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Many different chemicals are used in the everyday life, like detergents and pharmaceuticals.
However, their production has a big impact on health and environment as much of the raw
materials are not renewable and the standard ways of production in many cases includes toxic
and environmentally hazardous components. As the population and as the life standard increases
all over the planet, the demand for different important chemicals, like pharmaceuticals, will
increase. A way to handle this is to apply the concept of Green chemistry, where biocatalysis, in
the form of enzymes, is a very good alternative. Enzymes do not normally function in industrial
processes and needs modifications through protein engineering to cope in such conditions. To
be able to efficiently improve an enzyme, there is a need to understand the mechanism and
characteristics of that enzyme.
Acyloins (α-hydroxy ketones) are important building blocks in the synthesis of
pharmaceuticals. In this thesis, the enzyme alcohol dehydrogenase A (ADH-A) from
Rhodococcus ruber has been in focus, as it has been shown to display a wide substrate scope,
also accepting aryl-substituted alcohols. The aim has been to study the usefulness of ADH-A as
a biocatalyst towards production of acyloins and its activity with aryl-substituted vicinal diols
and to study substrate-, regio-, and enantioselectivity of this enzyme.
This thesis is based on four different papers where the focus of the first has been to
biochemically characterize ADH-A and determine its mechanism, kinetics and its substrate-,
regio-, and enantioselectivity. The second and third paper aims towards deeper understanding
of some aspects of selectivity of ADH-A. Non-productive binding and its importance for
enantioselectivity is studied in the second paper by evolving ADH-A towards increased
activity with the least favored enantiomer through protein engineering. In the third paper,
regioselectivity is in focus, where an evolved variant displaying reversed regioselectivity is
studied. In the fourth and last paper ADH-A is studied towards the possibility to increase its
activity towards aryl-substituted vicinal diols, with R-1-phenyl ethane-1,2-diol as the model
substrate, and the possibility to link ADH-A with an epoxide hydrolase to produce acyloins
from racemic epoxides.
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When you talk, you are only repeating what you know; But when you
listen, you may learn something new
– Dalai Lama
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Introduction

Nowadays society has become highly dependent on a wide variety of different types of chemicals, ranging from household detergents and fertilizers,
pesticide and herbicides for food production and also as important materials
for other items such as computers and phones and for the production of
pharmaceuticals.1 Production within the European Union (EU) in 2013 was
around 322 million tons2 with 134 million tons categorized as environmentally harmful chemicals and 202 million tons as toxic chemicals. In 2006 the
amount of waste from the chemical industry in the EU was 40 million tons
and accounted for 11 % of all the waste from the manufacturing industry.1
Approximately 20 % of the waste from the EU chemical industry in 2006
was hazardous waste.
As the population and the quality of life increases over the world, the demand for a large range of chemicals will increase. Major issues surrounding
with our dependence on chemicals are that many of them are petroleum
based and their traditional ways of production include harsh conditions like
high temperatures, extreme values of pH, hazardous reagents like heavy
metals and/or organic solvents which themselves are produced from petroleum.3,4 This creates tremendous pressure on the environment with considerable costs for disposal of toxic and hazardous waste. In order to keep our
quality of life and to also make it possible for developing countries to increase their quality of life it is of great importance to change and improve
the way of chemical production. A good way to do that and to reduce the
environmental impact is to implement Green Chemistry, for example biocatalysis, and enzyme evolution.

Green Chemistry
The concept of Green Chemistry was introduced in the beginning of the
1990s and is defined as the “design of chemical products and processes to
reduce or eliminate the use and generation of hazardous substances”.5 In
1998 Paul Anastas and John Warner introduced The Twelve Principles of
Green Chemistry6 as a guide in the design of new chemicals and processes
by including all aspects from feedstocks to waste, costs and toxicity. The
Twelve Principles of Green Chemistry include;
11

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.

Prevention of waste
Atom economy
Less hazardous chemical synthesis
Designing safer chemicals
Safer solvents and auxiliaries
Design for energy efficiency
Use of renewable feedstocks
Reduce derivatives
Catalysis
Design for degradation
Real-time analysis for pollution prevention
Inherently safer chemistry for accident prevention

Summarized, the intention with these principles is to create sustainable processes by making chemists work towards minimizing the amount of waste
rather than cleaning it up at the end, maximize the number of atoms from the
reactants ending up in the products, use and generate substances with no or
at least low degree of toxicity and that the final products have minimal toxicity but keeping efficiency.4,5 Furthermore, the principles aim to have the
chemist avoid use of solvents or at least use safer solvents, minimize energy
use in processes and reactions, use renewable feedstocks if possible and
avoid derivatization as it adds additional reagents and waste. The principles
also encourage the chemist to use catalysts as far as possible as it reduces the
amount of waste and have the final product to be degradable when their
function has been fulfilled. Also analytical methods which themselves have
minimal waste production and environmental impact are needed to detect
formation of hazardous substances early on and, overall, the processes and
chemicals needs to be chosen to reduce the risk of accidents to a minimum.
To make a true sustainable process, preferably all these principles should be
implemented in the planning and execution of the production process of a
chemical product. Some examples of implementation of these principles are
the use of greener solvents, like water7, supercritical fluids8 and ionic liquids9 and the implementation of catalytic processes instead of stoichiometric
methodologies4,5. Another good example is biocatalysis.

Biocatalysis
The standard way of defining biocatalysis is the use of enzymes and microbes in organic synthetic chemistry; using them in conditions and for substrates they have not been evolved for.10 The use of nature´s owns catalysts,
enzymes, has a long history (as the active component in microbes) in the
processes of production and preservation of food like bread, cheese, wine
12

and beer. Though during long period of time the cause for these food alternations were not known. But in the late nineteenth century Louis Pasteur paved
the way by using Penicillin glaucum on racemic tartaric acid resulting in an
enrichment of the (-)-tartaric acid due to consumption of the (+)-tartaric acid;
a kind of biocatalytic kinetic resolution.11 Another important step was done
by Eduard Buchner who showed that cell-free yeast extracts could be used
for fermentation of sugar. This opened up the possibility for organic synthesis to the application of whole cells or, pure or partially pure, enzymes for
production of an array of chemical products.
Initially, limitations existed for the use enzymes in industrial processes due
to the need of obtaining them from natural sources.11,12 But thanks to advances in biotechnology, molecular biology and structure biology over the
last decades increasing the availability of active enzymes, it has been increasingly possible to implement biocatalysis in organic synthesis and in
industrial set-ups.10,11,13,14 Some successful examples of implementation of
biocatalysis in industry are; the use of ketoreductases in the manufacturing
of atorvastin, the active ingredient in Lipitor®, and the use of an engineered
transaminase in the production of sigtagliptin, the active reagent in Januvia®.10,14–16

Benefits of enzymes in biocatalysis
Using biocatalysis in organic synthesis and in industrial processes is a great
way of implementing Green Chemistry and a much more environmentally
friendly alternative to traditional organo- and metallo-catalysis due to the
reactions having the possibility to run at physiological pH, ambient temperatures and pressures, in water and the catalysts being renewable and biodegradable.4,10,12 Great benefits with biocatalysts, especially enzymes (Table 1),
are their great substrate-, enantio- and regioselectivity. These properties
makes them fulfill several of the Twelve Principles of Green Chemistry like
lowering the amount of waste and being less hazardous synthesis due their
catalytic nature, resulting in no stoichiometric amounts of reagents are needed. The ability to perform reactions in water and at mild conditions reduces
the energy need and the need for toxic and hazardous solvents. Being biomolecules they are also renewable and biodegradable and their excellent
selectivities makes the need for derivatization, in the form of protections and
so on, obsolete.

Limitations of enzymes in biocatalysis
Despite all the benefits with enzymes in organic synthesis and all the successful examples there are still limitations with enzymes in an industrial setup (Table 1). A catalyst in such a process needs to be stable, selective and
13

productive. Industrial processes can include elevated temperatures and organic solvents and as natural occurring enzymes are often specific for their
natural evolved substrate, which is rarely of any interest in industry, natural
enzymes are not considered the first choice in many cases.12,17,18 Enzymes
are evolved for a certain function, resulting in that their activity can be greatly affected by changes in temperature, pH and solvent polarity. All this relates to the three-dimensional (3D) structure of enzymes and the weak forces
keeping them together. As also the substrate selectivity of an enzyme is depending on its 3D-structure, it is not surprising natural occurring enzymes
display, in many cases, substantially lower activity with industrially interesting chemicals. Other limitations of enzymes in this regard is substrate/product inhibition, which limits the substrate loads, and the development of new enzyme biocatalyst often take long time, resulting in high cost
for development.17 Another drawback for several types of enzymes is the
need for expensive cofactors.10,11,17
Table 1 Benefits and drawbacks/limitations using enzymes in industrial biocatalytic set-ups
Benefits

Limitations

High chemo-, regio-, enantioselectivity
Active at mild conditions
Active in water
Renewable
Biodegradable
Reduced waste production
No derivatization needed

Stability (solvents, temperature, pH)
Selectivity (non-natural substrate)
Substrate/product inhibition
Cofactors

Ways of finding new and better enzymes
During the last couple of decades much research has been done to solve
these drawbacks mentioned in the section above, from which solutions like
screening for novel enzymes among metagenomics libraries, directed evolution and several screening techniques has appeared.19 The different methods
mentioned in the following text are summarized in Table 2 below.
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Table 2 Illustration of the different routes to obtain enzymes with new functionalities. Inspired
by figure from Davids el al.19
Starting material

Procedure

End result

Environmental sample/
metagenomic library

Cloning genes
into vectors

Library of
novel sequences

Structural information + key
residues of template enzyme

Database search

Novel library of sequences

Definition of transition
state of reaction

Define suitable and stabilizing
active site

Accommodate designed active
site into scaffold

Structure of protein of interest

Computer based mutations

Variant with specific mutations

Database searches
Directed
evolution

epPCR
Gene shuffling
Gene(s) of interest

Semi-rational
design

Protein Engineering

Rational design

De novo design

Finding novel enzymes

Metagenomic
searches

Method

Gene library

ISM
CAST

Information about possible
mutation sites

Gene library
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Finding novel enzymes
Database searches
Thanks to development of sequencing techniques like next generation sequencing, it has been possible to substantially lower the cost of sequencing.
20
This has played a major role in the rate at which genomes have been sequenced. These techniques have resulted in vast amount of genetic material
in data bases, with approximately 68 thousand genomes and 81 million protein
sequences
being
deposited
at
NCBI
home
page;
https://www.ncbi.nlm.nih.gov/refseq/.21,22 Developments in structure biology have also resulted in huge amounts of structures that have been deposited in databases, with almost 120 thousand protein structure deposited at the
RCSB PDB; http://www.rcsb.org/pdb/statistics/holdings.do.23 A considerable problem with the enormous amounts of sequences is their function is
either unknown or, even wrongly annotated due to the annotations of the
putative proteins that
are performed automatically.19 This has
opened up the possibility to find novel enzymes with interesting and wanted
functionalities using these databases.24–26
Metagenomic searches
Also, thanks to new sequencing techniques it has also been made possible to
create metagenomics libraries, where all genetic material in environmental
samples like soil or water can be sequenced, disregarding the origin of the
genetic material, resulting in the possibility to obtain genomes and genes
from microbes which do not grow in conventional media.27,28
De novo design
Some types of reactions which are of interest in industry do not exist in nature (as we know). One way of solving that is through de novo design29,
where the researchers using programs like Rosetta30,31 or ORBIT32,33. The
process contains several steps: first starting with choosing a target reaction
and a suitable catalytic mechanism together with all need functional
groups.29 Second an optimal active site is modelled using quantum mechanics. These “Theozymes” are incorporated in different protein scaffolds and
optimized in silico. The process ends with controlling checking the design
before the variants are produced and characterized.
Even though all of these ways introduce great possibilities to find novel enzymes with interesting and/or important reactivities, most often the enzymes
are not immediately suitable for an industrial set-up, having the same problems as natural enzymes mentioned above or having similar problem being
computationally designed enzymes.29 In most cases the activities are still too
low, the selectivity is not good enough and/or the enzymes are not stable
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enough for the industrial conditions. So there is a need for improvement of
these novel enzymes, normally through protein engineering.

Protein engineering
Several aspects can be improved with protein engineering techniques, from
activities and selectivities to stability and widened substrate scopes11 and
there are several different ways to improve these properties. Some early
ways to improve the stability of enzymes were through immobilization or
using whole cell catalysis.10,17,34 Other benefits with immobilization of enzymes are the possibility to remove the catalyst from the reaction mixture
and to re-use it for several rounds of production.34 The problem, though, is
that immobilization does not help with bad selectivities or productivities.
Some great benefits with using whole cell systems are the regeneration of
cofactors, as a way to stabilize enzymes and facilitate easier recovery of the
catalyst.10,35 The drawbacks of using whole cells are the permeability of the
cell walls for all included reactants and the risk of side reactions by the native metabolic pathways in the cells.10,36 Though the latter problem has been
addressed using metabolic engineering37, but in most reported cases the
productivity has not been good enough for industrial scale.
Currently much of the enzyme improvements are done through protein engineering of some kind, through rational design, directed evolution or a combination of those.10,11,19
Rational design
If good knowledge exists about the enzyme system of interest, like mechanism, structure and perhaps prior mutagenesis work, it is possible by computational methods to predict what kind of mutations that would be needed to
create a certain functionality, specificity or to create stability in the
enzyme.38,39 The method of rational design proceeds by using this information together with site-directed mutagenesis40 it can then be used in the
laboratory to create the mutant of interest, which can be expressed, purified
and tested for the wanted effect. Programs like HotSpot Wizard41, ProSAR42
and 3DM43 exists which can be used for such predictions. Though several
examples exists44, the limitations of this method is that some, or preferably
good, knowledge about the enzyme is needed and a structure is highly important.39 With enzymes being quite complex molecules and the lack in such
knowledge for many enzymes, it makes rational design not being able to
create good biocatalysts without the need of improvements through methods
like directed evolution or semi-rational design.
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Directed evolution
If no structure or model of the enzyme exists and/or the knowledge about the
mechanism, selectivities and protein dynamics are low, the rational design
approach is difficult, if not even impossible.11 An approach in these conditions is directed evolution45 through techniques like error-prone polymerase
chain reaction (epPCR)46 and gene shuffling47. The methodology of epPCR
consists of using a DNA polymerase which lacks proof-reading, like Taq
polymerase from the thermophilic bacterium Thermus aquaticus, and then
perform the reaction in conditions which affects the rate at which mutations
are introduced.46,48 This creates the possibility to introduce mutations over
the whole enzyme. In gene shuffling a selection of enzyme variants (mutants
of one enzyme or a collection of related enzymes) are digested using DNase
generating double stranded fragments (about 10-50 base pairs long) which
are then amplified using PCR.11,47 By several rounds of strand separation,
reannealing and amplification a library of gene chimeras is created.
Both these techniques have the possibility to create very large libraries; as
for epPCR and a 300 amino acid protein there would be 20300 possible variations, though there are some sequence bias making this not entirely true.48
This causes a huge effort in finding improved variants, as most of the created
variations do not have improved function or may not be expressing due to
destabilization by the mutations.49 It puts a greater demand on very efficient
screening techniques, where some examples will be described below.
Semi-rational design
Another alternative of protein engineering if some information about the
enzyme of interest exists is to combine the ideas of rational design and directed evolution, i.e. semi-rational design.11,19 The idea behind this approach
is, from the structure, rationally decide hotspots to mutate and then perform
random saturation mutagenesis (SM) at those hotspots. If the aim is to increase general activity, substrate scope and/or the enantio- or regioselectivity
of the enzyme, then the active site is normally targeted as the logical choice.
Then the method of choice is combinatorial active-site saturation test
(CAST), in which active site residues are selected and organized into groups
of two or three (Figure 1), from which libraries can be created, and then subjected to SM.50
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Figure 1 In CASTing, the residues in the active site are selected and organized in groups of
two or three. These sites gets mutated and libraries are created. Here are three different sites
marked, A, B and C, colored in magenta, green and yellow, respectively. A zinc in grey marks
were the catalysis will occur. Image was made with PyMol (www.pymol.org) (PDB: 3jv7)

A similar approach can be done if the target is the thermostability of the
enzyme, which is also linked to the stability of the enzyme in organic solvents. This overall process is called B-fit and here the targets are the residues
with the highest B-factors, normally at the enzyme surface.51 Both CASTing
and B-fit becomes even more powerful techniques if combined with iterative
saturation mutagenesis (ISM).52,53 The process of ISM includes using methods like CASTing and B-fit and stepwise goes through the different mutation
sites and libraries, where a hit from a library becomes the parent for the next
(Figure 2). This procedure is continued until a variant with wanted improvements is obtained.

Figure 2 In ISM is different mutation sites and libraries visited in a step-wise fashion and the
best/most interesting variant is chosen as a parent for the next generation at a new step. A, B
and C represents different libraries and WT is the wild type.

19

Though doing CASTing or B-fit result in fewer mutation points, an issue
with these methods is also the library sizes or the “number problem”.54 If the
active site consists of eight amino acids and wanting to have the possibility
of all 20 amino acids and using the normal 64, this result in 648 = 2.8 x 1014
different variants, which would not be possible to screen and analyze at all
within a reasonable time scale. Add to that the need to over sample to be
sure to cover at least 95 % of all variants55, giving about three times that
number (approximately 8.4 x 1014 variants) to screen (illustrated in Table 3).
Table 3 The number of possible variants increase very fast as the number of residues included
in the library increases. To cover 95 % the numbers increase about three-fold.55 Different
forms of degenerate codon sets can reduce the number of variants. Explanation to the
degenerate bases are shown in Table 4.
No degeneracy
No.
mutation
sites
1
2
3
4
5
6
7
8

NDT

Codons

Screened
variants

Codons

Screened
variants

64
4 096
262 144
>1.6 x 107
>1.0 x 109
>6.8 x 1010
>4.3 x 1012
>2.8 x 1014

192
12 288
786 432
>5.0 x 107
>3.2 x 109
>2.0 x 1011
>1.3 x 1013
>8.4 x 1014

12
24
1 728
20 736
248 832
>2.9 x 106
>3.5 x 107
>4.2 x 108

36
72
5 184
62 208
746 496
>8.9 x 106
>1.0 x 108
>1.2 x 109

NDT+VMA+
ATG+TGG
Codons
Screened
variants
20
400
8 000
160 000
3.2 x 106
6.4 x 107
>1.2 x 109
>2.5 x 1010

60
1 200
24 000
480 000
9.6 x 106
>1.9 x 108
>3.8 x 109
>7.6 x 1010

Even if 1000 variants could be screened per second it would still take about
27 000 years to screen through those variants for one researcher. One way to
solve this issue is then to make libraries which are not bigger than one or two
amino acids, like in CASTing (see above), but even if the screening effort is
reduced substantially (642 = 4096; 12288 to cover 95 %) these numbers
would still demand a lot of work and manpower for most enzyme systems.
One additional problem here is that there is a un-balance between the different amino acid codons and that there are also stop codons involved. To reduce the numbers even further, and potentially remove stop codons, “smart
libraries” with degenerative codon sets can be used.54–58 Some common codon sets being used are NNK (32 codons), NDK (24 codons) or NDT (12
codons) (see Table 4 for explanation of the letter codes), which do reduce
the numbers making it more feasible to screen the libraries within a reasonable time scale (see NDT as an example in Table 3). The disadvantages with
these are; NNK still gives quite big libraries, are not equally balanced regarding the number of amino acids and contains a stop codon that can be
suppressed in supE strains, NDK and NDT do not cover all amino acids and
NDK also contains a stop codon. Using mixes of different codon sets can
help to include all amino acids but keeping the libraries small. The 22ctrick59 is one example where a mix of NDT (12 codons), VHG (9 codons)
20

and TGG is used to give all 20 amino acids, but which still has some unbalance. Another way is to use a mix of NDT (12 codons), VMA (6 codons),
ATG and TGG, which gives a total of only 20 codons, one for each amino
acid.60
Table 4 Some different degenrate bases and the corresponding bases coded.
Degenerative bases
N
D
V
H
M
K

Actual bases coded
A, C, G or T
A, G or T
A, C or G
A, C or T
A or C
G or T

Disregarding the kind of technique used or what kind of library (degenerate
or not) being used, there will still be hundreds or thousands of variant in a
library, resulting in a need for methods detecting improved variants from
these libraries.

Screening techniques
Several of the techniques for changing and improving enzymes presented
above (Metagenomic libraries, epPCR, DNA shuffling, CAST, B-fit) creates
libraries of varying sizes. To detect and single out improved variants, some
kind of screening assay is needed. Several techniques exist to screen different enzymes systems.61–63 Techniques popularly used are: microtiter plate
methods, through cholometric assays, spectrophotometric assays, HPLC and
GC, FACS64,65 or micro-fluidics66 in combination with some compartmentalization methods67,68 or whole-cell selection methods.69 These methods vary
greatly in their efficiency62,63, where the microfluidic and FACs methods are
among the most efficient ones (about 109-1010 variants/day) compared to
microtiter plate methods (<104/day). The limitations with FACs and microfluidic techniques are their fluorescent detection, while the microtiter plate
format has an excellent dynamic detection range.
Several of these screening techniques can also be coupled to robotic systems.
Bornscheuer et al. presented a robotic system which can control everything
from picking colonies and growing the libraries to screening the libraries,
resulting in greatly reduced process time to obtain improved variants.70
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Challenges and limitations with improving enzymes
Although there been advances to reduce and speed up the screening effort
through “smart libraries”, CASTing, B-fit and ISM, the development of
high-throughput screening methods and different bioinformatics tools, there
are still issues.10,11,16,71 The problem with reducing the library sizes and only
mutating a few spots at a time is how to decide which libraries to make and
if those are the best combinations to improve a certain function, though
computational methods can help with this to some degree.10,16 Highthroughput screening methods do indeed speed up the process, but it is uncertain that there is going to be any improved variants in the library
screened. Bioinformatics and computational methods can guide what to mutate and what to mutate into, but these methods are not entirely accurate and
protein engineering of some sort is often needed to give the desired improvements.10,71
Though some kind of rational design/using computational methods would be
an optimal way of proceeding; a dream scenario would be to give a program
a reaction of interest and that could accurately tell which enzyme scaffold to
start from and which mutations to make. There are several such methods as
mentioned above trying this, but they are not accurate, even though there are
successful examples. To be able to build such accurate programs the
knowledge about how enzymes work needs to increase.10,16 We do not fully
understand what determines the reactivity of specificity enzymes and how
that is linked to their structure and sequence. So there is a need to increase
that knowledge, where there are some concepts which need to be understood
to make that possible.

Enzyme concepts for catalysis and biocatalysis
The reactivities and specificities of enzymes have always fascinated researchers and many have wondered and studied how they work. Questions
researchers have asked are, what kind of chemistry do enzymes catalyze?
Which substrate do they transform? How do experimental conditions affect
the activity and selectivity? What structural elements are the cause for the
observed reactivities and selectivities? From these studies, and in an attempt
to answer such questions, several concepts have arrived to describe the functionality of enzymes, like enzyme kinetics, enzyme inhibition, pH dependence, structure/function relationships, enzyme selectivity and protein dynamics. The understanding of these concepts is of importance if there is ever
going to be possible to exactly predict the function and to design enzymes de
novo (from their sequence and/or structure).
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Enzyme kinetics
Steady state kinetics
Studies of enzymes´ catalytic rates, or enzyme kinetics, gives information
about the efficiency of an enzyme together with its specificity and mechanism.72–75 They are commonly performed during the steady state, referring to
the time period of the reaction when concentration of enzyme-bound intermediates is virtually constant. During this period, the reaction rate does not
change over time. This is an approximation though as the substrate gets converted over time, but the approximation works if measurements are limited
to short time intervals in the beginning of the measurements i.e. measuring
initial rates. Most enzymes display saturation kinetics, with the initial rate at
steady state, v0, in respect to the substrate concentration, [S] (Figure 3). The
equation describing this behavior is commonly referred to as the MichaelisMenten equation:

ܸ =
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where kcat[E]0 = Vmax, which was postulated in 1913 L. Michaelis and M. L.
Menten.72–76

Figure 3 An hyperbolic curve showing the typical behavior of initial velocities, v0, for varied
substrate concentration, [S].This type of behavior can be described by the Michaelis-Menten
equation (Equation 1). The maximal velocity, Vmax, can be obtained at high substrate
concentraions and from that the turnover number, kcat, while the specificity constant, kcat/KM,
can be obtained at low substrate concentrations. KM is by definition represented by the
substrate concentration which gives half Vmax.
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From the Michaelis-Menten equation there are three extractable constants;
kcat, KM and kcat/KM and for the simple overall reaction of:
Scheme 1
x

x

kcat, or the turnover number, represents the maximal number of substrate molecules being converted to product per unit of time and per
enzyme molecule. Being equal to k2 in the scheme above. It is a
function of all first-order rate constants in the forward reaction of the
reaction pathway. It is represented by the slowest step in the pathway going from the ES complex to free enzyme and free product
(E+P).
KM, or the Michaelis constant, is an apparent dissociation constant of
all enzyme-bound species in the reaction pathway and corresponds
to the substrate concentration at half Vmax. KM can be considered as
the affinity, KS, of the substrate in the special case when k-1 >> k2
giving
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(2) and (3)

kcat/KM, or the specificity constant, is an apparent second order rate
constant representing the rates from free enzyme and free substrate
to free enzyme and free product (E+S Æ E+P). It is often used as a
comparison of catalytic efficiency between different substrates for
an enzyme and/or between different enzymes with the same substrate. As for kcat representing the slowest first-order rate constant in
the forward reaction pathway, kcat/KM represents the slowest secondorder rate constant.

For most enzymes the mechanism is more complex than the one presented
above, making also kcat and KM being more complex functions.
Pre-steady state kinetics
The steady-state kinetics only gives information about the overall reaction,
but it does not provide information about the individual rates at each step in
the reaction pathway. This information is needed to understand the mechanism of the enzyme and also to identify where the rate-limiting and ratedetermining steps are. To acquire this kind of information, studies of the presteady state kinetics are needed.73–75 The pre-steady state is measured in the
time range of 1 to 10-7 s and is in the period before the reaction reaches
steady state. This gives the possibility to obtain the rate constants of individual steps in the reaction pathway and to detect transient intermediates. Due
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to the very short time scales, special techniques are needed to detect these
rates, like continuous-flow, stopped-flow and quenched flow.74,75 The
stopped-flow technique is very commonly used for these kinds of experiments and has the possibility to measure from 1 ms after the reaction has
started.

Deuterium Kinetic isotope effects
Including isotopic substitutions in studies of catalysis and enzyme mechanism can provide important information about the reaction pathway, and
point towards the rate-limiting step.74,75,77–80 By substituting the normal isotope to a heavier one, the effect (the isotope effect) of that substitution can
be studied. The standard substitutions used in studies of enzymes are: deuterium (2H or D), tritium (3H or T), 13C, 14C, 15N and 18O. The isotope effect can
be either primary, where the bond to the heavy isotope is broken, or secondary, where an adjacent bond is broken changing the bond to the heavy isotope in the transition state (Figure 4).

Figure 4 Isotope effects can be either primary or secondary, where the primary isotope effect
comes from breaking the bond to the heavier isotope while the secondary isotope effect comes
from breaking a bond adjacent to the heavier isotope.

The reaction rate of the lighter isotope is compared to the effect of the heavier one and is related to the difference in the vibration frequencies between
the lighter and the heavier isotope.74,75 Using hydrogen and deuterium as an
example, deuterium, being heavier, has a lower vibration frequency, resulting in a lower zero-point energy (ZPE) than hydrogen (Figure 5).
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Figure 5 As deuterium is heavier than hydrogen, it will have a lower vibrational frequency
and thereby a lower zero-point energy, ZPE. This results in higher activation energy, Ea, for
the deuterium.

If there is symmetry in the transition state upon breaking bond breaking and
bond formation the transition state will be about the same for hydrogen and
deuterium (still small difference in energy level also at transition state, but
much lower compared to resting state). As the activation energy (Ea) will be
larger for the deuterium, the reaction will go slower. The deuterium kinetic
isotope effect (KIE) is the isotope effect on the kinetic parameters kcat and
kcat/KM or individual rates on the reaction pathway. If the hydrogen transfer
is the rate limiting step in the reaction pathway, then the measured KIE will
reflect the intrinsic isotope effect. However, if there is any step before or
after the hydrogen transfer step being slower than the transfer step, the isotope effect will be lowered.78,80

Inhibition
As products resembles the substrates in an enzymatic reaction they can also
bind to the enzyme and reverse the reaction and by that slow down the forward reaction. This means the product is inhibiting the forward reaction.
This can be very useful in determining what kind of kinetic mechanism the
enzyme is following and determine the order of binding and release of substrates and products.72,75,81,82 The procedure of inhibition studies follows the
study of initial rates, v0, at steady state, with varying concentrations of a
single substrate, [S], at several different fixed concentrations of an inhibitor,
[I], (a product in this case). The presence of an inhibitor will add at least one
factor (1 + [I]/KI) to the denominator of the Michaelis-Menten equation
(Equation 1).74,75 In a double reciprocal plot (Lineweaver-Burk plot, LB-plot;
1/v0 vs. 1/[S]), these measurements normally results in several straight lines
which gives characteristic patterns depending on the inhibition type; compet26

itive (C), uncompetitive (UC), noncompetitive (NC) and mixed (MT) (Figure 6).69,72,78,79 In standard Cleland nomenclature noncompetitive and mixed
would be the same81,82, but some consider noncompetitive inhibition being
when the curves intercept on the x-axis and mixed inhibition being all other
intercepts to the left of the y-axis (Figures 6C and D).74,75 In the LB-plot a
competitive inhibitor will affect the slope (only KM is affected) and an uncompetitive inhibitor will affect the 1/v0-axis intercept (affecting kcat and KM
with the same factor). A noncompetitive/mixed inhibitor (affecting kcat and
KM with different factors), but in the case (1 + [I]/Ki) factor is the same for
the slope and the intercept kcat is only affected (for those considering mixed
type and noncompetitive inhibition is not the same, this is the noncompetitive inhibition).72,75,81,82 For the different equations see Figure 6.
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Figure 6 Different inhibition types presented in the form of Lineweaver-Burk plots; (A) Competitive, (B) Uncompetitive, (C) Noncompetitive and (D) Mixed type. The equations describing the different inhibition types are presented under each graph, respectively, from which the
inhibition constant, Ki, can be obtained.
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As mentioned above, inhibition studies are a good way to determine kinetic
mechanism and in which order substrates and products bind and are released,
respectively. Using the Cleland nomenclature83 and a bi-bi reaction as an
example, there is two substrates, A and B, and two products, P and Q. These
can bind (the substrates) and be released (the products) according to a random-, ordered- or as a ping-pong mechanism (Figure 7).72,75,83 By varying
the substrates one at a time and having one product as inhibitor at a time, it
will result in inhibition patterns which are characteristic for the different
mechanisms (Table 5).72,75,83

Figure 7 Some different kinetic mechanisms performed by enzymes catalyzing two substrates
into two products (bi-bi reactions); (A) Random bi-bi, (B) Ordered bi-bi, (C) Ping-pong, (D)
Theorell-Chance. A and B are different substrates, P and Q are the products formed.

Table 5 Different mechanisms and their characteristic inhibition patterns obtainable from
product inhibition studies. For the mechanisms see Fig 7. For the different inhibition types
see Figure 6. C: competitive inhibition, MT: mixed type inhibition.
Varied Substrate
Mechanism
Random Bi-Bi
Ordered Bi-Bi
Pin-Ping Bi-Bi
Theorell-Chance

Product inhibitor
P
Q
P
Q
P
Q
P
Q

A
C
C
MT
C
MT
C
MT
C

B
C
C
MT
MT
C
MT
C
MT

In a biocatalytic set-up, both substrate and product inhibition are important
aspects to be aware of, as they can lower the productivity of the
reaction.17,84,85 Ways to avoid this can be through a continuous addition of
substrate, for example by two-phase systems84, and/or removal of the product, for example through in situ product removal (ISPR)86. Another way can
be through protein engineering by lowering the enzyme affinity for the substrate and product.
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Enzyme stability
The stability of an enzyme is of high importance for the ability to perform its
catalytic function. It is of equally high importance for industrial processes
that may involve elevated temperatures and organic solvents, high pressures
and extreme values of pH. The stability of an enzyme (and proteins in general) is related to their ability to fold into an active form. Enzymes can become denatured (unfolded) from changes in their physical or chemical environment, which may result in decrease in activity. Conditions which can
affect the folding of the enzyme are: temperature, chemical agents like urea,
pH changes, high pressures and processes like stirring or shaking.17,74 The
fully denatured protein has a high degree of entropy from its ability to adapt
many different conformations and that the side chains can freely rotate
around single bonds. This conformational freedom is very restricted in the
folded state and as the protein folds it loses considerably entropy. This is
balanced by favorable packing of side chains, like hydrophobic interactions
and hydrogen bonds, upon folding. Though this barely compensate for the
loss in entropy as energy states between the folded and unfolded version of
proteins are only in the range of 5 to 15 kcal/mol.74 Some techniques to
measure denaturation is by differential scanning calorimetry (for thermal
denaturation)87,88 and circular dichroism89,90. If an enzyme is not stable
enough for the wanted industrial application, its stability can then be improved by methods like immobilization34, or by applying some kind of protein engineering method, as described above, to introduce modifications
which are stabilizing, like di-sulfide bridges, salt bridges or hydrogen bonding.91,92

pH dependence
All enzymes have several ionizing groups, whose ionization states are dependent on changes in pH. Thus, studies of pH dependence in an enzyme can give
information of the optimal pH for catalytic rate and about the ionization state
of the substrate or amino acids involved in binding, catalysis and/or maintaining the active conformation of the enzyme.74,75 If there are titratable groups
involved in the catalysis then pH will affect the rate of the reaction, meaning it
will have an effect on kcat and kcat/KM. This kind of information can be used to
understand the mechanism and to pin-point the residues which are titrated and
involved in the catalysis. Following the Michaelis-Menten kinetics (See
Steady state kinetics above) a pH dependence on kcat follows the ionization
constant, pKa, of the enzyme substrate complex, ES, and kcat/KM follows the
ionization constant of the free enzyme and free substrate, E + S.74,75 The pKavalues which are obtained from these kind of studies can be very characteristic, but the microenvironment of the enzyme, like in the active site, can perturb
the pKa values quite substantially.93 So the use of other information, like struc29

tures and site-directed mutagenesis, are important to interpret the pH dependence data obtained. Information about the optimal pH for maximum catalytic
rate is important for a biocatalytic set-up. Studies of pH dependence is also
important to determine at what pH the enzyme is functional, and consequently,
what pH may denature the enzyme.74

Enzyme substrate selectivity
Enzymes are generally considered highly specific and selective towards their
substrates, though a distinction needs to be clarified between the two terms
specificity and selectivity: a specific reaction of enzyme only reacts with one
substrate, while a selective reaction or enzyme reacts mostly with one substrate.94 This means that specificity is equal to complete selectivity.
There is a link between catalysis and specificity/selectivity and there are
several theories attempting to explain enzyme catalysis, which includes
some enzyme-substrate selectivity like enzyme-transition state complementarity95, enzyme-transition state stabilization74,96 and electrostatics97. Specificity/selectivity of an enzyme towards different substrates can thereby, simplified, be decided by the complementary between the enzyme and the substrate and by the specific interactions between the enzyme residues and the
substrate. This give that different substrates bind differently and resulting in
differences in lowering the activation barrier of the transition state (Figure
8). The specificity/selectivity between different substrate is compared
through the specificity constant, kcat/KM.74

Figure 8 Selectivity is related to the difference in lowering the activation barrier by the enzyme with different substrates, or variants thereof, S. One substrate bind better resulting in a
lower barrier, here for S’’, which will be more favored over the other substrate, here S’.
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Substrate-, chemo-, regio- and enantioselectivity
Enzyme selectivity can be divided into several types; substrate-, chemo-,
regio- and enantioselectivity (Figure 9).17 Substrate selectivity indicates the
enzyme´s ability to distinguish between, for example, substrates of different
sizes and chemoselectivity tells the preference for different types of chemical transformations and different types of functional groups.98,99 (The regioselectivity gives information about an enzymes ability to react with one
functional group compared to a similar functional group at another place on
the substrate.98 The enantioselectivity of an enzyme is its ability to distinguish between enantiomers of the same substrate, meaning the control of
which of the mirror-images is preferably catalyzed.98,99 Enantioselectivity is
also described as the enantiomeric ratio (E), which is the ratio of the kcat/KM
for the two enantiomers: E = (kcat/KM)R/(kcat/KM)S.100

Figure 9 Different types of selectivities displayed by enzymes; (A) substrate selectivity, (B)
chemoselectivity, (C) regioselectivity, (D) enantioselectivity. Most enzymes display several of
these types of selectivity at the same time.
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Nonproductive binding
In some enzymatic reactions, a substrate (different substrate, enantiomer or
regiostereomer) may bind in an unreactive mode, resulting in competition
with a reactive mode (Scheme 2).74,101 This is normally called nonproductive
binding.

Scheme 2

The effect by such nonproductive binding on the steady state constants kcat
and KM from the Michaelis-Menten mechanism (Scheme 1 and Equation 1)
is to lower them both.74 The reason for kcat to be lower is due to only a fraction of the substrate result in product at saturating levels. KM gets lowered
due to existence of additional binding modes or sub-states in the enzyme
active site, resulting in an apparent tighter binding.74,101 This gives the following change to Equation 1:
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Structure-function relationship
Results from studies of enzymes and the different concepts described above
(kinetics, inhibition, stability, pH dependence and selectivity) are hard to
fully understand without some kind of structural information. Also, the
structural information is highly needed for protein engineering by rational or
semi-rational design (described in the Protein engineering section above), as
it is the basis to apply these methods.
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The structure of an enzyme is what determines the reactivity, the stability
and the selectivity (all described in different sections above) by positioning
the amino acids responsible for those effects in the right orientation. So determination of the tertiary structures of enzymes is of high importance for
the understanding of enzymes and for biocatalysis. There are some methods
which are common in such structure determinations looking at the RCSB
PDB home page; X-ray crystallography, NMR and cryo-electron microscopy.
The enzyme structure also display some level of flexibility (depending on
enzyme system and factors like temperature and solvents) as they, like any
chemical molecule, have certain degree of movements around their bonds.
These movements can vary from being very subtle, being hard/impossible to
detect, to larger conformational changes with whole loops moving. These
movements may have an effect on properties like reactivity and selectivity,
where concepts like protein/enzyme dynamics, promiscuity and cooperativity becomes important.
Structure determination methods
X-ray crystallography is the most common method for structure determination
of
proteins,
as
seen
on
the
RCSB
PDB;
http://www.rcsb.org/pdb/statistics/holdings.do.23 X-ray crystallography
can give very detailed structures, but the limitation lies in the crystallization process of the proteins.102 Due to the flexibility of proteins, accuracy
is normally lower for proteins compared to small molecules. The flexibility result in the obtained structure which an average of all the possible
conformations of the protein, except if some of those conformations are
stable enough to exist in bigger populations causing several conformations to be crystallized.

Though the knowledge about the processes how proteins crystallizes is
increasing, it is still very time-consuming technique where the structure
determination being on a trial and error basis. Shortly summarized, the
crystallization process starts from having a solution of protein in a solution which may result in crystallization of the protein. By different methods, like evaporation, alteration of temperature, pH and/or salt concentration and/or alteration of the protein concentration, the aim is to reach
supersaturation, meaning where protein concentration is above the solubility limit. This may result in a creation of a nucleus of protein, nucleation, from which the protein crystal grows.102 There are different methods
to perform crystallization, where sitting or hanging drop techniques on
plates are quite common. There are also many factors affecting a protein
to crystallize, for example temperature, pressure, methods used, purity,
pH, ionic strength, post-translational modifications and many more. All
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of these factors can be varied to find conditions where the protein of interest crystallizes. A common way of doing that is a kind of shot-gun
method where plates with several different solvents with different conditions exist. These kinds of plates can be bought and gives a rough start to
find conditions which may work. After finding such conditions, there is
normally a need to optimize the conditions to give crystals of a good
enough quality.102 A problem with crystallization is that the conditions
which are optimal for crystallization may not be optimal for the protein´s
function, which is important to keep in mind when studying crystal structures. Though, such structures provide a lot of useful information that
helps in understand proteins and their function, especially if the structure
contains ligands of some sort.
Another method used for structure determination of proteins and enzymes
is nuclear magnetic resonance (NMR).103–105 The advantage of this method is the possibility to obtain information about dynamic and interaction
of proteins and protein-ligand complexes in solution at more physiological-like conditions. The limitations of NMR in structure determination
are the resolution being limited to about 2 Å and the need to label the
protein with heavier isotopes for proteins over 10 kDa.103 Isotopes used
are 15N, 13C and 2H and the incorporation is done for example by growing
cells in minimal media106, which may be problematic with cells having
harder time growing or may not grow at all. A previous limitation has
also been the size of the proteins, but technological and method advances
have made it possible to determine structures of proteins and protein
complexes of a few hundred kDa.104,105
A third method used for structural determination of proteins is cryoelectron microscopy (cryo-EM).107 The method consists of freezing the
protein sample in non-crystalline water and then projections are taken
from different directions, which make it possible to determine a 3Dstructure. Initially the method of EM was limited to resolutions like 40 Å,
but due to fast developments during the last years the method has made it
possible to study proteins at resolutions as low as 2.2 Å.108 One big benefit of cryo-EM is that the phase information is not lost, as it is for x-ray
crystallography, which makes the cryo-EM maps being clearer at a certain resolution compared to x-ray crystallography. Limitations with cryoEM are the size of proteins/protein complexes are limited to >200-300
kDa and unstable and flexible proteins are difficult to obtain good resolution structures.107
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Protein dynamics
Proteins and enzymes are flexible and dynamic molecules with movements
on time scales ranging from femtosecond to millisecond or even minutes,
involving everything from small atomic displacements to large scale domain
motions.109,110 Some example of motions which exists are binding of substrates, which are on the millisecond time scale, conformational changes,
which can be on the microsecond scale, and bond vibrations, which are on
the femtosecond scale.110,111 Those kind of dynamic motions are normally
described by a so-called “energy landscape”,112,113 where an enzyme can
have different conformational state through which it interchanges, represented by different valleys on the energy landscape (for a rough example, see
Figure 10). Depending on the depth of the valleys and the height of the barriers between the different valleys, some of the conformations are more stable and more frequent and who will have the largest impact on the enzyme
activity and selectivity (see promiscuity below for the effect on the selectivity).

Figure 10 An energy landscape showing different minima of enzyme conformations. The
deepest well, i.e. the one with lowest energy, is the most stable of the conformations. The
enzyme can vary between the conformations, which depends on the energy barriers in between.

The question about what causes the incredible rate enhancement of enzymes
(kcat/kuncat §21)114 has been approached by theories like Fischer´s lock and
key model115 and by the induced fit theory by Pauling and Koshland95,116, but
the question is still not fully solved.109,117 The role of properties like electro35

static contributions, hydrogen bonding and desolvation has been recognized
to be important for catalysis.117 Protein dynamics has also been postulated to
be important for enzyme catalysis, but it is debated to which degree and in
what way dynamics affect catalysis.109–111,117–121
The concept of protein dynamics can be of importance for biocatalysis as it
can affect the selectivity of the enzyme (see below), but it is also an important aspect to be aware for protein engineering.120 Mutations in the native
structure of an enzyme could result in parts of the protein moving, creating
new space and/or interactions which are really hard to predict from structures. The dynamics of enzymes can also be a reason for the challenges to
making programs for rational or de novo design being accurate.
Promiscuity
As mentioned above, enzymes have some degree of flexibility within their
native structure, which may result in enzymes having the possibility to catalyze several reactions i.e. enzyme promiscuity.122,123 Promiscuity can be subclassified into substrate-, catalytic- and product promiscuity.124 Substrate
promiscuity relates to the enzyme’s ability to catalyze several different substrates, catalytic promiscuity to its ability to catalyze different kinds of functional groups and product promiscuity to the enzymes capability to give different products from the same reaction. It has been discussed that promiscuity can have be important in evolution by the secondary activities gives the
organism the ability to cope with changes in the environment.122,123,125,126 By
the occasion of gene duplication, the duplicated gene could then evolve its
promiscuous activity to handle the new environment, resulting in a faster
adaptation compared to evolving such an activity from nothing. The cause
for enzyme promiscuity is, as mentioned above, related to the flexibility/dynamics of the enzyme, which results in the ability to adapt its active
site for several different substrates and the ability to stabilize different transition states.124
The concept of promiscuity is of importance for biocatalysis in the sense that
it creates the possibility to evolve an enzyme toward promiscuous activities,
which may be of industrial interest.127–129
Cooperativity
There are cases where enzymes have structural movements, conformational
changes, as part of their mechanism which can affect or control the overall
reaction of the enzyme. This is called in general terms cooperativity, which
is observed as a non-Michaelis-Menten behavior.72,74,75,130 Normally two
different behaviors are observed when plotting initial velocities versus substrate concentration, which are called positive or negative cooperativity depending of the shape of the curve (Figure 11). Positive cooperativity is ob36

served as sigmoid curve and the cause can be either homotropic or heterotropic.130 Homotropic cooperativity can be seen in some multimeric enzymes/proteins and is the result of interaction of a substrate or ligand at a
site (for example the active site) which affects the subsequent binding of the
same substrate/ligand at the same site on another monomer. Heterotropic
cooperativity is where the interaction of a molecule (an activator or inhibitor) at a site different from the active site (allosteric site) affects the binding
of the substrate/ligand at the active site on the same enzyme molecule. Hemoglobin is a standard example of positive and homotropic cooperativity.130
Hemoglobin is a hetero-tetramer consisting of two alpha and two beta
chains, where binding of an oxygen molecule at one monomer causes an
conformational change which then affects the binding of oxygen at the next
monomer.
In the case of cooperativity, the normal Michaelis-Menten equation (equation 1) is not suitable and need to be adapted:
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where KM turns into K0.5 due to the sigmoid character of the curve and as it
do not describe a standard saturation curve. Added to the Michaelis-Menten
is the Hill-coefficient, n, which describes the level of cooperativity.72,74,75 For
positive cooperativity the Hill-coefficient will be larger than 1, for negative
cooperativity it will be less than 1 and for normal Michaelis-Menten kinetics
it is equal to 1.

Figure 11 Different representations of cooperativity. The black line represents the normal
hyperbolic curve described by the Michaelis-Menten equation (Equation 1) and has a hillcoefficient of one. The blue line represents negative cooperativity with a hill-cooefficient of
less than one in Equation 11, while positive cooperativity is shown as the green curve with a
hill-coefficient of more than one.
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Aim of present study
By contributing with experimental data about how different enzymes functions and what causes their functionality, theoretical models and computer
programs can be created and improved. This is of importance for the general
understanding of enzymes which are needed for the possibility to rationally
change or create enzymes towards wanted functionalities for uses as biocatalysts in industry. An aim of this present study is to, by experimental methods, contribute to the understanding of substrate selectivity among enzymes
and the focus been on oxidoreductases and especially on alcohol dehydrogenases. Another aim has been to study to usefulness of alcohol dehydrogenase A (ADH-A) from Rhodococcus ruber as a biocatalyst towards arylVXEVWLWXWHGYLFLQDOGLROVJLYLQJĮ-hydroxy ketones (acyloins).

Alcohol dehydrogenases
Redox reactions are greatly important in biological systems and several metabolic reactions are redox reactions.131,132 These reactions are catalyzed by
oxidoreductases (EC 1.x.x.x) in which electrons are transferred between
substrates and products. This is a very large enzyme class, which is divided
into sub-classes depending on the electron donor and electron acceptor.
These types of enzymes are commonly dependent on a cofactor for these
reactions, for example nicotinamide adenine dinucleotide (NAD+/NADH),
nicotinamide adenine dinucleotide phosphate (NADP+/NADPH), flavin
mononucleotide (FMN) and flavin adenine dinucleotide (FAD).131
The oxidoreductases which catalyzes the redox reactions between alcohols
and ketones/aldehydes (EC 1.1.x.x) are commonly called alcohol oxidoreductases and in this study the focus is on the ones dependent on
NAD+/NADH (EC 1.1.1.x), namely the alcohol dehydrogenases (EC
1.1.1.1). These enzymes catalyze a hydride transfer between the nucleotide
cofactor and the alcohol or the corresponding carbonyl compound. The alcohol dehydrogenases are further divided into three different subclasses; class
I: medium length zinc-dependent, class II: short length zinc-dependent and
class III: iron-dependent alcohol dehydrogenases.132–134 From studies of the
alcohol dehydrogenases, most of these enzymes are (S)-selective and are
obeying the Prelog rule,135 meaning the hydride transfer from cofactor goes
to, for example, the re-face of an asymmetric pro-chiral ketone, giving the
(S)-alcohol. Though enzymes catalyzing the anti-Prelog reaction have been
discovered.136–140
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Common structural elements
There are some common structural features among the alcohol dehydrogenases which has been proposed through the many structures determined.
There exist two domains in this class of enzymes: the substrate binding domain and the nucleotide binding domain.74,75,141 The substrate binding domain can vary quite substantially, reflecting the substrates on which the enzyme acts upon. The nucleotide binding site is quite conserved into what is
commonly referred to as a Rossman fold, a type of ĮȕIROG.74,142 It has been
proposed for the horse liver enzyme that it exists in an “open” and “closed”
conformation, which is induced by nucleotide binding or upon release of
nucleotide and which is rate-limiting of the reaction between NAD+ and
acetaldehyde.141

Reaction
The most studied alcohol dehydrogenases are the horse liver enzyme and the
enzyme from baker´s yeast. Both of them belong to the class I alcohol dehydrogenases and follow the same ordered bi-bi mechanism72,75,141,143, the oxidation of alcohol is starting with NAD+ binding and finishes with NADH
release (Figure 7B and 21A). The hydride transfer from alcohol to NAD+ is
facilitated by the catalytic zinc ion acting as a Lewis acid and lowering the
pKa of the hydroxyl hydrogen.75,144 This causes the alcohol proton to dissociate to solution through enzyme side chains and the nucleotide ribose (Figure
12A)141,145–147 and creating an alcoholate ion which is stabilized by the zinc
ion.74,148 The hydride is then transferred to the nicotinamide ring of the
NAD+ (Figure 12B).
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Figure 12 Illustrations of the proton and hydride transfer. (A) The proton is transferred to
the solution through a network including a Ser, the cofactor and a His (The numbering are
for the horse liver enzyme). (B) The removal of the proton and the formation of the alcoholate
ion makes the transfer of the hydride from the substrate to be transferred to the C-4 carbon
on the cofactor.

Applications in industry
The oxidation of alcohols to form the corresponding carbonyl compound is a
very important reaction in synthetic organic chemistry. The traditional ways
of alcohol oxidation reactions are performed by heavy metal reagents like
Mn, Cr, Ru, Rh or Ir.36 There are also some methods not using heavy metals,
but they normally use moisture-sensitive oxidants and environmentally nondesired solvents like chlorinated solvents. Due to these limitations, several
biocatalytic methods have been developed using enzymes like alcohol dehydrogenases or oxidases and to a lesser extent peroxidases and monooxygeases.36
Use of alcohol dehydrogenases are good alternatives to the traditional alcohol oxidation methods due to their high chemo-, regio- and enantioselectivity
for the oxidation of alcohols and due to the removal of heavy metals and
reduction in environmentally non-preferred solvents. Alcohol dehydrogenases as a class also have quite wide substrate selectivity, which adds to the
interest for the use in industrial processes.36 Some enzymes commonly used
originates from horse liver and microorganisms like Thermoanaerobium
brockii, Saccaromyces cerevisiae, Candida boidinii, Candida parapsilosis,
Rhodococcus erythropolis, Lactobacillus brevis, Lactobacillus kefir and
Thermoanaerobacter ethanolius, where thermophilic organisms like T.
brockii and T. ethanolius are of high interest due to their high operational
stability.36 These enzymes, due to their enantioselectivity, naturally have
their reactions leading to kinetic resolution of secondary alcohols, which
leads to 50 % theoretical yield (Figure 13A). To circumvent this limitation
there is a need for a deracemization protocol, were an enantioselective oxidation is first performed, followed by a enantioselective (using for example
an enzyme) or non-selective (using for example a chemical reagent) reduc40

tion of the corresponding ketone, yielding 100 % theoretical yield (Figure
13B).36,149

Figure 13 (A) In kinetic resolution only one of the enantiomers is catalyzed, resulting in a
50% theoretical yield. (B) This limitation can be solve by some kind of deracemization, which
can be done non-selectively, for example by a chemical reagent, or stereoselectively where
only one of the enantiomers are formed in the reduction reaction, for example by an enzyme.
Cat.: catalyst, Red.: reduction reaction, Ox.: oxidation reaction.

The problem with alcohol dehydrogenases in an industrial set-up (additional
to the problems with enzymes in industry mentioned above) is their dependence on the nucleotide cofactor NAD(P)+/NAD(P)H, which would be extremely expensive if used in molar amounts, so there is a need to regenerate
the cofactor (Figure 14).

Figure 14 As cofactors used by enzymes are expensive to use in an industrial process, it is
important to recycle the cofactor. This can be done in several ways; by the ‘coupled
substrate’ approach, the ‘coupled enzyme’ approach, electrochemical methods or
photochemical methods.

Several ways of achieving that has been presented, like the ‘coupled substrate’ approach, where one enzyme is performing the catalysis of interest
and regenerate the cofactor using a cosubstrate.150 Other ways are the ‘coupled enzyme’, where another dehydrogenase enzyme performs the regeneration of the cofactor, like dehydrogenase; for example glutamate dehydrogenase151–153, lactate dehydrogenase154,155 and glucose dehydrogenase156 and
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oxidases; for example from Lactobacillus sanfranciscensis157 and Lactobacillus plantarum158. Other ways of recycling is by electrochemical
methods159,160 or even photochemical regeneration of the nucleotide161.

Alcohol dehydrogenase A from Rhodococcus ruber
The specific enzyme used in this study is the ADH-A from Rhodococcus
ruber. This enzyme is 38 kDa and belongs to the class I zinc-dependent alcohol dehydrogenases and it has been shown to be a functional
homodimer.132,162 Its tertiary structure has been determined (Figure 15) and
its monomer shows high structural similarity to the horse liver alcohol dehydrogenase.141,163,164 ADH-A also contains two zinc ions; one structural and
one catalytic (Figure 15B), which functions as described for the horse liver
enzyme above. ADH-A performs oxidation/reduction reactions on secondary
alcohols and ketones, has been shown to be highly enantio- and regioselective and to be active on a wide range of substrates, being S-selective and
with a preference for secondary alcohols.165–172 ADH-A has been demonstrated to be tolerant to organic solvents as it retains activity in conditions
such as 50 % acetone, 80 % 2-propanol and even 99 % hexane.162,172 These
properties make the enzyme interesting from a biocatalytic point of view, but
also as a good target to study substrate selectivity.

Figure 15 Tertiary structure of alcohol dehydrogenase A, ADH-A, from R. ruber, in complex
with NAD+ (white stick) and Zn2+ (grey spheres; one catalytic and one structural). (A) The
functional dimer of ADH-A with different colors in surface representation. (B) Monomer of
ADH-A with the nucleotide binding domain (Rossman fold) in blue and the substrate binding
domain in yellow. Image was made with PyMol (www.pymol.org) (PDB: 3jv7)163
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Present investigations

The general aim of these present investigations has been both from an academic and an applied point of view. The focus has been to study structurefunction relationship of alcohol dehydrogenases, with the focus on alcohol
dehydrogenase A (ADH-A) from R. ruber, where the focus has been on enzyme selectivity and its potential use as a biocatalyst for synthesis of
acyloins and other substituted ketones. As this enzyme had shown interesting
characteristics, like high tolerance for organic solvents162,172 and especially
broad substrate selectivity165–172, it caught our interest to study enzyme selectivity and to which extent the selectivity could be evolved in certain directions and also understood at the molecular level. We were also interested in
its putative activity with aryl-substituted vicinal diols.
This enzyme had previously not been characterized to a deeper extent regarding its kinetic and chemical mechanisms. So this was done in Paper I, to
provide basic understanding of ADH-A´s function would be needed as a
baseline for the evolution of ADH-A and to understand the effects of those
mutations. In paper II we looked into some results which came out of paper I
and by directed evolution enzyme variants were created to study enantioselectivity and nonproductive binding using R-1-phenylethanol as the model
substrate. In paper III R/S-1-phenyl propane-1,2-diol was used as the model
substrate to generate enzyme variants to study regioselectivity. In paper IV
the aim has been to evolve ADH-A towards higher activity with R-1phenylethane-1,2-diol for the use in an enzymatic cascade with an epoxide
hydrolase to obtain acyloins and other substituted ketones from racemic mixtures of aryl-substituted epoxides.
All the present investigations have several of the concepts mentioned earlier,
and have been used to some extent. Concepts which have been involved in
the characterization of wild type ADH-A or its offspring mutants has been
steady state kinetics, pre-steady state kinetics, pH dependence, product inhibition, selectivity, X-ray crystallography and kinetic cooperativity. A semirational design approach has been used for generating mutants of ADH-A,
including CASTing50 and ISM52,53. Methods and techniques like UV/vis
spectrophotometry, stopped-flow spectrophotometry/fluorometry, HPLC,
NMR and protein crystallization have been utilized for the characterization.
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Characterization of Alcohol dehydrogenase A, ADH-A
(Paper I)
Aims
As ADH-A had not been characterized in depth, and as a general goal was to
study selectivity and the possibility to use ADH-A as a biocatalyst for the
synthesis of acyloins and other substituted ketones, the first step was to establish the selectivity for different aryl-substituted vicinal diols and other
alcohols and ketones and study the mechanism of the wild type enzyme. This
knowledge would then form the basis for further evolution of the ADH-A.

Stability of ADH-A
In the initial stages of the study, during the first expressions and purifications
of ADH-A, it became obvious that the protein had problems folding in the
BL21-AI expression system that was used. SDS-PAGE results showed precipitation of the enzyme. So early on the chaperonin GroEL/ES173,174 was
introduced and co-expressed, which increased the enzyme yield and reduced
the amount of precipitation.
Early on the question of how stable ADH-A was when storing it came up.
This was studied by regularly, over the course of 60 days, measuring the
activity of the enzyme (Figure 16). This showed the enzyme losing its activity over time and the activity appeared to level off at around 50 %. The hypothesis was that this was caused by loss of zinc ions. By consulting the
literature175, it was decided to add 10 μM zinc sulfate to the storage buffer of
ADH-A. After measuring the activity over the course of 40 days it was
shown that the enzyme activity only dropped to 90-95 % (Figure 16). As a
result, for the further characterization of ADH-A 10 μM zinc sulfate was
always added to the storage buffer to ensure an adequate level of active enzyme for at least a month.
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Figure 16 If ADH-A is not stored with Zn2+ it will lose activty over time, which is helped with
addition of ZnSO4 to the storage buffer. Filled symbols: ADH-A stored without zinc, unfilled
symbols: ADH-A stored in 10 μM ZnSO4.

Substrate selectivity
Measurements of several substrates were carried out to study the substrate-,
regio-, and enantioselectivity of ADH-A (Table 6). From these measurements it was confirmed that ADH-A has a high preference for secondary
alcohols over primary alcohols, as shown by the 5000-fold higher kcat/KM
with S-1-phenylethanol compared to 2-phenylethanol and also by the difference between 1-propanol and 2-propanol. ADH-A also enantioselectively
prefers the S-enantiomer over the R shown by the difference between S- and
R-1-phenylethanol with an E-value of 270. The same trend is seen between
R- and S-1-phenylethane-1,2-diol and between R- and S-3-phenylpropane1,2-diol The R-enantiomers of the diols are the stereomer corresponding to
S-1-phenylethanol and the change in designation of configuration is due to
change in priority order of substituents. The results also showed that ADH-A
prefers bulkier phenyl-substituted substrates over smaller aliphatic substrates
as is can be seen by comparing S-1-phenylethanol and 2-propanol where the
kcat/KM drops 170-fold going from the larger to the smaller substrate. The
same can be seen comparing 2-phenylethanol and 1-propanol or acetophenone and acetone. This is interpreted as the phenyl group contributing quite
substantially to substrate binding. The reason for this conclusion is exemplified by 2-propanol, where KM (which is affected by the binding affinity) is
higher, but the turnover number is approximately the same (compare S-1phenylethanol and 2-propanol in Table 6). This preference for bulkier substrates could be attributed to the relative open active site of the enzyme (Fig
17).
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Figure 17 The active site of ADH-A in complex with NAD+ (white stick) and Zn2+ (grey
sphere). (PDB code: 3jv7)

One aim of this study was to determine any activity with aryl-substituted
vicinal diols. Oxidations of such diols results in acyloins, which are important building blocks for synthesis of compounds like anti-depressants,
anti-tumor antibiotics and inhibitors for amyloid protein production.176 Here
we could show that ADH-A display activity with R- and S-1-phenylethane1,2-diol and R- and S-3-phenylpropane-1,2-diol, though the activity is much
lower compared to the single substituted alcohols. The reason for the lower
activity for the diols was thought to be caused by steric hindrance and the
introduction of the polarity of the extra hydroxyl-group. The enzyme shows
higher activity with the propane diols compared to the ethane diols, which is
thought to be attributed to the extra methylene group creating more flexibility causing the possibility to better adapt to the active site. As the diols introduce the possibility for two different alcohol functionalities, there would be
a possibility of attack either on the primary or the secondary alcohol group.
NMR studies on the product of the oxidation of R-1-phenylethane-1,2-diol
showed only presence of 2-hydroxy acetophenone, indicating the high preference for the secondary alcohol. At pH 8 were all the kinetic measurements
have been performed ADH-A has a preference for the oxidation reaction
over the reduction reaction, as seen comparing S-1-phenylethanol and acetophenone.
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Table 6 Steady state kinetic parameters for a variation of substres catalyzed by ADH-A.
Substrate

kcat
(s-1)

Km
(mM)

kcat/Km (s-1
mM-1)

1-propanol

-

-

0.0055±
0.0002

2-propanol

56±2

74±6

0.76±
0.03

-

-

0.54±
0.02

S-1-phenylethanol

80±20

0.63±0.05

130±30

R-1-phenylethanol

0.45±
0.005

0.94±0.04

0.48±
0.01

acetophenone

36±0.8

1.2±0.09

30±2

2-phenylethanol

0.025±
0.00007

0.97±0.1

0.026±
0.002

S-1-phenylethane
-1,2-diol

0.0094±
0.0005

3.0±0.7

0.0031±
0.0006

R-1-phenylethane
-1,2-diol

0.73±0.01

17±0.6

0.044±
0.0008

2-hydroxy
acetophenone

2.0±0.08

3.7±0.4

0.55±
0.03

S-3-phenylpropane
-1,2-diol

0.15±
0.001

3.0±0.09

0.053±
0.001

R-3-phenylpropane
-1,2-diol

0.56±
0.005

4.4±0.2

0.12±
0.003

acetone
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pH dependence
Studies on the pH dependence of ADH-A showed kcat and kcat/KM increases
with pH in the oxidation reaction but decreases for the reduction reaction
(Figure 18). There is as shift in reaction direction preference at 7.2 for kcat
and 6.2 for kcat/KM. This corresponds well with the kinetic data above showing the preference for S-1-phenylethanol compared to acetophenone at pH 8.
The pKa-values were determined to range between 6.2 and 7.3, which could
indicate a histidine involved in the rate-limiting catalytic steps. By studying
the structure of ADH-A and consulting the literature about the proposed
mechanism for the proton relay of the horse liver enzyme141,145–147 His39 was
considered to be a reasonable candidate. The H39N mutant was made with
the rational that the Asn would lose the possibility to shuttle the proton but
still keep the hydrogen bonding to the cofactor, which His39 normally have.
The effect on the mutations were not massive with only a change of the apparent pKa of kcat and kcat/KM, but there was a shift towards more basic values, indicating a potential involvement in a proton relay similar to the horse
liver enzyme.

Figure 18 pH-dependence of ADH-A for oxidation of S-1-phenylethanol and reduction
acetophenone. (A) pH-dependence of kcat. (B) pH-depdence of kcat/KM.

Kinetic mechanism
Data from product inhibition studies at pH 7 indicates a Theorell-Chance
mechanism (Figure 7D and 21C), also called the hit-and-run mechanism, as
have been proposed for the horse liver alcohol dehydrogenase.143 This mechanism describes no accumulation of the ternary complex. The inhibition
pattern given by those studies (Table 7) shows NADH being a competitive
inhibitor of NAD+, acetophenone acts as a competitive inhibitor of S-1phenylethanol and NADH is a mixed inhibitor versus S-1-phenylethanol as
are acetophenone versus NAD+. A standard ordered bi-bi mechanism (Figure
7B and 21A), which has also been proposed for the horse liver enzyme177,
would give a mixed inhibition pattern for acetophenone versus S-148

phenylethanol.72 At pH 8 the inhibition pattern changes so NAD+ acts as a
mixed inhibitor against NADH (Figure 19), which can be described by an
Iso Theorell-Chance mechanism72 were the free enzyme has the possibility
two isomerize (Figure 21D). It has been proposed that the horse liver exists
in an opened and closed form, which is dependent on the cofactor
binding178,179, but for the ADH-A enzyme this isomerization is not substrate
dependent. The cause for this behavior is not known and more studies are
needed to determine the cause of change in the inhibition pattern upon a
change in pH. Comparing structures of the horse liver enzyme and ADH-A
gave some room for speculation though. Val294 is proposed to be involved
in pushing the cofactor closer to the substrate in the closed form141 and the
corresponding residue in ADH-A is Ile271. Adjacent to Ile271 in ADH-A is
a non-conserved histidine, His272, which forms a hydrogen bond with the
backbone of Val 247. This interaction could stabilize the corresponding
closed form in ADH-A also in the apoenzyme and is expected to be affected
by the changes in pH.
Table 7 Inhibition pattern by product inhibition studies of ADH-A, indicating a TheorellChance mechanism at pH 7 and a Iso Theorell-Chance mechanism at pH 8. C: compatitive
inhibition, MT: mixed type inhibition. See Figure 6 for characteristic inhibition types and
Figure 21 for the different mechanisms.
pH 7

pH 8

Varied substrate

Varied substrate

Inhibitor

NAD+

S-1phenylethanol

NAD+

S-1phenylethanol

Acetophenone

MT

C

MT

C

NADH

C

MT

MT

MT
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Figure 19 The inhibition type with NADH as inhbitor and varied NAD+ switch from
competitive inhibition to mixed type upon change in pH from seven to eight. This indicate a
switch from a Theorell-Chance mechanism to a Iso Theorell-Chance mechanism (see Figure
21 for the different mechanisms).

Pre-steady state kinetics was studied through stopped-flow techniques to
determine microscopic rates of the mechanism of ADH-A. The binding and
release of NADH and NAD+ and the oxidation of S- and R-1-pheneylethanol
was studied (Figure 20 and Table 8). The observed rates of binding and release of NADH and NAD+, measured by intrinsic tryptophan fluorescence,
was best described by a hyperbolic dependence of the cofactor concentration. This is interpreted as a two-state model where first a fast binding of
NAD(H) occurs (k1 and k-7 in Figure 21B), followed by an isomerization step
going from the open to the closed form (k2 and k-6). The reverse isomerization from closed to open form (k-2 and k6) occurs before the release of the
cofactor (k-1 and k7). This kind of behavior has also been presented for the
horse liver enzyme.141,180 From these studies it was also concluded that the
isomerization step before release of the cofactor (k-2 and k6) in both the oxidation and reduction reaction was the rate-determining step. This was concluded from these rates and kcat for the oxidation of S-1-phenylethanol and
the reduction of acetophenone are in the same range; 50 s-1 vs. 80 s-1 and 22
s-1 vs. 36 s-1 for the oxidation and the reduction reactions, respectively.
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Figure 20 Pre-steady state kinetics of nucleotide binding and oxidation of S- and R-1phenylethanol. (A) and (B) Observed rates, kobs, versus concentration of NAD+ and NADH,
respectively, measured through intrinsic tryptophan fluorescence. Solid lines fit to a hyperbolic curve and a two-state model, while the dashed lines are straight and fit to a one-state model. Isomerization rates (k2, k-2, k6, k-6) and dissociation constants for the E·NAD+/E·NADH (K1
and K7) are obtained. (C) kobs versus S- or R-1-phenylethanol, measured by observation of
increase in NADH fluorescence. Solid lines fit to a hyperbolic function and the oxidation rate
(k2) and dissociation constant for the E·NADH·alcohol complex (K3) was obtained. See Table
8 for the determined microscopic rates and Figure 21B for explanation of the rate numbering
in the model mechanism.

Some interesting findings are those for R-1-phenylethanol, where the studies
of the pre-steady state kinetics could not pin-point the rate-limiting step (Table 8). The slowest step is the isomerization step where the enzyme goes
from the closed to the open form (k6), but that step is still about 100-fold
faster than kcat. As both S- and R-1-phenylethanol has the same product (acetophenone) the cause for this observation needs to be in the first half of the
reaction. A possible explanation to this is nonproductive binding74 (Figure
21E) of the R-enantiomer, where the R-1-phenylethanol would bind in an
orientation which promotes no or very slow catalysis. This is supported both
by the significantly lower KM compared to the apparent dissociation constant
(K3) and by the fact that kcat and KM for 2-propanol (Table 6) is approximately 100 times higher than for R-1-phenylethanol even though their overall
efficiency are about the same. This leads to the conclusion that the enantioselectivity for ADH-A for the 1-phenylethanol is due to nonproductive
binding of the least preferred enantiomer. This leads to the idea that manipu51

lation of nonproductive binding by protein engineering could be a route for
improving or altering enantioselectivity among enzymes. Studies of the reduction of acetophenone was tried, but there were no observed burst indicating that hydride transfer between NADH and acetophenone is too fast,
>1000 s-1, to be recorded (the dead time of the instrument). This resulted in
that k-4 and K5 (Figure 21B) was not obtainable.
Table 8 Microscopic rates and dissociation constants for oxidation of S- and R-1phenylethanol and reduction of acetophenone. K1 and K7 are dissociation constants for NAD+
(k-1/k1) and NADH (k7/k-7), respectively, and K3 are the apparent dissociation constant for Sand R-1-phenylethanol (k-3/k3). K1, k2, k-2, k6, k-6 and K7 are obtained from binding studies of
NAD+ and NADH and are the same for all three substrates. See Figure 21B for explanation of
numbering of rates to the model mechanism.
K1
(μM)

k2
-1
(s )

k-2
-1
(s )

K3
(mM)

k4
-1
(s )

k6
-1
(s )

k-6
-1
(s )

K7
(μM)

kcat
-1
(s )

KM
(mM)

240
±100

820
±300

22
±3

2.5
±0.5

630
±40

46
±200

710
±100

22
±20

80
±20

0.63
±0.05

R-1phenylethanol

12
±2

220
±30

0.45
±0.005

0.94
±0.04

Acetophenone

-

-

36
±0.8

1.2
±0.09

Substrate
S-1phenylethanol

Conclusions
It can be concluded that ADH-A indeed displays activity with arylsubstituted vicinal diols, which makes it an interesting candidate for further
engineering efforts to improve on such activities and specificities. Both the
enantioselectivity and regioselectivity have been confirmed in agreement
with earlier studies. ADH-A display a pH dependence with a preference for
the oxidation reaction at higher pH´s and for the reduction reaction at lower
pH. The pH dependence also has an effect on the mechanism with a Theorell-Chance mechanism at pH 7 and an Iso Theorell-Chance mechanism at
pH 8. It was also concluded that from studies on pre-steady state kinetics
that the rate-determining step is an isomerization step before the release of
the nucleotide. The enantiopreference favoring S-1-phenylethanol over the
R-enantiomer seems to be due to nonproductive binding of the least favored
enantiomer.
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Figure 21 Kinetic mechanisms described in this work; (A) Ordered bi-bi mechanism, (B)
Ordered bi-bi mechanism with additional isomerization step of the binary E·nucleotide
complexes, (C) Theorell -Chance mechanism with additional isomerization step, (D) Iso
Theorell-Chance mechanism with additional isomerization step, (D) Theorell -Chance
mechanism with additional isomerization step and a step representing the nonproductive
binding seen for R-1-phenylethanol.
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A look into enantioselectivity of ADH-A (Paper II)
Aims
The results concerning the enantioselectivity and the lower activity with R-1phenylethanol (discussed in paper I) which was attributed to nonproductive
binding picked our interest. Because of this we set out to clarify the observed
enantioselectivity of ADH-A and see if, indeed, nonproductive binding could
be a cause. This was done through creating and isolating mutant variants of
ADH-A and study the effect of the mutations.

Reiteration of cofactor binding and an update of the mechanism
As discussed in paper I, the rate-determining step was suggested to be to an
isomerization step prior to release of the cofactor (steps k-2 and k6 in Figure
21B). This was concluded from the observation of a hyperbolic concentration dependence of the observed rates of the cofactor binding and release.
Through the studies on the enzyme variants created during this study (see the
specific variants described below) we reiterated the studies of the nucleotide
binding for the wild type enzyme (Figure 22). These studies concluded that a
simpler, one-step binding and dissociation model suffices to describe the
kinetic data, resulting in a five-step mechanism, a sequential ordered bi-bi
mechanism (Figure 21A).

Figure 22 Pre-steady state kinetics of nucleotide. (A) Observed rates, kobs, versus concentration of NAD+ measured through intrinsic tryptophan fluorescence (reiteration of measurement in paper I). Solid lines fit to a one-state model and association, k1, and dissociation, k-1,
can be obtained. (B) Observed rates, kobs, versus concentration of NADH measured through
NADH fluorescence. Solid lines fit to a one-state model and association, k-5, and dissociation,
k-5, can be obtained. See Figure 21A for the mechanism (ordered bi-bi mechanism).

The cause for this difference has been attributed to the fluorophores used in
these studies. In the original work (paper I) binding of the cofactor was stud54

ied through tryptophan fluorescence quenching, while in this study, NADH
fluorescence increase was used for the binding studies of NADH. Using
NADH fluorescence a linear dependence on binding of cofactor is seen (Figure 22B), but for tryptophan the dependence appear hyperbolic (Figure 20B).
We believe the former reflects the true ligand concentration dependence and
the cause for the hyperbolic behavior comes from the emission wavelength
of tryptophan (maximum at 350 nm)181,182 overlaps with the absorption
wavelength of the NADH (maximum at 340 nm). This would result in
NADH absorbing the emitted light of the tryptophans and the absorption
would increase with increased concentration of NADH, with the result that
the observed rates, kobs, becomes harder to determine accurately as the
NADH concentration and kobs increases. The off-rates of the NADH (k5) and
NAD+ (k-1) in the five-step model are also in agreement with the turnover
numbers of S-1-phenylethanol and acetophenone (Table 12). This indicates
that release of the cofactor is indeed rate-limiting. This is also supported by
the kinetic isotope effect (KIE) values due to the KIE of kcat being lower
compared to the KIE on k3 and kcat/KM, which display similar KIE (Table 9).
This suggests a step downstream of the redox step to be rate-limiting (see
Figure 23 for relation of kcat and kcat/KM), which in an ordered bi-bi mechanism would only be release of the cofactor.
Table 9 Kinetic isotope effect for ADH-A wild type and variants. All parameters are obtained
from dividing the value from 2-propanol with 2-propanol-2-d1. The parameter k3 is the rate of
the oxidation step, see Figure 21A.
enzyme

D

k3

D

kcat

D

kcat/K0.5

wild type

3.6±0.8

1.5±0.05

2.8±0.3

A2

-

3.1±0.1

2.9±0.3

A2C2

-

3.1±0.05

1.6±0.3

A2C2B1

-

-

3.5

Figure 23 An ordered bi-bi mechanism showing which steps are included in kcat and kcat/KM,
respectively. Figure inspired by reference 78.78

Decision of libraries and their design
As the aim for this particular study was to study the enantioselectivity and
the cause of the lower activity with R-1-phenylethanol we to focus on the
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evolution efforts to the active site of ADH-A. Through CASTing50 (and the
structure of ADH-A (PDB code: 3jv7)163 the amino acids constituting the
active site, and were located spatially close to each other, was paired up,
partly to keep the library sizes to a manageable level. The targeted sites in
this study was A: Y294 and W295, B: Y54 and L119 and C: F43 and I271
(Figure 24).

Figure 24 Mutation sites chosen for evolution of ADH-A; A: Y294, W295, B: F43, I271 and
C: Y54, L119. NAD+ (white stick), the catalytic zinc (grey sphere) and acetate (orange stick)
are shown.

In site A´s W295 is involved in several intermolecular interactions; to P98
through VdW contacts, to T152 through hydrogen bond by indole nitrogen
and backbone carbonyl oxygen and to T157 through VdW contact with the
side-chain. The design of the libraries was done using PCR and a mix of
degenerate codon sets: NDT, VMA, ATG and TGG.60 The reason for this
choice was reduce the complexity of library, avoid stop codons while still
keeping a complete unbiased codon set. By ISM52,53 the three different sites
were visited (Table 10). The rationale about which order the sites were chosen was to start with the A-site and as, after screening and characterization
(see details below), improved variants were isolated these became the first
generation mutants. The best variant in regards of activity with R-1phenylethanol and enantioselectivity were chosen, here named A2, as the
parent for the second generation. The C-site was chosen as the next site as it
was on the opposite side of the active site and as manually modelling the R1-phenylethanol into the active site with the mutations from the first generation indicated this would be needed for reduced steric hindrance. The most
active variant from the second generation was, A2C2, chosen as parent for a
third round of ISM due to its higher activity with R-1-phenylethanol and its
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reasonably good enantiopreference. The third site chosen was the B-site
which was chosen as it constituted a third wall of the active site and was in
proximity of the A-site, where the idea was that there could be some interaction between these two sites. For all three generations of variant enzymes,
the libraries were screened towards higher activity with R-1-phenylethanol.
Interesting variants in each generation were studied for their catalytic activities with S-1-phenylethanol, R-1-phenylethanol, acetophenone and 2propanol. The steady state kinetics was studied to determine the effects of
the different mutations. Measurements were also done on 2-propanol-2-d1 to
analyze if any changes in the rate-limiting step of the reaction had occurred
as a consequence of the substitutions. Using stopped-flow techniques the
effect on the microscopic rates was also studied. To further understand the
effect by the mutations, the crystal structures of the most interesting mutants
were determined. The results from these experiments are discussed for each
generation below.
Table 10 Mutations of characterized from different generations. Other indicates extra mutations not included in any library.
A

B

C

Variant

Y294

W295

Y54

L119

F43

I271

Other

A1

-

A

-

-

-

-

A2

F

A

-

-

-

-

A2C1

F

A

-

-

H

-

A2C2

F

A

-

-

H

-

H39Y

A2C3

F

A

-

-

S

-

H39Y

A2C2B1

F

A

F

-

H

-

H39Y

A2C2B2

F

A

W

-

H

-

H39Y

Effects of first generation mutations
From the screen of the first generation mutants (at the A-site) the two best
variants were further characterized; A1 (W295A) and A2 (Y294F, W295A)
(Table 10). These characterizations showed that it is the W295A mutation
which causes most of the effect as the differences in the kinetic parameters
are minor between A1 and A2 (Table 11).
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Table 11 Steady state kinetic parameters of ADH-A wild type and its off-spring. The data for the wild type, except for 2-propanol, is adapted from paper I. In
case of Hill-coefficient, n, is >1, then KM becomes K0.5 and kcat/KM becomes kcat/K0.5. For structures of the substrate see Table 6 in paper I.

Enzyme

wild type

A1

A2

A2C1

A2C2

A2C3

A2C2B1

A2C2B2
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R-1-phenylethanol

S-1-phenylethanol

kcat

KM

kcat/KM

kcat

KM

kcat/KM

(s-1)

(mM)

(s-1×mM-1)

(s-1)

(mM)

(s-1×mM-1)

0.45

0.94

0.48

80

0.63

130

±0.005

±0.04

±0.01

±20

±0.05

±30

2.2

9.7

0.23

1.6

0.48

2.7

0.18

1.3

±0.1

±0.7

±0.02

±0.1

±0.01

±0.2

±0.01

±0.07

2.2

7.7

0.28

1.6

0.26

2.5

0.10

±0.04

±0.3

±0.01

±0.06

±0.007

±0.2

±0.007

2.3

13

0.18

1.6

0.12

3.0

0.040

1.3

±0.1

±1

±0.02

±0.1

±0.002

±0.1

±0.002

±0.04

4.0

10

0.40

1.5

0.22

2.3

0.096

±0.2

±0.9

±0.04

±0.1

±0.006

±0.3

±0.01

20

100

0.20

0.67

3.1

0.22

±7

±40

±0.02

±0.01

±0.2

±0.01

3.4

7.6

0.45

1.9

0.26

4.2

0.061

1.7

±0.2

±0.8

±0.05

±0.3

±0.02

±0.6

±0.01

±0.3

9.3

80

0.12

0.55

16

0.034

±2

±20

±0.005

±0.05

±3

±0.003

n

(1)

(1)

(1)

Acetophenone
n

(1)

(1)

(1)

(1)

(1)

2-propanol

(R)/(S)

kcat

KM

kcat/KM

(fold)

(s-1)

(mM)

(s-1×mM-1)

36

1.2

30

±0.8

±0.09c

±2

0.25

12

0.020

±0.01

±1

±0.01

0.18

9.0

0.020

±0.008

±0.9

±0.001

0.13

10

0.013

1.3

±0.006

±0.9

±0.001

±0.06

0.40

5.3

0.076

±0.01

±0.3

0.73

0.0037

1.3

2.8

4.5

4.2

0.90

7.4

3.5

kcat

KM

kcat/KM

(s-1)

(mM)

(s-1×mM-1)

85

22

3.9

1.6

±1

±0.7

±0.1

±0.07

n.s.

n.s.

0.052

25

550

0.045

2.0

±1

±30

±0.003

±0.2

n.s

n.s.

0.028

1.4

40

1600

0.024

1.7

±0.004

±0.06

±4

±200

±0.004

±0.1

8.3

0.089

1.1

±0.03

±0.7

±0.009

± 0.05

n.s.

n.s.

0.040

0.46

4.4

0.10

1.4

±0.01

±0.3

±0.008

±0.08

n.s.

n.s.

0.012

0.25

4.6

0.053

±0.005

±0.3

±0.002

n.s.

n.s.

0.17

n

(1)

(1)

(1)

(1)

n

1.8
±0.6

1.6
±0.1

1.4
±0.08
1.1
±0.1
1.5
±0.2

The effect observed in the screen comes from the 4.9-fold increase in kcat for
R-1-phenyltethanol. This increase in the turnover number is followed by an
increase in KM, causing kcat/KM to be virtually unchanged. This behavior can
be explained by a reduction in nonproductive binding providing a possibility
for the substrate to probe a larger space thereby increasing the chance for
productive binding and resulting in an increased turnover. Together with this
observation it was shown by pre-steady state kinetics measurements that A2
has a five-fold faster dissociation of NADH (comparing k5A2/k5wt in Table
12) indicating that coenzyme release is not the rate-limiting step. This is
supported by an absence of a burst caused by the accumulation of the
(Â1$'+FRPSOH[LQWKHSUH-steady state measurements and by the KIE with
2-propanol-2-d1 (Table 9), where the isotope effect of kcat and kcat/KM are
both in the same range as Dk3 (the oxidation step and intrinsic isotope effect;
assumed to be the same in A2). These results indicate no rate-limiting step
downstream of the alcohol oxidation step, hence, pointing towards the oxidation step to be rate limiting for the overall reaction. However, the expected
maximal rate would be around 220-270 s-1 (rate of NADH dissociation, k5,
and/or oxidation of R-1-phenylethanol, k3; Table 12), and even though there
is a 4.9-fold increase in kcat for R-1-phenylethanol of the A2 mutant, the
turnover rate is only ~1% (comparing kcat/k5) of the maximum rate (Table
13). This would indicate that a predominance of nonproductive binding still
exists and that the determined kcat is only an apparent kcat that reflects 1% of
the enzyme population and in 99% of the cases the substrate binds in a nonproductive manner.
Table 12 Microscopic rates and dissociation constants of nucleotide binding and release.
Dissociation constant for NAD+ (K1) is calculated by k-1/k1 and the dissociation constant for
NADH (K5) is calculated by k5/k-5. n.d.: not determined due to no fluorescence change
recorded.
enzyme

K1
(μM)

k1
(s-1μM-1)

k-1
(s-1)

k5
(s-1)

k-5
(s-1μM-1)

K5
(μM)

wild type

12±0.8

2.7±0.06

31±2

51±6

5.1±0.1

10±1

A2

n.d.

n.d.

n.d.

270±20

17±1

16±2

A2C2

n.d.

n.d.

n.d.

260±4

9.5±0.2
a

27±0.6

A2C3

n.d.

n.d.

n.d.

200±60

27±4

7.4±2

A2C2B1

n.d.

n.d.

n.d.

65±6

26±0.2

2.5±0.2

A2C2B2

n.d.

n.d.

n.d.

110±6

24±0.2

4.4±0.2
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Table 13 Ratios of turnover number and dissociation rate of NADH
kcat/k5 × 100 (%)
R-1-phenylethanol

2-propanol

wild type

0.88±0.1

170±0.2

A2

0.81±0.07

9.3±0.8

A2C2

1.5±0.08

6.5±0.7

enzyme

A2C3

10±5

-

A2C2B1

5.2±0.6

12±1

The mutations in A2 also caused a shift in enantiopreference from a 270-fold
preference for S-1-phenylethanol for the wild type to a 2.8-fold preference
for the R-enantiomer for A2 (Table 11). This is caused mainly by 1300-fold
decrease in activity with S-1-phenylethanol. With a 170-fold decrease in kcat,
but only a four-fold increase in KM, this could be explained by an increase in
nonproductive binding of S-1-phenylethanol, which would be due to the
possibility of S-1-phenylethanol to have new opportunities for interactions
with the enzyme due to the extra space created by the W295A mutation.
However, even though the A2 variant shows this enantiopreference for the
oxidation of the 1-phenylethanol, it does not show any discrimination when
analyzing the product of the reduction of acetophenone through HPLC (Figure 25). The cause of this could be related to the lower stringency in substrate binding. As acetophenone is a flat molecule it can be subjected to a
hydride attack from either face of the carbonyl, while the 1-phenylethanol
enantiomers need to be precisely bound for the hydride transfer to occur. So
in the simplest case where we have a S-enantiomer binding mode and a Renantiomer binding mode, if the S-enantiomer binds in the R-mode there will
be no reaction and vice versa. But acetophenone would be subjected to hydride transfer regardless in which binding mode it would bind, though it
would result in different enantiomeric products.
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Figure 25 HPLC results from reduction of acetophenone with wild type ADH-A or the variants A2, A2C2 or A2C2B1. Results shows only one peak, corresponding to S-1-phenylethanol,
for the wild type enzyme, while two equally large peaks, corresponding to both enantiomers,
are seen for the variants. Acetophenone is present in all cases.

Other discoveries from the A2 mutations (Y294F and W295A) were that
W295 seem to be the main fluorophore due to the inability to detect any
signal upon NAD+ binding. It was also interesting to see that the aromatic
characteristic at position 294 was retained in both hits in the first generation
(A1 and A2). The tyrosine at 294 was either retained (A1) or mutated into a
phenylalanine (A2) and the reason for this seem to be due to the aromatic
stacking with the residue F286 of the other monomer in the dimer (Figure
26). The purpose of this interaction could be to stabilize the dimer interface.
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Figure 26 Interaction between residue 295 and 286 for wild type ADH-A (left) and the A2
variant (right), showing no difference upon mutation. For each structure, the two different
monomers are colored differently. The interaction seems to be important to stabilize the dimer
interface.

To further study the effects of the mutations of A2, the crystal structure of
the enzyme was solved in complex with NAD+. Overall the structure looks
very similar to the wild type structure. As a way to understand the increased
rate of NADH dissociation the average B-IDFWRUV RI WKH &Į FDUERQV ZHUH
compared between the wild type ADH-A (PDB structure: 3jv7) and A2.
From these results, four regions stand out with higher B-factors; region one:
residues 6-13, region two: residues 37-57 (including zinc ligand C38 and
F43 and Y54 from sites C and B, respectively), region three: residues 108120 (including L119 from site B) and region four: residues 331-339 (Figure
27A). Interestingly is that upon folding into the 3D-structure these four regions come together creating part of the active site cavity with residues interacting with the cofactor and potentially also with the substrate (Figure
27B). It was also seen that the three zinc binding ligands, C38, H62 and
D153, all display increased B-factors, indicating a higher degree of flexibility. The effect of this increase in flexibility among these three residues upon
catalysis is not clear and needs to be studied further.
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Figure 27 (A) Comparison of B-factors for the ADH-A off-springs and the wild type. The
biggest changes occur in A2 and are marked in a gray. The differences become smaller for
the A2C2, A2C3 and A2C2B1 variants which are much more similar to the wild type. The
exception is the region 236-239, which seem to become stabilized. (B) The highlighted areas
in (A) comes together at when the protein folds; region one in red, region two in yellow,
region three in magenta and region four in orange. NAD+ (grey stick), acetate (grey stick)
and the two zincs (orange spheres) are incorporated. W295 from the wild type are shown in
smudge green. (Structure PDB code: 3jv7)

Another indication of increased structural dynamics is the clear positive cooperativity of R-1-phenylehtanol and 2-propanol, which is shown by the
sigmoidal dependency of substrate concentration (Table 11). The wild type
shows positive cooperativity towards 2-propanol, which could indicate an
intrinsic dynamic behavior of ADH-A and this behavior seems to be enhanced in the A2 mutant. It would not be surprising if there is communication between the subunits as they contribute side-chains to participate in
forming the active site of the respective active sites.
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Effects of second generation mutations
As mentioned above, the A2 mutant was used as a parent for the second
generation where the C-site (F43 and I271) was visited. From this library,
three mutants were chosen for further studies; A2C1 (F43H, Y294F,
W295A), A2C2 (H39Y, F43H, Y294F, W295A) and A2C3 (H39Y, F43S,
Y294F, W295A) (Table 10). The A2C2 and A2C3 mutants were the best hits
from the screen and A2C1 was included to study the effect of the H39Y mutation present in A2C2 and A2C3. This mutation was not part of the library
and has been introduced by the DNA polymerase (Taq) during the library
construction. This H39 residue is in the region displaying higher B-factors in
the A2 structure, as described in the previous section, and is also close to the
cofactor and is involved in a hydrogen bond to a phosphate oxygen (Figure
28). The H39Y mutation disrupts this interaction. However, the NADH binding is similar to the A2 mutant (Table 12), indicating that this interaction is
not critical for coenzyme binding. The reason for the lack of effect on the
binding could be due to an already weakened hydrogen bond between H39
and the cofactor due to the increased flexibility introduced by the W295A
mutation. As with the A2 mutant, the second-generation mutants all show
positive cooperativity to different degrees, also indicating dynamic flexibility (Table 11). In general, the H39Y mutation does seem to have a small
effect on the activity with a 2-fold higher kcat/K0.5 for R-1-phenylethanol for
the A2C2 mutant compared to the A2C1 mutant (Table 11). But there is also
a 2-fold higher activity for S-1-phenylethanol for the A2C2 mutant, resulting
in almost no difference in enantioselectivity. An interesting observation was
that I271 was not changed during the mutagenesis work. This residue is
within van der Waals contact of the nicotinamide ring of the nucleotide and
its could indicate an important role of aligning the cofactor for the reaction,
maybe a role similar to V294 in the horse liver enzyme.141
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Figure 28 Superimposition of wild type ADH-A and A2C2 (A) and A2C3 (B). The interaction
between H39 in the wild type are lost in variants but compensated by the F43H mutation in
A2C2 and by the F43S mutation through a water molecule in A2C3. An observation is that the
F43H mutation introduces configuration similar to the horse liver enzyme (seen schematic in
Figure 12A) and which is proposed to be part in the proton relay.141,145–147

The structure of A2C2 describes the possible role of the F43H mutation. The
histidine is oriented differently than the phenylalanine and interacting with
one of the ribose hydroxyls of the cofactor through a hydrogen bond (Figure
28A). This new interaction does not affect the NADH binding, as compared
to the A2 mutant, as mentioned above (Table 12), but may compensate for
the loss of the interaction by H39. The difference in average B-factors for
the A2C2 is much smaller compared to the wild type (Figure 27A), though
still somewhat higher in the second region (residue 37-57). This indicates
that the F43H may have a stabilizing effect on the enzyme. An interesting
observation here is that the F43H mutation introduces the same kind of proton relay channel proposed for the horse liver enzyme.141,145–147However,
there does not seem to be any effect on the catalytic parameters of the tested
substrates (Table 11) as they are similar to the A2 mutant, which does not
have the F43H mutation.
The KIE shows largely similar results as for A2 (Table 9), with a high effect
on kcat. The value for Dkcat/K0.5, though, should be viewed as approximate as
adequate saturation was not possible to reach, resulting in poor determination of K0.5. Overall, this could indicate that the oxidation would be ratelimiting as for the A2 mutant. As for the A2 mutant, the A2C2 mutant also
shows a preference for R-1-phenylethanol (Table 11) in the oxidation of the
alcohols, though increased somewhat here due to increase in activity with
the R-enantiomer. But A2C2 also shows the same pattern of not distinguishing between the enantiomeric products upon reduction of acetophenone
(Figure 25), probably for the same reason as for A2. As for A2 it is not pos65

sible to measure NAD+ binding (Table 12), confirming that the cause is likely the loss of W295.
The A2C3 mutant has a serine substitution at position 43 instead (Table 10)
and the H39Y mutation. The F43S mutation results in a 5-fold increase in kcat
with R-1-phenylethanol compared to A2C2 (Table 11), but with a parallel
increase in KM resulting in almost no change in overall efficiency. Looking
at the structure of A2C3 (Figure 28B) it is clear that the serine causes the
same interaction as the histidine in the A2C2 variant, namely interacting
with one of the ribose in the cofactor, but through a water molecule. The
differences between these two variants then result from small structural differences between them. A2C3 have lost all enantioselectivity (Table 11), but
have the highest turnover of all the mutants so far. This indicates the importance of the interaction between cofactor and non-catalytic residues for
the catalytic efficiency. Looking at the ratio between the turnover number
and the rate of NADH dissociation (kcat/k5) it seems that R-1-phenylethanol
displays much less nonproductive binding compared to wt, A2 and A2C2
(Table 13).

Effects of third generation mutations
As mentioned above, the A2C2 was chosen as the parent for a third round of
ISM due to its higher activity with R-1-phenylethanol compared to A2C1
and to its relatively good enantioselectivity (Table 11). The third site visited
was the B-site (Y54, L119) where the most active variants all retained L119.
The two top scoring variants were chosen for further characterization;
A2C2B1 (H39Y, F43H, Y54F, Y294F, W295A) and A2C2B2 (H39Y,
F43H, Y54W, Y294F, W295A) (Table 10). The loss of the hydroxyl group
in the Y54F mutation in A2C2B1 probably affects the binding of the substrate, as in the wild type structure (3jv7) there is an interaction between the
Y54 and the bound ligand (4S)-2-methylpentane-2,4-diol.163 A2C2B1 displays similar steady-state kinetics as A2C2 and A2, but displays the highest
enantioselectivity towards R-1-phenylethanol (Table 11). The increase in
enantioselectivity is mainly caused by a somewhat higher KM for S-1phenylethanol, which could indicate worse binding for that enantiomer
caused by the enlargement of the active site by the Y54F mutation. Interestingly is that the Y54F mutation also causes the NADH to bind tighter than
even the wild type (Table 12), as the dissociation rate gets close to the wild
type enzyme but also that the association rate increases five-fold. As the
dissociation constant was at the level of the wild type, it could mean that this
step again is rate limiting, assuming the rate of oxidation still stays the same.
However, as it was not possible to reach saturation with 2-propanol-2-d1 it
was not possible to determine Dkcat making it impossible to determine any
rate-limiting step from KIE experiments, even though Dkcat/KM is on the level
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as for the wild type and A2 (Table 9). The fact that it was not possible to
PHDVXUH DQ\DFFXPXODWLRQ RI WKH (Â1$'+ FRPSOH[ LQ WKH SUH-steady state
measurements of this mutant, in spite of the lower off-rate, could indicate
that also the rate of oxidation (k3) has become lower. If this is true then
NADH could be in the same range of the oxidation rate and would be in the
same range as the rate-limiting step making it possible to compare the turnover number and rate of NADH release (kcat/k5). This comparison shows that
R-1-phenylethanol binds less nonproductively to A2C2B1 than to A2C2, A2
and the wild type (Table 13). The reason for absent burst of NADH production could also be due to low amplitudes caused by nonproductive binding of
the substrate and that the rate of oxidation has not changed, but in that case
would NADH release be rate-limiting and the comparison above would still
hold.
A2C2B2 with its Y54W mutation shows increased kcat and KM values in the
same way as A2C3 (Table 11), which could indicate less nonproductive
binding. The A2C2B2 mutant also displays similar binding kinetics towards
NADH as A2C2B1 but with a faster off-rate (Table 12). The cause for these
effects is not known and would require further studies.
Both variants from the third generation display positive cooperativity (Table
11) as the previous generations, indicating some dynamics in the structure.
A2C2B1 also displays the same pattern when looking at the products from
reduction of acetophenone as for A2 and A2C2 (Figure 25). The average Bfactors of A2C2B1 (Figure 27A) are very similar to the wild type, indicating
a slight stabilization effect from the Y54F substitution, though the cause is
not known and demand further studies.

Conclusions
In this study it was shown that an increase in kcat with R-1-phenylethanol is
followed by an almost parallel increase in KM, resulting in very small changes in overall efficiency (Table 11). From an industrial point of view this
would cause such a big problem as higher turnover is more important as high
substrate concentrations would be used. High values of KM would probably
even be beneficial as it would reduce the risk of substrate inhibition. This
combination of increase in kcat and KM indicates a decrease in nonproductive
binding.
The results show that the W295A substitution is causing the major effects of
the catalytic function and that this tryptophan has a key role in the dynamics
of the enzyme. Overall, the catalytic properties does not change much from
the A2 mutant over the course of this laboratory evolution, but the enantioselectivity towards R-1-phenylethanol do increase with an E-value of 7.4 for
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A2C2B1 compared to 0.0037 for the wild type. However, this is mainly
caused by loss of activity towards the S-enantiomer. The W295A mutant
also increases the flexibility of the enzyme and the B-factors also show that
the additional mutations throughout the evolutionary work stabilize the enzyme structure (Figure 27A).
In this work it is also shown that the increased values of kcat also is related to
the increased flexibility of the enzyme, which causes an increase in dissociation of the NADH. This means that there is a combination of lower nonproductive binding and an increase in NADH release which causes the increase
in turnover. If NADH release is rate-limiting, then the comparison of kcat/k5
can be used to estimate the ratio of productive ternary complex, which has,
in the case of R-1-phenylethanol, been shown to increase over the course of
evolution in this work (Table 13).
This raises the question if nonproductive binding is a general phenomenon in
substrate selectivity. If that is the case, this would be another aspect to consider when engineering better enzymes for biocatalytic applications.
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A look into regioselectivity of ADH-A (Paper III)
Aim
ADH-A displays a strong regioselectivity towards secondary alcohols together with a high preference for S-1-phenylethanol over the R-enantiomer,
which was shown in paper I. With the activity of towards vicinal diols, the
question then arose if a vicinal diol with two different secondary alcohol
functions could be a substrate and what determines the regioselectivity in
that case? Here, we set out to study the ability of ADH-A to oxidize the vicinal diol 1R,2S-1-phenylpropane-1,2-diol.

Choice of libraries and creation of variants
The sites used in this project were the A- (Y294, W295) and the B-site (Y54,
L119) (Figure 24) and the libraries were designed using the degenerate codon mix of NDT, VMA, ATG and TGG60, as for paper II. Screening was
done with 1R,2S-1-phenylpropane-1,2-diol and the rational was to start with
site A, but as no improved variants came out of screening that library, library
B was visited without any further characterization of any mutants from library A (Figure 29). The top variant from the screen of the B-library, B1,
was further characterized towards its catalytic efficiency (through spectrophotometric methods), its microscopic rates of the transient pre-steady state
kinetics (through stopped-flow measurements) and its regioselectivity
(through NMR). As the wild type had not been characterized with 1R,2S-1phenylpropane-1,2-diol before, it was also characterized in the same manner
as the B1 variant.

Figure 29 Pathways for ISM. Site A did not give any improved variants, so the B-site was
tested were B1 was found.
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Creating the 1R,2S-1-phenylpropane-1,2-diol
The substrate used in this project, 1R,2S-1-phenylpropane-1,2-diol, is not
possible to buy from commercial chemical companies. But the epoxide
1S,2S-1-phenylpropylene oxide is readily available, so through the use of the
wild type epoxide hydrolase from potato, StEH1, the diol could be produced
diastereomerically pure by a biocatalytic process (Figure 30).183

Figure 30 Biocatalytic process of production of 1R,2S-1-phenylpropane-1,2-diol from 1S,2S1-phenylpropylene oxide. Marked are carbon one (C-1) and two (C-2).

Change in region-selectivity and its causes
Even though the wild type ADH-A displays activity with vicinal diols (Table
6 and Table 14), it is not efficient in catalyzing the oxidation of such substrates. The wild type enzyme is approximately 3000-fold less efficient with
the R-1-phenylethane-1,2-diol compared to the 2-hydroxy-deficient derivative S-1-phenylethanol. The low activity with vicinal diols is also shown for
the 1R,2S-1-phenylpropane-1,2-diol, which is about the same as for R-1phenylethane-1,2-diol (Table 14). As was shown in paper I, this enzyme is
regioselective and for 1R,2S-1-phenylpropane-1,2-diol prefers oxidation at
C-1 by a ratio of approximately 3.6:1, as was shown with NMR (Figure 31)
Table 14 Kinetic parameters for wild type ADH-A and the B1 (Y54G, L119Y) variant. The
data for wild type are all adapted from paper I, except for the data for 1R,2S-1phenylpropane-1,2-diol. For the structures of the substrates see Table 6 in paper I, except for
1R,2S-1-phenylpropane-1,2-diol then see Figure 30.
kcat (s-1)

KM (mM)

kcat/KM (s-1 mM-1)

wild type

Substrate
S-1-phenylethanol

80±20

0.63±0.05

130±30

R-1-phenylethane-1,2-diol

0.73±0.01

17±0.6

0.044±0.0008

S-1-phenylethane-1,2-diol

0.0094±0.0005

3.0±0.7

0.0031±0.0006

1R,2S-1-phenylpropane-1,2-diol

0.41±0.006

7.1±0.4

0.058±0.003
B1
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S-1-phenylethanol

11±1

32±6

0.34±0.03

R-1-phenylethane-1,2-diol

0.17±0.008

130±10

0.0013±0.00006

S-1-phenylethane-1,2-diol

0.63±0.01

24±2

0.026±0.001

1R,2S-1-phenylpropane-1,2-diol

1.1±0.02

43±3

0.026±0.001

Wild type

0.28

1.00

B1

3.40

1.00

Figure 31 Characteristic peaks for the methyl protons of 1R,2S-1-phenylpropane-1,2-diol
(right) and the two potential hydroxy-ketone products; R-1-hydroxy-1-phenylpropan-2-one
(left) and S-2-hydroxy-1-phenylpropan-1-one (middle). Beneath the peaks are the 1H integrals
after oxidation of 1R,2S-1-phenylpropane-1,2-diol by the wild type ADH-A or the B1 variant,
respectively.

As mentioned above, the screening of the B-site (Y54, L119) (Figure 24)
resulted in one mutant B1 (Y54G, L119Y), which showed increased activity
with 1R,2S-1-phenylpropane-1,2-diol. This activity is mainly attributed to a
three-fold increase in kcat (Table 14). But the overall activity (kcat/KM) is only
half of the wild type due to increase in KM. The reason this came out as the
best in the screen is due to the conditions of the screen with relatively high
substrate concentration (10 mM) and the increase in kcat, which overall resulted in an increased turnover for B1. This increase in kcat is probably not
caused by a change in the rate-limiting step, being NADH release in the wild
type (discussed in paper II), as the rate of NADH release, k5, for B1 is essentially the same and the rates of oxidation, k3, are much higher than kcat-values
(assuming same rates for B1) (Table 15). The cause of the increase in kcat is
probably caused by increased number of productive binding modes at the
expense of affinity, as indicated by the parallel increase of kcat and KM for
1R,2S-1-phenylpropane-1,2-diol (Table 14).
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Table 15 Rates of oxidation, k3, dissociation of NADH, k5, and turnover number. The data for
the wild type are adapted from paper I, except the oxidation rate for R-1-phenylethane-1,2diol and kcat for R-1-phenylethane-1,2-diol and 1R,2S-1-phenylpropane-1,2-diol. n.d. : not
determined.
k3 (s-1)

k5 (s-1)

kcat (s-1)

S-1-phenylethanol

630±40

51±6

80±20

R-1-phenylethanol

220±30

51±6

0.45±0.005

wild type

Substrate

R-1-phenylethane-1,2-diol

42±8

51±6

0.73±0.01

S-1-phenylethane-1,2-diol

n.d.

51±6

0.0094±0.0005

1R,2S-1-phenylpropane-1,2-diol

n.d.

51±6

0.41±0.006
B1

S-1-phenylethanol

n.d.

64±20

11±1

R-1-phenylethane-1,2-diol

n.d.

64±20

0.17±0.008

S-1-phenylethane-1,2-diol

n.d.

64±20

0.63±0.01

1R,2S-1-phenylpropane-1,2-diol

n.d.

64±20

1.1±0.02

However, there is also a change in regioselectivity of the B1 variant towards
1R,2S-1-phenylpropane-1,2-diol, now with a preference for C-2, as determined by NMR (Figure 31), with a ratio of 3.4:1 resulting in an overall
change regioselectivity of approximately 12-fold. This makes difficult to
compare the kinetic parameters as the difference in regioselectivity makes
the wild type ADH-A and the B1 variant experience essentially different
substrates. The enantioselectivity with vicinal diols was also studied for the
B1 variant with the 1-phenylethane-1,2-diol enantiomer, where the mutant
shows a 20-fold preference for the S-diol over the R-diol (Table 14). This
should be compared to the 14-fold preference of the wild type enzyme for
the R-enantiomer, resulting in a 280-fold change in enantioselectivity by the
Y54G and L119Y substitutions. This is interesting results as the same mutations were in the top hits in a parallel screen with S-1-phenylethane-1,2-diol.
The change in enantioselectivity would indicate that the changes in the enzyme active site results in the change in preference towards S-1phenylethane-1,2-diol and that results in the change in regioselectivity. The
change in enantioselectivity for 1-phenylethane-1,2-diol can be explained by
a decrease in nonproductive binding, especially for the S-enantiomer. For
both R- and S-1-phenylethane-1,2-diol do the KM increase by the Y54G and
L119Y mutations, but for the R-enantiomer kcat decreases while it increases
for S-1-phenylethane-1,2-diol (Table 14). The mutations most likely cause
the possibility for more productive binding modes for S-1-phenylethane-1,2diol, giving an increase in kcat. The number of binding modes also increases
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for R-1-phenylethane-1,2-diol, but these extra modes would not be productive resulting in the decrease in kcat and an increase in nonproductive binding.
This shows also if using the ratio of the turnover and release of NADH
(kcat/k5) as a measure for nonproductive binding, as was mentioned in paper
II. For the wild type the ratios would be 1.4 % R-1-phenylethane-1,2-diol
and 0.02 % for S, while corresponding values for B1 would be 0.3 % and 1
% for the R- and S-enantiomers, respectively.
The structure of B1 was solved to shed some light on the results regarding
the regioselectivity. Comparing this structure with the wild type shows that
they overall have the same fold, but at positions 54 and 119 changes in the
cavity of the active site are visible. The two mutations in B1 act together,
where the Y54G mutation causes space for the tyrosine substitution at position 119 to flip around, in comparison to the leucine at that position in the
wild type (Figure 32).

Figure 32 The B-site of ADH-A with NAD+ (magenta stick) and the catalytic zinc (black
sphere) to the left in the background. The wild type in blue and the B1 variant in green. The
Y54G mutation creates space for the tyrosine in the L119Y mutation to flip around, occupying
about the same space as the tyrosine in the wild type.

This creates a slight reshaping of the active site cavity on the opposite side to
where the chemical reaction takes place. This small change in the structure is
what causes the change in regioselectivity, probably by allowing different
binding modes in the wild type and the B1 variant, respectively. This hypothesis would be supported by the parallel increase in kcat and KM in the
oxidation of 1R,2S-1-phenylpropane-1,2-diol by B1 (Table 14), which indicate (as mentioned above) more productive binding modes for oxidation at
C-2 (if the NMR results are also considered). In the wild type the substrate
binds in a less productive way for oxidation at C-2 and in a way that favors
oxidation at C-1. To fully understand the structural effects on the regio- and
enantioselectivity caused by the mutations, simulations would be needed.
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Conclusions
In conclusion, the wild type ADH-A prefers oxidation of C-1 in 1R,2S-1phenylpropane-1,2-diol and this preference in regioselectivity gets changed
to C-2 by the Y54G and L119Y substitutions in the B1 variant. This change
can be attributed to small changes in the active site cavity, removing steric
hindrance which prevents the wild type enzyme to bind 1R,2S-1phenylpropane-1,2-diol in a productive mode for oxidation at C-2. It is also
supported by a parallel increase in kcat and KM, which indicated more productive binding modes of the propane diol. There is also a big change in enantioselectivity for the 1-phenylethane-1,2-diol enantiomers from a 14-fold preference for R by the wild type to a 20-fold preference for S by B1. This is also
caused by the changes in the active site cavity, resulting in a less nonproductive binding for S-1-phenylethane-1,2-diol, but at the same time increase of
nonproductive binding for the R-enantiomer.
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Towards increased activity with vicinal diols for
synthesis of acyloins from racemic epoxides (Paper IV)
Aim
As one of the general aims with this thesis was to study the possibility of
using ADH-A as a biocatalyst for the production of acyloins and the studies
in paper I showed the wild type enzyme displaying activity with arylsubstituted vicinal diols, we set out to improve the activity with such diols
and to link the activities of improved ADH-A variants with an epoxide hydrolase in cascade reactions to produce acyloins from racemic epoxides
(Figure 33). The model substrate used in this study was R-1-phenylethane1,2-diol.

Figure 33 Cascade reaction with an epoxide hydrolase and ADH-A starting from an arylsubstituted epoxide, styrene oxide, forming a vicinal diol, 1-phenylethane-1,2-diol and in the
end an acyloin, 2-hydroxy acetophenone.

Decision of libraries and evolutionary routes
CASTing and ISM was used on the three libraries presented in paper II; A:
Y294 and W295, B: Y54 and L119 and C: F43 and I271 (Figure 24) and the
libraries were created by PCR using the same way and the same degenerate
codon set (NDT, VMA, ATG and TGG)60 as in paper II. Screening was performed to isolate variants with improved activity with R-1-phenylethane-1,2diol. The decision was to start visiting the A-site, like in paper II and III.
However, no improved variants were detected from the A-library. The next
library to visit then was the B-library, but with the same result (Figure 34).
When screening the C-library there were several improved variants, but only
the best one, C1 (F43H), was further characterized. This variant was used to
parent the next generation, where initially the A-site was visited again with
the rational that the mutations at the C-site may have needed for mutations at
the A-site to have an effect. However, there were again no improved variants
detected, so the B-site was visited instead. Here, several improved variants
were detected and the best one, C1B1 (F43H, Y54L), was selected for further studies.
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Figure 34 Pathways for ISM. Libraries not resulting in any hits are marked with a cross. The
hits characterized further, C1 (F43H) and C1B1 (F43H, Y54L), are shown. C1 acted as parent for the second generation.

Methods like spectrophotometry (for steady state kinetics), stopped-flow (for
pre-steady state kinetics), HPLC and X-ray crystallography were used for
characterization of both of the studied variants.

Improvements of ADH-A with R-1-phenylethane-1,2-diol
From the screening of the first (C-site) and the second (B-site) generation
variants, the best in each generation was, as mentioned above, chosen for
further characterization. These variants were C1 (F43H) from the first generation and C1B1 (F43H, Y54L) from the second generation. The increase in
activity with R-1-phenylethane-1,2-diol seen in the screen is caused, for both
variants, by an increase in kcat; 2.6-fold for C1 and additional 2.9-fold for
C1B1 (Table 16). As have been seen before (paper II and III), the increase in
kcat is followed by a parallel increase in KM, essentially resulting in unaltered
overall efficiency. This would indicate, as before, a reduction in nonproductive binding and an increase in number of productive binding modes. An
interesting observation is also that the turnover of S-1-phenylethanol is increased over the course of evolution (wild type to C1 to C1B1) (Table 16).
However, KM also increases, but compared to R-1-phenylethane-1,2-diol it
increases more than kcat, resulting in a reduction in overall efficiency (threefold for C1 compare to wild type and 6-fold for C1B1 compared to wild
type). This could indicate that this is caused by loss in binding of the S-1phenylethanol rather than less nonproductive binding. The same trend with
parallel increase of kcat and KM can be seen for C1 with 2-hydroxy acetophenone, but for C1B1 both decreases in comparison with C1 (Table 16). Overall, the kcat/KM is approximately the same for the variants and the wild type
with 2-hydroxy acetophenone, indicating that the mutation F43H in C1 reduces nonproductive binding, but the additional Y54L substitution increases
the nonproductive binding slightly again. For C1, the pattern for the diol and
2-hydroxy acetophenone is also seen with acetophenone, but as for S-1phenylethanol the overall efficiency decreases two-fold.
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Table 16 Steady state kinetic parameters for wild type ADH-A, C1 and C1B1. Data for wild
type ADH-A is adapted from paper I. For structures of substrates, see Table 6 in paper I.
R-1-phenylethane-1,2-diol

2-hydroxy acetophenone

Enzyme

kcat
(s-1)

KM
(mM)

kcat/KM
(s-1mM-1)

kcat
(s-1)

KM
(mM)

kcat/KM
(s-1mM-1)

kcat
(s-1)

KM
(mM)

kcat/KM
(s-1mM-1)

wild type

0.73
±0.01

17
±0.6

0.044
±0.0008

2.0
±0.08

3.7
±0.4

0.55
±0.03

84
±0.5

20
±0.3

4.2
±0.07

C1

1.9
±0.05

37
±2

0.050
±0.001

19
±2

36
±6

0.53
±0.02

29
±2

50
±6

0.59
±0.05

C1B1

5.5
±0.4

120
±20

0.048
±0.003

8.8
±1

20
±4

0.44
±0.04

S-1-phenylethanol

2-propanol

Acetophenone

kcat
(s-1)

KM
(mM)

kcat/KM
(s-1mM-1)

kcat
(s-1)

KM
(mM)

kcat/KM
(s-1mM-1)

wild type

80
±20

0.63
±0.05

130
±30

36
±0.8

1.2
±0.09

30
±2

C1

110
±7

2.6
±0.4

41
±4

76
±3

5.5
±0.6

14
±1

C1B11

120
±6

5.7
±0.9

21
±2

An interesting observation from studies of the transient pre-steady state kinetics is that, for each variant (wild type, C1 and C1B1), the rate of oxidation of R-1-phenylethane-1,2-diol (k3 in Figure 21A) and the rate of NADH
release (k5) are approximately the same (Table 17). However, in all cases the
kcat is much lower than these two rates, supporting the idea of nonproductive
binding. The ratio between turnover and release of NADH, kcat/k5, could be
used as a measure of nonproductive binding, as mentioned in paper II. This
would show that the nonproductive binding decreases by the F43H substitution and even further by the additional Y54L mutation, as this ratio for R-1phenylethane-1,2-diol goes from 1.4 % for the wild type to 8.3 % and 9.5 %
for C1 and C1B1, respectively. The F43H mutation causes both these rates
to decrease while the Y54L mutation causes both of the rates to increase
again to the level of the wild type. In the case of S-1-phenylethanol (C1 and
C1B1) and acetophenone (C1), kcat is higher than the release rates for NADH
and NAD+, respectively (Table 16 and..17). The reason for this is not known
and need to be studied further.
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Table 17 Microscopic rates and dissociation constants for oxidation of R-1-phenylethane1,2-diol and association and dissociation rates of NADH and NAD+ by wild type ADH-A, C1
and C1B1. K1 and K7 are dissociation constants for NAD+ (k-1/k1) and NADH (k7/k-7), respectively, and K3 are the apparent dissociation constant for R-1-phenylethane-1,2-diol (k-3/k3).
See Figure 21A for explanation of the numbering for the model ordered bi-bi mechanism.
K1
(μM)

k1
(s-1μM-1)

k-1
(s-1)

K2
(mM)

k3
(s-1)

k5
(s-1)

k-5
(s-1 μM-1)

K5
(μM)

kcat
(s-1)

KM
(mM)

wild type

12
±0.8

2.7
±0.06

31
±2

87
±30

42
±8

51
±6

5.1
±0.1

10
±1

0.73
±0.01

17
±0.6

C1

4.2
±2

5
±0.2

21
±7

32
±5

25
±2

23
±2

2.4
±0.08

9.6
±1

1.9
±0.05

37
±2

C1B1

6.8
±2

12
±0.6

82
±30

220
±60

58
±10

58
±10

6.5
±0.4

8.9
±2.5

5.5
±0.4

120
±20

Enzyme

C1B1 also displays high enantioselectivity towards R-1-phenylethane-1,2diol over the S-enantiomer, as there is almost no measurable activity with S1-phenylethane-1,2-diol. This selectivity may have been increased compared
to the wild type, as for the wild type it is possible to determine both kcat and
KM for S-1-phenylethane-1,2-diol (Table 6). This selectivity is also shown by
analyzing the product formed from reduction of 2-hydroxy acetophenone,
were C1B1 only produces the R-diol (Figure 35).

Figure 35 HPLC results at 254 nm from reduction of 2-hydroxy acetophenone with wild type
ADH-A or the variant C1B1. The two chromatogram to the right are spiked with R-1phenylethane-1,2-diol and S-1-phenylethane-1,2-diol, respectively. The chromatograms show
that both the wild type enzyme and C1B1 both produces the R-enantiomer exclusively. Note
the time difference due to different flows in HPLC. The peak at 7 and 17 min, respectively, is
ethyl acetate used to dissolve the reaction mixtures.
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The structures for C1 and C1B1 have, to date, not been solved, so there is no
possibility to link the effect of the mutations to changes in the structure.
However, the mutation for C1, F43H, is the same that was introduced in the
A2C2 variant in paper II. For A2C2 the histidine had another orientation
than the phenylalanine in the wild type enzyme and showed interactions to a
nucleotide hydroxyls (Figure 28A). There is a high possibility that the F43H
substitution in C1 has a similar effect on the structure, but the structure is
needed to confirm this. The exact cause for the structural effect on the increase in the turnover of C1 and C1B1 with R-1-phenylethane-1,2-diol needs
to be studied further.

Conclusions
The F43H substitution causes a decrease in nonproductive binding of R-1phenylethane-1,2-diol which is to a small extent further amplified by the
Y54L mutation. This is showed by the parallel increase of kcat and KM and by
the change in the ratio kcat/k5. The rates of oxidation of the alcohol and release of NADH are the same and are in all cases much faster than kcat, supporting the hypothesis of nonproductive binding. C1 also have the same mutation as the A2C2 variant in paper I, meaning the effect of the mutation is
similar in the two cases. But the structure of C1 is needed to confirm this.
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Concluding remarks and future perspectives

This aim of this study has been to study the selectivity of ADH-A from R.
ruber and to study its putative ability with aryl-substituted vicinal diols. The
wild type enzyme displays a high enantio-, and regioselectivity as shown by
a 270-fold preference for S-1-phenylethanol compared to the R-enantiomer
and by a 5000-fold preference for S-1-phenylethanol compared to 2phenylethanol. It was also shown that ADH-A prefers bulkier secondary
alcohols, which can be attributed to the relative open active site of the enzyme. The mechanism of the wild type enzyme was determined to be a Theorell-Chance mechanism, a form of ordered bi-bi mechanism but no accumulation of the ternary complex. Studies of the transient pre-steady state kinetics initial suggested that the rate-limiting step was an isomerization before
release of the cofactor, indicating a seven-step model. After looking into the
cofactor binding again, the model changed to a five-step model with removal
of the isomerization step as the data would support a this simpler model. The
rate-limiting step was now instead suggested to be release of the cofactor.
An interesting observation was that change in pH from seven to eight made
the product inhibition pattern change, indicating a change in mechanism
from the Theorell-Chance mechanism to an Iso Theorell-Chance mechanism.
This can be explained by a possibility of the enzyme to exist in several
isomerization forms, which are not substrate dependent, but depends on the
pH. An explanation for the enantioselectivity was given by nonproductive
binding of the R-1-phenylethanol due to having about 180-fold lower kcat
compared to S-1-phenylethanol, but almost the same KM. The wild type
ADH-A also showed activity with aryl-substituted vicinal diols, but the activity was much lower compare to S-1-phenylethanol.
In the second study it was shown that the enantioselectivity of ADH-A can
be changed for 1-phenylethanol by laboratory evolution. The change in selectivity was mostly due to loss of activity with the S-enantiomer, but comparing the turnover number with the rate of NADH release (kcat/k5) of the
different variants studied show a decrease in nonproductive binding, which
supported by a parallel increase in kcat and KM. The last variant studied,
A2C2B1 showed the highest degree of enantioselectivity in favor for R-1phenylethanol. Over the course of the evolutionary trajectory, there was increase in turnover number. The biggest reason for this increase was due to
increase in release of the NADH cofactor which changed the rate-limiting
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step to the oxidation step. This was supported by KIE studies on 2-propanol2-d1. The increase in the release rate of NADH was caused mainly by the
W295A mutation, which increased the flexibility and dynamics of the enzyme as seen from averaged B-factors. This flexibility was stabilized over
the course of evolution of the enzyme, where the last studied off-spring of
ADH-A, A2C2B1, also showed cofactor release rates similar to the wild
type. This study showed that ADH-A is a quite flexible enzyme and that
nonproductive binding may have an influence in the enantioselectivity of
ADH-A.
The regioselectivity was also shown to be able to change as shown by the B1
mutant (Y54G, L119Y) with 1R,2S-1-phenylpropane-1,2-diol, where small
changes in the active site cavity caused a change in preference from oxidation at C-1 towards C-2. This was attributed to the parallel change in enantioselectivity from preference of R-1-phenylethane-1,2-diol in the wild type to
the S-enantiomer for B1. Also here there was observation of a decrease in
nonproductive binding.
Variants with improved turnover number for R-1-phenylethane-1,2-diol was
found, where again the improvements in kcat were followed by a parallel
increase in KM indicating lower nonproductive binding. This gave no change
in overall efficiency, but in the case of an industrial setup this would be rather favorable. As the substrate load in an industrial process preferably
should be high, the enzyme would still be saturated and catalyze transformation at maximal rate, making binding of substrate a minor problem. The
high KM-values are also rather a good thing in such a process as the risk of
substrate inhibition gets lower. This study also showed ADH-A having a
different rate-limiting step for this diol compared to S-1-phenylethanol as the
rate of oxidation and release of NADH was the same for all variants studied.
A general observation during this study is the one about parallel increase in
kcat and KM, which can be explained by nonproductive binding. This raises
the question if nonproductive binding is a general phenomenon in substrate
selectivity?
Some future perspectives with the studies of ADH-A are, in the case of the
enantioselectivity, to study to what degree the different applied substitutions
contribute to the change in enantioselectivity, as it was shown for B1 that
changes only at the B-site change the enantioselectivity towards 1phenylethane-1,2-diol quite dramatically. By studying different trajectories
of evolution it would be possible to determine which mutations are needed
for the preference between different enantiomers in ADH-A. Such studies,
together with structures, would also help in the understanding in the observed nonproductive binding and what its cause is.
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Regarding the regioselectivity of 1R,2S-1phenylpropane-1,2-diol, the next
step would be see if it possible emphasize the preference observed for B1, by
visiting other sites in the active site of the enzyme. It would also be interesting to study the possibility the increase the selectivity observed for the wild
type. A natural thing to study would also be the notion that the enantioselectivity directs the regioselectivity, by study the reactivity and products from
1S,2R-1phenylpropane-1,2-diol.
As one of the aims of this study was to determine ADH-A´s possibility as a
biocatalyst for production of acyloins and as variants with improved turnover numbers toward R-1-phenylethane-1,2-diol have been isolated, the next
step would be to link ADH-A with an epoxide hydrolase. This would give
the possibility to create acyloins from epoxides, maybe even racemic mixtures of epoxides. It would also be interesting to study the possibility of link
the production of different acyloins further with additional enzymes, like
transaminases to produce potentially enantiopure chiral amines from relative
cheap racemic epoxides.
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Svensk sammanfattning

Dagens samhälle är mycket beroende av olika typer av kemiska föreningar.
De används som rengöringsmedel i våra hem, för tillverkning av livsmedel i
form av gödnings- och bekämpningsmedel, men även för olika typer av
material och för tillverkning av och i form av läkemedel. Ett stort problem
med dagens tillverkning av många av de kemiska föreningar som används är
att de tillverkas från råolja, samt att de traditionella processer med vilka de
tillverkas ofta inkluderar förhållanden som är farliga för människor och är
miljöfarliga. Sådana processer inkluderar höga temperaturer, högt tryck,
höga/låga pH-värden och många gånger tungmetaller och lösningsmedel
som har en negativ inverkan på miljön. Detta medför, utöver en negativ inverkan på miljön, också höga kostnader för att rena de produkter och göra
avfallet mindre farligt för människa och miljö. Ett koncept som kan appliceras för att göra de industriella processerna mer hållbara och reducera farligt
avfall är Grön kemi. Grön kemi-konceptet inkluderar tolv punkter som sammanfattat handlar om att få bort eller i alla fall reducera mängden avfall som
produceras i en kemisk process, samt att råvaror och komponenter i dessa
processer ska vara så förnybara som möjligt.
Biokatalys uppfyller många av dessa punkter. Biokatalys innebär att använda
sig av mikrober eller enzymer för att katalysera kemiska processer. Enzymer
är naturens egna katalyser och är, med undantaget några katalytiska RNA,
proteiner och det är tack vare dessa som liv är möjligt genom att kemiska
processer som annars kan tusentals år istället sker flera gånger varje sekund.
Enzymer är aktiva vid rumstemperatur, neutralt pH och normalt tryck. De är
även aktiva i vattenlösningar och genom att vara proteiner så är de även förnybara och nedbrytbara. Genom sin katalytiska förmåga så kan de även reducera mängden avfall i industriella sammanhang.
Dock så har enzymer vissa nackdelar in en de processer som används inom
den kemiska industrin, vilket återgår till att de har genom evolutionens gång
anpassats till den biologiska miljö där de är aktiva. På grund av de extrema
förhållanden som kan förekomma i sådana processer så fungerar inte enzymer optimalt, eller inte alls. En lösning på det är att förändra intressanta enzymer och anpassa dem till de förhållanden som där de ska vara funktionella.
Detta kan göras exempelvis riktad evolution eller semi-rationell design, där
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man i en laboratoriemiljö härmar den naturliga evolutionen och inför mutationer i enzymer som önskas förbättras. Detta är en mycket mödosam process, mycket för att vår förståelse för hur enzymer fungerar är begränsad.
Det gör också att vi inte har en full förståelse vad om orsakar förändringar
hos enzymer och hur vi, på ett optimalt sätt, kan förbättra dem. Sättet att lösa
detta på är att öka förståelsen hur enzymer fungerar; vad deras kemiska och
kinetiska mekanism är, vilka substrat de föredrar och så vidare.
I denna studie så har fokus legat på att studera ett alkoholdehydrogenas,
ADH-A, från Rhodococcus ruber. Alkoholdehydrogenaser katalyserar oxidations/reduktions-reaktioner och sådana är av hög vikt i organisk syntes.
Detta enzym hade innan denna studie visat sig vara mycket tålig mot organiska lösningsmedel, samt visat tendenser på att vara aktiv med en stor
mängd av olika alkoholer. ADH-A hade även visats vara enantio- och
regioselektiv. Vårt mål med denna studie var att karakterisera detta enzym
för möjligheten för användning som biokatalysator för produktion av acyloiner, som är byggstenar i exempelvis olika läkemedel, samt att studera dess
selektivitet mot olika substrat. Detta inkluderade då att studera ADH-As
möjlighet att katalysera aryl-substituerade vicinala dioler, samt dess substrat, enantio-, och regioselektivitet och, om möjligt, vad som orsakar detta. För
att kunna studera detta har en form av riktad evolution använts.
Några slutsatser från denna studie är att ADH-A är mycket enantio-, och
regioselektiv, samt föredrar större sekundära alkoholer. Det naturligt förekommande enzymet följer en ordnad bi-bi mekanism, liknande vad som
blivit beskrivet för hästleverenzymet, dock så verkar det hastighetsbegränsande steget vara frisläppandet av kofaktorn. ADH-A har en viss nivå av
flexibilitet, där en tryptofan i den aktiva ytan av enzymet verkar agera som
ett ankare. När denna muteras till en mindre aminosyra så ökar enzymets
flexibilitet markant och det hastighetsbegränsande steget ändras. ADH-A har
även aktivitet med aryl-substituerade vicinala dioler och dess möjlighet att
katalysera oxidationen av dessa har visats sig vara möjlig att öka. I alla de
projekt som inkluderat riktad evolution av ADH-A i denna studie har visat
på att kcat och KM öka parallellt i samband med att vissa mutationer introduceras, vilket visar på att enzymet binder det binder vissa substrat ickeproduktivt. En fråga som uppenbarat sig av denna studie har varit om ickeproduktiv bindning är en viktig parameter i ett enzyms selektivitet?
Det finns flera exempel där enzymer har applicerats i industriella processer,
men för att flera sådana exempel ska komma i framtiden så måste många fler
enzymer optimeras. För att öka effektiviteten av sådana förbättringar så behöver vi får större förståelse av enzymer, där förståelse vad som orsakar
selektivitet är en sådan aspekt.
84

Acknowledgement

Now is the time to thank all the people who has been around me and supported me during all these years as a PhD student. You have all made the
journey interesting, fun and less stressful.
First of all I want to thank my supervisor Micke for the opportunity to do a
PhD in his group. It was somewhat stressful before I could start due to finding money for the first semester. I want to thank you also for a very interesting project, and for the possibility for me to also take part in representative
work which has given a lot of experience how a university works. You have
also been a really good inspiration as a researcher with your huge and honest
interest in research and it has been joyful to hear you explain different theories, your reasoning about data and results and also how the university works
and how it is to be an academic researcher. You are the reason I have gotten
to love the academic environment and the reason I would like to give it a go
at an academic career.
I also want to thank my co-supervisor Helena who also thought it was a
good idea to let me do a PhD in Micke´s group by making it possible for me
to get the scholarship for the first semester. I also want to thank you for the
push in the second last study plan revisions, it helped lessen the stress and
make the last year clearer.
Big thanks to Liljewalchs, Åforsk and Jakobssons for the possibilities to go
to all the conferences over the years; Britain, Italy, USA and Finland. I have
met a lot of interesting people and learned a lot about research from those
travels.
Enormous thanks for those have helped me by critically check this thesis and
discuss different parts and concepts with me; Mikael, Paul, Dirk, Thilak and
Edward, your input have been most valuable!
Some people that I really want to acknowledge are those who have been like
my second family over the years; the Widersten group. Of course Micke is
included in this group of people, but I also need to mention; Cissi, really fun
sharing office with you and all the chair bumps we had, windows rules!
85

Thanks for the initial help into the lab work, you have been an inspiration
with your relaxed view on research and life. Big thanks for the reminders of
the importance to have the coffee breaks, cannot be without them now. I
must say I miss your messy lab bench. Åsa, it has been really nice to have
you around. You have, like me, liked have it clean and a proper order in the
lab and your positive energy has made the work environment the best. I am
happy I gave you do inspiration/push to get a kid. Though I sympathize with
you about writing the thesis while having small kids, they are little distracting (both good and bad). Missing to not have new cute stickers coming up
and your cute symbols on all your notes and post-its. Huan, thanks for the
help making sure the wall between our office places did not fall, there were a
few times I thought it would. Nowadays it is not as well balanced; yea, I
have a lot of crap on my side. Thanks also for all the travels we have done;
conferences and the summer school in Italy, and for all the discussions about
career paths, research and different companies you found out worked in the
field of biocatalysis. Nisse, thanks for all the tips and tricks in the lab. You
have been a good inspiration and you have shown the importance of being
thorough in the lab work. Thanks also for the invitations to your home and
the barbeques. Cissi, Åsa, Huan and Nisse, I miss having you all around at
the lab! Thilak, thanks for all the fun and interesting talks and discussions
about almost anything (maybe a little too long sometimes… we are both
quite strong willed so it is understandable). Your political interest and engagement is a real inspiration and I feel like I know everything about India
by now. I really want to go there, so you have to give me a tour at some
point! Also thanks for the huge help with the projects, it would have been
hard to get them to the point they are without your help. Derar, welcome as
the newest family member! I am happy for you that you have been able to
start over on a clean sheet and I wish all the best for your synthesis work in
the group!
I am really grateful towards all the project workers I have had over the years;
Dirk, Paul, Torbjörn, Andreas, Robin, Thao, Ntuku, Elias and Heidi. Your
efforts have given a lot of valuable hints, ideas and data, which has been
important for my work. I wish you all a good future in all your careers.
I want to thank previous and present people in the biochemistry program
who have been present during my PhD; Johan, Sofia, Angelica, Christian,
Helena N, Eldar, Vladimir, Edward, Giulia, Claire, Olle, Gunnar, Marcus,
Erika, Doreen, Dirk, Ylva, Vikash, Ali, Gustav, Francoise, Erik and Joana.
Thanks for the parties, the after works and the lunch and coffee break discussions. You have all made these years very memorable. Also big thanks
for all the comments and discussions during seminars and the teaching efforts during the years. Some special thanks to: Ylva and Erik, thank you a lot
for the help and your time when applying for post-doc scholarships, you
86

really helped me to straighten out some question marks. Doreen and Dirk,
thanks a lot for the collaborations. I am so happy for the crystal structures
you have been able to produce, they have been invaluable! I know that you
have started to love ADH-A Dirk, who cannot with a protein that crystalizes
within a day.
I also want to thank Paul and Malin with all the effort on trying to get that
zinc to behave. But I think you will solve the problem some day!
Many thanks also to the organic chemists and the analytical chemists at the
department for lunch and fika discussions, parties and teaching; Magnus,
Sara, Hao, Micke, Anna, Sandra, Christian, Rikard, Johan, Alban, Emilien,
Maxim, Carina, Thomas, Marcus, Torgny, Hilde, Neil… to mention a few.
Some special thanks to Sara for the help with the NMR.
Also big thanks to all the administrative and technical personnel; Inger, Johanna J, Eva and Lina for help with how to fill in forms, what forms to fill
in and answering question I have had regarding administrative issues, Bosse
for the help with getting computer programs and licenses, Gunnar for the
help with chemicals and to break open my drawer in at my office desk and
Lilian and Johanna A for all the help during the teaching over the years.
Emma and Sara, thanks for a lot of fun during the period in the doctoral student board, it was really educational and I am really thankful for getting to
know you both and work with you creating a better environment for PhD
students at the university. Also when writing thanks for this part of my PhD,
many thoughts are sent for Pär. I only knew you for half a year, but you
were a big inspiration and it was really fun to hear about all the experience
you have had working as the PhD student ombudsman and your travels.
Now to the people who have been important for me outside of BMC;
Andreas och Johan, denna resa började ju när vi bodde tillsammans i
Flogsta, saknar den tiden ibland!
Johan, Petter, Jon, Kristofer, tack så himla mycket för träningspassen som
fick en att vilja spy många gånger om. Det fick mig att börja gilla styrketräning och hjälpt en hel del när det varit stressigt; det är svårt att vara stressad
när det känns som man ska dö. Dock så har jag ju tappat en del under den
sista tiden, så jag fasar för träningsvärken och pinan att träna sig i form
igen…
David, Andreas, Johannes, Johan, Petter, Mattias, Martin, Johanna, Emma,
Sara J, Ken, Anders, Linnea, Jon och Sara K, tack så mycket för festerna,
87

spelarkvällar och olika roliga evenemang som varit under åren före och under doktorandtiden. Ni har alla haft en inverkan på mig och gjort dessa år
sjukt roliga!
I really have to thank all of you guys in SBF; Garnal/Garny, Gueze, Ernstii,
Sniffers, Slaktur, Jaquelina, Orangutank, Naduran, Ironhof, Quiibx, Ichijs,
Beetles, Mordruk, Evil, Mgt, Veganhipster, Ixzie, Xesnihr, Tordark and
Zangataz for all the time in EN, ToV, NH and for the M+ we have done. It
has been a really nice to conquer the challenges together and it has been a
good way to relax from the thesis writing and the research for a few hours
here and there.
Korvela och Lamu, spelkvällarna har varit roliga med diskussioner om allt
möjligt. Ibland har väl ämnena varit lite udda, men det är skönt att ha en
sådan omgivning också. Det ger perspektiv på livet. Tiden vi spelade DnD
var en av de roligaste, saknar att spela det. Vi kanske ska dra in Emma i
det… Jag får be om ursäkt också Marcus att vi inte gav något av barnen
namnet Marcus.
Samone och Martin, tack för filmkvällarna, middagarna, fikastunderna och
lakritsfestivalen. Det har varit roligt att beta igenom flera olika filmserier.
Jag hoppas vi kan göra något sådant igen!
Cessi, Cecilia, Isak, Carro, Gustav och Elsa, tack så mycket för umgänget
under de två åren som ungarna funnits. Det har varit roligt att se de alla tre
växa upp.
Kära familjen, Mamma, Pappa, Jonas, Daniel, Matilda och Jack (jo, du
räknas också in här!), det har varit väldigt skönt att komma och hälsa på i
Sjösa med jämna mellanrum. Det har varit skönt att byta miljö och få lite
avlastning ibland. Det har alltid varit en stor säkerhet att veta att jag har er
alla om jag någonsin skulle behöva det!
Lasse, Annica, Fredrik och Joakim, jag är jättetacksam för att ha blivit en del
av familjen. Jag har alltid tyckt om att åka ner till Månsarp, det har alltid
varit en lugn och skön miljö. Det har varit väldigt kul att åka till Wien, New
York och Värmland med er, roliga äventyr som jag hoppas att vi kan göra
igen när ungarna blivit lite äldre. Det jätteroligt att träffas och umgås med
dig på tu man hand I Wien Jocke, kändes som jag fick en chans att lära
känna dig mycket bättre.
Så till sist så kommer jag då till de som är de viktigaste i mitt liv; Emma,
Jasmine och Felicia! Tack för att ni har funnits för mig under denna resa och
fått mig att glömma jobbet och eventuella problem när jag kommit hem. Ni
88

har alltid fått mig på bra humör; Jasmine genom din energi, roliga kommentarer och dina monster imitationer, Felicia genom ditt stora leende och
Emma genom din kärlek och din snällhet. Du har alltid fötterna på Jorden, är
positiv och ett stort tålamod (även fast barnen och jag kan ha testat ditt tålamod ibland) och du är en klippa för mig. Jag älskar er all över allt annat och
lovar att kunna umgås och leka mer med er igen nu när denna avhandling är
inlämnad.

89

References

(1)
(2)

(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)
(13)
(14)
(15)
(16)
(17)
(18)
(19)
(20)
(21)
(22)

90

Eurostat. Environmental statistics and accounts in Europe; 2010.
Chemicals production statistics - Statistics Explained
http://ec.europa.eu/eurostat/statisticsexplained/index.php/Chemicals_production_statistics#Total_production_of_c
hemicals (accessed Mar 29, 2017).
Butters, M.; Catterick, D.; Craig, A.; Curzons, A.; Dale, D.; Gillmore, A.;
Green, S. P.; Marziano, I.; Sherlock, J. P.; White, W. Chem. Rev. 2006, 106,
3002–3027.
Sheldon, R. A. Chem Soc Rev 2012, 41, 1437–1451.
Anastas, P.; Eghbali, N. Chem. Soc. Rev. 2009, 39, 301.
Anastas, P. T.; Warner, J. C. Green Chemistry: Theory and Practice; Oxford
University Press, 1998.
Li, C.-J.; Chen, L. Chem. Soc. Rev. 2006, 35, 68–82.
Licence, P.; Ke, J.; Sokolova, M.; Ross, S. K.; Poliakoff, M. Green Chem.
2003, 5, 99–104.
Pârvulescu, V. I.; Hardacre, C. Chem. Rev. 2007, 107, 2615–2665.
Bornscheuer, U. T.; Huisman, G. W.; Kazlauskas, R. J.; Lutz, S.; Moore, J.
C.; Robins, K. Nature 2012, 485, 185–194.
Reetz, M. T. J. Am. Chem. Soc. 2013, 135, 12480–12496.
Schoemaker, H. E.; Mink, D.; Wubbolts, M. G. Science 2003, 299, 1694–
1697.
Strohmeier, G. A.; Pichler, H.; May, O.; Gruber-Khadjawi, M. Chem. Rev.
2011, 111, 4141–4164.
Bommarius, A. S.; Blum, J. K.; Abrahamson, M. J. Curr. Opin. Chem. Biol.
2011, 15, 194–200.
Savile, C. K.; Janey, J. M.; Mundorff, E. C.; Moore, J. C.; Tam, S.; Jarvis, W.
R.; Colbeck, J. C.; Krebber, A.; Fleitz, F. J.; Brands, J.; Devine, P. N.;
Huisman, G. W.; Hughes, G. J. Science . 2010, 329, 305-309.
Choi, J. M.; Han, S. S.; Kim, H. S. Biotechnol. Adv. 2015, 33, 1443–1454.
Bommarius, A.; Riebel-Bommarius, B. Biocatalysis: fundamentals and
applications., 1 edition.; Wiley-Blackwell, 2004.
Polizzi, K. M.; Bommarius, A. S.; Broering, J. M.; Chaparro-Riggers, J. F.
Curr. Opin. Chem. Biol. 2007, 11, 220–225.
Davids, T.; Schmidt, M.; Böttcher, D.; Bornscheuer, U. T. Curr. Opin. Chem.
Biol. 2013, 17, 215–220.
Metzker, M. L. Nat. Rev. Genet. 2010, 11, 31–46.
RefSeq: NCBI Reference Sequence Database
https://www.ncbi.nlm.nih.gov/refseq/ (accessed Mar 29, 2017).
Tatusova, T.; Ciufo, S.; Fedorov, B.; O’Neill, K.; Tolstoy, I. Nucleic Acids
Res. 2014, 42, 553–559.

(23)
(24)
(25)
(26)
(27)
(28)
(29)
(30)
(31)
(32)
(33)
(34)
(35)
(36)
(37)
(38)
(39)
(40)
(41)
(42)

(43)

(44)
(45)
(46)
(47)
(48)
(49)
(50)

RCSB PDB - Holdings Report http://www.rcsb.org/pdb/statistics/holdings.do
(accessed Mar 29, 2017).
Höhne, M.; Schätzle, S.; Jochens, H.; Robins, K.; Bornscheuer, U. T. Nat.
Chem. Biol. 2010, 6, 807–813.
Schätzle, S.; Steffen-Munsberg, F.; Thontowi, A.; Höhne, M.; Robins, K.;
Bornscheuer, U. T. Adv. Synth. Catal. 2011, 353, 2439–2445.
Steffen-Munsberg, F.; Vickers, C.; Kohls, H.; Land, H.; Mallin, H.; Nobili,
A.; Skalden, L.; van den Bergh, T.; Joosten, H. J.; Berglund, P.; H??hne, M.;
Bornscheuer, U. T. Biotechnol. Adv. 2015, 33, 566–604.
Handelsman, J. Microbiol. Mol. Biol. Rev. 2004, 68, 669–685.
Lorenz, P.; Eck, J. Nature 2005, 3, 510–516.
Kries, H.; Blomberg, R.; Hilvert, D. Curr. Opin. Chem. Biol. 2013, 17, 221–
228.
Kuhlman, B.; Baker, D. Proc. Natl. Acad. Sci. 2000, 97, 10383–10388.
Zanghellini, A.; Jiang, L.; Wollacott, A. M.; Cheng, G.; Meiler, J.; Althoff,
E. a; Röthlisberger, D.; Baker, D. Protein Sci. 2006, 15, 2785–2794.
Bolon, D. N.; Mayo, S. L. Proc. Natl. Acad. Sci. U. S. A. 2001, 98, 14274–
14279.
Lassila, J. K.; Privett, H. K.; Allen, B. D.; Mayo, S. L. Proc Natl Acad Sci U
S A 2006, 103, 16710–16715.
Sheldon, R. A.; Van Pelt, S. Chem. Soc. Rev. 2013, 42, 6223–6235.
Zhao, H.; Van Der Donk, W. A. Curr. Opin. Biotechnol. 2003, 14, 583–589.
Kroutil, W.; Mang, H.; Edegger, K.; Faber, K. Adv. Synth. Catal. 2004, 346,
125–142.
Keasling, J. D. Science (80-. ). 2010, 330, 1355 LP-1358.
Damborsky, J.; Brezovsky, J. Curr. Opin. Chem. Biol. 2009, 13, 26–34.
Arnold, F. H. Nature 2001, 409, 253–257.
Smith, M. Biosci. Rep. 1994, 14, 51–66.
Pavelka, A.; Chovancova, E.; Damborsky, J. Nucleic Acids Res. 2009, 37,
376–383.
Fox, R. J.; Davis, S. C.; Mundorff, E. C.; Newman, L. M.; Gavrilovic, V.;
Ma, S. K.; Chung, L. M.; Ching, C.; Tam, S.; Muley, S.; Grate, J.; Gruber, J.;
Whitman, J. C.; Sheldon, R. a; Huisman, G. W. Nat. Biotechnol. 2007, 25,
338–344.
Kuipers, R. K.; Joosten, H. J.; Van Berkel, W. J. H.; Leferink, N. G. H.;
Rooijen, E.; Ittmann, E.; Van Zimmeren, F.; Jochens, H.; Bornscheuer, U.;
Vriend, G.; Martins Dos Santos, V. A. P.; Schaap, P. J. Proteins Struct.
Funct. Bioinforma. 2010, 78, 2101–2113.
Bornscheuer, U. T.; Pohl, M. Biocatal. Biotransformation 2001, 5, 137–143.
Bloom, J. D.; Arnold, F. H. Proc. Natl. Acad. Sci. U. S. A. 2009, 106, 9995–
10000.
Chen, K.; Arnold, F. H. Proc. Natl. Acad. Sci. USA 1993, 90, 5618–5622.
Stemmer, C. 1994, 91, 10747–10751.
Braman, J. In Vitro Mutagenesis Protocols: Third Edition; Humana Press,
2010.
Romero, P. A.; Arnold, F. H. Nat. Rev. Mol. Cell Biol. 2009, 10, 866–876.
Reetz, M. T.; Bocola, M.; Carballeira, J. D.; Zha, D.; Vogel, A. Angew.
Chemie - Int. Ed. 2005, 44, 4192–4196.

91

(51)
(52)
(53)
(54)
(55)
(56)
(57)
(58)
(59)
(60)
(61)
(62)
(63)
(64)
(65)
(66)
(67)
(68)
(69)
(70)
(71)
(72)
(73)
(74)
(75)
(76)
(77)
(78)
(79)
(80)
(81)
(82)
(83)
(84)

92

Reetz, M. T.; Carballeira, J. D.; Vogel, A. Angew. Chemie - Int. Ed. 2006, 45,
7745–7751.
Reetz, M. T.; Wang, L. W.; Bocola, M. Angew. Chemie - Int. Ed. 2006, 45,
1236–1241.
Reetz, M. T.; Carballeira, J. D. Nat. Protoc. 2007, 2 (4), 891–903.
Reetz, M. T.; Kahakeaw, D.; Lohmer, R. ChemBioChem 2008, 9, 1797–1804.
Reetz, M. T. Angew. Chemie - Int. Ed. 2011, 50, 138–174.
Akanuma, S.; Kigawa, T.; Yokoyama, S. Proc. Natl. Acad. Sci. U SA 2002,
99, 13549–13553.
Li, T.; Fan, K.; Wang, J.; Wang, W. Protein Eng. 2003, 16 (5), 323–330.
Walter, K. U.; Vamvaca, K.; Hilvert, D. J. Biol. Chem. 2005, 280, 37742–
37746.
Kille, S.; Acevedo-Rocha, C. G.; Parra, L. P.; Zhang, Z. G.; Opperman, D. J.;
Reetz, M. T.; Acevedo, J. P. ACS Synth. Biol. 2013, 2, 83–92.
Tang, L.; Gao, H.; Zhu, X.; Wang, X.; Zhou, M.; Jiang, R. Biotechniques
2012, 52, 149–158.
Reymond, J. L. Enzyme Assays; WILEY-VCH Verlag GmbH & Co., 2006;
Vol. 1.
Leemhuis, H.; Kelly, R. M.; Dijkhuizen, L. IUBMB Life 2009, 61, 222–228.
Xiao, H.; Bao, Z.; Zhao, H. 2015.
Yang, G.; Withers, S. G. ChemBioChem 2009, 10, 2704–2715.
Bonner, W. A.; Hulett, H. R.; Sweet, R. G.; Herzenberg, L. A. Rev. Sci.
Instrum. 1972, 43, 404–409.
Kintses, B.; Hein, C.; Mohamed, M. F.; Fischlechner, M.; Courtois, F.;
Lainé, C.; Hollfelder, F. Chem. Biol. 2012, 19, 1001–1009.
Tawfik, D. S.; Griffiths, A. D. Nat Biotech 1998, 16, 652–656.
Griffiths, A. D.; Tawfik, D. S. Curr. Opin. Biotechnol. 2000, 11, 338–353.
Taylor, S. V.; Kast, P.; Hilvert, D. Angew. Chemie - Int. Ed. 2001, 40, 3310–
3335.
Dörr, M.; Fibinger, M. P. C.; Last, D.; Schmidt, S.; Santos-Aberturas, J.;
Böttcher, D.; Hummel, A.; Vickers, C.; Voss, M.; Bornscheuer, U. T.
Biotechnol. Bioeng. 2016, 113, 1421–1432.
Bommarius, A. S. Annu. Rev. Chem. Biomol. Eng. 2015, 6, 319–345.
Segel, I. Enzyme kinetics: behavior and analysis of rapid equilibrium and
steady-state enzyme systems; Wiley-Interscience, 1993.
Kyte, J. Mechanisms in protein chemistry; Garland Publishin, Inc., 1995.
Fersht, A. Structure and mechanism in protein science: a guide to enzyme
catalysis and protein folding; W. H. Freeman and Company, 1999.
Frey, P.; Hegeman, A. Enzymatic reaction mechanisms; Oxford University
Press, 2007.
Johnson, K. A.; Goody, R. S. Biochemistry 2011, 50, 8264–8269.
Northrop, D. B. Biochemistry 1975, 14, 2644–2651.
Northrop, D. B. Annu. Rev. Biochem. 1981, 50, 103–131.
Cook, P. F.; Cleland, W. W. Biochemistry 1981, 20, 1790–1796.
Cleland, W. W. Arch. Biochem. Biophys. 2005, 433, 2–12.
Cleland, W. W. Biochim. Biophys. Acta 1963, 67, 173–187.
Cooper, B. B. F.; Rudolph, F. B. Methods Enzymol. 1995, 249, 188–211.
Cleland, W. W. Biochim. Biophys. Acta 1963, 67, 104–137.
Pollard, D. J.; Woodley, J. M. Trends Biotechnol. 2007, 25, 66–73.

(85)
(86)
(87)
(88)
(89)
(90)
(91)
(92)
(93)
(94)
(95)
(96)
(97)
(98)
(99)
(100)
(101)
(102)
(103)
(104)
(105)
(106)
(107)
(108)
(109)
(110)
(111)
(112)
(113)
(114)
(115)
(116)
(117)
(118)
(119)
(120)

Höhne, M.; Bornscheuer, U. T. ChemCatChem 2009, 1, 42–51.
Lye, G. J.; Woodley, J. M. Trends Biotechnol. 1999, 17, 395–402.
Privalov, P. L.; Khechinashvili, N. N. J. Mol. Biol. 1974, 86, 665–684.
Spink, C. H. Methods Cell Biol. 2008, 84, 115–141.
Adler, A. J.; Greenfield, N. J.; Fasman, G. D. Methods Enzymol. 1973, 27,
675–735.
Kelly, S. M.; Jess, T. J.; Price, N. C. Biochim. Biophys. Acta - Proteins
Proteomics 2005, 1751, 119–139.
Kumar, S.; Tsai, C.-J.; Nussinov, R. Protein Eng. 2000, 13, 179–191.
Dombkowski, A. A.; Sultana, K. Z.; Craig, D. B. FEBS Lett. 2014, 588, 206–
212.
Harris, T. K.; Turner, G. J. IUBMB Life 2002, 53, 85–98.
Vessman, J.; Stefan, R. I.; Van Staden, J. F.; Danzer, K.; Lindner, W.; Burns,
D. T.; Fajgelj, A.; Müller, H. Pure Appl. Chem. J. Inczédy (Hungary
Thorburn Burn. 2001, 73, 1381–1386.
Pauling, L. Am. Sci. 1948, 36, 51-58
Leatherbarrow, R. J.; Fersht, a R.; Winter, G. Proc. Natl. Acad. Sci. U. S. A.
1985, 82, 7840–7844.
Warshel, A. Proc. Natl. Acad. Sci. U. S. A. 1978, 75, 5250–5254.
Muller, P. Pure Appl. Chem. 1994, 66, 1077–1184.
Afagh, N. A.; Yudin, A. K. Angew. Chemie - Int. Ed. 2010, 49, 262–310.
Straathof, A. J. J.; Jongejan, J. A. Enzyme Microb. Technol. 1997, 21, 559–
571.
Bar-Even, A.; Milo, R.; Noor, E.; Tawfik, D. S. Biochemistry 2015, 54,
4969–4977.
McPherson, A. Methods 2004, 34, 254–265.
Bax, A. Annu. Rev. Biochem. 1989, 58, 223–256.
Wüthrich, K. Nat. Struct. Mol. Biol. 2001, 8, 923–925.
Huang, C.; Kalodimos, C. G. Annu. Rev. Biophys. 2017, 46, 317–336.
Demain, A. L. J. Bacteriol. 1958, 75, 517–522.
Bai, X. chen; McMullan, G.; Scheres, S. H. W. Trends Biochem. Sci. 2015,
40, 49–57.
Bartesaghi, A.; Merk, A.; Banerjee, S.; Matthies, D.; Wu, X.; Milne, J. L. S.;
Subramaniam, S. Science. 2015, 348, 1147-1151.
Callender, R.; Dyer, R. B. Acc. Chem. Res. 2015, 48, 407–413.
Benkovic, S. J.; Hammes-Schiffer, S. Science. 2003, 301, 1196–1202.
Kohen, A. Acc. Chem. Res. 2015, 48, 466–473.
Frauenfelder, H.; Sligar, S. G.; Wolynes, P. G. Science. 1991, 254, 15981603
Benkovic, S. J.; Hammes, G. G.; Hammes-Schiffer, S. Biochemistry 2008,
47, 3317–3321.
Wolfenden, R. Chem. Rev. 2006, 106, 3379–3396.
Fischer, E. Berichte der Dtsch. Chem. Gesellschaft 1894, 27, 2985–2993.
Koshland, D. E. Proc. Natl. Acad. Sci. 1958, 44, 98–104.
Hay, S.; Scrutton, N. S. Nat. Chem. 2012, 4, 161–168.
Schwartz, S. D.; Schramm, V. L. Nat Chem Biol 2009, 5, 551–558.
Agarwal, P. K.; Billeter, S. R.; Rajagopalan, P. T. R.; Benkovic, S. J.;
Hammes-Schiffer, S. Proc. Natl. Acad. Sci. U. S. A. 2002, 99 , 2794–2799.
Boehr, D. D.; Nussinov, R.; Wright, P. E. Nat Chem Biol. 2009, 5, 789–796.

93

(121)
(122)
(123)
(124)
(125)
(126)
(127)
(128)
(129)
(130)
(131)
(132)
(133)
(134)
(135)
(136)
(137)
(138)
(139)
(140)
(141)
(142)
(143)
(144)
(145)
(146)
(147)
(148)
(149)
(150)
(151)
(152)
(153)
(154)

94

Henzler-Wildman, K.; Kern, D. Nature 2007, 450 , 964–972.
Jensen, R. A. Annu. Rev. Microbiol. 1976, 30, 409–425.
O’Brien, P. J.; Herschlag, D. Chem. Biol. 1999, 6, 91-105.
Gatti-Lafranconi, P.; Hollfelder, F. ChemBioChem 2013, 14, 285–292.
Tokuriki, N.; Tawfik, D. S. Science. 2009, 324, 203-207.
Khersonsky, O.; Tawfik, D. S. Annu. Rev. Biochem. 2010, 79, 471–505.
Bornscheuer, U. T.; Kazlauskas, R. J. Angew. Chemie - Int. Ed. 2004, 43,
6032–6040.
Hult, K.; Berglund, P. Trends Biotechnol. 2007, 25, 231–238.
Favia, A. D.; Thornton, J. M.; Nobeli, I. Nat. Biotechnol. 2009, 27, 157–167.
Neet, K. E. Methods Enzymol. 1995, 249, 519–567.
Nelson, D. L.; Cox, M. M. Lehninger - Principles of biochemistry, Fifth.; W.
H. Freeman and Company, 2008.
Reid, M. F.; Fewson, C. a. Molecular characterization of microbial alcohol
dehydrogenases.; 1994; Vol. 20.
Jörnvall, H.; Persson, M.; Jeffery, J. Proc. Natl. Acad. Sci. U. S. A. 1981, 78,
4226–4230.
Scopes, R. K. FEBS Lett. 1983, 156, 303–306.
Prelog, V. Pure Appl. Chem. 1964, 9, 119–130.
Nie, Y.; Xiao, R.; Xu, Y.; Montelione, G. T. Org. Biomol. Chem. 2011, 9,
4070–4078.
Gruber, C. C.; Nestl, B. M.; Gross, J.; Hildebrandt, P.; Bornscheuer, U. T.;
Faber, K.; Kroutil, W. Chem. – A Eur. J. 2007, 13, 8271–8276.
Wallner, S. R.; Lavandera, I.; Mayer, S. F.; Öhrlein, R.; Hafner, A.; Edegger,
K.; Faber, K.; Kroutil, W. J. Mol. Catal. B Enzym. 2008, 55, 126–129.
Lavandera, I.; Höller, B.; Kern, A.; Ellmer, U.; Glieder, A.; de Wildeman, S.;
Kroutil, W. Tetrahedron: Asymmetry 2008, 19, 1954–1958.
Cuetos, A.; Rioz-Martínez, A.; Bisogno, F. R.; Grischek, B.; Lavandera, I.;
de Gonzalo, G.; Kroutil, W.; Gotor, V. Adv. Synth. Catal. 2012, 354, 1743–
1749.
Plapp, B. V. Arch. Biochem. Biophys. 2010, 493, 3–12.
Rao, S. T.; Rossmann, M. G. J. Mol. Biol. 1973, 76, 241–256.
Theorell, H.; Chance, B. Acta chem. scand 1951, 5, 1127–1144.
Kvassman, J.; Larsson, A.; Pettersson, G. Eur. J. Biochem. 1981, 114, 555–
563.
Eklund, H.; Nordstrom, B.; Zeppezauer, E.; Soderlund, G.; Ohlsson, I.;
Boiwe, T.; Branden, C. I. FEBS Lett. 1974, 44, 200–204.
Eklund, H.; Plapp, B. V; Samama, J. P.; Brändén, C. I. J. Biol. Chem. 1982,
257, 14349–14358.
LeBrun, L. A.; Plapp, B. V. Biochemistry 1999, 38, 12387–12393.
Cook, P. F.; Cleland, W. W. Biochemistry 1981, 20, 1805–1816.
Hall, M.; Bommarius, A. S. Chem. Rev. 2011, 111, 4088–4110.
Stampfer, W.; Kosjek, B.; Moitzi, C.; Kroutil, W.; Faber, K. Angew. Chemie
- Int. Ed. 2002, 41, 1014–1017.
Lee, L. G.; Whitesides, G. M. J. Org. Chem. 1986, 51, 25–36.
Wong, C.-H.; Matos, J. R. J. Org. Chem. 1985, 50, 1992–1994.
Matos, J. R.; Wong, C. H. J. Org. Chem. 1986, 51, 2388–2389.
Bednarski, M. D.; Chenault, H. K.; Simon, E. S.; Whitesides, G. M. J. Am.
Chem. Soc. 1987, 109, 1283–1285.

(155) Bortolini, O.; Casanova, E.; Fantin, G.; Medici, A. 1998, 9, 647–651.
(156) Richter, N.; Neumann, M.; Liese, A.; Wohlgemuth, R.; Weckbecker, A.;
Eggert, T.; Hummel, W. Biotechnol. Bioeng. 2010, 106, 541–552.
(157) Riebel, B. R.; Gibbs, P. R.; Wellborn, W. B.; Bommarius, A. S. Adv. Synth.
Catal. 2002, 344, 1156–1168.
(158) Park, J. T.; Hirano, J. I.; Thangavel, V.; Riebel, B. R.; Bommarius, A. S. J.
Mol. Catal. B Enzym. 2011, 71, 159–165.
(159) Katakis, I.; Domínguez, E. Mikrochim. Acta 1997, 126, 11–32.
(160) Takagi, K.; Kano, K.; Ikeda, T. J. Electroanal. Chem. 1998, 445, 211–219.
(161) Willner, I.; Mandler, D. Enzyme Microb. Technol. 1989, 11, 467–483.
(162) Kosjek, B.; Stampfer, W.; Pogorevc, M.; Goessler, W.; Faber, K.; Kroutil,
W. Biotechnol. Bioeng. 2004, 86, 55–62.
(163) Karabec, M.; Lyskowski, A.; Tauber, K. C.; Steinkellner, G.; Kroutil, W.;
Grogan, G.; Gruber, K. Chem. Commun. 2010, 46, 6314–6316.
(164) Ramaswamy, S.; Scholze, M.; Plapp, B. V. Biochemistry 1997, 36, 3522–
3527.
(165) Stampfer, W.; Edegger, K.; Kosjek, B.; Faber, K.; Kroutil, W. Adv. Synth.
Catal. 2004, 346, 57–62.
(166) Stampfer, W.; Kosjek, B.; Faber, K.; Kroutil, W. J. Org. Chem. 2003, 68,
402–406.
(167) Stampfer, W.; Kosjek, B.; Faber, K.; Kroutil, W. Tetrahedron Asymmetry
2003, 14, 275–280.
(168) Van Deursen, R.; Stampfer, W.; Edegger, K.; Faber, K.; Kroutil, W. J. Mol.
Catal. B Enzym. 2004, 31, 159–163.
(169) Edegger, K.; Gruber, C. C.; Poessl, T. M.; Wallner, S. R.; Faber, K.; Niehaus,
F.; Eck, J.; Oehrlein, R.; Hafner, A.; Kroutil, W. Chem. Commun. 2006,
2402–2404.
(170) Edegger, K.; Mang, H.; Faber, K.; Gross, J.; Kroutil, W. J. Mol. Catal. A
Chem. 2006, 251, 66–70.
(171) Lavandera, I.; Oberdorfer, G.; Gross, J.; De Wildeman, S.; Kroutil, W.
European J. Org. Chem. 2008, 15, 2539–2543.
(172) Ruber, R.; Gonzalo, G. De; Lavandera, I.; Faber, K.; Kroutil, W. 2007, 9,
2163-2166.
(173) Dale, G. E.; Schnöfeld, H.-J.; Langen, H.; Stieger, M. Protein Eng. Des. Sel.
1994, 7, 925–931.
(174) Horwich, A. L. Nat. Med. 2011, 17, 1211–1216.
(175) Magonet, E.; Hayen, P.; Delforge, D.; Delaive, E.; Remacle, J. Biochem. J.
1992, 287, 361–365.
(176) Hoyos, P.; Sinisterra, J.-V.; Molinari, F.; Alcántara, A. R.; Domínguez de
María, P. Acc. Chem. Res. 2010, 43, 288–299.
(177) Wratten, C.; Cleland, W. Biochemistry 1963, 2, 935–941.
(178) Eklund, H.; Brändén, C.-I. J. Biol. Chem. 1979, 254, 3458–3461.
(179) Eklund, H.; Samama, J. P.; Wallén, L.; Brändén, C. I.; Åkeson, Å.; Jones, T.
A. J. Mol. Biol. 1981, 146, 561–587.
(180) Sekhar, V. C.; Plapp, B. V. Biochemistry 1990, 29, 4289–4295.
(181) Teale, F. W.; Weber, G. Biochem. J. 1957, 65, 476–482.
(182) Ghisaidoobe, A. B. T.; Chung, S. J. Int. J. Mol. Sci. 2014, 15, 22518–22538.
(183) Lindberg, D.; de la Fuente Revenga, M.; Widersten, M. J. Biotechnol. 2010,
147 (3–4), 169–171.

95

Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 1497
Editor: The Dean of the Faculty of Science and Technology
A doctoral dissertation from the Faculty of Science and
Technology, Uppsala University, is usually a summary of a
number of papers. A few copies of the complete dissertation
are kept at major Swedish research libraries, while the
summary alone is distributed internationally through
the series Digital Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Science and Technology.
(Prior to January, 2005, the series was published under the
title “Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-318984

ACTA
UNIVERSITATIS
UPSALIENSIS
UPPSALA
2017

