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Abstract (English Version)
This PhD thesis reports theoretical studies of enzyme catalyzed
reactions based on the use of hybrid Quantum Mechanics/Molecular
Mechanics (QM/MM) potentials. It is divided in two blocks, one devoted to
the study of the hydrolysis of a β-lactam antibiotic, and a second block
devoted to exploring the mechanism of a copper monoxygenase.
Firstly, a theoretical study of the hydrolysis of a β-lactam antibiotic,
Cefotaxime (CEF), was carried out in gas phase at different levels of theory.
Later, the reaction was studied in solution, describing the sub-set of atoms of
the QM region with semiempirical and density functional theory (DFT)
methods while classical force fields were used to describe the explicit solvent
water molecules. QM/MM Molecular Dynamics (MD) simulations were used
to generate the potential of mean force (PMF) for the reaction in solution. The
energy profiles showed a step-wise mechanism that is kinetically determined
by the nucleophilic attack of a water molecule activated by the proton transfer
to the carboxylate group of the substrate.
In the next step, the mechanism of hydrolysis of two antibiotics, CEF
and Imipenem (IMI) were explored, in the active site of a mononuclear
β-lactamase, CphA from Aeromonas hydrophila. The results showed
significant differences between both antibiotics when analyzing the transition
state (TS) structures. This study sheds some light into the origin of the
selectivity of the different Metallo-β-lactamases (MβLs).
In the second block of the thesis, QM/MM methods have been applied
to the study of an enzyme belonging to the family of copper monooxygenases
which are known to perform dioxygen-dependent hydroxylation of aliphatic
C-H bonds. In particular the mechanism of hydroxylation by peptidylglycine
α-hydroxylating monooxygenase (PHM), with two uncoupled metal sites, was
the subject of the study. Due to the electronic complexity of the system,
ab initio MD simulations were required in order to get a proper description of
the reaction including the intrinsic flexibility of the active site in the modeling
protocol. The main observation was the extremely fast rebound step after the
initial hydrogen abstraction step promoted by the cupric-superoxide adduct.
These studies, performed at several levels of theory and methods,
illustrate basic features of reaction mechanisms used by enzymes to catalyze
chemical reactions and, from the methodological point of view, the
dependence of the quality of the results on the theoretical approach used to
afford the proper analysis of these important chemical problems.
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Abstract (Spanish Version)
Esta tesis de doctorado presenta estudios teóricos de reacciones
catalizadas por enzimas basados en el uso de potenciales híbridos QM/MM.
La tesis se divide en dos bloques, uno dedicado al estudio de la hidrólisis de
un antibiótico β-lactámico, y un segundo bloque dedicado a la exploración del
mecanismo de una monooxigenasa de cobre.
En primer lugar, se realizó un estudio teórico de la hidrólisis de un
antibiótico β-lactámico, el Cefotaxime (CEF), en vacio a diferentes niveles de
cálculo. A continuación la reacción se estudió en disolución acuosa utilizando
métodos semiempíricos y métodos basados en la teoría del funcional de la
densidad (DFT) para describir el subconjunto de átomos de la región QM,
mientras que las moléculas de agua se describieron de forma discreta con
campos de fuerza clásicos. Se utilizaron simulaciones de dinámica molecular
(MD) con potenciales híbridos QM/MM para generar el potencial de fuerza
media (PMF) para la reacción en disolución. Los perfiles energéticos
mostraron un mecanismo por etapas que está determinado cinéticamente por
el ataque nucleofílico de una molécula de agua activada por la transferencia
de un protón al grupo carboxilato del sustrato.
En el siguiente paso, se exploró el mecanismo de hidrólisis de dos
antibióticos, CEF e Imipenem (IMI) en el centro activo de una enzima
β-lactamasa mononuclear, CphA de Aeromonas hydrophila. Los resultados
mostraron diferencias significativas entre los dos antibióticos al analizar las
estructuras del estado de transición (TS). Este estudio arroja cierta luz en el
origen de la selectividad de las diferentes Metalo-β-lactamasas (MβLs).
En el segundo bloque de la tesis, se estudió una enzima de la familia
de las monooxigenasas de cobre las cuales se sabe que realizan la
hidroxilación dependiente de dioxígeno de los enlaces C-H alifáticos. En
particular, el objeto de estudio fue el mecanismo de hidroxilación por la
peptidilglicina α-monooxigenasa hidroxilante (PHM), que contiene dos
centros metálicos no acoplados. Debido a la complejidad electrónica del
sistema, fue necesario simulaciones de MD ab initio con el fin de obtener una
descripción adecuada de la reacción incluyendo la flexibilidad intrínseca del
centro activo. El resultado principal fue la descripción de la etapa inicial
extremadamente rápida posterior al paso inicial de extracción de hidrógeno
promovido por el aducto de superóxido cúprico.
Estos estudios, realizados a varios niveles de teoría con diferentes
métodos, ilustran características básicas de los mecanismos utilizados por
enzimas para catalizar reacciones, así como, desde el punto de vista
metodológico, las dificultades de su modelización por la dependencia de la
calidad de los resultados con el nivel de cálculo utilizado para obtener un
análisis apropiado de estos importantes problemas químicos.
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1. Introduction and Objectives (English version)

1. Introduction and Objectives
The increasing use of antibiotics has induced the development of
different resistance mechanisms in bacterias. β-Lactamases are the major
cause of resistance of bacteria to β-lactam antibiotics. These enzymes cleave
the amide bond of the β-lactam ring inactivating the antibiotic. The
β-lactamases are classified into four groups. Class A, C and D utilize an active
site serine in the catalysis of the β-lactam hydrolysis, whereas class B consists
of metalloenzymes with one or two zinc cofactors. Although the catalytic
mechanism of the serine-based enzymes is relatively well established, our
understanding of class B β-lactamases is less developed. It is accepted that the
mechanism of hydrolysis includes two steps; nucleophilic attack on the
carbonyl group of the β-lactam ring and protonation of N atom with
concomitant scission of the carbon-nitrogen bond. A question of debate is
whether the bond scission and the protonation of the N take place concertedly
or not. Zinc is an essential trace element and the second most abundant
transition metal in biology. It participates in all major biochemical pathways
and plays many important roles in the perpetuation of genetic material. The
ability of the zinc atom to participate in strong but readily exchangeable
ligand binding and the exceptional flexibility in the coordination geometry
around the metal center allow the use of zinc in a variety of biological
applications. Zinc exerts many biological effects through chemical reactions
catalyzed by enzymes. The Zn(II) ion present in metalloenzymes can adopt
four-, five-, or six-coordinate geometry because the energy barrier for the
conversion
between
various
geometries
is
relatively
small.
Metallo-β-lactamases have very broad substrate spectra. Despite much effort,
no clinically effective inhibitor has been found. These enzymes represent a
potent threat to β-lactam antibiotics.
The first part of the present PhD Thesis is focused in the theoretical
study of the hydrolysis of β-lactam antibiotics in gas phase and in aqueous
solution (see Publication 1 in Chapter 10). In this first contribution the
β-lactam ring hydrolysis of Cefotaxime (CEF), which belongs to the group of
Cephalosporines, was studied in gas phase including the full molecule and a
water molecule as a nucleophilic agent, in order to illustrate the basic features
of the reaction mechanism and the dependence on the theoretical approach.
Studies in gas phase can render important information of the required level of
theory to properly describe a specific kind of chemical transformation, to
explore the features of a substrate or to select the proper distinguished
reaction coordinate to be used in more complex calculations including the
environment effects. The PESs for the hydrolysis of CEF in gas phase were
obtained at PM3, B3LYP/6-31G* and M06-2X/6-31G* levels of theory. PM3
and M06-2X rendered a molecular mechanism in three steps, while the
B3LYP functional described the reaction in two steps. The reaction
mechanism was also studied in aqueous solution by exploring QM/MM PESs
and PMFs. PESs were used to state the mechanism, followed by the
generation of the corresponding PMFs for every single step of the reaction.
The hydrolysis of CEF in aqueous solution can proceed by two different
3
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molecular mechanisms, stepwise and concerted. The rate limiting step of
stepwise mechanism, the first step of the full process, presented lower barrier
than the one of the concerted mechanism, thus suggesting which is the most
favorable reaction path.
Based on this first study, the second contribution of the present PhD
Thesis, corresponds to the reaction mechanisms studied in the active site of a
mononuclear β-lactamase (see Publication 2 in Chapter 10). In particular, the
hydrolysis of Imipenem (IMI), an antibiotic belonging to the subgroup of
carbapenems, and the hydrolysis of Cefotaxime (CEF), a third-generation
cephalosporin antibiotic, were studied in the active site of CphA from
A. hydrophila. Keeping in mind that CphA shows only activity against
carbapenem antibiotic, a comparative analysis of the results obtained for both
inhibitors can shed some light into the origin of the selectivity of the different
MβLs. In this case the mechanism of hydrolysis of the β-lactam ring took
place by means of a concerted mechanism. The QM region was described by
means of the PM3 semiempirical method, using zinc parameters optimized for
metalloenzymes. The Zinc ion present in the enzyme presented different
coordination sphere depending on the antibiotic. In the IMI reactants structure
zinc was hexacoordinated, while the reactive structure with the CEF had a
tetrahedral geometry. These results could explain the different reactivity of
the studied antibiotics.
The second part of the present PhD Thesis reports a study of the
mechanism of hydroxylation by a copper monooxygenase (PHM). Many
peptides, such as hormones, growth factors, and neurotransmitters, require
α-amidation of their carboxy terminus to be fully biologically active. The
α-amidation is carried out in the trans-Golgi network and in secretory granules
of neural and endocrine tissues by two sequential reactions. The first reaction
is the stereospecific hydroxylation of the Cα of a C-terminal peptidylglycine,
a reaction catalyzed by PHM. The second reaction, an N-dealkilation that
yields the amidated peptide and glyoxylate, is catalyzed by
peptidyl-α-hydroxyglycine α-amidating lyase (PAL). Although the two
enzymes can be expressed and can function independently, in most species
they are expressed as a bifunctional single-chain enzyme, peptidylglycine
α-amidating monooxygenase (PAM). Despite the intense efforts focused on
the elucidation of the PHM activity, several aspects of the catalyzed peptide
amidation mechanism remain unclear. The reduction of molecular oxygen into
the hydroxylated product requires the electron transfer from a copper site
acting as electron reservoir, namely CuH, to that binding O2 and the substrate,
namely CuM.
The theoretical studies on this second block of the PhD Thesis were
focused in the hydroxylation of noncoupled copper oxygenases (see
Publication 3 in Chapter 10). In particular, the molecular mechanism of the
peptidyglycine α-hydroxylating monooxygenase (PHM) catalytic cycle was
4
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explored by hybrid DFT/MM Born-Oppenheimer molecular dynamics
(BOMD) simulations. The reaction was explored from the binding of dioxigen
to the CuM active site followed by the attack of the C-H bond in the substrate
and further evolution steps. The BOMD methodology involves propagating
the motion of the nuclei on the PES by application of Newton‟s laws. The
forces acting on the nuclei are computed on-the-fly at the DFT/MM level. As
a complement to geometry optimizations, this computationally intensive
approach permits the inclusion of the intrinsic dynamics of the CuM active site
in the modeling strategy. It is possible to assess the stability of the optimized
structures or to explore the conformational landscape visited by the system on
the picosecond timescale. The MD simulations have turned out to be crucial
for revealing a rebound step following the initial hydrogen abstraction in
PHM. Simulations of a long-range electron transfer (LRET) from the Cu H
active site also suggested that this was the final element necessary to complete
the reaction. Overall, the results provided an updated view of the PHM
catalytic cycle that is fully consistent with the large body of available
experimental data.
The present PhD Thesis is concluded with a summary of the
conclusions and future perspectives that can be deduced from the reported
results.
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1.1.

Introduction and Objectives (Spanish version)

El uso creciente de antibióticos ha inducido el desarrollo de diferentes
mecanismos de resistencia en las bacterias. Las β-lactamasas son la principal
causa de resistencia de las bacterias a los antibióticos β-lactámicos. Estas
enzimas rompen el enlace amida del anillo β-lactámico, inactivando el
antibiótico. Las β-lactamasas se clasifican en cuatro grupos. Las clases A, C y
D utilizan una serina en el centro activo en la catálisis de la hidrólisis del
anillo β-lactámico, mientras que la clase B consiste en metaloenzimas con uno
o dos cofactores de zinc. Aunque el mecanismo catalítico de las enzimas
basadas en serina está relativamente bien establecido, nuestra comprensión de
las β-lactamasas de clase B está menos desarrollada. Se considera como muy
problable que el mecanismo de hidrólisis incluye dos etapas; el ataque
nucleofílico sobre el grupo carbonilo del anillo β-lactámico y la protonación
del átomo de N con rotura concomitante del enlace carbono-nitrógeno. Sin
embargo, no existe consenso sobre si la ruptura de los enlaces y la
protonación del N se llevan a cabo de forma concertada o por etapas. El zinc
es un oligoelemento esencial y el segundo metal de transición más abundante
en biología. Participa en todas las principales vías bioquímicas y desempeña
muchos papeles importantes en la perpetuación del material genético. La
capacidad del átomo de zinc para participar en la unión de ligando es alta pero
es un catión fácilmente intercambiable y la excepcional flexibilidad en la
geometría de coordinación alrededor del centro del metal justifica que el zinc
participe en una gran variedad de sistemas biológicos. El zinc ejerce muchos
efectos biológicos a través de reacciones químicas catalizadas por enzimas. El
ion Zn (II) presente en las metaloenzimas puede adoptar geometrías de cuatro,
cinco o seis coordenadas porque la barrera de energía para la conversión entre
las diversas geometrías es relativamente pequeña. Las metalo-β-lactamasas
tienen un espectro de sustrato muy amplio. A pesar de mucho esfuerzo, no se
ha encontrado ningún inhibidor clínicamente efectivo y, en definitiva, estas
enzimas representan una potente amenaza para el uso médico de los
antibióticos β-lactámicos.
La primera parte de la presente tesis doctoral se centra en el estudio
teórico de la hidrólisis de antibióticos β-lactámicos en fase gaseosa y en
disolución acuosa (véase la publicación 1 en el capítulo 10). En esta primera
contribución se estudió la hidrólisis del anillo β-lactámico de Cefotaxima
(CEF), perteneciente al grupo de Cefalosporinas, en fase gaseosa, incluyendo
la molécula completa y una molécula de agua como agente nucleófilo, para
ilustrar las características básicas del mecanismo de reacción y la dependencia
del enfoque teórico utilizado. Los estudios en fase gaseosa pueden
proporcionar información importante del nivel requerido de teoría para
describir apropiadamente un tipo específico de transformación química,
explorar las características de un sustrato o seleccionar la coordinada de
reacción distinguida apropiada que se usará en cálculos más complejos
incluyendo los efectos ambientales. Las PES para la hidrólisis de CEF en fase
7
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gas se obtuvieron con diferentes Hamiltonianos PM3, B3LYP/6-31G* y M062X/6-31G*. Los resultados con PM3 y M06-2X describieron un mecanismo
molecular en tres etapas, mientras que el funcional B3LYP describió la
reacción en dos etapas. A partir de estos resultados, la reacción se estudió en
disolución acuosa mediante la exploración de las PESs y los PMFs con
potenciales híbridos QM/MM. Las PESs se usaron para obtener el
mecanismo, seguido por la generación de las PMF correspondientes para cada
paso de la reacción. La hidrólisis de CEF en disolución acuosa puede proceder
por medio de dos mecanismos moleculares diferentes, por pasos y concertado.
El paso limitante del mecanismo por pasos, el primer paso, presentó una
menor barrera energética que el mecanismo concertado, sugiriendo que es éste
el mecanismo más probable.
A partir de este primer estudio, la segunda contribución de la presente
tesis doctoral, corresponde a los estudios de los mecanismos de reacción en el
centro activo de una β-lactamasa mononuclear (véase la publicación 2 en el
capítulo 10). En particular, se estudió la hidrólisis de Imipenem (IMI), un
antibiótico perteneciente al subgrupo de carbapenemes, y la hidrólisis de
cefotaxima (CEF), un antibiótico cefalosporina de tercera generación, en el
centro activo de CphA de A. hydrophila. Teniendo en cuenta que CphA sólo
muestra actividad contra el antibiótico carbapenem, un análisis comparativo
de los resultados obtenidos para ambos inhibidores puede arrojar alguna luz
sobre el origen de la selectividad de los diferentes MβLs. En este caso, el
mecanismo de hidrólisis del anillo β-lactámico tuvo lugar por medio de un
mecanismo concertado. La región QM fue descrita por medio del método
semiempírico PM3, usando los parámetros del Zinc para metaloenzimas. El
ion Zinc, presentó diferente coordinación según sea el antibiótico objeto de
estudio. En la estructura de reactivos con IMI el zinc estaba hexacoordinado,
mientras que la estructura de reactivos con CEF tuvo una geometría
tetraédrica. Estos resultados podrían sugerir el origen de la selectividad de
estos enzimas por el sustrato.
La segunda parte de la presente tesis doctoral reporta un estudio del
mecanismo de hidroxilación por una enzima monooxigenasa de cobre (PHM).
Muchos péptidos, tales como hormonas, factores de crecimiento y
neurotransmisores, requieren que la α-amidación de su grupo carboxílico
terminal sea biológicamente activa. La α-amidación se lleva a cabo en la red
trans-Golgi y en gránulos secretores de tejidos neurales y endocrinos mediante
dos reacciones secuenciales. La primera reacción es la hidroxilación
estereoespecífica del Cα de una peptidilglicina C-terminal, una reacción
catalizada por PHM. La segunda reacción, una desalquilación en N que
produce el péptido amidado y el glioxilato, es catalizada por el alfa-amidación
de litio (PAL) de peptidil-α-hidroxiglicina. Aunque las dos enzimas pueden
expresarse y pueden funcionar independientemente, en la mayoría de las
especies se expresan como una enzima monocatenaria bifuncional, la
mono-oxigenasa α-amidante de peptidilglicina (PAM). A pesar de los intensos
8
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esfuerzos enfocados en la elucidación de la actividad de PHM, varios aspectos
del mecanismo de amidación de péptido catalizado siguen siendo incógnita.
Por ejemplo, la reducción del oxígeno molecular en el producto hidroxilado
requiere la transferencia de electrones desde un centro de cobre que actúa
como depósito de electrones, a saber CuH, a ese O2 de unión y al sustrato, a
saber CuM.
Los estudios teóricos sobre este segundo bloque de la presente tesis
doctoral se centran en la hidroxilación de oxigenasas de cobre no acopladas
(véase la publicación 3 en el capítulo 10). En particular, se exploró el
mecanismo molecular del ciclo catalítico de monohidroxilación α-hidroxilante
(PHM) de peptidilglicina mediante simulaciones DFT/MM híbridas mediante
dinámicas moleculares Born-Oppenheimer (BOMD). Se estudió desde la
unión de dioxígeno al centro activo de CuM seguido del ataque del enlace C-H
en el sustrato, así como etapas de evolución adicionales. La metodología
BOMD implica propagar el movimiento de los núcleos en la PES mediante la
aplicación de la ecuación de Newton. Las fuerzas que actúan sobre los
núcleos se calculan sobre la marcha al nivel DFT/MM. Como complemento a
las optimizaciones de geometría, este enfoque computacional permite incluir
la dinámica intrínseca del centro activo CuM. Así es posible evaluar la
estabilidad de las estructuras optimizadas o explorar el paisaje conformacional
visitado por el sistema en la escala de tiempo del picosegundo. Las
simulaciones de MD resultaron ser cruciales para revelar un paso de rebote
que sigue a la abstracción inicial del hidrógeno en la PHM. Las simulaciones
de una transferencia de electrones de largo alcance (LRET) del centro activo
de CuH sugirieron también que éste es el elemento final necesario para
completar la reacción. En general, los resultados proporcionaron una visión
actualizada del ciclo catalítico PHM compatible con la gran cantidad de datos
experimentales disponibles.
La presente tesis se concluye con un resumen de las conclusiones y
perspectivas futuras que se pueden deducir de los resultados presentados.
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2. Enzymatic Catalysis
Enzymes are generally proteins that lead, control and speed up the
chemical reactions in biological systems.[1] In fact, this control can be carried
out not only catalyzing the main reaction, but inhibiting the side reactions that
can take place between the reactants or between the reactants and the
solvent.[1]
An enzyme is a protein molecule built up of 20 different species of
amino acids linked together to form one or more long chains. Its molecular
weight ranges from ten thousand to hundreds of thousands of Daltons.[2] The
long chain(s) of which they are constituted must be folded in such a way that
a three-dimensional pocket or cleft is created into which the compounds
attacked (known as substrates) fit in a very precise way.[2] This part of the
enzyme where the substrate binds to and where the catalysis occurs is the
active site.[3,4]
Some enzymes require cofactors to be active, which are non-proteic
components and which may classified as metal ions[4] metal ions, such as
Mg2+, Zn2+, Mn2+, Cu2+, etc.; or organic, as the molecules named coenzymes.
The latter, at the same time, can be co-substrates, which are only transiently
associated with the enzyme (NAD+, NADP+, etc.), or prosthetic groups, which
are permanently bounded to the enzyme, often by covalent bonds (heme
group).
Summarizing, the inactive apoenzyme bounds with the cofactor to
form a holoenzyme, which is already active.
We should bear in mind that, in order to complete the catalytic cycle,
the enzyme must return to its original state.
The most remarkable properties of enzymes as catalysts are: [4,5]





Catalytic power: The rate of a non-enzymatic reaction varies from
10-7 to 10-1 s-1, while in an enzymatic reaction it can be in a range
from 10 to 107 s-1.[6]
Specificity: Enzymes have a vast degree of specificity with respect to
their substrates and products. It also means that rarely have side
products.
Milder reaction conditions: Enzymes usually work under neutral pH,
mild temperature and atmospheric pressure, fact that makes them a
very unique and outstanding kind of catalysts.
Capacity for regulation: The activity of some enzymes can vary in
response to concentration of substances other than their substrates.

It is important to highlight that the purpose in mechanistic
enzymology is to determine the exact reaction mechanisms and the
physicochemical phenomena contributing to the enormous rates reached by
enzymes.[1,6]
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Since nineteenth century, scientists have tried to understand the
enzymatic behavior. In 1835, Berzelius developed the first theory about
chemical catalysis, where he pointed out that a malt extract known as diastase
(nowadays, it is proved that it contains α-amylase) catalyzed the hydrolysis of
the starch more efficiently than sulphuric acid.[4]
Later on, about 1850, Pasteur suggested that the fermentation process
was only possible in alive cells (the theory of the “vital power”).[4]
Nevertheless, in 1897, Buchner demonstrated that the enzyme activity could
be expressed without the need of the cell. Specifically, he extracted the
enzymes which catalyze the alcoholic fermentation in the yeast cells.
The word enzyme was first used by Kühne in 1878, and it means “in
yeast”, [3] what intended to emphasize that the catalytic activity was the
manifestation of an extract or secretion rather than of the whole organism.
In 1894 Fischer proposed, the lock and key model,[7] which stated that
both the enzyme and substrate‟s structures are complementary and rigid (see
Figure 1).

Enzyme

Substrate

Enzyme-Substrate Complex

Figure 1. Lock and key model.

In 1913, Leonor Michaelis and Maud Menten,[8] suggested a new
model based on the following catalytic scheme (for a single-substrate enzymecatalyzed reaction):[5]

E +

S

k1
k-1

kcat
ES

E + P

(1)

First of all, the enzyme-substrate complex (ES), known as the
Michaelis-Menten‟s coordination complex, is formed in a reversible way.
Then, this ES complex breaks down in a slow step to give products (P), and
the enzyme is released (E).
If we apply the steady-state approximation to ES, which means that
the concentration of ES remains constant because the rate of its formation
equals the rate of its breakdown, then:
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d ES 
 k1 E S   k 1 ES   k cat ES   0
dt
ES   k1 E S 
k 1  k cat

(2)
(3)

The system is in a steady state in which the rate of formation of ES is
exactly balanced by the rate of its removal and that the substrate is in vast
molar excess over the enzyme.[2]
The concentration of free enzyme, [E], is given by the total amount of
enzyme present, minus the amount present as the ES complex:

E total  E   ES 
E   E total  ES 

(4)
(5)

[E]total equals to the concentration of enzyme present at the start of the
reaction, as the enzyme is not consumed during the reaction.
If equation (5) is replaced in equation (3):

ES   k1 E total  ES S 

(6)

ES   k Ektotal S 
1
cat
 S 

(7)

k 1  k cat

k1

Therefore, the rate of the reaction (taking into account the irreversible step) is:

vcat  k cat ES  

k cat E total S 
K M  S 

(8)

where,

KM 

k 1  kcat
k1

(9)

is the Michaelis-Menten constant, and characterizes the thermodynamics of
the formation of the ES complex. KM is the concentration of substrate at which
the reaction rate is half of the maximum rate. It is independent of the total
amount of E and it gives a numerical value to the affinity of the enzyme (the
higher the KM is, the lower the affinity of the enzyme for its substrate is).[2]
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The reaction rate is usually rewritten as:

vcat 

vmax S 
K M  S 

(10)

known as the Michaelis-Menten equation (reaction rate for a one-substrate
reaction catalyzed enzymatically).
A special feature of the enzymatic reactions is the behavior of the rate against
the concentration of substrate:
When [S] << KM, the rate depends almost linearly on [S], and [S] is rate
limiting
When [S] >> KM, the enzyme reaches a saturation limit by the substrate (a fact
not observed in non-enzymatic reactions), so, [E] is rate limiting

S    ´max

 kcat E total

(11)

because K M  S  , v max is the rate at saturating levels of substrate. It
defines the situation where [S] is so high that almost the whole enzyme is
present in the form of ES.

Figure 2. Rate of a catalyzed reaction against the concentration of substrate. Figure adapted
from reference[2].

For the steady-state approximation, KM can be interpreted as a
measure of the lifetime of ES complex, the ratio of the rate of breakdown by
any route to the rate formation.
From equation (11), we obtain the catalytic constant:

k cat 
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Is the first-order rate constant of the decomposition of the enzyme
complex to products, but may be more complex if the formation of the
products from the complex involves several steps.
In 1926, Summer isolated an enzyme in its crystal form for the first
time, and he also proved that these crystals were constituted by protein.
In 1930, Haldane proposed the induced-fit hypothesis[9]: the active
site of the enzyme adopts an optimal conformation to interact with the
substrate, but only when the substrate itself is present (see Figure 3).

Enzyme

Substrate

Enzyme-Substrate Complex

Figure 3. Induced fit model. Figure adapted from references[2,10].

Pauling,[11] in 1946, proposed that the enzymes catalyze reactions by
preferentially binding the transition state (TS). An enzyme may bind to the TS
of the reaction that catalyzes with greater affinity than to its substrates or
products. The active site is complementary to the TS, not to the substrate in its
fundamental state.
In Figure 4 we observe the energetic profile of a catalyzed and noncatalyzed reaction; the former would correspond to the kinetic scheme of
equation (1).

Figure 4. Free energy diagram of a reaction catalyzed by an enzyme (red line) compared to the
non-catalyzed reaction (blue line). Figure adapted from reference [12].
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The non-catalyzed reaction occurs in just one step, with an activation
‡
free energy of Gnocat
. In contrast, the reaction catalyzed by the enzyme, in
this example, consists of two steps: first, the enzyme-substrate, known as the
MC
Michaelis-Menten complex (MC), is formed, losing binding energy, Gbind
.
Secondly, the chemical reaction takes place itself, with an energetic cost of
‡
‡
. This value is smaller than Gnocat
and it can be related to the reaction
Gcat
rate, kcat, by the Transition State Theory (TST).
The catalytic power of an enzyme is usually expressed by the ratio
kcat k nocat , that is, it is proportional to the difference between the activation
free energy of the uncatalyzed reaction and of the catalyzed one.
As it can observed in Figure 4:
TS
‡
MC
‡
 Gbind
 Gcat
 Gbind
 Gnocat

(13)

‡
‡
MC
TS
Gnocat
 Gcat
 Gbind
 Gbind

(14)

If the enzyme speed up the reaction, the left term of equation (14)
TS
should be positive, so Gbind
should be greater, in its absolute value, than
MC
(it must be kept in mind that binding energies are always negative in
Gbind

value). This argument supports the theories that assume that the catalytic role
of the enzymes lies in the stabilization of the TS versus the MC. [12-15]
In conclusion, we can classify the most popular theories about
enzyme catalysis into two groups: TS-theories and MC-theories, this is,
transition state stabilization and substrate preorganization, respectively.
-
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Electrostatic effects[5,13-17]: Belongs to the group of TS-Theories. In
the site of an enzyme, the dipoles are rigidly held in a fixed
orientation, pointing toward the substrate. However, in solution, large
electrostatic attraction does not arise because any force created by
moving opposite charges toward each other is balanced by
reorientation of the solvent dipoles (see Figure 5).
It seems that enzyme can stabilize in a more effective way polar
transition states and other charge distributions.

2. Enzymatic Catalysis

a)

b)

Figure 5. a) Solvation in water; b) pre-oriented dipoles in an enzymatic environment. Figure
adapted from reference[15].

-

Near attack conformations (NAC)[6,18]: It is the clearest proposal of
the MC-theories. Near attack conformations (NACs) are structures
with the reacting groups very close and oriented so as the reaction
proceeds overcoming a small energy barrier.
The preorganization of the active site of the enzymes in order to
promote the formation of NACs would be a critical component of
enzyme catalysis.

A note of caution here about terminology: substrate preorganization is
not to be confused with enzyme preorganization.[12]
Apart for the main theories proposed to explore the origin of the
enzyme catalysis, other factors have been proposed to contribute to the
catalytic power of enzymes, as follows:
-

Low Barrier Hydrogen Bonds (LBHB)[19,20]: Weak hydrogen bonds
are electrostatic attractive interactions between partially positively
charged protons of donors and electronegative atoms with, at least,
one non-bonding electron pair (usually nitrogen or oxygen). The
energy of this type of hydrogen bonds is about 2-8 Kcal per mole.
Whereas there is another type of hydrogen bonds, named low barrier
hydrogen bonds (LBHB), which are shorter (less than 2.5 Å), very
strong and they are formed in transition states or in metastable
intermediates, stabilizing them. Its formation can supply 10 to 20 kcal
per mole, what can bring enough energy to overcome difficult
reactions.
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Strong

Energy

Energy

Weak

X-H---Y

rc

X----H----Y

rc

Figure 6. Energy diagrams of a weak and strong LBHB. The zero point vibrational energy of
the proton is depicted in dotted lines. X and Y are heteroatoms. Figure adapted from
reference[6].

In Figure 6, we can see the difference between both hydrogen bonds.
In the weak hydrogen bonds, the energy wells of the interacting heteroatoms
are quite separated and there is a high energy barrier in between. As the zero
point energy of the proton is lower than the barrier, the proton would be
covalently bonded to X and electrostatically attracted to Y. On the other hand,
in the strong hydrogen bonds, the picture is different: the heteroatoms are
close enough that the barrier is almost as low as the zero point energy of the
proton, taking place a significant covalent bonding of the proton with both X
and Y. It is necessary for the LBHB to be formed that both heteroatoms show
similar proton affinities.
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-

Strain or distortion[21]: The enzyme can induce strain or distortion in
the bond of the substrate involved in the reaction, which can make the
cleavage of this bond to occur easily, what means that the enzyme
favours the formation of the Michaelis complex.

-

Desolvation[22]: The adsorption of the substrate in the active site of the
enzyme can take place only if all the molecules of solvent are
squeezed out from between both of them.

-

Orbital steering[10,16,23]: One of the main functions of the active site is
to help in the orbital steering. Thus, the orbitals of the substrate and
the orbitals of the catalytic group of the enzyme line up and lead the
enzyme-substrate complex to the transition state.

-

Entropic factors[16,24]: A naïve explanation of entropy would be a
measure of the degree of randomness or disorder of a system. So, the
more disordered, the higher the entropy.
In solution, the reactions are slow because the rapprochement of the
reactants implies a loss in entropy, whereas in enzymatic reactions,
there is no loss of rotational or translational entropy form reactants to
transition state as the reactants are already close (in the active site).
This advantage in entropy is paid for the enzyme-substrate binding

2. Enzymatic Catalysis
energy; the rotational and translational entropies of the substrate are
lost in the formation of the enzyme-substrate complex, and not during
the chemical steps.
-

Tunneling effect[6]: Hydrogen tunneling is possible in any enzymatic
reaction in which a light particle atom is transferred. It is a quantum
mechanical effect in which molecules with energy lower than the
barrier can overcome it and react, increasing the reaction rate.

-

Dynamic effects[25-43]: There is heated debate about the role of protein
dynamics in enzyme catalysis, especially for reactions that involve
transfer of hydrogen (H+, H·, H-), in which quantum tunneling is
significant. It has been suggested that “promoting protein motions”,
i.e., specific fluctuations that might reduce the barrier height or
promote tunneling by reducing donor-acceptor distances, can drive
enzymatic reactions. Such models include promoting vibrations,
environmentally coupled tunneling, and vibrationally enhanced
ground-state tunneling. Several of these proposals suggest that the
anomalous temperature and pressure dependences of experimentally
observed reaction rates and kinetic isotope effects are consequence of
protein motions on the pico- to femtosecond timescale that reduce the
width and/ or height of the potential energy barrier along the chemical
reaction coordinate. However, a connection between promoting
motions and potential energy barrier modulation has never been
demonstrated directly, and recent work has shown that the
temperature dependence of kinetic isotope effects can be accounted
for by conformational effects for a number of enzymes. Whereas
some authors postulate dynamics as a key driving force in catalysis,
others have performed analyses showing activation free-energy
reduction, which is an equilibrium property, to be source of catalysis.
Enzyme reactions, and particularly their dynamics, present formidable
challenges for study, and progress requires a combination of
theoretical, experimental, and computational approaches. A powerful
tool to probe the nature of enzyme motions and their response to
changes in the reaction conditions is the study of „enzyme isotope
effects‟.[43-55] The coupling of protein motions to enzyme catalysis is
revealed as a difference between the kinetic properties of the
isotopologous enzymes, because mass-dependent translational,
vibrational and rotational motions are altered by heavy isotope
substitution, whereas the potential energy surface and electrostatic
properties are unaffected.[45,46]

-

Covalent catalysis[4]: It suggests that the increase in the reaction rate
is due to the temporary formation of a covalent bond between the
enzyme and the substrate.
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-

Acid-based catalysis[4]: It can be a general acid, base or both catalysis.
The general acid catalysis is a process in which the transfer of a
proton from an acidic species diminishes the free energy of the
transition state of a reaction.
A reaction can be also simulated by means of general basic catalysis,
where a base abstracts a proton in a partial way.

-

Metal ion catalysis[4]: Almost one third of the known enzymes need
metal ions to work. These enzymes can be metaloenzymes, which
contain metal ions stronglybonded (Fe2+, Fe3+, Cu2+, Zn2+, etc.); or
enzymes activated by a metal, which weakly fix metal ions already
present in solution (Na+, K+, Mg2+, Ca2+).

Keeping in mind the amount of hypotheses and the factors suggested
as responsible of the origin of enzymatic catalysis, it is obvious that the
understanding of these biological catalysis is not an easy task. Therefore, the
exploration of the enzyme reaction mechanisms, at an atomic-level, is
required to shed some light on these complex systems. Their understanding
can have important consequences in science and technology.
For each type of enzyme there will probably be some factors that are
more relevant than others in terms of their catalytic activity, or simply the
origin of the catalytic power of the enzymes would lie in specific combination
of several of these factors. In this Thesis these theories are applied to two
different enzymes: Metallo-β-lactamases and Noncoupled Copper
Oxygenases, in order to observe the different factors that influence the
catalytic power of them.
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3. Metallo-β-Lactamases
The MβLs family was defined in 1997 as a new superfamily of
metallohydrolases.[56]
There has been a growing concern on this
zinc-dependent β-lactamases since, despite catalyzing the same reaction, it
seems that SβLs and MβLs do not share any structural nor mechanistic
similarity[57] and, in fact, the latter are unaffected by all clinically useful
inhibitors of the serine-active enzymes.[58] In fact, no MβL inhibitors are
available for clinical use.[59]
Three subgroups of MβL have been further identified depending on
sequence structure and activity similarities. B1 and B3 subclasses posses a
binuclear active site, which requires one or two Zn(II) ions for full activity
and are able to hydrolyze carbapenems, penicillins and cephalosporins.[59] B2
subclass, unlike those from subclasses B1 and B3, are fully active with one
zinc ion bound and possess a narrow spectrum of activity, hydrolyzing
carbapenem substrates almost exclusively.[60] Initially, a reduced number of
structures of B2 MβL, CphA from Aeromonas hydrophila,[61] ImiS from
Aeromonas veronii bv. Sobria[62] and Sfh.I from Serratia fonticola,[60] have
been cristalyzed, being the CphA the most studied one. In particular, three
different structures, two of them in the apo form and the last one
corresponding to the N220G mutant in complex with a biapenem (BIA)
derivative, were obtained.

Figure 7: CphA structure from Aeromonas hydrophila
adapted from PDB file with code 1X8I.

The CphA-Bia complex structure has shown how the zinc metal
accommodates in the Zn2 site, with a trigonal bipyramidal coordination
formed by Asp120, Cys221, His263, the carboxylate oxygen and the N4
atoms of Bia. Based on these X-ray structures, Garau et al.[61] suggested a
mechanism involving a non-metal-binding water nucleophile, activated by
His118, that would attack the carbonyl carbon of the substrate, leading to
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cleavage of the C7-N4 bond of the lactam ring. This proposal has been
supported by QM/MM theoretical calculations of Xu et al.[63,64] although
suggesting that Asp120 would be the base activating the water molecule,
instead of His118. In a more recent paper, Wu et al.[65] proposed a complete
reaction mechanism for the hydrolysis of biapenem antibiotic catalyzed by
CphA, arguing that the CphA-Bia complex determined by Garau et al. would
belong to a minor pathway, in contrast to the original suggestion. In this
regard, simulations performed by Gatti[66] suggest that the bicyclic derivative
of Garau et al. would not be formed inside the enzyme active site. Hydrolyzed
biapenem might be released first, cyclization would bind back to the active
site.
Based on QM/MM calculations, an alternative mechanism was
proposed by Simona et al.[67,68] where the nucleophilic attack and the proton
transfer to the nitrogen atom of the lactam ring would occur in a single
concerted step. According to this proposal, the mechanism requires the
activation of a second catalytic water molecule in the active site of the
enzyme. This mechanism would be in agreement with experimental studies of
Sharma et al.[62] based on proton inventories showing that at least one proton
transfer must be involved in the rate limiting step. Nevertheless, the proposal
is based on the existence of a conformation of the MC in which the substrate
binds the zinc metal through a water molecule. This model is not confirmed
by the structural studies of Crowder et al.[69] based on enzyme-product
complexes, that suggests a direct contact between the zinc metal and the
carboxylate of the substrate. An initial structure presenting this direct contact
was used by Xu et al.[63-65] to propose a step-wise mechanism that renders an
estimated free energy barrier for the nucleophilic attack of ca. 14 kcal/mol, [63]
a value in very good agreement with the kinetic experiments of Garau el al.
Nevertheless, this comparison requires the hypothesis that such step was the
rate limiting step of the enzymatic cycle, apparently in contradiction with the
proton inventory experiments of Crowder et al.[69] and with QM/MM
computationally exploration of the full mechanism performed by Simona et
al.[67] In particular, the second step related with the proton transfer from
Asp120 to nitrogen atom of substrate, would become the rate limiting step,
with a total free energy barrier of ca. 24 Kcal/mol.
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4. β-Lactam antibiotics
β-lactam antibiotics are the most effective chemotherapeutic agents
for the treatment of bacterial infections,[69,70] accounting for more than half of
the world‟s antibiotic market. The mechanism of the antibacterial activity of
β-lactames involves the inhibition of the biosynthesis of the bacterial cell wall
peptidoglycan. Nevertheless, despite much progress in antibiotics design has
been done during the past decades, the increasing use of these compounds has
induced the development of different resistance mechanism in pathogenic
microorganisms.[71] One of the strategies evolved by bacteria to defend
themselves from antibiotics is the production of β-lactamases, [72] which
hydrolyze the cyclic four membered ring to biologically inactive the drug (See
Scheme 1).
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Scheme 1. Hydrolysis of β-lactam ring.

Today, more than 500 β-lactamases are known, classified into four
groups, [73] A-D, according to their amino acid sequence.[74] Groups A, C and
D, also called serine-β-lactamases (SβLs), utilize an active site serine as a
nucleophile, [71] while B group required 1 or 2 Zn(II) ions to perform the
hydrolysis and thus are called metallo-β-lactamases (MβLs).[75] There has
been a growing concern on this zinc-dependent β-lactamases since, despite
catalyzing the same reaction, it seems that SβLs and MβLs do not share any
structural nor mechanistic similarity [57] and, in fact, the latter are unaffected
by all clinically useful inhibitors of the serine-active enzymes.[58] Thus, a
detailed knowledge of the hydrolysis of the four membered ring of β-lactam
antibiotics reaction mechanism is required in order to know the possible ways
of inhibiting bacteria activity. It is accepted that hydrolysis includes two steps;
nucleophilic attack on the carbonyl group of the β-lactam ring and protonation
of N atom with scission of the carbon-nitrogen bond. In this regard, there is
still a question of debate on the timing of carbon-nitrogen scission bond and
the protonation of the N, which can even take place concertedly.
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Figure 8. Structure of cephalosporin places where modifications can be made.

As example of antibiotic, it has been chosen for this PhD Thesis the
so called Cefotaxime (CEF), which belongs to the group of the
Cephalosporins. This is the second major group of β-lactam antibiotics to be
discovered. The structure of cephalosporin (Figure 5) is a bicyclic system
containing a four membered β-lactam ring. The β-lactam ring is fused to a sixmembered dihydrothiazine ring. The larger ring relieves the strain in the
bicyclic system to some extent, but it is still a reactive system. Many
analogues of cephalosporin have been made which demonstrate the
importance of the β-lactam ring within the bicyclic system, the ionized
carboxylate group at position 4, and the acylamino side chain at position 7. In
fact, there is a limited number of places where analogues present
modifications are shaded in orange as depicted in Figure 8, [76] variations of
the 7-acylamino side chain, variations of the 3-acetoxymethil side chain and
extra substitution at carbon 7.
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Figure 9. Structure of Cefotaxime.

The reaction mechanism of the antibiotic Cefotaxime in condensed
media is the focus of the present study, the goal is to understand the reaction
in solution, and further, to compare with the studies in the enzyme. To carry
out the computation in condensed media, we use hybrid quantum
mechanics/molecular mechanics methods explained in next section.
Although penicillins and cephalosporines are the best known and
most researched β-lactams, there are other β-lactam structures which are of
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great interest in the antibacterial field. An example is the group of
carbapenems.
Carbapenems show a high resistance to β-lactamases. This resistance
has been ascribed to the presence of hidroxyethy side chain. (see Figure 10)
The stereochemistry of the side chain at substituent 6 is opposite from the
usual stereochemistry in penicillins, another factor in the resistance of this
agent to β-lactamases.

Figure 10. Structure of Carbapenem places where modifications can be made.

One example of carbapenem antibiotic is Imipenem (IMI). IMI is
useful in treating some infections which do not respond to cephalosporines, or
in treating infections which have become resistant to the conventional
β-lactams.[76]

Figure 11. Structure of IMI.

The investigation of this PhD Thesis explores the mechanisms in the
active site of a mono-nuclear β-Lactamase. In particular, we are studying the
hydrolysis of Imipenem (IMI), and antibiotic belonging to the subgroup of a
carbapenems, and the Cefotaxime (CEF), a third-generation cephalosporin
antibiotic, in the active site of CphA from Aeromonas hydrophila (see Figure
7). Keeping in mind that CphA show only activity against carbapenem
antibiotic, a comparative analysis of the results obtained for both inhibitors
will be used to shed some light into the origin of the selectivity of different
MβL.
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In Nature, the family of noncoupled copper monooxygenases
comprising peptidylglycine α-hydroxylating monooxygenase (PHM),
dopamine β-monooxygenase (DβM), and tyramine β-monooxygenase (TβM)
provides a fascinating source of inspiration.[77-79] These ascorbate- and
dioxygen-dependent copper active sites, customarily referred to as CuM and
CuH (see Scheme 3 for the reaction catalyzed by PHM).[80] The two active
sites are separated by a solvent-filled cleft with a width of around 10 Å and
orchestrate the transfer of the four electrons and two protons required for
substrate hydroxylation with concomitant release of H2O.

Scheme 2. Reaction catalyzed by PHM.

The imposing mass of biochemical data accumulated on these
enzymes over the last three decades suggest that PHM, DβM, and TβM
probably share a common mechanism with the chemistry taking place at the
CuM site and the CuH site serving as an electron reservoir.[80] Although the
identification of the C-H bond-activating process is still debated,[77,81,82]
converging biochemical arguments support an enzymatic mechanism initiates
by a hydrogen-abstraction step promoted by a cupric-superoxo ([CuMII(O2·-)]+)
adduct.[82-85] Mononuclear biomimetic cupric-superoxo complexes have been
characterized by a few groups,[86-88] and some studies have also explored their
oxidative behavior.[89-96] These investigations on biomimetic systems thus
provide support for a mechanism involving a hydrogen-abstraction step in the
enzymes. On the other hand, the nature of steps following the hydrogen
abstraction is still highly debates and conflicting proposals have been
advanced for the enzymatic mechanism. Computational approaches can
advantageously complement experimental studies on enzymatic systems. In
recent years, modeling based on quantum chemistry has, for example,
confirmed the oxidative properties of cupric-superoxo complexes that were
built as models of the enzymatic CuM active site[82,97-99] or as models of
biomimetic systems.[100-102]
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Figure 12: PHM structure adapted from PDB file with code 1SDW.

Kamachi and Yoshizawa and co-workers[98,99] were the first to
successfully apply a density functional theory/molecular mechanics
(DFT/MM) scheme to determine the equilibrium structures of the cupricsuperoxo ([CuMII(O2·-)]+) adducts within DβM and to determine the energy
profile associated with hydrogen abstraction from the dopamine molecule.
Crespo et al.[82] shortly after reported a similar study with PHM. Both studies
concluded that reaction pathways proceeding through a cupric-superoxo
complex were unlikely and as an alternative proposed that copper-oxo
([CuMO]2+)[82] or copper-oxil ([CuMIIO·-]+) species was responsible for the
hydrogen abstraction step. Such conclusions appear contradictory with
experimental studies on PHM and DβM supporting the copper-superoxo
([CuMII(O2·-)]+) hypothesis.[77,84]
The nature of the steps following the hydrogen abstraction is still
highly debated and conflicting proposals have been advanced for the
enzymatic mechanism. Hybrid QM/MM approaches have acquired an
important role in the investigation of enzymatic mechanisms by computer
simulations because they provide an efficient means to including the
environment of the enzymatic active sites.[103,104] So, in this PhD Thesis it is
reported an investigation of the mechanism of hydroxylation by PHM by
using hybrid quantum/classical potentials. Ab initio MD simulations have
been carried out to properly describe the complex electronic process but also
in order to include the intrinsic flexibility of the active sites in the modeling
protocol.
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6.1. Quantum Mechanics Methods
Semiempirical methods and DFT-based calculations were used to
perform the theoretical studies of this PhD Thesis.
The semiempirical methods used are the AM1[22] and the PM3[105,106],
both come from the Neglect of Diatomic Differential Overlap (NDDO) model
which relaxes de constraints on the two center two electron integrals. The
AM1 method has the ability to reproduce hydrogen bonds and better estimates
of activation energies for reactions. PM3 method limited to Gaussian
functions per atom instead of the four in AM1 and includes several parameters
to carry out semiempirical calculations in molecular modeling.
The DFT methods used in this PhD Thesis are B3LYP[107] and
M06-2X[108]. The DFT methodology uses the electron density and introduces
the correlation. The B3LYP functional uses the semiempirical combination of
exact exchange and gradient correction performs significantly better and fits
experimental atomization energies with an impressively small average. The
M06-2X is a hybrid meta exchange-correlation functional, it is a
high-nonlocality functional with double amount of nonlocal exchange, and it
is parameterized only for nonmetals.
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6.2. Hybrid QM/MM Methods
The inclusion of the environment effects in the computational
simulations is basic when we are studying enzymatic reactions. For this
reason, the protein environment effects should be included in the
computational simulations, because the specific interactions they generate can
modify the biochemical process. The most useful solution lies in describing
the region where the reaction takes place by means of QM methods, while the
MM methods are chosen to treat the surrounding amino acids of the protein
environment, and/or the solvent molecules.[109] The resulting scheme of the
combination of both techniques is referred to as the hybrid quantum
mechanics/molecular mechanics method (QM/MM). This methodology
allows large-scale biomolecular systems involving a chemical reaction to be
simulated, with a reasonable computational cost and with an acceptable
degree of accuracy. The QM/MM methods were first proposed by Warshel
and Levitt in 1976.[103] It combines the accuracy of the quantum mechanical
methods with the low computational cost of the molecular mechanical
methods.
In 2013, Martin Karplus, Michael Levitt, and Arieh Warshel were
awarded with the Nobel Prize in Chemistry for the “development of
multiscale models for complex chemical systems”. The investigations that
they conducted in the 1970s on chemical computational models. These
researchers combined the principles of quantum theory and classical physics
to reproduce the chemical processes that occur in nature.
First of all, and in order to use this hybrid methodology, the QM and
the MM regions of the system should be selected (see Figure 13).

MM

QM

Boundary Conditions
Figure 13. Different regions of a QM/MM system.

The QM region should contain, at least, the atoms which participate
directly in the formation or breaking of the covalent bonds. Usually, it
includes the substrate, the cofactor (if it exists) and the amino acids of the
active site of the enzyme which are involved in the reaction (i.e., they make
covalent bonds or electron density transfer with the substrate or cofactor)
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The MM region contains the rest of the atoms in the system, i.e., the
rest of the amino acids of the enzyme and the solvent molecules or
counterions.
Finally, the boundary conditions are a collection of restrictions
applied to the system due to the fact that it is impossible to simulate an
infinite system, as it will be explained later on.
To be able to compute the energy and the forces of each atom in the system,
^
an effective Hamiltonian, H eff , is constructed and the time independent
Schrödinger equation is solved for the electronic wavefunction,  el ,of the
atoms in the QM part:

H eff  r , R , RM   E R , RM  r , R , RM 
^

(15)

Ψ depends on the electrons‟ coordinates (r), and on the position of both the
quantum and classical nuclei (Rα and RM, respectively).
This effective Hamiltonian in QM/MM methods is based on an additive
scheme,[110] This general classification is applied to schemes for which the
QM and MM energies are considered complementary, the total energy of the
system is obtained by adding them together and applying coupling terms or
corrections.
^

^

^

^

H eff  H QM  H MM  H QM

^

MM

 H BC

(16)

^

H QM will depend on the quantum method used. It describes the electrons,
nuclei and interactions among the atoms of the QM part and corresponds to an
electronic Hamiltonian of the subsystem in vacuum,
^

H QM  

Z Z 
Z
1
1
 i2       

2 i
R
ij rij
i ri
i

(17)

Equation (17) is the sum of the kinetic energy of the electrons, the electronelectron repulsion, the nucleus-electron attraction and the nucleus-nucleus
repulsion.
-
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i, j: electronic coordinates
α, β: nuclear coordinates
r: electron-electron or nucleus-electron distance
R: nucleus-nucleus distance
Z: nuclear charge
 : kinetic energy operator or Laplacian operator
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^

H MM describes the interactions between the atoms described by means of
molecular mechanics, as it only depends on the MM atoms.
^

H QM

describes the interactions between the QM and MM atoms. Due to
the fact that the MM atoms are represented by punctual charges and Van der
Walls parameters, this Hamiltonian is expressed as:
MM

^

H QM

MM

 
iM

-

A
Z q
B 
qM
   M    12M  6M 
riM M RM
 RM RM 

(18)

i: the electrons of the QM atoms
α: nuclei of the QM atoms
M: refers to the MM atoms.

The first term of the equation (18) represents the electrostatic
interactions between the MM atoms and the electrons of the QM part. The
second term is the electrostatic interactions between the MM atoms and the
nuclei of the QM atoms. The last term describes the Lennard-Jones
interactions between the MM and QM atoms, otherwise the QM atoms would
collide.
In this equation, just the first term is an operator as it contains the
electrons‟ coordinates, so, it must be incorporated in the self consistent field
(SCF) procedure. The remaining terms are constant for a given set of atomic
coordinates, like the MM energy.


As we have already pointed out, H BC appears due to the attempt to
define something that is infinite (as, for example, a solvent) using a system
than can only be defined in an explicit way, with a finite number of
molecules.
-

Cut-off Methods:

The principal problem with the non-bonding energy is the long-range
electrostatic interaction. To perform calculations we must establish a cut-off
distance beyond which the non-bonding interactions are no longer taken into
account. There are different functions describing cut-off strategies to calculate
non-bonding interactions.
Truncated function: This function avoids all the interactions beyond the cutoff distance (rc). Each term in the non-bonding energy expression is
multiplied by the function:
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1 r  rc
S r   
0 r  rc

(19)

In spite of its simplicity, the energy and its derivatives are no longer
continuous, therefore, this option is not the most convenient.
Smoothing function: This method tappers the interaction continuously to zero
at given distance. Now, the first derivative of the energy is continuous, but the
second derivative is still not continuous.
There are two types of smoothing functions:
Switch function: It computes all the interactions inside a radius (ron), from
which it is smoothed to zero at the outer cut-off (roff).


1
r  ron
 r 2  r 2 2 r 2  2r 2  3r
 off
off
on
S r   
ron  r  roff
2
2 3
r

r

off
on
r  roff

0










(20)

Shift function: It modifies the form of the interaction throughout its entire
range.
2 2




r
1     r  rc
S r     r  
 c   r  rc

0


-

(21)

Periodic Boundary Conditions (PBC)

The system is introduced in a solvent box which is replicated in an
infinite way in the three dimensions of the space. Obviously, the finite system
should have a regular shape in order to fill the space when it is replicated,
what is achieved using very regular boxes such as cubic, orthorhombic or
hexagonal ones.
In any case, when we are calculating the non-bonding energy, we
should avoid that each particle could interact with its nearest copy in the
system (this is the minimum image convention, see Figure 14). This fact
makes the method cheaper and easier to implement, but it means that the
cut-off distance for truncation of the non-bonding interactions must be less
than or equal to half the length of the side of the periodic box (see Figure 14).
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Figure 14. Schematic representation of the “minimum image convention”. Figure adapted from
reference [111].

-

Frontier bonds

In the study of very large systems, it is often necessary to split the
system between different regions. In most of the systems under study, a
covalent bond has to be cut when dividing the MM and QM part, so, a
particular molecule must be divided in the QM and the MM part. That is why
there is a need to do approximations in order to satisfy the valences of the QM
atoms.
Link atoms: The more straightforward treatment of the frontier bonds is the
link atom.[103,112] which replaces the MM part of the bond by an atom, usually
a hydrogen atom (due to the fact that the C and H electronegativities are
similar). This link atom is invisible to the MM region and it is used to saturate
the valences of the truncated bond.

Figure 15. Representation of the link atom methodology. The hydrogen in blue is the link atom.

Usually, the selected boundary atom is non-polar to allow a correct
separation of the two electrons of the bond: one will stay in the QM region
and the other will be removed in the MM region. So, the most common option
to place the link atom is in the Csp3-Csp3 bonds.
In practice, an instability source of the link atoms lies on the huge
interaction observed between the wavefunctions of the regions close to the
link atoms and to the MM atoms with partial charges. Therefore, the
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following theory is introduced, which divides the system in three parts: QM
region, MM region and an auxiliary region there are nuclei with normal
nuclear charges but with some electronic density in some of the basis
functions. So, the new Hamiltonian of the system is:
^

^

^

^

^

H complete  H QM  H MM  H aux  H QM

^

aux

 H QM

^

MM

 H MM aux

(22)

^

-

H aux : classical term which describes the electrostatic interaction of
the frozen density and its nuclei with themselves
^

-

H MM aux : the interaction of the frozen density and its nuclei with the
MM point charges and the non-bonded Lennard-Jones terms between
the two regions
^

^

-

H QM

: quite similar to H QM MM , except that it adds two electron
integrals with the orbitals one electron being frozen.
aux

An alternative approach is to constrain the SCF solution to reflect the
influence of the bonds that have been omitted.[110]
Based on this, two other methods to treat the frontier bonds come out:
the Local self-consistent field (LSCF) [113,114] and the Generalized Hybrid
Orbital (GHO) [115]
Local Self-Consistent Field: In the LSCF method, the auxiliary region
consists of a single frozen orbital on each QM boundary atom. The orbitals
that describe the bonds QM atom-boundary atom are not optimized in the SCF
cycle, they remain frozen but they can polarize the QM portion of the system
because they act as frozen charge densities.
This method is very expensive as it needs a previous parametrization
in each case.

Figure 16. LSCF methodology representation. X is the last QM atom.
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Generalized Hybrid Orbital: In the GHO method, the auxiliary region is
bigger. It is similar to the link atom methodology because it uses a fully
optimized molecular orbital to represent each frontier bond, but in this case,
the orbital is surrounded by a charged environment which is much more
realistic.

In this method, hybrid atomic orbitals are used as basis functions on
the boundary atoms of the MM fragment. These hybrid orbitals are divided
into auxiliary and active orbitals, the latter of which are optimized along with
all other atomic orbitals of the QM fragment in the SCF calculations.
Consequently, the chemical bond connecting the QM and the MM fragments
is explicitly treated without introducing spurious “link atoms”. This method
doesn‟t need a previous parametrization in each case, but it can be used just
for Csp3 atoms, and it could be described as a particular case of the LSCF
method.

Figure 17. GHO methodology representation. X is the last QM atom.
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6.3. Potential energy surfaces
The generation of the potential energy surfaces (PES) are usually
based on the Born-Oppenheimer approximation.
A PES is a representation of the potential energy (electronic and
nuclear) depending on the several coordinates of the chemical system.
Obviously, the choice of these coordinates depends on the nature of the
chemical process that is being studied.
There are two main concepts that we need to describe prior the study
of the PES: the gradient and the Hessian.
The gradient is a vector composed of the first derivatives of the
potential energy with respect to the positions of the atoms.

gi 

U

 i  1,..., N

r i

(23)

being N the number of atoms.
The Hessian is a symmetric square matrix which has as elements the
second derivatives (or force constants) of the energy with respect to the
displacement of two coordinates for all the atoms.

H ij 

 2U
r i r j

(24)

As it can be observed, equation (24) is a 3Nx3N matrix which is
2
2
symmetric due to the fact that  U xi y j   U y j xi (if the particles are
the same, i = j). When the Hessian is diagonalized, H  I  0 , the
eigenvalues equation can be solved:

F u i  u
-

(25)

F : is the diagonalized Hessian matrix
u i : is the vector that represents the curvature principal axes and
represents the normal modes
λ : are the eigenvalues. There will be 3N eigenvalues and
eigenvectors, being N the number of atoms in the system.
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A PES is a function of the positions of all the atoms in the system. If
the system has just two atoms, it is easy to visualize that the PES will depend
on just one geometrical variable, the bond distance between the two atoms.
So, the PES will be a bi-dimensional plot of the energy of the system versus
this distance. However, if we consider a three-atom system, there will be three
independent geometrical parameters, either three distances or two distances
and an angle. This will lead to a lot more of calculations compared to the bidimensional PES and to another more important problem: we cannot represent
four-dimensional plots as we live in a three-dimensional world. That is why
there is a need to choose distinguished reaction coordinates,  i , which are
parameters that change in a substantial way during the reaction. For example,
in this reaction:
A

+

BC



AB

+

C

(26)

a possible distinguished reaction coordinate would be the AB distance, which
varies from infinite to a bond distance. Nevertheless, the BC distance would
also have an important role from the transition state to products. So, the best
option would be using both distances in a two-dimensional grid, or of to
generate a one-dimensional potential energy profiles an antisymmetric
combination. In any case, it should be pointed out that some experience is
needed to choose the best distinguished reaction coordinate in each case.
Once the distinguished reaction coordinate or coordinates are chosen,
each point of the PES will be computed varying (but keeping frozen in each
calculation) this or these coordinates and minimizing the rest of the
coordinates. In Figure 18, there is an example of a PES.
(a)

(b)

Figure 18. PES for A + BC  AB + C reaction, where R= reactants, TS= transition
structure and P= products. (a) Contour plot, (b) three-dimensional plot.
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In a PES, as it can be observed in Figure 19, there are stationary
points which are characterized by a gradient equal to zero, and they can be
divided as minima and first-order saddle points.
When there is a minima and the Hessian matrix at this point is
diagonalized, all the eigenvalues obtained are positive. This means that an
infinitesimal displacement of the geometry of the system along the direction
defined by any of its eigenvectors, will lead to an increase in energy. The
minima are the reactants, products and intermediates.
Whereas, when there is a first-order saddle point and the Hessian
matrix is diagonalized, all the eigenvectors obtained are positive but one. In
this case, if we perform an infinitesimal displacement along the eigenvector
corresponding to the negative eigenvalue, the energy will decrease. However,
if the displacement is along the eigenvector associated to a positive
eigenvalue, the energy will increase.
The eigenvector associated to the negative eigenvalue is known as the
transition vector and indicates the direction from the transition structure to
reactants and products.
Another important issue in a PES is the intrinsic reaction path (IRC),
the path that, departing from the transition structure, leads to the reactants
and products, following the direction of the gradient. The initial point the
transition structure, has a zero gradient, so, the initial direction of the IRC
should be previously specified by the transition vector.
[116]

In a first approximation, we can obtain the IRC as the solution of:

dx 

  ds
g x 
gx

(27)

where s is the path length from the transition structure or the reaction
coordinate, and it is computed by:

ds 2   dxi 2  dyi 2  dzi 2 

(28)

i

It should be also pointed out that there are other methods, such as
Page-McIver, [117] that, in addition, uses the Hessian to compute the IRC.
But the problem is that the reaction path obtained depends on the coordinates
used. Therefore, in 1970, Fukui [118,119] demonstrated that if the mass-weighted
Cartesian coordinates are used:

xi  xi mi

(29)
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the requirement of following the gradient coincides with the path that would
follow the system if, starting from the transition structure, it would go to
reactants and products following a zero kinetic energy trajectory, i.e., a very
slow trajectory. Therefore when we talk about an IRC, we really talk about
reaction path which results from the solution of the equation (24) expressed in
mass-weighted Cartesian coordinates. [119]
There is another approximation to the IRCs, the MEPs or minimum
energy paths, [120] which connect reactants to products, passing through the
transition state, along the minimum energy path, as it name already suggests.
The computation of the IRCs is very useful and necessary for a
chemist because it establishes in an unequivocal way which reactants and
products are connected to a located transition structure. Once the IRC is
finished, in both directions of the transition vector, it should be checked that
the system has reached the two minima, therefore, the point should be located
and characterized as minima connected of the TS.
There are a wide variety of methods to locate minima and first order
saddle points, and they are classified by the type of derivatives that they use:
[111]

-

No derivatives or zero order methods: They make use of energy
values only (i.e., simplex method)
First derivatives or first order methods: They use values of the
energy and its first derivatives (i.e., steepest descent or conjugate
gradient).
Quadratic or second order methods: On the one hand, they can make
use of the energy, its first derivative and they approximate its second
derivatives [121] (i.e., quasi-Newton, reduced basis-set Newton or
truncated Newton algorithms). On the other hand, they can use energy
values and its first and second derivatives [121] (i.e., exact Newton or
Newton-Raphson methods).

As it can be observed, there is a wide range of methods to locate
stationary point structures, and the general rule to select one is using exact or
quasi-exact Newton methods if the system is small because these methods are
more efficient. However, if the system is large, first derivatives or, at the
most, approximate second derivatives algorithms should be used.
On the other hand, when locating transition structures, it is more
difficult as the energy should be minimized in N-1 directions and maximized
in the others. It is almost exclusively achieved by Newton-Raphson methods
(Baker or other eigenvector following methods).
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6.4. Molecular dynamics
The information obtained in the study of chemical reactions in
condensed media is not enough to describe the entire system in a
representative manner.
The energy profile of a reaction in condensed media can be
schematically represented as:

Figure 19. Schematic energy diagram of a reaction in a condensed media.

As it can be observed in Figure 20, in a reaction taking place in
condensed media, there are many reactant structures, transition structures and
product structures. This is due to the effect of the size of the system,
especially when the environment is introduced explicitly: there is a wide
range of accessible structures which are minima or saddle points in the PES,
with similar geometries and energies. Therefore, the properties of the
transition state will be the average properties of all the transition structures,
and the same will occur with the reactant and product states.
It is also shown that, if we just pick up one reactant structure and one
transition structure, we will obtain an energetic barrier ( E1‡ ) that can be
different if we select other structures for reactants and transition structure
( E2‡ ), even though these latter structure provide almost the same chemical
information. Moreover, the same argument can be used for the reaction
energies. Consequently, the isolated study of the PESs is not enough, and
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evaluation of as much configurations as possible is required to obtain average
properties, which will be comparable to experimental data. Thus, it is
necessary statistical simulations by means of Molecular Dynamics (MD) or
Monte Carlo simulations (MC), which allow the exploration of many different
conformations existing in the system. In our case the former has been selected
the Molecular Dynamics.
The classical Hamiltonian of the system can be described as[111]:
^





N

H pi , r i  
i 1

 

1 2
pi  V r i
2mi

(30)

^

-

H : the sum of the kinetic and potential energy terms and it is a
function of the 3N particle momenta and the 3N particle positions
p i : the momentum of a particle

V: the potential energy (computed by means of quantum methods, molecular
mechanical methods or QM/MM methods). On the other hand, the Hamilton
equations are:
^

.

pi 

H
r i



V
r i

 Fi

(31)

^

.

r

H
 pi



pi
mi

(32)

If we substitute equation (32) in equation (31), we obtain Newton‟s
equation of motion for a particle:

F  mi a i

(33)

So, to perform a MD simulation, equation (33) (or equations (31) and
(32)) must be solved for each particle in the system. As stated before, these
equations account for classical particles. This is not a problem in the case of
QM atoms due to the fact that the Born-Oppenheimer approximation allows
treating separately the movement of the nuclei and the electrons: electron
relaxation is almost instantaneous for a nuclear change. Thus, from a practical
point of view, the main difference arises from how forces are calculated:
using a force field for MM atoms, or by means of an electronic Hamiltonian
in the case of the QM atoms.
Unfortunately, this approach has some drawbacks. Since the
movement of all the nuclei is classical, it does not account for quantum effects
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which are important, for example, in the treatment of the dynamics of light
particles (where quantum mechanical tunnelling effect can appear) and it
neither include zero-point motion (the vibrational motion that all quantum
mechanical systems undergo even at zero Kelvin).
Finally, in order to solve these classical equations, there are several
algorithms, and the Verlet algorithm [122] stands out from them.
If a time t, r t  represents the positions of the atoms in the system,
then the positions of these atoms at a time t + ∆t, can be obtained from a
Taylor expansion:

r i t  t   r i t   t v i t  
-

v i t  : the velocity

-

a i t  : the acceleration at time t.

t 2
a i t   O t 3
2

 

(34)

Similarly, the position of these atoms at a time t - ∆t, is:

t 2
r i t  t   r i t   t v i t  
a i t   O t 3
2

 

(35)

Adding the equation (34) and (35), and taking into account equation (33):

r i t  t   2r i t   r i t  t   t 2 a i t  
 2r i t   r i t  t  

t 2 F i t 
mi

(36)

This equation describes the positions of the particles at a time t + ∆t.
Subtracting equations (34) and (35):

v i t  





1
r i t  t   r i t  t 
2t

(37)

This equation describes the velocities of the particles at a time t.
With both equations ((36) and (37)) it would be enough to integrate
the equations of motion but, as we can observe, the velocities at a time t can
only be computed once the positions at a time t +∆t have been obtained, so, at
the start of the simulation (when t=0) a different formula is needed.
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To overcome this problem, the velocity Verlet algorithm appears,
which use these formula:

r i t  t   r i t   t v i t  
v i t  t   v i t  



t 2
F i t 
2 mi

[123]

(38)



t
F i t   F i t  t 
2 mi

(39)

Finally, there are different methods to fix the temperature of the
system, which is defined as:

T
where K

2K

(40)

N df k B

is the averaged kinetic energy, Ndf is the number of degrees of

freedom accessible to the system and kB is the Boltzmann constant.
This fixation can be reached scaling the velocities:

v i , scaled t   v i t 
-

Tref

(41)

Tt

Tt: the instantaneous temperature of the system
Tref : the reference temperature of the system.

or using an external bath to calculate the velocities. This algorithm was
developed by Berendsen et al. [124] and modifies the equation of motion in the
following way:

a i t   mi F i t  
-

T

1
v i t  bath  1
2 i
 Tt


(42)

Tbath : the temperature of the external bath
τi : the coupling constant which determines the strength of the
coupling to the external bath.

This added term works as a frictional force, i.e., when Tt is higher
than the value that we need, the force is negative, so the particles are slowed
down and, therefore, the kinetic energy and temperature are reduced.
Whereas, if Tt is lower than the value that we need, the reverse happens. With
this approximation, we obtain continuous trajectories.
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We should also comment that, in our case, the volume is controlled
applying periodic boundary conditions.
In order to find out the precision of our simulations, we can check if
our system keeps the Eckart‟s conditions: [111] it conserves the total
momentum (it is conserved if there is no nett force), the angular momentum
(it is conserved if there is no torque force) and the total energy (it is conserved
as the Hamiltonian is time-independent).
We should also point out that, to choose the initial velocities of the
system, we use a Maxwell-Boltzmann distribution for a particular
temperature.
It is also important to fix the conditions of the simulation. The most
common case is working in constant volume, temperature and total number of
particles, what is known as canonical or NVT ensemble, which is the one used
the most by experimentalists.
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6.5. Free energy in statistical mechanics
There are different techniques for calculating free energies. It can
distinguish three different families of methods:
i)
ii)
iii)

Methods that simple the system in equilibrium.
Nonequilibrium sampling techniques.
Methods that introduce additional degrees of freedom, along
which the free energy is calculated.

In the first group, it can be included Thermodynamic Perturbation or
Free Energy Perturbation methods (FEP)[125-128] and Thermodynamic
Integration methods (TI).[129] The FEP method is called Slow Growth method,
and requires that the increase in the reaction coordinate, λ, is slow enough for
the system to remain essentially at equilibrium all times. The difference
between FEP and TI is that the former averages over finite differences in
energy functions, while the latter averages over a differentiated energy
function.
The nonequilibrium techniques involve the one discovered by
Jarzynski[130-136], who demonstrated the equivalence for the free-energy
change and an exponential average over the work along nonreversible paths
originating from a canonic ensemble. This can be exploited in practical
simulations moving a constraint on the reaction coordinate relatively fast from
an equilibrated system to the target system[137,138]. This method becames
known as Fast Growth.
In the last group can be included techniques such as Transition-path
sampling (TPS) which uses Monte Carlo importance sampling in the space of
trajectories connecting the reactant with the product basin, yielding an
ensemble of reactive trajectories[139-149]. All that is required are low
dimensional order parameters that are able to unambiguously separate reactant
from product configurations. Other technique belonging to this group is the
Metadynamics approach[150-159] which is capable of exploring the free-energy
surface without prior information about the location of minima or transition
states. Other technique is Phase-space sampling, it can be enhanced in
constant temperature MD by coupling selected degrees of freedom to a
separate thermostat and keeping them at higher temperature than the
remainder of the system. Such techniques are known as adiabatic free-energy
dynamics[160,161] or canonical adiabatic free-energy sampling[162]. The last one
belonging to this group is the one developed by Lu and Yang[163]. They
extended the concept of the reaction-path Hamiltonian[164] to large QM/MM
systems. Using the energies, vibrational frequencies and electronic response
properties of the QM region along QM/MM reaction path, they construct a
harmonic reaction path potential.
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Then the FEP technique is presented because is the one it is used in
this PhD Thesis.
Using the canonical ensemble, the observable obtained for the free
energy is the Helmholtz potential, A, which measures the “useful” work
obtained from a system isolated from its surrounding environment at a
constant temperature, and it is defined as:

A  k BT ln QNVT

(43)

QNVT is the partition function for a system formed by N
indistinguishable particles at a constant volume and temperature, i.e., it is the
probability to find the system in a certain state:

QNVT 

1
3N

h N!

e

 

 ^

 H p , r k BT 



drdp

(44)

where QNVT is a property that depends on the energy of each configuration:

QNVT  e V kBT

(45)

From this equation, it might be thought that if we evaluate the average
on equation (44) along a MD trajectory, we will straightforward obtain the
free energy. But this is not the case, because it is very difficult to obtain
reliable averages due to the fact that simulations will preferentially explore
the configurations with a lower potential energy because they have higher
probabilities. To avoid this problem, we resort to the Umbrella Sampling
technique [165] (see Figure 20), which allows to explore high-energy zones that
would not be explored if the system was left to evolve freely.

Figure 20. Representation of the Umbrella Sampling technique, where the energy profile is
divided into several windows.
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6. Computational Methods
We compute a particular kind of free energy, the Potential of Mean
Force (PMF), which has the same equation as the Helmholtz potential but the
averages are made on all the degrees of freedom of the system except along
one that corresponds to the distinguished coordinate,  . It is defined as:



 

U  0   c  k BT ln  d r  r   0 e v r  k BT



(46)

-

 0 : the value of the degree of freedom  for which the PMF is
computed

-

 r : the function that relates  to the atomic coordinates r i



c : an arbitrary constant which includes all that is independent of 

If the average of the distribution function of the coordinate is expressed as:

 d r  r   e
   

 d re



v r k BT

0

0

(47)

 v r k BT

then, the PMF is:

U  0   c'k BT ln   0 

(48)

where c’ is another arbitrary constant.
To perform a correct computation of the whole density along  0 (to

obtain each value of   0  ), we should make a series of calculations for

sampling in different regions of the space (or windows), but this regions
should overlap in order to cover the whole configurational space and make the
integration possible. Since, as stated before, it would be easier for the system
to access to low-energy zones, we need to use an umbrella potential that can
focus the sampling for a given value of  0 . Then, the trajectories of each
window are added to obtain the full distribution function valid for the whole
range of the coordinate  0 . Usually, a harmonic potential is chosen as an
umbrella potential:

vumb 

1
k umb  0   ref
2



2

(49)

where  ref is the reference value of the reaction coordinate which is changed
at each window; and kumb is the force constant for the potential. Finally, using
the Weighted Histogram Analysis (WHAM), [166] we can reconstruct the
complete distribution functions computed separately for each window,
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obtaining the averaged free energy of the system, which, eventually, can be
compared to the experimental data (Figure 21).

  0,i 

0

Figure 21. Representation of the WHAM method. The complete distribution function is
obtained from the distribution functions of each window.
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6.6. Transition State Theory
Thanks to Statistical Thermodynamics, it is possible to relate the
microscopic properties with the macroscopic properties.
In 1938 Wigner[167] succinctly summarized four conditions required
for transition state Theory to be exact. As pointed out by D. G. Truhlar[168]:
(1) The reactant region of phase space is populated according to a
Maxwell-Boltzmann distribution.
(2) The Born-Oppenheimer separation of electronic and nuclear motion is
valid, so only one potential energy surface is involved (Processes in
which electronic motion follows nuclear motion without an electronic
state change are called electronically adiabatic, which strictly means
that the electronic quantum numbers are conserved)
(3) The nuclear motion is classical.
(4) All trajectories crossing the transition state (which is a phase-space
hypersurface dividing reactants from products) toward products must
have originated on the reactant side and must cross the hypersurface
only once.
Condition (4) is now usually called the “no recrossing” assumption. If
the reaction coordinate were indeed globally separable, there would be no
recossing. Thus condition (4) is sometimes replaced by the assumption that
reaction coordinate is separable. However the reaction coordinate is never
globally separable and is at best locally separable, whereas the no-recrossing
condition may still be satisfied.[169]
In this chemical reaction:
(47)
where A‡ is the transition state of the (3) postulate, K‡ is the equilibrium
constant between A and A‡, and k is the first-order rate constant. According to
the third postulate, the reaction rate is:

 

vreaction  v A‡ 

 

k BT ‡
A
h

(48)

Taking into account the definition of the equilibrium constant, K‡, and
its relationship with the Gibbs‟ free energy:
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K‡ 

A 
‡

A 

(49)

G ‡  RT ln K ‡

(50)

we can obtain the concentration of the species in the transition state:

A   Ae
‡

  G ‡

 RT







(51)

and, comparing equation (48) to equation (51):
  G ‡ 

RT 



k T
vreaction  B Ae
h

 k A

(52)

we obtain the rate constant for our reaction, the equation:
  G ‡ 

RT 

k T 
k  B e
h

(53)

According to equation (53), we could estimate the reaction rate if we are able
‡
to determine the free energy between reactants and the transition state, G .
(See Figure 4)
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8. Summary and Outlook
In accordance with the original objectives, different studies have been
presented in this PhD Thesis. The main conclusions drawn from this research
can be summarized as follows:
Hydrolysis of a β-lactam antibiotic, CEF, was first studied in vacuo
including the full molecule and a water molecule as a nucleophilic agent,
followed by the counterpart study in aqueous solution by means of hybrid
QM/MM potentials. The results allow concluding that:
-

-

-

-

The inclusion of the full molecule of the CEF in the gas phase
molecular model has been demonstrated to be crucial since its
carboxylate group can activate the nuclephilic water molecule.
The flexibility of the substrate implies the existence of a huge number
of possible conformers, some of them implying formation of
intramolecular hydrogen bond interaction that can determine the
energetics of the conformers defining the different states along the
reaction profile.
From a computational point of view, the results show that PM3
semiempirical Hamiltonian provides results that are in qualitative
agreement with higher level calculations based on DFT; B3LYP and
M06-2X hybrid functional used with standard 6-31G* basis set.
The PMFs computed at PM3/MM level and corrected with the
B3LYP and M06-2X functional, show a step-wise mechanism which
is kinetically determined by the nucleophilic attack of a water
molecule activated by the proton transfer to the carboxylate group of
the substrate.

Hybrid QM/MM MD simulations have been performed to explore the
mechanisms of hydrolysis of two antibiotics, IMI and CEF, catalyzed by a
mono-nuclear β-lactamase, CphA from A.hydrophila. The main conclusions
of this study are:
-

-

The hydrolysis of the four membered ring of β-lactam antibiotics
takes place though a concerted mechanism where the nucleophilic
attack on the carbonyl group of the β-lactam ring, the protonation of
the N atom and scission of the carbon-nitrogen bond take place in a
single chemical step.
Electronically different transition state structures are revealed in a
deeper comparative analysis: while the TS of the CEF is a ionic spices
with negative charge on nitrogen, the IMI TS presents a tetrahedrallike character with negative charge on oxygen atom of the carbonyl
group of the lactam ring. Dramatic conformational changes can take
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-

place in the cavity of CphA to accommodate different substrates,
which would be the origin of its substrate promiscuity.
From the energetic point of view, including the correction at M062X-MM level, render free energy barriers of 32.6 and 35.6 kcal/mol
for the hydrolysis of IMI and CEF, respectively. This trend would be
in agreement with the fact that CphA shows only activity against
carbapenem antibiotic.

Regarding the second block of this PhD Thesis this study represents
the first investigation of the PHM enzymatic cycle based on BornOppenheimer MD simulations at the DFT/MM level. The conclusions are
summarized as follows:
-

-

-

A rebound step has been identified occurring on the picoseconds
timescale immediately after the hydrogen abstraction. The rebound is
very probably much faster that the alternative proposals.
The rebound provides an efficient means to tapping the product of the
endergonic hydrogen-abstraction step in a state of lower energy with
the formation of a C-O bond.
The two active sites return to the +I state after the oxidative phase and
are thus separated from the reductive phase.

The work done in this PhD Thesis offers many possibilities for future
research. It opens the doors to the deep study of the mechanism of enzymatic
reaction to know the origin of the selectivity of the different MβLs, and as a
consequence, the discovery of specific and potent inhibitors of these enzymes
against the pathogenic bacteria.
In the group of copper monooxygenase enzymes, the question of the
activation of molecular oxygen is an open question of debate in the fields of
biochemistry and chemistry. There are many contradictory reaction
mechanism proposals, the direction of future studies could be, together with
experimental evidence supporting the theoretical results, the study of such
reaction mechanisms.
Through the use of the QM/MM hybrid methodology, the study of
biological systems can be deepened, obtaining results that can be compared
with available experimental results and to guide the design and synthesis of
new high value chemicals. Nevertheless, methodological developments are
required in order to describe the complex biological systems (i.e. those active
sites involving transition metals) at high accuracy.
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