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1. General introduction 

Enzymes are things invented by biologists that explain things which other-
wise require harder thinking.  

— Jerome Ysroael Lettvin, Professor Emeritus, Massachusetts Institute of 
Technology 

 
Every person who is or has been working with enzymes knows that it can 
pose a real challenge to explain to people who have never studied biochemi-
stry what enzymes are, and what they do. One possible starting point is to 
explain that enzymes are an important part of all organisms, e.g. humans, 
yeast and bacteria, because they facilitate the reactions needed to sustain life 
within these organisms. The reactions performed in yeast, for example, have 
been used by mankind for thousands of years to brew beer and make wine or 
to make the dough rise when baking bread. In the same way enzymes are 
nowadays used in reactions to obtain molecules for pharmaceuticals and the 
chemical industry in a “greener” fashion than is possible when using the 
traditional, organic chemistry-based methodology.  

Another possible approach to try to explain what enzymes are is to start 
by explaining that enzymes are a subgroup of proteins. Enzymes carry out 
chemical conversions within organisms, as opposed to other proteins that fill 
other important roles such as contributing to cell signaling or ligand binding, 
or by functioning as structural components. One then might continue by 
describing how they are made; that DNA, as the carrier of the genetic code, 
is transcribed into RNA, which in turn is translated into amino acid chains 
that fold into the three dimensional structures we call proteins. 

A third possible approach is to focus on the concept of catalysis, and de-
scribe how enzymes, like all catalysts, facilitate reactions by lowering the 
free energy of the reaction, i.e. the activation energy barrier. One could illu-
strate this point with ordinary table sugar (sucrose) by saying that the break-
down of sugar in humans into useful energy takes place at a much faster rate 
than the spontaneous hydrolysis (i.e. the non-catalyzed reaction) of sugar 
stored on a shelf at home. One could continue by explaining that enzymes 
are remarkable in the sense that they are very selective for the compounds on 
which they act. That is one of the reasons why there are so many different 
sorts of enzymes. This is also why humans need a whole pathway involving 
many different enzymes to break the simple sugar down to energy, one step 
at the time, harvesting the energy in small portions along the way. 
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Whichever way one approaches the task of describing enzymes to the lay-
person, it takes time and effort to describe the plethora of places where en-
zymes are found, the multitude of chemical reactions that enzymes catalyze, 
the challenging complexity behind the mechanisms of catalysis and all the 
possible applications for enzymes in the service of mankind.  

1.1. Enzyme evolution and diversity 
Despite the fact that nature uses molecules other than enzymes as catalysts, 
for example RNA or “ribozymes”, as presented by C. R. Woese together 
with F. H. C. Crick and L. E. Orgel in 1967 (1), and that scientists have de-
veloped ways to utilize DNA (2) and antibodies (3, 4) to catalyze reactions, 
the vast majority of natural reactions are catalyzed by enzymes. It has been 
postulated that the ribozymes in an early ”RNA world” were the only cata-
lysts around (5). Whether this is true or not remains to be evaluated, but 
what we see is that enzymes, for some reason, came to be the dominant cata-
lytic machinery later on in evolution. The evolution of life and the causes for 
this switch of dominant catalytic unities spans several research areas and it is 
not within the scope of this thesis to investigate this. A recent review by 
Follmann and Brownson summarizes the research during the latest two dec-
ades within these areas (6).  

When it comes to evolving enzymes for the synthetic and degradative 
pathways needed to support living organisms, two hypotheses have turned 
out to be the most popular ones: the retrograde theory of evolution (7) and 
the patchwork theory. The latter has been judged the more probable when it 
comes to explaining enzyme evolution. It proposes that the evolution of me-
tabolic pathways is dependent on a set of “broad-specificity enzymes” able 
to catalyze reactions both with substrates structurally similar to the natural 
ones and with different classes of substrates (8–10). The terms, “promis-
cuous enzymes” (when catalyzing other reactions than the “natural” ones) 
and/or “moonlighting enzymes” (enzymes having other, often non-
enzymatic functions) are used to describe this phenomenon (11, 12). Starting 
from one common ancestor, gene duplication events followed by a speciali-
zation would provide the basis for a divergent evolution, creating new en-
zymes (10). The concept of “superfamilies” is used to describe enzymes that 
can be grouped together on the basis of sequence and structure similarities. 
They can further be grouped into families on the basis of catalytic strategy, 
i.e. mechanistically diverse superfamilies (13).  

The enzyme active site is built up and lined with amino acid residues of 
nucleophilic, electrophilic, hydrophobic and acid/base character. Spatial and 
temporal freedom, as well as the contribution of cofactors provides the op-
portunity for great variation in enzyme evolution, enabling the catalysis of a 
vast range of reactions. To keep track of enzymes of all different sorts, the 
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enzyme commission (E.C.) numbers are used to divide enzymes according to 
the chemical reactions they catalyze. By using E.C. numbers, it is possible to 
find all the characterized enzymes that catalyze a single chemical reaction, 
regardless of evolutionary origin. 

As an additional note to the introduction to the natural evolution: Gerlt 
and Babbitt reflect in a recent review on the lack of success in directed evo-
lution during the last decade in attempts to follow nature’s example of de-
veloping new functions starting with promiscuous enzymes found in mecha-
nistically diverse superfamilies. They postulate that in natural evolution, 
optimization of the dynamic properties that drive catalysis is important in 
guiding the substrate through the reaction coordinates with lowest overall 
energy towards product release. To date, this has been overlooked in directed 
evolution of enzymes (14). 

1.2. Enzyme catalysis and dynamics 
Enzymes catalyze reactions at rates 107-fold to 1019-fold faster than the cor-
responding non-catalyzed reactions (15). This is facilitated by lowering the 
free energy of activation in the transition state (Figure 1). According to the 
transition state theory this is an effect of transitions state stabilization (16–
18). Several hypotheses have been proposed to explain the exact nature of 
the factors behind the catalytic power of enzymes, i.e. the causes of the lo-
wering of the free energy of activation. Some examples are enzyme–
transition-state complementarity (19), covalent catalysis, electrostatic effect 
(20), and general acid/base catalysis. Alone or taken together, these and  

 
Figure 1. The difference in the Gibbs free energy of the transition state (‡) between a 
non-catalyzed reaction (�G‡

non, black line) and an enzyme-catalyzed reaction (�G‡
cat 

(grey line) with several intermediates) corresponds to the transition state stabiliza-
tion contributed by the enzyme, relative to the non-catalyzed reaction. 
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other hypotheses does not alone suffice to account for the catalytic power for 
all enzymes and it is generally accepted that in most enzymes several of 
these work in parallel to facilitate catalysis.  

Additional factors have also been proposed to be necessary to explain the 
complexity in mechanism and energetics, and thus the power of enzyme 
catalysis. This has been elegantly summarized in a recent review (21). One 
of these factors is protein dynamics; internal motions in enzymes taking 
place at all time scales and facilitating catalysis. Enzymes are constantly in 
motion, in time scales ranging from vibrations of chemical bonds (10-14–10-13 
s) to the larger movements in the tertiary/quaternary structure associated 
with cooperativity (10-7–104 s). The importance of conformational changes 
in enzymatic transformations of substrates is thus not disputed. However, the 
precise nature of these motions is still debated, as well as the way in which 
they contribute to catalysis, and the time scale of the motions. 

1.2.1. Structure dynamics 
Both Kraut et al. (21) and Hammes (22) dispute the involvement of all mo-
tions on all time scales in catalysis, especially those taking place at rates 
faster than microseconds. They argue that these represent too many degrees 
of freedom (21) and that these motions could be viewed as “an indirect ref-
lection of the conformation of the macromolecule” rather than being directly 
coupled to the catalytic event, which occurs on time scales of milliseconds 
(22). Hammes further argues that even if conformational changes can be 
coupled to catalysis, the question is rather whether enzymes play a dynamic 
or a static role during catalysis. A dynamic view postulates that upon bind-
ing, the substrate becomes incorporated into the enzyme structure and the 
non-covalent bond breaking/making processes then acts cooperatively to 
drive the catalytic process per se. With a static view of enzyme conforma-
tional changes, the motions take place to prepare the enzyme for forthcom-
ing catalytic steps, e.g. to increase the effective concentration of catalytic 
groups in the active site or to restrict the substrate configurations (22). This 
view can be said to represent a more “traditional” view of conformational 
changes. 

Experiments based on techniques such as NMR and high resolution X-ray 
structures have revealed structural changes linked to different stages during 
the catalytic cycle. Together with theoretical studies, accumulating evidence 
supports a dynamic view (21–30). One example of dynamic motions occur-
ring at a time scale of microseconds and faster, are the motions proposed to 
be transferred through a dynamic coupled network of amino acids in the 
structure of enzymes (23–26). Enzymes have been proposed to exist in en-
sembles of conformational states, which are altered upon ligand binding and 
catalysis, requiring a multi-dimensional free-energy landscape with several 
transition-states and local minima to fully describe catalysis (27). A different 
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approach, but with a similar view on enzyme dynamics, is taken by others in 
the proposition of the existence of several substructures during catalysis, 
where some are more important than others in facilitating catalysis (26, 28). 
The structural variations proposed span from side-chain rotamers to fold 
transitions, and they contribute with an ensemble of conformers in equili-
brium with the “native” state (28). This phenomenon is furthermore sur-
mised to provide functional plasticity to enzymes, and taken together with 
promiscuous catalytic behavior, this is proposed to facilitate the rapid evolu-
tion of new functions1 (28–30).  

1.2.2. Cooperativity 
An important requirement for all movements is that they are fast enough, and 
that the transition between conformations is of sufficiently low energy not to 
heighten the energy barrier in the transition state (31). Structurally large 
conformational changes involve rigid-body motions, taking place at time 
scales of microseconds to minutes (24). These are involved in enzyme (re)-
organization events, e.g. domain closure/openings upon substrate binding 
and movements in response to the binding of allosteric effectors. Larger 
movements have been described as being a result of a coordinated effort, 
involving transitions in several hinge regions and/or shear motions in the 
interphase between smaller (secondary) structural elements or polypeptide 
segments (24, 31).  

Cooperativity is a broad concept, often discovered by non-Michaelis-
Menten kinetic behavior. Any event that affects later events of the same 
character, being communicated through the structure of a protein, is regarded 
as cooperative (32). When plotting initial velocity versus substrate concen-
tration, the curves can indicate either positive or negative cooperativity, de-
pendent on curve shape. The most familiar causes of sigmoid curves seen in 
enzyme kinetics are homo- or heterotropic cooperative responses to ligand 
binding (32), but sigmoid curves can also be the result of a ligand-induced 
slow transformation or “hysteresis”, coupled to kinetics. To distinguish this 
cooperativity from the former, it has been termed “hysteretic cooperativity” 
(33).  

1.2.3. Hysteretic kinetic behavior and hysteretic cooperativity2  
Frieden (34) defines hysteretic enzyme systems as those that show a slow 
response in kinetic behavior upon addition of substrate, exhibiting a time-
dependent behavior with slow conformational changes limiting the overall  
 
1 Comment to chapter 1.1.: Benkovic and Hammes-Schiffer postulate the existence of residue 
conservation in these amino acid networks within members in superfamilies, the role of which 
is to help facilitate optimal catalytic activity during evolution of new enzymes (23). 
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rate. Neet and Ainslie (33) stress the facts that hysteretic enzymes have an 
additional physical form with different kinetic properties, a sufficient 
amount of enzyme in both forms, and the importance of transitions taking 
place at a rate equal to or slower than the rate-limiting step in the reaction. 
They state that hysteresis can be an effect caused by conformational 
changes, dissociation-addition reactions or a displacement of one substrate 
by another, but emphasize the presence of isomerization steps in the latter 
cases. The substrate acts to either shift equilibrium towards a pre-existing 
additional state or to induce the presence of a new one. Hysteresis can occur 
in both oligomeric and monomeric enzymes. Here, “slow” is defined as tran-
sitions happening at the time scale of the measurements, meaning that slow 
transitions visible by stopped-flow measurements probably would go unde-
tected with steady-state measurements. Frieden proposes that enzymes have 
a more dynamic role (see 1.2.1.) in conformational changes coupled to the 
slow transitions, underlining the complexity of motions in enzyme structures 
and the different time scales, whereas Neet and Ainslie describe the motions 
coupled to hysteresis as rigid-body motions, using a more static view.  

Hysteresis in monomeric enzymes is not necessarily linked to hysteretic, 
i.e. kinetic, cooperativity. For example, hysteretic cooperativity will never 
occur in enzymes with a kinetic mechanism corresponding to A in Figure 2, 
since this kind of cooperative behavior requires the presence of a second 
state of the enzyme. Mechanisms B and C in Figure 2 will give rise to hyste-
resis, but never cooperativity because of the dead-end complexes formed. 

 
Figure 2. A to D: Four schemes corresponding to different kinetic mechanisms. A – 
C will not lead to hysteretic cooperativity, although B and C can give rise to hystere-
sis. A reaction with a kinetic mechanism corresponding to D will lead to hysteretic 
cooperativity, given the right conditions. 

 
2 Two works, laying the foundation of the concept of hysteretic enzymes, were written in 
1979 (by Frieden) (34) and 1980 (by Neet and Ainslie) (33). As the concept is often unfami-
liar to non-specialists, this subchapter aims to provide an introduction on the matter. 
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Neet and Ainslie have listed some requirements for detection of hysteretic 
cooperative behavior:  

• The transition between two states needs to be slower, or equal, to the 
maximum velocity of the reaction.  

• The transition cannot result in a cooperative behavior if the addition of 
substrate(s) is (are) in rapid equilibrium. 

• The rate constants for the transition, and the other reaction steps, must be 
such that a shift of the proportion of substrate traversing the different 
reaction pathways changes with changes in substrate concentration. 

1.3. Enzyme selectivity 
In the introduction to enzymes as superior catalysts in biochemical text-
books, authors emphasize properties like catalytic efficiency and substrate 
selectivity. Selectivity is broadly decided by two factors:  

• the degree of structural complementarity, in turn determined by the 
three-dimensional structures of the interacting molecules, and 

• the nature of the atoms of the ligand and the way the functional groups 
of the amino acids lining the enzyme active site interact with these 
atoms.  

There is a clear linkage between enzyme catalysis and selectivity. Many of 
the theories attempting to explain enzyme catalysis presume a certain degree 
of structural complementarity between the enzyme and the substrate, e.g. 
enzyme–transition-state complementarity and electrostatics. It has also been 
argued that it is impossible to divide the contribution of different residues in 
enzymes into binding versus catalytic activity and that it is rather the com-
plex, cooperative nature of enzyme structure and function that lies behind 
the catalytic power (21). Although most enzymes exhibit a limited substrate 
range, some are promiscuous, catalyzing transformations classified as differ-
ent chemical reactions (see also 1.1. and 1.2.1.) (9, 11).  

Enzyme selectivity can be further sub-divided into substrate-, and when 
appropriate, enantio-, and regioselectivity. To describe the degree of selec-
tivity shown by enzymes towards substrates, the following kinetic parame-
ters are used: a) the first order rate constant kcat, also called the turnover 
number, b) the Michaelis constant KM, which is the substrate concentration at 
half of maximum velocity, and c) kcat/KM, the catalytic efficiency (also: the 
specificity constant). Enzymes able to discriminate between the enantiomers 
of a substrate are described as being enantioselective (Figure 3A). Enantiose-
lectivity is defined as the ratio of the specificity constants, E = 
(kcat/KM)R/(kcat/KM)S (in a reaction where (R) is the favored enantiomer) (35). 
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Enantiodiscrimination is dependent on the difference in energy needed to 
reach the transition state, relative to the ground state of free substrate and 
enzyme, for the two enantiomers (Figure 3B). In addition, by using the ener-
getic relationships  

��G‡= �G‡
R - �G‡

S = -RT ln(E)   (1)  

where R is the universal gas constant and T the temperature, and  

��G‡ = ��H‡ - T��S‡    (2)  

the relative contribution of the difference in activation enthalpy or activation 
entropy to the discrimination of enantiomers can be obtained. As a conse-
quence of this, everything that can be expected to alter the transition state 
structure during the catalytic cycle can also be expected to influence enantio- 
selectivity (35). 

A regioselective reaction has been defined as one where “the direction of 
bond breaking or making occurs preferentially over all other possible direc-
tions” (36). Epoxide hydrolases (EH), for example, catalyze the ring opening 
of oxiranes, i.e. epoxides, with the help of an activated water molecule into 
diols. The oxirane ring structure, a three-membered cyclic ether, can be 
opened at either carbon of the ring structure. Other examples of enzymes 
where regioselectivity is of importance are cytochrome P450, lipases and in 
those alcohol dehydrogenases able to reduce diols into corresponding alde-
hydes. 
 

 
Figure 3. A) A representation of two enantiomers, with one chiral center and four 
different chemical groups drawn as balls of various sizes and tints of grey. B) The 
height of the transition state barrier corresponds to the Gibbs free energy of activa-
tion (�G‡) for two enantiomers, with one pathway on each side of free enzyme and 
racemic substrate (E + S). The difference in �G‡ between two enantiomers, ��G‡, is 
dependent on the enantioselectivity of the enzyme. The larger the value, the higher 
the enantioselectivity. 
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1.4. Enzymes as biocatalysts 
1.4.1. Defining a “good biocatalyst” 
Biocatalysis is a part of industrial, “white”, biotechnology which is directed 
towards production of fine or commodity chemicals. The enzymes them-
selves can also constitute the final product, for example as parts of wash 
solutions allowing the break-down of fats at low washing temperatures. As 
biocatalysts, enzymes either play a role as the sole catalysts in reactions, or 
as parts of pathways, leading to the production of desired end products. One 
example is in the break-down of lignocellulosic biomass in the production of 
biofuels (37). Traditionally industrial processes involving the refinement of 
simple chemicals into more valuable fine chemicals, like the chiral building 
block of active pharmaceutical ingredients, has been based on organic che-
mistry. During the last decades, the use of enzymes has arisen as an interest-
ing alternative. Many enzymes are intrinsically chemo-, regio-, and enanti-
oselective, while at the same time possessing an ability to handle many chir-
al centers on a complex molecule. This makes enzymes a potentially valua-
ble choice when developing chemical processes traditionally involving many 
chemical steps involving protective/activating groups. Time, cost and the 
environmental load can be reduced with a reduction of the number of chemi-
cal steps involved. Further, as the natural environment of enzymes is 
aqueous, a biocatalytic process can be developed into a “greener” alternative 
even in this respect (38). However, the conditions of the natural habitat, in a 
water-based solution surrounded by organelles and metabolites of various 
kinds with substrate concentrations in the millimolar range, contrasts with 
demands on the enzymes to make an industrial process profitable. To be 
considered competitive, enzymes must operate at molar concentrations of 
substrates, often in non-natural solvents of hydrophobic character, with one 
or a few reactants. This places a totally different demand on enzyme proper-
ties compared to those that apply in the natural environment (Tables 1 and 
2). Extra challenging for enzyme structure and activity is the fact that en-
zymes used in industry are often shipped and stored as lyophilisates, in order 
to prolong shelf life (38–41). Water also needs to be removed in cases where 
enzymes are used in pure organic solvents, to be directed into synthetic ra-
ther than degradative modes, which also is an important reason for preparing 
enzymes as lyophilisates (42). The non-aqueous solvents used include ionic 
liquids (IL) and organic solvents. ILs are defined as all salts in the liquid 
state at temperatures below 100 °C; ILs are thus composed of a mixture of 
anions and cations. The broad spectra of properties intrinsic to the ions, i.e. 
different polarity and hydrophobicity, present opportunities to design these 
solvents to meet the unique characteristics needed for different reactions. In 
contrast to organic solvents, they are non-volatile, which is considered envi-
ronmentally beneficial (43–45).  
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Table 1. The prerequisites for an industrial biocatalyst. Adapted from Luetz et al., 
2008 (39). 

a GRAS = generally regarded as safe. 
 
Non-aqueous solvents can be added to reaction mixtures to solubilize hydro-
phobic substrates and/or products with the aim of reaching higher yields. An 
additional reason for using non-aqueous solvents is that it facilitates an easy 
product recovery through the separation of the enzyme and substrate from 
the product using the separation of phases that result in a system consisting 
of a water-based phase and either a non-polar organic phase (46) or an IL 
(43). Sometimes the hydrophobic phase consists entirely of the substrates 
and/or product itself, thus facilitating the separation of substrate/product 
from the rest of the reaction mixture without the need of adding an additional 
solvent to the system (42). To be able to know where best to direct efforts to 
enhance an enzyme to become a valuable biocatalyst, it is useful to define 
the desired properties of an industrial enzyme (Table 1), as well as the com-
mon reaction conditions and their consequences on enzyme activity (Table 
2). One conclusion that can be drawn is that when optimizing an enzyme for 
biocatalytic purposes, the enzymes must be optimized with a multidimen-
sional effort on their properties. A good screen is thus crucial for the success 
of enzyme optimization (39). Arnold coined the expression “you get what 
you screen for”, meaning that if optimizing a certain enzyme towards a cer-
tain trait, like enantioselectivity, without continuously keeping track of the 
other important traits the enzyme might evolve enantioselectivity at the cost 
of, for example, stability (47). Furthermore, to be able to optimize the whole 
process per se, a dual approach to optimizing both enzyme properties along-
side the reaction process needs to be followed (40). Figure 4 gives an over-
view of the steps involved in the design of a biocatalytic process, and aims to 
provide a picture of the multiple factors involved when optimizing industrial 
processes.  

Step(s) Requirement 

Expression, cultivation and harvest Easy overexpression in GRASa organism; 
purification from crude lysate, using few 
steps 

Storage Lyophilisate, with long shelf life, or as 
solution 

Process High (regio- and) enantioselectivity, 
activity and stability; ability to withstand 
high substrate to biocatalyst ratios, and 
non-aqueous solvents.  
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Table 2. A compilation of the reaction conditions often met in biocatalytic 
processes, the basis for using the reaction conditions and possible consequences on 
the biocatalyst performance (40). 

 
 
 

 

Figure 4. Most cost efficient pathway indicated in light grey arrows. Adapted from 
Buchholz et al., 2005 (40) and Luetz et al. 2008 (39). 

Reaction condition  Reasons  Possible  
consequences  

High concentrations of 
substrate Simplified efficient product re-

covery, avoid infections when 
whole cells used; high space-time 
yield (grams/liter/day)  

Substrate inhibition  

High conversion  See above; minimize substrate 
cost  Product inhibition  

Temperature  Optimization of reaction rate and 
yield; avoiding infections  Enzyme inactivation  

pH  Shift equilibrium toward optimal 
yield; adaption to side and subse-
quent reactions; corrosion  

Non-optimal condi-
tions for reaction rate 
and stability  
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1.4.2. Towards higher activity and stability 
In most cases, wild-type (wt) enzymes do not fulfill the requirements of ac-
tivity and stability needed in a biocatalyst and further enhancements or addi-
tional enzymes are needed in order to meet the biocatalytic process require-
ments (listed in Table 2) (48). Usually, one of the following approaches is 
followed.  

• Evolving pre-existing enzymes into better catalysts. Many companies 
have large libraries of organisms in-house, which they screen for the best 
hit when searching for an enzyme that catalyzes reactions with specific 
compounds. Alternatively, or in combination, bioinformatics can be used 
to find homologous genes expressed and investigated in related or 
present investigations. If needed, enzymes of interest are further devel-
oped into suitable biocatalysts in later steps using rational design or 
some directed evolution approach (39, 49). 

• Finding new enzymes using a metagenomic approach. Genes from soil 
samples, for example, are cloned into suitable cloning vectors and com-
monly expressed in Escherichia coli. The expressed enzymes are 
screened in later steps for activity towards the desired reaction (50, 51).  

Reaction conditions that are potentially damaging to enzyme activity include 
extremes of pH, temperature and high concentrations of non-aqueous sol-
vents (52). Besides using protein engineering to obtain stable enzymes in 
non-aqueous solvents, it has been found that by adding so called excipients 
the enzyme structure is stabilized and activity can be markedly enhanced. 
Excipients are molecules of organic or inorganic character added to the lyo-
philisate before freeze-drying, e.g. salts, crown-ethers and cyclodextrins (42, 
46). Enzyme immobilization provides other ways to stabilize enzymes in 
non-aqueous solvents and the harsh conditions prevailing during a biocata-
lytic process (see Table 1). Immobilization facilitates the separation of the 
enzyme from the rest of the system, and therefore enzyme re-use, and is also 
an easy way to reach fast product recovery. Common immobilization metho-
dologies often rest on one of the following four approaches; entrapment, 
encapsulation, immobilization on pre-existing solid support and self immobi-
lization (53, 54). Immobilization has also proven valuable in cases where 
reactions need to be ended at a certain time point, i.e. when biproducts are 
starting to form, to enhance enzyme selectivity and to reduce the inhibitory 
effects of solvents (41, 54).  
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2. �/� hydrolase fold epoxide hydrolases 

The �/� hydrolase fold EHs are one group within the �/� hydrolase family 
(55). Examples of other members of this mechanistically rather diverse fami-
ly include esterases, lipases and haloalkane dehalogenases (56). The least 
common denominators of members of this superfamily are 1) the protein 
fold, with a core structure made up of eight �-strands surrounded by �-
helices, to which a mainly �-helical lid-domain is connected and 2) a catalyt-
ic triad, consisting of a nucleophile-His-acid motif (55). EHs not belonging 
to this structural family are distinguished based on 1) different structural 
folds and/or 2) different reaction mechanisms. Two examples include leuko-
triene A4 hydrolase [E.C. 3.3.2.6.] and the limonene-1,2 EHs [E.C. 3.3.2.8].  

Solanum tuberosum EH 1 (StEH1) belongs to the �/� hydrolase fold EHs 
(57), and is one of several putative EH in potato. Investigations of this EH 
lay the foundation of the work contributing to this thesis.  

2.1. Structure and phylogeny 
Sequence similarity between the �/� hydrolase EHs is generally low (58, 
59), but the X-ray structures of the five EHs that have been solved to date 
convey that they share large structure similarities. Barth et al. found two 
major groups of �/� hydrolase fold EHs, the microsomal [EC 3.3.2.9] and 
the cytosolic EHs [EC 3.3.2.10], when comparing sequence similarities (58). 
A further subdivision of the EHs of the cytosolic class showed that plant 
EHs were most closely related to mammalian soluble EHs (sEH), which 
possess an extra N-terminal extension (Figure 5). Many of the plant EHs 
expressed and investigated so far have been shown to be monomeric, lacking 
the N-terminal extension of the mammalian sEHs. Examples include the 
potato (middle of Figure 5) (57, 60), rape (61), cress (60, 62), and soybean 
EHs (63, 64).  

The N-terminal extension of mammalian sEH has been found to stabilize 
dimer formation, although work with these EHs shows that they are active 
both as monomers and dimers in solution (65, 66). It is believed that the 
absence of cooperative behavior in kinetics, expected from the formation of 
a ‘dimer of dimers’ (see 1.2.2.) can be explained by the fact that the equili-
brium between monomer and dimer forms is shifted towards monomers at  
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Figure 5. Left: HssEH (pdb code 3I28), with the N-terminal extension furthest to the 
left. The other part of the enzyme forms the core �/� domain (the lower part) with 
the cap domain forming a lid over the cavity coming in from the right. (67) Middle: 
StEH1 (pdb code 2CJP) (68). Between the two domains of the �/� hydrolase fold a 
cavity forms a mostly hydrophobic tunnel where the catalytic triad is situated. Right: 
MmsEH in “dimer of dimer” formation (pdb code 1CQZ) (69).  

the low concentrations where measurements are performed (70). The N-
terminal part has further been shown to exhibit phosphatase activity (71, 72). 

The closest homolog to plant and mammalian sEH is mammalian micro-
somal EH (mEH) (58, 59). Based on amino acid sequence similarity, mam-
malian mEH, the C-terminal sequence of mammalian sEH, and plant EHs 
have all been suggested to be most closely related to haloalkane dehaloge-
nase, another member of the �/� hydrolase fold family (73).  

2.2. Reaction mechanism 
All �/� hydrolase fold EHs have a catalytic triad consisting of Asp-His-
Asp/Glu and, in addition, two tyrosine residues also involved in catalysis. 
An oxyanion hole is built up by a conserved His-Gly-X motif together with 
the residue next to the nucleophilic Asp (58, 59). The role of the oxyanion 
hole is to stabilize the negative charge that accumulates during catalysis 
(74).  

The �/� hydrolase EHs catalyze ring openings of epoxides into vicinal di-
ols. A kinetic mechanism representing the three steps involved in the catalyt-
ic mechanism of �/� hydrolase EHs, as presently understood, is shown in 
Scheme 1: 

              Scheme 1 
 
where KS is the equilibrium constant of the dissociation of the Michaelis 
complex (k-1/k1), k2 and k-2 are the rates of formation and breakdown of an 
alkyl-enzyme intermediate and k3 the rate of the irreversible hydrolysis step.  
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The catalytic mechanism corresponding to the kinetic mechanism in Scheme 
1 can be described in greater detail according to the following:  
1. In the first step, the epoxide enters the active site pocket, forming the 

Michaelis complex (75–77) (Figure 6A). The oxygen of the epoxide ring 
structure is positioned to form hydrogen bonds with one or both tyrosine 
residues positioned in the lid sub-domain, above the residues of the cata-
lytic triad. 

 
Figure 6. A) to C): The catalytic mechanism of �/� hydrolase fold EHs (StEH1 ami-
no acid numbering). See Widersten et al. 2009 (78) for a deeper discussion on the 
mechanism. 
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2. The hydrogen bonds formed between the Tyr residues and the oxirane 
oxygen acts to pull the epoxide ring oxygen electrons towards the hy-
droxyl group(s), increasing the electrophilicity of the carbons in the 
epoxide ring structure (79–81). An enzyme-facilitated nucleophile, Asp, 
performs a nucleophilic attack at the best suited carbon (Figure 6B), 
forming a covalent alkyl-enzyme intermediate (74, 82–84). The negative 
charge formed on the former epoxide hydrogen is stabilized by the Tyr 
residues.  

3. A water molecule positioned between the catalytic acid/base His, a Glu, 
and backbone carbonyl becomes activated as the general His base ab-
stracts one of the water protons, and the hydroxide performs a nucleo-
philic attack (Figure 6C) (75, 85–89). The formed tetrahedral interme-
diate breaks down, in one concerted step, into the product, vicinal diol, 
while protonating the former epoxide oxygen (75, 77).  

The steady state rate equation derived for the kinetic mechanism shown in 
Scheme 1 is provided in Equation 1: 

                       

       (1) 
 
 
The first term in the denominator shows the relationship of rate constants 
describing kcat, and the first term in the numerator shows the relationship of 
the kinetic rate constants and the thermodynamic constant, KS, determining 
KM.  

2.3. Role and substrates 
Plant EHs are proposed to have several roles. They are involved in the gen-
eral defense system of plants, in the synthesis of hydroxylated fatty acids and 
aromatic compounds, and act as one component in the synthesis of the cuti-
cule, the protective layer covering all aerial parts of plants (60, 90, 91). Ad-
ditional roles include the synthesis of antifungal chemicals (92–94), and as 
one part of plant stress responses (57, 64, 94–96).  

Before commencing the investigations on StEH1 described in this thesis, 
we and others had shown that StEH1 displays broad substrate selectivity. 
The substrates can be subdivided into natural substrates (Figure 7A), model 
substrates (Figure 7B), and substrates of interest to the biochemical and 
pharmaceutical industries (Figure 7C) (60, 89, 97, 98). StEH1 preferentially 
performs catalysis on trans- before cis-substituted epoxides, showing the 
highest demonstrated enantioselectivity of all plant epoxides studies so far 
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with 9(R),10(S)-epoxystearic acid (E = 900), showing five-fold selectivity 
over that shown by cress EH (99). 

Reports on StEH1 catalyzed hydrolysis of styrene oxide (SO) revealed in-
teresting enantioconvergent behavior in the hydrolysis of SO and chloro-
substituted derivatives thereof. The (S)-enantiomer was found to be attacked 
at the benzylic carbon, while the (R)-enantiomer was attacked at the least 
substituted of the oxirane carbons, resulting in an almost enantiopure (R)-1-
phenyl-1,2-ethanediol product. StEH1 exhibited an E = 30 in favor of the 
(S)-SO in measurements performed by Monterde et al., while reaching an E 
= 40 in measurements by Cao et al. (100, 101). In catalysis of meta-
chlorostyrene oxide, StEH1 reached an enantiomeric excess of products, eep, 
of 97%, with an 87% yield (100). In combination with other EHs, this intrin-
sic behavior of StEH1 has been exploited in enantioconvergent processes to 
reach even higher yields and eep-values, both immobilized (102) and as an 
engineered variant (101).  

Trans-stilbene oxide (TSO) was used as a model substrate within our 
group for initial studies on StEH1, and is a substrate for which StEH1 shows 
high catalytic efficiency but low enantioselectivity (81, 89). 

 
Figure 7. A) From left to right: trans- and cis-9,10-epoxystearate. B) From left to 
right: styrene oxide (SO), trans-2-methylstyrene oxide (MeSO), trans-stilbene oxide 
(TSO), and trans-1,3-diphenylpropene oxide. C) From left to right: chloro-
substituted forms of SO, nitrostyrene oxide and methylglycidyl benzyl ether.   
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3. Aim of the present studies 

The overall aim of the work leading to this thesis was to add to our know-
ledge of the causes of enantioselectivity and the degree of regioselectivity in 
catalysis performed by potato EH. We further strived to elucidate the under-
lying mechanistic causes for the hysteresis seen in catalysis of 2-
methylstyrene oxide (2-MeSO) enantiomers. The research aims can be de-
scribed in greater detail as follows:  

• To investigate the reasons for enantioselectivity exhibited by StEH1 on a 
set of substrates, differing only in substituent size at one position on the 
oxirane ring structure and to develop methodologies to be able to per-
form the steady-state and pre-steady state kinetic measurements needed.  

• To find a kinetic mechanism able to explain the underlying mechan-
ism(s) of the hysteretic behavior displayed in pre-steady state measure-
ments in StEH1 catalyzed hydrolysis of the two enantiomers of trans-2-
methylstyrene oxide. 

• To propose the parts of StEH1 structure that are involved in the confor-
mational changes that limit the rate of hydrolysis of the 2-MeSO sub-
strates, based on available structure, experimentally derived data and 
earlier investigations.  

• To investigate regioselectivity and hysteresis as functions of temperature 
and pH, and thereby obtain information on the structure-function rela-
tionships involved and to evaluate if hysteresis and the proposed con-
formational changes are in any way linked to degree of regioselectivity. 

• To investigate the effects of co-solvents on StEH1 catalysis and regiose-
lectivity. 
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4. Present investigation  

4.1. Investigations on enantioselectivity reveal 
hysteresis 
Studies on the enantioselectivity displayed by EHs, based on pre-steady state 
measurements, had already been reported by others when my investigations 
on StEH1 began in 2005 (103–105). However, it is not completely 
straightforward to compare results from investigations on enzymes from 
different organisms, or from membrane-bound EHs. The three-dimensional 
structures are dissimilar and differ mostly in the cap architecture, which is 
the domain proposed to be most important for determining substrate selectiv-
ity (68). One example of differences in appearance in the active site struc-
tures is given from a comparison of the active sites of StEH1 and the epi-
chlorohydrin EH from Agrobacterium radiobacter (EchA). While the active 
site of StEH1 is situated approximately 10 Å from the entrance, and provides 
space at both sides of the catalytic triad (Figure 8A), the narrow cavity mak-
ing up the EchA active site closes one end for access. This places a limit on 
the size of substituents situated on one side of the epoxide ring 

 
Figure 8. The surface of the active site cavity depicted in dark grey of A) the StEH1, 
spanning the picture, and in B) EchA, coming in from the right. In light grey: the 
interior of the enzymes, with the catalytic triad nucleophile Asp (D105 in StEH1 and 
D107 in EchA) and His, and the two catalytically important Tyr, in stick representa-
tion. The remaining amino acids are presented in line representation (Pdb code: 2 
CJP (StEH1) (68), 1EHY (EchA) (106)). 

A 
 

B 

D105 D107 
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Table 3. Steady state parameters for StEH1 catalyzed hydrolysis at pH 8.0, 30°C. 
 
 
 
 
 
 
 
 
 

structure (Figure 8B). Although the catalytic mechanism in most cases fol-
lows the three-step kinetic mechanism in Scheme 1, variations of this kinetic 
scheme has been found. One example is the extra isomerization step pro-
posed in EchA-catalyzed hydrolysis of (R)-SO (103). The rate-limiting step 
has also been found to differ between EH from different organisms; while 
the hydrolysis step is rate-limiting in most cases, exceptions include exam-
ples such as soybean EH (107) and Aspergillus niger EH (108), where alkyl-
enzyme formation has been proposed to be rate-limiting.  

4.1.1. Steady state measurements 
In Paper I, we performed steady state and pre-steady state measurements on 
substrates with gradually increasing substituent group size on one of the 
carbons of the oxirane ring. The substrates chosen were the (R)/(R,R)- and 
(S)/(S,S)-enantiomers of SO, trans-2-methylstyrene oxide (2-MeSO) and 
TSO. By comparing changes in the kinetic parameters, we expected to obtain 
information on the kinetic steps that were most influential for enantioselec-
tivity.  

To be able to obtain initial velocity data for 2-MeSO and SO at substrate 
concentrations higher than those possible to follow using a UV-
spectrophotometer we needed to develop a suitable assay. Initially an end-
point screening method, regarded as quantitative, was explored (109). The 
product diol was oxidized by sodium periodate during a given time period, 
after which the oxidation product was allowed to react with adrenaline, 
yielding adrenochrome, which is easily detected at 490 nm (110). The me-
thod was judged as adequate for screening purposes, but not for quantitative 
kinetic analysis. 

We next turned to reversed phase HPLC to obtain the data needed to cal-
culate kcat and KM-values. By developing an end-point method, where reac-
tions were stopped at pre-determined time points by adding methanol, after 
which the sample was immediately subjected to analysis on a C18-column, 
we obtained the desired kinetic parameter values (Table 3). Using this  

Substrate 
 
 

kcat 
(s-1) 

KM 
(μM) 

kcat/KM 
(s-1 μM-1) 

E (S/R) 
(fold) 

(S)-SO 10±2 220±90 0.047 ±0.002 43 
(R)-SO >9 >400 0.0011 ±0.0001
(1S,2S)-2-MeSO 52±3 99±2 0.53±0.07 160 (1R,2R)-2-MeSO 5.7±2 1400±600 0.0034±0.002
(S,S)-TSO 0.91±0.07 0.31±0.01 2.9±0.8

2.9 (R,R)-TSO 15±2 16±3 1.0±0.2 
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Table 4. Pre-steady state parameters resulting from StEH1 catalyzed hydrolysis of 
SO derivatives, pH 8.0, 30 °C. 

 
approach, an E = 43 was obtained after catalysis of the SO enantiomers (Ta-
ble 3), which is in close agreement with earlier results (100, 101). The enan-
tioselectivity shown for the enantiomers of 2-MeSO was the highest seen to 
date for any aromatic compound using a wt �/�-hydrolase fold EH.  

Although (1S,2S)-2-MeSO was the substrate with the highest turnover 
number, the low KM values seen in measurements with the TSO enantiomers 
make these compounds the most beneficial when comparing catalytic effi-
ciencies between substrates. A switch in enantiopreference for the TSO 
enantiomers was observed when data were compared with earlier reports 
from the group (75, 81, 89), shifting from a modest preference for the (R,R)-
enantiomer (E = 3) at pH 6.8 to a preference for the (S,S)-enantiomer at pH 
8.0 (E = 3).  

4.1.2. Pre-steady state measurements  
4.1.2.1. Enantioselectivity 
In stopped-flow measurements with StEH1, the formation of the alkyl-
enzyme can be followed by the decay in intrinsic fluorescence. This is pro-
posed to be the result of quenching of a tryptophan residue close to the nuc-
leophile, Asp105 (81, 86). To the experimental tracks from measurements at 
different substrate concentrations with TSO and SO, a single exponential fit 
were used to obtain kobs-values (Figure 9D). For the TSO enantiomers, a 
hyperbolic function (beneath the kobs vs. [TSO] plot, Figure 9A) was fitted to 
values of kobs. This function allows for extraction of kinetic and thermody-
namic parameters involved in the kinetic mechanism described by Scheme 1 
(Figure 9A, Table 4). The individual values of k-2 and k3 can be derived from 
the expression for kcat in Equation 1. The shift in enantiopreference seen with 
the TSO enantiomers could be shown to result from combined, and different, 
effects on the pre-steady state kinetic parameters. Previous studies on (S,S)-
TSO showed a higher alkylation rate and a lower hydrolysis rate at pH 8.5 
when compared to measurements at pH 6.8 (81, 89). 

Substrate 
KS 

(μM) 
k2 

(s-1) 
k-2 

(s-1) 
k3 

(s-1) 
k5+k-5 

(s-1) 
k-2+k3 

(s-1) 
k2/KS 

(s-1 μM-1) 
(S)-SO >400 >85 – – – 55±3 0.11±0.007 
(R)-SO >600 >16 – – – 41±3 0.031±0.004 
(1S,2S)-2-MeSO >500 >300 – – 20 310±20 0.30±0.04 
(1R,2R)-2-MeSO – – – – 10 – – 
(S,S)-TSO 14±8 29±6 14±2 1.4±0.4 – – 3.3±2 
(R,R)-TSO 42±40 51±7 26±10 32±0.4 – – 2.6±2 
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Figure 9. A) to C): The kobs values plotted versus substrate concentrations. The ma-
thematical function used in the fit to data for each substrate is shown framed under 
each plot. An exception is the fit to (1S,2S)-2-MeSO, kobs1, C) that is described by 
the function inserted beneath B). Plots of substrate concentration versus kobs values 
for, in A) the TSO enantiomers, and in B) the SO enantiomers. C) For (1S,2S)-2-
MeSO, both the faster of the kobs-values (kobs1) and the slower (kobs2) rates obtained 
from the second exponential fit required to describe the experimentally derived 
fluorescence tracks, and the (1R,2R)-enantiomer. D) A single exponential fit to an 
averaged fluorescence track obtained from measurements using 600 μM (S)-SO and 
1 μM StEH1. E) Both single (solid line) and double (dashed line) exponential fits 
are shown, as well as the residuals from these fits (insert) to an averaged fluores-
cence track, using 1 mM (1S,2S)-2-MeSO and 2 μM StEH1. 
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This trend in values at higher pH with (S,S)-TSO was confirmed in this 
study. The buildup of alkyl-enzyme results in lower KM values, which are 
countered by a decrease in kcat, yielding essentially equal catalytic efficien-
cies. In the hydrolysis of the (R,R)-enantiomer, on the other hand, the k2 
values were severely affected by a rise in pH. This affects both kcat and KM, 
reducing the catalytic efficiency 2.5-fold when compared to measurements at 
pH 6.8, with the overall result being a shift in preference in enantioselectivi-
ty. In pre-steady state measurements with the SO enantiomers, we were una-
ble to reach substrate saturating conditions and hence used a linear function 
(Figure 9B) in the fit to the resulting kobs values. The intercept with the ab-
scissa yields the sum of k-2+k3, and from the slope, the ratio of the k2/KS val-
ues are obtained (Table 4). As with TSO, we propose that the difference in 
alkylation rates between SO enantiomers is the primary determining factor in 
enantioselectivity. This is based on the assumption that KS values do not 
differ to any large extent due to the lack of sites available for specific inte-
ractions in the active site cavity of StEH1. The results from investigations on 
SO and TSO are in accordance with an earlier investigation on EchA (103), 
but differ from the results of mEH, pinpointing the break-down of the alky-
lenzyme as being most important for enantioselectivity (105). 

In pre-steady state measurements with the (1S,2S)-enantiomer of 2-
MeSO, an unexpected second phase in fluorescence decrease was observed, 
requiring a double-exponential fit to the experimental traces in order to mi-
nimize residuals (insert, Figure 9E). When the fastest of the kobs rates was 
plotted, a linear increase was seen with increasing substrate concentration 
(Figure 9C). When plotting the slower of the kobs rates, a surprising decrease 
in substrate dependence became apparent (Figure 9C). For the (1R,2R)-
enantiomer, a first order exponential fit most correctly described the experi-
mentally obtained fluorescent traces. When kobs-values were plotted versus 
[(1R,2R)-2-MeSO], a decrease was seen with increasing substrate concentra-
tions in a fashion similar to that seen with the slower rate from measure-
ments with the other enantiomer (Figure 9C). Since the decrease in intrinsic 
fluorescence has been coupled to the buildup of the alkyl-enzyme interme-
diate, the observation of two rates suggests that two different intermediates 
are formed at different rates, possibly with different amplitudes. The only 
kinetic behavior able to describe a decrease in observed rates with increasing 
substrate concentrations involves rate-limiting conformational changes, re-
ferred to as hysteresis (see 1.2.3.).  

4.1.2.2. Regioselectivity 
An electron-donating phenyl group next to the oxirane can act to stabilize 
the transition state in the opening of the oxirane ring structure at the carbon 
next to the phenyl group (111–113). In the case of SO, and derivatives the-
reof, this might act to direct the attack towards the phenyl substituted carbon. 
To investigate if this was the case with 2-MeSO, a 50:50 ratio of H2

18O and 
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H2O was used in reactions with both enantiomers. After evaporating the 
water, the diol composition was quantified using 13C-NMR spectroscopy. 
These measurements showed that the (1S,2S)-enantiomer was attacked pre-
dominantly at the benzylic carbon, while the (1R,2R)-enantiomer was 
opened at a ratio of 65:35 in favor of the benzylic carbon. The same promis-
cuous regioselective behavior, but with the alternative enantiomers being 
attacked at both carbons, has also been observed in the hydrolysis of the 
trans-2-MeSO enantiomers in cress EH in ILs (114). There are also other 
examples of low regioselectivity in reactions with one of the enantiomers of 
2-MeSO as substrate (115–117).  

4.1.2.3. Hysteretic kinetic mechanism  
The kinetic mechanism explaining the formation of (1R,2S)-diol, resulting 
from StEH1 catalyzed attack of (1S,2S)-2-MeSO at the benzylic carbon, 
must account for a reaction pathway or pathways where two different Mi-
chaelis complexes are formed in the pre-steady state of the reactions. The 
formation of product from one of these enzyme-substrate complexes must 
include a slow conformational change; the other can be explained by the 
“normal” kinetic mechanism (Scheme 1). In contrast, the kinetic mechanism 
explaining StEH1 catalyzed hydrolysis of the (1R,2R)-enantiomer must ac-
count for a single rate resulting in the formation of two enantiomers, both 
formed after a slow conformational step. 

Deviations from “normal” behavior, as explained by Scheme 1, has been 
reported in an earlier study. Using the EchA EH with the (R)-SO as sub-
strate, an additional catalytic step was needed to explain results from pre-
steady state measurements. Since a decrease in kobs-values with increasing 
substrate concentrations was not observed, this was not a result of hysteretic 
behavior, but was rather dependent on an extra on-pathway isomerization 
step (103). Based on the kinetic mechanisms previously used to explain hys-
teretic kinetic behavior in other monomeric enzymes (118, 119), we pro-
posed the following kinetic mechanisms to explain 2-MeSO hydrolysis (Fig-
ure 10A), which can be further subdivided into the schemes shown in Figure 
10B and C, dependent on enantiomer: 

• (1S,2S)-2-MeSO can bind to either of the free enzyme forms existing in 
slow equilibrium, pursuing either of two pathways to form the product: 
1) E � ES � E-alkyl � E + P, which is the faster of the observed rates, 
increasing with substrate concentration, or 2) E � E’ � E’S � ES � 
E-alkyl � E + P (Figure 10B). The sum of rates of the kinetic parame-
ters of the first equilibrium (E � E’), k0 + k-0, is given by the intersection 
with the abscissa, and the velocities for the other slow equilibrium (E’S 
� ES), k5 + k-5, is given by the value at saturating substrate concentra-
tions. Following the latter path would result in kobs-values that decrease 
with an increase in substrate concentration, i.e. hysteresis (see 1.2.3.).  
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• (1R,2R)-2-MeSO binds to either form of free enzyme (E or E’), but we 
postulate that only one is a productive form. After forming the Michaelis 
complex, E’S, the substrate can follow either the path directly leading to 
product formation or traverse a path involving the other Michaelis com-
plex, leading to the formation of the other product diol (Figure 10C). 

The enantioselectivity shown in the hydrolysis of the 2-MeSO enantio-
mers is proposed to depend on the ability of the (1S,2S)-enantiomer to follow 
the “normal”, faster, route towards product formation. This faster route 
seems to be “locked” for the other enantiomer, as judged from the pre-steady 
state measurements, influencing both kcat and KM values negatively, affecting 
catalytic efficiency.  

 
Figure 10. A): The kinetic mechanism proposed to explain StEH1 catalyzed hydro-
lysis of all epoxides. The kinetic schemes corresponding to the special cases of hy-
drolysis of the two enantiomers of trans-2-MeSO used in this investigation are pre-
sented: In B) (1S,2S)-2-MeSO epoxide, and C) the (1R,2R)-enantiomer.  
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4.1.3. Conclusions 

The enantioselectivity towards SO, TSO and 2-MeSO are 43-, 2.9-and 160-
fold, respectively, in favor of the (S)- and (S,S)-enantiomers at pH 8.0,  
30 °C. For the TSO and SO substrates, enantiopreference is mostly depen-
dent on the difference in alkylation rates between enantiomers. The slow 
conformational changes associated with formation of both product diols in 
hydrolysis of the (1R,2R)-enantiomer influenced catalytic efficiency more 
severely than catalysis of the other enantiomer, explaining in part the high 
enantioselectivity shown by StEH1 towards this substrate. 

In the pre-steady state measurements with the (1S,2S)-2-MeSO substrate, a 
double exponential function was needed in the fit to the experimentally de-
rived fluorescence tracks, resulting in two kobs-values. In addition, one of the 
rates showed a negative substrate dependence, as did the rates derived from 
measurements with the (1R,2R)-enantiomer. A kinetic model involving slow 
equilibria between two forms of free enzyme (E � E’) and the Michaelis 
complexes (ES � E’S), referred to as hysteresis, was needed to describe the 
StEH1 catalyzed hydrolysis of the 2-MeSO substrates. 

As established by 13C-NMR spectroscopy on 18O-labelled diols, hydrolysis 
of (1S,2S)-2-MeSO occurs at the benzylic carbon yielding the (1R,2S)-diol. 
In hydrolysis of the other enantiomer, (1R,2R)-2-MeSO, StEH1 shows a 
promiscuous regioselectivity, resulting in the production of both diol enan-
tiomers at a ratio of 65:35 in favor of attack at the benzylic carbon.  
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4.2. Relating structural elements to hysteresis  
Whether the conformational changes reported in Paper I are results of a more 
dynamic or more static role (see 1.2.1.) of StEH1 in catalysis, they could be 
expected to be influenced by changes affecting the movement of structural 
elements involved. In the work leading to this paper, we pinpointed three 
sites for conservative replacements. Two sites were located in the interface 
of the core and lid domain and one was located between a loop and a flexible 
region in the lid domain (Figure 11). The mutant enzymes used in the mea-
surements were E215Q, K179Q, R236Q, and R236K. 

 
Figure 11. The StEH1 structure (pdb code 2CJP) is shown in the lower left corner. 
The lid domain is depicted in dark grey, with the �/� hydrolase fold in light grey. A) 
to C) show the sites targeted for changes, with amino acids involved in ball-and-
stick representation, both by the full structure to show the position of the sites, and 
in full color to introduce the residues involved in salt-bridge and hydrogen bonding 
interactions with the amino acids with introduced changes: E215, K179 and R236. 



 38 

Table 5. A simplified presentation of the steady state parameters resulting from 
enzyme catalyzed hydrolysis at pH 7.5, 30 °C.  

a Although the wt StEH1 displays slightly cooperative behavior, data were fitted to the 
Michaelis-Menten equation. 
 
The enzymes were conducted to steady state and pre-steady state, thermosta-
bility and regioselectivity measurement in order to find the structural ele-
ments involved in the conformational changes associated with hysteretic 
behavior. The 2-MeSO and SO substrates, also used in Paper I, were chosen 
in order to compare the effects of the introduced changes on substrates that 
exhibit hysteresis (2-MeSO), and those that do not (SO).  

The sites chosen for changes were shown to be highly conserved when 
aligning the amino acid sequences with the sequence of 13 other plant en-
zymes. This is also valid for many of the residues that form salt bridges and 
hydrogen bonds with the selected residues, indicating the importance of 
these interactions. 

4.2.1. Kinetic measurements  
The largest effects on steady state kinetic parameters were seen with the 
R236Q mutant enzyme (Table 5), in catalysis of the (S)-SO enantiomer lead-
ing to decreased kcat and higher KM values. As the corresponding (R)-SO 
values were affected in a compensatory manner, the resulting kcat/KM did not 
differ significantly from wt values, and enantioselectivity was reduced. Ca-
talysis of both 2-MeSO enantiomers was also affected. The three-fold drop 
in catalytic efficiency with the (1R,2R)-enantiomer was mostly due to re-
duced kcat values. In contrast, the seven-fold drop in catalytic efficiency with 
the (1S,2S)-enantiomer is the result of higher KM. Part of this effect on KM 
was caused by lowered k2-values, leading to a lower degree of accumulation 
of alkyl-enzyme intermediate.  

Catalysis of the 2-MeSO enantiomers by the R236K enzyme resulted in 
three-fold lower kcat values with (1S,2S)-2-MeSO, partly a result of a lowered 
hydrolysis rate (k3), and two-fold lower kcat values with the other enantiomer.  

 Substrate   

 (S)-SO  (R)-SO (1S,2S)-2-MeSO (1R,2R)-2-MeSO 

 kcat KM kcat/KM kcat KM kcat/KM kcat KM kcat/KM kcat KM kcat/KM 
enzyme (s-1) (mM) (s-1 mM-1) (s-1) (mM) (s-1 mM-1) (s-1) (mM) (s-1 mM-1) (s-1) (mM) (s-1 mM-1) 

wt 8.4 0.12 68 3.3 3.4 0.99 63 0.077 820 4.7a 0.49a 9.7a 
K179Q 7.9 0.068 110 2.1 1.1 1.9 47 0.12 390 4.0 0.42 9.6 
E215Q 5.5 0.11 48 2.2 0.81 2.6 23 0.044 590 3.0 0.43 7.3 
R236K 7.2 0.14 58 1.6 1.8 0.97 30 0.064 490 1.8 0.36 6.1 
R236Q 4.5 0.21 21 0.89 0.98 0.86 35 0.34 110 1.2 0.34 3.6 
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Table 6. Pre-steady state kinetic parameters resulting from enzyme catalyzed hydro-
lysis at pH 7.5, 30 °C. 

a n.d = not determined.  
 

A trend of reduced KM values was observed in catalysis of (R)-SO by all 
mutant enzymes. In reactions following Scheme 1, KM is a reflection of the 
enzyme ability to stabilize the Michaelis complex and alkyl-enzyme inter-
mediate (Equation 1), indicating that mutant enzymes are more efficient in 
this respect.  

The K179Q mutant variant has the largest influence on catalysis in the 
hydrolysis of SO and the (1S,2S)-2-MeSO enantiomer. The lowered KM-
values are mainly responsible for the two-fold rise in catalytic efficiency 
seen with the SO enantiomers, which poses an interesting contrast to the 
two-fold decrease in catalytic efficiency caused by a higher KM value with 
(1S,2S)-2-MeSO.  

In hydrolysis of the (1R,2R)-enantiomer by all mutant variants, an in-
crease in the sum of k5+k-5 was observed, concomitant with a decrease in kcat. 
The hydrolysis of alkylenzyme, with rate k3, has been established as the rate-
limiting step in StEH1-catalyzed hydrolysis with other substrates (see Intro-
duction). It remains uncertain if this is also one of the rate-limiting steps in 
reactions characterized by hysteresis as we are unable to obtain the values of 
k3. With these substrates, the rate-limiting steps are probably composed of 
several parameters obtained from the sums of k0+k-0, k5+k-5, and/or k3, and 
the decrease in kcat-values could therefore result from changes in anyone of 
these parameters.  

In pre-steady state measurements with R236Q on the (1S,2S)-enantiomer, 
hysteretic was absent.  

4.2.2. Regioselectivity and thermostability 
Regioselectivity measurements were conducted using chiral straight phase 
HPLC chromatography after reactions with both enantiomers of 2-MeSO run 
until completion at pH 7.5, 30 °C. As with the wt StEH1, all mutant enzymes 
showed a preference for the benzylic carbon in the reaction with (1S,2S)-2-

 Substrate   

 (1S,2S)-2-MeSO (1R,2R)-2-MeSO 

enzyme 
KS 

(mM) 
k2 

(s-1) 
k2/KS 

(s-1 mM-1) 
k-2 

(s-1) 
k3 

(s-1) 
(k5+k-5) 

(s-1)  
(k5+k-5) 

(s-1) 
wt 0.47±0.1 370±20 770±200 170±20 110±10 32±2  8.1±3 
K179Q 0.75±0.2 650±50 870±200 230±20 69±7 23±4  56±8 
E215Q 0.84±0.4 370±70 440±200 290±20 44±10 22±2  35±2 
R236K 0.16±0.1 160±50 1000±700 200±70 83±30 36±1  35±4 
R236Q 0.23±0.2 130±20 590±400 85±30 78±20 -  n.d.a 
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MeSO. The resulting eep after hydrolysis of the (1R,2R)-enantiomers was 
more diverse and was dependent on mutation. While the E215Q enzyme 
showed no regioselectivity in catalysis of this compound (eep = 1.8), the 
K179Q mutant displayed an eep close to that of the wt StEH1 (eep = 20 and 
15, respectively). Both R236 mutant enzymes showed a higher regioselectiv-
ity towards the benzylic carbon when compared to the wt enzyme, increasing 
the eep from 15 to 40. It has been proposed from theoretical studies with 2-
MeSO in catalysis with murine soluble epoxide hydrolase (MmsEH) that 
regioselectivity is dependent on bonding interactions between oxirane oxy-
gen and the catalytically important Tyr residues (76, 120). It has also been 
suggested by Schiøtt and Bruice that the rigidity of the active site is impor-
tant for regioselectivity, with a tight conformation resulting in a higher de-
gree of regioselectivity (76). Since the R236 residue is situated next to one 
of these tyrosines, Y235, a less stabilized Tyr residue can be speculated to 
affect regioselectivity with these mutant enzymes.  

Thermostability measurements yielded the enzyme half-life values (t1/2). 
Enzymes were exposed to elevated temperature for different time periods 
after which activity measurements were conducted with (1S,2S)-2-MeSO. 
The R236Q mutant was most affected; t1/2 was 460 min at only 30�C while 
t1/2 for the other enzymes at the same temperature was > 500 min. Introduced 
changes at the R236 residue notably affected activity, with R236K more than 
13-fold less stable than wt StEH1 at 45 °C, and 50-fold less stable at 55°C. 
At 55 °C the half-life was severely reduced for all mutant enzymes. The wt 
enzyme half-life of 53 min was reduced to between 5 min and 0.3 min, for 
E215Q and R236Q, respectively. 

4.2.3. Conclusions  
The effects on steady state and pre-steady state kinetic parameters in cataly-
sis with the mutant enzymes involved in this investigation suggest that hyste-
resis is a trait not easily described, involving many different factors. Al-
though measurements did not provide a clear indication of sites directly in-
volved in hysteresis, the increase in regioselectivity seen in the enzymes 
with introduced changes at the residue next to the catalytically important 
Tyr235 might shed light upon the involvement of the Tyr residues in deter-
mining regioselectivity. 
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4.3. Regioselectivity investigations  
Both enantioselectivity and regioselectivity are important for the final enan-
tiomeric outcome in catalysis by some enzymes. This means that a deeper 
understanding of the intrinsic properties underlying the degree of regioselec-
tivity may provide valuable tools to fine-tune processes for achieving maxi-
mum product yield. The degree of enantioselectivity exhibited by enzymes is 
partly dependent on substrate and enzyme complementarity but also by ex-
ternal factors that influence enzyme structure, e.g. temperature, pressure, and 
pH (35). This can also be expected to be valid for the degree of regioselec-
tivity, and has been proven by the data presented in paper II, in catalysis by 
other mutant enzymes (121, 122), and in catalysis in solvents other than wa-
ter (123).  

Many within the field of EH research have reported the regioselective 
outcome of reactions using different epoxides and EHs, revealing that regio-
selectivity is partly dependent on the enzyme and substrate used (see Wi-
dersten et al. 2009 (78) for recent review). In addition, theoretical investiga-
tions on the causes of regioselectivity in mammalian sEHs have been pub-
lished, suggesting that sterical factors (77), the hydrogen bonding pattern 
between the oxirane oxygen and the two catalytically important Tyr residues 
(76, 120), and flexibility of the active site cavity are important for regiose-
lectivity (76, 124). In this paper, we added to this knowledge the effects of 
temperature and pH on the enantiomeric outcome of the products, using 
steady state and pre-steady state measurements to derive kinetic parameters. 
We further wanted to investigate the possible existence of a linkage between 
promiscuous regioselectivity and hysteresis. 

4.3.1. Steady state measurements reveal cooperativity 
Steady state kinetic parameters calculated from measurements of the sum of 
diols resulting from StEH1 catalyzed hydrolysis of (1R,2R)-2-MeSO, at pH 
7.5, are listed in Table 7. The catalytic efficiency was unaffected by changes 
in temperature. In measurements at the lowest temperature, at pH 7.5, the 
plot of initial velocity versus substrate concentration deviated from Michae-
lis-Menten kinetics and instead showed cooperativity. This cooperative be-
havior was gradually lost with increasing temperature; with a Hill coefficient 
of 1.7 at 22 °C while showing ordinary Michaelis-Menten kinetics at 38 °C.  

Hysteresis is proposed to be an effect of the presence of two different 
forms of the enzyme with different kinetic properties. The presence of hyste-
retic cooperativity is, in turn, suggested to be the result of a shift between 
dominant pathways leading to product formation with increased substrate 
concentration. Cooperativity is a result of the rate of the conformational 
change being equal to, or slower than, the rate limiting step in catalysis (33). 
Further, in the derived steady state rate equation for the hysteretic kinetic 
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Table 7. Kinetic parameters resulting from StEH1 catalyzed hydrolysis of (1R,2R)-
2-MeSO at pH 7.5. 

 Michaelis-Menten 
equation  

 
Hill equation   Pre-steady 

state 
 T 
°C 

kcat 
(s-1) 

KM 
(mM)

kcat/KM 
(s-1 mM-1)  

kcat 
(s-1)

K0.5 
(mM)

kcat/K0.5 
(s-1 mM-1) nH

k5+k-5 
(s-1) 

22 6.9±3 1.6±0.8 4.3±3 
 

1.4±0.2 0.17±0.03 8.2±2 1.7±0.2 6.7±0.8 
30 4.7±0.7 0.49±0.1 9.7±2 

 

3.0±0.6 0.22±0.08 14±6 1.2±0.2 12±2 
38 4.8±1 0.61±0.2 7.9±3  51±3 
46 10±5 1.2±0.6 8.3±6      66±5 
 
mechanism in Paper III, it can be deduced that at large values of k-5, the 
more complex steady state rate equation simplifies to the Michaelis-Menten 
equation. Combined, this is in agreement with our experimental results. The 
results from the pre-steady state measurements, listed in Table 7, showed 
that the rate of interconversion between Michaelis complexes (k5+k-5) in-
creased with temperature. At low temperatures, where cooperativity was 
present, the sum correlates to kcat. At higher temperatures, where cooperativi-
ty was absent, the sum deviates from the derived kcat values to a larger extent.  
The absence of hysteretic cooperativity was also observed in the mutant 
enzymes investigated in Paper II, where the sum of (k5+k-5) increased when 
introducing changes concomitantly with a decrease in kcat.  

4.3.2. Temperature and pH dependence of enzyme activity  
Using (1R,2R)-2-MeSO as a substrate, at a concentration <<KM, the initial 
rates for formation of each of the two product enantiomers were measured in 
StEH1 catalyzed hydrolysis, and for non-catalyzed reactions. Reactions were 
terminated at pre-determined substrate concentrations, and were analyzed by 
chiral straight phase HPLC measurements to establish the ratio of product 

Figure 12. A) Ratio of diol products after non-catalyzed hydrolysis of (1R,2R)-2-
MeSO at different temperatures and pH. B) Ratios of kcat/KM values for formation of 
the respective product diol after StEH1 catalyzed hydrolysis of (1R,2R)-2-MeSO.  
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diols. This enabled us to determine the specificity constants for formation of 
the individual product diols at pH values between 6.0 and 9.0, and at tem-
peratures between 14 and 46 °C.  

Assuming that epoxide ring opening is a result of an SN2 reaction, for the 
non-catalyzed reactions the ratio of product diols (Figure 12A) was strongly 
dependent on pH with a preference for the benzylic carbon. At high pH and 
temperature, eep = 86%. The reactions catalyzed by StEH1 follows a com-
pletely different pattern, with a shift in regioselectivity from the benzylic to 
the other carbon taking place at pH � 8.5 (Figure 12B).  

4.3.2.1 pH dependence in regioselectivity  
The pH dependence of kcat/KM in the formation of each diol was investigated. 
Formation of the (1S,2R)-1-phenyl-1,2-propanediol, resulting from attack at 
the benzylic carbon, was dependent on titration of both an acid and a base 
(Figure 13A). The conjugate acid of the base has an apparent pKa value of 
approximately 6.7 at all temperatures, and the catalytic acid has an apparent 
pKa value of approximately 8.2 at all temperatures. This was in contrast to 
the attack at the other carbon leading to formation of the (1R,2S)-enantiomer. 
This reaction was only dependent on titration of a catalytic base with an 
apparent pKa value of 6.5 for its conjugate acid (Figure 13B). As we did not 
proceed with measurements at higher pH, it is possible that this reaction is 
dependent on the titration of an acid, but it could also be due to the fact that 
kcat/KM values are not rate-limited by a base at higher pHs in this reaction. 

 

 
Figure 13. The pH dependence of kcat/KM in the formation of each product diol 
formed from StEH1 catalyzed hydrolysis of (1R,2R)-2-MeSO. The pH dependence 
of formation of A) the (1S,2R)-1-phenyl-1,2-propanediol, resulting from attack at the 
benzylic carbon and B) the (1R,2S)-enantiomer. 
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Theoretical studies performed on the MmsEH (125) and the human sEH 
(HssEH) (77) suggest that (1S,2S)-2-MeSO can bind in different binding 
modes within the active site of these enzymes. The active site of StEH1 re-
sembles in size that of the mammalian sEHs, differing only in a part located 
in the outer regions of the active site cavity (68) (Figure 14). We propose 
that these different binding modes are available for StEH1-mediated cataly-
sis of (1R,2R)-2-MeSO. The different binding modes of the substrate can 
further affect active site bonding interactions. This was an effect of the dif-
ferent binding modes proposed by computer simulations on HssEH catalysis 
with (1S,2S)-MeSO (77). Experimental work and computer simulations with 
StEH1 in catalysis of TSO have revealed significant changes in pH depen-
dencies, with small changes in microenvironment electrostatics, resulting 
from an E35Q exchange (75). Based on this, we also propose that the differ-
ence in pH dependencies between the reactions leading to each product 
enantiomer is a result of interactions with the active site residues via differ-
ent binding modes.  

4.3.2.2. Thermodynamics in regioselectivity 
The ratio of kcat/KM values derived from the formation of each diol enantio-
mer, (kcat/KM)SR/( kcat/KM)RS, were used to obtain the differences in activation 
enthalpy, �SR-RS�H‡, and activation entropy, �SR-RS�S‡. This can provide 
information on different contributions to binding and/or catalytic events 
between traversed pathways during the formation of the different enantio-
mers.  

 
Figure 14. A comparison of the active site cavities of StEH1 (represented in grey 
surface, pdb code 2CJP (68)) and HssEH (represented in green meshwork, pdb code 
3I28 (67)). The catalytically important tyrosines, the nucleophilic aspartate and the 
histidine for each enzyme (StEH1 in grey, HssEH in green) are also shown.  



 45

Table 8. Thermodynamic parameters derived and associated with the differences in 
activation energy in formation of product enantiomers after StEH1-catalyzed hydro-
lysis of (1R,2R)-2-MeSO at different pH values.  

pH �SR-RS�H‡ 
(kJ mol-1)a 

� SR-RSS‡ 
(J K-1·mol-1)a 

T�SR-RS�S‡ 
(kJ mol-1)b 

�SR-RS�G‡ 
(kJ mol-1)c 

Tr 
 

6.0 2.1±4 14±20 4.2±4 -2.4±0.2 150 
6.5 3.6±5 19±20 5.6±5 -2.4±0.3 200 
7.0 21±2 76±7 23±2 -1.7±0.2 280 
7.5 9.3±2 39±7 12±3 -2.5±0.3 240 
8.0 11±0.8 41±3 13±0.9 -2.0±0.3 260 
8.5 12±2 39±4 12±2 0.57±0.004 320 
9.0 8.2±2 24±6 7.3±2 0.77±0.009 340 
a. Standard deviations from linear least square regression.  
b Calculated at 30 ºC. Standard deviations obtained from standard deviations of  
�SR-RSS‡ values.  
c Values calculated at 30 ºC using -RT ln ((kcat/KM)SR/(kcat/KM)RS). Standard deviations  
derived from errors in ratios. 
 
The temperature at which the attack is performed without preference, Tr = 
�SR-RS�H/�SR-RS�S‡ (126), was shown to increase with pH, but does not fully 
follow the degree of regioselectivity. 

Thermodynamic data are presented in Table 8. The preferred carbon for 
attack at pH values � 8.5 was the benzylic carbon, with the preference main-
ly caused by differences in activation entropy. At pH �8.5, the preference of 
attack was shifted towards the methyl-substituted carbon, with a concomitant 
shift in dominant cause to the difference in activation energy.  

The presence of conformational changes in EHs has not yet been con-
firmed by X-ray structures. However, the fact that the activation enthalpy is 
positive at all pH values supports the presence of a rate-limiting conforma-
tional change. In addition, 4 ns molecular dynamics simulations on the Mi-
chaelis complex in MmsEH catalyzed hydrolysis of (1S,2S)-2-MeSO have 
suggested the presence of an anti-correlated collective domain movement 
across the interface between the lid and �/� hydrolase fold core domain. 

 
Figure 15. StEH1 (left) (68) and MmsEH (right) (67), with the N-terminal omitted 
for clarity. Regions in StEH1 adapting to binding of different ligands, and in 
MmsEH the domains calculated to move in an anti-parallel fashion are shown in 
dark grey.  
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This motion was proposed to move the nucleopilic Asp333, belonging to one 
of the moving domains, and the catalytically important Tyr, belonging to the 
other moving domain, closer together for attack (124). In addition, Mowbray 
et al. commented on regions in the X-ray structure of StEH1 that adapted 
differently in response to the binding of different ligands (68). These resi-
dues partly overlap with those suggested to be in motion in the MmsEH dy-
namic studies (Figure 15).  

The large errors obtained at lower pH values (pH 6.0 and 6.5) result from 
a non-linear behavior in the Eyring plots, with a reversal of the slopes taking 
place at 30°C at pH 6.0, and at 38 °C at pH 6.5. Previous investigations on 
this behavior have been conducted using different solvents. It was proposed 
that depending on solvent, different solvent-substrate cluster exists, and that 
the substrate-solvent cluster itself is the reactant species (127). In an analogy 
to this, it may be speculated from this investigation that pH-effects on either 
enzyme structure or a catalytic step may cause this behavior. 

4.3.3. On the possible link between hysteresis and 
regioselectivity  
We propose that the rate-limiting step, the consequence of hysteretic kinet-
ics, is linked to the ability of the enzyme to catalyze reactions with this sub-
strate bound in two different modes. This is supported by the different pH 
dependencies seen in pathways leading to the formation of the two diols 
resulting from catalysis of (1R,2R)-2-MeSO and by previous theoretical cal-
culations on the HssEH (77), and the MmsEH (125) with (1S,2S)-2-MeSO as 
substrate. 

According to Neet and Ainslie, hysteresis requires the presence of two 
different enzyme forms with different kinetic properties (33). With EHs, a 
low regioselectivity results in two product enantiomers. In StEH1 catalyzed 
hydrolysis of (1R,2R)-2-MeSO, the formation of two products and hysteresis 
coincides. This does not necessarily mean that hysteresis must result in low 
regioselectivity, as is obvious from catalysis with (1S,2S)-2-MeSO. Comput-
er simulations have led to proposals that the pattern of hydrogen bonding 
between the epoxide oxygen and one, or both, of the catalytic Tyr residues 
determines regioselectivity (76, 120). It has further been suggested that tight 
binding of the substrate leads to a high degree of regiospecificity, while a 
loose conformation leads to low regioselectivity (76, 124). This may be sup-
ported by the results from paper II on the R236 mutant enzymes with 
(1R,2R)-2-MeSO which lead to lower KM values and higher regioselectivity. 
A low degree of regioselectivity in EHs could thus be seen as the combined 
result of different binding modes, a loose conformation and an inability to 
attack the same carbon in those binding modes.  
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One open question resulting from this work is whether hysteresis in EHs 
requires binding of substrates in two different conformations which could 
provide a link between hysteresis and regioselectivity in catalysis of 2-
MeSO. It is easy to speculate on the possibility that (1S,2S)-2-MeSO may 
bind in two conformations if the other enantiomer is capable of that beha-
vior, and that different binding modes not necessarily needs to result in at-
tack at both carbons. 

4.3.4. Conclusions  

In this investigation, we further confirmed the presence of hysteresis by the 
cooperative behavior seen in steady state measurements with trans-(1R,2R)-
2-MeSO at 22 °C, pH 7.5. The presence of two different pathways was con-
firmed by distinct pH dependencies of kcat/KM, resulting in two product enan-
tiomers formed at pH values ranging from pH 6.0 to 9.0, at temperatures 
between 14 and 46 °C.  

We propose that enzyme dynamics, manifested in the hysteretic behavior, as 
a result of substrate binding in different modes, is important in EH catalysis 
of certain compounds. 

The degree of regioselectivity was influenced by temperature and pH. In 
hydrolysis of this substrate hysteresis, cooperativity and promiscuous regi-
oselectivity may be explained by the hysteretic kinetic model. 
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4.4. StEH1 catalysis in non-aqueous co-solvents 
Deep eutectic solvents (DES) make up one subgroup of ILs, separated from 
other ILs on the grounds that these form as a result of mixing two polar sol-
ids at the appropriate ratio so as to reach the eutectic point, at which the sol-
ids form a liquid. Mixed in the right molar ratio, the melting points of the 
mixed solids are lowered compared to the separate compounds (128). DESs 
are made up of mixtures of choline chloride (ChCl) with a neutral hydrogen 
donor, e.g amines, amides, alcohols and carboxylic acids (129), and are the-
reby of low cost and are considered environmentally friendly.  

 
Figure 16. The compounds from which the DESs used in this investigation are 
made. From left to right: choline chloride, urea, ethylene glycol and glycerol. 

We wanted to investigate the possibility of using DESs as co-solvents in 
reactions with StEH1. An earlier report on lipase and EH catalyzed hydroly-
sis in these co-solvents yielded interesting results, reaching even higher 
product yield of 92% in reactions using EchA in 25% DES, compared to a 
4.6% yield in buffer (130). It was of further interest to investigate the effects 
on catalysis and regioselectivity using solvents with either high concentra-
tions of urea, known to destabilize protein structure, or glycerol, a compound 
added to protein solutions as a stabilizer. The DESs used were composed of 
1:2 mixtures of ChCl:urea (REL), ChCl:ethylene glycol (ET) and 
ChCl:glycerol (GLY) (Figure 16).  

Enzyme stability was measured both as relative activity in gradually in-
creasing concentrations of DES, and as activity after prolonged incubations 

 
Figure 17. The relative activity of StEH1 measured with (1S,2S)-MeSO in increasing 
concentrations of DES at 30 °C, diluted in 0.1 M sodium phosphate, pH 7.5. 
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of enzyme in the DESs. These measurements revealed GLY to be the most 
tolerated DES, followed by ET, with REL being most harmful to enzyme 
activity (Figure 17). Based on the solvent polarities according to the Reich-
hard’s polarity scale, as investigated by Gorke et al. (130), and the known 
effects of urea on the stability of enzymes, we concluded that this was due to 
the destabilizing properties of urea in REL. 

Steady state measurements at 30 °C in various concentrations of all DESs, 
with pH adjusted to pH 7.5 in all solutions revealed that the decrease in cata-
lytic efficiency was mainly due to an increase in KM with increasing concen-
trations of DES. Again, GLY affected StEH1 catalysis the least, with 10% 
catalytic efficiency remaining in 60% DES, compared to catalytic efficiency 
in buffer.  

Regioselectivity measurements in 40% of each DES, at pH 7.5 in 30 °C 
using both enantiomers of trans-2-MeSO, were performed and revealed no 
effects on regioselectivity in catalysis with the (1S,2S)-enantiomer. The de-
gree of regioselectivity shown by StEH1 in attack on the (1R,2R)-
enantiomer, however, was affected by addition of co-solvent. Catalysis in 
DES with a diol component (GLY and ET) showed an increase in regiose-
lectivity (from 15% in buffer to approximately 40%), while the urea-
containing DES did not affect regioselectivity. We propose that the diol 
component of these compounds may act as selective, competitive inhibitors 
for one of the pathways leading to product formation with (1R,2R)-2-MeSO 
as substrate. 

Catalysis in high amounts of (1S,2S)-2-MeSO results in the formation of a 
two-phase system with the substrate as the organic layer. Using high 
amounts of substrate (20 and 40 g/l) in 40% GLY, the DES most tolerated by 
StEH1, we wanted to investigate if GLY influenced catalysis to produce 
higher product yields compared to reaction in buffer, as seen with the EchA 
enzyme. When product formation was followed over time, it was clear that 
the two reactions proceeded at the same rate, and yielded the same product 
concentration.  

4.4.1. Conclusions  
The effects on StEH1 catalysis of DES as co-solvent in reactions with trans-
2-MeSO is highly dependent on the DES used. The co-solvent properties of 
some DESs can act to enhance regioselectivity, as seen with the two DESs 
that contained a diol group.  
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5. Concluding remarks 

The specific conclusions arising from this work are briefly summarized be-
low: 

Enantioselectivity in StEH1-catalyzed hydrolysis of SO and TSO is deter-
mined by the differences in alkylation rates. In catalysis of trans-2-MeSO, 
enantioselectivity is proposed to be the result of the (1R,2R)-enantiomer 
being influenced to a larger extent by rate-limiting conformational changes 
in the enzyme. 

In Paper I a kinetic mechanism was proposed explaining StEH1-catalyzed 
hydrolysis of all epoxides. It involves two Michaelis-complexes and hence 
two reaction pathways. Hysteretic cooperativity results when the rate of the 
slow transition resulting in hysteresis is slower or equal to kcat. In Papers II 
and III this slow transition could be coupled to k-5, the rate of interconversion 
between two Michaelis complexes. Cooperativity was lost as a consequence 
of faster transitions at higher temperatures or when introducing mutations. 

Results in Paper III reveal different pH-dependencies in kcat/KM between 
pathways leading to the two product diols resulting from catalysis of 
(1R,2R)-2-MeSO. Based on these results and previous reports it is proposed 
that this substrate can bind in different modes in the active site of StEH1, 
with the conformational changes allowing for catalysis of a not optimally 
positioned substrate.  

Regioselectivity has been proposed by others to be the result of specific inte-
ractions between the catalytically important Tyr and the oxirane oxygen, 
with the degree of regioselectivity being dependent on conformational rigidi-
ty of the active site cavity. Results in Paper II support these propositions: a 
more flexible Tyr235 and a lowered KM leads to higher regioselectivity.  

The degree of regioselectivity was influenced by temperature and pH. In 
hydrolysis of (1R,2R)-2-MeSO, hysteresis, cooperativity and promiscuous 
regioselectivity can be explained by the hysteretic kinetic model. 

From Paper IV, the co-solvent properties of some DESs can act to enhance 
regioselectivity, possibly an effect of DESs acting as competitive inhibitors. 
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Svensk sammanfattning 

Många av de katalytiska enheter som arbetar med nedbrytning och uppbygg-
nad av olika beståndsdelar, som ser till att reaktioner sker, kallas enzym. 
Enzym som vi har i magsäcken bryter ner de kolhydrater vi får i oss till la-
gom stora delar som andra specialiserade enzym tar hand om. Denna process 
ser till att vi får den energi vi behöver för att överleva. Det är också enzym 
som ser till att DNA kopieras vid celldelning och som bygger upp andra 
viktiga delar i kroppen. Enzym kan också hjälpa till att skydda oss från skad-
liga ämnen som vi får i oss och utsätts för. En enzymtyp som kallas epoxid-
hydrolas är av den sistnämnda sorten och arbetar med att bryta ner så kallade 
epoxider till mindre farliga ämnen som heter dioler. De finns i många orga-
nismer, bland annat i växter. I de fyra delarbeten som denna avhandling 
bygger på har jag arbetat med ett epoxidhydrolas från potatis. Enzymet kal-
las StEH1. Jag har arbetat med att förstå mer om hur StEH1 utför, dvs. kata-
lyserar, reaktioner. 

Bakgrund 
Forskare försöker fortfarande förstå exakt vad det är som gör att enzym är så 
bra på att utföra katalys, dvs. att snabbt utföra en reaktion med rätt molekyl. 
Förståelsen för hur detta går till är viktig, dels i grundforskningssyfte, men 
också för att vi ska kunna förbättra enzym som används i kemi- och läkeme-
delsindustrin. Man vet att de hjälper till genom att sänka aktiveringsenergin, 
men är oense om hur detta går till. En av de faktorer som man under de se-
naste åren har förstått kan ha en stor påverkan på den katalysiska förmågan 
är enzymets inneboende rörlighet. Andra faktorer som gör enzym till så bra 
katalysatorer är deras förmåga att särskilja mellan olika molekyler och veta 
exakt var de ska angripa molekylerna. 

Två kemiska molekyler kan vara uppbyggda av samma kemiska be-
ståndsdelar och samtidigt vara formade till varandras spegelbilder. De kallas 
då enantiomerer. Som en liknelse kan man använda en vänster- och höger-
hand. Båda har fem olika fingrar, en handflata och en ovansida, men de går 
inte att positionera på varandra så att handflatorna och tummarna hamnar åt 
samma håll, eftersom de inte är helt lika utan snarare spegelbilder av var-
andra. Denna förmåga att särskilja mellan olika enantiomerer, att visa enan-
tioselektivitet, är en viktig del i ett enzyms igenkänningsförmåga. Precis som 
vissa andra enzym kan epoxidhydrolas också påbörja en reaktion, attackera 
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molekylen, på olika ställen. Epoxider består av tre atomer i en triangel varav 
en är ett syre och de andra två består av kol. På grund av olika fysikaliska 
orsaker är kolen mer känsliga för en attack. Epoxidhydrolas påbörjar därför 
nedbrytningen av epoxiden genom en attack på antingen det ena eller det 
andra, eller båda, kolen. Epoxidhydrolas som bara attackerar antingen det 
ena eller det andra kolet påvisar hög regioselektivitet. I en analogi kan ex-
emplet med händerna kan man beskriva regioselektivitet med ett enzyms 
förmåga att välja vilket finger som det ska attackera. Ett enzym som alltid 
väljer samma finger på en hand är helt regioselektivt.  

Summering av avhandlingens innehåll 
I delarbete I genomfördes mätningar på hur snabbt enzymet reagerar med 
olika enantiomerer. En jämförelse om hur dessa hastigheter förändras mellan 
olika epoxider resulterade i en insikt om vad det är i enzymet som bestäm-
mer selektivitet. Ett ytterligare resultat från studierna var en förståelse för att 
enzymets reaktionshastighet hindrades av en långsam rörelse i strukturen. 
Denna kallas hysteres för att särkilja denna rörelse från andra enzymrörelser. 
Eftersom detta inte hade observerats tidigare med denna typ av enzym så 
lades mycket arbete ner på att förstå grunderna till detta beteende. Enzymet 
har att välja mellan flera olika reaktionsvägar och vilken av dessa som följs 
är beroende på vilken enantiomer som katalyseras. Regioselektiviten visade 
sig vara låg med den ena enantiomeren av ett substrat medan den var hög 
med den andra. Dessa enantiomerer har senare använts för att undersöka och 
förstå grunderna till regioselektivitet, dvs vilket kol som väljs. 

I delarbete II förändrades vissa aminosyror i ytan av enzymet för att se 
om och hur det påverkade enzymets reaktionsmönster och hysteres. Detta 
ledde till upptäckten att en av delarna i aktiva ytan, reaktionscentret i ett 
enzym, var viktig för regioselektiviteten. Vidare upptäcktes att i en av dessa 
förändrade enzym så försvann hysteresen helt.  

I delarbete III var målet att kunna förklara i detalj hur och varför hystere-
sen uppstår och vilka de fysikaliska grunderna till hysteres är, samt om de 
kan kopplas samman med det som påverkar graden av regioselektivitet. Re-
sultaten visar att beroende på hysteretisk reaktionsväg så placeras samma 
enantiomer olika i den aktiva ytan. Sättet som en enantiomer binder in i akti-
va ytan påverkar också både regioselektivitet, dvs vilket kol som attackeras, 
samt, vid de fall som en enantiomer attackeras på två kol, graden av regiose-
lektivitet.  

I delarbete IV utfördes undersökningar på hur bra StEH1 kan arbeta i 
andra lösningsmedel än vatten. Resultaten visade att olika lösningsmedel 
påverkade hastighet och regioselektivitet olika, och att det ibland var fördel-
aktigt att använda dessa för att uppnå högre regioselektivitet och löslighet av 
substratet. 
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