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Abstract

Computational methods are very useful tools in the study of enzymatic reac-
tions, as they can provide a detailed understanding of reaction mechanisms
and the sources of various selectivities. In this thesis, density functional
theory has been employed to examine four diUerent enzymes of potential
importance for biocatalytic applications. The enzymes considered are
limonene epoxide hydrolase, soluble epoxide hydrolase, arylmalonate decar-
boxylase and phenolic acid decarboxylase. Besides the reaction mechanisms,
the enantioselectivities in three of these enzymes have also been investigated
in detail. In all studies, quite large quantum chemical cluster models of the
active sites have been used. In particular, the models have to account for the
chiral environment of the active site in order to reproduce and rationalize the
experimentally observed selectivities.

For both epoxide hydrolases, the calculated enantioselectivities are in
good agreement with experiments. In addition, explanations for the change
in stereochemical outcome for the mutants of limonene epoxide hydrolase,
and for the observed enantioconvergency in the soluble epoxide hydrolase
are presented.

The reaction mechanisms of the two decarboxylases are found to involve
the formation of an enediolate- or a quinone methide intermediate, support-
ing thus the main features of the proposed mechanisms in both cases. For
arylmalonate decarboxylase, an explanation for the observed enantioselec-
tivity is also presented.

In addition to the obtained chemical insights, the results presented in this
thesis demonstrate that the quantum chemical cluster approach is indeed a
valuable tool in the Veld of asymmetric biocatalysis.
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Chapter 1

Introduction

Many important industrial and biochemical reactions do not occur on a rea-
sonable time scale andmust therefore be catalyzed in someway. The develop-
ment of catalytic reactions is thus of great interest in many diUerent Velds of
chemistry, and in all of them the aim is the same: to achieve rate enhance-
ment by lowering the energy barrier of the rate-determining step. Moreover,
enantiopure compounds are becoming increasingly important in industrial
applications, primarily in the production of new pharmaceuticals, which de-
mands the development of new and highly enantioselective catalysts.

Enzymes are biological molecules with the ability to catalyze a wide ar-
ray of chemical transformations with high eXciency and selectivity. Owing
to these facts, enzymes are attractive as complements or substitutes to metal
catalysts in asymmetric synthetic chemistry. In addition, the use of enzymes
as biocatalysts oUers an environmentally sustainable route for chemical pro-
duction. However, many enzymes suUer from low activity or poor stereo-
selectivity for an extended substrate scope, which is limiting the application
in synthetic organic chemistry.1,2,3 Nowadays, these problems can generally
be addressed by protein engineering techniques with the introduction of mu-
tations.4,5,6

A detailed understanding of the reaction mechanism and the sources of
diUerent selectivities is of great use in order to control or manipulate an
enzymatic reaction. Such knowledge allows for rational protein engineer-
ing of enzymes to Vt speciVc needs, and could also aid in the design of in-
hibitors. However, the understanding of the underlying factors that control
these properties, in particular the stereoselectivity, is often quite limited.

Computational chemistry has become an important tool for studying en-
zymatic reaction mechanisms, and also for studying diUerent kinds of selec-
tivities. Quantum chemical models have until quite recently mainly been em-
ployed for the former, that is investigating diUerent mechanistic proposals.
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1. Introduction

Nowadays, it is possible to treat larger systems with a higher accuracy than
before. Along with an increased model size, more complex questions can be
addressed, such as enantioselectivity and the eUects of mutating residues not
directly involved in the chemical step.

In the present thesis, density functional theory has been employed to
study the reaction mechanisms and selectivities of two diUerent types of en-
zymatic reactions, namely epoxide hydrolysis and decarboxylation. One of
the main objectives has been to rationalize the selectivities of these enzymes
using large active site models. In this context, an accuracy on the order
of 1 kcal/mol in relative transition-state energies is needed and therefore,
these studies also represent cases in which the limitations of the modeling
approach can be evaluated.

The thesis is structured as follows. In Chapter 2, the basic theory of den-
sity functional theory is presented, together with some enzymatic kinetics
and the concepts used for relating the calculated energies to experiments.
The modeling approach employed in this thesis is described in Chapter 3.
Chapters 4 and 5 present the results from the calculations. Finally, the thesis
work is summarized in Chapter 6, and some main conclusions are presented.
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Chapter 2

Basic theory

The work presented in this thesis is based on density functional theory (DFT)
calculations with the hybrid functional B3LYP, which is a cost-eUective and
widely used approach to model large molecular systems. In this chapter, a
brief introduction to DFT and B3LYP will be given. In addition, some basics
of enzyme kinetics are presented together with the concepts used for relat-
ing the calculated activation barriers and selectivities to experimental data.
A more extensive description of these aspects can be found in standard text-
books.7,8,9,10

2.1 Density functional theory

Central in DFT are the two theorems by Hohenberg and Kohn.11 The Vrst
theorem states that the electron density ρ(r) of a system determines its
ground-state electronic energy. The electronic energy can thus be expressed
as a functional of the electron density, which in turn is a function of three
spatial coordinates. The second theorem states that the electron density
obeys the variational principle, i.e. any trial density that satisVes the given
boundary conditions will always give an energy higher or equal to the exact
ground state energy (E0).

E[ρ′(r)] ≥ E0 (2.1.1)

The ground-state electronic energy is expressed as a sum of the kinetic en-
ergy of the electrons (T ), the nuclear-electron attraction (VNe), and the
electron-electron repulsion (Vee). The functional describing the electron-
electron repulsion contains two parts, namely the classical Coulomb repul-
sion (J ) and a term accounting for the non-classical contributions, referred
to as the exchange-correlation functional (Exc).

E[ρ(r)] = T [ρ(r)] + VNe[ρ(r)] + Vee[ρ(r)] (2.1.2)

3



2. Basic theory

E[ρ(r)] = T [ρ(r)] + VNe[ρ(r)] + J [ρ(r)] + Exc[ρ(r)] (2.1.3)

Kohn and Sham12 introduced a formalism in which the kinetic energy
functional (T ) is divided into two parts, one representing the kinetic energy
of a Vctitious system of non-interacting electrons (Tni) and one small cor-
rection term. The kinetic energy of the non-interacting system can be de-
termined exactly and is calculated by introducing orbitals. The correction
term accounts for the diUerence in kinetic energy between the system of
non-interacting electrons and the real system (T − Tni), and is included in
the exchange-correlation term (Exc), according to equation (2.1.5).

E[ρ(r)] = Tni[ρ(r)] + VNe[ρ(r)] + J [ρ(r)] + Exc[ρ(r)] (2.1.4)

Exc[ρ(r)] = (T [ρ(r)]− Tni[ρ(r)]) + (Vee[ρ(r)]− J [ρ(r)]) (2.1.5)

All terms in equation (2.1.4) can be determined explicitly, except for the
exchange-correlation part. Consequently, only approximate solutions can
be obtained, although the DFT theory is exact. The various DFT methods
diUer thus in the choice of the functional describing the exchange-correlation
energy, and the accuracy of a particular method therefore depends on its
exchange-correlation functional. Generally, this functional is divided into
two terms that separately account for the exchange and correlation energies.

One of the simplest approximations of the exchange-correlation func-
tional is the Local (Spin) Density Approximation, L(S)DA. Within this ap-
proximation, the electron density is treated as uniform electron gas and the
exchange-correlation energy depends only on the local density where it is
evaluated. The expression for the L(S)DA exchange functional was proposed
by Slater,13 and some corresponding correlation functionals have been de-
rived from quantum Monte Carlo methods. One example is the correlation
functional by Vosko, Wilk and Nusair.14

The electron density in a molecule is in general far from uniform and a
better alternative for treating molecular systems is therefore to use a general-
ized gradient approximation (GGA) functional. Such functionals also depend
on the gradient of the electron density. A variety of GGA exchange and cor-
relation functionals have been developed, where two popular ones are the
exchange functional by Becke (B)15 and the correlation functional by Lee,
Yang and Parr (LYP).16 Some functionals also incorporate a percentage of the
exact Hartree-Fock (HF) exchange energy, that is the exact exchange energy
for the system of non-interacting electrons. These types of functionals are
referred to as hybrid functionals. One of the most popular hybrid-GGA func-
tionals is the B3LYP functional,17,18 which will be discussed in section 2.1.2.
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2.1. Density functional theory

2.1.1 Dispersion

Dispersion is a long-range attractive force arising from electron correlation.
Many density functionals, such as B3LYP, fail to describe these interactions
due to their local dependence on the electron density. There are, however,
several ways to incorporate the dispersion interactions in the density func-
tional.19 One method is to parametrize the density functional against an ex-
perimental set of data including non-covalent interactions or against high-
level calculations. Examples of such functionals are the Minnesota family of
functionals.20,21 Another alternative is to add an empirical long-range attrac-
tive term to the existing functional.19,22,23 In such a scheme, a correction term
is added to the DFT energy, according to equation (2.1.6).

Etotal = EDFT + Edisp (2.1.6)

In the work presented in this thesis, the dispersion corrections (Edisp) were
calculated using the DFT-D2 method by Grimme.22 Within this approach,
Edisp is based on an atom pairwise correction of the form C6/R

6 given by:

Edisp = −s6

N−1∑
i=1

N∑
j=i+1

Cij
6

R6
ij

fdmp(Rij). (2.1.7)

The sum is over all atom pairs, where Cij
6 is the dispersion coeXcient for

atom pair ij, Rij is the distance between atoms i and j, andN is the number
of atoms. Furthermore, the dispersion-correction term includes a scaling fac-
tor s6, which is speciVc for each density functional, and a damping function
fdmp to correct for the behavior at short interatomic distances.

2.1.2 B3LYP functional

The B3LYP functional provides a good trade-oU between accuracy and com-
putational cost, and has therefore become one of the most widely used den-
sity functionals in chemistry.24 The exchange-correlation functional is
deVned as:

EB3LY P
xc = (1−a)ELSDA

x +aEHF
x +bEB88

x +(1−c)ELSDA
c +cELY P

c (2.1.8)

where ELSDA
x is the LSDA exchange, EHF

x is the Hartree-Fock exchange,
EB88

x is the gradient correction term to the LSDA exchange by Becke,15

ELSDA
c is the LSDA correlation functional by Vosko, Wilk and Nusair14 and

ELY P
c is the correlation functional of Lee, Yang and Parr.16 The three empir-

ical parameters a, b and c are set to 0.20, 0.72 and 0.81, respectively.
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2. Basic theory

The performance of B3LYP has been evaluated in various benchmark
tests, in which calculated properties are compared to accurate experiments
or high-level calculations. A large number of benchmark tests have been
published, and the results from some of these are presented here. The per-
formance of B3LYP for geometries and various energies are summarized in
Tables 2.1 and 2.2. In an early test, B3LYP with the 6-31G(d) basis set was
tested against the geometries within the G2 test set (55 small molecules of
Vrst and second row atoms) and was shown to have an average absolute er-
ror of 0.013 Å in bond lengths, 0.62◦ in bond angles and 0.35◦ in dihedral
angles.25 Employing the larger 6-311+G(3df,2p) basis set did not result in any
signiVcant increase in the accuracy of the bond lengths and angles.25 Similar
accuracy was reported in a more recent benchmark test (containing 44 small
organic molecules), in which B3LYP with the 6-31+G(d) basis set was shown
to have an average absolute error of 0.009 Å in bond lengths and 1.29◦ in bond
angles.26 The performance of B3LYP in the calculations of hydrogen bonds
and van der Waals interaction distances has also been evaluated recently.
The results show that hydrogen bonds are accurately described with an av-
erage absolute error of 0.02 Å.27 For van der Waals interaction distances, the
results are less accurate with an average absolute error of 0.599 Å.28

Table 2.1 Average absolute deviation of B3LYP for geometries from various bench-
mark tests.

Geometries Result Basis set
G2 test set of 55 small molecules: 25

Bond lengths (Å) 0.013 6-31G(d)
Bond angles (◦) 0.62 6-31G(d)
Dihedral angles (◦) 0.35 6-31G(d)
Test set of 44 small organic molecules: 26

Bond lengths (Å) 0.009 6-31+G(d)
Bond angles (◦) 1.29 6-31+G(d)
HB4/04 test set of 4 hydrogen bonding dimers: 27

Hydrogen-bond lengths (Å) 0.02 6-31+G(d,p)
Test set of 10 van der Waals complexes: 28

van der Waals interactions (Å) 0.599 aug-cc-pVTZ

For the atomization energies within the G2 test set, B3LYP with the
6-311+G(3df,2p) basis set was shown to have an average absolute error of
2.20 kcal/mol. Using the larger G3/05 test set containing 454 experimental
energies of diUerent types, an average absolute error of 4.14 kcal/mol was
reported.29 A more recent benchmark study reported a similar average ab-
solute error of 4.2 kcal/mol in the calculations of barrier heights of 24 dif-
ferent reactions.30 In the same study, B3LYP was found to have an average
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2.1. Density functional theory

Table 2.2 Average absolute deviation (kcal/mol) of B3LYP for energies from various
benchmark tests.

Energies Result Basis set
G2 test set of 55 small molecules: 25

Atomization energies 2.20 6-311+G(3df,2p)
G3/05 test set of 454 experimental energies: 29

Various energiesa 4.14 6-311+G(3d2f,2p)
DBE18 test set of 18 diverse bond energies: 30

Bond energies 6.7
diUerent for
each subsetb

DBH24 test set of 24 diverse barrier heights: 30

Barrier heights 4.2 MG3S
HB23 test set of 23 hydrogen bonding dimers: 31

Interaction energies
1.60

aug-cc-pVTZ
0.44 (B3LYP-D3)

Test set of 10 van der Waals complexes: 28

Interaction energies
1.35

aug-cc-pVTZ
0.82 (B3LYP-D2)

TKNC306 database of 306 data points: 32

Complete setc 3.47
diUerent for
each subsetb

GMTKN24 database of 731 data points: 33

Complete setc
5.4

(aug)-def2-QZVP
3.6 (B3LYP-D2)

a Enthalpies of formation, ionization energies, electron aXnities, proton aXnities and hydrogen-

bond energies. b See reference for details. c Complete set consisting of subsets for thermochemistry,

kinetics and non-covalent interactions.

absolute error of 6.7 kcal/mol in the calculations of various bond energies.30

For non-covalent interaction energies, B3LYP showed an average absolute
error of 1.60 kcal/mol for hydrogen bonds31 and 1.35 kcal/mol for van der
Waals interactions.28 It is worth noting that these errors were reduced to 0.44
and 0.82 kcal/mol, respectively, by adding the empirical dispersion correction
according to the methods of Grimme.22,23

Larger benchmark test sets, consisting of subsets for thermochemistry,
kinetics and non-covalent interactions, have been used to assess the perfor-
mance of various density functionals for a broader set of data. Two such
databases are the TKNC306 (containing 306 data points)32 and the larger
GMTKN24 (containing 731 data points).33 B3LYP showed an overall aver-
age absolute error of 3.4732 and 5.4 kcal/mol33 for the complete sets within
the TKNC306 and GMTKN24 datasets, respectively. Notably, the average ab-
solute error in the GMTKN24 dataset was reduced to 3.6 kcal/mol by adding

7



2. Basic theory

the empirical dispersion correction to the energies according to the DFT-D2
method.33

On the basis of the results from the benchmark tests presented here, the
B3LYP functional can be considered to be accurate enough to address mech-
anistic questions, especially when including the empirical dispersion correc-
tion. Employing a medium-sized basis set, such as the 6-31G(d), usually gives
molecular geometries of suXcient accuracy. For energies, on the other hand,
the results are in general more sensitive to the size of the basis set. A com-
mon procedure is therefore to optimize the geometry using a medium-sized
basis set after which a single-point energy calculation using a larger basis
set is performed. It is important to remember that in the studies of selectivi-
ties, the point of interest lies in the calculation of relative energies. Here, an
improved accuracy can be expected due to cancellation of systematic errors.

2.2 Enzyme kinetics

Enzymes are large biomolecules that catalyze a wide range of biochemical
transformations, often with high eXciency. Like any other catalyst, enzymes
achieve rate enhancement by lowering the free energy of activation (∆G‡)
without altering the reaction free energy. The exact origin of the catalytic
eXciency of enzymes is a matter of debate. According to one theory, the
main contribution comes from electrostatics, in that the enzyme active site is
pre-organized to stabilize the transition state more than the ground state.34,35

The result of this transition-state stabilization is a lowered activation barrier
and thus a higher reaction rate compared to the uncatalyzed reaction.

Michaelis-Menten kinetics is the simplest model by which to describe
enzyme-catalyzed reactions. The enzyme (E) and substrate (S) are in equilib-
rium with an enzyme-substrate complex (E · S). Converting the substrate to
product (P) is assumed to be rate-determining with a rate constant, kcat. The
Vnal step corresponds to the product release.

E+ S
k1−−⇀↽−−
k−1

E · S kcat−−→ E · P −⇀↽− E+ P (2.2.1)

The rate of product formation is given by equation (2.2.2).

v =
d[P]
dt

= kcat[E · S] (2.2.2)

According to the steady-state approximation, the concentration of the
enzyme-substrate complex is constant since the rates of its formation and
its breakdown are equal.

d[E · S]
dt

= k1[E][S]− (k−1 + kcat)[E · S] = 0 (2.2.3)

8



2.3. Transition state theory

[E · S] = k1[E][S]
(k−1 + kcat)

(2.2.4)

Equation (2.2.4) can be simpliVed by deVning the Michaelis constant KM ,
and by expressing the concentration of the enzyme in terms of the initial
concentration of enzyme and the concentration of enzyme-substrate com-
plex, according to [E] = [E]0 − [E · S].

[E · S] = [E][S]
KM

=
([E]0 − [E · S])[S]

KM
(2.2.5)

KM =
k−1 + kcat

k1

Combining the Vnal expression for [E · S] with equation (2.2.2) results in the
Michaelis-Menten equation (2.2.6).

v = kcat[E · S] = kcat[E]0[S]
KM + [S]

(2.2.6)

At low substrate concentrations, [S] ≪ KM , most active sites can be con-
sidered as unoccupied by substrate, and the initial concentration of enzyme
can be approximated by the concentration of free enzyme ([E]0 = [E]). Con-
sequently, the reaction in (2.2.6) appears as overall second order with a rate
constant of kcat/KM.

v =
kcat
KM

[E][S] (2.2.7)

At high substrate concentrations, [S] ≫ KM , the enzyme will be saturated
with substrate ([E · S] = [E]0) and the reaction rate is equal to the maximum
velocity.

v = Vmax = kcat[E]0 (2.2.8)

kcat is the overall rate constant and will reWect the binding of the transition
state relative to the binding of the ground state. In cases where k−1 ≫
kcat, KM corresponds to the dissociation constant of the enzyme-substrate
complex, and is thus an estimation of the substrate aXnity for the active site.
The speciVcity constant kcat/KM is a measure of the catalytic eXciency since
it accounts for both how well the substrate binds to the active site and how
fast the substrate is converted to product.

2.3 Transition state theory

The energy of a molecule as a function of its geometry can be visualized by an
energy surface. Reactants, intermediates, products and transition states are

9



2. Basic theory

all stationary points on this surface, and are characterized by their second
derivatives of the energy with respect to the nuclear coordinates, i.e. the
force constants. Reactants, intermediates and products correspond to energy
minima with all force constants positive. Transition states, on the other hand,
are saddle points on the energy surface and have one negative force constant
corresponding to the reaction coordinate. Consequently, a transition state is
the highest point on the lowest energy path interconverting two minima.

All stationary points, including transition states, can be located compu-
tationally. From these structures, information about the barriers associated
with going from one minimum to another can be obtained. Transition state
theory relates the rate constant k to the activation barrier, according to equa-
tion (2.3.1).

k =
kBT

h
e−∆G‡/RT (2.3.1)

Where kB is the Boltzmann constant, T is the absolute temperature, h is the
Planck constant and R is the gas constant. ∆G‡ in equation (2.3.1) is the
free energy of activation. At room temperature (298.15 K), a 1.4 kcal/mol
change in barrier corresponds to a change in the rate constant of one order
of magnitude.

Using transition state theory, diUerent reaction pathways can be evalu-
ated on the basis of their corresponding energy barriers. It should be noted
that using only the enthalpy part (∆H‡) of the free energy (∆G‡ = ∆H‡ −
∆S‡) in many cases is a good approximation, since the entropy eUects in
the chemical steps of enzymatic reactions are expected to be rather small.
Recent studies employing quantum mechanical/molecular mechanical simu-
lations have obtained entropy eUects of about 1 kcal/mol.36,37,38

2.4 Selectivity in enzymatic reactions

There are many diUerent kinds of selectivities, such as stereo- and regio-
selectivities. The selectivity of an enzymatic reaction can be assessed from
the diUerence in free energy between the transition states (∆∆G‡) resulting
in the formation of diUerent products. The larger the free energy diUerence
is, the greater the selectivity of the reaction. An example of a free energy
proVle for a reaction resulting in two diUerent products is shown in Figure
2.1, and the rate of formation of P1 and P2 can be expressed according to
equations (2.4.1) and (2.4.2).
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2.4. Selectivity in enzymatic reactions
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Figure 2.1 Free energy proVle of a chemical reaction in which one substrate can be
converted into two diUerent products.

v1 =
d[P1]
dt

=
kcat,1
KM

[E][S] (2.4.1)

v2 =
d[P2]
dt

=
kcat,2
KM

[E][S] (2.4.2)

The selectivity of the reaction is determined by the ratio of the products,
which in turn is determined by the ratio of the individual rates.

v1
v2

=
kcat,1
KM

KM

kcat,2
= e(∆G‡

2−∆G‡
1)/RT = e∆∆G‡/RT (2.4.3)

In the case of P1 and P2 being enantiomers, the degree of selectivity (or the
enantiopurity of the product) can be expressed in terms of the enantiomeric
excess (ee), which is calculated according to equation (2.4.4).

%ee =
[P1]−[P2]
[P1]+[P2]

· 100 (2.4.4)
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Chapter 3

Quantum Chemical Modeling
of Enzymatic Reactions

Enzymes are large and complex biomolecules, typically consisting of thou-
sands of atoms. Despite the size, the catalysis usually takes place in a quite
small and well-deVned region called the active site. In most cases, catalysis is
primarily governed by direct involvement of amino acid residues, metal ions
and organic cofactors in the active site. In the modeling approach applied in
this thesis, reaction mechanisms and selectivities are studied by considering
only the residues of the active site using density functional theory. The eUect
of the parts of the enzyme that are not explicitly included in the model are
approximated with a polarizable continuum model and a coordinate-locking
scheme. This methodology is often referred to as the quantum chemical clus-
ter approach and has been employed in a large number of studies concerning
the reaction mechanisms of many diUerent enzymes.39,40,41,42 In this chapter,
the methodology and computational protocol used in this thesis for studying
enzymatic reactions are presented.

3.1 Constructing an active site model

The procedure for designing an active site model is illustrated in Figure
3.1. The structural information used to construct the model is usually ob-
tained from available X-ray crystal structures, from which a limited selec-
tion of active site residues is extracted, together with any cofactors or wa-
ter molecules that are considered important for the catalysis. For instance,
functional groups responsible for the chemical transformations and residues
with explicit interactions with the substrate are always included in the model.
Depending on the chemical problem, additional residues that deVne the bind-
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3. Quantum Chemical Modeling of Enzymatic Reactions
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Figure 3.1 Construction of an active site model usually starts with a crystal struc-
ture from which important active site residues are extracted and truncated. An in-
hibitor bound to the active site gives useful guidelines of how to insert the substrate.
Atoms that are kept Vxed during the geometry optimizations are indicated by an
asterisk.

ing pocket may also be considered. To study enantioselectivities, larger mod-
els have to be used in order to properly account for the chiral environment
of the active site. Useful guidelines of how the substrate is bound are usually
given by the crystal structure, in particular if the enzyme has been crystal-
ized in the presence of an inhibitor or a substrate analogue. The substrate is
then added to the model and usually diUerent substrate orientations within
the active site have to be evaluated. The size of the model is reduced by trun-
cating the residues, typically in a way such that only the side chains remain.
Peptide backbones are sometimes also kept, in particular if they form hy-
drogen bonds to the substrate or if an increased Wexibility of the side chain
is necessary. Hydrogen atoms are added and the protonation states of the
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3.2. Surrounding eUects

titratable residues have to be assigned. In some cases, models with diUer-
ent protonation states are examined in order to investigate the eUects on the
reaction mechanism.

3.2 Surrounding eUects

The eUects of the surrounding enzyme can be considered to inWuence the re-
action in twoways, namely by electrostatic polarization eUects and by impos-
ing steric strain. The electrostatic polarization eUects are taken into account
by approximating the surrounding enzyme with a homogenous polarizable
medium with some dielectric constant (ε), which is typically set to 4 when
modeling enzyme environments. The solvation eUect is then calculated as a
single-point energy on the geometries optimized in gas phase. The eUect of
the steric strain imposed by the enzyme is taken into account by Vxing cer-
tain atomic coordinates to their crystallographic positions, typically where
the truncations were made. In some cases, Vxing additional coordinates is
necessary in order to prevent unrealistic movements of the residues. While
maintaining the overall features of the active site, it is still important to allow
enough Wexibility for the residues to adapt to the geometrical changes during
the course of the reaction.

3.3 Computational details

All calculations presented in this thesis were carried out using the hybrid
DFT functional B3LYP17,18 as implemented in the Gaussian03 program pack-
age.43 Geometries were optimized employing the 6-31G(d,p) basis set. More
accurate energies were obtained by single-point calculations on the opti-
mized structures using the larger 6-311+G(2d,2p) basis set. The solvation
eUects of the protein surrounding were taken into account by single-point
calculations at the 6-31G(d,p) level of theory using either the conductor-like
polarizable continuum model (CPCM)44,45,46,47 or the solvation model den-
sity (SMD),48 both with a dielectric constant ε = 4. Analytical frequency
calculations were carried out at the same level of theory as the geometry
optimizations to obtain the zero-point energies (ZPE). The Vnal energies re-
ported here are thus calculated using the large basis set and are corrected for
solvation, ZPE and dispersion eUects, according to the DFT-D2 method.22

Additional computational details

The entropy eUects in the chemical steps of an enzymatic reaction are in
general expected to be small and do not have any implications on the mecha-
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3. Quantum Chemical Modeling of Enzymatic Reactions

nism.36,37,38 Therefore, the entropy is usually not considered when modeling
enzymatic reactions with the quantum chemical cluster approach. On the
other hand, signiVcant entropy eUects are expected in the event of binding
or release of a gas molecule during the reaction. Such a case is the decar-
boxylation reaction, in which a gaseous carbon dioxide is eliminated (Papers
II and IV). In accordance with previous quantum chemical studies,49 the en-
tropy gain for such a process is estimated to be equal to the translational
entropy of the free molecule being released. The translational entropy for
carbon dioxide is calculated to be 11.1 kcal/mol at room temperature and this
value is thus added to the reaction energy of the step in which carbon dioxide
is released.
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Chapter 4

Mechanisms and Selectivities
of Epoxide Hydrolases

Epoxides and vicinal diols are valuable building blocks in the preparation of
pharmaceuticals.50,51,52 By using epoxide hydrolases (EHs), these compounds
can be prepared in high enantiomeric purity, starting from cheap racemic
epoxides.52,53 In this chapter, the results from the quantum chemical calcula-
tions on two EHs are summarized. The main objective of these studies has
been to identify and rationalize the sources of enantioselectivity. In the Vrst
study, the desymmetrization of a meso-epoxide catalyzed by limonene epox-
ide hydrolase (LEH) was investigated. The second study concerns the enan-
tioconvergent hydrolysis of a racemic epoxide by a soluble EH from potato
(Solanum tuberosum EH1, StEH1). In addition to the chemical aspects of LEH
and StEH1, these studies also represent two interesting cases in which the
usefulness of the cluster approach in reproducing experimental selectivities
can be evaluated.

4.1 Selectivity aspects in EH reactions

Many enzymatic reactions are enantioselective, which means that one enan-
tiomer out of a racemic substrate is faster converted into product. The
enantiopurity of the residual substrate depends thus on the enantioselectiv-
ity of the particular enzyme. In the hydrolysis of epoxides, each enantiomer
of substrate can furthermore be attacked at two diUerent carbon centers. As
a result, the enantiopurity of the diol product is dictated by both the enan-
tioselectivity and regioselectivity of the oxirane ring-opening.54

The intrinsic reactivities of the epoxide carbons depend on the substituent
pattern. Bulky substituents generally promote attack at the less hindered car-
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4. Mechanisms and Selectivities of Epoxide Hydrolases

bon. However, since the transition state involves the development of a partial
positive charge, electron donating substituents may overcome the unfavor-
able steric eUects and instead steer the attack to the more substituted carbon.
Furthermore, the reactivity of the epoxide carbons can vary depending on
the reaction conditions. For instance, the hydrolysis of styrene oxide in wa-
ter under acidic conditions occurs exclusively at the benzylic carbon (C1)55,56

due to the partial positive charge developed at this carbon upon protonation
of the epoxide. Under basic conditions (3M KOH solution), on the other hand,
the epoxide is opened at both C1 and C2 in a 51:49 ratio55 (Scheme 4.1).

O O

OHH2O

H

O
δ+

δ+ H2O/H3O H2O/HO

Scheme 4.1 Regioselectivity in the hydrolysis of styrene oxide under acidic condi-
tions 55,56 and basic conditions. 55

In an enzyme, these principles are not easily applied since the regioselec-
tivity will be inWuenced also by the electronic and steric factors speciVc to
the particular active site. Depending on the EH, the ring opening can thus
involve nucleophilic attack at either of the oxirane carbons.

Furthermore, some EHs show opposite regioselectivity for diUerent enan-
tiomers, which allows for the formation of enantiopure diols in a so-called
enantioconvergent process.57,58 Such a scenario results in the conversion of
a racemic epoxide to a single enantiomeric product with a theoretical 100%
yield. This process has thus a clear advantage over a kinetic resolution, in
which the limiting yield of the enantiopure diol is 50%.

4.2 Limonene epoxide hydrolase

LEH catalyzes the hydrolysis of limonene-1,2-epoxide to generate the corre-
sponding limonene-1,2-diol. LEH is one of few known EHs that are found to
act through a mechanism consisting of one single step. In this one-step mech-
anism, a water molecule is activated by an aspartate (Asp132) and attacks at
one of the oxirane carbons. Simultaneously, another aspartate (Asp101) is
delivering a proton to the evolving oxyanion (Scheme 4.2 B).59

LEH has been shown to catalyze the hydrolysis of a range of diUerent
epoxides.60 However, the stereoselectivity is generally poor for substrates
other than the natural limonene epoxide. The enzyme shows for exam-
ple an ee of only 14% in favor of the (R,R)-product in the hydrolysis of
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4.2. Limonene epoxide hydrolase
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Scheme 4.2 A) LEH-catalyzed hydrolysis of cyclopentene oxide. B) Reaction mech-
anism of LEH. (Figure from Paper I).

cyclopentene oxide (Scheme 4.2 A).60 Applying directed evolution with it-
erative saturation mutagenesis, Zheng and Reetz engineered LEH mutants
that show an improved enantioselectivity toward the (R,R)-diol or an inverse
enantioselectivity toward the (S,S)-diol in the hydrolysis of cyclopentene
oxide, see Figure 4.1.

4.2.1 Quantum chemical studies of LEH (Paper I)

The enantioselectivity of the wild-type (WT) LEH and each mutant in the
(R,R)- and (S,S)-selective pathways in Figure 4.1 have been investigated us-
ing large cluster models of the active site. The active site model of the WT
LEH was constructed on the basis of the X-ray crystal structure in com-
plex with a heptanamide (PDB 1NWW).59 The model consists of 259 atoms
and includes the Asp132-Arg99-Asp101 catalytic triad, Tyr53, Asn55 and the
crystallographically observed water molecule. In addition, the residues that
were subjected to mutagenesis in the directed evolution experiments were in-
cluded, namely Met32, Leu35, Leu74, Met78, Ile80, Val83, Leu103, Leu114 and
Ile116 (Figure 4.2). The models of each mutant were constructed by modify-
ing the WT LEH active site model according to the experimental mutations
in Figure 4.1.
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Figure 4.1 Experimental results from the directed evolution experiments. 60 (Figure
from Paper I).

Analyzing the enantioselectivity

The optimized transition states for attack at C1 (TSC1) and C2 (TSC2) in WT
LEH are shown in Figure 4.3. Notably, the substrate is displaced in one di-
rection or the other, depending on at which carbon the attack occurs. The
substrate displacements in TSC1 and TSC2 are associated with similar energy
penalties, as reWected by their almost isoenergetic activation barriers (cal-
culated to be 15.7 and 15.6 kcal/mol for TSC1 and TSC2, respectively). The
relative energy of the transition states is calculated to be 0.1 kcal/mol and
is a measure of the enantioselectivity. Consequently, the (R,R)- and (S,S)-
products are formed in similar quantities, in agreement with the very small
experimental ee of 14%.60

The calculated diUerences in activation barriers for WT and all mutants
are compared to the experimentally determined enantioselectivities in Figure
4.4. As seen in the comparison, each mutant in the (R,R)- and (S,S)-selective
pathways are calculated to show the correct enantioselectivity. The trend
within each pathway is, however, not perfectly accounted for.

By examining the transition-state structures, it turns out that the change
in enantioselectivity can be explained by steric hindrance. In the
(R,R)-pathway, the mutations result in a less hindered attack at C2, thus fa-
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4.2. Limonene epoxide hydrolase
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Figure 4.2 Optimized structure of the active site model of wild-type LEH with the
residues of the catalytic triad shown in yellow. Atoms indicated by asterisks were
kept Vxed to their crystallographically observed positions. (Figure from Paper I).
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is shown together with the nucleophilic water molecule and the substrate. (Figure
from Paper I).
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4. Mechanisms and Selectivities of Epoxide Hydrolases

Figure 4.4 Comparison between the calculated and experimentally observed enan-
tioselectivities for the wild-type LEH and all mutants. (Figure from Paper I).

voring the formation of the (R,R)-product. For example, both the Leu74Ile
and Ile80Cys mutations introduce smaller side chains which result in some
release of steric hindrance on one side of the active site that will favor the
substrate displacement in the attack at C2. The same reasoning holds for the
mutants in the (S,S)-pathway, where the introduced mutations instead result
in a less hindered attack at C1 or a more hindered attack at C2, thus favoring
the formation of the (S,S)-product. The Leu114Cys mutation will open up
space on one side of the active site in a way that favors the displacement of
the substrate when the attack occurs at C1. With the Ile80Phe mutation, a
larger side chain is introduced on the other side of the active site compared to
Leu114Cys, and will result in a less favored substrate displacement in the TS
for attack at C2. Notably, the Met32Cys mutation appears in both the R1→R2
and S2→S3mutations. As seen in Figure 4.4, the eUect of this mutation is not
well captured by the calculations and its role remains unclear.

Summary and conclusions

The results presented here show that a quantum chemical cluster model is
able to describe the eUects of the mutations in very good agreement with
experiments. The enantioselectivity can be rationalized by how much steric
hindrance the mutations release or introduce to allow or prevent the sub-
strate displacement in the transition states for attack at either oxirane car-
bon. The trend in enantioselectivity within each pathway is not reproduced,
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4.3. Soluble epoxide hydrolase

and could be a consequence of using the WT crystal structure as the basis
for the models of the mutants. For example, introducing mutations in the
active site might result in larger conformational changes than what can be
captured by the WT active site model. Another source of error is the muta-
tions at the periphery of the model, which may not be properly described.
One such example is the Met32Cys mutation that appears in both the R1→R2
and S2→S3 mutations. It is possible that a Cys in this position is hydrogen
bonding to a residue that is not explicitly included in the active site model,
and the eUect of the Met32Cys mutation is therefore not well reproduced in
the calculations.

4.3 Soluble epoxide hydrolase

An interesting feature found for some soluble epoxide hydrolases (sEH) is the
ability to operate in an enantioconvergent one-enzyme fashion, in which a
single enantiomer of product is obtained from a racemic substrate.58,61,62,63,64

The degree of enantioconvergency is described by the regioselectivity coeX-
cients,65 where a coeXcient of 50% implies no regioselectivity, whereas 100%
indicates full regioselectivity.

The soluble EH from potato (StEH1) has been shown to catalyze the enan-
tioconvergent conversion of racemic styrene oxide (rac-SO) derivatives to the
corresponding (R)-diol in good yields and with high ee.66 From the experi-
ments, (S)-SO was found to preferably be attacked at the more substituted
carbon (C1) in a 98:2 ratio. (R)-SO, on the other hand, was attacked at the
less substituted carbon (C2) in a 93:7 ratio, see Scheme 4.3.66 The enzyme
thus yields similar regioselectivity for (S)-SO as in solution under acidic con-
ditions, whereas the opposite regioselectivity is observed for (R)-SO.
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Scheme 4.3 Enantioconvergent hydrolysis of rac-SO in StEH1 with experimental
regioselectivity coeXcients. 66
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4. Mechanisms and Selectivities of Epoxide Hydrolases

4.3.1 Proposed reaction mechanism

The proposed reaction mechanism of StEH1 is shown in Scheme 4.4 and
occurs through the formation of a covalent alkyl-enzyme intermediate, re-
sulting from the nucleophilic attack by an aspartate (Asp105) at one of the
oxirane carbons (step 1, Scheme 4.4).67,68,69,70,71 Two active site tyrosines
(Tyr154 and Tyr235) have been shown important for catalysis and are pro-
posed to assist in the epoxide ring-opening.72,73,74,75,76 The ester of the alkyl-
intermediate is then hydrolyzed by a water molecule (steps 2 and 3, Scheme
4.4), which is activated by a histidine-aspartate charge relay (His300-
Asp265).71,77,78,79,80 Furthermore, the residues constituting an oxyanion hole
are suggested to be involved in the stabilization of the tetrahedral intermedi-
ate formed in the hydrolysis of the ester (Int2, Scheme 4.4).81

One matter of debate with regard to the reaction mechanism shown in
Scheme 4.4 is whether the catalytic His300 is protonated or neutral during
the alkylation half-reaction (step 1, Scheme 4.4).

4.3.2 Quantum chemical studies of sEH (Paper III)

In order to establish the sources of the selectivity, the details of the full re-
action mechanism have to be understood, and in particular the protonation
state of His300 has to be resolved. Therefore, two quantum chemical clus-
ter models of the active site were used in which His300 is treated as neutral
(Model-N) or positively charged (Model-P). Both models were designed on
the basis of the X-ray crystal structure of StEH1 in complex with the inhibitor
valpromide (PDB 2CJP82) and contain the catalytic triad (Asp105-His300-
Asp265), the two active site tyrosines (Tyr154 and Tyr235), the residues of the
oxyanion hole (backbone amide bond of Asp105-Trp106 and Gly32-Phe33)
and a crystallographically observed water molecule. Additional residues deVn-
ing the active site were also included since they are expected to be important
for the selectivity, see Figure 4.5. Both models were used to study the full
reaction mechanism and the enantioconvergency of StEH1 with rac-SO.

Due to the shape of the active site, each enantiomer of substrate can be
envisioned to bind with the phenyl group positioned toward the inside of the
binding site ("in") or towards the more open part of the active site ("out"), see
Figure 4.5. For each binding mode, attack at both C1 and C2 were considered.

Reaction mechanism of StEH1

Two representative energy proVles from Model-N and Model-P are shown in
Figure 4.6, and correspond to the attack at C1 of (S)-SO with the phenyl ori-
ented "in". The main diUerence between the two models is the protonation
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state of His300 during the alkylation half-reaction (step 1, Scheme 4.4). Since
His300 has to be neutral in order to activate the water molecule in the Vrst
step of the hydrolysis (step 2, Scheme 4.4), the extra proton in Model-P was
moved from His300 to the oxyanion (represented by the extra step Int1 →
Int1’ in Figure 4.6 B) that is formed in Int1. As a consequence, the subse-
quent stationary points will therefore diUer in the protonation state of the
intermediate.
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of the active site (React-N-S-out). All non-polar hydrogens are omitted for clarity.

The energy proVles are calculated to be rather similar and give general
support to the proposed reaction mechanism, in which a relatively stable
covalent intermediate is formed and subsequently hydrolyzed in a two-step
process. In both models, the rate limiting-step is calculated to correspond to
the dissociation of the tetrahedral intermediate (Int1 → TS3), in accordance
with experiments.71,83 The barriers are calculated to be 20.6 and 17.4 kcal/mol
in Model-N and Model-P, respectively, as compared to the experimental bar-
rier of ca. 16 kcal/mol.83,84

In Figure 4.6, the free energy of the overall reaction between the free
substrate and water is also indicated, and is calculated to be −4.4 kcal/mol.
This value determines at which energy the next catalytic cycle starts, but can
also be used to estimate the energetics of the step for product release and
regeneration of the active site (Prod → React).

In Model-N (Figure 4.6 A), the product release and regeneration of the
active site is estimated to cost 11.6 kcal/mol, which will have implications on
the Vrst barrier in the following cycle. Considering the energy cost for clos-
ing the catalytic cycle, the barrier for TS1 in Model-N is calculated to be ca.
16 kcal/mol, which is in good agreement with the experimentally determined
alkylation barrier of ca. 15 kcal/mol.83

In the case of Model-P (Figure 4.6 B), the energy of the enzyme-product
complex is calculated to be 2.3 kcal/mol higher than the free energy of the
overall reaction. Here, the product release and regeneration of the active site
is instead calculated to be exothermic by ca. 2 kcal/mol, and will therefore
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not aUect the barriers in the following cycle. The barrier for TS1 in Model-P
is thus calculated to be 4.9 kcal/mol, which is considerably lower compared
to both the experimental barrier for TS1 (of ca. 15 kcal/mol)83 and the corre-
sponding barrier in Model-N (of ca. 16 kcal/mol).

It is not possible to completely rule out any of the mechanisms simply on
the basis of the energies presented here, and the protonation state of His300
thus remains elusive. Furthermore, since the barriers for TS3 are calculated
to be of similar energy (in Model-N) or of higher energy (in Model-P) com-
pared to the barriers of TS1, both transition states can inWuence the selectiv-
ity. Consequently, both TS1 and TS3 were considered in the analysis of the
enantioconvergency.
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4. Mechanisms and Selectivities of Epoxide Hydrolases

Enantioconvergency of StEH1

The resulting TS1 and TS3 barriers for both the (S)- and (R)-SO substrates
in Model-N are summarized in Table 4.1, where the selectivity-determining
barriers for the formation of each enantiomer of product are shown in bold
face. As indicated in Table 4.1, each substrate orientation can be attacked
at either C1 or C2, resulting in inversion or retention of conVguration. The
absolute conVguration of the resulting diol products are also indicated.

Table 4.1 Calculated barriers (kcal/mol) for nucleophilic attack (TS1) and dissocia-
tion of tetrahedral intermediate (TS3) in Model-N. Selectivity-determining steps are
indicated in bold face.

Substrate Orientation
Relative Attacked Resulting

TS1a TS3a
energya carbon diol

Model-N

(S)-SO
"in" +1.6

C1 (R) +4.4 +4.7
C2 (S) +7.6 +3.5

"out" 0.0
C1 (R) +10.2 +11.0
C2 (S) +5.6 +5.3

(R)-SO
"in" +0.5

C1 (S) +8.1 +12.5
C2 (R) +5.2 +7.9

"out" +1.9
C1 (S) +6.6 +8.0
C2 (R) +7.2 +7.8

a The energies are given relative to the binding mode of lowest energy.

In the case of the (S)-SO substrate, the path with lowest energy barriers
resulting in the formation of the (R)-diol corresponds to the attack at C1 of
React-N-S-in. For the generation of the (S)-diol, the path with lowest energy
barriers corresponds to the attack at C2 of React-N-S-out. The other paths
are associated with barriers of higher energies and will therefore not con-
tribute. The selectivity-determining barriers are TS3 of 4.7 kcal/mol and TS1
of 5.6 kcal/mol, for the formation of the (R)- and (S)-diol, respectively (Table
4.1). For the (S)-SO substrate, the formation of the (R)-diol (attack at C1) is
thus favored over the formation of (S)-diol (attack at C2), in agreement with
experiments. The calculated energy diUerence of 0.9 kcal/mol corresponds
to a ratio of ca. 80:20, which is somewhat underestimated compared to the
experimental selectivity of 98:2.66

For the (R)-SO substrate, a similar analysis shows that three paths have
selectivity-determining barriers of comparable energies, while the forth path
has higher barriers. The two paths of lower barriers correspond to the at-
tack at C2 of React-N-R-in and React-N-R-out, and are calculated to be 7.9
and 7.8 kcal/mol, respectively (Table 4.1). The third path corresponds to the
attack at C1 of React-N-R-out with a barrier of 8.0 kcal/mol. Here, a Boltz-
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4.3. Soluble epoxide hydrolase

mann distribution of these three barriers was used to deduce a selectivity of
ca. 70:30, in favor of the (R)-diol. The calculated selectivity is in agreement
with the experimental selectivity of 93:7,66 although underestimated also for
this substrate.

ϕ=1°

TS1-N-S-in-C1 TS1-N-R-in-C2 

θ=39°

C2

C1
C2

C3

C4

Figure 4.7 Optimized structures for nucleophilic attack (TS1) at C1 of (S)-SO and at
C2 of (R)-SO in Model-N. Dihedral angles ϕ and θ are indicated.

Some trends in geometries that explain the diUerent selectivities are ob-
served when analyzing the optimized structures of TS1. For the (S)-SO sub-
strate, the TS1 barrier of lowest energy corresponds to the nucleophilic at-
tack at C1 of React-N-S-in (TS1-N-S-in-C1, Figure 4.7). Here, the phenyl
ring is almost completely co-planar with the C1-C2 bond of the oxirane ring
(C2-C1-C3-C4 dihedral angle ϕ = 1◦), and allows thus for a maximal stabi-
lization of the partial positive charge developed at C1. In the other structures
of TS1 for attack at C1, the active site residues restrict the phenyl ring from
adapting this co-planar alignment, which results in higher energy barriers.

For the (R)-SO substrate, the barrier for TS1 of lowest energy corresponds
to nucleophilic attack at C2 of React-N-R-in (TS1-N-R-in-C2, Figure 4.7).
In this case, the phenyl ring is oriented in a way to instead minimize the
steric repulsions with the other substituents on the C1 carbon (dihedral angle
θ = 39◦). In the structures of TS1 for attack at C2 of higher energies, these
repulsive steric interactions cannot be avoided due to the restrictions from
the surrounding enzyme.

In the case of Model-P, the comparison of all barriers (not presented here)
shows that the nucleophilic attack is preferred at C1 for both the (S)- and
(R)-SO substrates, in disagreement with the experimental observations. The
calculations indicate thus that Model-P fails to reproduce the enantiocon-
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4. Mechanisms and Selectivities of Epoxide Hydrolases

vergency, while Model-N in fact gives results in quite good agreement with
experiments.

Summary and conclusions

The reaction mechanism and enantioconvergent hydrolysis of rac-SO by
StEH1 have been investigated using two active site models that diUer mainly
in the protonation state of His300. The results fromModel-N (neutral His300)
are in somewhat better agreement with the experimental observations com-
pared to the results from Model-P (protonated His300), in particular since
only Model-N can reproduce the observed enantioconvergency.

In Model-N, the nucleophilic attack at the benzylic C1 position of the (S)-
SO substrate is favored as the active site allows the phenyl ring to orient in
a co-planar fashion relative to the C1-C2 bond of the oxirane ring, resulting
in a stabilization of the developing positive charge on C1. For the (R)-SO
substrate, on the other hand, the nucleophilic attack at C2 is favored by
minimizing the steric repulsion between the phenyl ring and the substituents
on C1.
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Chapter 5

Mechanisms and Selectivities
of Decarboxylases

Decarboxylation is an important and widespread process in biological sys-
tems and recently the reaction has also become increasingly important in
biocatalytic applications.85,86 Decarboxylases can be used in the synthesis of,
for example, carboxylic acids and terminal oleVns, using abundant and re-
newable starting materials.87,88 In addition, many decarboxylases have also
been shown to catalyze additional reactions, such as C-C bond formation,89

racemization,90,91 and hydration.92

This chapter concerns the results from the mechanistic studies on two
decarboxylases: arylmalonate decarboxylase (AMDase) and phenolic acid de-
carboxylase from Bacillus subtilis (BsPAD). In the case of AMDase, the issues
of the origins of enantioselectivity have also been addressed by studying the
decarboxylation of two diUerent substrates. As opposed to many other decar-
boxylases, both AMDase and BsPAD are independent of cofactors. Instead,
the reactions are dependent on speciVc hydrogen bonds and the ability of the
substrate to delocalize the free electron pair that results from the decarboxy-
lation.

5.1 Arylmalonate decarboxylase

AMDase catalyzes the asymmetric decarboxylation of α-arylmalonates to
produce the corresponding carboxylic acids with high enantioselectivity
(Scheme 5.1).93,94,95,96 The enzyme is cofactor-independent, robust and shows
a high enantioselectivity, and is therefore interesting for use in biocatalysis
to prepare chiral carboxylic acids by enzymatic decarboxylation.
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5. Mechanisms and Selectivities of Decarboxylases

However, AMDase suUers from a limited substrate scope and accepts only
compounds with an α-aryl or α-alkenyl group.87

COOH

COOH CO2

COOH

H

AMDase

Scheme 5.1 Reaction catalyzed by AMDase.

5.1.1 Proposed reaction mechanism

The reaction mechanism of AMDase has been proposed to involve a selective
decarboxylation of the pro-R carboxylate group to form a planar enediolate
intermediate.97 Once formed, the intermediate is suggested to undergo pro-
tonation at the Si face by a cysteine residue, and the resulting (R)-product is
formed with inversion of conVguration (Scheme 5.2).97,98

O

O
R

O O

Ar CO2

Enediolate

H S
Cys188 O O

R-product

Ar H
R

S
Cys188

RAr

O O

Scheme 5.2 Proposed reaction mechanism of AMDase.

Two neighboring oxyanion holes (referred to as the dioxyanion hole) lo-
cated in the active site have been suggested to be important for substrate
binding and stabilization of the enediolate intermediate formed during decar-
boxylation.87,99 Furthermore, since the enzyme only accepts malonate sub-
strates with an aryl or alkenyl substituent in α-position, the conjugated π-
electron system formed in the enediolate intermediate appears to be impor-
tant for stabilizing the negative charge developed at the α-carbon. In Figure
5.1 A, the crystal structure of the active site of AMDase in complex with a
benzylphosphonate inhibitor is shown.87 Apart from the dioxyanion hole,
the active site contains two binding cavities, one large solvent-exposed and
one small hydrophobic.87,99 On the basis of a docking study and the crys-
tal structure of AMDase with the benzylphosphonate inhibitor, the substrate
was proposed to bind to the active site according to Figure 5.1 B.87,99

5.1.2 Quantum chemical study of AMDase (Paper II)

The reaction mechanism and selectivity of AMDase shown in Scheme 5.2
have been studied using two quantum chemical cluster models of diUerent
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5.1. Arylmalonate decarboxylase

Leu40

Val156
Pro14

W

Leu77

Met159

Cys188

Gly189

Gly190

Tyr126
Thr75

Gly74

Ser76
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Figure 5.1 A) X-ray crystal structure of the active site of AMDase in complex with a
benzylphosphonate inhibitor (PDB 3IP8). 87 B) Schematic representation of the bind-
ing of α-methyl-α-phenylmalonate as proposed by Okrasa et al. 87,99

sizes. Both models were designed on the basis of the crystal structure of
AMDase in complex with benzylphosphonate (PDB 3IP8).87 A smaller model
(model I, 81 atoms) was used Vrst in order to characterize all transition states,
using the α-methyl-α-phenylmalonate substrate. This model consists of the
catalytically important residues proposed to constitute the dioxyanion hole
(Gly74, Thr75, Ser76, Tyr126, and Gly189)87,99 together with the residue re-
sponsible for the protonation (Cys188), see Figure 5.2. The larger model
(model II, 223 atoms) contains additional residues deVning the large and small
active site cavities, which are assumed to be important for the enantioselec-
tivity, see Figure 5.2. In the case of model II, another substrate was also
considered, namely the slightly smaller α-methyl-α-vinylmalonate.

Reaction mechanism of AMDase

Before investigating the reaction mechanism, several diUerent modes of bind-
ing between the substrate and the active site models were evaluated. Inter-
estingly, the proposed orientation of the substrate, where the pro-S carboxy-
late alone is stabilized by hydrogen bonds to the dioxyanion hole (Figure 5.1
B), could not be optimized. In fact, only structures in which both carboxy-
late moieties interact with the dioxyanion hole were found. Similar results
were obtained in the calculations with both models I and II. The optimized
enzyme-substrate complexes of lowest energy in model I (React-I-R) and
model II (React-II-R) are shown in Figure 5.2. As a result of the additional
groups included in model II, the hydrogen-bond pattern diUers slightly be-
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5. Mechanisms and Selectivities of Decarboxylases

tween the two models. Also, one extra hydrogen bond is observed between
the substrate and the Ser76-Leu77 amide backbone in model II.
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Figure 5.2 Optimized structures of the enzyme-substrate complexes in active site
model I and II that result in the formation of the (R)-product. All non-polar hydro-
gens are omitted for clarity. Fixed atoms are indicated by an asterisk.

Decarboxylation of α-methyl-α-phenylmalonate from both React-I-R
and React-II-R was indeed shown to occur in two separate steps, i.e. the
decarboxylation of the pro-R carboxylate followed by the protonation at the
Si face by Cys188. Notably, neither a TS for decarboxylation of the pro-S car-
boxylate, nor a TS for concerted decarboxylation and protonation could be
optimized in any model. In Figure 5.3, the optimized stationary points from
model I are shown. The rate-limiting step of the reaction is calculated to be
the C-C bond cleavage (TS1), which is associated with a barrier of 19.5 (in
model I) or 16.2 kcal/mol (in model II). Thus, the larger model resulted in a 3
kcal/mol lower activation barrier. One contributing factor to the energy dif-
ference is that an extra hydrogen bond is observed in TS1 of model II, which
is not present in model I.

The results from both models show that the proposed reaction mecha-
nism is energetically feasible. The barrier of 16.2 kcal/mol from model II is
in good agreement with the experimentally determined barrier of ca. 14-16
kcal/mol, as determined from the available rate constants.87,95,100
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Figure 5.3 Optimized stationary points for the decarboxylation of α-methyl-α-
phenylmalonate in active site model I. (Figure from Paper II).

Enantioselectivity of AMDase

As pointed out above, model II includes some additional residues that deVne
the binding pockets and is therefore better able to account for the chiral envi-
ronment of the active site, compared to model I. In fact, the calculations show
that model II is able to reproduce and rationalize the stereoselectivity. In
Figure 5.4, the schematic drawings of the optimized enzyme-substrate com-
plexes resulting in the (R)- and (S)-products are shown. The binding modes
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5. Mechanisms and Selectivities of Decarboxylases

diUer in the positions of the methyl- and phenyl substituents. In React-II-R,
the phenyl substituent is located in the large binding cavity, whereas it in
React-II-S instead is pointing toward the small binding cavity. Assuming
that no rearrangement of the enediolate intermediate occurs, the protona-
tion of the resulting intermediate will occur at the opposite face of React-
II-S, as compared to React-II-R. Thus, the stereochemical outcome of the
reaction will be determined by the orientation of the substituents relative
to Cys188. It is known from experiments that the reaction with α-methyl-
α-phenylmalonate and α-methyl-α-vinylmalonate generates the (R)-product
with an ee of >99%95 and 99%,87 respectively, corresponding to a diUerence
in transition state energies for the formation of the (R)- and (S)-products of
at least 3 kcal/mol.

React-II-R React-II-S

S
Cys188HO

O

Me
O

O

+14.10.0

Cys188O

O

O

O

S
H

Me

Figure 5.4 Schematic drawings of the optimized enzyme-substrate complexes in
model II resulting in the (R)-product (React-II-R) and the (S)-product (React-II-S).

The energy diUerence between the two enzyme-substrate complexes in
Figure 5.4 was calculated to be 14.1 kcal/mol, in favor of React-II-R, and is
a result of the steric clashes between the phenyl substituent and the residues
of the small cavity. In the following TS for decarboxylation (TS1), the enan-
tiodiscrimination is even greater. The large energy diUerence between the
(R)- and (S)-selective pathways indicate an exclusive formation of the (R)-
product, in accordance with experiments.95

The energetic preference for the (R)-selective pathway is likely to be over-
estimated due to the rigidity of the model, in particular the rigidity of the
small binding cavity. It was therefore of interest to compare the calculated
enantioselectivity of the current substrate with the enantioselectivity of a
smaller one. The calculations on α-methyl-α-vinylmalonate using model II
show that this substrate can in fact bind in both orientations, as the energy
between them diUer by only 0.6 kcal/mol (still in favor of React-II-R). The
energetic preference increases to 1.7 kcal/mol in the following rate-limiting
TS1. Thus, the enantioselecitivity in the case of α-methyl-α-vinylmalonate
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5.2. Phenolic acid decarboxylase

is not determined in the binding but rather in the following TS for C-C bond
cleavage. Although calculated to be smaller, the energy diUerence still origi-
nates from the repulsive steric interactions between the vinyl substituent and
the residues of the small binding cavity. The relative energy of 1.7 kcal/mol
in TS1 is in qualitative agreement with the experimental ee of 99%.87

Summary and conclusions

Two models of diUerent sizes have been used in order to gain insight into
the reaction mechanism and the enantioselectivity of AMDase. Both mod-
els support the two-step mechanism proposed previously, in which decar-
boxylation is followed by a stereoselective protonation at the Si face by the
Cys188 residue. The enantioselectivity, on the other hand, could only be
reproduced and rationalized when the residues of the small and large bind-
ing cavities were included in the model. These cavities have thus implica-
tions on the stereochemical outcome of the reaction since they restrict the
binding and orientation of the substrate during the reaction. The enantio-
selectivity for both substrates is governed by the steric repulsion between
the vinyl- or phenyl substituent and the residues deVning the small bind-
ing cavity. In the case of α-methyl-α-phenylmalonate, the calculations show
that the enantioselectivity is determined already at the binding, whereas for
α-methyl-α-vinylmalonate, also the following TS is found to contribute to
the enantioselectivity.

5.2 Phenolic acid decarboxylase

Phenolic acid decarboxylases (PADs) catalyze the decarboxylation of
p-hydroxycinnamic acid derivatives to generate the corresponding p-vinyl
phenols.101,102,103,104 These enzymes have gained attention as they could serve
as biocatalysts in the preparation of styrene derivatives and Wavor compounds
using phenolic acids from renewable sources, such as lignin.88,105 Similarly to
other cofactor-free decarboxylases, PADs have a relatively narrow substrate
speciVcity and are restricted to cinnamic acid derivatives with a hydroxyl
group in para position.101,106

5.2.1 Proposed reaction mechanism

A two-step reaction mechanism has been proposed on the basis of the sub-
strate speciVcity and structural data in combination with the results from
mutational experiments, see Scheme 5.3 (with residue numbering from
BsPAD).101,107,108 The substrate is suggested to bind to the active site with the
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5. Mechanisms and Selectivities of Decarboxylases

carboxylate group forming hydrogen bonds to two tyrosine residues (Tyr11
and Tyr13) and with the p-hydroxyl group positioned toward a glutamate
residue (Glu64). The Vrst step of the reaction involves the formation of
a p-quinone methide intermediate, resulting from the deprotonation of the
phenolic hydroxyl by Glu64 and a concurrent protonation by a third tyro-
sine residue (Tyr19) at the C2 of the substrate. The second step is the C-C
bond cleavage to form the p-vinyl phenol and carbon dioxide products (Fig-
ure 5.3). Furthermore, mutational analysis indicates that also an arginine
residue (Arg41) is important for catalysis.107,108
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Scheme 5.3 Previously proposed reaction mechanism of PAD (residue numbering
from BsPAD). 101,107,108

5.2.2 Quantum chemical study of BsPAD (Paper IV)

The reaction mechanism has been investigated using a large quantum chemi-
cal cluster model, which was designed on the basis of the X-ray crystal struc-
ture of the Tyr19Ala mutant of BsPAD in complex with p-hydroxycinnamic
acid (p-coumaric acid, PCA) (PDB 4ALB107). The model consists of the PCA
substrate, the residues proposed to be important for catalysis (with Ala19 re-
stored to Tyr), and the residues constituting the active site. In addition, two
water molecules were also included in the model, see Figure 5.5. DiUerent
substrate orientations were evaluated, and for each one diUerent protonation
states of both the substrate and Glu64 were examined. Furthermore, the pos-
sibility of other residues than Tyr19 serving as proton donors in the Vrst step
of the reaction was also considered.

Reaction mechanism of BsPAD

The reaction mechanism that turned out to have the most plausible energies
is shown in Scheme 5.4. Notably, the suggested enzyme-substrate complex
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Figure 5.5 Optimized enzyme-substrate complex of BsPAD. Non-polar hydrogens of
the active site residues are omitted for clarity. Atoms indicated by an asterisk were
kept Vxed during the geometry optimizations.

(React) does not correspond to the binding mode of PCA that was observed
in the crystal structure and is therefore also inconsistent with the proposed
reaction mechanism in Scheme 5.3. Here, the p-hydroxyl group instead forms
hydrogen bonds to Tyr11 and Tyr13, and the carboxyl group is interacting
with Glu64 and a water molecule (Figure 5.5). Previously, the p-hydroxyl
group was proposed to be deprotonated in the Vrst step of the reaction mech-
anism.107 However, in the substrate orientation in React, no such general
base in the vicinity of the hydroxyl group could be observed. Nonetheless,
it can be assumed that the proton is lost upon substrate binding, as a result
of the lowered pKa of the hydroxyl group caused by the interactions with
Tyr11 and Tyr13. In React, the p-hydroxyl group is thus in its deprotonated
state, whereas the carboxyl group of PCA was found to be protonated, see
Figure 5.5.

In the Vrst step of the reaction, the proton on the PCA carboxyl group
is transferred to Glu64 (React → Int1, Scheme 5.4). The energy of Int1 is
calculated to be +5.6 kcal/mol relative to React. The optimized structures
of Int1 and the following stationary points in the reaction mechanism are
shown in Figure 5.6. In the subsequent step, the p-quinone methide interme-
diate is formed through a proton transfer from Glu64 (Int1 → TS1 → Int2,
Scheme 5.4). For this step, the energy barrier and the energy of the formed
intermediate are calculated to be 16.0 and +6.9 kcal/mol relative to React,

39



5. Mechanisms and Selectivities of Decarboxylases

respectively. The last step involves the C-C bond cleavage to generate the
p-vinyl phenolate and carbon dioxide (Int2 → TS2 → Prod). The energy
barrier of this step is calculated to be 15.9 kcal/mol, and results in the for-
mation of Prod with an energy of +1.6 kcal/mol, relative to React (including
the correction for the entropy).
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Scheme 5.4 BsPAD reaction mechanism as proposed by the calculations.

From the calculations, the energy barriers for the substrate protonation
TS1 and the C-C bond cleavage TS2 are very close and it is therefore not
possible to determine which step is rate-limiting. Nevertheless, an overall
barrier of 16.0 kcal/mol agrees well with the barrier range of 12-15 kcal/mol,
as determined from the experimental rate constants for PADs from diUerent
organisms.88,109,110

At Int2, a hydrogen bond is observed between the carboxylate of the sub-
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Figure 5.6 Optimized stationary points for the decarboxylation of PCA.

strate and Tyr19 (Figure 5.6). This hydrogen bond turns out to be important,
since the intermediate without it is calculated to be 3.2 kcal/mol higher in
energy, and the following transition state for C-C bond cleavage is higher by
5.0 kcal/mol.

The reaction mechanism presented in Scheme 5.4 is found to be consis-
tent with the results from the mutational experiments on BsPAD.107 In this
study, the Glu64Ala variant was shown to be inactive,107 which supports the
proposal that this residue is responsible for the protonation of the substrate in
TS1. Previously, Tyr19 was proposed to serve as proton donor. However, the
Tyr19Ala mutant still retained 4% relative activity107 which shows that the
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5. Mechanisms and Selectivities of Decarboxylases

residue is important, but not critical for activity. In the mechanism proposed
here, Tyr19 is instead involved in hydrogen bonding with the carboxylate
group of the substrate in the p-quinone methide intermediate to facilitate the
C-C bond cleavage in TS2. As mentioned above, the barrier in absence of
this hydrogen bond is calculated to be 5.0 kcal/mol higher in energy, which
thus accounts for the decrease in activity observed in the Tyr19Ala variant.

The Tyr11Phe/Tyr13Phe variant was shown to be inactive.107 From the
calculations, Tyr11 and Tyr13 form hydrogen bonds to the hydroxyl group
of the substrate throughout the whole reaction. In addition, the residues are
involved in lowering the pKa of the hydroxyl group, which is of importance
for the quinone formation. Finally, also the Arg41Ala variant was shown to
be inactive. According to the calculations, Arg41 plays a role in the substrate
binding and in the stabilization of the negative charge on the carboxylate
group of the substrate in Int1 and TS1, and of Glu64 in Int2, TS2 and Prod.

Several alternative pathways were also investigated, but turned out to be
associated with higher energies. For example, the structure of the p-quinone
methide intermediate in the previously proposed mechanism (Scheme 5.3)
could not be optimized since the proton of the p-hydroxyl group could not
be transferred to Glu64. The resulting intermediate formed after the proto-
nation at C2 is calculated to be +36.2 kcal/mol, relative to the corresponding
enzyme-substrate complex in Scheme 5.3.

Summary and conclusions

The calculations give general support to a reaction mechanism involving a
quinone methide intermediate. However, the substrate is found to bind in
a diUerent orientation as compared to that in the crystal structure, with the
p-hydroxyl group rather than the carboxyl group of the substrate interacting
with Tyr11 and Tyr13. Furthermore, the calculations indicate that Glu64 is
responsible for the protonation of the substrate in the Vrst step of the reac-
tion. The previously proposed proton donor Tyr19 is instead found to be in-
volved in hydrogen bonding to the carboxylate of the substrate, which results
in a lower activation barrier of the following TS for C-C bond cleavage. The
barriers for the protonation and the C-C bond cleavage are essentially equal
in energy, and the calculated barrier of ca. 16 kcal/mol is in good agreement
with the experimental value. In addition, the agreement with the experimen-
tal mutational analysis provides further support to the mechanism proposed
here.
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Chapter 6

Concluding Remarks

In the present thesis, the quantum chemical cluster approach has been
employed to model four diUerent enzymes, two epoxide hydrolases and two
decarboxylases. The studies presented here involve the reaction mechanisms,
and in three of these enzymes the experimentally observed selectivities were
also addressed. Large active site models were used that include essentially all
residues constituting the binding pockets, which is of particular importance
when modeling enantioselectivities.

The results of the calculations on the two epoxide hydrolases give
detailed insights into the sources of the experimentally observed selectivities.
The enantioselectivity of the desymmetrization reactions catalyzed by the
limonene epoxide hydrolase variants were found to be controlled by the
steric hindrance introduced or relieved by the diUerent mutations. A steric
reasoning was also used to explain the opposite regioselectivity observed in
the soluble epoxide hydrolase from potato for the two enantiomers of styrene
oxide.

For the two decarboxylases, the calculations support the main features
of the previously proposed reaction mechanisms. For phenolic acid decar-
boxylase, the calculated mechanism involves a diUerent substrate binding
and an alternative acid responsible for the protonation compared to what was
proposed previously. In the case of arylmalonate decarboxylase, details about
the factors inWuencing the enantioselectivity were obtained from the studies
on two prochiral substrates with diUerent substituents.

As demonstrated in this thesis, quantum chemical calculations on
enzymatic reactions can be a very useful tool for providing valuable
information regarding the reaction mechanisms and the origins of diUer-
ent kinds of selectivities. From a methodological point of view, the results
presented here are very promising and show that DFT is accurate enough to
study enantioselectivities in quite large models. However, more studies have
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to be carried out in order to further assess the strengths and limitations of
this approach, in particular in terms of reproducing stereoselectivities.
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Sammanfattning på svenska

Beräkningskemiska metoder är mycket användbara för att studera enzym-
atiska reaktioner och kan bidra till en ökad förståelse för reaktionsmeka-
nismer samt för uppkomsten av olika typer av selektivitet. I avhandlingen
har täthetsfunktionalteori använts för att studera fyra olika enzym, vilka
samtliga har möjliga tillämpningar inom biokatalys.

De enzym som har undersökts är två epoxidhydrolas och två dekarboxy-
las. Detaljstudier av reaktionsmekanismerna har utförts och i tre av enzymen
har även enantioselektiviteten undersökts. I samtliga studier har stora kvant-
kemiska modeller av de aktiva centren använts, vilket är särskilt viktigt vid
beräknandet av enantioselektiviteter då modellerna måste kunna represen-
tera den kirala miljön hos respektive enzym.

Beräkningarna på epoxidhydrolasen visade god överensstämmelse mot
experiment och enantioselektiviteten hos samtliga mutanter samt uppkom-
sten av enantiokonvergens kunde förklaras.

Från studierna av de två dekarboxylasen framgick det att reaktionsmeka-
nismerna involverar bildandet av en endiolat- eller kinonmetidintermediär. I
båda fallen visade sig beräkningarna till stor del stödja de tidigare föreslagna
reaktionsmekanismerna, samt förklarade uppkomsten av enantioselektivitet
i det enzym där detta undersökts.

Avhandlingen har bidragit till ytterligare kemisk insikt om de studerade
enzymen. Resultaten visar även att användandet av kvantkemiska
beräkningar är ett mycket bra verktyg för att undersöka asymmetriska enzym-
atiska reaktioner.
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