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Abstract
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The use of enzymes as catalysts for chemical transformations has emerged as a “greener”
alternative to traditional organic synthesis. An issue to solve though, is that enzymes are
designed by nature to catalyze reactions in a living cell and therefore, in many cases, do not meet
the requirements of a suitable biocatalyst. By mimicking Darwinian evolution these problems
can be addressed in vitro by different types of directed evolution strategies.

α-Hydroxy aldehydes and α-hydroxy ketones are important building blocks in the
synthesis of natural products, fine chemicals and pharmaceuticals. In this thesis, two alcohol
dehydrogenases, FucO and ADH-A, have been studied. Their potentials to serve as useful
biocatalysts for the production of these classes of molecules have been investigated, and shown
to be good. FucO for its strict regiospecificity towards primary alcohols and that it strongly
prefers the S-enantiomer of diol substrates. ADH-A for its regiospecificity towards secondary
alcohols, its enantioselectivity and that is has the ability to use a wide variety of bulky substrates.
The kinetic mechanisms of these enzymes were investigated using pre-steady state kinetics,
product inhibition, kinetic isotope effects and solvent viscosity effects, and in both cases, the rate
limiting steps were pin-pointed to conformational changes occurring at the enzyme-nucleotide
complex state. These characterizations provide an important foundation for further studies on
these two enzymes. 

FucO is specialized for activity with small aliphatic substrates but is virtually inactive
with aryl-substituted compounds. By the use of iterative saturation mutagenesis, FucO
was re-engineered and several enzyme variants active with S-3-phenylpropane-1,2-diol and
phenylacetaldehyde were obtained. It was shown that these variants capability to act on larger
substrates are mainly due to an enlargement of the active site cavity. Furthermore, several amino
acids which are important for catalysis and specificity were identified. Phe254 interacts with
aryl-substituted substrates through π-π stacking and may be essential for activity with these
larger substrates. One mutation caused a loss in the interactions made between the enzyme and
the nucleotide and thereby enhanced the turnover number for the preferred substrate
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Introduction  

We live on a planet with global warming where the Arctic sea ice is melting, 
sea levels are rising and extreme weather events occur more frequently. We 
live in a world whose factories emit pollutants that damage animals and 
plants health and ability to reproduce. It is a great challenge mankind is fac-
ing today, to slow down and hopefully stop the negative impact we have on 
the environment. Unfortunately there is no simple solution and the problem 
must be tackled from several directions and at different levels. One area 
which is in need of "greener" solutions is the chemical industry. This is to-
day an environmental hazardous industry and it is of high importance to 
decrease the amount of pollutants it emits. One way to accomplish this is to 
apply enzymes as catalysts for chemical transformations. Enzymes are na-
ture’s catalysts and designed to catalyze reactions in living cells. They are 
excellent catalyst and their action is often efficient and selective. The use of 
enzymes as catalyst in chemical manufacturing is called biocatalysis. It has 
emerged as a more environmentally friendly alternative to traditional organic 
synthesis. The reason behind this is that enzymes perform under mild condi-
tions such as in aqueous solutions, at moderate temperatures and usually 
without the need for noble and rare metals. Furthermore, enzymes are pro-
duced from renewable sources, they are biodegradable and non-toxic. Bio-
catalysis is applicable in a wide variety of areas such as bio-energy, synthe-
sis of fine chemicals and pharmaceuticals, agriculture and for degradation of 
chemical pollutants, and during the last decade the use of them in industrial 
applications has drastically increased.1-6 

The major problem in using enzymes as catalysts is that nature did not de-
sign them for the task we have in mind; they may lack the required stability, 
they may not accept the desired substrate or they may even be incapable of 
catalyzing the required chemistry. By mimicking Darwinian evolution these 
problems have since the mid-nineties been addressed in vitro by what is re-
ferred to as directed evolution.6-13 By iterative cycles of introducing muta-
tions, screening for desired properties and selecting the best variants, en-
zymes are engineered for improved properties.    

This thesis work has both an academic and an applied perspective and 
sometimes they go hand in hand. Enzymes are complex systems and al-
though much is known about how they function, there is still much left to 
learn in order to provide a complete picture. To contribute to this knowledge 
two alcohol dehydrogenases, propanediol dehydrogenase (FucO) from Es-
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cherichia coli (E. coli) and alcohol dehydrogenase A (ADH-A) from 
Rhodococcus ruber (R. ruber), have through an academic perspective been 
characterized with respect to their functional properties. A second and more 
applied reason for the characterization was to evaluate their potential as bio-
catalysts. The objective was thereafter to obtain an enzyme capable of oxi-
dizing aryl-substituted 1,2-diols into the corresponding aldehyde. Even 
though FucO has poor activity with this substrate it was considered a good 
starting point for the task in mind, and by applying directed evolution the 
substrate preference was successfully shifted towards these substrates.   

Directed evolution of enzymes   
When changing and tailoring the properties of an enzyme one always starts 
out by identifying a suitable protein that is believed to have the ability to be 
evolved (Figure 1). The next step is to create a library of mutated enzyme 
variants originating from this protein. There are many different strategies for 
designing libraries and the most common ones are random mutagenesis, 
DNA shuffling and the use of iterative saturation mutagenesis (ISM) in 
combination with designed focused libraries. Random mutagenesis is, as the 
name implies, the introduction of mutations at random positions in the 
gene.14, 15 In natural evolution this occurs all the time by imperfect DNA 
replication. In directed evolution it is performed by error-prone PCR. DNA 
shuffling is a mimic of homologous recombination.16, 17 Homologous genes 
are randomly fragmented and thereafter reassembled again, generating full-
length chimeric proteins. These two strategies are not dependent on struc-
tural data, but do result in large libraries to screen. Since the bottleneck in 
directed evolution often is the screening effort more recently approaches, 
such as, ISM in combination with designing focused libraries has been de-
veloped.12, 18 The goal here is to construct smaller and "smarter" mutant li-
braries, containing a higher percentage of functional proteins. Usually each 
library is constructed by subjecting two or three amino acids to saturation 
mutagenesis. By screening the libraries the best variant is found and subse-
quently used as template for the next generation, where residues at another 
position are mutated. This is repeated until a variant with satisfying proper-
ties is obtained or until a dead end has been reached. To further reduce the 
library size an important tool is restricted codon sets. Instead of introducing 
all possible codons a degenerated set, based on rational design or known 
efficient codons, is used.19 Since ISM is a semi-rational approach, where 
mutation sites are chosen by the investigator instead of inserted at random 
positions, this is to a lower degree a mimic of natural evolution compared to 
error-prone PCR and gene shuffling. 
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Figure 1. Schematic outline of a directed evolution experiment. A suitable starting 
gene is selected and a library of mutated gene variants is created. The enzyme vari-
ants are expressed and screened for the desired property. Variants lacking this prop-
erty are discarded and the ones withholding it are used as template for another round 
of mutagenesis. The procedure is repeated until a variant with satisfying properties is 
obtained.   

In order to design high quality focused libraries knowledge about the kinetic 
properties and the tertiary structure of the enzyme is required. Although sev-
eral approaches for designing these have been developed, the most com-
monly used for altering the substrate scope is combinatorial active site satu-
ration test (CASTing).13, 20 In this approach, residues surrounding the sub-
strate binding site are targeted for mutagenesis.  

There are numerous examples of successful directed evolution experi-
ments. For example, by using a combination of random mutagenesis and 
homologous recombination, the thermostability of p-nitrobenzyl esterase 
from Bacillus subtilis was significantly enhanced. The melting temperature 
of the enzyme was increased by 14 degrees while the activity at lower tem-
peratures was retained.21 By the use of ISM and CASTing the enantioselec-
tivity of epoxide hydrolase from Aspergillus niger was enhanced going from 
an E-value of 4.6 to an E-value of 115.13 Another example is the serum 
paraoxonase 1 in which the catalytic efficiency with the nerveagent cyclosa-
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rin has been enhanced 3400-fold using a combination of random and tar-
geted mutagenesis.22, 23 In this thesis work, directed evolution was conducted 
using ISM in combination with CASTing to alter the substrate selectivity of 
FucO.    

Enzyme selectivity  
Not only do enzymes tremendously accelerate the rate of catalysis, they usu-
ally also show outstanding substrate selectivity. Even if it is possible to iden-
tify residues contributing to binding and selectivity the case is more com-
plex. Enzymes are dynamic systems where all residues are involved in a 
highly cooperative network; contributing to both binding and catalysis.24 The 
"structural" residues position the catalytic and binding residues. The "bind-
ing" residues place the substrate in the right orientation so that the "catalytic" 
residues can carry out the chemistry. Due to this complexity it is difficult to 
develop a comprehensive description of the catalytic power. Nevertheless, 
only the correct substrate will have interactions leading to efficient catalysis. 

A significant number of pharmaceuticals and other fine chemicals contain 
at least one chiral center, and selective catalysis is therefore required. The 
high degree of selectivity often makes enzymes, for example, chemo-, regio- 
and enantioselective and they are thereby, in many cases, suitable as cata-
lysts. The discrimination between different substrates is usually described by 
comparing their different specificity constants, kcat/KM. For reactions involv-
ing chiral compounds the enantioselectivity is described by the enentiomeric 
ratio (E), which is the ratio of kcat/KM for the two enantiomers (e.g. E = 
(kcat

R/KM
R)/(kcat

S/KM
S)).25  

Principal component analysis  
Many scientific studies tend to generate a large amount of data. The gathered 
data is often multidimensional thus making it hard to interpret them by just 
looking at the data table or using two-dimensional graphs. To extract as 
much information as possible this type of data should rather be analyzed 
using multivariate data analysis where all variables are investigated simulta-
neously. In the directed evolution work conducted in this investigation, en-
zyme libraries were screened using several substrates in parallel. This led to 
a large amount of data and principal component analysis (PCA) was there-
fore applied to aid in the interpretation of the results. PCA is a statistical 
multivariate projection method which is used to cope with multivariate data-
sets. It generates a graphical overview of the data table and thereby provides 
a summary of how the observations in the dataset are correlated to each 
other; which variables that contributes to similar information and which ones 
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that provides unique information. It can also reveal trends, groupings and 
outliers.  

In PCA, each variable will represent one coordinate axis and the matrix 
will consist of as many dimensions as there are variables. Every observation 
is plotted into this variable space, forming a swarm of points. The first prin-
cipal component is the line through the swarm that best approximate the 
data. The second principal component is orthogonal to the first and reflects 
the second largest source of variation. Two principal components together 
define a plane and by projecting the observations onto this plane the dataset 
is visualized in a score plot. The orientation of this plane in the variable 
space is expressed in the loading plot. Variables further away from the origin 
have stronger impact on the model, variables grouped together are positively 
correlated and variables on the diagonally opposite quadrant of the plot are 
negatively correlated.26, 27  

Alcohol dehydrogenases 
Oxidation and reduction of molecules are constantly ongoing processes in a 
living cell. These reactions are performed by oxidoreductases, a large class 
of enzymes that catalyze the transfer of electrons between substrates and 
products. To carry out this kind of chemistry cofactors are in general essen-
tial. The oxidoreductases discussed here are those that act on alcohols and 
carbonyls utilizing nicotinamide adenine dinucleotide (phosphate) 
(NAD(P)H) as cofactor. NAD(P)-dependent alcohol dehydrogenases can 
further be divided into three classes; class I: medium-chain zinc-dependent, 
class II: short-chain zinc-independent and class III: iron-dependent.28-30 
Many tertiary structures of enzymes in this group have been solved and 
some generalizations can be made.31-33 The subunits are divided into two 
domains: a substrate binding domain and a nucleotide binding domain. The 
substrate binding domain can vary quite much between different enzymes 
while the nucleotide binding domain is strikingly similar and possesses the 
α/β-dinucleotide fold, also referred to as the Rossmann fold.34   

To illustrate the reaction mechanism, oxidation of ethanol to acetaldehyde 
by horse liver alcohol dehydrogenase and yeast alcohol dehydrogenase will 
be used. These two enzymes are the most studied NAD(P)H-dependent alco-
hol dehydrogenases and belongs to the zinc-dependent class. The mechanis-
tic aspects of their catalysis are similar and can be seen as common for this 
class of enzymes. The reaction follows an ordered mechanism where NAD+ 
binds first and NADH dissociates last (see Figure 11 for examples of differ-
ent ordered mechanisms observed in alcohol dehydrogenases).35-37 Oxidation 
of ethanol to acetaldehyde proceeds by a hydride transfer from ethanol to 
NAD+, reducing it to NADH, and the hydroxyl proton is released to the sol-
vent (Figure 2). The O-H bond is broken with help of the catalytic zinc ion, 
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which acts as a Lewis acid by coordinating the alcohol oxygen. The pKa of 
the alcohol is thus lowered, which facilitates dissociation of the proton. The 
C-H bond is broken by the transfer of the hydride to the nicotinamide ring of 
NAD+. The hydride never exists as a free species, it is transferred with both 
electrons in a single transition state.31-33, 38 

 

Figure 2. Chemical reaction mechanism for oxidation of ethanol by a zinc-
dependent alcohol dehydrogenase. Zn2+ coordinates to the alcohol oxygen, which 
facilitated the dissociation of the proton. The C-H hydrogen is transferred as a hy-
dride to the nicotinamide ring of NAD+.      

Enzymatic oxidation of 1,2-diols into α-hydroxy 
aldehydes and α-hydroxy ketones  
One long-term goal with this project is to produce enantiopure aryl-
substituted α-hydroxy aldehydes and α-hydroxy ketones using enzyme ca-
talysis (Figure 3). The starting materials for the reaction are epoxides, and in 
the present investigation (2,3-epoxypropyl)benzene has served as model 
substrate. The epoxide is hydrolyzed by an epoxide hydrolase, in this case 
epoxide hydrolase 1 from Solanum tuberosum (StEH1), producing 1,2-
diols.39-41 Subsequently, either the primary or the secondary alcohol is oxi-
dized by alcohol dehydrogenases resulting in α-hydroxy aldehydes or α-
hydroxy ketones, respectively. Oxidation of the primary alcohol will be per-
formed by FucO and oxidation of the secondary by ADH-A. The carbonyl 
compounds can be further derivatized using either traditional organic synthe-
sis or enzyme catalyzed synthesis. Applying oxidoreductases as catalysts for 
redox reactions have in many cases shown to be successful.42-45 
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Figure 3. Mini-pathway of enzyme catalyzed synthesis of α-hydroxy aldehydes and 
α-hydroxy ketones preformed by StEH1, FucO and ADH-A. Asterix indicate a 
chiral center. 

Both α-hydroxy aldehydes and α-hydroxy ketones are important intermedi-
ates in the synthesis of natural products, fine chemicals and 
pharmaceuticals.46, 47 They have a versatile usage in organic synthesis since 
they are precursors for epoxides, allylic alcohols, amines, esters, alcohols, 
etc. For instance, aldehydes and ketones are utilized to form carbon-carbon 
bonds through aldol condensation.48, 49 α-Hydroxy aldehydes are chiral com-
pounds and are thereby useful building blocks for introduction of chiral cen-
ters.50-53 Due to the α-hydroxy group they are reactive, which is a good fea-
ture in synthesis and biological processes. However, this makes them unsta-
ble and readily rearranged to the more stable ketone. The need for direct 
further derivatization or protection of the aldehyde or the hydroxyl group is 
therefore often necessary. α-Hydroxy ketones, on the other hand, are rela-
tively stable and can be stored for further use. They exist as structural units 
in many molecules and are for instance found in antidepressants54 antiviral 
compounds55, and in inhibitors of amyloid-β protein for the treatment of 
Alzheimer’s56.    
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Enzymes used in this study 

This thesis is based on investigations of two different alcohol dehydro-
genases: FucO, catalyzing the oxidation/reduction of primary alco-
hols/aldehydes and ADH-A, catalyzing the oxidation/reduction of secondary 
alcohols/ketons. Below follows an introduction of these enzymes and an 
overview of what were known about them before this investigation started. 
A discussion of why these specific enzymes were chosen will also be pro-
vided.  

Propanediol oxidoreductase from Escherichia coli, 
FucO 

 

Figure 4. Tertiary structure of FucO in complex with a Zn2+ ion (orange) (replacing 
the native cofactor Fe2+), adenosine-5-diphosphoribose (grey) and S-1,2-propanediol 
(grey). (A) View of the homodimeric protein with each subunit in different colors. 
The active site is situated in the tunnel seen at the center of each subunit (B) View of 
one subunit. The nucleotide binding domain is colored in yellow and the substrate 
binding domain in red. (PDB entry: 1rrm) 

FucO belongs to class III iron-dependent alcohol dehydrogenases. This class 
of enzymes is mainly found in microbes28, and compared to the zinc-
dependent class, they are relatively little studied. FucO is however one of the 
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most extensively studied class III enzyme and its metabolic role has been 
established.57-63 The enzyme is involved in the anaerobic catabolism of L-
fucose and L-rhamnose where it reduces one of the pathway intermediates S-
lactaldehyde into S-1,2-propanediol. Initial kinetic characterization of FucO 
has displayed a high enantioselectivity towards the S-enantiomer of this sub-
strate.  

FucO is a homodimer63 with a molecular weight of 41 kDa per subunit 
and it folds into a α/β-dinucleotide binding N-terminal domain and an all-α-
helix substrate C-terminal domain (Figure 4).64 The active site is defined by 
a tunnel between the two domains. A catalytic Fe2+ is tetrahedrically coordi-
nated by three histidines and one aspartate at that side of the tunnel which is 
formed by the C-terminal domain. It has been suggested that Fe2+ acts as a 
Lewis acid, possessing the same role as Zn2+ in the class I alcohol dehydreo-
genses64 (Figure 2), although this role is not proven. 

Alcohol dehydrogenase A from Rhodococcus ruber, 
ADH-A  

 
Figure 5. Tertiary structure of ADH-A, in complex with NAD+ (grey), acetate ion 
(grey), (4S)-2-methyl-2,4-pentanediol (grey) and two Zn2+ ions (orange) (one cata-
lytic and one structural). (A) View of the homodimeric protein with each subunit in 
different colors. (B) View of one subunit. The nucleotide binding domain is colored 
in yellow and the substrate binding domain in purple. (PDB entry: 3jv7).   

ADH-A belongs to class I zinc-dependent alcohol dehydrogenases.28, 65 It is a 
homodimer with a molecular weight of 38 kDa per subunit (Figure 5).65 The 
tertiary structure of the enzyme is known66 and show high similarity to the 
horse liver alcohol dehydrogenase structure. The enzyme catalyzes the oxi-
dation/reduction of secondary alcohols and ketones, and is both stereo- and 
regioselective with a large variety of substrates.65, 67 It has a remarkably high 
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tolerance to organic solvent and has therefore gained interest as 
biocatalyst.66-72 It retains high activity in up to 20% (v/v) acetone and 50% 
(v/v) 2-propanol. This provides an opportunity for in situ co-factor regenera-
tion using acetone (regeneration of NAD+) or 2-propanol (regeneration of 
NADH). High concentration of solvent also enables one to dissolve higher 
concentration of hydrophobic substrate. 

Why these enzymes? 
The main reason for starting the investigation of whether FucO and ADH-A 
can serve as biocatalysts for stereoselective oxidation of aryl-substituted 1,2-
diols were:  

 
• They catalyze the chemistry in mind. 

 
• The reactions are reversible and can thus be used in both the oxidative 

and the reductive direction.  
  

• Tertiary structures of the enzymes are known, allowing for design of 
focused libraries.  
 

• They are relatively small and easy to purify which makes them practical 
to work with and, hence, suitable for directed evolution work. 
 

• FucO is regioselective towards the primary alcohol and stereoselective 
towards the S-enantiomer of 1,2-propanediol.  
 

• ADH-A is highly tolerant to organic solvent and accept aryl-substituted 
compounds as substrates.  
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Tools for studying structure/function 
relationships and kinetic mechanisms of 
enzymes 

Enzymes have astonishing features when it comes to rate enhancement and 
specificity. Due to their amazing abilities the question about how enzymes 
work fascinates many scientists and has done so since they were discovered 
for over a century ago. This question can be addressed in many different 
ways and at different levels. One way is to understand the chemical and ki-
netic mechanism behind the catalysis. To get answers on questions such as: 
which type of chemical reaction is it? Which molecules are accepted as sub-
strates and which are the products of the reaction? Which amino acids are 
involved in the catalysis and what are their specific roles? Which intermedi-
ates exist on the reaction pathway? What is the rate limitation of the reac-
tion?  

Enzyme catalysis always proceeds by several steps and intermediates on 
the reaction pathway, such as, the formation of enzyme-substrate complex 
and decomposition of enzyme-product complex, the chemical conversion of 
substrate to product and possible conformational changes of the enzyme. 
Identification of these intermediates and determination of the individual rate 
constants for their formation is of high importance for understanding the 
mechanism behind the catalysis. A combination of several different methods 
is usually necessary to be able to map the chemical and kinetic mechanism 
of a reaction. Furthermore, development of X-ray crystallography to deter-
mine tertiary structures of proteins has opened up for knowledge about struc-
ture/function relationships, which otherwise would have been impossible. 
This chapter will provide a basic overview of the most common experimen-
tal methods used to study enzymatic mechanisms. All methods are in some 
way or another used in this thesis work. 

Steady-state kinetics 
Enzymatic reaction rates are commonly measured during the steady-state; 
the state where the concentration of enzyme-substrate complex is assumed to 
be virtually constant. For most reactions the substrate dependence of the 
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reaction velocity follows saturation kinetics and can be described by the 
Michaelis-Menten equation (v = ([E]0[S]kcat)/(KM + [S]). However, since the 
substrate is gradually converted into product this is an approximation. For 
the equation to be valid the initial velocity of the reaction must be measured, 
so that the depletion of substrate and formation of product can be assumed 
not to affect the substrate concentration. In addition, the substrate concentra-
tion needs to be that much higher than the enzyme concentration so that the 
fraction of substrate which binds to the enzyme is negligible. The meanings 
of the Michaelis-Menten parameter are as follow: 

kcat, the turnover number, is the maximum number of substrate molecules 
which can be converted to product per unit time and enzyme molecule. It is a 
function of all first-order rate constants on the reaction pathway, from en-
zyme-substrate complex up to free enzyme and product (ES  E + P).   

KM, the Michaelis constant, is the apparent dissociation constant of all en-
zyme bound-species and corresponds to the substrate concentration at half 
maximum velocity.  

kcat/KM, the specificity constant or the catalytic efficiency, is an apparent 
second-order rate constant and often used to compare specificities between 
different substrates (and enzymes). It is a function of the rates from binding 
of substrate up to the first irreversible step (E + S  E + P).31, 32, 73 

Pre-steady state kinetics 
Measurements of steady-state kinetics only provide information about the 
overall reaction, but say nothing about individual rates on the reaction path-
way. To determine these rates and to detect transient intermediates pre-
steady state kinetics is required. This is the measurement of the rates in 
which a reaction approaches steady state and it is pre-eminent for analyzing 
chemical and kinetic mechanisms of enzymatic reactions. These events are 
usually fast and measurements need to be made in the time range of 1 to    
10-7 s. To manage this, techniques for rapid mixing of enzyme and substrate 
is needed. One of the most commonly used instruments for this is the 
stopped-flow apparatus. It allows for detection of a reaction already 1 ms 
after mixing of the reagents.31, 32, 73  

Deuterium kinetic isotope effects 
An isotope effect is the effect seen in a reaction by substitution of the normal 
isotope to a heavy isotope and is related to their difference in vibration fre-
quency. To study the influence of this substitution is a great tool for investi-
gation of enzyme mechanisms. The most commonly introduced isotopes are 
deuterium (D or 2H), tritium (T or 3H), 13C, 14C, 15N and 18O. An isotope 
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effect can be either primary, where the bond to the heavy isotope is broken, 
or secondary, where the bond to the heavy isotope is not broken but is al-
tered in the transition state. The magnitude of the impact depends on the 
structure of the transition state. Primary effects on hydrogen transfer reac-
tions give rise to the largest effects and an upper limit for this is assumed to 
be a 15-fold decrease in kcat. The deuterium kinetic isotope effect (KIE) on 
kcat (kH/kD) is denoted DV and the effect on kcat/KM ((kcat/KM)H/(kcat/KM)D) is 
denoted DV/K. If hydrogen transfer is the solely rate limiting step the meas-
ured KIE will reflect the intrinsic isotope effect. However, if rates of steps 
flanking the hydrogen transfer step are similar or slower than the transfer 
rate the isotope effect will, to different extents, be masked.31, 32, 74-77 

Solvent viscosity effects 
Kinetic rates dependent on diffusion are influenced by the viscosity of the 
solvent. Diffusion rates are inversely proportional to the viscosity, hence, the 
velocity will decrease with increased viscosity in a linear manner. In enzyme 
catalyzed reactions diffusion controlled events are association of substrate, 
dissociation of product and conformational changes. If such a step is in-
volved in the rate limitation of a reaction kcat and/or kcat/KM will be affected 
by the viscosity. The relative change in rate (kcat

0/kcat or (kcat/KM)0/kcat/KM) 
versus the relative solvent viscosity (η0/η) should then follow a linear rela-
tionship. The slope of the curve corresponds to the degree of rate limitation, 
with a unit slope corresponding to a total diffusion limitation. Solvent vis-
cosity effects are measured by addition of different amounts of viscogen 
such as glycerol, sucrose or polyethylene glycol to the reaction mixture.78-81  

Product inhibition  
Products are structurally similar and bind to the same site as its correspond-
ing substrate. It is therefore not surprising that they can act as inhibitors for 
the reaction. In multi-substrate reactions investigations of product inhibition 
are used in the quest of elucidating the order of substrate binding and prod-
uct release. A majority of reaction mechanisms gives a unique product inhi-
bition pattern. The pattern can be derived from the mechanisms rate equation 
and depend on the number of enzyme-product complexes that exist. Steady-
state parameters for all substrates included in the reaction are determined at 
different inhibitor (product) concentrations. The data is commonly presented 
as double-reciprocal plots (LB-plots) in which: a competitive inhibitor will 
affect the magnitude of the slope (KM in affected), an uncompetitive inhibitor 
will affect the intersection of 1/y (both kcat and KM are affected by the same 
factors) and a mixed inhibitor will affect both the magnitude of the slope and 
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the intersection of 1/y (both kcat and KM are affected but with different fac-
tors).32, 73, 82, 83  

pH dependence  
The pH dependence of enzymatic reactions provides information about the 
ionization states of amino acids or substrates participating in catalysis or 
binding. If titratable groups are involved in catalysis the rate will be influ-
enced by pH. For acid dependence the rate will increase with decreased pH 
and vice versa for base dependence. If the influenced step is rate limiting for 
the reaction the effect will appear in kcat and/or kcat/KM. Thus, examination of 
pH dependence for a reaction serves as a useful tool for studying reaction 
mechanisms and searching for catalytic residues. Only residues directly in-
volved in catalysis or in maintenance of the active conformation of the en-
zyme will affect the reaction rate, hence, pH profiles usually do not display 
more than single or double ionization events. Due to the microenvironment, 
amino acids in a protein have perturbed pKa-values, as compared to those 
measured for free amino acids. This should be kept in mind when interpret-
ing the results.31, 32 

Site-directed mutagenesis 
Introduction of mutations at a specific site of the enzyme can provide a lot of 
valuable information about the catalytic function of the mutated residue. For 
example, a decrease in catalytic rate by the replacement of an acid, base or a 
nucleophile into alanine or glycine will suggest that the residue possesses a 
catalytic role. However, due to the dynamic and cooperative nature of pro-
teins, and since the role of only one residue is investigated, interpretation 
should be made with caution. Additionally, mutational effects on steady-
state parameters may also be masked by rate limiting steps or by changes in 
rate limitation. As a consequence of proteins plasticity, direct contributions 
from binding residues are harder to assign than those from catalytic 
residues.24, 32 
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Present investigation 

The aims with the presented work are both of academic and applied interest, 
and in addition, some aims are specific and some are general. Two alcohol 
dehyderogenases, FucO and ADH-A, have been identified as potential bio-
catalysts for the oxidation of primary and secondary alcohols, respectively. 
None of the enzymes have previously been characterized to any deeper ex-
tent with respect to their kinetic properties. With the aim to expand the basic 
knowledge and to assess their potential as biocatalysts detailed kinetic char-
acterizations of both enzymes were performed. Paper I and II provide foun-
dations for further research on these enzymes and provide answers on ques-
tions concerning substrate preference and reaction mechanisms. In the sec-
ond part of the investigation, FucO was re-engineered with the intention to 
shift its substrate preference from small aliphatic diols into aryl-substituted 
diols. An additional objective was to gain knowledge about struc-
ture/function relationships of FucO. In Paper III FucO variants capable of 
oxidizing 2S- and 2R-phenylpropane-1,2-diol into their corresponding alde-
hyde were generated through directed evolution. Paper IV provides a deeper 
analysis of the evolution process and identified residues of importance for 
catalysis. More general aims with this work were; to contribute to the field 
of mechanistic enzymology, especially regarding alcohol dehydrogenases; to 
increase the knowledge about structure/function relationships in enzymes; to 
add to the knowledge about how to successfully design enzymes for desired 
properties and to contribute to a sustainable development.  
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Characterization of Propanediol oxidoreductase, FucO 
(Paper I) 
Previously, FucO had mainly been studied with respect to its metabolic role. 
The intended purpose of this study was to characterize the enzyme with re-
spect to its kinetic properties, such as, substrate selectivity, pH-dependence, 
stereospecificity of hydride transfer and catalytic and kinetic mechanisms.  

Substrate selectivity  
Earlier studies have established FucO’s natural substrate to be S-
lactaldehyde, and the enzyme has been stated to be highly stereoselective 
preferring the S-enantiomer of this substrate.63 To quantitatively analyze the 
substrate scope, steady-state kinetic parameters with a set of potential sub-
strates were determined (Table 1). Main features of the substrate preference 
were: (1) FucO strongly prefers the S-enantiomer of diols. It displayed high-
est enantioselectivity with 1,2-propanediol, showing an E-value (S/R) of 370. 
(2) FucO is strictly regioselective towards primary alcohols. This was shown 
by that 1-propanol was a good substrate, while no activity could be detected 
with 2-propanol. (3) FucO prefers low molecular weight aliphatic substrates 
and the preferred alkyl-chain length is three to four carbons. The enzyme had 
no detectable, or low, activity with the assayed aryl substituted substrates. 
(5) Aldehyde reduction is thermodynamically favored over alcohol oxida-
tion, displayed by the 40-fold higher catalytic efficiency with propanal than 
with 1-propanol.  

Table 1. Steady state kinetic parameters for FucO-catalyzed redox reactions. 

Substrate kcat (s
-1) KM (mM) 

kcat/KM 
(s-1 mM-1) 

S-1,2-
propanediol 

 

 
3.8 ± 0.04 5.4 ± 0.1 0.71 ± 0.01 

R-1,2-
propanediol 

 

 
0.16 ± 0.01 74 ± 7 0.0022 ± 0.0001 

1-propanol 
 

 2.8 ± 0.05 12 ± 0.6 0.24 ± 0.008 

2-propanol 
 

 
n.a. n.a. n.a. 

2S-3-
phenylpropa-
ne-1,2-diol 

 

 
n.a. n.a. n.a. 

Propanal 
 

 20 ± 0.4 2.1 ± 0.1 9.2 ± 0.8 
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Stereospecificity of hydride transfer 
Reduction and oxidation of alcohols using NAD(P)H as cofactor involves a 
hydride transfer between substrate and C-4 position of the nicotinamide ring 
of the cofactor. This position of the nicotinamine is prochiral and in classical 
experiments it were discovered that this transfer is stereospecific and occurs 
either on the pro-R- or the pro-S-hydrogen.84, 85 Based on this, these enzymes 
are classified as A- (pro-R) or B-side (pro-S) alcohol dehydrogenases. The 
stereospecificity of hydride transfer has been determined for many alcohol 
dehydrogenases.31, 32 However, to our knowledge, before Paper I was pub-
lished this had not been determined for any class III alcohol dehydrogenase.  

To conclude whether FucO is an A- or B-side alcohol dehydrogenase, 
NADH deuterated on either the R or the S side ([4R-2H]NADH or [4S-
2H]NADH, respectively) of the C-4 carbon was oxidized by FucO. The pro-
duced NAD+ was analyzed by proton NMR and it was confirmed that the R-
hydrogen of NADH had been transferred to the substrate (Figure 6). Hence, 
similar to the class I alcohol dehydrogenases, such as the ones from yeast 
and horse liver, 31, 86, 87 FucO classifies as an A-side dehydrogenase. In 2012, 
Peck et al.88 showed that another class III alcohol dehydrogenase, involved 
in the fosfomycin biosynthetic pathway in Streptomyces fradiae, also trans-
fer the pro-R hydrogen. Based on the consistency with our result, they sug-
gested that this is general for class III alcohol dehydrogenases.  

 

Figure 6. 1H NMR spectra showing the C-4 protons at the nicotinamide ring of (A) 
NADH and NAD+ (B) [4R-2H]NADH and the produced NAD+

R (C) [4S-2H]NADH 
and the produced NAD+

S. No peak is detected at this shift for NAD+
S meaning that 

the pro-R hydrogen was transferred to the aldehyde and the pro-S stayed on NAD+.  

pH dependence of catalysis 
The pH dependence of FucO-catalyzed reactions reviled that oxidation of S-
1,2-propanol and 1-propanol is strongly affected by pH (Figure 7). The two 
substrates displayed identical curves, where the catalysis was most efficient 
around pH 10. At pH 9 the activity had dropped 10-fold and at pH 8 it was 
nearly undetectable. The pH-curves could be modeled by a single ionization 
event, implying that there is only one titrable group involved in the catalysis 
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and in the rate limiting step. In contrast to the strong pH dependence of the 
oxidation reaction, the reduction of propanal is almost independent of pH.  

 

Figure 7. pH dependence of kcat and kcat/KM for FucO-catalyzed oxidation of S-1,2-
propanediol and 1-propanol and reduction of propanal.  

The reason behind the strong influence of pH for the oxidation reaction, and 
in contrast, the unaffected reduction reaction is today unclear and further 
studies are needed to elucidate it. Nevertheless, speculations can be made. 
There is no clear residue acting as acid or base in the catalysis, however, one 
hypothesis is that the behavior is depend upon the ionization state of Lys162. 
This is the only residue nearby the catalytic center having a pKa in the range 
of 9-11.64 The residue is involved in coenzyme binding and potentially in a 
proton transfer chain, resembling the one found in horse liver alcohol dehy-
drogenase.33, 86, 89 A deprotonated lysine could speed up the rate of which the 
substrate hydroxyl proton is shuffled out and into the active site, possibly 
accelerating the catalytic rate. A second hypothesis is that deprotonation of 
side-chains hydrogen bonding to the nucleotide could potentially lower the 
affinity for NADH. As will be proposed further down (chapter: Kinetic 
mechanism), the release of cofactor is involved in the rate limitation of S-
1,2-propanediol and 1-propanol oxidation. An increased dissociation rate 
could thereby increase the overall rate. A third explanation to the strong pH-
dependence can simply be due to that an increased hydroxide ion concentra-
tion facilitates the deprotonation of the alcohol group of the substrate. 

Kinetic mechanism 
The kinetic mechanism of FucO-catalyzed reactions was mapped using deu-
terium KIE and solvent viscosity effects. KIE was measured by comparing 
the rates of 1-propanol and 1,1-d2-propanol oxidation (Table 2). The effect 
was treated as resulting from primary isotope effects, decreasing the rate of 
bond breaking and formation during hydride transfer from the alcohol to 
NAD+. Solvent viscosity effects were measured by determining steady state 
parameters in the presence of different concentrations of the viscogen su-
crose (Table 3). The oxidation of 1-propanol displayed a clear KIE and was, 
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in addition, partially influenced by the viscosity of the solvent. The com-
bined results thereby propose that both hydride transfer and a diffusion con-
trolled step are rate limiting for this reaction. The viscosity effects for 1-
propanol oxidation and propanal reduction were in the same magnitude, 
suggesting that the rate limitations are similar in both reaction directions. 
Furthermore, the solvent viscosity effect for S-1,2-propanediol, the most 
favorable substrate, was higher than the one for 1-propanol and suggest that 
kcat for this reaction is totally rate determined by a diffusion controlled step.  

To identify which diffusion controlled step that is the rate limiting the dif-
ferences in effect on kcat and kcat/KM was compared. To aid in the interpreta-
tion of the results a minimal mechanism for FucO-catalyzed alcohol oxida-
tion was applied (Figure 8). The mechanism is valid for measurements of 
initial rates under pseudo first-order conditions and in the presence of satu-
rating concentrations of NAD+. Reaction rates contributing to kcat include the 
steps from enzyme-substrate complex to product release (k2, k-2, k3 and k4) 
and rates contributing to kcat/KM include steps from alcohol binding to alde-
hyde release (k1, k-1, k2, k-2 and k3). The results show that DV/K was larger 
than DV (Table 2), implying that rates included in the expression for kcat 
masked the effect to a greater extent than rates included in the kcat/KM ex-
pression. Consequently, rates contributing to kcat are slower than those con-
tributing to kcat/KM. The only rate which is solely included in kcat is k4, nu-
cleotide release. In addition, kcat was more influenced than kcat/KM by in-
creased solvent viscosity (Table 3). This result is in accordance with the KIE 
and also suggests that the decreased turnover rate is due to a decreased rate 
of nucleotide release. 

 

Figure 8. Minimal kinetic mechanism for FucO-catalyzed oxidation under pseudo 
first-order conditions with saturating concentrations of NAD+. Steps contributing to 
kcat or kcat/KM are marked within brackets.   

Table 2. Deuterium kinetic isotope effect of kcat and kcat/KM. 

Substrate kcat (s
-1) kcat/KM (s-1 mM-1) DV DV/K 

1-propanol 4.3 ± 0.1 0.34 ± 0.02 
1.9 ± 0.1 4.2 ± 0.4 

1,1-d2-propanol 2.3 ± 0.1 0.080 ± 0.005 

 



 30 

Table 3. Solvent viscosity effect of kcat and kcat/KM.  

Substrate Slope kcat
0/kcat Slope (kcat/KM)0/(kcat/KM) 

S-1,2-propanediol 1.0 0.5 

1-propanol 0.6 0.1 

Propanal 0.6 0.1 

In the horse liver alcohol dehydrogenase the existence of two different en-
zyme forms has been suggested.90, 91 It has been demonstrated that a confor-
mational change occurs after binding of the nucleotide, forming a closed 
conformation of the enzyme-nucleotide complex. Likewise a conformational 
change back to the opened form occurs before the nucleotide is released. 
These isomerizations have been suggested to be rate limiting for the reac-
tion.92, 93 Based on this knowledge and the result from this investigation, a 
similar conformational change is proposed for FucO, and that it is the change 
occurring before the nucleotide dissociates that is rate limiting for the reac-
tion. Presumably, this step is rate determining for oxidation of S-1,2-
propanediol and partly limiting for oxidation of 1-propanol and reduction of 
propanal. The proposed mechanism for FucO-catalyzed redox reactions is 
thereby an ordered Bi-Bi mechanism, with an added conformational change 
of the enzyme-nucleotide complex, see Figure 11B for a schematic represen-
tation of the mechanism.     

Conclusion 
FucO has proven to be strictly regiospecific towards primary alcohols and 
highly enantiospecific towards the S-enantiomer of 1,2-diols. Due to this 
high degree of selectivity FucO has the potential to serve as biocatalyst for 
production of aldehydes and alcohols containing chiral centers. It accepts a 
variety of different short-chain aliphatic alcohols and aldehydes as sub-
strates, but has no detectable activity with the tested aryl-substituted mole-
cules. The oxidation reaction is strongly pH dependent but the reason for this 
is today unclear. The kinetic mechanism has been investigated by KIE and 
solvent viscosity effects. An ordered Bi-Bi mechanism, most likely including 
a conformational change of the enzyme-nucleotide complex, is proposed. 
Steps involving nucleotide release were shown to be rate limiting.   
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Characterization of Alcohol dehydrogenase, ADH-A 
(Paper II) 
ADH-A has earlier mainly been studied in a biocatalytic perspective, but 
hardly no basic kinetic characterization has been made. The intended pur-
pose of this paper was to investigate the enzyme’s substrate selectivity, pH 
dependence and kinetic mechanism.   

Substrate selectivity 
Steady-state parameters for ADH-A with a range of different alcohols and 
ketones were determined (Table 4) and the main features of its substrate 
preference were: (1) ADH-A display regioselectivity. Although, primary 
alcohols were accepted as substrates secondary ones were strongly preferred. 
(2) ADH-A display stereoselectivity, this was shown by the preference for 
the S-enantiomer of 1-phenylethanol, with an E-value of 270 (S/R). (3) 
Phenyl-substituted alcohols are preferred over smaller aliphatic ones. This 
was mainly an effect of a lower KM for the bulkier substrates and can pre-
sumably be explained by the active site structure which displays an open 
cleft allowing for binding of larger substrates. (4) Diols and α-hydroxy ke-
tones are poorer substrates than their structural analogs lacking the α-
hydroxyl group.  

Table 4. Steady-state kinetic parameters for ADH-A-catalyzed redox reactions. 

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 

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 ± 0.04 30 ± 2 

2R-3-phenyl-
1,2-propandiol  

 
0.56 ± 0.005 4.4 ± 0.2 0.12 ± 0.003 
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pH dependence of catalysis 
From pH dependence curves for oxidation and reduction of S-1-
phenylethanol and acetophenone, respectively, it was shown that the oxida-
tion rate increased with increased pH while the reduction rate decreased 
(Figure 9). At around pH 7 there was an inflection point (for kcat) where the 
thermodynamically more favored direction shifted from reduction to oxida-
tion. pKa-values for the reactions were between 6.2 – 7.3, indicating the in-
volvement of a histidine in the rate limiting step. Based on structural data66 a 
hypothesis is that His39 may be involved in a proton transfer chain resem-
bling the one, earlier discussed (Paper I), existing in the horse liver en-
zyme86. To investigate the involvement of this histidine it was mutated into 
an asparagine. Even though the change was not dramatic the mutation did 
cause a shift in the pH dependence towards more basic values, indicating 
that His39 contributes to the titration of the enzyme and may be involved in 
a proton transfer chain.   

 

Figure 9. pH dependence of kcat and kcat/KM for ADH-A-catalyzed oxidation of S-1-
phenylethanol and reduction of acetophenone.  

Kinetic mechanism 
The kinetic mechanism of ADH-A-catalyzed oxidation of 1-phenylethanol 
and the reduction of acetophenone has been elucidated using product inhibi-
tion patterns and pre-steady state kinetics. To distinguish between kinetic 
mechanisms product inhibition was measured for S-1-phenylethanol oxida-
tion, thus acetophenone and NADH were used as inhibitors (Table 5). At pH 
7 the product inhibition pattern displayed a Theorell-Chance mechanism, 
also called hit and run. This mechanism has previously been proposed for 
alcohol dehydrogenase catalyzed reactions.37 The mechanism resembles an 
ordered Bi-Bi mechanism but the enzyme-nucleotide-substrate complex do 
not accumulate (see Figure 11A and C for schematic presentation of the or-
dered Bi-Bi and the Theorell-Chance mechanism). Repeating the same ex-
periment, but now at pH 8 reveled that there is a pH dependence in the reac-
tion mechanism type. In this pH a different product inhibition pattern was 
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observed; NADH now acted as a mixed inhibitor with respect to NAD+, in-
stead of a competitive as at pH 7. To explain this, a substrate independent 
conformational change occurring in the free enzyme (E <–> E*) has to be 
invoked, and the mechanism at pH 8 may instead be described as an Iso 
Theorell-Chance mechanism (Figure 11D).83 Two different enzyme forms, 
an opened and a closed, have earlier been observed in alcohol dehydro-
genases90, 91 (and discussed in Paper I). In these cases the isomerization de-
pends upon coenzyme binding, but in the ADH-A case, at pH 8, the isomeri-
zation was substrate independent. The reason behind this behavior is today 
unclear, and further studies are needed to clarify it. However, it can be 
speculated that interactions between His272 and the backbone of Val247 
could contribute to a stabilization of the closed form also in the apoenzyme 
and that this interaction could be affected by the difference in pH. 

Table 5. Product inhibition of ADH-A-catalyzed oxidation of S-1-phenylethanol at 
pH 7 and pH 8. MT represents mixed type inhibition and C represents competitive 
inhibition. At pH 7 the pattern resembles a Theorell-Chance mechanism and at pH 8 
an Iso Theorell-Chance mechanism. For schematic representation of the proposed 
mechanism see Figure 11C and D.  

 pH 7 pH 8 
 Varied substrate Varied substrate 

Inhibitor NAD+ S-1-phenylethanol NAD+ S-1-phenylethanol 

Acetophenone MT C MT C 

NADH C MT MT MT 

Stopped-flow experiments were performed in order to determine micro-
scopic rates for binding and release of nucleotide and for the rate of hydride 
transfer in S- and R-1-phenylethanol oxidation (Figure 10 and Table 6). The 
nucleotide concentration dependence of kobs in the binding study was best 
modeled by a hyperbola (Figure 10A). To obtain this appearance the process 
ought to proceed in two steps. A plausible explanation is thus a fast associa-
tion of the nucleotide (k1 and k-7 in Figure 11B) followed by a slower con-
formational change of the enzyme-nucleotide complex, from an opened to a 
closed form (k2 and k-6). The conformational change back to the open form, 
which occurs before the nucleotide dissociate, was pin-pointed to be rate 
determining for both oxidation of S-1-phenylethanol and reduction of aceto-
phenone (k6 and k-2). This was due to the fact that these rates were the only 
ones along the reaction pathway which were in the same magnitude as kcat, 
all the other rates were faster (Table 6). A similar isomerization has been 
proposed to be rate limiting in the horse liver alcohol dehydrogenase92, 93 and 
FucO (Paper I). 
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Figure 10. Pre-steady state kinetics of nucleotide binding and hydride transfer for 
oxidation of S- and R-1-phenylethanol. (A) Observed rates, kobs, versus concentra-
tion of NAD+ and NADH. Solid lines represent the fit to a two-state model and 
dashed lines to a one-state model. The events were followed by monitoring the 
change in intrinsic tryptophan fluorescence of the protein upon binding of the cofac-
tor. It allowed for determination of rates for the isomerization of enzyme-nucleotide 
complex (k2, k-2, k6, k-6) and for the dissociation constants of E·NAD+/E·NADH (K1 
and K7) (B) kobs versus concentration of S- or R-1-phenylethanol. Solid lines repre-
sent the fit to a hyperbolic function. The events were followed by monitoring the 
change in fluorescence upon increased NADH concentration and allowed for deter-
mination of oxidation rates (k2) and the apparent rate constants of E·NADH·1-
phenylethanol complex (K3). See Table 6 for determined values of the kinetic pa-
rameters.    

Concerning oxidation of R-1-phenylethanol, the rate for the hydride transfer 
(k4) was slower as compared to the S-enantiomer. It was instead in the same 
magnitude as k6. Furthermore, both k4 and k6 were 50-100-fold faster than 
kcat, consequently no rate determining step could be found for this reaction. 
(Table 6). Since the product from the S- and the R-enantiomer is identical the 
difference in rate must take place in the first part of the reaction. A reason-
able explanation is non-productive binding, meaning that the substrate can 
bind in both a productive and a non-productive mode at the active site. If this 
is the case only a fraction of the substrate will be bound productively, this 
will lower kcat. Additionally, due to the apparently tighter binding KM will be 
lower that the “true” dissociation constant, KS, which was also observed. 
Accordingly, the enantiopreference towards the S-enantiomer appears to be 
due to non-productive binding of the R-enenatiomer. In the point of view of 
altering and changing enantioselectivity by mutagenesis and directed evolu-
tion a new route may be to manipulate non-productive binding. 
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Table 6. Microscopic rates and equilibrium constants for ADH-A-catalyzed oxida-
tion of S-1-phenylethanol and R-1-phenylethanol, and for reduction of acetophenone 
at pH 8. Numbering of rate constants refer to the model mechanism in Figure 11B. 

Substrate 
K1  

(k-1/k1) 
(µM) 

k2  
(s-1) 

k-2  
(s-1) 

K3  

(k-3/k3) 
(mM) 

k4  

(s-1) 
k6  

(s-1) 
k-6  

(s-1) 

K7  

(k-7/k7)  
(µM) 

kcat  

(s-1) 
KM 

(mM) 

S-1-
phenyl-
ethanol 

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-1-
phenyl-
ethanol 

240 
±100 

820 
±300 

22 
±3 

12 
±2 

220 
±30 

46 
±200 

710 
±100 

22 
±20 

0.45 
±0.005 

0.94 
±0.04 

Aceto-
phenone 

240 
±100 

820 
±300 

22 
±3 

- - 
46 

±200 
710 

±100 
22 

±20 
36 

±0.8 
1.2 

±0.09 

Conclusion  
This study has disclosed that ADH-A serves as a good candidate for the in-
tended purpose; to catalyze stereoselective oxidation of aryl-substituted sec-
ondary alcohols. This is based on that the enzyme is regio- and stereoselec-
tive and has a good capability to accept bulky substrates. The kinetic reac-
tion mechanism has been investigated by product inhibition pattern and pre-
steady state kinetics. A pH dependence is observed in the mechanism, it 
shifts from a Theorell-Chance mechanism at pH 7 to an Iso Theorell-Chance 
at pH 8.0. The rate determining step for S-1-phenylethanol is pin-pointed to 
a conformational change involved in the nucleotide release. The lower effi-
ciency for the R-enantiomer is suggested to be due to non-productive bind-
ing.    
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Figure 11. Ordered kinetic mechanism models. (A) An ordered Bi-Bi mechanism. 
(B) An ordered Bi-Bi mechanism with an added conformational change on the en-
zyme-nucleotide complex (C) The Theorell-Chance (hit-and-run) mechanism. (D) 
The Iso Theorell-Chance mechanism. (E) The Iso Theorell-Chance mechanism with 
an added step for non-productive binding of the alcohol substrate.    
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Directed evolution of FucO (Paper III and IV) 
As mentioned in the introduction, the intended purpose for FucO is to stereo-
specifically catalyze the oxidation of 3-phenylpropane-1,2-diol into 2-
hydroxy-3-phenyl-propanal. The challenge is that the wild-type enzyme has 
no detectable activity with aryl-substituted substrates. The goal with Paper 
III was therefore to, by directed evolution, generate enzyme variants that are 
active with this substrate. In Paper IV the objective was to investigate the 
evolution process in more detail and to gain structure/function relationship 
knowledge. In spite of, it’s poor activity there were several reasons to choose 
FucO as starting point. In Paper I it was confirmed that the enzyme is highly 
stereospecific, implying that evolved variants can retain this property. It was 
also shown that the enzyme is strictly regiospecific towards the primary al-
cohol. This is a rare feature but is also found in glycerol dehydrogenases. 
However, these enzymes have more complex quaternary structures94 than 
FucO, and thus make them less suitable for directed evolution work.  

Design of mutant libraries    
The tertiary structure of FucO reveals that the entrance to the active site is 
restricted by a narrow waist, which prevents large substrates to enter. The six 
amino acids surrounding this waist were, according to the CASTing ap-
proach,13, 20 chosen as mutation targets for the design of FucO variant librar-
ies (Figure 12). Four libraries were constructed using restricted codon sets 
and the evolution was conducted by ISM.  

 
Figure 12. (A) Binding site for cofactor and substrate. (B) Substrate binding site and 
its entry point. Residues mutated to create libraries of FucO variant are shown as 
sticks. Library A: Thr149 and Asn151 (magenta). Library C: Val164 (cyan). Library 
D: Leu259 and Phe254 (orange): Library E: Val164 and Cys362 (cyan). Adenosine-
5-diphosphoribose (NAD(H) analog) and S-1,2-propanediol in grey, Fe2+ in yellow 
and polypeptide chain as surface. (PDB entry: 1rrm).    
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Identification of hits using principal component analysis  
The presence of NAD+/NADH as cofactor allowed for an easy and fast 
screening of the libraries. The change in absorbance of the cofactor was sim-
ply followed in real-time using a spectrophotometer. This simplicity made it 
possible to screen for activity with several substrates in parallel, which re-
sulted in a large amount of data. To achieve a graphical overview of the li-
brary distribution and to aid in the identification of hits PCA was used 
(Figure 13). A hit was defined as a mutant clone which in the lysate dis-
played higher activity than its template with the aromatic screening sub-
strates. From this it was shown that PCA represent a great tool for interpreta-
tion and visualization of screening data resulting from directed evolution 
work. Enzyme variants identified as hits from the screen were sequenced, 
purified and kcat and KM with 2S- and R-3-phenylpropane-1,2-diol, 
phenylacetaldehyde, S- and R-propanediol and 1-propanol were determined.  

 

Figure 13. PCA on normalized screening activities. Left panel show the loading 
plot. Substrates are indicated as black triangles, 1-P: 1-propanol, S/R-PD: S/R-1,2-
propanediol, PAA: phenylacetaldehyde, S/R-PPD: 2S/R-3-phenylpropane-1,2-diol. 
The three right panels show the score plot for each library. Clones are indicated 
according to the panel in lower right corner. Selected variants represent clones that 
also for purified protein displayed activity with either 2S/R-3-phenylpropane-1,2-
diol or phenylacetaldehyde.  
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Unveiling 3-phenylpropane-1,2-diol and phenylacetaldehyde 
activity 
By only two rounds of mutagenesis several enzyme variants which displayed 
activity with 2S-3-phenylpropane-1,2-diol were identified (Figure 14 and 
Figure 15). Variant L259V appeared in the first generation and displayed a 
kcat/KM of 20 s-1 M-1. This variant was used as template for a second genera-
tion of libraries which resulted in three variants with even further improved 
activities (V164C, L259V, C362G; V164M, L259V, C362Y and V164I, 
L259V). They displayed twice as high catalytic efficiency, as compared to 
the template, an effect which was mainly due to an increased turnover num-
ber. All clones active with 3-phenylpropane-1,2-diol showed a strong prefer-
ence towards S-enantiomers of diols. The most stereoselective variant, 
V164I, L259V, had an E-value (S/R) of 80 with 3-phenylpropane-1,2-diol. 
Enzymes with E-values above 50 are according to Bartsch et al.95 considered 
to be useful in synthesis. Despite the S-selectivity, activity with the R-
enantiomer of the target substrate was also introduced. The V164C, L259V, 
C362G variant displayed six-fold lower turnover number with R compared 
to S.  

 

Figure 14. Structures of 2S-3-phenylpropane1,2-diol and phenylacetaldehyde 

In the search for activity with aryl-substituted diols phenylacetaldehyde was 
used as surrogate substrate. The rationale behind this was that: (1) the rate of 
reduction is typically 10-fold faster than the oxidation rate. Hence, it will 
increase the sensitivity making it possible to pick up also variants with low 
activity. (2) The α-hydroxy aldehyde produced from oxidation of 3-
phenylpropane-1,2-diol is not commercially available and phenylacetalde-
hyde was judged to be a good structural analogue. It has been shown that in 
some cases it can be successful to evolve highly specific enzymes by the use 
of structurally related substrate intermediates 96. It should be noted though, 
that the sec-alcohol is missing and that the alkyl-chain is one carbon shorter. 
Any impact of this is expected to affect the outcome. The wild-type enzyme 
has detectable, although low, activity with this substrate. In Library A vari-
ant N151G was found. It displayed 150-fold increase in kcat/KM, as compared 
to the wild-type (Figure 15). The most active variant, N151G, L259V ap-
peared in Library DA. Compared to the N151G variant it had ten-fold higher 
kcat and three-fold lower KM. This results in a remarkable 1000-fold increase 
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in kcat and 4400-fold increase in kcat/KM, as compared to the wild-type en-
zyme. 

The leucine to valine replacement at position 259 corresponds to one me-
thylene bridge less, despite this small structural change it unveiled the hid-
den potential of FucO to catalyze the oxidation of 2S-3-phenylpropane-1,2-
diol. Presumably this effect is due to that the now larger volume, of the tun-
nel extending into the substrate binding site, probably makes it possible for 
larger substrates to enter. Even though the larger volume most likely was 
necessary for introducing this activity, several of the residues introduced in 
the second generation are large than the wild-type residue. This displayed 
that adding additional volume is not the only way to enhance this activity. 
Even more evident for the importance of volume is the replacement of as-
paragin to glycine in position 151. This mutation leads to a dramatic increase 
in phenylacetaladehyde activity, an activity which is further enhanced by the 
L259V mutation. 

 

Figure 15. Bar chart of kcat/KM-values for FucO variants displaying activity with 
either 2S-3-phenylpropane-1,2-diol or phenylacetaldehyde. Activities with S-1,2-
propanediol, 1-propanol, 2S-3-phenylpropane-1,2-diol and phenylacetaldehyde are 
presented. FucO variants are numbered accordingly: wt: wild-type FucO, 1: N151G, 
2: L259V, 3: N151G, L259V, 4: T149S, N151G, L259V, 5: T149S, L259V, 6: 
V153I, V164I, L259V, 7: V164C, L269V, C362G, 8: V164M, L259V, C362Y, 9: 
V164I, L259V 10: V164I, L259V, C362A and 11: N151G, V164I, L259V, C362N.   

In docking models, 2S-2-phenylpropane-1,2-diol and phenylacetaldehyde 
adopted a bent conformation when bound to the V164C, L259V, C362G 
variant or the N151G, L259V variant, respectively (Figure 16). This confor-
mation enabled the phenyl ring of the substrate to interact with Phe254 
through π-π stacking. When docked to the wild-type enzyme these substrates 
adopted an extended conformation, where the phenyl ring was pointing out-
wards and the Phe254 interaction was lost. The docking results thereby sug-
gest that a larger cavity volume allows for conformations that can interact 
with Phe254 and thus stabilize protein-substrate interactions, which seems to 
be necessary for achieving catalysis with these substrates. A further support 
for this is that Phe254 was retained in all enzyme variants displaying im-
proved activity with the aryl-substituted substrates.  
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Figure 16. (A) Docking models of 2S-3-phenylpropane-1,2-diol to the V164C, 
L259V, C362G variant (green) and wild-type FucO (orange). Residues approxi-
mately 4 Å from the substrate are shown as sticks in green (mutant) and orange 
(wild-type). The mutations are marked in purple. Hydrogen bonds and π-π stacking 
interactions are shown for 2S-3-phenylpropane-1,2-diol in the mutant protein. (B) 
Docking models of phenylacetaldehyde to the N151G, L259V variant (yellow) and 
the wild-type FucO (cyan). Residues approximately 4 Å from the substrate are 
shown as sticks in yellow (mutant) and cyan (wild-type). The mutations are marked 
in pink. Hydrogen bonds and π-π stacking interactions are shown for phenylacetal-
dehyde in the mutant protein. In both cases the substrate binds to the mutant in a 
bent conformation which allows it to π-π stack with Phe254 and hydrogen bond to 
NAD+. In the wild-type it binds in a more extended conformation which makes it 
impossible to π-π stack with Phe254. 

Variants active with 3-phenylpropane-1,2-diol were found to be inactive 
with phenylacetaldehyde, and vice versa. This might be explained by 
Asn151. Nearly all the variants active with phenylacetaldehyde are bearing 
the N151G mutation. By comparing the phenylacetaldehyde in the bent con-
formation with the wild-type structure it is clear that the substrate would 
clash with Asn151 making the wild-type unable to bind this conformation 
(Figure 16B). On the other hand, in docking models with the wild-type and 
the native substrate, S-1,2-propanediol, this residue contributes to stabiliza-
tion of the enzyme-substrate complex. The substrate interacts with the en-
zyme through hydrogen bonds to NAD+ and to the amide side chain of 
Asn151. All variants active with 3-phenylpropane-1,2-diol have retained this 
residue, and the hydrogen bond pattern between the variants and 2S-1,2-
phenylpropane-1,2-diol resembles the one between the wild-type enzyme 
and S-1,2-propandiol. It is thereby likely that this interaction is necessary for 
adequate stabilization between the enzyme and 2S-1,2-phenylpropane-1,2-
diol. 
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Potential for further tailoring of substrate selectivity  
The result from this study demonstrates that FucO has the ability to be 
modulated in order to obtain new and improved activities. This is shown by 
the fact that the goal of the study, to introduce activity with 3-phenyl-1,2-
propanediol, was successful. Even if phenylacetaldehyde did not serve its 
purpose to act as surrogate substrate the outcome strongly suggest that FucO 
has the inherent capability to catalyze reactions with several types of primary 
alcohols. An unexpected mutation, incorporated through imperfect PCR in 
position 153, demonstrated that there is room for further tailoring of the sub-
strate selectivity, by introducing mutations in other sites than those included 
in this study. Position 153 is situated further into the active site and the 
V153I mutation caused a switch in selectivity. Comparing the V164I, L259V 
variant and the V153I, V164I, L259V variant, the former was active with 2S-
3-phenylpropane-1,2-diol and the latter with phenylacetaldehyde. Further-
more, Zheng et al.97 has shown that the L7F mutation results in a 3-fold de-
crease in KM for furfural, as compared to the wild-type. This mutation is 
situated at the interface between the two homodimers, distant from the active 
site.     

Despite the high degree of selectivity it is known that promiscuity is a 
common function among enzymes.98, 99 Promiscuity in this sense refers to 
that the enzyme can catalyze reactions for which it was not naturally 
evolved. High specificity and promiscuity do not need to contradict each 
other; they can coexist in the same enzyme. Most of these promiscuous ac-
tivities have no physiological meaning. Nevertheless, it has been shown in 
studies of divergent evolution that they play a role in evolution of new en-
zyme functions. This has been supported also in directed evolution experi-
ments where it has been shown that it is often successful to evolve promis-
cuous activities100 and that these activities are often improved by only one or 
a few mutations.101 In Paper I it was shown that FucO possesses promiscuous 
activities towards several primary alcohols and aldehydes (Table 1). In this 
study, undisclosed activities were revealed by a limited set of mutations at 
critical positions, so the re-engineering of FucO certainly supports this view.  

Even though FucO has promiscuous activities it can be regarded as a 
highly specialized enzyme with optimized activity towards its natural sub-
strate S-lactaldehyde. The evolvability of such an enzyme has been ques-
tioned and "generalist" enzymes, acting on a broad range of substrates, are 
considered more evolvable. Successful in vitro evolution of specialized en-
zymes often occur by first creating a generalist and thereafter further evolve 
it to become specialized for the target substrate.102 The N151G, L259V vari-
ant, which is active with phenylacetaldehyde, has reached up to the highest 
activity measured for FucO with any aldehyde (Table 1) and can thus be 
regarded as a specialized enzyme towards this substrate. The emergence of 
this activity went through a generalist variant (N151G) with elevated 
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phenylacetaldehyde activity but with reduced S- and R-1,2-propanediol and 
1-propanol activity (Figure 15). The 3-phenylpropane-1,2-diol activity was 
harder to evolve, probably due to the non detectable activity in the wild-type 
enzyme. The most active variants so far have not reached up the same effi-
ciency as the wild-type display with the native substrate. They have gained 
activity with the target substrate and simultaneously their activities with 1,2-
propanediol and 1-propanol have been reduced (Figure 15). Thus, they can 
now be regarded as generalist enzymes. Yet, through additional rounds of 
mutagenesis FucO has the potential to become specialized towards 3-
phenylpropane-1,2-diol.        

Enhancing the turnover number and the importance of kinetic 
mechanistic insight 
Two enzyme variants shed light on the importance of mechanistic insight 
when re-engineering enzymes. The two variants F254I and V164I had four- 
and two-fold higher kcat for S-1,2-propanediol, as compared to the wild-type. 
In Paper I it was shown that nucleotide release is rate limiting for this reac-
tion. Hence, a plausible explanation to the increased kcat is that the rate for 
this step (k6, Figure 11B) has increased. An increased rate of k6 will conse-
quently increase the overall rate. The tertiary structure show that the 
phenylalanine at position 254 interacts with the amide oxygen and the pyri-
dine ring of NAD+. When this residue is mutated to an isoleucine this inter-
action is lost. It is thereby likely that this will lead to a less tightly bund 
NAD+, resulting in an increased dissociation rate. For enhancement of the 
turnover number in other enzyme variants it will thus be a good idea to tar-
get residues which are believed to affect the nucleotide binding site. More-
over, in the F254I and V164I variants kcat for 1-propanol was also enhanced, 
although not to the same magnitude. This supports the result from Paper I, 
that 1-propanol oxidation is only partly rate limiting by nucleotide release 
while this step is rate determining for S-1,2-propandiol. If this is true, kcat for 
1-propanol should probably not be affected in the same magnitude of the 
enhanced k6 as compared to S-1,2-propanediol. 

Conclusion 
It was confirmed that FucO has the ability to be re-engineered in order to 
tailor its selectivity towards different types of primary alcohols, and that 
small changes at critical positions can cause drastic changes in activity. The 
evolution process unveiled the hidden potential of FucO to accept aryl-
substituted molecules, such as 2S/R-3-phenylpropane-1,2-diol and 
phenylacetaldhyde, as substrate. This activity was accommodated by muta-
tions causing enlargement of the active site cavity. Modeling and docking 
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studies presented the possibility of stabilizing interactions between the en-
hanced variants and the aryl-substituted molecules. Furthermore, a mutation 
which affected the rate of nucleotide release demonstrated the importance of 
knowledge concerning the kinetic mechanism in order to enhance the turn-
over number of a reaction.  
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Concluding remarks and future perspectives 

To summarize this thesis work in two sentences: two alcohol dehydro-
genases, FucO and ADH-A, have been characterized with respect to their 
kinetic properties and structure/function relationships. Thereafter, FucO was 
re-engineered using ISM-driven directed evolution and enzyme variants with 
novel substrate preference were isolated.   

The characterization answered several questions regarding the mechanism 
of the two enzymes. It appeared that they share several characteristics be-
tween each other and between other alcohol dehydrogenases. The reactions 
follow an ordered mechanism where the nucleotide binds first and dissociate 
last. The rate limiting step for the most preferred substrates was for both 
enzymes pin-pointed to a conformational change involved in nucleotide re-
lease. An interesting observation was the pH dependent change in reaction 
mechanism for ADH-A and the thereby proposed existence of two forms of 
the free enzyme. Unfortunately, the reason for this behavior is today unclear 
and further studies will be needed to clarify it.   

 Regarding the results concerning the enzymes’ substrate selectivity, it 
supports the idea that these two enzymes can be useful biocatalyst for pro-
duction of ketones and aldehydes. FucO due to its high stereospecificity and 
the rare character of only attacking the primary alcohol, and ADH-A for its 
regio- and stereospecificity and its ability to act on larger, more complex, 
molecules. ADH-A had earlier, due to its high tolerance to organic solvent 
and broad substrate specificity, been appointed for this task but a more thor-
ough characterization was lacking. FucO, on the other hand, had previously 
not been given any attention regarding the task of serving as a biocatalyst. 
The enzyme is highly specialized towards its native substrate. Despite this, 
in this investigation it is shown that it possesses promiscuous activities to-
wards a range of different alcohols and aldehydes. In the directed evolution 
experiment it was proven that these activities are possible to enhance by only 
a few mutations at critical positions. The aim with the re-engineering was to 
shift FucO’s substrate preference, from low molecular aliphatic diols to aryl-
substituted diols. From the process several enzyme variants active with 2S-3-
phenylpropane-1,2-diol were obtained and it now exist enzymes which can 
produce 2S-2-hydroxy-3-phenyl-propanal. In addition, FucO variants spe-
cialized towards activity with phenylacetaldehyde were also obtained. It was 
shown by structural models and docking that the gained activity with aryl-
substituted molecules is due to an enlargement of the active site.  
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A next step for the FucO project would be to further evolve the enzyme 
for activity with aryl-substituted diols. Activity has been introduced but the 
enzyme variants obtained so far can be regarded as generalists rather than 
specialists towards these substrates. This study has shown that it is possible 
to modulate the FucO scaffold and to adapt it for activity with different types 
of substrates. It is thereby likely that it is possible to enhance the activity 
with the target substrate and with other potentially interesting molecules, 
although, different mutation targets or evolution strategies than the ones 
already used might be needed. Furthermore, an even more thorough kinetic 
characterization, with for instance measurements of microscopic rates, of 
both the wild-type enzyme and the enzyme variants would be valuable and 
interesting. Attempts of measuring the rate for binding and release of the 
nucleotide for the wild-type enzyme have been made. Unfortunately, proba-
bly due to absence of tryptophans nearby the active site, no detectable signal 
could be observed. Any attempts of measuring the hydride transfer have 
however not yet been carried out.      

A next step for the ADH-A project will be to enhance its ability to use 
1,2-diols as substrate. The wild-type display activity with this substrate but it 
is low. For enhancing these activities directed evolution using a similar ap-
proach as with FucO will as a start be used. 

This study aimed to shed light on the importance of working with well 
characterized enzymes when engineering enzymes. This is exemplified in 
the F254I and V164I variants where the kcat for the native substrate, S-1,2-
propanediol, was increased. Even if this was not aimed for, it is an important 
finding and opens up for a strategy to enhance the turnover number also for 
the aryl-substituted active variants. It was shown in the basic characteriza-
tion of FucO that the rate limiting step for this reaction is the nucleotide re-
lease. In structural models of F254I it is clear that a hydrogen bond between 
the nucleotide and the enzyme in lost. This will, with high probability, facili-
tate nucleotide release and thereby enhance the overall rate. For further evo-
lution of activity with aryl-substituted substrates, when kcat of the variants 
have reached the rate of nucleotide release, it will thereby be a good idea to 
target the nucleotide binding site in order to enhance the turnover number. 
Equally, this will be the strategy for enhancing the turnover number for 
ADH-A for substrates which have reached a kcat of 40-80 s-1 (the rate of k6). 
In addition, the finding that non-productive binding of the least favorable 
enantiomer of 1-phenylethanol, in the ADH-A-catalyzed reaction, seems to 
be responsible for the high enantioselectvity opens up a strategy for enhanc-
ing or shifting the enantiopreference. By finding out the structural reason 
behind the non-productive binding this can be targeted for mutagenesis. Fur-
thermore, this and many other studies illustrate that not only can enzyme 
engineering produce useful biocatalysts, it will as well help us in the under-
standing about how enzymes functioning. By providing information about 
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how different mutations influence the properties of the enzyme much can be 
learned about their structure/function relationships.   

In order to use biocatalysis in industrial applications enzymes with ade-
quate functional and physicochemical properties are required. Today there 
are many successful examples of this, but the process to get there can be 
long and sometimes impossible. To reach the goal of routinely being able to 
produce tailor-made enzymes there is both a need of a higher level of under-
standing about how enzymes are functioning and a need for improved and 
novel strategies for in vitro re-engineering or de novo design. Research about 
enzyme engineering and biocatalysis is an important field which opens up 
for "green" and efficient solutions in different areas. This is my contribution, 
so far, to a sustainable development.  
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Svensk sammanfattning 

Vi lever i en värld med global uppvärmning där Arktis smälter, havsvatten-
nivån ökar och där extrema väderförhållanden blir allt vanligare. Vi bor på 
en jord vars fabriker släpper ut gifter som skadar hälsan för växter och djur 
och försämrar deras förmåga att föröka sig. Det är en stor utmaning som 
människan står inför idag, att bromsa upp och förhoppningsvis stoppa denna 
negativa miljöpåverkan. Tyvärr existerar det ingen enkel lösning, utan pro-
blemet måste angripas från flera håll och på olika nivåer. Ett område för 
detta är kemikalieindustrin och ett syfte i denna avhandling var att bidra till 
en grönare sådan. Hur ska man då kunna uppnå detta? Ett sätt är att använda 
sig av enzymer.  

Enzymer är de proteiner som katalyserar alla de kemiska reaktionerna 
som ständigt pågår i en levande cell. Att katalysera innebär att de ökar has-
tigheten på reaktionen utan att själva förbrukas. Celler är väldigt komplexa 
och för att allting ska gå rätt till måste enzymerna vara specifika, de måste 
katalysera rätt reaktion. Molekylen som enzymer agerar på kallas för substrat 
och molekylen som bildas efter att reaktionen har skett kallas för produkt. 
För att till exempel producera ett läkemedel eller framställa biobränsle måste 
reaktioner katalyseras. Många av dessa reaktioner liknar de som enzymerna 
utför i en cell. Med moderna tekniker kan man idag framställa enzymer i 
laboratorier och därefter använda dem som katalysatorer för att utföra dessa 
reaktioner. Detta tillvägagångssätt kallas för biokatalys. 

Fördelen med biokatalys i jämförelse med traditionella metoder är att pro-
cessen blir miljövänligare eftersom enzymer utför uppgiften under betydligt 
skonsammare förhållanden. Det största problemet med biokatalys är att natu-
ren har designat enzymerna för det syfte de har inuti i cellen och inte för det 
vi vill använda dem till. För att lösa detta måste man förändra de naturligt 
förekommande enzymerna. Enzymer är oerhört komplexa molekyler och 
idag har vi inte tillräckligt med förståelse om hur de fungerar för att kunna 
förändra dem på ett rationellt sätt. Under de senaste trettio åren har det på-
gått mycket forskning för att lösa detta problem. En strategi som har visat sig 
framgångsrik är att efterlikna den naturliga evolutionen, men att istället med 
hjälp av genteknik utföra den i ett provrör. Denna strategi kallas för riktad 
evolution. Metoden går ut på att skapa många olika varianter av ett enzym 
och sedan leta efter de varianter som har fått förbättrade egenskaper. I nästa 
steg upprepas proceduren men nu skapas nya varianter utifrån det förbättrade 
enzymet. Denna cykel fortsätter sedan tills önskade egenskaper har uppnåtts.   
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I denna avhandlig har två enzymer studerats: FucO och ADH-A. Båda en-
zymerna är så kallade alkohol dehydrogenaser och deras roll i cellen är att 
konvertera alkoholer till karbonyler. Karbonyler är en av de vanligaste ty-
perna av molekyler som finns i en cell. De är även frekvent förekommande i 
många substanser som är viktiga för människan, såsom naturprodukter och 
läkemedel. På grund av detta är det viktigt att på ett effektivt sätt kunna 
framställa karbonyler. Idén som ligger till grund för denna studie var att 
undersöka om de två enzymerna skulle kunna användas som biokatalysatorer 
för att framställa karbonyl-molekyler. Resultatet visade att enzymerna kunde 
utföra de reaktioner som efterfrågades. Däremot var effektiviteten inte till-
räckligt hög och måste därför förbättras för att de ska kunna användas som 
biokatalysatorer. I fallet med FucO framkom det att enzymet var väldigt 
effektiv med att katalysera reaktioner med små substrat. Molekyler som är 
användbara för oss är däremot ofta större. Målet var därför att förändra en-
zymet så att reaktionen fungerade även med dessa substrat. För att åstad-
komma detta användes riktad evolution. Resultatet visade att aktivitet med 
större substrat hade introducerats i de nya varianterna. Den plats på enzymet 
som substratet binder in till och där reaktionen sedan sker heter aktiva sätet. 
Det visade sig att anledningen till att aktivitet med större substrat hade intro-
ducerats berodde på att de förbättrade varianterna hade ett större aktivt säte 
än vad det naturliga enzymet har.       

Enzymer är fantastiska katalysatorer. När man tänker på att de konstant 
utför alla dessa reaktioner inne i ens egen kropp, och att det allt som oftast 
blir rätt, blir tanken ganska svindlande. Upptäckten av enzymer gjordes för 
cirka hundra år sedan, och deras funktion har sedan dess fascinerat forskare. 
Idag vet vi mer än för hundra år sedan, men kunskapen är fortfarande inte 
tillräcklig för att kunna ge en fullständig förklaring till deras otroliga förmå-
ga. Ett mål med avhandlingen har varit att bidra till en djupare insikt om 
enzymers funktion. Det finns flera värden i att förstå detta, till exempel är 
enzymer ofta inblandade i sjukdomar och då krävs det kunskap om hur de 
fungerar för att kunna utveckla ett läkemedel mot sjukdomen. Dessutom är 
enzymer, vilket redan har diskuterats, användbara som katalysatorer utanför 
kroppen. När man studerar enzymer mäter man hur snabbt reaktionerna som 
de katalyserar går. En enzymatisk reaktion fortlöper i flera steg; först binder 
substratet till enzymet, sedan omvandlas substratet till produkt och till sist 
släpper produkten från enzymet. För att i detalj förstå mekanismen bakom en 
viss reaktion är det värdefullt att ta reda på hastigheterna för de individuella 
stegen. I denna studie framkom det att för både FucO och ADH-A var de två 
första stegen, inbindning och reaktionen, snabba. Frisläppandet av produkten 
var däremot betydligt långsammare och det var därmed detta steg som be-
gränsade hastigheten för hela reaktionen. Det här är en ytterst värdefull kun-
skap om man vill förändra enzymerna så att reaktionen går fortare. Man 
måste då fokusera på att öka hastigheten för frisläppandet av produkten. 
Försöker man ge sig på något av de andra stegen kommer inte den totala 
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hastigheten att öka eftersom hastigheten för frisläppandet sätter nivån för hur 
fort det kan gå.  

Det finns många lyckade exempel där användandet av biokatalys inom 
industriella processer har förbättrat effektiviteten, reducerat kostnaderna 
samt minskat de miljöfarliga utsläppen. Däremot är det ofta tidsödande att få 
fram de nödvändiga enzymerna, och det är en relativt lång väg kvar innan 
man rutinmässigt kan framställa biokatalysatorer för de applikationer som 
industrin behöver. För att kunna uppnå detta behöver vi förbättra metoderna 
för att skapa enzymer med nya egenskaper och för detta krävs det i sin tur 
mer kunskap om hur enzymer fungerar.   
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