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Abstract 

The kinetic resolution of sec-alcohols catalyzed by Candida antarctica lipase B 
(CALB) was investigated. High enantioselectivity was achieved with some 
aliphatic, allylic, propargylic and halogenated sec-alcohols. Steric and non-steric 
interactions were found to be important in the chiral recognition. 
Empirical rules for qualitative prediction of the enantioselectivity of CALB towards 
sec-alcohols were defined. High reaction rate and enantioselectivity can be 
expected for substrates with the following requirements at the stereocenter: (i) 
large substituent equal to or larger than a propyl group or containing a halogen 
atom (ii) medium substituent smaller than a propyl group and without one 
halogen atom. 
Parameters influencing the enantioselectivity in organic solvents were 
investigated and reviewed. The enantioselectivity was affected by many 
parameters, such as temperature, solvent, acyl-donor and enzyme preparation. 
Particular attention was given to the large differences in enantioselectivity and in 
reaction rate among the lipase preparations used. Mass-transport limitations were 
the main causes of the difference in effectiveness between preparations. 
Diffusion limitations were detrimental to the reaction rate and the 
enantioselectivity and, thus, should be avoided. Lipase immobilizations and high 
substrate concentrations reduced mass-transport problems in organic solvents. E-
values varied between 60 and 200 for the resolution of 3-methyl-2-cyclohexen-1-
ol in hexane. 
The molecular basis of the enantioselectivity of CALB towards sec-alcohols was 
studied by means of molecular modeling and experimental kinetic data. The 
origin of the chiral recognition was traced to the permutation of the large and the 
medium substituents of the alcohol enantiomers in the active site i.e. the slow-
reacting enantiomer placed its large substituent in a pocket of limited volume, 
whereas the fast-reacting enantiomer placed its medium substituent in this 
pocket. 
Rational protein engineering, based on the above model, allowed the creation of 
one synthetically useful mutant as well as one mutant with annihilated 
enantioselectivity towards two target 1-halo-2-octanols. These results supported 
our model concerning the molecular recognition of sec-alcohol enantiomers by 
CALB. 
 
Key words: kinetic resolution, protein engineering, mass-transport limitations, 
organic media, halohydrins, chiral recognition, empirical rules, biocatalysis. 
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1- Introduction 

This thesis deals with fundamental and applied biocatalysis. Biocatalysis uses 
natural catalysts namely enzymes to produce synthetic chemicals. Within this 
field, the thesis focuses on asymmetric transformations catalyzed by a lipase. 
The concept of catalysis was introduced by the Swedish chemist J. J. Berzelius in 
1836. Catalysis is the process by which a small amount of substance (the 
catalyst) increases the rate of a chemical reaction without being consumed. 
Enzymes are catalysts evolved by Nature to sustain and develop life. Nearly all 
enzymes are proteins, i.e. they are built up from the twenty natural L-amino 
acids. The outstanding properties of these catalysts in terms of substrate 
specificity, chemoselectivity, regioselectitivty and, especially, enantioselectivity 
make them particularly attractive for the production of fine chemicals. The latter 
property, their enantioselectivity, is the center of the research presented herein. 
Since the pioneering work of Buchner (1897), it is known that enzymes do not 
require the environment of the living cell to be active. Moreover, it has been 
known since 1900 that enzymes are able to perform reactions in non-aqueous 
media. However, research on biocatalysis in non-aqueous media took off rapidly 
only in the 1980s. Since then the number of reports on enzymatic catalysis in 
organic solvents has increased exponentially and a number of industrial 
applications are now running. 
However, the molecular basis of enzyme selectivity often remains unclear, and 
selecting a biocatalyst and optimizing the reaction conditions are too often trial 
and error processes. Good knowledge about the catalyst could help to estimate its 
selectivity quickly as well as to select suitable reaction conditions. This 
knowledge is also useful for creating tailor-made biocatalysts for specific 
applications. 
 

1.1 Scope and outline of the thesis 
Candida antarctica lipase B (CALB) is a robust biocatalyst displaying high 
activity in organic media as well as great ability to resolve sec-alcohols. Since I 
started my Ph.D. work in 1995, the number of reports dealing with asymmetric 
synthesis mediated by CALB has more than tripled. There are hundreds of 
scientific reports regarding CALB, and this enzyme has found applications both 
in research and in industry. In spite of this relatively rich literature, the molecular 
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basis of the enantioselectivity of CALB remains unclear. Moreover, no review of 
the parameters important for CALB enantioselectivity is available, nor a simple 
model for quantifying its enantioselectivity towards a target sec-alcohol. 
This thesis aims to fill this gap. Further, a better understanding of the 
enantioselectivity of CALB will allow improvements of its enantioselectivity 
through rational protein engineering. 
 
In article I, the substrate structural requirements for the preparation of optically 
active aliphatic sec-alcohols by CALB catalysis were investigated. In article II, 
the importance of non-steric interactions of the recognition of sec-alcohols was 
probed. In article III, the molecular basis for the chiral recognition of sec-alcohol 
enantiomers was investigated by means of molecular modeling and experimental 
kinetic data. In article IV, the proposed model was evaluated with a series of 
halogenated sec-alcohols. Protein engineering was suggested to improve CALB 
enantioselectivity towards some poorly resolved halohydrins. 
Article V reviewed important factors for the preparation of enantiomerically pure 
alcohols by CALB catalysis. It also presented a model to predict qualitatively 
CALB enantioselectivity towards sec-alcohols.  
Some striking differences in terms of reaction rate and enantioselectivity 
between CALB preparations, reviewed in article V, were further investigated in 
article VI. The main cause of these differences was identified and actions to 
restore the intrinsic enantioselectivity of the biocatalyst were suggested. 
In VII, protein engineering, based on the model presented in III, was 
investigated. Tailor-made mutants with higher enantioselectivity than the wild-
type enzyme were successfully prepared using this strategy. The results from the 
mutagenesis experiments provided further evidence for the model proposed in 
article III. 
This thesis is the result of interdisciplinary collaboration, which combines the 
fields of organic chemistry and biochemistry. The second chapter introduces 
some basic concepts that can be helpful for the reader not familiar with the field. 
Chapter three presents the biocatalyst used in articles I-VII and chapters four to 
six present and discuss the articles I-VII. 
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2- Background 

2.1 Chirality 
In Nature, many molecules are chiral. A chiral object is defined as being non-
superimposable on its mirror image. For instance, objects like hands and feet are 
chiral. Pairs of molecules that have this property are called enantiomers. 
Although enantiomers have essentially identical physical properties in a non-
chiral environment, their lack of symmetry gives them unique properties. 
One can easily imagine that the right and the left feet do not interact in the same 
way with the left shoe and perhaps the reader has even experienced the 
uncomfortable sensation provoked by this lack of chiral recognition!  
 

O

CF3

N
H

O

F3C

N
H

(S)-(+)-Fluoxetine (R)-(-)-Fluoxetine

(R)-(+)-Limonene (S)-(-)-Limonene

* *

**

 
Scheme 2-1: Examples of chiral molecules. The two mirror images in each pair are 
enantiomers. The stars mark the stereocenters responsible for the asymmetry of the molecule. 
Above, these stereocenters consist of a carbon atom with four different substituents. The 
enantiomers can be referred to as the (R)- and the (S)–enantiomers according to the Cahn, 
Ingold, Prelog nomenclature. 

Similar processes take place at the molecular level. For instance, the enantiomers 
shown in Scheme 2-1 generate different physical responses in our body. (S)-
limonene is perceived as a lemon fragrance, while the other enantiomer, the (R)-
form, is detected as an orange fragrance. The drug Prozac, an antidepressant, is a 
racemic mixture of fluoxetine, i.e. it contains equal amounts of the two 
enantiomers. However, the (R) enantiomer is more potent than the racemic 
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mixture, and the (S) enantiomer shows an activity against migraines that the 
racemic mixture lacks.  
The absolute configuration of the molecule is often important in biological 
processes. For that reason, the U.S. Food and Drug Administration issued a 
policy statement about chiral drugs.1 Drug companies have the choice of whether 
to develop chiral drugs as racemates or as single enantiomers, but they should 
furnish rigorous justification for food and drug administration approval of 
racemates. As a result, companies have begun to produce more enantiomerically 
pure drugs. In addition, drug companies are increasingly adopting racemic 
switches as a management strategy, i.e. the company first develops a chiral drug 
as racemate, then patents and develops the single enantiomer. The new patents 
protect the drug against competitive generic drugs.2 
In a “traditional” synthesis, when the chemist prepares a chiral compound 
without including any enantiomerically enriched reagent or catalyst, the result is 
a 50-50 mixture of enantiomers or a racemate. To cope with the increasing 
demand for enantiomerically pure fine chemicals, chemists are developing new 
strategies for preparing enantiomerically pure compounds. 
 

2.2 Determination of enantiomeric purity3 
As mentioned in the previous paragraph, chiral molecules are present in Nature 
and enantiomerically pure chemicals are needed. Chemists are developing new 
and efficient methods for asymmetric synthesis. In order to evaluate the 
efficiency of these methods, one has to be able to measure the enantiomeric 
purity of the compounds produced. In this paragraph, a few methods for 
determination of the enantiomeric purity will be briefly described. 
It should be pointed out, that even though the determination of the enantiomeric 
purity represents only a few lines in the experimental section of the articles I-
VII, it is a vital part of the investigation. This is due to the fact that experimental 
results are based on these measurements. Further, optimization of the separation 
conditions and analysis of optical purity represent a significant part of the time 
spent in the lab. 
The enantiomeric purity is described by the enantiomeric excess (e.e.) and can be 
calculated according to Equation 2-1. 

Equation 2-1: Enantiomeric excess (e.e.). 

senantiomerboth  of moles total
enantiomerminor  of moles - enantiomermajor  of moles.. =ee  

2.2.1 Chiroptical method 
Historically, stereochemistry is connected with the observation that some 
enantiomerically enriched substances can rotate plane-polarized light. As a 
consequence, such compounds are often referred to as optically active 
compounds. One enantiomer rotates the plane of plane-polarized light in one 
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direction while the other enantiomer rotates it in the opposite direction. The 
specific optical rotation [α] of a compound is described by Equation 2-2 and α 
can be measured with a polarimeter. 

Equation 2-2: Specific rotation. 

[ ] [ ] lc ×
= αα  

 
α is the rotation observed (°), [c] the concentration of the chiral compound (g.mL-1) and l the length of 
the cell (dm). 
 
The optical purity of a substance is determined from its optical rotation [α]obs 
and the optical rotation of the pure enantiomer [α]max according to the Equation 
2-3.  

Equation 2-3: Optical purity. 

Optical purity= ([α]obs/[α]max)×100 
 
Such a measurement requires a relatively large amount of purified compound, 
and several parameters may modify the  measured rotation, e.g. the presence of 
impurity, concentration effects. Further, the optical rotation of the pure 
enantiomer, [α]max, of new molecules is unknown, and thus optical purity can not 
be determined in this case. Optical rotation is rarely used for the determination of 
enantiomeric purity in asymmetric transformation nowadays but the sign of the 
optical rotation is still very useful for determining the absolute configuration of 
the enantiomers. 

2.2.2 Conversion of enantiomers into diastereoisomers 
With the exception of the fact that enantiomers display opposite optical rotation, 
they have identical chemical and physical properties. This makes the analysis of 
the e.e. difficult. However, enantiomers can be transformed into two related 
compounds called diastereoisomers that differ in their chemical and physical 
properties. Such transformation allows the determination of e.e. with “traditional 
methods”.  
The sample of unknown e.e. is derivatized with an enantiomerically pure reagent, 
giving a diastereomeric mixture. This transformation results in a proportion of 
the diastereoisomers identical with the original proportion of the enantiomers. 
The diastereoisomers can be separated and the e.e. determined. The 
diastereomeric excess, d.e., can be measured for instance as follows: 
NMR can be used when the resulting diastereomers have distinct chemical shifts. 
α-Trifluoromethylphenylacetic acid or Mosher’s reagent has been used 
frequently for determination of the e.e. either by 1H or 19F NMR.4 However, 
NMR is a rather insensitive spectroscopic method, and thus a large quantity of 
the compound is required. 
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Capillary gas chromatography (GC) or high performance liquid chromatography 
(HPLC) can also be used to separate the diastereoisomers produced. 

2.2.3 Chromatography on a chiral stationary phase 
Direct separation and quantification of the enantiomeric excess by GC or HPLC 
is now widely used thanks to the great diversity of efficient chiral columns 
available. The separation relies on the formation of transient diastereomers with 
the chiral stationary phase. The forces that lead to these interactions are weak 
and the separation is a result of the sum of a large number of interactions. 
The progress made in GC and HPLC chiral separations during the last decade is 
quite noticeable. To date, the data base CHIRBASE (http://chirbase.u-3mrs.fr/) 
contains data about the separation of 18 000 structures by GC and HPLC. 
Capillary GC columns of cyclodextrins and cyclodextrin derivatives are 
numerous. They often combine broad specificity and high resolution while some 
can stand temperatures higher than 250 °C, allowing the separation of relatively 
large molecules. Nevertheless, these methods are likely to broaden in scope 
dramatically with the development of combinatorial approaches for the creation 
of libraries of chiral stationary phases. 
Chiral GC columns were used in all of our investigations. 
As the method involves enantiomers rather than diastereoisomers, the 
enantiomeric purity of the sample is insensitive to chemical, physical or 
analytical manipulation (if no racemization occurs) before analysis.  
Other advantages of GC and HPLC techniques are the small amount of sample 
required and the possibility to analyze relatively crude materials. During the last 
years, the size of mass spectrometers has decreased significantly. This made the 
production of lab-bench GC-MS possible. In the single ion monitoring mode, the 
MS detector increases the sensitivity noticeably compared with traditional 
detectors such as a flame ionization detector. The MS detector also reduces the 
risk of faulty measurements due to the presence of impurities. 

2.3 Preparation of optically active compounds5; 6 
Enantiomerically pure compounds can be obtained in numerous ways. These 
various approaches can be divided into three categories. The first way is simply 
to use the chiral pool present in Nature. Many natural products are 
enantiomerically pure and can be isolated at low cost. 
The second approach is to resolve a racemic mixture. The racemic mixture is 
often relatively easy to obtain by “conventional synthetic methods”. The racemic 
compound can then be resolved. Resolution is the separation of the enantiomers 
from the racemate with the recovery of at least one of the enantiomers. This 
thesis deals with kinetic resolution, a category that will be discussed in more 
detail in the next paragraph. 
The third method is commonly referred to as asymmetric synthesis. In such a 
process, a new stereogenic center is created in a prochiral substrate by induction 
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from a second source of chirality. In other words, a non-chiral molecule is 
transformed into a chiral non-racemic compound.  

2.3.1 Resolution 
There are several strategies that can lead to the resolution of a racemic mixture 
(Scheme 2-2). 

 
Resolution 

Direct 
crystallization 

Resolving agents 

Conversion to 
diastereoisomers 

Kinetic resolution 

Biocatalysis Chemical agents 

 

Scheme 2-2: Different methods of preparing enantiomerically enriched compounds by 
resolution. 

The first resolution was described by Pasteur in 1848. It relied on the 
spontaneous crystallization of a racemate as a conglomerate: the enantiomers are 
separated by crystallization, as each crystal consists of one enantiomer. Pasteur 
resolved tartaric acid by manual separation of its sodium ammonium salts using a 
microscope and a pair of tweezers. However, this method is applicable to only a 
limited number of compounds. 
A more general method is to attach a chiral auxiliary to the target racemic 
compound, followed by separation of the diastereoisomers formed. The 
separation can be performed using classical methods such as chromatography, 
recrystalization or distillation. After serving its purpose, the chiral auxiliary is 
removed. 

2.3.2 Kinetic resolution 
Only a decade after the first resolution, Pasteur found that the mold Penicillium 
glaucum was able to degrade the D-enantiomer of ammonium tartrate faster than 
its counterpart the L-enantiomer in a racemic mixture. He had discovered the 
kinetic resolution method as a means of obtaining enantiomerically enriched 
compounds. This process is based on the difference in reaction rates between 
enantiomers in a reaction catalyzed by a chiral non-racemic catalyst.  
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The rate acceleration observed in catalysis is due to stabilization of the transition 
state. This stabilization reduces the energy barrier (∆G#) between substrate and 
product.  
In a kinetic resolution, the chiral non-racemic catalyst reduces the energy of 
activation of the enantiomers. However, the chiral substrates form diastereomeric 
catalyst-transition-state complexes that differ in transition-state energy (∆∆G#, 
Scheme 2-3). Thus, the enantiomers react at different rates and can be resolved. 
 

Reaction coordinate

SR+SS

PR+PS

∆∆G#

G

 
Scheme 2-3: Reaction energy profile for the kinetic resolution of enantiomers. SR and SS 
represent the substrates, while PR and PS are the products. The two peaks in the reaction 
coordinate correspond to the transition states of the enantiomers. 

Chemical agents and biocatalysts have been found to be able to catalyze kinetic 
resolutions. One example is the asymmetric hydrolysis of terminal epoxides 
catalyzed by a chiral cobalt-based salen complex (Scheme 2-4).7 
 

O O O
OH

OH
R,R-(salen)Co catalyst
CH3CO2H

H2O
+ +

 

Scheme 2-4: Example of kinetic resolution.7 

2.3.3 Enzymatic kinetic resolution 
Many enzymatic reactions follow a pattern of kinetic behavior known as 
Michaelis-Menten kinetics. Enzyme catalysis requires that the substrate(s) 
initially bind non-covalently to the enzyme in the region, where the reaction 
takes place and which is defined as the active site of the enzyme. The enzyme-
substrate complex form, ES, is called the Michaelis-Menten complex and the 
Michaelis-Menten constant KM is equal to the substrate concentration at which 
the reaction rate is half of its maximal value. The apparent first-order enzyme 
rate constant for conversion of the ES complex to product, kcat, is also called the 
turnover number. kcat/KM is the specificity constant and represents the apparent 
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second-order rate constant of the enzymatic reaction. It is often used to assess the 
overall efficiency and specificity of enzyme action.8 

2.3.3.1 The enantiomeric ratio E 
In a kinetic resolution, the enantiomeric purity of the product and the starting 
material varies as the reaction proceeds. Thus, comparing e.e.-values of two 
kinetic resolutions is meaningful only at the same degree of conversion.  
The enantiomers are competitive substrates and the ratio of the reaction rates is 
defined as in Equation 2-4. 

Equation 2-4: Ratio of the reaction rates. 

( ) [ ]
( ) [ ]SKk

RKk

SMcat

RMcat

S

R

v
v

×
×

=  

Equation 2-5: The enantiomeric ratio E. 

( )
( )SMcat

RMcat

Kk
Kk

E =  

 
The ratio of the specificity constants (kcat/KM)R/(kcat/KM)S, is referred to as the 
enantiomeric ratio, E, which is independent of the extent of conversion (Equation 
2-5). The E-value determines the enantioselectivity of the reaction.9; 10 This 
constant measures the ability of an enzyme under determined reaction conditions 
(e.g. temperature, solvent, water activity) to distinguish between enantiomers. 
Thus, the E-value should be used instead of e.e. to describe the enantioselectivity 
of a kinetic resolution. Once the E-value is known, plots of e.e.s and e.e.p versus 
the conversion help to evaluate the performance of a kinetic resolution process 
and to determine at which degree of conversion the reaction should be stopped to 
obtain optimum resolution. Such plots for irreversible reaction conditions are 
presented in Scheme 2-5.  
As a rule of thumb, reactions with E-values lower than 15 are usually considered 
unsuitable for practical purposes. The usefulness can be regarded as moderate to 
good when E=15-30, and when it exceeds this value, excellent.11 
In order to calculate the E-value, the kinetics and thermodynamics of the reaction 
have to be known. In a simple reaction, one chiral racemic substrate is 
irreversibly converted into one chiral product (Scheme 2-5). However, one may 
have to take into account factors such as equilibrium, product inhibition, 
racemization etc. 
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Scheme 2-5: Dependence of e.e.s (o) and e.e.p (×) on the conversion during irreversible kinetic 
resolutions (left E=50 and right E=5). Simulated and plotted with the program Selectivity 
(Faber et al. ftp://borgc185.kfunigraz.ac.at/pub/enantio/mac/). 

2.3.3.2 Determination of E-values 
Several methods are available for the calculation of the E-value. Straathof and 
Jongejan reviewed these methods as well as the problems and advantages related 
to each of them.12 Extent of conversion, e.e.s, e.e.p and time are quantities that 
can be monitored for the calculation of the E-value. Only methods based on e.e.s, 
e.e.p and conversion (c) under irreversible reaction conditions are discussed 
herein.13 Under these conditions, the E-value can be determined using one of the 
three equations below.9; 14 E-values presented in the articles I-VII were 
calculated by means of these equations (Equation 2-6---2-8). 
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Simple practices may help to reduce the risk of error in the calculation of the E-
values. Equation 2-8 often leads to a more accurate E-value than the two other 
methods, because e.e. values are generally easier to determine accurately than the 
conversion.  
In many experiments, e.e.s or e.e.p is not accessible. If e.e.p and c are monitored 
(Equation 2-6), the impact of errors in the c on the E is limited at low conversion. 
On the other hand, an error in the conversion has little effect on E at high 
conversion, using Equation 2-7. However, the reaction may reach equilibrium at 
high conversion, resulting in a faulty E-value if an equation for an irreversible 
reaction is used.10 
E-values can be obtained by a single point measurement although this can lead to 
large errors. First, a single point does not give any indication concerning a 
possible equilibrium. (If one of the equations above is used, possible equilibrium 
can be determined by dropping E-values at high conversions). For an accurate 
determination of the E, it is preferable to monitor two of the three parameters 
e.e.s, e.e.p and c during the course of the reaction. This procedure allows 
determination of E by curve fitting.15 

2.3.4 Dynamic kinetic resolution16; 17 
Classical kinetic resolution is an efficient technique for the preparation of 
optically active compounds. However, it has a number of drawbacks: (i) the 
theoretical maximum yield is 50% starting from a racemic mixture; (ii) it 
requires separation of the remaining substrate from the product. 
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Scheme 2-6: Example of a convergent synthesis.18 

A number of procedures have been developed to avoid these problems: (i) an 
enantioconvergent synthesis may be carried out, i.e. two independent pathways 
may be used to convert both enantiomers into the single enantiomer desired 
(Scheme 2-6, ref.18); (ii) the undesired enantiomer may be racemized after work-
up and subjected to a second resolution process; (iii) the substrate may be 
continuously racemized in situ, i.e. in the pot where the resolution process is 
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going on. Such a process is called dynamic kinetic resolution. It should be 
pointed out that an efficient method for the dynamic kinetic resolution of sec-
alcohols has been published, using Candida antarctica lipase B (CALB) as 
catalyst in the resolution step (Scheme 2-7).19; 20 
 

O
OH

O
O

O
OH

O
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CALB

4-Cl-PhOAc

Ru-catalyst

 

Scheme 2-7: Example of a dynamic kinetic resolution.19; 20 

2.3.5 Improving the enzyme enantioselectivity 
For synthetic purposes, the enantioselectivity should be as high as possible in 
order to give the best optical purity and yield. The process of selecting a 
biocatalyst and optimizing the enantioselectivity towards the target compound is 
often laborious. 
Screening of a library of biocatalysts may allow finding enantioselective 
catalysts towards the target compound. However, the enantioselectivity is not 
always high enough to give optically pure material in good yield. Many 
alternatives may be considered to overcome this problem and improve the 
enantioselectivity or the reaction rate:  
(i) a wider screening may be considered, including less well-characterized 

enzymes from other sources.  
(ii) the reaction conditions can be optimized. This can be referred to as process 

engineering. Parameters such as solvent, pH, temperature, water content or 
water activity, can be changed. 
Solvents can consist of water, organic solvents or biphasic systems. 
Changing from one solvent to another can influence the enantioselectivity. 
Many researchers use medium engineering to improve the 
enantioselectivity. The enantiopreference can even change upon changing 
the solvent.21; 22 The role of solvents in controlling the selectivity in 
organic solvents has been reviewed.23 For stability and activity reasons, 
enzymatic catalysis in non-polar organic solvents (log P > 4; the logarithm 
of the partition coefficient between octanol and water)24 or water has to be 
preferred. 
The pH influences the catalytic activity in aqueous media and in organic 
solvents.25 In low-water media, the initial protonation state of the enzyme 
is set by the aqueous medium from which it was dried. The addition of 
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solid buffer can override the “the pH memory” of the enzyme in organic 
solvents.26 
The temperature has been shown to influence the enantioselectivity.27-30 
The enantioselectivity in a kinetic resolution is temperature-dependent and 
obeys the following thermodynamic equation: ln E = ∆∆S#/R-∆∆H#/(RT). 
The enantioselectivity may either increase or decrease with temperature, 
depending on the entropy and the enthalpy contributions to the 
enantioselectivity. 
The reaction rate and enantioselectivity are often influenced by the amount 
of water present in the organic solution.31; 32 It is believed that the enzyme 
needs some essential water molecules to be active and that water acts as a 
lubricant. Researchers have found that the thermodynamic water activity is 
a good measure of the water content, specially when comparing reaction 
conditions. So, they have elaborated methods to control the water activity 
in organic media33; 34. 

(iii) part of the substrate can be modified temporarily in order to maximize the 
hindrance of the slow-reacting enantiomer. Usually, the size of one 
substituent is increased either by covalent modification or by salt 
formation.35; 36  

(iv) the biocatalyst itself can also be altered. This can be done either through the 
direct modification of the protein (protein engineering) or by modification 
of the biocatalyst surrounding (enzyme formulation or biocatalyst 
engineering). The two last strategies are developed in more detail in the 
following paragraphs. 

Despite the large number of investigations, there is no universal rule concerning 
the optimization of the enzyme enantioselectivity. This is probably due to the 
large diversity of enzymes in Nature. This is often even true among enzymes of 
the same class. Better understanding of the enzymatic catalysis may allow 
predictive rules in the future. 

2.4 Biocatalyst engineering 

2.4.1 Biocatalysis in non-aqueous media 
Using organic solvents instead of water has many potential advantages.37 For 
instance, organic solvents can change the thermodynamic equilibrium of the 
reaction (e.g. promoting esterification instead of hydrolysis) or prevent the 
decomposition of water-sensitive compounds. The organic chemist can easily 
imagine how limiting it would be for him or her to restrict the reaction medium 
to water. The role of the solvent is similar in the field of biotransformations. The 
reaction rate of enzymatic catalysis, however, is often lower in organic media 
than in aqueous media.38; 39  
The reduced reaction rates in organic media were ascribed for instance to 
structural alteration of the enzyme, reduced conformation mobility, suboptimal 
protonation states (“pH memory”) and mass-transport limitations. 
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The enzyme formulation has been found to affect the catalytic activity in organic 
media. Immobilization40-43, lyophilization in presence of additives44, cross-
linking of enzyme crystals45-47 and solubilization48 have been shown to alter the 
properties of biocatalysts.49; 50  

2.4.2 Mass-transport limitations 
The effects of mass-transport limitations on enzymatic catalysis in organic media 
are still only partially covered in the literature. 
Enzymes are soluble in water but insoluble in nearly all organic solvents. Hence, 
enzymatic catalysis is carried out under heterogeneous conditions in these media. 
These conditions restrict the mobility of both the enzyme and the solutes and 
may lead to diffusion limitations. 
The substrate concentrations in the particles or aggregates can be expected to be 
lower than in the bulk solution, because the substrate is depleted by the enzyme. 
Diffusion and convective mass-transport processes supply substrates for the 
reaction because of this difference in substrate concentrations.51 
For the reaction to be catalyzed, the substrates have to diffuse from the bulk 
solution to the biocatalyst, first through a stagnant film at the interface between 
the bulk solution and the particles (external diffusion), then through the porous 
particles (internal diffusion) as described in Scheme 2-8. 
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Scheme 2-8: a) Mass transfer of substrate from the bulk solution to an interface where a 
reaction takes place. b) Hypothetical gradient of concentration of the substrate through the 
particle containing the enzyme. 

The particle can be either an aggregate of enzymes, a mixture of enzymes and 
other insoluble components (additives or excipients), or a solid support in which 
the enzyme has been immobilized. 
The extent of mass transfer control can be expressed by the effectiveness factor 
η, which is the ratio between the observed rate of reaction and the hypothetical 
rate in the absence of mass transfer. A mathematical description of the diffusion 
limitations for enzymes obeying the Michaelis-Menten kinetics has been 
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established.52 For a spherical geometry, the effectiveness factor η (Equation 2-9) 
is a function of the Thiele modulus φR (Equation 2-10) and the dimensionless 
substrate concentration (Equation 2-11). 

Equation 2-9. 
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[S0] is the bulk-phase substrate concentration, Deff is the effective diffusivity, r is the radius of the 
support, KM is the Michaelis-Menten constant, Vm is the maximum reaction rate in the Michaelis-Menten 
equation. 
 
Since the fast-reaction enantiomer is depleted faster than the slow one, the 
diffusion resistance will give rise to a steeper concentration gradient for the fast 
reacting enantiomer. One consequence is that the average concentration of the 
slow-reacting enantiomer within the support will be higher than the average 
concentration of the fast reacting one, even if their concentration is the same in 
the bulk solution. Such diffusion resistance may lead to a reduction in the 
effective enantioselectivity (Eeff) exhibited by the biocatalyst, because the 
enantiomers are competitive substrates. 
Lopez and coworkers have proposed a mathematical model of the effect of 
diffusion limitations on enantioselectivity.53; 54 According to this model, mass-
transport limitations are detrimental to the enantioselectivity. Eeff is a function of 
the Thiele modulus, φR and the enantiomeric ratio, E. At the limit as φR→∞, Eeff 
is equal to the square root of the intrinsic enantioselectivity. This means that an 
E-value of 100 can be reduced to an Eeff of 10 in the presence of strong diffusion 
limitations according to the model of Lopez et al.53 
The diameter of the carrier and the load of enzyme are parameters that influence 
the diffusion limitations.55 These two parameters have been used to detect and 
study mass-transport limitations for immobilized enzymes for a single 
substrate.55-57 The effect of enzyme loading on the acyl-donor specificity has 
been studied56. Concerning stereoselectivity, only few experimental studies of 
the effect of mass-transport limitations in enzymatic kinetic resolution have been 
published to date53; 58. 
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The diameter and loading of commercially available immobilized preparations 
are fixed by the manufacturer and, thus, can not easily be changed. The substrate 
concentration, on the other hand, is a parameter that can be changed easily. 
An increase of the substrate concentration may prevent the depletion of substrate 
at the center of the carrier. This increase has been shown to reduce the internal 
diffusion limitations for single substrates. Substrate concentrations a hundred 
times higher than the KM-value have been recommended.55 Moreover, substrates 
often have high apparent KM-values in organic media. Thus, mass transfer 
problems are even more likely to occur in these media than in water. 
Concerning kinetic resolution, the effect of the substrate concentration on the Eeff 
has been modeled and simulated for a continuously operated fixed bed reactor by 
Indlekofer et al.58 In their simulations, when the diffusion limitations were 
increased (high φR-values), the Eeff decreased more rapidly, the higher the value 
of β. Thus, it may be possible to improve Eeff by increasing the substrate 
concentration. 

2.5 Protein engineering59 
It is of great interest for synthetic purposes to create enzymes with new catalytic 
activity and to tailor the specificity of existing ones to accommodate unnatural 
substrates better. One way of altering the property of an enzyme is to modify it at 
the molecular level. This is called protein engineering. Many strategies have 
been used for altering proteins. Before going into details, I will briefly describe 
how an enzyme is produced. 
Each enzyme has a unique amino acid sequence, or primary structure, dictated by 
the sequence of the DNA encoding it. This DNA sequence is called the protein 
gene and can be divided into codons or pieces of three base pairs. Each codon 
codes for a specific amino acid or a stop signal (signal at the end of the gene). 
The peptide sequence is thus directed by the sequence of nucleotides at the DNA 
level. The genetic material is transcribed (copied into RNA) and translated 
(copied into protein) using the same code in most organisms and this process is 
referred to as the central dogma (Scheme 2-9). The DNA code being almost 
universal, a heterogeneous expression (production in a host organism) of proteins 
is feasible. This makes it possible to speed up mutations of the gene and 
expressions of proteins. 
The peptide produced folds into regular secondary structures, consisting of 
alpha-helixes and beta-sheets, which then themselves fold into a defined three-
dimensional structure, or tertiary structure. In this process, the binding site and 
the catalytic machinery fall into place. It has been shown that unfolded proteins 
can refold to their native 3-D structure on the basis of their amino acid 
sequences. The function of an enzyme is related to its structure, which is 
determined by the initial DNA sequence.  
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Scheme 2-9: Conversion of the genetic information to protein (the central dogma). 

Point mutations can have a great impact on the protein function and on the 
thermostability. The impact on the overall protein structure, however, is often 
limited. Upon mutation into a residue that does not fit well into the structure, the 
mutated residue or to a lesser extent its entire secondary structure element is 
likely to rearrange. On the other hand, the overall structure rarely changes.60 
Mutations of large residues into small ones, such as alanine, rarely lead to major 
rearrangements of the local surrounding. Therefore, point mutation experiments 
can be performed without a high risk of protein unfolding. 

2.5.1 Chemical modification61 
One can alter the protein chemically. Many reagents are available for the 
chemical modification of specific amino acids. The reagents are selective 
towards specific functional groups present in proteins, but the twenty amino 
acids can not all be chemically modified. The chemical modification of a single 
specific residue is difficult, when similar functional groups are present in the 
protein. 

2.5.2 DNA technology 
An alternative way of altering enzymes is to do the modification at the DNA 
level. A mutation introduced into the gene gives rise to corresponding changes in 
the peptide sequence. This method has become relatively easy to use thanks to 
the recombinant DNA technology and the polymerase chain reaction (PCR).62; 63 
PCR allows the amplification of exceedingly small amounts of DNA, this 
technique has dozens of applications. PCR is a simple procedure for site-directed 
or random mutagenesis. Several kits are commercially available for in vivo 
mutagenesis. These kits often contain reagents as well as detailed instructions 
necessary for the production of mutated proteins. Even an organic chemist, under 
good supervision can use such a kit successfully. 
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2.5.2.1 Site-directed mutagenesis 
In a site-directed mutagenesis experiment, predefined base pairs, in the DNA 
sequence, are substituted for defined new base pairs. This method has been 
highly useful in studying structure/function relations in enzymes. For instance, 
the mutation of residues believed to be catalytically important can confirm their 
function. In principle, this technique can also be used to improve the enzyme 
properties, but it requires a thorough knowledge of the enzyme to design useful 
mutations. Overlap PCR and M-13 are some of the methods that have been used 
for introducing such mutations. 
Site-directed mutagenesis has also been combined with chemical modifications 
in order to introduce unnatural side-chains at specific sites.64 The chemically 
modified mutant can produce a great variety of unnatural amino acid side-chains. 

2.5.2.2 Random mutagenesis 
In the late 1990s, molecular biologists began to develop new techniques for 
random mutagenesis. A selected number of mutations could be introduced 
randomly in the gene of interest, e.g. one base per gene copy. In contrast to the 
techniques above, random mutagenesis or directed evolution does not require 
detailed knowledge of the enzyme. On the other hand, a large number of mutants 
have to be produced in order to increase the chance of mutation leading to the 
properties desired. This implied either a high throughput screening method or a 
good selection method to detect the possibly improved clones. Error-prone PCR, 
gene shuffling and saturation mutagenesis are examples of the techniques that 
have been used. Some of the results obtained with these approaches are 
stunning.65-68 

2.6 Molecular modeling69 
Molecular modeling covers a wide range of molecular graphics and 
computational chemistry techniques that can be used to display, build, 
manipulate, simulate and analyze molecular structures as well as to calculate the 
properties of these structures.  
Molecular modeling can be used not only by modelers but also by 
experimentalists. This is because molecular modeling can be approached at 
different levels going from visualization of molecular structures on desktop 
computers to heavy calculations on supercomputers. 

2.6.1 Molecular graphics 
Chemists have always used molecular models to understand the molecular world, 
but large molecular systems such as proteins can not easily be built and handled. 
Molecular graphics provides a means of visualizing these molecular structures. It 
also allows interactive visualizations (e.g. labeling, color coding) and virtual 
reality (3-D graphics). Anyone can download protein structures from the Protein 
Data Bank (http://www.rcsb.org/pdb/).70 By rotating a protein, zooming in or 
out, one may gain clues on its properties. 
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Molecular graphics can also provide the interface to the computational chemist 
tools, allowing building and modifying molecules, setting up simulations and 
displaying computational results (e.g. energy contour maps, molecular dynamics 
trajectories). 

2.6.2 Computational chemistry 
Computational engines are used to calculate molecular energy (e.g. electrostatic, 
total) and properties associated with it (e.g. charge distribution, electrostatic 
potential). Computational chemistry is divided into quantum mechanics (e.g. ab 
initio, semi-empirical methods) and molecular mechanics (force field) methods. 
The energy calculation capabilities vary between the three methods. 
Quantum mechanics offers a rigorous description of the molecule and makes it 
possible to derive properties that depend upon the electronic distribution (e.g 
bond breaking in chemical reactions) although these types of calculations are 
unfortunately limited to small systems because they are computationally very 
demanding. 
In contrast with the quantum approaches, force field methods (molecular 
mechanics) ignore the subatomic particles. Instead, force fields calculate the 
energy of a system as a function of the nuclear positions only. These approaches 
allow the tackling of large systems such as proteins. The molecule is treated as a 
set of charged point masses (atoms) that are coupled with springs (bonds). The 
energy of the molecule is calculated as the sum of the steric interactions (bond 
stretch, bend and torsion) and non-bonded interactions (van der Waals and 
electrostatic) present. 
The methods that hold the greatest potential for large systems are those which 
treat the central reacting system by explicit quantum mechanics and the 
remainder of the system by classic mechanics (quantum mechanics/molecular 
mechanics). This approach has been used to rationalize the enantioselectivity of 
subtilisin.71 
An excellent review about molecular modeling in biocatalysis appeared 
recently.72 
The software package SYBYL, used in article III and VII, allows handling 
computation, geometry (build, manipulate 3-D structure) and graphics. It 
includes the AMBER (Kollman) force field suited for protein applications.73 
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3- The Candida antarctica lipase B 

Triglycerol lipases (E.C. 3.1.1.3) catalyze the hydrolytic digestion of lipids. They 
are ubiquitous enzymes that have been found in bacteria, fungi, plants and 
animals. Lipases differ from ordinary esterases in their often large increase in 
hydrolytic activity when they adsorb to a water/lipid interface. This phenomenon 
is named interfacial activation (for a review, see ref.74). 
Lipases are applied in many fields, e.g. in oleochemistry, in the detergent and 
food industries, and in the preparation of fine chemicals.75 Indeed, lipases are 
among the most widely used biocatalysts in organic chemistry. This is because 
they are stable and active in organic solvents and show a broad substrate 
specificity, often combined with high regio- and stereoselectivity. 
The Candida antarctica lipase B (CALB) does not display interfacial 
activation.76 It is not only active towards water-insoluble substrates but also 
towards water-soluble substrates. For these reasons, it may be regarded as an 
esterase too. 
Some information concerning CALB availability can be found in article V. 

3.1 Structure and origin 

CALB is a globular protein with an alpha/beta hydrolase fold.77 It consists of 
317 amino acids and its molecular weight is 33 kDa. The lipase originates from 
the yeast Candida antarctica. Two lipases were characterized from this yeast.78; 
79 The component A (Candida antarctica lipase A) is quite different from the 
component B (Candida antarctica lipase B) used in the articles I-VII.79 CALB 
has been cloned and overexpressed in Aspergillus oryzae80 and has been 
patented by Novo Nordisk. The three-dimensional structures of the free enzyme 
and of CALB complexes have been determined by X-ray crystallography 
(Protein Data Base70 entries: 1LBS, 1LBT, 1TCA, 1TCB and 1TCC).81; 82 No 
major conformational differences were observed between the free enzyme and 
the enzyme covalently bond with a phosphonate transition-state analogue. 
The active site is buried in the core of the enzyme and the binding side has a 
funnel-like shape. The catalytic machinery is placed at the bottom of the active 
site and consists of the catalytic triad plus the oxyanion hole83. The catalytic 
triad, that forms the charge relay system, consists of Ser105, His224 and Asp187. 
The oxyanion hole stabilizes the oxyanion formed in the transition state by three 
hydrogen bonds: one with Gly106 and two with Thr40. 
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Scheme 3-1: Side-view of the active site of CALB in the transition state with 2-octyl hexanoate 
(the charges are omitted). 

3.2 Kinetics and reaction mechanism 
CALB is a serine hydrolase and its reaction mechanism can be characterized as a 
bi-bi ping-pong.84; 85 The reaction takes place in two steps and is depicted in 
Scheme 3-2. In the first step, the enzyme is acylated by substrate 1 to form an 
acyl-enzyme intermediate and the product 1 is released. The acylated enzyme is 
then deacylated by substrate 2 in the second step, forming the second product. 
The reaction is both acid- and base-catalyzed. The catalytic triad (Asp187, 
His224 and Ser105) promotes the base catalysis. The nucleophilicity of Ser105 is 
enhanced by the charge relay formed with Asp187 and His224. The acid 
catalysis is promoted by the oxyanion hole. 
Two transition states (TS1 and TS2) are involved in the mechanism. Only TS2 
will be important in the kinetic resolution of alcohols because the alcohol is not 
present in the enzyme in TS1. 
An ab initio and density functional theory studies of the catalytic mechanism of 
serine hydrolases has recently been published.86 
CALB can accept several types of acyl-donors, such as esters, acids, thioesters, 
carbonates and carbamates. In the second step, the nucleophile can be for 
instance an alcohol, amine or even a hemiacetal. 
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Scheme 3-2: Reaction mechanism of CALB. The esterification or transesterification involves 
two transition states, TS1 and TS2, and one acyl enzyme intermediate. 
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4- CALB-catalyzed preparation of optically 
active sec-alcohols 

Resolution of racemates with hydrolases is the most common biocatalytic 
strategy for the industrial production of enantiomerically pure fine chemicals.87; 
88 Indeed, lipase-catalyzed asymmetric transformation is one of the best tools for 
the preparation of optically active alcohols and related compounds.11; 89-91 Most 
biotransformations carried out with lipase use commercial preparations, and 
CALB and Pseudomonas lipases are often the most enantioselective lipases 
towards sec-alcohols.90 A general review about applications of CALB in organic 
synthesis has been published92, and a chapter written by Kazlauskas and 
Bornscheuer on biotransformations catalyzed by lipases covers many of the 
applications of CALB90. 
Simple rules to predict qualitatively the enantioselectivity of CALB are 
presented in this chapter. The scope and limitations concerning the use of CALB 
for preparing optically active sec-alcohols are also discussed. This chapter is 
based on a literature survey made at the end of 1998 when writing article V, and 
some of our unpublished results. However, the present aim is not to produce an 
exhaustive review of the scientific literature dealing with CALB. This first 
section is followed by a description of the parameters that influence the 
enantioselectivity of CALB towards sec-alcohols in organic media. Seudenol (3-
methyl-2-cyclohexen-1-ol) is used as model compound throughout the chapter. 
Reaction conditions concerning this substrate are presented in Chapter 8. 

4.1 Substrate structure requirements 

4.1.1 Acyclic sec-alcohols 
The enantiopreference of CALB towards sec-alcohols follows the rule described 
by Kazlauskas et al.93 The substituents at the stereocenter (the large and the 
medium one) are placed in the two pockets of Scheme 4-1 according to their 
size. The enantiomer that can be placed as depicted in Scheme 4-1 reacts the 
fastest according to this empirical rule. 



CALB-catalyzed preparation of optically active sec-alcohols 

26 

M L

OHH

 
Scheme 4-1: Empirical model for predicting the fast-reacting enantiomer of sec-alcohols. L 
and M represent the large and the medium substituents at the stereocenter, respectively. 

A simple model based on the size of the substituents at the stereocenter can be 
used to estimate the enantioselectivity towards sec-alcohols (article V). As a rule 
of thumb, a high selectivity (E>100) and a relatively high reaction rate can be 
expected for substrates with the requirements presented in Scheme 4-2: 
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Smaller than C3H7 
not monohalogenated 

L: 
Bigger than C2H5 
or monohalogenated 

 
Scheme 4-2: Simple model, suitable for a qualitative estimation of the enantioselectivity of 
CALB towards acyclic sec-alcohols. L and M represent the large and the medium 
substituents, respectively. Substrates fulfilling the requirements are likely to be resolved 
successfully. 

The model is illustrated in Table 4-1. CALB can accommodate large substituents 
of almost any size (substrates 1-8, 10-11), but the enantioselectivity is good only 
if this substituent is larger than an ethyl group or bearing a halogen atom. 
Otherwise, the enantioselectivity is poor as that of 12. It should be noticed, 
however, that the rate is dramatically reduced with the bulky compounds 10 and 
11. A steric clash is reached in 9, showing some limitations regarding the 
tolerable size of the large substituent. 
In contrast to the large substituent, the medium one should not be bigger than an 
ethyl group and should not be monohalogenated (1-8 and 10-11). Therefore, 13 
and 15 are not suitable substrates for CALB because their medium-sized 
substituents are too large. As a result, 13 reacts very slowly and has a low E-
value, while 15 doesn’t react at all. The bromohydrin 14 is also poorly resolved. 
Reaction conditions used with substrates 1-28 are reported in article V. 
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Table 4-1: Selected examples of acyclic sec-alcohols illustrating the model presented in 
Scheme 4-2. 

Substrate Structure R. t.a c.b Ec F. r.d 

1e 

2f 

3e 

R=Pr 

R=i-Pr 

R=hexyl 

R

OH  
0h20 

2h48 

0h21 

34 

35 

28 

>500 

>500 

>900 

R 

R 

R 

4g Br
OH  

3h40 47 370 R 

5h 

6h 

R=Me 

R=Et N
R

OH  

4h00 

14h00 

49 

50 

>500 

>500 

R 

R 

7i 
 

8i 
 

9i 

R1=CHOHCH3 
R2,3=H 

R2=CHOHCH3 
R1,3=H 

R3=CHOHCH3 
R1,2=H 

R1
R2

R3

 

3h30 
 

24h00 

50 
 

45 
 

n. r.l 

>500 
 

>500 

 

 

10j 

11j 

 

M=H2 

M=Zn 

N N

N N

OH
M

 

9h00 

48h00 

50 

20 

>458 

>126 

R 

R 

12f 
OH  

2h50 37 8 R 

13k 
OH  

123h00 51 10  

14g Br
OH  

23h00 46 7 S 

15k 

OH  

 n. r. l   

a R. t. reaction time; b c. conversion (%); c E, enantiomeric ratio; d F. r. fast reacting enantiomer; e Article 
V; f Overbeeke et al.29; g Article II; h Uenishi et al.94; i Kano et al.95; j Ema et al. 96; k Article I; l n. r. 
no reaction. 
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4.1.2 Cyclic sec-alcohols 
The model mentioned above can generally be applied to cyclic alcohols by 
letting the ring replace the large and medium substituents. Carbon atoms linked 
to the stereogenic center should be regarded as part of the hypothetical large and 
medium substituents. The sizes of these substituents will be assigned according 
to the sizes of the ligands placed at the α- and β-carbons, as exemplified by 2-
methylcyclohexan-1-ol in Scheme 4-3. 
 

i-Propyl
Large

Ethyl
Medium

OHH

 
Scheme 4-3: Determination of the hypothetical medium and large substituents of cyclic sec-
alcohols. 

Some cyclic alcohols are presented in Table 4-2. One can notice that the trans-α-
substituted alcohols 21 and 22 react faster than their cis-stereomers (substrates 
23-24). The enantioselectivity decreases with the non-α-substituted alcohols 
(substrates 25-27) as well as with those substituted on both α-carbons (substrates 
28 and 29). 
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Table 4-2: Selected examples of cyclic sec-alcohols illustrating the model presented above. 

Substrate Structure  R. t.a c.b  E F. r.c 

16d 

17d 

18d 

19d 

20d 

OH

X

n  

n=1 

n=2 

n=2 

n=2 

n=3 

X=I 

X=I 

X=Br 

X=H 

X=I 

1h30 

18h00 

18h30 

1h30 

96h00 

49 

50 

48 

48 

49 

>700 

>450 

>110 

1.6 

>240 

R 

R 

R 

R 

R 

21e 

22e 

OH

X

*

*  

X=NMe2 

X=Piperidine 

92h00 

142h00 

45 

48 

>200 

>200 

R 

R 

23e 

24e 

OH

X
*

*  

X=NMe2 

X=Piperidine 

116h00 

144h00 

9 

4 

>200 

200 

R 

R 

25f 

26g 

HO R* * R=cis-N-
(benzylcarbamoyl) 

R=cis-O-TBS 

31h00 

5h30 

39 

63 

34 

15 

S 

S 

27h OH

 

1h00 52 62 R 

28i OH

N3

*

*  

120h00 30 1.3 S 

29j OH

Br
*

*  

48h00 49 90 S 

a R. t. reaction time; b c. conversion; c F. r. fast reacting enantiomer; d Johnson et al. 97; e Forró et al.98;  
f Mulvihill et al.99; g Curran and Hay.100; h Article V; i Mitrochkine et al.101; j Igarashi et al.102. 

4.2 Optimization of CALB enantioselectivity 
Reactions in organic media will be the only ones considered in this chapter, but 
some of the parameters discussed should have similar effects in aqueous media. 
Even though the first report of biocatalysis in organic solvents dates from 
1900103, the field of biocatalysis in organic media took off rapidly only in the 
1980s with the pioneering work of Klibanov and coworkers.104; 105  
In the first part of this chapter, simple empirical rules were presented allowing 
qualitative predictions of the enantioselectivity of CALB towards sec-alcohols. 
Nevertheless, large differences in enantioselectivity were reported in the 
literature using the same enzyme and alcohol. This proved that not only enzyme 
and substrate determine the outcome of the reaction, but many parameters are 
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important. For instance, E-values for the kinetic resolution of seudenol catalyzed 
by CALB varied between 8 and 200 (Orrenius et al.106 and this thesis). Some of 
these parameters will be reviewed here, as a help in choosing appropriate 
reaction conditions for the CALB-catalyzed kinetic resolution of sec-alcohol 
enantiomers. 

4.2.1 Acyl-donor 
The acyl-donor can be divided into two moieties: its acyl part and its leaving 
group. 
In an organic solvent, the reaction can be either reversible or irreversible, 
depending on the leaving group of the acyl-donor and the reaction conditions. 
The best results are obtained when the reaction is irreversible.  

4.2.1.1 Acyl part 
The acyl moiety of the acyl-donor is covalently bound to the active site of the 
enzyme during the two transition states (Scheme 3-2). Moreover, the alcohol and 
the acyl binding sites are close to each other. Hence, the acyl moiety is likely to 
influence the enantioselectivity of CALB towards the alcohol and the length and 
shape of the acyl part of the acyl-donor indeed influence the enantioselectivity of 
the reaction. The enantioselectivity increases with larger or longer acyl groups, 
in general as exemplified in Table 4-3, with the exception of large substrates. A 
long acyl chain decreased the reaction rate of the kinetic resolution of a bulky 2-
dialkylaminomethylcyclohexanol98 as well as the enantioselectivity of the bulky 
1-hydroxyalkylferrocenes107. 

Table 4-3: Effect of acyl length on E-value in acyl-transfer reactions catalyzed by the 
Novozym 435. 

Substrate Acyl-donor E ± SDc 

3-methyl-2-butanola Vinyl propionate 300 

3-methyl-2-butanola Vinyl butyrate 250 

3-methyl-2-butanola Vinyl hexanoate 490 

3-methyl-2-butanola Vinyl octanoate 600 

Seudenolb Vinyl acetate 65 ± 3 

Seudenolb Vinyl butyrate 200 ± 7 

Seudenolb Vinyl hexanoate 140 ± 10 

Seudenolb Vinyl octanoate 157 ± 2 
a Article V; b This thesis; c Standard deviation. 

4.2.1.2 Leaving groups 
The leaving group affects the reversibility of the reaction in organic solvents. 
The reaction is driven towards the product side, if the product released from the 
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acylation step is a poor nucleophile or can be kept in low concentration e.g. can 
be evaporated or trapped.  
Enol esters: These activated esters are the most used as regards kinetic 
resolutions catalyzed by CALB.108 The enol esters liberate unstable enols that 
tautomerize to ketones or aldehydes, thus making the reaction irreversible. 
Aldehydes have been shown to deactivate some lipases by forming Schiff’s 
bases with exposed lysine residues, but CALB has proven to be little affected.109 
A large variety of vinyl esters are commercially available which makes it easy to 
optimize the acyl-chain length of the acyl-donor to be used with the alcohol of 
interest. Vinyl esters were used in articles II, V, VI, VII and in the unpublished 
work on 3-methyl-2-cyclohexen-1-ol presented in this thesis. Vinyl acetate was 
particularly suited for scale-up because it is a cheap reagent with a low boiling 
point. An excess of vinyl ester was used and simply removed by evaporation 
during the work-up.110 
Thioester: In articles I and III, S-ethyl thiooctanoate was used as acyl-donor. 
This acyl-donor drives the reaction towards the product side because the thiol 
produced is a good leaving group, a bad nucleophile and can be evaporated 
above 35 °C.111 However, this acyl-donor has some drawbacks. The stench of 
the thiol formed requires working in a well-ventilated room, even during the 
work-up. Further, the reaction has to be run above 35 °C.  
Only a few thioesters are commercially available, but thioesters can easily be 
prepared from acid chloride and thiol. This, however, adds an extra step in the 
synthesis. 
Other acylating agents offer conditions allowing irreversible reaction in organic 
media.112-114 
The alkyl moiety of the acyl-donor is not bound in the active site in the transition 
state important for the chiral recognition of alcohol enantiomers (TS2 in Scheme 
3-2). Therefore, it should not, in principle, influence the enantioselectivity. 
However, relative large changes in enantioselectivity have been reported when 
the leaving group has been changed in organic solvents.115 It is difficult to 
rationalize these differences.  

4.2.2 Temperature 
The enantioselectivity of CALB is affected by the reaction temperature. In most 
reactions, the enantioselectivity has been shown to increase with decreasing 
temperature.29; 116; 117 The temperature range is limited, however, by the low 
reaction rate at low temperature and the rapid deactivation of the catalyst at high 
temperature. The influence of the temperature on the kinetic resolution of 
seudenol is presented in Table 4-4. 
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Table 4-4: Influence of the temperature on the enantioselectivity of three immobilized CALB 
preparations towards seudenol.a 

CALB preparation E ± SDb 
4 °C                23 °C 

Chirazyme L-2, lyo 44 ± 1 33 ± 2 
Novozym 435 84 ± 4 67 ± 3 
Chirazyme L-2, C3, lyo 80 ± 2 63 ± 3 

a This thesis; b Standard deviation 

4.2.3 Solvent and water activity 
No trend could be identified in the influence of these two parameters. It is worth 
mentioning, anyhow, that the water activity did not influence the activity and the 
enantioselectivity of CALB as severely as it influenced those properties of most 
other lipases. References concerning these factors can be found in article V. 

4.2.4 Biocatalyst engineering 
Significant differences in reaction rate and enantioselectivity were noticed 
between immobilized CALB preparations in the work reported in article V. 
Chirazyme L-2, lyo showed a moderate enantioselectivity (E=34) towards 
seudenol while Novozym 435 and Chirazyme L-2, C3, lyo displayed good 
selectivity (E>60) under identical reaction conditions. A similar difference 
between the enzyme preparations was found when different acyl-donors were 
used. A non-immobilized lyophilized CALB preparation showed even lower 
enantioselectivity than the three preparations mentioned in Table 4-5. The causes 
of the large differences in enantioselectivity and reaction rates observed in 
hexane were investigated in article VI. 

Table 4-5: Influence of enzyme preparations on the enantioselectivity towards seudenol.a 

CALB preparation Initial rate 
mmol min-1 g-1 

Eeff 

± SDd 

Chirazyme® L2, c-f, lyo 0.17b 98 ± 2 

Novozym 435 0.45b 179 ± 9 

Chirazyme® L2, c-f, C3, lyo 0.53b 187 ± 7 

Free CALB, lyo 0.013c 62 ± 5 
a Article VI; b per g of carrier; c per g of protein; d Standard deviation. 



CALB-catalyzed preparation of optically active sec-alcohols  

33 

4.2.4.1 Possible reasons for the differences in reaction rate and 
enantioselectivity in organic solvents 

CALB is sold as recombinant enzyme of good purity.118 Hence, the differences 
reported were not likely to be due to the presence of other enzymes in the 
preparations. 
Klibanov reviewed possible origins of the reduction in catalytic activity in 
organic solvents.38 Causes such as structural alteration of the enzyme, reduced 
conformation mobility, suboptimal protonation state (“pH”) and mass-transport 
limitations have been reported to reduce the reaction rate. These causes can also 
influence the enantioselectivity of the reaction, if the effect is more pronounced 
on one enantiomer than on the other. 

4.2.4.2 Protonation state 
The addition of an organic base has been reported to improve the selectivity of 
CALB.118 The effect of pH on the kinetic resolution of seudenol in hexane was 
investigated (this thesis). The addition of an organic base (triethylamine) did not 
increase the enantioselectivity. We also lyophilized CALB on Accurel EP 100 at 
three different pH-values: 6.0 (MES buffer), 7.5 (MOPS buffer) and 9.0 (CHES 
buffer). Reactions were run in the presence of 0.1 equivalent of the solid buffer 
present in the lyophilization step. No significant differences in enantioselectivity 
were observed between the three reactions. 

4.2.4.3 Diffusion limitations 
The possible presence of diffusion limitations in the kinetic resolution of 
seudenol in hexane was investigated in article VI. Both immobilized and free 
CALB preparations were used in this study. Diffusion limitations in the 
commercially available immobilized preparations Novozym 435 and 
Chirazyme® L2, c-f, lyo were tested by varying the substrate concentrations 
(Table 4-6). 
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Table 4-6: Influence of substrate concentration on the enantioselectivity towards seudenol.a 

CALB preparation Seudenol 
M 

Initial rateb 
mmol min-1 g-1 

Eeff 

± SDd 
Chirazyme® L2, c-f, lyo 0.02 0.028 67 ± 2 

Chirazyme® L2, c-f, lyo 0.2 0.17 98 ± 2 

Chirazyme® L2, c-f, lyo 0.8 0.45 141 ± 4 

Chirazyme® L2, c-f, lyo 1.6 0.52 154 ± 1 

Novozym 435 0.02 0.16 119 ± 8 

Novozym 435 0.02c 0.14 124 ± 5 

Novozym 435 0.2 0.45 200 ± 7 

Novozym 435 0.8 0.53 199 ± 5 

Novozym 435 1.6 0.78 176 ± 7 
a Article VI; b per g of carrier; c 80 equivalents of acyl donor instead of 2; d Standard deviation 
 

Both immobilized preparations of CALB displayed their lower Eeff at the lowest 
seudenol concentration (0.02 M). Eeff did not change at concentrations higher 
than 0.2 M when Novozym 435 was used. On the other hand, the Eeff of 
Chirazyme® L2, c-f, lyo dramatically increased when the substrate concentration 
was increased. At high substrate concentration, all immobilized preparations 
reached a similar E-value, which we believe represents the true CALB 
enantioselectivity towards seudenol. It was concluded that diffusion limitations 
were the main cause of the differences in enantioselectivity between the 
immobilized preparations tested. 
The lowest reaction rate and enantioselectivity were obtained with a free CALB 
preparation (Table 4-5). This preparation, A, in Table 4-7, aggregated and stuck 
to the reaction vessel. Active-site titration of preparation A was performed in 
water using methyl p-nitrophenyl hexylphosphonate as an irreversible 
inhibitor.119 This preparation A contained 60% w/w active enzyme. Such high 
protein contents can give rise to mass-transport limitations. The local enzyme 
concentration was reduced by adding an excipient before lyophilization. Bovine 
serum albumin (BSA), which did not catalyze the reaction, was used as 
excipient. The two preparations obtained (preparations B and C, containing 6.5 
and 1.2% w/w free CALB in BSA, respectively) were more enantioselective and 
showed higher reaction rates than the original preparation A (entries B and C in 
Table 4-7). 
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Table 4-7: Influence of active enzyme content and immobilization on reaction rate and 
enantioselectivity in CALB catalyzed resolution of seudenol.a 

Entry CALB preparation Initial rateb 
mmol min-1 g-1 

Eeff 

± SDc 
A Free CALB, lyo 0.013 62 ± 5 

B 6.5% free CALB, lyo with BSA  0.13 96 ± 8 

C 1.2% free CALB, lyo with BSA  0.11 122 ± 12 

D 6.5% free CALB, lyo with inhibited CALB 0.074 93 ± 5 

F 0.9% CALB on Accurel 33 187 ± 12 
a Article VI; b per g of protein; c Standard deviation. 
 
Further experiments were carried out in order to confirm that mass-transport 
limitations were responsible for the low Eeff observed with preparation A. At 
first, an irreversibly-inhibited CALB was used as excipient instead of BSA. The 
preparation obtained, D, was quite similar to preparation B in terms of E-value 
and reaction rate. These results supported that BSA acted mainly by decreasing 
the local enzyme concentration in the aggregate, thus confirming mass-transport 
limitations. 
Secondly, the preparation A was immobilized by adsorption onto Accurel 
EP100. The preparation obtained, F, was three times more enantioselective and 
1000 times more active toward seudenol than the original preparation A. 
Furthermore, the enantioselectivity of preparation F reached a level similar to 
that of the most enantioselective preparations presented in Table 4-6. We then 
concluded that diffusion limitations were indeed the main cause of the difference 
in enantioselectivity between the lyophilized enzyme preparations. 

4.2.4.4 Desymmetrization of meso-alcohols 
Lipase-mediated enantioselective acylations of diols have been review.120 In our 
study, meso-2,3-butanediol was desymmetrized in methyl t-butyl ether. In such a 
process, the presence of mass-transport problems should influence the reaction 
rate but not the selectivity. This is because the concentration of the two alcohol 
groups remains equal even though the total substrate concentration is reduced in 
the particles. 
The results from the desymmetrization experiments are summarized in Table 
4-8. All of the CALB preparations displayed similar selectivity towards meso-
2,3-butanediol, which supported the above evidence that mass-transport 
limitations were responsible for the differences in enantioselectivity towards 
seudenol between the preparations tested. 
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Table 4-8: Desymmetrization of meso-2,3-butanediol.a 

CALB preparation Diol 
M 

Eeff 

± SDb 
Chirazyme® L2, c-f, lyo 0.05 11.3 ± 1.2 

Chirazyme® L2, c-f, lyo 0.2 10.4 ± 0.9 

Novozym 435 0.05 9.0 ± 0.2 

Novozym 435 0.2 9.5 ± 0.4 

Chirazyme® L2, c-f, C3, lyo 0.05 12.8 ± 0.3 

Chirazyme® L2, c-f, C3, lyo 0.2 13.0 ± 0.5 

Free CALB, Lyo 0.05 10.0 ± 0.8 

6.5% free CALB, lyo with BSA  0.05 11.4 ± 1.0 
a Article VI; b Standard deviation. 
 
Our experimental results provide one of the first pieces of experimental evidence 
that diffusional effects can be important in the enzyme-catalyzed kinetic 
resolution in organic media. Mass-transport limitations are detrimental to 
enantioselectivity and reaction rate and should thus be avoided in kinetic 
resolution. Further, the effects can be dramatic, the larger changes being 1000 
times in reaction rate and three times in E-value in this study. 
Diffusion limitations can be minimized by the use of immobilized enzyme 
preparations at high substrate concentrations. Low enzyme loading onto the solid 
support and small particle size will also help to overcome mass-transport 
limitations in organic solvents. 
It should be pointed out, that mass-transport limitations influence not only the 
stereoselectivity but also the substrate specificity. For instance, Barros and co-
workers have shown that the acyl donor specificity of α-chymotrypsin is reduced 
when high load of enzyme on a solid support is used.56  
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5- Molecular basis of the enantioselectivity of 
CALB towards sec-alcohols 

The mechanism of CALB enantiorecognition will be discussed in this chapter. 
The first insight into the molecular basis of the chiral recognition of sec-alcohol 
enantiomers by CALB was provided by means of X-ray crystallographic and 
molecular-modeling studies.82 In that work, the transition states of 1-phenyl 
octanoate and of a butyrate of a glycerol derivative were modeled in the active 
site of the enzyme. In the simulation of 1-phenylethyl octanoate, the phenyl 
group was pointing towards the surface. The methyl group of the (R) enantiomer 
fitted nicely into a small pocket situated at the bottom of the active site. The 
methyl group of the (S) enantiomer was situated in a similar place after 
molecular dynamics, but the alcohol oxygen atom had moved toward the 
oxyanion hole. This rearrangement during the simulation had broken the 
catalytically essential hydrogen bond between the alcohol oxygen atom and 
His224, suggesting that the (S) alcohol could not easily accept a proton from the 
catalytic histidine and, therefore, was not an efficient leaving group. 
In article III, the mechanism of chiral recognition was further investigated by 
means of molecular modeling and kinetic experiments and in article IV, the 
model was evaluated with a series of halogenated sec-alcohols. 
Molecular modeling of the transition state of the fast- and slow-reacting 
enantiomers of aliphatic sec-alcohols was performed in article III. The correct 
fast-reacting enantiomer was predicted for four out of the five substrates tested. 
Hæffner et al. were able correctly to predict the fast-reacting enantiomers of all 
three substrates tested using different clusters of amino acid residues in their 
calculations.121  
The substrates were docked manually in the active site in two positions, which 
will be referred to as docking modes I and II. In docking mode I, the large-size 
group at the stereocenter of the alcohols pointed towards the entrance and the 
medium-size substituent was placed in a region of limited size as previously 
described by Uppenberg et al. for the (R)-1-phenylethanol.82 This region of 
limited size is located at the bottom of the active site and will be referred to as 
the stereoselectivity pocket. In the docking mode II, the large- and medium-size 
substituents are permuted, i.e. the large substituent is placed in the 
stereoselectivity pocket. The catalytic machinery is omitted in Scheme 5-1 for 
the sake of clarity; the reader could look at Scheme 3-1 for a more detailed 
representation of this part of the enzyme. 
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The two docking modes of sec-alcohols are depicted in Scheme 5-1. In this 
scheme, the large pocket represents the entrance of the active site and the 
stereoselectivity pocket represents the region of limited volume mentioned 
above. 
According to the modeling, the fast-reacting enantiomer binds as described by 
Uppenberg et al.82 The slow reacting enantiomers could also bind in the same 
orientation but this orientation (docking mode I) often lacked the important 
hydrogen bond between the alcohol oxygen atom and His224 and often had a 
higher potential energy than the docking mode II. Thus, it was concluded that 
docking mode I was unproductive for the slow-reacting enantiomer and instead 
this enantiomer had to bind in the docking mode II in order for its reaction to be 
catalyzed (Scheme 5-1). 
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Docking mode I: 
Optimal for the fast-reacting enantiomer 

Docking mode II: 
Optimal for the slow-reacting enantiomer  

Scheme 5-1: Representation of the productive docking modes of sec-alcohol enantiomers in 
their transition states. L and M represent the large and medium-sized substituents at the 
stereocenter of the alcohol. 

Some of the striking differences in enantioselectivity experimentally observed 
were rationalized with the help of the above model. Some examples will be 
presented in order to illustrate the model. These substrates and their E-values are 
presented in Table 5-1. A more exhaustive series of substrates can be found in 
article IV. 
The stereoselectivity pocket can accommodate the large as well as the medium 
substituents of 12. Thus, the fast- and the slow-reacting enantiomer can bind in 
their respective productive docking modes I and II. As a result, the 
enantioselectivity is low. In contrast, the large substituent of 1 can hardly fit into 
the stereoselectivity pocket that can easily accommodate only an ethyl group. 
The enantioselectivity is, therefore, dramatically increased due to this lack of 
space for (S)-2-pentanol to dock in its productive docking mode II. 
The docking mode concept can also be used to explain the great difference in 
enantioselectivity between halohydrins and their non-halogenated analogues, as 
exemplified by 4 and 12. Their large substituents have different electrostatic 
potentials. There may be unfavorable electrostatic interactions between the 
halogenated group and the stereoselectivity pocket. Such unfavorable 
interactions will restrain the slow-reacting enantiomer from binding in its 
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productive docking mode II and consequently the enantioselectivity will 
increase. If so, the opposite effect should be expected for substrates with a 
halogen atom placed on their medium-sized substituent because the fast-reacting 
enantiomer orients the medium substituent in the pocket (docking mode I). Such 
a difference was found experimentally (entries 14 and 15). 1-Bromo-2-butanol 
has two substituents of approximately the same size, so that E reflects the 
electrostatic contribution to the enantioselectivity for vic-brominated substrates 
which is more than 2 kcal mol-1. Site-directed mutagenesis of the 
stereoselectivity pocket was suggested in order successfully to resolve long-
chain halohydrins like 14 (article IV). 

Table 5-1: Kinetic resolution of some sec-alcohols.a 

Substrate  E F.r.b ∆∆G
#
 

(kcal mol-1) 
12 

OH  
9 R 1.4 

1 
OH  

>500 R 3.7 

4 Br
OH  

371 R 3.5 

14 C6H13 Br
OH  

7 S 1.2 

15 C6H13

OH  
340 R 3.4 

a Article III; b F.r. fast-reacting enantiomer.  
 
The concept of different binding modes for enantiomers has been applied to 
other lipases. Most researchers agree on the productive orientation of the fast-
reacting enantiomers. The productive orientation of the slow-reacting enantiomer 
is more problematic and different orientations have been proposed for this 
enantiomer.72 Different binding modes have been proposed by our group to 
rationalize the enantioselective inhibition of Candida rugosa lipase122 and the 
switched enantiopreference of Humicola lanuginosa lipase for 2-
phenoxylalkanoic acid ester homologues123. 

5.1.1.1 Transition-state analogues 
Alternative methods were considered in order to confirm the model presented in 
the first section of this chapter. Determination of the 3-D structure of enzyme-
transition-state-analogue complexes looked appealing, because the structure of 
CALB had already been solved.81 The fact that the 3-D structure of the free 
enzyme was known should in principle allow a rapid determination of the 3D-
structures by molecular replacement techniques once suitable crystals of the 
complexes would had been produced. The hypothetical 3-D structures might give 
experimental evidence about the orientation of the alcohol moiety in the 
transition states of the fast- and slow-reacting enantiomers. 
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This strategy has proved to be useful with Candida rugosa lipase.124 In this 
study, the orientation of the two enantiomers of menthol has been determined by 
X-ray crystallography. The authors proposed that the lack of a hydrogen bond 
between Nε2 of His449 and the oxygen of (1S)-menthol accounted for the lower 
reactivity of (1S)-menthyl esters compared with their (1R)-menthyl ester 
analogues. 
Sulfonate inhibitors mimic the transition state TS1 in Scheme 3-2 in an 
esterification reaction, while phosphonate inhibitors mimic the transition state 
TS2 in Scheme 3-2.125 In our investigation, phosphonate inhibitors would be 
suitable to mimic the TS of interest. CALB has been shown to be irreversibly 
inhibited by some phosphonates.119; 126 
 (SP,RP)-(R)-2-octyl hexylphosphonochloridates and (SP,RP)-(S)-2-octyl 
hexylphosphonochloridates were chosen to mimic 2-octanol that shows an E-
value higher than 200. 
These inhibitors were synthesized according to the procedure used by Grochulski 
et al.124 for the preparation of (SP,RP)-menthyl hexylphosphonochloridates. 
Enantiomerically pure (S)-2-octanol (e.e.>99.95) was prepared by CALB-
catalyzed transesterification in hexane and the enantiomerically pure (R)-2-
octanol (e.e.>99.9) was obtained by enzymatic hydrolysis of the (R)-2-octanyl 
acetate produced in first kinetic resolution above. 
(R)-2-octyl hexylphosphonochloridate was prepared by the 1H-tetrazole-
catalyzed reaction127 of hexylphosphonic dichloride with (R)-2-octanol in the 
presence of diisopropylethylamine. The reaction selectively replaced one 
chlorine atom and gave a diastereomeric mixture of (SP,RP)-(R)-2-octyl 
hexylphosphonochloridates. Attempts to separate the diastereoisomers formed 
resulted in low yields (typically around 10%) and moderate d.e. values (between 
50 and 80%). 
CALB was successfully inhibited by the (SP,RP)-(R)-2-octyl 
hexylphosphonochloridates and (SP,RP)-(S)-2-octyl hexylphosphonochloridates. 
The complexes have not been used for crystallization experiments to date. 
This chemistry was also used to prepare active-site titrators for lipases. These 
titrators and the active-site titration method are not discussed in this thesis.119 
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6- Improving the enantioselectivity of CALB 
through protein engineering 

The methylotrophic yeast Pichia pastoris had been used for the overexpression 
of lipases128; 129 and has been found to be a suitable host for the overexpression 
of CALB.130 The lipase was expressed extracellularly and purified from the 
medium by hydrophobic interaction chromatography, followed by gel 
filtration.79; 130 The CALB produced in P. pastoris showed the same activity and 
enantioselectivity as the CALB provided by Novo Nordisk towards the substrates 
tested (seudenol, 1-bromo-octanol and 1-chloro-2-octanol). The presence of the 
gene in the lab allowed us to start protein engineering of CALB. 
Only a few lipases/esterases have so far had their enantioselectivity improved 
through protein engineering. These altered biocatalysts have been obtained by 
directed evolution131-133, gene shuffling,134 site-directed mutagenesis135; 136 and 
chemical modification137. The effects have been achieved either by random 
approaches131-135 or through rational designing136; 137. 
A model of the enantioselectivity of CALB towards sec-alcohols was proposed 
in the previous chapter. This knowledge about CALB enantioselectivity made 
site-directed mutagenesis an appealing option to test our model and create new 
enantioselective biocatalysts towards poorly resolved compounds. 

6.1 Improving the enantioselectivity of CALB towards 
halohydrins 

Long-chain halohydrins such as compounds 14 and 1-chloro-2-octanol are 
poorly resolved by CALB (article II) and we suggested that this was due to 
unfavorable interactions between the halogen atom and the stereoselectivity 
pocket (article IV).  

6.1.1 Design of the mutants 
Thr40, Thr42, Ser47 and Trp104 define the stereoselectivity pocket of CALB 
(Scheme 6-1). Thr40 is placed in a loop that is part of the oxyanion hole and both 
its back-bone and its side-chain form hydrogen bonds with the oxyanion formed 
in the transition state. Therefore, Thr40 is not a good candidate for site-directed 
mutagenesis. Thr42 is placed in the same loop as Thr40, while Ser47 is located at 



Improving the enantioselectivity of CALB through protein engineering 

42 

the beginning of an alpha-helix just after this loop. Trp104 is in the nucleophilic 
elbow and represents the bottom or floor of the active site. 
Steric interactions are ruled out as causes of the unfavorable interactions, 
because 1-bromo-2-butanol, which has two almost isosteric substituents at the 
stereocenter, is successfully resolved by CALB (E=81, article II). In order to 
maintain the enantioselectivity of CALB, the size of the stereoselectivity pocket 
should not increase so as to facilitate for the slow enantiomer to bind in its 
productive docking mode II (Scheme 5-1). Moreover, the affinity of the CH2Br 
and the CH2Cl moieties should instead be increased to favor the docking mode I 
of the fast reacting enantiomer. 
Intuitively, it was thought that the bromine atom might be repulsed by the 
electronegative hydroxyl groups present in the stereoselectivity pocket, as 
schematically represented to the right of Scheme 6-1. If the alcohol moieties 
were removed or replaced by basic amino acid residues, the electrostatics of this 
region would be changed and the attraction for halogenated substituents could 
increase. 
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Scheme 6-1: Cartoon of the active site of CALB with the substrate in the docking mode I. The 
active serine and the amino acids forming the stereoselectivity pockets are represented to the 
left. A possible reason for the unfavorable interactions between the pocket and the CH2Br 
group is indicated to the right. 

6.1.1.1 Molecular modeling 
Residues of interest were virtually mutated and the energy of the mutated 
enzymes was minimized using SYBYL (Tripos Inc., St Louis, MO, USA). 
Molecular dynamics (MD) was performed on these residues, followed by energy 
minimization. Upon mutation into a histidine, both the protonated and the 
unprotonated forms were considered. The entire enzyme was then subjected to 
the same procedure (minimization + MD + minimization). The following 
mutants were built using this method: Ser47Ala, Ser47Asn, Ser47His, Thr42Asn, 
Thr42Asp, Thr42His, Thr42Val, Trp104His and Ser47Ala-Thr42Val. The 
structures resulting were inspected visually for catalytic relevance. Irrelevant 
structures often displayed a great rearrangement of the loop containing Thr40, 
i.e. the loop had flipped away from where the oxyanion would have been placed. 
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The interactions of a probe, which mimics a functional group, with a protein can 
be computed at sample positions throughout and around the macromolecule. 
Energy contour levels of the probe can then be calculated and displayed by 
computer graphics together with the protein structure. The software GRID138 
was used to calculate the interactions between the halogenated moiety of the 
alcohol and the active site of CALB by using the organic bromine probe as well 
as the methyl probe, and studying the difference in their interactions. 
The energy contour map obtained for the wild type lipase with the organic 
bromine probe confirmed that the stereoselectivity pocket was not a favorable 
binding site for the CH2Br group. The energy contour maps of the mutants 
Ser47Ala, Thr42Val-Ser47Ala and Thr42Asn suggested an increase in affinity 
for the CH2Br group in the vicinity of the stereoselectivity pocket. Among these 
three mutants, the Thr42Asn displayed the highest, but still moderate, attractions 
for the CH2Br group. Calculation on the Trp104His mutation exhibited a binding 
site favorable for the organic bromine in this region, but a large cavity was also 
created. As a result, this mutation should facilitate for both the fast and the slow 
enantiomers to bind in their productive docking modes. 

6.1.2 Site-directed mutagenesis 
The creation and production of CALB Ser47Ala, Thr42Val, Thr42Val-Ser47Ala 
and Trp104His were investigated. Basic protocols used for the molecular biology 
were described in a lab manual.139 I took experimentally active part only in the 
mutation involving the mutS method. Thus, I will not discuss the overlap PCR in 
detail, although this technique was used to produce three of the mutants. This 
method had turned out to be slow due to, among other things, a problematic 
subcloning step.  
Due to the problem encountered with the subcloning, direct mutation of the 
plasmid containing the CALB gene was attempted. Direct PCR techniques 
without subcloning were not considered promising alternatives due to the size of 
the vector used (>10 kb)140. The Transformer site-directed mutagenesis kit 
(Clontech Laboratories Inc., Palo Alto, CA, USA) was used instead of PCR for 
the introduction of the mutation Trp104His (Scheme 6-2). This kit is based on 
the method of Deng and Nickoloff.141  
Two primers (synthetic pieces of single stranded DNA) were simultaneously 
annealed to the template strand of a denatured double stranded DNA. The 
mutagenic primer introduced the desired mutation in the gene of interest. The 
second primer (the selection primer) mutated the unique Sma I restriction site (a 
sequence of DNA specifically cleaved by a restriction enzyme) in the plasmid. 
The second strand was synthesized with DNA polymerase and ligated with a 
DNA ligase (elongation and cyclization of the second strand of DNA) leading to 
one mutated strand in the plasmid. After deactivation of the enzymes, the 
original plasmid was linearized with Sma I (the DNA was cut once if the 
sequence was present in the plasmid). The linear plasmid is at least 100 times 
less efficient in transformation (introduction) into bacterial cells.142  
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Scheme 6-2: Procedure for the site-directed mutagenesis of Trp104His. Scheme adapted from 
the manual of the Transformer Site-Directed Mutagenesis Kit (Clontech Lab. Inc.). 
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The plasmids were transformed (introduced) into a mutS Escherichia coli strain 
defective in mismatch repair (randomly one strand was copied). The selection 
procedure should reduce the proportion of parental plasmid present in the DNA 
pool. The mixed plasmid pool was then isolated and subjected to a second 
selection with Sma I. This second selection step should further increase the 
proportion of mutated plasmid. The resulting mixture was transformed into E. 
coli and plated. Four colonies (a colony originates from one cell) were picked 
from the plate. One colony contained the sma I site. Thus, only the other three 
were sequenced on both strands using the BigDye terminator cycle sequencing 
kit (Perkin-Elmer).143 Out of these three clones, one clone contained the unique 
desired mutation Trp104His.  

6.1.3 Lipase production and purification 
The wild-type enzyme and the four mutants were produced and purified as 
described for the wild-type lipase.130 The biocatalysts were immobilized on 
Accurel EP100 to avoid diffusion limitations. This immobilization procedure 
provided an efficient lipase preparation for the kinetic resolution of seudenol 
(article VI). The immobilized lipases were equilibrated against a saturated 
aqueous LiCl solution before use. 

6.1.4 Kinetic resolution experiments 

6.1.4.1 Synthesis of the substrates 
We prepared 1-chloro-2-octanol and 1-bromo-2-octanol according to the 
procedure of Bonini et al. instead of the procedures previously used in article 
II.144 1,2-Epoxyoctane was added to LiX (X=Br or Cl) in CH3CN in the 
presence of Amberlyst 15 resin and stirred for 30 minutes at room temperature. 
The crude mixtures of isomers were purified by medium pressure 
chromatography on silica gel, affording 1-bromo-2-octanol in 80% and 1-chloro-
2-octanol in 75% yield. 

6.1.4.2 Kinetic resolutions 

X
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Scheme 6-3: Kinetic resolution of halohydrins, catalyzed by CALB. 

The results of the kinetic resolution of 1-bromo-2-octanol and 1-chloro-2-octanol 
are presented in Table 6-1. Large differences in enantioselectivity were observed 
between the mutants. The best enantioselectivity was achieved with the mutant 
Ser47Ala with which the enantioselectivity was twice as high as with the wild-
type lipase. This represented an increase in ∆∆G# of 0.4 kcal mol-1 with both 
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substrates. The mutation Thr42Val did not affect the enantioselectivity and the 
double mutations led to a catalyst that was more enantioselective than the WT, 
but not as good as Ser47Ala. This suggested that only the mutation Ser47Ala 
was important for the enantioselectivity. The almost total loss of 
enantioselectivity with the mutant Trp104His was in agreement with the low 
enantioselectivity reported by Patkar et al. for this mutant towards aliphatic sec-
alcohols145. 

Table 6-1: Kinetic resolution of the target halohydrins catalyzed by CALB wild-type and 
mutated lipases in hexane.a 

CALB  1-bromo-2-octanol 1-chloro-2-octanol 
 E ∆∆G#b E ± SDc ∆∆G#b 
Wild-type 6.5 ± 0.4 1.1 14 ± 2 1.6 

Thr42Val 6.7 ± 0.3 1.1 15 ± 2 1.6 

Ser47Ala 12.4 ± 0.4 1.5 28 ± 3 2.0 

Thr42Val-Ser47Ala 9.4 ± 0.8 1.3 20 ± 2 1.8 

Trp104His 1.7 ± 0.1 0.3 2.0 ± 0.1 0.4 
a Article VII; b kcal mol-1; c Standard deviation. 
 
The increase in enantioselectivity found with the Ser47Ala and Thr42Val-
Ser47Ala CALB mutants supports our hypothesis concerning the possible 
unfavorable interactions between the CH2Br group and the stereoselectivity 
pocket as well as the model presented in Chapter-5. The loss of 
enantioselectivity of the mutant Trp104His also supported our proposed 
mechanism for the enantiorecognition of sec-alcohol enantiomers by CALB. 
This mutation increased the size of the stereoselectivity pocket, which could now 
accommodate both the large and the medium-sized substituents of 1-bromo-2-
octanol and 1-chloro-2-octanol. Consequently, not only the fast-reacting 
enantiomer but also the slow one could bind in their productive docking modes 
(Scheme 5-1). 
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7- Concluding remarks 

Candida antarctica lipase B (CALB) has proven to be a versatile biocatalyst in 
asymmetric synthesis and its applications have flourished in research and in 
industry during recent years. 
This biocatalyst is commercially available in various formulations designed for 
application either in water or in organic solvents. The immobilized preparations 
Novozym 435 and Chirazyme L-2, C3, lyo display high enantioselectivity and 
activity in organic media. Further, these enzyme preparations are quite active 
even at low water activity and can tolerate relatively polar solvents such as 
acetonitrile. 
The substrate specificity of CALB towards sec-alcohols was clarified in this 
study and simple empirical rules qualitatively predicting its enantioselectivity 
towards sec-alcohols were defined. This lipase accepts large substituents of 
almost any size at its stereocenter. Regarding the reaction rate and the 
enantioselectivity, on the other hand, CALB shows strong restrictions concerning 
the medium substituents. 
A change of the reaction conditions or of the formulation of the biocatalyst could 
affect the reaction rate and the enantioselectivity significantly. Parameters 
important for the enantioselectivity were reviewed for guidance on selecting 
suitable reaction conditions in kinetic resolutions. Poor enantioselectivity could 
be altered into an excellent one by optimizing the reaction conditions and of the 
biocatalyst formulation. 
We reported that mass-transport limitations could significantly decrease the 
effective enantioselectivity and the reaction rate in enzyme-catalyzed kinetic 
resolutions in organic solvents. Very little attention has been given to this 
phenomenon in enzymatic asymmetric transformations. Moreover, mass-
transport limitations could be potentially present in many systems that have been 
used in literature (particularly when lyophilized enzyme preparations were used 
in organic solvents). The commercially available CALB preparations Novozym 
435 and Chirazyme L-2, C3, lyo were little affected by mass-transport 
limitations. This could account partially for the large number of successful 
applications of Novozym 435 in organic solvents. 
The combination of molecular modeling with experimental data was a useful 
strategy for clarifying the mechanism of CALB molecular recognition of sec-
alcohol enantiomers. Using this approach, the origin of its enantioselectivity was 
found in different orientations of the enantiomers of the sec-alcohols in the active 
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site. A region of limited size situated at the bottom of the active site (the 
stereoselectivity pocket) played an important role in the enantiorecognition. 
This understanding of the molecular basis of CALB enantioselectivity allowed 
redesigning the enantioselectivity of CALB through rational protein engineering. 
The first experiments carried out were positive, the mutants created showing 
changes in enantioselectivity essentially as anticipated. In this first set of 
experiments, the enantioselectivity towards the target compounds was at best 
only doubled. However, these results gave good prospects for future protein 
engineering of CALB enantioselectivity. They also demonstrated that the 
enantioselectivity could be tuned by modifying the stereoselectivity pocket. 
Further, these results, achieved by site-directed mutagenesis, supported the 
proposed model of molecular recognition of sec-alcohol enantiomers by this 
commonly used lipase.  
Our work and a few other recent reports show that successful rational design of 
the enantioselectivity of lipases is possible if good knowledge of enzyme-
substrate interactions has been established. Molecular modeling can provide such 
insight which is essential in rational design. Moreover, the prospects of rational 
design are likely to increase in the future due to increasing knowledge in enzyme 
catalysis, molecular modeling and structural biology. 
Nevertheless, directed evolution is also a powerful technique for protein 
engineering. In the future, combination of rational design and directed evolution 
will lead to rapid creation of new synthetically useful biocatalysts for preparative 
biotransformations. 
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8- Supplementary material 

1H and 31P NMR spectra were recorded at 270 and 108 MHz on a JEOL using 
Si(CH3)4 and H3PO4 (85 wt. % solution in water) respectively as external 
standards. 
 

8.1 Kinetic resolution of 3-methyl-2-cyclohexen-1-ol 
(seudenol) 

The CALB preparations were equilibrated against a saturated aqueous LiCl 
solution for 2 days (aw=0.1). In a sealed vial, 3-methyl-2-cyclohexen-1-ol (2 
mmol) was added to the CALB preparation suspended in hexane (previously 
dried over molecular sieves). The mixture was stirred at 500 rpm in a 
thermostated multistirrer at 23 °C except when a different temperature was stated 
in the Table. Vinyl alkanoate (2 equiv, 4 mmol) was added to the solution and 
samples were taken regularly. The enantiomeric excesses, ees and eep, were 
monitored by chiral GC (Chrompack CP Chiralsil-dex CB 25m×0.32mm or a 
J&W scientific CycloSil-B 30m×0.32mm, FID detector). The enantiomeric ratio 
values, E, were based on four to six measurements at different conversions, all 
lower than 50%. E-values were calculated according to the Equation 2-8 and 
were computed with the program Simfit15. 
The above procedure was used for the experiments reported in Table 4-3, Table 
4-4 and Paragraph 4.2.2. 
 

8.2 (SP,RP)-(R)-2-octyl hexylphosphonochloridates 
Under an argon atmosphere, 1H-tetrazole (10 mg, 0.15 mmol) was dissolved in 
dry benzene (20 mL). (R)-2-Octanol (0.28 mL, 1.8 mmol, e.e.>99.9%) and 
diisopropylethylamine (0.32 mL, 1.8 mmol) were added and the solution was 
cooled down to 6 °C. Hexylphosphonic dichloride (0.31 mL, 1.8 mmol) was 
added dropwise, and the reaction was allowed to warm up to room temperature. 
After complete reaction of (R)-2-octanol, the salt was filtered off and the solvent 
evaporated. The crude liquid was purified by medium-pressure liquid 
chromatography (silica gel, gradient hexane-EtOAc) to yield 264 mg (54%) of a 
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diastereoisomeric mixture of (SP,RP)-(R)-2-octyl hexylphosphonochloridates as a 
clear oil. 
1H NMR (270 MHz, CDCl3) δ 4.7 (m, 1H), 2.05-2.15 (m, 2H), 1.5-1.8 (m, 4H), 
1.29-1.48 (m, 17H), 0.91 (m, 6H). 
31P NMR (108 MHz, CDCl3) δ 44.6, 44.1. 
 
 

8.3 (SP,RP)-(S)-2-octyl hexylphosphonochloridates  
The compounds were synthesized as described above for the (SP,RP)-(R)-2-octyl 
hexylphosphonochloridate diastereoisomers using (S)-2-octanol (e.e.>99.95%). 
The isolated yield was 216 mg (41%). 
1H NMR (270 MHz, CDCl3) δ 4.7 (m, 1H), 2.05-2.15 (m, 2H), 1.5-1.8 (m, 4H), 
1.29-1.48 (m, 17H), 0.91 (m, 6H). 
31P NMR (108 MHz, CDCl3) δ 44.5, 44.1. 
 



 

51 

9- Acknowledgments 

I express my gratitude to my supervisor Prof. Torbjörn Norin for giving me the 
opportunity to work in the biocatalysis group. I would especially like to thank 
him for his enthusiasm, generosity and trust during these years. 
 
I thank Prof. Karl Hult, my biochemistry mentor, for guidance, advice and 
welcoming me in the Dept. Biotechnology. He is also acknowledged for sharing 
his fervor about outdoor activities, especially for introducing me to 
“långfärdsskridskor” which transformed the dark Swedish winter into a fantastic 
playground. 
 
I thank Prof. Romas Kazlauskas for the fruitful months spent in his lab at McGill 
University. 
 
I am indebted to all the co-authors of my articles and to Docent Gunhild Aulin-
Erdtman for valuable linguistic comments on the thesis. 
 
I am grateful to Prof. Christina Moberg and Prof. Peter Somfai for their 
commitment to the Dept. of Chemistry, Organic Chemistry. 
 
The Swedish Natural Science Research Council (NFR) and the Swedish Research 
Council for Engineering Sciences (TFR) are acknowledged for financial support. 
 
This story began in April 1994 when a little French man landed on the cold white 
ground of the land of the midnight sun. Rich with a large English vocabulary 
(basically the two words yes and no) and with a broken arm (plaster actually 
does not insulate that well!), I was well prepared for a first Nordic experience. I 
thank Mamie, Herve and Jean-Louis, who I met on the plane, for helping me to 
survive with only a left hand in a non-French environment during these great 
months. Anders M. and Niklas Ö. were a great support during this first period in 
the lab. I enjoyed my first Nordic experience, and a year later I started my Ph.D. 
in the bioorganic group at KTH. 
 
I thank colleagues and friends from the biocatalysis, ex-bioorganic group, for the 
great scientific atmosphere, special thanks to: Christian O., the Italian temper, 
for his precious help at the start of my Ph.D.; Jenny O. and Fredrik V., the 
perfect lab mates, for their friendship and generosity; Joke, we will see later; 



Acknowledgments 

52 

Sami R. and Linda F., the people from the cave, for showing me the way through 
the labyrinth of the molecular modeling; Per B. for fruitful scientific discussions. 
 
I thank all present and former colleagues at the Dept. Organic Chemistry for the 
good atmosphere, especially Ulla J. for NMR and skating tips; Peter B. for his 
great, but long, stories, and Rikard U. for collaboration. 
 
I express my gratitude to the people from the XVE (Dept. of Biotechnology), 
where I always felt welcome, for theirs contributions to a friendly and creative 
atmosphere. Special thanks go to Stuart, the aussie for, among other things, 
excellent collaboration on the large-scale fermentation project. The train of 
11h30 to Quantum or Kristina is also acknowledged for all the “gastronomic” 
journeys. 
 
I thank the French-Swiss colony: the smiling Claire for her kindness and sharing 
my passion for sailing and windsurfing; le gars Manu for being always himself; 
le phil the great amateur of MTB stunts, for his remarkable rides; le père Thierry 
and Guillaume for our many climbing challenges. 
 
My gratitude includes all my friends in the cheesy countries (some of you may 
have realized that I just made million of enemies in France!), among them 
particular thanks to Jean-Louis and Kathleen. 
I thank my parents in law, Lies and Tieme, for their kindness and their numerous 
warm visits, hope to see you even more often. 
I warmly thank my parents, Charles and Josette, my sister Chantal and my 
brother Guy for their support. 
Finally, big thanks to Joke, my sweet heart, for all the happiness she has brought 
into my life. 
 
 



 

53 

10- References 

1. Stinson, S.C., Chiral drugs, Chem. Eng. News, 1993, Sep. 27: 38. 
2. Stinson, S.C., Chiral drug interactions, Chem. Eng. News, 1999, Oct. 11: 101. 
3. Parker, D.; Taylor, R.J., Analytical methods: Determination of enantiomeric 

purity, in Asymmetric synthesis, 1st ed., Aitken, R.A. and Nilényi, S.N., Eds., 
London, Chapman & Hall, 1992, 33. 

4. Dale, J.A.; Dull, D.L.; Mosher, H.S., α-Methoxy-α-trifluoromethylphenylacetic 
acid, a versatile reagent for the determination of enantiomeric composition of 
alcohols and amines, J. Org. Chem., 1969, 34: 2543. 

5. Eliel, E.L.; Wilen, S.H., Stereochemistry of organic compounds, Wiley, New 
York, 1994. 

6. Aitken, R.A.; Nilényi, S.N., Eds., Asymmetric synthesis, Chapman & Hall, 
London, 1992. 

7. Tokunaga, M.; Larrow, J.F.; Kakiuchi, F.; Jacobsen, E.N., Asymmetric catalysis 
with water: Efficient kinetic resolution of terminal epoxides by means of 
catalytic hydrolysis, Science, 1997, 277: 936. 

8. Fersht, A., Enzyme structure and mechanism, 2nd ed., Freeman, New York, 
1985. 

9. Chen, C.-S.; Fujimoto, Y.; Girdaukas, G.; Sih, C.J., Quantitative analyses of 
biochemical kinetic resolutions of enantiomers, J. Am. Chem. Soc., 1982, 104: 
7294. 

10. Chen, C.-S.; Wu, S.-H.; Girdaukas, G.; Sih, C.J., Quantitative analyses of 
biochemical kinetic resolutions of enantiomers. 2. Enzyme-catalyzed 
esterifications in water-organic solvent biphasic systems, J. Am. Chem. Soc., 
1987, 109: 2812. 

11. Faber, K., Biotransformations in organic chemistry, 3rd ed., Springer, Berlin, 
1997. 

12. Straathof, A.J.J.; Jongejan, J.A., The enantiomeric ratio: origin, determination 
and prediction, Enzyme Microb. Technol., 1997, 21: 559. 

13. Faber, K.; Riva, S., Enzyme-catalyzed irreversible acyl transfer, Synthesis, 
1992, 895. 

14. Rakels, J.L.L.; Straathof, A.J.J.; Heijnen, J.J., A simple method to determine the 
enantiomeric ratio in enantioselective biocatalysis, Enzyme Microb. Technol., 
1993, 15: 1051. 

15. van Tol, J.B.A.; Jongejan, J.A.; Geerlof, A.; Duine, J.A., Enantioselective 
enzymatic catalysis. 2. Applicability of methods for enantiomeric ratio 
determinations, Recl. Trav. Chim. Pays-Bas, 1991, 110: 255. 

16. Stecher, H.; Faber, K., Biocatalytic deracemization techniques: dynamic 
resolutions and stereoinversions, Synthesis, 1997, 1. 



References 

54 

17. Strauss, U.T.; Felfer, U.; Faber, K., Biocatalytic transformation of racemates 
into chiral building blocks in 100% chemical yield and 100% enantiomeric 
excess, Tetrahedron: Asymmetry, 1999, 10: 107. 

18. Hirohara, H.; Nishizawa, M., Biochemical synthesis of several chiral insecticide 
intermediates and mechanisms of action of relevant enzymes, Biosci. Biotech. 
Bioch., 1998, 62: 1. 

19. Larsson, A.L.E.; Persson, B.A.; Bäckvall, J.-E., Enzymatic resolution of 
alcohols coupled with ruthenium-catalyzed racemization of the substrate 
alcohol, Angew. Chem. Int. Ed. Engl., 1997, 36: 1211. 

20. Persson, B.A.; Larsson, A.L.E.; Le Ray, M.; Bäckvall, J.-E., Ruthenium- and 
enzyme-catalyzed dynamic kinetic resolution of secondary alcohols, J. Am. 
Chem. Soc., 1999, 121: 1645. 

21. Ueji, S.; Fujino, R.; Okubo, N.; Miyazawa, T.; Kurita, S.; Kitadani, M.; 
Muromatsu, A., Solvent-induced inversion of enantioselectivity in lipase-
catalyzed esterification of 2-phenoxypropionic acids, Biotechn. Lett., 1992, 14: 
163. 

22. Bornscheuer, U.; Herar, A.; Kreye, L.; Wendel, V.; Capewell, A.; Meyer, H.H.; 
Scheper, T.; Kolisis, F.N., Factors affecting the lipase catalyzed 
transesterification reactions of 3-hydroxy esters in organic solvents, 
Tetrahedron: Asymmetry, 1993, 4: 1007. 

23. Carrea, G.; Ottolina, G.; Riva, S., Role of solvents in the control of enzyme 
selectivity in organic media, Trends Biotechnol., 1995, 13:  63. 

24. Halling, P.J., Organic liquids and biocatalysts: theory and practice, Trends 
Biotechnol., 1989, 7: 50. 

25. Zaks, A.; Klibanov, A.M., Enzymatic catalysis in nonaqueous solvents, J. Biol. 
Chem., 1988, 263: 3194. 

26. Zacharis, E.; Moore, B.D.; Halling, P.J., Control of enzyme activity in organic 
media by solid-state acid-base buffers, J. Am. Chem. Soc., 1997, 119: 12396. 

27. Yasufuku, Y.; Ueji, S.-I., Effect of temperature on lipase-catalyzed esterification 
in organic solvent, Biotechnol. Lett., 1995, 17: 1311. 

28. Sakai, T.; Kawabata, I.; Kishimoto, T.; Ema, T.; Utaka, M., Enhancement of the 
enantioselectivity in lipase-catalyzed kinetic resolutions of 3-phenyl-2H-azirine-
2-methanol by lowering the temperature to -40 °C, J. Org. Chem., 1997, 62: 
4906. 

29. Overbeeke, P.L.A.; Ottosson, J.; Hult, K.; Jongejan, J.A.; Duine, J.A., The 
temperature dependence of enzymatic kinetic resolutions reveals the relative 
contribution of enthalpy and entropy to enzymatic enantioselectivity, Biocatal. 
Biotransform., 1999, 17: 61. 

30. Phillips, R.S., Temperature modulation of the stereochemistry of enzymatic 
catalysis: prospects for exploitation, Trends Biotechnol., 1996, 14: 13. 

31. Högberg, H.-E.; Edlund, H.; Berglund, P.; Hedenström, E., Water activity 
influences enantioselectivity in a lipase-catalysed resolution by esterification in 
an organic solvent, Tetrahedron: Asymmetry, 1993, 4: 2123. 

32. Wehtje, E.; Costes, D.; Adlercreutz, P., Enantioselectvity of lipases: effects of 
water activity, J. Mol. Catal. B: Enzym., 1997, 3: 221. 

33. Kvittingen, L.; Sjursnes, B.; Anthonsen, T.; Halling, P., Use of salt hydrates to 
buffer optimal water level during lipase catalysed synthesis in organic media: a 
practical procedure for organic chemists, Tetrahedron, 1992, 48: 2793. 

34. Kvittingen, L., Some aspects of biocatalysis in organic solvents, Tetrahedron, 
1994,  50: 8253. 



References 

55 

35. Gupta, A.K.; Kazlauskas, R.J., Substrate modification to increase the 
enantioselectivity of hydrolases. A route to optically-active cyclic allylic 
alcohols, Tetrahedron: Asymmetry, 1993, 4: 879. 

36. Ke, T.; Klibanov, A.M., Markedly enhancing enzymatic enantioselectivity in 
organic solvents by forming substrate salts, J. Am. Chem. Soc., 1999, 121: 3334. 

37. Dordick, J.S., Enzymatic catalysis in monophasic organic solvents, Enzyme 
Microb. Technol., 1989, 11: 194. 

38. Klibanov, A.M., Why are enzymes less active in organic solvents than in 
water?, Trends Biotechnol., 1997, 15: 97. 

39. Schmitke, J., L.; Wescott, C., R.; Klibanov, A.M., The mechanistic dissection of 
the plunge in enzymatic activity upon transition from water to anhydrous 
solvents, J. Am. Chem. Soc., 1996, 118: 3360. 

40. Adlercreutz, P., On the importance of the support material for enzymatic 
synthesis in organic media, Eur. J. Biochem., 1991, 199: 609. 

41. Wehtje, E.; Adlercreutz, P.; Mattiasson, B., Improved activity retention of 
enzymes deposited on solid supports, Biotechnol. Bioeng., 1993, 41: 171. 

42. Orsat, B.; Drtina, G.J.; Williams, M.G.; Klibanov, A.M., Effect of support 
material and enzyme pretreatment on enantioselectivity of immobilized 
subtilisin in organic solvents, Biotechnol. Bioeng., 1994, 44: 1265. 

43. Pencreac'h, G.; Baratti, J.C., Activity of Pseudomonas cepacia lipase in organic 
media is greatly enhanced after immobilization on a polypropylene support, 
Appl. Microbiol. Biotechnol., 1997, 47: 630. 

44. Triantafyllou, A.Ö.; Wehtje, E.; Adlercreutz, P.; Mattiasson, B., How do 
additives affect enzyme activity and stability in nonaqueous media?, Biotechnol. 
Bioeng., 1997, 54: 67. 

45. St. Clair, N.L.; Navia, M.A., Cross-linked enzyme crystals as robust 
biocatalysts, J. Am. Chem. Soc., 1992, 114: 7314. 

46. Zelinski, T.; Waldmann, H., Cross-linked enzyme crystals (CLECs): Efficient 
and stable biocatalysts for preparative organic chemistry, Angew. Chem. Int. Ed. 
Engl., 1997, 36: 722. 

47. Lalonde, J.J.; Govardhan, C.; Khalaf, N.; Martinez, A.G.; Visuri, K.; Margolin, 
A.L., Cross-linked crystals of Candida rugosa lipase: Highly efficient catalysts 
for the resolution of chiral esters, J. Am. Chem. Soc., 1995, 117: 6845. 

48. Paradkar, V.M.; Dordick, J.S., Mechanism of extraction of chymotrypsin into 
isooctane at very low concentrations of aerosol OT in the absence of reversed 
micelles, Biotechnol. Bioeng., 1994, 43: 529. 

49. Ottolina, G.; Carrera, G.; Riva, S.; Sartore, L.; Veronese, F.M., Effect of the 
enzyme form on the activity, stability and enantioselectivity of lipoprotein lipase 
in toluene, Biotechnol. Lett., 1992, 14: 947. 

50. Secundo, F.; Spadaro, S.; Carrea, G.; Overbeeke, P.L.A., Optimization of 
Pseudomonas cepacia lipase preparations for catalysis in organic solvents, 
Biotechnol. Bioeng., 1999, 62: 554. 

51. Bailey, J.E.; Ollis, D.F., Biochemical engineering fundamentals, McGraw-Hill, 
New York, 1977. 

52. Lee, Y.Y.; Tsao, G.T., Mass transfer characteristics of immobilized enzymes, J. 
Food Sci., 1974, 39: 667. 

53. Lopez, J.L.; Wald, S.A.; Matson, S.L.; Quinn, J.A., Multiphase membrane 
reactors for separating stereoisomers, Ann. N.Y. Acad. Sci., 1990, 613: 155. 

54. Matson, S.L.; Lopez, J.L., Multiphase membrane reactors for enzymatic 
resolution: diffusional effects on stereoselectivity, in Frontiers in bioprocessing, 



References 

56 

Sikdar, S.K., Bier, M. and Todd, P., Eds., Boca Raton, Florida, CRC Press, 
1990, 391. 

55. Tischer, W.; Wedekind, F., Immobilized enzymes: methods and applications, in 
Biocatalysis from discovery to application, Vol. 200, Fessner, W.-D., Ed., 
Berlin, Springer, 1999, 95. 

56. Barros, R.J.; Wehtje, E.; Adlercreutz, P., Mass transfer studies on immobilized 
α-chymotrypsin biocatalysts prepared by deposition for use in organic medium, 
Biotechnol. Bioeng., 1998, 59: 364. 

57. Bedell, B.A.; Mozhaev, V.V.; Clark, D.S.; Dordick, J.S., Testing for diffusion 
limitations in salt-activated enzyme catalysts operating in organic solvents, 
Biotechnol. Bioeng., 1998, 58: 654. 

58. Indlekofer, M.; Brotz, F.; Bauer, A.; Reuss, M., Stereoselective bioconversions 
in continuously operated fixed bed reactors: modeling and process optimization, 
Biotechnol. Bioeng., 1996, 52: 459. 

59. Cleland, J.L.; Craik, C.S., Eds., Protein engineering: principles and practice, 
Wiley-Liss, New York, 1996. 

60. De Filippis, V.; Sander, C.; Vriend, G., Predicting local structural-changes that 
result from point mutations, Protein Eng., 1994, 7: 1203. 

61. Lundblad, R.L.; Noyes, C.M., Chemical reagents for protein modification, CRC 
Pr., Boca Raton, Fla., 1984. 

62. Watson, J.D.; Gilman, M.; Witkowski, J.; Zoller, M., Recombinant DNA, 2nd 
ed., Freeman, New York, 1992. 

63. Saiki, R.K.; Scharf, S.; Faloona, F.; Mullis, K.B.; Horn, G.T.; Erlich, H.A.; 
Arnheim, N., Enzymatic amplification of β-globin genomic sequences and 
restriction site analysis for diagnosis of sickle cell anemia, Science, 1985, 230: 
1350. 

64. Berglund, P.; Stabile, M.R.; Gold, M.; Jones, J.B., Altering the specificity of 
subtilisin B. lentus by combining site-directed mutagenesis and chemical 
modification, Bioorg. Med. Chem. Lett., 1996, 6: 2507. 

65. Moore, J.C.; Arnold, F.H., Directed evolution of a para-nitrobenzyl esterase for 
aqueous-organic solvents, Nat. Biotechnol., 1996, 14: 458. 

66. Altamirano, M.M.; Blackburn, J.M.; Aguayo, C.; Fersht, A.R., Directed 
evolution of new catalytic activity using the α/β-barrel scaffold, Nature, 2000, 
403: 617. 

67. Arnold, F.H.; Volkov, A.A., Directed evolution of biocatalysts, Curr. Opin. 
Chem. Biol., 1999, 3: 54. 

68. Nixon, A.E.; Ostermeier, M.; Benkovic, S.J., Hybrid enzymes: manipulating 
enzyme design, Trends Biotechnol., 1998, 16: 258. 

69. Leach, A.R., Molecular modelling: principles and applications, Longman, 
Essex, 1996. 

70. Berman, H.M.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T.N.; Weissig, H.; 
Shindyalov, I.N., The Protein Data Bank, Nucleic Acids Res., 2000, 28: 235. 

71. Colombo, G.; Toba, S.; Merz, K.M.J., Rationalization of the enantioselectivity 
of subtilisin in DMF, J. Am. Chem. Soc., 1999, 121: 3486. 

72. Kazlauskas, R.J., Molecular modeling and biocatalysis: explanations, 
predictions, limitations, and opportunities, Curr. Opin. Chem. Biol., 2000, 4: 81. 

73. Cornell, W.D.; Cieplak, P.; Bayly, C.I.; Gould, I.R.; Merz, K.M.J.; Ferguson, 
D.M.; Spellmeyer, D.C.; Fox, T.; Caldwell, J.W.; Kollman, P.A., A second 
generation force field for the simulation of proteins, nucleic acids and organic 
molecules, J. Am. Chem. Soc., 1995, 117: 5179. 



References 

57 

74. Verger, R., 'Interfacial activation' of lipases: facts and artifacts, Trends 
Biotechnol., 1997, 15: 32. 

75. Schmid, R., D.; Verger, R., Lipases: Interfacial enzymes with attractive 
applications, Angew. Chem. Int. Ed. Engl., 1998, 37: 1608. 

76. Martinelle, M.; Holmquist, M.; Hult, K., On the interfacial activation of 
Candida antarctica lipase A and B as compared with Humicola lanuginosa lipase, 
Biochem. Biophys. Acta, 1995, 1258: 272. 

77. Ollis, D.L.; Cheah, E.; Cygler, M.; Dijkstra, B.; Frolow, F.; Franken, S.M.; 
Harel, M.; J., R.S.; Silman, I.; Schrag, J.; Sussman, J.L.; Verschueren, K.H.G.; 
Goldman, A., The alpha/beta hydrolase fold, Protein Eng., 1992, 5: 197. 

78. Heldt-Hansen, H.P.; Ishii, M.; Patkar, S.A.; Hansen, T.T.; Eigtved, P., A new 
immobilized positional nonspecific lipase for fat modification and ester 
synthesis, ACS Symposium Series, 1989, 389: 158. 

79. Patkar, S.A.; Bjørkling, F.; Zundel, M.; Schulein, M.; Svendsen, A.; Heldt-
Hansen, H., P.; Gormsen, E., Purification of two lipases from Candida 
antarctica and their inhibition by various inhibitors, Indian J. Chem., 1993, 
32B: 76. 

80. Høegh, I.; Patkar, S.; Halkier, T.; Hansen, M.T., Two lipases from Candida 
antarctica: cloning and expression in Aspergillus oryzae, Can. J. Bot., 1995, 73: 
S869. 

81. Uppenberg, J.; Hansen, M.T.; Patkar, S.; Jones, T.A., The sequence, crystal 
structure determination and refinement of two crystal forms of lipase B from 
Candida antarctica, Structure, 1994, 2: 293. 

82. Uppenberg, J.; Öhrner, N.; Norin, M.; Hult, K.; Kleywegt, G.J.; Patkar, S.; 
Waagen, V.; Anthonsen, T.; Jones, A.T., Crystallographic and molecular-
modeling studies of lipase B from Candida antarctica reveal a stereospecificity 
pocket for secondary alcohols, Biochemistry, 1995, 34: 16838. 

83. Brady, L.; Brzozowski, A.M.; Derewenda, Z.S.; Dodson, E.; Dodson, G.; 
Tolley, S.; Turkenburg, J.P.; Christiansen, L.; Huge-Jensen, B.; Norskov, L.; 
Thim, L.; Menge, U., A serine protease triad forms the catalytic centre of a 
triacylglycerol lipase, Nature, 1990, 343: 767. 

84. Kraut, J., Serine protease: structure and mechanism of catalysis, Ann. Rev. 
Biochem., 1977, 46: 331. 

85. Martinelle, M.; Hult, K., Kinetics of acyl transfer reactions in organic media 
catalysed by Candida antarctica lipase B, Biochem. Biophys. Acta., 1995, 1251: 
191. 

86. Hu, C.-H.; Brinck, T.; Hult, K., Ab initio and density functional theory studies 
of the catalytic mechanism for ester hydrolysis in serine hydrolases, Int. J. 
Quantum Chem., 1998, 69: 89. 

87. Petersen, M., Chemical biotechnology: Industrial applications and recent 
advances, Curr. Opin. Biotech., 1999, 10: 593. 

88. Schulze, B.; Wubbolts, M.G., Biocatalysis for industrial production of fine 
chemicals, Curr. Opin. Biotech., 1999, 10: 609. 

89. Santaniello, E.; Ferraboschi, P.; Grisenti, P.; Manzocchi, A., The biocatalytic 
approach to the preparation of enantiomerically pure chiral building blocks, 
Chem. Rev., 1992, 92: 1071. 

90. Kazlauskas, R.J.; Bornscheuer, U.T., Biotransformations with lipases, in 
Biotransformations I, Vol. 8a, Kelly, D.R., Ed., Weinheim, Wiley-VHC, 1998, 
37. 



References 

58 

91. Roberts, S.M., Preparative biotransformations: the employment of enzymes and 
whole-cells in synthetic organic chemistry, J. Chem. Soc., Perkin Trans. 1, 
1998, 157. 

92. Anderson, E.M.; Larsson, K.M.; Kirk, O., One biocatalyst - many applications: 
the use of Candida antarctica B-lipase in organic synthesis, Biocatal. 
Biotransform., 1998, 16: 181. 

93. Kazlauskas, R.J.; Weissfloch, A.N.E.; Rappaport, A.T.; Cuccia, L.A., A rule to 
predict which enantiomer of a secondary alcohol reacts faster in reactions 
catalyzed by cholesterol esterase, lipase from Pseudomonas cepacia and lipase 
from Candida rugosa, J. Org. Chem., 1991, 56: 2656. 

94. Uenishi, J.I.; Hiraoka, T.; Hata, S.; Nishiwaki, K.; Yonemitsu, O.; Nakamura, 
K.; Tsukube, H., Chiral pyridines: optical resolution of 1-(2-pyridyl)- and 1-[6-
(2,2'-bipyridyl)]ethanols by lipase-catalyzed enantioselective acetylation, J. 
Org. Chem., 1998, 63: 2481. 

95. Kano, K.; Negi, S.; Kawashima, A.; Nakamura, K., Optical resolution of 1-
arylethanols using transesterification catalyzed by lipases, Enantiomer, 1997, 2: 
261. 

96. Ema, T.; Jittani, M.; Sazkai, T.; Utaka, M., Lipase-catalyzed kinetic resolution 
of large secondary alcohols having tetraphenylporphyrin, Tetrahedron Lett., 
1998, 39: 6311. 

97. Johnson, C.R.; Sakaguchi, H., Enantioselective transesterifications using 
immobilized, recombinant Candida antarctica lipase B: Resolution of 2-iodo-2-
cycloalken-1-ols, Synlett, 1992, 813. 

98. Forró, E.; Kanerva, L.T.; Fülöp, F., Lipase-catalyzed resolution of 2-
dialkylaminomethylcyclohexanols, Tetrahedron: Asymmetry, 1998, 9: 513. 

99. Mulvihill, M.J.; Gage, J.L.; Miller, M.J., Enzymatic resolution of 
aminocyclopentenols as precursors to D- and L-carbocyclic nucleosides, J. Org. 
Chem., 1998, 63: 3357. 

100. Curran, T.T.; Hay, D.A., Resolution of cis-4-O-TBS-2-cyclopenten-1,4-diol, 
Tetrahedron: Asymmetry, 1996, 7: 2791. 

101. Mitrochkine, A.; Gil, G.; Réglier, M., Synthesis of enantiomerically pure cis and 
trans-2-amino-1-indanol, Tetrahedron: Asymmetry, 1995, 6: 1535. 

102. Igarashi, Y.; Otsutomo, S.; Harada, M.; Nakano, S.; Watanabe, S., Lipase-
mediated resolution of indene bromohydrin, Synthesis, 1997, 549. 

103. Kastle, J.H.; Loevenhart, A.S., Concerning lipase, the fat-splitting enzyme, and 
the reversibility of its action, Am. Chem. J., 1900, 24: 491. 

104. Zaks, A.; Klibanov, A.M., Enzymatic catalysis in organic media at 100 °C, 
Science, 1984, 224: 1249. 

105. Halling, P.; Kvittingen, L., Why did biocatalysis in organic media not take off in 
the 1930s?, Trends Biotechnol., 1999, 17: 343. 

106. Orrenius, C.; Norin, T.; Hult, K.; Carrea, G., The candida antarctica lipase B 
catalysed kinetic resolution of seudenol in non-aqueous media of controlled 
water activity, Tetrahedron: Asymmetry, 1995,  6: 3023. 

107. Morrone, R.; Nicolosi, G.; Patti, A., Resolution of racemic 1-
hydroxyalkylferrocenes by lipase B from Candida antarctica, Gazz. Chim. Ital., 
1997, 127: 5. 

108. Wang, Y.-F.; Lalonde, J.J.; Momongan, M.; Bergbreiter, D., E.; Wong, C.-H., 
Lipase-catalyzed irreversible transesterifications using enol esters as acylating 
reagents: Preparative enantio- and regioselective syntheses of alcohols, glycerol 
derivatives, sugars, and organometallics, J. Am. Chem. Soc., 1988, 110: 7200. 



References 

59 

109. Weber, H.K.; Faber, K., Stabilization of lipases against deactivation by 
acetaldehyde formed in acyl transfer reactions, in Methods in enzymology, Vol. 
286, Rubin, B. and Dennis, E.A., Eds., San Diego, Academic Press, 1997, 509. 

110. Busson, P.; Rotticci, D.; Örtegren, J.; Norin, T.; Gedde, U.W.; Hult, A.; 
Hermann, D.S.; Komitov, L.; Lagerwall, S.T.; Lindgren, M., Preparation and 
characterization of chiral liquid crystalline mono- and diacrylate monomers 
exhibiting SmC* and SmCA* phases, Liq. Cryst., Submitted, . 

111. Frykman, H.; Öhrner, N.; Norin, T.; Hult, K., S-Ethyl thiooctanoate as acyl 
donor in lipase catalysed resolution of secondary alcohols, Tetrahedron Lett., 
1993, 34: 1367. 

112. Öhrner, N.; Martinelle, M.; Mattson, A.; Norin, T.; Hult, K., Displacement of 
the equilibrium in lipase catalysed transesterification in ehtyl octanoate by 
continous evaporation of ethanol, Biotechn. Letters, 1992, 4: 263. 

113. Bianchi, D.; Cesti, P.; Battistel, E., Anhydrides as acylating agents in lipase-
catalyzed stereoselective esterification of racemic alcohols, J. Org. Chem., 
1988, 53: 5531. 

114. Ghogare, A.; Kumar, G.S., Oxime esters as novel irreversible acyl transfer 
agents for lipase catalysis in organic media, J. Chem. Soc., Chem. Commun., 
1989, 20: 1533. 

115. Anthonsen, T.; Hoff, B.H., Resolution of derivatives of 1,2-propanediol with 
lipase B from Candida antarctica - Effect of substrate structure, medium, water 
activity and acyl donor on enantiomeric ratio, Chem. Phys. Lipids, 1998, 93: 
199. 

116. Schieweck, F.; Altenbach, H.-J., Preparation of S-(-)-2-acetoxymethyl-2,5-
dihydrofuran and S-(-)-N-Boc-2-hydroxymethyl-2,5-dihydropyrrole by 
enzymatic resolution, Tetrahedron: Asymmetry, 1998, 9: 403. 

117. Secundo, F.; Oppizzi, M.L.; Carrea, G.; de Amici, M.; Dallanoce, C., Enzymatic 
resolution of 3-butene-1,2-diol in organic solvents and optimization of reaction 
conditions, Biocatal. Biotransform., 1999, 17: 241. 

118. Parker, M.-C.; Brown, S.A.; Robertson, L.; Turner, N.J., Enhancement of 
Candida antarctica lipase B enantioselectivity and activity in organic solvents, 
J. Chem. Soc., Chem. Commun., 1998, 2247. 

119. Rotticci, D.; Norin, T.; Hult, K.; Martinelle, M., An active-site titration method 
for lipases, Biochim. Biophys. Acta, 2000, 1483: 132. 

120. Theil, F., Diols as substrates in lipase-catalyzed enantioselective acylations - a 
brief review, Catal. Today, 1994, 22: 517. 

121. Hæffner, F.; Norin, T.; Hult, K., Molecular modeling of the enantioselectivity in 
lipase-catalyzed transesterification reactions, Biophys. J., 1998, 74: 1251. 

122. Holmquist, M.; Hæffner, F.; Norin, T.; Hult, K., A structural basis for 
enantioselective inhibition of Candida rugosa lipase by long-chain aliphatic 
alcohols, Protein Eng., 1996, 5: 83. 

123. Berglund, P.; Vallikivi, I.; Fransson, L.; Dannacher, H.; Holmquist, M.; 
Martinelle, M.; Björkling, F.; Parve, O.; Hult, K., Switched enantioselectivity of 
Humicola lipase for 2-phenoxylalkanoic acid ester homologs can be rationalized 
by different substrate binding modes, Tetrahedron: Asymmetry, 1999, 10: 4191. 

124. Grochulski, P.; Bouthillier, F.; Kazlauskas, R.J.; Serreqi, A.N.; Schrag, J.D.; 
Ziomek, E.; Cygler, M., Analogs of reaction intermediates identify a unique 
substrate binding site in Candida rugosa lipase, Biochemistry, 1994, 33: 3494. 



References 

60 

125. Kazlauskas, R.J., Elucidating structure-mechanism relationships in lipase: 
prospects for predicting and engineering catalytic properties, Trends 
Biotechnol., 1994, 12: 464. 

126. Björkling, F.; Dahl, A.; Patkar, S.; Zundel, M., Inhibition of lipases by 
phosphonates, Bioorg. Med. Chem., 1994, 2: 697. 

127. Zhao, K.; Landry, D.W., Tetrazole catalyzed synthesis of phosphonate esters, 
Tetrahedron, 1993, 49: 363. 

128. Holmquist, M.; Tessier, D.C.; Cygler, M., High-level production of recombinant 
Geotrichum candidum lipases in yeast Pichia pastoris, Protein Expr. Purif., 
1997, 11: 35. 

129. Schmidt-Dannert, C., Recombinant microbial lipases for biotechnological 
applications, Bioorg. Med. Chem., 1999, 7: 2123. 

130. Mulder, J.C.; Gustavsson, M.; Holmquist, M.; Hult, K.; Martinelle, M., 
Functional expression of Candida antarctica lipase B in Pichia pastoris: wild-
type enzyme and when fused to a cellulose binding domain, , Manuscript, . 

131. Reetz, M.T.; Zonta, A.; Schimossek, K.; Liebeton, K.; Jaeger, K.E., Creation of 
enantioselective biocatalysts for organic chemistry by in vitro evolution, Angew. 
Chem. Int. Ed. Engl., 1997, 36: 2830. 

132. Bornscheuer, U.T.; Altenbuchner, J.; Meyer, H.H., Directed evolution of an 
esterase for the stereoselective resolution of a key intermediate in the synthesis 
of epothilones, Biotechnol. Bioeng., 1998, 58: 554. 

133. Bornscheuer, U.T.; Altenbuchner, J.; Meyer, H.H., Directed evolution of an 
esterase: screening of enzyme library based on pH-indicators and a growth 
assay, Bioorgan. Med. Chem., 1999, 7: 2169. 

134. Holmquist, M.; Berglund, P., Creation of a synthetically useful lipase with 
higher than wild-type enantioselectivity and maintained catalytic activity, Org. 
Lett., 1999, 1: 763. 

135. Holmquist, M.; Martinelle, M.; Berglund, P.; Clausen, I.G.; Patkar, S.; 
Svendsen, A.; Hult, K., Lipase from Rhizomucor miehei and Humicola 
lanuginosa: Modification of the lid covering the active site alters 
enantioselectivity, J. Protein Chem., 1993, 12: 749. 

136. Scheib, H.; Pleiss, J.; Stadler, P.; Kovac, A.; Potthoff, A.P.; Haalck, L.; Spener, 
F.; Paltauf, F.; Schmid, R.D., Rational design of Rhizopus oryzae lipase with 
modified stereoselectivity toward triradylglycerols, Protein Eng., 1998, 11: 675. 

137. Tuomi, W.V.; Kazlauskas, R.J., Molecular basis for enantioselectivity of lipase 
from Pseudomonas cepacia toward primary alcohols. Modeling, kinetics, and 
chemical modification of Tyr29 to increase or decrease enantioselectivity, J. 
Org. Chem., 1999, 64: 2638. 

138. Goodford, P.J., A computational procedure for determining energetically 
favorable binding sites on biologically important macromolecules, J. Med. 
Chem., 1985, 28: 849. 

139. Ausubel, F.M.; Brent, R.; Kingston, R.E.; Moore, D.D.; Seidman, J.G.; Struhl, 
K.; Smith, J.A., Eds., Molecular biology, in Current protocols, Wiley, New 
York, 1989-. 

140. Holmquist, M.; Tessier, D.C.; Cygler, M., Identification of residues essential for 
differential fatty acyl specificity of Geotrichum candidum lipases I and II, 
Biochemistry, 1997, 36: 15019. 

141. Deng, W.P.; Nickoloff, J.A., Site-directed mutagenesis of virtually any plasmid 
by eliminating a unique site, Anal. Biochem., 1992, 194: 211. 



References 

61 

142. Conley, E.C.; Saunders, J.A., Recombination-dependent recircularization of 
linearized pBR322 plasmid DNA following transformation of Escherichia coli, 
Mol. Gen. Genet., 1984, 194: 211. 

143. Sanger, F.; Nicklen, S.; Coulson, A.R., DNA sequencing with chain-terminating 
inhibitors, Proc. Natl. Acad. Sci. USA, 1977, 74: 5463. 

144. Bonini, C.; Giuliano, C.; Righi, G.; Rossi, L., An easy procedure for the highly 
regioselective conversion of epoxides to halohydrins, Synthetic Comm., 1992,  
22: 1863. 

145. Patkar, S.; Vind, J.; Kelstrup, E.; Christensen, M.W.; Svendsen, A.; Borch, K.; 
Kirk, O., Effect of mutation in Candida antarctica B lipase, Chem. Phys. Lipids, 
1998, 93: 95. 


	Thesis_1.pdf
	Introduction
	Scope and outline of the thesis

	B
	Background
	Chirality
	Determination of enantiomeric purity3
	Chiroptical method
	Conversion of enantiomers into diastereoisomers
	Chromatography on a chiral stationary phase

	Preparation of optically active compounds5; 6
	Resolution
	Kinetic resolution
	Enzymatic kinetic resolution
	The enantiomeric ratio E
	Determination of E-values

	Dynamic kinetic resolution16; 17
	Improving the enzyme enantioselectivity

	Biocatalyst engineering
	Biocatalysis in non-aqueous media
	Mass-transport limitations

	Protein engineering59
	Chemical modification61
	DNA technology
	Site-directed mutagenesis
	Random mutagenesis


	Molecular modeling69
	Molecular graphics
	Computational chemistry


	T
	The Candida antarctica lipase B
	Structure and origin
	Kinetics and reaction mechanism

	C
	CALB-catalyzed preparation of optically active sec-alcohols
	Substrate structure requirements
	Acyclic sec-alcohols
	Cyclic sec-alcohols

	Optimization of CALB enantioselectivity
	Acyl-donor
	Acyl part
	Leaving groups

	Temperature
	Solvent and water activity
	Biocatalyst engineering
	Possible reasons for the differences in reaction rate and enantioselectivity in organic solvents
	Protonation state
	Diffusion limitations
	Desymmetrization of meso-alcohols



	M
	Molecular basis of the enantioselectivity of CALB towards sec-alcohols
	
	
	Transition-state analogues



	I
	Improving the enantioselectivity of CALB through protein engineering
	Improving the enantioselectivity of CALB towards halohydrins
	Design of the mutants
	Molecular modeling

	Site-directed mutagenesis
	Lipase production and purification
	Kinetic resolution experiments
	Synthesis of the substrates
	Kinetic resolutions



	C
	Concluding remarks
	Supplementary material
	Kinetic resolution of 3-methyl-2-cyclohexen-1-ol (seudenol)
	(SP,RP)-(R)-2-octyl hexylphosphonochloridates
	(SP,RP)-(S)-2-octyl hexylphosphonochloridates

	Acknowledgments
	R
	References


