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To my family.

"Science may set limits to knowledge, but should not set limits to imag-
ination."

—Bertrand Russel
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Abstract

Mats Linder 2012
Doctoral Thesis: "Computational studies and design of biomolecular Diels-
Alder catalysis"
Applied Physical Chemistry, Chemical Science and Engineering,
KTH Royal Institute of Technology, S-100 44 Stockholm, Sweden.

The Diels-Alder reaction is one of the most powerful synthetic tools in
organic chemistry, and asymmetric Diels-Alder catalysis allows for rapid con-
struction of chiral carbon scaffolds. For this reason, considerable effort has
been invested in developing efficient and stereoselective organo- and biocata-
lysts. However, Diels-Alder is a virtually unknown reaction in Nature, and to
engineer an enzyme into a Diels-Alderase is therefore a challenging task. De-
spite several successful designs of catalytic antibodies since the 1980’s, their
catalytic activities have remained low, and no true artificial ’Diels-Alderase’
enzyme was reported before 2010.

In this thesis, we employ state-of-the-art computational tools to study the
mechanism of organocatalyzed Diels-Alder in detail, and to redesign existing
enzymes into intermolecular Diels-Alder catalysts. Papers I–IV explore the
mechanistic variations when employing increasingly activated reactants and
the effect of catalysis. In particular, the relation between the traditionally
presumed concerted mechanism and a stepwise pathway, forming one bond
at a time, is probed. Papers V–X deal with enzyme design and the compu-
tational aspects of predicting catalytic activity. Four novel, computationally
designed Diels-Alderase candidates are presented in Papers VI–IX. In Pa-
per X, a new parameterization of the Linear Interaction Energy model for
predicting protein-ligand affinities is presented.

A general finding in this thesis is that it is difficult to attain large transi-
tion state stabilization effects solely by hydrogen bond catalysis. In addition,
water (the preferred solvent of enzymes) is well-known for catalyzing Diels-
Alder by itself. Therefore, an efficient Diels-Alderase must rely on large bind-
ing affinities for the two substrates and preferential binding conformations
close to the transition state geometry. In Papers VI–VIII, we co-designed
the enzyme active site and substrates in order to achieve the best possible
complementarity and maximize binding affinity and pre-organization. Even
so, catalysis is limited by the maximum possible stabilization offered by hy-
drogen bonds, and by the inherently large energy barrier associated with the
[4+2] cycloaddition.

The stepwise Diels-Alder pathway, proceeding via a zwitterionic inter-
mediate, may offer a productive alternative for enzyme catalysis, since an
enzyme active site may be more differentiated towards stabilizing the high-
energy states than for the standard mechanism. In Papers I and III, it is
demonstrated that a hydrogen bond donor catalyst provides more stabiliza-
tion of transition states having pronounced charge-transfer character, which
shifts the preference towards a stepwise mechanism.
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Another alternative, explored in Paper IX, is to use an α,β-unsaturated
ketone as a ’pro-diene’, and let the enzyme generate the diene in situ by gen-
eral acid/base catalysis. The results show that the potential reduction in the
reaction barrier with such a mechanism is much larger than for conventional
Diels-Alder. Moreover, an acid/base-mediated pathway is a better mimic of
how natural enzymes function, since remarkably few catalyze their reactions
solely by non-covalent interactions.

Keywords: Computational chemistry · Density functional theory · Enzyme
design · Molecular modeling · Organocatalysis · Stepwise Diels-Alder ·

Oxyanion hole
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Chapter 1

Introduction

1.1 Diels-Alder and catalysis

This thesis deals with the development of efficient computational methods for the de-
sign and engineering of enzyme catalysis. We target a reaction that is one of the most
enigmatic, yet attractive in organic and synthetic chemistry – the Diels-Alder reaction.

The Diels-Alder reaction is accredited to Otto Diels and Kurt Alder,1 who laid the
foundation for intense research on cycloadditions during the past century. Its importance
for modern synthetic chemistry has been enormous, and was to some extent forseen by its
discoverers in their 1928 paper:2

"Thus it appears to us that the possibility of synthesis of complex compounds
related to or identical with natural products such as terpenes, sesquiterpenes,
perhaps even alkaloids, has been moved to the near prospect."

The reaction is now a mandatory part of organic chemistry textbooks and is commonly
represented as in Figure 1.1a. More details on Diels-Alder are provided in Chapter 3.

Catalysis is one of the most fundamental phenomena in chemistry, and a prerequisite
for life itself. The origin of life is arguably also the origin of sophisticated catalysis. Albeit
ancient in Earth’s history, catalysis was unknown to chemists until the early 1800’s, when
Jöns Jacob Berzelius first attempted to describe the increasing observations of unaccounted

Figure 1.1: (a) Schematic representation of a generic Diels-Alder reaction. (b) The
prospect of enzyme-catalyzed Diels-Alder: Four sp2 carbons are re-hybridized to sp3

with potentially four new stereocentra. The illustration shows how the transition
state can hypothetically be aligned in the enzyme’s active site.

1
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Table 1.1: Example of drugs and potential medicinal agents where a Diels-Alder
reaction is used as part of the synthesis.2,4

Compound Functiona Type of addition
Reserpine Antihypertensive Intermolecular
Prostaglandine F2α Multifunctional fatty acid Intermolecular
Estrone Female hormone Intramolecular
(+)-Manzamine A Multiple activities Intramolecular
(+)-Tubelactomicin A Antibiotic Intramolecular
X-14547A Antibiotic Intramolecular
Myrocin C Antibiotic, antitumor Inter+intramolecular
(+)-FR182877 Antitumor Intramolecular
(±)-Dynemicin Antitumor Inter+intramolecular
(±)-Pinnatal Antimalaria Intramolecular, hetero

aAn excerpt. Additional functions may exist.

rate accelerations. He wrote in the ’Annual review of progress in physics of chemistry of
the Royal Swedish Academy of Sciences’:3

"It is then shown that several simple and compound bodies, soluble and insol-
uble, have the property of exercising on other bodies and action very different
from chemical affinity. The body effecting the changes does not take part in
the reaction and remains unaltered through the reaction. This unknown body
acts by means of an internal force, whose nature is unknown to us. This new
force, up till now unknown, is common to organic and inorganic nature. [...]
I will [...] call it the ’Catalytic Force’ and I will call ’Catalysis’ the decompo-
sition of bodies by this force, in the same way that we call by ’Analysis’ the
decomposition of bodies by chemical affinity."

Today, catalysis is exploited in countless industrial applications, and its fundamental
mechanics is well understood. We are also well aware of the role catalysis plays in life, a role
executed by enzymes. However, fine-tuning catalysis is all about subtleties. When utilized
successfully, catalysis is the most powerful tool in chemistry, but a small miscalculation
regarding structure, stability, solubility, pKa or temperature dependence can render the
catalyst useless. This is the reason why catalysis today, almost 200 years after its discovery,
is a vibrant research field including everything from heterogeneous catalysis of pollutant
reduction to asymmetric drug synthesis.

1.1.1 Importance of the Diels-Alder reaction
The synthetic utility of the Diels-Alder reaction cannot be overstated.2 Table 1.1 gives
a variety of biologically and medicinally important molecules where Diels-Alder has been
used as a synthetic step. Given the continuous research to find molecular drugs to battle
deceases like cancer, malaria or HIV, which typically must possess several stereocentra to
bind to its biological target, the Diels-Alder reaction is likely to remain important as a
source of stereogenic carbons.2
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In view of the superb stereoselectivities and rate enhancements displayed by enzymes
(see Chapter 4), the idea to design a biocatalyst for asymmetric Diels-Alder synthesis
seems obvious (but far from trivial). Because two new single bonds are formed in one
step, up to four chiral centers can be created (Figure 1.1b), compared to two centers in a
one-bond reaction. To form the desired isomer, exquisite stereocontrol is required, which
is a task seemingly well-suited for an enzyme.

Although the majority of entries in Table 1.1 are examples of intramolecular reactions,
the work presented herein is mainly concerned with catalysis of the intermolecular variant.
This is a more general but arguably more challenging task, as further discussed in Chapter
4.

1.1.2 Enzymes at work
Apart from the enzymes that have been indirectly employed in food and beverage produc-
tions for centuries, we have in recent history begun to use them for more complicated tasks.
Besides their use in detergents, enzymes are today used in the production of well-known
chemicals such as aspartame, acrylamide and high fructose corn syrup, all manufactured
at a multi-ton scale.

The interest for enzymes for the production of pharmaceuticals has increased more
recently.5,6 An early example is the use of pyruvate decarboxylase to produce (R)-
phenylacetycarbinol7 which is a precursor to (–)-ephedrine, a process now at full industrial
scale. Today, an increasing number of patents for drug synthesis involve enzymatic steps,
not seldom using engineered variants.8

The increased understanding of how enzymes work, how they can be manipulated,
stabilized and engineered, is likely to allow for previously unaccessible synthetic pathways
in fine chemical synthesis. Or, equally important, to make existing ones ’greener’.

1.2 Green chemistry and enzyme engineering

A major challenge for chemistry and chemical engineering for the future is to shift away
from toxic and environmentally harmful chemicals and/or processes. In view of the poten-
tial threat of global warming due to excessive energy consumption, the shift also includes
energy-intensive processes, such as reactions run at high temperatures and pressures.

The concept of Green Chemistry was defined in 1991, in conjunction to the passing
of the American Pollution Prevention Act.9 Green Chemistry can be seen as a modern
modus operandi for all chemical practices, designed to minimize the production of waste
and harmful substances. In 1998, Paul Anastas and John C. Warner formulated ’the
12 principles of Green Chemistry’,10 which concretize what Green Chemistry means in
practice. Among the most prominent are waste prevention, atom economy, employing
safer solvents and auxiliaries, energy efficiency, renewable feedstocks and catalysis.

Using enzymes in catalytic processes is hence perfectly in line with the philosophy
of Green Chemistry.8,11 Not only are they specific, stereoselective and efficient, they
work best in the least toxic solvent of all: water. Finally, enzymes are biodegradable
and can effectively be cultivated in bacteria known as the "microbial weeds."11 One can
easily envision future chemical plants where organic solvents have been replaced by water,
and either bacteria or immobilized enzymes doing the job previously done by rare-earth



4 CHAPTER 1. INTRODUCTION

metals. Complete understanding and control of enzyme structure-activity relationships
and dynamics may allow us to design biocatalysts for any given chemical transformation.

Of course, science is still far from such a goal. As always when man attempts to
tame Nature we find ourself coming short. In the scientific context, we lack the tools and
theoretical models to be able to describe in detail all events occurring when an enzyme
is at work. However, there is an ongoing, rapid development of methods, in particular
computational tools, that have lead to remarkable progress even during the relatively few
years the author has worked on this thesis.

A recent, prominent example of using an engineered enzyme for ’greening’ a synthetic
process is a report by Savile et al.,12 in which the authors used a combination of com-
putational and experimental tools to replace rhodium-based catalyst for the synthesis of
sitagliptin. Sitagliptin is an important antidiabetic drug, and the authors proposed that
their engineered enzyme could be used for large-scale manufacture. Clearly, the strategies
used for enzyme engineering, more thoroughly described in Chapter 5, are beginning to
mature.

1.3 Scope and goal of this thesis

The Diels-Alder reaction, more thoroughly introduced in Chapter 3, is extremely rare in
biological systems13 despite its tremendous importance in organic chemistry. Therefore, it
is a suitable target reaction for a project that aims to design novel biocatalysts: challenging
but synthetically very useful. The aim of this thesis, in terms of enzyme design, has been
to design two or more ‘Diels-Alderases’, which can be expressed and tested in in vitro
experiments. (Experimental work has not been a part of the thesis.) In a more general
perspective, we have sought to develop methods for quick and reliable in silico enzyme
design and validation, viable for any target reaction.

In addition, we have studied the mechanistic aspects of the Diels-Alder reaction in
some detail. This is the topic of Papers I–IV. In particular, the energetic relationship
between several possible reaction pathways has been investigated, and the implications for
organic and enzymatic catalysis have been discussed. Papers V–XI deal with enzyme
modeling and design.

The thesis is disposed as follows. Chapter 2 gives an overview of the theory and range
of methods used, including reaction kinetics, ab initio methods and other computational
tools. In chapter 3, the Diels-Alder reaction is introduced, while Chapter 4 describes
the structure and nature of enzymes. Chapter 5 is an overview of various enzyme design
strategies, including the role of the rapidly growing computational toolbox in modern
research. Chapter 6 summarizes the results obtained in Papers I–IV while Chapter 7
presents our work on enzyme design as reported in Papers V–X. Paper XI is a review
article and will not be explicitly discussed other than as a reference where appropriate.
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Methods and Background
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Chapter 2

Theoretical & Methodological Overview

This chapter introduces the theoretical fundamentals and computational tools used during
the work with this thesis. These tools are often referred to as computational chemistry.
The methods and equations presented herein are referred to as needed throughout the
thesis, but should not be novel to any reader with experience in the field. The reader
is therefore encouraged to take in the necessary sections if not already familiar with the
concepts. Standard textbooks are recommended14–19 for a more thorough introduction.

2.1 Thermodynamics and reaction kinetics

The diverse research area of computational chemistry is founded upon the well-established
relationship between energy and the strength of an interaction, stability of a system or the
distribution of an ensemble. Regardless of method or field of interest, the ultimate aim
for a computational chemist is to be able to reproduce and/or predict real macroscopic
quantities. In this thesis, we are mostly interested in being able to predict equilibrium
and rate constants. These are always related to a change in the Gibbs’s free energy of the
system, ∆G, which can be estimated from both quantum chemical and molecular dynamics
simulations. We will begin this section by showing the relationship between microscopic
(statistical) and macroscopic (classic) thermodynamics, followed by an introduction to
transition state theory and some specific relationships of importance in this thesis.

2.1.1 Statistical and classical thermodynamics

Classical thermodynamics

Any chemical reaction can be viewed as an equilibrium, in which the extent of conversion
of reactants into products is determined by the law of mass action, given in eq. 2.2. For
a generic reaction,

aA + bB
k1⇀↽
k−1

cC + dD, (2.1)

7
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the rates in both directions, r1 and r−1, are equal at equilibrium. Because r1 = k1{A}a{B}b
and r−1 = k−1{C}c{D}d, it follows that

K = k1

k−1
= {C}

c{D}d

{A}a{B}b . (2.2)

If K > 1, products are favored and vice versa. A generalized version of eq. 2.2 is

K =
∏N

i
{Pi}i∏M

j
{Rj}j

(2.3)

The curly brackets around each species represent activity, a dimensionless quantity which
is often approximated by concentration or pressure. Note that the concept of equilib-
rium can be used to compare any two interchangeable states, such as phase transition or
complexation.

When a reaction or other change of state occurs under constant temperature and
pressure, the energy exchange between molecules and/or the environment is denoted by
the change in Gibbs free energy, ∆G.

G ≡ H − TS, (2.4)

where H and S denote enthalpy (heat) and entropy, respetively. At equilibrium, dG = 0,
and since it is a state function, the change in G is independent of the path between two
particular states. Hence,

∆G = ∆H − T∆S (2.5)

The relationship between the standardGibbs free energy ∆G◦ andK comes from statistical
thermodynamics (see below), and is given by eq. 2.6,

∆G◦ = −RT lnK, (2.6)

The standard free energy change refers to the change in energy between two systems in
their standard states, e.g. 298.15 K, 1 molar, 1 bar. It follows from eq. 2.6 that for a
thermodynamically favored process, such as a spontaneous reaction or ’strong’ protein-
ligand binding, ∆G◦ < 0. In the following discussion and in the papers, the index ’◦’ has
been dropped by convention and ∆G refers to ∆G◦

Statistical mechanics

The concepts of statistical mechanics were developed between 1870 and 1910, and were
therefore essentially ’done’ when quantum mechanics was developed in the 1920’s. With a
few modifications, statistical mechanics is still applicable to quantum mechanical systems,
and has remained a powerful tool for understanding and describing molecular systems.

In any ensemble of N distinguishable systems, there are a number of available states
of energies Ej . The probability to find a randomly chosen system in state j is given by
the probability pj , the Boltzmann factor.

pj = e−βEj

P (N) , (2.7)
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P (N) is a normalization factor ensuring that
∑N

1 pj = 1, and is called the partition
function.

P (N) =
N∑
j=1

e−βEj (2.8)

β is called the thermodynamic beta and it can be shown that β = 1/kBT , where T is the
absolute temperature and kB is the Boltzmann constant. A central result of statistical
mechanics is that the partition function can be used to express all macroscopic properties
of a system, as seen in eq. 2.9 for the generic quantity M . The expectation value 〈M〉,
i.e. the result of a measurement of M , is given by the statistical average:

〈M〉 =
N∑
j

pjMj =
N∑
j

Mje
−βEj

P (N) . (2.9)

It can be shown by differentiation of P with respect to β that 〈M〉 = ∂ lnP/∂β.
The exact expression for the partition function depends on conditions and properties

of the ensemble under consideration. They differ in what properties of the ensemble are
held constant and which are allowed to vary. For each ensemble, there exists a macroscopic
quantity Q that determines the equilibrium within the ensemble, and which satisfies:

P =

 e−βQ

or
e+βQ

, (2.10)

where P is again the partition function of the ensemble. Q is referred to as the character-
istic state function of the ensemble corresponding to P .

The most important ensemble in statistical mechanics is the canonical or NVT en-
semble, so denoted because the number of particles (N), volume (V ) and temperature
(T ) are held constant. The ensemble therefore describes a system in thermal equilibrium
with its surroundings. The partition function is denoted ZN,V,T and has the same form
as in eq. 2.8. The characteristic state function in the NVT ensemble is the Helmholtz
free energy A, and is according to eq. 2.10 given by ZN,V,T = exp(−βAN,V,T), which is
equivalent to

AN,V,T = −kBT lnZN,V,T. (2.11)
The canonical partition function corresponds to the number of available states, and equilib-
rium is found when ZN,V,T is at a maximum. The NPT ensemble (or isotropic-isothermal-
isobaric ensemble) is valid when pressure, and not volume, is held constant. The partition
function, commonly denoted QN,P,T, can be expressed in terms of ZN,V,T.

QN,P,T =
∫
V

dV e−βPV ZN,V,T (2.12)

The corresponding characteristic state function is the Gibbs free energy G, given by
eq. 2.13, and the equilibrium is found by maximizing Q.

GN,P,T = −kBT lnQN,P,T = −kBT (lnZN,V,T − βPV ). (2.13)

The last equality in eq. 2.13 follows from the relationship between QN,P,T and ZN,V,T
given in eq. 2.12.
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We will mention one last important ensemble, the microcanonical or NVE ensemble, in
which the energy is held constant and this ensemble therefore describes an isolated system.
The partition function is denoted ΩN,V,E and equals the number of states with the energy
E. Expressed differently, Ω is the number of microstates representing the system.∗ The
characteristic state equation is ST , where S is the entropy of the system. From eq. 2.10
we get

S = kB ln ΩN,V,E, (2.14)

which is Boltzmann’s famous microscopic definition of entropy. It can be shown that
ZN,V,T is related to ΩN,V,E by eq. 2.15.

ZN,V,T = e−βUΩN,V,E = e−β(U−TS). (2.15)

The energy U is called the internal energy of the system and is given as an expectation
value as in eq. 2.9, with M ↔ U and P ↔ ZN,V,T. From eqs. 2.15 and 2.11 we can now
identify an expression for the Helmholtz free energy A: A = U − TS, and furthermore
from eq. 2.13 we have that

G = F + PV = U − TS + PV. (2.16)

We have seen that all state functions in classical thermodynamics have statistical repre-
sentations. Since the definition of enthalpy is H ≡ U+PV , we have in principle (although
not rigorously!) derived eq. 2.4.

Connecting statistical mechanics with macroscopic termodynamics

In computational chemistry, one exclusively simulates microscopic systems. To be able
to say anything about macroscopic observables such as equilibrium constants, we need to
compute their microscopic counterparts. Taking the Gibbs free energy as an example and
noting that kB = R/NA, where NA is Avogadro’s number (the number of particles per
mole), eq. 2.13 can be identified with eq. 2.6 and we know ∆G and K of a process A→ B
if we are able to find the partition functions for both states. That is,

∆G = GB −GA = −kBT ln QB

QA
, (2.17)

with K = QB/QA.† This comparison holds for all ensembles, but the NPT ensemble is
the one representing most experimental conditions.

The challenge thus lies in adequately sampling the partition functions, which corre-
sponds to finding all available states of each system and their energies. A daunting task
indeed; we will return to this problem in section 2.4, but a general truism is that all
computational methods inherently suffer from truncation errors.

∗The fundamental postulate of statistical mechanics states that each microstate is accessed
with equal probability, which can be illustrated by looking at eq. 2.7 and remembering that all
Ej = E in the NVE ensemble.
†The standard macroscopic energy unit (J/mol or cal/mol) is obtained by multiplication with

NA.
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2.1.2 Reaction kinetics
Chemical equilibrium does not say anything about the persistence of states, only which
is thermodynamically more favored. The rate of transformation between two states is
determined by the rate constant k, as seen in eq. 2.1. Intuitively, one may think that k is
associated with some activation energy, just as K is with ∆G◦. In 1889 Svante Arrhenius
provided a physical justification for an empirical expression for the rate constant, previ-
ously developed by van’t Hoff.20 It is now called the called the Arrhenius equation and
reads

k = Ae−EA/RT . (2.18)
While the Arrhenius equation was able to reproduce several experimental observations,
the activation energy EA and pre-exponetial factor A lacked sound physical interpretation.

With the dawn of statistical mechanics, what we now call transition state theory
(TST) began to emerge. In TST, we assume that different states are represented as
(local) minima on a potential energy surface (PES, c.f. Section 2.2.1), which in principle
has one dimension per molecular coordinate. The reaction path between two states then
has to pass through some energy maximum, which is a saddle point on the PES since it is
a minimum in all coordinates but the so-called reaction coordinate (e.g. a bond forming or
breaking). The structure corresponding to the saddle point is called the activated complex
or transition state.

The key assumption to make in TST is that the activated complex is in ’quasi-
equilibrium’ with the reactants, so we can write

A + B ⇀↽ [AB]‡ → P, (2.19)

where A and B are reactants, P is the product and [AB]‡ is the activated complex. The
transition from reactant(s) to product(s) is defined by some vibrational mode (e.g. the
breaking of a bond) with frequency ν‡. The rate constant of the transition, k‡, is deter-
mined by this frequency multiplied with a probability factor κ, called the transmission
coefficient.§

k‡ = κν‡ (2.20)
The quasi-equilbrium constant is determined just as an ordinary equilibrium constant:

K‡ = {AB}‡

{A}{B} . (2.21)

K‡ has a temperature dependency found from statistical mechanics and is given by

K‡ = kBT

hν‡
e−∆G‡/RT , (2.22)

where h is the Planck constant and kBT/h is a frequency factor.21 We have from eqs. 2.19
and 2.21 that the rate of product formation is given by

d{P}
dt

= k‡{AB}‡ = k‡K‡{A}{B} ≡ k{A}{B}. (2.23)

§More rigorously, three factors scale the transition rate constant, i.e. k‡ = γ(T ) =
Γ(T )κ(T )g(T ), where Γ(T ) comes from dynamical recrossing, κ(T ) describes tunneling and g(T )
arises from deviations from equilibrium distrubutions in phase space.21 In other than special
cases, the factors equal unity.
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Substituting the expressions for k‡ andK‡ from eqs. 2.20 and 2.22, we arrive at the famous
Eyring equation.22

k = κ
kBT

h
e−∆G‡/RT (2.24)

We note that we do not need to know the transition frequency ν‡ as it cancels out.
Eq. 2.24 is widely applicable although it has limitations, and can for example be used
to evaluate the temperature dependence of the reaction rate. κ is often taken to be 1 in
lack of evidence of otherwise. Although it and other factors influence the rate constant,
in particular in catalysis, it has been argued that the dominant effect in enzymes still
arise from the difference in free energy of activation.21 We will in this thesis mainly be
concerned with relative rate constants for two reaction mechanisms, such as k2/k1, for
which the expression is simplified under the standard assumption that κ2 ≈ κ1 = 1:21

k2

k1
= e−(∆G‡2−∆G‡1)/RT = e−∆∆G‡/RT (2.25)

2.1.3 Michaelis-Menten Kinetics
Michaelis-Menten kinetics is one of the oldest, yet still most widely applied kinetic model
for enzyme reactions. It is named after the developers Leonor Michaelis and Maud Menten,
and was presented in 1913.23 Although originally intended for biocatalytic applications,
the model works in any host-guest catalytic system.

The derivation of the model is as follows. Consider an enzyme E catalyzing the
transformation of a substrate S to a product P. One assumes that the reaction takes
place only after formation of an enzyme-substrate complex ES,24,25 and so the chemical
reaction can be written as

E + S
k1⇀↽
k−1

ES kcat−→ E + P, (2.26)

where kcat is the catalytic rate constant, while k1 and k−1 are the rate constants for
association and dissociation, respectively. It follows that the dissociation constant KD

can be written as KD = k−1/k1. Note that we also assume that product dissociation
is orders of magnitudes faster than product formation, otherwise an explicit dissociation
step would have to be taken into account.

The total enzyme concentration is defined as [E]0 = [E] + [ES] and is constant. The
reaction rate v is equal the rate of product formation, that is v = kcat[ES], but neither
[ES] nor [E] can be measured directly under normal circumsdances. We therefore wish
to end up with a rate expression containing only [E]0 and [S], which are well-defined and
measurable.

In the original model, the concentration of enzyme species was assumed to depend
only on the first equilibrium in eq. 2.26, in which case the substrate complex can be
expressed as [ES] = [E]0[S]/(KD + [S]). A more realistic model is obtained if we make
a ’quasi-steady-state’ approximation.25 It was first proposed by Briggs and Haldane in
1925.26 According to this model, [ES] is also dependent on the rate of product formation,
that is k1[E][S] = k−1[ES] + kcat[ES]. The rate expression becomes,

v = kcat[E]0[S]
KM + [S] , (2.27)

where
KM = k−1 + kcat

k1
. (2.28)
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Table 2.1: Orders of magnitude of some enzymatic rate constants.24,28

Enzyme log(kcat)
Carboxypeptidase 2
Mandelate racemase 2
Acetylcholine esterase 3
Ketosteroid isomerase 4
Carbonic anhydrase 6
Catalase 7

Figure 2.1: Random and compulsory ordered mechanisms

KM is called the Michaelis constant in honor of the pioneering work by Michaelis and
Menten.

In our enzyme design work (Papers VI-IX), we used molecular dynamics (MD) to
estimate KD (see Sections 2.4 and 7.2). This is a conceptually simple matter as the
equilibrium constant can be computed directly from eq. 2.6, but is more complicated
computationally (Section 2.4.4). To estimate KM computationally is even more challeng-
ing, and we have not attempted to design a model that is able to simulate the binding
constant and rate constant simultaneously. Instead, we approximate KM with KD, which
is motivated if kcat << k−1. The approximation can often be safely applied for two rea-
sons: i) Rates of binding and dissociation are often close to diffusion controlled k ∼ 109,
and most kcat values are orders of magnitude smaller than this.27 From the literature one
can conclude that most standard enzymes fulfill these requrement fairly well, as seen in
2.1. ii) Diels-Alder reactions have relatively large reaction barriers even in catalytic mech-
anisms (see Section 3.1), so kcat can be expected to be small by enzymatic standards.

Since our Diels-Alderase design aims at intermolecular reactions, the enzyme will need
to host two substrate molecules. In this case, there are basically two possible binding
scenarios, as shown in Figure 2.1.25 To rigorously determine the dependency is much
more feasible experimentally than computationally, and is beyond the scope of this thesis.
For simplicity we have chosen to work with the random-ordered scenario. In this binding
model, the Michaelis-Menten kinetics can be expanded to incorporate both substrates in
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the same equation.29,30

v = kcat[E0][S1][S2]
KM1KM2 +KM1[S2] +KM2[S1] + [S1][S2]

(2.29)

Using the KM ≈ KD approximation as described above, we estimate Michaelis constants
from MD simulations. kcat can be calculated from the free energy of activation (∆G‡cat)
using eq. 2.24. This requires finding the transition structure, for which a quantum chemical
method is needed.

2.2 Quantum chemical methods

2.2.1 Introduction to quantum chemistry
In the early 1900’s, revelations of phenomena such as energy quantization and particle-
wave duality of light challenged the classic Newtonian understanding of microcosmos.
While the foundation of quantum mechanics is a product of many great contributions, the
most famous and also most relevant for chemists is the one made by Erwin Schrödinger
in 1926.31 He proposed that a physical system is described entirely by a wave function Ψ.

It is postulated that Ψ is well-behaved and square integrable in real space. While no
physical property can be drawn directly from Ψ, the complex conjugate Ψ∗Ψ (or |Ψ|2 for
short) represents a probability density. For example, the probability p(r) of finding an
electron described by Ψ in a volume element dr, is found by

p(r) = |Ψ(r)|2dr. (2.30)

One usually invokes a normalization criterion, since the probability of finding a particle
somewhere is 1: ∫

|Ψ|2dτ = 〈Ψ|Ψ〉 = 1, (2.31)

where dτ represents integration over the entire space.
The wave function is found by solving the eigenvalue problem known as the time-

independent Schrödinger equation:‡

ĤΨ = EΨ, (2.32)

where Ĥ is the Hamiltonian or energy operator and contains expressions for kinetic and
potential energy. For simple systems such as an isolated hydrogen atom, eq. 2.32 can
be solved analytically, and yields a series of solutions Ψnlm with associated Enlm, where
the indices represent the so-called principal, angular momentum and magnetic quantum
numbers. Hence, Enlm are the eigenvalues of Ĥ while Ψnlm are its eigenfunctions.

The solution of the Schödinger equation shows a number of things. First, it proves that
the energy of quantum mechanical systems is quantized in discrete levels Enlm. Second,
the solutions Ψnlm are orthogonal, i.e.∫

Ψ∗iΨj dτ = 〈Ψi|Ψj〉 = 0, i 6= j, (2.33)

‡The general form of the Schödinger equation contains a time dependence, ih̄ ∂Ψ
∂t

=
− h̄2

2m∇
2Ψ + V (r)Ψ, but for unperturbated systems the time-depencende comes out as a phase

factor and can be dropped in most applications.
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where i and j represent two different sets of quantum numbers. Together with the Her-
mitian properties of the Hamiltonian,16 this means that the solutions to eq. 2.32 form a
complete set or basis. This means that an arbitrary function Φ can be expressed as a
linear combination of Ψi.

Φ =
∑
i

ciΨi. (2.34)

Third, the expectation value of a measurable quantity given by Â (e.g. angular momentum)
is given by

〈A〉 =
∫
Ψ∗ÂΨdτ∫
Ψ∗Ψdτ

= 〈Ψ|Â|Ψ〉〈Ψ|Ψ〉 , (2.35)

Forth, the individual eigenfunctions constitute our understanding of spatial electron dis-
tribution in different energy levels. For historical reasons, each function associated with
an energy level is referred to as an orbital.32

For any interesting chemical system, the solution to eq. 2.32 cannot be found analyti-
cally. The general many-particle Hamiltonian describing a system of N electrons and M
nuclei is (in atomic units)

Ĥ = −
N∑
i=1

1
2∇

2
i −

M∑
A=1

1
2mA

∇2
A −

N∑
i=1

M∑
A=1

ZA

riA
+

N∑
i=1

N∑
j>i

1
rij

+
M∑
A=1

M∑
B>A

ZAZB

RAB
, (2.36)

where r and R denote interparticular distances (rij = |ri − rj |), m and Z denote mass
and nuclear charge, respectively, and the upper-and lowercase indices refer to nuclei and
electrons, respectively. Even a simple molecule such as water contains 13 particles, and
would according to eq. 2.36 have 126 non-separable terms. Therefore, to handle chemical
problems a series of approximations need to be made.

The Born-Oppenheimer approximation
The Born-Oppenheimer approximation is central to Quantum Chemistry and is applied
routinely because of its simplicity and high retained accuracy. It states that since electrons
move orders of magnitude faster than the heavier nuclei, they can be viewed as moving
in a field of fixed nuclear potential. Applying this approximation to eq. 2.36, the second
term disappears while the fifth is reduced to a constant potential VNN that can be added
to the electronic energy. The purely electronic Hamiltonian reads

Ĥel = −
N∑
i=1

1
2∇

2
i −

N∑
i=1

M∑
A=1

ZA

riA
+

N∑
i=1

N∑
j>i

1
rij
. (2.37)

Having made this approximation, the nuclei can be considered moving on a potential
energy surface (PES), on which every point is the solution to the electronic Schrödinger
equation at a given nuclear geometry R. That is

ĤelΨel(R) = Eel(R)Ψel(R). (2.38)

It should be noted that our general perception of chemistry as being the interaction
of electrons about a set of localized nuclei becomes rather blurred as one goes beyond
the Born-Oppenheimer approximation, since entities such as ’bond lengths’ or ’transition
states’ become meaningless.
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The variational principle

The general quantum chemical problem is to find the wave function with the lowest energy
for a given system. Within the Born-Oppenheimer approximation, this means finding the
electronic distribution that minimizes Eel. Luckily, it can be shown that the energy of
an model wave function Φ cannot become lower than the energy of the exact (unknown)
wave function.

Eel = 〈H〉 = 〈Φ|Ĥ|Φ〉〈Φ|Φ〉 ≥ E0. (2.39)

Eq. 2.39 is known as the variational principle, and provides a way to systematically im-
prove an approximate solution to the Schrödinger equation.

An antisymmetric many-body representation

Another problem with the many-body Schrödinger equation is the unknown form of the
wave function. All we know about it thus far is derived form the solutions of hydrogenic
(single-electron) systems. The most simple ansatz of a many-body wavefunction Φ is a
so-called Hartree product; a product of a number of one-particle wave functions ψi.

ΦHP(r1, r1, . . . , rN ) = ψ1(r1)ψ2(r2) · · ·ψN (rN ) = |ψ1ψ2 · · ·ψN 〉. (2.40)

However, a Hartree product fails to comply with the Pauli exclusion (or antisymmetry)
principle. It states that for fundamental particles constituting matter (fermions), the wave
function must be antisymmetric with respect to a permutation of two variables (particles).
That is,

P̂ikΨ(x1, . . . ,xi, . . . ,xk, . . .) = Ψ(x1, . . . ,xk, . . . ,xi, . . .) = −Ψ(x1, . . . ,xi, . . . ,xk, . . .).
(2.41)

It turns out that a forth quantum number is needed to describe a particle and its wave
function, namely the spin number.

The now familiar concept of electron spin was first invoked in 192533 to explain the
fine structure of electronic spectra. This intrinsic property appears as a forth quantum
number in relativistic quantum mechanics, as shown by Dirac in 1928.34 In non-relativistic
representations, spin is postulated, and is introduced by using spin orbitals, denoted χ(x).
They are products of some spatial orbital ψ(r) and the spin functions α(ω) or β(ω):

χ(x) =

{
ψ(r)α(ω)
or
ψ(r)β(ω)

(2.42)

Using a normalization factor of (N !)−1/2, an N -electron wave function Φ that fulfills the
antisymmetry requirement can then be constructed as a so-called Slater Determinant.35

ΦSD(x1, . . . ,xN ) = 1√
N !

∣∣∣∣∣∣∣∣
χ1(x1) χ2(x1) · · · χN (x1)
χ1(x2) χ2(x2) · · · χN (x2)

...
...

. . .
...

χ1(xN ) χ2(xN ) · · · χN (xN )

∣∣∣∣∣∣∣∣ ≡
≡ |Φ(x1, . . . ,xN )〉 ≡ |χ1χ2 · · ·χN 〉 (2.43)
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The Slater determinant can be seen as a linear combination of permuted Hartree products.
Permutation of two rows corresponds to interchange of two electrons, and changes the sign
of Φ.

The basis set approximation
Since we will never be able to find an analytical expression for eigenfunctions of eq. 2.37,
it makes sense to look for approximate solutions that are linear combinations of atomic
orbitals. It means that the spatial orbitals in the Slater determinants are constructed from
what we know of the orbitals from the isolated hydrogen atom, by expressing them as linear
combinations of atomic eigenfunctions. Although an infinite series would be required for
an exact treatment, the basis set approximation lets us construct finite combinations for
each spatial orbital.

ψi(r) =
M∑
µ

cµiφµ(r). (2.44)

A sufficiently large number of terms adds sufficient flexibility to the electronic structure
calculation. For computational reasons, φµ are defined as Gaussian type orbitals (GTOs),
although the proper radial behavior should be exp(−r) and not exp(−r2).

φ(r)nlm = φGTO(r, θ, ϕ) = Nr2n−2−le−ζr
2
Yl,m(θ, ϕ) (2.45)

Here, n, l,m are the quantum numbers as earlier, N is a normalization factor and Yl,m(θ, ϕ)
are the spherical harmonics,‡ effectively determining the shape of the GTO (s, p, d, etc.).
ζ is a parameter determining the spread of the orbital.

A number of standard basis sets with fitted parameters for all common elements have
been developed.15,18,36–39 They can typically be systematically improved by changing the
number of basis functions (M in eq. 2.44), the degree of polarizability (higher order l’s)
and by allowing electronic ’smearing’ by explicit inclusion of diffuse GTOs with very small
values of ζ. It has turned out that the best efficiency is obtained by using contracted GTOs
(cGTOs), i.e. linear combinations of ’primitive gaussians’ (pGTOs) with fixed coefficients.
More pGTOs are used for core orbitals to mitigate the functional deviation near the
nucleus. For example, the Pople style basis set 6-31G(d)15,40,41 for a carbon atom contains
6 pGTOs for the 1s orbital and 3+1 pGTOs producing two 2s orbitals. The 2p orbitals
are represented by two cGTOs each, constructed by 3 and 1 pGTOs, respectively. An
additional set of six cartesian polarization (d) functions makes the total number of pGTOs
and cGTOs 28 and 15, respectively. Obviously, the required computational resources grow
rapidly with increased basis set size, and using contracted gaussians reduces computational
cost significantly without taking a too large toll on accuracy.

2.2.2 The Hartree-Fock method
The Hartree-Fock (HF) method was developed by Hartree and Fock soon after the birth
of quantum mechanics.16 Briefly, its aim is to iteratively find a set of molecular orbitals
(MOs) that minimize the energy of an anzats wave function Φ (a Slater determinant). The

‡Strictly, the spherical harmonics Yl,m should be replaced by 21/2[Y ∗l,m ± Yl,m] in GTOs for
all non-linear molecules.
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minimization can safely be carried out due to the variational principle (eq. 2.39), until
self-consistency is reached. The HF method finally invokes the ’mean field’ approximation,
which means that each electron does not experience other individual electrons, but a mean
field from their charges.

In other terms, one can say that the HF method reduces an N -electron problem to
N one-electron problems. The one-electron hamiltonian can be rewritten as the Fock
operator,

f̂(i) = −1
2∇

2
i −

M∑
A

ZA

riA︸ ︷︷ ︸
ĥ(i)

+
N∑
j

Ĵj(i)− K̂j(i)︸ ︷︷ ︸
Hartree-Fock potential, vHF

. (2.46)

The ĥ(i) part collects the terms dependent only on electron i (and the fixed nuclei), while
the HF potential vHF(i) involves the electron-electron interactions in an average potential.
Ĵj(i) and K̂j(i) are the Coulomb and exchange operators respectively. They are defined
by eqs. 2.47-2.48:

Jj(i) =
∫
|χj(j)|2r−1

ij drj , (2.47)

Kj(i)χi(i) =
∫ [

χ∗j (j)r−1
ij χi(j)

]
χj(i) drj . (2.48)

While Jj(i) represents the ordinary electrostatic repulsion between electrons i and j, the
exchange integral Kjχi has no classical representation and arises due to the antisymmetry
of Φ. Using the Fock operator, one can construct a set of eigenvalue problems called the
Hatree-Fock equations,

f̂(i)χi(i) = εiχi(i), (2.49)
where εi is the energy of the ith orbital. As seen from eqs. 2.46-2.48, vHF is functionally
dependent on the spin orbitals, which are not known a priori since they are solutions to
eq. 2.49. Hence the iterative approach.

In practice, each spin orbital is initially defined using a basis set expansion (see above).
Taken together with the basis expansion, the HF equations can be written in matrix form,
known as the Roothan-Hall equations:42,43

FC = εSC, (2.50)

where F is the Fock matrix with the elements Fµν = 〈χµ|f̂ |χν〉, S is an overlap matrix
with the elements Sµν = 〈χµ|χν〉, and C contains all basis set coefficients. The goal of
the iterative calculation is now to find C such that the norm of the diagonal eigenvalue
matrix ε is minimized.

The HF ground state energy of an N -electron system can be written as

EHF =
N∑
i

εi −
1
2

N∑
ij

(Jij −Kij) + Vnn, (2.51)

where εi = 〈χi|f̂(i)|χi〉 is a diagonal element of F, and Jij and Kij represent the two-
electron integrals 〈χj |Ĵ(i)|χj〉 and 〈χj |K̂(i)|χj〉, respectively. Note that the summation in
eq. 2.51 runs over all i’s and j’s, and hence contains unphysical coloumbic self-interaction.
However, the Jii terms are exactly cancelled since Kii = Jii. As will be discussed, this is
an important feature of HF theory.
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2.2.3 Electron correlation and post-Hartree-Fock methods
The HF energy will always be higher than the exact ground state energy, in accordance
with the variational principle. The introduced error, i.e.

EHF
C = Eexact − EHF, (2.52)

is called correlation energy, since electrons correlate their ’movement’ and are ’further
apart’ than predicted by HF. The magniture of EHF

C is typically only 1% of Eexact, but is
comparable to (and influential on) the energy of a typical chemical reaction, which means
it may be important to correct for correlation in order to approach chemical accuracy
(errors < 1 kcal·mol−1). The goal of post-HF or electron correlation methods18 is to
accurately and efficiently recover this last percent.

Some post-HF methods seek to improve the results by mixing in virtual orbitals in the
wave function. Two examples are the configuration interaction (CI) and coupled cluster
(CC) methods. In CI the wave function is defined as a linear combination of excited
Slater determinants while in CC it is defined as an excitation operator, expanded in a
power series acting on the HF wave function.

The correlation method most widely applied in this thesis is also one of the oldest.
Møller-Plesset (MP) perturbation theory dates back to 1934.44 The idea of perturbation
theory is that the exact solution differs from the approximate one by only a small correction
term. The electronic Hamiltonian can be written as

Ĥel = Ĥ0 + λĤ ′, (2.53)

where Ĥ ′ is the perturbation of the reference (Ĥ0) multiplied by a variable parameter λ.
The Schrödinger equation becomes

(Ĥ0 + λĤ ′)Ψ = WΨ, (2.54)

and because Ψ is required to change smoothly when λ is ’turned on’, it can be expressed
as a Taylor expansion in powers λ.

Ψ = λ0Ψ0 + λ1Ψ1 + λ2Ψ2 + ...,
W = λ0W0 + λ1W1 + λ2W2 + ...,

(2.55)

After applying eq. 2.55 to eq. 2.54, the terms can then be sorted according to the order of
perturbation. It can be shown that the resulting first- and second-order energy corrections
require knowledge of the zeroth-order (reference) wave function Ψ0 only.

In MP perturbation, one takes Ĥ0 to be the sum of Fock operators, and since it counts
the average electron-electron repulsion ˆ〈V 〉ee twice, Ĥ ′ is taken to be the exact repulsion
minus twice the average, V̂ee − 2 ˆ〈V 〉ee. The zeroth- and first-order MP corrections taken
together (W0+W1) are just the HF energy . Calculating the second-order energy correction
(W2) requires excited Slater determinants, but one can show that only doubly excitations
yield nonzero integrals with Ĥ ′. After some massaging, one arrives at

W2 = E(MP2) =
occ∑
i<j

virt∑
a<b

〈Φ0|Ĥ ′|Φabij 〉〈Φabij |Ĥ ′|Φ0〉
E0 − Eabij

, (2.56)

where Φabij denotes a Slater determinant with electrons i and j excited to the virtual orbitals
a and b. This energy is typically referred to as the MP2 energy, and is the most common
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MP correction to compute. It should be noted that MP perturbation is not variational,
meaning it will not always give energies higher than the true value with increased order
and basis set size. Instead, higher order solutions typically oscillates about the exact value
in a damped fashion.

The main problem with all higher-order correlation methods is the rapidly increasing
computational cost. MP2 is a relatively inexpensive method; the computational effort
formally scales as M5

basis and accounts for 80-90% of the correlation energy. (HF scales as
≤M4

basis and truncated CI and CC methods scale as M6
basis-M8

basis).18
One of several well-known shortcomings of MP2 is that the treatment of spin-antiparallel

correlation is unbalanced with respect to the (HF-derived) correlated parallel-spin elec-
trons. In 2003, Grimme presented the spin-component-scaled MP2 method (SCS-MP2),45
which scales up the antiparallel spin component of the correlation energy with respect to
parallel spin. The rescaling is given in eq. 2.57,

EC = 6
5Es + 1

3Et, (2.57)

where Es and Et are the antiparallel and parallel spin components, respectively. Grimme
and co-workers have showed that SCS-MP2 can be used to obtain reaction and activation
energies for pericyclic reactions comparable to QCISD(T),46 and its accuracy compares
well with composite methods47 such as G348,49 and CBS-QB3.50

2.2.4 Density Functional theory
Density functional theory (DFT) is a formally different approach to treatment of quantum
mechanical systems. Today, it is the most widely spread method to solve quantum chemical
problems. Although formally exact, all known DFT protocols need to be fed with some
empirical expressions, meaning they are not strictly ab initio methods although sometimes
referred to as such. The main advantage with DFT compared to HF theory is that it is
computationally efficient; modern (hybrid) DFT has accuracy at least comparable to MP2
while requiring a computational effort in line with a HF calculation.17

The Hohenberg-Kohn theorems
The idea of using the electron density rather than the wavefunction as the variational quan-
tity is almost as old as quantum chemistry, with notable contributions from Thomas,51
Fermi52 and Slater.17 The foundation for modern DFT was however laid by the Hohenberg-
Kohn theorems, published in 1964.53 The first theorem is a proof that one electron density
ρ uniquely determines the Hamiltonian of a system, and therefore its energy and wave-
function. That is

E = E[ρ], Ψ = Ψ[ρ] (2.58)
The energy is a functional of ρ and obviously, E0 = E[ρ0(r)]. Hence,

E[ρ(r)] = 〈Ψ[ρ(r)]|Ĥ|Ψ[ρ(r)]〉 (2.59)

and all individual terms of the energy are also functionals of ρ. Within the Born-
Oppenheimer approximation, they can be written as in eq. 2.60.

Eel[ρ] =
∫
ρ(r)VeN dr + FHK[ρ], (2.60)
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where FHK[ρ] = T [ρ] + Vee[ρ] is called the Hohenberg-Kohn functional. The first term on
the right-hand side of eq. 2.60 is the external potential applied by the fixed nuclei, and is
therefore system-dependent but known.

The second Hohenberg-Kohn theorem is the DFT analog to the variational principle
(eq. 2.39). It states that for any trial density ρ̃ in an external potential Vext,

E[ρ̃] =
∫
ρ̃(r)Vextdr + T [ρ̃] + Vee[ρ̃] ≥ E0, (2.61)

so that any density found to yield a lower energy is a better approximation of the ground
state electron density. This theorem is valid only for the ground state, and further assumes
that the exact functionals are used. Taken together with the first theorem, eq. 2.61 ensures
that if the exact functionals are used, the true wavefunction can be found in a variational
sense. The problem is that the functional form of FHK, albeit system-independent and
therefore universally valid, is unknown.

Kohn-Sham formalism
In 1965 Kohn and Sham introduced a non-interacting reference system as a route to find
the ground state density (ρ0).54 The Kohn-Sham (KS) method is, as we will see, similar to
HF theory in many respects, primarily in that it uses a non-interacting reference system
as a route to find ρ0 and E0. The idea is to split the potential energy into two terms,
one major term that is exact within the approach of a non-interacting system, and one
correction given by the individual electron-electron interactions. Assume the following
Hamiltonian operator, where 0 ≤ λ ≤ 1:

Ĥ = T̂ + V̂ext(λ) + λV̂ee. (2.62)

A non-interacting system, denoted by the subscript S (for Slater determinant), corresponds
to λ = 0. The electronic Hamiltonian then becomes

ĤS = −1
2

N∑
i

∇2
i +

N∑
i

VS(ri) ≡
N∑
i

ĥKS
i , (2.63)

where VS is an introduced effective, local potential. ĤS is non-interacting because it does
not contain any two-electron terms (c.f. eq. 2.37). The ground state wave function is
represented by a Slater determinant (eq. 2.43) consisting of the Kohn-Sham (KS) orbitals,
θKS
i . They are eigenfunctions to ĥKS

i ;

ĥKS
i θKS

i = εKS
i θKS

i . (2.64)

The connection between the reference system and the real, interacting one is established by
finding the effective potential VS (and resulting KS orbitals) that yields the same electron
density for the two systems.

The unknown terms in FHK[ρ], given in eq. 2.60, can in analogy with HF theory be
further split up as follows:

FHK[ρ] = T [ρ] + Vee[ρ] = TS [ρ] + TC [ρ] + J [ρ] +Kexc[ρ] = TS [ρ] + J [ρ] + EXC [ρ], (2.65)

where TS [ρ] = − 1
2
∑

i
〈φi|∇2

i |φi〉 is the kinetic energy and J [ρ] = 1
2

∫ ∫
ρ(r)ρ(r′)
|r−r′| drdr′ is the

Coulombic part of the Vee interaction; both terms refer to the non-interacting system. The
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term EXC in eq. 2.65 is called the exchange-correlation energy and essentially contains
everything unknown about FHK, i.e. the correlation kinetic energy TC (analogous to EHF

C

in eq. 2.52§) and the exchange energy Kexc. Formally,

EXC = (Texact − TS) + (Vee − J) (2.66)

Inserting the terms of eq. 2.65 into eq. 2.60, one obtains

Eel[ρ] = EeN[ρ] + TS [ρ] + J [ρ]︸ ︷︷ ︸
known terms

+ EXC [ρ]︸ ︷︷ ︸
unknown term

, (2.67)

and the corresponding Hamiltonian, yielding the appropriate Kohn-Sham orbitals, is

ĥKS
i = −1

2∇
2
i +

[∫
ρ(r2)
r12

dr2 + VXC(r1) +
M∑
A

ZA

riA

]
︸ ︷︷ ︸

≡VS

. (2.68)

The ground state density ρ0 (and thereby Ψ and E0) is found by an iterative scheme
analogous to the Hartree-Fock method. One starts with an initial guess of the KS orbitals,
using basis sets in the same way as in HF calculations. In order to find the true ρ0, one
must know the XC potential VXC , which is defined as the functional derivative of EXC
with respect to ρ, i.e.

VXC ≡
δEXC [ρ]

δρ
. (2.69)

Approximating the XC functional
In wave-function based calculations, the results can be systematically improved by ex-
panding the system, e.g. by including more excited Slater Determinants as in CI. In the
KS approach, there is no possibility of systematic improvement since VXC is completely
unknown.17 This is a serious problem, since exchange and correlation is what makes atoms
stick together and form molecules.55 Therefore, some approximation has to be employed
to describe the exchange and correlation within the KS scheme.

The local density approximation (LDA)54 is the simplest representation of EXC . It
assumes that the electron density varies so slowly that it can locally be assumed to be
uniform. One defines εXC(ρ), an exchange-correlation energy per particle, and the LDA
approximation is defined as

ELDA
XC [ρ] =

∫
ρεXC(ρ)dr. (2.70)

One can split εXC into separate exchange and correlation terms, εXC = εX + εC . For a
Slater determinant, the exchange energy is then known and given by the Dirac formula:56¶

εLDA
X [ρ] = −3

4

(3ρ
π

)1/3
. (2.71)

§Note that DFT also suffers from a ’self-interaction error’ (see below), due to the formulation
of the Kohn-Sham equations. Therefore, DFT correlation is not equivalent with wave-function
correlation; both the exchange and correlation terms can be said to contain contributions from
this error.
¶This assumes a restricted (spin-paired) Slater determinant. The more general local spin

density approximation, LSDA, is analogous.
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Expressions for εC were developed in the 1980’s from analysis of numerical quantum Monte
Carlo simulations,57,58 and an analytic version was presented by Perdew and Wang in
1992.59

To correct for the unphysically uniform density and approach an accuracy needed for
chemical applications, modern XC-functionals are based on the Generalized gradient ap-
proximation (GGA),60 which includes dependence of EXC on the density gradient, ∇ρ(r).
Since no true form of the gradient-dependent function is known, one has to take a para-
metric approximation, often containing semiempirical expressions. As above one takes
EGGA
XC = EGGA

X + EGGA
C , and an XC GGA functional can in principle be constructed by

combining any expressions for exchange and correlation, respectively. A simple approach
for the exchange part is to write

EGGA
X = E

L(S)DA
X + ∆EGGA

X = E
L(S)DA
X +

∑
σ

∫
FX(xσ)ρ4/3

σ (r)dr, (2.72)

where the dimensionless xσ = |∇ρσ(r)|/ρσ(r)4/3 is called the reduced density gradient.
Many formulations of the so-called the enhancement factor FX have been proposed, and
they can roughly be divided into two classes.17,61 The most popular of the first class is
arguably the Becke-88 (B88) functional,62 mainly because of its implementation of the
B3LYP hybrid functional (see below). The correction function is given by eq. 2.73:

FB88
X = βx2

σ

1 + 6βxσ sinh−1(xσ)
. (2.73)

β is an empirical parameter determined to 0.0042. The second class can be described as
a constrained Taylor expansion18 of the uniform electron gas XC energy (of which LDA
is the first term). This work has been lead by Perdew and coworkers,59,63 and one of the
most employed is the Perdew-Burke-Enzerhof (PBE) functional.64,65 Its functional form
was inspired by an early proposition by Becke66 and is given in eq. 2.74:

FPBE
X = 1 + κ− κ

1 + µx
′2/κ
σ

, x′σ = xσ
(24π2)1/3

. (2.74)

The parameters κ and µ have been analytically fitted to 0.804 and 0.21951, respectively,
and FPBE

X contains no empirical parameters.
Correlation GGAs are in general mathematically complex and will not be given explic-

itly here. An early and important contribution was made in 1975 by Colle and Salvetti,67
but their correlation energy depended on HF-derived electron density. The 1988 devel-
opment by Lee, Yang and Parr68 into an all-density functional expression (commonly
abbreviated LYP correlation) has since then become immensely popular due to its inclu-
sion in B3LYP.

Hybrid functionals
Since the EX is a much larger contribution to EXC than EC , it would seem logical to
use the formally exact Hartree-Fock exchange energy, defined in eq. 2.48. However, due
to discrepancies in how HF and KS theory define exchange, a full HF treatment of EX
in DFT yields awful results.17,18 Instead, much effort has been devoted to develop hybrid
functionals, employing linear combinations of HF and GGA exchange.
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Table 2.2: Summary of the different rungs of "Jacobs Ladder" of DFT.72,76a

Rung XC approximation Augmentation
1st LDA ρσ
2nd GGA ∇ρσ
3rd hybrid-GGA EHF

X

4th meta-GGA τσ
5th virtual orbitals EPT2

C
aThe rungs are not always defined in the same order. Meta-GGA can be defined as the third

rung with hybrid-GGA being the fourth.77

The most well-known gradient-corrected hybrid method was first proposed by Becke in
1993,69,70 and was a three-parameter mix of B88 and HF exchange together with a PW91
correlation.59 Its most employed form uses VWN58 LDA and LYP68 GGA correlation
instead of PW91 and is denoted B3LYP:71

EB3LYP
XC = (1− a)ELSDA

X + (1− c)EVWN
C + aEHF

X + axE
B88
X + cELYP

C , (2.75)

with the semiempirical coefficients a, ax and c fitted 0.20, 0.72 and 0.81, respectively. The
B3LYP hybrid functional thus contains 20% Hartree-Fock exchange.

Later generation hybrid functionals – kinetic energy density gradients,
perturbative correlation and empirical corrections

There has been an ongoing controversy as to whether DFT can be considered an ab initio
method, since the XC term cannot, by definition, be derived from first principles. On the
other hand, DFT calculations resemble ab initio calculations in most practical aspects.
It is clear, however, that pure GGAs and hybrids that introduce fitting parameters are,
in a strict sense, semiempirical. This can be contrasted to what Perdew and coworkers
refer to as non-empirical functionals (of which PBE is one example), where an expression
is constructed and scaled based on physical reasoning only.72 Both empirical and non-
empirical strategies can be used to try to improve the XC functional beyond the GGA.

One can depict the pseudo-systematic attempts to improve XC functionals as tiers or
’rungs’ on a "Jacob’s ladder" .72 If LDA is the first and GGA is the second, mixing of exact
exchange in a hybrid functional represents the third rung (Table 2.2). The next intuitive
step would be to multiply the GGA with the gradient of the gradient of ρ, i.e. the kinetic
energy density. This approach leads to meta-GGAs (fourth rung), of which the Minnesota
functionals of Zhao and Truhlar73–75 are increasingly popular examples.

The M06-2X78 functional belongs to this family and is a meta-hybrid-GGA functional,
including both exact exchange and a kinetic energy density-dependent enhancement factor
f(wσ). The exchange energy is taken as a linear combination of the enhanced PBE and
the VSXC79 functionals:

EM06
X =

∑
σ

∫ [
FPBE
X f(wσ) + εLSDA

X hX(xσ, zσ)
]
dr, (2.76)
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f(wσ) is defined as a power series wσ, similar to an idea used in the B9780 functional and
derivatives, which in turn is a function of the spin kinetic energy density τσ,

f(wσ) =
m∑
i=0

aiw
i
σ, wσ = τLSDA

σ /τσ − 1
τLSDA
σ /τσ + 1

. (2.77)

The second term in eq. 2.76 includes the working function hX(xσ, zσ), which is dependent
on xσ and τσ. The M06 correlation functional is likewise a linear combination of two
gradient-corrected correlations, stemming from the M0573 and VSXC functionals.

EM06
C,σ1σ2 =

∫
εUEG
σ1σ2 [gσ1σ2(xσ1 , xσ2) + hσ1σ2(xσ1σ2 , zσ1σ2)]Dσdr. (2.78)

εUEG
σ1σ2 is the correlation energy for a uniform electron gas, and gσ1σ2 and hσ1σ2 are working
functions. Dσ is a self-interaction correction factor (and equals 1 for spin-antiparallel
electrons, i.e. σ1 6= σ2). The hybrid functional M06-2X is given by eq. 2.79,

EM06−2X
XC = aEHF

X + (1− a)EM06
X + EM06

C , (2.79)

where a was fitted to 0.54, almost identical to the portion of HF exchange in B2PLYP
(see below).

The M06 suite of functionals includes a considerable amount of parametric fitting, 33
in total when the hybrid coefficient is included in M06-2X (the power series in eq. 2.77 is
alone responsible for 12 parameters). This should be compared to B3LYP, which contains
a total of 8 parameters (3 from eq. 2.75, 1 from eq. 2.73 and 4 from the LYP68 correlation
functional). It thus represents a very different approach to improved DFT accuracy than
the one advocated by Perdew and colleagues.72

Since the M06-2X functional and its siblings are relatively novel, the amount of inde-
pendent scrutiny is of course far from that of e.g. B3LYP. Some benchmarking has been
conducted with promising results.47,81–83 Among the main caveats are i) a relatively large
sensitivity to numerical integration grid size,83 and ii) less accurate dispersion treatment
than the much cheaper DFT-D approach (see below).81 Nevertheless, there is a rapidly
increasing activity in computational organic chemistry studies,84–88 and the functional
is particularly interesting in view of the present thesis, as it performs well for several
notoriously difficult cycloaddition reactions.47

The fifth rung on the ladder has been defined as the inclusion of second-order pertur-
bation (PT2, see Table 2.2),89,90 utilizing virtual Kohn-Sham orbitals much in the same
way as in MP2 (Section 2.2.3). Early attempts of ab initio KS-PT2 led to large errors,91
but a hybrid version presented by Grimme in 200676 has been more successful. It uses the
B88 GGA and HF exchange, LYP correlation plus a perturbative term EPT2

C . It has two
empirical parameters, and is accordingly denoted B2PLYP. Because of the PT2 (hybrid)
correction to EC , B2PLYP (and related functionals) is sometimes called a ’double-hybrid
density functional’.

The B2PLYP XC energy is calculated in two steps, the first of which is non-perturbative.

Einitial
XC = ax(ELDA

X + ∆EB88
X ) + (1− ax)EHF

X + bELYP
C . (2.80)

The resulting KS orbitals and eigenvalues (eq. 2.64) are used in a PT2 calculation.

EPT2
C = 1

4

∑
ia

∑
jb

[〈ia|jb〉 − 〈ib|ja〉]2

εi + εj − εA − εB
, (2.81)
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where i, j denotes occupied and a, b virtual orbitals. The correction is added to the initial
correlation energy, giving the final expression for B2PLYP:

EB2PLYP
XC = EinitialXC + (1− b)EPT2

C . (2.82)

ax and b have been fitted to 0.47 and 0.73, respectively,76 i.e. a large HF exchange portion
compared to B3LYP. It performs well against the G2/9792 test set,76 but was found to
be inferior to SCS-MP2 for pericyclic reactions.93 Another obvious drawback is that the
PT2 calculation effectively negates the computational efficiency of using DFT.

DFT-D is an empirical approach to mitigate the problems with medium range inter-
action in DFT.94,95 It includes an attractive, Lennard-Jones-like R−6 correction to the
energy:

Edisp = −S6
∑
ij

C6,ij

Rij
fdmp(R6

ij). (2.83)

Here fdmp(Rij) is a damping function, and C6,ij are parameters. S6 is a scaling factor
dependent on the functional in which Edisp is included. A general term for dispersion
corrected functionals is DFT-D, and a specific example is B3LYP-D.

Limitations in DFT

Despite the tremendous success of DFT in a wide range of applications, there are several
important problems that all follow as a consequence of the approximate treatment of
exchange and correlation. Perhaps the most spectacular artifact is the ’self-interaction
error’ (SIE), which effectively means that an electron experiences a repulsion from itself.17
This clearly unphysical situation arises because the exchange part of the EXC term does
not exactly cancel the Jii[ρ] repulsion (c.f. eqs. 2.67 and 2.68) in general. In HF theory
the exchange is exact, as mentioned, and the Coulomb and exchange parts of the self-
inteaction cancel exactly, (eqs. 2.46 and 2.51).

The classic illustration of this error is the H2
+ion, for which DFT predicts a severely

underestimated dissociation energy, and furthermore that each separated nucleus obtains
half an electron each.17 While the SIE is only well-defined for one-electron systems, such
as H2

+, the phenomenon is general,96 and is perhaps better described as a ’delocalization
error’97 because the electron self-repulsion promotes a superficial delocalization. Typical
consequences in larger systems are underestimations of reaction barriers98,99 and incorrect
response to the addition or removal of charges.97 Attempts have been made to construct
’self-interaction corrected’ DFT,99,100 but have had limited impact due to practical diffi-
culties in implementation.17

Because B3LYP has had an outstanding position in computational chemistry for a
long time, much effort has been invested in investigating how it can be improved.101
Several cases have been described where B3LYP fails utterly.47,101 In particular, B3LYP
poorly describes π → σ transformations47 and medium to long-range dispersion.94,102
Such interactions are central in both the reaction complex and transition structure of
Diels-Alder reactions, and inaccurate treatment may lead to both erroneous geometries
and energies. Moreover, the errors increase in size when applying a larger basis set,
mainly due to a reduction in the cancellation of errors.46,47,103 Such demonstrations are
strong arguments for the recent trend84 in employing the M06-2X functional, in particular
for studies of cycloaddition reactions.85–88 As will be discussed in Chapter 6, we have
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gradually transitioned from employing B3LYP to M06-2X in the DFT calculations involved
in this thesis.

It should be mentioned that even though novel functionals may gradually improve
the accuracy of, e.g., certain organic chemical applications, they are still not systematic
improvements of DFT. For example, a given method might reproduce experimentally de-
termined properties well, but for the wrong reason. That is, the success of a particular
approach may be due to cancellation of (large) errors, and this cancellation may disappear
if the method is applied to a slightly different system. Interpretations of the performances
of different functionals must therefore be made carefully. However, for applied compu-
tational chemistry, it is often sufficient with a method that reproduces properties of the
studied system sufficiently well, regardless of the underlying reason. This explains the
immense popularity of B3LYP.

We finally note that there are several other caveats in DFT97 of less relevance to this
work than the delocalization error, and they will not be elaborated here.

2.2.5 Optimization and frequency analysis
Ground State and TS optimization

In computational chemistry, we are interested in finding the nuclear coordinates leading to
stationary points on the PES, as these represent (quasi)stable conformations or states. To
find local minima of atomic coordinates is fairly straightforward; in force field techniques
(see below) one usually employes steepest-decent and conjugate-gradient methods. The
conjugate-gradient method begins as a steepest-decent but adds a dependence to the
previous step to avoid convergence problems. The direction of the current step, di, is
given by eq. 2.84,

di = −gi + βidi−1, (2.84)

where gi is the (energy) gradient of step i and di−1 is the direction of the previous
step. The βi coefficient can be calculated in several ways and is generally a function of
the gradient of two successive steps. While the steepest-decent and conjugate-gradient
methods sometimes have convergence problems near local minima, the Newton-Raphson
method is very efficient at finding minima (or saddle points) if one starts near it. It is
based on a second-order expansion of the energy around the coordinates x0 and leads to
the update

x = x0 −H−1g, (2.85)

where H is the second-order derivative matrix or Hessian. The problem with the Newton-
Raphson methods is that for large systems, computing, diagonalizing and/or storing the
Hessian becomes too demanding. It is therefore common practice to use different approx-
imations that for example utilize that the Hessian is often sparse.18

In quantum chemistry, geometry optimization within the Born-Oppenheimer approxi-
mation is equally straightforward albeit more tedious. One minimizes the electronic energy
for a given set of nuclear coordinates, followed by an update of the latter by one of the
aforementioned techniques based on the forces on the nuclei for that particular electronic
configuration. The next iteration starts with a new electronic structure minimization and
so on until both the energy and nuclear forces are below some threshold value.

TS optimization is much more difficult. Since the TS is a first-order saddle point, i.e. a
maximum in only one coordinate on the PES (the reaction coordinate), the diagonalized
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Hessian should have exactly one negative eigenvalue. Although Newton-Raphson may find
such points by chance, there is no fail-safe strategy to do this.18 The numerous available
TS optimization methods can roughly be divided into local and interpolation methods.
The former is the most common but requires a good guess of the actual TS geometry to
work, as well as an explicit initial calculation of the Hessian. The TS guess can be found by
searching the PES by various constrained optimization techniques, but still takes a good
deal of chemical intuition and experience. Calculating the Hessian is very demanding and
limits the size of systems feasible for TS optimization.

Frequency analysis
In quantum chemistry, frequency analysis is used to obtain approximate thermodynamic
corrections to the ground state energy, e.g. enthalpy and free energy. This is done by
populating the calculated normal modes according to a Boltzmann distribution at a given
temperature (eq. 2.9). The first step of a frequency analysis is to compute the Hessian,
usually by analytical differentiation. The Hessian is transformed into mass-weighted co-
ordinates by a matrix multiplication, i.e.

H′ = GH, (2.86)

where Gij = 1/√mimj and mi, mj are the masses of the interacting atoms. The vibra-
tional normal modes, eigenvalues and frequencies are obtained by diagonalization of the
resulting matrix H′.

Since a first order saddle point, i.e. a TS, gives precisely one negative eigenvalue,
it will result in one ’imaginary’ frequency (νi ∝

√
εi), corresponding to the transition

coordinate ’vibration’ (ν‡ in transition state theory). Hence, vibrational analysis is a
stringent test that an optimization has found a true TS. Conversely, the Hessian from a
frequency calculation of a non-stationary point can be used as an initial guess of the force
constants in a TS optimization.

The normal mode population assumes that all nuclear potentials are harmonic, which
is a good approximation for steep potentials but not for shallow ones. This causes problems
for complex and/or constrained systems where hindered rotations may appear as fictitious
shallow potentials, with associated low-frequency vibrations. Population of such states
increase at elevated temperatures and give a large entropy contribution, so care must be
taken when using frequency analysis to compare free energies of QC-optimized states,
especially large systems such as active-site clusters (see Section 5.3).

Local minima vs. Ensembles
It should be noted that the only way to assure that an optimized minimum is a global
minimum is to find all minima. This is rarely done in QC calculations, and one typically
relies on prior knowledge about the system to make a qualified starting guess. For larger
systems, the meaning of global minima becomes blurred as the conformational degrees
of freedom will be distributed over many states, and the macroscopic state is best repre-
sented by an ensemble average (see Section 2.4). The reason why QC methods are often
successful at predicting properties such as reaction energies and activation barriers is that
contributions from thermodynamic distributions largely cancel, so that the few considered
states can be seen as representative of the whole ensemble. Again, such assumptions must
be made with care (see discussion in Section 6.2).
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2.3 Implicit solvation

The vast majority of chemical reactions take place in liquid media, so to avoid unrealistic
results it is often desirable to account for solvent properties in computational studies.
Considering a large number of explicit solvent molecules is unfeasible in quantum chemistry
(but readily accomplished in force field methods, as described in Section 2.4.3), therefore
some implicit, continuum treatment is typically used.

A large number of implicit solvation models have been developed,104 and only a fraction
will be recapitulated here. A common and central feature is that solute is placed in a cavity
in an otherwise continuous and polarizable medium with a dielectric constant ε, and the
solvation energy is given by

∆Gsolv = ∆Gcavity + ∆Gdisp + ∆Gel. (2.87)

The two last terms in eq. 2.87 are typically stabilizing due to simulated weak interactions
and the solvent’s polarization aligning with the solute’s dipole moment. ∆Gcavity is the
energetic penalty for creating the solvent cavity, the shape of which can be determined in
several ways.104 One normally separates the non-polar terms from the electrostatic term
∆Gel, whose contribution to the total energy is found by the modified Hamiltonian

Ĥ = Ĥ0 + φ(r), (2.88)

where φ(r) is the electrostatic potential due to the polarization solvent. The potential is
found by solving the Poisson equation:18

∇ · [ε(r)∇φ(r)] = −4πρ(r), (2.89)

where ρ(r) is the charge density. Depending on the assumptions made about ε(r) and ρ(r),
eq. 2.89 can be simplified in different ways, for example by assuming that ε(r) is constant.
In the Poisson-Boltzmann (PB) methods, a ’reaction field’ is generated by computing φ
for vacuum and for the solvent dielectric constant, and taking φreac = φsolv − φε=1. φreac
is then used to obtain ∆Gel by integration (or summation) over the charge density (or
point charges).

∆GPB
el = 1

2

∫
ρ(r)φreac(r)dr. (2.90)

Eq. 2.90 is further reduced in the Generalized Born (GB) model, where all atoms are
treated as point charges qi interacting with each other and with the surrounding con-
tinuum. The two very different types of interactions are combined as in eq. 2.91, where
the Born radii fij depend on the atom pairs’ positions and their positions relative to the
cavity.

∆GGB
el = 1

2

(
1− 1

εsolv

)∑
i

∑
j 6=i

qiqj
fij

. (2.91)

PB and GB can be readily applied in Molecular Dynamics to estimate ∆Gsolv of molecules
with fixed (partial) charges, and will be further addressed in Section 2.4.4. For quantum
chemical calculations, however, the polarization of the solvent will affect the electronic
structure of the solute. The modified wave function in turn changes φ(r) and so on in
a self-consistent way. Methods that carry out such iterations are collectively referred
to as self-consistent reaction field (SCRF) models. Common to the more sophisticated
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implementations is that they construct a molecular shape-induced cavity and therefore
have to divide them into segments, or tesserae, which have a partial charge density σs(rs).
The potential for each tesserae is then given by

φs(r) =
∫

σs(rs)
r− rs

drs. (2.92)

In the Polarizable Continuum Model (PCM),105,106 the Conductor-like Screening Model
(COSMO)107,108 and the related C-PCM109 models, the cavity is determined by empiri-
cally scaled van der Walls radii, and the electrostatic effects are calculated as in eq. 2.92.
They are all similar, but in the conductor-like models the continuum outside the cavity
has a dielectric constant set to infinity. The Solvent Model Density (SMD) PCM110 by
Truhlar and coworkers builds on previous models by Truhlar and Cramer,111 which use
a GB approximation for electrostatics. SMD-PCM is however based on a PCM protocol,
and employs a density-derived charge treatment rather than parametrized partial atomic
charges.

It should be noted that implicit solvation models cannot account for explicit solvation
effects such as hydrogen bonding and electron pair coordination to cations. The only effect
taken into account is the bulk dielectric effect, which has a relatively low influence on non-
polar species. However, the stabilizing effect on very polar species, such as ions and charge-
transfer TSs, can be significant. As will be seen in Chapter 6, the charge distribution can
change dramatically between ground state and TS in Diels-Alder reactions, which justifies
the use of a continuum model.

Finally, a few important issues with the way continuum solvation models compute
∆Gsolv should be mentioned. First, models such as PCM and SMD define ∆Gsolv as in
eq. 2.93,112

∆Gsolv = ∆Gnon−el + (Esoln − Egas), (2.93)
where the first term includes the two first (non-electrostatic) terms in eq. 2.87. Thus,
∆Gel is approximated with the difference in electronic energy between gas and solution
phase (often calculated at the gas phase geometry). To obtain the absolute free energy in
solution, this formulation entails that the gas-phase partition function must be used.112
Second, most continuum models are parametrized at relatively low levels of theory, which
in principle means that a high level energy calculation should be carried out in gas phase,
while ∆Gsolv should be obtained close to the parameterization level. In addition, the
models are defined for a fixed temperature, usually 298 K, if not specifically designed to
model temperature dependence.111,112

In this work, we have not always followed these ’rules’, which can be justified by the
fact that we have not been interested in solvation free energies as such, but to compare
different states in solution. For this purpose, it has been convenient to minimize the
number of calculations by obtaining both the total and solvation energies at the same
level of theory (as in, e.g., Papers II and III).

2.4 Molecular dynamics

2.4.1 A classic force field
Models of systems such as enzymes or biological membranes contain 104-106 atoms, and
studying them with purely quantum chemical methods is not feasible. Moreover, mean-
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ingful quantities about such systems must be extracted as ensemble averages (section
2.1.1) which requires generating a large number of states. To deal with such systems,
computational chemists must resort to classical mechanics, where atoms and molecules
are treated as pre-defined entities with a number of constant properties, rather than be-
ing the result of a ground-state electron configuration. Interactions between them are
governed by a parametrized force field (FF), in which the energy typically consists of the
terms displayed in eq. 2.94.

EFF = Estretch + Ebend + Etorsion + Eel + EvdW + Ecross. (2.94)

The first three terms are bonded interactions and refer to different vibrations in a molecule.
Equally important are the non-bonded terms, divided into electrostatic and van der Waals
(vdW) energy. The cross term is required to account for coupling between the first three,
intramolecular terms. The stretch and bend energy are typically taken as truncated Taylor
expansions around an equilibrium value, which leads to harmonic oscillator expressions.
The torsional energy is is written as a fourier series in the rotational angle ω, where the
number of terms varies with the nature of the chemical fragment. Generic expressions for
the three intramolecular terms are given in eqs. 2.95-2.97,

Estretch(∆RAB) = kAB(∆RAB)2 (2.95)

Ebend(∆θABC) = kABC(∆θABC)2 (2.96)

Etorsion(ωAB−CD) =
∑
n=1

Vn cos(nωAB−CD) (2.97)

where ABCD represent atoms bonded in sequence, k are force constants and Vn the max-
imum potential of a rotation with periodicity n. The harmonic approximations are not
accurate except near the equilibrium distance, and some expansion is needed to account
for anharmonicity. One example is the Morse potential,

EMorse(∆R) = D(1− e−α∆R)2, (2.98)

which, unfortunately, is computationally more demanding to evaluate. In biological sys-
tems such as enzymes, the large number of atoms to be treated forces the expressions
to be simple. Fortunately, the intramolecular variables fluctuate rather narrowly around
their equilibrium values at ambient temperatures, and the most widely used force fields
use simple expressions, differing chiefly in the values of the constant parameters.

The non-bonded terms are central to estimation of protein-ligand interactions. Al-
though dipole-dipole interactions can be included, most force field methods employ the
Coulomb potential for the electrostatic energy,

Eel(RAB) = QAQB

εRAB
, (2.99)

where ε is a dielectric constant. Note that Qi are parametrized partial charges. The
EvdW term includes both attractive dispersion and induction interactions. The induced
dipole–induced dipole attraction is the strongest of these interactions and is proportional
to −R−6. If two atoms come too close, their overlapping electrons will strongly repel
each other, an interaction that is is difficult to describe theoretically. The most popular
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approximation is a R−12 dependence, which leads to the widely applied Lennard-Jones
(LJ) potential:

Edisp = ELJ = ε

[(
R0

R

)12
− 2
(
R0

R

)6
]
, (2.100)

where R0 is the minimum energy distance and ε the ’depth’ of that minimum. The
main problem with eq, 2.100 is that the repulsion goes to infinity too early compared to
experimental evidence, which effectively make the atoms too ’hard’ in the simulation. A
Morse potential is more well-behaved, but for force fields aimed at biochemical systems,
the computationally efficient Lennard-Jones potential is normally favored.

Unparametrized molecules
Force fields are typically parametrized for a number of standardized atom types (α car-
bon, peptide nitrogen etc.) but do not account for the diversity in substrates and protein
ligands. In principle, the user has to create new parameters for each new molecule, but
in recent years several ’general’ force fields have been developed to work with small com-
pounds.113 Partial atomic charges are however often derived from an electrostatic potential
computed by a quantum chemical or semiempirical method.

2.4.2 Solving Newton’s equation
There are two main ways to sample an ensemble of states using force field methods:
Molecular Dynamics (MD) or Monte Carlo (MC) simulations.18,19 MC methods are based
on generating random states, and discarding unphysical ones according to some force
field-based criteria. MD is a time-dependent method and the ensemble is generated as a
deterministic trajectory by solving Newton’s equations of motion,

− dEFF

dr = F = md2r
dt2

= ma. (2.101)

The problem is reformulated by a Taylor expansion of each particle’s position ri around
the short time differences ∆t and −∆t, which leads to the Verlet algorithm:114

ri+1 = (2ri − ri−1) + ai(∆t)2 +O(∆t)4 (2.102)

ai = − 1
mi

dvi
dri

(2.103)

This is the basic and most widely applied integration of the equations of motion, although
alternate variants exist.19 In this work, MD has been chosen exclusively over MC, since
it is valuable to study protein-ligand interactions over time. If one assumes that a system
is ergodic,19 which means that all accessible states are visited with the appropriate prob-
ability distribution during time T , then all ensemble averages can be expressed as time
averages. That is,

〈A〉 = Ā = lim
T→∞

1
T

∫ T

0
A(t)dt, (2.104)

where the equality is an approximation for all T < ∞. There is no guarantee a priori
that a system is ergodic, so the properties derived from MD trajectories must be handled
cautiously and truncation errors always ensue.
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Figure 2.2: (a) An example of an enzyme (EST30, PDB entry 1TQH) solvated
in a truncated octahedron box of TIP3P115 waters. (b) An illustration of periodic
boundary conditions. A particle leaving the central cell results in an image entering
on the opposite side.19

2.4.3 Simulation techniques
This section briefly describes a number of techniques applied to accelerate MD simulations.
Rather than evaluating each element in an Natoms ×Natoms matrix of interatomic forces,
where each element Fij contains all relevant interactions in eq. 2.94, the aim is to evaluate
those that matter.

Solvation, time step and boundary conditions

Although continuum solvation models are applicable in MD methods, it has become com-
mon practice for moderately sized systems to create a cap of explicit solvent molecules
around the target species. The latter method has been used exclusively in this thesis.
To save time, solvent molecules are often treated as united-atom models. For example, a
widely spread parametrization for water is the TIP3P model,115 which has fixed O-H bond
lengths and ĤOH angle. Typical ranges for solvation caps are 5-20 Å. After solvation, the
size of the system is in the order of 104 atoms for standard-size proteins (See Figure 2.2a).

Apart from system size, the main factor influencing computational time and storage
space is the time step (∆t). A shorter time step leads to more accurate simulations, but it
takes more steps to reach acceptable sampling of phase space. A standard step size used
throughout this thesis is 2 fs (2 · 10−15 s), which is longer than the period of an oscillation
of a bond containing a hydrogen. This problem is mitigated by treating these bonds as
rigid using the SHAKE algorithm.116

Another routinely applied technique is periodic boundary conditions (PBC). This re-
moves the unrealistic problem of having a ’droplet’ of a solvated molecule in vacuum, while



34 CHAPTER 2. THEORETICAL & METHODOLOGICAL OVERVIEW

not increasing the computational load more than marginally. If the solvent cap is defined
as a geometric object that can pack without generating dead spaces (a cube or truncated
octahedron), an image of the central ’cell’ can be placed on each side, thereby allowing
molecules that drift out of the cell boundary to enter on the opposite side (Figure 2.2b).
A minimum image criterion ensures that each pairwise interaction is counted only once.
When using PBC, one must make sure the solvent box is large enough to avoid that the
central molecule (enzyme and/or ligand) comes too close to its image.

Long-range forces and cutoffs

Because of the rapidly diminishing magnitude of the intermolecular force field terms, one
usually sets up neighbor lists that define which interactions are evaluated for each time
step. This drastically reduces the computational load while not affecting accuracy more
than marginally. One typically selects a threshold radius beyond which all forces are set to
zero, and update the neighbor list every 10–20 iteration steps.19 Moreover, it is convenient
to use cutoff distances for long-range interactions, beyond which the potential is small
enough to be taken as be zero. Defining a sharp cutoff distance leads to discontinuous
forces and energies, however, and will induce instabilities in the simulation as interacting
groups can move in and out of the cutoff distance with dramatic effects. One way to
handle this is to use a switching function, by which a new potential VAB is calculated
according to eq. 2.105.

VAB = SAB(rAB)vAB(rAB), (2.105)

where vAB is the ordinary potential between atoms A and B, and SAB is the switching
function, usually defined as some polynomial in rAB that smoothly approaches zero at the
cutoff distance.

Purely electrostatic interactions are particulary challenging, because they decay slowly,
often at distances comparable to the box length. A standardized way to deal with this is
through Particle Mesh Ewald (PME) summation.117,118 It uses the fast Fourier transform
(FFT) algorithm applied on the original Ewald method,119 and reduces the computational
cost fromN2 toN lnN .19 The idea of the Ewald method is to convert the slow convergence
of the ∼ r−1 electrostatic terms, which would require several images of the central cell
to behave smoothly, into more rapidly converging expressions. Specifically, one seeks a
function f(r) so that in the identity

1
r

= f(r)
r

+ 1− f(r)
r

, (2.106)

the two right hand terms will vary slowly for small r’s and decay quickly for large r’s. One
can also say that the electrostatic potential is divided into a short-range and a long-range
part,

V (r) = Vsr(r) + Vlr(r), (2.107)

in which the two terms in eq. 2.107 can be identified with those in eq. 2.106. It turns
out that erfc(r) is a good choice for f(r), which corresponds to surrounding each point
charge with a gaussian-shaped distribution of opposite charge. This choice makes the
short-range interactions converge quickly. To counteract this additional charge, a second,
exactly opposite distribution is added, corresponding to the second term in eqs. 2.106 and
2.107. This term converges rapidly in reciprocal space and is thus Fourier transformed
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prior to summation. In PME a grid (or mesh) of charge density is created on which the
long-range Fourier transforms are evaluated.

PME requires that the central cell, and consequently its images, is charge-neutral.
Enzymes frequently carry a large net charge that has to be neutralized when setting up
the system for simulation. This is usually done by adding sodium (Na+) or chloride (Cl−)
ions to the solvent box. It should be noted that although PME is relatively fast, evaluation
of the charge-charge interactions take up a significant portion of total computational time.

Simulating the NPT ensemble
A standard MD simulation samples the NVE ensemble, but to predict (or reproduce)
results of standard experimental conditions we are more interested in the NPT ensem-
ble, coupled to Gibb’s free energy (eq. 2.13). To regulate temperature and pressure, one
typically employs techniques that couple the simulated system to some external system
of constant temperature and pressure.19 The internal velocities (temperature) and co-
ordinates (volume) are scaled according to their difference with respect to the external
reference. An illustrative example is the ’heat bath’,120 where the change in temperature
is determined by

dT (t)
dt

= 1
τ

[Tref − T (t)]. (2.108)

τ is the coupling parameter chosen to allow the system to fluctuate around Tref . An
analogous expression can be used for pressure regulation, but here the coupling parameter
can be chosen to be uniform (isotropic scaling) or different (anisotropic scaling) in each
dimension.

Simple temperature scaling methods are however not enough to provide canonical
averages.19 Modern MD codes therefore routinely implement more advanced regulation
protocols, such as random collisions,121 the Nosé-Hoover thermostat122,123 or Langevin
dynamics. In the latter, eq. 2.101 is modified by a random force R(t) and a frictional drag
−γmv to form the Langevin equation:

F− γmv + R(t) = ma (2.109)

The temperature is maintained through the interplay between the collision frequency γ
and the random force, which is governed by the fluctuation-dissipation theorem.∫

〈R(0) ·R(t)〉dt = 6kBTγ (2.110)

In practice, one can say that the random forces collide with the explicit particles, causing
excessive movement which in turn is retarded by the frictional drag. Throughout this
work, we have used Langevin dynamics for temperature regulation and isotropic pressure
scaling in all MD simulations.

2.4.4 Trajectory analysis
AMD-generated trajectory does in principle contain information about all (Newtonian) in-
trinsic properties of the simulated system. Statistics such as equilibration, autocorrelation
and bond length distributions are all readily extracted from the stored coordinates. More
complicated is the central issue of calculating interaction energies between molecules, in
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particular protein-ligand binding. The challenge lies in appropriately sampling the bound
and free state, and computing their energies relative to the same reference. Furthermore,
the ergodic hypothesis (eq. 2.104) induces a constraint on the maximum accuracy since
any time-average is only an approximation to the ensemble average.

We note that there are many more approaches available than those discussed below;124
we merely introduce those of relevance for this work.

Calculating free energy differences

In principle, the free energy difference between two states is given by eq. 2.17. Let state
A is described by the Hamiltonian ĤA and state B by ĤB, with the relation

ĤB = ĤA + ∆Ĥ. (2.111)

One can introduce Hamiltonian Ĥ(λ) which varies between ĤA and HB by turning the
coupling parameter λ between 0 and 1. A linear relationship can be written as

Ĥ(λ) = (1− λ)ĤA + λĤB. (2.112)

In thermodynamic integration (TI)125 and free-energy perturbation (FEP),126 one uses
different techniques to gradually transform state A into B.19 For example, expressing the
partition functions in terms of the Hamiltonians in eq. 2.111 yields

∆G = −β−1 ln
∫ ∫

e−βEBdxdp∫ ∫
e−βEAdxdp

= −β−1 ln
∫ ∫

e−β(EA+∆E)dxdp∫ ∫
e−βEAdxdp

, (2.113)

where the integration is over all coordinates x and all momenta p. The last expression in
eq. 2.113 can be identified as the ensemble average of exp(−β∆E), i.e.

∆G = −β−1 ln
〈
e−β∆E〉

A
≡ β−1 ln

〈
e−β∆E〉

B
, (2.114)

where the subscripts indicate if the averaging is done over state A or B. For acceptable
accuracy, A needs to be transformed into B in small perturbative steps, conveniently by
using λ as in eq. 2.112. Hence in FEP, ∆G is given as the sum of the free energy difference
of each such perturbation:

∆G = −β−1
∑
i

ln
〈
e−β[E(λi+1)−E(λi)]

〉
(2.115)

Each state i has to be sampled, and the number of states is determined by how well each
two consecutive phase spaces overlap, which makes FEP (and the principally equivalent
TI) calculations computationally demanding. In practice, one gradually ’mutates’ state
A into B by e.g. turning charges on or off, or morphing atoms in or out of the system.
It has however proven difficult to obtain good accuracy for other than relative binding
energies between fairly similar molecules.124 Calculating the absolute binding energy of
a ligand in a protein would mean gradually removing the entire ligand from the system.
Although there exist protocols to do this, the results are still difficult to converge for large
ligands.127
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The Linear Interaction Energy method

In this work, we use approximate methods that rely on the fact that the free energy is a
state function, and therefore should require only representations of the end states A and
B. In many physically relevant systems, the total number of atoms is constant and the
contributions of all momenta cancel exactly and the Hamiltonians can be expressed in
terms of the potential energy V . If one expands eq. 2.114 in β, one then obtains

∆G = 〈V 〉A −
β

2 〈(V − 〈V 〉A)2〉A + · · · = 〈V 〉B −
β

2 〈(V − 〈V 〉B)2〉B + . . . (2.116)

By truncating all higher-order terms and averaging over both states, we have

∆G = 1
2(〈V 〉A + 〈V 〉B), (2.117)

which is the Linear Response Approximation (LRA).128,129 It is typically used to calculate
the electrostatic interaction energy, in which case state B corresponds to the fully charged
system and A to when all charges are turned off.

A popular and relatively quick variant is Linear Interaction Energy (LIE) method
developed by Åqvist.130,131 In deriving LIE, one assumes that 〈Vel〉A = 0, i.e. the electro-
static energy of the uncharged system is zero. Furthermore, the only energy influencing
∆Gbind is assumed to be the difference in interaction of the ligand with its surroundings,
∆Vl−s, between the free and bound state. Hence in its original formulation of LIE,130 the
electrostatic binding energy was taken as the difference between 〈V el〉B in the bound and
solvated state, i.e.

∆Gbind = ∆Gbound −∆Gfree = 1
2∆〈V el

l−s〉+ non− polar terms (2.118)

To take the non-polar and solvation interactions into account, Åqvist and colleagues relied
on the observation that these terms were experimentally found to scale linearly with
solute size, just as the Lennard-Jones-derived vdW interactions from simulations.131 They
therefore introduced a ∆V vdW

l−s term and a constant offset denoted γ, which depends on
the system.132 As seen in eq. 2.118, the theoretical coefficient scaling ∆〈V el

l−s〉 is 1/2 from
LRA, but in LIE one relaxes this condition and lets both the electrostatic and vdW terms
be scaled by empirical coefficients. This leads to the standard LIE expression:

∆Gbind = α∆〈EvdW
l−s 〉+ β∆〈Eel

l−s〉+ γ (2.119)

α and β were originally set to 0.16 and 0.5, respectively, while later work revised them
to the now generally accepted values of 0.18132 and 0.33–0.50, where β is allowed to
vary depending on ligand charge and number of hydroxyl groups.133 γ is thought to be
entirely protein-dependent, and when fitted to individual systems, good correlations with
experimental binding energies have been reported.124,131,133–135

A great advantage of the LIE method is that it requires only two simulations for a
given protein-ligand system, one of the ligand bound to the protein and one with the ligand
free in solution. The drawback, especially from a design perspective, is that empirical
knowledge of the system under study is required to make accurate predictions.
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MM-PB(GB)SA

MM-PBSA is short for Molecular mechanics with Possion-Bolzmann and surface area
solvation, and thus uses a continuum representation of the solvent to calculate ∆Gbind.
A version using generalized Born solvation is denoted MM-GBSA, and the two will be
treated equivalently in this section. In MM-PBSA, an ’absolute’ free energy is calculated
for each species, and ∆Gbind is given by124,136

∆Gbind = 〈Gcomplex〉 − 〈Gprotein〉 − 〈Gligand〉. (2.120)

The free energy of each system is a sum of FF-derived energies and continuum solvation
energies, plus an entropy correction.

G = EMM +GPBSA − T · SMM = Eint + Eel + EvdW +Gpol +GSA − T · SMM (2.121)

The solvation free energy is divided into a polar and non-polar part. Gpol is calculated
by numerically solving the PB (or GB) equation (eq. 2.90). GSA is the non-polar part,
assumed to be linearly dependent on the solvent-accessible surface area (SASA) of the
molecule.137

∆GSA = k(SASAcomplex − SASAprot − SASAlig) + c, (2.122)

The entropy term is usually derived from a quasi-harmonic normal mode analysis of the
trajectory.138 A major disadvantage is the difficulty to obtain accurate estimates of the en-
tropy of binding, wherefore MM-PBSA has most successfully been employed in calculating
relative binding free energies.136

The ’quick-and-dirty’ MM-PBSA approach to calculate protein-ligand binding relies
on only one simulation to compute all ensemble averages in eq. 2.120, assuming that
an adequate representation of the separated species’ phase space can be obtained from
simulating the complex. It is more rigorous to simulate each state separately, but there
are indications that it does not lead to increased precision.139 The advantage of using
the first approach is obviously the computational ease, and the fact that several of the
internal terms exactly cancel.124

LIE+γSASA and Extended Linear Response techniques

The γ term in eq. 2.119 was (partially) introduced to account for the solvation free energy,
∆Gsolv.130 Because ∆Gsolv of hydrophobic compounds is known to correlate with the
SASA,140 it would seem intuitive to use a term such as ∆GSA from MM-PBSA to represent
γ.

γ = c ·∆GGB/PB
SA (2.123)

Here, c is a proportionality constant and GB/PB stands for the GB and PB representation
of surface area energy, respecitvely, and the choice is arbitrary. Indeed, this extension was
introduced by Jorgensen and colleagues141,142 in a series of parametrizations we will col-
lectively refer to as ’LIE+γSASA’. This model has been applied on numerous systems, but
sometimes with considerable re-parametrization.143–146 Åqvist et al. furthermore argues
that a constant γ is sufficient because the ∆SASA term is fairly constant within a given
system. This is only true, however, for ligand series that do not vary much in shape and
size, which is the case in most studies with successfully reported LIE energies.132–135,147
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An extension of the LIE+γSASA to include more separable properties resemble the
ideas behind QSAR and scoring functions in molecular docking (Sections 2.5–2.6). Jor-
gensen and colleagues have developed an expanded linear response (ELR) approach,148–150
in which ∆Gbind is computed according to eq. 2.124.

∆Gbind =
∑
i

ciEi + c0. (2.124)

Ei can be both a standard interaction energy as well as some qualitative property, e.g. num-
ber of hydrogen bonds formed. Although this method has been applied in numerous
systems,151–154 it is still dependent of extensive fitting and thus requires experimental
data. Furthermore, the sum in eq. 2.124 is typically reduced to 2–3 terms plus a constant
correction, i.e. the same level of parametrization as in LIE.151–154

In our protein design projects (Chapter 7), we settled on a LIE+γSASA approach to
estimate substrate binding, as this gave the best correlation with a number of benchmark
systems. A more critical survey of predictive parameterizations of the LIE method was
conducted in Paper X.

2.5 Molecular docking

Molecular docking is a simulation technique where one tries to find the ’best fit’ between
a receptor and a ligand, typically a protein and a small molecule (referred to as a ’lig-
and’).155 Docking builds on early attempts to discretize the interactions between proteins
and ligands to understand and predict their affinities.156,157 The first programs and scor-
ing functions were developed in the 1990’s by Böhm158–160 and others.

Docking has received substantial attention in the field of drug discovery since it is
desirable to quickly process very large libraries of druglike candidates.161,162 Along with
accuracy, computational speed is therefore the most important aspect, and docking has
historically not concerned with dynamic effects such as protein flexibility, although at-
tempts to account for them have recently been introduced.163 Instead, search algorithms
are constructed to try possible ligand conformations in the (rigid) cavity of the receptor
and select the best match(es). Thus, molecular docking is essentially an optimization
problem.

A large number of docking programs is available today,155 but all essentially work
in the same way. They can be said to consist of two parts: A sampling algorithm for
the optimization procedure and a scoring function to evaluate the results on a chemical
basis. Sampling can be performed by either systematic conformational search or by a
stochastic method. Among the most popular of the latter is the genetic algorithm, which
is widely applied in various computational search problems164–166 including GOLD,167–169
the docking program used in this thesis. A genetic algorithm is designed to resemble
evolution by natural selection, in which high-scoring individuals (docking poses in this
case) can mate and breed a second generation of potentially better offspring.

The scoring function can be based on either force fields (Section 2.4.1) or empirical
energy functions, or be knowledge-based.155 An empirical scoring function estimates the
free energy of binding by summation of a weighted set of ’interaction types’:

∆G =
∑
i

wi∆Gi (2.125)
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For example, the ChemScore170,171 function consists of a parameter-based binding energy
penalized by a number of terms.

ChemScore = −∆Gbind − Pclash − ctorsionPtorsion − [Pconstraint] (2.126)

∆Gbind consists of several contributions grouped into types,

∆Gbind = ∆G0 + ∆GHbond + ∆Gmetal + ∆Glipo + ∆Grot, (2.127)

each of which is a scaled sum of simplified potentials, e.g. ∆GHbond = vHbondPHbond where

PHbond =
∑
ij

B′(rij , σr)B′(αij , σα)B′(βij , σβ), (2.128)

and the summation runs over all interacting pairs i, j. PHbond thus depends on three
variables, the distance rij and two angles αij and βij , each with a convoluted block
function B′. A generic B′(xij , σ) is given by eq. 2.129,

B′(xij , σ) =

∫∞
−∞B(xij − u, xideal

ij , xmax
ij )g(u, σ)du∫∞

−∞ g(u, σ)du
, (2.129)

where g(u, σ) = exp(−u2/2σ2) and

B(x, xideal, xmax) =


1 if x ≤ xideal

1− x−xideal
xmax−xideal if xideal ≤ x < xmax

0 if x > xmax

(2.130)

A knowledge-based scoring function is based on ’potentials of mean force’ determined by
the statistical frequency of that interaction in some database.172,173 The Astex Statistical
Potential (ASP)174 and Drugscore175,176 are two examples. A generic statistical potential
between atoms i and j is given by the inverse Boltzmann relation

StatScoreij(r) = − ln
(
nobs
ij (r)
nref
ij (r)

)
, (2.131)

where r is the distance between them and nref is the reference frequency of interactions.
The total score is given by

ASPFitness = −Cs
∑
p

∑
l

StatScorepl(rpl)− ctorsionEtorsion − cclashEclash, (2.132)

where the summation runs over protein atoms p and ligand atoms l, and the last two
terms are penalties similar to those in eq. 2.126.

An innate property of molecular docking is that it is heuristic, and scoring functions
need to be trained against some data set. Each one therefore has its advantages and
drawbacks. It has been shown that the success rate can be greatly impoved by consensus
scoring,177 where poses predicted by one scoring function are rescored using one or several
others. The reason for improved results by rescoring is understood as a complementar-
ity effect, where the docking function should be able to predict good poses whereas the
rescoring function(s) ranks them correctly.178
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Docking programs need to be told a number of things about the given system, such as
which atoms define the protein binding site. It should be noted that most available dock-
ing software are trained to promote strong binding molecules (inhibitors) in the ground
state. We have employed TS analogs with unnatural bond lengths and angles, and fre-
quently used non-biological motifs. Against such ’artificial’ ligands, no validation exists
and it is therefore difficult to be conclusive about the quality of the generated poses. The
incorporation of docking in our enzyme design protocols is more extensively discussed in
Chapter 7.

2.6 Other computational tools

There is a large number of additional computational tools, both commercial and open-
source, used frequently by computational chemists. In particular, knowledge-based meth-
ods with the aim of predicting protein-ligand interactions are plentiful. A couple will be
mentioned here, for sake of completeness.

Relibase+179,180 is a toolkit for searching structure databases, such as the Protein
Data Bank (see Section 4.1) for patterns in protein-ligand interactions. A number of
functions exist for finding certain binding motifs and to identify structural as well as
sequential homologs. In particular, the topology of active sites can be directly compared.

Quantitative structure-activity relationship (QSAR) models are regression models that
aim at predicting some biological activity based on a number of descriptors.181 The
regression formula is similar to eq. 2.124. The method can for example be used to predict
protein-ligand affinity, and is useful since it does not require extensive modeling. In
addition, variations in the response can be related to distinct differences between ligands
and guide the design of, e.g., a drug molecule.

2.7 Methods used in this thesis

This section summarizes the main computational methods used in the papers included in
this thesis. Table 2.3 shows both basic QC and MD methods as well as the softwere used.
As can be seen, most QC calculations were performed using hybrid DFT and the Gaus-
sian suite of programs, either Gaussian03182 or Gaussian09.183 For special applications
the software packages Jaguar,184 Turbomole185 and Orca186 were used occasionally. All
molecular dynamics simulations were performed using the AMBER package,187 and we
only used different versions of the AMBER force field (FF). All molecular docking was
done in the GOLD suite,167–169,188,189 and we employed Relibase+179,180,190 to process
information in the Protein Data Bank (PDB). Further structural information was obtained
using the Cambridge Structural Database (CSD) System.191–194
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Chapter 3

The Diels-Alder reaction

The influence of the Diels-Alder reaction in synthetic organic chemistry is best understood
by the fact that two carbon-carbon bonds are formed in one reaction step.∗ Carbon-carbon
bonds constitute the skeleton in all organic structures, from bulk polymers to drugs, and
the six-membered rings emerging from a Diels-Alder reaction are common features in
biochemical compounds.

Although carbon-carbon bonds are thermodynamically favored, their formation is of-
ten associated with large reaction barriers, and other reactions may compete under practi-
cal reaction conditions. Furthermore, reactions where carbon hybridization changes from
sp2 to sp3 give rise to chiral centers, and if left unmediated carbon-carbon coupling can
yield undesired stereoisomers. In fine chemical synthesis the wrong stereoisomer means,
at best, loss of material, but the undesired product can sometimes have disastrous effects.
The most prominent example of side effects caused by the wrong enantiomer is probably
the infamous case of thalidomide.

For these reasons, tremendous effort has been devoted to design asymmetric carbon-
carbon coupling reactions that proceed under ambient conditions. Among the most famous
are the transition metal mediated cross-couplings, as for example the Suzuki, Negishi
and Stille reactions.200,201 However, the mentioned reactions form ’only’ one carbon-
carbon bond and are catalyzed by expensive transition metal complexes and (with some
exceptions) require non-aqueous solvents. While they will certainly continue to play a
role in the synthetic chemist’s toolbox, the prospect of a ’greener’ route to asymmetric
carbon-carbon couplings is always an attractive one.

The virtue of the Diels-Alder reaction arises from its constrained TS geometry, due
to which up to four chiral centers can be formed in one step (Figure 1.1b), compared to
two centers in a one-bond reaction. This comparison highlights the synthetic utility of
being able to catalyze Diels-Alder and control its stereochemistry. As stated in Chapter 1,
the work in this thesis focuses on developing environmentally benign and stereoselective
biocatalysts, which in the longer perspective can lead to metal-free organic synthesis of
molecules that today require rare and/or toxic metals.

∗The putative concertedness is under debate, however, and is further adressed in Section 3.4
and Chapter 6.

43
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3.1 Thermodynamics, terminology and conventions

Diels-Alder is formally a [4+2] pericyclic reaction, involving four π-electrons on the diene
and two on the dienophile. They are thermodynamically favored because of the large
negative enthalpy associated with carbon-carbon bond formation. Its drawback is a large
activation barrier that makes the reaction require high temperatures. For example, the
most simple Diels-Alder reaction between 1,3-butadiene and ethylene proceeds at ≈ 200◦C
and >100 bar as illustrated in Figure 3.1a.202

3.1.1 Pericyclic vs. nucleophilic attack
Despite its early discovery, a solid theoretical understanding of the Diels-Alder reaction
did not exist until the 1960’s, when Woodward and Hoffmann presented their symmetry
rules for pericyclic reactions based on molecular orbital theory.203,204

Most organic reactions can be described in terms of a nucleophilic center ‘attacking’ an
electrophilic center. This perspective has its origins in ’frontier molecular orbital’ (FMO)
theory,205 which can be seen as a qualitative adaptation perturbation theory to quantum
mechanical systems.18 Within FMO theory, only the atomic charges and frontier orbitals
are considered to have a significant influence on the interactions between two molecules,
meaning the highest occupied molecular orbital (HOMO) of the nucleophile and the lowest
unoccupied orbital (LUMO) of the electrophile. The strength of an interaction is thus
determined by the interactions between charges and the extent of HOMO–LUMO overlap.

During the reaction, an electron pair of the HOMO is ‘donated’ into the empty LUMO,
thereby forming the new bond. The curved-arrow convention is a convenient way to illus-
trate this (Figure 3.2a), but how does it play out in a Diels-Alder mechanism? Conven-
tional electron pushing diagrams indicate that electrons are moved in a cycle, as shown in
1.1a, so is it appropriate to talk about a nucleophile-electrophile pair?

Woodward and Hoffmann demonstrated that the symmetry and overlap of the conju-
gated HOMO and LUMO orbitals govern reactivity and stereochemical outcome of peri-
cyclic reactions.206 In a symmetry-allowed reaction, each reactant’s HOMO overlaps with
the other’s LUMO, as seen in Figure 3.2b. However, the orbital overlap is normally greater
for one combination, and this determines the net charge transfer in the transition state
(Figure 3.2c). Hence, one can often depict the Diels-Alder reaction as a nucleophilic attack,
although to what extent is determined by the charge transfer in the TS. In the majority of
Diels-Alder reactions, the diene can be said to be the nucleophile, while the dienophile is
the electrophile. Such reactions are sometimes denoted ’normal electron demand’ (NED)
Diels-Alder, in contrast to ’inverse electron demand’ (IED) when the dienophile acts as
nucleophile.

Descriptions such as FMO theory and the DFT-derived Fukui functions210 were very
successful in early attempts to understand chemical reactivity, in particular the Diels-
Alder reaction.211 Another popular descriptor is the ’global electrophilicity index’ ω,212 or
a molecule’s total ability to attract electrons. It is determined by the so-called ’electronic
chemical potential’ µ and the ’hardness’ η,213,214 according to eq. 3.1.

ω = µ2

2η (3.1)

µ is defined as the change in energy of a molecule with respect to number of electrons,
while the hardness is defined as the second derivative of the energy with respect to number
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Figure 3.1: Representative Diels-Alder reactions. (a) The simples possible diene-
dienophile pair, 1,3-butadiene 1 and ethylene 2, and typical rection conditions.202
(b) Increasingly activated reactants.207–209 Free energies of activation (∆G‡ are cal-
culated using eq. 2.24) and are given in kcal·mol−1(note that they may be subject to
errors due to transpositions from high temperatures). Global electrophilicity indices
are provided for each dienophile at the B3LYP/6-31G(d) level.

of electrons. In both cases, the functions can be approximated by HOMO and LUMO
energies:215

µ = ∂E

∂nelec
≈ εHOMO + εLUMO

2 , (3.2)

η = 1
2
∂2E

∂n2
elec
≈ εLUMO − εHOMO. (3.3)

A strong electrophile has a large value of ω while a nucleophile is by definition a weak
electrophile. By multiplying ω with the appropriate Fukui function, local (e.g. per-atom)
electrophilicities can be obtained. Such properties become significant if one seeks to dis-
tinguish between ’hard’ and ’soft’ species or determine what atom is most susceptible to
a particular reaction.†

†A ’hard’ nucleophile/electrophile is one where the charge determines reactivity, and frontier
orbital lobes are typically small and localized. A ’soft’ species has large, diffuse orbitals and is easy
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Figure 3.2: (a) Conventional depiction of a nucleophilic attack and schematic
HOMO-LUMO overlap. (b) Schematic representation of the two-way HOMO–LUMO
interaction in a Diels-Alder reaction. (c) Energy diagram showing relative HOMO
and LUMO positions of diene (left) and dienophile (right). In a NED reaction, the
HOMOdne–LUMOdph overlap is stronger. Also indicated is how the HOMO and
LUMO levels change by activation of EDGs and EWGs, respectively. (d) HOMO of
isoprene 4 superimposed on butadiene 1 and LUMO of acrolein 3, computed at the
B3LYP/6-31G(d) level.

3.1.2 Activation
It is well-known that the Diels-Alder reaction is activated by the addition of substituents to
the diene–dienophile scaffold.209,216 Consider the series of reactions given in Figure 3.1b;
they proceed under increasingly mild conditions at faster rates than the parent butadiene-
ethylene reaction. In a NED reaction, the reaction barrier is lowered by electron-donating
groups (EDGs) on the diene and electron-withdrawing groups (EWGs) on the dienophile.

Within FMO theory, a HOMO–LUMO pair closer in energy interact more strongly.18,211
Hence, the reason for the decreasing barrier is that an EDG raises the HOMO and an EWG
lowers the LUMO (Figure 3.2c), by donating and withdrawing electron density from the

to polarize. A general rule of thumb is that hard nucleophiles react best with hard electrophiles
and vice versa. For the purpose of Diels-Alder, one can view all reactants as soft due to their
large, delocalized HOMO and LUMO orbitals, albeit with increasing hardness with increasing
activation.
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π-system, respectively. An elevated electron density increases electron–electron repulsion
and thus raises the energy of occupied frontier orbitals. Conversely, an electron-poor π-
system leads to a lowered LUMO (also note how lowering the LUMO affects the global
electrophilicity index, eqs. 3.1–3.3 and Figure 3.1b). However, the HOMO–LUMO gap
does not determine the reaction rate as such, it is merely a correlated property realized
through FMO theory. A more general explanation for increasing rate constants are the
substituents’ ability to stabilize the TS, which lowers the reaction barrier.217

3.2 Regio- and stereoselectivity

The regio- and stereochemical preference of a Diels-Alder reaction between any two pairs
of reactants is ultimately determined by the their electron distribution. Attaching an
EWG or EDG not only changes the relative energy of the frontier orbitals, but also their
shape. For example, consider the reaction between acrolein 3 and isoprene 4 depicted in
Figure 3.1b. The shape of the diene’s HOMO and the dienophile’s LUMO will favor an
adduct having the two substituents in para positions. This is illustrated in Figure 3.2d,
where a slight asymmetry is seen in the electron density of the frontier orbital lobes of 4
compared to 1. Acrolein 3 clearly has a larger orbital coefficient on Cβ than Cα.

The atoms forming the cyclohexene adduct in a Diels-Alder reaction will henceforth
be denoted as shown in Figure 3.3. The two distances dα and dβ thus denote the incip-
ient bonds formed between the C1–Cα and C4–Cβ pairs. When performing a quantum
chemical geometry optimization of the TS, one finds that in the general unsymmetric case,
dβ < dα. This geometrical feature is referred to as asynchronicity218,219 and is illustrated
in the case of acrolein with two different dienes in Figure 3.3. Asynchronicity arises for
the same reason as regioselectivity: substituents deform the FMOs giving better overlap
between certain regions, which leads to one bond forming ’earlier’ on the reaction coordi-
nate. The reactants will be aligned so as to maximize the orbital overlap and thereby the
stabilization of the TS,219,220 which also means that the asynchronicity generally increases
with increasing activation (this assumes that more activating groups leads to more differ-
entiated orbital coefficients).221,222 This ’principle of maximizing orbital overlap’223–225
causes some inherent regio- and stereoselectivity in most Diels-Alder reactions, as exem-
plified below. We note that it has also been suggested that more asynchronous TSs are
more flexible and therefore more entropically favored than synchronous ones.218

When at least one substituent is added to the dienophile, it can be aligned to face
either toward or away from the arc of the diene. These two alternatives are denoted endo
and exo, respectively. Furthermore, the reactants are enantiotopic, meaning the that the
diene ’attacks’ either one of the dienophile’s faces (the Re or Si face). Assuming that each
carbon re-hybridizing from sp2 to sp3 is substituted, two reactants can form up to eight
different stereoisomers, as illustrated in Figure 3.4. In practice, however, the principle of
maximizing orbital overlap ensures that some geometries will be more favored than others.

In general, distortions of the frontier orbitals caused by EDGs and EWGs ensure that
the substituents will preferably align in ortho and para position. This regioselectivity is
known as the ortho/para rule, and is exemplified in Figure 3.3 for the 3+9 TS. Further-
more, endo geometries are kinetically more favored than their exo counterpart. Within
FMO theory, this effect has been rationalized as a secondary HOMO–LUMO overlap,
but has received different labels and explanations over the years.206,221,226–229 Quantum
chemical methods have helped quantify their contributions, which are further enhanced
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Figure 3.3: Atom enumeration, definition of dα and dβ and examples of
asynchronous transition states. Calculations were performed at the B3LYP/6-
31+G(d,p) level and show the endo TS of acrolein 3 with butadiene 1 (top) and
2-methoxybutadiene 9 (bottom). Distances are given in Ångströms.

Figure 3.4: The eight possible TS geometries of a generic Diels-Alder reaction.
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in a catalytic environment.221

3.3 Catalysis

There are several strategies to catalyze a Diels-Alder reactions, depending on the nature
of the reactants. Like any catalyst, they must be able to lower the barrier by stabilizing
the TS (c.f. Section 4.3). In a NED Diels-Alder TS, a partial negative charge is built up
on the dienophile’s EWG(s). It is hence stabilized by a catalyst that is able to carry the
excess charge. TS stabilization can be achieved using strong electron acceptors (Lewis
acids),230,231 or transition metals such as copper.232

Lewis acids have been the dominating form of catalysis during the 20th century, since
it greatly accelerates rates and enhances stereo- and regioselectivity. In line with the
philosophy of green chemistry, however, it is sometimes desirable to replace Lewis acids,
since they typically require anhydrous solvents, and can be toxic and/or expensive.233–235
We will mainly consider non-covalent catalysis in this thesis, i.e. where the barrier is low-
ered solely by weak interactions. Two conceptually different (but not mutually exclusive!)
forms are described below and illustrated in Figure 3.5.

3.3.1 Hydrogen bond catalysis
Since the most common dienophile EWGs are hydrogen bond (H-bond) acceptors, e.g. car-
boxylic groups or nitrile, any H-bond donor is a potential Diels-Alder catalyst (Fig-
ure 3.5a). It is well-known, for example, that water accelerates the Diels-Alder reac-
tions221,236–241 as much as a factor 104.242‡ H-bond catalysis, as well as Lewis acid
catalysis, can also be understood as lowering the dienophile LUMO as shown in Figure
3.2, although the TS stabilization perspective will be preferred in this work.

In recent years, there has been a rapid development of molecular catalysts, small
organic molecules catalyzing Diels-Alder (and other reactions using similar electrophiles)
solely by H-bonding.243–246 Among the literature examples of this type of catalyst shown
in Figure 3.6, 10 is one of the earliest reported.247 It is designed so that the NO2 groups
withdraws electrons from the OH groups through the conjugated ring system. The lowered
electron density of each OH groups makes it a stronger electron acceptor, and thus a
stronger H-bond donor. More recently, stereoselective diol catalysts has been designed,
such as 11.248–250 It was suggested250 and later shown251 that the most favorable binding
mode is cooperative, resluting in one strong rather than two moderate H-bonds between
the dienophile and catalyst.

Another, more recent trend is the use of various ureas, most prominently thioureas.234,235,243
This group, perhaps best represented by 12, has been shown to accelerate the Diels-Alder
reaction between cyclopentadiene and a range of α,β-unsaturated carbonyl compounds.235
It is fairly straightforward to endow the thiourea scaffold with chiral auxiliaries encourage
asymmetric catalysis.244,245 For example, the thiourea 13 gives excellent enantioselec-
tivity in the Diels-Alder reaction between 3-vinylindole and N -phenylmaleimide.252 A
third class of molecular catalysts that deserves mentioning are various amines and ami-
dinium ions,255 which when derived from a chiral pool can be used as asymmetric cata-

‡If all would be due TS stabilization, this would account for ≈ 6 kcal·mol−1, but a significant
part can be attributed to what is often called the hydrophobic effect (described below).
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Figure 3.5: Two different forms of Diels-Alder Catalysis: (a) TS stabilization and
(b) Pre-organization. R.C. = Reaction coordinate. Energy diagrams illustrate the
two formally different concepts. The catalytic effect is achieved by explicitly lowering
the TS energy or the cost of forming the reaction complex, respectively. Efficient
catalysts utilize both mechanisms. Examples of H-bond catalysis by water and pre-
organization in a designed enzyme (see Paper VI) are shown in the bottom panel..

Figure 3.6: Some H-bonding catalysts used in Diels-Alder reac-
tions.234,235,247–250,252–254
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lysts.253,254,256–258 The latter activates the dienophile by forming an aldimidinium salt
together with a strong acid and is strictly not a non-covalent catalyst. An example is the
triamine 14.257

Conversely to EWG stabilization, H-bond acceptors can stabilize the Diels-Alder TS by
interacting with EDGs on the dienes, although this is less common since there are relatively
few EDGs that are good H-bond acceptors.259,260 More advanced designs of Diels-Alder
organocatalysts include both diene and dienophile stabilization,252 as for example 13.

3.3.2 Pre-organization catalysis
In any bimolecular reaction, a significant part of the free energy of activation comes from
the entropic cost of bringing the reactants together, owing to loss of translational, ro-
tational and vibrational degrees of freedom (c.f. eq. 2.14). Because of the high degree
of organization in its TS, the Diels-Alder reaction is recognized for containing a partic-
ularly large entropy contribution. Uncatalyzed Diels-Alder reactions in gas phase have
an entropic contribution to ∆G‡ (−T∆S‡) of approximately 14–18 kcal·mol−1at 298 K,
calculated relative to infinitely separated reactants (using B3LYP and M06-2X calcula-
tions at the 6-31+G(d) level). 8–12 kcal·mol−1are typically lost already in forming the
reaction complex. Therefore, pre-organizing the reactants in a geometry similar to the
TS is also an important catalytic strategy. The pre-organized state is often referred to as
the ’reaction complex’ (not to be confused with ’activated complex’ in Section 2.1.2), and
one can describe it as a checkpoint along the reaction coordinate that has to be crossed
toward the TS (Figure 3.5b).

There is no way to circumvent the entropic penalty of a bimolecular reaction; it is
inherited by the product as well. The strategy of catalyzing a reaction by pre-organization
must instead be to create an enthalpic gain that compensates the entropy loss of bringing
the reactants together. This generally requires a macromolecular catalyst that offers a
more attractive environment than the surrounding solvent for the reactants and cage
them in a confined space so that they collide more often than in the solvent. In the case
of Diels-Alder, this environment should bind the reactants so that their most favorable
orientation is similar to the TS, as illustrated in Figure 3.5b. Examples of such catalysts
include β-cyclodextrin (β-CD)236,261–263 15, the porphyrin-based trimer264 16 , and the
2-piece ’Tennis ball’ capsule of Rebek and coworkers,265–267 which combine molecular
recognition with H-bonds or coordination to achieve pre-organization. The two former,
shown in Figure 3.7, reverse the stereoselecticity in favor of the exo product. The latter
is an impressive example of a self-assembling host structure, but the catalytic reactions
suffer from product inhibition.266,267

In a survey of host-guest Diels-Alder catalysts, Kim et al. examined the origins of β-
CD catalysis and estimated that the substrate pair binds favorably by 1.1 kcal·mol−1and
the TS by 2.5 kcal·mol−1, i.e. a net TS stabilization of –1.4 kcal·mol−1.268 This is in fair
agreement with the experimental262 value of –2.7 kcal·mol−1.

Even if the TS is ’bound’ more strongly than the reaction complex by interacting
with the β-CD–OH groups, the authors concluded that the main contribution to catalysis
is non-specific hydrophobic binding of both reactants and TS, where the TS binding is
entropically more favored.268 Pre-organization occurs because the substrates are brought
together essentially without an energetic penalty, but since no specific interactions occur,
the effect is still quite small. One can also choose to view the binding process as an
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Figure 3.7: Molecular catalysis using pre-organization as well as H-bonding or
coordination.

increase in ’local concentration’.
A different type of pre-organization arises from the ’hydrophobic effect’,140 meaning

that non-polar reactants tend to aggregate in aqueous solvent, which also raises the local
concentration and thereby the rate. The hydrophobic effect arises because non-polar
molecules tend to aggregate in a polar solution. While a receptor, e.g. an enzyme, guides
the reactants to a favorable environment, the hydrophobic effect makes them pre-organize
by avoiding an unfavorable one. The activation barrier is not lowered as such, but is has
been argued that the hydrophobic effect enhances the effect of H-bond catalysis.235,269 In
water, both the hydrophobic effect and TS stabilization221,270 contribute to the observed
rate accelerations. It should be noted the hydrogen bonding strength of water depends
on interactions with outer solvent shells, so a few explicit interactions and a bulk effect is
insufficient to fully explain rate acceleration in water (see ref. 270 and references therein).
Also see Paper I for a discussion of decreasing catalytic effects in polar environments.

3.3.3 Limitations
In spite of much effort and creativity, all molecular catalysts reported for the Diels-Alder
reaction so far are at best moderate, if not poor. This is partly due to the fact that
H-bonds are weak; at most the stabilizing effect is 3–5 kcal·mol−1in the TS, in line with
water.221,236,237,239 The net catalytic effect is in fact smaller than that since the catalyzed
reaction requires three species to be brought together and arranged quite specifically, which
is of course entropically much more costly than with just two molecules. To overcome this
hurdle, molecular catalysts are used in high concentrations, typically 10–20 mol-%.235,257
Still, the best reported rate accelerations are in the order of 103 (Most of the organic
chemistry literature does not contain reports of rates at all).235,243 Cyclodextrin and
the likes of it have been termed ’enzyme mimics’255,271,272 since they display Michaelis-
Menten-like kinetics, but rate accellerations are ≤102.261,262,264

Thus, a molecular catalyst cannot make up for the large cost of introducing itself to
the reaction only by means of H-bonding. But a pre-organization catalyst combined with
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H-bonding could perhaps solve this issue? The problem here is that a Diels-Alder adduct
is geometrically similar to the TS and therefore also the reaction complex, and in addition
that favorable (enthalpic) binding of the reactants often leads to product inhibition. This
limits the catalytic efficiency since a large fraction of the catalytic molecules are inactive
at steady state conditions.

A poignant testimony of the effort required to perform a Diels-Alder reaction, with
or without catalyst, is the abundance of intramolecular reactions in total synthesis (see
Table 1.1 and refs. 2 & 4). Diene and dienophile moieties react more readily if they belong
to the same molecule since they are tethered to each other, meaning that the high en-
tropic cost of forming the reaction complex has already been paid.273,274 To be affordable
under ambient conditions, intermolecular cycloadditions are normally undertaken using
Lewis Acid catalysts, which often require tailored chiral auxiliaries to afford the desired
stereoselectivity.2,230 This is perhaps the reason why Nature has chosen other reactions to
make the building blocks of life – naturally occurring enzymes catalyzing intermolecular
Diels-Alder are virtually unknown (see Section 4.4).

However, given the prerequisites for successful Diels-Alder catalysis outlined in this
section, enzymatic catalysts definitely seem viable. Enzymes possess all the essential prop-
erties; they excel in selectively binding and pre-organizing substrates, and they contain
functional groups able to donate and accept H-bonds. One frequently occurring func-
tionality is the ‘oxyanion hole’, so named because they stabilize transition states and
intermediates of e.g. hydrolytic reactions that contains negatively charged EWGs (see
Section 4.2). Much of the research in this thesis has been focused on enzymes containing
oxyanion holes, as further discussed in Chapter 7.

3.4 Different mechanisms?

The Diels-Alder reaction has so far been described as a concerted mechanism, but since two
bonds are formed, it is intuitive to suggest a stepwise mechanism. A stepwise mechanism
could potentially be entropically less disfavored since fewer degrees of freedom are lost in
the first (rate-determining) TS. Early on, a diradical mechanism was suggested (Figure
3.8, top right).211,222 Apart from the diradical intermediate being extremely short-lived
in a fluid environment, the stepwise diradical pathway in the simple case of 1 and 2 was
shown, using DFT, to have a much higher barrier than the concerted pathway.275 Later
studies have similarily ruled out the diradical pathway, although it has been suggested that
a non-polar synchronous reaction possesses some diradical character along the reaction
coordinate.276,277

A stepwise, non-radical pathway yielding a zwitterionic intermediate (Figure 3.8, bot-
tom right) is a logical alternative if one extrapolates the trend of increasing asynchronicity
(Section 3.2) with increasing activation. However, early theoretical studies suggested that
the concerted mechanism is usually favored.222 The stepwise pathway would require a
highly polar solvent to be favored over a concerted one, but it is questionable whether
the intermediates are stable enough with respect to the non-ionic reagents or products to
prove their existence. Experimentally, such species have been detected and/or isolated in
a limited number of cases, where the charge is stabilized by delocalization.278

Experimental detection of a transient intermediate came only recently (2010),279 in
spite of numerous theoretical predictions of additional stepwise mechanisms.87,217,251,280–285
Furthermore, if the cycloaddition proceeds in two steps, several conformational channels
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Figure 3.8: Four formally different mechanisms to form a Diels-Alder adduct.
Concerted apolar (top left; the arrow formalism is adapted from Polo et al.276),
stepwise diradical (top right), concerted polar (bottom left) and stepwise zwitterionic
(bottom right).

become possible for a given stereochemistry, but it has not been extensively studied which
one is favored. From the literature, it seems that other TS arrangements than the tradi-
tional, syn conformation are often overlooked (see refs. 86 and 281 for two exceptions).

In light of the apparent reluctance of Nature to perform concerted cycloadditions,
described in Chapter 4, it may be interesting to explicitly consider a stepwise Diels-Alder
mechanism for enzyme design. For this reason, a significant part of this thesis has been
devoted to investigations of the mechanistic interface between concerted and stepwise
pathways (Papers I–V). The results of these studies are summarized in Chapter 6, which
also contains a more extensive discussion of mechanistic effects of molecular catalysis.



Chapter 4

Enzymes

Although mankind has employed enzymes commercially for several millennia in food and
beverage processing, understanding of them as molecular catalysts began to emerge in the
18th century.25 Réaumur and Spallazani performed experiments that showed that gastric
juices could liquefy meat, and the first crude isolation of an enzyme (amylase) is dated to
1833 and credited to Payen and Persoz.24,286 The term enzyme was suggested by Kühne
in 1878; it stems from Greek and means "in yeast".24,25

Enzymes are proteins that serve as catalysts in biological systems. Like all proteins,
they consist of one or more sequences of amino acids called polypeptides, sometimes
accompanied by cofactors, which can be metal ions or organic molecules. The sequences
are in turn coded by the genetic information in the DNA. The first enzyme to be recognized
as a protein was urease; its crystallization was reported by Sumner in 1926287 and spurred
a frenzy of research.

Today we know that like life itself, enzymes and enzymatic complexes are incredibly di-
verse. Their structure and functionality range from the simple 62-residue 4-Oxalocrotonate
tautomerase288 to, e.g., the multi-sequence complex ATP synthase. However, enzymes
accomplish this diversity with a relatively small number of mechanistic and structural
building blocks,24 and their endless variety instead lies in how these features can be com-
bined. In the following sections, the development of the contemporary understanding of
enzyme structure, function and efficiency is reviewed. This chapter is concluded with a
survey of the few reported enzymes that can potentially be classified as ’Diels-Alderases’.

4.1 Enzyme structure

All enzymes are built up by a small number of structural features, namely α-helices,
β-sheets and less ordered loops and turns, as well as complexation of cofactors. These
domains fold into the tertiary structure which (together with the quarternary structure)
gives the enzyme its catalytic properties. Nature has chosen 20 different D-amino acids
(Figure 4.1a), all with the same stereochemistry at the α-carbon.∗ This may seem like a
small set of building blocks, but it is more than enough to produce the enormous structural

∗The reason for this seemingly stochastic ’homochirality in Nature’ is a dazzling riddle with
many hypothetic explanations.289–291
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and functional diversity in biochemistry. In a 100-residue enzyme, for example, there are
20100 possible combinations. In comparison, there are ’only’ ∼ 1050 atoms on earth, and
∼ 1080 in the universe!

This first primary protein structure, i.e. its sequence of amino acids, was determined for
insulin by Sanger in 1953.292,293 The discovery was also an important clue in deciphering
the genetic code because it showed that proteins consisted of repeated building blocks,294
and today it is a routine job to determine a protein sequence from its DNA once the
encoding gene is identified. Insulin is a small polypetide of only 51 residues in total.
Determining the first enzyme sequence, Ribonuclease A with a moderate 124 amino acids,
was therefore a more demanding problem and was accomplished seven years after Sanger’s
reports.295

Site-directed mutagenesis experiments25,296 yielded early evidence that some residues
are essential for catalytic activity. (Site-directed mutagenesis is also an essential technique
for enzyme design, as described in Section 5.1.) Relatively few amino acids have been found
to interact directly with the substrate(s) or to be essential for activity in other ways;297
these are commonly referred to as catalytic residues. For example, the importance of the
’catalytic triad’ of Ser-His-Asp/Glu in serine hydrolases has been elucidated by replacing
the catalytic residues with alanine.298 On the other hand, an enzyme is not dependent on
a unique sequence to function,299 and many mutations can leave the activity unaltered or
even improved.

To fully understand the mechanics of enzyme catalysis, both structural and prefer-
ably dynamical information are needed. Sumner showed early that proteins can be made
to crystallize, but molecular enzymologists practically worked in the dark until 1958,
when the first protein structure (myoglobin) was determined using X-ray crystallogra-
phy.300 The first enzyme structure to be determined was lysozyme from egg-white (Figure
4.1b).301,302 Since then, the number of structural determinations of enzymes has grown
exponentially, and with them our understanding of how they work and have evolved.

As a complement to X-ray crystallography, Nuclear Magnetic Resonance (NMR) has
recently matured to be employed for structure determination. The advantage over X-ray
crystallography is that it is able to resolve hydrogens (having too low electron density to
be visible by X-rays) and that an ensemble of structures can be determined in solution.
NMR structures therefore better represent enzymes in their proper element, and can be
used to obtain information about their dynamics.

The effort of crystallographers since the 1950’s has resulted in the accumulation of
a large body of structural knowledge. The Protein Data Bank (PDB) was founded in
1971,303 and since then all published biomolecular structures have been deposited there.
The PDB has been maintained by the Research Collaboratory for Structure Bioinformatics
(RCSB) since 1998, and all its information has been publicly available since the beginning
of this century.304 The avaliability of a rapidly increasing number of structures† allows
scientists to piece together information about structure-function relationships, and is an
essential basis for methods such as Molecular Docking and QSAR (see Sections 2.5–2.6).
The PDB is also an absolute prerequisite for computational enzyme design.

†For current statistics, see the PDB homepage, http://www.rcsb.org/pdb/statistics/
holdings.do.

http://www.rcsb.org/pdb/statistics/holdings.do
http://www.rcsb.org/pdb/statistics/holdings.do
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Figure 4.1: (a) Amino acid backbone (top left) and the 20 sidechains forming the
building blocks of proteins. Proline (Pro) is a special case since its sidechain is cyclic.
(b) Structural hierarchy in proteins. The primary structure refers to the amino acid
sequence, the secondary to the type of ordered units formed by secondary interactions
between amino acids, and the tertiary structure (here represented by lysozyme301,302)
is the overall fold. The black lines in the α-helix and β-sheet show the H-bonding
networks. The quarternary structure (not shown) refers to how several chains interact
to form a larger functional unit. Specific amino acids in a sequence are commonly
referred to as residues.

4.2 Structure and function

Over the years, there have been various attempts to classify enzymes based on their
structure and/or function. The most prevailing one so far is the Enzyme Commission
(EC), which divides enzymes into six major classes, with up to three levels of subclasses,
based on the reactions they catalyze.‡ More interesting to enzyme design is the emerging
knowledge of enzyme superfamilies.305,306 Members of a superfamily share a common
protein scaffold but catalyze different reactions. The scaffolds may in turn consist of one
or several structural domains that are frequent in several EC classes. Examples of such
domains or ’folds’ are the so-called TIM-barrel and α/β-hydrolase fold.307

Furthermore, the growing content in the PDB has revealed that structure is more
conserved than sequence. That is, the sequence homology within a superfamily can be as
low as ≈40%,308 and enzymes seem to have evolved new functions through gradual changes
in their chemistry, rather than structure.305,309 (Another term for this phenomenon is
’divergent evolution’.)

‡For more information on the EC classes, see http://enzyme.expasy.org/

http://enzyme.expasy.org/
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The idea behind chemistry-based evolution has been a driving force during the first
decades of enzyme design.308,309 The insensitivity to sequence homology in a given scaffold
allows for mutations of active site residues under the assumption that the overall structure
will be conserved. This assumption is (so far) essential for the ability to redesign enzymes
based on structural knowledge. Different design strategies are further discussed in Chapter
5.

4.3 Why are enzymes so potent?

Like all catalysts, enzymes provide a reaction path with a smaller energy barrier for the
rate-determining step compared to the unmediated reaction. Some enzymes provide rate
enhancements (≡ kcat/kuncat) of up to ∼ 1017,310 which corresponds to a ∆∆G‡cat value of
≈ −23 kcal·mol−1(eq. 2.25)! Such a massive energy difference means that the enzymatic
mechanism should be significantly different from the uncatalyzed one, and this is indeed
often the case. Even in absolute terms, the turnover rate of some enzymes is astonishing,
some reaching the diffusion limit (∼ 109 s−1).28 These enzymes are sometimes referred
to as ’perfect’.21,311 Regardless of mechanism, such rates correspond to unusually low
activation energies.

There have been more than 20 suggested hypotheses of how enzymes can be so effi-
cient;24 yet the most elegant and insightful one is probably Linus Pauling’s classic propo-
sition of ’TS stabilization’ in the 1940’s.312,313 It was already recognized that enzymes
form favored complexes with their substrates, a concept launched in 1902314 and later de-
veloped into the famous Michaelis-Menten kinetics (see Section 2.1.3). Pauling conceived
that enzymes have evolved to stabilize the transient TS better than the bound ground
state due to subtle geometric and electrostatic differences, and this view has received gen-
eral acclaim ever since. It has been stated that all proposed types of enzyme catalysis are
just different embodiments of TS stabilization,315 a sentiment referred to as the ’Pauling
Paradigm’.316

Even though other factors have been shown to influence enzyme catalysis (see Section
2.1.2), TS stabilization is by far the most important one.21 It is quantified as the selective
binding of the TS by the enzyme compared to the solvent. The hypothetical dissociation
constant KTS determined by the pseudo-thermodynamic317 cycle in Figure 4.2:

KTS = KM
K‡uncat

K‡cat
= KM

kuncat

kcat
, (4.1)

The reciprocal of eq. 4.1 is called the catalytic proficiency and can in native enzymes be
as high as 1024 M−1.310

4.3.1 Origins of catalytic power
With the conceptual understanding behind enzymes’ catalytic power seemingly well estab-
lished, it has still been difficult to capture quantitatively the full scope of their efficiency.
A small number of well-understood ’unit operations’ can be identified as the toolbox of
enzyme catalysis,24 such as covalent catalysis, general acid/base catalysis, electrostatics,
approximation, distortion and desolvation. Despite the low number or tools, the toolbox
is sufficient for enzymes’ enormous biochemical diversity and efficiency. In other words,
we understand what enzymes do, but not how they can do it so well.
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Figure 4.2: Schematic description of general enzyme catalysis (one substrate),
adapted from Paper XI. The ES complex is thermodynamically favored compared
to E + S, and so ∆G‡cat must be smaller than ∆G‡uncat to achieve rate enhance-
ment. The diagram illustrates a tentative partition of the reaction barrier: by explicit
stabilization of the TS (Pauling) and by binding the substrates in a pre-organized
conformation. The two types of Diels-Alder catalysis discussed in Section 3.3 are
manifestations of these complementary strategies.

Since unambiguous evidence for any particular hypothesis has been difficult to obtain,
the debate between advocates of different proposals has been all the fiercer.27,274,316–318
The binding of substrates is well understood,27 so the main issue is accounting for the
large kcat/kuncat values (corresponding to large and negative ∆G‡cat−∆G‡uncat, c.f. Figure
4.2). It is generally agreed that enzymes attain TS stabilization by being pre-organized
to optimize TS ’binding’ (consistent with the Pauling paradigm), but different views on
how this pre-organization happens have been offered. By and large, they can be said to
be divided in two categories: (1) Enzymes provide an electrostatically (and geometrically)
pre-organized environment where the rearrangement energy between the ground state
and TS is minimized.27,319,320 (2) Enzymes compensate the penalty caused by strain and
entropy loss when distorting the ground state towards the TS by favorably binding the
substrate(s) in a ’destabilized’ conformation.274,321,322 Both categories have been ’proved’
and ’disproved’ repeatedly.323–328 In addition, it is disputed whether the dynamic motions
of enzymes play a role in the catalytic step.317,329–334
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4.3.2 A framework for partitioning the activation barrier
A sensible view is that several modest effects contribute (perhaps synergistically?) to
catalysis.326 It is furthermore reasonable to assume that they contribute to different
extents in different enzymes, depending on their reaction mechanism (e.g. extent of charge
transfer) and whether there is evidence of enzyme motion influencing the catalytic rate.317
Importantly, being able to analyze both the ’electrostatic origin’ (1) and the ’ground
state destabilization’ (2) in computational design can be useful for determining where to
focus the refinement efforts. In enzyme design, the mechanism is inherent in the design
hypothesis. We can thus anticipate, but not completely predict, what effects will dictate
the actual rate enhancement of an artificial enzyme.

The following framework may help analyzing the above-mentioned effects in relation
to each other. We define a pre-organized state (S’ or ES’) as any substrate conformation
that is conformationally distorted with respect to the ground state (S or ES) so that
it lies ’en route’ to the TS on the reaction coordinate (Figure 4.2). Note that ES is a
Boltzmann ensemble and also contains all conformations defined to belong to ES’; the
crucial delimiter between the two ensembles can be seen as ES not necessarily being
conformationally similar to the TS whereas ES’ is. Thus, ∆Gorg > 0, and

∆G‡ = ∆Gorg + ∆G′‡, (4.2)

where ∆G′‡ is the free energy of activation from the pre-organized state. We can from
Figure 4.2 define a ’pre-organization constant’ KS′ as

KS′ = KM
Korg,uncat

Korg,cat
, (4.3)

and it follows that

KTS = KS′ exp[(∆G′‡cat −∆G′‡uncat)/RT ] = KS′K
′
TS . (4.4)

The two concepts of Diels-Alder catalysis discussed in Section 3.3 essentially manifest the
partition of the reaction coordinate illustrated in Figure 4.2. From this perspective, KS′

can be viewed as the enzymes’ ability to pre-organize the reactants with respect to the
solvent, while K′TS encompasses the electrostatic stabilization in the TS.

A ’perfect’ enzyme binds the substrate(s) in a way that pre-organizes the substrate and
effectively eliminates the conformational difference between ES and ES’, and ∆Gorg,cat ≈
0.325 In a less than perfect enzyme, such as an artificial one (Chapter 5), the difference may
account for several kcal·mol−1and is in that case an important target for improvement.
This tentative partition of the reaction barrier into a ∆Gorg and ∆G′‡ is thus not so much
an attempt to explain native enzymes as a tool to optimize artificial ones. In Chapter
7, we elaborate this concept and show how it can be used in a design strategy. Also see
the discussion in Paper XI. In the following, the term ’TS stabilization’ will refer to the
difference between ∆G′‡uncat and ∆G′‡cat, and does therefore not encompass the formation
of the pre-organized state.

4.4 Natural Diels-Alderases?

It has been mentioned that natural Diels-Alderases are scarce, and one can give several
explanations for this. First, most enzymes operate through mechanisms where free en-
ergy differences between substrates, intermediates and barriers are small. It was stated in
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Figure 4.3: (a) Proposed cascade mechanism of trichodiene synthase.338,339 OPP
= pyrophosphate. (b) Proposed Diels-Alder reaction of SpnF.343 (c) The proposed
Diels-Alder step in macrophomate synthase344,345 and the alternate Michael-Aldol
Route.346

Chapter 3 that a large reaction barrier is a hallmark of the Diels-Alder reaction, so evo-
lution may just have selected alternative routes to potential Diels-Alder adducts. Second,
forming two bonds in one reaction step is extremely rare in enzymes. Making (or breaking)
one bond at a time whenever possible enables lower free energy barriers. For example, the
enzyme family terpenoid cyclases make a variety of polycyclic molecules,335,336 as exem-
plified in Figure 4.3a, but they operate by cascade-like mechanisms involving ionization of
the substrate followed by a series of carbon-carbon ligations and hydrogen shifts.337–339

However, there exist four cases to date of enzymes quoted as Diels-Alderases.340 Three
of four, solanopyrone synthase,341 lovastatin nonaketide synthase,342 and SpnF from Sac-
charopolyspora spinosa343 have to date no determined structure, and they all conduct
intramolecular Diels-Alder reactions. These are thought to be catalyzed mainly due to
approximation and distortion (or pre-organization using the terminology in Section 3.3).
Moreover, solanopyrone synthase and lovastatin nonaketide synthase catalyze additional
transformations before and after the putative Diels-Alder step, similar to the cascades in
terpenoid synthases. In fact, SpnF is the first ‘pure’ Diels-Alderase to be detected since
it is thought to catalyze only the Diels-Alder reaction (Figure 4.3b).343

In 2003, the structure of Macrophomate synthase (MPS) was determined by Ose et
al.344 As the name inclines, MPS catalyzes the synthesis of macrophomate. It was known
that the metabolites 2-pyrone and oxaloacetate were used, and the mechanism given in
Figure 4.3c was proposed.345 The second step was proposed to be a Diels-Alder reaction
between the Mg-coordinated pyruvate enolate and 2-pyrone. The fouth known putative
Diels-Alderase, MPS is thus the only one performing a intermolecular reaction.§ As the
structure became known, the proposed reaction was investigated by Jorgensen and col-
leagues using QM/MM modeling,346 who found that a two-step Michael-Aldol pathway
was more advantageous than the concerted Diels-Alder route. Hilvert and colleauges
proceeded to find experimental support for the two-step mechanism through detecting

§It has recently been proposed that riboflavin synthase joins the two precursors through a
Diels-Alder step.347 To date, however, little work has been conducted to verify this.
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promiscuous activity in MPS348 (more on enzyme promiscuity in Chapter 5) although
experimental distinction between the concerted and stepwise pathways turned out to be
difficult.349,350 A schematic comparison is given in Figure 4.3c. The close resemblance
between the proposed two-step mechanism in MPS and the generic two-step, zwitterionic
mechanism described in Section 3.4 should be noted. The major difference is that the
diene in MPS is ionic and coordinated to a metal. We will return to these similarities in
Chapter 6.

It is thus highly questionable whether MPS is a Diels-Alderase in the meaning of
catalyzing a concerted cycloaddition. Even if there are other enzymes that possibly carry
out the Diels-Alder reaction at some point during their catalytic cycle,13 it is evident that
the reaction is not one typically preferred by Nature. Artificial or redesigned enzymes are
therefore the only route toward synthetically useful Diels-Alder biocatalysts.

4.5 Applicability of enzyme-catalyzed Diels-Alder

There is a long-standing vision of enzymes replacing industrial catalysts as greener alter-
natives.8,11 Against the background of its importance in total synthesis,2 the enzyme-
catalyzed asymmetric Diels-Alder reaction should therefore be viewed as more than just
a fundamental research challenge. In the longer perspective, Diels-Alderases could do an
important job of generating stereospecific scaffolds for the pharmaceutical industry.

To this end, a Diels-Alderase should be able to asymmetrically catalyze an intermolec-
ular cycloaddition between fairly standard organic molecules in order to be versatile and
not just an academic concern. This is a criterion none of the putative Diels-Alderases in
the previous section live up to. However, given that the two main strategies to catalyze
the Diels-Alder reaction presented in Chapter 3 are part of the enzymatic toolbox, as
discussed in Section 4.3, there is great potential for designing and engineering a Diels-
Alderase. The next chapter discusses general design approaches as well as overviewing
existing attempts to make artificial Diels-Alderases.



Chapter 5

Enzyme design and artificial Diels-Alderases

This chapter introduces important concepts in modern enzyme design. The emphasis is
on emerging computational techniques as well as experimental methods that has played –
and will play – an important role for the engineering of proteins. The chapter is concluded
with a survey of artificial Diels-Alderase reported to date.

5.1 Mutagenesis and engineering

A prerequisite for introducing new functions in enzymes is the ability to mutate them,
which in turn starts with the ability to manipulate the encoding gene. Site-directed mu-
tagenesis296 has already been mentioned as a crucial tool for evaluating enzyme function,
but may also be used for what is known as rational design: Inducing new function by a
small number of rationally deduced mutations. Recombinant DNA technology then allows
for expressing genes encoding a particular enzyme in lab-friendly bacteria.11

Two other important techniques are random mutagenesis encouraged by error-prone
PCR (PCR = polymerase chain reaction), and ’gene shuffling’,351–353 which yields struc-
turally intact but functionally different variants when applied to genes encoding enzymes
from the same superfamily.11 These experimental tools are indispensable in protein engi-
neering, and therefore also to realize computationally designed enzymes.

5.1.1 Enzyme promiscuity
Apart from its importance in for understanding enzymes, site-directed mutagenesis has
also been used extensively to improve them, e.g. by making them more thermostable or
specific. What if one could introduce mutations that activates new functions?

Broadly speaking, two properties make enzymes susceptible for (re)design: Their struc-
tural heritage and the concept of promiscuity.309,354–356 One could argue that the latter
is a consequence of the former (structure-function relationships are briefly mentioned in
Section 4.2), but for sake of completeness, promiscuity will be introduced separately here.

One normally describes three types of enzyme promiscuity:355 Condition promiscu-
ity – enzymes working in non-biological environments (e.g. organic solvents357) substrate
promiscuity – enzymes accepting non-natural substrates, and catalytic promiscuity – en-
zymes being inclined to catalyze non-natural reactions. Promiscuity is believed to be
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instrumental in the evolution of new enzymes,309 and can in part be understood as a
consequence of enzymes being compartmentalized in very specific environments; they do
not have to evolve specificity against conditions outside that environment.355

In this work, we have mainly been interested in induced catalytic promiscuity,355
i.e. the prospect of redesigning an active site to catalyze the Diels-Alder reaction using
(parts of) the present catalytic machinery.

5.1.2 Rational Design
The term ’rational design’ usually means the site-directed mutagenesis of enzymes or pro-
teins for a specific purpose. (In some texts, all computational design methods are grouped
among rational approaches, but this text will differentiate between those that are rational
and ’automated’, i.e. when the decision-making is done by a computer program as de-
scribed in Section 5.2.) It normally requires detailed structural and functional knowledge,
which is of course a limiting factor considering that most known enzymes do not have
known structures.11 Ever-increasing structural information coupled to understanding of
superfamilies (Section 4.2) do however warrant a broader application of this approach in
the future.308

The virtue of rational design is that it hones in on the area of interest, whereas di-
rected evolution (see below) has a tendency to generate mutations far from the active site
due to the ∼ r3-dependence of the number of available amino acids from the substrate.
Closer mutations generally have a larger effect on activity354 and rational design is there-
fore important if one seeks to introduce dramatic mechanistic changes. An evolutionary
approach can in general not manage the ’jump’ in sequence space required to introduce a
completely new function.358

Rational design has celebrated some impressive triumphs in de novo design.359,360
With a few exceptions,355,361,362 it has however proven notoriously difficult to use in
more subtle contexts, such as designing for stereoselectivity.363–366

5.1.3 Directed Evolution
Directed evolution can be understood as accelerated evolution by natural selection under
tailored conditions.11,367 In other words, one evaluates an assay with randomly mutated
properties based on an artificial selection pressure. After selection, new generations of
mutants can be bred based on the best variants. In this way, it is possible to improve
enzymatic properties such as enantioselectivity, specificity, thermostability and catalytic
rate.368,369

The main advantage with directed evolution is that no structure information is needed
to improve or redesign an enzyme, as opposed to rational design. The problem lies in
finding a suitable assay. For example, the critical selection of ’actives’ must be based on
some measurable determinant, such as cell survival, and this is not always possible.368

As has been argued by several authors, the most powerful way to exploit directed
evolution is in concert with rational and/or computational methods,11,358,370,371 which
can focus the search of the sequence space towards regions where mutagenesis are likely
to have the desired effect. Directed evolution is then a perfect tool to improve initial,
often low, activities. Such combinations of rational design and directed evolution into
’semi-rational’ protocols have been successfully applied in experimental assays.12,371,372
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The approach has also recently been applied to compliment computational approaches, as
will be exemplified below.

5.1.4 Catalytic antibodies
The idea behind catalytic antibodies is as simple as it is ingenious. One designs TS
analogs, so-called ’haptens’, for the desired reaction, and exploits the immune defense of
a host organism to raise antibodies against these molecules. The hypothesis is that if
the hypervariable region of the antibody evolves to bind the hapten, it will bind the TS
selectively and thereby catalyze the reaction. Indeed, this hypothesis has worked well in
a number of instances.373–376

The first catalytic antibodies were described in 1986, and were elicited to catalyze acyl
tansfer reactions.377,378 Despite several issues, catalytic antibodies have remained one of
the most successful experimental approaches in enzyme design. Since they usually cannot
match natural enzyme’s efficiency, research has focused on raising catalytic antibodies to
catalyze unnatural reactions.376 Consequently, Diels-Alder catalysis has been a frequent
target with several published results, a selection of which are described in Section 5.4.

5.2 Computational protein design

Computational (also ’computer-aided’) molecular design can be defined as any in silico
method used to guide the design of a molecule for a particular purpose. The largest
field of research for computational methods is drug design, in which Molecular docking
and QSAR (Sections 2.5 and 2.6) are used extensively to find drug candidates for new
biological targets. Computational protein design can be defined as methods aiming at
changing the properties of proteins (and enzymes) or making entirely new ones.

The obvious advantages with computational enzyme design are the cost-efficiency and
that it is fairly trivial to introduce mutations in silico. Computers (especially supercom-
puters) are very fast at screening vast search spaces. An intuitive idea is automated design,
viz. a strategy where an algorithm is employed to search the conformational space for a
target that satisfies a set of predefined requirements.∗

However, to optimize the sequence of a protein for a particular function is a formidable
task. If all 20 amino acids are considered as standard rotamers derived from structure-
based libraries,379,380 the number of unique configurations is ≈ 150N ,381 where N is the
number of amino acids in a the sequence. For example, the number of unique configura-
tions of 50 amino acids when only considering an active site is of the order ∼ 10109.

Thus, even though the idea of automated protein design is straightforward and prob-
ably quite old, the first forays into this field were not made until the 1990’s by pioneering
work in the Mayo and Hellinga labs.358,382–386 The early protocols were based on fast
’Dead-end elimination’ algorithms that quickly remove unfavorable regions of the search
space. Apart from the search engine, the energy function used to score each conformation
is a crucial ingredient in automated protocols. They were initially, and still are, quite
simple constructs of pairwise potentials and internal terms derived either from force fields

∗Some pertinent aspects of the current state of computational enzyme design are critically
discussed in Paper XI. This section is intended as an introduction to general and computational
enzyme design strategies.
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or by some other means.387 Soon, the first reports about experimentally validated enzyme
designs began to emerge.388–390 Although several reports from the Hellinga lab have been
challenged391 and in some cases retracted,392 the numerous reports of de novo functions
promised a bright future for computational enzyme design in the early 2000’s.

According to the Pauling paradigm (Section 4.3), the most important feature of a de
novo enzyme is the ability to stabilize the transition state(s) of the introduced reaction
(see Section 4.3). Dynamic motions317,331 are not unimportant but generally difficult to
account for at an early design stage. Instead, the rationale behind catalytic antibody
design – to adapt (or redesign) an active site to a predesigned TS model – has been
very influential on subsequent computational strategies.358 It may seem like a crude
approach, but proficient enzymes are generally considered quite rigid and are pre-organized
for catalysis.27,318

One way to redesign the active site is to construct a theozyme (’theoretical enzyme’;
see section 5.3) which is a quantum chemical model of the TS stabilized by a small num-
ber of predefined moieties.393 This approach has been coupled with the RosettaDesign381
and RosettaMatch394 programs by the Kuhlman and Baker groups, which led to a series
of impressive demonstrations of active, computationally designed de novo enzymes.395–397
RosettaMatch uses a geometric hashing technique to test all possible placements in a given
scaffold, while RosettaDesign utilizes a Monte Carlo approach to find the optimal (con-
strained) sequence for the structure, essentially ’re-packing’ the amino acids around new
functionality. The program stems from structure prediction efforts and has an impressive
record,398–401 and may even be used to design new and catalytically active protein folds.

Hence, although variations exist, all design strategies have hitherto focused on re-
enginering an existing protein scaffold and change only key residues to alter its function.
Interestingly, the designs reported so far share a low number of protein scaffolds. The TIM-
barrel, β-xylanase (’jelly-roll’) and Ketosteroid isomerase folds dominate. This finding is
consistent the growing knowledge of enzyme superfamilies305,306 in that diverse catalytic
functions can be incorporated in a small number of scaffolds (see Section 4.2).

The direct employment of catalytic promiscuity for the selection of targets with exist-
ing catalytic moieties has not been as meticulously probed as the inside-out approach. If a
pre-selection can be made of protein structures possessing (parts of) the required catalytic
machinery the success rate could be improved and the computational effort diminished.308
This sentiment has been the framework of the research on computational design strategies
in this thesis (see Chapter 7), and similar ideas are emerging.402

The ’Rosetta enzymes’395–397 are seminal in the field of protein design and show,
among other things, the virtue of using a computational algorithm in conjunction with
directed evolution to enhance the results. Still, the new enzymes have low activities similar
to previously elicited catalytic antibodies, and the automated protocol generated a large
number of hits that had to be manually screened, and only a few were initially active. As
stated by Baker in 2010:403

"A design can fail at three different levels: first, the hypothesis represented by a
proposed model of an ideal active site can be incorrect, [...] second, the desired
active site geometry may not be structurally realized by the actual design,
and third, even with a correct active site description and perfect structural
recapitulation, a designed enzyme can have little activity if the surrounding
protein context [...] is not compatible with catalysis."

Several groups have studied the Rosetta enzymes to gain insight into the deviations
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of the final designs from the predicted models and decide on which of these levels they
eventually ’fail’, viz., predict ’false positives’ or more activity than can be verified.404–408
A common theme in the majority of these studies is that the discrepancy between the
predicted and observed activity lies in insufficient treatment of the dynamics and con-
formational diversity of the systems.409 That is, an algorithm that predicts the optimal
binding of the TS may disregard the dynamic events leading up to this binding. A major
challenge for improved reliability of computational design methods thus seems to lie in
simultaneously designing for the static catalytic and dynamic binding interactions.

Furthermore, it has been pointed out by Warshel and coworkers406,410 that the weak
catalytic effect of a series of designed Kemp Elimnases395 is a consequence of the similar
charge distribution between the ground state and TS, which means that the enzyme
cannot utilize its unique environment to achieve significant TS stabilization compared
to the solvent. In other words, part of the challenge in enzyme design seems to be finding
reactions with a significant charge transfer in the TS.

MD simulations have been utilized in several studies to scrutinize predicted binding
and catalytic conformations by programs such as RosettaDesign.404,407 Kiss et al. showed
that MD can be used to differentiate between active and inactive Kemp eliminase designs
proposed by the Rosetta protocol.407 The groups of Mayo, Houk and Hilvert subsequently
collaborated to device an iterative approach that combined an automated protocol411 with
MD to validate and enhance candidates for the same reaction.412 Another trend is to
introduce backbone flexibility in the design protocol,409,413,414 which potentially reduces
the problems observed from optimizing active sites in a ’static’ scaffold.

5.3 Models for the active site

To calculate the reaction coordinate of an enzyme-catalyzed reaction poses several chal-
lenges compared to an ’ordinary’ reaction in solution. First, the mechanism is not seldom
a multistep process with several stationary points to consider. Second, enzymes are en-
zymes because their active sites create a unique environment for the reaction to take place
in, and this environment must be properly represented in the model.

In principle, there are two approaches to this challenge: using a quantum mechan-
ics/molecular mechanics (QM/MM) method or a ’cluster’ model. In the former, a selected
(small) part of the system is treated by a QC method, while the surroundings are treated
by a classic force field.415 The total Hamiltonian becomes

Ĥtotal = ĤQM + ĤMM + ĤQM/MM, (5.1)

where ĤQM/MM represents the connection between the quantum mechanical and classical
regions. The challenge in QM/MM methods lies in defining this term, especially if the
interface crosses covalent bonds. There is no standardized way of doing this, and since
the results are strongly dependent on the choice of interface as well as choice of quantum
mechanical and force field methods, this approach is difficult to apply in computational
design.

In the cluster approach,416,417 the active site is represented by a number of atoms
from the residues surrounding the substrates. The coordinates are usually obtained from
a crystal structure, and the model is truncated at some distance from the reaction center.
The dangling atoms are then held fixed througout the geometry optimization to maintain
the active site’s structural integrity, and one normally represents the surroundings with an



68 CHAPTER 5. ENZYME DESIGN AND ARTIFICIAL DIELS-ALDERASES

implicit solvent model. With today’s computational resources, systems of 100-200 atoms
can be calculated routinely using DFT.

A recent, important realization is that the cluster approach generally converges quite
rapidly in terms of size,416 viz. fairly limited structural information has to be considered
in reproduce the chemistry. With clusters, it is therefore easier to estimate and control the
computational accuracy than with QM/MM. Sufficiently large clusters have been shown
to be more accurate than a QM/MM approach for the numerous systems,416,417 although
QM/MM has many merits and might be preferable in certain cases.418 Moreover, it is
advantageous to use standalone MD as design evaluation tool. Recent work by Houk and
coworkers suggest that a pure MD protocol is better at ranking computational enzyme
designs than a QM/MM-based approach,407 which adds impetus to our choice of separating
the two levels of theory (Chapter 7).

While employing cluster models to study systems with known structure and function
is straightforward, the approach to designing a catalytic function has to be different. For
a given reaction mechanism and with the fairly limited set of known mechanistic tools
in enzymes, it is conceivable that a catalytic machinery can be rationally designed from
scratch. This approach has been popularized as ’inside-out’ design, since one begins with
a minimal model constituting the fundamental catalytic interactions and then has to
modify the rest of the enzyme to fit the model into the active site. The models have been
termed theozymes393 and have been employed frequently to deduce possible catalytic
mechanisms for de-novo activities,419–422 e.g. in catalytic antibodies. Specifically, the
inside-out approach has been successfully applied in the series of Rosetta enzymes (Section
5.2)395–397 culminating in a series of de novo Diels-Alderases397 introduced in the next
section. It should be stressed, however, that a theozyme is best suited for initiation of
a design enterprise, since it cannot be expected to give an accurate description of the
enzyme-substrate interactions in the final design. In Paper VIII, we give an example of
how a cluster model and a theozyme-like model give significantly different results for the
predicted TS stabilization.

5.4 Artificial Diels-Alderases

Chapters 3 and 4 established the attractiveness of an artificial Diels-Alderase, so it should
come as no surprise that numerous attempts have been made to solve this intriguing prob-
lem. It was found in the late 1980’s that the Diels-Alder reaction could be catalyzed by
Bovine serum albumin (which accelerates many organic reactions)423 and Baker’s yeast,424
although no mechanistic elucidation has been performed.230,268 Parallel to these discov-
eries, rational approaches were undertaken to design a Diels-Alder biocatalyst, driven by
the idea that the ’only’ thing required for non-covalent catalysis is a good fit between
active site and reactants (c.f. Sections 3.3 and 4.3).

5.4.1 Catalytic antibodies
The hitherto most successful technique has been to use catalytic antibodies, with im-
portant contributions from Hilvert, Janda, Lerner and Houk.375,376 Three examples of
designed reactions and their associated haptens are shown in Figure 5.1a. Due to the
resemblance between a Diels-Alder TS and product, and consequently hapten, most cat-
alytic antibodies suffer from product inhibition.376 An exception is the antibody 1E9,425
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Figure 5.1: Examples of artificial Diels-Alder biocatalysts. (a) Reactions medi-
ated by catalytic antibodies raised against haptens.376 24 elicits the endo-selective
7D4 and 25 the exo-selective 13G5. (b) Reaction catalyzed by catalytic RNA and
DNA.433,434 A schematic view of a ’49mer’ ribozyme433,435 with its catalytic com-
partment is shown at the bottom. (c) Reaction catalyzed by de novo designed Diels-
Alderases.397 A schematic view of the theozyme incorporated in two enzyme folds is
shown at the bottom.

which circumvents this problem by employing the diene 17 so that the primary product
decomposes to sulphur dioxide and the final product 19. In terms of rate acceleration and
proficiency, 1E9 is still the most efficient catalytic antibody for Diels-Alder.268

The catalytic effect of 1E9 has been attributed to i) tight shape-complimentarity with
the hapten and ii) a single specific H-bond with the dienophile and TS.426,427 This should
be compared to native enzymes, which typically utilize six or more interactions.403 Sub-
sequent design attempts focused on steering enantioselectivity of reactions involving more
conventional dienes,428,429 and catalytic antibodies were elicited to produce both endo
(7D4, 4D5) and exo (22C8, 13G5) adducts.430,431 The crystal structure of the antibody
13G5,432 raised against the ferroscene-based hapten 25, also revealed relatively few spe-
cific H-bonds in contact with the TS analog. Despite shown to be sufficient to induce
the stereoselectivity,420 these interactions are again far from matching the specificity and
efficiency of natural enzymes.

5.4.2 Ribozymes
Another moderately successful strategy has been to use catalytic RNA, so-called ’ri-
bozymes’.13,268 Ribozymes are based on the idea that catalytic RNA is the ancestor
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of enzymes.436 RNA strands can fold to form catalytic compartments, and loops have
been designed catalyze e.g. Diels-Alder reactions (Figure 5.1b).433,435–437 Recently, it was
shown that the same level of catalysis can be achieved using DNA in so-called deoxyri-
bozymes.434,438

5.4.3 Computational Diels-Alderase design
In 2010, Siegel et al. published a report in which they described the de novo design of
several Diels-Alderases.397 The researchers used the inside-out strategy and Rosetta de-
sign tools to graft a pre-defined amino acid-stabilized TS in an existing protein scaffold.
Their elegant work showed for the first time that the Diels-Alder reaction could be asym-
metrically catalyzed by a regular enzyme fold. The design is outlined in Figure 5.1c,
and is based on the same reaction catalyzed by the antibodies 7D4 and 4D5.430,431 On
a personal note, this seminal paper was instrumental for the formulation of the project
resulting in Papers VII and VIII. Before it was published, there existed no real evidence
that enzymes could catalyze intermolecular Diels-Alder reactions, and we were virtually
working in the dark since we had no benchmark against which to measure success.

5.4.4 Rational Diels-Alderase design
Reetz and coworkers recently induced a Cu(II) binding site in the thermostable TIM-
barrel scaffold from Thermotoga maritima, to afford moderetely enantioselective Diels-
Alder catalysis between 6 and the chelating dienophile azachalcone.439 No rates were
reported for this ’hybrid’ enzyme, but the modest conversions bear witness of a marginal
rate enhancements.

5.4.5 Limitations (reprise)
Impressive as these achievements are, all artificial Diels-Alderases so far are rather poor
catalysts, just as other de novo enzymes. Product inhibition in catalytic antibodies has
already been mentioned, and is an even larger problem in ribozymes.13,268

The computationally designed Diels-Alderases have activities in line with the corre-
sponding catalytic antibodies 7D4 and 4D5.397 Although a 20-fold improvement to the
DA_20_10 design was recently presented,440 no artificial Diels-Alderase to date has rate
enhancements exceeding 106 or proficiencies greater than 107.268,397,440 Antibody 1E9 is
still the outstanding example, perhaps due to its unorthodox reaction cascade. Much ef-
fort in our recent design work has been invested in understanding how this apparent limit
can be surpassed. A quantitative discussion, comparing previous work with the designs
presented in this thesis, follows in Section 7.6.

A sobering note is that enzyme proficiency is limited by the form of catalysis and by the
rate of the background reaction. The kcat value varies less than kuncat for the great range
of proficiencies observed in Nature,28,318 and the most efficient enzymes typically utilize
covalent catalysis.316 All Diels-Alderases reported so far utilize non-covalent catalysis (in
the terminology of ref. 316), which limits their theoretical performance.
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Chapter 6

Mechanistic studies (Papers I–IV)

Despite exhaustive theoretical work to understand the Diels-Alder mechanism, there was
surprisingly few studies devoted to substituent effects before the 21st century.260 Any
substituent could in principle be classified as either an EDG or EWG, altering the HOMO
and LUMO energy levels and affecting reactivity. Furthermore, as discussed in Section
3.1, the substituents change the orbital coefficients on the [4+2] carbon scaffold, which
cause alterations in the preferred TS geometry. Together with steric factors, these varia-
tions warrant a mechanistic diversity that ultimately affects the regio- and stereochemical
outcome of a Diels-Alder reaction. However, substituents’ influence on the mechanism is
difficult to study in detail experimentally.

Owing to increasing computational resources, the number of studies focusing sub-
stituent effects has exploded recently. Metaphorically, one could say that enhanced com-
putational resources has allowed for a more highly resolved depiction of the potential (or
free) energy landscape of chemical reactions, where additional kinks and crevices that were
previously overlooked are found.

Over the years, computational studies have lead to a plethora of models for explain-
ing observed trends in reactivity and selectivity. For example, Domingo and others have
advocated the use of global electrophilicity (ω, eq. 3.1) as a descriptor for predicting re-
activity.215,279,284,285,441 Domingo has furthermore related the amount of charge transfer
in the TS to activation energy,285 suggesting that a low reaction barrier is associated with
a ’two-stage’ mechanism in which one bond is formed prior to the other in a way that
resembles an ordinary nucleophilic attack (c.f. Figure 3.2).

Domingo recently went on to probe reactions between non-polar reactants using ’elec-
tron localization functions’ (ELFs),442 and concluded that the large barriers originate
from the high cost of breaking three π-bonds simultaneously prior to the advantageous
formation of new σ-bonds.277 In other words, the symmetry principles governing the
Woodward-Hoffmann rules are responsible for the large barrier of non-activated species,
whereas reactants activated by EDGs and EWGs attain a low-energy path by adapt-
ing a less pericyclic mechanism. These findings support the early idea of a ’mechanistic
continuum’ in Diels-Alder chemistry.217

From this thesis’ perspective it is important to understand the potential and limitations
of H-bond catalysis as a key ingredient in artificial Diels-Alderases. We were therefore
interested in investigating i) the extent of activation one can obtain by adding substituents
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to the diene and dienophile, respectively, and ii) how TS stabilization by H-bond donors
vary with this activation. In Paper I, we therefore used a simple molecular catalyst
together with variously substituted derivates of acrolein and 1,3-butadiene to quantify
these two factors. The obtained results prompted us to further probe the interface between
stepwise and concerted mechanisms, which lead to Papers II–III. Finally, due to the
ongoing changes in preferred methods for theoretical studies of cycloadditions (c.f. Section
2.2.4), we performed a survey in Paper IV of how the choice of method affects the
perceptions about the studied mechanism.

6.1 Synergistic activation and catalysis (Paper I)

The main purpose of Paper I was to investigate the extent of TS stabilization in an
organocatalyst, which served as a surrogate for the H-bond donors in enzymatic oxyanion
holes. To this end, we employed the thiourea 29, a smaller (and slightly weaker) version
of 12 from Figure 3.6. In addition, three levels of activation were considered on both
the dienophiles and dienes by substituting them with EDGs and EWGs, respectively (see
Figure 6.1a)

We found in the study that reactant pairs attain a higher degree of rate acceleration
from the catalyst with increasing activation, i.e. a synergistic effect. The degree of acti-
vation was measured as the HOMOdne–LUMOdph gap, and a clear correlation was found
with ∆∆H‡cat = ∆H‡cat − δH

‡
uncat.∗ We found the maximum catalytic effect to be 5–6

kcal·mol−1depending on choice of method and TS conformation.
Furthermore, the study reaffirmed a number of known phenomena in Diels-Alder chem-

istry: First, although activation energies were decreased overall by a polar solvent, the
catalytic effect decreased.235 We used only implicit representations of the solvent, but
nevertheless, the TS stabilizing effect of water was significant and negated a large portion
of the difference to the catalyzed pathway. Second, as seen in Figure 6.1b, we observed
increasing TS asynchronicity with decreased barriers (increasing activation).217–219,221,443

The lowest energy TSs were so asynchronous that we speculated that some of the
reactions could in fact be stepwise, with a zwitterionic intermediate. This assumption was
fueled by the theoretical346 and experimental349,350 investigations of macrophomate syn-
thase, which suggested that a stepwise pathway is preferred over the initially suggested345
Diels-Alder reaction (see Sections 4.4 and 3.4).

We were therefore prompted to investigate an explicit stepwise pathway, which com-
menced with a Micheal-type addition of the diene in an anti-cis conformation. Such
a channel can only lead to an intermediate, from which we compared the (productive)
ring-closure in competition with a (unproductive) proton shift to form a Michael adduct
(Figure 6.1b). We found that the Michael channel was only slightly unfavored compared
to the standard orientation when catalyzed by 29. However, the high energy of the zwit-
terionic intermediate suggested a negligible lifetime, and the proton transfer proved to be
unfavored. Nevertheless, we surmised that the small difference in activation energy might
provide opportunities for enzyme design, since a stepwise pathway is more reminiscent of
how enzymes generally conduct chemical transformations (c.f. terpene cyclases in Section
4.4)
∗In this study, we choose not to include free energy corrections since we experienced problems

with very shallow potential energy surfaces (c.f. Section 2.2.5). The trends when adding entropy
are consistent with the reported enthalpy, although the catalytic effect is somewhat diminished.
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Figure 6.1: (a) Reactants and HOMO and LUMO levels calculated at the B3LYP/6-
31G(d) level. (b) Correlation between ∆H‡ and TS asynchronicity (top) and potential
rearrangements from a zwitterionic intermediate (bottom).

6.2 Stepwise Diels-Alder (Papers II–III)

The results in Paper I posed a number of new questions: Is a stepwise Diels-Alder
pathway more than an exotic alternative for highly activated reactants? Is it ever favored
over a concerted one for non-ionic substrates and organic catalysts? Is the zwitterionic
intermediate stable enough to be detected, thus providing experimental evidence of the
mechanism?

As mentioned in Section 3.4, the first detection of a transient intermediate was pub-
lished in 2010. Lakhdar et al.279 reported a stepwise Diels-Alder reaction beginning with
the trans addition of diene 33 to the highly electrophilic 4,6-dinitrobenzofuroxan 34 (Fig-
ure 6.2a). The paper was published while we were pondering the viability of a stepwise
mechanism as an alternative in enzyme catalysis, and we were thus eager to study this
reaction in more detail.

6.2.1 Stepwise, but complex (Paper II)
The primary goal of Paper II was to benchmark the computational reaction profile with
the experimental evidence presented by Lakhdar et al. That is, what is the correlation
between the observed stability of the zwitterionic intermediate INTt and that predicted
by QC methods? (The authors did not explicitly report any decomposition rate, so we
had to assume that INTt is sufficiently persistent during cryogenic conditions to allow for
spectroscopic characterization.) The experiments were carried out in acetonitrile at –40◦C,
so we used a continuum approach to model the solvent and rescaled all thermodynamic
corrections to the appropriate temperature. The M06-2X and SCS-MP2 methods were
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used to compute relative energies of all species, based on B3LYP geometries (see section
2.2 for details).

Surprisingly, we found no support for a favored TS1t pathway leading to the inter-
mediate INTt, as reported by Lakhdar et al. (Figure 6.2b). The standard syn geometry
(TS1-DA) was found to be energetically preferred, although intrinsic reaction coordinate
(IRC)444,445 calculations confirmed that this path also generates a zwitterionic interme-
diate. Furthermore, all zwitterions were very unstable with respect to the second barrier
(TS2). These findings made us question whether INTt was really the observed interme-
diate.

We therefore probed the PES further and found that the heterocyclic intermediate
INTcyc was much more stable with respect to the zwitterions and could be accessed
through low-energy TSs. Importantly, to complete the reaction and form the Diels-Alder
adduct 35, INTt must first be converted into INTprox by rotation of its C2–C3 bond.
After the first addition, however, it achieves a significant double bond character, and we
found the rotational barrier to be insurmountable. In contrast, this bond rotation is facile
in INTcyc.

We concluded that the mechanism proposed by Lakhdar et al. cannot explain the
detection of an intermediate. The authors used 1H-NMR to characterize the intermediate,
which however left several structural issues unresolved. We attempted to reproduce the
chemical shifts computationally, but obtained ambiguous results. However, our findings
gained impetus by a subsequent study from the Terrier group, in which the stepwise
Diels-Alder reaction between diene 36 and 4-nitrobenzodifuroxan 37 was probed (Figure
6.2a).446 Here, no intermediate was detected, and we found that although the same
states as for the 33+34 system were readily obtained computationally, INTcyc were
only marginally more stable than INTt and INTprox. The stability of the zwitterions
with respect to TS2 was virtually identical to the previous case. Hence, isomerization to
INTcyc provides a sound rationale for the observation of both a stable and an unstable
intermediate.

The energy difference between the lowest conformation of INTcyc and TS2 was found
to be ≈10–11 kcal·mol−1(depending on method), which corresponds to a rate constant for
decomposition of ≈ 1000 s−1(eq. 2.24). While this rate is too large to be entirely consistent
with the results described by Lakhdar et al., it is a useful benchmark for predicting
intermediate stability using computational methods. A possible reason for the relatively
short predicted lifetime of the intermediate(s) is the solvent model, which does not account
for specific interactions between acetonitrile molecules and the solute.

It should be noted that the computed barriers for intermediate interconversions are
all very low, suggesting that several intermediate species are present in solution. This
of course complicates the spectroscopic signature and makes it difficult to relate experi-
mental data directly to the computational results. Moreover, the small energy differences
are close to or within the accuracy of DFT, so the results must be interpreted with care.
Nevertheless, two different quantum chemical methods (see below) predict the same re-
sults, and the cyclic intermediates were at least 4 kcal·mol−1lower in energy than the most
stable zwitterion.
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Figure 6.2: (a) Trimethylsiloxybutadiene 33 and 4,6-dinitrobenzyfuroxan 34, and
the reaction mechanism proposed by Lakhdar et al.279 36 and 37 were used in a
related study.446 (b) A tentative reaction mechanism congruent with our results, and
computed a free energy diagram. M06-2X/6-311++G(2d,2p)//B3LYP/6-31+G(d)
energies are shown in boldface, and SCS-MP2 energies at the same level in italics.
All energies were computed using the SMD-PCM solvation model. Note that not all
stationary points investigated in Paper II are shown, and that the notation has been
revised with to be consistent with Paper III.
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6.2.2 Computational aspects (Papers II–III)
From a computational perspective, an important result of Paper II was that B3LYP
fails utterly to reproduce the experimental results of Lakhdar et al. For example, B3LYP
predicts a highly endergonic reaction as well as free energies of activations for the first
step (TS1-DA/TS1t) of 20–24 kcal·mol−1, corresponding to unfeasible rate constants at
–40◦C. The activation energies obtained from the M06-2X functional (Figure 6.2b) corre-
sponds to ∼100 s−1·mol−1, more consistent with the immediate formation of intermediate
species reported by the experimentalists. Interestingly, the SCS-MP2 energies were con-
sistently higher than with M06-2X, and did not correlate as well with the experimental
findings.

SCS-MP2 and M06-2X were chosen in Paper II since several recent studies have
highlighted them as being above average at reproducing reaction energies and barriers
of cycloadditions.46,47 Simon and Goodman have demonstrated that B3LYP adequately
reproduces geometries,447 affirming the approach used in Paper II. However, the encour-
aging results obtained with M06-2X raised the question of whether this meta-hybrid-GGA
functional would be a better choice for optimization as well.

M06-2X is a relatively new functional,78 so thorough benchmarking studies have been
scarce. A additional, practical consideration is that it has not been implemented in stan-
dard computational codes, such as Gaussian, until recently. Indeed, at the time Paper II
was written, few studies had appeared that used the M06-2X functional for optimization.84

Hence, we chose to use M06-2X both for geometry and energy calculations in Paper
III. The same basis set (6-311++G(2d,2p)) and solvation model (SMD-PCM) were used
for energy calculations in both papers, so the results should be comparable. In addition,
we used B3LYP to obtain geometries for comparison with the M06-2X optimizations,
and SCS-MP2 to validate the energy calculations. As mentioned in Section 2.2.4, similar
approaches are becoming increasingly common in the recent literature.85–88

6.2.3 When does concerted become stepwise? (Paper III)
Overall, the results inPaper II support a stepwise Diels-Alder mechanism between 33 and
34, although the mechanism was found to be more complex than expected. Consistent
with Paper I, they did not indicate that a Michael-type TS conformation should be
favored over the traditional syn geometry (such as TS1-DA).

The central questions in Paper III were therefore whether an anti (or gauge)281
geometry is ever favored in stepwise Diels-Alder, and if a putative transition from concerted
to stepwise mechanism is correlated with reactant activation. In particular, is it possible
to predict when a detectable zwitterionic intermediate can be expected? (We use the
computed energy difference between the lowest intermediate and TS2 from Paper II,
≈10 kcal·mol−1, as a benchmark for detectability.) To elucidate these issues, we selected
the highly activated diene 38 and the four dienophiles 3, 8, 39 and 40, having increasing
global electrophilicity indices (eq. 3.1). Three TS geometries with associated zwitterionic
intermediates were probed, as illustrated in Figure 6.3.

The results indicate that there is indeed an increased preference for the Michael-type
geometry with increasing activation, accompanied by increasing stability of the zwitterions
(Figure 6.4a). With reference to Paper II, intermediate detection becomes possible for
reactivities somewhere between the 38+39 and 38+8 Furthermore, employing a molecular
catalyst (10, Figure 3.6) was found to enhance the preference for a Michael-type addition
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Figure 6.3: Reactants used in Paper III, and the three investigated pathways. It
was found that only TS1-DA and TS1c can yield the product 42, since isomerization
between INTt and INTc is not possible in general.

and stability of the intermediates.
Interestingly, all geometries were found to yield zwitterionic intermediates as local

minima along the reaction coordinate, even for the less activated dienophiles (Figure 6.4b),
although the intermediates of 3 and 39 are too unstable to be detectable. In addition to
the reactions studied with 38, transient zwitterionic intermediates were found even with
a series of less activated dienes reacting with 8.

As in Paper II, it was assumed that the products are formed via a second barrier
(TS2) that can only be reached from the INTprox geometry. While INTc can readily
convert into INTprox, INTt would need a C2–C3 bond rotation. The rotational barriers
were found to be too high for this isomerization to take place. Thus, the TS1t pathway
is essentially an unproductive one, although it is favored over TS1-DA for dienophiles 8
and 40.†

It is well-established that asynchronous TSs leads to sequential bond formation. Domingo
and coworkers have chosen to denote such polar ’two-stage concerted’, indicating that only
one TS is involved.282,285 Strictly stepwise pathways have mostly been invoked for reac-
tions containing ionic reactants and non-covalent or Lewis acid catalysts.87,251,281,285,448,449
However, the well-defined local minima along each lowest-energy path found in Paper III
suggest that stepwise Diels-Alder is a more general concept than previously suggested.

Hence, the question posed as the heading of this section turned out to be somewhat
ill-defined. The results of Paper III indicate that a concerted pathway becomes stepwise
relatively early on the reactivity scale. On the other hand, the majority of the resulting in-
termediates are very unstable and would not be detected even under cryogenic conditions.
It is, supposedly, a matter of taste whether one prefers to call such reactions ’stepwise’ or
’concerted’.

An important point to note is that the vast majority of mechanistic studies in the
past have employed B3LYP. In light of the recent findings of this functional’s problems

†As in Paper II, we investigated INTcyc species as a route to isomerization, but found that
it is essentially only valid for the nitro-group containing 39.
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Figure 6.4: (a) Correlation for the difference in ∆G‡ between TS1-DA and TS1c
(blue circles) and intermediate stability (red diamonds). (b) Computed IRC444,445

paths from the optimized TS1-DA geometries of all four dienophiles. All endpoints
are INTprox species.

with Diels-Alder (see Section 6.2.2), it might be motivated to revisit some of the generally
accepted results established using this method. For example, although the inclination
towards a stepwise mechanism increases with increasing reactivity, the M06-2X geometries
revealed a decreasing asynchronicity. While the very asynchronous TSs obtained with
B3LYP in polar reactions lead to the assumption of a preferred Michael-type addition,
the results from Papers I–III indicate that the energy landscape computed with the same
functional disfavors both intermediates and products.

In summary, the results from Papers II and III indicate that the concept of a unique
reaction mechanism can become blurred with increasingly activated Diels-Alder reactants.
Several approximately isoenergetic pathways can converge to one product through a com-
mon intermediate, which potentially opens up new possibilities for catalyst design. (Note
that we did not probe all possible pathways exhaustively in Papers II and III, merely
those necessary to illustrate the concepts.)

6.3 Method dependence of transition state geometry (Paper
IV)

The difference between the B3LYP and M06-2X geometries observed in Paper III raised
questions about how to best reproduce the ’true’ TS geometry. The emerging picture is
that increasingly activated systems (more TS charge transfer) yield increasing differences
in the predicted asynchronicity. An additional example can be acquired from Paper IX
(see Chapter 7), in which systems with an ionic diene gave dramatic discrepancies between
TS geometries optimized with B3LYP, M06-2X and MP2 (Figure 6.5a). Apparently,
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Figure 6.5: (a) Three TS geometries of the the Diels-Alder reaction between 3 and
the enolate of 51 coordinated to formic acid (see Section 7.7). (b) TS geometries from
the methods used in Paper IV, superimposed on the CCSD/6-31G(d) geometry. The
most significant difference in the diene-dienophile scaffolds is the C1–Cα distance.

B3LYP geometries are far from those produced using MP2 while M06-2X, albeit also
more asynchronous, come closer.

Hence, the geometries in Figure 6.5a suggest that DFT methods give quite different
descriptions of the Diels-Alder TS than a wave-function based approach. This sentiment
made us ask whether any particular DFT method is preferable in order to obtain good TS
geometries. In Paper IV we therefore conducted a survey of a number of popular and/or
new density functionals to compare them, primarily, from a geometric viewpoint. Apart
from B3LYP, we investigated the following functionals based on Becke’s GGA exchange
functionals: B97D,450 ωB97X, ωB97XD,451 B2PLYP and B2PLYPD,76 (functionals with
a ’D’ index contain an empirical dispersion correction described in Section 2.2.494,95). Two
analytic functionals of Perdew and coworkers, mPW1PW91 and PBE1PBE (also known
as PBE0), were tested.64,65,452,453 Within the meta-GGA class we evaluated M06-2X,
M06L75 and HCTH/407.454 B97D, M06L, and HCTH/407 do not contain any exact (HF)
exchange.

The asynchronicity’s putative method dependence was investigated by optimizing the
TSs between acrolein 3 and the dienes 1, 4 and 9, with and without a water molecule
coordinated to the dienophile. The asynchronicity can be expected to increase as 1<4<9.
The substituents are only weakly activating so that a stepwise mechanism can be ruled
out. As a benchmark, we optimized the geometries using MP2 and coupled cluster with
single and double substitutions (CCSD).455,456 The 6-31+G(d,p) basis set was used for
all optimizations except with CCSD, for which we employed 6-31G(d) (see the Paper IV
reprint for notes on the potential effects of basis set superposition error).

The resulting geometries indicate that there appears to be a clear dichotomy between
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how the wave-function and DFT methods describe the Diels-Alder TS. All methods de-
scribe increasing asynchronicity along both the uncatalyzed and water-mediated series
of reactants, but CCSD and MP2 much less so than the density functionals (see Figure
6.5b for superimposed geometries). Although the dispersion-corrected functionals signifi-
cantly reduce the TS energies compared to the same functionals without dispersion, they
give only slight reductions in asynchronicity. The most consistent results with respect
to CCSD and MP2 geometries were obtained by mPW1PW91, PBE1PBE and M06-2X.
Interestingly, M06-2X is the method that best reproduces absolute CCSD incipient bond
distances; the more consistent asychronicity of MP2 can partly be attributed to both dβ
and dα increasing with respect to the CCSD geometry with increasing activation. It should
be noted that the asynchronicity increases less rapidly using MP2 than with CCSD.

The widely accepted phenomenon rapidly increasing TS asynchronicity with increasing
activation thus seems to be, to some extent, a product of the method used to study the
reaction, i.e. DFT. Clearly, the Diels-Alder reaction is an exception from Simon and
Goodman’s conclusion447 that B3LYP reproduces geometries well. As seen in Paper
IV, however, most other density functionals generate equally deviant results with respect
to CCSD or MP2. Hence, some of the generally accepted aspects regarding the Diels-
Alder mechanisms, in particular those derived from the large number of studies employing
B3LYP, may need reconsideration. At any rate, M06-2X appears to be a better, albeit
not problem-free, choice for geometry optimization.

6.4 Summary and conclusions

This chapter has demonstrated that stepwise Diels-Alder mechanisms might be more com-
mon, and favorable, than previously thought. In particular, even standard TS geometries
were shown to yield intermediates, albeit transient ones. In Paper I, it was seen that
a Michael-type addition between a diene and dienophile seems to lead invariably to a
Diels-Alder adduct, although it should be pointed out that persistent intermediates may
allow conformational changes that in turn affect the stereochemical outcome. Moreover,
the results from Paper IV raises some concerns regarding the accuracy of DFT to predict
TS geometries, which ultimately influence the predictions about the preferred mechanism.
Hence, the question of stepwise vs. concerted Diels-Alder requires additional attention.

The contemporary understanding of the Diels-Alder reaction contains many flavors
that, understandably, are not yet the primary concern of an enzyme designer. However, as
the understanding of, and control over, the design process increases, so does the possibility
to exploit the subtle details in Diels-Alder catalysis. Therefore, results described in this
chapter should be interpreted with the implications for computational enzyme design in
mind. Although we have not yet attempted to apply the findings reported in this chapter
explicitly in a design endeavor, i.e. to optimize catalysis of a stepwise mechanism, they
are potentially important for developing Diels-Alderases that may attain a greater rate-
acceleration by a differentiated mechanism.

As has been argued in the previous chapters, multistep reactions are more ’enzyme-
like’ (in spite of being significantly more difficult to design), and it is well-known that the
most proficient enzymes utilize different mechanisms than for the corresponding reactions
in solvent.316 As furthermore argued by Warshel and coworkers,406,410 enzymes can only
stabilize TSs significantly with respect to the solvent (water) if there is a significant charge
reorganization involved. Hence, designing towards stepwise Diels-Alder mechanisms with
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zwitterionic intermediates seems like an attractive alternative to the concerted mechanism.
That, however, requires an accurate description of the actual TS geometry as well as the
charge distribution. And as seen in Paper IV, there are some significant discrepancies in
how several popular quantum chemical methods describe these properties.





Chapter 7

Enzyme design (Papers V–X)

Successful design of a non-natural Diels-Alderase relies on being able to find a enzyme-
substrate combination in which i) the substrates are bound in a way that alignes the
diene-dienophile moieties close to their TS conformation, and ii) the TS is stabilized by
stronger specific interactions than in the solvent. In this thesis, our efforts have been
focused on finding structures in the PDB with promiscuous binding propensity for the
Diels-Alder TS. Inspired by the range of organic catalysts described in Section 3.3, we
turned much of our attention to enzymes containing the ’oxyanion hole’ functionality.
Oxyanion holes are introduced in Section 7.1.

In Papers V and VI, we studied how promiscuous catalysis in two lipases is affected
by the solvent, and how a rational mutation can improve both binding and substrate pre-
organization. In Papers VII andVIII, we developed a combinatorial substrate library to
more systematically match the active sites of a set of target structures. In Paper IX, we
described a conceptually new and very promising Diels-Alderase design, in which the diene
is generated by in situ base-catalyzed enolization. In Paper X, we explored methods to
include the accuracy of LIE-based calculations of protein-ligand binding energies, with
potential implications for scoring functions and enzyme design.

7.1 The oxyanion hole

Oxyanion holes are ubiquitous in enzymes from the EC 3 (hydrolases) and 4 (lyases)
classes. They stabilize the partially negative charge of e.g. carbonyl oxygens in the TS
of hydrolytic cleavages, as well as bind the substrate and the oxyanion of the tetrahedral
intermediate (Figure 7.1a).457 Oxyanion holes typically consist of two or three unpaired
H-bond donors, most often backbone –NH– groups,458 although side-chain –OH groups
are also found.

Simon and Goodman have performed a survey of the PDB where they showed that
oxyanion holes are optimally aligned not to stabilize the TS maximally, but to maximize
the difference in stabilization between TS and ground state.458 The planes spanned by
the H-bond donors on the one hand, and the carbonyl moiety on the other, are often
close to perpendicular459 in stark contrast to the planar geometry observed for molecular
catalysts. This is apparently Nature’s strategy to circumvent that an oxyanion hole in-
herently stabilizes all H-bond acceptors to some extent, including the substrates. Hence,

85
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Figure 7.1: (a) The oxyanion hole’s role in the common ping-pong, bi-bi mechanism
of serine hydrolases is to stabilize a partial negative charge in TSs and intermediates.
This example furnishes a catalytic Ser-His-Asp triad common in both EC 3 and
EC 4 enzymes.24,25 (b) Tentative raction mechanism for an oxyanion hole-catalyzed
Diels-Alder reactions, using residue numbers from CALB. The reactants shown were
used in Paper VI. (c) Examples of promiscuous activity displayed by variants of
CALB.366,460–463 WT = Wild-type. R.O.P. = Ring opening polymerization.

the Pauling paradigm is still valid even if the concept of ’maximum TS stabilization’ is
somewhat misguiding for oxyanion holes459 and should perhaps be replaced by ’maximum
barrier reduction’.

Due to the the similarity between oxyanion hole function and the way molecular Diels-
Alder catalysts work (Figure 3.6), the outset in our computational design attempts was
to search for and redesign enzymes containing this functionality. A hypothetical reac-
tion mechanism is illustrated in Figure 7.1b. Consequently, all three redesigned enzymes
reported in Papers VI–VIII have oxyanion holes.

7.2 Estimating kinetic constants from MD and DFT calculations

Our design approach relies on the ability to simulate and evaluate the most important
events in the catalytic cycle (Figure 4.2), i.e. substrate binding, pre-organization and TS
stabilization. Product release or inhibition is an important event as well, but since it
depends on the ability to make the product, we have chosen to leave it out of our main
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Figure 7.2: Schematic diagram showing the hypothetical partition of the reaction
coordinate or PES into MD and a QC regimes. The NAC is used as a reference state
joining the two.

focus. As described in Section 2.1.3, we assume that KM ≈ KD. We then use the LIE
method (Section 2.4.4) to estimate ∆Gbind directly from the MD simulations.

In Paper VI, we used the standard LIE approach,130,133 but since nothing is known
experimentally of an enzyme at an early stage of a design process, accurate description of
the γ offset was of course impossible. Moreover, we found from calculations on reference
systems with known data that a γ in eq. 2.119 could not reproduce ∆Gbind other than
in a few cases. We obtained reasonable correlations in a number of test systems using
the LIE+γSASA model (eq. 2.123), and decided to use the GB parametrization for ∆GSA
in Papers VII–VIII. A reliable model for effective protein-ligand binding prediction is
essential to make predictions and distinctions in a computational design process, but also
highly interesting for e.g. the Drug Discovery community. This prompted us to continue
studying how the LIE approach could be improved without increasing the computational
load, a work which lead to Paper X.

We ruled out the use of a QM/MM approach to treat the dynamic and quantum me-
chanic behavior of our design candidates at an early stage. The rationale behind this was
based on the impracticality in a design process as argued in Section 5.3. Instead, we sought
to connect the classical and quantum chemical regions through a common reference state.
Properly defined, the ’pre-organized state’ (Figure 4.2) can be represented both by a QC
model geometry and a statistical sampling of the MD ensemble, providing required overlap
between the two theoretical regimes (Figure 7.2). To define the reaction complex, we used
the concept of ’Near-Attack Conformation’ by Bruice and coworkers.273,274,323,325 Bruice
argues that the difference in catalytic rate for similar substrates can, to a large extent,
be attributed to the variations in NAC formation. Although a controversial and debated
concept,21,317,324,325,464 we state that the NAC is a fairly efficient tool to discriminate
between designs and obtain an estimate of the free energy separating the bound state and
the TS.

By including the NAC, the free energy of activation (∆G‡cat) is given by eq. 7.1 (c.f. Fig-
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ure 7.2 and 4.2):325
∆G‡cat = ∆GNAC + ∆G‡NAC. (7.1)

which is essentially eq. 4.2 with ES’ ≡ NAC and ∆Gorg ≡ ∆GNAC. If the enzyme-substrate
complex is adequately sampled, ∆GNAC can be calculated from an ensemble average:

∆GNAC = −RT lnPNAC ≥ 0, (7.2)

where PNAC = NNAC/Ntotal is the fraction of sampling points belonging to the NAC
ensemble (This, in turn, is a crude approximation of eq. 2.17 under the adiabatic hypoth-
esis). We note that sufficient sampling is required for this approach to be meaningful; for
example, a PNAC < 0.001 is not statistically significant if the sampled points are of the
order 103.

Bruice originally defined the NAC by a sum of vdW radii and a cone angle compatible
with the TS geometry.323 For the Diels-Alder reaction, two carbon-carbon distances be-
tween the reactants need to be accounted for, and in principle two dihedral angles. Force
fields are however coarsely parametrized and the LJ potential may be too ’hard’ to sample
such contacts in untethered substrates. We quickly found that even at seemingly ideal
conditions, both C–C distances are rarely within their vdW distances simultaneously, and
therefore had to loosen the definitions somewhat to allow for detection. We therefore
defined the NAC distance as both dα and dβ being ≤ 4.0 Å. Support for this choice can
be obtained from Toro-Labbe et al., who have demonstrated that the majority of electro-
static changes along a reaction coordinate occur in a limited region close to the TS.465–467
Ideally, a change in the NAC distance should lead to an energy change correlated with a
change in the QC model, in which case the choice of NAC definition should be arbitrary.
At any rate, the energetic error in representing the NAC on the 4.0 Å level in both the
MD and QC regimes should be limited. Variations with distance are briefly addressed in
Paper VIII.

We note, finally, that although the quantitative methods presented in this section have
been selected to give reasonable results, they are associated with significant uncertainties.
To determine protein-ligand interaction energies using a linear response approach is no-
toriously difficult,139,468 and because the ∆GNAC depends on the choice of force field,
sampling and how the NAC is defined, it can take on a range of values. At best, the
combined methods used here should be able to predict the relative differences between
designed systems within 1–3 kcal·mol−1. At worst, substantial errors could lead to the
prediction of false positives (or negatives). Therefore, all energies and kinetic constants
quoted in the following should be interpreted carefully, perhaps as ’best-case’ estimates.

7.3 Promiscuous activity and solvent dependence (Papers
V–VI)

There are several reasons for wanting to run an enzymatic reaction in an organic solvent
rather than buffer (although it should be noted that many proteins denature in organic
solvents). Apart from the obvious case of reversing hydrolysis, hydrolases can be made
to perform related reactions, and sometimes enzyme activity has been magnified in non-
aquous media.357 It also facilitates working with hydrophobic substrates. Lipases are
known to work well in organic media when carefully prepared,469,470 and the prospect of
quenching background catalysis of water (Section 3.3.1), as well as raising the solubility of
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(typically) hydrophobic Diels-Alder reactants, made this combination attractive. Papers
V and VI show that explicit solvent has a direct influence on enzyme-ligand interactions,
but the conclusions from Paper VI were not quite what we expected.

7.3.1 Computational elucidation of a solvent-dependent promiscuous
activity

In paper V, we aided the group of Olof Ramström in their studies of dynamic combina-
torial resolution (DCR)471–476 using enzymes. Ramström and coworkers used the com-
mercially available lipase I from Burkholderia cepacia (formerly Pseudomonas cepacia)
to catalyze the asymmetric acylation of secondary amines.476 During their work, they
observed a higher yield than that theoretically possible for the expected stereospecificity,
which prompted them to investigate a possible promiscuous racemase activity coupled to
the stereoselective acylation. The proposed mechanism is shown in Figure 7.3a.

We performed MD simulations and DFT calculations on an available crystal structure
of B. cepacia lipase (BCL). The results clearly showed, as illustrated in Figure 7.3, that
the active site oxyanion hole bind and stabilize the –CN group of both enantiomers of
N-methyl α-aminonitrile 44, as well as their TSs and the free cyanide ion. His286 of the
catalytic triad acts as a general base, and the calculated reaction coordinate is consistent
with the proposed mechanism.

While this study is somewhat digressive from our Diels-Alderase design project, it had
several interesting implications. The work relates to our central interest by showing that
an experimentally observed, promiscuous behavior could be monitored and understood
computationally, providing support for our general approach of MD+QC calculations.
Furthermore, an important observation not included in Paper V is that the choice of
explicit solvent in the MD simulations had a significant impact on the enzyme-ligand
interactions. The anticipated binding of R- and S-44 could only be reproduced when we
employed chloroform, the available parametrized477 solvent closest in dielectric properties
to the experimentally used tert-butyl methyl ether. More polar organic solvents such as
acetonitrile478 led to only sporadic contacts between the substrate and catalytic residues.
This result mirrored that of the experimentalists, who were unable to run the reaction in
more polar solvents. The modest simulation time of 4 ns per system served as a useful
benchmark to indicate that the most salient information about substrate binding can be
extracted from such affordable calculations.

7.3.2 Rational design of CALB
Candida antarctica lipase B (CALB) belongs to the large α/β hydrolase superfamily,307,480
and is an enzyme widely employed by virtue of its high environmental tolerance, stere-
ospecificiy and catalytic promiscuity.356,481 Brinck, Berglund and Hult have collaborated
to demonstrate a number of reactions catalyzed by the CALB S105A mutant,365,366,460,461,482–484
where the nucleophilic serine is removed. These studies showed that the CALB active site
can accept a wide range of substrates, and importantly, accommodate bimolecular reac-
tions. Others have used CALB for similar462 and different purposes, e.g. ring-opening
polymerization;463,485 some examples are shown in (Figure 7.1c).

In Paper VI, following the arguments outlined in Section 3.3, we hypothesized that
the CALB S105A mutant is a candidate for a rationally designed Diels-Alderase. Molec-
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Figure 7.3: (a) The proposed racemization mechanism of 44 in BCL is a retro-
Strecker followed by a Strecker reaction. (b) Snapshots from MD simulations of R-44
and S-44 in BCL, model taken from PDB entry 5LIP479 (the same structure as entry
1HQD in Figure 7.6) Average distances for S/R enantiomers: S1 = 2.44/2.73, S2 =
2.63/2.58, S3 = 2.16/2.35, S4 = 3.04/2.90, S5= 2.16/2.01. (b) DFT model of the
active site, showing the optimized TS of the HCN elimination/additon. ∆E‡ = 21
kcal·mol−1at the B2PLYP/TZVPP//B3LYP/6-31G(d) level. All distances are given
in Ångströms.

ular docking indicated that the dienophiles 7, 42 and 43 (Figure 7.1c) could find the
oxyanion hole and that the diene 6 could approach the double bond to form a TS. How-
ever, preliminary experiments did not show any activity with the suggested substrates,
and hence we set out to investigate why.

From our early mechanistic studies (Paper I, Section 6.1), we anticipate that the
amount of TS stabilization by an oxyanion hole is in the range of 1–5 kcal·mol−1, so a rate
acceleration should indeed be observed if the substrates were bound in proximity to each
other in the active site. We concluded that the most likely reason for the lack of catalysis
in the S105A mutant was either insufficient enzyme-ligand affinity or failure to form NACs
(or both). Previous studies on reactions in CALB S105A mutant, involving acid/base-
catalysis, concluded that a low population of NAC states was partially accountable for the
significantly lower experimental rates than those predicted by quantum chemical meth-
ods.365,366 That is, predictions based solely on a ’static’ method (such as QC) do not
seem sufficient to generate an efficient promiscuous enzyme. The situation is arguably
more difficult with the Diels-Alder reaction, since there are only non-covalent interactions
between the substrates and enzyme. Hence, the substrates never become tethered to the
enzyme, and the pre-arrangement can only be guided by weak forces.

We therefore investigated the docked poses of the dienophiles with 6 and detected
several positions in the active site where side-chains clashed with the substrates and pre-
vented them from binding in the stacked conformation associated with a Diels-Alder NAC.
In particular, I189 and I285 prevented the dienophiles from exposing their double bonds for
attack (Figure 7.4a). We thus created the I189A, I285A, S105A/I189A and S105A/I189A
mutants and went on to study them, as well as the wild-type and S105A variants, us-
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Figure 7.4: (a) CALB structure, taken from PDB entry 1LBT,486 with selected
active-site residues shown. Investigated sites for mutagenesis are shown in green. (b)
42+6 (top) and 43+6 (bottom) TS in DFT model of the CALB active site. All
distances are in Angstroms

ing MD simulations. Due to water’s accelerating effect of Diels-Alder (Section 3.3), we
initially used two organic solvents, acetonitrile and chloroform.

CALB has been shown to be structurally unaffected by organic solvents,487 and our
simulations did not produce any significant deviation from the starting structure. Exten-
sive simulations with the substrates filtered out the double mutant S105A/I189A as the
one most susceptible to form NACs, and ruled out 7 as a potential substrate. Removal
of the bulky isoleucine in position 189 apparently allows for the dienophile to bind to
the oxyanion hole at more open angle, which makes room for the diene above the face of
attack. Unfortunately, we have not yet been able to express the suggested augmentation
to the CALB design.

A general and somewhat surprising finding was that the dienophiles had only a weak
affinity to the oxyanion hole, which is of course detrimental to the potential catalytic
activity. Remembering the sensitivity to solvent found in Paper V, we therefore tested
dienophiles 42 and 43 with 6 in water as well. In contrast to the conclusions in Paper V,
the simulations revealed an increased affinity between the oxyanion hole and dienophile
carbonyl, which we attributed to a more pronounced desolvation effect. Moreover, NAC
frequencies were improved compared to acetonitrile and chloroform. This finding is con-
sistent with what has been observed in a CALB S105A-catalyzed epoxidation, where a
buffer solvent lead to a much lower observed KM value than with acetonitrile.366

We finally constructed a small active-site model according to the cluster philosophy
described in Section 5.3. The two B3LYP-optimized TSs of 42+6 and 43+6 are shown
in Figure 7.4b. By modern standards, the cluster model is small with only 43 atoms (18
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heavy), but it contains the oxyanion hole and thus captures all anticipated electrostatic
effects. In later design projects, we expanded the cluster sizes. A summary of the estimated
efficiencies of the designs in Papers VI–VIII is given in Section 7.6.

The conclusions from Paper VI are that the oxyanion hole is indeed a viable target
for Diels-Alderase design, but that its buried nature in CALB (and many other enzymes)
makes it difficult to access. Sterics is an important factor for the proposed non-covalent
mode of catalysis, in spite of CALB being known to harbor very large substrates in certain
reactions. The clashes with I189 may be one reason why the S105A mutant did not work
experimentally. This drawback mainly seems to affect binding and NAC formation, since
the bound complexes are effectively ’larger’ than the TS. However, the active site model is
too small to give any decisive information about the sterics in the putative TS. Although
water leads to higher background rates and consequently lower rate enhancements, there
is an a apparent trade-off between differential TS stabilization and efficient substrate
binding. Due to the findings in Paper VI, we hence chose to use only water as solvents
in the subsequent design projects.

7.4 Developing a semi-rational design protocol (Papers
VII–VIII)

After the initial study on CALB, we decided to take a more general approach to find new
design targets. The conclusion from Paper VI was that oxyanion holes are sufficient
to stabilize Diels-Alder TSs by several kcal·mol−1. This encouraged us to search the
PDB systematically for oxyanion hole-containing enzymes. The 310 structures presented
by Simon and Goodman,458 henceforth referred to as the Goodman set, served as an
excellent starting point.

Given a set of enzyme candidates, we sought to develop a general design protocol that
iteratively finds an optimized substrate-enzyme combination, both by rational mutations
in the active site and by combinatorial search for a substrate pair that match the active-
site topology. This approach is different compared to most computational design protocol
published thus far386,396,488 since it allows for configurational variation in the substrates.
Our rationale was that it is often difficult to alter a protein structure more than marginally
since it may loose its structural integrity and stability. As mentioned, active sites are
typically rigid27,318 and the amount of possible reshaping is therefore limited to mutating
non-critical side-chains. The chemical space of possible Diels-Alder substrates is large,
so it should be feasible to accomplish a trade-off between molecular recognition, catalytic
efficiency and work-up effort.

The design protocol is illustrated in Figure 7.5 and can be said to be divided into three
stages based on the increasing level of detail. Because the design is initiated by an unbiased
screening step followed by an iterative and not seldom non-linear rational procedure, we
have chosen to call it ’semi-rational’. Much of the work behind Papers VII and VIII
was invested into determining the most productive way of iterating between stage A and
B, i.e. the static and dynamic design regimes.

7.4.1 Mining for candidates
Within the Goodman set, it soon became clear that the challenge lies in finding active
sites with sufficient space around the the oxyanion hole to harbor the biologically rare
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Figure 7.5: Semi-rational design protocol, divided into stages A (Molecular dock-
ing), B (MD simulations) and C (QC cluster calculation). Adapted from Paper
VII.

and rather bulky TS. This general finding is consistent with the conclusions drawn from
Paper VI; a problem with targeting only the oxyanion hole is that several obsolete
catalytic residues follow with the bargain.

The Diels-Alderases reported by the Baker group397 revealed that a Diels-Alder TS
can indeed be fitted into common protein folds, although the best designs required >10
point mutations compared to the parent wild-type structures. However, the fact that the
structures were stable and active was encouraging and set a benchmark for what amount
of redesign is required and possible to produce a Diels-Alderase.

The Goodman set was investigated using the tools in the Relibase+ suite,180 and
structural homologs were quickly identified. By systematically removing those with lower
resolution, and promoting structures with bound ligands where possible, the set was re-
duced to roughly 100 structures. They underwent extensive inspection using the CavBase
tool,489,490 where we evaluated if the oxyanion hole was accessible enough and how spa-
cious the active site was around it. Since most oxyanion hole enzymes have evolved to
catalyze a two-center, covalent mechanism cleaving only one bond in a relatively flat struc-
ture, they are not required to fit more than one vdW diameter in proximity to the catalytic
site. Accordingly, many of the remaining structures were discarded because the pocket
surrounding the oxyanion hole was too narrow. In particular, active sites with a large part
of the surface around the oxyanion hole originating from backbone atoms were dismissed,
since there is no outlook in creating additional space by point mutations in such a case.

The CavBase survey eliminated the majority of the remaining structures, with 30
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Figure 7.6: 2D cavity similarity clustering of oxyanion hole enzymes. Selected
entries are displayed, illustrating similarities and differences in structure.491–497 We
note that the search resulted in a high propensity for serine hydrolases of the α/β-
hydrolase fold.

remaining. We used a CavBase script to map their respective similarites, as visualized by
the cluto software498 in Figure 7.6. We selected the indicated structures for combinatorial
screening based on their clustering and a final, visual inspection.

7.4.2 Combinatorial library
As illustrated in Figure 7.7, a combinatorial library was generated by attaching biochemi-
cally relevant substituents to one or two of six positions of a DFT-optimized exo-trans TS
scaffold. The reason for this choice of geometry over the normally more favored endo-cis221
is that it brings the carbonyl oxygen slightly further from the [4+2] motif, which poten-
tially reduces the clashes near a crowded oxyanion hole. 40 substituents were selected from
the "Optimal Subset of Organic Substituents" created by Eichler et al.499 Although they
only cover a fraction of the chemical space, we deemed them sufficient enough to screen
for shape-complimentarity with the active site. Moreover, it turned out that the docking
protocol was quite biased toward promoting hydrophobic and aromatic interactions, and
so did not make use of the full diversity of the library. Rational refinement still allows
for introduction of heteroatoms and moieties not present in the combinatorial set. The
stereochemistry of the Diels-Alder core can also be changed later on.

The library was limited to contain one substituent per reactant, which resulted in
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Figure 7.7: Generation of a combinatorial TS library from (a) DFT-optimized
scaffolds and (b) a set of substituents.499 The six attachment points are annotated
a1–a6

≈ 2.5 · 104 unique configurations. The ’TS ligand’ library was generated using the QSAR
combinatorial500 module in the MOE program.501 The poses were scored by Chem-
Score170,171 and rescored using ASP174 and candidates were filtered based on both their
Fitness scores and whether the dienophile carbonyl bound to the oxyanion hole or not.
This semi-automatic screening (Figure 7.5) also formed the basis for selecting which can-
didate enzymes to proceed with to the rational design step. As indicated in Figure 7.6
we selected the W104A mutant of hydroxynitrile lyase (HNL) from Manihot esculenta
(Paper VII, PBD entry 1EB9495) and the Carboxylesterase ’EST30’ from Geobacillus
stearothermophilus (Paper VIII, PDB entry 1TQH497).

7.4.3 Rational design and dynamics-driven refinement
Once an approximately fitted TS ligand had been determined, we commenced the rational
design phase (A.3 in Figure 7.5). This included introducing additional activating groups on
the reactants as well as trimming the already attached ones, and mutating the active site to
both improve shape-complementarity and potentially introduce new catalytic interactions.
The most salient features of the designs’ evolution in Papers VII and VIII are provided
in Figure 7.8. We typically performed ∼ 10 such static design iterations, always with >10
alternatives for evolving the substrates.

Like CALB, both HNL and EST30 are serine hydrolases, and an early decision was
to remove their nucleophile with the standard Ser→Ala mutation. Inspired by previous
catalytic antibodies and Diels-Alderases,397 we sought to include a H-bond donor on the
diene for maximum TS stabilization. We incorporated the previously successful397,430
amide group in the a6 position in both designs. In HNL, this required introducing a side-
chain H-bond acceptor. Several alternatives were probed and the choice finally fell on a
V118Q mutation, and subsequent MD simulations showed that the side-chain carbonyl
formed a consistent H-bond with the diene amide nitrogen in three out of four diene de-
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Figure 7.8: Evolution of substrate design in papers VII and VIII. Annotation of
stages is taken from Figure 7.5. The similarity between the dienophiles should be
noted, as well as the rationally introduced amide in a6 position compared to the
diene used by Siegel et al.397

signs. In EST30, there was an exposed backbone carbonyl in close contact with the a6 site,
intuitively suggesting an interaction. This required further alignment of the substrates,
however, and prompted us to perform a number of mutations to delicately reshape the
active site. Early MD simulations in stage B prompted us to revert the exo-trans geom-
etry to the the more natural endo-cis. In the case of HNL, MD simulations suggested an
endo-trans conformation.

In the early phases of design stage B, we utilized short MD simulations (1 ns) that
we refer to as ’bursts’. While they are not enough to evaluate the stability of a particular
design or conformation, they can identify poor candidates, where the substrates loose their
intended geometry very quickly. In this manner, the final steps of substrate design were
conducted in Paper VII. In Paper VIII, we wanted to extend this approach to include
screening for mutants and generated a larger assay of alternatives that were ranked by
their ability to maintain catalytic H-bonds and form NACs. This procedure lead us to
focus on four designs which differed by mutations in two positions; T26A or T26V and
wild-type M195 or M195Q. The latter mutation was introduced to form a H-bond with
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the diene amide oxygen, an interaction that turned out to be erratic in the subsequent,
longer simulations. From the DFT calculations in stage C (see below), it did seem to
promote catalysis, but the effect could as well be granted by a water molecule since the
diene carbonyl would be solvent exposed if not for the Q195 side-chain (elucidated in
Paper VIII supporting information).

Once a good shape-complimentarity had been found, the NAC propensity was used
as our main tool to select promising designs. The observation that some substrates were
predicted to be strong binders while virtually never forming a NAC highlights the impor-
tance of weighing in various aspects of the enzyme-mediated reaction in order to achieve
large rate accelerations. The designs we chose to focus on had a NAC frequency in the
range 10–60%. These numbers can be compared to the 30–80% NAC population found by
Hur and Bruice in chorismate mutase.325,502 For a well-behaved simulation, we estimated
the standard deviation of ∆GNAC to ±0.2 kcal·mol−1.

7.5 Cluster models (Papers VI–VII)

As mentioned, the last step of the design protocol is to construct cluster models of the
active site to calculate ∆G‡NAC. The greatest difficulty for the cluster approach is reac-
tions involving large charge-separations,416 but this issue is likely not critical in the effort
to design a Diels-Alderase, since the Diels-Alder reaction is charge-neutral and only con-
tains a modest charge-separation in the TS (that is, assuming a concerted mechanism!).
Throughout Papers VI–VIII, we have refined the levels of calculations of models as well
as increased their sizes. Figure 7.9 show the models used in the three papers, along with
computational methods. According to arguments by Siegbahn and Himo, the cluster used
in Paper VIII can be said to be size-converged.416,417

The cluster size must ultimately be specified by the studied system and its particular
interactions. In Papers VI and VII, we concentrated on the H-bond interactions and
left a large portion of the substrates exposed to the implicitly treated surroundings. This
choice is acceptable since the active sites of the CALB and HNL are predominantly fur-
nished with hydrophobic residues apart from the ones included in the model. In Paper
VIII, however, the larger diene bound in a conformation quite different from the global
minimum in solvent, and a large portion of the active site had to be included to account
for e.g. the phenol-binding pocket. To estimate the importance of the ’full’ treatment,
we constructed a minimal model containing only the catalytic H-bonds (see Figure 7.10).
The results indicated that the smaller model underestimated the activation energy by ≈5
kcal·mol−1, or conversely that the steric effects in the active site are unfavorable by the
same amount. This ’imperfection’ in the final design highlights one of the major chal-
lenges of enzyme design, namely to position the substrates in the protein ’just right’ for
maximum electrostatic and conformational complementarity. It should be noted, however,
that even the ’imperfect’ TS geometry of the EST30 design gave a decent TS stabilization
(≈3 kcal·mol−1at best), which together with preferential NAC formation may provide a
fairly large rate enhancement.

The design protocol outlined in Figure 7.5 can roughly be said to be the inverse of the
’inside-out’ approach described in Section 5.3. While the latter produces an ’idealized’
active site to be incorporated in an existing protein fold, we seek to create the best fit
between enzyme and substrates by manipulating their structure throughout the design
process. Both approaches have their merits; it is useful to know the ’ideal’ catalytic inter-
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Figure 7.9: Quantum chemical cluster models of the active sites of (a) CALB, (b)
HNL and (c) EST30 designs. The inset in (c) shows the 33-atom minimal model. All
structures are non-optimized (mutated) extracts from crystal structures.486,495,497
Frozen atoms are displayed in magenta.

Figure 7.10: Superpositions of (a) reaction complex and (b) TS of the substrates
47 and 48b, optimized with the large and minimal models of the EST30 active site.
The substrates in the minimal model (red atoms) overlap severely with neigboring
atoms of the large model (yellow atoms, substrates drawn in green).
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actions in order to discriminate between results, but as shown for oxyanion holes,458,459
enzymes do not always use ideal interactions. A ’top-down’ approach like the one we
use focuses more on substrate binding and pre-organization at the cost of maximum TS
stabilization. Our comparison between small and large clusters in Paper VIII showed
that the redesigned enzyme could not align the substrates for ideal binding of the TS, but
using the ideal model as an outset for the design would likely have meant that the highly
interesting EST30 structure would have been missed.

7.6 Predicted catalytic activities (Papers VI–VIII)

This section summarizes the three (semi)rational designs in Papers VI–VIII with se-
lected estimated kinetic constants. In paper VIII, we also carried out simulations of
several Diels-Alderases from the Baker group,397,440 for which experimental constants are
available, in order to benchmark the approach given in Section 7.2. We found that ∆GNAC
computed from MD simulations successfully augmented the TS energy predicted from a
theozyme (eq. 7.1) to reproduce experimental activation energies quite well (Table 7.1).
This corroborates our hypothetical partition of the reaction coordinate into a classical and
quantum mechanical regime (Figure 7.2).

The LIE+γSASAmodel reproduces the binding constants of reactants 21 and 22 in the
four Diels-Alderases fairly well (Table 7.2). The only system where it does not follow the
experimental trend is for the novel design CE6,440 due to an underestimation of substrate
binding, although the large PNAC value shows that substrates are brought together closely
in the active site. Table 7.2 also summarizes the predicted rate enhancements, efficiencies
and proficiencies. The ratio in the rightmost column is a measure of how accurate the
prediction of proficiency is; a value between 0.1 and 10 would mean that the error is ≈ 1.5
kcal·mol−1. From the obtained values, we conclude that, albeit crude, our protocol does
seem to be able to pick out and rank active designs.

In addition to the experimental benchmarks, Tables 7.1 and 7.2 display the predicted
catalytic activities for the Diels-Alderase designs presented herein. Note, however, the
DFT energies fromPapers VII–IX are calculated differently due to our gradual transition
towards preference of the M06-2X functional (Table 2.3). Morover, the LIE+γSASA
approach was not used in Paper VI, so the KM values reported for the CALB designs
are likely too large (see Table 7.2).

Consequently, we recalculated the free energies of activation (single point only), KM1
and KM2 for the 42+6 entry in Paper VI, using the same protocol as in Paper VII (see
Figure 7.9). The ’corrected’ values for the CALB system are given Tables 7.1 and 7.2 and
are more consistent with the other entries. Specifically, the B3LYP-predicted ∆G‡uncat was
lowered dramatically (c.f. discussion in Chapter 6), leading to a more modest estimate of
kcat/kuncat. We will therefore refer to this entry in the following discussion, rather than
the values quoted from Paper VI.

Table 7.2 indicates that the designs presented in this thesis are potentially orders
of magnitude more proficient than the ones characterized experimentally so far. (This
assumes that the structural integrity of each mutant is retained, and as stated in Section
1.3, experimental work has not been part of this thesis.) Each new design appears to be
an improvement compared to the previous one (measured in proficiency), which suggests
a positive learning curve for the design protocol outlined in this chapter.

Interestingly, a major contributor to the differences in kcat/kuncat is the variations in
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Table 7.1: PNAC, ∆GNAC and estimated free energies of activation.

System pNAC
a ∆GNAC

a ∆G‡NAC
b ∆G‡cat

c,d ∆G‡uncat
c,d

DA_20_00e 0.0034 3.4 19.3 22.7 (23.6) 24.0 (24.5)
DA_20_10e,f 0.028 2.1 19.3 21.4 (21.8) 24.0 (24.5)
DA_42_04e 0.0018 3.7 19.3 23.0 (24.4) 24.0 (24.5)
CE6f 0.092 1.4 19.3 20.7 (21.8) 24.0 (24.5)
CALBg 0.047 1.8 13.2 15.1 28.1
CALBg,j 0.047 1.8 11.2 13.0 16.0
HNLh 0.23 0.9 14.6 15.5 22.0
EST30-ai 0.24 0.8 18.4 19.2 26.0
EST30-bi 0.24 0.9 17.2 18.1 27.1

Energies in kcal·mol−1. aUsing eq. 7.2. bFrom QC theozyme or cluster calculation. Values for
the external designs were taken from ref. 397. c Using eq. 7.1 dReported experimental values
in parentheses. eRef. 397. fRef. 440. Mean values from both papers was used for DA_20_10.
gPaper VI, CALB S105A/I189 variant, 42+6. hPaper VII, HNL-3 variant, 45+46a. iPaper
VIII, GAAAIVQ variant, 47+48a/b. jFree energies of activation calculated using the same
protocol as in Paper VII.

∆G‡uncat. For example, the EST30 designs do not appear to yield the lowest ∆G‡cat, but
give the largest (predicted) rate enhancements due to the slowest uncatalyzed reaction.
In fact, this follows the trend observed in natural enzymes, where the range of known
kcat values is much smaller than kuncat.318 All computed uncatalyzed rates in Table 7.1
may however be overestimations since no explicit water molecules were used in any of the
calculations.

We finally note that the designed HNL and EST30 mutants are modeled to have
opposite stereoselectivities, promoting Si and Re attacks, respectively.

7.7 Acid-base catalyzed Diels-Alder (Paper IX)

In Paper IX, we took a purely rational approach to attempt to design a novel catalytic
mechanism to circumvent the mechanistically rather crude idea of conventional Diels-
Alderase designs. A common drawback is that they utilize little of the available enzyme
functionality. The perspective represented by Warshel and others,27,319,320 i.e. that en-
zymes achieve their exquisite efficiency mainly by electrostatic effects, would mean that
the outlook for Diels-Alderases with rate enhancements beyond 106 is poor. Direct cat-
alytic interactions in all designs published so far amount to no more than a few hydro-
gen bonds. Our calculations, both in the promiscuous designs and those presented in
Chapter 6, as well as others’,221,251,269 have shown that the maximum possible TS sta-
bilization with these interactions is somewhere around 5–6 kcal·mol−1. With delicately
designed pre-organization, one can potentially gain 2–3 additional kcal·mol−1with respect
to the uncatalyzed reaction. Since the electron distribution is so similar in the Diels-Alder
ground state and TS, it seems virtually impossible to gain more TS stabilization from
merely changing the environment from solvent to active site.
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Wild-type enzymes are typically more clever than this, as exemplified in Section 4.3.
It has been stated that one-substrate enzymes utilizing only non-covalent catalysis never
reach proficiencies above 1011 M, and that the formation of covalent intermediates, general
acid/base catalysis or metal ion coordination are ubiquituous mechanistic ingredients in
the most proficient cases.28,316 We note that all promiscuous redesigns of CALB men-
tioned in Section 7.3.2366,460,461,483 utilize the complete catalytic machinery, apart from
the removed nucleophilic serine. From a mechanistic perspective, such designs are more
likely to reach large proficiencies than the standard catalytic mode reported in the litera-
ture, and above, for Diels-Alderase designs.

In the work leading up to Paper IX, we were interested in whether a Diels-Alder
reaction can be catalyzed in a more ’enzyme-like’ way, viz. utilizing more residues and
redirecting the mechanism away from the uncatalyzed path. An abundant functionality in
enzymes is the acid/base pair, and abstracting an α proton from an α,β-unsaturated ketone
to create an enolate would effectively generate a highly activated diene. To our knowledge,
the only case of a base-generated diene is that of anthrone 49, where abstraction of a γ
proton yields a highly active diene, and the subsequent cycloaddition and reprotonation
results in a chiral alcohol.230,259,503 If the ’pro-diene’ is an α,β-unsatureated ketone, then
the cycloadduct will also be an enolate and can regenerate the base to form a cyclic ketone,
as shown in Figure 7.11a.

The pro-diene should have a relatively low pKa and be stable in a biological envi-
ronment. A literature search showed that there are few molecules available that satisfy
these criteria. A seemingly ideal alternative is cyclopentene-3,5-dione 50 (pKa ≈ 6), but
it is unstable in aqueous buffer and the deprotonated species is highly reactive and can
for example polymerize.504–509 Instead, we focused on the significantly less acidic cy-
clopentenone 51 (pKa ≈ 20). An interesting feature of this reaction is that the pro-dienes
are also decent dienophiles, so one could potentially use this reaction to build complex
multicyclic scaffolds.

After investigating the acidity and Diels-Alder energetics of 51 and related compounds,
we concluded that the cycloaddition is feasible if the enolate is stabilized by a complimen-
tary acid or an oxyanion hole functionality. We showed that the Diels-Alder adduct is
thermodymanically favored over a putative Michael adduct. The initial deprotonation
is however unfavorable in water, and the total reaction barrier including deprotonation
would therefore be insurmountable.

We then surveyed the PDB for enzymes furnishing enolization as part of their catalytic
cycle. A selection of the inspected enzymes is given in Table 7.3. Some are known to me-
diate even highly unfavored tautomerisms, such as ∆5-3-ketosteroid isomerase (KSI).514
A closer investigation of KSI reveals that it has essentially all of the required catalytic
mechinery in place: a basic aspartate residue and a highly stabilizing oxyanion hole
consisting of a cooperative Tyr-Tyr H-bond donor and a protonated aspartate (Figure
7.11b).512,515,516 It has been estimated by calculations517 and experiments512 that the
enzyme stabilizes the unfavorable keto-enol equilibrium by as much as 11 kcal·mol−1.

Due to the well defined structure and relative simplicity of KSI from Pseudomonas
testosteroni, we concentrated exclusively on this enzyme in Paper IX. In principle, no
catalytic residues need to be deleted or inserted to promiscuously catalyze the reaction
proposed in Figure 7.11a. Hence, we constructed a cluster model of the active site in
the same fashion as described in Section 5.3. The model, shown in Figure 7.11c, was
built from the PDB entry 1QJG512 and contains 11 side chains and a total of 137 atoms.
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Figure 7.11: (a) Tentative mechanism of the new acid-base-catalyzed Diels-Alder
reaction, and some pro-dienes with approximate pKa values (estimated ones are given
in parentheses). (b) Ribbon representation of PDB entry 1QJG, with the substrate
analog equilinin bound to the active site. residues incorporated in the cluster model
are given in ball-and-stick representation. Residue 38 is mutated to asparigine in this
structure. 52 is the wild-type substrate of KSI (c) Cluster model of the active site,
containing the catalytic base (D38), oxyanion hole (Y55-Y14, D99) and surrounding
residues. Frozen atoms are shown in magenta.

Table 7.3: A selection of enzymes conducting enolization as part of their catalytic
mechanism.

Enzyme EC class Acid/base Sample PDB
O-succinylbensoate synthase 4.2.1.113 Lys 1FHV510

Methylaspartate ammonia lyase 4.3.1.2 Lys 1KKR511

∆5-3-Ketosteroid isomerase 5.3.3.1 Asp 1QJG512

Triosephosphate isomerase 5.3.1.1 Glu/His 7TIM513

Starting coordinates for the pro-diene 51 and a Diels-Alder TS were obtained by molecular
docking.

We calculated the barrier for deprotonation by D38 and stabilization of the enolate
intermediate, followed by the cycloaddition in two possible geometries and the subsequent
reprotonation step. The results, shown in Figure 7.12 indicate that KSI is indeed a po-
tential promiscuous enzyme for the proposed reaction. The crucial deprotonation seems
sufficiently stabilized, and the rate-determining Diels-Alder step is significantly stabilized
with respect to the reaction using just a formic acid to stabilize the enolate. Given that
both substrates bind sufficiently well to the enzyme and are pre-organized to promote
NACs, the described reaction promises an advantageous route to enzyme-catalyzed cy-
cloadducts.

The remaining challenge is to bind the substrates in the active site. We did not
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Figure 7.12: Calculated energy profile of the KSI-catalyzed cycloaddition be-
tween two molecules of 51. E = enzyme. Solvent-corrected energies are given in
kcal·mol−1(gas-phase energies in parentheses), and selected distances in Ångströms.
Transient reaction coordinate distances are indicated in boldface. We did not calcu-
late frequency corrections for the cluster model. For the protonation step the contri-
butions are normally minimal, and the reference free energy correction of the formic
acid catalyzed reaction is estimated to 1.2 kcal·mol−1when going from 51·51’·E to
TS1-DA.

perform any mutagenesis or other rational design, and the chances that KSI should interact
strongly with 51, which is small compared to 5-androstene-3,17-dione 52, are slim. Indeed,
provisional MD simulations with one and two substrates in the wild-type KSI showed
that the affinity between keto-51 and the oxyanion hole is poor, and the estimated KM

(LIE+γSASA model, Section 7.2) is a meek 100 mM, 103 larger than for 52. Since
the uncatalyzed Diels-Alder reaction does not seem to proceed at all in solvent, a large
substrate load should be possible without a background reaction, somewhat offsetting the
poor affinity. More alarming is the fact that we did not detect any NAC, which suggests
that active site design, perhaps along with utilizing larger substrates, is required to better
accommodate the new reaction. A suggestion is to utilize the Rosetta package381,394,518
to effectively repack the active site around the DFT-optimized TS while conserving all
catalytic residues.

In conclusion, we described inPaper IX how to perform an enzyme-catalyzed cycload-
dition that is significantly different mechanistically than a standard Diels-Alder reaction.
The proposed acid/base mediated mechanism consists of three chemical steps instead of
just one, which is effectively an adaptation to how proficient enzymes work, and has the
potential to become more efficient than non-covalent artificial Diels-Alderases.
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7.8 New approaches to linear response analysis of protein-ligand
binding (Paper X)

A reliable linear response approach is central to the design protocol outlined in Section
7.4. Although the LIE+γSASA was found to work adequately with respect to the Baker
Diels-Aldeases (Table 7.2), this does not guarantee a broad applicability. In Paper X,
therefore, we decided to investigate the system dependence of LIE-derived models.

One virtue of the γSASA correction (eq. 2.123) is that it corrects for discrepancies
observed for varying ligand sizes within one protein. The initial strategy was therefore to
examine different system-dependent parameters that could be used to scale the ∆SASA
term independently for each protein. In this work, we tested descriptors reflecting relative
polar surface area for the cavity and ligand, respectively, as well as ligand sphericity and
’reduced ligand volume’. The descriptors were defined as in eqs. 7.3–7.6,

relative cavity polar SA η = PSAcav/SAcav, (7.3)

relative ligand polar SA π = PSAlig/SAlig, (7.4)

ligand sphericity al = (36πv2
lig)1/3/SAlig, (7.5)

reduced ligand volume vred = vlig/vcav, (7.6)
where SA and PSA denote surface area and polar surface area, respectively, and v denotes
volume (the π descriptor in eq. 7.4 should not be confused with the real number π in
eq. 7.5). The LIE models with the modified SASA terms were tested against a diverse set
of protein-ligand systems.

However, it was quickly found that none of the descriptors could improve the LIE+γSASA
formulation significantly. We deduced that a more fundamental problem with LIE is the
fixed α and β coefficients (see section 2.4.4). Hence, we designed a number of models in
which the coefficients were scaled by the aforementioned descriptors. Models with one,
two and three free parameters were tested.

We found that the best correlation was achieved by using a linear combination of the
relative polar surface area descriptors η and π to scale ∆〈V vdW

l−s 〉 and ∆〈V el
l−s〉. Surprisingly,

the best performing model required only one fitted parameter. The scaling is defined
according to eq. 7.7:

∆Gbind = c[(2− η − π)∆〈V vdW
l−s 〉+ (η + π)∆〈V el

l−s〉], (7.7)

where c is the fitted constant, determined to 0.26. That is, β = c(η + π) is upscaled
with highly polar cavities and ligands, whereas α = c(2− η − π) increases with non-polar
cavities and ligands. It should be noted that generalizations to the LIE model have been
attempted previously,151–154 (see Section 2.4.4) although with more extensive parame-
terization. The idea to vary the LIE coefficients based on system-dependent parameters
has been investigated by Kollman and coworkers,519 but to our knowledge, no study has
attempted such simplistic description as that presented in Paper X.

Because the LIE coefficients become adapted to protein and ligand properties, we
have chosen to call this augmented model ’Adapted LIE’, or ALIE. A ∆Gcalc

bind vs. ∆Gexp
bind

scatterplot is displayed in Figure 7.13. The fitted mean average deviation (MAD) is
1.77 kcal·mol−1and a cross-validated MAD was determined to 2.05 kcal·mol−1. These
values compare favorably with those of a couple of multi-parameter, energy-based scoring
functions for molecular docking.170,521
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Figure 7.13: The correlation coefficient (R2) and predictive index (PI)520 are
indicated in the box. The unbroken line denotes x = y. The ±MAD values are
indicated as dashed lines. See the Paper X reprint for details on the data set and
system preparation.

At this point, it is of course appropriate to investigate how well the ALIE model
reproduces the experimental binding constants quoted in Table 7.2. The LIE+γSASA
model was found to work for a relatively narrow range of substrate, and in order for
the design protocol outlined in Section 7.4 to be broadly applicable, the predictions of
KM values must be general. Accordingly, we have recalculated KM1 and KM2 for all
systems listed in Table 7.2 using eq. 7.7. The estimated η and π descriptors, as well as
the recalculated binding constants, are presented in Table 7.4. We note in passing that
all artificial Diels-Alderases, except DA_42_04, have cavities with similar polarities.

It should be noted that the ALIE model was fitted to a data set of only one-ligand
systems. It has therefore no bias towards two-substrate systems, such as Diels-Alderases.
That said, it can be seen from Table 7.4 that ALIE reproduces the binding constants of
the four Baker Diels-Alderases quite well. In terms of free energy, the errors vary between
–1.4 and +2.4 kcal·mol−1. The largest value is due to the diene in CE6, which is an outlier
also within the LIE+γSASA model, and it can be deduced that this is likely an artifact
from the simulation. Neglecting the CE6 diene, all predicted binding energies fall within
the cross-correlated MAD of the ALIE model.

The ALIE-predicted KM values are in general lower than the LIE+γSASA-derived
ones, as seen from the rightmost column in Table 7.4. Interestingly, the overall ratios are
smaller for the designs presented in this thesis compared to the Baker Diels-Alderases (the
CALB design being an exception). Thus, provided that the MAD value of the model is
valid, the recalculated binding affinities corroborate the potentials of the HNL and EST30
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Table 7.4: Recalculated binding constants of designed enzymes using eq. 7.7.a

System η πdph πdne Kη+π
M1

b Kη+π
M2

b ratioKM1KM2
c

DA_20_00 0.32 0.13 0.25 14. 4.7 0.12 (0.12)
DA_20_10 0.32 0.13 0.25 18. 3.7 0.05 (0.63)
DA_42_04 0.25 0.13 0.25 380. 7.2 120 (330)
CE6 0.32 0.13 0.25 9.4 11. 0.09 (15)
CALB 0.33 0.24 0.00 2.3 6.2 5.2
HNL 0.39 0.14 0.18 0.72 1.0 0.002
EST30-a 0.39 0.09 0.20 0.61 0.047 0.02
EST30-b 0.39 0.09 0.16 0.58 0.018 0.004

aFor references and experimental values, see Table 7.2. For details on how the relative polarity
descriptors are obtained, see the Paper X reprint. bThe binding constants are given in 10−3 M. c

KM1KM2 obtained with the new model divided by the product calculated as described in
Section 7.2. Ratios with experimental KM1KM2 values are given in parentheses.

designs.

7.9 Summary and conclusions

In the light of the recent progress of automated enzyme design,386,388,395–397 the work
described in this chapter contributes by i) highlighting the importance of using MD to
scrutinize and optimize a statically generated design pose, and ii) showing that quanti-
tative predictions about substrate binding and TS stabilization can be made, based on
a few relatively uncomplicated calculations. A ’dynamic’ or ’ensemble’ approach to op-
timize enzyme-substrate interactions has recently been recognized as mitigating some of
the inherent problems in automated protocols.407,412,522 Moreover, while the ’inside-out’
strategy has been predominant in most published results, our choice of a ’top-down’ ap-
proach that captures the non-ideality of artificial enzymes renders important clues to how
they can be improved.

The combinatorial protocol for substrate selection furthermore makes the design proce-
dure more flexible, and should be applicable to other reactions simply by the choice of TS
scaffold and substituent library. The novel ’ALIE’ method for calculating protein-ligand
affinities furthermore promises a general and swift way of estimating binding constants
(although it has not been validated for metal-containing proteins or ionic interactions).
Thus, the described methods are general and not just valid to Diels-Alderase design.

Our method does not aim at being a ’fully automated’ procedure,386 but should be
seen as a complement in that it does not require a particular substrate to match with the
biocatalyst; instead it seeks to adapt. Another strength of this approach is the way in
which it strives to exploit promiscuity rather than building a new active site from scratch.
The acid/base Diels-Alder design in Paper IX is an example of how powerful this strategy
can be.

A drawback in our method is that it does not relax the protein sequence with respect
to the rationally introduced mutations. A tractable incorporation of the procedure used
in Rosetta to our approach would therefore be to let the program repack the active site



108 CHAPTER 7. ENZYME DESIGN (PAPERS V–X)

downstream of rational mutagenesis and substrate design. Indeed, it should be feasible,
although computationally more demanding, to couple our combinatorial ligand library
search with automated active site packing to seek the ’global’ best match.

While automated procedures are desirable for efficiency reasons, the best results re-
ported in the literature have been obtained using a combination of automated, rational
and sometimes directed evolution approaches. In other words, computers need human rea-
soning to (at least) the same extent as we need computers to accomplish a design problem.
An intriguing recent advance along this line of thought is the improvement by FoldIt523,524
players of the Diels-Alderase397 variant DA_20_10.440 The online game allowed players
to rationally redesign a loop in the active site, which improved substrate binding and
lead to an overall enhancement of kcat/KM1KM2 by a factor 20. This and other recent
publications points in a direction where the non-linear aspects of enzyme design is han-
dled by human reasoning while letting computers even out the kinks appearing when we
play around with the delicate structure-function relationships. The work presented in this
chapter follows the same trajectory.



Chapter 8

Concluding remarks

In this thesis, modern computational methods have been used to develop a semi-rational
protocol with the explicit aim of designing artificial Diels-Alderases. Apart from non-
covalent catalysis by hydrogen bond donors, a potentially efficient pathway that utilizes
general acid/base catalysis has been presented. In addition, mechanistic flavors of acti-
vated Diels-Alder reactions have been investigated, with the future applicability to enzyme
design in mind.

The most important contribution in the presented design protocol is the way prelimi-
nary candidates are evaluated using molecular dynamics and quantum chemical methods.
Although labor-intense, the protocol is computationally feasible on modern desktop com-
puters. It has been shown to quite accurately predict binding constants of benchmark
designs and correct catalytic activation energies obtained from truncated models. It is
argued that our approach can be used with an arbitrary protocol generating initial design
poses, and is not confined to molecular docking, which was used in this work.

An outspoken target when searching for design candidates has been to exploit the
catalytic promiscuity of enzymes, by employing the common functionality known as the
’oxyanion hole’ to stabilize the Diels-Alder transition state. Thus, although each (re)designed
enzyme in this work is unique in terms of predicted specificity and enantioselectivity, they
share several properties, benefits and limitations.

A salient conclusion is that it is very challenging to achieve a high degree of rate en-
hancement through hydrogen bond interactions only, which reflects preceding conclusions
drawn about both enzymes and the Diels-Alder reaction in general. In other words, Diels-
Alder reactions are difficult to catalyze with enzymes. In connection with this finding, it
has been investigated whether alternative mechanisms can be utilized to differentiate the
catalytic pathway with respect to the uncatalyzed one, and potentially gain a larger reduc-
tion in the free energy barrier. In this respect, both the stepwise and acid/base-catalyzed
mechanism seem viable, although both alternatives add constraints to the choice of sub-
strates.

During the course of this thesis project, a short time span in the scientific world,
several major advances have been reported in the field of computational enzyme design.
Sophisticated, high-throughput methods have been used to derive several de novo enzymes
which, albeit still far from natural activities, represent seminal achievements. Moreover,
the rapidly accumulating experience from computational design efforts, especially when
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coupled to the knowledge within the experimental community, promises additional break-
throughs in the near future. Natural and engineered enzymes are increasingly employed in
industrial applications for fine chemical synthesis. The author hopes that the discussion
within this thesis may be useful for future improvements of de novo design methods, so
that artificial enzymes become the next in line.
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Chapter 9

Populärvetenskaplig sammanfattning på
svenska

Att på rationell väg ’designa’ enzymer för att katalysera reaktioner som inte finns i natu-
rens repertoar är en formidabel utmaning, och kräver detaljerad kännedom om enzymers
struktur, dynamik och kemiska mekanismer. Motiven bakom så kallad enzymdesign är fle-
ra; det anses till exempel vara ett stringent test för vår förståelse för hur enzymer fungerar
att lyckas tillverka ett på konstgjord väg.

En mycket viktig tillämpning av enzymer är som stereoselektiva katalysatorer i in-
dustriell syntes av läkemedel och andra finkemikalier, och inom detta område förväntas
designade enzymer spela en stor roll i framtiden. Enzymer utnyttjas förvisso redan flitigt
industriellt, men man är än så länge begränsad till ’naturliga’ reaktioner. Med hjälp av
modern beräkningskemi är det möjligt att designa nya, icke-naturliga katalytiska pro-
cesser med de strukturella byggklossar som naturen tillhandahåller, och på sikt vidga
den biokatalytiska verktygslådan avsevärt. Samtidigt är tillämpning av biokatalys ett ut-
märkt exempel på ’grön kemi’, som principiellt går ut på att eliminera användningen av
organiska lösningsmedel, giftiga substanser och energikrävande processer. Evolutionen har
säkerställt att enzymer trivs bäst i vatten och under väldigt milda reaktionsbetingelser.

Målet i denna avhandling har varit att med beräkningskemiska metoder studera Diels-
Alder-reaktionen och designa artificiella enzymer som katalyserar denna. Fokus har legat
på organisk, icke-kovalent katalys genom vätebindningar för att denna är den minst kom-
plicerade att inkorporera i proteinstrukturer.

Diels-Alder är en reaktion där två kol-kol bindningar bildas i ett reaktionssteg (se
Figur 1.1). Kol-kol bindningar utgör själva skeletten i organiska molekyler, och att kunna
skapa dessa under kontrollerade former är något av en ’helig graal’ inom organisk kemi.
Diels-Alder-reaktionen har därför ända sedan den upptäcktes på 1920-talet haft en sär-
ställning bland syntetiska verktyg. Om den katalyseras i en väldefinierad, asymmetrisk
miljö är möjligheten till så kallad stereoselektivitet stor. Stereoselektiv syntes är i sin tur
en hörnsten i tillverkningen av finkemikalier eftersom i stort sett alla läkemedel har en
kiral aktiv substans där bara en isomer ger den önskade effekten.

Beräkningskemiska metoder spelar en allt större roll i enzymdesign, och är särskilt
användbara när man vill introducera helt nya, icke-naturliga, funktioner. Under arbetet
med denna avhandling har flera anmärkningsvärda framsteg presenterats i den veten-

113



114
CHAPTER 9. POPULÄRVETENSKAPLIG SAMMANFATTNING PÅ

SVENSKA

skapliga litteraturen, och det kommande decenniet kommer sannolikt leda till ytterligare
genombrott. Såväl utveckling av snabbare och ’smartare’ algoritmer som ökande beräk-
ningsresurser leder till förbättringar av prestandan i en datoriserad designprocess. Den
viktigaste faktorn är dock förståelse för vilka variabler som behöver optimeras för att ett
designförsök ska lyckas, och här finns mycket kvar att göra.

I avhandlingen presenteras fyra designade ’Diels-Alderaser’. Eftersom fokus i projektet
har legat helt och hållet på beräkningsmetoder har stor kraft lagts ner på att utveckla
tillförlitliga metoder för kvantitativ uppskattning av den katalytiska effekten hos olika
kandidater med hjälp av simuleringar. Denna ansträngning har mynnat ut i ett ’semira-
tionellt’ protokoll, med vilket två av de fyra enzymen designats. Dessa har jämförts med
existerande artificiella Diels-Alderaser med gott resultat. Detta är ett viktigt bidrag ef-
tersom få metoder idag kvantitativt lyckas prediktera kvaliteten hos enskilda kandidater,
vilket hittills har lett till en stor andel ’falska träffar’. Det fjärde designade enzymet ut-
nyttjar allmän syra/bas-katalys för att skapa den ena reaktanten i enzymets aktiva säte,
vilket är ett nytt katalytiskt koncept beträffande Diels-Alder men mer i linje med hur
naturlig enzymkatalys fungerar.

Vidare har variationer i Diels-Alder-reaktionens mekanism undersökts i detalj, och då
särskilt hur den skiljer sig mellan väldigt reaktiva molekyler och mer konventionella reak-
tanter. Resultaten visar på att den så ofta förutsatta enstegs-mekanismen delas upp i två
steg om reaktanterna och omgivningen (lösningsmedlet eller ett aktivt säte i ett enzym)
är tillräckligt bra på att stabilisera en stor laddningsseparation. Dock är beskrivningen av
mekanismen känslig för vilken beräkningsmetod som valts för att undersöka den. Dessa
resultat, som ännu inte hunnit implementeras konkret i försöken med enzymdesign, är
betydelsefulla eftersom enzymer ofta delar upp kemiska reaktioner i flera delsteg, och att
det genom att bilda laddningsseparerade intermediärer finns mer konkreta interaktioner
att anpassa designen efter. En nackdel med ’vanlig’ Diels-Alder är nämligen att laddnings-
fördelningen inte ändras så mycket mellan den högsta och lägsta punkten på reaktionens
energiprofil, vilket gör det svårare att skapa en katalysator som är differentierad gentemot
lösningsmedlet.
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