfde. In Erlenmeyer cultivering was het proteine productieniveau 
ongeveer 25 mg L-1. Bij gebruik van een fermentor kon het productieniveau worden 
verhoogd tot 1.5 g L-1. Een model voor het simuleren van de groei en de 
zuurstofconsumptie is opgezet en beschreven. De hoge cel concentratie kan worden 
verklaard met de lage onderhoudscoëfficiënt van Pichia pastoris. Het verrijken van de 
beluchting met zuurstof gaf een stijging in recombinant proteine productieniveau. De 
lipase was ook geproduceerd als een fusie met een cellulose binding module. De 
cellulose binding module had geen effect op de specifieke activiteit van het lipase. Met 
dit fusieprotein kunnen catalytische reacties plaatsvinden vlakbij het cellulose 
oppervlak. De cellulose binding module kan ook fungeren als affiniteits staart voor 
zuivering. Het opzetten van een Candida antarctica lipase B productiesysteem geeft 
permissie tot het construeren en produceren van lipase varianten. Er zijn vier 
verschillende varianten geconstrueerd voor het onderzoeken van de invloed van 
electrostatische interacties op enantioselectiviteit. De enantioselectiviteit voor twee 
gehalogeneerde secondaire alcoholen was verdubbeld voor de Ser47Ala variant. Dit 
impliceerde dat electrostatische interacties belangrijk zijn voor enantioselectiviteit. De 
Trp104His variant gaf een lagere enantioselectiviteit voor alle geteste substraten. Dit 
werd veroorzaakt door de grotere ruimte in de stereoselectiviteits holte. Symmetrische 
secundaire alcoholen van verschillende grootte zijn gebruikt om de grootte van de 
stereoselectiviteits holte in kaart te brengen. Een substituent zo groot als een propyl 
groep of een isopropyl groep kan geplaatst worden in de stereoselectiviteits holte van 
deze variant. In wild-type lipase was de stereoselectiviteits holte zo groot dat een etyl 
groep kan plaatsnemen. De enzym varianten werden ook onderworpen aan een 
thermodynamisch onderzoek, om de entalpische en entropische bijdragen tot 
enantioselectiviteit te ontsluieren. De entalpische en entropische bijdragen waren 
verschillend voor de diverse varianten en compenseerden elkaar. De compensatie was 
niet perfect, hetgeen ruimte gaf aan veranderingen in de enantioselectiviteit opleverde.  
In het algemeen kan geconcludeerd worden dat rationeel design voor het veranderen van 
the substrate selectiviteit mogelijk is, mits een goed model voor de substraat enzyme 
interacties beschikbaar is. 



 

v 

Sammanfattning 

Rekombinant Candida antarctica lipas B producerades framgångsrikt i den metylotrofa 
jästen Pichia pastoris. Candida antarctica lipas B producerat i Pichia pastoris och 
kommersiellt Candida antarctica lipas B från Novozymes hade samma specifika 
aktivitet. Odlingar i skakflaska gav en uttrycksnivå på ungefär 25 mg L-1. Vid odling i 
fermentor kunde produktionsnivån öka till 1,5 g L-1. En modell för simulering av 
tillväxt och syreförbrukning togs fram. De höga celldensiteter som kunde uppnås 
förklarades med en låg 'maintenace'-koefficient för Pichia pastoris. Produktionen av 
rekombinant protein ökade då den tillförda luften berikades med syrgas. Lipaset 
producerades även som fusionsprotein med en cellulosabindande modul. Den 
cellulosabindande modulen påverkade inte lipasets specifika aktivitet. Med 
fusionsproteinet kan katalytiska reaktioner i närheten av en cellulosayta utföras. 
Bindingsmodulen kan även fungera som affinitetssvans för rening av proteinet. Det 
framtagna produktionssystemet för Candida antarctica lipas B gjorde det möjligt att 
genetiskt förändra lipaset och producera varianter. Fyra olika varianter konstruerades 
och producerades för att undersöka om elektrostatiska interaktioner bidrar till 
enantioselektiviteten. Enantioselektiviteten för två halogenerade sekundära alkoholer 
fördubblades för varianten Ser47Ala. Detta tyder på att elektrostatiska interaktioner är 
viktiga för enantioselektiviteten. Varianten Trp104His visade en minskning i 
enantioselektivitet för alla testade substrat, vilket berodde på en förstorad 
stereoselektivitetsficka. Symmetriska sekundära alkoholer av olika storlek användes för 
att kartlägga fickans storlek. I vildtypsenzymet kunde stereoselektivitesfickan som 
största substituent binda etyl, medan den större fickan i varianten Trp104His lätt 
härbärgerade propyl och isopropyl. 
I en termodynamisk studie bestämdes de entalpiska och entropiska bidrag till 
enantioselektiviteten för ett flertal substrat. De entalpiska och entropiska bidragen var 
olika för de olika lipas varianterna och kompenserade varandra delvis. Kompensationen 
var inte perfekt och förändringar i enantioselektiviteten kunde bestämmas.  
Den allmänna slutsatsen är att rationell design för att åstadkomma ny substratselektivitet 
är genomförbar om man har en god förståelse av substratets växelverkan med enzymet. 
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1- Introduction 

Enzymes and micro-organisms have been used for centuries in biotechnological 

processes such as beer brewing, bread baking or cheese making. It is only since 

this century that the chemistry involved in these old processes starts to be 

understood. The reactions involved in these bioprocesses are catalyzed by 

enzymes. Enzymes are proteins that are present in all organisms and are 

responsible for catalyzing metabolic reactions. There is a large variety of 

organisms, estimated to be about 107-108 different species (Burton et al. 2002). 

Each species contains its own specific set of enzymes and other proteins, 

corresponding to an average of 104-105 genes per species. The total protein 

diversity can be estimated to be as great as 1013 (Burton et al. 2002) which 

represents a large variety of catalyzed reactions with a range of optimal reaction 

conditions. 

The discovery by Büchner in 1897 that enzymes can be active in vitro, outside 

their natural environment opened many opportunities (Neidleman 2001). These 

opportunities were strengthened by the discovery that enzymes could be active in 

non-aqueous media (Hill 1898, Kastle and Loevenhart 1900, Zaks and Klibanov 

1984, Faber 1995). Today the enzyme market is a large business with prospect of 

growth. In the year 2000 the world wide sales of enzyme was worth about US 

$1.5 billion (Kirk et al. 2002). The largest part was enzyme sales for the 

detergent industry. Lipases, proteases, cellulases and amylases are present in 

household detergents to facilitate stain removal from fabrics at low washing 

temperatures (Godfrey and West 1996, Kirk et al. 2002). Other industrial sectors 

using enzymes are the starch industry, textile industry, leather industry, pulp and 
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paper industry and the food and feed industry (Godfrey and West 1996, Kirk et 

al. 2002).  

In the fine chemical industry enzyme catalysis has been seen as very promising. 

Although there has not been a real breakthrough because of the strong 

competition with the traditional chemical methods (Kirk et al. 2002). There are 

high expectations for processes where enantiomerically enriched intermediates 

are produced (Schmid et al. 2001). Lipases, esterases and proteases are usually 

quite stable enzymes which are enantioselective. The advantages of using 

enzymes in chemical processes include high substrate and reaction specificity 

and less side reactions. Enzymes use often more environmental friendly 

conditions like lower reaction temperatures, no need for protecting groups, less 

waste and less energy needed. Low reaction rate especially in organic solvents, 

high costs, poor stability, product inhibition and need of cofactors are 

disadvantages sometimes mentioned (Matlack 2001). A lot of the disadvantages 

have been met by protein engineering. With protein engineering the properties of 

a protein can be altered by changing the amino acids intentionally or randomly. 

In a process called directed evolution the DNA sequence is changed in at random 

generating many different protein variants, from which the best variants are 

isolated. Directed evolution has given high expectations to solve stability 

problems and find new substrate specificities for enzymes. With this approach 

protein properties can be changed without knowledge of the protein structure or 

the catalyzed reaction mechanism. 

 

This thesis describes the production of an enzyme for resolution of chiral 

compounds. Candida antarctica lipase B was produced in the methylotropic 

yeast Pichia pastoris in shake-flasks as well as in a fermentor (article I and II). 

The basis of the enantioselectivity of this lipase was described previously by 

Orrenius et al. (1998). This model was further investigated by changing the 

enzyme with site-directed mutagenesis (article III and V). In article IV the 

entropy effects of lipase enantioselectivity for different lipase variants was 

investigated and described. 
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2- Protein expression 

Heterologous production of proteins has had a great impact on the use of proteins 

in industrial applications, medicine and research. Before this possibility emerged, 

proteins were obtained by isolating them from their natural source. Often many 

purification steps were needed to isolate the desired protein. The proteins were 

often recovered in low yield, not only due to loss of protein and/or activity 

during the purification process, but also due to low expression levels in the 

native organism. This made pure enzymes expensive and unattractive for use in 

larger scale.  

With the discovery of restriction enzymes (Meselson and Yuan, 1968, Linn and 

Arber, 1968) and the “DNA joining enzyme”, now referred to as DNA ligase 

(Zimmerman et al., 1967) the door was opened for easier manipulation of DNA. 

Pieces of DNA could be recombined in a designed order with help of these 

enzymes. Itakura et al. reported the first heterologous production of a protein in 

1977 (Itakura et al. 1977). They synthesized the gene of the small peptide 

somatostatin (14 amino acids) and produced the corresponding protein in 

Escherichia coli. The possibility to produce enzymes heterologously in various 

hosts has made it possible to study enzymes which otherwise would have been 

difficult to isolate, for instance proteins from the Archaea domain. Archaea can 

live in extreme conditions that are hard to access. They have been found in hot 

springs, sulfur lakes, glaciers and at the bottom of the deep sea (Hough and 

Danson 1999, Daniel and Cowan 2000). The possibility to isolate the desired 

gene and introduce it in an easy to handle host has afforded a handy way to 

produce and study potentially useful proteins.  
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2.1 Protein expression considerations 

A number of factors should be taken into consideration when producing a protein 

in a heterologous host. The different available expression systems all have their 

own characteristics which may have a large impact on the expressed protein or 

the use thereof. If the protein will be used therapeutically it is important that 

post-translational modifications are correct to avoid immunogenic shock in 

patients (Ballou 1976, Hayette et al. 1992). Proteins which will be used in large 

industrial scale require low production costs. In this chapter some issues are 

described that should be considered before cloning the protein in the suitable 

expression vector. 

 

2.1.1 Codon usage 

Despite the genetic code being universal for all organisms, some distinctions are 

made. Two different problems might emerge when heterologously producing 

proteins. First, some codons for a certain amino acid are used less frequently in 

an organism and the corresponding tRNA is present in low concentrations. Low 

expression levels can be expected if the gene of the recombinant protein contains 

a cluster of rare codons, as the ribosome has to pause for the rare tRNA to enter. 

Too long pausing time makes the ribosome to dissociate and release the mRNA 

and the polypeptide. Unfinished polypeptides are readily degraded in the cell 

(Ernst 1988, Sorensen 1989). 

We encountered problems with codon usage during the construction of protein 

variants used in article III, IV and V. To generate a mutant of lipase B from 

Candida antarctica, two codons were altered, a serine codon (S47) was changed 

for an alanine codon and another serine codon (S51) was changed to introduce a 

new restriction site. After confirmation of the new desired DNA sequence the 

plasmid containing the gene was introduced in the heterologous host to produce 
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the lipase variant. No detectable amount of lipase mutant could be determined 

while the wild-type lipase was successfully produced under the same conditions 

(unpublished data). Protein expression of this variant was established when the 

mutated codons were replaced for more frequently used ones, coding for the 

same amino acid. A different solution is found in the possibility to co-express the 

missing tRNA in the host organism (Banyeux 1999, Carstens and Waesche 

1999). 

The second problem is a rarely encountered phenomenon, certain codons can 

translate to different amino acids in different species. Some species from the 

Candida genus use a GUC that codes for serine which would translate to leucine 

in the universal code (Kawaguchi et al. 1989, Alberghina and Lotti 1997). A 

synthetic gene containing the universal code for serine was constructed to 

produce a lipase from Candida rugosa heterologously (Brocca et al. 1998). The 

protein was successfully produced in Saccharomyces cerevisiae and Pichia 

pastoris. 

 

2.1.2 Post-translational modifications 

A number of post-translational modifications of proteins are known, but their 

function is not always fully understood. Post-translational modifications differ 

between eukaryotes and prokaryotes. Protein glycosylation is important in 

eukaryotes but is not performed by prokaryotes. The oligosaccharides are N-

linked or O-linked depending on the amino acid they are attached to. N-linked 

glycosylations are attached to the side chain of asparagines, present in the 

recognition sequence Asn-Xaa-Ser/Thr, where Xaa can be any amino acid except 

proline. An oligosaccharide unit is attached to the asparagine after it is 

translocated in the lumen of the endoplasmatic reticulum (ER). The 

oligosaccharide unit is subsequently trimmed in the lumen of the ER as part of a 

quality control for the protein. After trimming the proteins are translocated to the 

Golgi from where they are secreted or sorted to different cell compartments such 

as the cell membrane, vacuoles, etc. (Roth 2002). In O-linked glycosylation, a 
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mono-saccharide is attached to a serine or a threonine residue. This process is 

initiated in Golgi for mammalian cells and in the ER for yeast. Further 

processing is different for mammalians, plants, fungi and yeasts. The function of 

O-linked glycosylation is not clear, but is thought to play a role in protein 

secretion and cell anchoring (Strahl-Bolsinger et al. 1999). The yeast S. 

cereviseae can hyper-glycosylate heterologous proteins on O-linked sites. It adds 

oligo-saccharides to many more serine and threonine residues than other 

organisms (Strahl-Bolsinger et al. 1999). This will not only decrease the 

expression level but also make the protein useless for therapeutic use, since it 

might give the patient an immunogenic shock (Hayette et al. 1992).  

Glycosylation can also have a function on the mature proteins. It can protect the 

protein from degradation by proteases by sterically hindering access to the 

backbone. Glycosylation can help to dissolve hydrophobic proteins with its 

hydrophilic sugars and it is sometimes important for activity of enzymes (Brocca 

et al. 2000, Walsh 2002).  

Other post-translational modifications include proteolytic cleavage to mature the 

protein (Alberts et al. 1994), phosphorylation for activation and deactivating or 

signaling (Li and Assmann 2000, Toroser and Huber 2000) or acylation to 

anchor proteins to biological membranes (McLihnney 1990, Bayle and Crabtree 

1997). 

 

2.1.3 Cell compartment targeting 

Intra- or extra-cellular targeting of recombinant proteins has a large impact on 

the purification steps. Intracellular proteins have to be separated from many other 

endogenous proteins, extracellularly produced proteins can be quite dilute and 

may need concentration before purification. Furthermore intracellular production 

is not possible if the expressed protein is toxic to the cell. 

Inclusion bodies are compact protein aggregates inside the cell that may form 

when proteins are kept intracellular. The non-physiological high concentration of 

an overexpressed protein inside the cell results in unfolded protein and 
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aggregation through exposed hydrophobic areas (Carrio and Villaverde 2002). 

Free cysteines will also contribute to inclusion body formation. An advantage of 

inclusion body formation is that the protein can be protected from degradation by 

proteases. Inclusion bodies can be separated from the cell debris by 

centrifugation once the cell is disrupted, providing a protein purification step 

(Lilie et al. 1998). A disadvantage is that the protein needs to be redissolved and 

refolded, which can be a tedious and complicated process. It cannot be predicted 

if inclusion bodies will be formed for a certain protein (Carrio and Villaverde 

2002). Factors of influence include hydrophobicity, number of cysteines and 

prolines, as well as the charge (Hanning and Makrides 1998). Formation of 

inclusion bodies has not only been observed in bacteria, but also in S. cerevisiae, 

insect cells and even mammalian cells (Georgiou 1996, Kopito 2000). 

In Gram negative bacteria, such as E. coli, a recombinant protein can be 

translocated to the periplasmic space if a leader sequence is attached in front of 

the gene. The periplasma is located between the inner- and outer membrane of 

the cell and has a non-reducing environment, which helps disulphide bond 

formation sometimes needed in protein folding. Disulphide isomerases present in 

the periplasma assist folding by isomerizing disulphide bonds (Wülfing and 

Plückthun 1994). In Gram positive bacteria and eukaryotic cells, the protein will 

be translocated into the culture medium upon secretion if a leader sequence is 

present. It is beneficial for the folding of the protein to be secreted as well as for 

the post-translational modifications, since it will pass through similar organelles 

and undergo similar quality control as it might do in the natural organism (Roth 

2002). A disadvantage of extra-cellular protein production can be degradation of 

the protein by endogenous proteases secreted to the culture medium. This can be 

circumvented by engineering the host strain, for example P. pastoris strain 

SMD1168 is a protease deficient strain. This strain was engineered by 

introducing a plasmid in the yeast genome that was targeted to inactivate 

proteinase A by disrupting its gene (Gleeson et al. 1998). Proteinase A (encoded 

by the PEP4 gene in S. cerevisiae) can be found in vacuoles and is capable of 

self-activation and subsequent activation of additional proteases. Inactivation of 
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proteinase A leads to inactivation of several other proteases. The proteolytic 

processes from S. cerevisiae and P. pastoris have been characterized and appear 

to be similar. In E. coli several protease genes have been mutated to disfunction 

(Enfors 1992, Meerman and Georgiou 1994).  

Advantages and disadvantages for targeting of heterologous proteins to the 

different compartments in E. coli are summarized in table 2.1. 

 

 

Table 2.1: Advantages and disadvantages regarding protein production in E. coli 
targeted to the cytosol, periplasmic space or extracellular space. 
 
Compartment Advantages Disadvantages 
Cytosol 
 
 
 
 
Inclusion bodies 

• Higher protein yield 
• Simpler plasmid constructs 

• Facile isolation 
• Protection from proteases 
• Inactive protein (not toxic to 

host) 

• S-S bond formation 
disfavored 

• Proteolysis 
• More complex purification 

• Protein folding 
• Lower yield 
• Higher cost  

Periplasmic 
space 

• Simpler purification 
• Less proteolysis 
• Improved folding 

• Signal does not always 
facilitate export 

• Inclusion bodies may form 
Extracellular • Least proteolysis 

• Easier purification (less 
endogenous proteins) 

• Improved folding 

• Usually no secretion 
• More complex purification 

due to dilution 
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2.1.4 Constitutive or inducible promoters 

Inducible promoters are often used for heterologous expression of proteins, as 

they can be regulated and used to activate protein expression when the cell 

density in the culture medium has reached an appropriate level. Strong inducible 

promoters can afford expression levels where up to 40% of the total cell protein 

is the recombinant protein (Baneyx 1999). Induction of the promoter can occur 

by depletion or addition of a component in the culture medium (Sawers and 

Jarsch 1996, Hanning and Makrides 1998, Baneyx 1999).  

With a constitutive promoter the recombinant protein is continuously produced. 

This might inhibit cell growth since the cells have to divide their energy between 

cell division and production of the recombinant protein.  

 

2.2 Prokaryotic expression systems 

Prokaryotic expression systems are most widely used. This is due to the large 

knowledge about these systems, the availability of commercial vectors and 

strains, and the use of inexpensive growth media. Another great advantage is the 

short generation time of prokaryotes (20 min for E. coli and 2 hours for P. 

pastoris) which results in a shorter cultivation time for protein expression, 

typically one day for E. coli and one week for P. pastoris in shake-flasks. A 

disadvantage of prokaryotic expression systems is that not all post-translational 

modifications are performed. Some post-translational modification are achieved 

in E. coli by genetic engineering (Hanning and Makrides 1998) 

 

2.2.1 Gram negative bacteria 

The bacterium Escherichia coli was used for the first heterologous expression of 

a protein, namely the small peptide somatostatin (Itakura et al. 1977). E. coli was 

chosen as production host since it was the best studied micro-organism at that 
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time. Now, more than 25 years later, it is still the most popular organism for 

heterologous protein expression and a wide variety of vectors and strains is 

commercially available. Expression vectors are plasmids that contain at least an 

origin of replication that controls the copy number, a selectable marker that not 

only insures plasmid stability in the cell but also facilitates selection for the 

transformed cells, a promoter and a transcription terminator (Georgiou 1996). 

Proteins produced in E. coli are allowed to be used therapeutically. Insulin, the 

first recombinant protein approved by the Food and Drug Administration (FDA) 

for therapeutic use, was produced in E. coli (Johnson 1983).  

We tried to produce Candida antarctica lipase B (CALB) in E. coli but without 

success. Some fungal lipases have been produced in E. coli (Joerger and Haas 

1994) but usually a higher concentration of active lipase is produced by using 

yeast as a heterologous host (Holmquist et al. 1997, Minning et al. 1998, Brocca 

et al. 1998, Yang and Lowe 1998, article I). 

 

2.2.2 Gram positive bacteria 

Gram positive bacteria have the status “Generally Regarded As Safe” (GRAS) 

and have a long history in applications for the food industry and the agricultural 

and medicinal biotechnology (de Vos et al. 1997, Binnie et al. 1997). Gram 

positive bacteria can secrete proteins to the culture medium, and unlike Gram 

negative bacteria, do not possess a periplasmic space. Proteins with a leader 

sequence are therefore secreted into the cultivation medium. 

Gram positive bacteria can be divided into two groups depending on their GC 

(guanine and cytosine) content. Streptomyces belong to the high GC content 

group, this micro-organism can secrete heterologous proteins in the culture 

medium at high concentrations (up to 300 mg L-1) and has potential as 

production host for therapeutic proteins in large scale (Binnie et al. 1997). 

Bacteria belonging to the low GC content group include Bacillus, Clostridium, 

Lactococcus, Lactobacillus, Staphylococcus and Streptococcus. The GC content 

of these bacteria has an influence on the codon usage of these species. 
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2.3 Eukaryotic expression systems 

A wide variety of different organisms are represented in eukaryote expression 

systems. It ranges from unicellular yeasts to mammals like sheep or goat. When 

encountering the use of mammals for protein production not only efficiency or 

costs should be taken into inconsideration but also ethical aspects.  

 

2.3.1 Mammalian cells 

Protein production in mammalian cell lines or mammals has the advantage over 

other expression systems that the native conformation of proteins from 

mammalian origin is retained. The protein can be secreted by the mammary 

glands and it can be harvested by milking (Houbedine 1994, Maga and Murray 

1995). Once these mutated organisms are established the costs of maintenance 

are not higher than that of normal farm animals, but the creation of these 

genetically modified animals is costly. 

Cell lines of mammals are commonly used and are under less ethical debate. 

Two different options are available for introducing foreign genes in mammalian 

cell lines either transient gene expression or by stable transfection. In transient 

gene expression the cells are transformed with a non-integrating non-replicating 

plasmid, resulting in protein expression for a short time period (2-7 days). Stable 

transfected cell lines have the recombinant gene integrated in the genome, but 

require about two months to obtain results (Etcheverry 1996). A great 

disadvantage of the use of mammalian cells is their requirement for complex 

medium. The medium is enriched with serum or serum components which is 

costly and increases the risk for contamination with blood borne pathogens and 

toxins.  
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2.3.2 Plants 

Proteins can be produced in whole plants or in plant cell suspension cultures. 

Genes can be introduced into the plant cell by particle bombardment or by using 

the bacteria Agrobacterium tumefaciens. Agrobacterium introduces a plasmid, T-

DNA, in the plant cell which integrates randomly in the plant genome. By 

replacing part of the T-DNA for the gene of the desired protein, the gene can be 

introduced stably in the plant cell.  

Whole plants as protein production systems have many advantages, they include 

low costs of biomass production and potential for large scale use, low risk for 

pathogenic contaminants like prions, blood borne pathogens or viruses. Plants 

are able to perform post-translational modifications and assemble multimeric 

proteins. Depending on the used crop, the recombinant proteins can be 

administrated orally, which is a tremendous advantage for certain therapeutic 

proteins. Disadvantages include allergic reactions to plant protein glycosylations 

and other plant antigens, contamination with plant secondary metabolites, 

mycotoxins or pesticides. Issues regarding separation of genetically modified 

plants to avoid spreading in the environment should not be ignored (Doran 2000, 

Hood et al. 2002).  

 

2.3.3 Insect cells 

Insect cell lines are mainly used for intracellular production of proteins. To 

introduce the foreign gene recombinant baculovirus is often used. The secretory 

pathway is seriously compromised by this viral infection, giving better results for 

intracellularly produced proteins (McCarrol and King 1997). Plasmid based 

stable cell lines have been developed lately opening opportunities for 

extracellular and membrane anchored protein production (McCarrol and King 

1997). The advantages of using insect cells over mammalian cells are that insect 

cells use less complex growth medium, low expression background and lower 

growth temperature (Pfeifer 1998).  
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2.3.4 Filamentous fungi 

Filamentous fungi are widely used for industrial scale production of proteins. 

They are able to secrete proteins to impressively high concentrations, up to 30 g 

L-1 (Punt et al. 2002). Other advantages are their ability to perform post-

translational modifications and the GRAS status of some of the species. As a 

consequence of their great success in protein production many systems are 

patented. Aspergillus and Trichoderma are widely used fungi for protein 

production. 

 

2.3.5 Yeast 

Yeasts are unicellular eukaryote micro-organisms of which baker’s yeast 

(Saccharomyces cerevisiae) is the most well known and has a long history in 

baking and brewing processes. Because it is unicellular and eukaryotic this yeast 

has been used as a model system to study genetics, providing a great knowledge 

about its genetics and cultivation.  

Different plasmid systems were developed for protein production, namely yeast 

episomal plasmid and yeast centromeric plasmid. The yeast centromeric plasmid 

is stable and contains a chromosomal centromere and is therefore only present in 

one or two copies per cell. The yeast episomal plasmid is based on the 

endogenous plasmid 2µ circle and is present up to 10-40 copies per cell 

(Pichuantes et al. 1996). Plasmids can also be stabily integrated in the 

chromosome by cross-over events, when regions on the plasmid are homologue 

to regions in the yeast chromosome.  

The advantages of using S. cerevisiae are its well characterized fermentation 

conditions, the non-complex culture medium, GRAS status and its ability to 

perform post-translational modifications. Disadvantages include low expression 

levels, entrapment of exported proteins in the periplasmic space and the 

difference in post-translational modifications from animal cells (Pichuantes et al. 

1996).  
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Other yeast species have emerged as alternatives to S. cerevisiae, they include 

Hansenula polymorpha, Kluyveromyces lactis, Schizosaccharomyces pombe, 

Yarrowia lipolytica and Pichia pastoris. 

The methylotropic yeast P. pastoris has gained much popularity in recent years. 

Major advantages over S. cerevisiae include the less extensive O-glycosylation 

and the high cell densities that can be reached (Stratton et al. 1998, Bretthauer 

and Castellino 1999). Two different promoters are frequently used for 

heterologous expression in P. pastoris, the constitutive GAP (glyceraldehyde-3-

phosphate dehydrogenase) promoter and the inducible AOX1 (alcohol oxidase) 

promoter. The constitutive GAP promoter is strong and can be regulated slightly 

by growth on different carbon sources, with the highest expression levels reached 

on glucose as a carbon source (Waterham et al. 1997). The AOX1 promoter is 

strong and most widely used and appears to be tightly regulated by a 

repression/derepression mechanism and an induction mechanism (Cereghino and 

Cregg 2000). The promoter is repressed by growth on glucose or unlimited 

growth on glycerol, derepression of the AOX1 promoter occurs on limited growth 

on glycerol. The absence of a repressing carbon source does not result in 

substantial transcription of AOX1. Induction of the promoter is achieved by 

growth on methanol, which is used as a carbon source as well (Tschopp et al. 

1987). Methanol is converted to formaldehyde and hydrogen peroxide in the 

peroxisomes by alcohol oxidase using molecular oxygen. Alcohol oxidase has a 

very low affinity for oxygen. To compensate for this the cell produces large 

amounts of this enzyme, needing a strong promoter (Couderic and Baretti 1980). 

All commercially available vectors for P. pastoris are shuttle vectors and are 

designed to integrate into the chromosome of P. pastoris upon transformation. 

Integration can be directed to the his4 locus (mutated non-functional HIS4) and a 

HIS4 will be formed upon plasmid integration, enabling the cells to grow on 

histidine deficient medium (see figure 2.1) (Higgins and Cregg 1998).  
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Figure 2.1: Schematic representation of plasmid intergration by a single cross-
over event in the genome of Pichia pastoris at the his4 locus. Cells containing 
the integrated plasmid can be isolated by selective growth on histidine deficient 
medium. 
 

Article I describes the production of active CALB in P. pastoris. We used the 

inducible alcohol oxidase promoter and obtained 25 mg L-1 active lipase by 

shake-flask cultivations. P. pastoris was chosen as a heterologous expression 

system after unsuccessful attempts to produce active lipase in E. coli. Many other 

lipases have also been produced successfully in P. pastoris, they include lipases 

from Geotrichum candidum, Rhizopus oryzae, Candida rugosa and human 

pancreatic lipase (Holmquist et al. 1997, Minning et al. 1998, Brocca et al. 1998, 

Yang and Lowe 1998). CALB produced in P. pastoris exhibited the same 

specific activity as the CALB that is produced in Aspergillus by Novozymes 

(Hoegh et al. 1995). Article II describes the production of CALB fused to a 

cellulose binding module (CBM) in a fermentor. The lipase activity present in 

the culture medium increased linearly with time during the fermentation process 

to reach a concentration of 1.5 g L-1 active lipase. Protein production levels in P. 

pastoris generally increase 10 to 100 times when using a fermentor compared to 

shake-flasks.  
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2.4 In-vitro protein synthesis 

In vitro protein synthesis can be divided in cell free protein synthesis and 

chemical synthesis. Cell free protein synthesis uses the protein translation 

machinery from cell extracts, these can be from prokaryotic origin for example 

E. coli or eukaryotic origin for example wheat germ. The advantage over 

conventional expression is that inclusion bodies are not formed avoiding tedious 

refolding steps. Protease degradation can be avoided by introducing non-natural 

amino acids in the protein by introducing artificial aminoacyl tRNA (Nakano and 

Yamane 1998). In an enormous structural genomics project in Japan in which 

they want to determine the structure of as many proteins as possible, the proteins 

are produced by cell free extracts (Yokoyama et al. 2000). By optimizing the 

system they are able to produce about 6 mg protein per mL reaction mixture in 

20 hours. 

Chemical synthesis of proteins or peptides does not involve any component of 

the translational machinery. Solid phase protein/peptide synthesis (SPPS) can be 

used to synthesize peptides up to a length of approximately 60 amino acids. After 

release from the solid support several peptides can be linked together to form a 

larger peptide or protein. The chemically synthesized peptides and proteins have 

proven to be folded and active (Wilken and Kent 1998). Advantages include the 

introduction of non-natural amino acids such as D-amino acids, production of 

proteins toxic for the cells and the fact that changes in the amino acid sequence 

can be introduced without going through mutagenesis steps on the genetic 

material.  

 

2.5 Fermentation 

Cell cultivation in a fermentor is used to obtain large amounts of the recombinant 

protein. Most expression systems can be grown in a fermentor (Hu and Aunins 

1997, Stratton et al. 1998, Doran 2000, Cerghino et al. 2002). Mammalian cells 
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are widely used for the production of therapeutic proteins (Hu and Aunins 1997, 

Hood et al. 2002) and filamentous fungi for industrially applied proteins (Punt et 

al. 2002). In a fermentor the growth conditions are much better controlled than in 

shake-flasks, the pH is regulated throughout the fermentation and aeration is 

much more effective. Protein production can also be better regulated. For 

example in P. pastoris the initiated transcription level of the AOX1 promoter is 

3-5 times higher for a methanol feed at limited growth rate then for a methanol 

feed with excess of methanol (Cereghino and Cregg 2000, Cregg et al. 2000). 

The combination of better control of growth conditions and the increased volume 

of the cultivation results in larger cell densities and larger amount of produced 

protein. The volumes of a fermentor may vary from 1 liter to several hundreds of 

cubic meters. 

P. pastoris grows during fermentation to high cell densities (Wegner 1990). In 

article II a model for the simulation of growth and oxygen consumption is 

described for the high cell density fermentation of P. pastoris. The high cell 

densities could be explained by the low maintenance coefficient that is defined as 

the energy substrate (the carbon source) metabolism that does not result in 

biomass synthesis. For E. coli the maintenance coefficient is 0.04 g g-1 h-1 when 

grown on glucose, for P. pastoris this is 0.013 g g-1 h-1 for growth on methanol. 

Another factor of large influence on the maximum cell density is the feed rate of 

methanol, which is limited by the oxygen transfer capacity of the reactor. 

Enrichment of the inlet air with oxygen led to an increase in the methanol feed 

rate and lipase activity. Unfortunately when the air was further enriched with 

oxygen it did allow for a higher feed rate, a slight higher biomass was obtained, 

but no increase in the product formation rate was achieved. The recombinant 

protein was produced to a final concentration of 1.5 g L-1 of active protein 

(article II). 
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3- Protein engineering 

The demands on a biocatalyst used in an industrial process are high and difficult 

to meet. The enzymes must not only catalyze the desired reaction efficiently, but 

must also be stable under the reaction conditions which could include elevated 

temperature, organic solvents, extreme pH or oxidative conditions. The enzyme 

should also be easy to produce and to purify at a low cost. Protein engineering 

can be used to meet some of these demands by changing enzyme properties with 

help of recombinant DNA technology. Two strategies have emerged for 

changing the protein, rational design and directed evolution. In this chapter the 

different strategies are described and illustrated with some examples.  

 

3.1 Rational design 

In rational design site-directed mutagenesis is used to change specific amino 

acids in a protein with the intension to improve the enzyme selectivity or 

stability. Rational design can also include the fusion of two proteins to form one 

new protein, this is described and discussed in paragraph 3.3.  

The first enzyme that was mutated was tyrosyl tRNA synthetase in 1982 (Winter 

et al. 1982). The cysteine in the active site was replaced for a serine, which 

reduced the activity of the enzyme. Such studies have contributed enormously to 

the understanding of structure-function relationship of proteins. A prerequisite 

for rational design is some knowledge of the protein structure. The first structure 

of a protein was determined in 1958/1960 when Kendrew and Perutz used X-ray 
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crystallography to resolve the structure of myoglobin and haemoglobin 

(Kendrew, 1958; Kendrew, 1960; Perutz, 1960). Today the atom coordinates of 

proteins and nucleic acids determined by X-ray crystallography or NMR are 

deposited in a publicly accessible database called the protein databank 

(http://www.rcsb.org/pdb/, Berman et al. 2000). More than 20 250 structures of 

proteins, nucleic acids and whole viruses are available (March 2003). Homology 

modeling is an extrapolation of the protein structure from the amino acid 

sequence and is used to predict the structure of a protein from its amino acid 

sequence (for example http://www.expasy.org/swissmod/SWISS-MODEL.html, 

Guex et al. 1999). The outcome will depend on the degree of homology with 

proteins of known structure, the higher homology the more reliable the predicted 

structure will be. The structure homology should be higher than 40% for a 

reliable homology model (Guex et al. 1999). Experimental results are necessary 

in the interpretation of protein structure-function relationship e.g. to define 

binding sites and to identify the catalytically important residues. Protein structure 

might be helpful for the understanding of experimental results e.g. why certain 

substrates are converted slowly or why the protein is less efficient at certain pH. 

Structural analysis and experimental data interactions are needed for rational 

design of new protein properties such as changes of oxidative stability or in 

substrate binding sites e.g. stereo- or regioselectivity. There are different 

strategies that can be used to create the desired mutations e.g. overlap extension 

PCR and the use of mismatch repair deficient Escherichia coli strain MutS. 

These two methods were used in this thesis (article III). 

Overlap extansion PCR uses two primer pairs to create a mutant (Ho et al. 1989). 

One primer for each end of the gene and two primers containing the mutation 

(see figure 3.1). Two different reactions are performed resulting in two 

fragments that overlap each other where the mutagenic primer were annealed to 

the parental gene. These fragments are combined and extended in a third 

reaction, resulting in the full length mutated gene. This mutated gene can be 

placed in an expression vector and be introduced in the appropriate host. 
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Figure 3.1: Schematic representation of the reaction steps used in overlap extension 
PCR to introduce site-directed mutations. The different used primers are marked a, b, c 
and d. 
 

A different method to perform site-directed mutagenesis uses the deficient 

mismatch repair of an E. coli strain (MutS). A plasmid containing the gene of the 

recombinant protein should be isolated. Two primers are used to introduce the 

mutations, one primer containing the desired mutation in the gene and the other 

primer containing a, preferably silent, mutation in the plasmid that will eliminate 

a unique restriction site (see figure 3.2). The primers are annealed to the same 

strand of the plasmid and are extended by using DNA polymerase. The newly 

synthesized strands are joined with a DNA ligase and a mutated strand of the 

plasmid is now formed. The plasmids are subjected to a cleavage of the 

restriction site that was deleted by the mutagenesis, in order to distinguish the 

parental plasmids from the plasmids containing the mutations. The linearized 

parental plasmids have a much lower transformation frequency than the intact 

mutated plasmids. The mutated plasmid contains one strand that is parental and 

one strand that is mutated. The mismatch deficient E. coli cannot repair these 

mismatches. Both the original strand and the mutated strand are multiplied. After 

isolation of the plasmids a second restriction enzyme reaction is performed to 

linearize the parental plasmids. This time the circular plasmids should consist of 

two mutated strands and are transformed to E. coli that does have mismatch 

repair. The next isolation of plasmid should be dominated with the mutated 

plasmid and can be transformed to the expression host.  
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Figure 3.2: Schematic representation of the steps used in using MutS strain to introduce 
mutations. Scheme is adapted from the manual of the Transformer site-directed 
mutagenesis kit from Clonetech Inc. 
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The advantage of using this method over the PCR based method is the 

elimination of the ligation step. A disadvantage of using the MutS strain is 

decreased fidelity of the polymerase if larger plasmids (>10 kb) are used. 

A good example of successful rational design based on a homology model is 

described by van den Burg et al. (1998). By introducing eight mutations in a 

moderately stable thermolysin-like protease this enzyme was now active at 

100oC. The mutations were designed by comparing the homology modeled 

structure with the highly homologue (85% sequence identity) structure of the 

thermostable protease thermolysin.  

In article III, IV and V we used rational design to change the substrate 

specificity of Candida antarctica lipase B. The amino acids were selected with 

help of the enzyme structure and data from previous experiments (Rotticci et al. 

1997). This is described in more detail in chapter 4. All CALB variants produced 

in P. pastoris were active, they were produced in shake-flasks (article III) and 

by use of a fermentor (article IV and V).  

Enzyme selectivity can also be changed by introducing non-natural amino acid 

side chains. These non-natural side chains can be formed by modifying cysteine 

residues with methanethiosulfonate reagents (Berglund et al. 1997). Cysteine 

residues can be introduced in the protein by site-directed mutagenesis. The 

selectivity and activity of subtilisin from Bacillus lentus was changed by 

engineering the enzyme with site-directed mutagenesis and chemical 

modification (DeSantis et al. 1998). This method can be used as an additional 

tool in the protein engineering toolbox to alter the selectivity or activity of an 

enzyme. 

 

3.2 Directed Evolution 

It can be difficult to define what and where to change a protein in order to obtain 

a new desired property, especially if the protein structure is not available. In the 

last decade new methods have been developed for random mutagenesis and 
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subsequent screening or selection for new desired properties. With these methods 

thousands of protein variants can be created by random mutagenesis. After 

screening or selection the best variants can be isolated. This process is often used 

iteratively and is called directed evolution referring to Darwin’s evolution 

theory, the survival of the fittest.  

 

3.2.1 Creating diversity 

There are a number of methods described for generating random mutations, they 

include error prone PCR, DNA shuffling, staggered extension process (StEP) and 

incremental truncation for the creation of hybrid enzymes (ITCHY). Many of 

these methods are described in several recent review articles (Tobin et al. 2000, 

Farinas et al. 2001, Zhao et al. 2002). The mutation rate should not be too high 

when performing random mutagenesis, as this will increase the chance of 

obtaining inactive protein and will make the screening or selection more 

difficult. It is impossible to create all possible variants of an average protein. 

This is illustrated by the following example. An average protein is approximately 

300 amino acids long, there are 20 different amino acids, that means that 

theoretically 20300 different combinations are possible. This high number of 

mutants is not only impossible to screen but also impossible to generate on DNA 

level. The mass of a fully randomized 900 nucleotide long nucleic acid library 

(4900 variants) would be 10500 tonnes. To put this in perspective earth weights 

6*1021 tonnes, the sun 2*1027 tonnes and the milky way 4*1038 tonnes. 

 

In error prone PCR many thousands of mutations can be generated in one single 

experiment (Caldwell and Joyce 1994). By changing the reaction conditions the 

proofreading capability of DNA-polymerase can be altered for example by 

changing the Mn2+ or Mg2+ concentration. A mutation rate of one or two amino 

acids per gene is found to be most useful, implying a mutation rate of one or two 

bases per thousand bases (Arnold et al. 2001). 
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Another method for creating variations is DNA shuffling which also is referred 

to as molecular breeding (Stemmer 1994). A number of homologue genes are 

fragmented with help of DNase I, and recombined in a PCR-like process. The 

number of mutations is dependent on the homology of the parent genes. 

Staggered extension process is a different method to generate variations by 

recombining a number of homologous genes (Zhao et al. 1998). The method is 

PCR based, where the extension time is drastically shortened. The annealed 

primers are extended only for a short time and in the next cycle they can bind to 

a different gene to be further extended. In this way the full length product will 

contain small parts of the different parental genes. 

In directed evolution saturation mutagenesis is often used in later rounds of 

diversity generation. With saturation mutagenesis one specific amino acid can be 

randomized to obtain protein variants all containing a different amino acid at this 

position. The position of randomization can be found based on rational design or 

by directed evolution. By analysis of the DNA sequence of improved variants, 

positions in the sequence can be found that correspond to the change in the 

protein. These positions are referred to as “hot spots” and are often randomized 

with saturation mutagenesis to further improve the protein. 

 

After generating a library of mutated genes, they are cloned in the appropriate 

plasmid after which they are introduced and expressed in a suitable host system. 

Usually less then ten variants are picked after a screening or selection round. 

These variants can be used in a next round of mutagenesis. Directed evolution is 

an iterative process, often four or five rounds of mutagenesis are used. Different 

mutagenesis strategies can be used for the different mutation rounds. Often error-

prone PCR is first used, the best variants are shuffled, after which the best 

undergo error-prone PCR etc. etc. (Arnold et al. 2001, Reetz 2002). 
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3.2.2 Screening or selection methods 

The success of directed evolution to obtain enzymes with improved properties is 

mainly dependent on the screening or selection method used. In selection all 

variants can be compared at the same time, only the variants with the desired 

properties are isolated. In screening all variants are analyzed individually and the 

best variants are manually isolated. Selection is a very powerful method. With 

this method the desired variant can be isolated from libraries containg up to 1010 

different variants. In contrast screening a library has a practical limit of 105 

different variants (Taylor et al. 2001). In vivo selection uses biological markers 

that are essential for the viability of the cell in a certain environment e.g. 

antibiotic resistance. Unfortunately there is only a limited amount of biological 

markers. Results can be hard to interpret because cells are flexible e.g. the 

selected cell might have increased protein concentration instead of producing an 

improved protein (Brakmann 2001). The phrase “you get what you screen/select 

for” is often used, referring to screening or selection conditions that are analogue 

to the true desired conditions (Schmidt-Dannert and Arnold 1999). For example 

using a transition-state analogue in selection to improve the enzyme reactivity, 

the selected enzymes might bind the transition-state analogue very well but can 

be slow in performing catalysis (Griffiths and Tawfik 2000). In this case the 

selective pressure was addressed towards binding transition state analogue and 

not for conversion of a substrate. An example of this approach is found by 

Danielsen et al. (2001). Lipase from Thermomyces lanuginosa was subjected to 

mutagenesis in order to improve its activity in the presence of household 

detergents. Selection for active lipase variants was performed by using a 

biotinylated phosphonate inhibitor in the presence of household detergent. None 

of the selected variants had an activity better than wild-type.  

 

Screening methods are often used for finding variants with improved catalytic 

substrate specificity out of a library. The required reaction conditions can often 

be mimicked fairly well. The screening methods are not general, they are 

dependent on the enzyme reaction and the desired property. A number of 
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different screening methods have been developed for finding more 

enantioselective lipases, including some colorimetric assays (Janes and 

Kazlauskas 1997, Bornscheuer et al. 1999, Moris-Varas et al. 1999), capillary 

electrophoresis (Reetz et al. 2000) and infrared-thermography (Reetz et al. 

2001). Kazlauskas and co-workers developed a colorimetric method, Quick E, 

which can be used to measure enantioselectivity (Janes and Kazlauskas 1997). 

An ester substrate is hydrolyzed and the formed acid can be monitored with a 

pH-indicator (figure 3.3). The reaction rates of the enantiomers are measured 

separately and to make up for the competition that the enzyme encounters 

normally a reference compound is added to the system. The reference compound, 

a resorufin ester, has an absorption spectrum that is different from the used pH-

indicator, p-nitrophenol.  
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Figure 3.3: The overall reaction scheme of Quick E (Janes and Kazlauskas 1997). The 
protons released by the hydrolysis of the substrate and reference compound are 
monitored with p-nitrophenol as pH indicator.  
 

Advantages using this method are the speed and the small amounts of enzyme 

required. Disadvantages are the requirement of pure enantiomers and clear 

solutions. The latter is not always easy to meet for large apolar esters, although 

surfactants can be added to help to dissolve the esters.  

We used the Quick E method to screen a library of compounds with five lipase 

variants (unpublished data). Our conclusion was that the method is better suited 

to screen a number of enzyme variants for a few substrates rather than using 

many substrates for a few variants, because the rate of the reference compound 

and the rate of the substrate should be similar to each other. In our case none of 

the lipase variants were very active on the substrates and the reaction rate of the 

reference compound was usually much higher than the reaction rate of the 
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substrate. If many different enzymes are used to screen for activity for a few 

substrates the reference compound can be optimized. Quick E is therefore a good 

method to screen enzyme libraries. 

 

Directed evolution improved the enantioselectivity of Pseudomonas aeruginosa 

lipase for p-nitrophenyl 2-methyldecanoate (Reetz et al. 1997, Reetz 2002). At 

first the enantioselectivity was improved from E=1.0 of the wild-type lipase to 

E=11.3 after four rounds of error-prone PCR. Later the enantioselectivity was 

further improved to E > 51 by combining error-prone PCR with DNA shuffling 

and combinatorial multiple-cassette mutagenesis (CMCM) (Crameri and 

Stemmer 1995). Using a spectrophotometric assay in microtiter plate format 

40000 transformants were screened. Only six amino acids were changed in the 

variant with the highest enantioselectivity, of which three amino acids were 

remote from the active site and the other three amino acids were close to the 

active site. Different ‘hot-spots’ were found upon screening for higher reactivity 

towards the slow reacting enantiomer (Reetz 2002). 

Inversion of the enantioselectivity was the goal for directed evolution of a 

hydantoinase from Arthrobacter sp DSM9771 by Arnold and co-workers (May 

et al. 2000). Only two rounds of error-prone PCR and one round of saturation 

mutagenesis were needed to invert the enantioselectivity. The enantiomeric 

excess (ee) of the product was eeR= 40% for the wild-type and was eeS=20% for 

the best variant. The enantioselectivity was inverted by changing only one amino 

acid. Structural data obtained recently revealed that the amino acid responsible 

for inverting the enantioselectivity is situated in the active site (Abendroth et al. 

2002). Another example of changed specificity is the directed evolution of a 

lipase to a phospholipase in order to study what distinguishes a lipase from a 

phospholipase (van Kampen and Egmond 2000, Kauffmann and Schmidt-

Dannert 2001). The reaction rate ratio of phospholipid/lipid hydrolysis was 

increased by changing six or two amino acids.  
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Improved variants found by directed evolution often show amino acid 

substitutions far away from the active site. These results are obtained when 

applying selective pressure for new physical properties like thermostability, 

stability in organic solvent or stability towards oxidative reagents. Curiously, the 

same is true for mutations leading to changes in substrate selectivity. Often these 

changes cannot be explained rationally and lead to the conclusion that we still 

have a lot to learn about structure-function relations in proteins. Sometimes these 

mutations are explained with protein folding or subtle changes in the structure 

that can lead to a small change in the selectivity of the enzyme (Jackson and 

Fersht 1993, Forstner et al. 1998). The fact is that the probability to change an 

amino acid by random mutagenesis close to the active site is low (Horsman et al. 

in press). Only seven Cα atoms lie within a 7 Å sphere from the stereocentre 

carbon of the tetrahedral intermediate in Pseudomonas fluorescens esterase 

(table 3.1). Twenty three Cα atoms are within a 10 Å sphere. These would be the 

amino acids expected to have the strongest effects on the selectivity of the 

enzyme. Tao and Cornish concluded in a recent review that in order to improve 

the stability of an enzyme for a given application a library of 104 variants would 

be sufficient to find a hit. While for a change in selectivity a library of 106-109 

variants would be needed (Tao and Cornish 2002). This difference in library size 

could be explained by the fact that the chance of changing an amino acid in close 

proximity of the active site is smaller. 

 

Table 3.1: The amount of Cα carbons within a sphere of a given distance from the 
stereocentre carbon of the tetrahedral intermediate in an esterase from Pseudomonas 
fluorescens (Horsman et al. in press). 
 

Distance 
(Å) 

Number of 
Cα atoms 

Fraction of all Cα 
Atoms in the protein 

(%) 
7 

10 
15 
17.5 
all 

7 
23 
97 

136 
270 

2.6 
8.5 

35.9 
50.4 

100 
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3.3 Fusion proteins 

Two different proteins or parts of proteins can be coupled genetically together to 

form a fusion protein. Fusion proteins can be created to immobilize the protein in 

the cell membrane, facilitate affinity purification, or to combine different protein 

properties. An anchor domain from a membrane bound protein can be fused to 

soluble proteins to anchor it in the membrane (Samuelson et al. 2002). Surface 

display of proteins can be used for selection or screening of protein libraries 

(Smith 1985, Daugherty et al. 1998, Wittrup 2001) or as a vaccine delivery 

vehicle (Wells and Pozzi 1997). 

Fusion proteins can be constructed in order to simplify purification by adding an 

affinity tag to the recombinant protein. Affinity purification is a powerful 

purification method where usually only one purification step is required to obtain 

the protein in high homogeneity (Nygren et al. 1994, Hearn and Acosta 2001).  

A fusion protein can also join two different properties such as the cellulose 

binding module and CALB in article I. Enzymes that naturally act on cellulose 

often consist of two distinct domains, a catalytic domain and a cellulose binding 

domain connected to each other by a flexible linker (Linder and Teeri 1997). 

Many different cellulose binding modules (CBM∗) have been identified and are 

divided in 32 different families on basis of their amino acid sequence and 

structure (Tomme et al. 1995, Coutinho and Henrissat 1999 http://afmb.cnrs-

mrs.fr/~pedro/CAZY/db.html). We used the CBM of cellullase A from the 

anaerobic rumen fungus Neocallimastix patriciarum (Denman et al. 1996). This 

family 1 CBM has 57% sequence identity with the CBM from cellobiohydrolase 

I from Trichoderma reesei, of which the structure is known (Kraulis et al. 1989).  

                                              
∗ Cellulose binding domains (CBD) were recently renamed cellulose binding modules 
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Figure 3.4: Structure of the CBM from cellobiohydrolase I from Trichoderma reesei 
(Kraulis et al. 1989). The aromatic residues at the binding surface are reprented in stick. 
 

 

Family 1 CBMs are small (about 40 amino acids) wedge shaped proteins (figure 

3.4). The binding surface displays three aromatic residues, which have proven to 

be critical for binding to cellulose (Kraulis et al. 1989, Mattinen et al. 1997). 

The CBM-CALB fusion protein was designed for modification of cellulose fiber 

surfaces in order to create paper with new properties. The CBM fusion can also 

be used as an affinity tag for protein purification (Levy and Shoseyov 2002). 

CALB can catalyze the synthesis of polyesters (Cordova et al. 1998, Kobayashi 

et al. 2001). These polyesters could be attached to glycopyranosides by CALB 

by regioselective acylation (Cordova et al. 1998). In order to perform the 

polyester synthesis in close proximity to the cellulose fiber we hope to attach the 

polyester to the fiber in a similar manner. 
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4-  Candida antarctica Lipase B 

Two different lipases were found in the basidiomycetous yeast Candida 

antarctica (Kirk and Christensen 2002). Both lipases were isolated and 

characterized by Hoegh et al. at Novo Nordisk (now Novozymes) (Hoegh et al. 

1995). Lipase A was found more stable than lipase B, while lipase B displayed a 

stricter substrate specificity, which made it more attractive for use in the fine-

chemicals industry. Candida antarctica lipase B (CALB) (EC 3.1.1.3, 

triacylglycerol hydrolases) was crystallized and its structure was determined in 

1994 (Uppenberg et al. 1994). The lipase belongs to the α/β hydrolase folding 

family. This large folding family contains esterases, lipases, haloperoxidases, 

proteases and many others (Ollis et al. 1992, Holmquist 2000). The core of the 

CALB molecule is a β-sheet formed by seven mainly parallel β-strands (figure 

4.1). The central β-sheet is surrounded by ten α-helices and two small β-strands 

(Uppenberg et al. 1994). The active site is buried in the core of the protein and 

consists of the catalytic triad (Ser105, Asp187 and His224), an oxyanion hole 

and the substrate binding pockets. Serine 105 is placed in a turn from β-strand 4 

to α-helix 4 called the nucleophilic elbow. Among the hydrolases in the α/β 

hydrolase fold family this is the most conserved region with GXSXG as the 

consensus sequence around the catalytic active serine for lipases and esterases. In 

CALB this consensus sequence is broken with the sequence TWSQG making the 

turn of the nucleophilic elbow slightly wider. The catalytic histidine 224 is 

placed in a turn, just before the beginning of α-helix 9, and is pointing towards 

the active site. Aspartic acid 187 is placed in a turn after β-strand 6, the side 

chain oxygen atoms of Asp187 form a hydrogen bond with the catalytic histidine 

224 (Uppenberg et al. 1994). 
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Figure 4.1: The structure of Candida antarctica lipase B, the catalytic triad (Ser105, 
Asp187 and His224) and Trp104 are represented in stick (Uppenberg et al. 1994). 
 

The catalysis follows the bi-bi ping-pong mechanism (Kraut 1977, Martinelle 

and Hult 1995) and can be divided into two steps an acylation step and a 

deacylation step (figure 4.2). In the acylation step the substrate, for instance an 

ester, enters the active site to form the first tetrahedral intermediate, after which 

an alcohol is released and an acyl-enzyme is formed. Substrate 2 enters the active 

site and a second tetrahedral intermediate is established to produce the product. 

If the reaction is performed in aqueous solution water is acting as substrate 2. 

Most lipases contain a flap or lid region that in closed form, shields the active 

site from its environment. Contact with an interface induces a conformational 

change to move the flap/lid and expose the active site (Brzozowski et al. 1991, 

Holmquist 2000) this phenomenon is called interfacial activation. Interfacial 

activation can be investigated by studying influence of an interface on the 

activity of the enzyme in solutions (Sarda and Desnuelle 1958, Schmid and 

Verger 1998). CALB is not interfacially activated and contains no lid or flap 

region that covers the active site (Martinelle et al. 1995).  
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Figure 4.2: The reaction scheme from Candida antarctica lipase B. The esterification 
or transesterification involves two different tetrahedral intermediates and the formation 
of one acylenzyme. 
 

4.1 Chirality 

The definition of a chiral compound is that it is not superimposible on its mirror 

image, these mirror image molecules are called enantiomers (see figure 4.3). 

They have the same physical properties for example the same boiling point, 

refraction index and same polarity. The enantiomers may behave differently in a 

chiral environment. All the proteins in our body are made of L-amino acids, in 

addition many other molecules in our body are chiral so we are able to sense the 

difference between enantiomers. For example (R)-limonene smells like orange 

while (S)-limonene smells like lemon, (S)-(S)-aspartame tastes sweet while (R)-

(R)-aspartame tastes bitter. A more harmful effect was shown from the chiral 

drug thalidomide. This drug was given in the beginning of the sixties to women 

in early pregnancy as a sedative and anti-nausea agent. A high incidence of birth 



Candida antarctica lipase B 

48 

abnormalities (limb deformations) and early abortions was observed. It was 

shown that the S-enantiomer of thalidomide was the cause of these effects. Later 

the R-enantiomer was claimed not to cause any abnormalities if given in high 

doses to rats. Many drugs are chiral compounds but it took until 1988 before the 

Food and Drug Administration (FDA) required information about the 

composition of chiral drugs and the effect of each enantiomer. This has given a 

large boost to the development of methods for preparation of pure enantiomers. 

Enzymes are very interesting in this respect since they can be highly 

enantioselective. 
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Figure 4.3: Examples of chiral compounds where the enantiomers have a different 
effect in our body. 
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4.2 Enantioselectivity in enzyme catalysis 

Enantioselectivity is often expressed as the enantiomeric ration (E), which is the 

ratio of the specificity constant of the enzyme for the two enantiomers: 

 

SM

cat
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cat

K
k
K
k

E



















=  (4.1) 

Enantioselectivity can be explained by the difference of reaction activation 

energy (Ea) for the two enantiomers. Both enantiomers of the substrate have the 

same ground state energy level as have the enantiomers of the product. It is the 

activation energy for the enzymatic conversion of the substrate to product that is 

usually different for the two enantiomers (see figure 4.4).  
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Figure 4.4: Schematic representation of the free energy profile of an enantioselective 
enzyme catalyzed reaction where R is the fast reacting enantiomer. 
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The enantiomeric ratio is related to the difference in Gibbs free energy of the 

transition states of the enantiomers (∆∆G#) as shown in equation 4.2 (Phillips 

1992). ∆∆G# is the Gibbs free energy difference for the two enatiomers, R is the 

gas constant (8.31 J mol-1 K-1), T is the temperature and E the enantioselectivity. 

 

∆∆G# = -RTlnE           (4.2) 

 

CALB is particulary good in resolving secondary alcohols. Kazlauskas described 

in 1991 a general rule that could predict the enantiopreference of lipases and 

esterases for secondary alcohols (Kazlauskas et al. 1991). A secondary alcohol 

has two substituents attached to the carbon bearing the hydroxyl group and these 

substituents are referred to as the medium and large sized substituent (figure 4.5). 

With help of Kazlauskas’ rule it can be predicted which enantiomer reacts faster 

with the enzyme. The magnitude of the enantioselectivity depends on the 

individual interactions between the enzyme and the substrates. 

 

M L

H OH

 
Figure 4.5: A schematic representation of a secondary alcohol showing the 
medium and large substituent. 

 

The basis for the chiral recognition of secondary alcohols by CALB was 

described by Orrenius et al. (1998). The enantiomers of the secondary alcohol 

fits in the active site by placing either the large or medium substituent in a small 

cavity, the stereoselectivity pocket. The other substituent is placed towards the 

entrance of the active site (see figure 4.6). The limited space available in the 

stereoselectivity pocket restricts the size of the substituent that can be placed 

here.  
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Figure 4.6: Schematic view of the active site of Candida antarctica lipase B with its 
stereoselectivity pocket showing how the two enantiomers are bound during reaction. 
 

The slow reacting enantiomer needs to put its large sized substituent in the 

selectivity pocket in order to form all the hydrogen bonds needed for catalysis. 

Enantioselectivity reflects the difference in energy to accommodate the medium 

or the large group in the pocket. 

 

Table 4.1: Candida antarctica lipase B catalyzed kinetic resolution of aliphatic sec-
alcohols. Enantioselectivity and reaction rate of sec-alcohols with different sized 
medium substituent (Orrenius et al. 1998). 
 

Substrate E ∆∆G# 
(kcal mol-1) 

vi 

(µmol min-1 mg-1 prot.) 

OH

 340 3.6 36 
OH

 340 3.6 ~10 
OH

 10 1.4 0.2 
OH

 3 0.7 0.1 
OH

 
n.d. <0.1 

OH

 n.d. <0.1 
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The docking mode model was set up with help of both experimental data and 

molecular modeling (Orrenius et al. 1998). Some of the experimental data are 

presented in table 4.1. The enantioselectivity drops dramatically, from E=340 to 

E=10, when the medium substituent is larger than an ethyl group. If the medium 

substituent is more bulky then a propyl group the enantioselectivity drops even 

more E=3. Not only the enantioselectivity decreases if the medium substituent is 

larger then an ethyl group, but also the reaction rate. Substrate bearing a propyl 

group as the medium sized substituent displayed a reaction rate about 50 times 

slower than substrate bearing an ethyl group at this position (Orrenius et al. 

1998). This led to the conclusion that the stereoselectivity pocket fits an ethyl 

group easily, but not a propyl group. 

 

Table 4.2: Kinetic resolution of aliphatic sec-alcohols and halohydrins catalyzed by 
Candida antarctica lipase B (Rotticci et al. 1997). 
 

Substrate E ∆∆G# 
(kcal mol-1) 

OH

 340 3.6 

Br
OH

 7.6 1.2 

Cl
OH

 14 1.6 
OH

 10 1.4 
OH

 9 1.4 

Cl
OH

 160 3.1 

Br
OH

 370 3.5 

Br
OH

 81 2.6 
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The enantioselectivity dropped drastically if a halogen atom was placed on the 

medium sized substituent. If the halogen was placed on the large substituent of a 

small substrate the enzyme was highly selective (see table 4.2) (Rotticci et al. 

1997). The size of a bromo atom is similar to that of a methyl group but the two 

groups have different electronegativity (Streitwieser and Heathcock 1989). 

Based on these data we investigated if electrostatic interactions could play a role 

in enantioselectivity (article III). The stereoselectivity pocket of the lipase was 

changed in order to remove amino acids with electronegative atoms on the side 

chain. The stereoselectivity pocket is defined by Thr40, Thr42, Ser47 and 

Trp104. Thr40 should not be changed as it plays an important role in stabilizing 

the oxyanion in the transition state with two hydrogen bonds (Magnusson et al. 

2001). Thr42 and Ser47 containing hydroxyl groups were replaced by amino 

acids that were aliphatic and similar in size, in order to create a less polar 

stereoselectivity pocket. Trp104 which defines the bottom of the active site was 

replaced with a histidine since it could be positively charged and therefore 

maybe even attract the halogenated substituent.  

 
Table 4.3: Specific activity of CALB variants for the hydrolysis of tributyrin. The 
amount of lipase was determined by active site titration using methyl p-nitrophenyl 
hexylphosphonate as an irreversible inhibitor (article III).  
 

CALB Activity 
 (s-1) 

Wild-type 
Thr42Val 
Ser47Ala 
Thr42Val/Ser 47Ala 
Trp104His 

253 + 12 
45 +   2 

144 + 14 
84 +   8 

102 + 13 
 

The specific activity for each variant was determined by first titrating the amount 

of active sites using active site titration method described by Rotticci et al. 

(2000) after which the activity on tributyrin was determined (see table 4.3). All 
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constructed variants were active, we have not found an explanation for the 

difference in specific activity for the different variants. The Trp104His variant 

lost activity if stored in aqueous solution, which was also observed by Patkar et 

al. (1998). The lipase variants were immobilized on polypropylene beads for use 

in organic solvents. The enantioselectivity for the lipase variants was determined 

for the halogenated secondary alcohols and is shown in table 4.4. The 

enantioselectivity for the halogenated compounds 1-bromo-2-octanol and 1-

chloro-2-octanol was increased for all variants except for the Trp104His variant. 

The enantioselectivity was doubled for the Ser47Ala variant compared to that of 

the wild-type. The effect of the changes of the amino acids was not additive, as 

demonstrated by the double mutant. The enantioselectivity was much lower for 

the Trp104His variant. These results tell us that other interactions than steric 

interactions can play a role for the enantioselectivity of CALB (article III). 

 

Table 4.4: The enantioselectivities for Candida antarctica lipase B variants 
towards 1-bromo-2-octanol, 1-chloro-2-octanol and 2-butanol (article III). 
 

CALB 
Br

OH

 Cl
OH

 
OH

 
Wild-type 
Thr42Val 
Ser47Ala 
Thr42Val/Ser 47Ala 
Trp104His 

6.5 + 0.4 
6.7 + 0.3 

12.4 + 0.4 
9.4 + 0.8 
1.7 + 0.1 

14    + 2 
15    + 2 
28    + 3 
20    + 2 

2.0 + 0.1 

6.5 + 0.4 
6.1 + 0.3 
6.5 + 0.3 
5.7 + 0.1 
1.4 + 0.1b 

 

The enantioselectivity of the Trp104His variant was very low for all the 

substrates tested, probably due to the space created by replacing the tryptophane 

for a histidine. To explore the new stereoselectivity pocket we probed the active 

site using symmetrical secondary alcohols of different size (article V). The 

enzymatic reaction was performed by using several substrates at the same time 

so that the relative reaction rates could be determined (Rangheard et al. 1989). 

By comparing the relative reaction rate ratios the preference for the different 

substrates by the lipase variants can be determined (table 4.5). This can be used 
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to estimate the size of the stereoselectivity pocket. The Trp104His variant 

showed a remarkably different substrate specificity ratio, as expected. The other 

Thr42Val, Ser47Ala, Thr42Val/Ser47Ala showed similar selectivity ratios as the 

wild-type lipase. We can conclude that the volume of the stereoselectivity pocket 

for all the mutants, except the Trp104His, was not significantly altered. The 

stereoselectivity pocket of the Trp104His variant has increased in size, as much 

that at least a propyl or an iso-propyl group could be accomodated.  

 

Table 4.5: Reaction rate ratios of substrate pairs for the transesterification catalyzed by 
different CALB variants. S1 is 2-propanol, S2 is 3-pentanol, S3 is 4-heptanol and S4 is 
2,4-dimethyl-3-pentanol (article V). 
 

Enzyme S1/S2 S1/S3 S1/S4 
Wild type 
T42V 
S47A 
T42V/S47A 
W104H 

78 
86 
80 
65 

7.8 

8300 a 

8700 a 
8500 a 
7000 a 

7.5 

76000 a 
220000 a 
140000 a 
92000 a 

33 a 
 

In article IV the lipase variants were further investigated in order to determine 

how much the thermodynamic components enthalpy and entropy changed for 

these variants. The activation free energy is made up of two components, 

enthalpy (H) and entropy (S), that can be separated as shown in equation 4.3 

(Phillips 1992). 

 

∆∆G = ∆∆H - T∆∆S         (4.3) 

 

The separate components can be determined by studying the enzymatic reactions 

at different temperatures according to equation 4.4 (Phillips 1992). R is the gas 

constant (8.31 J mol-1 K-1), T is the temperature and E the enantioselectivity. 

 

R
S

TR
HE ∆∆

+⋅
∆∆

−=
1ln           (4.4) 
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Different CALB variants were compared to each other using 3-methyl-2-butanol 

as a substrate (article IV). The enantioselectivity for all the variants except 

Thr103Gly was lower then the wild-type enzyme (see table 4.6). The smallest 

change in enantioselectivity was found for the Thr42Val variant and the 

Trp104His displayed the lowest enantioselecivity. 

The difference in enthalpy and entropy for the variants is not the same, which 

allows for a change in the enantioselectivity. The largest changes in entropy and 

enthalpy contributions were found for the Trp104His variant. The difference 

between the entropic and enthalpic contributions for this variant was also the 

largest resulting in the largest change in enantioselectivity. The smallest changes 

for the enthalpic and entropic contributions was determined for Ser47Ala variant, 

which was not the variant with the smallest change in enantioselectivity. The 

entropy and enthalpy contributions were compensatory in nature. It is difficult to 

define a trend, but it was shown that entropy and enthalpy contributions are of 

influence on enantioselectivity and these contributions should not be neglected in 

the rational design of proteins. 

 

Table 4.6: The enantioselectivity and the enthalpic and entropic contributions of CALB 
variants for 3-methyl-2-butanol (article IV). 
 

Enzyme E 
(296 K) 

∆∆∆H 
(kJ mole-1) 

Τ∆∆∆S (296 K) 
(kJ mole-1) 

Wild-type 
Thr42Val 
Ser47Ala 
Thr42Val/Ser47Ala 
Trp104His 
Thr103Gly 

970 
520 
340 
390 
150 

2140 

0 
+ 4.1 
+ 2.6 
+ 2.8 

- 23.8 
- 10.9 

0 
+ 2.6 
- 0.1 
+ 0.5 

- 28.5 
- 8.9 
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5- Concluding remarks 

This study showed that it is possible to change enzyme selectivity by rational 

design. A key to the success is a good understanding of the structure-function 

relation of the enzyme.  

In order to improve enzyme selectivity one can debate if resources should be 

invested in studies of the enzyme structure-function relationships or in 

developing a screening or selection method for directed evolution. I believe that 

a combination of both methods will give the largest success. The sequence space 

is enormous and it is impossible to generate all possible variants. By randomly 

changing the sequence the chances are low that amino acids near the active site 

of an enzyme are changed. By first defining the substrate binding sites and then 

randomizing these sites, I believe many interesting new variants can be found.  

The lipase has proven to be a stable enzyme and could therefore provide a good 

scaffold for engineering new reactions or substrate specificities. An interesting 

starting point for saturation mutagenesis on Candida antarctica lipase B could be 

the tryptophane 104. It has been shown that this amino acid has a large impact on 

the enantioselectivity.  
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