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The art of losing isn’t hard to master;
so many things seem filled with the intent
to be lost that their loss is no disaster.
(...)
Then practice losing farther, losing faster:
places, and names, and where it was you meant
to travel. None of these will bring disaster.
(...)
—Even losing you (the joking voice, a gesture
I love) I shan’t have lied. It’s evident
the art of losing’s not too hard to master
though it may look like (Write it!) like disaster.
Elizabeth Bishop
One Art
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Abstract
Biocatalytic methods of synthesis are becoming increasingly important in industry. Using enzymes as catalysts allows highly selective reactions to be performed
under milder physical conditions and in a more environmentally benign fashion
than most corresponding chemical catalysts.
Enzymes have in general evolved to perform one type of reaction on a limited
set of molecules, and hence there is often a need to alter the specificity of an enzyme to suit a desired process. Understanding the details of enzymatic catalysis
at a quantum mechanical level enables the intelligent redesign of these macromolecules. For this purpose, density functional theory (DFT) has been shown
to epitomise a suitable balance of accuracy and computational cost. Thus, this
thesis describes the quantum chemical rationalisation of the reaction mechanism
and sources of selectivity of the bacterial alcohol dehydrogenase TbSADH – an
enzyme highly suited to modification for industrial processes.
ADHs catalyse reversibly the interconversion of alcohols and ketones or aldehydes. Herein, the general ADH reaction mechanism was shown to be viable for
this enzyme. In addition, the experimental enantiopreference of the enzyme was
reproduced, and thus the reversal of selectivity seen with the slight increase in
substrate size was captured. The main determinant of selectivity was found to
be a fine balance of repulsive steric interactions and attractive dispersion effects
between the substrate and the hydrophobic binding pockets. The ability of the
modelling methodology to capture effects such as these represents further evidence of its usefulness as a complement to experimental work in designing the
biocatalysts of the future.
The development of protocols to allow quantum mechanical investigation of
the production of large and industrially interesting axially chiral alcohols is also
presented. The work described has showed that quantum chemical models of
many hundreds of atoms are now within our grasp, and although they were unable to correctly describe the selectivity for the large 4-(bromomethylene)cyclohexan-1-one in TbSADH, the protocols devised can be very useful for future investigations of enzymatic catalysis.
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Populärvetenskaplig
Sammanfattning
Genom användandet av katalysatorer kan kemiska reaktioner ske som
annars skulle vara svåra att åstadkomma. Enzym är stora biokemiska
katalysatorer (bestående av tusentals atomer) vilka reglerar de flesta livsviktiga kemiska processer som sker i cellerna hos levande organismer.
Det finns ett stadigt ökande intresse för att använda enzymer som
katalysatorer i industriell tillverkning av mediciner och andra kemikalier.
Detta beror på att enzymer, till skillnad från många kemiska katalysatorer,
kan användas under milda reaktionsbetingelser (t.ex. normala nivåer på
tryck och temperatur) och utan närvaro av giftiga metaller, vilket minskar
både utgifter och miljöpåverkan.
Varje enzym har under evolutionens gång utvecklats till att bli väldigt
specifikt och endast reagera med en begränsad grupp molekyler. I många
fall uppkommer därför behovet av att katalysera en reaktion för vilken inget naturligt enzym finns att tillgå. Då den atomära strukturen i enzymet
styr dess verkan, kan en genom att byta ut en eller flera av de aminosyror
(de små molekyler som utgör byggstenarna i enzymet) ändra reaktionerna som enzymet genomför. Detaljerad kunskap om hur katalysen går
till på atomnivå är därför nödvändig för att förutspå vilka förändringar
som skulle kunna ge ett visst enzym de önskade egenskaperna.
Beräkningskemi är ett mycket användbart verktyg för att i detalj studera och förklara hur kemiska reaktioner går till och varför de sker på ett
visst sätt framför ett annat.För att jämföra reaktionerna för två väldigt
snarlika molekyler så krävs det mycket noggranna metoder, men ju mer
noggranna metoderna är, desto mer resurser kräver de i form av datorkraft
och beräkningstid.
Den kvantmekaniska metoden täthetsfunktionalteori (DFT) har en bra
balans mellan noggrannhet och kostnad i datorkraft. I denna avhandling
beskrivs DFT-studier på enzymet TbSADH, vilket katalyserar reaktioner
ix

med alkoholer. Huvudsyftet har varit att beskriva hur atomerna flyttar
sig under katalysen, samt att reproducera och förklara enzymets enantioselektivitet, det vill säga dess preferens för att katalysera reaktioner
med en av två spegelbilder av samma molekyl framför den andra. Det är
med denna noggranna metod inte praktiskt möjligt att studera hela enzymet, men genom att bygga en modell av den lokala volymen i enzymet
där reaktionen faktiskt sker, så har vi lyckats beskriva och förklara enzymets katalytiska beteende på atomnivå. Avhandlingen beskriver även
arbetet med att utveckla konstruktionen av enzym-modeller för att klara
av att analysera stora och industriellt intressanta molekyler. Här lyckades
modellerna inte reproducera enzymets beteende, troligen på grund av att
de inte var flexibla nog. Arbetet med väldigt stora modeller och framtagandet av ett väl utformat protokoll för modellkonstruktion har dock
medverkat till att utveckla metodologin och ökat kunskapen inom detta
forskningsfält.
Sammanfattningsvis har arbetet i denna avhandling bidragit till utvecklandet av framtidens biokatalysatorer.
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Abbreviations
ADH

Alcohol dehydrogenase

CPCM

Conductor-like polarisable continuum model

DFT

Density functional theory

ee

Enantiomeric excess

ES

Enzyme-substrate

ECP

Effective core potential

GGA

Generalised gradient approximation

HF

Hartree-Fock

HLADH

Horse liver alcohol dehydrogenase

LDA

Local density approximation

LSDA

Local spin density approximation

NADP+

Nicotinamide adenine dinucleotide phosphate

PDB

Protein Data Bank

PES

Potential energy surface

QC

Quantum chemical

QM

Quantum mechanical

TbSADH

Thermoanaerobacter brockii secondary alcohol dehydrogenase

TS

Transition state

TST

Transition state theory

WT

Wild-type

ZPE

Zero-point energy
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Amino Acid Abbreviations

A / Ala
C / Cys
D / Asp
E / Glu
F / Phe
G / Gly
H / His
I / Ile
K / Lys
L / Leu
M / Met
N / Asn
P / Pro
Q / Gln
R / Arg
S / Ser
T / Thr
V / Val
W / Trp
Y / Tyr

Alanine
Cysteine
Aspartate
Glutamate
Phenylalanine
Glycine
Histidine
Isoleucine
Lysine
Leucine
Methionine
Asparagine
Proline
Glutamine
Arginine
Serine
Threonine
Valine
Tryptophan
Tyrosine

xiv

Contents
Abstract

vii

Populärvetenskaplig Sammanfattning

ix

List of Publications

xi

Abbreviations

xii

1 Introduction

3

2 Theory
2.1 Enzyme catalysis . . . . . .
2.2 Transition state theory . .
2.3 Michaelis-Menten kinetics
2.4 Density functional theory .
2.5 Importance of dispersion .

.
.
.
.
.

7
7
8
9
11
14

3 Quantum Chemistry in Biocatalysis
3.1 Enzymatic model construction . . . . . . . . . . . . . . . . .
3.2 Enantioselectivity in enzymes . . . . . . . . . . . . . . . . .
3.3 Computational details . . . . . . . . . . . . . . . . . . . . .

17
17
20
21

4 Quantum Chemical Modelling of Alcohol Dehydrogenase
4.1 Mechanism and stereoselectivity (Paper I) . . . . . . . . . .
4.2 Assessment of protocols for axially chiral alcohols (Paper II)

23
24
29

5 Conclusion and Future Outlook

37

6 Acknowledgements

39

References

42

.
.
.
.
.

1

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

2

Chapter 1
Introduction
Enzymes are increasingly used for industrial biocatalytic applications as
they allow for highly selective reactions under mild conditions, without
harsh solvents and toxic metals. 1 This allows for an environmentally benign process that can yield very pure product, which can be difficult to
achieve with chemical catalysts. Furthermore, many biocatalytic processes
have been shown to give higher yields at lower cost than more traditional
methods. 1 Enzymes are also amenable to alterations of their substrate
scope and selectivities by mutagenesis methods. One method of alteration is directed evolution, an iterative process of randomly mutating and
screening that has proved very useful. However, this method can be both
labour-intensive and expensive. 2
In order to intelligently redesign an enzyme, the reaction mechanism
and the sources of its preferential reaction with certain substrates over
others must be understood at an atomic level. In obtaining this understanding, computational chemistry is an excellent complement to experimental methods, as it can rationalise the outcomes of a particular reaction
based on the fundamental laws of physics. By calculating the energies
of the various possible pathways and analysing the corresponding optimised structures, experimental values can be reproduced, explained, or
even predicted. Thus, computational work can yield a detailed understanding of the system whilst also saving both time and resources by reducing the amount of lab work needed for the actual expression of the
enzyme. 3
In the work described in this thesis we have applied a quantum chemical computational methodology to an enzyme, the secondary alcohol dehydrogenase from the thermophilic bacterium Thermoanaerobacter brockii
(TbSADH). This bacterium is found in the hot springs of Yellowstone Na3

1. Introduction

tional Park (USA), 4 and thus has evolved to withstand higher temperatures than alcohol dehydrogenases from most other species. For industrial
purposes this is beneficial as it would allow a process to be run at elevated
temperatures.
The reaction that the enzyme catalyses is the reversible interconversion of secondary alcohols and ketones, but it also shows some activity for
primary alcohols and aldehydes. 5,6 TbSADH is a homotetrameric enzyme
which for its catalytic action makes use of two cofactors: nicotinamide
adenine dinucleotide phosphate (NADP+ /NADPH) and Zn2+ . 5,7,8
In addition to the above mentioned thermostability, TbSADH has a
range of features that make it an excellent candidate for biocatalytic applications. It has been successfully used immobilised, 9 which increases
its stability and makes it easier to use and recover. 10 Furthermore, unlike
some other enzymes of its class it is tolerant to organic solvents up to at
least 30%, 6,11,12 which is highly beneficial as many potential substrates
are not soluble in aqueous solution. This tolerance also allows for cofactor
regeneration by addition of a co-substrate, such as 2-propanol or acetone
(depending on the direction of the reaction). 10
The generally accepted mechanism for this class of enzymes consists
of stepwise proton and hydride transfers, as shown in Scheme 1.1. This
suggestion is based on experimental and theoretical work on the wellstudied horse liver alcohol dehydrogenase (HLADH) and other related enzymes. 13–18
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Scheme 1.1. General mechanism for alcohol dehydrogenases, with residue numbering from TbSADH. (Image from Paper II)

In the alcohol oxidation the proton is first transferred from the zinccoordinating substrate to the bulk solution through a proton shuttle via
a serine residue, the 2’OH on the cofactor ribose moiety, and a histidine
on the surface of the enzyme. Subsequently the hydride is transferred
4

from the alkoxide intermediate to the C-4 on the nicotinamide ring of the
cofactor. The ketone reduction is simply the reverse of this. The direction
of the reaction is determined by the concentration of the substrates, and
conditions such as the pH.
The main aim of the work presented in this thesis is to use computational methods to reproduce and explain the enantioselective behaviour of
TbSADH for substrates of different size, and especially to rationalise the
interesting reversal of enantioselectivity seen with substrates of different
carbon chain length for the linear alcohols. 6,19 This is not straightforward,
as it requires an accuracy of the relative energy differences of the order of
a 1-2 kcal/mol, and since very accurate quantum mechanical methods are
prohibitively expensive for these large systems. The quantum chemical
cluster modelling methodology used herein has however previously been
successfully applied to a wide range of enzymatic reactions, 20–24 including investigations on enantioselectivity. 25–28 Nevertheless, the case of TbSADH, with its metal centre and large cofactor, represents new challenges
compared to previous studies.
Furthermore, in the second study we aimed to investigate axial chirality of the reduction products of 4-alkylidene cyclohexanone substrates,
where the enantioselectivity is determined by the configuration of a group
located relatively far away from the reaction centre. In addition to this, the
substrate provides further complexity to the modelling effort as it is likely
to be significantly larger than the natural substrates of this enzyme. Thus,
testing the boundaries of the methodology is one of the goals of the work
presented herein.
The outline of this thesis is as follows: in Chapter 2 the theoretical background to the work performed is presented. Chapter 3 details the methodology used in modelling the active site and the enantioselective behaviour
of the enzyme. The results from the computational investigations are described in Chapter 4, followed by a brief conclusion and future outlook in
Chapter 5.

5
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Chapter 2
Theory
The thesis describes two computational studies on biocatalytic reactions.
This chapter briefly introduces the concept of enzyme catalysis, and describes the models and assumptions that allow experimental results to be
related to computational output. The large size of the enzymes combined
with the small energy difference that determines enantioselectivity necessitates a method with a suitable balance of computational cost and accuracy. Thus the calculated results described herein are obtained using
density functional theory (DFT), of which a brief overview is presented
below. Furthermore, the importance of including dispersion effects are
discussed. A more in-depth discussion of these concepts can be found in
standard textbooks, where they are extensively covered. 13,29–32

2.1

Enzyme catalysis

To study chemical reactions is to look at the way in which matter transforms from one thing to another. The barrier to a reaction is the amount
of energy that the system needs to overcome in order to effect this transformation, and it varies depending on the atoms involved and their surroundings. Many of these transformations do not occur spontaneously at
normal temperatures and pressures, but require something to help pay the
energetic price of breaking and/or forming bonds between the atoms by
promoting the electrons and nuclei to adopt new arrangements in space.
The lowering of a barrier means the rate of reaction increases and more
transformations occur per unit time.
Catalysis is the lowering of the barrier to a reaction by a substance, the
catalyst, which is not itself consumed or transformed in the process. Ex7
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amples of catalysts are a metal surface that reacts with gases which adsorb
onto it in a catalytic converter, or a gas-phase chlorine radical in the atmosphere that catalyses the destruction of the ozone layer. This thesis deals
with chemical reactions occurring within an enzyme. An enzyme is a protein, a very large biomolecule that catalyses a particular reaction or type of
reaction. The way in which an enzyme catalyses a reaction – what actually
causes the lowering of the barrier – is debated. One attractive theory is the
electrostatic stabilisation of the transition state (TS) suggested by Warshel
and co-workers. 33,34 It should also be noted that often the actual reaction
mechanism in an enzyme is different to that in solution. 35

2.2

Transition state theory

On the multi-dimensional potential energy surface (PES) that describes
the energy of a polyatomic molecule, there are many so-called stationary
points, that is points with a first derivative of zero. Where the stationary
point is a maximum in only one dimension and a minimum in all others,
it is defined as a first-order saddle point, or transition state (TS). The TS
represents the lowest possible energy configuration the system can pass
through on its way from one minimum to another along a reaction coordinate, and as such gives the route by which the system will transform.
Computationally the TS is identified as a point along the reaction coordinate having one negative force constant – the second derivative of the
energy of the system with respect to position – whereas reactants, intermediates, and products have only positive force constants, being minima
in all dimensions.
The work presented in this thesis is based on conclusions drawn from
the calculated energies and structures of the stationary points on the potential energy surface for the investigated enzymatic system. However,
the data obtained by experimental measurements instead of energies yield
rates for reactions, and yet we need to be able to compare and contrast the
two. The link between experimentally determined reaction rates and the
energetics obtained from calculations is transition state theory (TST). This
theory relates reaction rate constants k, such as kcat for enzyme-catalysed
reactions, to energy barriers. The conversion is made through the Eyring
equation, which was first described in 1935. 36
k=

kB T −∆G‡ /RT
e
h
8

(2.1)

2.3. Michaelis-Menten kinetics

where kB is the Boltzmann constant (1.381 × 10−23 J K−1 ), h is Planck’s
constant (6.626 × 10−34 J s), R is the gas constant (8.314 J K−1 mol−1 ), and
T the temperature in Kelvin. ∆G‡ is the Gibbs free energy difference between the TS and the reactant. According to the expression for Gibbs free
energy in equation 2.2, the enthalpy, ∆H ‡ , can be used instead of the free
energy if the contribution from entropy is negligible, as is expected to be
the case for the reactions described in this thesis, which is discussed further in Section 3.3.
∆G‡ = ∆H ‡ − T ∆S ‡
(2.2)
TST assumes that quasi-equilibrium between the reactant and transition
state exists, and that the system is in thermal equilibrium with the surroundings. Further, re-crossings from product to reactant are not accounted for, and neither are tunnelling effects. However, the expression
can be altered by the use of a transmission coefficient, κ, in order to correct for these phenomena, if needed.
TST might not be sufficiently accurate for reactions at high temperatures because alternatives to the lowest energy path are then available to
the system, or when intermediates react before they have a chance to equilibrate to a Boltzmann distribution, i.e. when they are short-lived and the
barrier is low. 37 For the enzymatic reactions of the type investigated in this
thesis, however, TST is sufficiently accurate. It is a very useful tool that allows experimental values of relative rates in the shape of enantiomeric
excess values to be compared to the output data of calculations.
Even in the absence of experimental data for comparison, TST can be
a useful tool. According to equation 2.1, at room temperature, a rate constant of 1 s−1 corresponds to an energy barrier for the reaction of 17.4
kcal/mol, and a change in the value of the rate constant of one order
of magnitude corresponds to a 1.4 kcal/mol difference in energy. These
values provide good indications of the feasibility of a suggested reaction
mechanism.

2.3

Michaelis-Menten kinetics

As described in Section 2.2, the rate constant kcat and its corresponding
energetic barrier is generally what is used when comparing computationally obtained values with experimental data. It is thus important to have
an understanding of what this constant represents and how it relates to
the mechanism of an enzymatic reaction.
9
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A useful model of enzyme kinetics is that proposed by Michaelis and
Menten. 38,39 They described a model system where an enzyme and substrate react to form an enzyme-substrate (ES) complex. In this complex
the transformation from substrate to product occurs, the latter is released,
and the enzyme is regenerated. This reaction can be summarised as follows:
k1

kcat

−−*
E+S −
)
−− ES −−−→ E + P

(2.3)

k−1

From this model a rate equation can be deduced to describe the kinetics
of the system. In their original formulation Michaelis and Menten fitted
their data with the assumption of equilibrium between E + S and ES, and
thus this is an inherent assumption in their rate equation. A more general
case is that described in the Briggs-Haldane derivation of the MichaelisMenten equation, 40 which assumes a pseudo steady-state for the concentration of the ES complex after an initial increase. In effect this justifies the
use of initial rates in experiments, as described below. Thus, it is generally this, the Briggs-Haldane version of the rate equation, that is presented
when discussing the Michaelis-Menten kinetics:
v=

Vmax [S]
Km + [S]

(2.4)

where Vmax is the maximum rate of the reaction and Km is the so-called
Michaelis constant.
Vmax = kcat [Etot ]
Km =

k−1 + kcat 1
= Vmax
k1
2

(2.5)
(2.6)

The Km , defined as the substrate concentration at half the maximum
velocity, under certain conditions (where k−1  kcat ) translates to a dissociation constant for the ES complex. The specificity constant, kcat /Km
contains valuable information about the action of an enzyme on a substrate. It is a rate constant that includes both the binding of the substrate
in the active site and the surmounting of the rate-determining barrier.
Following from the model in equation 2.3, the constant of interest to
us, kcat , can be expressed as the proportionality constant between the rate
of the product formation and the concentration of the ES complex.
10
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dP
= kcat [ES]
(2.7)
dt
Thus kcat is the turnover number for the enzyme, giving a value of the
amount of substrate molecules that transform to product molecules per
unit time. It can be determined experimentally by looking at changes in
concentration over time, for example by using spectroscopic or chromatographic methods. However, as the enzymatic reaction progresses, complicating factors become more prevalent; for example, product inhibition or
changes in pH may alter reactivity, or denaturation of the enzyme might
occur. This makes kinetic data analysis over longer timescales difficult and
hence initial rate measurements tend to be the method of choice for enzymatic reaction kinetics. 41 The reaction is then followed only in the region
where the relationship between the rate and the substrate concentration
is linear, and at the beginning of a reaction where a steady-state of the ES
complex is a good approximation as described above. By performing measurements of rates for varying substrate concentrations a series of points
can be plotted as the inverse of equation 2.4, as described by Lineweaver
and Burk. 42
1
K
1
1
=
(2.8)
+ m ·
v Vmax Vmax [S]
v=

A plot of the reciprocal rate versus the reciprocal of the substrate concentration gives a straight line with slope Km /Vmax and intercept 1/Vmax . As
Vmax = kcat [Etot ], the value for kcat can be obtained from these measurements, as can Km , and thereby also the specificity constant kcat /Km . This
kcat obtained from experiments can then be used to evaluate computational results as described in Chapter 4 of this thesis.

2.4

Density functional theory

The calculations presented in this thesis are performed using density functional theory (DFT) methods. DFT allows relatively large systems such as
the active sites of enzymes, their structures, and relative energies, to be
investigated with reasonable accuracy at acceptable computational cost.
In DFT the energy of a system is expressed as a functional of its electron density, E[ρ]. The concept of describing a system by its electron density can be understood intuitively by considering that the integral of the
density defines the number of electrons in the system; peaks in the density mean a greater presence of electrons and hence tell us the positions
11
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of the nuclei, and the shape and height of these peaks will reveal the nuclear charges. 43 Hohenberg and Kohn showed that a functional exists that
allows determination of all properties of a system from its electron density. 44 The proof of existence of this functional is the first HohenbergKohn theorem and forms the basis of DFT. They also showed in a second
theorem that a variational principle can be applied to DFT, such that if the
exact ground state (gs) electron density is used the minimum of energy for
the Hohenberg-Kohn functional will be obtained:
EHK [ρguess ] ≥ EHK [ρgs ] = Egs

(2.9)

According to this, the ground state of the system is found at the minimum
energy. However, the form of the ground state functional is not known,
and so the goal in DFT method development is to improve the functional
used and thus get closer to EHK [ρgs ].
The total ground state energy can be written in terms of its components:
EHK [ρ(r)] = T [ρ(r)] + VN e [ρ(r)] + Vee [ρ(r)]
(2.10)
where T [ρ(r)] is the kinetic energy, VN e [ρ(r)] is the potential energy from
attraction between the nuclei and electrons, and Vee [ρ(r)] the potential energy from electon-electron repulsion. The forms of the functionals T [ρ(r)]
and Vee [ρ(r)] are unknown, but the electron-electron repulsion can be divided into the Coulomb contribution, J[ρ(r)], which is known from classical mechanics, and a non-classical contribution, Vxc [ρ(r)]. This latter term
contains the effects of self-interaction, exchange, and correlation.
Kohn and Sham formulated a method that allows most of the kinetic
energy to be calculated by introducing orbitals wherein an electron is affected by the field created by a fictitious system of non-interacting electrons, giving a general form of the functional as shown in equation 2.11. 45
EHK [ρ(r)] = TKS [ρ(r)] + VN e [ρ(r)] + J[ρ(r)] + Exc [ρ(r)]

(2.11)

Up to this point the DFT formulation is exact as no approximations have
yet been made. The formulation in equation 2.11 leaves only the relatively
small term Exc [ρ(r)] as an unknown. This term now contains a small part
of the kinetic energy from equation 2.10, as well as the previously mentioned non-classical elements. It is the only part of the energy of a system
that cannot be calculated exactly. Thus the various DFT methods available
have been developed to find the best approximations for this term of the
energy expression.
12
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The Exc [ρ] can be divided into two parts, one for exchange and one for
correlation as per equation 2.12, and thus can be treated in different ways.
Exc [ρ(r)] = Ex [ρ(r)] + Ec [ρ(r)]

(2.12)

The simplest way to approximate the two terms is as a uniform electron gas and to look only at the local density at (r), as in the local density
approximation (LDA). 46,47 This can be extended to include electron spin
as in the local spin density approximation (LSDA). However, treating the
system as a uniform gas gives limited accuracy in most cases.
The DFT functional used for the calculations presented in this thesis is the popular B3LYP, 48 a generalised gradient approximation (GGA)
functional that depends on both the local density and its gradient. B3LYP
combines LSDA exchange with HF exchange, and a gradient correction developed by Becke (B). 49 The correlation is calculated as a combination of
LSDA correlation and the correlation functional developed by Lee, Yang,
and Parr (LYP). 50 By adding pure exchange from HF to the exchangecorrelation energy, the somewhat inaccurate approximation of separation
of exchange and correlation is dampened. In B3LYP the relative contributions from each term is weighted using three empirical parameters: a, b,
and c. The B3LYP exchange-correlation functional thus has the form given
in equation 2.13. 48
B3LY P
Exc
= (1 − a)ExLSDA + aExHF + bExB + (1 − c)EcLSDA + cEcLY P

(2.13)

DFT, the B3LYP functional, and the basis sets used for the calculations presented in this thesis have all been extensively used, and successful in solving a range of chemical problems similar to those presented
herein. 20–28 One of the main limitations in the past has been the shortcomings of the methods in accounting for dispersion interaction, but this
can be treated using simple corrections, as discussed in Section 3.3. In
terms of accuracy, B3LYP has been shown in various benchmark tests to
have an average absolute deviation of bond lengths of <0.02 Å, and <1.3◦
for angles. 51–54 In terms of energy, average absolute deviations of up to 7
kcal/mol were seen, with basis sets of roughly the size as that used in this
thesis, but in all cases where tested the error decreased noticeably with
the inclusion of dispersion. 51,54–59
When it comes to studies of selectivity, such as the work presented
herein, relative energies are used, and thus many of the errors seen in
terms of absolute values can be expected to largely cancel out.
13
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2.5

Importance of dispersion

Dispersion interaction is the weakest attractive force that occurs between
atoms, and it is present in any electron-containing system. It is a nonpolar effect stemming from electron correlation and the temporary density fluctuations that occur when electrons move in space. These fluctuations lead to a non-permanent polarisation, which in turn induces polarisation in the electron density of nearby chemical groups. The effect thus
increases with the polarisability of the groups, and hence is greatest for
non-polar moieties. Individual dispersion interactions are weak, but the
cumulative effect can be significant.
Dispersion is not inherent in DFT methods that only depend on the
local electron density (and the gradient thereof), since the attractive dispersion effects are due to electrons correlating their movement over longer
distances, with main effects occurring at 3-4 Å. 60
The lack of dispersion in DFT was long considered one of its major
drawbacks, 30,31 but as seen from benchmarks mentioned in Section 2.4,
for example, the accuracy is significantly improved when dispersion is accounted for. This can be done in different ways, 61 either by using a functional that has been parameterised to include it, such as the Minnesota
family of functionals, 62 or by adding it as an empirical correction to the
total DFT energy, for example by using Grimme’s DFT-D protocol. 61,63–65
EDFT −D = EDFT + Edisp

(2.14)

Here, the dispersion energy has the form
Edisp = −s6

X C ij

6
f
(R )
6 damp ij
R
ij
ij

ij

(2.15)

Where C6 is a dispersion coefficient for the atom pair i and j, Rij is
the interatomic distance, and s6 is a functional-dependent scaling factor.
The fdamp (Rij ) is a damping function to account for the behaviour at low
values of Rij , and to remove the effect of a doubled correlation at medium
interatomic distances.
This correction can be added to a functional that lacks dispersion, like
the commonly used B3LYP. The addition of this correction does not notably increase the computational cost of a DFT calculation, but the potential gains may be significant, as evident from Paper I in this thesis.
For the studies presented herein, dispersion is accounted for using the
14
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DFT-D3(BJ) method. D3 is the latest and most accurate formulation of the
DFT–D method, and the (BJ) signifies the use of the Becke-Johnson damping function. 66 The latter gives a better description of the dispersion interactions for bonded atoms, thus ensuring that the calculated dispersion
is an attractive force at all distances, and further improving accuracy. 61
Dispersion corrections to the total energy can be added as a single
point effect following the geometry optimisation, or can be taken into account during each iteration of the optimisation procedure. As discussed
in both studies included in this thesis the difference in relative energies
along the reaction coordinate, or between enantiomers, is generally not
significantly affected by this choice, except for special cases such as the
large substrate of Paper II.
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Chapter 3
Quantum Chemistry in
Biocatalysis
Enzyme structures are too large to be investigated in full by quantum
chemical methods. However, for questions such as those investigated in
this thesis, where only the chemical steps of the catalytic process is of interest, focus can be placed in and around the active site of the enzyme; it
is here where the substrate is bound and the selectivities are determined.
In general, the immediate space around the active site of the enzyme consists of a few hundred atoms, and with today’s computational power this
can be studied using quantum chemistry, such as in the DFT investigations
presented herein. The surrounding enzyme structure provides both structural support and electrostatic effects to the active site, but by approximating them with fixed truncation points and a polarisable continuum they
can be accounted for even in a model limited in the number of atoms included. This chapter describes how the active site model is constructed in
the quantum chemical cluster modelling methodology, how it can be used
to study properties of a reaction such as enantioselective behaviour, and
the details of the computational procedure used in this thesis.

3.1

Enzymatic model construction

In order to study the catalytic behaviour of an enzyme using the quantum
mechanical methodology a carefully constructed model of the active site is
necessary. Due to the computational cost of the method there is a limit to
the number of basis functions and hence the number of atoms that can be
included in the model of the enzyme. The size of the model must be lim17
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ited such that it can be treated in reasonable time. However, a model that
is too small might be too rigid and this runs the risk of excluding residues
that are crucial but might not appear so upon selection. The model chosen
must thus be re-evaluated throughout the investigation to ensure results
are physical and not model-dependent.
The construction of the model, which is summarised in Figure 3.1,
generally starts with one or more crystal structure of the enzyme under
study. The structures are acquired from the Protein Data Bank (PDB). 67
The ideal structure is one of high resolution that includes all relevant cofactors, coenzymes, catalytic water molecules, and preferably also a bound
substrate analogue. From the best available structure the most representative active site is selected and from this the model is manually cut. Information about hydrogen atoms is not available from X-ray crystallography,
and hence they must be added manually during model construction. Special attention then needs to be given to the protonation states of titratable
residues, which thus also have to be manually assigned.
The selection of residues to include is based on visual inspection, previous knowledge of the reaction mechanism, if known (or similar mechanisms if not), and other information such as results from the investigation
of mutation effects on activity or selectivity.
Amino acid residues are usually cut at the α-C, with hydrogen atoms
added in place of the backbone carbon atoms, thus finishing these residues
with a methyl group. In some instances the backbone atoms are not removed, however; either because the heteroatoms in the peptide linkage are
involved in a H-bond that is deemed beneficial or necessary to the model,
or to lend flexible structural support when two or more neighbouring
residues are kept. In some cases the backbone structure is deemed more
important for the outcome of the reaction than the side chains, and the
latter can then be removed, as can be seen in the model used in Paper II.
The geometric constraints of the enzyme structure are in the model accounted for by fixing atoms at the periphery of the model, at the points
of truncation. Generally only the truncated carbon atom is fixed, but for
residues that are found to excessively rotate during geometry optimisations, i.e. that rotate in a way that would be prevented by the surrounding
enzyme structure, the hydrogen atoms that have replaced the backbone
chain are also fixed. This adjustment of fixed atoms and other model improvements (such as inclusion of more residues) are made in the initial
phase of the study, by careful analysis of each optimised structure. As has
been shown in previous studies, if the goal of the study is distinguishing
18
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Figure 3.1. Overview of model construction methodology. The two available crystal structures of the WT enzyme TbSADH were superimposed. The residues and
cofactors were kept from structure 1YKF (depicted in grey and orange) and substrate position from 1BXZ (blue). Residues making up the active site, as well as
those deemed crucial for the mechanism were selected and subsequently truncated
to give the model. Atoms are fixed at truncation points, as indicated here by stars.
To fit the substrate in the active site the cofactor nicotinamide ring was rotated by
approximately 90◦ .

between suggested or plausible reaction mechanisms then a model consisting simply of the residues directly involved in the transfer of atoms or
the stabilisation of charges is needed. If the question is more complex,
or more accurate energies are needed such as for studies on enantioselectivity, then a larger part of the active site needs to be included 25–28 to
correctly mimic the three-dimensional structural constraints and electrostatics of the active site.
Where no substrate analogue is present in the crystal structure this
must be added manually, which was the case for the models presented in
this thesis. The absence of a substrate analogue is likely to have a structural effect on the active site, and the active ternary structure might thus
differ from that in the file obtained from the PDB. Adjustments, such as
the rotation of the cofactor described in Paper I, will thus have to be made
when the model is constructed. All plausible binding modes of the sub19
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strate must be thoroughly tested in order to find that which is most stable;
this is true also in the cases where an analogue is included, as the binding
of this might differ to that of the studied substrate.

3.2

Enantioselectivity in enzymes

The preference of an enzyme for a specific substrate or class of substrates
makes this macromolecule interesting, both from the perspective of basic
research and industrial applications.
There are different types of selectivities in chemical reactions, such
as chemo-, regio-, and stereoselectivity. Enantioselectivity is an example
of stereoselectivity, where one enantiomer is preferentially formed over
the other. Enantiomers are two molecules that are identical except for
the arrangement in space of atoms or groups, making the two molecules
non-superimposable mirror images of each other. Where they are distinguished by the arrangement at a chiral centre they are denoted by S or R,
respectively, based on their absolute configuration.
Experimentally, the outcome of an enantioselective reaction is described
by the enantiomeric excess (ee), commonly given as a percentage. Once
the amounts of each product, PS and PR , has been measured the % ee can
be obtained from equation 3.1 below.
%ee = 100 ×

|PS − PR |
|PS + PR |

(3.1)

Calculations yielding energies and experiments yielding ee can be related by the energy difference at the transition states of the two enantiomers, ∆∆G‡ , through the Eyring equation (equation 2.1).
As an illustrative example, the ratio of the rates of the two enantiomers
described in Figure 3.2 can be expressed as a ratio of their rate constants,
which is revealed in equation 3.2 below to depend on the difference between the barrier heights of the two reactions.
‡

‡

‡

∆G
∆G
‡
vR kcat,R e−∆GR /RT
(− RTR )−(− RTS )
=
e
=
=
= e∆∆G /RT
‡
vS kcat,S e−∆GS /RT

(3.2)

Thus a calculated relative energy difference can yield the ratio of rates,
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EPR
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Figure 3.2. In this example, the two enantiomers PS and PR are products of the same
prochiral substrate and are differentiated by the energy difference, ∆∆G‡ , of the two
transition states.

which in turn can be related to equation 3.1, by the expression in equation 3.3.
P − PR
ee = S
=
PS + PR

3.3

PS
PR
PS
PR

−1
+1

=

e∆∆G
e

‡ /RT

∆∆G‡ /RT

−1
+1

(3.3)

Computational details

All calculations on which this thesis is based were made with the Gaussian 09 68 software suite, using the B3LYP functional. 48 The most stable
geometries were found for each stationary point by optimisations with the
6-31G(d) basis set for all atoms except the Zn, for which an effective core
potential (ECP), LANL2DZ, was used. The use of an ECP reduces the
computational cost by only treating the valence electrons on the Zn with
a double-zeta basis set and approximating the many core electrons, which
are essentially inactive, with a pseudo-potential. At this level of theory
the geometries are well described 51–54 but the energies are subsequently
improved by performing single-point calculations on the optimised stationary point structures with basis sets 6-311+G(2d,2p) and LANL2DZ,
the latter again for the metal. In addition, the force constants were calculated, yielding the zero-point vibrational energy (ZPE), and the effect of
this was added to the electronic energy.
In this methodology the steric constraints of the enzyme structure sur21
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rounding the active site are accounted for by fixing the atoms as described
in Section 3.1. In the real system the surrounding enzyme structure also
electrostatically influences the active site. Therefore, a solvation calculation is performed at the optimisation level of theory to add to the final
energy what is essentially an effect of the active site being solvated by the
electrostatic field of the surrounding residues. The conductor-like polarisable continuum model (CPCM) was used for this, 69–72 with the dielectric
constant ε set to 4.
As seen in Paper I and as discussed in Section 2.5, it is crucial to account for dispersion effects in these models. In Paper I this was added as
a single point B3LYP-D3(BJ) 61 correction to the energies. In Paper II, the
same dispersion correction was included in the iterations of the optimisation procedure.
In this thesis the energy values presented are not taking into consideration the entropy effects, and hence correspond to the enthalpy of the
system rather than the Gibbs free energy.
The entropy effects are significant in such cases where there is a difference in molecularity between the forward and reverse reaction, for example when gaseous reactants or products are involved. 26,73,74 In the reactions of the TbSADH enzyme presented in this thesis neither of these
situations are true, and the effect of entropy on the relative energies can
thus be assumed to be negligible.
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Chapter 4
Quantum Chemical Modelling
of Alcohol Dehydrogenase
This thesis is based on two computational studies of the enzyme TbSADH,
a bacterial secondary alcohol dehydrogenase. In the first study, the main
aim was to investigate the reaction mechanism of the enzyme and subsequently reproduce and rationalise the enantiopreference of the enzyme for
two relatively small linear aliphatic alcohols. The second study builds on
the first, but here the focus was construction of a model to study the enantioselectivity of the enzyme on more industrially interesting substrates,
namely a family of axially chiral 4-alkylidene cyclohexanones.
Highly selective reactions on larger, more complicated molecules such
as these can be difficult to achieve using traditional, purely chemical, catalytic methods, and hence there is a need to study them in an enzymatic
context. A deep, atom-level, understanding of the mechanism and selectivities might allow for the use of this and related enzymes and substrates
in industrial biocatalysis, saving time and resources – both financial and
(crucially!) environmental.
A further benefit of these studies is the continuous assessment of the
strengths and limitations of the quantum chemical cluster modelling methodology, a computational method of active site analysis that is still fairly
young, and that has been able to allow ever more complicated biochemical problems to be addressed with the increase in computational power.
The studies presented in this thesis are at the very limit of what can be
achieved with DFT today.
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4.1

Mechanism and stereoselectivity (Paper I)

In order to correctly describe and rationalise the outcome of a chemical
reaction the reaction mechanism must first be confirmed. If there is a
choice of pathways, that of the lowest energy will be the most prominent,
if not exclusive. Thus, computational chemistry is an excellent tool for
investigating the most probable reaction mechanism. Computers allow
the energetics of various pathways to be calculated and compared with
each other, and with experimental data, thus yielding useful mechanistic
insights.
The enzyme TbSADH catalyses the reversible interconversion of alcohols and ketones. As described in Chapter 1, the generally accepted mechanism for ADHs is the stepwise transfer of proton and hydride (Scheme
1.1), where the former occurs through a proton shuttle to a surface-residing
histidine residue, 13–15,17,18 and the latter requires the presence of a cofactor, NADP+ / NADPH. 5,7 The substrate coordinates via its oxygen atom to
a catalytic zinc ion (Zn2+ ) in the active site.
The source of enantioselectivity in this enzyme is hypothesised to stem
from the steric demands of the substrate substituents in combination with
the available space in the two hydrophobic binding pockets of the active
site. 6,13,14,75–77 The smaller pocket can be seen from the available crystal structures to consist of Ala85, Ile86, Leu294, and Cys295, whereas
a larger pocket is defined by the residues Ser39, Trp110, Tyr267, and
Met285 (from an adjacent chain), 78–81 as indicated in Figure 4.1. The rationalisation of selectivities is also accomplished computationally on the
basis of energetics, as described in Section 3.2.

Zn2+

Trp110
Ser39

Ala85

HO
R1

R2

Tyr267

Ile86
Cys295

H
Met285

Leu294
NADP+

Figure 4.1. Schematic of the large and small hydrophobic pockets in TbSADH. For
2-butanol the R-groups are –Me (–CH3 ) and –Et (–CH2 CH3 ), whereas for 3-hexanol
they are –Et (–CH2 CH3 ) and –nPr (–CH2 CH2 CH3 ). The relative position of these
groups as R1 and R2 differentiates the two enantiomers of each substrate. (Figure
altered from Paper I.)
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To analyse the mechanism and sources of selectivity for TbSADH two
acyclic aliphatic alcohols were chosen, namely the 2-butanol, which is included in one of the available crystal stryctures of the enzyme 79 (this is an
apo-structure, meaning it lacks the NADP cofactor), and the slightly larger
3-hexanol. Experimentally, TbSADH shows a very interesting reversal of
enantioselectivity for the ketone reduction on the slight extension of the
carbon chain in going from 2-butanone (28-48% (R)) to 3-hexanone (9697% (S)). 6,19

Results
There is no ternary X-ray structure available for TbSADH, that is no structure containing everything needed for modelling: the amino acid residues
makung up the enzyme in their active (folded) form, cofactors, and substrate, product, or substrate analogue. Thus, the two available crystal
structures, one holo-structure containing the cofactor but no substrate or
analogue, 78 and the above mentioned apo-strucure containing a 2-butanol
substrate, 79 were combined to make a starting structure as described earlier in Section 3.1 and Figure 3.1. In this case, the final model used consisted of 306 atoms for the 2-butanol substrate, and 312 atoms for the
3-hexanol (see Figure 4.2). For a quantum mechanical model, this is considered to be large.
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Figure 4.2. On the left is a schematic of the model used, showing included residues
and fixed carbon atoms (indicated by asterisks). On the right is the optimised model
for the S-2-butanol binding mode (uES-S-but). (Figure altered from Paper I.)

The reaction mechanism is in practice found by identification of the
25
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lowest energy structures of its stationary points through geometry optimisations of the plausible alternatives. Following geometry optimisations
and analysis of the system here investigated, it was found that for the two
enantiomers of 2-butanol the lowest energy binding modes were unreactive (uES-R-but and uES-S-but). The hydrogen atom on the chiral carbon
was here pointing away from the cofactor, to which it is transferred as
a hydride during the oxidation reaction. Counterintuitively, the lowest
energy binding mode overall (the uES-S-but seen in Figure 4.2) has the
ethyl group, the larger of the two substituents, in the smaller hydrophobic
pocket and the smaller methyl group in the larger pocket. It was found
from the calculations presented in Paper I that this preferential binding
of the ethyl group in the smaller pocket was due to stabilisation effects
from the attractive dispersion interactions between the ethyl group and
the small pocket residues, in particular Ile86.
The reactive binding modes were not prohibitively higher in energy,
which is important as the reaction can only go on from there, but for the
correct description of the energetic barrier heights the unreactive binding modes must be considered in the modelling. The unreactive binding
modes have, to our knowledge, not previously been considered in previous computational work on ADHs.
Following a thorough analysis of the stationary points along the reaction coordinates for the two enantiomers of 2-butanol, the potential energy surfaces (PESs) in Figure 4.3 were obtained. It should be noted that
the details of the proton transfer energetics were not calculated, but this
step is not crucial for the selectivity as it is not rate determining. 17 The
calculated energy barrier of 13.4 kcal/mol was consistent with the experimental value of kcat (21,032 min−1 at 40◦ C), 8 which according to TST
translates to a barrier of around 15 kcal/mol. This is a good indication
that the calculated mechanism is consistent with that actually occurring
for this system. Furthermore, the calculated relative difference in barrier
height, ∆∆E ‡ , of the two enantiomers of 1.3 kcal/mol in favour of the (R)enantiomer is in good agreement with the 0.3-0.6 kcal/mol obtained from
the experimental ee values (28-48% (R)). 6,19
For the 3-hexanol the (R)-enantiomer was found to give the lowest energy structure (uES-R-hex). Again, this corresponds to the unproductive
binding mode where the ethyl substituent is in the smaller of the two hydrophobic pockets. For the 3-hexanol the other substituent is a propyl
group, which does not fit readily in the smaller pocket. Hence, for the
structures where the propyl group is located in this smaller volume, steric
26
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Figure 4.3. Calculated energies of the stationary points for 2-butanol oxidation in
the enzyme TbSADH (Figure altered from Paper I).
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destabilisation of the system is seen that is not compensated by attractive
dispersion effects, which explains the higher energy along the reaction coordinate for the (R)-3-hexanol in its reactive conformation. The calculated
PESs obtained for the enantiomers of this substrate is given in Figure 4.4,
again without the details of the proton transfer.
21.9
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Figure 4.4. Calculated stationary points for the 3-hexanol oxidation in the enzyme
TbSADH (Figure altered from Paper I).

The barrier obtained in the calculations was in agreement with reported experimental data of the relative rates of the reduction of 2-butanone
and 3-hexanone. 11,19 The calculated ∆∆E ‡ for the two enantiomers of 327
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hexanol of 4.2 kcal/mol was slightly overestimated compared to the experimental value of around 2.5 kcal/mol given by the reported % ee of (9697% (S)). 6,19 The cause of this overestimation was attributed to the model
being too rigid to correctly describe the larger propyl group in the smaller
pocket. In reality, the flexibility of the enzyme would allow some relaxation from this repulsion, but in the calculations the fixed coordinates are
likely to cause a slightly exaggerated steric repulsion for the structures
where the propyl group is in the small pocket, for example for the TS-Rhex. Crucially however, the calculations show the enzyme preferring reaction with the (S)-enantiomer of 3-hexanol over the (R)-enantiomer, and
thus the correct selectivity was obtained. Furthermore, the interesting experimental size-dependent reversal of enantioselectivity seen for the two
substrates was reproduced by our calculations, and shown to depend on
the fine balance of steric repulsion and attractive dispersion interactions
between the substituents and the residues in the active site.

Conclusions
The calculations reported here on the biocatalytic action of the enzyme
TbSADH on two acyclic aliphatic alcohols lend further support to the
mechanism suggested for other alcohol dehydrogenases. The rates of the
reactions were in line with with experimental data. Furthermore, reproduction and rationalisation of the reversal of enantiopreference that the
enzyme shows for these two substrates was accomplished. The selective behaviour in these cases was shown from the computational results
to be determined by the preference of the ethyl group for the smaller
active site binding pocket in TbSADH, as has been hypothesised previously. 6,76,82,83 Remarkably however, this quantum mechanical study was
furthermore able to show that the source of this preference is the fine balance between steric- and dispersion interactions of the substituents with
individual residues in the active site. The ability of the methodology to
capture the very small energy differences causing the enantioselective behaviour, and the fine but crucial details of the energetics accompanying
such a small change in substrate size, is another testament to its strength
and utility in computational biocatalysis.
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4.2

Assessment of protocols for axially chiral
alcohols (Paper II)

The enantioselective behaviour of TbSADH has been further tested in experiments by Reetz and coworkers on a family of 4-alkylidene cyclohexanone substrates. Upon reduction these ketones yield axially chiral alcohols that can, for example, serve as precursors for liquid crystal applications. 84 The wild-type enzyme gives modest to high ee values for the
reduced products, but improvements were seen upon single-point mutations of the enzyme, in some cases accompanied by selectivity reversal.
O

H OH

HO H

TbSADH
and/or

R

(Ra )

R

(Sa )

R

Scheme 4.5. The axial chirality of the alcohol product following reduction of a 4alkylidene cyclohexanone substrate is determined by the relative arrengements of
the incoming hydride and the substituent R. In the study by Reetz and co-workers
R = Br, Me, Ph, CO2 Et, or CO2 iPr. 84 For the computational work presented here
the substrate with R = Br, 4-(bromomethylene)-cyclohexan-1-one, was investigated.
(Figure altered from Paper II)

In contrast to the substrates in Paper I, the chirality of the product
alcohols is here determined by a combination of the arrangement of atoms
on the hydride-accepting carbon atom and the direction in space of the
alkylidene substituent, as seen from Scheme 4.5.
The designation of these alcohols as axially chiral is not uncontroversial. One could argue that the carbon atom that has accepted the hydride
is in fact a chiral centre. This is of no consequence for the analysis or the
conclusions made herein, but the naming of the alcohol products would
differ. The work presented in this part of the thesis is focused on the experimental paper by Reetz and co-workers, and thus the naming convention
used therein has been applied in order to minimise confusion. Here however, the subscript "a"is included to emphasise the axial nature of the (R)and (S)-classification of the enantiomers.
The quantum chemical cluster modelling methodology has previously
been shown to be successful for a range of enantioselective enzymatic re29
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actions, as discussed in Section 4.1, but axial chirality has not previously
been assessed. Thus, the reduction of 4-(bromomethylene)-cyclohexan-1one was chosen here as an interesting case to test the boundaries of the
methodology. Furthermore, the size of the substrate in relation to that of
the active site necessitated the evolution of the model construction protocols used in the methodolgy, and the assessment of their revisions. This is
thus the focus in Paper II.

Results
The 4-(bromomethylene)-cyclohexan-1-one was shown in experiments to
yield the (Ra )-enantiomer on reduction by wild-type TbSADH, with an ee
of 66%. 84 This corresponds to an TS energy difference of 0.8 kcal/mol, in
favour of the (Ra ). Thus, the models constructed and described herein are
evaluated based on their performance in reproducing this energy difference for the two enantiomers.
The reaction mechanism was assumed to be that confirmed for the
smaller substrates in Paper I (see Section 4.1) and was not further studied
here. Instead, the focus was on relative transition state energies of the possible hydride transfer alternatives. The (Ra )-alcohol is obtained when the
hydride attack from cofactor to the carbonyl carbon on the substrate occurs on the Si-face of the substrate, and conversely the (Sa )-enantiomer by
Re-face attack. The direction of attack is determined by the mode of binding of the substrate in the active site. A cyclohexanone ring in the chair
conformation was calculated to be the most stable, both in gas-phase and
within the enzyme. However, the two flipped versions of the chair must
also be considered within the bounds of the active site as they therein lose
their degeneracy. Thus, investigations on two chair conformations for each
binding mode were necessary, with the substituent end of the alkene directed both towards and away from the NADPH cofactor, labelled d for
"down" and u for "up", respectively. The difference is visualised in Figure
4.6.
The TbSADH active site model used in the previous study was believed
to be too rigid for the large cyclohexanone substrate and thus needed to
be extended. In an effort to allow the system the flexibility needed to
accommodate a substrate of this size, an initial model of 885 atoms was
cut out from the crystal structure. In theory, by optimising the transition state geometries of the substrate in this very large model a less rigid
– and thus less strained – structure should be obtained than if a smaller
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Figure 4.6. Two of the transition state geometries for the 4-(bromomethylene)cyclohexan-1-one substrate (green) in the active site of TbSADH. The cyclohexanone
ring is in the chair conformation, with the alkene pointing either "up" (u) or "down"
d with respect to the cofactor position. The large binding pocket is indicated in blue
and the smaller one in pink. Only a few residues are included for clarity. For Si-face
transfer, the bromine substituent points in the other direction, but the geometries
are otherwise comparable. (Figure altered from Paper II.)

model was cut out directly from the crystal structure, since the fixed coordinates are further away from the substrate in the former case. Quantum
mechanical calculations on such large systems are far from routine, and
these calculations were only achievable with a smaller basis set than in
our standard optimisation methodology. Once optimised, this very large
model was then cut to the final model, consisting of 374 atoms, which still
constitutes a very large QM model. Figure 4.7 shows a schematic of the
models.
The model construction protocols developed are shown in the overview
in Figure 4.8, and are described in more detail below. The three protocols
differ in the way the large structure is prepared, and in how the small
model is cut from the large. The protocols were designed in a systematic
way, each trying to remedy the potential weakness of the one before it.
The need for added flexibility led to Protocol 1 as described above.
Once optimised, the 885-atom models with the substrate in its four plausible transition state geometries were analysed and one selected as that
from which the 374-atom model should be cut. This choice was made on
the criterion that it should be able to reach the active site geometries (in
terms of rotations of the residues and movement of the substrate) seen for
the other structures.
Into this 374-atom model the four TS geometries were reinserted. The
structures were subsequently geometry optimised, and all corrections applied. The effect of the way in which dispersion was accounted for was
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Figure 4.7. Schematic of the extended models used in the investigations. In black
can be seen the model used in Paper I. The blue colour represents the extension to the
374-atom model used in Paper II. Pink residues are those completing the 885-atom
model. The substrate position is indicated in green. (Figure altered from Paper II.)
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Protocol 1
X-ray structure

re-u
re-d
si-u
si-d

No Br

re-u
re-d
si-u
si-d
si-2-u

No Br

re-u
re-d
si-u
si-d
si-2-u

Protocol 2
X-ray structure

Protocol 3
X-ray structure

re-u
re-d
si-u
si-d

re-u
re-d
si-u
si-d
si-2-u
re-u
re-d
si-u
si-d
si-2-u

Figure 4.8. Outline of the model construction protocols. The pink boxes represent
885-atom model calculations, and those in blue the 374-atom model calculations.
The arrows indicate the number of models prepared, and from which structure they
were cut. (Figure from Paper II.)

analysed. Both the methods of adding dispersion by including it in each
iteration of the optimisation procedure and adding it afterwards as a correction yielded the opposite selectivity as compared to experiments, see
entries 1a and 1b in Table 4.1. Furthermore, the observed large difference
in energy between the two methods of accounting for dispersion was interpreted as an indication of problems with the model, as they generally
are rather similar. It was concluded that in this case, again due to the size
of the substrate, there might be a risk of overestimation of steric repulsion
if the dispersion is not included in the iterations of the geometry optimisation, and thus this method was used henceforth.
One major concern for large computational models is the risk of comparing energies of structures that are not in comparable places on their
potential energy surface. A geometrical difference between two optimised
structures that is not a consequence of movement along the reaction coordinate will place the two structures in different local minima on the PES.
For the enzymatic models described here, this usually corresponds to rotations of the amino acid residues. In general, the energy difference of
such a small change is negligible, but in a large model the cumulative effect might be significant. Furthermore, these rotations are more readily
noticed in a smaller model than in a large one, as the comparison is made
by visual inspection.
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In a bid to reduce the risk of such multiple minima effects being inherited from the initial 885-atom model calculations, the model construction method was revised. In Protocol 2, an initial relaxation optimisation
from the crystal structure was performed, using the 885-atom model and
a generic version of the substrate where the substituent bromine was replaced by a hydrogen atom. The energy decrease of this first optimisation
is very large, and this makes it more likely that the different geometries
end up in very different minima.
At this point, a further plausible binding mode had been identified.
The five substrate TS structures were inserted into the output from the
generic 885-atom model calculation, geometry optimised, and the 374atom model cut as in Protocol 1. However, as seen in Table 4.1, the second
protocol was also unable to reproduce experimental values.
When designing Protocol 3 the need was identified to minimise the
risk of model bias occurring upon cutting the 374-atom models from the
same 885-atom model. Cutting them instead from their respective 885atom model was thought to be a more realistic representation of the system. Computationally, this means that the fixed atoms end up at slightly
different positions in space, and hence they are not in the same minima.
However, these minima are likely to be a consequence of the differences in
the substrate binding and thus the difference can be assumed to be acceptable. The structures obtained in Protocol 3 appeared less strained than for
the previous protocols, thus indicating a valid assumption. However, the
results were still not in line with the experimental data, as shown in Table
4.1.
Table 4.1. Calculated and experimental differences in transition state energies of the lowest Si- and Re-face hydride transfers (∆ESi−Re ) for the three protocols. Values in kcal/mol.

∆ESi−Re
Protocol

Calc

Exp

1a
1b
2a
3a

+6.6
+0.4
+7.5
+4.2

-0.8

a Dispersion included in each iteration

of the optimisation procedure.
b Dispersion added as a correction to the
final energy.
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It was concluded that the model was unable to reproduce selectivity of
the WT enzyme for this substrate, giving the opposite enantioselectivity
compared to experiment for all protocols. However, interesting conclusions and predictions might be made if the model could reproduce the
experimental trends seen for the changes in selectivity for mutants of the
enzyme, regardless of the WT energies being inconclusive.
Thus, two mutants were selected, W110A and I86A, which show an increased selectivity for (Ra )-alcohol (82% (Ra )) and a complete reversal to
the (Sa )-enantiomer (98% (Sa )), respectively. 84 Furthermore, these mutations have been shown to allow the enzyme to act on larger substrates. 81,85
Protocol 3 was applied to these mutants, with the mutations being done
manually in the crystal structure before the initial 885-atom geometry optimisation. The results are summarised in Table 4.2.
Table 4.2. Results from the mutants investigated using Protocol 3. Calculated and experimental differences in transition state energies of the lowest Si- and Re-face hydride
transfers (∆ESi−Re ), and the trends in enantioselectivity compared to the wild-type enzyme (∆∆ESi−Re ). Values in kcal/mol.

∆ESi−Re

∆∆ESi−Re

Mutant

Calc

Exp

Calc

Exp

WT
W110A
I86A

+4.2
+0.5
-2.4

-0.8
-1.4
+2.7

0.0
-3.7
-6.6

0.0
-0.6
+3.5

Interestingly, as for the WT enzyme, the mutated enzymes give the opposite calculated selectivity for the ketone reduction compared to experiments. For the W110A the trend towards less (Sa )-alcohol, indicated by
a negative value of ∆∆ESi−Re , appears to have been reproduced – but only
just. The trend for the mutant I86A towards more of the (Sa )-enantiomer
is not reproduced.
The inability of the models described above to reproduce the experimental enantioselective behaviour of TbSADH was ultimately attributed to the
size of the substrate, since previous studies on this enzyme with smaller
substrates were successful, as described in Section 4.1. A large substrate
compared to the active site requires great flexibility in the model. The
combination of the 885- and 374-atom models were evaluated for the
needed flexibility, but proved insufficient. The reasons for the failure of
Protocol 3 to describe the system was concluded to be due to the rigidity
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of the model in combination with possible rearrangements in the system
upon substrate binding. It cannot be ruled out that multiple minima issues have also contributed. Molecular dynamics (MD) simulations and/or
a crystal structure with a large substrate analogue would shed valuable
light on the cause(s), and would give a good starting structure from which
to perform further quantum chemical investigations.
Nonetheless, the protocols described herein represent thorough model
construction methodologies which might be successfully used for investigations of the behaviour of other enzymes and/or substrates.

Conclusions
For the enantioselective reduction of 4-(bromomethylene)-cyclohexan-1one in TbSADH, the model construction protocols devised within the quantum chemical cluster modelling methodology and presented here have
been unable to reproduce experimental data. The size of the substrate
necessitated the systematic development of new protocols, and very large
models. This field of study, quantum chemical investigations of asymmetric enzymatic catalysis, is still rather new, and though its strengths have
been shown on numerous occasions it is not without its limitations. As
computational power increases, the size of the systems studied can increase allowing new chemical questions to be answered. However, with
this new power comes problems such as that of multiple minima. Furthermore, the methodology is unable to describe large rearrangements of
the enzymatic structure that may well be important when substrates are
very large compared to the size of the active site.
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Conclusion and Future Outlook
This thesis has described the quantum chemical modelling of the enantioselective reactions of a bacterial alcohol dehydrogenase. The computational results suggested that the reaction mechanism described for other
enzymes of this class also holds for TbSADH.
The enantioselective behaviour seen for smaller aliphatic acyclic alcohols was reproduced, and with that the very interesting reversal of selectivity seen on a slight increase in substrate size. Detailed structural and
energetic analysis revealed the source of this reversal to be the preferential binding of the ethyl substituent in the smaller of the two active site
binding pockets, which in turn is caused by a fine balance of steric repulsion and attractive dispersion effects. With these results the utility of
the methodology to serve as a complement to experiments in rationalising and predicting asymmetric enzymatic reactions has once again been
demonstrated.
The computationally challenging investigation of the reduction of large
and industrially interesting ketones to axially chiral alcohols necessitated
the development of new model construction protocols. The investigation
highlighted the need for extreme care in removing model bias and reducing the effects of multiple minima when very large quantum mechanical
models are used. The flexibility in the models were in the end concluded
not to be sufficient to reproduce the behaviour of the enzyme in forming the axially chiral alcohol products. However, the model construction
protocols established – and the demonstration that models of nearly 900
atoms are now becoming a realistic option in quantum mechanical investigations – will be of great use in the continuous advancement of the
field. X-ray structures and/or MD simulations with large substrates or
analogues in combination with calculations using the developed protocols
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would represent an interesting progression on the findings of this study.
The results presented herein may serve as a stepping stone for both
experimental and industrial applications of TbSADH, and for future theoretical modelling of enzymatic reactions, thus benefiting the increasingly
important field of biocatalysis.
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