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‘You get what you screen for’ 
 
- 1st law of directed evolution 

Till mor och far 
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Populärvetenskaplig	  sammanfattning	  på	  svenska	  

En substans som ökar hastigheten på en kemisk reaktion utan att förbrukas 
kallas katalysator. Katalysatorer används ofta i organisk syntes och det är 
vanligt att de är uppbyggda kring övergångsmetaller, såsom palladium eller 
rutenium. Naturens egna katalysatorer kallas enzymer och är proteiner. De 
finns i allt levande. I vår kropp arbetar enzymerna med att bryta ner vår föda 
så att kroppen kan omvandla den till energi. De har också många viktiga 
roller i kroppens olika signalsystem. 

Enzymer är miljövänliga. De är inte giftiga, de är nedbrytbara och de ut-
för sitt jobb under milda betingelser. De är ofta selektiva i den mening att de 
bara reagerar med en typ av molekyl eller en del av en molekyl; de är kemo- 
och regioselektiva. Trots att det är väldigt bra att de ofta är så selektiva kan 
det ibland leda till problem, till exempel att det inte finns ett enzym tillgäng-
ligt i naturen som kan utföra en önskad reaktion. Med hjälp av proteinteknik 
kan enzymet modifieras för att förändra dess egenskaper. Enzymet modifie-
ras genom att forskaren muterar i den genetiska koden som är mallen för 
enzymet. Detta leder till att genen på ett visst ställe kommer koda för en 
annan aminosyra än den som var tilltänkt från början.  

Den här avhandlingen rör modifieringar av enzymet Candida antarctica 
Lipas A (CalA), och hur vi har använt proteinteknik för att skapa olika vari-
anter av enzymet med nya egenskaper. Vi har utvecklat en metod för att 
tillsätta många mutationer samtidigt och vi har arbetat med att immobilisera 
enzymet, att sätta fast det på ett fast material såsom plast eller glas. Det har 
vi gjort för att kunna testa enzymerna i organiskt lösningsmedel, vilket un-
derlättar för en framtida potentiell syntesreaktion med det nya enzymet.  

Enzymet har en lucka som blockerar ingången till det aktiva sätet. I den 
sista delen av avhandlingen har vi undersökt luckans roll genom att ta bort 
den. Genom att testa det kapade enzymet och jämföra det mot vildtypsenzy-
met, kunde vi bekräfta hypotesen att den avkapade delen kontrollerar in-
gången till det aktiva sätet, där substratet reagerar och blir produkt. 
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1.	  Introduction	  

Chemistry is the science of molecules and describes their structure, behavior 
and reactivity. Organic chemistry is the science of the structure, reactions 
and properties of carbon-based compounds. Organic synthesis is the con-
struction of carbon-containing molecules, useful to mankind.[1] Organic 
chemistry is the molecular base for other disciplines of science, such as bio-
chemistry and molecular biology.  

Most processes of life are performed within cells. The cell is an effective 
chemical factory capable of producing very complex molecules, such as 
proteins and DNA. Almost every chemical process in the cell is speeded up 
by the action of enzymes, the catalysts of Nature.[2] Catalysts are molecules 
that increase the rate of a chemical reaction without themselves being con-
sumed. A catalyst lowers the activation energy barrier of a reaction com-
pared to the corresponding un-catalyzed reaction (Figure 1).[3]  

 
Figure 1.  Energy diagram of a reaction in which the red curve indicates the cata-

lyzed reaction and the blue curve the uncatalyzed reaction. 

Catalysts are widely used in organic synthesis. Usually, the catalysts em-
ployed in organic transformations are molecular complexes built up around a 
transition metal. Enzymes on the other hand, are large proteins built up from 
amino acids, which have evolved over time by natural evolutionary process-
es. Enzymes stabilize the transition state of a reaction, thereby lowering the 
activation energy, compared to the un-catalyzed reaction (Figure 1).[4] This 
thesis lies within the field of biocatalysis, which concerns the use and devel-
opment of enzymes as catalysts in organic chemistry. 
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1.1	  Chirality	  
Chirality, derived from the Greek word for hand, is the property of asym-
metry. An object, such as our hand, that is not superimposable on its mirror 
image, is chiral. Nature contains many asymmetric building blocks and the 
processes of life are stereoselective.[5] The two mirror images of a chiral 
molecule are called enantiomers. A mixture of two enantiomers in a 1:1 ratio 
is called a racemate. The enantiomers behave identically in an achiral envi-
ronment, but when introduced to a chiral environment, the enantiomers act 
differently. Some illustrative and important examples of this phenomenon 
are found in the pharmaceutical industry. For example for Ibuprofen, an anti-
inflammatory drug (Figure 2), the (S)-enantiomer is more active[6] but the 
drug is sold as a racemate. Although the drug is partly racemized in the 
body,[7] a lower dosage could be applied if sold enantiomerically pure. 

 
Figure 2. The enantiomers of ibuprofen. 

Sometimes the enantiomers can give rise to completely different pharmaco-
logical responses. A tragic example is the drug Thalidomide (Figure 3), 
which was used to treat morning sickness among pregnant women. The (R)-
form is responsible for easing the sickness, while the (S)-enantiomer is tera-
togenic and causes birth defects in fetuses.[8]  

  

Figure 3. Thalidomide. 

Since 1992, the U.S. FDA requires the analysis of both enantiomers of a 
racemic drug, to minimize potential negative effects.[9,10] The top ten pre-
scribed drugs on the U.S drug market in 2013 contained nine chiral com-
pounds, six of which are sold enantiomerically pure.[11] 

The growing need for enantiomerically pure compounds has directed a 
considerable amount of research into finding ways of producing single enan-
tiomers. There are three main methods used to obtain enantiomerically en-
riched compounds: (i) resolution: separation of a racemate using a resolving 
agent or crystallization, (ii) asymmetric synthesis: a pro-chiral substrate site 
is made chiral by introduction of/induction by a chiral auxiliary, (iii) the 
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chiral pool approach: building the desired compound from an already chiral 
starting material. Biocatalysis can be used in both approach (i) and (ii) with 
either the enzyme as the resolving agent, or as the inducer of chirality where 
pro-chiral starting material is converted to a chiral, enantiomerically en-
riched product. Examples of the latter approach are transaminases and 
Bayer-Villiger mono-oxygenases that from ketones produce enantiomerical-
ly enriched amines or lactones, respectively. 

1.2	  (Dynamic)	  kinetic	  resolution	  
Kinetic resolution (KR) is the separation of the enantiomers of a racemic 
mixture. By the addition of a chiral catalyst, such as an enzyme, the enanti-
omers will react at different reaction rates, leading to enrichment of one of 
the enantiomeric products (Scheme 1). 

 
Scheme 1. Example of an enzymatic kinetic resolution. k is the reaction rate con-

stant for the reaction of each enantiomer. 
 
The maximum yield possible of such a resolution is 50%. The ideal catalyst 
would run the reaction to 50% conversion and then stop with an enantio-
meric excess (ee) of 100%. However, very few catalysts show ideal enanti-
oselectivity, hence the reaction needs to be stopped at 40-45% for the prod-
uct to be enantiomerically enriched to an acceptable limit. The enantiomeric 
excess of the substrate and product varies with the conversion, with the 
highest product ee at low conversion. In order to compare the selectivity for 
different catalysts, the enantiomeric ratio (E-value) is used. The E-value is 
defined as the ratio of the reaction rate constants for the two enantiomers 
(E=kfast/kslow). The E-value is a constant for a given reaction and is calculated 
according to equation 1, 2[12] or 3[13], which allow calculation based on two 
of the following three parameters: ee of the product, ee of the starting mate-
rial and the conversion (𝑐).  
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   Eq. (3) 

 
In order to circumvent the limitation of a yield of only 50%, the KR can be 
turned into a dynamic kinetic resolution (DKR). In a DKR, a racemization 
catalyst is introduced, which in situ racemizes the remaining substrate so 
that the chiral catalyst always has a racemic mixture to choose from. Theo-
retically, the yield can reach 100% with an ee of 100% (Scheme 2).[14]  
 

 
Scheme 2. Example of an (R)-selective enzymatic dynamic kinetic resolution. 

1.3	  Enzymes	  as	  catalysts	  in	  organic	  synthesis	  	  
An important goal within catalysis today is “green chemistry” – to perform 
reactions at ambient temperature and pressure, without the use of organic 
solvents or metal catalysts.[15] Enzymes most often constitute an environ-
mentally friendly alternative to conventional chemical catalysts. They can 
operate under mild conditions, at low temperature, and are non-toxic and 
biodegradable. The high chemo-, regio- and stereoselectivity often exhibited 
by enzymes, enable purer and more selective reactions, and may even dimin-
ish the need for functional group protection, which will increase the atom 
economy and afford shorter synthetic routes.[16] This is attractive both eco-
nomically and environmentally.[17] In recent years there has been an in-
creased use of biocatalysis in industry,[18] with hydrolases being the most 
common enzymes employed.[19] Hydrolases is the class to which lipases 
belong. 

Although the trend is to use greener solvents such as water, organic syn-
thesis often requires organic solvents. Running a biocatalytic reaction in an 
organic solvent instead of water can provide for better solubility of the or-
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ganic substrate to be converted. With the use of an organic solvent the sub-
strate concentration can be dramatically increased, which leads to fast and 
efficient transformations.  

As enzymes are most active in water, changing the solvent can lower their 
activity by several orders of magnitude,[20] although adjusting the reaction 
conditions can reduce this decrease in activity.[21] Changing the solvent from 
water can even inactivate the enzyme, even though lipases are often active in 
organic solvent.[22] In aqueous-organic mixtures, enzymes are often de-
naturated. Dry, non-polar solvents are usually preferred, which may be ex-
plained by the incapacity of these solvents to strip off any necessary residual 
water on the enzyme surface.[23] When an organic solvent is used that leaves 
the monolayer of water around the enzyme intact, the function of the enzyme 
is retained.[22]  

The stability of a biocatalyst can be increased in pure organic solvent. 
The rigidity of the protein when placed in pure anhydrous media leads to the 
inability to unfold, which account for better stability. The lowered risk of 
proteolytic degradation when only small amount of water is present is also 
accounting for a stability increase.[22]  

1.4	  Lipases	  	   	   	  
The enzymes that digest lipids (converts triglycerides into free fatty acids) 
are called lipases. Lipases belong to the enzyme class of hydrolases, en-
zymes that break a chemical bond by the addition of water. Lipases share an 
α/β-hydrolase fold[24,25] and are part of the serine hydrolase family, the fami-
ly in which the hydroxyl group of serine act as the nucleophile in a ping-
pong bi-bi mechanism.[26] 

Serine acts together with an acid anion residue (aspartate or glutamate) 
and a histidine, forming the catalytic triad. The acid anion forms a hydrogen 
bond to the histidine nitrogen, which subsequently shares a proton with ser-
ine, making the serine a better nucleophile (Scheme 3, free enzyme). When 
an ester substrate enters the active site, the serine loses the proton. Serine is 
now a better nucleophile and attacks the incoming substrate (Scheme 3, 
TI1). The substrate binds to the residues of the oxyanion hole (Asp95 and 
Gly185), to stabilize the carbonyl oxygen. Upon cleavage of the alcohol 
moiety (2), a water molecule attacks the acyl enzyme, forming the second 
tetrahedral intermediate (TI2). TI2 breaks down when the product is re-
leased, completing the catalytic cycle.[27]  
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Scheme 3. The reaction mechanism of a serine hydrolase, depicted as in Candia 
antartica Lipase A. This is a ping-pong bi-bi mechanism.                        

TI=tetrahedral intermediate. 

Many lipases display interfacial activation, which means that they are ac-
tivated by contact with hydrophobic interfaces, such as fat droplets. This 
activation is well suited to their natural task.[28] When a hydrophobic sub-
strate is solvated in buffer, the activity of the enzyme will be low. When the 
substrate concentration has reached the critical micelle concentration 
(CMC), where the substrate is no longer soluble, the lipase will show an 
activity burst.[29]  

The activity burst is due to the presence of a lid, which in water hides the 
active site of the enzyme. This lid (or flap if the motif is smaller) is a motile 
region, rich in hydrophobic residues. When this region meets a hydrophobic 
phase the lid opens to display the hydrophobic patch towards the substrate, 
thereby activating the enzyme.[30] 

Lipases are among the most commonly employed enzymes in biocatalysis 
due to their often high efficiency and enantioselectivity.[16,31] They are fre-
quently used in industry for the production on fine chemicals, food addi-
tives, agrochemicals, polymers, biodiesel, detergents and cosmetics.[32-34] If 
lipases are used in organic solvent, condensations and transacylations can be 
performed. These are reactions, which are unfavored in aqueous 
solution.[22,23,35]  

The stereochemical outcome of a lipase-catalyzed reaction with a second-
ary alcohol can be predicted by Kazlauskas rule (Figure 4).[36,37] When re-
solving an alcohol with a large and a medium-sized group, the fastest reac-
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tion will be of the enantiomer with the large group to the left (and the alco-
hol pointing backwards). When the larger group has the higher priority ac-
cording to the Cahn-Ingold-Prelog-rule, this will be the (R)-enantiomer.[38] 
Lipases are therefore normally (R)-selective while proteases are (S)-
selective. 

 
Figure 4. Kazlauskas rule predicts the preferred enantiomer in a lipase-catalyzed 

reaction. 

1.4.1	  Candida	  antartica	  Lipase	  A	  
The yeast Candida antartica was found in the hypersaline Lake Vanda, 
Antartica, in the 1960s. Lipase A (CalA) and Lipase B (CalB) from that 
strain were isolated by researchers at Novo Nordisk A/S (now Novo-
zymes),[39] and the enzymes were cloned into Aspergillus oryzae.[40] CalB is 
widely used, both in academia and industry, and is often the first choice in 
enzymatic kinetic resolution of secondary alcohols.[41,42] CalA, on the other 
hand, has not yet seen such applicability, although it bears several interesting 
properties.[43]  

 
Figure 5.  The topology of CalA. Catalytic triad in yellow sticks. The enzyme was 

crystallized with a PEG molecule (pink) in the active site tunnel. 

The first crystal structure of CalA was resolved in 2008[44] (and later in 
2010[45]). The topology of CalA includes an α/β-hydrolase fold, a well-
defined lid and an active site flap (Figure 5). The α/β-hydrolase fold, com-
mon among lipases, bears the catalytic triad that is composed of Ser184, 
Asp334 and His366. On this triad there is a lid domain where an active site 
tunnel is situated. A word of caution, this lid domain does not have the func-

L M

H OH
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tion of a lid/flap, which would be responsible for interfacial activation. In-
stead, the lid domain is the motif over the α/β-hydrolase fold covering the 
catalytic triad.[44] Around 20-25 methylene units can fit into this tunnel, 
which has an almost 90° kink near the midpoint. An active site flap, com-
posed of residues Gly426-Gly436, covers the active site. This is a double β-
sheet, which is rich in hydrophobic residues and is the motif suggested to be 
responsible for interfacial activation in CalA.[29,44] 

CalA is a thermostable lipase, with a temperature optimum at 70 °C (at 
pH 6.5),[46] a property highly advantageous in organic synthesis. It is also 
reported to be active in organic solvent.[43] CalA is the only lipase known 
that displays an sn-2 preference in hydrolyzing triglycerides,[47] although this 
preference is small.[43] Large cavities around the active site are present in the 
enzyme, allowing accommodation of sterically demanding substrates. CalA 
is reported to display activity for large substrates such as bulky alcohols, 
esters and even tertiary alcohols.[48,49] It has also been used for the prepara-
tion of enantiopure β-amino acids/esters.[50-53] High thermostability, the abil-
ity to function in organic solvent and the unusual active site pockets, are 
intriguing properties that make this enzyme interesting for biocatalytic ap-
plications.  

1.5	  Protein	  engineering	  
Protein engineering uses the techniques of molecular biology, where the 
modification of genetic material is coupled to the change of the protein phe-
notype, often aiming at optimization of enzyme traits. There are several 
techniques available for the engineer, ranging from totally randomized 
methods that truly mimic Darwinian evolution, to sophisticated and rational 
approaches based on qualitative guesses. All techniques are based on copy-
ing DNA using the polymerase chain reaction (PCR).[54]  

1.5.1	  Directed	  evolution	  
Evolution is the theory of adapted change over generations that was devel-
oped by the British naturalist Charles Darwin.[55] It states that genetic varia-
tion is generated by sexual recombination between individuals or by muta-
tion of the genetic material. Natural selection ensures that certain properties 
are biased based on the concept of ‘survival of the fittest’. 

Mutations in the genetic material can arise from either UV-light or chem-
ically induced alterations of DNA bases, or from mistakes by DNA poly-
merases during transcription.[2] Most mutations are silent in the amino acid 
sequence (one substitution in the three letter code does not necessary change 
amino acid coded for), but changes in the residue sequence will eventually 
lead to a change in phenotypic properties. A phenotypic property that is ad-
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vantageous for the fitness of the organism will be selected and further repro-
duced. 

Directed evolution is natural evolution in vitro, with rounds of mutagene-
sis, followed by screening and selection of desired properties. Common 
traits to select for target alteration of selectivity, substrate specificity and 
enantioselectivity, stability and pH optimum.[17] The classical way is to rep-
licate the gene sequence in an error prone PCR (epPCR) reaction, in which 
the polymerase lacks a proof-reading mechanism and incorporates mis-
matches in a randomized fashion. It is also possible to control the amount of 
mismatches by using a proof reading polymerase, altering the amount of 
MgCl2 and adding MnCl2 in the reaction mixture. Those salts induce errors, 
and give the experimenter the possibility to alter the concentration after the 
amount of mismatches wanted.[56] Enzyme libraries produced by error prone 
PCR might generate better enzyme variants; however, due to their large size 
they will show a low hit ratio. If no suitable high-throughput screening 
method is available, epPCR is not likely to yield a favorable outcome.  

1.5.2	  Rational	  and	  semi-‐rational	  protein	  engineering	  
When aiming at specific alterations within an enzyme one must be cautious 
about where to insert mutations. Different parts within the enzyme will alter 
different properties to different extents.[57] For example, an increase in ther-
mostability is usually promoted by mutations on the surface of the enzyme 
to promote rigidity,[58] while mutations around the active site are the most 
influential for improving catalytic activity and enantioselectivity.[59] In order 
to introduce point mutations, site-directed mutagenesis (SDM) is used.  

1.5.2.1	  Site-‐directed	  mutagenesis	  
Rational design for protein evolution requires structural information, such 

as a crystal structure (or a very good homology model) of the protein, from 
which the researcher can chose sites to target. When interesting targets are 
found, point mutations are introduced by SDM. The mutation is inserted in 
mismatch-containing PCR primers, resulting in an alteration at a specific site 
(Figure 6, A).[60] The gene sequence is copied and the mutant gene created 
(Figure 6, B). The enzyme variant is produced by a host cell system, extract-
ed and tested for altered phenotypic properties. Site-directed mutagenesis 
can for example be used for alanine-scanning, a method used to investigate 
the contribution of an amino acid to a specific function by changing this 
residue to alanine, which is expected to be inactive.[61]  
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Figure 6. The exchange of a base in the gene sequence to create another genotype; 
site-directed mutagenesis. 

1.5.2.2	   Semi-‐rational	   design,	   CASTing	   and	   the	   “number	  
problem”	  

Despite improvements in computational predictory tools during the past 
decade, such as molecular modeling, it is often hard to predict the outcome 
of a rational design project. An advancement in protein engineering came 
with the introduction of semi-rational design, which combines the ad-
vantages of directed evolution and rational design, using SDM. It is rational 
in its choice of mutation sites, yet evolutionary due to the randomization of 
amino acids at the site of choice and its iterative cycles of selection. Ran-
domization of residues is possible due to the use of degenerate PCR primers, 
a primer that allows incorporation of 1-4 different DNA bases at the same 
specific position in the primer, enabling the generation of a combinatorial 
gene library. 

In 2005, Reetz first published a rational design based method for directed 
evolution: Combinatorial Active Site Saturation Test, CAST.[62] By closely 
inspecting the crystal structure of the enzyme to be engineered, loci around 
the substrate-binding site are identified and sets of amino acids close in 
space and sequence are simultaneously randomized (typically two or three 
sites per round). The reason for choosing more than one amino acid site for 
mutation is the potential synergistic effects that may appear when the posi-
tions of the combinatorial set are allowed to influence each other. Synergis-
tic effects are highly unlikely to occur utilizing epPCR, since 2-3 simultane-
ous random mutations are not likely to occur close to each other. Iterative 
CASTing is to use hits from one library (from one round) as templates in 
another round of CASTing, targeting another loci.  

The conventional way to perform saturation mutagenesis is to use NNK 
codon degeneracy (N = any nucleotide, K = guanine or thymine), which 
involves all possible 32 codons, covering all 20 proteinogenic amino acids. 
The use of 32 codons for 20 amino acids will give bias towards several ami-
no acids (Arg, Leu and Ser have three different codons in the set, Ala, Gly, 
Pro, Thr and Val have two and also one stop codon is included). This bias is 
seen in Nature. When aiming at reducing screening demands, it is advanta-
geous to assure that every amino acid is represented by only one codon. This 
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will reduce over-representation of certain amino acids and diminish bias. If 
there is no single degenerate codon that includes all the amino acids one 
would like to use, there is always the possibility to mix different primers in 
appropriate ratios. 

Using NDT codon degeneracy instead of NNK (D= ade-
nine/guanine/thymine, T= thymine), the Reetz group aimed at decreasing 
library size while keeping library quality.[63] NDT includes 12 codons, cov-
ering the 12 amino acids Phe, Leu, Ile, Val, Tyr, His, Asn, Asp, Cys, Arg, 
Ser and Gly. The set represents all the chemical properties polar, unpolar, 
aromatic, aliphatic, negatively and positively charged. The use of NNK ver-
sus NDT degeneracy was investigated experimentally by saturation muta-
genesis of the epoxide hydrolase from Aspergillus niger, confirming that the 
hit rate (number of hits/number of variants screened) was greatly increased 
using NDT degeneracy. If one considers a library targeting two sites, NNK 
degeneracy would give the library size 202 (400) and NDT degeneracy 
would give the size 122 (144). In order to pick the full library, an over-
sampling of around 3 times is needed to cover 95 % of the library.[63] NDT is 
not the only set possible to use. There are many possibilities, which are easi-
ly visualized in the evolution tool CASTER.[64]  

1.5.2.3	  Highly	  combinatorial,	  focused	  mutagenesis	  
Combinatorial mutagenesis, in which many sites are targeted simultane-

ously, has been used in improvement of protein catalytic activity and ther-
mostability.[65-67] In projects of this type, each site is substituted with only a 
small set of residue variation, to keep the library to a manageable size. For 
example, if one is designing an enzyme library in which six sites are targeted 
simultaneously, the size of the library utilizing the 20 proteinogenic amino 
acids would give a library of 206 (≈ 64 000 000 variants) whereas a binary 
library would consist of 26 (64 variants). Great care must be taken when 
choosing alternative residues for a minimal amino acid composition in the 
library. Suggestions obtained from molecular modeling can be further quali-
fied by analysis of residue conservation among related enzymes. Highly 
conserved amino acid among related enzymes may be of fundamental im-
portance for structure, folding or activity.[68,69] Bioinformatics can be used to 
obtain a multiple sequence alignment (MSA) of the targeted enzyme and 
related sequences from a database, using PSI-BLAST.[70] MSA can give a 
hint of sites not suitable for replacement and successful replacements at “al-
lowed” sites (Figure 7).  
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Figure 7.  Results from a MSA of CalA. Position 186 and 189 are highly con-

served. If position 187 is a site where a mutation is desired, consider G, S or A. 
Figure from ref [71], which was made by the tool from ref[72] 

1.6	   High-‐throughput	   screening	   of	   enzyme	   libraries	   for	  
enantioselectivity	  
Production of an enzyme library requires a screening procedure in which 
potential hits can be found. This is often the most labor-intensive part in a 
directed evolution and/or protein engineering project. The amount of sam-
ples possible to screen per day will play a key role for the experimentalist. 
Apart from time and workload, the other factors that will influence how 
good a screening assay is, are: the generality (can different enzymes be 
used?), the robustness (can one trust the outcome?) and the cost (are chemi-
cals, plates and instruments expensive?).  

One of the first assays reported for high-throughput screening of enzyme 
libraries for enantioselectivity (Quick-E-Test) was based on UV-vis spec-
troscopy.[73] The assay monitors the hydrolytic cleavage of a para-
nitrophenyl (pNP) ester, forming the corresponding acid and para-
nitrophenol that absorbs light at 405 nm in its phenolate form.  

Scheme 4. Hydrolytic cleavage of para-nitrophenyl esters in buffered systems. 
 
In order to find enantioselective hydrolases, both the (R)- and (S)-substrates 
have historically been studied individually on separate microtiter plates, with 
subsequent comparison of their relative hydrolysis rates. In assays screening 
enantiopure substrates, only apparent E-values are obtained.[74] Our group 
has reported three projects in which the screening of pNP-esters resulted in 
the identification of enantioselective variants.[71,75] In one of the projects, we 
screened for activity towards a sterically demanding substrate, for which the 
wild-type displayed no activity. The use of a racemic substrate, instead of 
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separate reactions of the enantiomers, gives the enzyme the chance to choose 
between the substrate forms, giving a better indication of the true E-value.[76]  

A disadvantage with screening the hydrolysis of pNP-esters is that such 
esters are not relevant to industry, where instead a “normal” (alkyl) ester 
would be the choice of functionality. To circumvent the use of pNP-esters in 
screening assays, one can instead take advantage of the change in pH medi-
ated by acid-formation during ester hydrolysis, by the addition of a pH indi-
cator (Kazlauskas test, Scheme 5).[77] A linear correlation between the prod-
uct acid concentration and the indicator absorbance can be achieved when 
the buffer and the indicator have roughly the same pKa values and the buffer 
strength is appropriate for the expected pH change.   

 

Scheme 5. Kazlauskas test monitors the change in pH during ester hydrolysis. 
 
Other methods independent of a pNP-ester have also been reported, where 
the formation of acetic acid is detected. The hydrolysis of an acetic acid 
ester is detected by a coupled three-enzyme system, transforming NAD+ into 
NADH, which is detected by UV-vis (Scheme 6).[74]  

 

Scheme 6. Enzyme cascade for the detection of acetic acid.                                  
CS= Citrate Synthase L-MDH= L-malate Dehydrogenase. 

 
A limitation of the above mentioned methods is that they are all conducted 
in, and require, buffered aqueous systems. Furthermore, the sensitivity of the 
systems is moderate since they detect pH change by formation of a weak 
acid in buffered systems. For the synthetic chemist, it is often desirable that 
the catalyst tolerates organic solvents. To address this problem, Konarzycka-
Bessler and Bornscheuer developed a screening method that can determine 
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the activity of hydrolases in organic solvent.[78] The assay was designed for 
the transesterification of an alcohol using a vinyl ester as acyl donor in an 
organic solvent (n-hexane, isooctane and petroleum ether were reported to 
be suitable). Acetaldehyde, which is formed in the reaction, will react with a 
weakly fluorescent hydrazine, to give a strongly fluorescent product 
(Scheme 7). In this method, the enzymes were dissolved in buffer, added to 
a microtiterplate and freeze-dried, after which the screening solution was 
added. The assay was used to screen different commercial hydrolases for 
activity.  

 

Scheme 7. Assay for determination of synthetic activity in organic solvent: detec-
tion of formed acetaldehyde. 

1.7	  Enzyme	  immobilization	  
In enzyme immobilization a biocatalyst is attached to a solid support ma-

terial. Porous materials are commonly used as support carriers. There are 
numerous advantages associated with immobilization of biocatalysts. The 
most prominent ones are stabilization of the enzyme, both operationally and 
in storage, and simplified separation, making the preparation easy to handle, 
facilitating a cleaner work-up and a simplified purification. Furthermore, the 
reusability is increased.[79-81] In the case of lipases, immobilization can cause 
conformational changes in the enzyme. Similar to the changes seen in inter-
facial activation, this can increase the catalytic activity.[20] All these ad-
vantages have lead to an increased use of immobilized enzymes in organic 
synthesis. 

Several aspects have to be considered upon immobilization. Immobiliza-
tion per se is an extra step that can be time consuming. Furthermore, immo-
bilization is sometimes associated with activity loss and mass transfer prob-
lems. The important parameters to consider when evaluating an enzyme 
preparation are: the catalytic activity, the final yield of immobilization, and 
the operational stability. It is common practice to compare the properties of 
an immobilization preparation to that of the free enzyme. The “free” enzyme 
is usually the freeze-dried enzyme. This is problematic since the lyophilized 
protein usually shows low catalytic activity.[20] Freeze-drying can lead to 
deactivation of the enzyme because of possible structural perturbations[22] 
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and formation of enzyme aggregates, the latter being insoluble in organic 
media and therefore not accessible for substrate molecules.[20] The perturba-
tions can be minimized by the addition of structure preserving additives, 
such as sugars, salts, crown ethers or enzyme specific ligands.[22] 

There are a many ways to immobilize an enzyme, most of which fall un-
der one of the three categories: (i) binding to a carrier (by physical adsorp-
tion or covalent/ionic/chelation binding), (ii) cross-linking the enzyme or 
(iii) entrapment (encapsulation by for example polymer forming gels) (Fig-
ure 8). Lipases have been immobilized using adsorption, cross-linking, ad-
sorption followed by cross-linking, physical entrapment and multipoint co-
valent attachment.[35]  

 
Figure 8. Schematic representation of some enzyme immobilization methods. 

In the case of lipases the physical adsorption of an enzyme to a hydrophobic 
support is commonly facilitated by hydrophobic interactions, but it can also 
be of ionic character. Adsorption is simple and cheap, but the binding pro-
cess may be slow. Often, the attachment is not strong enough to prevent 
leakage at high substrate/product concentrations and at high ionic 
strengths.[17] Combining the adsorption with cross-linking has the potential 
of reducing deattachment.[20] 

Covalent binding is the most common way of immobilization.[20] Many 
activated supports are available, commonly linking to the NH2/COOH func-
tions of lysine, arginine, glutamic or aspartic acid on the enzyme surface to 
an epoxy- or glutaraldehyde-functionalization of the support. In most cases 
this will allow multipoint attachment of the enzyme to the carrier, which 
increases the stability of the enzyme. However, increased stability will re-
duce the flexibility and possibly result in a reduction of catalytic activity by 
induced strain. As a rule of thumb, an activity loss of around 20% for every 
bond between the carrier and the enzyme is to be expected.[82] An advantage 
of covalent binding over adsorption is that harsh reaction conditions will not 
release the enzyme from the carrier in the former case.  

Immobilization without a carrier is another possibility. This can be done 
by cross-linking enzymes. After crystallization of the enzyme, the biocata-
lyst can be cross-linked by a bifunctional linker such as glutaraldehyde, 
yielding a highly concentrated enzyme preparation. The methodology of 
Cross-Linked Enzyme Crystals (CLECs) was first reported in 1964.[83] The 
CLECs are operationally stable, robust and active. Their main disadvantage 
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is the high purity of the protein that is needed for crystallization to occur. A 
further development of this technique is the cross-linked enzyme aggregates 
(CLEA), where the enzyme is aggregated instead of crystallized, and then 
cross-linked. Aggregation can easily be achieved by the addition of salts, 
non-ionic polymers or water-miscible solvents to a aqueous protein solu-
tion.[17]  

The immobilized enzymes used in Paper II and III of this thesis were at-
tached by chelation of the enzyme to a metal (NiII or CoII). The methodology 
is based on the classical protein purification method, Immobilized Metal Ion 
Affinity Chromatography (IMAC).[84] IMAC allows chelation between a 
divalent metal ion on a carrier (resin) and the protein of interest. The metal 
binds imidazole ligands on the protein, which originate from a poly-histidine 
tag (his-tag). The incorporation of 6-8 histidines at either terminal of the 
protein enables specific binding to the carrier (Figure 9). While IMAC is 
often the method of choice in protein purification, it is not as commonly 
used in biocatalyst immobilization. One of few examples is CoII-bound silica 
oxide beads, successful for several enzyme classes.[85] Binding via a his-tag 
is specific and fast, and furthermore, the biocatalyst is bound only at one 
point (minimizing the activity loss, see above) and the preparation is stable 
and tolerates harsh conditions. 

 
Figure 9. Metal Ion Affinity Chromatography for specific binding of proteins. 
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1.8	  Objectives	  
The objective of this thesis has been to develop enantioselective biocatalysts 
from high-quality, combinatorial enzyme libraries of minimal size. This was 
accomplished by the creation of focused, highly combinatorial small enzyme 
libraries (Paper I and II) and/or by enzyme immobilization (Paper II and 
Paper III).  

We aimed to develop effective protein engineering techniques and screen-
ing methods in organic solvent. The development of general methods, both 
in immobilization and in engineering, was desired. We wanted the ap-
proaches to be applicable to several enzyme classes and/or reactions for 
increased versatility of the methods.  

The thesis also includes a structural study of CalA (Paper IV), in which 
we have removed the active site flap. This motif was suggested to control 
the traffic into the substrate pocket. We aimed at investigate the accuracy of 
the hypothesis that the flap is in charge of interfacial activation.  
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2.	  Combinatorial	  reshaping	  of	  the	  Candida	  
antarctica	  Lipase	  A	  substrate	  pocket	  for	  
enantioselectivity	  using	  an	  extremely	  condensed	  
library	  (Paper	  I)	  

2.1	  Introduction	  

2.1.1	  Profens	   	  
2-arylpropanoic acids are pharmaceutically relevant compounds. The α-
methyl substitution of the carboxylic acid is a common motif in the “profen” 
group of non-steroidal anti-inflammatory drugs (NSAIDs). Two well-known 
substances of the group serve as over-the-counter anti-inflammatory agents 
and painkillers (Figure 10).[86] Ibuprofen is sold as a racemate (although the 
(S)-enantiomer is the more active one) while Naproxen is sold as a single 
(S)-enantiomer. 

 
Figure 10. The α-methyl acid motif in NSAIDs. 

2.1.2	  The	  first	  CASTing	  experiments	  of	  CalA	  
In CASTing experiments of CalA, screening studies of the α-methyl substi-
tuted substrate 1 have previously yielded good results in our group (Scheme 
8). Wild-type CalA displays an E value of 5 in this specific reaction, where 
the formation of para-nitrophenolate is followed.[87] Docking ester 1 into the 
active site of CalA enabled design of four libraries at sites where residue 
interaction with the substrate was assumed. The libraries contained the fol-
lowing positions: 233/237, 336/337, 221/225 and 149/150. All were de-
signed with NDT-degeneracy.  

The F233/G237 library generated the two hits F233N/G237L (R-
selective, E= 27) and F233L/G237Y (S-selective, E= 19). These hits were 
selected and used as templates for a new evolutionary round with subsequent 
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screening. The NDT library 149/150 was revisited, from which the (R)-
selective variant received three additional mutations, raising the E value to 
52 (T64M/F149S/I150D/F233N/G237L, position 64 being a spontaneous 
mutation far away from the active site).  

 

 
Scheme 8. Hydrolysis of a α-methyl ester by variants of CalA. Both variants  

selective for the (R)- (E=52) and the (S)-form (E=19) were created. 
 
In order to develop variants with activity towards more pharmaceutically 
relevant propionic acid esters, resembling the “profens”, the two NDT librar-
ies 149/150 and 233/237 were revisited, now for substrate 2. 

An excellent E-value of 276 was found in the variant 
F149Y/I150N/F233G (CalA-YNG, named after the three substitutions) (Ta-
ble 1, entry 1). The variant also displayed a large substrate scope (not 
shown).[75] Bulkier substrates, such as 3, were converted with lower selectiv-
ity (E= 63) and utilizing Ibuprofen ester 4 afforded a non-selective reaction 
(E= <2) with very low activity. 

 
Table 1. E-values for the (R)-enantiomer displayed by CalA-YNG for “profen” 

like substrates. 
Entry Substrate E-value 

1 

 

276 

2 

 

63 

3 

 

<2 

2.1.3	  Substrate	  walking	  
In order to reach a variant that accommodates Ibuprofen ester 4, substrate 
walking was implemented. Substrate walking is a stepwise enzyme adapta-
tion, where a slightly different substrate is used in every iteration of the evo-
lutionary experiment. A stepwise adaptation of the enzyme is assumed.[88,89] 
We created six different libraries, targeting three sites. CalA wild-type and 
CalA-YNG were both used as templates for the NDT libraries: F or Y 149, I 
or N 150, T221/L225, and F or G 233/G237. However, no improved variants 
were found. 
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In search for better variants, we turned our focus towards a more radical 
approach, using combinatorial mutagenesis (see above). Although variations 
of this strategy have been previously reported,[65-67,90] this was the first time 
the method was used for creating enantioselective enzymes.  
 

2.1.4	  Design	  of	  a	  highly	  combinatorial	  and	  condensed	  library	  
The protein data bank file of the CalA crystal structure (2VEO.pdb) visual-
izes the closed form of the enzyme, and was previously opened up by a 10 
ns molecular dynamics simulation.[87] Keeping the side chains flexible, Ibu-
profen ester 4 was docked into the active site. An alignment between the 
structures with and without 4 was performed. This enabled visualization of 
the residue movements resulting from a forced accomodation of the bulky 
substrate, indicating amino acid collision. 

Residues within a 4 Å distance from the substrate were considered as 
possible sites to include in the library. An exception was F431, located on 
the active site flap. F431 moved a distance of 11 Å due to the entering of the 
substrate into the binding pocket. Hydrophobic residues in the entrance to 
the active site have previously been shown to limit the substrate scope in 
terms of size.[91] All possible sites considered were analyzed by multiple 
sequence alignment (MSA). An MSA determines the degree of conservation 
by comparing the amino acid sequence to the most homologous ones.  

The library set was decided to consist of nine residues according to Fig-
ure 11 and Table 2. Eight of the positions were allowed to vary between the 
wild-type residue and a carefully chosen amino acid residue, in most cases a 
smaller amino acid with the same characteristics (such as polarity, hydro-
phobicity or charge) to introduce more space around the active site.  
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Figure 11.  The active site of CalA with Ibuprofen ester 4 docked into it. Residues, 
which are part of the library, are colored in yellow.  

 
Position 149, 150, 221, 225, 233 and 237 were positions visited in the sub-
strate walking attempts (see above). Position F149 and I150 had Y and N as 
possible mutations because of the previous success with these residues at 
these sites (Y and N in CalA-YNG, see above). Position 233, a previously 
reported hot spot (G in CalA-YNG),[75] was allowed to vary between the 
wild-type residue and three other ones (Table 2). The resulting library con-
sisted of 1024 possible variants (28×41), with a required oversampling of 
≈3000 colony forming units (cfu) for 95% coverage.[63]  

Table 2. Combinatorial library set. All positions were allowed a binary set except 
for 233. 

Position WT-residue Alternative residue(s) 

149 F Y 

150 I N 

215 P A 

221 T S 

225 L V 

233 F C/G/V 

234 A G 

237 G A 

431 F V 
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2.1.5	  Creation	  of	  the	  combinatorial	  library	  
Gene fragments with potential mutations were formed in five individual 
PCR reactions using degenerate primers (Figure 12, B). When sequence 
proximity allowed, more than one mutation site was incorporated into the 
primer. The fragments were designed to have overlapping ends (20-25 bp), 
enabling assembly via overlap extension PCR,[92] creating a combinatorial 
gene fragment of the whole CalA gene (Figure 12, C). 

 
Figure 12.  Strategy outline. Figure from ref [71] 

 
A vector fragment was created in the same way. The ends of the vector 

were homologous to the ends of the gene fragment, enabling annealing be-
tween the two. The purified gene and vector fragment were electroporated 
into electrocompetent P. pastoris cells in a 1:3 ratio (moles, 200 ng each), 
and spread on agar plates. The homologous recombination system of the 
yeast[93] generated the circular intact plasmid (Figure 12, D). After the ap-
pearance of colonies, several units were sequenced to determine the quality 
of the library. We did not observe bias towards the wild-type or for any par-
ticular mutation.  

Individual colonies were picked and inoculated in deep 96 well microtiter 
plates. During the 5-7 days of growth, the α-secretion signal of the plasmid 
allowed the enzyme variants to be secreted into the supernatant.[94] The cells 
were harvested by centrifugation and the supernatant collected and either 
used directly for hydrolytic screening, or stored at 4°C. 
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2.1.6	  Screening	  with	  Ibuprofen	  ester	  4	  
Hydrolytic screening with substrate 4 was performed according to Scheme 9. 
The racemic substrate was used due to the previous experience in the group 
that increased activity generally also means increased enantioselectivity.[75,87] 
In total, 2400 transformants were assayed, corresponding to 90% library-
coverage. [63,95]  

 
Scheme 9. Screening of Ibuprofen ester 4. 

2.2	  Results	  
We found two hits in the screening, with E values of 53 and 100. Sequenc-
ing revealed the quadruple variant T221S/L225V/F233C/F431V (E=53) and 
the quintuple variant with the same mutations and the additional G237A 
(E=100). The variants were denoted CalA-SV1CA and CalA-SV1CAV2, after 
the mutations incorporated. The latter displayed not only higher enantiose-
lectivity, but also higher activity with a six-fold increase compared to the 
wild-type (Table 3). 

Table 3. Specific activity and enantioselectivity of the library hits. 

Variant Specific activity 
(nmol × min-1 × mg-1) 

E 

WT 21 ± 1 3.4 

SV1CV2 81 ± 0.3 53 

SV1CAV 133 ± 2 100 

 

The quality of the library was investigated by screening one of the microtiter 
plates with three different pNP-esters. The normalized activity was plotted 
(Figure 13). Assays of this type can give information about the functional 
diversity of the library. The esters all have different steric demands on the 
enzymes; the identification of both more and less active variants was ex-
pected. From this experiment, we concluded that the library displayed high 
diversity. We could see some correlation between the activities for the dif-
ferent substrates, but some variants deviated from this conclusion. Only a 
small fraction demonstrated activity towards Ibuprofen ester 4. 
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Figure 13.  Functional diversity of the library. The variants are ordered after in-

creasing activity towards substrate 2. The activity for all the substrates are normal-
ized to the most active variant and shown as percent. Wild-type can be seen at bot-

tom left and SV1CAV2 at top right. Figure from reference [71] 
 

2.2.1	  Deconvolution	  of	  substitutions	  
To explore whether or not all the five mutations of SV1CAV2 contributed to 
the increased enantioselectivity, and if so, to which extent, remutations to 
the wild-type residue were performed. All possible variants with four instead 
of five substitutions were produced. The variants were screened according to 
Scheme 9. Each remutation leads to a decrease in activity, indicating the 
importance of all substitutions (Table 3). 

  

Table 3. Remutations to the wild-type. 

 

 

 

 

 

 

 

All variants have (S) enantiopreference. Several independent reactions were performed to 
validate the reported E values. Standard error of the mean is reported. 

Variant Specific activity  
(nmol x min-1 x mg-1) 

E 

WT 21 ± 1 3.4 ± 0.5 

SV1CAV2 133 ± 2 100 ± 5 

V1CAV2 43 ± 0.3 5.2 ± 0.8 

SCAV2 31 ± 0.1 3.9 ± 0.5 

SV1AV2 11 ± 0 22 ± 2 

SV1CV2 81 ± 0.3 53 ± 3 

SV1CA 96 ± 1 80 ± 4 
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We were interested in examining if we could have found the SV1CAV2 vari-
ant by an iterative CASTing experiment, varying two sites per round, as in 
our initial attempt (see above). All possible single and double variants of 
SV1CAV2 were therefore prepared by site-directed mutagenesis and the vari-
ants were screened according to Scheme 9. As shown in Figure 14, all single 
and double variants show poor selectivity. They would never have been 
selected for another round of evolution (we set an E-value threshold of at 
least 10-15 for this substrate to continue).  

 
Figure 14. E-values displayed by the single and double variants. At least three 

independent reactions were performed to validate the reported E-values. Standard 
error of the mean is reported. 

 

2.2.2	  Enzyme	  models	  
Enzyme models were created in order to visualize the change in the substrate 
pocket of CalA-SV1CAV2. The five mutation sites were introduced by swap-
ping the specific amino acids using molecular modeling, followed by energy 
minimization. As can be seen from Figure 15, more space is created in  
CalA-SV1CAV2. The T221S/L225V are responsible for the accommodation 
of the isobutyl group, but any further conclusions are hard to draw without 
further knowledge, from for example a crystal structure.  
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A  B  
Figure 15. CalA-wt (A) and CalA- SV1CAV2 (B) in their  

tetrahedral intermediate states. Positions 221 and 225 are at the top right. 

3.	  Discussion	  	  
The outcome of a protein engineering project can be visualized by illustrat-
ing the results using a fitness landscape. A fitness landscape is the three 
dimensional plot of fitness over sequence.[96] The protein fitness is a phylo-
genic property such as thermostability, activity, or enantioselectivity.  

We believe that the fitness landscape in this project has a neutral topology 
with a distant peak (Figure 16). This peak is hard to reach from the starting 
point (A), using conventional evolutionary methods. The combinatorial 
method employed accounts for the high degree of synergistic effects seen 
and allows probing the landscape and “pole-vaulting” to the peak point. We 
do not claim that SV1CAV2 is the highest point possible for this enzyme and 
for this substrate, but it is the fitness maximum for this particular library. It 
is probable, that by another choice of residues for the sites visited in this 
project, the fitness landscape would be different, potentially with a higher 
point on a peak. 

 

Figure 16. A protein fitness landscape. Figure from reference [71] 
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4.	  Conclusion	  
By the introduction of nine mutation sites simultaneously, we created a high-
ly combinatorial, small enzyme library targeting activity and enantioselectiv-
ity. We used this approach to radically reshape the active site of CalA. Using 
this method we obtained the variant SV1CAV2. With an enlarged substrate 
pocket, SV1CAV2 displays high enantioselectivity and activity towards Ibu-
profen ester 4, an otherwise difficult substrate for this enzyme. We demon-
strated that all five mutations were necessary to gain all the improved prop-
erties of this enzyme. By creating all possible single and double mutants 
from SV1CAV2 using site-directed mutagenesis, we demonstrated that we 
could not have reached this variant by the CASTing approach, varying two 
amino acid residues simultaneously.  

This approach utilizes synergistic effects to a maximum, probing the full 
fitness landscape. Adding knowledge from a MSA allows for the possibility 
of excellent mutation choices, both regarding specific sites and alternative 
residues. This technique should be the method of choice when the landscape 
does not allow for a stepwise increment in fitness, but has a neutral topology 
as in Figure 16. We believe that this method is general and should be suc-
cessful in increasing enantioselectivity of other enzymes.  
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3.	  Combinatorial	  Library-‐Based	  Engineering	  of	  
Candida	  antarctica	  Lipase	  A	  for	  Enantioselective	  
Transacylation	  of	  sec-‐Alcohols	  in	  Organic	  Solvent	  
(Paper	  II)	  

3.1	  Introduction	  
Our group has been involved in many projects employing lipases as the re-
solving partner in DKRs of alcohols and amines.[41] New biocatalysts with 
extended substrate scopes for the use in DKR of secondary alcohols are 
therefore desirable. For example, (S)-selective lipases would be of great 
significance, and may be obtained by in vitro evolution.[97] 

We have demonstrated the possibility of evolving CalA for hydrolysis of 
esters in buffered systems, yielding variants with high enantioselectivity and 
activity towards several esters.[71,75,87]  

When acylating an alcohol, the assumption that the reverse reaction, hy-
drolysis of the ester, is comparable regarding enantioselectivity since it 
shares the same transition state, may not always be true.[98] To find an en-
zyme variant suitable for the desired reaction conditions, one must mimic 
the true conditions according to “You get what you screen for” (the 1st law 
of directed evolution).[99] In order to find an enzyme, which acylates second-
ary alcohols with high activity and enantioselectivity in an organic solvent, 
the screening should consist of the specific reaction in the appropriate sol-
vent. Furthermore, since aqueous enzyme solutions are not suitable for or-
ganic solvent applications, the screening requires immobilization of the full 
library. 

Several properties are of importance when immobilizing an enzyme li-
brary. The binding of enzyme to the support, preferably a microtiter plate, 
should be fast, easy to handle and preferably performed under mild condi-
tions. The activity loss upon immobilization should be minimal and the same 
enzyme loading in every well is advantageous for the screening quality. 
Furthermore, the immobilization conditions should be easily transferred to 
larger scale reactions.  

The organic solvent screening method developed by Konarzycka-Bessler 
and Bornscheuer in 2003 relies on the lyophilization of enzymes in micro-
titer plates (see above).[78] The method was used to screen different hydro-
lases but was never tested for a library of enzyme variants or for increased 
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enantioselectivity. Although this method is functional, the assay did not 
meet our needs. We aimed for an efficient system for fast and easy immobi-
lization, where the immobilization conditions are easily transferred to larger 
scale reactions upon identification of a true hit.  

3.2	  Strategy	  outline	  
The poor enantioselectivity of CalA towards small secondary alcohols such 
as 1-phenylethanol is likely due to the fact that the active site of CalA is 
large. In order to create a CalA variant with high enantioselectivity for this 
substrate class, we decided to revisit the previously successful combinatorial 
method (Paper I).  

Using this highly condensed library methodology, we were able to design 
a small library to reduce the screening demands. The mutation sites were 
chosen based on modeling. In order to screen in an organic solvent, the li-
brary was immobilized on NiII-coated microtiter plates (from Nunc). The 
chelation between an inserted poly-histidine affinity tag on the enzyme and 
NiII is fast and selective. In addition, the binding is a simultaneous purifica-
tion. Saturation of the applied enzyme results in the same loading in every 
well. The reaction was started by the addition of the screening solution to 
each well of the plate, using a multi pipette. After biocatalysis, the reactions 
were analyzed by chiral gas chromatography (GC) (Figure 17). 
 

 
Figure 17. Strategy outline for microtiter plate screening in organic solvent. 

3.3	  The	  library	  
The tetrahedral intermediates of both enantiomers of 1-phenylethyl butyrate 
were built into the open structure of CalA[87], using the YASARA software 
(Figure 18).[100] 
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Figure 18. Close up view of the active site of CalA. Selected amino acid residues to 

be varied are shown in yellow sticks. Tetrahedral intermediates of the product, 1-
phenylethyl butyrate, are shown in green for the (R)-enantiomer and in pink for (S)-

enantiomer. 
 
Amino acid residues within 5 Å from the bound substrate were identified, 
from which seven amino acid positions were selected to be included in a 
focused combinatorial library (Table 4). The residues were chosen to affect 
the active site space and to be varied to one or two other amino acids, apart 
from the wild-type, yielding a library of 648 variants.  

Table 4. The amino acid (Aa) residues included in the CalA library. 

Aaposition Aawild-type Aalibrary 

93 Y ALY 

183 Y YW 

233 F AF 

336 I FIL 

367 L FIL 

370 E EFL 

431 F FL 

3.4	  Immobilization	  and	  screening	  
During immobilization, the use of a standard His6-tag in the C-terminus of 
every library-variant allowed enzyme coordination to NiII. The immobiliza-
tion is a simultaneous purification, enabling reactions with pure enzyme. 
Supernatant from individual yeast colonies (150 µL) was added to the plate 
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wells, followed by incubation on an orbital shaker (100 rpm, 2 h, rt) for the 
binding to finish. The supernatant was removed and the plates washed (three 
times with isooctane) and air-dried before addition the of a screening solu-
tion  (Scheme 10). 
 

 

Scheme 10. Model reaction: kinetic resolution of 1-phenylethanol. Reaction condi-
tions: 20 mM 1-phenylethanol, 200 mM vinyl butyrate and 20 mM dodecane as an 

internal standard in isooctane at 21 °C. 

The plates were incubated in an orbital shaker (100 rpm, rt) for 2.5 h, after 
which samples (13 µL) were transferred to a new microtiter plate. The sam-
ple plate was analyzed on GC. Using a GC-method of 14 min, one microtiter 
plate was completed within 24 h. The chromatograms from each well were 
evaluated using an overlay function, enabling a quick overview of all or 
several spectra simultaneously. Spectra indicating product were integrated. 
Variants from the 17 hits with enantioselectivity (eep) over 95 % were culti-
vated in larger scale (50 mL) for further characterization.  

3.5	  Results	  
The variants that were selected for larger scale cultivations were grown, 
harvested, and sequenced. However, only three different variants were 
found: Y93A/F233A/L367I (CalA-AAI), Y93L/L367I (CalA-LI) and 
Y93L/L367I/G387E (CalA-LIE). Since position G387 was not part of the 
library, and also a residue on the surface of CalA, which is highly unlikely to 
influence enantioselectivity, this variant was discarded.  

For the other two enzyme variants, kinetic parameters for the model reac-
tion were determined. Pseudo-one substrate conditions were achieved by 
varying the substrate concentration of 1-phenylethanol (3-200 mM), keeping 
the concentration of vinyl butyrate constant (500 mM). Dodecane (20 mM) 
was used as internal standard. The kinetic constants were derived from non-
linear regression using Michaelis-Menten equation with substrate inhibition. 
Variant CalA-LI displayed increased Ki and KM values (Table 5). The inhibi-
tory constant Ki is the substrate concentration that decreases the maximum 
velocity by half. KM, the Michaelis constant, is the concentration required by 
the enzyme to reach half the maximum velocity. A small KM indicates high 
affinity for the substrate. The larger Ki makes the variant more suitable for 
synthetic applications, such as DKR, since higher substrate concentrations 
are tolerated without inhibition.  

OH
O

O
O
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or variant

isooctane
21 oC

O
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Table 5. Apparent kinetic parameters for CalA wild-type and variant Y93L/L367I. 

CalA variant KM,app 
[mM] 

Ki,app 
[mM] 

E 

Wild-type 22 30 3 

Y93L/L367I 45 81 96 
 

Next, we investigated the substrate scope of CalA-LI. As shown in Table 
6, the variant showed improved enantioselectivity for six out of seven alco-
hols tested. For para-methyl- and para-bromo-substituted 1-phenylethanol 
(entry 4 and 5), the enantioselectivity was excellent, however, for the bulkier 
1-napthylethanol (entry 6), it was somewhat lower compared to the wild-
type enzyme.  
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Table 6. Enantioselectivity of CalA wild-type and variant Y93L/L367I determined 
for kinetic resolution of various secondary alcohols by transacylation. 

Entry Alcohol Ewild-type EY93L/L367I 

1 

 

3 100 

2 

 

5 20 

3 

 

30 >300 

4 

 

70 >300 

5 

 

70 100 

6 

 

32 23 

7 

 

4 100 

Reaction conditions: 200 mM vinyl butyrate, 20 mM alcohol, 20 mM dodecane as a 
standard in isooctane at 21°C. The enzyme was immobilized on a Nunc 96-well 

nickel-coated microtiter plate. 
 
To explore the effects of the individual mutations of CalA-LI, we made the 
single variants CalA-L and CalA-I by site-directed mutagenesis, and sub-
jected them to the model reaction. As can be seen in Table 7, none of the 
two mutants showed high enantioselectivity. CalA-L had the greater influ-
ence on the specificity, shown by a larger E-value (E= 25) compared to Ca-
lA-I (E= 4).  
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Table 7. Enantioselectivity of CalA single variants determined for kinetic resolution 
of 1-phenylethanol (model reaction). 

CalA  
variant 

ees 
[%] 

eep 
[%] 

Conversion 
[%] 

E 

Y93L 62 86 44 25 

L367I 12 86 25 4 

Reaction conditions: 200 mM vinyl butyrate, 20 mM 1-phenylethanol, 20 mM 
dodecane in isooctane at 21°C. The enzyme was immobilized on a Nunc 96-well 

nickel-coated microtiter plate. 

CalA-LI was analyzed by molecular modeling. In the YASARA 
software,[100] the variants Y93L (CalA-L), L367I, (CalA-I) and the double 
mutant EY93L/L367I (CalA-LI) were created from the wild-type residues. 
Both tetrahedral intermediates of the (R)- and (S)-alcohols in the active site 
of all the variant-structures were aligned to the wild-type using the software 
MUSTANG.[101] As shown by the alignment, the phenyl-groups are forced to 
move due to steric hindrance. CalA-LI accommodates the tetrahedral inter-
mediate in the (R)-configuration to a higher extent compared to the interme-
diate in the (S)-configuration, which has to move further away, explaining 
the selectivity.  

3.6	  Conclusion	  
The method reported is a powerful approach for screening enzyme libraries 
in organic solvent. The assay is easy to handle, can be performed within a 
manageable amount of time and with low labor intensiveness. Using this 
method for screening of a condensed library, we found a CalA variant with 
high enantioselectivity in transacylation of secondary alcohols (CalA-LI). 
The variant tolerates a higher substrate concentration (larger Ki) and showed 
a broad substrate scope with good to excellent E values.  

Since the method relies on the standard techniques of IMAC immobiliza-
tion and GC-screening, the assay should be applicable for other enzyme 
classes as well as other reactions, which makes the method very versatile.  

This screening method may be applied for the development of (S)-
selective lipases, with tolerance for high temperatures and accommodation 
of larger medium-size-group (as in Figure 4, p. 19), to extend the scope in 
DKRs of secondary alcohols.  
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4.	  A	  general	  protein	  purification	  and	  
immobilization	  method	  on	  controlled	  porosity	  
glass:	  biocatalytic	  applications	  (Paper	  III)	  

There are many methods of protein immobilization to choose from. For 
biocatalytic reactions in organic solvents, materials such as macro-porous 
propylene polymer beads (such as Accurel®)[102] and other hydrophobic 
supports have been successfully applied for the adsorbance of lipases.[103] 
There is no “one-fits all” solution for biocatalysis and no best immobiliza-
tion approach for a given enzyme. This needs to be experimentally deter-
mined.[80] A general, versatile immobilization method would assist and 
speed up the initial choice of a biocatalyst for a specific reaction. 

This project describes the application of modified controlled porous glass 
(CPG) for immobilization of enzymes. Glass is an inert material that is sta-
ble in most organic solvents and over a broad pH range. The CPG pore size 
can be varied between 10-300 nm, allowing the possibility to provide a spe-
cific enzyme with a favorable microenvironment. Pores in an interconnect-
ing structure facilitate mass transfer within the material. Smaller pores gen-
erates larger surface area for immobilization, enabling increased enzyme 
loading.[80] The hydrophobicity of a support has been shown to influence the 
catalytic activity of enzymes. Lipases prefer increased hydrophobicity.[20]  

The immobilization procedure of this work is based on the classical Im-
mobilized Metal Affinity Ion Chromatography (IMAC) purification. IMAC 
is commonly used for purification of His-tagged enzymes, by the coordina-
tion of the histidine imidazole group to a divalent metal ion matrix (Figure 
19).[84] The metal can be Cu, Ni, Fe, Zn, Ga, or as in this project, Co. Bind-
ing to metals for biocatalyst immobilization has previously been reported, 
for example on magnetic nanoparticles[104] and functionalized silica oxide.[85] 
The latter work also covered an enzyme scope of hydrolases. 
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Figure 19. Covalent binding of a His-tagged enzyme to CoII-bound CPG, form-

ing EziG™. Picture redrawn from ref [105] 
  

The aim of this study was to construct and test modified CPGs that can bind 
protein affinity tags, named EziG™ (Figure 19). The three types of EziG™ 
used all had a pore size of 50-60 nm, with different surface coatings that can 
influence the microenvironment of the enzyme. One surface coating was 
based on long aminoalkyl chains (LCAA CPG) and the other two were 
based on a hybrid inorganic–organic material (HybCPGs). The latter were 
custom made products. Of the HybCPGs employed, one was coated with a 
hydrophobic polymer that contains vinylbenzyl chloride units (HybCPG 
VBC) and the other one with a hydrophilic coating based on a copolymer of 
styrene and acrylonitrile (HybCPG copo).[106]  

In this work, seven different enzymes from five different enzyme classes 
were used for immobilization on the beads. Three of the enzymes were co-
immobilized and used in a cascade reaction. Successful binding of several 
enzyme classes confirmed the versatility of the method. The tested enzymes 
were the ω-transaminase from C. violaceum, the three lipases CalA, CalB 
and the CalB variant CalB-W104A, and the three co-immobilized enzymes 
used in a cascade. The cascade reaction consisted of 2,5-diketocamphane 
monooxygenase from P. putida (2,5-DKCMO), with the two cofactor-
regenerating enzymes flavin reductase (FRE) from E. coli and alanine dehy-
drogenase (AlaDHG) from B. subtilis. The overall results can be found in 
Paper III. Only the results from the lipase immobilization will be discussed 
here, since they are within the scope of this thesis. 

4.1	  Results	  
In order to complex CoII to the beads, the amino CPGs were allowed to react 
with 2,4-dihydroxyacetophenone. The resulting imines were reduced with 
NaBH4 and treated with CoCl2, forming EziG™. The beads were directly 
used for binding of His6-tagged biocatalysts (Scheme 11). The lipases were 
bound from a yeast culture supernatant.  



37 

 

 
 

Scheme 11. Preparation of EziG™ from LCAA CPG or amino HybCPG and 
complexation to a His6-tagged enzyme. It is possible that CoII  displays a different 

binding mode. Scheme redrawn from reference[105] 
 

To test EziG™ for lipase activity, we chose to use three of our in-house en-
zymes, wild-type CalA, wild-type CalB and variant CalB-W104A. We had 
previous experience of immobilizing these enzymes on polypropylene beads 
(Accurel®). Both lipases were used since they have different enantioselec-
tivities and behave differently at interfaces.[29,43] Immobilization was also 
performed on Accurel® for comparison. All the preparations were subjected 
to the model reaction (Scheme 12).  

 
Scheme 12 . Model reaction for immobilized lipases. Reaction conditions:  

1-phenylethanol (10 mM), vinyl butyrate (100 mM) and pentadecane (5 mM) as 
internal standard in toluene at 21 °C. 

 
The catalytic activity of CalB immobilized on Accurel® in transesterifica-
tion of 1-phenylethanol was approximately two times higher compared to 
any of the EziG™ preparations per bulk volumetric units, calculated on dry 
weight. Because of the swelling properties of Accurel®, and the lack thereof 
for CPG, one can argue that the final volumetric activities of the two enzyme 
preparations are approximately the same. The immobilization was approxi-
mately 16 times faster with EziG™ compared to Accurel® (30 min vs. 8 h). 
In the case of variant CalB-W104A, the difference was very large (30 min 
vs. 10 days). 

Lipases are known to adsorb to hydrophobic surfaces. To test whether the 
hydrophobic HypCPG copo without affinity tag was binding the lipases by 
adsorption, unmodified amino-HybCPG copo was mixed with CalB wild-
type supernatant, following the standard protocol. Activity measurements, as 
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reported in Scheme 12, showed around one third (0.36 vs. 1.08) of the activi-
ty compared to the immobilized preparation (Table 8, entry 3 and 9). When 
incubating the amino-HybCPG copo-CalB in buffer (48h, 50 mM MOPS, 
pH 7.5), the enzyme desorbed and no activity could be measured afterwards. 
EziG retained activity in the same test. 
 

Table 8. Summary of the lipase preparations, with the activities in the model reaction. 

Lipase/ 
Carrier 

Bulk 
Density1 

Immobili-
zation time 

E Activity2 

 
Bulk volumetric 

activity3 

 

CalB EziG™ 
(LCAA CPG) 

0.28 30 min >300(R) 0.83 0.23 

CalB EziG™ 
(HybCPG VBC) 

0.23 30 min >300(R) 0.90 0.21 

CalB EziG™ 
(HybCPG copo) 

0.245 30 min >300(R) 1.08 0.26 

CalB 
Accurel® 

0.10 8 h >300(R) 5.99 <0.604 

CalB W104A 
EziG™ 

(LCAA CPG) 

0.28 30 min n/a n/d n/d 

CalB W104A 
EziG™ (Hy-

bCPG VBC) 

0.23 30 min 

 
1.3 (R) 0.19 0.04 

CalB W104A 
EziG™ (Hy-

bCPG copo) 

0.245 30 min 1.0 0.04 0.01 

CalB W104A 
Accurel® 

0.10 10 days 7.1 (R) 0.23 <0.0234 

CalB Amino-‐
HybCPG copo4 

0.245 30 min >300 (R) 0.36 0.083 

CalA EziG™ 
(LCAA CPG) 

0.28 30 min 1.3 (R) 16.18 4.53 

1. Dry carrier before binding of enzyme (g/cm3). 2. Activity in toluene (µmol/min/g 
carrier). 3. Bulk volumetric activity in toluene (µmol/min/cm3 carrier) 4. Amino‐

HybCPG copo was used without modification as in Scheme 11. 
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4.2	  Discussion	  and	  Conclusion	  
Immobilization with simultaneous purification using EziG™ was performed 
to investigate the generality of the immobilization method and matrix. The 
seven different enzymes, either from cell lysate or cell supernatant, were 
bound and purified, applied and tested; all were found to be catalytically 
active.  

Both CalA and CalB retained their activity as transesterification catalysts 
when bound on EziG™. Binding to EziG™ was significantly faster than to 
the commonly used Accurel®, and in the case of enzyme variant CalB-
W104A, the time for immobilization was reduced almost 500 times (30 min 
vs. 240 h). In the short time of 30 min, pure and specific binding was ob-
tained, with no need for time consuming chromatography before immobili-
zation. The EziG™ matrix can also be used to perform IMAC for protein 
purification.  

All the lipases were most active on the Hyb-versions of the CPCs, which 
has an appropriate surface regarding hydrophobicity for the specific de-
mands of these enzymes.  
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5.	  Removing	  the	  active	  site	  flap	  in	  Lipase	  A	  from	  
Candida	  antarctica	  produces	  a	  functional	  enzyme	  
without	  interfacial	  activation	  (Paper	  IV)	  

5.1	  Introduction	  
As most lipases, CalA displays interfacial activation.[29] Interfacial activation 
is the activity burst by the enzyme occurring at interfaces between water and 
a hydrophobic media (see above).[28,30] This phenomenon is due to a motile 
region regulating access to the substrate pocket.  

The crystal structure of CalA (2VEO.pdb) shows what is suggested to be 
an active site flap, an 11 residue long motif (Gly426-Gly436). The motif is 
rich in hydrophobic residues and forms a small double β-sheet that covers 
the entrance to the active site. The glycines in each end of the flap are sug-
gested to act as hinges.[44] Simulations showed that alkanoate pNP-esters 
would clash with the protein at this site, especially at F431, located in the 
middle of the flap.[44] However, it has been experimentally determined that 
esters of this kind are indeed effective substrates for this enzyme.[87]  

Mutations in the lid or flap sections can have an influence on the substrate 
specificity.[71,107,108] Therefore, the position F431V was included in our com-
binatorial CalA library designed for acceptance of a bulky and difficult sub-
strate (Paper I). The best variant found had this mutation incorporated and 
displayed both higher activity and enantioselectivity. The increased activity 
is consistent with the slightly smaller size of the mutated residue and was 
thus expected. The increased enantioselectivity (E 100 vs. 53, see chapter 2), 
on the other hand, was not predictable although the result is in line with pre-
vious findings of evolving lids/flaps[107,108], and could be explained by 
changes of the kinetic parameters due to the presumed conformational 
change of the enzyme.  

In order to gain information of the function of the flap in interfacial acti-
vation, and its necessity for activity, we decided to remove the flap motif, 
creating a truncated enzyme variant (Figure 20). Evaluation of kinetic pa-
rameters for this variant could verify the true function of the flap.  
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Figure 20. Removal of the active site flap in CalA. 

5.2	  Results	  and	  discussion	  
The flap is suggested to consist of G426-G436, close to the end of the C-
terminal.[44] The motif is followed by a loop of four amino acids (PITP), 
ending the polypeptide. A truncated gene terminated at N425 was created 
via PCR with the simultaneous addition of a His6-tag. The PITP loop was 
left out for convenience. 

The truncated variant and the wild-type enzyme were both immobilized 
on polystyrene beads (Accurel®). To investigate whether or not the trunca-
tion led to an active enzyme that still had the same specificity for several 
alcohols, we subjected the two enzyme preparations to a reaction mixture of 
a primary and a secondary (rac) alcohol, together with an acyl donor 
(Scheme 13).  

 

 
Scheme 13. Competition experiment. A primary and a secondary alcohol served as 

competing substrates in a reaction with immobilized variants of CalA. Reaction 
conditions: Benzyl alcohol (2.0 mM), rac-1-phenylethanol (4.0 mM) and vinyl ace-
tate (50 mM) with pentadecane as internal standard, was dissolved in isooctane and 

added to the immobilized preparations (30 mg). The reaction was monitored by 
chiral GC. 

Relative specificity constants were obtained by letting the substrates com-
pete for the enzyme, in the same way as the determination of an E value, 
where the two enantiomers of a racemic substrate are competing and deter-
minations of their relative rates are performed.[76] No significant change 
could be observed in the relative specificity constants between the enzymes 
(Table 9). 
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Table 9. Relative specificity constants for acylations of the  primary and secondary 
alcohols with immobilised CalA wild-type and truncated variant. 

Substrate 
CalA wild-type CalA truncated variant 

kcat/KM E-value kcat/KM E-value 

Benzyl alcohol 1 n/a 1 n/a 

(R)-1-phenylethanol 0.83  0.85  

(S)-1-phenylethanol 0.79 1.05 0.81 1.05 

The specificity constant of benzyl alcohol was used as standard (set to 1) to which 
the relative constants for the enantiomers of 1-phenylethanol of each enzyme was 

internally compared. 
 
We speculated that the flap in CalA is open during catalysis and therefore 
does not significantly contribute to the interaction of the substrate with the 
active site. This would lead to the same specificity of the wild-type and trun-
cated variant in the described competition experiment, which was the case. 
In order to provide further experimental evidence for the motility of the flap, 
a substrate for which the wild-type had enantioselectivity was used. CalA 
was reported to display an E-value of around 30 in the transacylation of 
naphthalene alcohol 5 with vinyl butyrate in isooctane.[109] To confirm that 
the flap is not part of the selectivity determining machinery during catalysis, 
both the transacylation and the hydrolysis using these substrates were per-
formed (Scheme 14). As can be seen from Table 10, the wild-type and the 
variant displayed comparable enantioselectivities in both reactions. In the 
hydrolysis, we did not observe any (S)-product, indicating that the E-value 
for both enzymes are >100. In transacylation (Scheme 15), the wild-type 
displayed an E-value of 14 and the truncated variant 15 (Table 10, entry 1 
and 2). 
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Scheme 14. Hydrolysis. Reaction conditions: Enzyme (50 µL, 0,08 mg/mL), 

substrate solution (1.5 mL, 2 mg/mL in MeCN, buffer up to 10 mL (MOPS-NaOH 
50 mM, pH 7.5), 37 °C, 250 rpm, 20 min. 

 

 
Scheme 15. Transesterification. Reaction conditions: Enzyme (5 mg on Accu-

rel®, loading = 5 %), substrate solution (20 mM substrate, 200 mM vinyl butyrate, 
20 mM dodecane as an internal standard, in isooctane), 25 °C, 250 rpm, 10 min. 
 

Table 10. E-values of the reactions. All values are average of triplet samples. 

Entry Variant E 
1 CalA Wild-type transesterification 14 
2 CalA Trunc transesterification 15 
3 CalA Wild-type hydrolysis >100 
4 CalA Trunc hydrolysis >100 

 
In order to investigate the interfacial activation feature of the enzymes, the 
hydrolysis rate of pNP-butyrate was monitored at concentration increments, 
whereafter the rate related to concentration of substrate was plotted as per-
cent of maximum (Figure 21). As hypothesized, the truncated variant fol-
lowed classical Michaelis-Menten kinetics, while the wild-type enzyme dis-
played a sigmoidal curve. An increased slope at the critical micelle concen-
tration (CMC) was observed for the wild-type. To correlate the rates with the 
amount of active enzyme, an active site titration was performed.[110] Speci-
ficity constants (kcat/KM) were calculated based on the non-interfacially acti-
vated wild-type enzyme (before CMC), and compared to the variant. The 
calculations show that the variant had a lower KM than the wild-type, result-
ing in a higher specificity constant of the variant for dissolved substrate, 
when no interface is present. However, the wild-type displayed a higher kcat 
value.  
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Table 11: Kinetic constants for the hydrolysis of pNP-butyrate, for CalA wild-type 
and the truncated variant. 

Enzyme kcat (s-1)1 KM (mM)2 kcat/KM (s-1 mM-1)3 

Wild-type 75 0.28 270 

truncated 19 0.039 490 
1Assuming saturation of water. 2For the wild-type the apparent constant is listed based on a 
curve fitting of the rates of concentrations below interfacial activation, see Figure 21. 3This 

specificity constant is for the wild-type only valid before the occurrence of interfacial 
activation. 

 
Figure 21. Initial rate versus substrate concentration for CalA wild-type and the 
truncated variant, plotted as percent of the maximum rate measured for each en-
zyme.[29] For the truncated variant the data was fitted to the Michaelis-Menten 
equation with good agreement, for the wild-type curve fitting only included the 

values before the interfacial activation. 

5.3	  Conclusion	  
By removing the active site flap of CalA, we have experimentally verified 
that the truncated variant does no longer display interfacial activation. Our 
results conclude that this region is responsible for interfacial activation, in 
accordance with the hypothesis.[44] 

The relative specificity constants of the variant for the chosen primary 
and secondary alcohols were unchanged compared to the wild-type. When 
resolving a substrate for which the wild-type is enantioselective, the E-value 
was retained for the variant. These results strengthen the assumption of a 
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catalytically active enzyme that moves the flap away from the active site, 
facilitating entrance to the substrate pocket, so that there is no contact be-
tween the substrate and the flap.  

The truncated variant showed higher affinity (lowered KM), and therefore 
also a higher specificity constant (kcat/KM), at very low concentrations of 
substrate, compared to the KM

app of the curve for the wild-type. The KM
app of 

the wild-type is only valid at concentrations below CMC. The Vmax of the 
wild-type is a four-fold higher, and could be explained by a possible destabi-
lizing structural distortion in the absence of the flap. The conformational 
change during interfacial activation may include catalytically active amino 
acid residues and/or residues in the primary sphere,[111] which would dimin-
ish activity. It is plausible, however, that a stabilization of the variant, e.g. by 
directed evolution techniques, would yield an enzyme with higher activity. 
Already in its current form, the truncated variant may be a suitable candidate 
for future biocatalysis applications where interfacial activation is a detri-
mental feature, as in transformations using completely dissolved substrates. 

.  
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Conclusion	  and	  general	  outlook	  

This thesis focuses on engineering Candida antarctica Lipase A (CalA) 
for use in biocatalytic applications. The first part describes a highly combi-
natorial approach of substrate pocket resculpturing for accommodation of 
bulky substrates. From an enzyme library with simultaneous variation of 
nine amino acid sites, a variant with five substitutions was found, which 
showed high enantioselectivity for an ibuprofen ester. This approach was 
further used in a project where we developed CalA variants enantioselective 
for small and medium-sized secondary alcohols. In this project, we immobi-
lized the enzyme library and screened for enantioselectivity in an organic 
solvent. We found a double variant with high enantioselectivity for 1-
phenylethanol that displayed broad substrate scope for small/medium sized 
sec-alcohols.  

The third paper in the thesis describes immobilization of enzymes on 
functionalized controlled porosity glass, EziG™. We immobilized several 
different enzyme classes, and used the matrix for several different types of 
reactions. We showed that binding on this support was general for the differ-
ent enzymes tested, fast and generated purified and active biocatalysts in all 
cases. 

The last part of the thesis describes the removal of the active site flap in 
CalA. We showed that this truncated enzyme variant does no longer display 
interfacial activation. We showed that the motif is indeed controlling the 
entrance to the active site and that the enantioselectivity is unchanged in the 
truncated variant.   

The use of highly combinatorial, focused enzyme libraries has been suc-
cessful in our hands. Further work in this area can be to extend this approach 
for improving enantioselectivity, or any other advantageous phylogenic 
property, for other enzymes. The screening method in organic solvent may 
be applied for other enzyme classes and for further development of (S)-
selective lipases for the employment in dynamic kinetic resolutions (DKRs). 
We believe that the CalA variant that this project yielded is already suitable 
for DKR.  

EziG™ is suggested to be the material for immobilization upon deciding 
for a suitable biocatalyst.  

The truncated variant with no interfacial activation may be the subject of 
further directed evolution experiments to increase the activity, and thereby 
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the utility, of this variant. Already in its current form, the variant may be the 
better when resolving completely dissolved substrates. 
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