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Abstract (English Version)

Abstract (English Version)
Cysteine proteases (CP) are the most abundant proteases in

parasitic protozoa and they are essential enzymes to the life cycle of
several of them. For example, cruzain is crucial for the development and
survival of the protozoan Trypanosoma cruzi, the etiologic agent of
Chagas disease; and falcipain-2 (FP2) is expressed during the
erythrocytic stage of the life cycle of the parasite causing Malaria.
Hence, these enzymes have become attractive therapeutic targets for the
development of new inhibitors. Irreversible inhibitors of cruzain and
FP2, that covalently bind to the enzyme through a residue cysteine of the
active site, have showed good inhibition activity.

Today, many aspects of both, inhibition mechanism and catalytic
mechanism of these enzymes are unclear and still under debate. Thus, it
is crucial to improve our understanding of how these enzymes work at
molecular level for the design of new inhibitors. In the present Doctoral
Thesis, different enzymatic mechanisms of the reaction catalyzed by
cruzain, as well as several inhibition processes of cruzain and FP2, have
been studied. Hybrid Quantum Mechanics/Molecular Mechanical
(QM/MM) potentials have been employed to run Molecular Dynamics
(MD) simulations that allow obtaining the Free Energy Surfaces (FES) in
terms of Potential of Mean Force (PMF). These calculations have
allowed obtaining a complete picture of the possible free energy reaction
paths, including details of the reaction mechanism, their corresponding
free energy barriers, average geometries and the interactions between the
inhibitor and the protein. A deep analysis of the results has contributed to
our understanding of the enzymatic mechanisms under study, which
could be used for a rational design of new inhibitors with potential
application in the treatment of severe human diseases.
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Abstract (Spanish Version)

Las cisteina proteasas son enzimas esenciales en el ciclo de vida de

muchos protozoos patogénicos. Por ejemplo, el papel de la cruzaina es
decisivo para el desarrollo del Trypanosoma cruzi, agente etiologico de
la enfermedad de Chagas, y la falcipaina-2 se expresa durante la etapa
eritrocitica del parasito causante de la malaria. Sin duda, éste es el
motivo por el que estas enzimas se han convertido en objetivos
terapéuticos para el desarrollo de nuevos inhibidores. Inhibidores
irreversibles de la cruzaina o de la falcipaina-2, que se unen
covalentemente a la enzima a través de un residuo de cisteina del sitio
activo, han mostrado una buena actividad de inhibicion.

Sin embargo, muchos aspectos tanto del mecanismo de inhibicién
como del mecanismo catalitico de las cisteina proteasas son todavia una
incognita. Por tanto, mejorar la comprension de estos sistemas
enzimaticos a nivel molecular es crucial para el disefio de nuevos
inhibidores. En la presente Tesis Doctoral se han estudiado diferentes
mecanismos de la reaccion catalizada por la cruzaina asi como diversos
procesos de inhibicidn de la cruzaina y la falcipaina-2. Se han empleado
potenciales hibridos Mecénica Cuéantica/Mecéanica Molecular para
realizar simulaciones de dindmica molecular que permiten obtener las
correspondientes superficies de energia libre en términos de potenciales
de fuerza media. Estos calculos nos han permitido obtener un panorama
completo de los posibles caminos de reaccion de energia libre,
incluyendo detalles del mecanismo de reaccion, las geometrias promedio
de los estados estacionarios, ademas de las interacciones entre el
inhibidor y la proteina. Un andlisis profundo de los resultados ha
contribuido a nuestra comprension de estos procesos, lo cual podria ser
utilizado para un disefio racional de nuevos inhibidores con potencial
aplicacion en el tratamiento de estas enfermedades.
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1. Introduction

1. Introduction

1.1. Introduction (English Version)

Enzymes are complex biological molecules that allow organisms to
reduce the timescales of the chemical reactions, in some cases from
millions of years to fractions of seconds. The extraordinary catalytic
power of the enzymes, often far greater than that of synthetic or
inorganic catalysts, is crucial for the life, without this ability, the life
would be impossible. In addition, they function in aqueous solutions
under very mild conditions of temperature and pH.: For example, in
aqueous solution the hydrolysis of a peptide bond would take hundreds
of years, while a protease can degrade as many as one million of peptide

bonds per second.?

In 1878, Frederik W. Kihne used for the first time the word
enzyme, and it means “in yeast”,® what intended to emphasize that the
catalytic activity was the manifestation of an extract or secretion rather
than of the whole organism. Years later, James B. Sumner isolated an
enzyme in its crystal form for the first time, the enzyme urease from the
jack bean Canavalia ensiformis. In 1960, Stein, Moore and Hirs have
determined the first amino acid sequence of an enzyme, corresponding to
the complete sequence of 124 amino acid residues in oxidized bovine
pancreatic ribonuclease through a structural study of the peptides
liberated by enzymatic cleavage.> William H. Stein and Stanford Moore
in 1972 shared the Nobel Prize in Chemistry “for their contribution to
the understanding of the connection between chemical structure and
catalytic activity of the active centre of the ribonuclease molecule .2

Phillips and co-workers in 1965 solved the first X-ray structure of an



1. Introduction

enzyme, the hen egg-white lisozyme.” This work allowed an enzyme
structure to be examined at atomic resolution, giving birth to several
studies about of the structure-function of enzymes. Four years later,
B. Gutte and R. B. Merrifield reported the first synthesis of an enzyme
from the component amino acids, the ribonuclease A2 In 1971, was
established the first open access digital resource for sharing three-
dimensional protein structures, the Protein Data Bank (PDB).? Initially,
the PDB only contained 7 protein structures, today, that number has
grown exponentially to almost 130,000 entries of natural and designed
macromolecules. Thus, in the following years, with the corresponding
experimental and computational advances, several studies were carried
out in order to understanding the behaviour of the enzymes, however,

today many aspects are still under debate in the enzymology.

It is clear that the study of these macromolecules has a practical
importance. A deficiency or a total absence of one or more enzymes
could cause inheritable genetic disorders. The malfunction of just one
type of enzyme in the human body can be fatal. The deficiency of CP, for
example, may cause many diseases such as cancer'® and Alzheimer’s
disease. On the other hand, some diseases may be caused by excessive
activity of an enzyme; for example, excess activity of both CPs
cathepsin-B and cathepsin-L results in the degradation of muscle tissue
and intracellular proteolysis.22 Thus, enzymes become attractive targets
in medicinal chemistry: from the known human proteases, almost 14%
are under investigation as drug targets for several diseases:* and about 5-
10% of all biological target for development of drugs are proteases.* The
study of the enzymes is also important in chemical engineering, food

technology, and agriculture. For example, the protease applications in

2
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industrial processes present several advantages compared to chemical
processes, due to increasing hydrolysis specificity, product preservation
and purity, and reducing environmental impact.® Proteases are also
important tools of the biotechnological industry because of their
usefulness as biochemical reagents or in the manufacture of numerous

products.t®

Regarding the particular implication of CPs in developing new
drugs, it can be mentioned that for example, cruzain and FP2 are drug
targets against Chagas disease and malaria.2*® The first reported case of
Chagas disease was in 1835,% and currently affects about 6-7 million of
people living mainly in endemic areas of 21 Latin American countries.
There is not available vaccine to prevent this disease and the two drugs
for treatments are toxic, with important contra-indications and also

221 Another of the most

ineffective for the chronic stage of the disease.
serious and neglected diseases in the world is malaria, although that the
global malaria death rate declined by 60%, the disease continues to have
a negative impact on the public health. The inhibition of FP2 has proven
indispensable in order to completely block parasitic growth and

proliferation. 2%

Consequently, there is a need to develop efficient
therapies against these diseases. One promising approach is the
development of inhibitors of both CPs cruzain and FP2. Irreversible
inhibitors that contain an electrophilic functional group, such as
halomethyl ketones, epoxy ketones, or epoxysuccinates, covalently bind
to the enzyme through a residue cysteine via nucleophilic attack of the
active site, showing good inhibition activity.?* Today, many aspects of
both inhibition mechanism and catalytic mechanism of CPs are unclear

and are still under debate. However, despite the importance of the

3
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problem, only few computational studies of these mechanisms including
the protein environment effects have been reported. Thus, it is crucial to
improve our understanding of these enzymatic mechanisms at molecular
level to design new inhibitors that allow an effective treatment of these

diseases.

The complexity of the enzymes and their reactions make the
experiments a limited tool for the study of the enzyme activity.?
Computational chemistry has become an invaluable tool for studying the
activity of the enzymes, through which we can understand the their
fundamental mechanisms from studying transition states, structures
impossible to study with experimental techniques due their short
lifetimes.22 All the improvements obtained in the last decades are
applied in several fields such as medicine, biology, chemistry, material
sciences or physics, highlighting an important feature of the
computational and theoretical chemistry. On the other hand, it is
important to emphasize that the development in computational chemistry

depends especially on the increase in computer power.

Nowadays, a useful and powerful computational tool to study the
enzymatic behavior is the hybrid QM/MM methodology.2“# This takes
advantage of the accuracy of the QM methods and the low computational
cost of the MM methods, being a good balanced choice between both
factors. The idea of the QM/MM methodology was introduced by
Karplus, Warshel and Levitt.2“2 In the last decades, the number of
papers related with QM/MM studies of enzymes has grown considerably
thus showing the success and usefulness of this technique. The award of
the Chemistry Nobel Prize in 2013 to Martin Karplus, Michael Levitt and
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Arieh Warshel “for the development of multiscale models for complex
chemical systems”®® recognizes the important role of the QM/MM

methodology for the study and understanding of the biological systems.

In the present Doctoral Thesis, different CPs inhibition
mechanisms have been studied by MD simulations using hybrid
AM1d/MM and MO06-2X/6-31+G(d,p):AM1d/MM potentials  for
describing the atoms of the QM region, while the rest of the protein and
water molecules were described by OPLS-AA3L and TIP3P*2 force fields.
The first contribution of this Thesis was the computational study of the
inhibition mechanism of FP2 by the epoxysuccinate E64
(see Paper I in Chapter 7). FESs generated in term of PMF were explored
for the two possible mechanisms, the sulfur attack of conserved residue
Cys42 on C2 or C3 atoms of the epoxide ring. An alternative mechanism
consisting of a protonation of the epoxy O3 atom prior to the Cys42
attack and the epoxy ring opening has been also explored. Three possible
sources of protons have been considered: a water molecule, protonated
Hisl74, and a direct intramolecular transfer of a proton from the
carboxylic group of the inhibitor. In addition, an analysis of the averaged
geometries, averaged Mulliken charges and the interactions between the

FP2 and the E64 were carried out for the key stationary points.

The second contribution of the present Doctoral Thesis
(see Paper 1l in Chapter 7) was the computational study of the inhibition
mechanism of cruzain by the peptidyl halomethyl ketones (PHK)
Bz-Tyr-Ala-CH,F (PFK) and Bz-Tyr-Ala-CH,Cl (PCIK). Three different
mechanisms proposed for the Cys25 attack to both inhibitors have been
initially explored by generating FESs in term of PMFs. Later an energetic

comparison between the mechanisms proposed for the inhibitors PFK
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and PCIK has been established, as well as the detailed analysis of the
averaged geometries of the key stationary points, and interactions
between the inhibitor (PFK or PCIK) and the cruzain.

The last study of the CP inhibition mechanism was focused on the
inhibition of cruzain by the epoxyketone Cbhz-Phe-Hph-(2S)
(see Paper 11l in Chapter 7). FESs were explored for all the possible
mechanism proposed in the literature: the stepwise mechanism where
Cys25 attacks the epoxy ring before the activation of the ring by a proton
transfer, and the concerted mechanism or the stepwise mechanism where
the activation of the epoxy ring precedes the Cys25 attack. A protonated
His159 and a water molecule have been considered as possible source of
protons. For the proposed mechanism, the average values of interatomic
distances and interactions in the key states located along the reaction of
both attacks of Cys25 on the C2 and C3 atoms have been subject of a

deep analysis.

As mentioned above, diverse aspects around the catalytic
mechanism of CP are under discussion. Is the acylation stage a serine
protease-like mechanism? Is the deacylation concerted, or is it a stepwise
process? In order to answers all these questions, the catalytic mechanism
of the CP cruzain (see Paper IV in Chapter 7) has been studied for the
hydrolysis of a small peptide. Different FESs were explored for all the
possible chemical steps corresponding to the two stages of the
mechanism: acylation and deacylation. The activation and reaction free
energies for all of the possible chemical steps have been analysis in order
to propose the most favorable one for the acylation stage and for

deacylation stage. As in previous studies, analysis of the averaged
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geometries, interactions distances and interaction energies between the

peptide and the protein for the proposed stages has been carried out.

1.2. Introduction (Spanish Version)

Las enzimas son moléculas bioldgicas complejas que permiten a
los organismos reducir las escalas de tiempo de las reacciones quimicas,
en algunos casos desde millones de afos hasta fracciones de segundos. El
extraordinario poder catalitico de las enzimas, a menudo mucho mayor
que el de los catalizadores sintéticos o inorganicos, es crucial para la
vida. Sin esta capacidad, la vida seria imposible.t Por ejemplo, en
disolucién acuosa la hidroélisis de un enlace peptidico llevaria cientos de
afios, sin embargo, una proteasa puede degradar hasta un millon de

enlaces peptidicos por segundo.?

En 1878, Frederik W. Kihne usé por primera vez la palabra
enzima, la cual significa "en levadura”,? lo que pretendia enfatizar que la
actividad catalitica era la manifestacion de un extracto o secrecion méas
que de todo el organismo. Afios mas tarde, James B. Sumner aisl6 por
primera vez una enzima en su forma cristalina, la enzima ureasa de
Canavalia ensiformis.* En 1960, Stein, Moore y Hirs determinaron la
primera secuencia de amino4cidos de una enzima.> William H. Stein y
Stanford Moore en 1972 compartieron el Premio Nobel de Quimica "por
su contribucién a la comprensién de la conexién entre la estructura
quimica y la actividad catalitica del centro activo de la molécula de
ribonucleasa™.® Phillips y colaboradores, en 1965, resolvieron la primera
estructura de rayos X de una enzima, la lisozima de la clara de huevo de

la gallina.” Este trabajo permiti6 examinar la estructura de una enzima a
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niveles atdmicos, dando lugar a diversos estudios sobre la
estructura-funcion de las enzimas. Cuatro afios después, B. Gutte y
R. B. Merrifield reportaron la primera sintesis de una enzima, la
ribonucleasa A, a partir de sus aminoécidos.? En 1971, se estableci¢ el
primer recurso digital de acceso abierto para compartir estructuras
tridimensionales de proteinas, el PDB (Banco de datos de proteinas, de
sus siglas en inglés).? Inicialmente, el PDB sdlo contenia 7 estructuras de
proteinas. Hoy, ese nimero ha crecido exponencialmente a casi 130.000
entradas de macromoléculas naturales y de disefio. Asi, en los afios
siguientes, con los correspondientes avances experimentales y
computacionales, se realizaron varios estudios con el fin de comprender
el comportamiento de las enzimas, sin embargo, hoy en dia muchos

aspectos estan todavia bajo debate en el campo de la enzimologia.

Es evidente que el estudio de estas macromoléculas tiene una gran
importancia préctica. La deficiencia o la ausencia total de una o més
enzimas puede causar trastornos genéticos hereditarios. EI mal
funcionamiento de un solo tipo de enzima en el cuerpo humano puede ser
fatal. La deficiencia de CPs (cisteina-proteasas, de sus siglas en inglés).
Por ejemplo, puede causar muchas enfermedades como el cancer® y el
Alzheimer.2t Por otro lado, algunas enfermedades pueden ser causadas
por la actividad excesiva de una enzima; por ejemplo, el exceso de
actividad de ambas CPs catepsina-B y catepsina-L da lugar a la
degradacion del tejido muscular y a la protedlisis intracelular.*? Es sin
duda por ello que las enzimas se han convertido en objetivos
terapéuticos: de las proteasas humanas conocidas, casi el 14% estan bajo
investigacion como dianas de farmacos para el tratamiento de varias

enfermedades®® y alrededor del 5-10% de todas las dianas biolégicas para
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el desarrollo de farmacos son proteasas.** El estudio de las enzimas
también es importante en ingenieria quimica, tecnologia de alimentos y
agricultura.t Por ejemplo, las aplicaciones en procesos industriales de las
proteasas presentan varias ventajas en comparacion con los procesos
quimicos, debido al aumento de la especificidad de la hidrolisis, la
preservacion y pureza del producto y la reduccion del impacto
ambiental 2> Las proteasas son también importantes de la industria
biotecnoldgica debido a su utilidad como reactivos bioquimicos o en la

fabricacion de numerosos productos.t®

Retomando la implicacion de las CPs en el desarrollo de nuevos
farmacos podriamos mencionar, por ejemplo, la cruzaina y la FP2
(falcipaina-2, de sus siglas en inglés) son objetivos para el desarrollo de
farmacos contra la enfermedad de Chagas y la malaria.X**® El primer
caso que se conoce de la enfermedad de Chagas data de 18352 y
actualmente afecta a aproximadamente 6-7 millones de personas que
viven principalmente en areas endémicas de 21 paises latinoamericanos.
No existe una vacuna disponible para prevenir esta enfermedad y los dos
farmacos existentes para el tratamiento, ademas de ser tdxicos, presentan
contraindicaciones importantes y son ineficaces para la fase crénica de la
enfermedad.?2% Otra de las enfermedades més graves y olvidadas en el
mundo es la malaria, a pesar de que la tasa global de mortalidad por
malaria disminuyd en un 60%, la enfermedad continGa teniendo un
impacto negativo en la salud publica. La inhibicion del FP2 ha
demostrado ser indispensable para bloguear completamente el
crecimiento y la proliferacion del parésito causante de la malaria.%4%
Consecuentemente, existe la necesidad de desarrollar terapias eficaces

contra estas enfermedades. Un enfoque prometedor es el desarrollo de
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inhibidores de las CPs cruzaina y FP2. Los inhibidores irreversibles que
contienen un grupo funcional electrofilico, tales como halometil cetonas,
epoxi cetonas 0 epoxisuccinatos, se unen covalentemente a la enzima a
través de un residuo de cisteina mediante ataque nucleofilico del sitio
activo, mostrando una buena actividad de inhibicién.?* Hoy en dia,
muchos aspectos tanto del mecanismo de inhibicion como del
mecanismo catalitico de las CPs no estdn claros y todavia estan en
discusién, sin embargo, se han realizado pocos estudios computacionales
de estos mecanismos, incluyendo los efectos del ambiente proteico. Por
lo tanto, mejorar nuestra comprension de estos mecanismos enzimaticos
a nivel molecular es crucial para el disefio de nuevos inhibidores que

permitan el tratamiento eficaz de estas enfermedades.

La complejidad de las enzimas y sus reacciones hace de los
experimentos una herramienta limitada para el estudio de su actividad.?®
La quimica computacional se ha convertido en una potente herramienta
para estudiar la actividad de las enzimas, a través de la cual podemos
lograr comprender a niveles moleculares los mecanismos fundamentales
de la catélisis enzimética caracterizando los estados de transicion de las
reacciones que catalizan. Estos vienen determinados por estructuras
imposibles de estudiar directamente con técnicas experimentales debido a
su corto tiempo de vida medio.22% Todos los avances obtenidos en las
Gltimas décadas se aplican en varios campos como la medicina, biologia,
quimica, ciencias de los materiales o la fisica. Por otra parte, es
importante enfatizar que el desarrollo de la quimica computacional

depende especialmente del aumento de la potencia de los ordenadores.
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Hoy en dia, una herramienta computacional Util y potente para
estudiar el comportamiento enziméatico es la metodologia hibrida
QM/MM (Mecénica Cuéntica/Mecéanica Molecular, de sus siglas en
inglés);2“# la cual aprovecha la precisién de los métodos QM (Mecanica
Cuantica, de sus siglas en inglés) y el bajo coste computacional de los
métodos MM (Mecéanica Molecular, de sus siglas en inglés), logrando un
compromiso adecuado entre el grado de precision quimica deseado y el
coste computacional. La idea de la metodologia QM/MM fue introducida
por Karplus, Warshel y Levitt.2“2 En las Gltimas décadas, el nimero de
articulos relacionados con las enzimas aplicando la metodologia
QM/MM ha crecido considerablemente lo cual demuestra su utilidad. El
premio Nobel de Quimica en 2013 a Martin Karplus, Michael Levitt y
Arieh Warshel "por el desarrollo de modelos multiescalas para sistemas

nﬂ

quimicos complejos™= reconoce el papel importante de esta metodologia

para el estudiar y comprender los sistemas bioldgicos.

En la presente Tesis Doctoral, se han estudiado diferentes
mecanismos de inhibicion mediante simulaciones de MD utilizando los
potenciales hibridos AM1d/MM y MO06-2X/6-31+G(d,p):AM1d/MM
para describir los 4&tomos de la regién QM, mientras que el resto de la
proteina y las moléculas de agua fueron descritas por los campos de
fuerza OPLS-AA3L y TIP3P.22 La primera contribucion de esta Tesis fue
el estudio computacional del mecanismo de inhibicion de la FP2 por el
epoxisuccinato E64 (véase el Paper | en el Capitulo 7). Se exploraron las
FES generadas en términos de los PMF para los dos posibles
mecanismos, el ataque del residuo Cys42 sobre los &tomos C2 o C3 del
anillo epdxido. También se exploré un mecanismo alternativo consistente

en una protonacion del atomo O3 del anillo epdxido antes del ataque del
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residuo Cys42 y la abertura del anillo epdxido. Se considerd tres posibles
fuentes de protones: una molécula de agua, el residuo protonado His174,
y una transferencia intramolecular directa de un protén del grupo
carboxilico del inhibidor. Ademas, se realizd un andlisis de las
geometrias promediadas, las cargas promedio de Mulliken y las
interacciones entre el FP2 y el E64 para los puntos estacionarios

localizados sobre las FESs.

La segunda contribucion de la presente Tesis Doctoral
(véase el Paper Il en el Capitulo 7) fue el estudio computacional del
mecanismo de inhibicion de la cruzaina por los inhibidores irreversibles
PFK y PCIK. Tres mecanismos diferentes propuestos para el ataque de
Cys25 a ambos inhibidores se han explorado inicialmente a través de las
FES generadas en términos de los PMFs. Posteriormente se compararon
los mecanismos propuestos para los inhibidores PFK y PCIK, sus
energias libres, las geometrias promediadas de los puntos estacionarios y
las interacciones entre el inhibidor (PFK o PCIK) y la cruzaina.

El Gltimo estudio del mecanismo de inhibicion de una CP se centro
en la inhibicién de la cruzaina por la epoxi cetona Chz-Phe-Hph-(2S)
(veéase el Paper Il en el Capitulo 7). Las FESs se exploraron para todos
los mecanismos posibles propuestos en la literatura: el mecanismo por
etapas donde el residuo Cys25 ataca el anillo epdxido antes de la
activacioén del anillo por una transferencia de protones, y el mecanismo
concertado o el mecanismo por etapas donde la activacion del anillo
epoxi precede al ataque del residuo Cys25. El residuo His159 protonado
y una molécula de agua se han considerado como posible fuente de

protones. Para el mecanismo propuesto, se analizo6 los valores promedios
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de las distancias interatdbmicas y las interacciones en los estados
estacionarios clave del mecanismo de reaccion del ataque del residuo

Cys25 sobre los tomos C2 y C3.

Tal como se ha indicado anteriormente, diversos aspectos
relacionados con el mecanismo catalitico de la CP estan siendo
discutidos en la comunidad cientifica. ¢La etapa de acilacién ocurre a
través de un mecanismo similar al de las serina-proteasas? ¢La
deacilacion es una etapa concertada, u ocurre en varias etapas? Con el fin
de responder a todas estas preguntas, el mecanismo catalitico de la
cisteina proteasa cruzaina en la ruptura de un péptido se ha estudiado
mediante simulaciones de MD aplicando los potenciales hibridos
AM1d/MM y M06-2X/6-31+G(d,p):AM1d/MM (véase el Paper IV en el
Capitulo 7). Se exploraron diferentes FESs para todas las posibles rutas
quimicas correspondientes a las dos etapas del mecanismo: acilaciéon y
deacilacion. Las barreras de energia libre y la energia libre de reaccion
para todas las posibles etapas quimicas han sido analizadas para proponer
la etapa mas favorable en la acilacion y en la deacilacién. Para las etapas
propuestas se llevd a cabo un analisis de las geometrias promedios, las
interacciones promedios y las energias de interaccion entre el péptido y

la cruzaina.
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2. Objectives

The main purpose of the present Doctoral Thesis is to progress in

the understanding of the mechanisms of catalysis and inhibition of
two CPs, cruzain and FP2. Computational Chemistry techniques, based
on hybrid QM/MM methods will be applied. FES, derived from hybrid
MD simulations will provide a detailed description of the studied
processes at molecular level. In particular, the objectives that have been

raised and addressed are the following:

e to study the mechanism of FP2 inhibition by the epoxysuccinate E64.
e to study the mechanism of cruzain inhibition by the peptidyl
halomethyl ketones Bz-Tyr-Ala-CH;F and Bz-Tyr-Ala-CH,CI.

e to study the inhibition mechanism of cruzain by the peptidyl
epoxyketone Chz-Phe-Hph-(2S).

e to study the catalytic mechanism of the cruzain cysteine protease.

In all the aforementioned studied systems, a complete analysis of
the role of each residue in the active site of the corresponding enzymes
was performed with the final objective of understanding the molecular
mechanism that could open the door to the design of more selective and

potent inhibitors to be applied in biomedicine.
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3. Enzyme Kinetics and Catalysis

3.1. Enzyme Kinetics

Since nineteenth century, scientists have tried to understand the
catalytic power of the enzymes. In 1835, the chemist Jons Jacob
Berzelius (1779-1848) was the first that use the term catalytic power,
referring to the ability of substances to awaken affinities, which are
asleep at a particular temperature, by their mere presence and not by

their own affinity.®

Later on, about 1850, Louis Pasteur (1822-1895) suggested that the
fermentation process of sugar into alcohol by yeast is catalyzed by
ferments that were inseparable from the structure of living yeast cell.
However, in years later, Eduard Buchner (1860-1917) demonstrated that
molecules which promote the fermentation continue their function after
being removed from the living yeast cell.X Buchner was awarded the
Nobel Prize in Chemistry in 1907 “for his biochemical research and his

discovery of cell-fiee fermentation” >

The first step in a reaction catalyzed by an enzyme is the manner in
which the substrate to combine with the enzyme with the corresponding
formation of the enzyme-substrate complex. In this sense, in 1894 Emil
Fischer (1852-1919) proposed, the lock and key model;® in this model,
the active site is a rigid and unchanging form structure and the substrate
fits it. The rigidity of the active site is a limitation of this theory. Later,
Daniel Edward Koshland Jr. (1920-2007) proposed a more adequate
model, the induced-fit model;® since the enzyme is rather a flexible
structure, the active site changes its conformation slightly by the
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presence of the substrate due to the interactions between the amino acids

of the active site and the substrate.

In 1913, Leonor Michaelis (1875-1949) and Maud Menten
(1879-1960),%” suggested a new theory about the kinetic of the reaction
catalyzed by the enzymes, this theory was further developed by George
Edward Briggs (1893-1985) and John Burdon Sanderson Haldane
(1892-1964):%

Ky kcat
E+S = ES —E+ P

Scheme 3.1.1 Kinetic pattern for the enzymatic reaction mechanism
proposed by Michaelis and Menten.

According to the Scheme 3.1.1, the enzyme (E) first bind to the
substrate in a reversible way to form the enzyme-substrate (ES) complex,
known as the Michaelis-Menten’s complex (MC). Then, this ES complex
breaks down in a slow step to give products (P), and the enzyme is
released. The rate of the reaction taking into account the irreversible step

can be expressed as:
Veat== kcat [ES] (311)
Haldane and Briggs developed the steady-state approximation,®
they assume that the concentration of the ES complex remains constant,

due to its rate of formation is equal to its rate of breakdown, thus the

equation 3.1.1 can be written as:%
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_ Ve [S] (3.12)

The equation 3.1.2 is known as the Michaelis-Menten equation and
represents the reaction rate for a one-substrate reaction catalyzed by
enzymes. Ky is the Michaelis-Menten constant, which characterizes the
thermodynamics of the formation of the ES complex and represents the
concentration of substrate at which the reaction rate is half of the
maximum reaction rate, it is independent of the total amount of E and it
gives a numerical value to the affinity of the enzyme. The maximum
reaction rate (Vmax) OCCUrs at a higher concentration of the substrate and
when the enzyme is saturated with the substrate.

3.2. Enzyme Catalysis

In 1946, Linus Carl Pauling (1901-1994) proposed that the
enzymes catalyze the reactions by binding to 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. Thus, the active site of the
enzyme is complementary to the TS, and not to the substrate in its
fundamental state.*® This prediction was satisfied by the first enzyme
structure solved by Phillips and co-workers in 1965, and as Warshel and
Levitt later demonstrated in a theoretical study of the reaction of
lisozyme.2 The structure showed the transition state for glycoside
cleavage to be stabilized by the enzyme: the strong interaction between
the carboxylate of the residue Asp52 (lisozyme numbering) and the
developing positive charge on the carbonium ion is about 9 kcal-mol™

more favorable than in the ground state.
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Figure 3.2.1 Free energy diagram of a reaction catalyzed by an enzyme

(dashed line in green color) compared to the non-catalyzed reaction
(dashed line in red color). Figure adapted from reference 41.

A comparison of the energetic profile of both enzyme-catalyzed
and non-catalyzed reactions is shown in Figure 3.2.1;* the former would
correspond to the kinetic pattern represented in the Scheme 3.1. The

non-catalyzed reaction occurs in just one step, with an activation free

energy of AG',. In contrast, the reaction catalyzed by the enzyme,

consists of two steps: first, the MC is formed, losing binding energy,
AGME,. Later, the chemical reaction takes place itself, with an energetic
cost of AGfat. This value is smaller than AGl*mcat and it can be related to
the reaction rate, ke, by the Transition State Theory (TST, the section
6.3.3 is devoted to this theory in more detail), as showed in the equation
3.2.1.
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(—AG(T)ﬁat> (3.2.1)
pT (225 car
Keae(T) = Te KT

The catalytic power of an enzyme is usually expressed by the ratio
Keat/Kuncat, this means, it is proportional to the difference between the
activation free energy of the non-catalyzed reaction and of the catalyzed
one. According to Figure 3.2.1:

- AGping + AGE= - AGhint AGiycat (322
AGicar- AGE= AGhing - AGping (3.2.3)

If the enzyme accelerates the rate of the reaction, the left term of
equation 3.2.3 should be positive, so AGp.4 should be greater, in its

absolute value, than AGH<;. This means, the enzyme show a higher
affinity for the TS than for the MC complex, as proposed Pauling in
1946,%° and as it has been demonstrated by Warshel and co-workers in
several theoretical studies about different enzymatic mechanism,24%44
thus, the catalytic power of the enzymes lies in the stabilization of the TS

rather than the MC.

On the other hand, a second interpretation is focusing in the MC.
The term AGM.S may contain an important energy contribution based on
a change in the substrate geometry when moving from one reactant
structure in which the reacting groups are separated and fully solvated, to
another reactant structure where the reacting groups are in close contact
and are in a proper orientation to react. If it is define a similar structure to
the MC, but in solution, MCS, the binding free energy of the MC can be
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expressed as a contribution of two terms, the free energy needed to arrive

from reactants in solution to the MCS structure, AGMS® and the binding

free energy of the MCS complex, AGh<y, obtaining this equation:

AGME = AGMES + AGNSS (3.2.4)
Replacing the equation 3.2.4 in equation 3.2.3:

AG -Gt =AGH S +AGH T -AGing (3.2.5)

Since AGMS® is always positive, a high catalytic power can be
obtained even when the enzyme shows greater affinity to the MC than to
the TS.

Apart of both of the main theories proposed to explain the origin of
enzyme catalysis, the TS-theories and the MC-theories, several additional
factors are derived from the MC-theories, as for example the concept of

the near-attack conformation®*® and the entropic factors (entropic

4953 page and Jencks introduced the concept of entropic trap,*® a

trap).
loss of entropy upon substrate binding decreases the activation entropy
for the rate-limiting step of the catalysis. In the last years, in the scientific
community debates have raised about if the non-thermodynamic factors
contribute to the catalytic power of enzymes, for example, the quantum
tunneling®>2 and the dynamics effects.2>® The contributions of the
tunneling effect in catalysis have been studied by Klinman and
co-workers in several enzymes;>*®0 they proposed that this nuclear
guantum effect contribute significantly to the catalytic power of
enzymes. The tunneling effect is a phenomenon in which a light particle

tunnels through an energetic barrier that classically it could not
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overcome. Probably, the dynamical contribution to the catalytic power of

enzymes is the subject most debate currently in enzyme catalysis.M

This idea, introduced by several authors™®® is based that the dynamical
effects require deviations from the TST, and the deviation of the rate
constant is obtained by means of a transmission coefficient. Although
several studies support the idea that dynamical effects contribute to the
enzyme catalysis,>®3882 \Warshel and co-workers in several reviews

L1378 concluded that no

about the role of dynamics in enzyme catalysis
dynamical effect has ever been experimentally shown to contribute to
catalysis and from theoretical studies, the contributions are small or

negligible.
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4. Enzyme Inhibition

Some enzymes are involved in the development of diseases. In

such cases, we are interested in the inhibition of their enzyme activity.
The substrate that is responsible for decreasing or stopping the enzymatic
reactions is known as the enzyme inhibitor. In the pharmaceutical
industry, many of the drugs are enzyme inhibitors. Also, the study of
these inhibitors provides important information about the catalytic

mechanisms of enzymes.

The inhibitors of the enzyme can be grouped into two general
categories: reversible or irreversible. Irreversible inhibitors bind
covalently or form a stable noncovalent association with the enzyme
through strong interactions.2® A difference of the irreversible inhibition,
the reversible inhibitor is characterized by a rapid dissociation of the
enzyme-inhibitor complex. For the pharmaceutical industry, the view is
the inhibitors acting as a drug should be reversible, due to concerns about
the antigenicity of the enzymes covalently modified, and the
consequences of suboptimal specificity, especially during long periods of
therapy. However, in the case of CPs, in which the irreversible inhibitors
are more effective that the reversible inhibitors, the irreversible inhibitors

can be used therapeutically.!*

4.1. Reversible Inhibitors

In general, three classes of reversible inhibitors can be found:
competitive, uncompetitive and mixed or noncompetitive inhibitors.2% A
competitive inhibitor competes with the substrate (S) for the active site of

an enzyme (E), and it binds reversibly to the free enzyme to form an
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enzyme-inhibitor (EI) complex. A competitive inhibitor decreases the
catalytic power of the enzyme due to the reduction the proportion of the
enzyme molecules bound to a substrate. This class of inhibition can be
overcome by increasing the concentration of the substrate.

Unlike the competitive inhibitors, the uncompetitive inhibitor binds
only to the ES complex but not to free enzyme, and then producing an
inactive enzyme-substrate-inhibitor (ESI) complex. This type of
inhibition cannot be overcome by increasing the substrate concentration

and is observed only for enzymes with two or more substrates.

The third class of reversible inhibitor can bind to both E and ES
complex (see Scheme 4.1.1); the inhibitor binds to a site different to the
active site, so that there is no competition with the substrate. And, like
for uncompetitive inhibitor, this inhibition is observed only for enzymes
with two or more substrates. When the dissociation constant of S from
ES (Kwm) is the same as the dissociation constant of S from ESI complex
(K'm) the inhibition is purely noncompetitive. Commonly, both
dissociation constants are different. When E has a higher affinity for S
does El complex, the inhibition is a mixture of partial competitive and

pure noncompetitive and is called mixed inhibition.
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Scheme 4.1.1 Non competitive/mixed inhibition. Scheme adapted from
the reference 86.

Some inhibitors reach slowly the equilibrium between E, | and El
complex (see Scheme 4.1.2), these reversible inhibitors are known as
slow-binding inhibitors.2 This inhibition occurs as the result of a
conformational change, from EI complex to another complex
(EI* complex) where the enzyme is forming a more stable complex with
| than in the EI complex.2”® In some cases, the inhibitor reaches the
equilibrium between E, | and EI complex when the concentrations of |
and E are almost the same, in this case, the inhibitor is known as slow,
tight-binding inhibitor 2

K; Ky
E+] == El —EI*
slow

Scheme 4.1.2 Slow-binding and slow, tight-binding inhibition. Scheme
adapted from the reference 86.
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4.2, Irreversible Inhibitors

A class of irreversible inhibitor is named as affinity labels
inhibitors. These inhibitors have a high affinity for the active site of the
enzyme and have a group chemically highly reactive toward a functional
group of the enzyme. Initially, these inhibitors form a reversible EIl
complex and then reacts with the EI complex to form the covalent adduct

enzyme-inhibitor.2

An important class of irreversible inhibitors is the
mechanism-based inhibitors, also called suicide inhibitors or
enzyme-activated inhibitors. These inhibitors have a structural similarity
to the substrate or product for the target enzyme and provide the most
specific means to modify the active site of the enzyme. The inhibitor is
non-reactive compounds until they bind to the enzyme through a covalent
modification, forming a chemically reactive intermediate that inactivates

the enzyme.

From a kinetic point of view, the inhibition by an irreversible
inhibitor usually proceeds by the rapid formation of a reversible El
complex (see Scheme 4.2.1). In a limiting chemical step, is formed the
enzyme-inhibitor intermediate (E-I) through a covalent bond. The
first-order rate constant (ky) is defined as the maximum or limiting
inhibition rate if the enzyme is saturated with the inhibitor. The ratio
ko/K, is a second-order inhibition rate (kznq), and is one of the most used
parameters to report inhibition data and is a measure of the preference of
an enzyme by different inhibitors.®
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K, k

2
E+] =— EI —> E-I

Scheme 4.2.1 Irreversible inhibition kinetics. El is a reversible complex,
and E-1 is a covalent intermediate. Where K is the dissociation constant
of the EI complex, and k; is the first-order rate constant. Scheme adapted
from reference 89.

4.3. Transition State Analogues Inhibitors

The most accepted theory for explain the enzymes catalysis is
related with the idea proposed by Pauling in 1946,%% the high affinity
between the active site of the enzyme and the TS of the reaction
catalyzed by the enzyme. In this sense, Bernhard and Orgel raised that an
inhibitor structurally similar to the TS would bind to the enzyme much
more strongly than the substrate.®2 This type of inhibitor is known as
transition state analogue (TSA) inhibitor. Richard Wolfenden
demonstrated that the affinity of the TSA inhibitor is proportional to the
catalytic rate improvement imposed by the enzyme.**% The TSAs are
noncovalent inhibitors that mimic the charge distribution and the shape
of the TS of the enzymatic reaction. Lipscomb and Christianson
introduced a type of TSA inhibitor called reaction-coordinate analog,

which interact convalently and reversibly with the enzyme.®

The binding of TSA inhibitors is the opposite in catalytic time scale
to the formation of the TS, while the TS in an enzyme has lifetimes as
short as 10 ™ s, TSA can bind tightly to the enzyme with release rates
greater than 10° s. Compared to the weak associations found in the MC,
TSA inhibitor involve strong interactions related to those in the TS.

When a TSA inhibitor is bound to the enzyme, all the interactions is
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stabilized, due to the dynamic motions characteristic of the catalytic site

during the catalysis are less dynamic during this binding.%*

The advances in the measuring of the kinetic isotope effects and
modern methods of computational chemistry allow us to analyze in detail
the TS structures and move forward in the design of TSAs as powerful
inhibitors of the enzymes.®% The tight binding affinity and the high
specificity, together with the confirmed effectiveness of the TSA
inhibitors, 2% becomes them in a promise for the development of drugs.

4.4. Some Parameters to Report Inhibition Data

Other parameter that is used in some cases to compare the activity
of enzyme inhibitors is the IC50.2%2 This value is the concentration of
inhibitor required to reduce the activity of the enzyme by 50 % under the
conditions of the enzyme assay. The ICso for the irreversible inhibitors
depends on the time during which the enzyme is incubated with the
inhibitor.2 In this sense, ICso values are largely arbitrary and can be even
misleading, the incubation for a different period of time would give a
different value.® Thus, a common recommendation is to utilize the
values of kyng in preference to the 1Csq values for comparing the potency
of these inhibitors.2* There are many cases in which the comparison of
kong Vvalues allowed a better differentiation between compounds

structurally very close and with almost similar ICsq values. 2197

One problem in the development of effective inhibitors is the drug
resistance, as for example occurs in malaria, the virus by mutating the

enzyme used as a drug target can acquire resistance to the drug. In such
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case, one strategy it is based in design inhibitors, whose binding to the
target enzyme and cannot be reduced by mutations, maintaining a good
values of kea/Km.22 This strategy is based into calculate the vitality
value, v, this term was introduced by Erickson and co-workers*® and
validated by Warshel and co-workers.2% The vitality value is calculated

according to:

Keoar (4.4.1)
Ky

Yy =K;
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5. Cysteine Proteases

Proteases are an important class of enzymes involved in the

hydrolysis of peptides and proteins; based on their catalytic mechanism
have been separated into different groups: serine proteases, aspartic
proteases, CPs, glutamic proteases, threonine proteases, or even
metalloproteases. The CPs, as their name implies, are characterized
principally by the presence of a cysteine residue in the active site. These
enzymes are present in a variety of living organisms, from fungi to
humans.ttt The CPs are divided into clans, different clans do not share
the sequence or the structural identity; only share the use of a cysteine to
catalyze the hydrolysis of peptide bonds, for example, clan CA utilize
catalytic Cys, His, and Asn residues that are invariably in this order in
the primary sequence.*2 Clans are divided into families depending on a
number of characteristics including sequence similarity, possession of
inserted peptide loops, and biochemical specificity to small peptide
substrates.2 The MEROPS database of proteolytic enzymes counts more
than 10 clans of CPs.122

The best known family of the CPs is the papain family (family C1),
belonging to clan CA. Papain was the first cysteine protease purified and
characterized from Carica papaya, the papaya fruit; was also the first
cysteine protease to be solved.? The CPs of the papain family are
involved in many diseases, as it is shown in Table 5.1, making them

attractive targets for developing new drugs.
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Table 5.1 Examples of some CPs of the papain family implicated in
several diseases.

Cysteine Protease | Disease
Cruzain Chagas
Falcipain-2 Malaria
Cathepsin K Osteoporosis
Cathepsin L Atherosclerosis
Rhodesain Sleeping sickness

5.1. Catalytic Mechanism of the Cysteine Proteases

The catalytic mechanism of the CPs depends on two residues that
are located in the active site, cysteine and histidine. It has been proposed
that the imidazole group of histidine polarizes the SH group of the
cysteine and enables deprotonation of SH group, thus forming a highly
nucleophilic CysS/HisH* ion pair.t** This ion pair explains the unusually
high reactivity of these proteases toward electrophilic reagents in
comparison with the nucleophilic power of the sulfur of cysteine,

especially in slightly acidic environments.22 The existence of the ion

pair was experimentally proven by different studies, 28 and it has been

studied through the application of computational tools. ¥+

Shafer and co-workers, in a potentiometric determination of
ionization states at the active site of papain, concluded that the active site
thiol group exists mainly as a thiol anion in the physiological pH
range.XX® In 1997, Hillier and co-workers, in a QM/MM study of the
catalytic mechanism of the enzyme papain showed that in the absence of
the enzymatic environment the pair of neutral residues is strongly

favoured; however, with the presence of the enzyme, the potential energy
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surface (PES) for proton transfer was very flat, with the ion pair more
stabilized than the neutral species.t This was further supported by Suhai
and co-workers that, in a QM/MM study of the active site of free papain
and the NMA-Papain complex, concluded that the ion pair becomes more
stable than its neutral form in the protein environment.*2 In 2008, Engels
and co-workers concluded that ion pair was about 7.2 kcal-mol™ more
stable than the neutral form based on MD simulations using QM/MM
potentials on the CP cathepsin B, a CP that belongs to the papain
family.22 Moreover, according to their calculations, the enzyme
environment would stabilize the ion pair by more than 23.8 kcal-mol *
compared with the gas phase, and by more than 9.6 kcal-mol * compared
with the ion pair in aqueous solution. More recently, Grazioso and
co-workers based on exploration of QM/MM PES through ONIOM
hybrid calculations of the mechanism for the FP2 inhibition by
a,B-unsaturated benzo[1,4]diazepin-2-one methyl ester, showed that the
activation of Cys42 (FP2 numbering) by His174 is not the rate-limiting
step and occur without important change in the relative energy of the

system. 122

In general, it is accepted that the catalytic mechanism of cysteine
protease consists of two stages: acylation and deacylation. The acylation
stage basically consists in the nucleophilic attack on the carbonyl carbon
of peptide bond by the thiolate anion from cysteine producing a
tetrahedral intermediate (see Scheme 5.1.1). Then, the deacylation occurs
via a general base-catalyzed reaction, whereby the imidazole nitrogen
from histidine activates a water molecule that attacks the carbonyl carbon
of peptide bond to produce the product and regeneration of the

CysS/HisH"*  ion  pair.  Several  experimental**®  and
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computationalt2122123132:18L o4 dies have been carried out in order to
explain the manner in which the cysteine proteases catalyze the breaking

of peptide bonds.

R2

h @\ Acylation R2 H Deacylatlon
K His /\ NH, N/

\

D IR Ny Q
o H /H

%ﬁ tctrahcdral l/\O His

R1 5 H

intermediate

ys

Scheme 5.1.1 General mechanism of peptide hydrolysis catalyzed by
CPs.

In the acylation step, it is discussed the manner in which the
formation of the tetrahedral intermediate occurs. Thus, Drenth and
co-workers, based on X-ray diffraction studies, proposed that this stage

121,128 the thiolate anion

occurs as in the mechanism of serine proteases:
attacks the carbonyl carbon of peptide bond to produce a thiohemiketal
intermediate. This intermediate would be stabilized by a hydrogen bond
interaction with the backbone NH group of cysteine and to the NH,
group of the glutamine side chain that create an oxyanion hole similar to
the one proposed in serine proteases. Then a proton is transferred from
histidine to the nitrogen of peptide bond, concomitant with the C-N
peptide bond cleavage, to form the tetrahedral intermediate. However,
the stability of the thiohemiketal intermediate has been questioned by
120123132133185136  gpyydies based on MM and

semiempirical QM methods with reduced models of the papain-catalyzed

several authors.

reaction carried out by Kollman and co-workers, suggested that the
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protonation of O or N atoms must occur prior or in a concerted manner
with the nucleophilic attack of the thiolate anion.223 Later, Hillier and
co-workers by exploring QM/MM potential energy pathways with NMA
as substrate, found that the attack of the thiolate anion occur in a
concerted manner with the proton transfer from the histidine to the N
atom of a peptide bond, with a potential energy barrier of
20.1 kcal-mol™ 22 Kolandaivel and co-workers explored the PES of the
inhibition of haloketones® and diketones®® in gas phase at DFT level,
concluding that the intermediate obtained from the attack of the thiolate
anion and the proton transfer from the histidine to the O atom of a
peptide bond, would be stable but, in general, less stable than the
reactant. Albeck and co-workers in a QM/self consistent reaction field
(virtual solvent) study of the inhibition mechanism of by peptidyl
aldehydes proposed that the final product of the acylation step is the
thiohemiketal protonated.**® Recently, Komaromi and Fekete have been
studied a proteolytic reaction of papain with a substrate NMA using
dispersion corrected DFT methods in ONIOM-type hybrid QM/MM
calculations, they concluded that the acylation step occur in two steps
through the formation of a zwitterionic tetrahedral intermediate, being
the formation of this intermediate the rate limiting step of the

acylation.

After acylation, deacylation occurs when a water molecule attacks
the acyl-enzyme complex at the carbonyl carbon to produce the product
and regeneration of the CysS/HisH" ion pair. The formation of the ion
pair also makes the thiol a good leaving group during the deacylation due
its low pKa value. Welsh and co-workers, in a discussion of the
catalytic pathway of cysteine proteases based on AM1 calculations,
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showed that the protonation of histidine by a water molecule and the
formation of the C-Owaer bond occur simultaneously and with an
activation barrier of 39.0 kcal-mol™.2* Years later, Gao and co-workers,
in a study of the catalytic pathway of a human cathepsin K (belongs to
the papain family), based on QM/MM MD simulations, published that
the proton transfer from the water molecule to the imidazole ring of the
catalytic histidine was fully concerted with the nucleophilic attack from
Owater atom to the carbonyl carbon and presenting a free energy of
activation of 16.7 kcal-mol™.X” The computational study of Komaromi
and Fekete,**! yielded to the same conclusion that the computational
studies conducted separately by Gao and Welsh. However, Warshel and
co-workers, in an ab initio study of several reference reactions in solution
(the histidine-assisted thiomethanolysis of formamide and the hydrolysis
of the resulting thioester), had concluded that the deacylation has
stepwise character through a thiohemiketal intermediate that would be
formed prior to the cleavage of the S-C bond, being the thiohemiketal
formation the rate-limiting step.*® In 2013, Zhan and co-workers'? in a
pseudobond first-principles QM/MM FE study of the reaction pathway
for papain-catalyzed hydrolysis of N-acetyl-Phe-Gly 4-nitroanilide
arrived to the same conclusions than Warshel and co-workers. Thus, to
date, many aspects around the catalytic mechanism of CPs are unclear

and under discussion.

5.2. Cruzain and Chagas Disease

Cruzain, a CP of the papain family, was initially discovered from

the parasite cell-free extracts and subsequently heterologously expressed

38



5. Cysteine Proteases

in Escherichia coli.***1* Cruzain is a key protease in Trypanosoma cruzi
(T. cruzi), the protozoan parasite responsible for the Chagas disease. This
CP is important to the development and survival of the parasite; and is

expressed in all life cycle stages of the parasite.M

Chagas disease (American trypanosomiasis) was discovered in
1909 by the Brazilian doctor Carlos Chagas (1879-1934, see Figure
5.2.1a).2%8 The first reported case of Chagas disease was in 1835; Charles
Darwin possibly contracted the disease during his expedition to South
America, as suggested by his description of contact with the triatomine
bug and by the symptoms described by him in later years.X It is
estimated that the illness affects about 6 million to 7 million people
living mainly in endemic areas of 21 Latin American countries, with the
exception that the disease has not occurred in the Caribbean isles. The
parasite is transmitted to humans mostly by contact with faeces or urine
of triatomine bugs (see Figure 5.2.1b). More than 9000 years ago,
T. cruzi only affected wild animals, but it later extended to domestic
animals and people.*®* The movement of Chagas disease to areas
previously considered non-endemic, resulting from increasing population
mobility between Latin America and the rest of the world, represents a
serious public health challenge,™® being Spain the most affected country
in Europe.r There is not any available vaccine to prevent Chagas
disease and the two available drugs for treatment, benznidazole and
nifurtimox, are not only toxic and with important contra-indications
(pregnancy, renal or hepatic failure, psychiatric and neuronal disorders),
but also ineffective for the chronic stage of the disease.222 Thus, to date,
the control of the vector is the most effective method of prevention in

152

Latin American.=< Clearly, there is an urgent need for developing an
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effective therapy against Chagas disease. One approach consists of

developing inhibitors of cruzain, the primary CP expressed by T. cruzi
17,18,153

during infection.

Figure 5.2.1 a) Carlos Justiniano Ribeiro Chagas, in his laboratory at the
Instituto Oswaldo Cruz. b) Rhodnius prolixus is the second most
important triatomine vector of the Chagas parasite.

Addition of a cruzain inhibitor to cultures of mammalian cells
exposed to trypomastigotes or to mammalian cells already infected with
T. cruzi amastigotes blocks replication and differentiation of the parasite,
thus interrupting the parasite life cycle.2** |n this sense, several groups
have demonstrated that irreversible inhibition of cruzain by small
molecules eradicates infection of the parasite in cell culture and animal
models. 2221182 McKerrow and co-workers reported the first successful
treatment disease in mice with fluoromethyl ketone—derivatized

pseudopeptides inhibitors.*>
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5.3. Falcipain-2 and Malaria

Malaria is one of the most serious infectious diseases in the world.
In humans, is caused by five species of parasites of the genus
Plasmodiums: P. falciparum, P. vivax, P. ovale, P. malariae and
P. knowlesi. Malaria due to P. falciparum (see Figure 5.3.1a) is the most
deadly and prolific form and P. vivax is the most extended; the other
three species are found much less frequently. The malaria parasite was
discovered by the French Alphonse Laveran in 1878,X° he was awarded
in 1907 with the Nobel Prize in Medicine for this and other discoveries
related with the role played by protozoa in causing diseases.*’* Later,
Carlos Juan Finlay (1833-1915), a Cuban doctor and scientist that
researched about the yellow fever in Havana, provided strong evidence
that mosquitoes were transmitting disease to and from humans.t’? In
1898, the British Sir Ronald Ross (1857-1932) demonstrated malaria was
transmitted by mosquitoes; he was awarded in 1902 with the Nobel Prize
in Medicine "for his work on malaria, by which he has shown how it
enters the organism and thereby has laid the foundation for successful

research on this disease and methods of combating it".2*

Malaria is transmitted to humans by the bite of infected female
mosquitoes of more than 30 Anopheles species (see Figure 5.3.1b).
Globally, an estimated 3.2 billion people in 91 countries and territories
are at risk of being infected with malaria and developing disease, and
1.2 billion are at high risk.2™ In the last years, the rate of new malaria
cases reduced globally by ~40%, and the global malaria death rate
declined by 60%, due to mainly to the wide-scale deployment of malaria

control interventions. However, malaria continues to have a negative
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impact on the public health, in 2015, 429 000 people died from the
disease, most of them children under 5 years in Africa. The prevention
strategies of the disease are based in an effective vector control (use of
insecticide-treated mosquito nets and indoor residual spraying), the
chemoprevention  for pregnant women, or treatment with
artemisinin-based combination therapy for uncomplicated cases of the
disease (particularly for P. falciparum malaria).X” In the beginning of
2018, a pilot implementation of a vaccine will begin, the RTS,S/AS01
malaria vaccine, also known as Mosquirix™.2® This is the most
advanced vaccine today, and aims to activate the immune system to
defend against the first stages when the P. falciparum malaria parasite
enters the human host’s bloodstream through a mosquito bite and infects
liver cells. Despite having gone through the different phases of study
177-180

with excellent results,~~— the vaccine provides partial protection only

in young children.

Figure 5.3.1 a) Plasmodium falciparum in the blood. b) The Anopheles
gambiae mosquitoe, one of the best known because it transmits the
specie P. falciparum.

The hydrolysis of hemoglobin is the best characterized function of

P. Falciparum (see Figure 5.3.2),"%

which occurs in an acidic digestive
vacuole. As hemoglobin is processed, its heme component is converted
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into the pigment hemozoin, and globin is hydrolyzed into its amino acids.

This process is necessary to provide amino acids for parasite protein

182,183 184

synthesis or to keep the osmotic stability of the parasite.™

Hemoglobin hydrolysis appears to be the result of a cooperative process
involving proteases of different catalytic classes: cysteine, aspartic
(different plasmepsins), and metallo proteases (falcilysin). X2 CPs
belonging to the papain family are involved in this metabolic process,
known as falcipains, which work in an ordered manner, and with
different specificities.®* FP2, the most abundant and best-studied of the
falcipains, is located in the food vacuole and expressed during the
erythrocytic stage of the life cycle of the parasite.X*> The inhibition of

FP2 has proven indispensable in order to completely block parasitic

growth and proliferation;?*2 therefore, FP2 has emerged as a promising

target for the development of novel antimalarial drugs.2#1%%1%
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Figure 5.3.2 Hydrolysis of hemoglobin in Plasmodium food vacuole.

Figure adapted from reference 181. HAP is the histo-aspartic protease
and DPAP1 is the dipeptidyl aminopeptidase 1.
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5.4. Inhibition Mechanism of Falcipain-2 by the
Epoxysuccinate E64

Several types of inhibitors of FP2 have been reported in the last
years to be capable to inactive the enzyme;*>2% however, only few
structures reported in the PDB correspond to the crystal structure of FP2
with its inhibitors.22222%2 QOne of them is the structure of FP2

complexed with E64 (see Figure 5.4.1),**

the first epoxysuccinyl peptide
discovered and a natural potent and specific irreversible inhibitor of CP.
One advantage of this type of inhibitors is their stability under
physiological conditions toward simple thiols. In addition, although they
have limited selectivity toward different CPs, their reactivity toward CPs
and not other proteases, along with their chemical unreactivity, makes
this class of inhibitors useful as pharmaceutical agents.?®® E64 was
isolated from a culture of Asperigillus japonicas® and its structure was
determinated by Hanada and co-workers in 1978.2% E64 contains a trans
(2S,3S) configured epoxide ring, whereas the amino acid residues of the
peptidyl part of the inhibitor have the L-configuration. The substituents
at C2 and C3 on the epoxide ring are in trans position to one

206,207

another, which appears to be crucial since cis configuration leads to

total loss of inhibition activity.
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\'

Figure 5.4.1 a) Full tetramer showing four chains that compose the
crystal structure of FP2 inhibited from P. Falciparum, 3BPF PDB code.
Detail of the active site where the inhibitor (E64) binds to the enzyme
through the residue Cys42. E64, Cys42 and Hisl74 are represented as
thick sticks. b) Inhibitor E64.

E64 inhibits CPs by S-alkylation of the active site cysteine, which
results in the opening of the epoxide ring and stabilization of the
protein-inhibitor complex.222® Nevertheless, there are some open
questions related with the molecular mechanism, since it appears that the
attack can take place at either C2 or C3 depending on the orientation of
the epoxysuccinate in the active site.22 On one hand, it has been
demonstrated by X-ray investigations, that the attack of the alkylation
step with epoxide takes place at C2 when having an acid at C2
substituent on this carbon. %221 For example, the crystal structure of
papain-E64c complex reported by Ishida and co-workers (the E64c is a
synthetic inhibitor developed from the natural inhibitor E64), in which
the inhibitor (E64c) is bound to the residue Cys25 (papain numbering) of
papain through a covalent bond formed between the epoxy C2 atom of
E64c and the Cys25 residue.22 The regiospecificity and inhibition
potency of epoxide-based inhibitors were studied by theoretical methods

by Engels and co-workers who, based on exploration of PES obtained
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with QM/MM potentials, proposed the attack at C2 as the more
favourable.2t Bihosky, in an experimental study of the rate and
regioselectivity of reactions between 2,3-epoxy carbonyl compounds and
methanethiolate in solution, observed that for 2,3-epoxy amides the C3
attack is preferred, while for 2,3-epoxy esters and carboxylic acids the

cysteine can attack both C2 or C3 atoms in a similar way.2

An insight into the molecular mechanism of CP inhibition by
epoxy inhibitors shows that an important feature is that the
stereochemistry of the enzyme—inhibitor adduct suffered an inversion of
configuration at the reaction site due to a nucleophilic attack by the
active site thiolate in an Sy2 reaction.22 For instance, E64, which has the
2S,3S configuration before the nucleophilic attack, becomes 2R,3R after

the covalent bond between the cysteine residue and C2 is formed.%

Another questions of debate is related with the nature of the
catalytic acid on the active site and also if the attack of the residue
cysteine occurs after or before the protonation of the epoxy ring. It was
initially postulated that when E64 inhibits papain, the oxirane ring would

be protonated by a histidine.22 Varughese and co-workers?:22

rejected
this suggestion, based on both crystal structures of papain inhibited by
E64 and actinidin inhibited by E64. They suggest that the epoxide was
more likely to be protonated by a water molecule because of the large
distance between the resulting hydroxyl group and the histidine. Meara
and co-workers in a mechanistic studies based on experimental
determination of rate constants and pH dependence of inhibition
confirmed that the histidine is not necessary for protonation of the

epoxide and that water is the predominant source of protons; these results
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are likely to be general for all epoxysuccinyl inhibitors with a free
carboxylate bind to C2 atom.?® Kim and co-workers, in a mechanistic
study of the inhibition of papain with 2-benzyl-3,4-epoxybutanoic acid
esters,?22 concluded that the sulfur attack of Cys25 to the oxirane ring can
occur without a prior protonation of the oxirane. Engels and co-workers,

121,221-223

in several theoretical studies, proposed that the protonation of

the oxirane ring takes places far behind the transition state.

5.5. Inhibition Mechanism of Cruzain by Halomethyl

Ketones and Epoxyketones

As mentioned before, only irreversible inhibitors of cruzain have
successfully cured parasitic infection, irreversible inhibitors that contain
an electrophilic functional group, such as PHK or PEK, covalently bind

to cruzain via nucleophilic attack of the active site cysteine,* showing
11,111,206,224-226

good inhibition activity.

Shoellmann and Shaw developed in 1962 the first PHK,
L-1-tosyl-amido-2-phenylethyl  chloromethyl ketone, as specific
inhibitors for the serine protease chymotrypsin.??’ The major
disadvantage of this inhibitor was their lack of selectivity due the great
chemical reactivity of the chloroketone functional group. The
development of chloromethyl ketone inhibitors leds to the investigation
of analogous inhibitor structures with different halo leaving groups
replacing the chlorine atom. Bromomethyl and iodomethyl ketones have
been synthesized and are typically more reactive but less stable in

agueous solutions. In the 1980s were reported the first peptide
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fluoromethyl ketones inhibitors in the literature.22%2 These peptide
fluoromethyl ketones were shown to be highly reactive and selective
irreversible inhibitors for cysteine proteases. They are poor irreversible
inactivators for serine proteases and are not reactive toward
bionucleophiles. Inhibition of cruzain activity with fluoromethyl
ketone-based inhibitors seems to be correlated with the loss of feasibility
of parasites in both ex-vivo tissue culture and in vivo mouse

models, 24230232

Powers and co-workers proposed two possible mechanisms of
irreversible inhibition by PHK based on different crystal structures of
cysteine proteases (see Scheme 5.5.1).%22 The mechanism 1 is the direct
displacement of the halide group by the thiolate anion. The mechanism Il
involves formation of a tetrahedral intermediate named thiohemiketal
(TH), the formation of this intermediate is equivalent to the presence of a
tetrahedral intermediate in the catalytic mechanism of serine proteases;:
a three-membered sulfonium intermediate (TMSI) is then formed, which
is rearranged to give the final thioether adduct. Nevertheless,
mechanism Il has not been supported by theoretical studies due to
principally to the instability of the TH intermediated, as it mentioned
before in section 5.1. Kollman and co-workers, showed that the attack of
sulfur on a carbonyl carbon does not involve a stable anionic tetrahedral
structure.232133 | ater, Suhai and co-workers in a QM/MM study of the
active site of free papain and of the NMA-Papain complex did not obtain
a stable tetrahedral NMA-papain complex.!2 Gao and Byun, in a
combined QM/MM study of the nucleophilic addition reaction of
methanethiolate and NMA, concluded that there is no stable tetrahedral

intermediate in going from the reactant to the tetrahedral adduct.’*®
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Moreover, Warshel and co-workers shown that the anionic tetrahedral
intermediate for the acylation reaction was found to be unstable in
aqueous solution and to collapse immediately into the neutral form,
which is the only intermediate on the reaction pathway.**®

0 0
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Scheme 5.5.1 Reaction mechanisms of inhibition of cysteine proteases
by peptidyl halomethyl ketones (X: F, Cl). TH refers to thiohemiketal
intermediate and TMSI to the three-membered sulfonium intermediate.
Scheme adapted from reference 89.

The PEK are irreversible inhibitors of cruzain that belong to the
same family that the epoxysuccinyl peptide E64 (mentioned in section
5.4), the family of epoxides. Several studies have been done to establish
an order of reactivity of different substituent in the C2 atom of the epoxy
ring.2t-219222233 |5 1992 Ron Bihovsky in an experimental study of the
reactions of 2,3-epoxy carbonyl compounds in solution with
methanethiolate, observed for this non-enzymatic thiolate that the
reactivity decreases in the order COCH; > CO,CH3 > CONH,; > H >

CO,H.2" However, the following year, Bihovsky and co-workers
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synthesized and tested several epoxysuccinates as inhibitors of papain,
and observed the inverse trend for the inhibition rate constants:
CO,H > CONH; > CO,R > COCH;z > H:® they conclude that the
electrostatic attraction between the protonated His159 (cruzain
numbering) and the carboxylate of the inhibitor facilitates the docking of
the inhibitor in the active site of papain, thus the rate-limiting step in the
enzyme inhibition is not the reactivity of the epoxide, but rather appears
to be the rate with which the inhibitor docks in the active site prior to
formation of the covalent complex. Later, Engels and co-workers, in a
theoretical study about the influence of different ring substituents on the
nucleophilic ring opening of three-membered heterocyclic, concluded for
epoxides that acidic substituent increase the reaction barrier of the

alkylation step.?%

In 1998, Roush and co-workers designed and synthesized a new
class of cruzain inhibitor,®® a PEK represented in the Figure 5.5.1
Cbz-Phe-Hph-(2S), where Hph is homophenylalanine. This potent and
irreversible inhibitor was designed by combining a portion of the epoxide
moiety of the known epoxysuccinyl inhibitor E64c?® and the peptide
sequence of the dipeptidyl fluoromethyl ketone, Chz-Phe-Ala-CH,F .22
In fact, the second-order rate constant (kzng) for the inhibition of cruzain
by Cbz-Phe-Hph-(2S) epoxyketone proved to be 4.5-fold greater than
that by E64c (333000 M™-s™* and 70600 M™-s™ for Cbz-Phe-Hph-(2S)%%®

and E64c,2 respectively).
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Figure 5.5.1 Dipeptidyl-2,3-epoxyketone Cbz-Phe-Hph-(2S).

The inhibition mechanism of CPs by PEK is not clear yet. Albeck
and co-workers proposed that is based on an enzyme-catalyzed alkylation
of the active-site cysteine from a Michaelis complex between the enzyme
and the inhibitor.2>%" They suggested in correspondence with other

studiest®213

that the protonation of the oxirane ring by the residue
histidine occurs first or in a concerted manner with the nucleophilic
attack on the amide scissile bond. Albeck and Kliper proposed that the
inhibition mechanism of cysteine proteases by the epoxysuccinyl E64 is
different than by PEK;Z” whereas the PEK are simple epoxides which
interact directly with the thiolate, the E64 is activated epoxide and
interacts with the enzyme through an initial attack on the carbonyl
carbon, in analogy with the inhibition mechanism by peptidyl

diazomethanes .’

Nevertheless, to date, the inhibition mechanism of cysteine
protease cruzain by PHK and PEK has not yet been studied by

computational tools including the protein environment effects.
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6.1. QM/MM Hybrid Methodology

The inclusion of the environment effects in the computational
simulations is basic for the study of the enzymatic reactions. The enzyme
has an influence on the whole reaction mechanism, generating specific
interactions which can modify the process. An important method to study
the details of the chemical reaction and the effects of the enzyme and
solvent environment in the chemical reaction is the QM/MM methods
introduced by Karplus, Warshel, and Levitt.2“2 Another notable method
in this field is the empirical valence bond (EVB) method developed by
Warshel and co-workers.222 The EVB method is an empirical version
of the QM/MM methods and the reactions are modelled by empirical
potential functions. An alternative method to the QM/MM methods for
calculating potential energy barriers and reaction energies in enzyme
reactions is the quantum chemical cluster approach when a large
molecular model is used.?%#*L This method, nevertheless, can not
reproduce long range interactions and they are very dependent on the

initial X-ray structure.

In order to use the QM/MM hybrid methodology, the system is
divided into different regions (see Figure 6.1.1). The QM region should
contain the atoms which participate in the chemical reaction and it is
treated by the QM methods (see section 6.1.1). The MM region contains
the rest of the atoms in the system and it is described by a force field.
Finally, the boundary is a collection of restrictions applied to the system
due to the fact that it is impossible to simulate an infinite system.
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Boundary

Figure 6.1.1 Schematic representation of the partitioning of the system to
be studied applying the QM/MM hybrid methodology. Figure adapted
from reference 28.

There are two general types of QM/MM scheme taking into
consideration the way the coupling between the QM and the MM part is
performed: additives and subtractive methods. In the subtractive
QM/MM scheme, different parts of the system are subjected to
independent calculations at different levels of theory, as used in the
ONIOM method developed by Morokuma and co-workers.2422#3 This
scheme requires an MM calculation of the entire system, a QM
calculation on the inner subsystem and an MM calculation on the inner
subsystem; thus, no explicit QM-MM coupling terms are needed due to
the coupling between subsystems is handled at the MM level of theory.
The main advantage of this scheme is its simplicity; however, the scheme
is not adequate for cases in which the electronic structure of the QM

region is perturbed by interaction with the environment.

The additive scheme is probably the most widely adopted approach

to QM/MM calculations and its principal advantage is that the energy
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calculation of the QM region can be directly executed in the presence of
the classical environment in such a way that the electron density of the
QM region is optimized in the external electrostatic field of the
surroundings.?** In the additive QM/MM scheme, the effective

Hamiltonian, Fles, 2 consists of:

I_,\Ieff = I_AIQM + I:IMM + I:IQM/MM +I:IBC (611)

In the equation 6.1.1 the term Hom describes the electrons, nuclei
and interactions among the atoms of the QM region and corresponds to

an electronic Hamiltonian of the subsystem in vacuum:

A 1 1 Z Y4
o T YL T
2L —Tj 4Tia 4 Ry

1 1 10

(6.1.2)

The equation 6.1.2 is the sum of the kinetic energy of the electrons,
the electron-electron repulsion, the nucleus-electron attraction and the
nucleus-nucleus repulsion; where i and j are the electronic coordinates, a
and B are the nuclear coordinates, r is electron-electron or
nucleus-electron distance, R is the nucleus-nucleus distance, Z is the
nuclear charge, and V? is the kinetic energy operator or Laplacian
operator. The term ﬁQM depends on the quantum method selected to

describe the QM region.

In the previous equation 6.1.1, the term FHyw describes the
interactions between the atoms of the MM region. These atoms are the
rest of the enzymes and surrounding solvent, and are described by a
mechanical force field. There are several parameterized force fields to
describe the enzyme’s atom of the MM region; the most popular choices
are AMBER,?>% CHARMM®222 or OPLS3:%324 |n the present
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Doctoral Thesis, the force field employed was the OPLS-AA 312323 |

the case of the solvent environment, generally water molecules, there are
two general methods to models these effects, methods that include
implicit solvent or explicit solvent. In the first case, the models do not
include individual water molecules, and the effect is modelled through a
dielectric constant, the disadvantage of such methods is that the hydrogen
bonding interactions to water molecules cannot be modelled. In the
explicit models the water molecules are represented explicitly. One of the
most used force field for the description of the water molecules is the
TIP3P model.**

The term Hommm in the equation 6.1.1 describes the interactions
between the QM and MM atoms. Due to the MM atoms are represented
by punctual charges and van der Waals parameters, this Hamiltonian is

expressed as:
A dm Zaqm Agm  Bam (6.1.3)
Hom/mm = — r-_+2R +Z{R12 g6
m M am "M gm VaM aM

In the equation 6.1.3, i is the electrons of the QM atoms, a is the

nuclei of the QM atoms, M refers to the MM atoms, qu is the charge of
the MM atoms, and Z, is the nuclear charge of the QM atoms. The first
two terms represents the electrostatic interactions, which consist of two
Coulombic terms, one between the electrons and the MM atoms and one
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. 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
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field procedure. The remaining terms are constant for a given set of

atomic coordinates, like the MM energy.

Returning to the equation 6.1.1, the term Hgc appears due to the
attempt to define something that is infinite using a system than can only
be defined in an explicit way, with a finite number of molecules.
Nevertheless, the term Hac is not always a real or computable term and it
will depend on the chosen model, as it is explained next. The most
commonly used representation is Periodic Boundary Conditions
(PBC, see Figure 6.1.2).2%
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Figure 6.1.2 PBC in 2D representations. The central square cell,
highlighted in blue, is replicated in all directions of the space. Figure
adapted from reference 255.

In PBC, the system is introduced in a solvent box which is
replicated in an infinite way in the three dimensions of the space. 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 ones. In this approximation, the equivalent atoms in each
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of the copies behave identically and they do not need to be treated

differently during the simulation.®>

To calculate 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 6.1.3).2> The minimum image
convention is a cheap method and easy to implement, but it means that
the cutoff 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.

Figure 6.1.3 Schematic representation of the minimum image
convention. The red particle will interact with all the particles within the
circle. It is assumed a circular truncation of the interaction between
particles. The circle has a radius of L/2. Figure adapted from reference
255.

Cutoff methods for the calculation of non-bonding interactions.

An important problem with the calculation of the non-bonding
energy is the long-range electrostatic interaction, which decrease as the

reciprocal of the distance between the atoms. The non-bonding energy
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should be evaluated over all the atom pairs of the system, but this would
be computationally inaccessible. Then, different methods have been
proposed to solve this problem based on functions that avoid the
estimation of atom pairs located at long distance. In brief, these are
“truncated functions” or a “smoothing functions”.2> In the former, all the
interactions beyond a cutoff distance (rc) are neglected. In the later the
interaction is progressively tapped to zero at given distance. In turn, there

are two types of smoothing functions.

Frontier bonds: link atom method.

In the study of enzymatic systems applying QM/MM schemes, a
covalent bond has to be cut when dividing the MM and QM part in many
occasions (generally a covalent bond between two residues of the
enzyme or between two atoms in a residue with a large side-chain).
When a covalent bond between two atoms is cut by dividing the system
(QM and MM regions), the valence of the QM atom is incomplete,
therefore, the valence of this QM atom needs to be satisfied. There are
several methods to perform this partition: the link atom based
method®2® and the frontier region based methods: the Local
Self-Consistent  Field®“%! and the Generalized Hybrid Orbital
method. 2222 |n the present Doctoral Thesis all the calculations were
conducted using the link atom method, the more straightforward

treatment of the frontier bonds.

The link atom method is the most widely used method to treat the
frontier bond between the QM and MM regions. It is based on replacing
the MM part of the bond by an atom, usually a hydrogen atom, due to the
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fact that the electronegativities of the C and H atoms are similar. This
link atom is invisible to the MM region and it is used to saturate the
valences of the truncated bond. Usually, the position of the link atom do
not cut across any polar bonds, so, the most common option to place the

link atom is in the Cgy3-Cspz bond.

6.1.1 QM Methods

The use of QM methods is necessary for the study of the electronic
rearrangements which take place during the breaking and forming bond
in chemical reactions. It is crucial to use a QM method that represents
accurately the system under consideration, thus, it is required a balanced
compromise between the QM method, the size of the simulation system,

and the nature of the calculations.

There is a great variety of QM methods, from fastest semiempirical
methods, to more accurate and more computationally expensive, DFT
and ab initio methods. In general, the most used methods for the study of
enzymatic reactions are the semiempirical and DFT methods. The
Hartree-Fock (HF) and post-HF methods are rarely used. In the case of
HF methods are less accurate due to the lack of electron correlation;
despite the inclusion of certain degree of electron correlation in the

post-HF method, there are computationally very expensive.2%

The semiempirical methods are based on the HF formalism, but
they make many approximations and obtain some parameters from
empirical data. Of which, methods based on the NDDO integral

approximation, as for example AM1,2* PM3%2 or MNDO, %% gre the

60


https://en.wikipedia.org/wiki/Hartree%E2%80%93Fock

6. Theoretical Methods

most used for the QM/MM MD studies. For reactions involving elements
as phosporus and sulfur, NDDO methods that explicitly include d
orbitals, such as AM1d®® and MNDO(d)®® methods have been
developed. In the present Doctoral Thesis, it is used the AM1d method
due to the participation of a sulfur atom in the enzymatic mechanisms
studied (S from Cys residue).

The DFT methods, based on the theoretical foundations of

Hohenberg, Kohn, and Sham, %%

uses the electron density instead of a
wave function to determinate the energy of a molecule. Of these, the
time-dependent DFT (TD-DFT)?2 has become in a powerful tool for
evaluating the medium effects with the help of the QM/MM methods.?~%
The B3LYP hybrid functional®%™ s the most popular functional in
chemistry, however, in the last years, other hybrid functionals relatively
broadly accurate are being extensively used, as for example the
Minnesota MO06 suite of functionals density, M062 and M06-2X.22 The
hybrid meta-GGA M06-2X (the functional used in the present Doctoral
Thesis) is a high nonlocality functional with a 54% of HF exchange, and
it is parametrized only for non-metals. It has been recommended by
Truhlar and co-workers for applications involving the main-group
thermochemistry (should predict accurate structures, energies, and
vibrational frequencies for compounds containing only main-group
elements), chemical reaction barriers, noncovalent interactions, and Sy2

reactions.2>2"°

Another important aspect to take into account when performing
DFT calculations (or in ab initio calculations) is the correct choice of the

basis set. The basis set is the group of mathematical functions from
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which the wave function is constructed. There are two types of basis
functions commonly used in electronic structure calculations, the
Slater-type orbitals?®® and Gaussian-type orbitals.2* The basis sets may
be improved by including certain features such as polarization and
diffuse functions. In the present Doctoral Thesis have been used the
6-31G+(d,p) basis set,222 an accurate basis set for the study of chemical

reaction barriers.2

6.2. Potential Energy Surfaces

The PES are based on the Born-Oppenheimer approximation®* and
IS an important concept when carrying out the computational study of a
chemical reaction. The exploration of the PES allows obtaining the
information of the reaction mechanism. A PES is a representation of the
potential energy (electronic and nuclear) depending on the several
coordinates of the chemical system; these coordinates depend on the
nature of the chemical process that is being studied. The PES has 3N—6
(or 3N-5) coordinate dimensions, being N the number of atoms. This
dimensionality derives from the three-dimensional nature of Cartesian

space.

An important concept is necessary to describe prior the study of the
PES: the gradient. The gradient ( g_l’ ) is a vector composed of the first
derivatives of the potential energy with respect to the nuclear

coordinates:

__dU vl N (6.2.1)
g o S e

being N the number of atoms.
62



6. Theoretical Methods

Another crucial concept related with the PES is the Hessian or
force constants. The Hessian is a symmetric square matrix. The matrix
contains topological information about the system, and its elements are
the second derivatives of the energy with respect to the displacement of

two coordinates for all the atoms.

o*U (6.2.2)

Hij=—=—=
Y ari 81‘]

The H matrix is a 3Nx3N matrix which is symmetric if the

particles are the same, i is equal to j. When the Hessian is diagonalized,

|H-AI| = 0, the eigenvalues equation can be solved:

Fu, = AW (6.2.3)

In the equation 6.2.3 the term F is the diagonalized Hessian matrix,
u, is the vector that represents the curvature principal axes and represents
the normal modes, and 1 represents the eigenvalues. There will be 3N
eigenvalues and eigenvectors, being N the number of atoms in the
system.

In order to calculate the vibrational frequencies, the Hessian matrix

is first mass-weighted:
Hl'j
MiM]'

H = (6.2.4)

A PES is a function of the positions of all the atoms in the system.
In a system with two atoms, it is easy to visualize that the PES will
depend on just one geometrical variable, the bond distance between the
two atoms. However, if we consider a system composed of three atoms,

there will be at least three independent geometrical parameters. So, this
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will lead to a lot more of calculations compared to the bidimensional
PES, with which is necessary to choose distinguished reaction
coordinates, &. The & are usually geometrical parameters that participate
during the chemical reaction (for example bond distances, or bond

angles).

On a PES there are stationary points with one important

characteristic: the gradient is equal to zero (g = 0). The two more

important stationary points of a PES are the minimum and the saddle
point (see Figure 6.2.1). The minimum is located when after the
diagonalization of the Hessian matrix, 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
increase the energy. Examples of the minimum located on the PES are
the reactants (R in Figure 6.2.1) and products (P in Figure 6.2.1) of a

chemical reaction.

Figure 6.2.1 PES for a hypothetic reaction. (a) Contour plot,
(b) three-dimensional plot. RC1 is the antisymmetric combination of the
bond-breaking and bond-forming distances; and RC2 is the
bond-breaking distance.
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Another important stationary point of a PES is the saddle point (TS
in Figure 6.2.1). When the Hessian matrix is diagonalized, all the
eigenvectors obtained are positive except for one of them, in this case,
the saddle point is first-order and it is a TS of the reaction. The TS is
characterized by one imaginary frequency and its corresponding normal
mode of vibration is associated with the motion of the atoms along the
reaction coordinate. 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.

There are several methods to locate a minimum of a PES. These
methods are classified by the type of derivatives that they use. Some of
them are, for example, the first derivatives or first-order methods like the
steepest descent®®> or the conjugate gradient?®> methods. The algorithms
that make use the energy values, its first (gradient) and second (Hessian)
derivatives as the Newton-Raphson methods.282” Or the more efficient
quasi-Newton methods as for example the BFGS method®®#® and the

L-BFGS method.2%

The location of transition states in enzymes is a difficult task, the
standard method make use of the Hessian matrix, the algorithms used in
small systems are computationally demanding due to they have to
calculate and manipulate a complete matrix of secondary derivatives,
becomes impractical for large systems due to the large amount of degrees
of freedom. Some methods often used in the localization of TS are the

adiabatic mapping method 2%

and the conjugate peak refinement
algorithm proposed by Karplus and Fisher for locating TS for systems

with many atoms.?2 One successful method to localize and characterize
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TS in large system described with QM/MM methods is the

micro/macro-iteration method. 2422

In the micro/macro-iteration method, the system is divided into the
control space and into the complementary space. In the control space
appears all the geometrical variables with a high contribution to the
reaction coordinate, being the Hessian matrix calculated and used to
guide the localization of the stationary structure. In the complementary
space, the rest of the coordinates appears and at each step of the search
this space is minimized using only gradients. Once this partitioning has
been done, the saddle point location is carried out in the degrees of
freedom of the core, under a fully relaxed environment. Thus, before
each gradient or Hessian guided step for the core, the degrees of freedom
of the environment are optimized in order to maintain an approximately

zero gradient and to minimize the potential energy.

Marti et al® proposed an alternative method for searching
stationary structures, a dual level strategy combined with a
micro/macroiteration method. This method is based on a combination of
a high level description for the gas-phase energy of the QM subsystem
and a low level description for the interaction energy with the MM
subsystem. Marti et al. in a computational study of the Kkinetic isotope
effects for the enzyme Chorismate Mutase showed that this method
provide a better descriptions than standard QM/MM calculations at the

semiempirical level, with a reasonable computational cost.3%
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6.3. Free Energy

The calculation of free energy differences is one of the most
important magnitudes to be estimated in biomolecular simulations. Free
energy calculations using MD provide a direct connection between the
microscopic structure and fluctuations of a system and its most important
equilibrium thermodynamic properties. In order to obtain reliable free
energy estimates from simulations, it is necessary carried out sufficient
conformational sampling of, not only the starting and final states, but

also of the intermediate states and transition states.

The free energy can be expressed as the Helmholtz function, A, or
the Gibbs function, G. The Helmholtz free energy is the observable to
systems with constant number of particles, temperature and volume
(conditions used in our experiments), whereas the Gibbs free energy is
for constant number of particles, temperature and pressure. The
Helmholtz free energy is defined as:

A = _kBT anNVT 631

where Zyyr is the partition function for a system formed by N
indistinguishable particles at a constant volume and temperature (it is the
probability to find the system in a certain state), and its define as:

1 “,’((PT'R) 6.3.2
ZNVT —_ WJ dP dR e B

In the equation 6.3.2, the term H is the Hamiltonian for the system,
N! is a factorial term that takes into account the indistinguishable nature

of the N particles and the term A3" is the minimum size of the microstate
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and is related with the uncertainty principle. For the calculation of the
free energy from a simulation, it is necessary rewrite the equation 6.3.1

to obtain the partition function for a system as a function of an average:

6.3.3
Zyyr X ———
(ekBT)

From the above equation, it might be thought that if we evaluate

4

the average (e*sT) along a MD trajectory, we will obtain the free energy.
But this is not the case, because it is very difficult to obtain reliable
averages due to the fact that the simulation will preferentially explore the
configurations with a large negative potential energies due to these
configurations have higher probabilities. Thus, the problem lies in the
inability to explore all the configurations leaving the system to evolve
freely, the simulation would not be able to access to the structures with a
higher potential energy as for example the structures of TS. There are
several methods for overcoming the sampling problem like

392 or umbrella sampling.3® The umbrella

thermodynamic integration,
sampling method proposed by J. P. Valleau and G. M Torrie, was the one

used in this Doctoral Thesis and it will be analyzed in the section 6.3.2.

6.3.1. Molecular Dynamics

A chemical process in condensed media involves a huge number of
degrees of freedom and it is necessary to take into account all the
conformations to which the system can be accessed at a given
temperature. In a reaction that takes place in a condensed media, unlike

when it occurs in a vacuum, there are several conformations
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corresponding to the reactant or transition structures. The cause is the
effect of the environment, there is a wide range of accessible structures
which are minimum or saddle points in the PES, with almost similar
geometries and energies. Therefore, the properties of the transition state,
for example, will be the average properties of all the transition structures.
Thus, the evaluation of as many configurations as possible is necessary to
obtain average properties of the system, which can be compared with the
experimental data.

Thus, it is necessary to run statistical simulations by means of
MD**or Monte Carlo simulations.2® In the present Doctoral Thesis, the
method employed to evaluate the contributions of all the conformations
to the properties of the system was based on MD simulations.

MD simulations are based in the exploration of the dynamic of the
nucleic atomics that form the chemical system. Since there are several
formulations for the classical dynamics study of a system, we will adopt
the description that begins by defining the classical Hamiltonian of the

system (H),2°

N (6.3.1.1)
N SN —2 -
H(p;, 7;)= Z T P TV

=1 !

The H is the sum of the kinetic and potential energy terms and it is
a function of the 3N particle momenta and the 3N particle positions; the
term p, is the momentum of a particle i; and the term V is the effective

potential or in our case the potential energy.

To perform a MD simulation, the Newton’s equations must be

solved for each particle in the system. Different algorithms have been
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developed to integrate numerically the Newton’s equations of motion.
All these algorithms have to follow two important requirements: to be
able to conserve energy and momentum. In addition, they should also
allow a long time step to be used for integration and they should be
computationally efficient. The most suitable method is the Stoermer’s

rule method, generally called Verlet method.2®

The Verlet method®*®* assume that being R(t) the positions of atoms
in the system at time t, then the new positions of the atoms at a time
t + At, and the positions from the previous step t - A¢, can be obtained

from a Taylor expansion in terms of the time step At :

2
R(t + At) = R(t)+ AR(t) + A?R"(t) + 0(At3) (6.3.1.2)

. A% .
R(t—At) = RE)—AR@) +—R(®) - 0(At3) (6.3.1.3)
Adding these two equations and subtracting the equation 6.3.1.3

from the equation 6.3.1.2 gives:
R(t + At) = 2R(t) — R(t — At) + A’M~1F(t) (6.3.1.4)

V(t) = ZLM (R(t + At) — R(t — AD)) (6.3.1.5)

Both equations 6.3.1.4 and 6.3.1.5 describe the positions of the
particles at ¢ + Az and the velocities of the particles V at the current time
t, respectively. The main disadvantage of the Verlet method lies in that
the velocities at a time t can only be computed once the positions at a
time t + At have been obtained, so, this method being subject to relative
large errors in the evaluation of velocity, and therefore, at the start of the

simulation (t=0) a different equation is needed.
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To solve this disadvantage, the Velocity Verlet method®* appears

which use these equations:

AZ (6.3.1.6)
R+ At) = R(t)+ AV(t) + 7M LF(0)

Vﬁ+At): V(t:)-l'%M_l(F(t)-{- F(t+At)) (6317)

Whichever method is employed to carry out the MD, it is important
that during the MD some properties of the system are conserved,
especially the momentum, angular momentum and the energy. Both total

momentum (M) and angular momentum (L) of a system are defined as:

N (6.3.1.8)
M = z Di
i=1
N (6.3.1.9)
L= Z T AD;
i=1

There are some important subjects to take into account when
conducting MD simulations. The first subject is the value of the time-step
of the simulation. The factor that limits the value of the time-step is the
nature of the highest frequency motions in the system. In general, the
time-step must be small enough so that the fastest vibration described can
be followed in detail during the integration of the equations of motion. In
practice, the time-step selected is 1 fs.

Another subject is to choose the conditions of the MD simulation;
these conditions must be similar to the conditions under which the
experiments are carried out. In this sense, the thermodynamic ensembles
most used are the canonical or NVT ensemble, the isothermal-isobaric or

NPT ensemble and the isobaric-isoenthalpic or NPH ensemble.
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In the canonical ensemble, the ensemble used in the present
Doctoral Thesis, the temperature (T), the particle number (N) and the
volume (V) are constants, but the total energy of the system may
fluctuate. One method to do the simulation in the canonical ensemble

was proposed initially by Shuichi Nos¢*"®

and later extended by
William G. Hoover.2® The basis of the method is to introduce an external

thermal bath to which the system is coupled. According to the

Nosé-Hoover method, 2% the modified equations of Newton for the
system are:

R=M1p 6.3.1.10

p=bn 6.3.1.12

Py = PTM™P — NypkpT 6.3.1.13

where Ny is the number of coordinate degrees of freedom, and the

parameter Q represents the mass of the thermostat which determines the
size of the coupling and it has units of mass times length squared. Large
values of Q result in a constant-energy simulation, while small values
produce large couplings and lead to MD with poor equilibration. The
term p,, (equations 6.3.1.12 and 6.3.1.13) is the momentum variable and
from a physical point of view acts as a friction coefficient.

In some cases the Nosé-Hoover method**=®

is inadequate to
control the temperature. Another approach to control the temperature
during the simulation is based on the description of the dynamics of a
particle interacting with a thermal bath applying the Langevin equation®

(Paul Langevin). In the Langevin equation appears two extra force terms
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arising from the interaction between the particle and the thermal bath: a

random force and a frictional force.

6.3.2. Umbrella Sampling

One particular type of free energy is the PMF. The PMF can be
obtained as a function of one degree of freedom of the system, the

distinguished coordinate, &. It is defined as:

_v®) 6.3.2.1
UE0) = ¢ = ko In( | dRB(ER) = §) ¢ ")

In the equation 6.3.2.1 the term & is the value of the degree of
freedom § for which the PMF is computed, and the term c is an arbitrary
constant which includes all the terms that are independent of &. If the
average of the distribution function of the coordinate is expressed as:

[dRS(E(R) — &) e—% 6.3.2.2
(p(0)) = i
de e ksT

Then the expression of the PMF can be written in terms of the

ensemble average of the p(&,):

U(&) = ¢’ — kT In{p(&y)) 6.3.2.3

where ¢ is another arbitrary constant.

As it was mentioned in section 6.3, it is important during the
simulation explore all the configurations, not only the configurations near

to a minimum energy. The method used in this Doctoral Thesis to
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overcoming this problem is the umbrella sampling method.3® This
method is employed for sampling accurately those configurations with an
energy barrier significantly larger than kzT (high-energy regions). To
perform a correct computation of the whole density along &g, we should
make series of calculations for sampling in different regions of the space,
but these 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 regions,
so, it is necessary to use an umbrella potential that can focus the
sampling for a given value of &. Then, the trajectories of each window
are added to obtain the full distribution function valid for the whole range
of the coordinate &,. Usually, a harmonic potential is chosen as an
umbrella potential:

1 6.3.2.4
Vimb (50) = Ekumb ($o — Eref)z

where the term k,,,,;, is the force constant for the potential and &t is the
reference value of the reaction coordinate which is changed at each
window. The principal advantage of the umbrella sampling method is the
inclusion of all contributions to the free energy, but this require a very
large number of energy evaluations, making it an expensive

computational method.

Finally, it is necessary to reconstruct the complete distribution
functions computed separately for each window, obtaining the averaged
free energy of the system. An efficient method to do this important step
in an umbrella sampling calculation was proposed by S. Kumar and

co-workers, the weighted histogram analysis method (WHAM).3 An
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alternative to WHAM for combining the windows in umbrella sampling
simulations with harmonic biases is umbrella integration developed by
W. Thiel and J. Kastner.32313 There are some generalizations of the
WHAM method, for example, the dynamic histogram analysis method
(DHAM) proposed by Hummer and Rosta,** this method uses transition
probabilities in addition to histogram counts along the selected &. Or
more recently, the Bayesian treatment of WHAM developed by Andrew
L. Ferguson.®™ This method generates statistically optimal FES estimates
in any number of biasing dimensions under arbitrary choices of the
Bayes prior. The WHAM method was the one used in the present

Doctoral Thesis.

The WHAM method constructs an optimal estimate for the average
distribution function in the unbiased ensemble from the biased

distribution functions for each window:

Nw a 6.3.2.5
(P(fo)) — Za:lna<p‘(j;0))blased

B emp (0)—Fp

ngl nge

where the term N,, is the number of windows and n, is the number of
independent data points used for the generation of the distribution
function for a window. And the window free energy (F,) is determined

according to the following equation:

_Fa_ _Viimb &) 6.3.2.6
e BT = [ dsotptee” T
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where V,%, is the umbrella potential. Both equations 6.3.2.5 and 6.3.2.6
must be solved iteratively and allow to calculate the average distribution
function ((p(&,))), and therefore the PMF from a set of window

distribution function.

Because of the large number of structures that must be evaluated
during free energy calculations, QM/MM calculations are usually
restricted to the use of semiempirical methods. In order to correct the
low-level energy function used in the PMF calculations, an interpolated
correction scheme developed by Moliner and co-workers has been
applied.2® This scheme, based on a method proposed by Truhlar and
co-workers for dynamical calculations of gas phase chemical

reactions,**"*** uses a spline under tension®®**

to interpolate the
correction term at any value of the reaction coordinates selected to

generate the FESs. Thus, the new energy function for a PMF is defined

as:
E=E v+ S [AEELL (g )] (6.3.2.7)
E=Eipmm + S[AELT (6,,6,)] (6.3.2.8)

In the equations 6.3.2.7 and 6.3.2.8, S denotes the spline function,
whose argument AEIT is a correction term taken as the difference
between single-point calculations of the QM subsystem using a
high-level (HL) method, and a low-level (LL) one (in the present
Doctoral Thesis the LL is AM1d). The correction term is expressed as a
function of one £ or two coordinates C;, {, to generate the higher level

monodimesional-PMF or bidimensional-PMF. The HL calculations were
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carry out by means of the M06-2X functional®® with the 6-31+G(d,p)

basis set.22

6.3.3. Transition State Theory

TST can be used to calculate reaction rates from free energy
barriers. Thus, it is the basis for comparing the experiments and the
calculations in enzymatic reactions. This theory was initially developed

in the 30's of last century,3%3%* and is based on the following

postulates:*2

e the reactant region of phase space is populated according to a
Maxwell-Boltzmann distribution. Thermal equilibrium between R and
TS;

¢ the Born—Oppenheimer separation of electronic and nuclear motion is
valid, so only one PES 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;

e the nuclear motion is classical;

e and all trajectories crossing the TS toward P must have originated on
the reactant side and must cross the hypersurface only once. This
condition is now usually called the no recrossing assumption. If the
reaction coordinate were indeed globally separable, there would be no
recrossing. Thus this condition is sometimes replaced by the assumption

that the reaction coordinate is separable.
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It is possible to estimate the reaction rate constant (k,) if we are
able to determine the free energy between reactants and the transition

state, AG¥; the rate constant is defined as:

keT <—A%T)*) 6.3.3.1

k.(T) = e

where the term kBTT gives the rate at which the TS goes to products, the

exponential factor is the equilibrium constant for the equilibrium
between the reactants and the TS, kg is the Boltzmann’s constant
(1.38x10% J-K™), h is the Plank’s constant (6.626x10%* J-s), R is the
universal gas constant (8.314 J-K'.mol?) and T is the absolute

temperature in Kelvin.

There are three main corrections to the quasiclassical TST, namely
non-equilibrium effects, tunnelling effects, and recrossing. Thus, in order
to overcome the limitations and to obtain rate constants which can be
compared with the experimental ones, we should modify de TST rate

constant multiplying it by a transmission factor (I'):

kT —AG* 6.3.3.2
k,(T) = F(T)%e< RT )

The transmission factor, determined at a temperature (T) and

computed on a value of the reaction coordinate (&) is defined

approximately as a product of these factors:2%*

reT) =yv@ED «(Myg(sT) 6.3.3.3

78



6. Theoretical Methods

where y(§,T) corrects the effect of the recrossing trajectories, x(T)
correct the tunnelling effects and g(&T) correct the non-equilibrium
effects. It should be mention that these factors have not been evaluated in
the present Doctoral Thesis mainly due to the low effect that can have on

the TST rate constants for the kind of reactions subject of study.
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7. Papers

7.1. Paper I

Paper entitled: Quantum Mechanics/Molecular Mechanics Studies of the
Mechanism of Falcipain-2 Inhibition by the Epoxysuccinate E64.

Kemel Arafet, Silvia Ferrer, Sergio Marti, and Vicent Moliner.
Biochemistry 2014, 53(20), 3336-3346. DOI: 10.1021/bi500060h.

Reprinted with permission from (DOI: 10.1021/bi500060h). Copyright
(2014) American Chemical Society.
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Scheme 1, General Mechastm of the Inhibition of Cysteine Proteases by the Epoysoccinate Ead™
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stepmise maner Seough 4 stable sicrmaline 1C3 where the
avteing v covalently boaded to the inkbtor and O »
depeoncnated (see 1w rod patk b= Scheme 20 From the 1.C3
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of 3 water molecule (colared hlee 0 Scheme 1)
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W-M'hl-nhdmnhmv«dmtﬁwmdy
! rate Thus, 2 espds d it he previcus
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Mhmhhwpﬂnmwdlﬂ
froe energy harmiers ane 649, 454,
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popubsion snatyds could be comdinred 1 gain deeper meght
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Thas, arerage values of bey mterstomic dotences of the
difirers states Jocated aloug the reaction paths on botk
reactions 3w bated s Table 1, and Malbken charges an key
atoros aee Hasted m Table 2 A schematic represeneamon of the
bt structures obtained 1 the explora
taarn oof both imechaniuns (P-C2 sl 1.C3) & depicted in Fgure
T Vikses of the second sep of the stack uf Cypvdd can C, the
protosation of O by 3 water melecde, a2 reported
Swpporting lnformataon (Table 52)
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7.1.1. Supporting Information

Supporting  Information  for the paper entitled: Quantum
Mechanics/Molecular Mechanics Studies of the Mechanism of

Falcipain-2 Inhibition by the Epoxysuccinate E64.
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Supporting Iaformation

QM/MM studies of mechanism of falcipain 2 inhibition by the epoxysuccinate
E64.

Kemel Arafer, Sthaw Ferver, Sergio Marxi, Vicem: Moliner
Departament de Quinica Fisica 1 Analiticn, Universatat Jaume 1, 12071 Castello, Spain
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Table SE. Averngod AMIEMM distances cbtained froen 200 po of QMMM MDD simulation foc
resctants state and peoducts stite for the renction mechasis of FP2 inhibision by the stiack of
Cys42 on C2 atom. Simulations have been carmed out 2t pH 5.5 and pHi 7.
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Tabbe 5L Avernged AMIAMM distances obamed for key stases located along the reaction
mechanism of the second siep of the Cysd2 attack o C3: the protoaation of O3 by 3 water
molecule. All values are in A and are obeained from 200 ps of AMIdMM MD simulations on
the staticnary points of the frec energy surfaces.

13w TS20w (X&)
So-CY 1K1 0M A2 kDo Klaom
[(XE] 200 Al + 008 30+ G0F
O3-H10 2004 0.2 A 015 424 039
O%H2w ALY 234003 uTaian
%}»ulo I12003 095 = 103 0T AN
W H2 0.u8 +0.03 A8 002 3o
O1-H10 971001 5071 Lhl: 067
013D (HniTd) 190+ 020 S3+024 1374021
O2 21 {Gindo)y LUK A 016 L RA(NE) 1384023
O3-H  Trps 1y 551025 S8+ 027 S5e027
w0 (Awsl) 132100 90 =027 ARV E]
HMODE (Aspii) | 16hi 010 A6 4010 64010
29002 {Asp 170} RS+ 0, AScuin R1:016
HI2.001 (Asp 1711} 17140 T2+ 007 REETAL
H12-002 (Asp 170 1,694 610 Jus s 6T 4010
TOR-OET (GlalT1) | 2152019 214019 183015

3

96



7. Papers

fl_r. . g, i

| - fome

F=h =

e ] o

= i
’_.....;'.....-.... '—...-w.‘.“:'....-'i?'-
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Flgure S2. AMIdMM PMFs of sulpbur stack 1o €2 (green lime) or C3 (red line) obtained after
RC

200 pos of MD starting from X-tay condl

b 1o HCX-03-0SG-CX),

with X being C2 or €3,
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™maas
Figure S}, Rupresentitive snagebots of the key states of the resction mochamssm of the second
step of the Cysd2 attack om C3: the p of OF by int leculae procos transfer. The
avemage distances are reportod in A

< s

TN P
Figore S4. Represantative saagebots of the key statgs of the sention mechassm of the second
step of the Cysd2 wtack on C the p of OF with p P of & water molecule,

The average distances are reportedd in A
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Thre ()
Figure S6. Time o de ! of selecied d cos on the QMMM MD simulition

constrsined om the TS2-C3. The orange lime corresponds with the O1-HD) (His) 74) distance,
the blue bme with the O2-HE2) (Gin36) distance, and the red line with the O2-HD1 (Hist74)

distance.
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7.2. Paper 11

Paper entitled: First Quantum Mechanics/Molecular Mechanics Studies
of the Inhibition Mechanism of Cruzain by Peptidyl Halomethyl Ketones.

Kemel Arafet, Silvia Ferrer, and Vicent Moliner
Biochemistry 2015, 54 (21), 3381-3391. DOI: 10.1021/bi501551g.

Reprinted with permission from (DOI: 10.1021/bi501551g). Copyright
(2015) American Chemical Society.
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BIOCHEMISTRY

TOAONG LFT At emeitry & Peiacal bedagy

Inta a0 g tesneneTy

First Quantum Mechanics/Molecular Mechanics Studies of the
Inhibition Mechanism of Cruzain by Peptidyl Halomethyl Ketones

Kemel Arafet, Silvia Ferrer,® and Vicent Moliner®

Depurtarsent & Quissics Flita ¢ Anabtics, Universtat Jaume [ 12071 Canteli, Spain
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7.2.1. Supporting Information

Supporting Information for the paper entitled: First Quantum
Mechanics/Molecular Mechanics Studies of the Inhibition Mechanism of

Cruzain by Peptidyl Halomethyl Ketones.
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Figure S1. Time evolution of the root-inean-square-deviation (RMSD) along the QMMM MD
simulation for the backbune atoms of the prote (redd line) and atoms of inhibitor (biue Loe) for
{a) the ﬁx-Tyr Ala-CH,F and (b) the Bz-Tyr-Ala-CH,Cl systems. Simulations performed on the
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Figure $2. 10.PMFs for cuzam lehibinon by PFK through mechanism | compater af
MOEZXMM level with 6-3140{d,p} and 6-3114G{2dE,2p) basts set. RC cormespands so d(F-
CM)-h SG-0M),
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Figure S3, Free energy grofiles of the crazain inhibition with PHKs theough mechanism |
computed s AM UMM Jevel. RC carresponds to Jf X-CMPESG-CM), with X: F. CL
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Figure $4, PMFs for the farmation of TH liate trom 1 at AMIAMM

level: 8) Be-Tyr-Al-CH,F mhibitor; and b) B:-Tyr-Ala CMCI mhimov "RC correspands to
HSGCTRHOTLT).

TMSI -

N

ncp\) RC(A)
F S5, PMFs for the furmation of TMST atermediate from products, computed ot
AMIAMM level: a) Be-Tyr-Als-CHF whibitor, and b) Be-Tyr-Ale-CH.CI nhibitor. RC
comesponds to the distance d(SG-CT).
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Figure S6, Time dependent evolution of seleced distances on the QMMM MD sk lation
comresponding with the TH of the 8} Bz-Tyr-Ala-CH,F inhiitor and ) Be-Tye-Ala-CH.CI
inhibiue, The green lime cormesponds 1o the OT-CT distances, and the red lime with e SG-CT
distance.
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Time (ps) Tiuswe igrs)
Figure 57, Time dependent evolution of selecoed distances on the QMMM MD sk lation
comesponding with the TMSEof the Bz-Tyr-Al-CH,F inhibltor. a) 700 ps of MD, b) st 10 ps
of the 700 ps MD. The green line cornespontls with the SG-CM distances, and the red line with
the SG-CT distance,

W 3m W @ W e ™ . T .
Tome (3} Time (ps)
Figure 58, Time dependent evolution of selected distanons on the QMMM MED shaulation
corresponding with the TMSI of the Bz-Tyr-Ala-CH 1 inhibisor, 2} 700 ps of MD. b) fiest 10
ps of the 700 ps MD, The green line corresponds with the SG-CM distances, and the red Tine
with the SG-CT distance

LAl

LR (3] ’ " . “
DDy DL
Figure $8. 2D.PMFs for the formation of protonated thiohemiketal intermediate, THH, from
reactanss, camputed at AMIAMM lovel: a) Ba-Tyr-Ala-CH,F Inhibitar, and b) Bz-Tyr-Aki-
CH.CHinhibizor. Distances are in A and so-energetic lioes are displayed every 1,0 keal:mal
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Lo . aa
ISG-CM)
Figure S10. 20-FPMFs for the 4 jon from d thiohemiketal, THH to

Insormediate 1H, compatpd ot AMIAMM level: a) Bz-Tyv-Ah-l'H,F Inhibltor, and b) Bz-Tyr-
Ala-C Hﬁsl Inhibieor, Distances are In A sod Iso-energetic lnes aro displayed every 1.0
keal-mol’

"
INDLID Y

Figure S11. 2D-PMFs for the & aof

AM1d/MM Jovel: 3) B Tyr-Ala-CH. ¥ lnhbllnr. and b) &-1 \'I-Ab-( HOl Inlllhlnr Distances

w0 0 A and Iso-energeric lines are displaved overy 1.0 keal-mot ',
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Table S1. Averaged distances for key states located along the Inhibition of owzain by PHK,

M
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Introduction

Cyeine protoases are the mest almndant preseases i many
arasitic pronoass and they are essential enzymes o the e
epele of several of them. Fur esample, cruzain hcrwmiunhe
Seveloperent and survival of the p orazi,

rooates, nitmakkenes oc epoocides have shoun good inkibition
acervity.” " In 1995, Roush of o deslgned and snitesteed & new
clasn of cysteine protease hiliooe,” dipeptidy] 2,3 eposybetone
s represenied in Scheme § (CheePheHph<S) epagykatone, where
Hph s Bomophenylalaninel This posent and rveversibie inhibior

the etialogic agent of Chages disewse,' 'nﬂ«uunhwuwn
million people worddwide mostly in Latm Amwerea’ Heoce,
cysteine peoteases huve heaune altractive therapostic tageis
for the developent of new inhibitoes, A diverse mamber of
peptide molecales with a growp suscepeible o soffer from a
nucieophilic mtack can inkibit cysteioe prossases. Bnhibitoes
wach 3 vimy! sulfones, balu metiy| ketones, aziridines, nariles,
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weas designed by 5, 4 portion of the epudde sty of the
knoun epeoysuccing mibsbitor E64c " and the peptide sequemor of
the dipeptidy! Duorcemechyl ketone, Che-Fhe AL-CHE." In fae,
the socond-onder e (hu) foe the inhibiehon of crusain
by Clo-¥he-Hph-(3) eposykesane proved 1o be £5-fold groater
than that by E6ée (333000 M ' ' and Tosoo M s for
e Hpiv (5)" and Endce,” respectively).
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thus the raeimiteg stp In the moyme inhibiion s not the
renctivity of the cposide, but tathes appears to be the nue o which
the inbibitir docks i the soshe ahe prios 20 the 6 ion of the

g talkes place. Clearly, this gemonation s not possitie wich the
e P Hple (5) epooyesone Inkibior die (o the abisence of

oovalent comples. Lawr, Engels & af., in o theocetical study aboot

Ihe carbagylic groap An sk i 1 i which the
precomation of the epooy ring ocours prioe 1 the mtack of
ine an €2 or C2 moms, was wnsoecessful. in po case the

themlcedﬂluulﬁ' trsting o the philic oy
shing opowrg of Seo 1k 1 Suded that the seret the
mduuuwhmhmmdhm
seep for epouides.”’
The inhibee h uf i by pegeidy!

rpnvh\mndmmmwmnh(hr Albeck er ol
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of the activesito o fromn a Michaoli

lhcmmund|h¢bddhhnr""'thryumtddn&dn
prowaation of the oatrane 1 by Hist 59 oocurs fine o n o
conterted masner with (he nucloophilic attack un the amide
srhdl!bondinmhmumvludims&mull Alﬁxklml

vl carbon.
mwwnhdmmm-*mhr
mechasisin s that the cysteine aack can whe place 00 cither the
122 0 C3 mtnen, dependingg on the iientatinn of the cpumy ting o the
active st Whowsky obwerved that the €3 ammack bs preferred for 2,5
epoay amides, while for 23 eposl esers and cartowlic wids the
cpecing coen sttack both on C2 ar CLatmns ™ However, Rogeds ey al,
rased on the explomation of potential enengy surfisoes [FES) obtwned
weith bybiokd QMMM p 1 chaded that for epooy
mhbuﬂluhddnl.x.llwmlyﬁﬂguhﬁam
the G2 atom, ™ Ose resudts o she inhitetion meshanism of K92 by

Kliper proposed that the inhib
mmmwlmtmhdl&mmmmm

E64 Indboated that the meversible suack of a cysteine on B64 can
tadoe il on Doth carbon stomns (G2 and C4) of s speoy oy since

dey are
dmplupuudu that ammm the mw In
an setivated epocide Uiae interacts with the ensyme through an
initml mtack om the carbomyl carbem, i ssalogy with the
inhibicon mechanism by peptidyt disecmnethanes,'™ Hm!l.

bty p prosmt abmost simibyr beeriers ™ To date, the
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Teaw nct sty stsatical by conng licady inckaling the
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weveral muthoes aro agroeing thae eposide is s Sledy
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mechasestic study <f the inhitikon of papain with >benzyl3,4-
epcoybutanole sdd esten,” concudad that the sulfir unack of
O on the nxinee ring e necur withose 8 poor pevecesstion of
codmine |mechantsm 1 0 Scheme 1) Engeds o &, In several
theuretical sudies,"™ ™ propesed that the protonacon of the
codrane ring takars phaces far bohing the tranyition stee (T5). n o

b by dipepidgt2,)-
umylumw(h—!h—"pb(&) Inpmlhunlul seadios in
Y, the chanivms of & cystelng p
nxh;cwmm"-mmwwhhw
kettmes (MK} wire carried out. We proposed that Senaod-
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et studly so explone the PESs and to run modecular dynamios

(MD) 1 that allow ot w8 the froe enengy surfaces of

the resetion (o terms of e Poeential of Mewn Foece (INF). The
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d e while the prediemd
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Computational model

The lar model was d from the Xoray coval
sructuse of crussin from Yrpaneoma cuzy with PDE entey
1AM and & sesctution of 20 A, by replacing the bouml
inhibteor Ba-Tyr-Al-CHLF with the Chiz-Phe-Hph-{§) molecule
(wee Fig. 1) The Baal spatem conists of one chain of 213 aminoe
acids of cyserine prosense crumin and the inhibiear,

Crugain & losated i the Intmacellular vesicles during rhe
donmant stage of the parasite w1 slightly acidic pH. During the
intraoellulor amastigoe stagy of the T Cruar life oycle, cruzain
s present on the saface of the parasite where the pi of the
Nost eytoplasim Lo almost seatral (pH 245" Thus, and because
the erystallographes structins does not comeain the position of

Wiww Avicle Ddew

\""\-u‘.ﬂ

5 ll-?
Fig 2 Detals of P acinve sie Conespondng 1 me sluded mode. The
e egon commponds 10 e OM sunec of soms thae nckdes Pe

it Ty, the srvclaoe nng of Sl and & water imsbecale Mhe
ke Dattwvenes B OM e MM regurs e redeatad o ek Sots

froem & socal of S0028] A foree saitch funcoon wieh a cutoff
diu-mxuﬁcmpdu.s-uA--ppudmmmem

the hyelrogen atoms, these were added at this physiclogieal pH
wning the MYNAMO libeuty, * sceording 1o the pi, valoes of the
titrmtable restdues ealeolated within the empirical PROPRA 11
program of fensen o o' A total of 11 counter boes [Na") were
placed into opelinad clectrostutic posithoes arund the peosetn, ln
wrtder to obtain ehectro neusmbiy of the full mstem. Finally, the

ding i AR the QMMM caleulations were carried
mmdu-mvmnolnuy”

The systemn was relaxed hy mears of 1 oy of QMMM MD ot
00 K uving the AT ersserinle s the Langevin-Virlet integrarmor,
The analyss of the time evolotion of the moor-mean-squase-
deviativn uf backbone wioms of the proein and the Inhibkor
confirmx that the watem wax equilibmted (see Fig, 51 of the

wystemn was ploced In & 795 A side cubic bax of wanter mokecul

As depicted in Fig: 2, the inhiliinoe, Cys25, the imidascie ting
of W49, and » waler moleculy (W8 stoors) wore desaribod by
means of the AMId semiempérioal Hamilonian, ™ The rest of
the procein and water molecules were deseribed by OPFLSAA”
-ndmw"ﬁmtnﬂu.mm’ywmdwnhmd
thie QMMM froesser atomw, three Hnk scome™"™ were inomd

ES11) ained afser jon were used o @
Iybeid AMUIMM PESs. Oece the PESs were obtained, PMFs
mmkmmulln‘adwmhﬂmwﬁm

In the positions kedicated in Fig 2. Bocause of the sies of the full
syntern, all neidues moee than 25 A from the CAL atom of the
mhibitor were kepe frooen durmg the simulatkoos (43671 atoma

In which & distinguished ceaction is mod moond
lae vadues by e umbedl g dete, " whike the
e & of froedh ' of e
are hently samplod. The vakoes of the varobies
pled daring the 1 are then pleced togecher o
2 distsib funceiin whing the weighted histog

o L 1 Ol Dnaciues of cummn Wom T Crupy Bouod 10 B2 T Ak Ot F P08 cooe UM 12§ Dea] oF 2% 30wt 510 OF Ihe Hudod mModel LU
W T Soepion- 2 T-epouybetone Tr-Fne Hh (5 nnbion afer docking awt soAbeation fsee the fedt for sensl The infobinoe and the ey
iy CyadS srst HulS9 sre reprowentes Oy thack tooes whits by mmersctzrn e epreweiadd by Suned e Ontercm are m 4,
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Pager el
Por the study of the possibl hi il s the L1 mathod, and the ML calculations were

msmmmmmmmmuumw
@ prooton rransfer (mechanive 3 G Scicsse 1), mooadiensional
PMPs (1D-0MFs) o the AMIAMM Sevet wore cbesimed using
the antsymmerrie combinanea of the bood-foemimg  anid
Bond breaking distances: { « [dSG-CX] — A03-CX}) whees
CX ropresents U2 or 123, Vhe labels of the epocide risg (€2, €
and ©3) have been assigned for fackeating direct comparisons
with previous inhibitoes such as BS4. These tequired series

currfed out by means of the MOF2X fanctional™ with the
03 -CiLp) besks ser™ Nllowting Trubikar 2 af ** These culoubitices
wre cumied tn tving the Gausstsd® program, '

Results and discussion
As mentioned in the previows sectlom, the Inhubition mechanius

of the owivine prosesse cramin by Cha-tSe-Hph-{%) haw been
e the stepacise and

duauwmlnh-mhhundﬂm sturdied by exploning FESs i
For the study of the fanism or the step d mech
Sansem whese the of the epugy ring peecedss the

Cya2s attack (mechanive | and 2 60 Scheme 1), bidmensional
PMFEs (20-PMFs) ot the AM MM level were compoted using
the SGACX bond foeming distance a5 [t (where CX fepresents
€2 or 1 ators) arld the O0-381 bond-forming dl-umn m

depicted (0 Scheme L The resulting
frrefilies annuming that e protenstion of the ucinne ring ks
hace far betrind the TS, s suggpessed by Bogels er o, wore
obmined in temms of $D-PMEs at the 506 2X/6 31 Gfd, plAMid/
MM level and sre showm in Fig. 1. The coerespanding 1000
a the AMIIMM Jevel are shown in Fig, 52 of the ESI?

This required a semes of 800 and 160 simud foe hots of the three stoes are shown in
ummanrqmnnczwc:mmv.mmam vbu.-nd v.m. sh [mr)huwvﬂmdm
forve comseare wad for the b i pling 0 key di % to the TS located on the
growrate PMPs was 2500 K) mol " A7 amd the simutation wind FESs p ‘anma.mum«ufcynsammmao

coasisted of 200 g of equilibeation and 40 pe of producdon, with o
e st of & f in ol INeb. Subseruenily, 200 g of AV

mdabvnﬂn‘mlthrpmhmdmmﬂnn
The g

MD I ined ot the ry poinns keased on the
mwmmmmﬂmmam
" Additiomally, t imvestigate o posssbie mechanism i which 8
mmummm sibie for the p of

forsion thae can be drawn
from Yable 51 and Fig. S3 (ESI®) Is thae the protonacion of ©1
spantancously cocurs when the reaction ix contsolled by just the
amtiyyrumeteie combination of the SG-X and O3-CX distances
|whese CX represents C2 or €3}, us it can be confimed by the

the exinwe rirgg, TDPMPs ot the AMIAMM Bad wese compuinl
g the S-CX boneHomung distanoe as {1 [where C nepreserns
€2 or €3 sooms| and the sntsymmetrie combinaion of the O -1,
Bond Bevakiog and the -1, Bomd fomssing dissances i 02, with
M, and O, bemg the proton and She oopen s of the wany
modecule. Thes sequise] series of 355 and 720 stmudation windows
for the smtack of Oy o0 C2 and CX, pepaxtindy.

Pevause of the frge namber of structures that most be
evaluated n gemerate the free energy caloslations, QM/MM
calvalations are ussally restricted to the wee of sembempirical
Hamiltoumms. In order to cormet the low-level AMId meng
function used b the 10 xnd 20-FMFs, an imerpolated comection
schenw devefoped In our liborecey bas beon sppliod  This
Mm h—dcllmnb:dmudlu“*nﬂdh

1 calbel g Lead uom
nquuhmhn“”lnhmmlh«um&mm-
wny waiue of the RCx selocted o genomte the P18 Thus, the new
encrgy functiun for & 10-PMF s defined os

TR R LA n

whare § & a apine Ny Y —— ASMO W
@ correctiem teron taken ay the difference hetwoen single-paint
caloolations of the QM subgstem wsiog o Migh-devel (HL)
mmmmmqum Themuhnlumh
P d o fy of the distingsshed

<. When oormections wese done o 2D-PMF, the oommection teem
inegn (1) s then expy dasa af che di

1 and 2, e groerte the Righer vl 2D The AM

Ther xsmee £ © e Dverws T 7057

of the prodicts s both possible paths, with the
source of the peosan heing the residur His139, Neverthelms,
the wverage values of the disance O3-Hljguw In the TSC2
203 4 000 A) and in the TSI (€008 4 1103 A) reveal a different
tegree of smchronivin wiile the penton & simose compioicly
wransferted In the TS of the reaction path commesponding to the
artack Of C2S on €3, the proton tesefer froos His159 w Q4
tavkaes plaver elerdy after the TS & reached when the attack ocoun
on C2. M is impormant to point owt thae the distance O3 -Hye, v
in both reacsase compleses (234 = 003 A I KC2 and

ll ns

APMF (keal mol )

L B
1
{
T
»
=
-
o

z

C

/

RC(A)
g3 30PMPs of e mochesen || toeputedt 8 e MOS-2K6
Lo THapl AMGIMM bved Cys25 atsack 00 e ©F soom et bred of C3 o00m
Jywen e B conesponds 10850508 - #0300 wn OF €2 C1
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201 £ 003 A m B-C1) b shorter tham the detance with any
ocher possible peceon donor at the actve site, m the water
mokeeule (the O1-H, distance & 4.24 £ .70 and 127 = 047 A
in RO mnd RO-3, rospectively ). This resalt initsally suppoats the
mole of the His134 as the aod species, Ingly, Hist3»

Wiww Avich Ddew
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32 and C3, respectvely) chiss supporting the inhibitocy character
of the epanide, Neverthekess, significantly diffecent free encegies
of aetivation are obtained; 165 and 236 beal mal ' for the snack
m G oamd €3, respectivedy. MMMM.MM

waflfens & drassaiic displacessent from the qr-hh una he

transfyr takey phwer, an hod i the T

between OF aad the N3 mom of His139 bsied in Tabde $1 (ESiT)
The free etsengy prodiles af Flg. 3 show both ractions as veey

exprgomnic procvsses (161 and 300 keal mol | for the attack on

A0y

ASGCY)

uded that the rewetion preferensially takes phce themgh the
sttack on the C2 carbin stoon with e protnasios of te 02
mdhqwu‘vuhuﬁwtinnmmdlmmy

way. heless, whing into scoount the fact
Mmmmdnmmnuommhmhemlm
in the daing dinste uverd 0 gy the

u “

ASGCN

Fig 4 1D commputad . the MOG- 20T~ 31+ Gorl pb ANIMM brwd 0 thee Tyl S artecs on e W0 CF stam and 03 53 stam, of the niditor Didtareas

v in A aval ho-erergetic bres s dasheet swery 10 heal mol '

a) R-C2
-

Fig 5 Prmeessreatim URgEes 1aASn YOm the TT-FMES COMMEonaTTg 10 the 1ot Yates of fu nihieion mechymem of S by ihe sttt of

Cynds on (s €2, and (51 C4 o the atststcr Koy ihitances ww repored in A

LITN4 | Mvn Chenn S Mgy, J0AT IR 32786 1ATME

Ths s £ St Owry Socetm, 2017

126



7. Papers

Jonte | e ZSUSO0IT 00 25 (9,

st by L

20 Apei] 2017 D

Paper

10-#MP, thow values must be comsscered with sawtion, A
poce of the mech wheee the procemation of the
eodirane g cocurs after the setack by Oy, as deduced frum
thewe lluwhmdlhthemuhdnhd-hmohh
i g in order

Woew Acicn Dndew
pCCE

Totie 3 AveraQe0 AMIAMW G50es 00000 1w Wy Waes 100000
Sorg S nnktion machanam of Ouzan Dy e stack of TS on e
3 storw |6k, ang o thw C1 atom (0 AR walien are 1 A and aop otanes
o 200 g3 o AMIAMN MO serabdicne on the Maliconay joets
eadactend o Uhe NDS- 20NN N ermegy oo ofies shown w5 § Some

ascer e PCS wene CONNaned duing he

qhn,__. d mech or the stugmia: imech
whew the proturation of the nog prrordes the msack of G223,
deplcved as mechamisms 2 and 1 in Scheme 1, 20-PMFs o the

(4] Cyn2y attack v the C2 mum of the epooy rng.

MO6 A1 GILPEAMIAMSS Seved were genenited wsing the  * 1) ot ™ma a2
3G-CX boml forming distance ax RCE (where CX reprevenes €2 m-ct A m :: 4 :.:: & m
3 03 Rl 4 B ‘.
of C3) and the 03-H3 hond-fomuing distance as RC2 {being HA MACISHCT .us:m LB 19k
the precce fmm His1$9), The resuliing FESs, shown in Pig 4, saomasi-cs F020  AZG L0 7% 4 DG
describe the attack of Cp25 on either €7 or €1 atoens of the m-uxlmn::: xm :_.::a.m :0:4..::
LER LSS TS . , o
epaxy ring and the wumn-im of 03 ws a comeenied hut o i) IAV 04T LML O 5ab 463
P 15 2D FMPS M the 1] EETIE Y TR S S E N B T Y
AMI‘MMH d—nmmﬂdhul.n-uﬁnhm O W' :::::: :g::: :_»:::g
4 > T b MGW o
information of the eooess, at the y s w 3214837 551403 1354 600
dﬂnmm.&mmdmnnﬂnm 3 AN Gt 1464 02 2190025 2334 01
differvnces with regect the provious snalisis based o Pig, A Vine,  H2-OCapLss) 426 2851 A0 L0352 12K el
SHC y EAS Z 000 151 LAA0 192z RIS
despine the trend in sxivation froe energies of the anack of 27 SO TIEER e st ey Taien
on C2 and C1 uiens & malntaioed, the vilees dodoced Mom e jHai w001 [AmIT5] 143 & 068 GA1 £ 0 L84 2 6

200 are significaely oo LL1 and 19,4 keal med ¥ fur the
awkom (2 and C8, . These values chearty indlan that

{h) €525 arnack on the C) atoen of the sposy ring.

the (rreversitte anack of a cyseine on the Inhibioe takes place 2 1A o R (2=
preforably oo the C2 atlunt of the vposy ring. A commented alowr, 5.5 BACS AL LAS LGN 1A 40l
lhpmmﬁuumwhwdwhm sl IR LR T BN UV R R
attook of (3525 wnd, ot SACYWS-CI 97 4833 EREA O 17T 4 0
EFOPA T ST ca g SMRAONE A2 2 080 ZT6AONY LMD 0M
this proton srarsfer must be in —ﬁ" T &% T Aes 136 L003 G a0
i et Mn-dmrmma “‘l:; A 08 LIAE 0N 681 4 BT
Wmdﬂmﬂummmmm Mk :"'"" LOARDE 583 A ASS
OO, Jwater| e BAL A0 L 0AL 2394 12
90 be o very excrgunie process, but with mmach choser reaction free O-HHAy ) ,.u:“. £33 4040 DSh4aM
energies for the attack on C2 and C3 atoms than before: —50.4  02-MGhsa) 357 8072 msn: ERT T
z - Cyss attack S atms, NI IAT 4621 A 027 2464 026
et 5.‘"““ fog the o 2t ¥ m-'nqm\ 204 0I5 UM A0 1SRG 82
nespectively. WX ARpI 58 AAE 4 B30 BNH A 0E LIT 4 04T
Wepresensative ssapshots of the three stares involved in the  MGC25)-H[Tpos) AR L 080 Lm0t 0 s s
MACKE 4 JAR A6 RITAGN ST AW
veaction ase prescaned in Pig. 5 and Pig. 65 [E5t1), while the O CRIED g 170050 2mdas 2004 %0

average values of inseratosic distances of the Koy sates located
atong the reaction of both artacks of Cys25 on the €2 and 1
atoms are listed In Table 1, The data reparsed s Table £, apart
freso confirming e d ok of both §

The rest of the interaction besween the epoxide and the proeein

show bw-wm differsnces with respect to the mh\lmn
derbved from the analysis of 10-PMEs. Thus, the position of
TSCI s shgnificantly shifted 1o 4 B advanced nudoophilic
ek of C2s on C2 and o more scvanced proton trassfer
from Hisi39 to 03 Regarding TSC3, the opposste trend a
cbactved: it is shgsdficantly shifiod 0o o moee sdvanced aituk of
€5 on C3 and 2 kess advanend proton tramsfer from Hig 24
0 O The consequence of these shifts |s that TS-C2 and T4
are mooe alikar than Rose locaed on dhe PESs of Fig. L luganding
|hmmhuw&udhmd&mh
alte d in the d along both reaction
ph.lmhnmﬁdlmmclnwmﬂmmmw
atown of the spaside and G0 bocames more intonse [cdoser

ine almost invarant slong the hasism, o with oo
significamt g ingly, the o betwern (25
andd Trp26 b dramackally elongated once the macleophilic
ek on G2 or C3 ks place, Higtas, once the HI atm is
tramesferrend to the OF asvven of the cposy, insersces with Asn175.

Finally, lo order to confimm whethes & water midecale can be
responsibie for the sctivation of the epadde ring, instead of
HmisY, 20-PMPs 5t the MOG-2X-314G{d, prAMIdMS level
were generaed using the SG-CX hond-forming distance as RCY
{CX represents C2 or (21) and the astivymmwtric combination
of the O, bond-beraking and the O3-M, bond-Seming
distances as RC2, with H,, and O, deing the peoton atom and
the aeygen atom of the water molecoke, The resulting MOS-2X/

uml,pwlwn F¥Se w0 shown in Fig 0, The eomes

I O2-Hgye i ) os the e in
both oo ke that the disgl of Hisa
ooeurs from the peptide once the proton has boen eransferrad.

Ther xsmee £ © e Dverws T 7057

g 20-PMFs ar the AMIASMM deved are deposiced in the
mt(anmman‘ i show how, despite
I peocess is frasible, the reaction would take place through

Poyn S Thes Py 2017, 09 ITMD-GIMN | 12743
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T XT3 34 e

WSGC2)

higher activation envergies tham when His139 & the acd specien
A2 und 199 kewd mol * for the reacthon where Cyss atacks
ot C2 and C3, rexpectively, This sk confiems our previnus
predictions based co the ) amalysis of the

Wiww Avicle Ddew

&SG-C1)

Fg & FiSs comprest o e MO6- 206 31 o Gt g AMBEMN vt it 1se Cyad® sttach o e lal C2 e amd 20 C3 storm. of U revsiur. rgettre st
e dartor O @ (FCL0N SO & waley (et L0 396 OF 000 0F 11 1w Dances e in A aed 0O SrarGRii. brwd e GAptned eperp 15 hoal mad ©

the peoronation of the oxirame ring takes place far bebvind the

tansiion staee, as suggested by Eagels o ol i ooly
wmmmmulhnmhm*w

staees. In facs, the FESs sugpest that the wacer mudecake would
not actiemte the inhilbriturs but the boed between the Cra2s and
the inhiberer woold be formed

llet during the simutath % 0wt esulis,

the ooid species e for the p atin of the nuygen

accem of the ring weudd be abile to comerve Min139, in contras

diy with o sp " ious studies ther proposed o water medocule as the

pmmnnm’etbnm His1 5%, PAw-C2 and Fiw C3 ln Fig. 6a and
b, goud to the sl o O aml
[S=] diwlmd Py 5, where His1SY has spostameously
Ml&pmwmmmu.nm‘nm
Ihough soe tically in Vig, oa, socther Socal
minml-lmd-ﬁmhﬂnulwmmlnlmm&l
mmnmwwmemmpmmmmmmﬁ
and by, respoctively. These pond to the
memh—mlmdmnwmm
80 03 s transferred back to the water, Thus, the FESs describe the
ction as the d mechanism libeled 25 2 i Sehersw 100
¥ smpoctant to point ot that the fact thae different acchation
ergies are ob (b comy with those in Fig. 4} s the
coesnguonce of s using (he proper nuction cooedinates
deweribe the potim transfer froms Mist 59, ax oecurred when
MMIMmedmm

mm.wu""mmmmnmmmmﬂ
e snctive wite s the sonsece of the protin teasssfee to the coyrane
ring renders significantly higher activation emergies than when
using His130. Thus, the acthvion Bree energy for the resction
whors Cys2® attackes the €2 atm of the eposide rdrg, activatod by
Mis159, i noticoably hower (121 bead mol '} than the ene obtained
by the atrock oo the €3 soom {154 kel paol 'L These barriers are (n
s kst than these that can be dodaond Mithin the Transiton
St Theory ot 29 K) from the & waloes measied for the
Inhititon of Pupain and Cathepsin B wih diffenem
epunddes, which snge besweon 2008 and 222 beal mal '
m-w;mmu«-mm“m
h ¢ vuucties of the inh h of
wmm1m|by-&mmumnwmml.'
which gre stmilar tamiens for the imveersible ek of Ol on
both. carbon atoms of the eposy ring. This suggests that the

irvcdved in the cxphinats 1 e depicted in h of ishibiti ﬂnml-lndynnlhm
Vg, 57 and 5K of the $31,4 bt oo the particalar cyvteine prosense,

The compuarison of the free energy vahues for the inbdblton

frasivm of the cruzain sudied in the

Conclusi nmnndyu.lhdunl'*hhhmhzm'dh

o ouar previous study of the imhitioon of the same peotein by PHKs

A cumpiational study of the inhibi i (295 st 10,0 bl ool " Sor PP and ICIK eesprictively ™ sllows

potease by dipeptidyd2 Foposybetone  Che| MPHKI bar
been carmied out by means of MD stmulagions with hybeid
QMMM potentials. The first concusion desived from our sudy
is that the sctivation of the epeocle ring and the stack of Cys 25
om efther C2 or €3 aams take place In @ coocersed manzer, In

with the i of Aok o al,"™'" and in
mmvﬁ-w-dumnd“hmd-nhum

L3748 | Mve Chem Chem Mgy, J0LT IR 32746+ 1 TME

» Geent porinon of the i ay towand cnuzain of
beeh famitkes of inhitdoors. in additon, it is wnp 0 hightigh
thae the dipepidyl 2, b epayhetons Che P Hph (53 seodied in the
mmmxhcdwdahmm
of the pectessrint bex |- 56,4 hoal mod ')
by with the PFK (-2 heal mol 7| asd the FCIK
(=277 kend mol ),

TI% s £ S 8w Owrwey Socetm, 2017
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I all, the resules of the presest study suggest that the wsted
epoghemoe can be a good condidese to design new cruzain
snliibitors with higher potency. The seualysis of svetmge souciuess
of the key states imobed i the inhibi o d in
the present stody, wmzr-immderndhmmrwmn
“tudies of cysicine pesease ktilition,™ can be wad w0 dosgn

s inhibiters thot kept the Ervorstile & lishend i
the eoval phex and stobidae the T5 of the prose in-adibiece
covulent comgiles
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7.3.1 Supporting Information

Supporting  Information  for the paper entitled: Quantum
Mechanics/Molecular Mechanics Studies of the Mechanism of Cysteine

Protease Inhibition by Peptidyl-2,3-epoxyketones.
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Figure S1. Time evoluton of the root-mesnsquare-deviation (RMSD) aloag the QMMM MD
skmulation for the backboae atoms of the protein (green line) and asoms of inhibwtor {red line),
Simulations performed on the reactans state,

- TS0
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Figure 82, 1D-PMFe computed at AMIAMM fevel, Cys25 amack w0 the C2 atom (red line) or
C3 wom (green Tine), RC correspond to d(SG-CX) ~ HOF-CX), with CX: €2, C3.

-
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b R-C3

e

Figure 83, Represeamanve snapshots taken from the 10D-PMFs corresponds to the three states of
the inhibition mechanism of cruzain by the atwack of Cys235 an (a) C2; and (b) C3 atoms of the
inhibitoe. The reported values of key intemtomsic distunces are in A,
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Figure S4. 2D-PMFs compated a2 the AMIAMM level for the Cys2S antack to the a) C2 atom,
and b) C3 atom, of the inhibstor, Distances are in A and iso-energetic lines are displayed every
10 keal-mol
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0 N | ; Figure S of ihe test

Figure S5. Supery of rep e e P
corresponding 0 the threo stutes of the inhibmion mechanssm of cruzain by the attack of Cws23
o6 () C2 aml (5) C3 atoms of the inhibilor. Reactmnis aee in red, TS in Bue and Products in

yellow
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al by
3 £~
g i
s
= &
: i
HSGCI)
ms&zn—mr-mummtm Tevel for the Cys25 attack so the u) C2 stom,
and ) C3 atom, of the + with the fer of a proton from a water molecule o

the O3 atoen of the ring. Distances are in A and iso-energetic lines are displayed every 1.5
keal mol

msv.wwemmormm wolved in the
& water alecule as he acid speci ing the epoxi ring.
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Figure SK. Superposstion of rep i hots p d m Figure §7 comresponding 10
the states of the inbibéti h, of in by the attack of Cyx25 oa (2) C2; and (b) C3
atoms of the inhib ing a water molecule as the ackd species activating the epoxinne

nng. TSw are 1o blue, I"lw in yellow and P2w in magenta.
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Table S1, Selectod averaged distances obtmned for the key states located along the inhibinon
mechanism of cruzain by sttack of Cys28 on €2 and C3 asoms by | D-PMFs. All values are in A

and are obtained from 200 ps of AMIWMM MD simulations oo the wind d from the
MO6-2XMM free enengy peoliles.
YT = s - ot T o 185 Y
2 2 3 TS.C3 rL3
one2 AFL008 [ 1 B34 006 | 2424006 | | 444001 | 1414002 | 142200} |
(S A4+ 003 | 1394003 | 1422002 | 1,45+ 003 | 208+ 005 | 238 = 008 |
Cys2$ | 340 4003 | 2364003 | 1794003 | 3.26+0.31 | 3.05+ 008 | 2.78 = 106
| SGICys25)-C) | 4364019 | 3.20 40,01 | 2794 0,06 | 3,25 + 0400 | 2.8 2 005 | 18I+ 043 |
O3-HWHRISI) | 2142000 | 2132003 | 0.97 001 [ 2312000 | .95+ 00) | 09K = 003
NLHWHISIS9) | 1004 (032 | 1012003 | 4814069 | 1.01+003 | 5774086 | 5.24 = (.44
OLNMHIs159) | 2094 1111 | 3024009 | 5054 016X | 5044020 | 604044 | 500405
Od-Hy(water) [ 4233400 [ 2335058 [ 56) « 0K [ 3274067 | 30K 0,70 [ 408+ | 18
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7.4. Paper IV

Paper entitled: Computational Study of the Catalytic Mechanism of the
Cruzain Cysteine Protease.

Kemel Arafet, Silvia Ferrer, and Vicent Moliner
ACS Catalysis 2017, 7, 1207-1215. DOI: 10.1021/acscatal.6b03096.

Reprinted with permission from (DOI: 10.1021/acscatal.6b03096).
Copyright (2017) American Chemical Society.
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Computational Study of the Catalytic Mechanism of the Cruzain
Cysteine Protease
Kemel Arafet, Silvia Ferrer,” and Vicent Moliner*?
Depurtarsnt & Quissica Flics + Anabtics, Universist Jaume L 12071 Casteliin, Span
© sapperting Ifrmatay
AN TRACT: Cywtetm protesses of the pupan (amdy are invelvad i many =
dmeases, makmg, them attracsive sangees for developing dnage. In this paper,
diferont catadyric mechanims of au‘::‘z\uu protease have beco =

hﬁdmhhﬁdm windatioss withis hybiid
pterten & The ebiaised free

i
ensrgy mefacen have allownil -@q-l-;a-l'g
4

dmn-r'

mmwmthﬂmmh“mmm
acpbatin and 3 deacylation stage, bae impoctant diferences Texpest do
previow swedies G be deduced from eur clodaom. Thus, our
cakulations suggest that the scplison age ko ple @ 2 wepwise .
m-&-«.mm.mmm-wun 4
the N1 atom of the peptide and, after 2 traasient intermedate is locmed, the
Cysd$ attacks the carbonyl carbon atom, The sabaation of the activated
Cps$ Is ahbewnd by an etfiect of the hocd throsgh with vesidors Trp2o, Gly 1oty and His 1S9, rather
thin by 2 feas comples Cps2SS™/Hist SOH™ an palr. hmumnmpm“wwmmmam
buse-catalyzed reaction whereby Hi159 activates o witer audeode that attacks the peptide, would tke place tuoigh & coscerted
Mlunn.lnlhhdq:.bmhnf—cu-h‘ﬂ!mdn.-hudnu.hlﬁ.nd'l‘qltl, to abo be
enscad. I d&l“-ﬂhm‘mﬂ;nhuu-mudhzu#naﬂ'
m‘uat—-.bﬂmm‘mw

KEYWORDS: afeber peataises, catubtic o

QWM moieanlr dpsumicn, 'MF

B WNTRODUCTION
v an g

duwl,

The cysteie proteases of the papam Gamily aoe Ivobved
many dvewes, aubing them atractive taigets Sor doveboping
new Seugp. For examyle, crasain and ﬁhqun-’lmdn;hl’n-
sgunet Chagas dsese and malarta ™'

l‘&am,m-«hmnf&rmvmmw
on two reddoes Bt are Jocstod i the active dte: CyalS and
Hal50 (cursn membenrgl It has boen proposed that de
tsdarcle group of Hisl 39 polartoes the SH groep of the Cy2s
and enables deprotonstion of the SH group, lhu forming «
wa,-.a-yhkcpzss (HISOH' o pax | This son guir

3

algghaly scida snviromsnents | The cxistence of the lom pair was
mmﬂym”dhmmh"'uﬁwﬁ:m«ih
toods."’

It 1976, Shafer sd « k = .p
determination of katratan dates & Be active ate of papan,
comcinded that the active vt thicd group exivs manly as 2 Sl
mnupwmw Hilker sl coworkens, is
i q dtareey (QM/MM) stody

G ALS PUBlCAlONS % 508 derons Dol Somty

of the catalytic mechanim of the eanyie papiin, diowed Sat
In the abmence of the enzymank envtraoment the pair of powrrsd
nestibies 18 strongly Evooad, howerer, wirth the presmcr of the
enzprw, the potemid wnergy wirface (I'ES) for peoecn tramsfer
wan very Hat, with the o puir bong more sadbilend than the
nevteal spoden ™ This wes further supported by Subai and o
workees thae, in & QM/MM anady of she active site of free
papan sl the NMA papuin comples, concleded that the
pak becumes more sahie than ity netral form n Se potes
cavirrenent.”

In geoecal & acoopted that the catalytic mechanies of
yvteine peodease conudsts of fwn stages snylation and
deacylation (see Sihemse 1) The scplation stage hasically
cutabits of the sucheophelic sttack on the carbomd cabos of the
peptade bood (C1) by the thickite ation of Cys2S prodecing as
Irnermediate (IA 1n Scheme 1) Then, the duacylation occser
via & grrweral baseceadvond reaction, wheseby the anidascle
nitrogen of Hal 59 (N2) actieates 2 water molecule Shat attacks
the C1 atore of the pepeade 10 prodece the kil prodects ('S i=
Shetne 1)

Beortved  Outoler 30, M08
B Decmmber 21, 2098
Foldaded  Dwoorber 27, 2010

TR e
Ppiiittergresom
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Scheme 1, Reaction Mechanisios of Pepende Hydrolysis Catalyred by Cysseine Protesses

e "

Sevenil exp 3" and T 3 bead (formomon of 25, m depicted I Scheme 1) ooau
les hune cartied ot in onder 10 explais e manses e sirdaoeoely with an ativation buetier of 350 Scal mel ™"
which the cysteine prosrases catabyoe the himaking of peptide Yoars Mter, Gao and coworken, m & study of the camdys
bowds. Diglesert mech been propesed In the pathway of 3 human cedepen K, om the hasie of QM/MM MD
scylationt stage. Thus, Drenth sl co-weskens, on the busis of wendations, that the transfer from the waver
Xoray defraction studies, proposed fhat this sage occs ota 2 mvodexude b the wumsdazole tng of the catalytic Msssdine (M 162
serdne protese Bhe meckunim {mechasten 1w Schese in the husan cubey was s
1" the thiclate anien attacks the C1 som 10 produce & the attack Fom O3 stom to the curbornyl carbos

Intormediate, denoted THA. Tha insennediate Cl md pesunted 2 fee emengy of activation of 167 kead
world be wabilaed by hydrogen bood wih the el U Moweser, Wanhel and cowodkens, n an B mithe
Lachbone NH group of Cr2s and b the NH, growp of the stinly of several reference reactions in seluthon (the lustidine
GIn19 side chatn that create an oxyamion bole similar 10 that assbszed N and the hypdrolyss of
proposed n serimne Then a proton i ransioered from  the resuling th 1 had conchded that the deanylation hias
Hunl 59 o the sitrogen N1 of the peplide, concomitare with the  Mepwise theosgh an demoted IT {vee

CI=N1 paptide boail chearage, 10 form (A, o proposed by fidham

Lowe In 1970 Mowever, the sabibry of the THA  SG=Cl bosd, IT foessition beirg th

istermediate kay breem questivmed by several au- dore secently, Zhun snd coworkers " in 4 preudebond Birs
My ML recmitly camand met QMMM stechio M QM/MM FE stady of the seaction pathway lor
of the nhibison medhansm of crudn by pepeatyl hadomethyd [rapun

wnd vo-weckens wigpested that the peotonation of O (ee NI "’w-“"mm'

a0t st occuE pesor 1 (see mechanian 111 in Scherse 1) or The #m Fapet Is.to gin toughls it the
By with (sec A Il i Schume 1) e catalytic dmnmonm“mn;l:
nocdegdilic artack of the diokee amon " Willer nd o *Hiliitioss wabin "":"?’”"‘P‘“"‘“ b
workees found that this stuge b concerted (mechaninn 11), Gatalytic the Tous ""'-'(n""‘;" : h’"' ‘ﬂ"" el
lﬁd_nrp:h.‘by‘qlah"www mergy i, e '['"" poees
pothwg R prop Andywi petiy, aveeaged
wd covokens esploeed the PES of the inhiuion of ey 4wl mterxcon berwees the pepride sud e e
habokatones’ and dietones™ @ the go phaow ot the DFT v Dpe | X
fevel, that the THH itermadiste would be table  tryime "h teld e weed o o casnd deign S e
b, i geensal fess e than the seactant. h i g o
Mer acplation, the dessylation eccurs when o water
molecule attacks the (1A imvermeckato )

the bas of AMI calislationss, showed that the prisooatios o LAIM ™ and 200 A reuoh This posticular X-cay
i1 59 by 3 water moleade and the foomation of the C1-O3 wie already wnd w1 owr laibormory to study the inkibetton
1208 OO 137001 v
Lo UAEF S )
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Fhgore 1. (4) Tepuesamtatne saapidun of the atho dte i e seatants sale (RS of She stadied wandel (b Dietads of e actne st anmmguindiog
o the stodud modd. The blae vopon comoponds & the QM stoom. The Rk sosu betwees g QM and MM mgoen s iadcated s black don.

mechamiin of creaain by peptalyl balomethyl ketones. " The

sl geomsetry of the cruzam pepede wax cosstructed by
replacieg the covalent mbtbier Ba-TyrAl-CHP by 3 snall
peptide Ac Al Ala Al Gly Ale OCH, T\tmu(&

the umbrells sampling spproach ™' In genenl. the valoe of
the force contant wsed for the

Termonc wmbrela wneplag so
peoarate the PMPs wae 2500 k) mol ' A" and the smdatios

pqn&na-mﬂlyn—iﬁ-ﬂll‘ o ‘

condermation was neached h-nlm Hence,
o model conusys of oae chain of 205 amno ackde (crmain}
sond the peptide Ac Al Al Als Gly 830 OCH, (see Frgure 1a).
Cruzan b batal o the wtracdldar veides during the

domrust stage of the parasie at & acudic pH. Darsag the
stage of the 1 cnuat life cyche, crusaim i
present om the sartace of the where the pH of the howe

 abmost nevaral (pH 741" Thus, hydroges stems
mddd'-th!rqmnﬂ—

progrn of Jewen ¢t 4L A totad of 11 ammstersns (Na* | were
placed inte optmal electrostatic posttions acoond the getem, in
order ve obsan dectrovestraley. Findly, Bhe systenn were
placed &3 795 A sk cabic ben of water moleculen

M depicted i Figes (b the &l pepeade, Cpds, e
\ndasele viag of Misls9, the dde cham of Ginid, and coe

AMId vemmntpeeal Hamdliosian
sl the warer molecules were decrbed by OPLSAA™ and
T force Selds, respectively, Towmdnulmd‘n
MMM Arvatier, we ased the Lok stoms ¥ Pecaae
ol the sine of the &all sywizmm, 28 roadoes further Ban 25 A frues
the CAl aom of the pepeale were hepe froom during She
siatulatsons (43115 atoms from 4 toed of 500291 A force
awitch Fenictices with 4 cutoll distance ks the range of 14.5-15 A
wear apphied to treat the neabendng mteracsuro, amd
bosaulary conditions were employed. Al the QM/MM
calodativcas were cared eut using the DYNAMCO libeary. "'
The system was refased by means of 10 ns of QM MM MD
o 30 K usng the NVT emserrble and the LangevieVerlet
Integranor. Anabyuds of the time evolstion of the reot-meas
square deviarion of the backbone aosme of the protein and the
peplide confinm that the aystenr war cgquliluated The
stracture obtsied dter relsston was wed o geserste e

antiyymimataic the tond-Semirg sl

bresking Setascm, le-ml-ﬂNz-&ll)» Tha NQID"J =
wertes of 4941 ik Yor the "age
through mechunsm 1L & 20-FMF AMLD MM was computed
for the fosnation of the THH intennedise from he resctunt
stats usng the SG-Cl bond forming datance as RC1 and the
OI-HXMMMuMITMWAw

usieng the antivy ol
boad-forming and bend beeskong Sstances, d(NI~H1)~
SON1=H2) Thos reqaimad & sries of 85 ssmudation wndows.

Foe the study of e deacylation age (woe Scheow 1), 4 2D
POIF AM I MM wis computed for the formatken of the IS
suate from the 1A ntersediste state uwing, the SG-C1 bond
formng dwtince = RCY and she O3-H)
m-ucxm-rq-u.m-nm-m-
windows, Within these coand Both posshile

were exphored.
Becase of the lurge sumber of wiswes that tat be
n“h-.bu—vy abul QM/MM
are wwally d to the uw of | Hamiin
hm\i«bmmd-hmbvdmummhmmud-

MMWAMMINMPE&.‘ pdm
sate Musten) wers located -lchnn-n-t.-lnlby
means of 3 minemacr terstsme acheme”

Ouce the MESs cormesponding to esery chemicd step were
wmdmﬁm(m}mmnnlnn
furetan of different dmaten (RCe)
mm-wmmmw-ﬂ

mmmwm&.m conection scheme
loped i our 1 Tt bees appliod ™ This wheme,
I—Innmlhalpqnﬂb,fnﬂn-dou—hh

sl of —b

dyromic -pluane o o

 wplivw gnder tenssan ™" 1o inserpedate the comestion term at
any vadue of the RCs sdected be generite the FESs Thus, the
tew energy uncton for @ 1DPME & defied

Eow By g+ SIARTE) i

e et el
A e vt L 0N
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where § demotes the sphne fasctum, whow argament AR ({)
b“wmwmutdhmbthnm*rn
bedd of the QM seb utt-

icthod, anl & lowdevel (LL) meod (2 our case AMId).
Whes comctionns were done oo 2D-PMF, the comection term
weas then exprovsed 2 2 fusction of the two coondinates ) and
C1 % pmenate the hgher level 20-PME. The ML abaulstans
were carned cat by seeans of the M2 fosctiond™ with dhe
ollv(i(dy)mm‘ fnbm;mzwd‘lnﬂu
ad o These calealations were carriod cell esing

bwm

B AESULTS AND DISCUSSION
The canudyvic inechaniun of the cpteine protease crasain has
been intsully stdied by cxplorng the PESs of af thu possilde
&umd "teps uxr-p—dh‘ t the two stages d'*-
¥ U Ar ol m
Coogutationsl Mithods, the FESs wese then wed a5 fho

mﬁwmm

averne for the nql&m W‘ w .e
Sonnsticn of the thichésmilatel (i
mechsmuen 1 in Scheme I)‘lhqlnmmu“hqb/
AMI/AIM PESs showes that THA b 0ot & rabily stteresadiate.

Koxtion Prugroa

Figare 3 (4] FESs of the wylthm stige Buengh modimmn |

A the MG 2N 300G Ap XAMIANMM Tered. Daviarces
-I-A,-lmhnmw'-ylutdnd" b}
o e ooy profilie fior (e aorlebun g theongh

n-nl-ll

nl&thymupmmnlmh,m 55 i the Sapportag

P o putnt out that sames sugned o
nd-nm-nlodynlheulnnf-m—hn--’l’s-
appessing along the exploned mechanian, This, for nesscr, |-

pesenated 1o explore the acglation stage th mechanism 11, M b much more stable thae 131 bur st besause they
1t appears thar 1 does et take place In 2 d wep d 10 ugnifiant dilesent & Sates (woe Fageres
Ing in & stepwoe sanse:. First the proton feom Hol$9 i 53 and 53 i the S irng Lnaf L Acconlieg 1w

of the stage: the 1A-
11 istermediate. The FES, In serms of 20-PME at the MD6-2X/
63140610 );mlUMMhd-ym«ndewrh The

IDM&AMINMMMAMIQW-
dkng to the reully, the

d&ﬂl-md'*mw‘ﬁlll.
w«dtvmluinmmvflﬂtdwﬂ (we
Figue 1b). Then, the of Cys2$ at the C1 atom of the
peptide ke plce with & X free energy baerier (5.7 head
mod ') defaed by TSZIL 15 of e
key states mr grosntal n Fgue §) = the Sspporsng

5L in the S

e,

from Hin1 $9 & eransferyed sa the O som of the peptide with 2
free emesgy bamrier of 18S kil mel™ dedined by TS1.I0,
leadng v the imennediate LU (see the coerespondng
stugnbuts in Fyure 551 Aferwanl the attack of Cps2S o
the C1 stem of the pepti with & low free encegy
barmier defined by TS2-11L, 2 ocsurred i mechanum 11, leadmg
to the sable troermediate THIH The last s, the deasage of
the C1=N1 peptide bond, leads to the formaton of LA [ wick
& high free energy baerier of 117 hcal ool . The rane bming
step of lh acylaticn m' W mechasiare [0 would
s of THH, wih

Fhﬂy he I'I&Wndnmmﬂﬂmh

fow the stagge, mech 1 in Scheese 1,
-v-lnmhF-,m Jub (the cocrompuoding FES» o e
AMIG/MM Jeved e shurwnt in Pigoes 54 i the Seppocsng
Aeformation ). The complety fres energy profifes for mecunam
U1 are summaneed in Pigare b, and repessmtative seapehots

mc&mﬁnww mquﬁml&d]ﬁﬂu
mel’

A compahon of the free enengy profies of the
wwmuuum(mrum.)wm
pruvides = the elective
mwmwﬂmmwmm—
the hariers of both secharams b sgaificat 214 and 360

e et el
A e vt L 0N
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E IR

“ . o ]
AN IR N

APMF (st ')

Figare ). (2) FESs of the 1]

difference in energy mut be atmbuted 10 wonfoens
boral spaces explored = the gemerstion of the PMFu As
anabps of the gromesnes reveale that the man dderonce
between Be two d ® the of the

udanlcmgntu;ﬁl)(n« Hgure % i e Seppoceng
Sahurmatien ); the itilasole reg of Hb15Y s IA DL is ociested
1 intieract with the peptide (d[N2Z~H2) = 113 A), whilke in 1A-
112 i ocsomted soward svadum Sert 76 sad Am 178

yltion dage The FES computed & the MOSIX/6
300 dp AN/ MM fevdd s m Fypuey 4, while the
varface

P 57 in the
ey, the

acyletaon sage through
worepunal at G MIE2X6- M oGl p) AMLLMA Tewd fwmaion
wf the THH sexcrmedia froem RS (soormpcte oves sre deplayed
wwery O Rl mval ') (B) Frew enengy prokle of fas farmaman of A
iteraediie Boon THH. (¢} Owensll free etmnmgy poofle e the

seyismon dataacee Ly 3 b IRC paths were traced

st ckasos down from she three MOG-2X/ MM TS and further confiess

that e threw of them cmnect IAL with PR Cartesise

sl mal”! for amech 10 and 11, espectively Y Snates and key & uf the three TS are
e ch 0wk lly mare d tn Tabdew §1 sl 52 tn S Seppersng

charsster (142 kel mof ) the mtermeding IATL i 187
Wk med ! mooe stabile dhan the fate LA Olrrownly

m

e et el
A e vt L 0N

145



7. Papers

ACS Catalyss | At Aace |

aSGCn
w-o.m.m-::runmmnn-m‘m-mq SAMIA MM vel Theve compestie sortemes coogy pefs
Baee don

-
traced 3 dudad Labeled aa 13 coemmnpond to the poithan of 15 aptimiaad ot the OO 2X /8- 35 o4& .MM bevel of stractarse
whacted fom TS5, TR, and TS5, reguctively. Diwmarces are groen 0 A el isesergers bies we Jipliged every 10 Sl mel ™

cystelne proteass, dertend from our MO6-2X/6-31+G- esters and panwiddes o pHl n'l.ud 38 '!.'..m::wd by Loww

(dp LAMED/ MM pesshiy, 10 wmmarsed = Figier S, while o al for 4 series of mab 0

the mech, e wch Ih d in Schants 2 muat be male with caticn becasse, apart fom sot bang the
e vieine protease, the activey of cyvieine proteases

ul = depends o0 the specific mbsnte In any evere further
C can be dore n B

fevel.
Aveage vilees of latesitomic Sances of the key wates
The

APME (vl mid ')

cordmmed by the

(123 A andd N2-342 (148 AL In the iteonedise 511, botk
NI-HY and NI-Cl bunds are weak, soondieg to the
imtersturese ditances of 1.0V and |99 A, repectreely. Thea
valoes ace font dightly bargor than their standaed
bea

B s B A  dstances. From D11 1o ASL the N1-H2 bood beconres

AT ey N AT S struegsr and the Ni=Cl bond i breaking ot the cune time 34

) A8 L - G- - - wwnmcn«aummm”‘:
‘4 l%— ‘_- }' with

4.’?7}-':;’:;

§ B mmb«unn.pppd':l‘

Figere 5. (4l Free enegy prodle fe the sosam mabatim o mersned dbove, the flexbiity presest = el st
mmmmw\mu ?nl Teved () Ropresereative n:‘mh i
¢ il resdues of the peperde that are strengthened whide ochers are
ol ATl end TS3, Diksaces ore ghves i A  weakented along the seaction reechacism (so¢ Table 53 i the
Suppertng .
The ratolineting step wosld comapoad W TS), weh 3= OLAp 1 $8)—HILAS pepesde | romaine nvarsant in all ey states
ativation free o Surrber of 266 kel mal ', I bs importast of the muechaniam. In et an andysis of interation emrgies by

peapect 0 othier Cysteine pectoses stch 4 papan. For istance. the rexction (see Figues 1wl S5 Ia the Sypporing
free exwrgy barriers rasging frurs 169 10 17.9 kead mol ™" can be Tafunnation)

dedured within the trantion state thenry {TST) frem the rate Rogedng the interactiores that err extadrinbod with e two
coratants of pupaio-catalyzed hydeodysis of some p-retrophend oy reahios of the actiee stte, CyndS and Hisk 9, anagysis of the
me TR 1301

B el
A e vt L 0N

146



7. Papers

AC3 Cotalpen | At Arice |
Scheme 2 Reation Mech of Peptile Hydrolysts Catabyred by Cruzaln Cpsteine Protesse As Deduced from ow Moo 12X/
310GIApHAMIL MM Caloulasons
Aryiiee
A
A
'd N
" = "
EN " o N e
; e

I

" P
<%
1 dea

Profiles”
41A
W T oy A T ™, w

R R L 000 14 & 001 185 & 400 185 4 A0) T e e LIPS Mlsam
WEIGA pop | - MBI 90 14 = om0 A Liw = 881 L E = Ao L0 & 6 100 2 480
SISO ANy | Mtz om L6 s 000 PP 142 2 00 = an 230 & 600 AT el
NG prp | =CH{ANp ) f4z0m hab = 00 14% = w3 1584 = 0 AN =0 A¥z M LS
OWMHA o0 ot AT e om OV &y Ut 3 das Atz 0m L3 s om 108 ¢ #00
ONHA - CHAq) 4% 3 ey Ay 0 A2 g 0) S38 p U Lok L Al LA g 0 LAY g 0z
N3 Ml pEHO) A 3 e T e oM e 402 g s 443 4 090 10 & b 1 g e
WAL -1 LS gun | 5 00e LU g A 1M puw 17T a0 104 » OO 17443
WS-G0 180 e 020 16 & 00 S s a4 1% W 145 2007 254 e 022 e
SOLCES =T ) e W e s o A6l 02 PRI [ETPYR) T = LM A im
SGHCRS =M A 220w s e [Py 146 =0T} 100 LET e AM
TR T ] 1shz 0w A o) e 1M )z ek B8 s 00 A
WS ODNITY 1 zus stz A EAM A zam LLLES L AR L Hzen
TSN (Wi A0 Lo ) a2 pam LR R sz 0w ATh o I

T s & o the HCs were during the

ey mtenatomis ditacces ceproted e Table | cenders

Trpb(l‘dzll.ll&)-l.-nlwmml.whmylﬂ)
(280 4 028 A) and Hisk 3% (107 = 0.5% A) through the M2
a1 fact, the strong with Trpls s d
uoed the TS, where CyslS attacks the C1 won of the peptide
(TS2H) Onew ehe CyndS boml with the C1 stom u broken is
the deacylation stage, the negatively salfer atore of
Cys25 is stabsilind by hetesactions with Toplhi {274 x 029 A),
with Gyl 60 (132 3 017 A), and with the hydroges stirm tow
bomded back to Hicl 39, the HY stomn (287 & 0.3 A} Thie
analpas of dutances would suggest thae the onginally seggesed
b paie formeed betwoen His 159 and Cys2S sgpeant 10 be suore
uu‘u. unce the aamaaon of Cpldi w cmed ot by
sddtional contribstions of Trpdé aad Giyled

The geometncd andyshe @an te wpplemented by the
caloudation of the mteracton energes betwezn the QM and
e MM by amino axid {see Frgors 88 30d

: region ieccenposed
SV in Be Sapporsng bafarmation ). The resalts confiom the role

uf some residues wach s Aapis, Glyl60, md Trplfil dat
comesponding eeceding

average distances 1o the H4 atom & the reactants are detocted
with GIn14 (253 £ 050 A) and Am 179 (222 4 033 A), whie
0 e UA resroodiate He mtesacss with Glnl9 (261 2 035 A)
and Tapinl (248 2 038 AL We mont keep in msd hat
159 miast act an 3 30 in the acylatson stage bet s 3 boae =
the deacylation stage. In this regand, the pk, vadar of Mi159

DO T e MO
AL on T A -

147



7. Papers

ACS Catalysis | At Arice |
bute (4.56), i comp e the values 1 RS {398) sidocted nberitomic dssaces for the hey states locared
and PS (3901 aloag e seaction mech and average
merges by sesdues Sor by states for the reaction
B CONCLUSIONS techannn (PO}

B AUTHOR INFORMATION

B3
R
&
E

conceimed
the wctive site, sach s Ginld, Asel 75, sl Tepl S,
o be crucl. o & seemmo that resafues

profiy,
the aowanon free e dightly overestimated by
: nmcm’nnn‘ s

Iy d by e deacyk sage that would take
ﬂuna-ﬁlmqnhtﬂm-&f-dbyn
wide varwty of of the 3
rargng from an dmost perdectly process to a

Iaformatim

AUS Pabideations webuite at DOG 101008/ soscatal SONNA
Froe coergy surfaces ing 10 every vingle wiep
of the reaction, a5 110 PMF aned 2D PMF, &t
the AMIA/MM level, 1DMPMFs for the acylation stage
thiough mechation 1 computed ut the MO62X/6
N eGLAp LAMEL MM level, sepresentatne snapahots of
key states of the seaction, Cartesian courdisates of the
QM sturme of the three TS of the desylsion wep
computed st the MOOIX/&11+G(dg) /MM lnll.

e

C ding Awthors

S e, ool e

VML emal, nelisers it e tel «MUGIT2A084

ORCID

Vicent Mobner: %00 0000 Jees 110

Notes

The authorns decloe 20 competing fouocal interct.

B ACKNOWLEDGMENTS

Ths work win ssprported by the Spanoh Misiseno de
Econenls y Compettivided (profect CTQR0156622102.1
P Umnntljunn 1 {projest 1. :nmm). and Genersh
tat Vakenesna II‘IMT'BOIIMM'MSI KA thanks the

Spanish M 1ad foe

mm«a.mmmmuw(umu
Serves Slufoemitica of Unmersis Jaese |

B REFERENCES

)'l One 1 My Schimesser, T, Chos. Xov. 1997, 97, 100

(2) SeKerrm, 1 Hy Fagel | € Calioy, €. % Mg Mal Chovs
199, 7 an

() Rendda, A By McKpmrow, | H Nat Clow, 1Al 2008, 2, 701,
4) Kedlor, L W n._r.sxhausxummm
51 Monekiebumt, K & | Mavtom, 1979 10
(o)mu;;oamus.um1umm
1980, 110, 156,

(7) Lewn, 5 D0 Johewan, F. AL Shafer, 1 A Bombemmarry 197, 15,

.
(6] Lewtn, 5. 30 Babsmin, F A Shler, 1A Bahoeiary 1943, 20,
-

() Blan, W66 Tahardual B, Sebal 51 Bawnal St Dy 1999,
1, 1019,

(99) Marmeon, M. 1) Darton, N, Ay By, © 1L A Chom Sec
1997, 119, 1284

(30) Wes, DM Muang, X Lisg | 1 Tang, M5 un C G
Saxivwnitry 2013, 22, $145

£2) Argehden, K 1; Pk, A L. Bockaruay 1979, 15, 2084
1) Argabies, K. yw&.&umlmmm
(M)Ml.u&u.b—nu.u Dichemustey 1970,

m)Mj s-muu Hoogerotyaden, W M‘m- Lo\

of the
WM!CWﬂWWM&‘AIM
(6] Hembichd, 8 Schear, G L £ Aew. Chomy Sod 1972, 4, 1200
(07) Keflor, | Wy Newwor & A Toowr, & 51 An Clowe S
1994, 116, 4668,
(10) Lawe, G Yattunong, ¥ Blochm [, 1971, 124, 10T,
(%) Avel 1 Larggrdgr, R Kollman, PAL ) A Clom S 1998
2wl
{n)mu.rmurmrmwmmu
Howed, A E; Kolkran, P A L A Clhow Yo, 1998 1200
TI9s
(L!)ML’;D«MLLG-&IIMC&.&;” s

(D)W&M]a'ﬂ-ﬂdklﬂpﬂmlm s,

(u)muwhl.nwlum-m THEOCHEM 997, 434,
m)lpn G P Traw R Sen 1979, 207257

e et el
A e vt L 0N

148



7. Papers

ACS Cutalysis | et Acw |

(26 Arabe, Ko Frorer, S5 Makeer, V. Baschimairy 1015, 54, 1330
(nu‘rm& Kelmdawd, T. b2 [, Quanten Clos. 2008,
I 92,

(25) Shankae, 8 Kodaadanel ¥ Scevufberea, K ot | Guanten
Chom 2000, 100, 10w
(”)hk&“ﬁﬁm&}.m&l [ o

uo)m,-m-an..m
(20 Pakd M. J Albe, B et €4 Pooser Do Mutia, T, Theress,

B H L O Ty
(B)qu(nmhnhl’d.nnlﬂal\m&q‘
-:)Lm“‘ W. Li Marwel, D. S Tuasbolires, | L Ane Chere
[ 4 S L Am
Sov. 104, 104, 11225

(35) hugermen, W. X Mahu J 0 Tergeey, B
Wi Kew, M. L | Clem 1983, 7Y, n26

(36) Pk M, 12 b, - A Kaephot, M. £ Coagnet Chimy 1990 11,
e
(LlMi.M‘u Vi Tukin, L] Chn Thepry Canpat 2008,

(II’II—-.NMB;M&N-&“I'L
Rumenberg, | M. L Congant Chow 1992, 13, 2011,

(%] Tomr, (o M Vidbas, | F | Compat Mo, 1977, 24 157,
(401 Rake Pervia } 1 Sla £ Tofwda, 1y Marth 5 Mebowr, V. 1,
P Chow. 5 2004, J0W, 8427,

(41) Classng, V. ¥ Cronchuab, | € Trusdar, I G L M. Ol 4
1999, 103 1100

(42) Corhals, | € Cowtlo, L& Ly Chasag Y. ¥, Faw, P Lo
Teaklo, DU G ) Mo Chom A 1998 )02, M4

(33) Ngyen, 80 A Bunat, [ Trablee, 1 GO f Chom o 1998, 000,

sn

(4] Rexhy, R 1. SIAME frurval an Sciensfiv and Saeietied Canputing
1947, 5, 7.

(45) Resba, & 1 ACH Troru Marhe 199819, 01,

(46) Lhan, ¥ Troblar, I 2 Thar A 2098, 220, 215
(A7) Hcdon, W 1L Rakons, Lo Sobberer, Pov. ILN'&._IAMHV
Malecaler Ovinsad stenciemce: New Yok,

Wiy
&umnj.mv.ru&nﬂlny‘mnmm.
(49 Friah, M 1) Tracda, G, W Svieged, M0 I Soamerls, 0 T
Hobh, Cheoenm, | L

T Moods, nn-.n,mu;vm'nwwj A
l'-nhl!-.opu.hlup-i.& ).} Buoteem,

i

N 4 1) Hgh
WMM}C. S.i.l' Ji Connly ML Rcgpe,
N Mdam N Kless, My J. By Cross, | N Sakbes, Vo
Cy Jawunile, 1 Gaonperty, R Stratesann, B E; Yoo, O
Aty A )i Caonpnt 0o Cj Ochrsersis, | W Martin, 0L L
Maskara Ky Zaknewdt, V. G) Yo, G A Sivade 7y
. Jo Doppech %; Duneb, A D, Faka, O
Foavurin, 5 B Orthy, J. Vo Cunlownli. 1, Fou, D | Gaoon 0%

s TR 13711 e M
ST TR

149



7. Papers

7.4.1. Supporting Information

Supporting Information for the paper entitled: Computational Study of
the Catalytic Mechanism of the Cruzain Cysteine Protease.

150



7. Papers

Supporting Information

A Computationad Stady of the Cataly tic Mechanism of the Cruzain Cysteine
Protease

Kemel Arafer, Sthvila Ferrer, ™ Vieen: Moliner*

Departament de Quimica Fisica @ Apalitica, Universitat Jasme 1, 12071 Castelld, Spain

Corresponsling authors
S. Ferrer: sfemer@ gl es

V. Moliner: molinest2uji ex; tel + 34964728082

St

151



7. Papers

&
g
L}

g

APMF (kead mol )
*

APME (keab mal 'y
L]

;[___.

7Y V. — — —

WG AY WSGCIAY

Flgure SI. 1DPMPs for the sape ch 1 ot ihe
AMIAMM level (a) and oonpuleﬂ a1 the Mno-”xn-.!lo(](d.p] AM MM level (b].

LR LR B % ] il [ | LAl
WAL AN Oy

Figure 82. 2D-PMF for the acylatsin stuge through o nsechasiso 11 computed at lhe AMIGMM
Tevel, Distances are in A and iso-energetic limes mdn@h)nlc\rwy()(llnl--m[

s

;’7‘ >
Figure S3. Repeesestulive « oty of some key statex Tor the aeylation siage through o
mechaninm IL Distunces are in

52

152



7. Papers

a) A4

PUTTE

.o b4 A A 4 M Y T T R O
i Aot
Figure S4. Acylation stage through a mechusism 111 a) 2D-PMFs for the formaton of THH
i from RS puted ut the AM D MM level Is getic Hines are displayed every
1.2 keal-mol ' by 1 D-PMFs foe the (i jon of 1A § Jinte from THH computed st the

AM I /MM level All distances s i A,

3 | : =
gy / \ 1 g N 4 A
Figure S5, Repeosentative siapahiods of some Key statex e the acylation stage through a
mechanism I Dissances are bs A,

53

153



7. Papers

Figure S6. Representati pshits of the dintes IA obained from expl af
hanins 10 and 11, obtained from the AM UMM PMFx Distances are in A

b3

24 20

diISGCH
Figure §7. 2D-PMF for the F of PS i feare from 1A puted at (he AMIANMM
level. Distances are in A and wo-energetic lioes arc disployed every 1.0 keal-mot

Table S1. Cunesian coordinates of the QM atoms of the TS 3s of the deacylution step of
the mechanism of pepeude hydrolysis catalyzed by cysteine proteases computed ut M06-
X651+ Gid p VMM level from each TS compused ot MO6-2X06.1+G(d,pAMIUMM level

==

S RFEAAS
R

154



7. Papers

Jabubad
i |

Tt
(s il '

Tl ok

L.

o

T

Lal.

Ik

P 2% B A

P 0
3

155

_.L-lﬂmm_l-lm_ulm:')

Z‘Em-}lﬂ

-‘; -l¥.
A \,‘,.

IL..L ]-!."..zll-mu.

i Tomet |

.n—-_.

-I? 'T'.I.a.-
T :.-mmnr;xm-.n*' -I'._JZ!'
TS T



7. Papers

Table 82, laterstomic Mnuulwumsdlhe&xylwm step of the mechanism of
peptide  hydrolysis  cstalyzed by cy d ol MG 2X/6.
F+GULp VMM level from cach TS computed wt M%Ml ﬂ(d.r):AM TAMM level,

diAy TS, TS5, TS,
N2AHI59-H2(HI59) 186 Caw | se
NG, peprHAHI59) o 103 103 i
SGIC25)-CIAL, pep) 193 200 X3 \
NI(GH, pep»-C 1AS, pep) 167 330 398 |
OJHOFHMHO) (RT} 120 (B3] !
- OXHO) CUAR, pep) 169 D T L
N2H159)- HMHO) 130 1.26
SG(C25) HIW26) 3 9
SO(C25-HIG160) 223 244
SGIC2SHAHIS9 442 163
©SGIC25KHAHOY 0 2wa | 278
HSHISHODENQIN 295 an
HAHIS9)-0GS 176) 173 1M
HAHI591-0D1INITS) 137 ER
HEHISONEL(WITT) 143 ENE)
T O(AL, pep)-HIGH6) 246 241
OIA2, pepr HIW26) 344 142
OWLISTHIAL pepy 214 a8
OMISS-HIAL, pep) 158 179
OD2(D1SE)-H(AS, pep) 147 378
O(G061-HIAL pep) 159 251
Table 83 Awmgoddlu-unb«mﬂwndnmcnﬂkuﬂdm(ukqmbcm
along the mech peptide hydiolysis cutadyzed by cystel beained Froms 200
pr ol AMIEMM MD immistions on the Misionary. points 3 from the MO6-2X/MM free
woorgy peofiles,
WAy [ W (L] T Wi TRE, -

AL pegh RGEA TAAMOET | TITA033 | LTAeE A | ATIANAR | LOSGLAT | L0RMNS] | STTa044
O e W A | R R e T T ey e
TTINIA T NN gegt | EVas0Ah | SIS T | ViSsad? | 3NN | SIeai Wi | Salsnal | FMsiA |
TTOMISR LAY pegs | CWRGLEE | TOZY | IUTAED) | TORAILZT | TIAAOIT | TOMALTT | SORAIV

(LR YRTITRONS I B SIS B W P S B T T EE R PSS B ST S TS
COOTTN R pept | VTSR0 | NGIG AT | TN | AWmOIR | AR | RIS [ R
TODIDINE AT pepl | 1OMSOAE | JATALNS | IRIALIN | SABALIE | AWe0N| | SR0InS | SA04 |

1 ODOMESEINAY, gl | JATe053 | I20MEES | DUIaRA | ZITALIE | AMESE | 303a102 Aeaiin

156



7. Papers

"o = LTI o s
-l = " r -2l wsl, »
T | e el . f 0 B} Mt .r 2 "1
. o -

¥= Al g I =
" " S
:.' - a f_' - oy B
R O T CE U T I i w1
g=|* o] I i
o - . " et e
“ - o
I - - v - "y '™ "
E - u;"'- sr v L) ) .i | .:'nw v; : |u‘.‘ y ‘”‘

o —— - e
: - = A -
2: - g
- | - M- o
R A A T ) = Sy
3 e = e
a3 . 5
Figure 88, Averauged i " ics by residucs for ey stmes for the reaction meshuivm
oF peprtide hy vk Iy 'bysyuelnepmmmmad from 200 ps of AMIEMM MD

Lati on the it y points exteacted from the MDG-2X/MM free energy profikes. w
RS-A, the interaction energivs were ealculated taking mio the i b the

cruzin and the pepeide. For the rest of the key state was calculated nking into account the
inseractian between the cruzam and the QM region that participating in the reaction (Cys25,
His159. H.0, and the peptide). ) RS, ¢) TS LIL ) LI ey TS2-00 1) LA-IL g) TS5, by PS,

- - w "
" e - MR
> > s - r' -_ F o~ >
F > T T B i
i 1 i
g3 " o
Figure 89 The difference in the averaged interaction energiss by re\uue lxtwuen .)TSI u nml
RS, b} TS2-10 and 110, andd ) TS3; amd JATL The average i gies we wre ohilas
from | oox of AMIEIMM MD ssmulati un the 'y POty I from the M6

2X:AM1A/MM free enerpy profiles

57

157






8. Conclusions and Outlook

8. Conclusions and Outlook

8.1 Conclusions

In correspondence with the proposed objectives, three different
inhibition mechanisms have been studied in the present Doctoral Thesis
corresponding to the inhibition mechanism of cruzain by PEK and PHK,
and to the inhibition mechanism of FP2 by E64. In addition, the reaction
mechanism of the peptide scission catalyzed by cruzain has been also
studied. The main conclusions drawn from this research can be

summarized as follows:

e Study of the Mechanism of FP2 Inhibition by the Epoxysuccinate
E64: the results obtained during this study have allowed us to obtain a
complete picture of the possible reaction paths corresponding to the
irreversible attack of Cys42 on the carbon atoms of the epoxy ring of the
E64 inhibitor. According to our results, the attack of Cys42 on C2 would
take place in a single step, while the attack on C3 is described as a
two-step mechanism, the first step corresponding to formation of the
sulfur—carbon bond, which is the rate-limiting step. In the second step of
this mechanism, a hydrogen atom from the carboxylic group of the
inhibitor is finally transferred to the oxygen atom of the opened epoxy
ring. From a kinetic point of view, the irreversible attack of Cys42 on
E64 can take place on both carbon atoms of the epoxy ring because both
processes present similar barriers. Nevertheless, the inhibitor-protein
complex derived from the attack on C3 appears to be much more
stabilized. A thorough analysis of the E64-FP2 interactions reveals the

importance of some of the residues, such as GInl71, Aspl70, GIn36,
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Trp43, Asn81, and Hisl74, in anchoring the inhibitor in a proper
orientation for the reaction to take place.
e Study of the Mechanism of Cruzain Inhibition by PHK: according
to this study, the nucleophilic attack of the unprotonated Cys25 on the C
atom from the halogen-C bond of the inhibitor (Bz-Tyr-Ala-CH,F or
Bz-Tyr-Ala-CH,Cl) and the cleavage of the halogen—C bond take place
in a concerted way. Analysis of free energy barriers and reaction free
energies, computed at both levels of theory, shows that the inhibition by
Bz-Tyr-Ala-CH,Cl would be kinetically and thermodynamically more
favorable. Then, our results suggest that inhibitor Bz-Tyr-Ala-CH,CI can
be used as a starting point to develop a proper inhibitor of cruzain.
e Study of the Inhibition Mechanism of Cruzain by the epoxyketone
Cbz-Phe-Hph-(S): The first conclusion derived from our study is that
the activation of the epoxide ring and the attack of Cys25 to either C2 or
C3 atoms take place in a concerted manner. According to our results, the
acid species responsible of the protonation of the oxygen atom of the ring
would be the conserved His159; any attempt to use a water molecule of
the active site as the source of the proton transfer to the oxyrane ring
render significantly higher activation energies than when using the
His159. From a kinetic point of view, the irreversible attack of a cysteine
to the inhibitor takes place preferably on the C2 atom of the epoxy ring.
The comparison of the free energy values for the inhibition
mechanism of cruzain by the epoxyketone Cbz-Phe-Hph-(S),
12.1 kecal-mol™, with the barrier obtained in the inhibition of the same
protein by Bz-Tyr-Ala-CH,CI, 10.0 kcal-mol™®, allows a direct
comparison of the inhibition reactivity toward cruzain of both families of

inhibitors. In addition, it is important to highlight that the inhibitor
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Cbz-Phe-Hph-(S) studied presents the advantage of a large stabilization
of the cruzain-inhibitor covalent complex (-56.4 kcal-mol™) by
comparison with the inhibitor Bz-Tyr-Ala-CH,Cl (-27.7 kcal-mol™).
These results suggest that the tested epoxyketone Cbz-Phe-Hph-(S) can
be a good candidate to design new cruzain inhibitors with higher
potency. However given the low free energy barrier of the inhibitor
Bz-Tyr-Ala-CH,CI, the information derived from the reaction with both
inhibitors could be combined to design an improved drug.

e Regarding with the inhibitor proposed for cruzain, the epoxyketone
Cbz-Phe-Hph-(S), the analysis of average structures of the key states
involved in the inhibitory reaction shows the role of the residues Gly66
and Asp158 of the active site, the interactions between these residues and
the inhibitor stabilize the TS of the cruzain-inhibitor covalent complex.
Then, it will be important to keep these favorable interactions, and
probably substitute the phenyl group from the Hph part of the inhibitor
for another one that can favors the interactions with the enzyme, to
design new inhibitors.

e Study of the Catalytic Mechanism of the Cruzain Cysteine
Protease: this study confirms that the catalytic process can be divided
into an acylation and a deacylation stage, as previously described in the
literature. Nevertheless, important new conclusions can be deduced from
our study. First of all, the acylation stage, consisting of the nucleophilic
attack on a carbonyl carbon of the peptide bond by the thiolate anion of
an activated Cys25, takes place by a stepwise mechanism where a proton
from a conserved His159 is transferred first to the N1 atom of the peptide
and, after the transient intermediate I-11 is located, the Cys25 attacks the

carbonyl carbon atom. The second main conclusion is that the
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deacylation stage, which was proposed to occur via a general
base-catalyzed reaction whereby His159 activates a water molecule that
attacks the peptide to produce the final products, would take place
through a concerted mechanism. Importantly, this is the rate-limiting step
of the full catalysis process. An understanding of this important enzyme
at molecular level could be used for the rational design of new inhibitors

based on not covalent bond interactions with the protein.

8.2 Outlook

The main results obtained from the inhibition mechanism studies
conducted during the present Doctoral Thesis allow us obtaining valuable
information to design potent covalent inhibitors of cruzain and FP2. In
the case of the cruzain, both Cbz-Phe-Hph-(S) and Bz-Tyr-Ala-CH,CI
inhibitors have been shown promising kinetic and thermodynamic
parameters for the inhibition of this enzyme. Nevertheless, it should be
noted that the cruzain-Cbz-Phe-Hph-(S) covalent complex is much more
stable than the cruzain-Bz-Tyr-Ala-CH,CI covalent complex. In the same
way occurred with the natural inhibitor E64 of FP2; the inhibitor E64

could be used as a starting point to develop a proper inhibitor of FP2.

In the computational study of the catalytic mechanism of the
cruzain, three TS are involved in both acylation and deacylation stage. Of
these, in both TS1-1I and TS2-1I (see Paper IV in Chapter 7) the
interactions between the peptide and cruzain are stronger than in the TS
of the deacylation stage. Consequently, both TS1-11 and TS2-11 can be
used to design TSA inhibitors of cruzain. These types of inhibitors have
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become a promising target for the design of new inhibitors with potential

applications in the treatment of severe human diseases.

Molecular dynamics simulations and binding free energy
calculations have demonstrated to be appropriate tools to analyze the
interactions between either cruzain or FP2 CPs and the inhibitors studied
in the present Doctoral Thesis. In addition to the exploration of the
reaction of the peptide bond breaking catalysed by cruzain provides clues
for the design of TSA like inhibitors. Other families of CP inhibitors
could be added to this study, as for example nitriles, vinyl sulfones, and
other peptidic inhibitors with potent electrophilic groups. Regarding
binding free energy calculations, rigorous but computationally expensive
pathway methods such as as thermodynamic integration (T1), the Bennett
acceptance ratio (BAR), or multistate extension of BAR called multistate

Bennett acceptance ratio (MBAR), could be used for this purpose.

In the particular case of Malaria, despite the implementation of the
RTS,S/AS01 malaria vaccine in the beginning of 2018 (recall that the
vaccine only provides partial protection in young children), a new hope is
opening with the discovery of the AP2-G protein. This is a protein
involved in an especial phase, that allows the organism to pass from the
asexual phase in which it proliferates in humans, to the sexual phase, the
gametocytes, which is the one that survives if it is absorbed by anopheles
mosquitoes. Blocking this protein could would break the passage of the
parasite to the mosquitoes.3%® In this sense, the computational study of
the AP2-G protein would allow improving our understanding of this
important enzyme, which could be used for a rational design of new

inhibitors with potential application in the treatment of Malaria.
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