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Summary of the thesis

Billions of years of evolution have made enzymes superb catalysts capable of accelerating
reactions by many orders of magnitude (e.g. 10! to 10'), but also to make this task
with exquisite selectivities at physiological conditions. This is because keeping life in any
cell requires hundreds of chemical reactions to take place at any given moment, in a highly
regulated manner, and acting toward particular substances depending on the cells requirements.
In a general view, rate accelerations are achieved by lowering the activation energy barriers
of reactions, while selectivity mainly arises from the confinement of substrates into the active
sites of enzymes. Among all known catalysts, enzymes possess a few important advantages
over chemical catalysts that might have promoted their use in synthetic processes. In addition
to all their synthetic advantages, such as their high efficiencies, specificities, as well as
selectivities, enzymes are also evolvable, biodegradable, non-toxic, and their high selectivities
and efficiencies reduce significantly the number of work-up steps, thereby providing compounds

in higher yields.

Chiral chemicals are commonly identified as relevant precursors for the synthesis of a huge
series of compounds, such as pharmaceuticals, agrochemicals and fine chemicals. In some
cases, these optically active compounds come in a form of racemic mixtures, which represent
a cheap and easy available starting material for the organic synthesis of bifunctional products.
For instance, various [-adrenergic receptor agonists, anti-cancer agents, and anti-human
immunodeficiency virus (HIV) drugs are synthesized from epoxide-containing substrates.
Enantiopure epoxides and diols can be prepared based on a variety of biotransformation
reactions, such as the selective hydrolysis by epoxide hydrolases (EHs). Some EHs might
show enantioselectivity, which allows their application in the separation of racemic mixtures
of epoxide substrates to provide access to enantiopure epoxide and diols, while some others

might display regioselectivity, and therefore, a preference over one particular carbon of the



epoxide ring moiety. In a nutshell, EHs catalyze the opening of epoxide molecules by using
only a water molecule as a cosubstrate, thereby producing vicinal diol compounds. In Nature,
EHs are ubiquitously found in many tissues and in many different living organisms, carrying
out many different functions depending on its origin. In mammals, for instance, EHs are
known to metabolize the cleavage of molecules that are potentially toxic and carcinogenic
to less harzadous compounds. This might have been one of the reasons these enzymes have
been traditionally viewed as detozicating machines, but also because the substrates of EHs
are structurally very diverse, representing a broad range of metabolites and xenobiotics.
Interestingly, the substrate specificity of individual EHs appears to be diverse as well, being
in many cases broad, but occasionally limited to a few available epoxide compounds. In
the present thesis, however, the epoxide hydrolase from Bacillus megaterium has been the
one that caught our attention, but specially due to its potential use as biocatalysts in
chiral synthesis. In particular, due to BmEH’s ability to preferentially bind and react with
(R)-epoxide enantiomer of phenyl glycidyl ether derivatives, in contrast to many other related
EHs.

In general, it is widely accepted that enzymes commonly catalyze chemical reactions with
a high degree of efficiency and selectivity due to their sophisticated structures. On this basis,
the present thesis starts with Chapter 1 by introducing fundamental ideas related to the
relationship between enzyme structures and function, how these macromolecules are able to
achieve such high levels of acceleration and selectivities from the reduced view of enzymatic
active sites to the significant role of their dynamic behaviour. In Chapter 2, the strategies
and the main concepts of the theory behind the tools applied in the studies included in this
thesis are briefly summarized. In the following Chapter 3 the main objectives of the present
thesis are provided, while Chapters 4 and 5 include our mechanistic and conformational
dynamics studies of BmEH enzyme, respectively. Finally, in Chapter 6 results previously
presented on each article are briefly discussed, and in Chapter 7 the main conclusions drawn

from this thesis are provided.



Resum de la tesi

Milers de milions d’anys d’evolucié han fet que els enzims siguin excel-lents catalitzadors
capagos d’accelerar reaccions en molts ordres de magnitud, com per exemple, ordres des de
10 fins a 10'6. Tot i aix{, aquestes macromolécules han captat també la nostra atencié perque
duen a terme aquesta tasca amb selectivitats altament elevades i en condicions fisiologiques.
Aixo es deu al fet que mantenir la vida a qualsevol cel-lula requereix que centenars de reaccions
quimiques tinguin lloc en un moment donat, d’'una manera altament regulada, i actuant
cap a substancies particulars en funcié de les necessitats d’aquestes mateixes cel-lules. En
una visio general, 'augment de la velocitat de les reaccions s’aconsegueix disminuint les
barreres d’activacié d’aquestes reaccions, mentre que la selectivitat sorgeix principalment
del confinament dels substrats als centres actius dels enzims. Entre tots els catalitzadors
coneguts, els enzims tenen alguns avantatges relleants en comparacié als catalitzadors quimics,
propietats inherents que han promogut el seu s en processos industrials i sintetics. A més de
les seves altes eficiencies, especificitats i selectivitats, els enzims també son modelables, és a dir,
es poden evolucionar, a part de biodegradables, no contaminen, i les seves elevades selectivitats
i eficiencies redueixen significativament el nombre d’etapes de purificacié, proporcionant aixi

compostos purs amb rendiments més elevats.

Els productes quimics quirals s’identifiquen habitualment com a precursors rellevants per
a la sintesi d’una gran serie de compostos, com ara productes farmaceutics, agroquimics
i productes de quimica fina. En alguns casos, aquests compostos opticament actius es
presenten en forma de mescles racemiques, que representen un material de partida barat
i de facil disposicié per a la sintesi organica de productes bifuncionals. Per exemple, a
partir de substrats que contenen epoxids es solen sintetitzar diversos agonistes de receptors
[-adrenergics, agents anticancerigens i farmacs contra el virus de inmunodeficiencia humana

(VIH). Els epoxids i diols enantiopurs es poden preparar a partir d'una varietat de reaccions

7



de biotransformacié, com la hidrolisi selectiva mitjangant enzims epoxid hidrolasa (EHs).
Algunes EHs poden mostrar enantioselectivitat, la qual cosa permet la seva aplicacié en la
separacié de mescles racemiques d’epoxids per a la produccié d’epoxids i diols enantiopurs,
mentre que algunes altres poden mostrar regioselectivitat i, per tant, una preferéncia sobre
un carboni particular de 'anell de 'epoxid. En poques paraules, les EHs catalitzen 'obertura
de molecules d’epoxid utilitzant només una molecula d’aigua com a cosubstrat, produint aix{
compostos diols vicinals. A la natura, les EHs es troben de manera ubiqua en molts teixits i en
molts organismes vius diferents, duent a terme moltes funcions diferents segons el seu origen.
En els mamifers, per exemple, se sap que les EHs metabolitzen la divisié de molecules que sén
potencialment toxiques i cancerigenes a compostos menys perillosos. Aquesta podria haver
estat una de les raons per les quals aquests enzims s’han vist tradicionalment com a maquines
desintoxicants, pero també degut a que els substrats de les EHs son estructuralment molt
diversos, representant un ampli rang de metabolits i compostos xenobiotics. De forma similar,
Iespecificitat de les EHs és també en molts casos amplia, pero alhora limitada a un petit rang
de substrats. En la present tesi, pero, I’epoxid hidrolasa del Bacillus megaterium ha estat
I’enzim que ha captivat la nostra atencid, sobretot pel seu potencial s com a biocatalitzador
en la sintesi de compostos quirals, i en particular per la seva capacitat d’unir-se i reaccionar
preferentment amb 'enantiomer R dels derivats de I'epoxid fenil glicidil eter, a diferencia de

molts altres EHs similars.

En general, és ampliament acceptat que els enzims catalitzen habitualment reaccions
quimiques amb un alt grau d’eficiencia i selectivitat a causa de les seves estructures sofisticades.
En base a aix0, la present tesi comenga amb el Capitol 1 introduint idees fonamentals
relacionades amb la relacié entre estructures i funcié enzimatica, com aquestes macromolécules
son capaces d’aconseguir nivells tan elevats d’acceleracid i selectivitat des de la visié reduida
dels llocs actius enzimatics fins als significatiu paper del seu comportament dinamic. En
el Capitol 2, es resumeixen breument les estrategies i els principals conceptes de la teoria
darrere de les eines aplicades en els estudis inclosos en aquesta tesi. En el segiient Capitol
3 es proporcionen els principals objectius de la present tesi, mentre que els Capitols 41 5
inclouen els nostres estudis del mecanisme de reaccié i la dinamica conformacional de ’enzim
BmEH, respectivament. Finalment, en el Capitol 6 es comenten breument els resultats
presentats préviament sobre cada article, i en el Capitol 7 es presenten les principals

conclusions derivades d’aquesta tesi.



Resumen de la tesis

Miles de millones de anos de evolucion han hecho que las enzimas sean excelentes catalizadores
capaces de acelerar reacciones en muchos 6rdenes de magnitud, como por ejemplo, érdenes
desde 10! hasta 10'®. Sin embargo, estas macromoléculas han captado también nuestra
atencion porque llevan a cabo esta tarea con selectividades altamente elevadas y en condiciones
fisioldgicas. Esto se debe a que mantener la vida en cualquier célula requiere que cientos
de reacciones quimicas tengan lugar en un momento dado, de forma altamente regulada, y
actuando hacia sustancias particulares en funcién de las necesidades de estas mismas células.
En una visién general, el aumento de la velocidad de las reacciones se logra disminuyendo las
barreras de activacién de estas reacciones, mientras que la selectividad surge principalmente
del confinamiento de los sustratos en los centros activos de las enzimas. Entre todos los
catalizadores conocidos, las enzimas tienen algunas ventajas relevantes en comparacion con
los catalizadores quimicos, propiedades inherentes que han promovido su uso en procesos
industriales y sintéticos. Ademas de sus altas eficiencias, especificidades y selectividades, las
enzimas también son moldeables, es decir, se pueden evolucionar, aparte de ser biodegradables,
no contaminan, y sus elevadas selectividades y eficiencias reducen significativamente el niimero
de etapas de purificacion, proporcionando asi compuestos puros y con rendimientos mas

elevados.

Los productos quimicos quirales se identifican habitualmente como precursores relevantes
para la sintesis de una gran serie de compuestos tales como productos farmacéuticos,
agroquimicos y productos de quimica fina. En algunos casos, estos compuestos pticamente
activos se presentan en forma de mezclas racémicas, que representan un material de partida
barato y de facil disposicion para la sintesis organica de productos bifuncionales. Por ejemplo,
a partir de sustratos que contienen epdxidos se suelen sintetizar varios agonistas de receptores

[-adrenérgicos, agentes anticancerigenos y farmacos contra el virus de inmunodeficiencia



humana (VIH). Los epéxidos y dioles enantiopuros pueden prepararse a partir de una
variedad de reacciones de biotransformacién, como la hidrolisis selectiva mediante enzimas
epdxido hidrolasa (EHs). Algunas EHs pueden mostrar enantioselectividad, lo que permite su
aplicacion en la separacion de mezclas racémicas de epdxidos para la produccion de epdxidos
y dioles enantiopuros, mientras que otras pueden mostrar regioselectividad y, por tanto,
una preferencia sobre un carbono particular del anillo del epéxido. En pocas palabras, las
EHs catalizan la apertura de moléculas de epoxido utilizando sélo una molécula de agua
como cosustrato, produciendo asi compuestos dioles vicinales. En la naturaleza, las EHs
se encuentran de forma ubicua en muchos tejidos y en muchos organismos vivos diferentes,
llevando a cabo muchas funciones diferentes segtin su origen. En los mamiferos, por ejemplo,
se sabe que las EHs metabolizan la divisién de moléculas que son potencialmente téxicas
y cancerigenas en compuestos menos peligrosos. Esta podria haber sido una de las razones
por las que estas enzimas se han visto tradicionalmente como mdquinas desintozricantes,
pero también debido a que los sustratos de las EHs son estructuralmente muy diversos,
representando un amplio rango de metabolitos y compuestos xenobidticos. De forma similar,
la especificidad de las EH es también en muchos casos amplia, pero a la vez limitada a un
pequeno rango de sustratos. En la presente tesis, sin embargo, la epdéxido hidrolasa del
Bacillus megaterium ha sido la enzima que ha cautivado nuestra atencién, sobre todo por su
potencial uso como biocatalizador en la sintesis de compuestos quirales, y en particular por
su capacidad de unirse y reaccionar preferentemente con el enantiomero R de los derivados

del epéxido fenil glicidil éter, a diferencia de muchos otros EHs similares.

Por lo general, es ampliamente aceptado que las enzimas catalizan habitualmente reacciones
quimicas con un alto grado de eficiencia y selectividad debido a sus sofisticadas estructuras. En
base a ello, la presente tesis comienza con el Capitulo 1 introduciendo ideas fundamentales
relacionadas con la relacion entre estructura y funcion enzimética, como estas macromoléculas
son capaces de alcanzar niveles tan elevados de aceleracién y selectividad desde la visiéon
reducida de los sitios activos enzimaticos hasta el significativo papel de su comportamiento
dindamico. En el Capitulo 2, se resumen brevemente las estrategias y los principales conceptos
de la teoria detras de las herramientas aplicadas en los estudios incluidos en esta tesis. En el
siguiente Capitulo 3 se proporcionan los principales objetivos de la presente tesis, mientras
que Capitulos 4 y 5 incluyen nuestros estudios del mecanismo de reaccion y la dinamica

conformacional de la enzima BmEH, respectivamente. Por ultimo, en el Capitulo 6 se
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comentan brevemente los resultados presentados previamente sobre cada articulo, y en el

Capitulo 7 se presentan las principales conclusiones derivadas de esta tesis.

11






Chapter 1

Introduction

There would be no way of keeping the genetic information that makes us without the existence
of a biochemical compound known as DNA [1]. Likewise, there would be no way of doing
everything that we know as our daily life without taking this stored information to produce
the workhorses of our cells. That is, proteins, which are indeed the ones making possible all

the daily actions that we might take for granted.

These biomolecules can serve us all sort of different functions, generally, depending upon
which shape proteins will take and how they will interact with their surroundings. For
instance, proteins like antibodies that form part of our immune system can prevent us from
being sick, while we might appreciate that some others let us enjoy our fancy oatly cappuccino
every morning by digesting its sugars [2]. The truth is that the amount of work that might
be actually done by proteins to function as humans, or as any other living organism on Earth,

might be inconceivable. And luckily, we do not need to know all of this to exist.

One of the roles of proteins that have specially caught our attention is the ability to
speed up (catalyze) biochemical reactions [3]. Such type of proteins are known as enzymes

or biological catalysts, which have naturally evolved to perform efficiently under the mild
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conditions required to preserve the integrity of biological systems and support cell function
[4]. Each one of the chemical reactions that comprise the metabolism of cells requires to be
catalyzed by one specific enzyme [5]. For instance, hemoglobin is an inert oxygen carrier
protein essential for respiration, pancreatic enzymes such as proteases, lipases and amylases
are key for digesting food, while others are required for muscle and nerve function. As we
can see from some of these examples, enzymes typically have trivial names that in most
cases indicate the reaction they catalyze (generally with the suffix -ase, such as oxidase,
dehydrogenase, and carboxylase, or with the suffix -in, such as trypsin). In some other cases,
their names also indicate the substrate on which enzymes act (e.g. alcohol dehydrogenase or
glucose oxidase), while in some other few cases little information about the substrate, the
product or the reaction involved can be derived from it (e.g. catalase). Due to their wide
range of activities, nowadays there is a more systematic and consistent classification scheme:
the Enzyme Commission (EC) numbers [6], whose first digit indicates one of the six major
classes of reactions that enzymes catalyze (i.e. oxidoreductases, transferases, hydrolases,

lyases, isomerases, and ligases).

When we define enzymes as biocatalysts, however, this term does not refer to these
molecular machines inside our cells, but to the use of enzymes as ”process catalysts” under
non-native or in vitro reaction conditions. In fact, enzymes can be extracted from cells and, as
any catalyst, then used to speed up a wide range of industrially important processes without
being consumed during the chemical transformation. Some of these applications include from
everyday uses (e.g. proteases added to detergents) to those applications at industrial scale in
food, agriculture, polymer synthesis, and/or organic synthesis of fine and pharmaceutical
compounds [7]. In general, most of these processes initially exploited the chemistry found in
Nature. However, for many industrial applications there is no natural counterpart available,
as these molecules have naturally evolved for a specific biological purpose. Nevertheless, the
field of biocatalysis has greatly advanced from harnessing natural enzymes to evolve them
by using protein engineering techniques [8]. And remarkably, many novel biocatalysts with

tailor-made functions have been nowadays successfully engineered [9].
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1.1 Enzymes as Biocatalysts

The application of enzymes as biocatalysts offers some advantages over chemocatalysts,
and during the latter half of the 20th century this ability of enzymes to catalyze chemical
transformations started to be viewed as a potential strategy to produce non-natural or
synthetic products at the industrial scale. Despite their huge potential, most of the biocatalysts
employed are commonly modified to suite the different industrial requirements. Nevertheless,
in contrast to the numberless chemical transformations that chemical catalysts make possible,
natural enzymes are superb catalysts, but typically restricted to six major types of enzymatic
reactions and working at the ambient conditions [10, 11]. In addition, enzymes are inherently
specific toward a small set of substrates, which means that in practice, they are presumably
limited to a particular substrate scope. And therefore, if we are interested on using them
toward non-natural substrates, such as any starting material of interest, the substrate scope

of the enzyme needs to be expanded.

A common way to overcome some of these limitations has been to engineer new enzymes.
In other words, enzymes that have been modified by protein evolution techniques. The area
that focuses on the generation and optimization of new biocatalysts by altering the properties
of wild-type enzymes is indeed widely known as the enzyme design field [12]. Up to date,
many different classifications can be probably found regarding the enzyme design approaches
available. Regardless the information available of the system under study in advance, and
either if it is carried out by means of experiments, computations, or a combination of both,
all approaches have been typically grouped depending on how the following key points are
addressed: (i) first, the selection of amino acid positions subjected to mutagenesis, (ii) second,
the generation of the new variants, and finally, (iii) the evaluation of whether the target

property has been enhanced [13].

Generally two assumptions need to be made when considering the molecular evolution
of functional proteins. That is, the number of possible amino acid sequences, which is
astronomically large, and the fact that only a small portion of this protein sequence space
is explored during this evolutionary process [14]. As we cannot possibly cover all of it,
considering in advance how many changes we want to introduce is quite important, as it will

determine how many new enzyme variants from the original wild-type or parent enzyme will
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be produced. For instance, if we already have information from X-ray crystallography, we
can try to solve this problem on the basis of sequence or structural knowledge by rationally
targeting active site residues, by choosing the ones responsible for substrate binding, as well
as residues that are located at distal positions. In a general view, when the positions and the
type of replacement of the amino acids subjected to mutagenesis are guided and selected by
prior sequence, structure or functional knowledge, the process is then commonly understood
as a rational approach. Interestingly, such amino acid replacements might not only include
the 20 most common amino acids found in Nature, but also non-canonical amino acids that
might allow us to expand the chemistry found in enzymes even more. Alternatively, if we do
not have any information regarding the structure or the amino acid sequence, we can then
choose methods that do not require the assistance of that previous knowledge for introducing
mutations. In other words, techniques based on directed evolution (DE) strategy, which
introduces random mutations into a defined amino acid sequence. In this latter case, you
typically end up with a huge library of mutants that are the result of iterating many cycles
of random mutagenesis, and suitable high-throughput screening and selection methods are
typically required to screen and select the improved variants. Therefore, after exchanging the
amino acids, likewise Darwinian evolution, the fittest enzyme variant, such as the one with
higher stability or capable of catalyzing the novel target reaction, is identified and artificially
selected to be used as the new starting point of the next round of mutagenesis. In other words,
replacements are distributed over the whole enzyme sequence. In spite of being a powerful
and versatile tool for boosting enzyme activity, worth to mention is that most enzymes that
have been dramatically evolved through DE have also included rational approaches during
the overall enzyme design process. In a similar way, in spite of the fact that de novo enzymes
have been successfully designed by computational means, the application of directed evolution
is typically required to enhance the initial low catalytic efficiencies. Overall, thanks to the
biotechnological advances, the available toolbox of biocatalysts accessible for organic synthesis
is now routinely expanded, both in the laboratory and in-silico [10, 15]. Given some of the
inherent properties of enzymes, their use in chemical synthesis has become an increasingly
popular and attractive approach toward the development of more sustainable and benign
processes [16], specially when the specificity of the reaction is a major issue [17-19]. On this
direction, enzymes represent an alternative to avoid the formation of by-products, thereby
providing compounds in high yields and purity. After all, the reason to produce pure chiral

pharmaceuticals that might not cause undesired side-effects is biological [20], since the target
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receptor of the drug can recognize and bind ”only” one particular enantiomer of this chiral

molecule.

Chiral molecules are compounds in which one or more carbon atoms have four non-identical
substituents (frequently termed stereocenter or asymmetric centre) [21]. As a chiral molecule,
this compound has the ability to exist in two non-superimposable forms that happen to be
mirror images of one another, which is how we commonly define the term of enantiomers
[22]. So, despite sharing identical chemical groups, likewise our right and left hand, these
compounds are apparently ”the same”, but they are indeed different (each enantiomer rotate
the plane of polarized light in equal but opposite directions) [23]. This is of great relevance, and
particularly in the environment of living systems where specific structure-activity relationships
may be required for effect, since the physicochemical and biochemical properties of racemic
mixtures (equal amounts of the two enantiomer forms of a given chiral molecule) and
individual stereoisomers can differ significantly. In other words, enantiomers have different
properties in chiral environments, such as in the presence of enzymes, while racemic mixtures
are optically inactive, although show chiral property. A world famous example that frame the
relevance of producing enantiopure pharmaceutical products is the tragedy of birth defects
caused by the drug Thalidomide, sold under the brand name Contergan, a chiral molecule
that was used in the late 1950s and early 1960s for the treatment of nausea in pregnant
women [24]. While it was found that the (R) enantiomer of thalidomide was effective as
a sedative molecule able to stop morning sickness in pregnant women, the (S) enantiomer

caused fetal damage and congenital malformations (Fig. 1.1).

Figure 1.1: Relevance of producing pure chiral molecules in pharmaceuticals.

As opposite enantiomer might lead to harmful side effects, in general, a single enantiomer
of a drug is often preferred. Because of this, modern organic chemistry is becoming more

and more involved in the discovery, synthesis and testing of new bioactive compounds that
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are stereochemically pure [25]. Since the 1990s, several drugs have been the subject of
the so-called chiral switching [26], that is, the substitution of previously developed racemic
mixtures with enantiopure formulations. However, this strategy cannot be applied to the

drug Thalidomide, since it has been observed to racemize in vivo [27, 28|.

In drug development, for instance, much effort has been devoted to exploring efficient
approaches for the production of chiral epoxides and diols [29-31]. This is mainly due to the
fact that epoxide-containing compounds are ubiquitously found in the environment from both
natural and man-made sources [32], such as (§-blocker drugs and amino alcohols synthons
[33-35]. As shown in Fig. 1.2, an epozide (or oxirane) is a three-membered cyclic ether
composed by two carbon atoms and one oxygen atom that has specific reactivity patterns
owing to the polarization of the oxygen-carbon bonds and the strain of the ring [36]. Due
to their chemical versatility, the synthesis of enantiopure epoxides and their corresponding
vicinal diols has been an actively pursued area of research. Indeed, epoxide substrates can be
opened by many different type of molecules that we called nucleophiles, although in living

organisms epoxide hydrolysis seems to be a common route of epoxide transformation [37].

Figure 1.2: General illustration of kinetic resolution of epoxide racemic mixtures in the presence
of water catalyzed by epoxide hydrolases (EHs). In this general scheme, the R group refers to any
chemical group (e.g. aryl). Ideally, in a kinetic resolution, one of the enantiomers remains unreacted
and a maximum theoretical yield of 50 cannot be exceeded.

The catalytic addition of water to oxirane by epoxide hydrolases (EHs) enzymes is only
one of several ways that cells employ to transform epoxides [38-40]. This activity was
originally reported more than 50 years ago, when only EHs from mammalian sources were
known [41, 42]. At that point, their application as biocatalysts was hampered by their poor
availability, as well as their insufficient catalytic performance (e.g. low turnover rate or

poor enantioselectivity). However, after the discovery of microbial epoxide hydrolases, their
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potential use as biocatalysts for the kinetic resolution of epoxides at industrial scale was
significantly increased (Fig. 1.2) [33, 43-46]. This is because microbial epoxide hydrolases
are easier to produce in large quantities, but also because catalytic properties have been
modulated by protein engineering techniques such as site-directed or random mutagenesis
[47-49]. There might still be a constraint on the account of limited EHs being successfully
applied on the preparative scale for industrial biotransformations [17, 50]. However, these
enzymes attracted the attention of many organic chemists due to some of their inherent
features, such as: i) they are ubiquitous in Nature (found in all types of living organisms,
from microorganisms to plants and animals), ii) they are cofactor independent (only requires
the presence of water), iii) they can also act in the presence of organic solvents (thereby
allowing the use of water-insoluble substrates), and iv) depending upon the substrate, EHs
can exhibit different regio- and enantioselectivities (the reaction proceeds at one carbon of

the ring and preferentially over one mirror image) [51, 52].

The epoxide hydrolase that has received special attention in the present thesis has been
the one from Bacillus megaterium (BmEH). As the majority of EHs described to date, BmEH
belongs to one of the largest structural enzyme families: the a,-hydrolase (ABH) superfamily,
including a broad range of other types of synthetically useful enzymes in addition to epoxide
hydrolase as a result of a divergent evolutionary process (e.g. lipases, esterases, amidases,
and dehalogenases) [53-56]. Due to their highly diverse catalytic roles, enzymes belonging
to this ABH fold have been widely used in the field of biocatalysis, but also in the protein
engineering field, since they are easy to handle in the laboratory and their mechanisms are also
well-understood [57]. For the case of the BmEH enzyme, which follows a two-step mechanism,
our interest arises mainly due to its unusual selectivity toward some arene epoxides identified
as relevant building blocks of pharmaceuticals [43, 58]. Some BmEH variants have the ability
to accept bulkier epoxide synthons of f-adrenergic drugs such as propranolol [59], which is
used to control hypertension, myocardial infarctions, and also to control symptoms related
with anxiety disorders [60]. As this thesis has only focused on BmEH enzyme, it is worth to
mention that most examples included in this general introduction will refer to this particular
enzyme. And so, in this first Chapter, fundamental concepts will be provided throughout all

Sections, although in combination with more specific details about BmEH.
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1.2 What Are Enzymes?

Enzymes are a type of proteins made up of a long chain of different amino acid residues that
are assembled and then folded into the so-called three-dimensional arrangement. Even though
proteins are usually termed as macromolecules, they are indeed microscopic. Nevertheless,
when the scientific community was able to isolate them in considerable amounts it was
possible to confirm, by using X-ray crystallography, that most enzymes are proteins [3, 61].
Since then, X-ray crystallography has become an important tool for characterizing protein
structures but also for providing a mechanistic understanding of protein functions. As it is
shown by the huge number of structures that have been deposited up to date to the Protein
Data Bank (PDB) [62], there has been an enormous experimental effort to determine protein
structure [63-66]. And yet, the current available number of crystal structures only represent
a small fraction compared to the billions of known protein sequences [67, 68] (the ”protein
folding problem” [69]).

In Nature, remarkable only a set of 20 canonical amino acids are required to give rise to
the huge functional and structural diversity we found in proteins [70]. Amino acid residues
are nothing more than organic molecules containing an acidic carboxylic group, a basic
amino group, and a unique side-chain varying in terms of size, polarity, and hydrophobicity
(commonly defined as the R group). Therefore, all amino acids are similar but different, each
one being characterized by a particular set of physical and chemical properties that will end

up having an impact on the final protein structure.

1.2.1 Understanding Enzyme Function from Structure

Protein structures can provide invaluable information, both for reasoning about biological
processes and for enabling interventions such as structure-based drug development or targeted
mutagenesis [71]. Although at first sight the overall structure of proteins might look lumpy
and amorphous, these molecules have a highly precise structure [72]. Proteins can be defined
as polymers built from a limited number of amino acid building blocks. The simplest level is
the primary structure, which is defined as long linear chains of amino acid residues linked
to its neighbor through a covalent peptide bond. That is, between the carboxylic group of
one residue and the amino group of the next one [73] (see Fig. 1.3a). Amino acids molecules

are similar, except for the side-chain (or R group), and have a central carbon atom typically
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referred as Ca that is an asymmetric carbon. As we have already seen, for each asymmetric
carbon in a molecule there are two possible configurations. In other words, two completely
opposite ways of organizing the same chemical groups around this chiral centre. In the case
of amino acid residues, there are two plausible enantiomers, namely L and D configurations,

although the L-amino acids are only the ones found in naturally-occurring proteins [74].

Figure 1.3: The fundamental structure and folding of proteins. a) The protein’s amino acid
sequence shown schematically as beads on a string. b) Possible folding secondary elements in which
some of the total possible amino acid interactions are satisfied. ¢) The final structure of proteins
(native state). d) Assembly of different protein subunits (oligo-state).

The secondary structure consists in the local spatial arrangement of the linear amino acid
sequence due to the interactions between atoms of the backbone, and thus with no regard
of the side-chain rotamers. The conformational freedom of the main backbone is sterically
constrained by the nature of the amino acids and the partial double bond character of peptide

bonds [75]. Therefore, depending on the torsional angles and the hydrogen-bonding patterns
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different secondary structure motifs are found at this level of protein structure (Fig. 1.3b).
The two most frequent elements are a-helices and [-sheets, while bends or turns occur when
main chains change sharply their direction. Interestingly, turns are regions where key residues
for enzyme function can be located [76]. Overall, the spatial combination of these secondary
elements gives rise to different architectures defined as motifs or super secondary structures
that might have both functional and structural significance (domains) [77]. Additionally, less
regular secondary structures called coils or loops are also characteristic secondary elements.
Although more disordered regions, the interest on these irregular and usually more flexible
elements have emerged during the past years due to their roles in protein functions. This is
one of the reasons why loops are now not being considered as "mere connectors” of frequent
secondary structures. Instead, they have become a promising target for protein engineering, in

part for their known roles in processes such as substrate recognition or even in catalysis [78-80].

The collective set of attractive and repulsive forces between amino acids drives the protein
chain to fold in a three-dimensional space: the "native” structure (Fig. 1.3¢). According
to the central dogma in structural biology, this level has been traditionally defined as the
"vital state”, as there is a conviction that biological function is intrinsically encoded in their
detailed tertiary structures. For instance, proteins that provide structural support might
be expected to adopt fibrous shapes, while the majority of enzymes are known to be built
from compact and rounded globular protein scaffolds [81]. On this direction, there can be no
doubt that protein structure (and dynamics, see Section 1.4) is intimately linked to function
[82]. Yet, there are some observations that may call the necessity of a complex tertiary
structure questioned. For instance, there are also some proteins that do not need to fold into
stable globular structures to carry out their functions (e.g. intrinsically unstructured proteins
(IUPs) [83]). Some scientists have succeeded in recreating the catalytic function of an enzyme
by building a reduced model based on organic chemicals groups resembling the amino acids
responsible for catalysis [84, 85]. Nevertheless, the overall structure of a protein does not
merely function as a scaffold for the right placing of catalytic (or otherwise active) residues
in space, it also includes structural units that couple the principal function of the protein to
the biological context. Interestingly, what makes the three-dimensional shape of each protein
specific is not only the type of amino acids, but also the unique order of them along the chain.
In other words, each type of protein has a unique sequence of amino acids, which creates a

unique pattern of mutual attractive and repulsive weak non-covalent forces between amino
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acids (including atoms in the main backbone and in the side-chains) [86]. In general, there
are three major dominant types of non-covalent bonds that help proteins to fold, that is,
van der Waals attractions, electrostatic attractions, and hydrogen bonds [87]. Some of the
20 different amino acid side chains are non-polar and hydrophobic (”water-fearing”), while
others are negatively or positively charged, and so, in an aqueous environment (like inside
the cells), the major force driving of the global folding seems to be burying and clustering
hydrophobic side-chains to minimize their contact with water molecules [88]. In other words,
globular proteins are characterized for having hydrophobic cores with their charged groups

pointing toward the protein surface (Fig. 1.4).

Figure 1.4: Schematic representation of how a protein containing about 35 amino acids folds into
a compact conformation. The polar amino acid side chains tend to lie on the outside of the protein
(blue and yellow), where they can interact with water. The non-polar amino acid side chains (green)
are buried on the inside forming a tightly-packed hydrophobic core of atoms that are hidden from
water.

These type of interactions are weaker than covalent bonds, however, they are strong enough to
provide tight binding only when many of them are formed simultaneously. For instance, the
importance of hydrogen bonds in the stabilization of secondary structures [89], protein folding
and stability [87, 90], is well established [91-93]. Nevertheless, these non-covalent forces are not
only important on this regard. From a chemist point of view, for instance, a common tool to

facilitate a reaction that requires a high energy consumption is the formation and stabilization
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of intermediates through different types of non-covalent interactions (NCls). In fact, there is a
large number of fundamental processes in living systems that involve non-covalent interactions,

some of them including molecular recognition, binding and catalysis [94, 95].

And finally, although most proteins are active and functional as three-dimensional single
subunits, many others need to assemble by means of those weak interactions to finally become
functional, thereby giving rise to the fourth and last structural level found in proteins. That
is, the quaternary structure or the ”oligomeric state” [96], whose shape will then depend

directly on the primary chain of the linear amino acid sequence (Fig. 1.3d).

1.2.2 Peering Deeper into Enzymes’ Structures

From all the above mentioned sophisticated structure, the specific regions where enzymes
are doing life’s transformations are typically referred as the active sites. As enzymatic
reactions take place in this particular location of the protein scaffold, enzymes have the ability
to distinguish and bind selectively to their substrate(s). In short, this is due to geometric
and electrostatic complementarity between the substrate binding site or active site of the
enzyme and its substrate. That is, due to the structural restrains arising from their complex
structures (”size and shape”), and due to the specific non-covalent interactions between the
enzyme and substrate(s) chemical groups [97, 98]. Similarly to protein receptors and ligands,
which can be hormones, pharmaceutical compounds, or environmental chemicals, enzymes
and substrates also ”come in closely matched pairs”. In the sense that an enzyme has the

ability to recognize just one (or a few) specific substrate(s) [99-104].

Various theories have been proposed to explain the binding of any protein to a ligand (Fig.
1.5). Initially, specific enzyme-substrate (ES) binding was explained by the lock-and-key
theory proposed by Emil Fischer in the 19th century [105]. This theory stipulated that
enzymatic binding sites ("the lock”) are rigid and pre-adjusted geometrically to natural
substrates ("the key”) (Fig. 1.5a). Accordingly, only those starting materials whose structures
have an exact complementarity with the active site will then form the ES complex required
prior to any chemical transformation [106]. Although this initial idea that substrate(s) fits
rigidly into the enzyme’s active site was widely accepted, in subsequent years there was

increasing evidence indicating that, in many cases, enzyme structures undergo conformational
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Figure 1.5: Schematic representation of three popular protein-ligand binding theories. The protein
is represented as a blue shape and the ligand as a grey shape. a) The ”lock-and-key” theory:
the ligand-binding site of the protein matches the ligand perfectly. b) The ”induced-fit” theory:
the binding site generally fits the ligand due to ligand-induced conformational changes in the
protein. ¢) The ”conformational selection” theory: proteins in solution are constantly changing
their conformations (pre-exist as an ensemble of conformations), with at least one of its matching
the ligand.

changes during the binding process [107-109]. In other words, Fischer’s model was in a
need of a revision, which came in the form of the induced-fit theory proposed by Daniel
Koshland [110]. This second theory has been validated in numerous proteins [111], and it
suggests that enzymes do indeed match their substrates geometrically, although not perfectly.
However, once the substrate is present, the binding process is accompanied by conformational

adjustments in the binding sites of enzymes that help to reach the perfect match (Fig. 1.5b).

In addition to these two main molecular mechanisms that underlie the binding of any
protein to its natural ligand, a few years after the induced-fit theory the Monod- Wyman-
Changeuz (MWC') model of cooperativity appeared [112]. Interestingly, the MWC model
withstood that proteins are able to shift spontaneously between (at least) two different
conformations even in the absence of a ligand [113]. And therefore, it could explain allostery,
which is a well-known process in which the binding of the substrate to the catalytic site
of the enzyme is affected by ligand binding to a different site [114-116]. Interestingly, the
theory underlaying the MWC model has been revised since it was first suggested, completely



26 1.3. UNLOCKING ENZYME CATALYSIS

changing our very initial perception of proteins, mostly existing as a unique structure with a
certain plasticity, to the actual notion of these molecules existing in multiple conformations
(or "sub-states”) [117-121].

The long-held views on ”lock-and-key” versus ”induced-fit” in binding mechanisms arose
from the idea that a protein exists in a single (and most stable) conformation dictated by
its amino acid primary sequence. Nevertheless, nowadays it is established that proteins
exist in multiple conformations, which finally leads to a third proposal, the conformational
selection model (Fig. 1.5¢) [122, 123]. This last molecular recognition model posits that the
ligand binds preferentially to one of the already sampled protein conformations by turning a
previously less favorable conformation into the most stable (and probable) one [124]. In other
words, by altering the conformational landscape of proteins upon binding (as it will further be
explained in Section 1.4). Interestingly, conformational selection does not necessarily refute
induced-fit theory, as conformational adjustments further stabilizing the ”best-fitting” protein

ensemble are indeed usually expected to happen in order "to match the ligand perfectly”

[125, 126].

From its very beginning, basic research has focused on many aspects of enzyme action,
such as the ways in which enzymes accelerate chemical reactions and maintain specificity
and selectivity, their kinetic behavior and how all these aspects can be used for analyzing
their efficiency. Before we dive into "how” are enzymes transforming substrates with such
remarkable efficiencies upon the enzyme-substrate (ES) complex formation, it might be useful

to take first a quick loot at "why” they are so needed to sustain life.

1.3 Unlocking Enzyme Catalysis

Chemical reactions occurring within cells are responsible for sustaining life in all organisms.
In fact, according to the molecular needs of any organism, cells are executing thousands
of metabolic processes simultaneously and consecutively within a time scale of 107° to 10?
seconds [127]. Every molecule seems to vanish from one point in space and immediately
materialize into another, allowing cells to grow or divide, extract energy from food, build

complex materials or detoxify harmful substances [128].
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In its most simplest case, we can visualize the process: S —— P, as the reactant substrate
molecules needing to negotiate a landscape in which they will need to hike over a hill, the
transition state (T'S) that stands between them and product molecules along the reaction
coordinate. As it is indicated in Fig. 1.6, the transition state acts as an energy barrier for

the reaction to occur, and this is because the energy of the T'S determines "how much energy’

the system at least has to gain to reach the top and continue to the formation of products.

Figure 1.6: Representation of how reactant molecules (grey) need to climb over a single transition
state in order to convert into products.

The higher the activation energy (E,) required, the smaller the probability for crossing that
energy barrier, and thus a smaller reaction rate (k). This dependency between the activation
energy value and how fast (or slow) a chemical reaction happens is empirically described by

the Arrhenius equation [129]:

k= Aexp <_§;) (11)

where R is the universal gas constant, 7" is temperature, RT' is the average kinetic energy,
and the pre-exponential coefficient A is a ”frequency factor”. In a chemical reaction in which
the reaction rate is linearly dependent on the concentration of only one reactant (a first-order
reaction), the A term can be viewed as the total number of random collisions that happen to
form products, while the exponential term describes the probability for a successful collision
leading to the transition state and then to products. In this context, the reaction rate k is
then understood as the ”fraction of such successful collisions”, being expressed in enzyme

units, which are usually given in conversion of substrate per minute under specific conditions.
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As it is captured by Eqn. 1.1, the reaction of a chemical reaction depends directly also
on the temperature. On this direction, one way to provide reactant molecules sufficient
activation energy is by heating them up to a very high value of temperature. In fact, heating
the substrate molecules up is one of the common strategies to provide these molecules the

necessary energy to reach the transition state.

Figure 1.7: Representation of how reactant molecules (grey) need to climb over an energy transition
state in order to convert into product molecules (yellow).

As it is represented in Fig. 1.7, this will enable reactants to gain enough energy to move
and vibrate faster, and thus overcome the energy barrier imposed by the transition state.
The science of "how heat interacts with matter” is called thermodynamics. The field of
thermodynamics enables to characterize different states in nature at the macroscopic level,
mostly by studying the dependency of the energy on magnitudes such as temperature, pressure,
volume, and chemical concentration. In fact, almost all of the physical and chemical processes
that cause change in our world are driven, at a molecular level, by thermodynamic principles,
which in turn are based on these "random molecular collisions”. Interestingly, some of the
energy available from these random collisions is harvested to construct and maintain living

systems as these highly ordered states we can appreciate.

1.3.1 Free Energy Changes and Spontaneous Processes

In terms of thermodynamics, the energy that is available and then transformed into a specific

work (e.g. execution of a chemical process or changing molecular configuration) is the so-called
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Gibbs free energy (or simply free energy) quantity. This free energy is denoted by G, and it is
considered one of the key concepts in this field of physics. As living organisms exist in a state
of constant pressure and temperature, the free energy is a more convenient magnitude for
determining the direction of a given cellular process. In fact, it is the free energy wvariation
(AG) what helps us to predict whether a process might take place (or not) effortlessly. In

other words, spontaneously.

The value of AG can be calculated from the standard free energy (AG®), assuming that
the concentrations of initial and final states (e.g. reactants and products) are known [130].
Interestingly, the free energy change itself can be also obtained from changes in two other

thermodynamic quantities:
AG =AH — TAS (1.2)

That is, the enthalpy (H), which is the general tendency to minimize the energy, and the

entropy (S), which is the general tendency to mazimize the disorder.

Unlike the free energy, the enthalpy and the entropy quantities can be associated with
particular features of the molecular system. For instance, the AH component of AG in
Eqn. 1.2 involves molecular phenomena, such as the formation or breaking of covalent bonds,
changes in electrostatic or van der Waals interactions, and changes in thermally-induced
atomic motions [131, 132]. For the remaining component —TAS, a good example is the
process of protein folding, in particular when it involves burial of non-polar atoms inside
macromolecular proteins. As we have already seen in Fig. 1.4, this folding process is driven by
a hydrophobic effect. ”Ordering” events tend to increase the free energy of the system, such
as the confinement of substrates inside the active site. Nevertheless, in biological systems
there is also "disordering” and energetically events that often compensate this loss of entropy.
In the context of the folding process, for instance, it is accompanied by an increase in the
entropy of the aqueous solvent, in addition to the attractive non-covalent interactions between

amino acids of the protein scaffold [131].

Given a particular set of conditions, any natural state can be indeed characterized
by its free energy value (see also Section 1.4). Knowing the free energy of a system is

very helpful in predicting the relative stability of states and the direction of processes,
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including enzyme-catalyzed reactions, protein-ligand binding, or protein folding events.
This is particularly true for biological chemical processes, which involve a change in the
molecular properties of the system. We can view a reaction as a system capable of existing
in two alternative states with different free energy values. In this context, the reaction will
spontaneously shift from the high-energy state to the low-energy one. And therefore, the
direction of spontaneous change is always in the direction of decreasing free energy (i.e.
AG < 0) (as it happens when the final product of a reaction has lower energy than the

starting material).

Most of the life-sustaining reactions occur spontaneously, although under physiological
conditions they tend to happen very slowly. In fact, they can take hundreds, and even
million years to complete [133]. The reason for their slowness has to do with the energetics,
and with the pathway from reactants to products [134]. For obvious reasons, increasing the
temperature to a very high value is an infeasible approach for biological systems, and thus,
the other only way left is to accelerate chemical reactions by lowering the activation energy

barriers. In the context of living organisms, by using enzymes as catalysts.

1.3.2 Enzyme Catalyzed versus Non-enzymatic Catalyzed

Reactions

Like any catalyst, enzymes are substances differing from reactants that help to speed up the
chemical reactions without being changed and consumed along the process. The transition
state might be "the same” as the expected for the uncatalyzed counterpart, although in the
presence of a (bio)catalyst its energy is much lower (Fig. 1.8). In other words, the transition
state has been stabilized, and thus reactant molecules need less activation energy to overcome

the barrier imposed by this transient reaction intermediate.

When we use a non-enzymatic catalyst (Fig. 1.8a), it will bind to reactant A to form a
complex denoted here as ”Cat-A”. After binding, the substrate is transformed into product
B, which is finally released to start again the catalytic cycle. Interestingly, it is worth to
notice that the energy difference between reactants and products, which is AGg, remains
unaltered, and thus the overall energetics of the reaction do not change. In other words,

the thermodynamics are not affected by the presence of any catalyst. When the catalyst is
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Figure 1.8: Representation of the energetics of a chemical reaction in the absence and presence of
a catalyst. The grey plot illustrates the hypothetical reaction: A —— B. The reaction involves a
transition state (7'S*), whose free energy exceeds that of the reactant by an activation energy of
AG*. Comparison between a) the effect of a chemical catalyst (Cat), and b) the effect of an enzyme

(Enz) catalyst.
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an enzyme (Fig. 1.8b), the substrate also binds, although to an active site pocket in the
enzyme structure that stabilizes it. As we have already explored in Section 1.2, the binding
process leads to the formation of a specific enzyme-substrate (ES) complex, which results
in a favorable drop in the free energy of the system (i.e. an entropy decrease). As it is
represented in Fig. 1.8b, this binding in turn make the activation energy required slightly
higher, although the activation energy barrier to overcome is still lower than the one for the
uncatalyzed reaction (e.g. AG; < AG%). In a thermodynamic sense, enzymes seem to follow
the same fundamental physical and chemical principles of chemical catalysts, although they

are just better designed [135].

1.3.3 A Quick Look at Enzyme Kinetics

In chemical kinetics, reactions are usually characterized in terms of stoichiometry, mechanisms
and order. The latter term describes the dependency of the reaction on the concentration
of reactants, being able to distinguish between zero, first, and second-order reactions. For
instance, when a reaction rate follows a linear dependency on the change in concentration of
the reactant A over time, then it is considered a first-order reaction. And therefore, for the

hypothetical reaction: A —— B, the reaction rate could be expressed as it follows:

d[A]

Vi=r=—u

= k[A]! (1.3)

where k is the rate constant, and its value is affected by the environment of the reaction and

the corresponding starting materials.

When we think about (enzyme) kinetics, what we want is to simplify the conversion
of substrate molecules into products as the elemental change described from reactant A to
product B. On this direction, the simplest enzymatic reaction scheme: S — P, could be
written as it follows: 7 ,

E+S——=ES——E+P (1.4)

where S is the substrate(s), F is the "free” enzyme, ES is the enzyme-substrate complex
formed prior to the chemical transformation, and P is the final product(s). The first step of
the reaction corresponds to the binding of substrate(s) to enzymes, while the second step

describes the transition from substrate(s) to product(s), each of them having its own rate
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equations.

When reversible reactions are considered, rate constants for the forward and backward
reactions are necessary to describe the kinetics. For the particular case presented in Eqn. 1.4,
that would be: r; = k1[F][S] and ry = ky[E'S] for the forward direction, and r_y = k_;[ES]
and r_y = k_3[E][P] would describe the backward direction. According to these equations,
and assuming a constant value of k, the overall reaction rate could be enhanced by increasing
either the substrate or the enzyme concentration (i.e. [S] or [E]). However, opposite to what
should be expected, for enzymatic processes this is not likely to happen. As it is represented
in Fig. 1.9, at high values of substrate(s) concentration, all free enzyme has been fully
saturated into the E'S form, and thus enzymatic rates are observed to reach a plateau. That
is, a situation in which the speed of the reaction reaches a maximum value (V},4,) and thus

it becomes insensitive to further changes in substrate concentrations.

Figure 1.9: Representation of the saturation effect in enzymatic reactions. Enzyme(s) are
represented as a blue shape and substrate molecules in grey. Dots in the plot indicate measured
initial rate or velocity values at points with different substrate concentrations.

This ”saturation kinetics” is indeed a hallmark of enzymatic catalysis, and it is different
from what is observed in uncatalyzed reactions, as there are no binding or active sites that
can become saturated. Interestingly, the above description explains the molecular origin of
the observed saturation kinetics of enzymes, although it does not provide any mechanistic
or quantitative insights. Nowadays there are numerous experimental and computational
methods available on this regard. Nevertheless, for a long time the only strategy available for
understanding enzyme action was to construct mathematical models capable of explaining

enzymatic rate acceleration and catalytic steps using "measured parameters”. In other words,
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by developing and using kinetic models.

Michaelis-Menten Kinetic Model

The most popular model proposed to capture quantitatively enzyme kinetics in a mathematical
formalism is so far still nowadays the one provided by Michaelis and Menten, which describes
chemical reactions as it follows [136-139]:

ko

k
E+Sk:1ES—>E+P (1.5)
-1

where F is the enzyme, S is the substrate, ES is the enzyme-substrate complex, P is the
product, k; is the rate constant of E'S formation, k_; is the rate constant of ES breakdown,
and ks is the rate constant of the chemical reaction step. That is, the step in which product(s)

are formed irreversibly and then released from the enzyme.

Within Michaelis-Menten formalism, the substrate conversion into product and its
subsequent release into solution is considered to be much slower than the enzyme-substrate
binding. In other words, k5 is assumed to be much smaller than k; and £_, being then k5 the
magnitude that determines the overall rate of the reaction. And therefore, it is this step the
one determining how fast or slow takes the transformation from substrate(s) to product(s).
In this context, ko describes the rate-limiting step of the entire enzyme-catalyzed reaction,
and thus it is often also considered as the reaction’s catalytic rate k... Accordingly, within

Michaelis-Menten model the enzymatic reaction rate could be expressed as it follows:

d[P]

V=t
dt

= ko[BS (1.6)

It should be noted, however, that enzymatic mechanisms are usually a complex series of steps
involving different reaction intermediates, and thus ks or k.,; are often a compilation of several
rate constants rather than one. In addition, it should be also noted that Michaelis-Menten
model refers to chemical reactions that are catalyzed by an enzyme ”of fixed concentration”
and that are in a ”steady state” [140]. That is, the E'S does not change over time, and thus
the rates of the S formation and decomposition (k; and k_;, respectively) are considered
to be equal:
d[ES]

2 =0 k[E)[S] = ka[ES) + kil BS) (1.7)
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And therefore, under saturation conditions we can assume that the amount of total enzyme
corresponds to the amount of ES complex, as all substrate molecules are bound to free enzyme
([E]s) (Fig. 1.9). In this context, we can in the end say that it is the total concentration of

the enzyme [E]; the value that does not change either over time.
[Elo = [E]f + [ES] = constant; [E]y = [ES] (1.8)

Considering Eqn. 1.7, as well as the assumptions already mentioned along this Section 1.3.3,

we can finally derive the fundamental equation of Michaelis-Menten kinetics, which is:

Vo keat[S][Elo

KM + [9] (1.9)

where, K); is commonly referred as the Michaelis-Menten constant, and its magnitude is
indeed a lumped term that includes the three rate constants: Ky = (k—1 + keat)/k1. And

the remaining k.q.[F]o term results to be equal to the maximum rate V4.

Uses of Michaelis-Menten Parameters: Enzyme Efficiency and Specificity

The qualitative and quantitative relations between the different Michaelis-Menten kinetic
parameters enable us to analyze and compare different aspects of enzyme activity among
many natural enzymes. Although this model is not necessarily valid for describing the kinetics
of enzymatic processes involving complex mechanisms such as those governed by allostery,
this model has proven to be useful for understanding and predicting fundamental enzyme
behavior. This is because K,; and k.,; are "measurable” parameters. In many cases, for
instance, the inverse value of Michaelis constant K, is considered as an approximate measure
of the affinity between the enzyme and its substrate(s): ”the lower the K, value, a greater
affinity to the substrate”. As this constant can easily be measured in the lab, it is often used
to approximate the enzyme-substrate affinity. However, it should be noted that this has to be
done with extreme caution, since K, does only reflect enzyme-substrate affinity in specific
situations. For instance, when the rate-limiting step of a simple reaction is significantly lower
than the rates of the ES forming or breaking steps (i.e. ki1 >> k2). In such case, ky can
be neglected, and then it is correct to say that K, ~ K.

Regarding the catalytic rate constant k., this magnitude has been traditionally used as
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a measure of enzyme activity and catalytic efficiency, as it can be viewed as the turnover
number, which is the number of product molecules formed by one enzyme molecule in a
unit of time (usually seconds) [74]. As we have already seen in the beginning of Section
1.3, the Arrhenius equation 1.1 describes the dependency between the activation energy
required to overcome the transition state barrier and the rate of the reaction. Nevertheless,
it does empirically, and thus it does not consider mechanistic aspects such as one stage
of the reaction being the rate-limiting step. On this regard, a more adequate description
about this relationship is provided by Eyring’s transition state theory [141, 142], in which the
dependency of k., on the activation free energy (AG?), as well as temperature, is described

by what is called the Eyring-Polanyi equation:

Keat = kBTTe:cp <—%§i> (1.10)
where kg is the Boltzmann constant, h is Plank’s constant, R is the universal gas constant,
and T is the temperature. Thanks to Michaelis-Menten formalism, k.,; value can also be
easily obtained by measuring initial reaction rates (i.e. Vp), since under saturation conditions
it is true that: Vj is equivalent to V... Nevertheless, the overall efficiency of enzymes is not
only affected by the efficiency of the catalytic steps. In other words, it can be also affected by
the enzyme’s affinity to the substrate. For this reason, the k. /K ratio is a better measure
for describing enzyme efficiency. Compared to the isolated terms, the k. /Ky ratio is a
quantity that offers the advantage to include both catalytic and affinity-related contributions
to the total enzyme efficiency. And not only that, as in cases in which a single enzyme has
the ability of transforming different substrates, a comparison of the efficiency of the enzyme
based on this ratio across substrates can be used as a measure of specificity. For this reason,

the k.o / Ky magnitude is also typically referred to as the ”specificity constant” [139].

1.3.4 Stereochemistry of Enzymatic Reactions

A very common case of specificity is when the enzyme can act on two different enantiomers
of its substrate (S and R), but has a clear preference for one of them over the other. This

situation is called enantioselectivity (E), and it can be expressed as the ratio between the
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specificity constants relating to the enzyme’s activity on the two enantiomers [143]. That is,

k'ca,t
Kujg

E=-""/s (1.11)

Interestingly, the enantioselectivity £ can be used to calculate the difference in the activation

free energy (AAGH) between the two enantiomers as it follows:
AAG* = —RTInE (1.12)

and thus, by computing and comparing the activation free energies barriers of the transition
state of each enantiomer we could reproduce (or predict) experimentally observed selectivity
trends (Fig. 1.10).

Figure 1.10: Representation of the use of transition state theory (TST) for analyzing enzymatic
selectivity. As example, it is represented the opening at the terminal epoxide carbon atom of each
enantiomer (S/R) found in a racemic mixture. The chiral carbon atom is indicated with an asterisk
in the E'S simplified structure.

In fact, this idea is the basis of Eyring’s transition state theory (TST). According to this

proposal, the smallest fraction of the catalytic cycle is spent in the most important step,



38 1.3. UNLOCKING ENZYME CATALYSIS

that of the transition state. On this direction, collisions between the substrate and enzyme
molecules are overlooked, and thus the only physical entities required for describing enzyme
efficiency and selectivity are the ground and the transition states, that is, £.S and each T'S
in Fig. 1.10. Worth to notice is the fact that the above equation 1.12 can be used to express
any type of substrate specificity, and thus it is not only limited to enantiomeric processes.
Indeed, computing the activation free energies to elucidate (or predict) enzymatic selectivity

is a common strategy while modeling enzymatic mechanisms [144].

Whether or not enantiomers are of biological origin, these molecules do not interact
identically with other chiral molecules, such as enzymes. In the absence of any source
of chirality, that is, optically inactive reactants and catalysts, the outcome would be a
racemic mixture. In fact, many reactions lead to mixtures in which there is exactly equal
amounts of the two enantiomers. Yet, enzymes are inherently chiral, thereby being able
to recognize one substrate enantiomer over the other. Some enzymes are found to display
"absolute” enantioselectivity, while many others show different degrees of preference for a
specific substrate enantiomer. Usually, when only one enantiomer of a pair fits properly into
the chiral active site of an enzyme, the process is considered to be enantioselective (or more
generally, stereoselective), which is a concept that should not be confused with the ability of
enzymes to form a single configuration in a pro-chiral substrate. These type of reactions in
which only one pure chiral product is formed should be defined as stereospecific, which is
indeed a property that relates to the mechanism of the reaction [74]. For example, we can
illustrate how this works at a molecular level by considering the ring-opening reaction of
epoxide substrates in solution. As it is represented in Fig. 1.11, the choice of the pathway
adopted is governed by several factors, such as the reaction conditions and the substitution

patterns of the starting materials [58].

The resulting product will vary according to which substitution mechanism dominates
during the epoxide ring opening reactions. For example, under basic conditions, this reaction
proceeds by an Sy2 reaction mechanism, and although there are two electrophilic carbons in
the epoxide moiety, the best target for the nucleophile in this context is the "least hindered”
center (Fig. 1.11a). This is because in the Sy2 mechanism, the nucleophile carries out
the attack from the backside orientation of the substrate relative to its leaving group, thus

resulting in inversion at the electrophilic carbon. On the contrary, when the opening of the
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Figure 1.11: Representation of epoxide ring-opening reactions as an example of a stereospecific
reaction. Arrows illustrate the electrons movements, R refers to any substituent different from a
hydrogen atom, "Nu” stands for any molecule or atom acting as a nucleophile (e.g. in solution, a
water molecule). a) Representation of the epoxide ring-opening reaction in basic conditions via
a Sy2 mechanism. b) Representation of the epoxide ring-opening in acidic conditions via a Sy1
mechanism.

epoxide ring proceeds under acidic conditions, the reaction occurs by an Sy1 mechanism,
which generally involves two steps. That is, a protonation step followed by the nucleophilic
attack. If the nucleophile is neutral, an additional deprotonation step is also required to
complete the reaction. Nevertheless, under acid conditions the attack occurs through the
formation of carbocation intermediate, which is better stabilized by neighboring carbon atoms.
On this direction, in acidic conditions the best target for opening the epoxide is the more
substituted carbon, since the positive charge build on that carbon provides the carbocation
of greatest stability. In practice, however, a better way to describe the acid-catalyzed epoxide
ring-opening is by depicting a hybrid pathway between Sy1 and Sy2 mechanisms (similarly
to the transition state depicted in Fig. 1.11b). This is because the nucleophile is indeed
reacting with the electrophilic carbon before the carbocation intermediate has the chance to
form. And since the carbon-oxygen is still to some extend present, the oxygen of the epoxide

partially blocks the attack from the front side.

As represented in Fig. 1.11, if the starting material is an asymmetric epoxide substrate,

then the production of a specific compound can be favored by modifying the reaction
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conditions. As we have already explored, in basic conditions under steric considerations the
attack is being favored at the less substituted carbon. Yet, in acid conditions the process is
governed by electrostatic considerations, and so the more substituted carbon is the preferred
position for the nucleophiles. In such situations, the chemical process is also referred to be
regioselective, although we still end up with two different products that are indeed each of
them a mixture of two enantiomers. This is important, specially in the biological context,
since usually only one enantiomer of a pair causes a desired effect inside our bodies. Many
drugs currently on the market are found to be racemic mixtures, causing most of the times
undesired effects. And therefore, it is of utmost relevant to provide methods by which racemic
mixtures are resolved. As it has been shown in the very beginning of this Chapter, the process
by which two enantiomers can be separated is called resolution, and it is a very different
process from the common physical separations. Nevertheless, in the presence of a ”chiral

p 7 zymes, the differences in enantiomers become apparent.

1.3.5 Catalytic Strategies for Enzyme Catalysis

For a long time, the remarkable efficiencies of enzymes have been widely attributed to
the precise pre-organization of the active site residues for an efficient transition state
stabilization [106, 145, 146]. To do so, some of the amino acids inside the active sites
carry out different catalytic roles. For instance, some amino acids are responsible for the
activation of reaction species, others can affect the reaction outcome through factors related
with spatial arrangements (i.e. steric clashes), some other residues act as ”shuttles” (e.g.
donate, accept or relay protons), while many others can become covalently attached to a

reaction intermediate in order to greatly accelerate chemical reactions [142, 147].

As we have already explored in Section 1.2.2, the high complementarity between the
enzyme and the transition state results from various structural and chemical features of
the active site. On this direction, enzymatic specificity arises from the three-dimensional
structure of the enzyme’s active site, as it is viewed to be much higher complementary to
the transition state of the reaction than to its substrate(s) [106]. In other words, enzymatic
specificity can be understood as most manifest in ”the rate that a substrate reacts”, although
the affinity of substrate binding it is also well-known to play a role [148-150]. A recent

example supporting the relevance of binding affinity in determining the substrate specificity is
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the case of N-Myristoyltransferases (NMTs), in which the enzyme catalyzes almost exclusively
myristoylation when both acetyl-CoA and myristoyl-CoA substrates are present in the reaction
[151].

The various catalytic strategies employed by enzymes to promote the formation of
the transition state(s) of the reaction involve different aspects of enzyme-substrate (ES)
interactions. Some of these aspects include the entropic effects that result from the substrate’s
confinement in the active site of enzymes (Section 1.2.2), the stabilization of reaction
intermediates throughout non-covalent interactions, such as hydrogen-bonding, electrostatic
or van der Waal interactions, or the chemical actions carried out by the active site residues on
the substrates, such as the formation of covalent bonds or proton/electron transfer processes
[152-154].

The electrostatic pre-organization and non-covalent stabilization of transition
state(s) is a very common strategy in enzymatic catalysis, since the conversion from
substrate(s) to the corresponding transition state(s) typically implies a ” charge delocalization”.
For instance, if the transition state has an electric charge that is not present on the substrate,
the active site is likely to include a chemical group with an opposite charge that will be able
to stabilize it. Interestingly, electrostatic interactions are viewed as a major contribution for
an efficient transition state stabilization or ground state destabilization, although this
type of stabilization is not exclusive to enzymatic catalysis [98, 155, 156]. In many cases,
the stabilizing charged groups belongs to a side chain of amino acids (e.g. the positively
charged guanidinium group of arginine) [157]. In some others, it is the amide or carbonyl
group in the protein’s backbone that carries a partial positive or negative charge, respectively.
Interestingly, the same amide groups can be also said to ”strain” the substrate (or any reaction
intermediate) into its transition state. Such induced-strain distortion of the ground state by
enzyme-substrate binding is known as the Circe effect. Interestingly, this destabilization was
originally assumed to be governed by geometric aspects [158], although later on, electrostatic
effects have been found to have a more significant contribution [159, 160]. And finally, in
those cases in which the transition state is negatively charged, there is typically also the
participation of active site cationic metals for transition state stabilization, such as Mg,
Cu?t, Zn?*, Mn?*+, Co?*, Fe?* and Fe3", which in enzymes are usually referred to as cofactors
(161, 162].
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Along with non-covalent stabilization of reaction intermediates, the other most common
function of catalytic residues in a general view is acid-base catalysis. The prevalence of
acid-base catalysis as an enzymatic strategy largely accounts for the well-known dependency
of enzymatic activity on the pH of the enzyme’s environment. For instance, if an enzyme
relies on the acid-base behavior of an aspartate, the optimal pH would be expected to be
around 3 or 4. In contrast, if an enzyme relies on a certain histidine residue to function
as a general base, then the pH for an optimal activity will be around 6 or 7. Interestingly,
the protonation or deprotonation of any ionizable group is most affected around its pK,,
as well as its immediate chemical environment inside the active sites. And thus, the amino
acids around catalytic residues might be also relevant, as these residues might affect via
electrostatic effects its p/(,. On this direction, if an enzyme relies on the basicity of a histidine
residue, then its local environment will be expected to keep it in a deprotonated state before
catalysis starts. However, upon substrate binding, the conversion of the substrate into the
transition state will lead to the protonation state of that histidine, which will return to its

initial deprotonated state once the catalytic cycle is over.

The simplest way in which acid-base catalysis can exert its effect is to directly extract
or transfer a proton. Yet, acid-base catalysis may also contribute indirectly to enzyme
action by helping other active site residues to carry out nucleophilic substitution on the
substrate. That is, promoting covalent catalysis, which is a strategy that often leads the
formation of an enzyme-substrate covalently bound intermediate after the activation of the
nucleophile. In this context, the chemical groups inside the active site are not just merely
interacting through non-covalent interactions, but act on it chemically, thereby promoting
the change of substrate(s) or intermediate(s) into its transition state(s). Indeed, many
enzymes promote the formation of the transition state(s) and the subsequent breaking of such
covalent intermediates, although the exact means by which covalent catalysis happens varies
across enzymes. Regardless the chemical group acting as a nucleophile, the present strategy
usually involves an attack on a substrate’s electrophilic center that results in a covalent
bonding between the two. In other words, it is also assisted by an electronic polarization.
In hydrolases, for instance, the electrophilic center attacked in the substrate is usually a
carbonyl group (C=0) that results in an acyl-enzyme intermediate. The negatively charged

transition state is stabilized electrostatically within the active site, and such stabilization
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promotes the subsequent breaking of the covalent bond in the substrate by an active site
water molecule [163]. Similarly, in epoxide hydrolase (EHs) there is also the formation of
a covalent enzyme-substrate intermediate that is afterwards hydrolyzed. We can view how
this works at a molecular level by considering, for instance, the epoxide ring-opening step

mediated by Bacillus megaterium EH (BmEH).

Bacillus megaterium Epoxide Hydrolase Mechanism

Likewise a large fraction of EHs, BmEH belongs to the «,3-hydrolase (ABH) family, which
is one of the largest groups of structurally related enzymes with diverse catalytic functions
[163-166]. Enzymes can be grouped into different protein families with related structural
and functional similarities. In the particular case of the a,8-hydrolase fold, which is common
to several hydrolytic enzymes that appear to be related by divergent evolution, a remarkably
conserved core domain is shared in spite of the low overall sequence conservation (Fig. 1.12a).
In other words, the fold includes enzymes of widely differing phylogenetic origin and catalytic
function [53, 54]. And therefore, members of this group display a high sequence diversity
and a broad variety of catalytic activities such as protease, lipase, peroxidase, esterase,
dehalogenases, and epoxide hydrolase functionality [55]. At the same time, however, it is
worth mentioning that interconversion of activities through selective alterations in active site
architecture and chemistry within different members of «,5-hydrolase family has been possible,
in in spite of sharing the same core catalytic machinery [163|. And therefore, although these
different catalytic activities are separated in sequence space due to the divergence process along
evolution, the activities are interestingly overlapping rather than diverging [167]. In other
words, as protein structure is often more conserved than function in the course of evolution, in

practice through few single amino acid mutations it is indeed possible to evolve novel catalytic.

A majority of ABH family members contain three topologically similar residues that form
a catalytic triad: a nucleophile (serine, aspartate or cysteine), a histidine, and an acidic
residue (aspartate or glutamate). Indeed, the ability of the ABH fold enzymes to operate on
substrates with different chemical composition or physicochemical properties is based on the
evolution of this similar ”nucleophile-base-acid” triad located at the core of the ABH fold [168].
In addition to the catalytic triad, the core domain also contains two or three amino acids

considered to be essential for the mechanisms of the ABH members, that is, the ozyanion hole
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residues [169-171]. Generally, these active site residues are located on conserved locations
and in loops, and it is the three dimensional ABH fold which brings them together in the
catalytic centers. Interestingly, many «,3-hydrolase enzymes also contain further structural
motifs in which other catalytic relevant residues have been observed [47, 172], such as the
cap or lid domain located above the catalytic cores (see Fig. 1.12a). However, in contrast
to the highly conserved core domain, the structures of these frequent additional motifs vary
considerably between the different members within the ABH family [167].

Figure 1.12: Illustration of Bacillus megaterium epoxide hydrolase three-dimensional structure
and its active site residues. The Bacillus megaterium epoxide hydrolase (BmEH) is represented as
a blue shape. a) Schematic representation of BmEH core and cap/lid main domains. The active
site, substrate entrance (region 1) and product release (region 3) are also indicated in this simple
illustration of BmEH three-dimensional structure. b) Zoom in at the active site of the BmEH
enzyme: the epoxide substrate (in bold) and relevant catalytic residues are also indicated. Number
labelling corresponds to the BmEH wild-type enzyme (PDB ID: 4NZZ). The tethering of the epoxide
substrate inside the active site is shown by red dashed lines, whereas red arrows illustrate the
movement of electrons as bonds between atoms that will be broken and formed.

EHs are in general characterized for having a deep and hydrophobic active site cavity on
the interface of the core and cap domains. In the particular case of the enzyme studied
in this thesis, which is the BmEH, its three dimensional structure is featured by a large
“open” active site entrance (in this thesis also termed as "region 1”), and an additional cavity
not observed in other EHs described as an independent product release site (in this thesis
also called "region 3”) [59] (Fig. 1.12a). As it is illustrated in Fig. 1.12b, the particular

residues that constitute BmEH’s catalytic triad are the nucleophile Aspg; found in a sharp
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turn commonly referred as the ” nucleophile elbow”, the basic Hissgr and the acidic Asposg.
In contrast to most of the ABH family members, EHs in general do not employ the common
serine-histidine-aspartate catalytic triad. The reason is that this strategy is not suitable,
since the nucleophilic attack by a serine residue would facilitate the formation of an ether
intermediate that would not be possible to break [173]. For this reason, in EHs we find an
aspartate-histidine-aspartate/glutamate triad instead, which facilitates the formation of an
ester derivative of the aspartate [51, 174]. Far from the situation presented in Fig. 1.11,
inside the active site of BmEH enzyme only epoxide substrates that are geometrically and
electrostatically complementary will preferentially bound. Similar to many other EH enzyme
[175-177], in BmEH there are also two additional tyrosine residues, the Tyri44 and Tyraos
located on the two adjacent a-helices of BmEH’s cap domain (Fig 1.12). [178-182]. These
two acidic tyrosine residues are responsible for binding and substrate recognition, but also
for assisting the reaction by polarizing the C-O bond through weak hydrogen bonds and
facilitating a proton to the oxygen atom once the ring is completely opened (Fig. 1.13).
This first step of the reaction leads to the ring-opening of the epoxide, thereby forming
an alkyl-enzyme intermediate. In addition, there is another residues relevant for BmEH
mechanism. That is, Glysg and Phesy, two amino acids that belong to the conserved HGXP
motif (X = Phes in this case). The backbone amide group of these residues is directly
involved in the formation of the oxyanion hole, as they are required for stabilizing the
negative charged tetrahedral intermediate that will arise upon the cleavage of the covalent
bond between the enzyme and the substrate (Fig. 1.13). Such stabilization is what promotes
at this second stage of the reaction the hydrolysis of the alkyl-intermediate, thereby leading
to the final diol product.

It is worth to notice that all the above mentioned mechanisms used by enzymes to
accelerate chemical reactions result directly from the pre-organization of enzymatic active
sites. This is because the three-dimensional arrangement puts functional groups near each
other or near the substrate, thereby enabling many resulting interactions that in turn will
be modulated by the physical properties of the active site environment. On this direction,
it is not surprising that many scientists aimed to achieve ”enzymatic efficiencies” just by
mimicking rigid active site models [183, 184]. That is, without accounting for enzymatic
conformational dynamics. Far from the notion of proteins as rigid objects with a single

structure assigned, however, we now know that enzymes are inherently flexible. Indeed,
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Figure 1.13: Illustration of BmEH two-step energy profile together with the alkyl-enzyme and
tetrahedral intermediates schemes. ES stands for the reactant enzyme-substrate complex, T Si’ stands

for the epoxide ring-opening reaction transition state leading to the alkyl-enzyme intermediate, TS%
stands for the first-half hydrolysis reaction leading to the formation of the tetrahedral intermediate,
and T S?:E stands for the transient stage leading to the final diol product P. For clarity, only a very
simplified representation of the two intermediates are here depicted. More details are also provided
in Chapter 4.

enzymatic functions are significantly affected by motions that facilitate substrate diffusion,
binding and release, or even by changes that further strengthen the non-covalent interactions
during binding. In a general view, it is overall accepted that protein dynamics plays a role
on protein functions. However, the association of these motions with catalysis it is also a
topic highly debated [185-187], as the exact mechanisms of the involvement of such changes
in enzymatic mechanisms is not entirely clear. In particular, there is a large controversy
regarding whether conformational changes directly contribute to acceleration, that is, to

crossing the activation barrier of the chemical reaction [152, 187, 188].

1.4 The Need of Capturing Dynamics

The static view of proteins started to change when the induced-fit model was postulated.
As we have already explored in Section 1.2.2, the enzyme undergoes limited conformational
changes to create a better fit between its structure and that of its substrate. Up to date,

numerous studies have demonstrated that different structural changes take place in proteins,
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supporting the idea of these macromolecules being more than rigid objects with a single
structure just assigned [189]. This framework let to a fundamental shift in our understanding
of enzymatic behavior, and conformational dynamics became another piece of the puzzle to

understand enzymatic mechanisms.

Proteins are flexible entities that are better described as an ensemble of multiple
conformations, sub-states or microstates assumed to be in equilibrium, that arise due to
their ability to fluctuate within a large range of times (10715 to 10* s), amplitudes (0.01
to 100 A), and energies (0.1 to 100 kcal - mol=") [190]. As it is illustrated in Fig. 1.14,
many of the inherent motions in proteins occur on timescales of central biochemical processes
[74]. For instance, vibration and local motions (107 to 107! s) correspond to chemical
events that occur during enzyme-mediated catalysis, including the formation or breaking of
covalent bonds, hydrogen bonds formation, or the transfer of electrons, protons or hydride
ions between chemical groups (107! s or 1 ps). In addition, it also includes larger or slower
conformational changes, such as side-chain, secondary elements, and domains motions (10~°
to 107 s), including relevant processes such as water structure re-organization (107% s),

ligand binding (1078 to 10! s), or allostery (1075 to 1 s).

The functional implication of motions occurring around 10~® to 1073 s involving the
conformational change of residue’s side-chain, secondary structure elements, other segments
of the polypeptide chain (e.g. hinges), as well as whole domains motions have been known
and documented for some time [78, 191, 192]. This is because such motions account for
a wide range of events involved in enzyme efficiencies, such as the creation of gates and
tunnels to give access to substrate or promote product release [193], or even those enzymatic
motions that make possible the interconversion of short-lived conformational changes that
need to occur during catalysis. These type of motions assist enzyme catalysis by facilitating
the formation of multiple substrate intermediates [194]. However, suggesting an effect on
enzyme catalysis by thermal vibrations (107! s) and fast motions taking place around 10712
to 1079 s, such as changes in individual non-covalent interactions wvia side-chain rotations,
is what have often been more controversial [187]. One of the problems with the proposal
that fast motions contribute to enzyme catalysis is the difference between the timescales of
these motions and the turnover times of most enzymes (107 to 1073 s). Yet, this does not

necessarily exclude enzyme motions having an effect on catalysis, since in many enzymes
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Figure 1.14: Biological time-scales of protein motions.

the rate-limiting steps are substrate binding or product release, rather than the chemical
step(s) involved in overcoming the activation energy barrier of the reaction [195]. This is a
complex topic and a more detailed discussion is beyond the scope of this thesis. Nevertheless,
understanding the structural bases of such dynamic processes is important for realizing the
full spectrum of macromolecular function and, eventually, for predicting and engineering
protein behavior [196-199].

1.4.1 Proteins are Conformational Ensembles

Each protein exists as an ensemble of conformations that undergo continuous exchange
within several spatial and temporal scales (Fig. 1.15). In general, the different sub-states
constituting a protein’s ensemble share the same fold, as well as the same secondary structure,
although they differ in their detailed atomic coordinates [118, 200]. This is particularly true

when the energy barriers separating each sub-state are low (within the same ensemble) [121].

As proteins in vivo are constantly fluctuating and adopting averaged structures (or a



CHAPTER 1. INTRODUCTION 49

Figure 1.15: As a result of thermal energy, proteins tend to adopt an averaged structure (or set
of structures) that can be generally defined as minima in the energy landscapes (A, B, and C).
The three different conformational states are shown, as well as the energy barriers separating them
[201, 202].

set of structures) as a direct result of thermal energy, there is an inherent uncertainty
about the particular state a macromolecule is or will evolve to at any given moment. In
this context, a detailed description of protein structure and dynamics will demand using
probability distributions (statistics), as the number of sub-states available to each protein is
indeed huge [14].

From statistical mechanics, therefore, proteins are best described by the equilibrium
populations of each state via relative free energies (Eqn. 1.13), as well as by the rates and

pathways of inter-state conversion.

P x exp — % (1.13)

This treatment of proteins finally culminated in what is nowadays pretty well-established as
the free energy landscape framework [203, 204]. In general, the protein is expected to spend
most of the time occupying those sub-states that have the slowest free energy (usually referred
to as the "native state”). The ensemble that has the least energy is considered to be the most

stable one, although the protein is also expected to sample other sub-states that are also of
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low energy, but of higher energy than the native one. Worth to notice is that the probability
(P) of the protein to acquire a certain sub-state depends inversely and exponentially on
its free energy (AG). This means that even a small difference in the free energy of the
states of the system can be translated as a large change in its probability, thereby inducing a

shift from the less stable to the more stable state (e.g. from ensemble A or B to C in Fig. 1.15).

A full account of conformational flexibility would in principle require a reasonable characteriza-
tion of this available structural space, at equilibrium, and the underlying free energy surface
that governs accessibility of protein structures and the corresponding transitions between
them [205]. On this basis, great advances have been made in the wet and dry laboratories
to elucidate macromolecular structure and dynamics. Protein configurations sampled often
represent a small fraction of the configurational protein space, and therefore, the sampling
of the conformational landscape remains a challenging problem. One solution for studying
slow (ms-s) to intermediate (ns-us) motions comes in the form of biochemical methods that
allow scientists to "trap” individual protein sub-states and characterize them. Some of these
experimental methods include techniques that are also used for structural determination,
such as X-ray crystallography, as well as nuclear magnetic resonance (NMR), which has
provided significant insights on the structural motions occurring on multiple time frames
over the course of a protein life span. Single molecular structures are usually captured from
crystallography, specifying the type and location of each atom, in addition to the connectivity.
In contrast, NMR provides an ensemble of protein structures that are consistent with the

spatial constraints [66].

In addition to experimental methods, computational tools such as molecular dynamics
(MD) simulations have provided invaluable information regarding protein motions. Indeed,
MD simulations allow to sample numerous configurations of the system, in addition to
offer a few important advantages over laboratory techniques. First, it is significantly faster
and cheaper compared to experimental methods. Second, it provides atomically detailed
descriptions of the simulated systems. Third, all the intermediary states are available provided
that protein sub-states are within the timescale covered by the MD simulations (i.e. 107
to 1079 s). As MD simulations relay on highly explicit models of the system (an all-atom
description), most MD simulations as a consequence often cover a short period of time that

ranges from ps to ns. Nevertheless, due to recent progress done in supercomputing, such as
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the Anton machine [206] and GPU resolution, which has enabled researchers to access to
longer timescales, simulations still represent a primary tool for elucidating the conformational
dynamics of proteins. Particularly when the data derived from these calculations is combined
with data from experimental methods. In fact, MD simulations has commonly served to
bridge the gaps between the structural information provided by X-ray crystallography and the
kinetic data obtained from NMR techniques. And finally, MD simulations are also capable of
describing faster molecular events up to the ps timescale. This is because motions occurring
on the fs timescale involve processes such as the formation or breaking of covalent bonds,
and thus quantum mechanical (QM) calculations are required in order to account for the

movement of electrons. Further details will be given in Chapter 2.

1.4.2 Shifts Induced By Environmental Changes

Given a particular protein sequence and environmental conditions, the number of possible
configurations leading to a relatively stable structure is huge. However, by using any explicit
function of the enzyme coordinates relevant to the process of interest, this high dimensional
conformational space can be simplified into one or two-dimensional representation of energy
landscapes. If we accept this notion of proteins existing in solution as a broad range of
conformational states that are populated based on their relative energies: G; ~ —kgTlog(F;),
we would not be surprised at all by the fact that any variation on the environmental conditions
would induce a redistribution on the relative populations or such conformational states. That
is, a population shift due to the presence of substrate, an amino acid replacement, or for

instance, by any variation in temperature or pressure values.

On this direction, there is nowadays a lot of evidence confirming that conformational
dynamics leading to different conformational states are indispensable to enzyme function
throughout the catalytic cycle, in substrate recruiting, chemical transformation, and product
release [207]. In general, conformational transitions may involve induced-fit and conformational
selection pathways, although the last one has gained popularity over the years. Within the first
model, there is a redistribution of the relative populations in the accessible conformational
states after the binding event. In addition, it overlooks the notion of proteins existing
in different interconvertible states in the absence of any ligand (and how their ratios are

determined by the thermal equilibrium). In contrast, the conformational selection model,
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which originated from the earlier allosteric Monod-Wyman-Changeux (MWC) model of
cooperativity [112], considers that enzymes can pre-exist in multiple conformations in solution
[208]. And a nice example pointing out the role of higher in energy and functionally relevant
conformational states is the work provided by Kovermann and co-workers [209]. Although
adenylate kinase (AdK) represented a model example of induced-fit theory, through the
introduction of a disulfide bond the authors succeeded some years ago in arresting the enzyme
in the catalytically competent closed conformation. Until before, in the absence of any
ligand, AdK was trapped in its open conformation. Nevertheless, their experimental strategy
confirmed that AdK enzyme binding was not governed by induced-fit, as the higher in energy

closed conformation required for catalysis was also sampled in the absence of any ligand.

Figure 1.16: Schematic representation of an enzyme three-dimensional conformational free energy
landscape and the population shift induced by mutations. Relative populations of each enzyme
conformation (i.e. A, B, C, and D) are qualitatively represented by the amount of enzyme
conformations. Active site and distal mutations are indicated as pink circles.

As it is illustrated in Fig. 1.16, enzymes have the ability to evolve or change their native
functions by gradually stabilizing minor (and higher in energy) conformational states upon
the introduction of active site and distal mutations. That is, a population shift happens
after the exchange of some amino acid residues. On this direction, there is a remarkable
work by Tokuriki and Jackson in which they show a gradual evolutionary change from a
phospotriesterase (PTE) enzyme into an arylesterase (AE) functionality [199]. Another
recent and insightful study showing how directed evolution (DE) gradually alters the enzyme

conformational ensemble to populate a highly active conformational state that dramatically
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accelerates the enzymatic reaction is the evolution of Kemp eliminases provided by Hilvert
and Kern [210]. The Kemp elimination is a well-studied model for proton transfer that
has served as a benchmark for de novo design. While distant mutations contributed to
this fine-tuning, two active-site residues played an outsized role in sculpting a steric and
electrostatic environment conducive to transition state stabilization. Overall, these findings
provide a direct and quantitative demonstration of how modulating protein conformational
landscapes can speed up a simple chemical reaction, although it is still not something

optimized by current design protocols.

Some studies have shown that shifting the population toward the active state, like the PTE
into AE example mentioned before, is one factor in increasing the catalytic efficiency during
evolution. Indeed, as we have already explored, functional plasticity has emerged critical
to explain the ability of enzymes to display novel functions, either through the repurposing
of the catalytic residues or through the emergence of novel active sites in promiscuous or
ancestral enzyme scaffolds [211]. Yet, whether computationally designed or uncovered in
activity screening, enzymes repurposed for biocatalysis do usually present low or unexisting
initial activity. In some cases, rate enzymatic enhancements by many orders of magnitude
have been reached through directed evolution (DE). Indeed, as pointed out by the award of
the Nobel Prize in Chemistry in 2018 to Frances H. Arnold, this strategy has shown to be a
highly versatile and powerful tool to meet many challenges within the protein engineering
field [212-214]. A key component of experimental techniques based on Darwin’s theory of
natural selection is the principle that mutations occur randomly. That is, species have to
wait for the right mutation to come along through random processes, occasionally making
the evolved variants fitter than their ancestors. And therefore, variations in our genetic
code are not generated in response to an environmental change. This is indeed one of the
strongest points of DE techniques, the fact that mutations are randomly introduced to the
entire protein scaffold. However, how these modifications to enzyme structure make such a
dramatic difference on catalytic efficiencies has remained something of a mystery. In fact, it
is worth mentioning that most of these mutations are deleterious, thereby leading to inactive
variants. In other words, in most of the cases, you end up screening for the active enzyme
variants from a huge pool of inactive ones. In addition, single mutations are not commonly
observed to greatly increase enzyme efficiency, whereas in some cases the combination of

two mutants from all the huge library gives rise to rate enhancements due to synergistic effects.
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For some of these reasons, approaching the enzyme design as a population shift problem
has gained popularity over the years, and a more rational design of ligands and mutations
targeting the population shift, conformational transitions, fluctuations, and flexibility of
proteins shall be core practice for the development of new enzymes and other biomolecular
systems [215]. As nicely shown by Kamerlin and Sanchez-Ruiz [216], a tremendously proficient
Kemp eliminase enzyme was mainly accomplished due to the conformational variability of
the ancestral enzyme. Remarkably, starting the design process from this ancestral scaffold
only the insertion of one to two mutations were required for significantly enhancing the Kemp
elimination reaction, by 7 orders of magnitude as compared to the uncatalyzed reaction.
This rate enhancement is much higher than the previously computationally designed Kemp
eliminases [217], but still not above the most proficient Kemp eliminase reported to date by
Hilvert (HG3.17). This new variant displays nine orders of magnitude rate enhancement as
compared to the uncatalyzed reaction, and was obtained as a result of 17 rounds of directed
evolution starting from a designed protein which was already active [218]. In this line, Chica
and co-workers studied the changes in the conformational ensemble during evolution of the
designed Kemp eliminase HG3. This information based on the changes induced on the protein
conformational dynamics due to evolution was then used to engineer a new Kemp eliminase
HG4 with a much more pre-organized and rigidified active site for efficient catalysis [219].
These works confirm the relevance of taking advantage of the conformational dynamics of

enzymes for designing novel in-silico functionalities [220, 221].

Finally, similar to enzyme optimization by random library screening, which remains
sluggish, assessing the magnitude of the maximum possible catalytic activity by computational
approaches is also still one of the great challenges in the field. Yet, opposite to initial in-silico
designs focused at the active sites and transition state stabilization, many recent computational
approaches are now routinely including the dynamics along the process [188, 220, 222, 223].
Nevertheless, it is worth to note that rationally approaching the enzyme design process as a
population shift problem is computationally expensive, as it ideally requires the reconstruction
of the free energy landscapes of natural and evolved enzyme variants. So, after all, how
feasible it is to computationally construct free energy landscapes and predict which positions
can affect and modulate enzymes functions? As shown by many recent examples provided

by our group, residue-by-residue correlation and proximity bioinformatic tools such as the
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shortest-path-map (SPM) can be used for evaluating and predicting positions that can impact

such long-range allosteric networks of interactions [12, 224].






Chapter 2

Methodology

In this Chapter 2, the fundamental concepts behind the quantum and classical methodologies
that have been used to carry out the studies included in this thesis will be briefly explained.
All energy profiles calculated in the mechanistic studies of Bacillus megaterium epoxide
hydrolase (BmEH) have been done using the density functional theory (DFT) approach,
so Section 2.3 is dedicated to provide the basis of quantum mechanic (QM) calculations.
Afterwards, the conformational dynamics of BmEH enzyme and its single-point mutation
variants (i.e. F128A and M145A) have been studied using MD simulations based on classical

force fields, which are generally described in Section 2.4.

2.1 Quantum and Classical Frameworks

in a Nutshell

In a general view, classical mechanics provides a very straightforward picture of the world
we see around us. It is tuned to our intuitions, as it involves familiar concepts such as
speed, acceleration, momentum and forces. This area of physics governs the behavior of

ordinary objects, as it tells us precisely how the location in space of any relatively large

o7
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object changes with time. And thus, the behavior of macroscopic objects is quite predictable.
In quantum mechanics, there is no such a thing because there is a decoherence filter that
draws an apparent distinction between "what we see” and ”"what really is” at the microscopic
level. In other words, a filter in which the behavior of the atoms and elementary particles is

"washed away” in the constantly vibrating thermodynamic interiors of macroscopic objects.

Unlike in classical mechanics, the state of the entire quantum system is not just given
by the position and the velocity of each of its moving parts. Instead, quantum systems are
described by something less concrete: a cloud of probability. And therefore, the best we can
do is to predict the probability of "seeing particles”, like electrons, in any particular values
of location or with any particular values of velocity. As Heisenberg’s uncertainty principle
says, either position or momentum (mass times velocity) could be certain in an appropriate
quantum state, though they cannot be certain simultaneously. Interestingly, that cloud of
probability is widely referred to as the wave function 1, since the most probable measurement
outcome (e.g. the position of electrons or a fixed wavelength, and thus, momentum) changes,

oscillates, like a wave over time (Fig. 2.1).

Figure 2.1: Representation of the basic rules of classical and quantum mechanics.

As shown in Fig. 2.1, the wave function describes any variable of the quantum system. In
particular, the wave function assigns what is defined as the amplitude associated with a
particular outcome (e.g. ¥ (x¢)). And it is the amplitude squared which finally gives us
the probability of getting a specific outcome when we perform a measurement. Different

explanations have been proposed to describe the moment in which it is generally said that
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the wave function has ”collapsed” (e.g. at a given position) and returned to our classical and
familiar perception of the world. Notice that there is more than one interpretation of ”why”
quantum systems appear to behave so different as they behave. Although this is a complex
problem and a more detailed description is beyond the scope of this thesis, the main idea is
that this intrinsic uncertainty along with probabilities are core features of quantum physics.
In addition there are also other events that set the quantum world apart from the classical
world, such as quantized energy levels, wave-particle duality, coherence, entanglement or
correlation, as well as tunneling, which all of them are usually perceived to us as impossible
situations [225]. Interestingly, a thought experiment often used to illustrate this phenomenon
in quantum mechanics is the well-known ”paradox” of Schrodinger’s cat. In short, it shows
how a quantum object’s positions (momentum or velocity) can exist as a combination of
infinite possibilities until you measure it. That is, until you observe its locations or how fast
it is going and the wave-function collapses. Once that happens, all combinations vanish and
position (or velocity) can assume concrete values. In the context of the Schrodinger’s paradox,
that is, the cat is either dead or alive. Nevertheless, the wave function can be understood
conceptually as the exact representation of the quantum system, in a similar way than a set
of positions and velocities would represent a classical system. And therefore, on this sense,
its mathematical formulation can be viewed as logical and consistent as the more intuitive

and familiar laws of motion that were proposed by Newton.

2.2 Computational Chemistry Tools for Enzyme
Modeling

Significant advances in the field of computational programs and algorithms have contributed
to the evolution of computational (bio)chemistry. In fact, one of the current strengths of
computational modeling and simulation relies on its ability to explore, guide, and predict the

behavior of many different kinds of chemical and biological systems.

There exists a large number of methods offering the possibility to study enzyme reactivity
and their dynamics at different levels of complexity. As it is illustrated in Fig. 2.2, in-silico
approaches are typically classified according on which approximation is used to solve the

Schrodinger equation that describes the energy and the structure of the system. That is,
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Figure 2.2: Representation of different computational approaches at the atomistic while modeling
enzymatic properties.

from the most rigorous to the less complex: quantum mechanics (QM), hybrid quantum
mechanics/molecular mechanics (QM/MM), and molecular mechanics (MM) methods. In
a general view, the QM level of this ”virtual computational microscope” refers to the use
of quantum mechanics-based descriptions that go right down to the microscopic level, what
allow us to study chemical reactivity (i.e. the electrons movement and therefore, bonds
being cleaved or formed), whereas the MM level refers to the use of simple potential-energy
functions to model molecular systems [13]. As long as we know the analytical expression of
the potential energy surface, the dynamics of such system can be also studied analytically.
However, except for trivial cases such as two-body systems, the numerical solution of the
Schrodinger equation of a many-body system is not possible at the QM level, and MM methods
offer a computationally much cheaper and also less time-consuming alternative for studying
large biomolecules, for example. The term in the middle is referred as QM /MM, which is a
combination of the two previous treatments. These type of methods are widely used while
studying enzymatic mechanisms, as it allow to reduce the computational cost associated with
QM calculations by splitting the system in two distinct parts: a smaller region, usually the

substrate and a selection of residues in its surrounding, which is the one treated at the QM
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level, whereas a larger region including all remaining parts of the enzyme, usually the ones
that are not directly involved in the formation or cleavage of bonds, are treated just classically
using MM and what we also define as force field methods. In general, therefore, depending on
which is the problem under study, as well as the computational resources available [12, 13],

we will end up using a classical, a quantum or a combined approach.

2.3 Quantum Mechanics Theory and Calculations

In a general view, quantum mechanics features two things: i) a wave function and, ii) the
Schrodinger equation 2.1, which is the mathematical expression that governs how the wave
function evolves along time. Throughout this equation, Schrédinger proposed the idea that
the rate at which the wave function is changing is proportional to how much energy it has,
being in its most popular form written as it follows:

ov 1

i %H v (2.1)
The left-hand side is the rate at which the wave function is changing over time, whereas on
the right-hand side, there is a proportionality constant involving Plank’s constant 7, which is
the fundamental unit of quantum mechanics, and 4, the square root of minus one. Notice that
in Eqn. 2.1, the wave function ¥ is "acted on” by something that is called the Hamiltonian
H, which is an operator. And therefore, this H operator can be viewed as an inquisitor who

asks the following question: "How much energy do you have?”

Hi = Ev) (2.2)

In the above equation the energy E is an eigenvalue, whereas the term v is defined as an
energy eigenfunction of the Hamiltonian operator. Conceptually, the message behind Eqn.
2.2 is that "if we know the Hamiltonian operator forms, then we can know everything”, as it
represents a compact way of capturing all the properties of a physical system. Nevertheless,
except for trivial cases, the analytical solution of the Schrodinger equation is not a possible
task. This is why there exists different approximations dealing with it, and depending on
which approximation is used to solve the Schrédinger’s equation, each possibility suggests a

particular kind of Hamiltonian, as the form of a universal H is not known.
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From the most rigorous to the most approximated approach, that would be, ab initio,
semi-empirical and MM methods. At the current level of accuracy, there are mainly methods
based on wave functions. Broadly speaking, these define the energy of the system, and
its molecular properties, in terms of the wave function. An alternative approximation to
these conventional wave function-based methods are density-based methods that describe
the energy and properties of a physical system as a function of the electron density (p).
Remarkably, such density functional theory (DFT)-based methods reduce the N-body problem
into a single-body problem, thereby representing a dramatic simplification to deal with the

Schrodinger equation resolution.

2.3.1 Fundamentals of Density Functional Theory

Modern DFT can be viewed as a "recipe” of quantum mechanics substantiated on the
Hohenberg-Kohn (HK) theorems [226]. The first theorem of this reformulation relies on the
fundamental idea that the energy of the ground state of any many-electron system can be
completely determined and expressed through the electron density: E[pys]. In other words,
the electronic energy of the ground state, as well as any other property of a system, can
be accurately calculated as a functional of the unique electron density of such system. A
functional is defined as any mathematical expression that can act on a function. In that case,

however, to retrieve a number of the energy as exemplified in Eqn. 2.2.

The electron density only depends on the three-spatial coordinates: p(r) where r = z, vy, z,
and so the many-body problem is in turn simplified. This is because, opposite to the wave
function, which depends on the coordinates of all electrons and nuclei, the electron density
does not depend on the system size. In this context, however, we still need to figure out
”which is the functional” that connects the electron density of the system with its energy.
A question that has been indeed one of the still challenging and unresolved tasks within
the DFT framework. Indeed, one of DFT’s main limitations arises from the fact that the

functional connecting these two quantities is not known.

The second theorem states that the electronic density of a given system is the one that
minimizes the electronic energy of the ground state by following the wvariational principle. In

other words, it states that the energy calculated from a guessed electron density (pguess(7)),
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which might be different from the ground state, is an upper bound to the real one [227]. That
is:

Elpguess(T)] > Elpgs(r)] = Epin (2.3)

Interestingly, the energy functional E' can be divided in three different contributions. That
is, the kinetic energy T'[p], the attraction between the nuclei and electrons Vy.[p], and the

electron-electron repulsion term V,.[p]:

Epprlp(r)] = Tlp(r)] + Vaelp(r)] + Veelp(r)] (2.4)

In addition, the V.[p(r)] term can then be divided into Coulomb the term, J[p(r)] and
the exchange-correlation energy, E,.[p]), which contains the non-classical self-interaction
(exchange and correlation effects). The Born-Oppenheimer approximation decouples the
movement of the nuclei, which is slower, from the movement of the electrons being much
faster. In other words, it assumes that electrons cloud rapidly adapt to a position of the
nuclei. Under the Born-Oppenheimer approximation, therefore, the nuclei-nuclei repulsion

contribution is not included, and so we end up with an expression for the energy as it follows:

Eprrp(r)] = Tlp(r)] + Vne[p(r)] + J[p(r)] + Exclp(r)] (2.5)

The foundation for the general use of DF'T methods in computational chemistry came when
Kohn and Sham introduced orbitals and formulated an expression for the kinetic functional

energy under molecular orbital (MO) approximation:
N
p(r) = loi(r)? (2.6)
i=1

In this KS-DFT approximation, the T'[p(r)] term can be divided into two contributions: the
kinetic energy of a non-interacting system ("KS system”) with the same electron density as
the real system, with an additional correction resulting from the difference between the real
kinetic energy (7') and the non-interacting system (7},;). As this latter term is included into

the E.[p(r)] term, then we get at the following expression:

Exs-prr[p(r)] = Tuilp(r)] + Vivelp(r)] + J[p(r)] + Exclp(r)] (2.7)
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In the above equation, it is important to mention that the only term that remains elusive is
the E,.[p(r)] term. And therefore, the main difference between DFT methods arises from how
they account for the exchange-correlation part. As it is shown by the huge number of different
existing DF'T methods, figuring out the adequate description of the exchange-correlation
energy has been a common challenge. Yet, two of the most common approximations include
the local density approximation (LDA) and the generalized gradient approximation (GGA).
The first is considered the most simple description, as the value of E,.[p] is estimated at
a given position as a functional of an electron density that is at the same local position.
In other words, the LDA functionals solely depend on the local value of the density p at
each point r in space. The second one is considered a more sophisticated description, as the
energy also depends on derivative on the electron density function. A very popular hybrid
GGA functional is B3LYP [228, 229], which expresses the exchange term as a combination of
LSDA (local spin density approximation) exchange, pure Hartree-Fock (HF) exchange and
an exchange term developed by Becke [229]. Regarding the correlation, this contribution is
expressed as a combination of LSDA correlation and a term developed by Lee, Yang, and
Parr [230].

DFT hybrid functionals such as B3LYP have been highly recommended in the study of
reaction mechanisms. Indeed, its accuracy has been extensively assessed against benchmarks,
being the method of choice even to treat even relatively large models, such as the quantum
mechanical (QM) active site models of enzymes [144, 231-234] (Section 2.3.2). Of course,
B3LYP have also its deficiencies, as well as DF'T methods in general. One of its critical
and well-known limitation being its inadequate description of dispersion forces [235, 236].
However, these are solved a posteriori by adding an empirical correction to the energy
237, 238]. Conventional KS-DFT approaches lack the ability to model accurately non-covalent
interactions, which are weak forces that arise from electron correlation and electron density
fluctuations. Unlike covalent bonds, non-covalent forces do not involve the sharing of electrons,
but rather include different types of interactions arising from nearby atoms (or molecules),
including from electrostatic interactions, m-effects, van der Waal or dispersion forces to
hydrophobic effects. And this is relevant, because in spite of being defined as ”"weak”, these
forces can have an impact on the geometries and energies of modeled systems. Specially, in

relatively large systems like enzymatic active sites.
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Practical Considerations using DFT

As KS-DFT had become a central methodology in quantum chemistry and weak interactions
are ubiquitous and very important in chemical processes, it is not surprising that many efforts
have been done in order to enhance the reliability of these methods while describing dispersion
energies and therefore, reliable correlation effects. Conventional DFT functionals usually
underestimate the dispersion energy values, thereby requiring corrections to obtain more
accurate results. There exists a huge variety of dispersion-corrected KS-DF'T approaches, and
more detailed technical specifications are beyond the scope of this thesis. Nevertheless, it is
worth to mention one solution in particular. That is, the incorporation a posteriori of empirical
corrections to the total energy, which is an approximation that allows to increase the accuracy
without increasing the computational cost [239]. Although trends might remain unchanged,
adding dispersion corrections when it is necessary is quite important, as these considerations
can directly affect the values of the computed energy barriers, also the optimization or
detection of some intermediates, and how they compare to experiments. In the present
thesis, the approximation used to account for dispersion forces has been the atom-pairwise
DFT-D3(BJ) protocol by Grimme, in which the Becke-Johnson (BJ) damping function is
used instead of the standard zero-damping [237, 238]. For reactions where steric repulsions
and weak interactions are critical for selectivity, it is not only important to include a certain

amount of exact exchange, but also these dispersion additive corrections.

In modeling chemical bonding, specially if we want to adequately describe the electronegative
or positive character of every atom of the system, we might also want to account for the
uniform distribution of the charge in our system. In such situations, additional functions that
describe polarization of the electron density of the atoms in molecules are included to the
previously described Kohn Sham orbitals represented in Eqn. 2.6. For example, the minimal
basis set for hydrogen atom is one function approximating the 1s atomic orbital, while a
simple polarized basis set typically is composed by two s- and one p-function. In practice,
this additional description has increased the flexibility of the basis set by allowing molecular
orbitals (MO) involving the hydrogen atom to be more asymmetric about the hydrogen
nucleus. As basis sets typically come in hierarchies of increasing size, these additions are
translated into more accurate outcomes (we become closer to the infinite basis set limit).

However, at the expenses of a higher computational cost. And therefore, it is important to
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consider in advance the usefulness of each basis function and if it is worth including it for the
system under study. In this regard, in the present thesis all geometry optimizations of BmEH
active site models were carried out using 6-31G(d) basis set, which is a valence double-zeta
polarized basis set that adds to the 6-31G set five d-type Cartesian-Gaussian polarization
functions (including polarization functions for all non-hydrogen atoms). As a large amount
of valuable information can be derived from the energies computed for each of the chemical
species involved, more accurate energy values were computed using the larger 6-311+G(2d,2p)
basis set on the previously optimized structure. Notice that in addition to polarized function,
it also includes diffuse functions for heavy atoms (indicated with the symbol ”+” in Gaussian
Software [240]). These type of functions are important for describing dipole moment, and
specially become mandatory for describing anionic species along the reaction mechanics (as
it is for the case of BmEH).

2.3.2 Density Functional Theory for Computing

Reaction Mechanisms

Theoretical mechanistic investigations strictly require to locate and characterize all chemical
structures along a reaction coordinate in a potential energy surface (PES) (Fig. 2.3) [241].
Within this PES, the atoms are rearranged, in many multiple ways, to finally convert substrate

molecules into products thereby creating new bonds or breaking existing ones.

Figure 2.3: Representation of a model potential energy surface (PES) with the most chemically
interesting stationary points indicated. This Figure is adapted from [242].
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As shown in Fig. 2.3, in general, two different types of stationary points are usually
found in the PES along a given reaction coordinate: minima and first-order saddle points.
Reactant(s), product(s), and intermediate(s) are characterized for being local minima along
the corresponding reaction coordinate. This means that all eigenvalues of the Hessian matrix
are positive values. In other words, that the second derivative of the energy with respect
to all atomic positions are real values. Interestingly, transition state(s) are characterized
for being maxima on the PES but only in the direction of the reaction coordinate, and
therefore, for being first-order saddle-points. In that case, all eigenvalues are also positive
but one. Interestingly, it is this negative (or imaginary) value the one describing the pathway

(transition state) connecting substrate(s) and product(s).

Due to the nature of both stationary points, the procedure for locating reactant(s) and
product(s) optimized geometries are slightly different. To find a minimum of the PES we
need usually only to evaluate the gradient, which is the first derivative of the energy, and
follow its slope downhill until it reaches a value equal to zero. To do so, the potential energy
and the gradient are commonly computed starting from an initial or ”guess” geometry of
the system. Then, the geometry of the system changes by moving downhill, giving rise to a
novel geometry. At this point, the cycle starts again, and lasts until during the optimization
process the change on the geometry and the energy of the system is below a certain defined
threshold values. Finally, the Hessian at this point is evaluated to confirm whether it is a
real minima on the PES by having all the eigenvalues positive. To find transition state(s) the
gradient is also used, although now it is also necessary to include the second derivatives of the
energy during the procedure. As building the Hessian matrix at each geometry optimization
step is computationally expensive, a common solution to address this limitation is computing
the second derivative at the first geometry optimization point, and then updating it following
a certain scheme, such as the Bofill updating method [243]. After conversion is reached, the
real Hessian is estimated to confirm that one eigenvalue is negative and that the optimized

structure is a T'S.
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2.3.3 Quantum Mechanical Models to Study

Enzymatic Reactivity

Most computations for chemical reactivity are done using DFT-based methods, since these
have been observed to provide accurate energy values and geometries with medium-sized or
considerably large basis sets. The applicability of QM to enzymatic systems has been fueled
over the last decades thanks to the development of faster and computational methods offering
higher accuracies and thanks to the more efficient computer resources [244]. The cluster
approach has been the method used in this thesis to study BmEH mechanism and selectivity
trends, as it is considered a valuable technique for elucidating and modeling enzymatic
reactivity. In short, it relies on the use of relatively accurate quantum chemical methods
that can predict bond strengths, physicochemical properties, as well as spectroscopic features,

from a reduced representation of the overall enzyme.

Practical Considerations using Cluster Quantum Approach

Under this cluster approach, a well-chosen part of the enzyme’s active site is selected, which
is treated explicitly at the QM level. The main focus relies on those active site residues that
are expected to capture most of the relevant interactions, whereas the rest of the enzyme is

truncated and not considered in the modeling [144, 231, 234].

In a general view, a QM-only or all-QM model, or cluster model approach (all terms
are synonyms) the active site is typically designed on the basis of some available crystal
structures of the enzyme. Although there is no rigid protocol, it is considered a good practice
to start with models that include at least the first shell of residues surrounding the substrate.
In practice, however, the selection of the groups to be included in the model will essentially
depend on the problem we want to address and the computational power available. Typically,
the fixed atoms are the carbons where the truncation has been made, and if it is necessary,
the position of one or two of the hydrogen atoms that have been added to saturate that
carbon are also (occasionally) maintained. Nevertheless, the ”locking-scheme” applied will
strongly depend on the system itself, as well as its required flexibility. In general, including
enough flexibility (by increasing the system size) can avoid wrong energy profiles affected
by artificial strain effects. Indeed, it is well-established that models around 250-300 atoms
typically provide good energy profile results [144].
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Figure 2.4: Schematic representation of the steps followed to build a quantum chemical cluster
model of enzymes active sites. A model of the active site is designed on the basis of a crystal
structure (e.g. PDB ID: 4NZZ). At the edge of the model, some positions at the edge of the model
are maintained fixed during geometry optimizations, and the surrounding is modeled implicitly as a
continuum solvent with a concrete dielectric constant value. Intermediates and transitions states
are located, and their energies are used to evaluate the origins of enzymatic preferences derived
from calculated mechanisms. This Figure is adapted from [245].

Notice from Fig. 2.4 that the enzyme-substrate complex (ES) is generally the starting point
while drawing mechanistic pathways. This is because this approximation considers that
the substrate binding as a reversible process, in addition to assume that the release of the
product is neither the rate-determining step. In practice, this means that those processes
occurring before and after the chemical step(s) are not explicitly considered in the cluster
model calculations. Interestingly, overlooking these processes do not affect the study of
enzyme mechanism itself. Yet, only because it is also implicitly assumed that entropy effects

are quite small in the chemical steps, and therefore, entropy influence can be ignored.

Thanks to the developments on computer hardware, nowadays models routinely reach
around the 300 atoms. Yet, it is worth to notice that increasing the model size does not

always necessary imply more accurate and reliable outcomes. This is generally because, above
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300 atoms arises what is often called as the multiple minima problem. In such situations, it
is even more remarkable the highly recommended practice to test-and-error the size of the
QM model before starting any mechanistic study. At the end, what we need to ensure before
starting any chemical reactivity study is that from all different substrate rotamers and active
site groups combinations, the enzyme-substrate (ES) structure we will use is indeed the one
showing the lowest-energy binding mode [144]. Otherwise, artificial movements can take place
between various stationary points, which is commonly translated to wrong energy profiles
(and thus, wrong mechanistic conclusions) [234]. Another important consideration while
building active site QM models is including the crystallographic water molecules adequately.
Otherwise, models can ”collapse”, either because an integral part of the active site structure
is missing or due to the presence of artificial voids and cavities that leads to significant errors
in the cluster calculations. And finally, another aspect to consider in the cluster model is
the protonation state of titratable groups, that is, the region of every residue in a protein
that can uptake or release protons in an aqueous solution. In principle, every amino acid in a
protein can be considered as titratable residue. Nevertheless, we should take special care for
those that can be either protonated or deprotonated depending on the local surroundings.
Typically, on physiological conditions, glutamate, aspartate, and histidine residues are the
ones having a direct impact on the energetics of the reaction usually acting as catalytic
residues. For this reason, we need to evaluate both scenarios in case the protonation state of
a residue is not clear from the structure, as it can happen with the protonation state of the

catalytic triad histidine in some EH enzymes [246].

Although current QM models can contain a considerably large amount of atoms, we have
to keep in mind that they still represent a reduced description for the overall enzyme, and thus
some additional assumptions have to be made while modeling enzymatic transformations. For
instance, as it is represented in Fig. 2.4, the electrostatic influence of the enzyme surrounding
is addressed by the use of implicit solvation models, whereas the steric influence that the rest
of the enzyme imposes on the active site is modeled by fixing a number of selected atoms,

that is, by using a coordination "locking scheme”.

Additional Analyses for Studying Reaction Mechanisms

Detailed knowledge about enzymatic reactivity and selectivity can provide useful information

for the rational design of enzymes as alternative routes to produce highly pure chiral molecules.
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In general, elucidating the factors that govern enzymatic mechanisms, and in particular of
enantioselective enzymes, is often seen as challenging tasks. Due to the inherent chirality of
enzymes, their use as biocatalysts can potentially help us to kinetically resolve, for instance,
racemic epoxide mixtures. As explored in Chapter 1, by invoking transition state theory
(TST), the enantiomeric excess (ee) can be extracted from AAG* values. The cluster model
approach is one of the methods that allow us to compute such energies, although there are
other already mentioned methods, such as those based on treating the system at QM and
MM levels or EVB (e.g. [247]).

In addition, other analyses can be done in order to get further mechanistic insights. For
instance, the measurement of geometric parameters in the optimized structures, such as
distances, angles, dihedrals between the active site residues and the substrate, is a common
practice to evaluate the pre-organization of the enzyme’s active site. Alternative analyses
are based on the measurement of non-covalent interactions, which can be of great value to
complement and understand, at the molecular level, the energy profile outcomes. For instance,
the analysis of such active site’s interactions can provide clues to elucidate the sources of a

better transition state stabilization.

In this thesis, the NCIPlot program has been used to study non-covalent interactions (NCI)
on the BmEH active site T'Ss optimized geometries [248]. Due to the size of macromolecules,
the most common approach has been to assign van der Waals (vdW) interactions, steric clashes
(SC), and hydrogen bonds (HBs) based on pairwise distances between atoms according to
their vdW radii. NCI analysis is applicable to large enzymatic systems by using self-consistent
fully (SCF) quantum mechanical and promolecular densities. Indeed, NCI index identifies
interactions in a chemical system solely on the basis of the electron density and its derivatives.
SCF densities are constructed from the wave function information obtained from the win
file generated from the electronic structure program used (Gaussian09 in our case), whereas
promolecular densities are constructed from the atomic positions stored in the xyz coordinate
file(s). Once these densities are written as simple sums of exponential functions, the NCI
surfaces can be calculated very efficiently for each system, as all the data required can be
obtained analytically. Interactions can be selectively displayed, according to different criteria
such as the strength of the interaction, its localization in space, and its nature, thereby

providing an easy and visual way to detect NCI and compare between optimized geometries.
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2.4 Classical Mechanical Modeling and Simulations

The tremendous impact of the conformational dynamics on protein properties and functions
has fueled the development of many theoretical methods and a large number of algorithms
to assess problems like cellular transport, signal transduction, allostery, cellular recognition,
ligand-docking, and enzymatic catalysis [249]. Protein-based systems often include, in addition
to the protein itself, atoms of the solvent, as well as any other chemical species, such as ions

and cofactors.

At any given moment, each of the atoms occupies a single point in space, giving rise
to different system configurations, that is, ensembles of conformations. Due to the large
size of protein-based systems, such characterization at the quantum mechanics level is
computationally expensive and time-consuming, although it is indeed currently feasible.
Consequently, most simulations rely on molecular mechanics (MM), as it approximates
molecular systems by using empirical force fields potential energy expression, and in combination
with Newton’s classical mechanics. From this classical perception, in principle we could say
that at a given moment the enzyme will have a classical state defined by a position and a
velocity. In addition and according to Newton, if no forces act on it, the enzyme will continue
to move in a straight line at constant velocity. However, if a force does act on it, this will
cause some changes, or what we usually call an acceleration, in the velocity of the object in
direct proportion to how much force is applied. So, in order to figure out the entire trajectory
of any large object like enzymes, we then just simply need to specify its position, its initial

velocity, and what forces are acting on it. Afterwards, Newton’s equations tell us the rest.

These are basically the fundamental ideas behind classical mechanics, and thus, behind
molecular dynamics (MD) simulations based on classical force fields. At this level of accuracy,
quantum effects are ignored, and so, we cannot study the formation or breakage of bonds.
However, the conformational dynamics of enzymes can be efficiently studied through the
analysis of the movement of every single atom making up their three dimensional structures.
As the method of choice in the present thesis to study the conformational dynamics of BmEH
enzyme at the atomistic level, a more detailed explanation of the MD steps followed will be

provided in the present Section.
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2.4.1 Molecular Mechanics Force Fields in a Nutshell

Within the current all-atom MM treatment, all atoms of the system are explicitly considered,
and the energy of the system is described by using a mathematical equation, a force field,
which treats atoms and covalent bonds as balls and springs, respectively. Within this approach,
quantum effects are neglected, and the movement of large systems on potential energy surfaces
can be simulated. In general, force fields that have been designed to treat relatively large
protein-based systems include several separate terms, each of them describing a potential
energy resulting from all covalent bonds and non-covalent interactions in a single configuration
of the system:

Usot = Upond + Unon—bonded (2.8)

where U, is the total potential energy, Upy,q is the potential energy resulting from properties
of covalent bonds, U,,on_pondeq iS the potential energy resulting from electrostatic interactions,
non-polar interactions, and van der Waals interactions. Within this framework, therefore, the
total potential energy of the system (Uy,) can be captured by classical interaction functions,
each referring to a different type of atom-atom interaction. For instance, Hook’s law is
commonly used to describe bonded interactions, while the non-bonded atoms might be
as inelastic hard spheres or interact according to a Lennard-Jones potential. CHARMM,
GROMACS and AMBER refer to computer simulations packages, but also to three common
molecular dynamic force fields designed for running simulations of biomolecules. AMBER
force field has been the force field used in this thesis, and its expression forms are particularly

given as it follows:

bonded non—bonded

e Y 7 N
U<T) - Ubond + Uangle + Utorsicm + Uvdw + Uelectrostatic
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qi9q;
i<j 47T€0R2'j

(2.9)

e The first term (Up,,q) contains a sum over all the bonds and gives the potential energy
increment as a consequence of a distortion of the covalent bonds distances from the

equilibrium bond distances. The r.,; term is the equilibrium bond distance of the bond



74

2.4. CLASSICAL MECHANICAL MODELING AND SIMULATIONS

Figure 2.5: Representation of molecular mechanics models consisting of spherical atoms connected
by springs that represent bonds. Simple potential energy functions, such as harmonic oscillator or
Coulombic potentials, to model molecular systems are also illustrated. Forces experienced in the
model structure are described using these simple mathematical expressions.

¢ and k,; is the associated harmonic force constant to that particular bond. In essence,
this means that force constants and equilibrium distances will vary significantly from
"one type of atom-atom bond” to another. And therefore, different forces and distances
values are expected for single C-C bonds, C-N bonds, as well as for double or 7 C=C
bonds. After all, force constants and equilibrium distances will not be the same, but
they will depend on what is know as the "atom type”. In other words, these parameters
will be only shared between molecules with the same type of bond (e.g. Csp3-C'sp?
bond in ethane and butane, but not for C'sp?=C'sp? in ethylene). In practice, this
means that experimental and computational data obtained from ”small” molecules
can be employed to define large systems such as proteins In other words, there is a
transferability of the type of atoms. Finally, it is worth to mention that stretching
potentials for a bond between atoms ¢ and j are indeed given by Taylor series, although
as shown in Eqn. 2.9, it takes usually the expression only of the first quadratic term.
This is the reason behind their poor performance at large distances, which can be

corrected by using what is known as Morse Potential [227].

The second term (Ug,g.) contains a sum over all angles formed by two consecutive
bonds and gives the potential energy increment caused by a distortion of the angles
from the equilibrium angle. The 6,,, term is the equilibrium value of the angle 7, and
kg, is the harmonic force related to that angle. As it is illustrated in Fig. 2.5, angle

bending energy potential are often treated in a similar way than the previous bond or
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stretching potentials. And therefore, the energy is assumed to increase quadratically
with the displacement of the bond angle from equilibrium (i.e. the first term of the

Taylor series).

e The third term (Ui si0n) contains a sum over all the dihedrals formed by three
consecutive bonds, thereby giving the potential energy as a consequence of bond
torsions. The vn, i term is the harmonic force associated to the dihedral angle ¢, and ~
is the phase angle. In that case, the total torsional energy is expressed as a Fourier
series, which is a way of representing a periodic function as a (possibly infinite) sum
of sine and cosine functions. As it is depicted in Fig. 2.5, the torsional angle 6 is the
angle between two planes defined by atoms i, j, and k and by j, k, and [. After all,
the torsional energy what attempts is to capture some of the steric and electrostatic
non-bonded contributions between atoms ¢ and [, which are connected through an
intermediate 7 — k£ bond. It is worth to notice that the adequate description of torsional
angles is particularly important in macromolecular modeling, as torsions are the main

responsible of the different protein configurations.

e The fourth term (U,q,) contains a double summation over all the atoms and gives
the potential energy due to the van der Waals (vdW) between the atoms pairs. The R;;
term are the distances between atoms 7 and j, and A;; and B;; are the van der Waals
constants. The energy associated to vdW interactions often arises from interactions
between ”electron clouds” around two non-bonded atoms (Fig. 2.5). This attraction
is due to electron correlation that results in ”dispersion” or ”London” forces, that is,
instantaneous multipole/induced multipole. At short distances vdW interactions are
strongly repulsive, being close to an exponential increase of the potential energy, while
at intermediate to long distances the attraction is proportional to 1/7%. Typically, these
long range vdW interactions are the dominant cost of a force field. This is because,
opposite to bonded terms, which are all proportional to the number of atoms (NV),
non-bonded interactions increase as the square of the number of the atoms (N?). One
natural solution to reduce the computational cost associated is by using a less expensive
expression for this term such as the Lennard-Jones (LJ) potential. In addition, a
popular way to speed up the calculation of non-bonded interactions is to define a cutoff
radius. Typically a cutoff value equal to 8-12 A from the atoms we are interested in is

recommended, which means that all atom pairs whose distances are greater than the
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established cutoff have an interaction energy equal to zero.

e The fifth and last term (Uejectrostatic) also contains a double summation over all the
atoms. In this case, however, the electrostatic interaction between the atoms pairs is
provided, in which the ¢; term is the electric charge of the atom 7. Alongside with the
torsional energy term, electrostatic interactions are the second term of special relevance.
Nevertheless, under MM treatment it is not possible to describe how electrons are
delocalized, as atoms do not have charges. On this regard, we need to use force fields

that accounts for polarization by assigning electrons to atoms.

In a general view, a good parameter set should not only reproduce the experimental data for
the molecules included in the training set, but also for those molecules outside it. There exists
many different set of parameters that have been fitted to study different type of molecules.
As stated before, AMBER force field allows the description of relatively large objects such as
proteins that contain conventional amino acids, while the General Amber force field (GAFF),
for instance, is the one commonly applied (in an automatic fashion) to describe a wide range

of small organic molecules that are composed of H, C, N, O, S, P, and halogens.

One of the main shortcomings of MD simulations based on MM force fields comes from the
quality of such force fields, which are often compromised between accuracy and computational
efficiency. This is because, although the potential energy is expressed as a sum of classical
potentials, still in energy minimization calculations and MD simulations, the computation of
first and second derivatives of the energy respect to the atom coordinates is required. This
can be done analytically for the energy expressions previously described. On this direction,
choosing an appropriate energy function for describing the interactions of our systems becomes
critical to a successful MD simulation. Nevertheless, as force fields are empirical, different
parameters that will ultimately depend on the atom types that are required. This is why when
using force fields, it becomes strictly necessary and very important to assign an atom type to
each atom of the system under study. In general, this process is often quite straightforward
when using common general force fields, except for those cases in which force fields lack the
parameters of some of the atoms present in our system, such as in enzymes containing a
metal atom or other type of cofactors. In those cases, the corresponding parameters need to

be generated and provided.
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2.4.2 Classical Trajectories using Molecular Dynamics

By using these simple models, a molecular dynamics simulation numerically solves in an
iterative way Newton’s equations of motion that allow structural fluctuations to be observed
with respect to time. Solving the equations of motion usually requires the integration of
Hamilton’s equations of motion for each coordinate r; and component of linear momentum

pi, which can be obtained from the definition of the Hamiltonian and the second law of motion.

In summary:

(i) The derivation of the first Hamilton’s equation is given by:

dr;  OH(r,p)

(ii) whereas the derivation of the second Hamilton’s equation is provided by the following

expression:

dpi ~ OH(r,p)  0U(r)
dt a 87”1' N 873- (211>

where H(r,p) is the expression of the Hamiltonian, and U(r;) is the potential energy surface

(PES) of the system.

According to Newtonian mechanics, an atom described as ”a ball” would keep moving at
the same speed and direction unless it experiences a force (F) acting on it that will perturb,
accelerate or decelerate its current ”classical state”. In molecular assemblies, however, the

force on each individual atom 7 is affected by its position relative to the rest of atoms:

Fi(t) =mya;(t) (i=1,2,3,...,N) (2.12)
which is equivalent to:
dQTZ‘(t)
Fi(t) = m; 2.13
(1) = m (213)

Yet, if the total potential energy can be expressed as the sum of purely classical potential
energies, then force field equations can be in turn differentiated to obtain forces on each of

the atoms of the system since there is the following equality:

Fi(t) = —;lg (2.14)
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and therefore:
dU d2 T (t)

T e

= miai(t) (215)

Based on classical physics, then forces on the atoms in their new positions can be propagated
by using the second Newton’s law of motion, since the rate of change in the momentum of a
body is directly proportional to the applied forced F. This calculation leads to new values of
positions and velocities at a time t + 0t, which finally generates a specific biological system’s

trajectory, through an iterative procedure.

As the motions of all particles are coupled together, the calculation of the forces applied on
a particle at a particular configuration has to be done at a given and finite time interval (e.g.
At). This is because the many-body problem cannot be solved analytically, but numerically
using methods equivalent to Euler method. In this context, the Eqn. 2.15 that describes
the motion of a particle of mass m; along the coordinate r; can be expressed as the sum
of its interactions with other particles. And therefore, once forces are derived from force
field, then the corresponding accelerations can be numerically integrated, typically in small
stages around the fs (107'° s) range, to get new velocities and positions for the atoms of the
molecular assembly at a new given and finite time (e.g. ¢+ At). In other words, its numerical
solution allow to determine the position and momentum of the system at step n + 1 from the

previous position of the system at step n.

The essential idea is that by using finite difference methods, the integration is divided
into many small stages. In fact, the calculation of a trajectory involves a huge number of
such small steps, and therefore choosing an adequate time-step is another critical point to
keep under consideration. In short, this is because the numerical error of the equations of
motions is proportional to its value, and therefore, the decrease of At reduces the numerical
error, although at the expenses of an increment of the computational cost associated. In
general, a time-step equal to 1-2 fs is often recommended to cover in an efficient way what is
defined as the phase space. That is, for mechanical systems, all possible values of position and
momentum variables. In statistical mechanics, in addition to be considered as coordinates of
this multidimensional space, position and momenta magnitudes also define what is known as
a mechanical or microscopic state of a system. Interestingly, molecular simulations describe

conformational changes at this microscopic level, and therefore, statistical mechanics become
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necessary if we want to translate such information to macroscopic (experimental) observables.

States, Ensembles and Ensemble Averages

The dynamic properties of complex and biological systems are typically described with
statistical mechanics. As the force field-based calculations used in classical MD simulations
provide only the potential energy of the system, adequate sampling of each state is required in
order to account for the entropic component of the free energy (G). The advances achieved in
recent years in computational resources, as well as in the sampling methods and algorithms,
have enabled all-atom MD simulations to become longer and more efficient on this regard
[250]. Although classical MD simulations of such large systems aim to generate enough
representative conformations to connect MD data to experiments, this technique is often
unable to produce statistically meaningful configurational ensembles. In other words, there is

often a sampling problem.

An ensemble is a collection of points of the phase space satisfying the conditions of a
particular thermodynamic or macroscopic state of a system. In terms of thermodynamics,
such macroscopic state is fully identified by values of a suitable set of parameters, such as
the temperature (T), pressure (P), and the type and number of atoms (N;). On this basis,
there exist different type of ensembles depending on which variables are used to define the

thermodynamic state:

- In a microcanonical ensemble (NVE), the thermodynamic state is characterized by a
fixed number of the different type of atoms (NN;), a fixed volume (V), and a fixed energy

(E). This macroscopic state is the one describing an isolated system.

- In a canonical ensemble (NVT), the thermodynamic state is determined by a fixed
number of the different type of atoms (NN;), a fixed volume (V), and a fixed value of

temperature (T).

- In an isobaric-isothermal ensemble (NPT) the thermodynamic state is determined by
a fixed number of the different type of atoms (N;), a fixed pressure (P), and a fixed

temperature (T).

- In a grand canonical ensemble (mVT), the thermodynamic state is characterized by a

fixed chemical potential (1), a fixed volume (V), and a fixed temperature (T).
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A molecular dynamics simulation generates a sequence of nuclear configurations in terms
of the time that belong to the same ensemble. In statistical mechanics, an experimental
observable of a particular property is given by its ensemble averages, which is defined as the
mean of a property for all microscopic states of an ensemble, according to the distribution of
the system on its microscopic states. Such ensemble average is typically taken over a large
number of replicas of the system considered simultaneously. This leads to one of the widely
accepted and established statement in statistical mechanics, the Ergodic hypothesis, which
assumes that the time average of a property A obtained from MD trajectories is equal to the

ensemble average of A:

<A >ensemble = < A >time (216)

ensemble average = time average

which is true for a trajectory computed for an infinite time, as it will able to run (eventually)
all over microscopic states of the ensemble. This is because, strictly speaking, the ensemble
average of a property A is given by an integration over all possible microscopic states.
Alternatively, and according to the Ergodic hypothesis, experimental observables are extracted
from this time integral of all configurations described in molecular dynamics trajectories.
And this is why one common strategy involves the computation of many replicas of the
system under study rather than one long trajectory, with the final goal to generate enough

representative conformations such that equality in Eqn. 2.16 is satisfied.

2.4.3 Setting Up, Running and Analyzing Molecular

Dynamics Simulations

When we perform MD simulations we go through different steps with our system. Before
starting the calculation, it is often necessary to establish an initial configuration of the
system and build a realistic atomistic model. In case the crystal structure of the system
under study has been resolved by X-ray (and NMR) technique, then initial coordinates are
often taken from PDB files. Due to the inherent nature of hydrogen atoms, these are not
located accurately and precisely by X-ray crystallography, and therefore, we have to add all
these hydrogens to the system. On this regard, there are different methods available that

predict and assign the protonation state of the residues in our initial coordinates by default,
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such as H++ and PropKa servers [251, 252]. Yet, as protonation states of residues are key
for processes such as substrate binding or catalysis, it is a good practice to ensure that the
resulting protonated configuration of the system is adequate for addressing the problem under

study.

In order to carry out an MD simulation the steps hereunder described are followed:

Step 1: Building an Atomistic Model of the System in Solution

In reality, biological systems are rarely isolated. Instead, enzyme-based systems are typically
immersed in aqueous solvent, and explicit solvent water molecules should be included if we
want to compare experiments and the data derived from simulations. One of the problems of
considering explicitly solvent molecules is the drastic increase in the number of atoms (e.g.
from around 9000 atoms without the solvent to 52000 atoms with solvent), and consequently,
in the computational cost. Another critical problem related to this explicit solvent inclusion
is how to perform a realistic simulation of the boundaries, as a correct treatment of such
boundaries, as well as its effects, is what enables us to extract "macroscopic” properties from

molecular dynamics trajectories.

An efficient approach to remove the effect of the box’s surface are periodic boundary
conditions (PBC), which are a set of conditions that are often used to simulate an infinite
system by modeling a small system instead. In such a way, a simulation box (or unit cell)
is surrounded by other boxes, which are exact copies of the simulation box. Under this
treatment, particles experience forces as if they were in bulk fluids, since when an atom leaves
the unit cell it automatically reappears on the opposite face of the simulation box with the
same velocity. As it is replaced by an image particle of the central box, the number of atoms
in the simulation box is overall conserved. And therefore, from a practical point of view, this
operation is translated in no surface box effects anymore, being the entire system properly
solvated. As far as the cell unit fills all of space by translational operations in the central box,
the shape it is in principle not relevant. Nevertheless, a cubic shell is normally the description
employed. In the present thesis, water molecules and counter ions have been added using the
AMBER leap module. Explicit solvent is treated as rigid water molecules that only interacts
through non-bonded interactions, and from the most popular models, the one adopted has
been TIP3P, which is consistent with the SHAKE algorithm that constraints the hydrogen
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bonds to fixed lengths.

Step 2: Protein and Solvent Minimization

Before running the molecular dynamic simulation the starting (experimental) configuration
of the system has to be optimized using the chosen force field. This step is relevant, as it
is essential to find a minimum on the potential energy surface (PES) in order to begin the
MD simulation from such optimized geometry. During this step, it removes any bad contact
between the atoms, allowing the system to reach a temperature near absolute zero Kelvin

and the plausible minimum energy configuration.

In order to do so, it is necessary to assign initial velocities to the atoms. This can be
done by using a random number generator from a Maxwell-Boltzmann distribution at the
temperature of interest. Such temperature is defined by the average kinetic of the system,
and depending at which temperature the simulation is running the system under study is able
to cross over different energy barriers and visit multiple configurations. Having set up the
system and assigned the initial velocities the molecular simulation to minimize the system
can start, since at each step (typically in 2000 steps) the force on each atom can be calculated
by differentiating the potential energy function. Once finished, as we are typically interested
in simulating protein-based systems at room temperature, the whole system must be brought

up to the temperature of interest, which leads us to the following step.

Step 3: The Heating Process

As we cannot directly start the heating from 0K to 300K, at this stage the system is heated
progressively. Otherwise, the system can collapse. A common way to proceed is to heat
the system every "N” steps to a higher value of temperature (e.g. every 1000 molecular
dynamic simulation steps). In practice, this is done by assigning velocities at some low
temperature and then running a short molecular dynamics. After a number of steps in the
molecular dynamic simulations, the atom velocity scaled upwards, which in turn increases the
temperature of the system. In general this process is done systematically, until the desired
temperature has been reached. After heating the system at 300K, we now need to check
for the variation of the ambient pressure and temperature, which according to our "real

conditions”, have to be stable with respect to time.
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Step 4: Simulations at Constant Temperature and Pressure

To do so, a small equilibration calculation is done using an NVT ensemble and/or NPT
ensemble. The first is the statistical ensemble that represents the possible states of a
mechanical system in thermal equilibrium with a heat bath at a fixed temperature, the NPT
ensemble is used in the equilibration step to check that we have the correct density of the
system before generating the trajectory. Many of the methods used for pressure control
are analogous to those used for temperature control, and therefore, the system can be also
coupled to a pressure bath to maintain the pressure constant during the simulation (typically

of a length of 1 ns).

Step 5: Production Run

Traditionally, the ensemble naturally used in molecular dynamics simulations has been the
NVE (or microcanonical) ensemble. Nevertheless, experiments are usually done at constant
pressure and/temperature, and this is why the two already mentioned NVT and NPT
ensembles are the other most common alternative choices. In the present thesis, the NPT
ensemble is the one adopted during the previous equilibration step, whereas the trajectory of
the system is produced in the NVT ensemble. At this stage, the data obtained is collected to

extract thermodynamic averages.

Step 6: Analyze Molecular Dynamics Data

The type of analyses adopted at this stage often strongly depends on the system under study
and what information is intended to be derived from it. In other words, what problem needs

to be addressed.

- Visual Inspection. In general, before doing any analysis, it is considered a good
practice to look at our trajectory files using a molecular visualization program, such as
VMD [253] or PyMOL softwares [254].

- RMSD and RMSF Calculations of Atomic Coordinates. The root-mean-square
deviation (RMSD) is usually calculated, as it represents a simple way to ensure that all
chemical and physical properties of the simulated system has reached an equilibrium.

RMSD is commonly fitted on the backbone atoms, and using the starting structure
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as a reference. Nevertheless, any structure of interest can be employed as a reference,
and such deviation it is not only limited to the backbone atoms. In this line, the
root-mean-square fluctuation (RMSF) can be also calculated, as it represents a simple
tool to measure the rigidity of different parts of the protein, as different trends of
flexibility can be easily identified. The main difference between RMSD and RMSF is
that the latter is averaged over time, giving a value for each particle i, whereas for the

RMSD the average is taken over the particles (thereby giving time-specific values).

Distances and Cavities in the Structure. Although using force fields and MM
formation and cleavage of bonds cannot be modeled, the measurement of distances
between catalytic residues can also provide insights on the catalytic proficiency of
enzymes [255]. In a more general view, computing the distances between two atoms
or the minimum distance between two groups of atoms is a common and simple way
to get information about contacts in the system structure. Usually, the corresponding
plots of distances versus time are drawn, thereby making easier the task of confirming
a relevant conformational change arising from formed/broken non-covalent interaction
in the protein structure. In a similar way, the measurement of bend angles, torsions, as
well as hydrogen-bonding patterns can allow us to identify conformational behavior at

the secondary level of the protein structure.

The analysis of the pocket size and shape in the active site area is also of great
relevance while studying receptor dynamics and changes in substrate preferences. In
the present thesis, for example, the shape and volumes of the active site and binding
pockets of selected representative structures of BmEH wild-type and its variants have
been measured by using an algorithm implemented in POcket Volume MEasurement
(POVME) software (Chapter 5). This software accepts a multiframe PDB file as
input, including the resulting MD simulation files, multiple crystal structure or NMR
conformations. As POVME algorithm assumes that the pocket being measured does not
translate or rotate in space, before any volume computation is strictly necessary to align
the trajectory. In such a way, it is possible to successfully define a pocket-encompassing
region that allow the subsequent identification of the pocket over all trajectory frames.
In a qualitative way, the volumes can be graphically represented, thereby facilitating the

analysis and comparisons of the active site shape between different enzymatic variants.
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- Mapping Conformational Free Energy Landscapes. The resulting MD dynamic
trajectory consists in a high dimensional data. And therefore, working with such big
sized and complex systems demands the application of tools that allow to reduce the
dimensionality of the data extracted from MD simulations. In such a way, the analysis

of the conformational changes along the trajectory is in principle simplified.

As the data from MD trajectories consists in a huge number of dimensions, that is, the
dynamics of protein-based systems is typically defined by lots of motions and atomic
coordinates. The calculation of the probabilities and the reconstruction of the free energy
landscape (FEL) using the whole data set is not feasible at a reduced computational
cost. One natural solution to identify relevant conformational configurations of the
system under study is to construct free energy landscapes that only depends on a
reduced set of global properties (i.e. collective variables (CVs)), while less relevant
motions are equally distributed over the chosen CVs (e.g. backbone atoms distances,
backbone dihedral angles, distances between catalytic residues). In such a way, all
motions explored along MD trajectories can be then projected onto these selected
properties, thereby obtaining the corresponding probability distributions and associated

free energies for those particular features.

It is worth to mention that making the proper feature selection, that is, the choice of
a subset of the original set of CVs, to accurately describe and discriminate between
the enzyme conformations without overlooking other relevant enzyme motions is a
challenging task. A detailed knowledge of the biological system is required. And
therefore, when little or no knowledge is available, one might be interested in using
approaches that automatically reduce the dimensionality of the MD data set while
accounting as much as possible for the rest of motions. On this regard, principal
component analysis (PCA) and time-lagged independent component analysis (TICA)
are popular linear methods used for that task [256-259].

The main idea behind these approaches is that new representative variables (e.g.

components) are constructed as linear combinations of the initial variables. In the case
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of PCA, the dimensions of the data are reduced to maximize the variance. However,
the motions that are usually associated to kinetically relevant processes (i.e. the slowest
motions), do not have necessarily to correspond to the large amplitude conformational
changes. Likewise PCA, the majority of the dimensionality reduction techniques do not
include the evolution of the data along time. In contrast, TICA provides a reduced space
by maximizing the auto-correlation of the data instead of the variance. Consequently,
with this method one can minimize the loss of kinetic data. In the present thesis, TICA
has been used as a dimensionality reduction technique, which seeks to represent the
MD data in a two-dimensional free energy landscape according to the first two first TIC
components. And this is why one of the critical problems related to these techniques
is the selection of the feats employed as collective variables (CVs) in order to reduce
the dimensionality. In case of not choosing an unbiased and adequate magnitude, the

analysis will not lead to meaningful conclusions.



Chapter 3

Objectives

In Nature, enzymes are the most efficient catalyst known, however, many limitations arise once
they are used as biocatalysts for manufacturing targets of great interest in industries. Due to
their inherent properties, enzyme-based strategies have become an attractive alternative to
conventional chemical catalysis, although it might not be still currently well implemented.
Since many of the factors responsible for their proficient activity are still not well established,

many efforts have been put forward to rationalize their catalytic performances.

For the particular case of epoxide hydrolases (EHs), their potential application as
biocatalyst for asymmetric epoxide hydrolysis of epoxide racemic mixtures has encouraged
their study and implementation as an alternative for the synthesis of target compounds like
precursors of § adrenergic drugs. Up to date, many examples provide evidence in which
the use of EHs can represent a suitable path in which chiral important precursors could be

obtained from low-cost and also easy-to-access epoxide racemic mixtures.

From all EH enzymes, some features of the Bacillus megaterium EH (BmEH) enzyme
have particularly encouraged us to further explore and understand its selectivity towards

aryl-based epoxide substrates. These include its unusual (R)-selectivity towards phenyl
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glycidyl ethers (PGE) and its ability to accept bulkier substrates like naphthyl glycidyl ether
(NGE), both compounds identified as relevant [ adrenergic drugs precursors. Accordingly,

the specific objectives of the present thesis have been:

In Chapter 4:

- First, to define the catalytic residues to be essential to investigate and understand

BmEH site- and stereoselectivities at QM level by using the cluster model framework.
- Second, to build a representative truncated model of BmEH active site.

- Third, to get insights and rationalize the molecular basis of the BmEH mechanism and

selectivity using para-nitrostyrene oxide (p-NSO) as model substrate.
In Chapter 5:

- Fourth, to explore whether the BmEH conformational flexibility plays a decisive role in

determining the BmEH stereoselectivity preference during the catalytic cycle.

- Fifth, to characterize the conformational free energy landscape of BmEH and identify

the major and minor conformational states.

- Sixth, to investigate and rationalize the effect of mutations F128 and M145 on the
conformational landscape of BmEH towards the acceptance of bulky substrates like
naphthyl glycidyl ether (NGE).

As a final goal, we aim to provide the basis of the substrate control of the selective epoxide
ring-opening catalyzed by BmEH, with a keen eye on the future goal of predict and
computationally design new enzyme variants with enhanced activities towards relevant

bulky chiral compounds of pharmacological interest.
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Epoxide hydrolase (EH) enzymes catalyze the hydration of racemic epoxides to yield their corresponding
vicinal diols. These enzymes present different enantio- and regioselectivity depending upon either the
substrate structure or the substitution pattern of the epoxide ring. In this study, we computationally inves-
tigate the Bacillus megaterium epoxide hydrolase (BmEH)-mediated hydrolysis of racemic styrene oxide
(rac-SO) and its para-nitro styrene oxide (rac-p-NSO) derivative using density functional theory (DFT) and
an active site cluster model consisting of 195 and 197 atoms, respectively. Full reaction mechanisms for
epoxide ring opening were evaluated considering the attack at both oxirane carbons and considering two
possible orientations of the substrate at the BmEH active site. Our results indicate that for both SO and
p-NSO substrates the BmEH enantio- and regioselectivity is opposite to the inherent (R)-BmEH selecti-
vity, the attack at the benzylic position (Cl) of the (S)-enantiomer being the most favoured chemical
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1. Introduction

Enantiomerically pure compounds are commonly identified as
key synthons for the manufacturing of bioactive products in
the pharmaceutical and agrochemical industries. Both
epoxide-containing substrates and their corresponding
1,2-diol products are essential chiral building blocks of
pharmaceuticals.”™ For instance, aryl glycidyl and naphthyl
ethers are potentially useful compounds for the production of
chiral amino alcohols such as (S)-alprenolol and (S)-proprano-
lol -blocker drugs.®

The resolution of epoxide racemic mixtures is an attractive
synthetic strategy for obtaining optically pure bioactive com-
pounds of pharmacological interest. To this end, many
different strategies are available that include the use of metal
or organo-based catalysts,” but also biocatalysts such as mono-
oxygenases.® However, these (bio)chemical approaches are not
very efficient, and usually offer moderate yields of pure
enantio-enriched epoxides, thereby making them less useful
for organic synthesis.” In pursuit of more efficient method-
ologies, the use of epoxide hydrolases (EHs) has emerged as a
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potential synthetic route due to some of the EH key properties
such as: (i) it is a cofactor independent enzyme; (ii) it is found
in a huge number of organisms; (iii) it is capable of operating
in organic solvents; and (iv) it can exhibit high enantio- and
regioselectivity.'™'" In particular, Bacillus megaterium ECU1001
epoxide hydrolase (BmEH) has an inherently high (R) enantio-
selectivity towards phenyl glycidyl ethers (PGE, see
Scheme 1),"* for which some other EHs have only shown
modest enantioselectivity or are (S)-specific.">” The BmEH
enzyme also exhibits an excellent enantiomeric ratio (E > 200)
towards a para-nitro styrene oxide (p-NSO) compound.'® For
the latter case, it was found that the nature of the para-substi-
tuent switches both BmEH enantio- and regioselectivity, with
the hydrolysis of the (S)-enantiomer via the attack at the
benzylic position being favoured (see Scheme 1)."*"®

The BmEH enzyme belongs to the a,f-hydrolase fold, con-
sisting of a three-dimensional (3D) structure that possesses an
a,p sheet core domain and a lid domain that caps the active
site."”*' The EH members of this a,p-hydrolase superfamily

/O 0\/<‘
R,c1\|
C,
R

C4: most substituted C atom

Cy: less-sterically demanding C atom R =H (S0), NO;, (p-NSO)

Scheme 1 Left, general representation of epoxide (carbon atoms

labelled). Right, phenyl glycidyl ether (PGE) and the substrates used in
this study: styrene oxide (SO), and p-nitro styrene oxide (p-NSO).
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are characterised for having a highly conserved catalytic triad
(Asp-His-Asp/Glu), two tyrosine residues positioned on the lid
domain responsible for substrate recognition and for assisting
the epoxide ring opening, and a conserved oxyanion motif con-
sisting of HGXP residues (X = F in BmEH, see Fig. 1).>%>>%?
EHs catalyse the addition of a water molecule to racemic
epoxide-containing substrates to yield optically active 1,2-diols
via biocatalytic hydrolytic kinetic resolution (HKR) and enantio-
convergent hydrolysis of epoxides.**® The mechanism by
which these enzymes operate has long been debated.”®™*?
However, it is generally accepted that EHs from the
o,p-hydrolase fold share a common mechanism that takes
place via a two-step mechanism through the formation of
alkyl-enzyme intermediates (see Scheme 2, with BmEH
labelling).***® Upon initial binding of the epoxide substrate
with Tyr144 and Tyr203 (see Fig. 2), the first step involves the
nucleophilic attack by the Asp97 side chain at one of the
epoxide carbons to generate a covalently bound alkyl-enzyme
intermediate (Int1 in Scheme 2). In the second step of the pro-
posed mechanism, His267 acts as a general base to facilitate
the nucleophilic activation of a water molecule to attack the
Asp97 carbonyl, generating a new tetrahedral intermediate

Fig. 1 Representation of the active site (region 2) of the BmEH enzyme
(PDB: 4NZZ). The most important residues for the reaction are
represented in sticks, and non-polar hydrogens are omitted for clarity.
The BmEH region 1 (substrate entrance) and region 3 (product release)
surfaces are highlighted in blue and orange, respectively. The two
possible binding modes are also indicated as “region 1", i.e. substrate
substituent pointing towards His267, and “region 3", substituent pointing
towards Trp98.

8828 | Org. Biomol Chem., 2017, 15, 8827-8835

View Article Online

Organic & Biomolecular Chemistry

hereafter called Int2. The negatively charged tetrahedral inter-
mediate is stabilized through hydrogen bond interactions
between the backbone amide groups of the oxyanion hole resi-
dues Gly29-Phe30 and Asp97-Trp98. In the final step, the
tetrahedral intermediate rearranges and dissociates to yield
the corresponding 1,2-diol product (Prod in Scheme 2).

Different computational approaches®” have been used to
explore the overall mechanism and selectivity of soluble EHs
(sEHs). Truncated theozyme and cluster model calculations
have been successfully applied to study the role and impact of
enzyme active site residues in catalysed epoxide ring opening
reaction mechanisms and selectivities.**** Hopmann and
Himo applied the cluster model (CM) approach on the X-ray
structure of human soluble EH (sEH) to explore the role of the
two conserved catalytic tyrosine residues.’> Their results
showed that one Tyr is enough for the alkylation reaction to
occur, although the barrier increases by ca. 6.7 kcal mol ™" as
compared to the wild-type. A drastic change in the activation
barriers was observed for the double tyrosine mutant (i.e.
larger barriers of ca. 24.8 kcal mol ™" were found after mutating
both Tyr to Phe) indicating that this enzyme variant must be
inactive. These results demonstrate that the presence of
H-bond donors to activate the epoxide ring and stabilize the
negative charge developed during the course of the reaction is
essential.*

Amrein et al. carried out empirical valence bond (EVB)
simulations of the enantio- and regioselective hydrolysis of
trans-stilbene oxide (TSO) catalysed by Solanum tuberosum
epoxide hydrolase I (StEH1).>° EVB calculations suggested that
the alkylation step for (S,S)-TSO at the benzylic C1 position is
preferred by 1.7 keal mol™", whereas the attack at the terminal
C2 is favoured by 3.6 kcal mol™" for (R,R)-TSO. However, high-
energy barriers were found for both enantiomers for the hydro-
lysis step of the alkyl-enzyme intermediate that is formed after
the Asp nucleophilic attack at C1 (Intl in Scheme 2).
Therefore, the regioselectivity of the asymmetric epoxide ring
opening of TSO by StEH1 is determined in the hydrolysis step,
only the trajectories following the Asp attack at C2 for both
enantiomers being productive. They also highlighted the rele-
vance of considering a second active site histidine residue
doubly protonated to properly describe the system. This histi-
dine, which interacts with the nucleophilic aspartate, was
thought to balance the negative charge developed during the
catalysis.

In a very recent study, Lind and Himo applied the CM
approach to explore the enantioconvergent resolution of
racemic styrene oxide (SO) by using StEH1.*' To investigate the
origins of StEH1 selectivity, a very large CM system (of 279
atoms) was designed based on the StEH1 X-ray crystal in
complex with the competitive inhibitor valpromide (PDB:
2CJP). The authors investigated the reaction mechanism con-
sidering both enantiomers, and examined the two possible
binding modes of each enantiomer considering both the
shape of the active site pocket and the substitution pattern of
the substrate. Their results showed that (S)-SO is preferably
attacked at C1 by the catalytic Asp, whereas for the (R)-SO

This journal is © The Royal Society of Chemistry 2017
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Scheme 2 General reaction mechanism of soluble EH enzymes. BmEH wild-type (PDB: 4NZZ labelling).

enantiomer the attack at C2 is favoured. Both cases lead to the
formation of the (R)-diol, thus highlighting the enantioconver-
gent behaviour of StEH1 for the SO substrate. This is in con-
trast to previous results by Amrein et al. obtained for the TSO
substrate, for which the reaction was favoured at the C2 posi-
tion for both enantiomers. For TSO and (S)-SO substrates, the
hydrolysis step was found to be the selectivity determining,*>*!
whereas for the (R)-SO substrate the alkylation step is found to
determine the regioselectivity of the process.

It should also be pointed out that Lind and Himo investi-
gated the role of the protonation state of the histidine placed
close to the catalytic Asp in the catalytic reaction. Their com-
puted energy profiles suggested that including the doubly pro-
tonated His104 has a minor effect on their computed energy
barriers. These studies show how despite all mechanistic
studies carried out to date, the fine details of the sEHs mecha-
nism still remain incompletely understood.

As most EHs preferentially accept the (S)-epoxide
enantiomer, the comprehension of how (R)-selective BmEH
operates, and the main factors that contribute to its selecti-
vity and efficiency is of great interest. In this study, we com-
putationally investigate the origins of the enantio- and regio-
selectivity in BmEH towards rac-SO and its derivative
rac-p-NSO using density functional theory (DFT) calculations
within the cluster model framework. We have computed the
full reaction profile using a consciously designed quantum
CM from the BmEH active site (PDB: 4NZZ) consisting of
195 and 197 atoms for rac-SO and rac-p-NSO, respectively
(see Fig. 2 and Computational methods). Our results show
that styrene oxide and its para-nitro derivative switch the
inherent BmEH enantio- and regioselectivity, and demon-

This journal is © The Royal Society of Chemistry 2017

strate the minor effect of the nitro group on the enzyme
selectivity.

2. Results and discussion

The BmEH enzyme presents different features in comparison
with other EHs. The BmEH crystal structure, shown in Fig. 1,
revealed that this enzyme has an independent product-release
site (called region 3) that is not found in other EHs.® The
active site tunnel (region 2) connecting the substrate-entrance
site (region 1) and the product-release site (region 3) was pre-
viously identified by an 80 ns Molecular Dynamics (MD) simu-
lation.® BmEH exhibits opposite (R)-selectivity in comparison
with many other (S)-specific EHs, thereby providing an alterna-
tive approach to obtain those optically pure (S) aromatic epox-
ides, commonly identified as building blocks of active
p-adrenergic agents.'> Many experimental studies reported on
how the structure of the substrate or the presence of substitu-
ents on the aromatic ring moiety can switch the inherent
selectivity of EHs.*” The inherent (R)-selectivity that BmEH
exhibits for phenyl glycidyl ethers (PGE) is switched towards
(S)-selectivity when the styrene oxide (SO) substrate and its
p-NO, derivative are considered.”® In order to shed some light
on the role of the substrate structure and its substitution
pattern, as well as to explore the origins of BmEH selectivity,
we performed DFT-D3B] calculations of both racemic styrene
oxide (rac-SO) and racemic para-nitro styrene oxide (rac-p-
NSO). Based on the X-ray BmEH wild-type structure and our
MD simulations on the alkyl intermediate Intl, we have
devised a truncated cluster model (CM) as done by Himo in
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Fig. 2 B3LYP-D3BJ/6-311+g(2d,2p)//B3LYP/6-31g(d,p) optimized geo-
metries of the CM enzyme-structure complex (RC) in the active site
model with (A) the phenyl substituent of (S)-p-NSO epoxide pointing
towards the catalytic His267 residue (region 1, RC-S-r1) and (B) the
phenyl substituent of (R)-p-NSO pointing towards Trp98 (region 3,
RC-R-r3) (residue labelling as in BmEH). Active site pocket residues are
shown as transparent sticks and spheres. Non-polar hydrogen atoms are
omitted for clarity. The Asp97 nucleophile, the His267 base and the acid
Tyr203 are highlighted in orange, violet, and blue, respectively. Atoms in
black spheres and asterisks are kept fixed.

previous studies (see Fig. 2 and Computational methods in the
ESIT).29’43

To investigate the origins of BmEH selectivity we have com-
puted the EH mechanism described in Scheme 2, considering
the first nucleophilic attack either at the epoxide-ring benzylic
C1 or the terminal C2 positions for each enantiomer, but also
accounting for the two possible substrate orientations regard-
ing the BmEH active site tunnel regions (see Fig. 1 and 2).

Mechanism and selectivity of the BmEH enzyme with the
rac-p-NSO substrate

The computed reaction energy profiles at the B3LYP-D3BJ/
6-311+g(2d,2p)//B3LYP/6-31g(d,p) level of theory for all possible
outcomes of rac-p-NSO BmEH hydrolysis are represented in
Fig. 3. The DFT optimized structures of intermediates (Int),
products (Prod), and transition states (TS) for the attack at the
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benzylic position (C1) of (S)-p-NSO oriented towards region 1
are shown in Fig. 4.

From our computed energy profiles, small energy differ-
ences exist between both region 1 and 3 orientations of the
substrate (ca. 0.6 kcal mol™") in the enzyme-substrate com-
plexes (RC) for the (S)-enantiomer, whereas a difference of
ca. 3.0 keal mol™" is found for (R)-p-NSO RC. As shown in Fig. 2,
in the DFT optimized RC geometries, the epoxide ring forms
hydrogen bonds with both Tyr144 and Tyr203 residues, and C1
and C2 carbons are well pre-organized for the subsequent
Asp97 nucleophilic attack. The carboxylate side-chain of Asp97
is well positioned for the catalysis thanks to hydrogen bond
interactions with the amide backbone groups of Asp97-Trp98
and Gly29-Phe30. The ion-pair charge relay system consisting
of Asp239-His267 residues properly interacts for assisting the
water molecule activation. In addition, the position of the
nucleophilic water is maintained fixed at the active site by
hydrogen bonds to the general base His267 and to the back-
bone carbonyl group of Phe30-Pro31 residues.

The first step of the reaction mechanism after the enzyme-
substrate complex (RC-S-r1) consists of the nucleophilic attack
of Asp97 either at the most substituted carbon C1 (inverting its
configuration) or at the less sterically hindered C2 of the
epoxide ring to form an ester intermediate (retaining configur-
ation, Int1-S-C1-rl, see Fig. 4B). The optimized TS for the
Asp97 nucleophilic attack at the C1 position in (S)-p-NSO (TS1-
S-C1-r1) exhibits a 2.25 A distance between the O-Asp97 side-
chain and the epoxide C1 atom. The distance between the
epoxide oxygen and C1 atom is elongated up to 1.88 A (see
Fig. 4A), corresponding to an Sy2-like concerted TS. The O-H
distance of Tyr203 is slightly elongated (from 0.98 A to 1.00 A)
in the alkylation TS, and the proton is completely transferred
from Tyr203 to the epoxide O atom in the optimized co-
valently-bound enzyme intermediate Int1-S-C1-r1 (see Fig. 4B).
The associated reaction barrier for TS1-S-C1l-rl is 1.8
keal mol™" relative to the reactant complex (RC-S-r1), and is
0.3 keal mol™" lower in energy than TS1-S-C2-r1 corresponding
to the attack at the less hindered C2 position (see Fig. 3A).
These results show that the intrinsic preference of the enzyme
is to perform the nucleophilic attack at the C1 position of
(S)-p-NSO. The resulting Int1-S-C1-rl is stabilized by 18.4
keal mol ™. Regarding the (R)-p-NSO energy profile diagram, the
lowest alkylation TS (TS1-R-C1-r3) has an energy of 5.5
kcal mol ™ relative to RC-R-r1 (see Fig. 3B). Comparing both enan-
tiomers, the lowest alkylation transition state (TS1) for each
enantiomer differs by ca. 3.7 kcal mol™'. Note that the orien-
tation of the phenyl ring of the epoxide is different for each
case (see Fig. 4A and Fig. S27). For the (S)-enantiomer, the
phenyl substituent points towards His267, i.e. here called
region 1, whereas the lowest alkylation energy barrier for the
(R)-enantiomer is found when in the TS1 the phenyl substitu-
ent points towards Trp98 i.e. region 3 (see Fig. 2B). The analysis
of both TS geometries indicates that the additional stabiliz-
ation of TS1-S-C1-r1 might be due to the n-stacking interaction
between (S)-p-NSO and the His267 residue, which is not poss-
ible in the R-C1-r3 case (see Fig. 4A and 5). Thus, at this first

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Energy profiles at the B3LYP-D3BJ/6-311+g(2d,2p)//B3LYP/6-31g(d,p) level of theory for all possible BmEH-mediated epoxide rac-p-NSO
hydrolysis outcomes. All energies are in kcal mol™* and referenced to the lowest energy RC for each enantiomer, RC-S-rl and RC-R-rl, respectively.
The kinetically favoured attack for each enantiomer is shown as solid lines (S-C1-r1 and R-C1-r3), the other possible pathways are shown as dashed
lines.

Fig. 4 B3LYP-D3BJ/6-311+g(2d,2p)//B3LYP/6-31g(d,p) optimized geometries corresponding to the different steps of the BmEH mechanism of
action for the (S)-p-NSO substrate oriented towards region 1 for the attack at the benzylic position (C1): (A) epoxide ring opening (TS1-S-C1-rl), (B)
alkyl-enzyme intermediate (Int1-S-C1-r1), (C) hydrolysis of the alkyl-enzyme intermediate (TS2-S-C1-rl), (D) tetrahedral intermediate (Int2-S-C1-r1),
(E) dissociation of tetrahedral (TS3-S-C1-r1) and (F) product complex (Prod-S-C1-r1). All distances are in A. Active site pocket residues are shown as
transparent sticks and spheres and non-polar hydrogen atoms are omitted for clarity. Atoms in black spheres and asterisks are kept fixed.

stage of the BmEH mechanism, our computed energy profiles The next step in the reaction mechanism includes the
indicate that the epoxide ring opening of (S)-p-NSO is more nucleophilic attack by a water molecule (wat) to hydrolyse the
favoured than the (R)-enantiomer. previously formed ester bond, and the dissociation of the tetra-

This journal is © The Royal Society of Chemistry 2017 Org. Biomol Chem., 2017, 15, 8827-8835 | 8831
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hedral intermediate (Int2) generated at this half-hydrolytic
reaction to yield the vicinal diol (Prod, see Scheme 2). In the
DFT optimized TS2-S-C1-r1, the neutral His267 residue acts as
a general base to activate the water molecule that attacks
Asp97 generating the Int2-S-C1-r1 intermediate, as shown in
Fig. 4C. The activation of the water molecule is possible
because at TS2-S-C1-r1 the Asp239-His267 distance has been
substantially shortened, allowing the stabilization of the proto-
nated state of His267. Likewise, the observed distances in Int2-
S-C1-r1 between the carbonyl oxygen atom of Asp97 and the
amide bonds of Asp97-Trp98 and Gly29-Phe30 in the oxy-
anion hole indicate that the negative charge that arises at this
stage is well stabilized (shorter distances of ca. 1.67 A, see
Fig. 4D). All these observed networks of interactions allow TS2
stabilization, thereby making it possible to overcome the com-
puted Intl — TS2 barriers of 16.2 kcal mol™". Similar energy
barriers were found for the most favoured (R)-enantiomer
attack (TS2-R-C1-r3, AE* = 16.5 kcal mol™), in which the
covalent enzyme intermediate Int1-R-C1-r3 was found to be
stabilized by 17.3 kcal mol ™.

To generate the final diol product, a final step is needed in
which the C-O bond between the epoxide substrate and Asp97
is cleaved, followed by subsequent protonation (see Scheme 2).
The corresponding transition state TS3-S-Cl-rl (AE* = 4.6
keal mol™" with respect to Int2) presents elongated C-O distances
(ca. 1.79 A), and the protonated His267 interacts with the (S)-p-
NSO substrate delivering a proton for 1,2-diol formation (ca.
1.48 A) as shown in Fig. 4E. Therefore, the catalytic His267
found to be important in the previous step for catalysing the
hydrolysis acting as a general base has also a critical role at
this final step for 1,2-diol generation. Note that this C-O bond
breaking generates a diol product in which one of the oxygen
atoms comes from the nucleophilic Asp97 residue (see
Scheme 2). The activation barrier for the dissociative transition
state TS3 for the (R)-enantiomer (TS3-R-C1-r3) is 5.6 kcal mol ™"
with respect to Int2. As previously mentioned for the alkylation
transition state (TS1), since for (R)-p-NSO the phenyl ring
points towards region 3, this might lead to a less stabilized
TS3 due to the lack of n-stacking interaction with the catalytic
His267 residue (see Fig. S37).

As shown in Fig. 4F, the new hydroxyl group in the product
Prod-S-C1-r1 interacts with Tyr144-O-H (ca. 1.58 A) and the
deprotonated Tyr203-O~ (ca. 1.41 A). Prod-S-C1-r1 is —25.3
keal mol™" more stable than RC-S-r1, whereas for the (R)-enantio-
mer Prod-R-C1-r3 is —18.6 kcal mol™" lower in energy than
RC-R-r1. In all optimized Prod structures, Asp97 is in its proto-
nated state whereas Tyr203 remains deprotonated. Thus, an
additional acid-base step is needed, and the binding of a new
epoxide and water molecule is required to regenerate the cata-
Iytic cycle (see Scheme 2). These steps are difficult to be accu-
rately described with the current methodology.*' As proposed
by Himo in previous studies,”’ the overall energetics of the
process can be roughly approximated by computing the free
energy of the (S)-epoxide + water — (R)-1,2-diol reaction, which
is exergonic by 8 kcal mol ™. This large energetic span between
Prod-S-C1-r1 and RC (-8 + 25.3 = 17.3 kcal mol™") should be

8832 | Org. Biomol. Chem., 2017, 15, 8827-8835
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added to the alkylation activation barrier of the next cycle,
thus yielding an approximated barrier of ca. 19 keal mol™ for
(S)-p-NSO. This estimation indicates that both alkylation and
hydrolysis steps present similar barriers. Due to the large inac-
curacies associated with the estimation of the Prod — React
process, we focus our analysis on the computed reaction
pathway displayed in Fig. 3, which shows that alkylation is
selectivity-determining, whereas hydrolysis is rate-determining.
Thus, to directly compare the reactivities of (S) and (R) sub-
strates, we evaluate the activation barriers for the rate-deter-
mining hydrolysis step in the pathways that have the lowest
alkylation barriers (TS1) for each enantiomer, ie. S-C1-r1 and
R-C1-r3, respectively.

Overall our computed reaction pathways indicate that the
lowest energy intermediate corresponds to Intl, and the rate-
determining transition state is TS2 for S-C1-rl and TS3 for
R-C1-r3 both corresponding to the dissociation of the co-
valently bound enzyme intermediate (Intl in Scheme 2). The
computed barriers are 16.2 keal mol ™ for (S)-p-NSO (S-C1-r1 in
Fig. 3A), whereas 17.6 kcal mol™" for (R)-p-NSO (R-C1-r3 in
Fig. 3B). Therefore, the hydrolysis of the (S)-enantiomer is
kinetically favoured by ca. 1.4 kcal mol™", which is in agree-
ment with experimental observations for BmEH."” It should
also be noted that our computed activation barriers are in line
with the experimental rate constants of 3-10 s~ at 30 °C (ca.
16-17 keal mol ™) for the related StEH1 enzyme.***°

Substituent effect on the BmEH selectivity

Using DFT-D3BJ calculations we also examined the hydrolysis
of the racemic styrene oxide (rac-SO) substrate to further
explore how the substrate structure and its substitution
pattern affect BmEH selectivity. To this aim, we also con-
sidered all possible outcomes for rac-SO, i.e. the nucleophilic
attack either at benzylic C1 or terminal carbon C2 for each
enantiomer oriented towards region 1 or 3 as described above
(see Fig. 1 and Fig. S47).

The computed energy profiles for the rac-SO substrate
follow a similar trend to those discussed in the previous
section for its para-nitro derivative substrate rac-p-NSO (see
Fig. 3 and Fig. S47). As observed for rac-p-NSO energy profiles,
the most favoured outcome for (S)-SO epoxide comes from the
nucleophilic attack at the benzylic position (C1) when the
phenyl moiety of the substrate is oriented towards His267
(AE* = 4.0 kecal mol™ with respect to RC-S-SO-r1, and AE* =
15.3 kecal mol™' computed from the lowest energy Intl, for
TS3-5-SO-C1-r1).

For the (R)-enantiomer, the kinetically favored attack is
found when the phenyl ring is oriented towards region 3. The
alkylation barrier of TS1-R-SO-C1-r3 is 6.6 kcal mol™" regarding
the lowest energy RC for (R)-SO (RC-R-SO-r1, see Fig. S47). The
alkylation at position C2 is ca. 0.5 kcal mol™" less favorable
than the attack at C1 (TS1-R-SO-C2-r3). The hydrolysis step
of Intl is kinetically more favoured at the terminal carbon
C2 as the computed activation barriers are ca. 19.8 and
17.4 kecal mol™ for TS3-R-SO-C1-r3 and TS3-R-SO-C2-r3,

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Non-covalent interaction representation of the lowest energy alkylation transition states (A) TS1-S-C1-rl and (B) TS1-R-C1-r3 for the rac-p-
NSO epoxide ring opening reaction using the NClplot computational tool.***> NCI surfaces show intermolecular interactions between the epoxide
substrate and the active site residues included in the CM model. All residues are represented as balls and sticks and the two possible orientations for
each substrate are indicated for each case (region 1, His267 and region 3, Trp98). Only the most important catalytic residues are labelled regarding
BmEH (PDB: 4NZZ numbering) and non-polar hydrogen are not shown for clarity. Grey arrows are used to highlight the most important noncovalent

interactions. The most important residues are framed.

respectively (computed from the lowest energy intermediate
Int1).

As observed for p-NSO, the activation barriers obtained
(shown in Fig. S4t) for (S)-SO at C1 are ca. 2.6 kcal mol™" lower
than those obtained for (R)-SO, thus suggesting that the nitro
group has a very minor effect on the enantio- and regio-
selectivity of the process.

Overall our mechanistic studies also indicate that both rac-
p-NSO and rac-SO switch the inherent (R)-BmEH selectivity
observed towards PGE substrates, as described in previous
experimental studies. A higher enantioselectivity of BmEH
towards rac-p-NSO (ees > 99%) than for rac-SO (ees = 53%) was
observed experimentally.’” The energy differences between our
computed activation barriers overestimate the ee for rac-SO.
However, the relative stabilities of the RCs indicate that the
binding of (R)-epoxides for both p-NSO and SO is more favour-
able than for (S), especially in region 1 due to the higher stabi-
lization by non-covalent interactions with the active site resi-
dues, including n---x with His267 (see Fig. 5). Our computed
energy differences between substrate bound RCs ((R) vs. (S))
for p-NSO are ca. 3.0 keal mol™", while it is only 1.4 kcal mol ™"
for rac-SO. Thus, the higher enantioselectivity observed experi-
mentally for rac-p-NSO can be attributed to the more favour-
able unproductive binding of (R)-p-NSO in region 1, as in this
region the activation barriers for the alkylation and hydrolysis
step are ca. 2 keal mol™" higher than in region 3.

Our calculations show that in the BmEH catalysed
hydration of rac-p-NSO and rac-SO, TS3 energies are in general
lower than TS1. This is in contrast to rac-SO hydrolysis by
StEH1,"" where Himo and coworkers found that the hydrolysis
step (TS3) is generally higher in energy than TS1. Although the
energy differences are rather small (ca. +3 kcal mol™'), our

This journal is © The Royal Society of Chemistry 2017

results show that the shape and conformation of the active site
pocket, as well as the substrate orientation will modulate the
selectivity-determining step, i.e. the alkylation (TS1) or the
hydrolysis (TS3).

3. Conclusions

Our DFT-D3B]J calculations within the CM framework indicate
that the substrate structure switches the usual BmEH (R)-
selectivity towards (S) when racemic styrene oxide (rac-SO) and
racemic para-nitro styrene oxide (rac-p-NSO) are considered.
The computed energy profiles for the different substrates and
enantiomers suggest that the first alkylation step (TS1) is
responsible for the regioselectivity of the process, while the
hydrolysis half reaction is the rate-limiting step. In both rac-SO
and rac-p-NSO the (S)-enantiomer is preferentially attacked at
the benzylic position (C1) when the phenyl ring moiety points
towards region 1 (i.e. the substrate entrance). This orientation
maximizes the n---n interactions between the substrate (both
SO, and p-NSO) and the active site residues, in particular
His267. Therefore, the catalytically competent poses of the (S)-
enantiomer of the aromatic SO and p-NSO substrates are
found in region 1. The least reactive (R)-epoxide has a preferen-
tial binding for region 1, however in this region the activation
barriers are substantially higher as compared to those in
region 3. This work demonstrates that the enantiopreference
of BmEH towards aromatic epoxides can be directly assessed
by the combination of DFT-D3BJ and the analysis of non-
covalent interactions, and provides an alternative strategy for
the engineering of EHs towards the resolution of synthetically
useful epoxides.
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Full geometry optimizations were performed with the hybrid
DFT B3LYP functional*®*” and the 6-31G(d) basis set’®*° using
Gaussian 09, a widely accepted level of theory for studying
mechanisms of organic reactions.”** The effects of the active
site environment of the protein were implicitly included in all
calculations using the Conductor-like Polarizable Continuum
Model (CPCM)>*>* with diethyl ether as the solvent (¢ = 4). The
transition states (TS) were located by using a Bofill update TS
search on a reduced potential energy surface.”” Analytical fre-
quency calculations were performed at the same level of theory
as the geometry optimizations to obtain the zero point ener-
gies (ZPE). The nature of the stationary points was determined
in each case according to the Hessian matrix eigenvalues. We
have also checked that imaginary frequencies exhibit the
expected motion, while transition states have also been veri-
fied by intrinsic reaction coordinate (IRC) calculations. More
accurate energies were obtained by single-point calculations
including the DFT hybrid B3LYP-D3BJ dispersion correction
with the larger 6-311+G(2d,2p) basis set. All energies are ZPE-
corrected.

Active site model. The quantum chemical model used has
been devised based on the most populated cluster from a 1000
ns MD simulation on the alkyl-enzyme intermediate (Int1, see
full details in the ESIf). The starting structure was obtained
from the X-ray crystal structure of wild-type BmEH from the
PDB structure: 4NZZ. The cluster model consists of: an
Asp239-His267-Asp97 catalytic triad, two active Tyr144 and
Tyr203 residues, a nucleophilic water molecule and two hydro-
gen bonded amide bonds (Gly29-Phe30 and Phe30-Pro31
from the oxyanion motif HGFP). In addition, Trp98, Leu168,
Met145, Thr241, and Pro240 residues were also included to
appropriately describe the shape of the active site cavity of the
BmEH,y, enzyme. All amino acids were truncated at the a- or
B-carbon, except for the tyrosines, which are modelled as
phenols and for Pro240, in which only the a- and its side-
chain carbon attached are included to properly simulate the
conformational rigidity of proline. Atoms in black (and
highlighted with asterisks) shown in Fig. 2 are kept fixed to
their initial Cartesian coordinates during the optimizations.
Hydrogen atoms were included manually based on either the
literature or the BmEH 7, active site rearrangement, resulting
in two aspartate Asp97 and Asp239 active site residues mod-
elled as in the negatively charged state, whereas His267 was
modelled in the neutral form, obtaining a quantum model
with an overall charge of —2 (see Fig. 2).

The epoxide substrates used to model the mechanisms
were the racemic styrene oxide (rac-SO) and its racemic para
nitro-substituted derivative (rac-p-NSO, cluster models of 195
and 197 atoms, respectively). To explore the origins of the
enantio- and regioselectivity of BmEH and the effect of the
presence of the NO, group, all plausible reaction mechanisms
should be considered. Thus, a total of 16 reaction pathways
need to be computed to take into account that the EH hydro-
lysis of rac-epoxides can take place via an attack on either

8834 | Org. Biomol Chem., 2017, 15, 8827-8835
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carbon atom of each enantiomer, and also two possible
binding orientations of the substrate on the basis of the pro-
posed BmEH active site tunnel.® The two possible binding
poses arise from the orientation of the phenyl moiety of the
substrate towards either region 1 (r1) placing the phenyl
moiety close to His267, or region 3 (r3) when it points towards
Trp98 (see Fig. 1 and 2).
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Computational methods

Full geometry optimizations were performed with the hybrid DFT B3LYP functional™ % and the 6-31G(d)
basis set> ¢ basis set using Gaussian 09,5 a widely accepted level of theory for studying mechanisms of
organic reactions.”” The effects of the active site environment of the protein were implicitly included in all
calculations using the Conductor-like Polarizable Continuum Model (CPCM)S’ ® with diethyl ether as the
solvent (e=4). The transition states (TS) were located by using a Bofill update TS search on a reduced
potential energy surface.’® Analytical frequency calculations were performed at the same level of theory as
the geometry optimizations to obtain the zero point energies (ZPE). The nature of the stationary points was
determined in each case according to the Hessian matrix eigenvalues. We have also checked that imaginary
frequencies exhibit the expected motion, while transition states have also been verified by intrinsic
reaction coordinate (IRC) calculations. More accurate energies were obtained by single-point calculations
including the DFT hybrid B3LYP-D3BJ dispersion correction with the larger 6-311+G(2d,2p) basis set. All
energies are ZPE-corrected.

Active site model. The quantum chemical model used has been devised based on the most populated
cluster from a 1000-ns MD simulation on the alkyl-enzyme intermediate (Intl, see full details of MD
simulation below). The starting structure was obtained from the X-ray crystal structure of wild-type BmEH
from the PDB structure: 4NZZ. The cluster model consists of: Asp239-His267-Asp97 catalytic triad, the two
active Tyr144 and Tyr203, the nucleophilic water molecule and two hydrogen bonded amide bonds (Gly29-
Phe30 and Phe30-Pro31 from the oxyanion motif HGFP). In addition, Trp98, Leul68, Metl145, Thr241,
Pro240 residues were also included to appropriately describe the shape of the active site cavity of
BmEH,nzz enzyme. All amino acids were truncated at the a— or f—carbon, except for the tyrosines, which
are modelled as phenols and for the Pro240, in which only the a— and its side-chain carbon attached are
included to properly simulate the conformational rigidity of proline. Atoms in black in Figure 2 are those
maintained fixed to their initial Cartesian coordinates during the optimizations. Hydrogen atoms were
included manually based either on literature and BmEH,\z; active site rearrangement, resulting the two
aspartate Asp97 and Asp239 active site residues modelled as in the negatively charged state, whereas
His267 was modelled in the neutral form, obtaining a quantum model with an overall charge of -2 (see
Figure 2).

The epoxide substrates used to model the mechanisms were the racemic styrene oxide (rac-SO) and its
racemic para nitro substituted derivative (rac-p-NSO, cluster models of 195 and 197 atoms, respectively).
To explore the origins of the enantio- and regioselectivity of BmEH and the effect of the presence of the
NO, group, all plausible reaction mechanism should be considered. Thus, a total of 16 reaction pathways
need to be computed to take into account that EHs hydrolysis of rac-epoxides can take place via attack on
either carbon atom of each enantiomer, but also two possible binding orientations of the substrate on the
basis of the proposed BmEH active site tunnel.™! The two possible binding poses arise from the orientation
of the phenyl moiety of the substrate towards either region 1 (rl) placing the phenyl moiety close to
His267, or region 3 (r3) when it is pointing towards Trp98 (see Figure 1 and 2).

Molecular Dynamics of the alkyl intermediate. 1000 ns MD simulation in explicit water was performed
using AMBER 16 package12 in our in-house GPU cluster Galatea.

Parameters for the non-standard alkyl-intermediate were generated within the antechamber module of
AMBER 16 using the general AMBER force field (GAFF),13 with partial charges set to fit the electrostatic
potential generated at the HF/6-31G(d) level by the restrained electrostatic potential (RESP) model.”® The
charges were calculated according to the Merz-Singh-Kollman scheme® using Gaussian 09.° Amino acid
protonation states were predicted using the H++ server (http://biophysics.cs.vt.edu/H++).17 Then, the
covalently modified enzyme (PD: 4NZZ) was solvated in a pre-equilibrated truncated cuboid box with a 10-
A buffer of TIP3P'® water molecules using the AMBER16 /eap module, resulting in the addition of ~9,000
solvent molecules. The systems were neutralized by addition of explicit counterions (Na*). All subsequent
calculations were done using the widely tested Stony Brook modification of the Amber 99 force field
(ff99sB).*°

A two-stage geometry optimization approach was performed. The first stage minimizes the positions of
solvent molecules and ions imposing positional restraints on solute by a harmonic potential with a force
constant of 500 kcaI-moI_l-A_z, and the second stage is an unrestrained minimization of all the atoms in the
simulation cell. The systems are gently heated using six 50-ps steps, incrementing the temperature 50 K
each step (0—300 K) under constant volume and periodic boundary conditions. Water molecules were
treated with the SHAKE algorithm such that the angle between the hydrogen atoms is kept fixed. Long-
range electrostatic effects were modeled using the particle-mesh-Ewald method.”®



An 8-A cutoff was applied to Lennard-Jones and electrostatic interactions. Harmonic restraints of 10
kcal-mol™ were applied to the solute, and the Langevin equilibration scheme was used to control and
equalize the temperature. The time step was kept at 1 fs during the heating stages, allowing potential
inhomogeneities to self-adjust. Each system was then equilibrated without restrains for 2 ns with a 2-fs
time-step at a constant pressure of 1 atm and temperature of 300 K. After the systems were equilibrated in
the NPT ensemble, 1 ps MD simulation was performed under the NVT ensemble and periodic-boundary
conditions.

Figure S1. Representation of the overlay of the most populated 1 ps MD BmEH simulation (in teal), the cluster model structures TS1-S-C1-r1 (in
green) and Int1-S-C1-r1 (in purple).

* *
*
*
*
*
*
*
*
*
*
*
* *  k *
* * *
* *
* ok * *
* *
*
*
*
* * * *
*
% *
* *
*
*
*
*
*
*
* * *
*
* *
* * *
* % * * *
*
* *
* *
% * * i * %
* Glyo
Leuses *
* *
* % * *

Figure S2. B3LYP-D3BJ/6-311+g(2d,2p)//6-31g(d) level corresponding to the different steps of the BmEH mechanism of action for (R)-p-NSO substrate
oriented towards region 3 for the attack at the benzylic positon (C1): A) epoxide ring opening (TS1-R-C1-r3), B) alkyl-enzyme intermediate (Int1-R-C1-
r3), C) hydrolysis of alkyl-enzyme intermediate (TS2-R-C1-r3), D) tetrahedral intermediate (Int2-R-C1-r3), E) dissociation of tetrahedral (TS3-R-C1-r3)
and F) product complex (Prod-R-C1-r3). All distances are in A. Active site pocket residues are shown as transparent sticks and spheres and non-polar
hydrogen atoms are omitted for clarity. Atoms in black spheres and asterisks are those maintained fixed.



TS2-S-C1-r1 TS3-R-C1-r1

Figure S3. Non-covalent interactions representation of transition states A) TS2-S-C1-r1 and B) TS3-R-C1-r1 for the most favoured attack of (S)-p-NSO
hydrolysis using the NClplot computational tool.””*> NCI surface show intermolecular interactions between the epoxide substrate and the active site
residues included in the CM model. All residues are represented as balls and sticks and the two possible orientations of each substrate is indicated
for each case (region 1, His267 and region 3, Trp98). Only the most important catalytically residues are labelled regarding BmEH (PDB: 4NZZ)
numbering and non-polar hydrogen are not shown for clarity. Grey arrows are used to highlight the most important noncovalent interactions. The
most important residues are framed.

Figure S4. Energy profiles at B3LYP-D3BJ/6-311+g(2d,2p)//B3LYP/6-31g(d,p) level of theory for all possible BmEH-mediated epoxide rac-SO hydrolysis
outcomes. All energies are in kcal-mol™ and referenced to the lowest energy RC for each enantiomer, RC-S-SO-r1 and RC-R-SO-r1, respectively.
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Figure S5. B3LYP-D3BJ/6-311+g(2d,2p)//6-31g(d) level corresponding to the different steps of the BmEH mechanism of action for (5)-SO substrate
oriented towards region 1 for the attack at the benzylic positon (C1): A) epoxide ring opening (TS1-5-SO-C1-r1), B) alkyl-enzyme intermediate (Int1-S-
SO-C1-r1), C) hydrolysis of alkyl-enzyme intermediate (TS2-S-SO-C1-r1), D) tetrahedral intermediate (Int2-S-SO-C1-r1), E) dissociation of tetrahedral
(T$3-5-S0-C1-r1) and F) product complex (Prod-5-SO-C1-r1). All distances are in A. Active site pocket residues are shown as transparent sticks and
spheres and non-polar hydrogen atoms are omitted for clarity. Atoms in black spheres and asterisks are those maintained fixed.
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Epoxide hydrolase conformational heterogeneity for the
resolution of bulky pharmacologically-relevant epoxide
substrates

Eila Serrano-Hervas,™ Guillem Casadevall,"™™ Marc Garcia-Borras,” Ferran Feixas,”® and Silvia
Osuna*2*!

Abstract: The conformational landscape of Bacillus megaterium epoxide hydrolase (BmEH) and how it is altered
by mutations that confer the enzyme the ability to accept bulky epoxide substrates has been investigated.
Extensive molecular dynamics (MD) simulations coupled to active site volume calculations have unveiled relevant
features of the enzyme conformational dynamics and function. Our long-timescale MD simulations identify a key
conformational state not previously observed by means of X-ray crystallography and short MD simulations that
presents the loop containing one of the catalytic residues Asp239 in a wide-open conformation, which is likely
involved in the binding of the epoxide substrate. Introduction of mutations M145S and F128A dramatically alters
the conformational landscape of the enzyme. These singly mutated variants are able to accept bulkier epoxide
substrates due to the disorder in the a-helix containing the catalytic Tyr144 and some parts of the lid domain
induced by mutation. These changes impact the enzyme active site, which is substantially wider and more

complementary to the bulky pharmacologically-relevant epoxide substrates.

Enzymes are inherently dynamic and sample alternative conformations to the native state.!"! Many
studies have shown that conformational heterogeneity is a key feature of enzymes, which is important for
their function and for their evolution towards novel activities. The enzyme free energy landscape originates
from the different conformations that exist in dynamic equilibrium, which if separated by small energy
barriers can be significantly populated in solution. Mutations introduced in the enzyme, but also the binding
of substrate, inhibitor or product can induce a redistribution of the populations of the conformational states
that pre-exist in solution.®! The ability of some enzymes to accelerate additional promiscuous reactions has
indeed been connected to this conformational plasticity and erxibiIity.[‘” Experimental evidences have been
provided supporting the importance of enzyme conformational dynamics that include B-factor analysis,
careful inspection of crystallographic structures along evolutionary pathways, changes in NMR spectra,
among others.?2 429 Computational methods have been shown to be particularly useful in this regard.[5°’ ol
We have recently found that molecular dynamics (MD) simulations coupled to correlation-based analysis
can provide important insights on the alternative conformations that the enzyme can adopt in solution, but
most importantly can predict which amino acid positions are key for favouring a desired population shift to

enhance a promiscuous activity.[2°]

Most of the epoxide hydrolases (EH) structurally characterized up to date possess an a,3-sheet core
and a flexible lid domain that covers the enzyme active site (see Figure 1A).m In the lid, two catalytically
relevant tyrosine residues are contained (Tyr144 and Tyr203), which are responsible for the recognition and
activation of the epoxide substrate to yield the vicinal diol in high enantio- and regioselectivity (see Figure
1B).[7°' 8 |n the core domain, EHs present a conserved catalytic triad (Asp97-His267-Asp239), as well as the
HGXP oxyanion motif responsible for stabilizing the negative charge developed after the epoxide ring

opening by the nucleophilic Asp 97.



Figure 1. A) Representation of BmEH enzyme wild-type structure (PDB: 4NZZ), and active site access tunnels: substrate entrance (zone 1, in
red), active site (zone 2, yellow) and product release (zone 3, teal). Relevant regions for the enzyme catalytic activity are highlighted: the
loops containing the catalytic triad residues Asp239 (in gold), His267 (violet), and the nucleophilic Asp97 (grey); the a-helices of Tyr144 and
Tyr203 in green and blue, respectively. B) Schematic representation of BmEH active site with an epoxide substrate bound (reactant complex).
C) General reaction scheme of epoxide hydrolysis to yield the corresponding vicinal diol, together with the representation of bulky
pharmacologically-relevant epoxide substrates phenyl glycidyl ether (PGE) and naphthyl glycidyl ether (NGE) structures.

The mechanism followed by EHs for catalysing the hydration of racemic epoxides has been long
debated.? Many computational studies have been published in the literature providing a detailed atomistic
description of the accepted two-step mechanism, and how active site mutations affect the activity and
selectivity of the enzyme.!® In contrast to other reported EHs,® ' Bacillus megaterium EH (BmEH) has an
unusual (R)-selectivity, being also active towards ortho-substituted phenyl glycidyl ethers (PGE, see Figure
1C) providing excellent enantiomeric ratios.!"" This makes BmEH a potential industrial biocatalyst for the
production of B-blocker drugs such as (S)-alprenolol and (S)-propranolol.[”b] In a recent study by our group,
the origin of selectivity of BmEH towards racemic styrene oxide and its para-nitro derivative was
computationally explored.!" Interestingly, substantially lower activation barriers were found for (S)-epoxides,
indicating that the inherent (R)-selectivity of the enzyme can be modulated by the nature of the epoxide

substrate as well.

BmEH was crystallized in the presence of phenoxyacetamide, a substrate analogue (PDB: 4008).[1“’]

Interestingly, three different potential binding sites were identified corresponding to either the active site
region, named zone 2, that contains the abovementioned catalytic triad as well as the oxyanion motif, a
deep cleft identified as zone 1 or entrance channel, and a bowl-like area corresponding to the product
release or zone 3 (see active site tunnels highlighted in Figure 1A). Alanine scanning experiments at two
positions located in the substrate entrance and product release zones, i.e. residues F128 and M145, were
used to support the hypothesis of the different active site tunnels.!'™ Interestingly, mutation of both
positions to smaller residues (serine and alanine) was found to be crucial for enhancing the catalytic activity
of the enzyme towards the resolution of bulky epoxide substrates such as a-naphthyl glycidyl ether (NGE,

the activity is from 25 to 434 times higher than for the wild type enzyme).!""® " This increase in activity was



attributed to the wider product release zone 3 of the variants that is supposed to facilitate the product
[11b]

dissociation step.

The hypothesis that different access tunnels for the substrate association and product dissociation exist
in BmEH, combined with its unique ability to accept bulkier substrates of industrial interest make the study
of the conformational variability of BmEH highly appealing. Of particular relevance is the evaluation of the
role of positions F128 and M145. In this communication, we evaluate the conformational heterogeneity of
BmEH by means of long-timescale molecular dynamics (MD) simulations, and explore how the included
mutations affect the conformational landscape and the ability of the enzyme to accept bulkier

pharmacologically-relevant epoxide substrates.

BmEH conformational heterogeneity:

The free energy landscape (FEL) constructed from an accumulated simulation time of 19 microseconds
of MD simulations for the wild-type enzyme in the apo state is shown in Figure 2A. Dimensionality reduction
of the highly complex MD dimensional data was achieved by applying the kinetically-relevant time-lagged
independent components analysis (TICA) (see computational details and Scheme S1 for free energy
construction). Wild-type EH can adopt four major conformations, among which the most populated one
corresponds to the X-ray-like conformation AWT (see Figure 2A). In this conformational state, the catalytic
machinery of the enzyme is well-positioned for catalysis: both Tyr144 and Tyr203 are properly positioned,
and the Asp293-His267-Asp97 triad is in a catalytically competent conformation for performing the
nucleophilic attack after substrate binding (see Figure 1C). However, this conformational state presents
quite small volumes in both region 1 and 3 (an approximate total volume of 133 A3). The other three

conformational states sampled are not as catalytically competent as 1"

as their catalytic triad
arrangements present deviations from the ideal quantum mechanics geometry.m] However, in the absence

of ligand they are also substantially populated in solution.

Conformational state 2" exhibits a different conformation of the sidechain of the oxyanion hole residue
Phe30. This change of Phe30 affects the nearby residue Trp98, also involved in the stabilization of the
developed negative charges during the course of the epoxide ring opening reaction. In 3" the lid that
covers the active site of the enzyme is slightly deviated from the X-ray position. This displacement affects
the loop that contains His267, which is still situated at a short distance from the catalytic Asp97 (at ca. 3.6
A). The loop containing Asp239 that completes the catalytic triad is also affected, and adopts a partially
open conformation (see black arrows in Figure 2A, 3WT). Conformations 2" and 3T present substantially
larger volumes as compared to the X-ray conformation 1"' (ca. 170 and 230 A® for 2"" and 3",
respectively, see Table S1). Both conformational states are relatively stable and separated from AW by
small energy barriers in this reaction coordinate. These results are indicating that in the absence of epoxide

substrate, these three states are thermally accessible and coexist in solution.



4T

The observed displacement of the lid and Asp239-containing loop is even more pronounced in (see

black arrows in Figure 2A, 4WT). Conformational state 4" is quite stable and is separated from
conformations 1""-3"T by an energy barrier of ca. 3 kcal/mol in this reaction coordinate. The lid adopts a
closed conformation substantially shifting the a-helix that contains the catalytically relevant Tyr144, which is
displaced from the active site. Tyr203 is also not properly positioned for catalysis as it locates its sidechain
in region 3. The lid conformation has a dramatic impact into the loop containing Asp239 that adopts a
catalytically unproductive open conformation. The calculation of the volume of zones 1 and 3 evidences that
this conformational state 4"V has a wider access to the active site zone (a total volume of ca. 617 A3, see
Table S1). These results are suggesting a key role of both the Asp239 loop and the coupled Tyr144

conformational change for binding the PGE epoxide substrate.

Figure 2. Representation of the free energy landscape obtained after applying the dimensionality reduction TICA to the accumulated MD data
set for A) BmEH wild-type, and B) F128A variant. TIC1 describes the degree of a-helix and lid disorder, while TIC2 differentiates open and
closed conformational states of Asp239-containing loop. The four most stable conformational states for: A) BmEH wild-type (i.e. 1""- 4"T),
and B) F128A variant (i.e. 17'?**-47"%®) are overlaid to the crystallographic wild-type structure of BmEH (shown in gray). The most important
changes occurring in each conformational state (as compared to the X-ray conformation) are highlighted with black arrows and bold text.



Partial unfolding of Tyr144 alpha-helix is responsible for BmEH tolerance towards bulky epoxide substrates:

Mutations F128A and M145S were found to enhance the enzyme ability for accepting the bulkier o-allyl
phenyl glycidyl ether (o-allyl-PGE) and naphthyl glycidyl ether (NGE) substrates, respectively. To elucidate
the effect of the mutations in altering the conformational landscape of the wild-type enzyme, we ran

additional MD simulations of both singly-mutated variants (see computational details).

The crystal structure available for the F128A variant (PDB: 4100) presents the diol product of NGE bound to
zone 3 of the enzyme. As shown in Figure 2B, the X-ray conformation that presents all catalytic residues in
a catalytically competent pose is not the most stable conformation of the enzyme in the apo state (see X-ray
minima in Figure 2B). Instead, conformational state 17'2%* is visited that presents the lid domain slightly
shifted with respect to the crystal structure. This lid displacement affects the conformation of the loop
containing His267 that positions its sidechain far away from the active site (the distance between Ne and
Asp OD1 is ca. 7.7 A). F128A mutation generates more space in zone 3, which is now occupied by the
indole ring of Trp98 (see Figure 2B, 1F128A). Apart from these deviations, the rest of the catalytic and
oxyanion hole residues are properly positioned. This conformation has a similar volume to 1WT,
Conformational state 27284 s equally populated as 171282 and is separated from 17284 by an energy
barrier of ca. 2.5 kcal/mol through different minor conformational states that present the a-helix of Tyr144
slightly disordered (see black arrows in Figure 2B, 27'%%). Thus, converting 17'?®* into 27'%%A induces a
partial disorder to the a-helix of the catalytic Tyr144, which is displaced from the active site and occupies
the space left by F128A mutation. 2F128A presents His267 closer to the nucleophilic Asp97 (at a distance
between Ne and OD1 of ca. 5.8 A), however as the loop that contains Asp239 is in a partially closed
conformation the His267--Asp267 distance is elongated up to ca. 7 A. This conformation is separated from

371282 by a small energy barrier of less than 1 kcal/mol.

371284 presents the a-helices of the lid and the helix that contains residues 143-147 highly disordered,
as well as the Asp239 loop in a partially open conformation. These changes increase the volume of both
zone 1 and 3 quite substantially leading to a total volume of ca. 631 A3 (see Table S$1). As compared to the

wild-type enzyme 4V the wider volume found in region 1 suggest that conformational state 3F128A

is likely
to play a key role for binding the bulky NGE epoxide substrate and facilitate the diol product release.
Conformational state 47284 presents the lid in a closed conformation and the Asp239 loop open. Similarly to
AL Tyr144 is displaced from the active site (see Figure 2). However, the computed volume for 4F128A g

substantially smaller than in 4T (the total volumes are ca. 188 and 615 A3 respectively, see Table S1).

Our long-timescale MD simulations indicate that partial unfolding of the a-helix that contains the
catalytically relevant Tyr144 is required for BmEH to accept the bulkier NGE epoxide substrate. Of special
relevance is conformational state 37'?®A not observed in the wild-type enzyme, that presents a wide active
site pocket ready to bind NGE and facilitate the product release. The partial unfolding of Tyr144 o-helix

observed in our MD simulations is in line with the experimental observation that doubly mutated



F128S/M145S variant presents severe protein-folding problems.!""? To further evaluate our hypothesis, we

decided to computationally evaluate the M145S variant.

The free energy landscape of variant M145S shares some common features of the wild-type enzyme
and F128A variant (see Figure S2, Sl). As observed in the wild-type enzyme, conformational state A W1458
presents all catalytic residues in the proper conformation for catalysis, and 2M1458 has the oxyanion residues
Phe30 and Trp98 with a different side-chain conformation. In this particular case, Trp98 can favorably
position its indole ring in the space left by the M145S mutation. Conformational state 4M"1458 is also similar to
4" as it presents the Asp239 loop in a wide-open conformation and Tyr144 displaced from the active site.
This conformation presents a large volume of the active site (ca. 644 A%), which is bigger than for wild-type
enzyme in line with the ability of M145S to accept o-allyl-PGE. An additional conformation is observed for
M145S, i.e. 555 that resembles 4" although in this case a different conformation for the Trp98
sidechain is observed.

Interestingly M145S shares with F128A some conformational states that present the a-helix of Tyr144 and
the lid domain highly disordered. Although with the simulation time accumulated for M145S, the stable
conformational states 2F'2* and 31284 observed in F128A could not be visited. Still, our findings for M145S
are again demonstrating that both mutations induce partial unfolding of a-helix 143-147, which generates a

wider active site pocket and thus confers the enzyme the ability to accept bulky epoxide substrates.
Conclusions

Our extensive MD simulations combined with active site volume measurements reveal interesting
features of BmEH conformational dynamics. A new conformational state is characterized for the first time
that presents the loop containing the catalytic Asp239 in a wide-open conformation. This conformational
change positions Tyr144 out of the active site, and thus leads to a wide active site and a broad substrate
access channel. Based on these observations, we propose that this conformation is key for binding the
epoxide substrate. Introduction of mutations M145S and F128A alters the conformational landscape of the
enzyme. Of special relevance is the appearance of some major conformational states that present the a-
helix containing the catalytic Tyr144 highly disordered as well as some parts of the lid domain. These
conformational states have a substantially wider active site pockets and access channels and thus
correspond to the major reason for the ability of the M145S and F128A variants to accept bulkier
pharmacologically-relevant epoxide substrates. Our study on the BmEH conformational dynamics provides
key relevant information for the pursue of new engineered variants with higher lid and a-helix 143-147

plasticity for the resolution of bulky industrially-relevant epoxide substrates.

Computational Section

Molecular Dynamics Simulations. Long-timescale MD simulations in explicit water were performed using

AMBER 16 packagem] in our in-house GPU cluster Galatea. The structures used were taken from the



protein data bank (PDB); wild-type (WT, 4NZZ) and F128A variant complexed with the NGE-diol product
(4100). M145S variant was generated by introducing the single mutation on different wild-type apo
conformations explored through the long MD simulations using PyMOL (http://www.pymol.org). Each
system was solvated in a pre-equilibrated truncated cuboid box with a 10-A buffer of TIP3P water molecules
and was neutralized by addition of explicit sodium counterions. All subsequent calculations were done using
the widely tested Stony Brook modifications of the Amber 99 force field (ffO9SB). The data used for the
following analyses contained MD simulations of 2 trajectories of 5.2 us and 3 of 0.2 us for WT, 2 trajectories
of 3.8 and 3.2 us and 0.2 us for F128A and 1 trajectory of 2 us for M145S starting from the X-ray
conformation. Additional MD simulations were performed in multiple rounds starting from the FEL less
populated clusters generated with k-means algorithm of the previous long MD simulations. The total time
accumulated is 19 us for WT, 20 us F128A, and 18 us for M145S (see Scheme S1 in SI).

FEL construction. The Free Energy Landscape (FEL) was constructed from the MD simulation data using
pyEMMA (4] (http://pyemma.org). We applied the dimensionality reduction technique time-lagged
independent component analysis (TICA),["™™ by considering the minimum group distance between the Ca. of
every three residues as feature. TICA performs a dimensionality reduction by considering the time
correlation of the data, thus minimizing the loss of kinetic information. The two slowest TICA components
identified correspond to: TIC1 describing the disorder of a-helix and LID domain, TIC2 accounting for
Asp239-loop movement. TIC1 and TIC2 were used to construct the free energy landscape of the enzyme.

Uniform distance clustering (k-means algorithm as implemented in pyEMMAL'¥)

was applied to obtain 30
clusters for WT and M145S, and 50 for F128A that clearly distinguished the different protein conformations
explored along the MD simulations. The obtained clusters were further clusterized according to the Ca
coordinates using cpptraj.m] Volume calculations were performed for the most populated and significant
clusters with the computational tool POcket Volume MEasurer (POVME) 2.0."®" Full description of
computational methods, and additional figures and tables as described in the text are provided in the

Supporting Information (Sl).
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Computational Section with full references

Molecular Dynamics Simulations. Long-timescale MD simulations in explicit water were
performed using AMBER 16 package!” in our in-house GPU cluster Galatea. Amino acid
protonation states were predicted using the H++ serve (http://biophysics.cs.vt.edu/H++).[2] Then,
the enzyme was solvated in a pre-equilibrated truncated cuboid box with a 10-A buffer of TIP3PH!
water molecules. The systems were neutralized by addition of explicit counterions (Na+). All
subsequent calculations were done using the widely tested Stony Brook modifications of the
Amber 99 force field (foQSB).[‘” The structures used were taken from the protein data bank (PDB);
wild-type (WT) (4NZZ), WT complexed with a substrate analogue (4008) and F128A variant
complexed with the NGE product (4100). M145S variant was generated by introducing the single
mutation on different wild-type apo conformations explored along the MD simulations using the
PyMOL (http://www.pymol.org).

A two-stage geometry optimization approach was performed. The first stage minimizes the
positions of solvent molecules and ions imposing positional restraints on solute by a harmonic
potential with a force constant of 500 kcal-mol™"- A and the second stage is an unrestrained
minimization of all the atoms in the simulation cell. The systems are gently heated using six 50-
ps steps, incrementing the temperature 50 K each step (0-300 K) under constant volume and
periodic boundary conditions. Water molecules were treated with the SHAKE algorithm such that
the angle between the hydrogen atoms is kept fixed. Long-range electrostatic effects were
modelled using the particle-mesh-Ewald method.?!

An 8-A cutoff was applied to Lennard-Jones and electrostatic interactions. Harmonic restraints of
10 kcal'mol” were applied to the solute, and the Langevin equilibration scheme was used to
control and equalize the temperature. The time step was kept at 1 fs during the heating stages,
allowing potential inhomogeneities to self-adjust. Each system was then equilibrated without
restraints for 2 ns with a 2 fs time-step at a constant pressure of 1 atm and temperature of 300 K.
After the systems were equilibrated in the NPT ensemble, 2 trajectories of 5.2 us and 3 of 0.2 us
for WT, 2 trajectories of 3.8 and 3.2 us 0.2 pus for F128A and 1 trajectory of 2 us for M145S of MD
simulations starting from the X-ray conformation were performed under the NVT ensemble and
periodic-boundary conditions using our Galatea cluster (composed by 178 GTX1080 GPUs).
Additional MD simulations were performed in multiple rounds starting from the FES less populated
clusters generated with k-means algorithm of the previous long MD runs: 10 trajectories of 0.7 us
and 4 of 0.25 us for the WT, 10 of 0.7 pus and 10 of 0.6 us for F128A and 20 of 0.8 us starting
from the FES WT clusters for M145S. The total simulation time sums up to ca. 57 ps.

FEL construction. The Free Energy Landscape (FEL) was constructed from the MD simulation
data by combining functionalities of pyEMMA software packagels] (http://pyemma.orq). After some
tests, using the alpha carbon minimum group distance feature every 3 residues, resulted
numerically feasible and therefore these feats were used as input coordinates. Then, the slow
linear subspace of these particular definition of the system was estimated by computing the time-
lagged independent component analysis (TICA).m A dimension reduction was achieved by
projecting on the slowest TICA components: TIC1 describing the LID motion and TIC2 accounting
for Asp239-loop movement. Then, uniform distance clustering[sl (k-means algorithm) was applied
to obtain 30 clusters for the WT and M145S and 50 clusters for the F128A variant of the
microstates that clearly distinguished the different protein conformations explored in the long MD
simulations. Furthermore, volume calculations were performed for all the most populated and
significant clusters with the computational tool POcket Volume MEasurer (POVME) 2.0 and
Caver (v. 3.0; 0.7 A radius probe).[m]




Scheme S1 | Protocol for FEL construction.

Input file for cpptraj module for computing the most significant conformations for each
cluster/trajectory.

reference WT_Xray_MD.pdb
trajin cluster_conf_X.dcd

center origin :1-287

rms reference mass

cluster C1 rms :1-287 clusters 10 epsilon 3.0 summary summary.dat info info.dat repout
cluster_conf X repfmt pdb



Table S1 | Volumes in A® of the different BmEH variants studied calculated with POVME 2.0.

Conformational

State Vzone 1 (A%) Vzone 3 (A%) VroraL (A°)
qWT 111 22 133
Wt 163 4 167
wT 120 107 227
g 128 489 617
1F128A 131 0 131
oF128A 24 96 120
3F128A 211 420 631
4F128A 116 72 188
qM1458 177 80 257
oM1455 150 0 150
gM1458 78 111 189
4M45s 220 424 644
5M1458 120 88 208

Figure S1 | Free energy landscapes of A) WT, B) F128A and C) M145S with the most stable

explored conformational states (1-4) indicated.



Figure S2 | Most stable conformations of BmEH M145S variant compared with X-ray wild-type

M1458_4M145S) (

structure. Conformations found in BmEH M154S (i.e. 1 colored as in Figure 1.B.)

are matched by crystallographic wild-type structure of BmEH (gray).

Figure S3 | Volume representation of substrate entrance (zone 1) and product release (zone 3)
for A) WT (zone 1), B) F128A (zone 1), C) WT (zone 3), and D) F128A (zone 3) most stable

explored conformational states (1-4). Volume calculations were carried out with POVME 2.0.
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Figure S4 | Plot of root mean square fluctuation (RMSF) in A of long MD trajectories for wild-
type (WT), variant F128A and M1458S.



Figure S5 | Plot of root mean square deviation (RMSD) in A of long MD trajectories for wild-type
(WT), variant F128A and M145S.
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Chapter 6

Results and Discussion

In this Chapter 6 the main goals achieved in this thesis will be summarized and discussed in
two main sections. According to both publications, this Chapter will start with the insights
derived from the mechanistic studies of BmEH stereo- and regioselectivity shown in Chapter
4. Afterwards, the discussion will continue with the impact of point mutations and the
conformational dynamics of BmEH, as well as how these amino acid exchanges might have an
impact on its activity. Particularly, the effect on its activity towards bulky epoxide substrates,
as described in Chapter 5. At the end of Chapter 6, a brief explanation about the link

between both studies will be also provided.

6.1 Mechanistic Aspects on BmEH’s Stereoselectivity

The production of enantiopure epoxides, as well as 1,2-diols compounds, is of special interest,
mostly because these molecules can be used as building blocks in synthetic chemistry,
such as for the production of g-blocker pharmaceutical compounds. In general, achieving
these compounds from cheap racemic mixture in high purities, that is, in high enantio-
and regioselectivity, is challenging by means of both traditional synthetic chemistry and

biocatalytic approaches. For instance, a common non-enzymatic strategy involves the

123
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asymmetric epoxidation of olefins and enantioselective resolution of racemic epoxides using
chemocatalysts [260]. Nevertheless, due to the inherent chirality of enzymes, in addition to
some other advantages over metal or organic-based catalysts, the trend has been moving
towards the development and the application of more sustainable and ”greener” biocatalytic
approaches. For instance, some enzymatic-based processes that allow to access enantiopure
epoxides include the direct epoxidation of olefin substrate(s) by monooxygenases or peroxidases,
the dehalogenation of halohydrin by halohydrin dehalogenases, and/or the epoxide ring-opening
by epoxide hydrolases (EHs), which can catalyze the reaction selectively by distinguishing
between racemic mixtures of epoxide substrate(s). That is, through the kinetic resolution
of epoxide racemic mixtures (Fig. 6.1a). Opposite to most EHs enzymes, BmEH shows an
unusual (R)-selectivity towards phenyl glycidyl ether (PGE) and the bulky naphthyl glycidyl
ether (NGE) substrates, both §-blockers precursors, while (.5)-preference is observed towards
the widely studied styrene oxide (SO) substrate (Fig. 6.1b). Worth to notice is that depending
on the EH itself and the substrate’s molecular structure (e.g. the substitution pattern of the
epoxide substrate), different selectivities towards a specific substrate’s enantiomer can be

indeed observed in the resolution of epoxide racemic mixtures.

Figure 6.1: a) Schematic representation of the kinetic resolution of the terminal epoxide racemic
mixture catalyzed by BmEH and the molecular structure of BmEH epoxide substrate(s). b) The
substrates used in this study: styrene oxide (SO) and p-nitrostyrene oxide (p-INSO), and two
relevant building blocks of S-blocker drugs are also represented.
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With the aim to address the origins of such preferences, in the present work we have
particularly studied the mechanism for the epoxide ring-opening catalyzed by the BmEH
enzyme. We considered the nucleophilic attack at both oxirane carbon atoms of styrene
oxide (SO) and its para-nitrostyrene oxide (p-NSO) derivative. As Kong and co-workers
identified a BmEH active site tunnel in which three regions are defined (i.e. the substrate
entrance, the active site, and the product release), our mechanistic studies have also been
performed considering two different orientations of the substrates at the BmEH pocket, that
is, the aromatic moiety pointing towards the substrate entrance (i.e. region 1), and pointing

towards the product release (i.e. region 3) (Fig. 6.2).

Figure 6.2: Schematic representation of the construction of BmEH active site model.
Representation of the X-ray BmEH wild-type structure (PDB ID: 4NZZ) with the active site
catalytic residues highlighted. The truncated and the locking scheme (in black spheres and asterisks)
of the BmEH are also represented, as well as the two plausible orientations of the substrate p-INSO
inside the BmEH active site (region 1 or substrate entrance is colored in purple, while region 3 or
product release is colored in yellowish).

In more detail, in this study our mechanistic investigations have been carried out using
the quantum mechanical cluster approach (CM) [231, 232]. Our cluster model has been
constructed following the same protocol as done in previous studies by Himo and co-workers.
However, our truncated model has been particularly devised based on the X-ray BmEH
wild-type structure (PDB ID: 4NZZ), and also from the information gathered on our 1000 ns
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MD simulations on the alkyl-enzyme intermediate (Int1) complex (Fig. 6.3). In addition to
the analysis of the geometric parameters on each of the optimized reaction intermediates, in
order to rationalize the selectivities observed on the energy profile outcomes non-covalent
interactions in selected transition states (T'Ss) were also analyzed using the NClIplot tool

[248).

Figure 6.3: General reaction mechanism scheme for «,5-hydrolase EHs. Catalytic residues are
labelled according to the X-ray structure of BmEH wild-type (PDB ID: 4NZZ).

As shown in Fig. 6.2, the position of two crystallographic waters in the active site (i.e. wats
and wats) indicates two plausible locations for binding the oxygen of the epoxide substrate.
According to the proposed EHs mechanism (Fig. 6.3), the first step is assisted by two tyrosine

residues. As shown in the overlay of the optimized enzyme-substrate (i.e. reactant complex,
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RC) truncated model structures for both (R) and (S) p-NSO enantiomers, the epoxide
establishes hydrogen bond interactions with T'yr144 and T'yrop3. Regardless the region where
the phenyl moiety is pointing, these interactions facilitate the epoxide ring-opening during
the nucleophilic attack from Aspg;. Nucleophilic Aspg7 is in turn properly oriented thanks
to hydrogen bond interactions between the amide backbone groups of Aspg7-Trpes and the
Glyag-Phesy oxyanion hole residues. Furthermore, regarding the second step of the reaction
mechanism, the ion-pair charge relay system formed by Aspszg and Hissgr establishes a
hydrogen bond to activate the water molecule responsible for the hydrolysis of the covalently
bound alkyl-enzyme intermediate (Int1) (Fig. 6.3). As it is also shown in Fig. 6.2, this active
site water is maintained fixed by hydrogen bonds between the nitrogen atom of the base
Hisqg7 and the carbonyl group of the oxyanion hole residues Phesg-Pros;. The formation of
the second covalently bound tetrahedral intermediate (Int2) is generally accepted to be the
rate-determining step of the «,3-hydrolase EH mechanism. And thus, once it is formed, it is
widely accepted that the tetrahedral intermediate Int2 quickly rearranges and dissociates on
the last step to afford the final diol product (Prod).

As shown in Figure 6.3, to regenerate the catalytic cycle (i.e. the binding of a new epoxide
and water molecule, and recover the initial state of the catalytic residues) an additional
acid-base step is required (i.e. Prod —— RC). Although this process cannot be properly
described within the cluster model framework, as proposed by Himo in previous studies [233],
by computing the free energy of the corresponding epoxide + water — diol reaction scheme,
the overall energetics can be roughly estimated. For clarity, in this present discussion we
have selected the two lowest energy profiles outcomes for each enantiomer, which have been
computed at the BBLYP-D3BJ/6-311+g(2d,2p)//B3LYP/6-31g(d,p) level of theory (Fig.
6.4). In the first step of the reaction, the Aspg; can attack either the C} or the Cy of the
epoxide ring to form an ester intermediate. According to our computed energy profiles, the
most hindered C position is kinetically favored regardless the enantiomer, forming the Int1
intermediate inducing to an inversion of the configuration at Cy (Int1-S-C1). The lowest
alkylation transition state for (5)-p-INSO (i.e. TS1-S-C1) is 1.8 kcal - mol™!, while for the
opposite enantiomer the equivalent transition state (i.e. TS1-R-C1) is 3.7 kcal-mol™" higher.
In both TS1 optimized structures similar catalytic distances are observed. Therefore, in
order to investigate the additional stabilization of the TS1-S-C1, we analyzed non-covalent

interactions occurring with surrounding residues with the NCIplot tool (Fig. 6.5). Although
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Figure 6.4: Representation of the two kinetically favored computed energy profiles for
the epoxide hydrolysis mediated by BmEH enzyme for each p-INSO enantiomer at the
B3LYP-D3BJ/6-311+4g(2d,2p)//B3LYP/6-31g(d,p) level of theory. All relatives energies are in
kcal - mol~! and referenced for each case to its lowest RC structure (RC-S-r1 and RC-R-r1,
respectively).

the same regioselectivity towards C] attack is observed for both enantiomers of p-NSQ,it is
worth to point out that each enantiomer is positioned differently inside the BmEH active
site, being the (S)-p-INSO oriented towards region 1 (or nearby Hissgr) and (R)-p-INSO
placed in region 3 (or nearby Trpeg). According to these findings, the former can be further
stabilized through m-stacking interactions between the substrate and the catalytic Hisogr
residue (Fig. 6.5), such non-covalent interactions cannot indeed be established for the lowest
path obtained for the R of the substrate.

For the case of the (5)-p-INSO enantiomer, the lowest in energy TS1-S-C1 displays a
2.25 A distance between the side-chain oxygen of Aspe; and the C; atom of the epoxide
substrate, in addition to an elongation of the single bond between the oxygen and the C}
of the epoxide (up to 1.88 A), as well as the O-H distance of Tyrags (up to 1.00 A). The
optimized structure of the protonated alkyl-enzyme intermediate (Int1-S-C1) suggests that
the opening of the epoxide Aspy; and its protonation by T'yrqgsz is taking place in a concerted

manner, in line with an Sy2 reaction mechanism.



CHAPTER 6. RESULTS AND DISCUSSION 129

Figure 6.5: Representation of non-covalent interactions (NCIs) within the lowest in energy
alkylation transition states. TS1-S-C1-r1l and TS1-R-C1-r3 stands for the rac-p-NSO epoxide
ring-opening reaction using the NCIplot. NCI surface shows intermolecular interactions between
the epoxide substrate and the active site residues included in the cluster model. All residues are
represented as balls and sticks and the two possible orientations of each substrate are indicated
for each case (Hisggr stands for region 1, and T'rpgg stands for region 3). Only relevant catalytic
residues are labelled regarding BmEH wild-type numbering (PDB ID: 4NZZ). Non-polar hydrogens
are omitted for clarity.

Regarding the second step of the reaction mechanism, similar energy barriers were found
for both enantiomers (i.e. 16.2 kcal - mol™' and 16.5 kcal - mol™" for (S)- and (R)-p-NSO,
respectively). Although both alkyl-enzyme intermediates are highly stabilized (by 18.4 for the
Int1-S-C1 and 17.3 kcal - mol™! for the Int1-R-C1), the interactions established by these
structures indicate a good pre-organization to overcome the following reaction barrier. As
indicated on Fig. 6.6, all distances have been shortened at TS2 to hydrolyze the alkyl-enzyme
intermediate and generate the tetrahedral intermediate Int2.For instance, in this step the
active site water molecule has to be activated by the catalytic Hissg7, which is at a distance
of 2.09 A on Int1-S-C1. In turn, the basic character of Hissgr is enhanced by the hydrogen
bond established with Aspase at a distance of 1.76 A. In addition, the oxygen atom of the
Aspoy is properly oriented and interacting at a Int1 distance of 1.83 A and 1.95 A with the
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amide backbone of the oxyanion hole residues (Trpgs and Phegg, respectively), relevant to

stabilize the negative charge that is being formed at this position during this step.

In the last step of the mechanism, similar activation energy barriers are observed for both
enantiomers, being 4.6 kcal - mol~! for TS3-S-C1 with respect to Int2, whereas TS3-R-C1
is 5.6 kcal -mol~t. The analysis of the non-covalent interactions on the optimized model TS3
suggests that TS3-R~C1 is higher in energy due to the lack of m-stacking interactions with
Hisagr, because the phenyl group of the substrate is pointing towards region 3. As shown
in Fig. 6.3, in this final step of the reaction, the diol product is generated after the oxygen
atom (originally from Aspg;) takes a proton from Hisyg; at the same time that the C-O
bond between the substrate and the nucleophile is broken. This is in line with the observed
distances in our TS3 optimized structures. For instance, in TS3-S-C1 an elongated C-O
distance up to 1.79 A is observed, while the distance between the now protonated Hissgr
and the substrate is at 1.48 A (Fig. 6.6).

Therefore, by comparing the lowest energy profiles obtained for both enantiomers, our
findings suggest that overall the selectivity of BmEH enzyme towards the hydrolysis of
p-NSO is determined during the first alkylation step of the reaction, being the R enantiomer
less stabilized due to the lack of m-stacking interactions with the surrounding active site

residues.

(continue in the next page)
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Figure 6.6: Selected optimized cluster model structures for the hydrolysis of (S)-p-NSO
substrate mediated by BmEH throughout the attack at the benzylic position (C;) (S-C1-rl)
at BBLYP-D3BJ/6-311+4g(2d,2p)//B3LYP-D3BJ/6-31g(d) level. For clarity, a simplified version
of the truncated models are shown, non-polar hydrogens are omitted, and only a selected set of
distances and residues are shown regarding the chemical process occurring on each step of the
reaction mechanism. Active site pocket residues are shown as sticks and spheres. Depending on the
reaction step different transparencies are displayed, and bonds breaking or forming are pointed out
in blue color. All distances are in A. Asterisks indicate the applied locking scheme.

With the aim to investigate the effect of the nitro (NOs) substituent on the BmEH selectivity,
the energy profiles for both styrene oxide (SO) enantiomers were also computed at the
same level of theory. Our calculated energy profiles describe a similar trend as for p-NSO

derivative, being the attack at the benzylic position C; the preferred path in both S and
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R enantiomers, although their orientations in the active site are not the same. As in the
case of p-INSO, the lowest activation energy barrier imposed by TS1 is found for the S
enantiomer when the phenyl group is pointing towards region 1 (S-SO-C1-r1), whereas the
most favored path for the opposite enantiomer is when the phenyl group is located on region

3 (R-SO-C1-r3).

Figure 6.7: Representation of the two lowest computed energy profiles for the styrene oxide
(SO) hydrolysis catalyzed by BmEH enzyme considering the two enantiomers of SO at the
B3LYP-D3BJ/6-311+g(2d,2p)//B3LYP/6-31g(d,p) level of theory. All relatives energies are in
kcal-mol~! and referenced for each case to its lowest RC structure (RC-S-SO-r1 and RC-R-SO-r1,
respectively).

As shown in Fig. 6.7, the activation barrier for TS1-S-SO-C1 in region 1 is 4.0 kcal - mol™*,
while this value is 2.6 kcal - mol™! higher for TS1-R-SO-C1 which is oriented towards
region 3. Although similar energies are calculated for each TS3 structures, the alkyl-enzyme
intermediate (Int1) for the case of the R enantiomer is stabilized by 3.5 kcal - mol™'. In
other words, a total barrier of 19.8 kcal - mol~" has to be crossed to generate the diol from
the R enantiomer, while a total barrier of 15.3 kcal - mol™! is found for the rate-determining
step of S-SO. According to these findings, a substituent on SO at the para position, like a

nitro group, is not playing a major effect on BmEH selectivity.
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6.2 Effect of Mutations in BmEH Conformational

Landscape

Most of the structurally characterized EHs up to date belong to the a,8-hydrolase superfamily,
sharing an «,-sheet core domain and a flexible lid domain covering the enzyme active site.
The catalytic machinery of «,8-EHs consists on a highly conserved catalytic triad (i.e.
Aspgr — Hisogr — Aspasg), the ion-pair charge relay (i.e. Aspasg — Hisggr), the oxyanion
hole residues (i.e. Phesg — Trpes), and two acidic tyrosine residues (i.e. T'yri4y and Tyras)

located in the lid that are responsible for the substrate activation and recognition (Fig. 6.8).

Figure 6.8: Schematic representation of BmEH enzyme wild-type structure with relevant active
site residues and secondary structures highlighted: the loop containing the catalytic triad residues
Aspazg in gold, Hisog7 in violet, and the nucleophilic Aspg7 in grey; the a-helix of T'yri44 in green,
and the a-helix of Tyrqps in blue. Substrate entrance is indicated in red, product release in teal.
Residues at positions Pheqsg and Meti45 that were mutated are also represented.

As enzymes are not static, different conformational states existing in dynamic equilibrium are
sampled in solution, as well as along the whole catalytic cycle. The ability to adopt alternative
conformations other than the native state, which is a concept known as conformational
heterogeneity, might be relevant towards enhanced activities or novel functionalities. Such

conformational states can be mapped and identified by constructing what is known as
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conformational free energy landscapes (FEL), a simplified picture that shows the population
of each state and the height of the barriers separating them. As described in Section
1.4, each conformational free energy landscape is linked to a particular set of conditions
(i.e. the enzyme sequence, temperature, pressure, etc.). Therefore, the introduction of
mutations can modify the conformational free energy landscapes, thereby leading to what
is known as the population shift concept. In the particular case of BmEH, the insertion
of mutations on the product release region (i.e. region 3) at position Phejss and Metiys
have been experimentally found to alter dramatically the ability of BmEH to accept bulky
o-allyl-phenyl glycidyl ether and naphthyl glycidyl ether (NGE) substrates compared to
the wild-type BmEH. Therefore, with the aim to identify the most relevant conformational
states of the wild-type BmEH enzyme, as well as its variants, in the present work we have
partially reconstructed the conformational free energy landscapes for each BmEH variant
(i.e. wild-type, singly-mutated F128A, and M145S) by computing short and long MD
simulations. In addition, to rationalize the experimentally enhanced activities of BmEH
variants, apart from the analysis and comparison of the most relevant conformational changes
compared to the wild-type BmEH X-ray structure, active site volumes of representative

structures have been estimated using the POVME tool [261].

To investigate the impact of mutations on BmEH ability to accept bulkier substrates, a
FEL for wild-type BmEH (WT) was build from an accumulated MD simulation time of
19 microseconds in the apo state (i.e. in the absence of any ligand), while singly-mutated
variants F128 A and M145S FELs were constructed from 20 and 18 microseconds (us),
respectively (Fig. 6.9). In a nutshell, all these accumulated high dimensional MD data was
reduced by applying the time-lagged independent component analysis (TICA) technique (for
further details, see Chapters 2 and 5). The FEL is represented regarding the two slowest
TICA components. Considering the minimum group distance of the Ca applied every 3
residues. The physical meaning of the two slowest TICA components identified (i.e. TIC
and T'1C5) describe the disorder of the alpha-helix and lid domain of the BmEH enzyme (i.e.

x), and the conformational variation of the loop containing the catalytic residue Aspazg (i.e.
y) (Fig. 6.9).
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Figure 6.9: Representation of partially reconstructed BmEH wild-type, and singly-mutated F128 A
and M145S variants free energy landscapes. The physical meaning of each TICA component is
also indicated.

As shown in Figure 6.9, four major conformational states for the wild-type enzyme and its
F128A variant were identified, while for the M1458S variant an additional conformational
state was observed. Note, however, that the conformational space explored by the wild-type
enzyme in our simulated time is indeed smaller than for the singly-mutated variants, thereby
suggesting that these additional states visited after the insertion of mutations F128A and
M145S might be relevant towards the acceptance of bulkier substrates.

In more detail, regarding the conformations explored by the wild-type BmEH (Fig. 6.10),
its most populated and representative conformation (i.e. 1"7) is structurally similar to
the crystallographic structure, as all residues involved in the first step of the mechanism
are properly oriented for catalysis. In particular, the two tyrosine residues responsible
for the substrate recognition and binding are well oriented, as well as the catalytic triad

Aspazg — Hisogr — Aspgr to perform the first nucleophilic attack. Regarding the second
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conformational state (i.e. 2"7T), the most relevant deviations from the X-ray structure

correspond to conformational changes of the oxyanion hole residues Phesy and Trpgg
side-chains. Furthermore, in the third conformational state (i.e. 3"7T), subtle changes
regarding the loop containing the Aspssg of the ion-pair charge relay and the lid domain are
observed. Compared to the crystallographic structure (PDB ID: 4NZZ), 3W7 is characterized
for having a partially open conformation of the lid. Although the 47 conformational state
is separated by a 3 kcal - mol~! free energy barrier from the three previously discussed states,
relevant conformational changes that lead to a wider active site BmEH pocket are observed.
On one hand, a deviation of the lid affects the orientation of the Tyr44, which assists the
binding of the epoxide and the alkylation step of the reaction (Fig. 6.3). On the other hand,
a conformational change of the loop containing Aspssg leads to a lid open conformation, both

changes leading to wider active site pocket (Fig. 6.10).

Figure 6.10: Representation of BmEH wild-type conformational states 17 and 4"7. BmEH
wild-type conformations are overlaid to the X-ray of BmEH (PDB ID: 4NZZ, shown in gray). The
most relevant conformational side-chain changes are highlighted with residues represented in bold
spheres and sticks. Bold cartoon is also used to emphasized the other relevant secondary elements
of BmEH conformational states that are deviating from the crystallographic structure.

Although these changes might be relevant for the acceptance and binding of epoxide substrates,
noteworthy to mention is that the catalytically relevant residues are not found in this
conformational state in a productive orientation for catalysis. For instance, regarding the
first step of the mechanism, Tyryg3 side-chain is not properly oriented in 47 to assist the
binding and to act as a proton donor to the epoxide during the nucleophilic attack by Aspgr.
In a similar way, in the third conformational state 37, the Aspysg is not properly positioned

to interact with Hissg7, an interaction required to activate the catalytic water molecule
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on the second step of the reaction. In this line, opposite to the 17 conformational state,
2T is not displaying a good pre-organization of the oxyanion hole residues responsible to
stabilize the negative charge that arises along the catalytic cycle. Nevertheless, in spite of
the deviations from the ideal productive arrangement, the active site volume calculations
suggest that these conformational changes might be indeed necessary for effectively binding
bulky epoxide substrates like NGE. On the other hand, when the catalytic machinery is well
oriented, only significantly small volumes are observed. The estimated total volumes (i.e.
the sum of the independently calculated volumes in region 1 and &) for 1W7 2WT and 3W7T
are 133, 170, and 230 A3, respectively, while remarkably, an estimated total volume of 617
A3 is found for the 4"7 conformation. Nevertheless, the estimated volumes in region 1 are
quite similar in all wild-type conformational states, while the enlargement of the active site
volumes in 47
6.11.

mainly occurs due to the wider volume found in region 3, as shown in Figure

Figure 6.11: Representation of the 17 and 47T estimated active site pocket volumes in region 1
and 3.
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The insertion of the smaller residue alanine at position Phejgg (i.e. the singly-mutated
BmEH variant F128A) generates more space in region 3, the product release region. As
drawn from the analysis of the crystallographic structure (PDB ID: 4100), the diol product
of NGE epoxide is found in region 3, thereby confirming its ability to hydrolyze bulky
substrates. Nevertheless, in the first most populated conformational state of this variant (i.e.
171284) "the lid slightly deviates from this crystallographic structure, which in turn affects
the conformation of the loop that contains Hisqgr (found at 7.7 A respect to Aspasg). In the
equally populated conformational state 271284, the alpha helix that contains Tyria4 is slightly
disordered and T'yri44 occupies the space left by the F128 A mutation. In addition, in this
conformational state the residues that belong to the ion-charge pair relay (i.e. Aspagg and
Hisggr) are not forming a hydrogen bond, instead these residues are at a distance of c.a. 7 A
due to the conformations adopted by their respective loops. The third major state identified

i.e. 371284} is characterized for displaying more disordered regions in the lid

for this variant (
domain and the alpha helix containing Tyri44. 37124 is also characterized for displaying an
open conformation of the loop containing Aspssg. Finally, in the fourth and the last state
(i.e. 471284) similar conformational changes compared to the previously discussed wild-type
enzyme (4"7) are observed. Although the alpha helix containing Tyri4 is more deviated
respect to the crystallographic structure, T'yr44 side-chain is pointing outwards the active

site, while the loops containing Asps3g and Hissgr are in an open conformation.

Although the conformations adopted by 47124 are not significantly differing from the
ones previously observed on 47 it is worth to mention that according to the active site
volume calculations, smaller total volumes are observed (c.a. 188 and 615 A3, respectively).
Nevertheless, as shown in Fig. 6.12, the conformational changes observed in 371284 lead to a
significant increase on the total volumes (c.a. 631 A3). Noteworthy, the wider volume found
in region 1 of state 371284 indicates that, compared to the 4"7 this conformational state
might play a key role for accepting bulky substrates, while facilitating also the diol release

after the reaction.

With the simulation time accumulated for the other BmEH variant (i.e. M1458S), five
different conformational states are identified by partially reconstructing its corresponding
FEL. In a general view, M145S conformations share similar structural features with F128A

(e.g. partial unfolding of alpha helix containing T'yr144), but also with the WT enzyme (e.g.
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1F128A 4F128A

Figure 6.12: Representation of the and

region 1 and 3.

estimated active site pocket volumes in

the catalytic residues are properly oriented for catalysis). For instance, 111455 and 2M1455
conformational states resemble to the previously discussed states for the BmEH wild-type.
Likewise in WT, in 11455 the active site arrangement leads to a productive orientation
of the catalytic residues, while the only deviations observed on 2M4%% are the Phesy and
Trpeg side-chains. In the third conformational state (i.e. 3M1455) the insertion of M145S
mutation induces a high disorder in the alpha helix containing T'yri44, in addition to the
deviations observed for the lid. Opposite to F128A, the conformational state 31459 has
a smaller total volume. However, similar to WT and F128A, in the forth conformational

state 4M145S

wider active site volumes are also observed. This is because the loops containing
Aspasgg and Hisggr are found in an open conformation, while the lid is slightly deviated, and

the Tyri44 side-chain is pointing towards the solvent.






Chapter 7

Conclusions

In the present thesis, we have investigated the mechanism and selectivity of the BmEH
enzyme and variants toward different substrates and how the introduction of mutations affects

the active site and its conformational dynamics toward the acceptance of bulkier substrates.
The main conclusions drawn from this thesis are hereunder presented:

First:

In Chapter 4, the truncated cluster model framework was applied to computationally explore
the mechanism of the hydrolysis of p-NSO and SO substrates by Bacillus megaterium
epoxide hydrolase at the DFT level. The information derived from the computed energy
profiles for all plausible outcomes (i.e. attack at C; and Cy carbons for each enantiomer
and considering different substrate orientations in the active site), showed that the inherent
BmEH preference to bind and react with (R)-epoxide enantiomer is switched for p-NSO and
SO substrates. Similar reactivity trends where found for both substrates. The two kinetically
most favored paths correspond the attack at the benzylic position for both enantiomers but
pointing towards different active site regions (i.e. region 1 for (S)-enantiomer and region 3

for the (R)). The differences on the activation energy barriers indicate that BmEH selectivity
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is determined during the first step of the reaction (i.e. the epoxide ring opening, alkylation
step), while the rate-determining step corresponds to the second step (i.e. the hydrolysis of
the covalently bound intermediate). Additional analysis of non-covalent interactions suggests
that the presence of weak interactions like m-stacking interactions between the substrate and
the residues of the active site pocket are key to dictate selectivity. Overall, the data derived
in the present work shows how mechanistic insights derived from QM modeling serves as a
strategy to rationalize the enantioselectivity and experimental trends with a keen eye on the
future goal of prediction for further enzyme active site design aiming to expand the substrate

scope.

Second:

In Chapter 5, extensive MD simulations combined with structural active site analysis
were employed to explore the conformational changes induced by single-point BmEH’s
mutations F128 A and M145S. The comparison between the partially reconstructed free
energy landscapes for each BmEH variant revealed the conformational changes that lead to
variants with wider active site pockets, thereby being able to accept bulkier substrates such
as NGE. From our accumulated MD data, the alpha-helix and lid domain disorder of BmEH
was captured by the first slowest TICA component T'IC, while the second slowest component
T1C; was described by the conformational variation of the loop containing the catalytic
residue Aspazg. Accordingly, for BmEH wild-type four different conformational states were
identified, four different major states for F128 A BmEH variant, and five for M145S. Based
on these observations, we concluded that the ability of BmEH variants to accept bulkier
substrates arises not only for the space generated in the product release region, but specially
from their ability to visit additional conformational states. Overall, this study on BmEH
conformational dynamics based on the partially reconstruction of free energy landscapes
serves to identify key conformational states induced by mutations, which allow to rationalize
their ability to accept and act upon bulkier substrates, and therefore to further guide the
design of novel variants able to produce pure building blocks of pharmacologically-relevant

compounds.
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