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I know that I hung on a windy tree

for all of nine nights,

wounded by a spear and given to Odinn,
myself to myself,

on that tree of which no one knows

the origin of its roots.

They blessed me with neither bread nor horn,
I peered down, I took up the runes,
screaming I took them.

And thence I fell.

Nine mighty songs I learnt from the famous son
of Bolporr, father of Bestla,
and I got a draught of the precious mead,

poured from Odrerir.

Then I began to germinate and to be wise,
and to grow and feel well.
One word sought another in my words,

one action sought another in my actions.

Har (Havamal, stanzas 138-141)







Abstract

ABSTRACT

The continuous development of molecular modelling and computational methods is
pivotal in addressing the challenges encountered in the fields of biomedicine and drug design.
Among them, the lack of structural and mechanistic information underlying protein dysfunction
and drug resistance stands out. In this context, the present doctoral thesis focuses on elucidating
the molecular interactions behind the mechanism of action (MOA) of two druggable targets that
are directly involved in major public health concerns highlighted by the World Health

Organization (WHO), namely cardiovascular disease (CVD) and infectious diseases.

In the first project, the mechanism and selectivity of the main cholesterol transporter in
mammals, the Niemann-Pick Cl-Like 1 transporter (NPCIL1) has been investigated. The
imbalance of the correct blood lipid profile, caused by a dysregulation on cholesterol
homeostasis, plays a key role in the development of CVD. Cholesterol is a fat-like substance
endowed with a high physiological relevance in humans, and its homeostasis is tightly regulated
by various cellular processes including the import in the small intestine and the reabsorption in
the biliary ducts by the NPC1L1 importer. NPC1L1 can mediate the absorption of a variety of
sterols but strikingly exhibits a large sensitivity to cholesterol epimerization. The existence of
two distinct binding modes for cholesterol and epi-cholesterol to the N-terminal domain (NTD)
of NPC1L1 provides the structural basis to rationalize the affinity difference between the two
substrates. The configuration of the hydroxyl group of cholesterol and the presence of a
structural water molecule are key features for the effective binding to NTD. In addition, the
existence of a gating mechanism involved in the sterol binding to this protein domain was
confirmed by the conformational rearrangements of the a8/B7 loop. Furthermore, distinct
single-point mutations that impair cholesterol transport show a mild effect on the binding of
cholesterol to the NTD, but a drastic influence on the conformational landscape of the a8/p7
loop in the apo species compared to the wild-type protein. Overall, these results support the
functional role played by the a8/B7 loop in regulating the access of ligands to NPCI1L1, and
hence in assessing the impact of these mutations on diseases related to disruption of sterol

absorption.

In the second project, the MOA of an anti-viral inhibitor against the Hemagglutinin (HA)
of Influenza A virus (IAV) has been investigated. We explored the putative binding site and the
binding mode of the pinanamine-based inhibitor M090, able to block the HA-mediated

membrane fusion mechanism in early stages of the infection and active against a wide range of

Keywords: cholesterol transport, binding affinity, enhanced sampling techniques, ix
fusion inhibitors, hemagglutinin, influenza A, selectivity, molecular dynamics,
relative free energy calculations, structure-based drug design
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HA variants. The predicted binding site is located at the interface defined by the a-helix L802-
A962 and by the loops P3011-K3181 and M592-L73>, i.e. in close proximity to the main stem
region of the HA trimer. The results obtained from relative binding free energy (RBFE)
calculations show close agreement with the differences in inhibitory potency determined in
antiviral assays for M090 and its derivatives, providing in silico validation of the proposed
binding mode. In addition, the E74> — D drug-resistant mutation weakens the optimal hydrogen
bonding network established between the loops forming the M090 binding site. Altogether, a
change in the overall packing against the stem region of HA leads to a disruption of the binding

mode thus explaining the loss of activity.

In the third project, we examined the binding site and the binding mode of the
sulphonamide derivative VF-57a, synthesised by the group of Prof. Santiago Vazquez
(Departament de Farmacologia, Toxicologia i Quimica Terapcutica, UB) and tested against
IAV-infected MDKC cells by the group of Prof. Lieve Naesens (Department of Microbiology,
Immunology and Transplantation, KUL). The compound shows sub-micromolar activities
against A/HINI strains (ECso = 0.31 uM and ECso = 0.92 uM against A/Virginia/ATCC3/2009
and A/Puerto Rico/8/1934, respectively) and HSN1 strains (ECso = 0.81 uM against A/bald
eagle/Florida/W22-134-OP/2022). We predicted the binding site for VF-57a to be in close
proximity to the binding site for the broad-spectrum inhibitor Arbidol (Umifenovir). In this
pocket, the thiophene ring of VF-57a is stabilised by van der Waals contacts with V361, L49;,
P3081, F3091, V552 and L99: from one protomer and with L98> and L1022 from a second
protomer. The ring containing the trifluoromethyl moiety is stabilised by n-stacking interactions
with Y94, and F309:. In addition, RBFE predictions for VF-57a and some derivatives support

the predicted MOA by showing a good correlation with the experimental activities.

By combining state-of-the-art computational chemistry methods with experimental data,
this doctoral thesis facilitates the understanding of certain cholesterol-related physiological

disorders and contributes to the development of new small molecules as antivirals against [AV.

X Keywords: cholesterol transport, binding affinity, enhanced sampling techniques,
fusion inhibitors, hemagglutinin, influenza A, selectivity, molecular dynamics,
relative free energy calculations, structure-based drug design
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RESUM

El desenvolupament continu de metodes de modelitzacié molecular és fonamental per
afrontar els reptes que es plantegen en els camps de la biomedicina i el disseny de farmacs.
Entre ells, destaquen la falta d'informaci6 estructural i mecanistica darrera de la disfunci6 de
les proteines i la resisténcia als farmacs. En aquest context, la present tesi doctoral es centra en
elucidar les interaccions moleculars responsables del mecanisme d'accié de dues dianes
farmacologiques directament implicades en dos dels principals problemes de salut publica
identificats per 'Organitzacié Mundial de la Salut: les malalties cardiovasculars 1 les malalties

infeccioses.

En el primer projecte, s'ha investigat el mecanisme i la selectivitat del principal
transportador de colesterol en mamifers, el transportador el transportador Niemann-Pick C1-
Like 1 (NPCIL1). El desequilibri del perfil lipidic sanguini, causat per una disrupcié de
I'homeostasi del colesterol, t¢é un paper clau en el desenvolupament de Ies
malalties cardiovasculars. El colesterol €s una substancia similar al greix amb una importancia
fisiologica fonamental en els éssers humans, i, per tant, i la seva homeostasi esta estretament
regulada per diversos processos cel-lulars, que inclouen la importacié en l'intesti prim 1 la
reabsorci6 en els conductes biliars per 'importador NPC1L1. NPC1L1 pot mediar en I'absorcio
d'una varietat de esterols, pero sorprenentment mostra una gran sensibilitat a I’epimeritzacio del
colesterol. Hem descrit l'existéencia de dos modes d'uni6 diferents per al colesterol i
I’epicolesterol al domini N-terminal (NTD) de NPCIL1, que expliquen les caracteristiques
moleculars responsables de la diferéncia d'afinitat entre tots dos substrats. La configuracio del
grup hidroxil del colesterol i la preséncia d'una molécula d'aigua estructural al lloc d’unio, sén
imprescindibles per a l'absorcid efectiva. A més, confirmem I'existéncia d'un mecanisme
d'obertura implicat en la unié dels esterols a aquest domini de la proteina mitjancant el
reordenament conformacional del loop a8/B7. D'altra banda, s'ha determinat que una serie de
mutacions puntuals que disminueixen 1’absorcio de colesterol exerceixen un efecte lleu en la
unid del colesterol al NTD, perd al seu torn tenen una influéncia drastica en el
rang conformacional del loop a8/B7 en I'estat apo en comparacié amb la proteina no mutada.
En conjunt, els resultats recolzen el paper funcional del loop a8/B7 en la regulacié de 1'accés
de lligands a NPCI1L1 1, per tant, en l'avaluacié de I'impacte d'aquestes mutacions en malalties

relacionades amb l'alteracid de 'absorcio d’esterols.

Paraules clau: transport de colesterol, afinitat d’unid, técniques de mostreix avangat, xi
inhibidors de fusio, hemaglutinina, grip A, selectivitat, dinamica molecular, calculs
d’energia lliure relativa, diseny de farmacs basat en |’estructura
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En el segon projecte, s'ha investigat el mode d'unié d’un d'inhibidor antiviral de
la hemaglutinina (HA) del virus de la grip A (IAV). En aquest projecte, identifiquem el lloc
d'unio putatiu i el mode d'unié de I'inhibidor M090 basat en la pinanamina, capag de bloquejar
el mecanisme de fusié de membrana mediat per HA en les primeres fases de la infeccio 1 actiu
contra una amplia gamma de variants de HA. El lloc d'unio previst es localitza en la interficie
definida per la a-helix L802-A962 1 pels loops P3011-K3181 1 M592-L732, és a dir, molt a prop
de la regio principal del trimer de HA. Les prediccions d'energia lliure d'unié relativa
(RBFE) mostren una estreta concordanca amb les diferéncies en la poténcia inhibidora
determinada en assajos antivirals per a M090 i els seus derivats, proporcionant aixi una
validaci6 in silico del mode d'uni6 proposat. A més, observem que la mutacio E74> — D
resistent al farmac, debilita la xarxa optima d'enllagos d'hidrogen establerta entre els loops que
formen el lloc d'uni6 de M090. En conjunt, demostrem que un canvi en I'empaquetament global
enfront de la regid de la tija de I'HA condueix a una alteraci6 del mode d'unié que explica la

pérdua d'activitat.

En el tercer projecte, identifiquem el lloc d'unié putatiu i el mode d'unié del derivat
sulfonamida VF-57a, sintetitzat pel grup del Prof. Santiago Vazquez (Departament de
Farmacologia, Toxicologia 1 Quimica Terapeutica, UB) 1 assajat enfront de
cel-lules MDKC infectades amb IAV pel grup de la Prof. Lieve Naesens (Department of
Microbiology, Immunology and Transplantation, KUL). El compost mostra activitats
submicromolars contra soques A/HIN1 (ECso = 031 pM 1 ECso = 0.92 pM contra
A/Virginia/ATCC3/2009 i A/Puerto Rico/8/1934, respectivament) i soques HSN1 (ECso = 0.81
uM contra A/bald eagle/Florida/W22-134-OP/2022). Els resultats indiquen que el lloc d'unio
de VF-57aes troba molt prop del lloc duni6 de Il'inhibidor d'ampli
espectre Arbidol (Umifenovir). En aquest lloc d’unio, 'anell de tiofée de VF-57a s'estabilitza
mitjancant contactes de van der Waals amb V361, L49:, P308:, F309:, V552 i L99;
d'un protdomeri amb L982 i L1022 d'un segon protomer. L'anell que conté el fragment
trifluorometil s'estabilitza mitjangant interaccions T amb Y942 i F309:. A més, les RBFE per a
VF-57a 1 els seus derivats de 1'estudi de relacions estructura-activitat (SAR) donen suport al

mode d'unio6 predit en mostrar una bona correlacié amb les activitats experimentals.

Mitjancant la combinacid dels ultims avencos en meétodes de quimica computacional amb
dades experimentals, aquesta tesi doctoral facilita la comprensié d'uns certs trastorns fisiologics
relacionats amb el colesterol 1 contribueix al desenvolupament de noves molécules com a

antivirals front el IAV.

xii Paraules clau: transport de colesterol, afinitat d’unio, técniques de mostreix avangat,
inhibidors de fusio, hemaglutinina, grip A, selectivitat, dinamica molecular, calculs
d’energia lliure relativa, diseny de farmacs basat en 1’estructura



Resumen

RESUMEN

El continuo desarrollo de métodos de modelizacion molecular es fundamental para
afrontar los retos que se plantean en los campos de la biomedicina y el disefio de farmacos.
Entre ellos, destacan la falta de informacion estructural y mecanistica que provoca la disfuncion
de las proteinas y la resistencia a los farmacos. En este contexto, la presente tesis doctoral se
centra en elucidar las interacciones moleculares que subyacen al mecanismo de accion de dos
dianas farmacologicas directamente implicadas en dos de los principales problemas de salud
publica identificados por la Organizacion Mundial de la Salud: las enfermedades

cardiovasculares y las enfermedades infecciosas.

En el primer proyecto, se ha investigado el mecanismo y la selectividad del principal
transportador de colesterol en mamiferos, el transportador Niemann-Pick C1-Like 1 (NPCIL1).
El desequilibrio del perfil lipidico sanguineo 6ptimo, causado por una desregulacion de la
homeostasis del colesterol, desempefia un papel clave en el desarrollo de las enfermedades
cardiovasculares. El colesterol es una sustancia similar a la grasa con una importancia
fisiologica fundamental en los seres humanos, y su homeostasis esta estrechamente regulada
por diversos procesos celulares, incluida la importacion en el intestino delgado y la reabsorcion
en los conductos biliares por el importador NPC1L1. NPC1L1 puede mediar en la absorcion de
una variedad de esteroles, pero sorprendentemente muestra una gran sensibilidad a la
epimerizacion del colesterol. Hemos revelado la existencia de dos modos de union distintos
para el colesterol y el epicolesterol al dominio N-terminal (NTD) de NPC1L1, proporcionando
las caracteristicas moleculares responsables de la diferencia de afinidad entre ambos sustratos.
La configuracion del grupo hidroxilo del colesterol y la presencia de una molécula de agua
estructural, son caracteristicas clave para la absorcion efectiva. Ademads, confirmamos la
existencia de un mecanismo de apertura implicado en la union del esterol a este dominio de la
proteina mediante los reordenamientos conformacionales del loop a8/B7. Por otra parte, se ha
determinado que una serie de mutaciones puntuales que alteran el transporte de colesterol
ejercen un efecto leve en la union del colesterol al NTD, pero a su vez ejercen una influencia
dréstica en el rango conformacional del loop a8/B7 en la especie apo en comparaciéon con la
proteina no mutada. En conjunto, los resultados respaldan el papel funcional desempefiado por
el loop a8/B7 en la regulacion del acceso de ligandos a NPC1L1 y, por tanto, en la evaluacion
del impacto de estas mutaciones en enfermedades relacionadas con la alteracion de la absorcion

de esteroles.

Palabras clave: transporte de colesterol, afinidad de union, técnicas de muestreo xiii
avanzado, inhibidores de fusion, hemaglutinina, gripe A, selectividad, dinamica
molecular, calculos de energia libre relativa, disefio de fArmacos basado en estructura
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En el segundo proyecto, se ha investigado el modo de uniéon de un inhibidor antiviral
frente la hemaglutinina (HA) del virus de la gripe A (IAV). En este proyecto, desvelamos el
sitio de union putativo y el modo de union del inhibidor M090 basado en la pinanamina, capaz
de bloquear el mecanismo de fusion de membrana mediado por HA en las primeras fases de la
infeccion y activo frente a una amplia gama de variantes de HA. El sitio de unién previsto se
localiza en la interfaz definida por la a-hélice L802-A962 y por los loops P3011-K3181 y M59:-
L732, es decir, muy cerca de la region principal del trimero de HA. Las predicciones de energia
libre de union relativa (RBFE) muestran una estrecha concordancia con las diferencias en la
potencia inhibidora determinada en ensayos antivirales para MO090 y sus derivados,
proporcionando una validacion in silico del modo de union propuesto. Ademas, descubrimos
que la mutacion E74, — D, resistente al farmaco, debilita la red 6ptima de enlaces de hidrogeno
establecida entre los loops que forman el sitio de unién de M090. En conjunto, un cambio en el
empaquetamiento global frente a la region del tallo de la HA conduce a una alteracion del modo

de union que explica la pérdida de actividad.

En el tercer proyecto, revelamos el sitio de union putativo y el modo de unién del derivado
sulfonamida VF-57a, sintetizado por el grupo del Prof. Santiago Vazquez (Departament de
Farmacologia, Toxicologia i Quimica Terapeutica, UB) y ensayado frente a células MDKC
infectadas con TAV por el grupo de la Prof. Lieve Naesens (Department of Microbiology,
Immunology and Transplantation, KUL). El compuesto muestra actividades submicromolares
frente cepas A/HIN1 (ECso = 0.31 uM y ECso = 0.92 uM frente A/Virginia/ATCC3/2009 y
A/Puerto Rico/8/1934, respectivamente) y cepas H5N1 (ECso = 0.81 puM frente A/bald
eagle/Florida/W22-134-OP/2022). Los resultados revelan que el sitio de union del VF-57a se
encuentra muy cerca del sitio de union del inhibidor de amplio espectro Arbidol (Umifenovir).
En este bolsillo, el anillo de tiofeno del VF-57a se estabiliza mediante contactos de van der
Waals con V361, L491, P3081, F3091, V552 y L99:2 de un protomero y con L982 y L1022 de un
segundo protémero. El anillo que contiene el fragmento trifluorometilo se estabiliza mediante
interacciones m con Y942 y F309:. Ademas, las RBFE para VF-57a y algunos derivados del
estudio SAR apoyan el modo de union predicho al mostrar una buena correlacion con las

actividades experimentales.

Mediante la combinacién de los Gltimos avances en métodos de quimica computacional
con datos experimentales, esta tesis doctoral facilita la comprension de ciertos trastornos
fisiologicos relacionados con el colesterol y contribuye al desarrollo de nuevas moléculas como

antivirales frente el IAV.

Xiv Palabras clave: transporte de colesterol, afinidad de union, técnicas de muestreo
avanzado, inhibidores de fusion, hemaglutinina, gripe A, selectividad, dindmica
molecular, calculos de energia libre relativa, disefio de fArmacos basado en estructura
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"Hearing I ask for from all the tribes,
both high and low, offspring of Heimdallar.
At Valfodr bidding, I will now speak the tales,

the oldest of all that I remember."

In ancient times, when Ymir lived,
there was neither sand nor sea nor cool waves.
No earth existed at all nor the sky above.

The gap was Ginnunga, and grass was there nowhere."

Yolva (Voluspa, stanzas 1, 3)
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Chapter 1

Introduction

"Then sought the gods, the mighty gods,
their assembly seats, and council held:
they gave names to night and its Rindred,
called them morning and midday,

afternoon and evening, to count the years.

They played at tables in the meadow, were merry,
there was for them no whit of a want of gold.
‘Until three maidens of giants came,

immensely mighty, from Jotunheimr."

Yolva (Voluspd, stanzas 6, 8)
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"Other biological sciences take up the study at other levels of organisation: dissecting the
individual into organs and tissues and seeing how these work together, as in physiology,
reaching down still further to the level of cells, as in cytology; and reaching the final biological
level with the study of living molecules and their interactions, as in biochemistry. No one of

these levels can be considered as more important than any other."

(Marston Bates, 1990)

1.1 Proteins: The gears of life and beyond

The secret of life lies in the interplay between biological macromolecules. Through
decades of research, mankind has discovered and classified thousands of biological
macromolecules into four main classes: carbohydrates, lipids, nucleic acids and proteins (Figure

1.1).!

Carbohydrates are an essential source of energy for the human body, playing a role in
maintaining blood glucose and insulin balance, facilitating cholesterol and triglyceride
metabolism and acting as substrates in fermentation processes. The microbiota present in our
digestive tract has evolved to break down carbohydrates into glucose, which can be stored in

the liver and muscle tissue until energy supply is needed in the body tissues.>*

Lipids also provide metabolic energy and are the major structural components of cellular
membranes. They are also involved in signalling and metabolic regulation, as shown by the
effect triggered by the changes in the concentration of certain lipids and their derivatives. For
example, prostaglandins are involved in arterial pressure regulation, coagulation and

inflammatory response.*

Carbohydrate Lipid Protein Nucleic acid
(isomaltotetraose) (triacylglycerol) (enzyme) (DNA)

Figure 1.1 Representation of the four main classes of macromolecules.
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Nucleic acids, known as deoxyribonucleic acid (DNA) and ribonucleic acid (RNA),
encode the blueprints for life and other biological entities not classified as living such as viruses
and prions. In the case of humans, our genome is packed into 23 pairs of chromosomes in the
cell nucleus, plus an extra small amount in the mitochondria. DNA has the famous shape of a
double-helix polymer made up of monomeric units called nucleotides, which in turn are made
up of a 5-carbon sugar deoxyribose, a nitrogenous base and one or more phosphate groups.
RNA usually is comprised a single chain of nucleotides containing the 5-carbon sugar ribose, a
phosphate and a nitrogenous base.’ Nucleic acids encode genetic information needed to produce

proteins.

Proteins are the cellular machinery responsible for the wide diversity of molecular
functions found in all known living organisms, as well as non-living forms such as viruses.® All
these functions are made possible by the precise three-dimensional arrangements that proteins
adopt, which are held together by hydrogen and disulfide bonds, salt bridges between charged
amino acid side chains, and van der Waals (vdW) forces.” Three levels of organisation are used
to describe the structure of a single protein chain, also named monomer. The first level is known
as the primary structure, in which a continuous chain of building blocks called amino acids are
linked by a covalent bond between the last carbon atom and the nitrogen atom of the next amino
acid, known as peptide bond (Figure 1.2).® There are twenty natural amino acids that encode
for proteins, with different side chains linked to the central carbon atom, called Co. The
repeated motif N-Ca-C is known as the backbone of the protein and each amino acid is named

according to the side chain they have.’

\h. &
< T\

Backbone

g =) ¥
%@“Sﬁldebb%

o-helix  B-sheet

Primary structure Secondary structure Tertiary structure Quaternary structure
Figure 1.2 Representation of the four levels of organisation used to describe the structure of
proteins: Primary structure: the amino acid sequence; Secondary structure: the local
arrangements (black dotted lines represent hydrogen bonds within the protein backbone);

Tertiary structure: the global fold; Quaternary structure: the domain assembly.
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The second level emerges when the primary structure folds into local 3D structures,
giving rise to the secondary structure. Two main secondary structures exist: a-helices and f-
sheets. The latter are formed by the parallel arrangement of multiple S-strands.'® These
structures, connected between them by flexible unstructured portions of sequence called /loops,
are further stabilised in nature by hydrogen bonds between vicinal amide moieties and
disulphide bonds. Finally, all these secondary structures fold back on themselves to form the
final three-dimensional level of structural order, known as the fertiary structure, which is
determined by the spatial position of the secondary elements and the chemical interactions

between the individual amino acid side chains and the chemical environment.'!

There is a fourth level of structural organisation known as the quaternary structure, that
arises when there is a spatial association of multiple tertiary structures held together by
molecular interactions. The strength of these interactions determines the overall structural
flexibility of the tertiary and quaternary structures leading to several possible spatial
arrangements, or conformations, which are usually fine-tuned for their molecular function. The
dynamical ensemble of conformations enables proteins to participate in specific molecular

Processces.

Protein function is usually the result of the interaction with other proteins and/or small
molecules.'? For example, enzymes are complex proteins that act as highly specific biological
catalysts accelerating the biochemical reactions.'* The importance of proteins in biological
functions, reflected in health and disease, has led to the development of a wide variety of
disciplines such as biotechnology, biomedicine or biochemistry, which aim to better understand
the mechanisms behind protein function. Many diseases arise from changes in protein-substrate
interactions, often caused by mutations that disrupt the recognition and binding affinity between
protein and other biomolecules.'* In this context, molecular recognition becomes a fundamental
step in any biological process, such as cellular signalling, enzymatic catalysis or protein-protein
association, to name a few. In all these processes, molecular recognition is key in determining
the final outcome of a protein or set of protein functions, leading to their association or rejection,
depending on the nature of the process. Often, molecular association events between proteins
or protein-ligand systems lead to a specific biological function. On the other hand, molecular

rejection events often reflect biomolecular selectivity and specificity in biological systems.
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Due to the complexity of biological systems, multidisciplinary approaches are needed to
fully understand the intricacies of protein function. Computational approaches, such as
Quantum Mechanics (QM), Molecular Dynamics (MD) and Molecular Docking, provide
atomistic information that can complement experimental insights. For example, they can predict
the behaviour of molecules, elucidate reaction mechanisms and identify potential drug
candidates, thereby guiding and improving drug discovery projects. However, computational
approaches need to be experimentally validated using a wide range of experimental techniques,
such as X-ray crystallography, binding assays or NMR spectroscopy. Therefore, the
combination of experimental and computational approaches has become essential in modern
drug discovery pipelines.!® This thesis showcases the potential of using computational tools to

elucidate the mechanism and target biologically relevant proteins with small molecules.

1.2 Computational chemistry: where modern biomedicine and biotechnology meet

With the speed up of computer technology in recent decades, the predictive understanding
between amino acid sequence and protein structure has dramatically improved leading to great
advances in biotechnology and biomedicine. For example, we are now able to design de novo

1617 some of which with promising therapeutic applications.'8

protein structures and complexes,
Advances in software development and the emergence of deep learning algorithms have not
only accelerated the growth of experimentally determined protein structures in the Protein Data
Bank (PDB)," but have also enabled the prediction and classification of druggable proteins,

boosting the in silico drug discovery and the treatment of genetic diseases.?

A recent example of the most relevant computational advances related to protein structure
prediction is AlphaFold (being AlphaFold 3 the latest version).?'>* This artificial intelligence
(AI) program, developed by DeepMind, is able to predict the 3D structure of proteins from their
amino acid sequence and has solved thousands of previously unknown protein structures that
were extremely difficult or impossible to solve experimentally with our current technology.?*
However, it requires high-quality multiple sequence alignments (MSAs) as input and
computational power to retrieve accurate structures close to the experiment from X-ray or cryo-
EM analyses. While AlphaFold2 was developed, other open-source protein structure prediction
tools were introduced, being RoseTTAFold developed by the Baker Lab at the University of
Washington the most relevant.?> Designed to run on standard laboratory hardware with GPU
support, RoseTTAFold provides a more accessible and flexible alternative, although it is not as

accurate in single protein prediction. On the other hand, it has been shown to outperform
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AlphaFold when the input MSAs are sparse and is able to predict protein-protein interactions
and even protein complexes, making it particularly useful for broader applications in the fields
of protein design and synthetic biology.?®?” Recognising the outstanding value of such tools,
Dr. Demis Hassabis and Dr. John Jumper from DeepMind as well as Prof. David Baker of the
University of Washington were awarded the Nobel Prize in Chemistry in 2024 for their

contributions to protein structure prediction and computational protein design, respectively.

In the context of drug discovery, understanding the interactions between drug-like
compounds and their target receptors is fundamental. Computational methods have
revolutionised the field giving rise to Computer-aided Drug Design (CADD) approaches for
the discovery, development and analysis of potential drug candidates (Figure 1.3).2*?° CADD
can be divided in two areas: 1) Ligand-Based Drug Design (LBDD), which involves the analysis
and screening of library of compounds that are known to interact or potentially interact with a
target of interest of which we have no structural information, and ii) Structure-Based Drug
Design (SBDD), which involves the design and optimisation of potential drug candidates, using
the structure of protein of interest to determine or identify complexes between the screened

analogues.

Computer-aided Drug Design (CADD)

Structure-based Drug Design
(SBDD)

FODabio,

T %
Activity assays || || || 1’ X-ray / cryo-EM
¢ Binding si
ok g site
QSAR 1 ﬁ) w identification
Pharmacophore | [ ming Molecular
modelling o Docking
. || || || || Molecular
de novo design D .
! U Compound ynamics
Compound library selection 3D-protein structure

\

DRUG CANDIDATE

Figure 1.3 Scheme representing the main steps involved in CADD approaches.
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Most CADD projects start at the lead generation stage, when a library of potential hits is
identified and handed to chemists for synthesis, optimisation and transfer to biochemists and
pharmacologists for activity assays. During this stage, chemical libraries are compiled to obtain
Quantitative Structure-Activity Relationship models (QSAR) using computational virtual
screening approaches.>’ In these models, different types of scoring functions are used in
combination with known molecular properties, such as measured activities or structural
information of the target. Two scenarios are then possible. When the structure of the target is
unknown (LBDD), the experimental activity data can be used to optimise the scoring functions
and further filter the library, modelling a pharmacophore containing key molecular features
such as hydrophobic groups, hydrogen bond donors or acceptors, etc. and using it as a molecular
template to screen for compounds with similar physicochemical properties. The other
possibility is to have structural information of the target in advance (SBDD), by experimental
techniques (X-ray crystallography or cryo-EM experiments) or computational tools such as

homology modelling and the protein structure prediction tools mentioned earlier.

The structural information enables the application of a wide variety of methods such as
Molecular Docking, de novo compound generation, or fragment-growing methods. Molecular
Docking is based on virtually positioning the library of potential hits in the 3D binding site of
the target and using a scoring function to rank them according to a predictive activity scale.’!
The de novo compound design methods are able to generate new molecules from scratch based
on the chemical environment of the target protein.’? Also, fragment growing strategies are able
to construct the ligand in the binding site by joining experimentally identified fragments or
building blocks with the desired molecular properties.> All these strategies share the same
counterparts, namely the scoring functions and their limited transferability between different
protein targets. The identified putative binders must be purchased or synthesised for further
experimental assays. In this thesis, I focused on the use of SBDD methods for two protein
targets of biomedical interest. To illustrate the variety and potential to these methods, I will

briefly describe the main computational techniques I used in my work.

1.2.1 Molecular Dynamics (MD)

For large systems such as proteins, the methods based on Molecular Mechanics (MM)
have become the standard approach in the field. In this context, molecules are described by a
force field, i.e. theoretical constructs used to calculate their potential energy, describing them

as a collection of classical particles bound together by virtual harmonic springs and neglecting
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the explicit treatment of electrons.>* These force fields are explicit energy functions that
describe bonded (bond stretching, angle bending and dihedral torsions) and non-bonded (vdW
and electrostatic interactions) contributions for each classical particle in the system (Figure 1.4
and Equations 1.1, 1.2, 1.3 and 1.4). It allows to model atom motion by calculating the forces
between the particles and their potential energies using the aforementioned force field
equations. This approach is known as Molecular Dynamics (MD),* where the conformational
sampling of structures is used to calculate the potential energy of the system and its evolution
over time (i.e., a trajectory). The sum of all the potential energies involved in each time step of
a MD simulation gives rise to a Hamiltonian, in which the bonded and non-bonded interactions
between particles are described by analytical expressions. There is a whole field within
computational chemistry concerned with improving force fields to describe biological systems

and small molecules.>®

In the context of this thesis, I have used the AMBER force field,>” which excels in
obtaining the conformational energies of complex biological systems and consists of four
general terms, which are illustrated in Figure 1.4.% In this model, the interactions between
bonded atoms are described by simple harmonic expressions for stretching and bending
(Equation 1.1 and 1.2, respectively), and a combination of cosine functions to describe the
torsional potential energy (Equation 1.3). On the other hand, the non-bonded interactions are
described by a 6-12 Lennard-Jones potential expression®**’ for the vdW interactions and a
Coulombic expression for the electrostatic interactions between particle-centred (atom model)
point charges (Equation 1.4).*! Ultimately, the choice of a force field depends on the nature and
characteristics behind the simulated system. This is the fact behind the catalogue of specific
force fields designed to treat different kinds of systems such as proteins, DNA and RNA,*
carbohydrates,* lipids,** organic molecules,* ions*® and metal-containing complexes.*’ This
method provides close and validated approximations at an affordable cost and with a high

degree of reliability, making it possible to study complex biological systems at the atomic level.

Bonded Non-bonded
A
[ |
‘wmw‘
bO
bond stretching angle bending dihedral torsion VdW + Coulomb

Figure 1.4 General expression of the energetic contributions in the AMBER force field.
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MD simulations are an excellent tool for obtaining conformational samples of protein-
ligand complexes as well as their energetic components. However, some processes relevant to
understanding these interactions may be slower than the time scale provided by the technique,
typically on the order of nanoseconds. For example, there may be conformational
rearrangements in the protein that allow or restrict access to the binding site, but the energetic
barrier may be high enough to require very long simulation times, such as microseconds or even
longer. In these cases, we need to resort to enhanced sampling techniques, which are methods
that use approximations to explore processes with timescales beyond those provided by MD.
There are two types of enhanced sampling techniques: those that use reaction coordinates or
collective variables and those that consider the endpoint states of the process. Reaction
coordinates are variables that describe the collective motions by which the event proceeds. I
will briefly describe the methods used in this thesis: Steered MD, Metadynamics and Relative
Binding Free Energy (RBFE) calculations.

1.2.2 Steered Molecular Dynamics (SMD)

In the context of a protein-ligand complex, reaction coordinates are usually geometric
descriptors that account for relevant processes of the system, such as the distance between the
ligand and the binding pocket. These set of reaction coordinates must account for all the slow
degrees of freedom of the process. Then we can calculate the free energy profile along the
reaction coordinate(s) through a Boltzmann-weighted averaging over the system degrees of
freedom other than the ones defining the reaction coordinate(s). This process generates the
Potential of Mean Force (PMF).*® The motion along the reaction coordinate is then

approximated as a diffusive motion on the effective potential determined by the PMF.

10
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When a high energy barrier limits the sampling along the reaction coordinate, an external
force or bias can be applied to accelerate the process and combined with conventional MD
simulations. In Steered Molecular Dynamics (SMD),*’ the applied bias has the form of a force
vector acting as a virtual spring. The applied force is measured over the simulation time and
recorded as the force distribution at different conformational states of the system (Figure 1.5).
This description follows a non-equilibrium process whereas the PMF is an equilibrium
property. Therefore, some numerical treatment must be applied in order to obtain the free
energy profile of the process of interest. This treatment receives the name of Jarzynski’s
equality (Equation 1.5),>° where an exact relation between free energy differences and the work

done through equilibrium processes is correlated:
1
AF = —Eln(e‘ﬁw) (1.5)

where B = 1/kgT, with kgTand T being the Boltzmann constant and temperature. In addition
to obtain the free energy profiles of the process, SMD can be combined with other techniques
such Umbrella Sampling (US). This method splits the reaction coordinate in several windows,
at each of which a biased MD simulation is usually performed with harmonic potentials.’! The
windows are then combined by methods like the Weighted Histogram Analysis Method
(WHAM)* or umbrella integration.>

PMF

STATE C

Reaction coordinate
Figure 1.5 Scheme illustrating the binding and unbinding process of a protein-ligand complex

using SMD in combination with US.
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1.2.3 Well-Tempered Metadynamics (WT-MetaD)

There are cases where the desired process cannot be described as one-dimensional
reaction coordinate. For example, studying the effect of conformational rearrangements that an
enzyme undergoes over time on ligand binding. However, it is not always possible to determine
the timescales of these processes, as several energetic barriers may have to be overcome to
sample all the states that make up the mechanism of this protein-ligand complex. In these cases,
we can facilitate the conformational sampling by introducing an additional bias potential (or
force) acting on selected CVs over time, therefore promoting the spontaneous evolution of the

process in the context of an MD simulation. This method is called Metadynamics (MetaD).>*

MetaD introduces an external history-dependent bias potential to the Hamiltonian of the
system as function of the CVs (Figure 1.6). This potential is described by the sum of Gaussian
functions deposited at certain time intervals in an additive manner at the location of the CVs

(Equation 1.6), avoiding the system to revisit sampled regions:

d 2
S, — S;(q(k
V(s t) = z W (kt) exp (—z( 2:.12( i) ) (1.6)

kt<t t

where 7 is the Gaussian deposition stride, g; the width of the Gaussian for the ith CV, and
W (kt) the height of the Gaussian. As time progresses, minima are slowly filled, forcing the
system to explore other configurations of the Free Energy Surface (FES) while maintaining

spontaneous evolution.>> This method allows for the exploration of the lowest free-energy

(" Gaussian Potential )
J

i "

P

barrier STATE B

Free Energy

STATE ANCY 5 STATE C

CV Space

Figure 1.6 Scheme illustrating the fundamental aspects behind Metadynamics simulations.
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minimum path of the studied process. When the exploration is complete and all the energetic
barriers are overcome, the sampling of the reaction coordinate becomes diffuse, i.e.

convergence is achieved.

The bias potential constructed by the sum of the Gaussian functions provides an accurate
unbiased estimate of the free energy of the process. However, in the initial implementation of
MetaD, the fixed height of the Gaussian functions can overfill some of the local minima and
lead to an inaccurate representation of the FES. This overfilling can prevent the system from
properly exploring these local minima, resulting in simulation artifacts. In addition, the
continuous addition of a bias can hinder convergence by moving the system too vigorously
through conformational space. To address these drawbacks, several variations of the original
MetaD approach have been developed to improve the control over convergence and avoid such
artifacts. In this thesis, we used the Well-Tempered Metadynamics approach (WT-MetaD)>¢%
where the height of the Gaussian potentials varies and becomes smaller over time as one
approaches the edge of the wells in the FES (tempering), thus avoiding the overfilling problem.
It also reduces the rate of Gaussian addition as the system approaches equilibrium, overcoming
the drastic conformational changes near well transitions. In addition, a more aggressive
exploration of the FES is performed at the beginning of the simulation, preventing some regions
from being unexplored and refining the free energy estimate of regions already visited. As the
tempering also operates at this initial stage, it prevents the introduction of unrealistic transitions

between FES wells. Altogether, it improves the computational efficiency of the MetaD method.

1.2.4 Thermodynamic Integration (TI)

The power of predictive tools such as Molecular Docking and MD simulations has been
discussed in the context of predicting the binding modes of potential drug candidates. Despite
the utility of Molecular Docking in this area, its high efficiency is offset by its accuracy, which
depends on the robustness of the scoring functions that define the algorithms. The score
provided by Molecular Docking approaches is known to be quite inaccurate, particularly when
comparing molecules with subtle differences in binding affinity. This scenario is common when
comparing molecules with the same molecular core but with different substituents or functional
groups, resulting in affinity differences below the tenfold range.'> MD simulations offer a
significant improvement over Molecular Docking techniques in that they can sample the
conformational space of a protein-ligand complex. However, due to time scale limitations, it is

not possible to obtain accurate binding affinities. This obeys to the fact that binding affinity
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calculations involve integration over all possible states of the system to correctly sample the
entire free energy landscape and obtain a sufficiently accurate prediction comparable to

experimental data.

To overcome these limitations, computational methods based on alchemical free energy
transformations, such as Free Energy Perturbation (FEP) and Thermodynamic Integration (TT),
have emerged as standards of accuracy in the context of predicting accurate binding affinities.*
In terms of protein-ligand binding affinities, these methods transform a ligand A into a ligand
B by applying a series of perturbations to the force field parameters describing each molecule,
following a thermodynamic cycle as shown in Figure 1.7. The relative free energy change
associated with the binding of the ligands (44G) is then obtained by performing the
transformation in the ligand-bound complex and in the unbound state as shown in Equation 1.7

(i.e. with ligands in the solvent).
446G = AGlljinding - AGlgqinding = AGCAO_‘r)anlex - AGé)_l)vBent (1-7)

The perturbations are applied gradually by introducing a dimensionless coupling
parameter, A, which serves as a weight constant for the interconversion of the force field
parameters of ligand A into ligand B. Therefore, at A = 0, the system corresponds to ligand A
and at A = 1 the system corresponds to ligand B. This process is known as Relative Binding
Free Energy (RBFE) calculation. Using this methodology, the free energy changes along the
thermodynamic pathway can be accurately calculated using Statistical Mechanics principles

and including the force field components as well as entropic contributions arising from

Protein + ligand A ligand A Protein
in complex in solvent in solvent

Thermodynamic Integration (TT)

—~
~<
o)
~
S
S
AA
N N 0 A 1
Protein + ligand B ligand B Protein ( H 0) ( H 1)

in complex in solvent in solvent
Figure 1.7 Scheme of the thermodynamic cycle used in Relative Binding Free Energy (RBFE)

calculations and the application of Thermodynamic Integration (TT).
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conformational sampling. In addition, the techniques can be used to study protein mutations

following the same principle.

In this thesis, I used the Thermodynamic Integration (TI) approach, based on the
evaluation of the free energy difference between the initial and final states of the transformation
defined by a Hamiltonian (H, and H; in Figure 1.7). Since the change is done in the MD
simulation context, total potential energies are calculated (U). The relative free energy change
of the alchemical transformation is obtained by evaluating the integration area defined by all

the intermediate Hamiltonians with respect to A, (0H /0A) (Figure 1.7 and Equation 1.8):
H, = AH; + (1 - 1)H, (1.8)

For clarification, Helmholtz free energies (A or F) are predicted by TI, since such simulations
are commonly performed under canonical (NVT) ensemble conditions, where the Hamiltonian
corresponds to the Helmholtz free energy expression.’® The Helmholtz free energy is expressed

as:
A=U-TS (1.9)

where U is the internal potential energy, T is the system temperature and S is the entropy. A is
directly related to the partition function Z of the canonical ensemble calculated from the

Hamiltonian since:
A=—kzTInZ (1.10)

where kg is the Boltzmann’s constant. The interconversion to Gibbs free energy is then trivial

considering the canonical ensemble conditions since:
G=A+PV (1.11)

where G is the Gibbs free energy, P is the pressure and V is the volume. Although PV
contributions are present in the Gibbs expression, they are considered small for liquids and
solids at constant temperature and pressure (incompressible). Therefore, the equality between
the Helmholtz and Gibbs free energies can be taken as a good approximation in the context of

MD simulations performed on the canonical NVT ensemble in condensed phases (Equation

1.12).

1 1
A4 —f(aA) a2 —f(aU> o1 = Z<0H> A (1.12)
AB T ) \oa) 7T T \aaly Tt T Al '
0 0 A=0
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"[ think that we shall be able to get a more thorough understanding of the nature of disease in
general by investigating the molecules that make up the human body, including the abnormal
molecules, and that this understanding will permit...the problem of disease to be attacked in a

more straightforward manner such that new methods of therapy will be developed."

(Linus Pauling, 1960)

1.3 Two drug targets of public health concern

The constant development of molecular modelling methods contributes to addressing the
challenges in the fields of biomedicine and drug design, such as the lack of structural and
mechanistic information behind protein dysfunction and drug resistance.®° In this thesis, I have
employed state-of-the-art computational techniques to understand two known drug targets for
two major health problems discussed in the following sections: cardiovascular diseases (CVD)
and infectious diseases. First, I have studied the mechanism and selectivity of the main
cholesterol transporter in mammals, the Niemann-Pick Cl-Like 1 transporter (NPCIL1).
Second, I have explored new inhibition strategies against the Influenza A virus (IAV)

specifically targeting Hemagglutinin (HA).

1.3.1 Niemann-Pick C1-Like 1 (NPC1L1) transporter

A recent study based on the reported mortality data from the World Health Organisation
(WHO) (Global Burden of Disease 2019 including statistics from 1990 to 2019)°! forecasts that
between 2025 and 2050 the cardiovascular prevalence will increase a 90.0%, resulting in 73.4%
increase in crude mortality, with 35.6 million cardiovascular-related deaths expected in 2050
(from 20.5 million in 2025).°* In 2019, over 65% of the global burden was caused by non-
communicable diseases, with Cardiovascular Diseases (CVD) (ischaemic heart disease and
stroke) leading the ranking. Among the risk factors attributed to CVD, genetic predisposition,
age and gender are considered to be non-modifiable factors that cannot be influenced by either
therapy or lifestyle changes. On the other hand, other common factors directly associated with
the prevalence of CVD include smoking, pollution, excessive alcohol consumption, chronic
stress, physical inactivity, sleep disturbances, poor diet, obesity, diabetes, high blood pressure
and high plasma cholesterol levels.®> All of these factors are known as modifiable risk factors
and can be addressed by adopting a healthy lifestyle that systematically reduces the overall risk.

CVD is actually a combination of related conditions affecting the heart and blood vessels,
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caused by a reduction on the blood flow into the heart and brain, resulting in a lack of oxygen
to vital organs.® This situation is usually the result of a blockage caused by the build-up of fatty
deposits on the inner walls of the blood vessels, a syndrome known as atherosclerosis.®> The
imbalance of the correct blood lipid profile plays a key role in the development of CVD.
Elevated levels of triglycerides and low-density lipoprotein (LDL)-cholesterol have been
shown to contribute to the progression of atherosclerosis by infiltrating and accumulating in the
layers that make up the arteries, leading to an inflammatory response that worsen the vessel

blockage.®

The cause for altered cholesterol blood levels is the dysregulation of cholesterol
homeostasis. The efficient biosynthesis, transport and metabolism of cholesterol depends on
complex regulation system. Malfunctions and defects in the proteins that regulate these
systems, such as the 3-hydroxy-3-methyl-glutaryl coenzyme A (HMG-CoA) reductase, are
involved in the etiology of the disease.®’ In mammals, cholesterol plays a key role as structural
component of cell membranes, maintaining their integrity, fluidity, and permeability. It is
essential for membrane trafficking, signalling and cell proliferation; it is also the precursor for
the biosynthesis of steroid hormones, bile salts and vitamin D. Cholesterol can be synthesised
in the liver, involving a complex combination of nearly 30 enzymatic reactions with acetyl

coenzyme A (acetyl-CoA) as the starting point.®

The liver also plays a crucial role in sorting
LDL-cholesterol from blood and converting it into bile salts, which increase its solubility and
allow it to be excreted efficiently when there is an excess, thereby facilitating the digestion of

dietary fats.

Figure 1.8 shows a schematic representation of the biogenesis, absorption, and recycling
processes of cholesterol through the body. Once cholesterol has entered enterocytes, it must be
sorted at the endoplasmic reticulum, esterificated by the acyl-CoA:cholesterol acetyltransferase
2 (ACAT?2), and then packaged in a microsomal triglyceride transfer protein (MTP)-dependent
manner into very low density lipoproteins (VLDL). VLDL will be further grouped in a class of
lipoproteins known as chylomicrons, which will be secreted into the circulation via the
lymphatic system.*’ In the enterocyte, cholesterol can also be pumped back into the intestinal
lumen by the efflux transporter ATP-binding cassette (ABC) transporters G5 and GS8
(ABCG5/ABCGS) or further transported to the basolateral membrane for conversion by
ABCAI1 to high-density lipoprotein (HDL), also known as 'good cholesterol' because it
transports excess cholesterol to the liver for further metabolism and elimination.”” However,

due to high energetic cost of cholesterol biosynthesis, the intake of dietary cholesterol, i.e. a
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Figure 1.8 Scheme of the cholesterol journey through the body and the main roles of the small
intestine and the liver. FC: free cholesterol; PL: phospholipids; BA: bile acids; CE: cholesterol

ester.

process of cholesterol absorption in the intestinal lumen, contributes to save energy that can be
used in other metabolic pathways. The biosynthetic production and intestinal absorption of
cholesterol work together in such a way that high cholesterol levels induce a down-regulation
of its biosynthesis, preventing over-accumulation and ensuring homeostasis. Furthermore, the
conversion to bile acids by the liver for its secretion into the intestine can be reverted by
reabsorption, facilitating the reuptake of cholesterol and reducing the need for constant

biosynthesis.”!

The need for new drugs capable of lowering LDL-cholesterol led to the discovery of
ezetimibe  (Zetia; SCH  58235;  1-(4-fluorophenyl)-(3R)-[3-(4-fluorophenyl)-(3S)-
hydroxypropyl]-(4S)-(4-hydroxyphenyl)-2-azetidinone),’* a drug approved in 2002 by the US
FDA for the treatment of hypercholesterolaemia (alone and in combination with statins), that
acts as a potent inhibitor of the intestinal cholesterol absorption.”®”* The empirical evidence led
to the conclusion that the physiological pathway controlling this process was a protein-mediated
mechanism. The next steps were to find the key dedicated protein(s) governing this absorption
process with the only hints of being the target of ezetimibe and probably highly expressed in
the cells of the intestinal lumen. This search disclosed the Niemann-Pick C1-Like 1 (NPCI1L1)
transporter, highly expressed in the small intestine and in the liver (Figure 1.9), as the principal

importer of free cholesterol in mammals.”7¢
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Figure 1.9 Representation of the organs and cell types where NPCIL1 is expressed, i.e.
enterocytes in lumen of the small intestine and hepatocytes in the liver. The surface structure

of NPC1L1 is shown in the centre.

1.3.1.1 NPCI1L1 metabolic function and mechanism of action

Cholesterol absorption takes place in the small intestine, with 'absorption' covering all the
steps from the ingestion and metabolism to transfer into the bloodstream. The overall process
can then be divided into two main steps: first the uptake, which refers to the internalisation of
cholesterol into the epithelial cells of the small intestine, and second the assimilation, in which
cholesterol is transferred from the cytosol to the lymph through the basolateral membrane. For
many years, the intestinal absorption of cholesterol was attributed to a passive process, but the
second-order kinetics, the sterol specificity of the process and the in vivo effect of ezetimibe
have shown that NPC1L1 mediates the cholesterol transport into enterocytes.”’” Genetic
inactivation of this protein in mice led to a reduction in intestinal cholesterol absorption similar
to that observed in mice treated with ezetimibe.”® Although NPC1L1 is abundantly expressed
in the small intestine of mammals, in the case of humans and primates it is expressed at
significant levels in the liver, whereas in rodents NPCIL1 is expressed mainly in the small
intestine.” In the liver, hepatic NPC1L1 facilitates the recapture of biliary secreted cholesterol
by hepatocytes, leading to a recirculating enterohepatic process.”' Liver hepatocytes are also
responsible for removing excess of LDL-cholesterol from the circulation via LDL receptors
(LDLR) and are also able to recycle HDL and chylomicron remnants via HDL receptor

scavenger class B type I (SR-BI) and LDLR-related protein (LRP), respectively. However, they
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are also responsible for atherosclerotic plaques when there is an ineffective clearance of plasma
LDL.* The endocytic mechanisms behind cholesterol regulation have already been elucidated
in hepatocytes, and it was thought that similar mechanisms might be at work in the small
intestine.®! NPC1L1 has been identified as the major importer of cholesterol and much progress
has been made in understanding its mechanism over the last two decades.®> However, the exact
molecular mechanism of unesterified cholesterol uptake and transport into the interior of
enterocytes remains unknown. Previous studies have elucidated several aspects of its complex
mechanism of action, including the discovery that NPC1L1 internalises dietary cholesterol via

vesicular endocytosis.??%4

Once cholesterol binds to the N-terminal domain (NTD) of NPCILI, the carboxyl
terminus on the cytoplasmic side is released from the membrane. The C-terminus contains a
YVNxxF sequence motif, where 'x' can be any amino acid. This motif is recognised by the
endocytic adaptor protein NUMB, which in turn recruits the clatrhin-AP2 complex for the
endocytosis-mediated internalisation.> One of the unresolved steps is how the binding of
cholesterol to the N-terminal domain induces the conformational change in NPCILI that
releases the YVNxxF motif from the membrane to promote endocytosis. NPCIL1 has an
internal tunnel connecting the luminal domains to the sterol-sensing domain (SSD), which is
located in the transmembrane region and is also present in the structure of the Niemann-Pick
C-related protein 1 (NCR1),¥ Niemann-Pick C1 (NPC1),}” Hedgehog proteins Patched and
Dispached,®®® sterol regulatory element-binding protein cleavage-activating protein

(SCAP),” and HMG-CoA reductase (HMG-CoA).”!

Sterol-like molecules have been resolved in the crystallographic structures of these
proteins at different positions in the tunnel suggesting an internal structural transport pathway
from the NTD to the membrane. However, the relationship between the transport process and
the interaction of cholesterol with the SSD remains to be elucidated. It is known that NPC1L1
interacts with Flotillins and diffuses to cholesterol-rich domains in the membrane.”? This
coordination may provide an environment of high cholesterol concentration, sensed by the SSD,
which promotes the recruitment of the clathrin-AP2 complex (Figure 1.10). In this scenario, the
role of the NTD upon cholesterol binding is again questioned. Once the endocytosis is activated,
NPCIL1 is internalised along with large amounts of cholesterol, which is transported to the
endocytic recycling compartment (ERC), extracted by bile acids and diffused to the

endoplasmic reticulum (ER). Lastly, cholesterol depletion in the ERC results in the recycling
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Figure 1.10 Representation of the NPC1L1-mediated enterocytic cholesterol transport.

or translocation of NPCI1L1 back to the plasma membrane mediated by LIM domain and actin

binding 1 (LIMA1) and Myosin-Vb #3939

Further studies have shown that cholesterol is not the only molecule transported by
NPCILI1. NPCILT has also been reported to be involved in the intestinal absorption of several
fat-soluble nutrients, such as vitamin E and vitamin Ki, and other animal and plant sterols.”’
Interestingly, in addition to the fact that the translocation of NPC1L1 to the ERC is inhibited
by ezetimibe, it has also been reported to be specific for cholesterol, and other sterols from
animal sources, on phytosterols.® In addition, it has been reported that the absorption of
phytosterols is dependent on NPC1L 1, but the rate of absorption is lower than that of cholesterol

and inversely proportional to the size of the sterol.”°

1.3.1.2 NPCI1L1 structure

The Niemann-Pick C1-Like 1 (NPCIL1) protein was first identified about two decades
ago using a combination of genomics and bioinformatics approaches.”>”” The discovery was
driven by the search of proteins related to the Niemann-Pick type C1 disease (NPDC),”® an
autosomal recessive human lipidosis caused by defects in the Niemann-Pick type C1 (NPC1)
protein, which are associated with an accumulation of unesterified cholesterol and other lipids

in lysosomes. The complete NPC1L1 cDNA encodes a protein made of 1359 amino acids, but
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it has been shown that the predominant mRNA transcript often skips exon 15 in the NPCI1L1
gene, producing a protein made of 1332 amino acids, the most experimentally studied form of
the protein.””*>!®NPC1L1 shares 42% of identity and 51% of sequence similarity with NPC1.
Like its homologue, it has three luminal domains called the N-terminal domain (NTD), the
middle luminal domain (MLD), and the C-terminal domain (CTD), and a transmembrane
domain (TMD) composed of 13 transmembrane helices (TMs) (Figure 1.11). In addition, 5 of
the 13 helices forming the TMD (TM3 to TM7) form the sterol-sensing domain (SSD).

To date, there is no complete crystallographic structure for human NPCI1L1 and the most
studied models are based on mice models. Two cryo-electron microscopy (cryo-EM) structures
are available for the complete recombinant NPCILI protein in the PDB: PDBid 6V3H
(resolution 3.50 A) and PDBid 6V3F (resolution 3.70 A).!"”! Mouse knockout studies have
established the role of NPCI1LI1 as a key protein involved in intestinal cholesterol absorption
and the efficacy of ezetimibe as its main inhibitor.”>° In addition, there is an X-ray structure
available in the PDB for the isolated human NTD of NPC1L1, PDBid 3QNT (resolution 2.83
A),'%2 which has been of high relevance for understanding some details behind the mechanism
of cholesterol absorption, transport, as well as the inhibition and the sterol selectivity of
NPCILI. Other human NPCIL1 structures have been reported in the PDB, but none of them
contains the NTD, suggesting that this domain has a high degree of mobility as noted upon the

Niemann-Pick C1-Like 1 (NPC1L1)

Cytosol X

Figure 1.11 3D model of the full-length NPC1L1 (left) and schematic representation of its

constituent domains (right).
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inspection of PDBids 7N4U, 7N4V and 7N4X (resolution 3.34, 3.58 and 3.33 A,
respectively),!®® and 7DF8, 7DFW and 7DFZ (resolution 3.03, 2.69 and 3.58, respectively).!*
Another important aspect is the structural similarity of NPCIL1 to NPC1, for which there are
9 full-length human structures in the PDB: PDBids 3JDS8 (resolution 4.43 A, unpublished),
5U73 and 5U74 (resolution 3.35 and 3.33 A, respectively),'% 6UOX (resolution 4.02 A),'% and
6WSR, 6W5S, 6W5T, 6W5U, 6W5V (resolution 3.60, 3.00, 3.70, 3.90 and 4.00 A,
respectively).’’” In addition, there is a structure of the isolated NTD in complex with cholesterol,
PDBid 3GKI (resolution 1.80 A).!"”” The high degree of similarity between the two proteins,
which belong to the same NPCl1-like family and are both involved in cholesterol homeostasis
and regulation are among the reasons why NPC1 is considered the most appropriate structural

and functional protein for comparison with NPC1L1.

Of the luminal domains, the NTD has been shown to directly bind free cholesterol in in
vitro studies. It is also capable of binding cholesterol in the absence of other domains of the
protein, and mutations near the binding cavity or the removal of the NTD drastically reduces
the cholesterol uptake by NPCILI, suggesting that its essential for the absorption
mechanism.!® The difficulty in solving the full-length structure with the NTD and the
experimental evidence are behind the ascribed structural flexibility of this domain.
Furthermore, the cryo-EM structure shows that the NTD fits into the space between MLD and
CTD and that its binding cavity is perfectly articulated with the internal tunnel connecting the
luminal domains to the SSD. This tunnel is also present in all the previously mentioned proteins
that share the conserved SSD and from which similar sterol-like molecules have been solved at
different positions.!’! All these findings support the theory that the tunnel is part of a sterol
transport mechanism from the NTD to the membrane. To support this theory, the cryo-EM
structure was solved with a slightly more potent ezetimibe derivative, EZE-phosphatidylserine
(PS),!! attached to the cavity formed between MLD and CTD, where the NTD fits, and at the
point where the NTD-binding cavity and the internal tunnel of the protein meet. Given that
ezetimibe has been shown to significantly inhibit NPC1L1-mediated cholesterol uptake, the
proposed transport mechanism from NTD to SSD may be important as a signalling step to

promote the already demonstrated endocytosis.®*
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1.3.1.3 NPCI1L1 inhibition

There are several treatments for hypercholesterolemia, which is one of the risk factors for
developing CVD. One of the most effective drugs for lowering plasma LDL cholesterol levels
is ezetimibe, alone or in combination with statins. In brief, statins inhibit cholesterol synthesis
in the liver, while ezetimibe inhibits cholesterol transport in the small intestine. Ezetimibe acts
as a selective inhibitor of NPC1L1 by blocking the NPC1L1-mediated cholesterol absorption
mechanism, although some of the mechanistic details behind this process remain unknown.”*"
74 The trio of approved cholesterol-lowering drugs is completed by evolocumab (AMG 145), a
monoclonal anti-proprotein convertase subtilisin/kexin type 9 (PCSK9) antibody that prevents
PCSK9 from binding to the hepatic LDL receptor and reduces LDL receptor degradation,
thereby increasing the clearance of serum circulating LDL-cholesterol.'” The search for new
potential LDL cholesterol-lowering agents is ongoing, as statin therapy is known to have
undesirable side-effects in patients who require high doses,!!? as well as in patients prescribed
ezetimibe who suffer from myalgia, high levels of creatine kinase in the blood, elevated
transaminases and thrombocytopenia.'!! Over the past few years, other molecular candidates
have been identified that show a lowering effect on plasma cholesterol levels and are related to

NPCI1L1 inhibition.

Polyphenols have been shown to attenuate hypercholesterolaemia through inhibition of
NPCILI both in vivo and in vitro. In particular, seven polyphenols have showed specific
inhibition of NPC1L1: luteolin, curcumin, cyanidin-3-glucoside, chlorogenic acid and catechin
reduce NPC1L1 mRNA levels, while luteolin, quercetin and epigallocatechin gallate (EGCG)
inhibit NPC1L1 transport by direct binding (Figure 1.12).!12712° However, as with ezetimibe,

their exact mechanism of inhibition remains unclear.

Some efforts have also been made to develop cholesterol-lowering drugs from natural
products. Parthenolide (PTL in Figure 1.12), a sesquiterpene lactone extracted from the leaves
of Tanacetum parthenium,'*! has recently been reported to have cholesterol-lowering activity
associated with NPC1L1,'?? although the exact mode of action and its molecular relationship
with the NPC1L1 mechanism remain to be elucidated. Another interesting example of natural
products targeting NPC1L1 is fomiroid A (Figure 1.12), a sterol-like compound isolated from
the mushroom Fomitopsis nigra,'*® which is structurally similar to lanosterol, a precursor of
cholesterol biosynthesis that binds to the NTD in the same way as cholesterol.!> Fomiroid A is

as effective as ezetimibe in inhibiting the NPC1L1-mediated cholesterol absorption.

24



Chapter 1 - Introduction

OH

OH @,0“ HO. OH
" O C
o H3COWOCH3
OH 0O OH
Quercetin on Catechin Curcumin
OH R?
o
OH
Y ;{9 ~F
HO O oH Koy J\ ‘ N>
(]
oH oH \“/ \@R’ \%
o Y R
G Oxazolidinones Spiroimidazolidinones
Cyanidine 3-glucosyde  Epigallocatechin gallate on HO  oH
o = QH
OH O
OH o
Z OH N /@)\/’k HO
HO___O /Q\CK N
(o) (] 'OH F 4
HO' OH
£7 X
HO o N
Cologenic acid Fomiroid A Eze-PS LUNP HO  oH
o 5
f OH O e QH
------ 0 O
{0)
/—/_/ {/\/\/\/\/\/ g 1§ no
-, .,
0._0 N N
SRS RGE A O\
NH . e . F F
PTL . Orlistat Ezetimibe Eze-gluc
0

Figure 1.12  Chemical structure of some of the known inhibitors of NPCILI1-mediated

cholesterol absorption discussed in section 1.3.1.1.

Based on the structure of ezetimibe, several derivatives and molecules with similar
scaffolds have also been reported to act against NPC1L1-mediated cholesterol absorption.
Ezetimibe itself has been reported to be rapidly glucuronidated (Eze-gluc in Figure 1.12) after
administration, prior to reaching its target in the small intestine, and to be at least as potent as
ezetimibe.’® Another example already discussed is the ezetimibe derivative solved along the

1’101

full-length cryo-EM structure of rat recombinant NPC1L1 by Huang et a which contains

the glucuronide moiety as well as a sulphonamide moiety not present in the parent compound
(Eze-PS in Figure 1.12). Other scaffolds with similar properties include B-lactone derivatives

t,124

such as orlista which has been reported to inhibit cholesterol uptake and acts as a non-

competitive inhibitor of NPCILI1; spiroimidazolidinone derivatives discovered by virtual

screening,'?>126

which inhibit cholesterol uptake by NPC1L1 and reduce plasma cholesterol
levels by 67% in mice; and oxazolidinones,'?” which have NPC1L1 affinities in the micromolar

range and acute in vivo efficacy in reducing plasma cholesterol levels by more than 50%.
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1.3.2 Influenza A virus (IAV)

Back in ancient Greece, in 412 BC, Hippocrates described a flu-like syndrome called the
"Cough/Fever of Perinthus" in the sixth volume of a book attributed to him called (translated
as) Epidemics.'?® He described the illness as a winter and spring respiratory infection occurring

every year at Perinthus, Greece (nowadays Turkey).

The first description of an influenza epidemic likely dates back to 1173 in both France
and Italy."” The origin of the name "influenza" is often traced back to 15th century in Italy,
where an epidemic fitting the influenza description was attributed to the "Influenza of the Stars"
that would have spread across Europe, Asia and Africa.!** Other epidemics described with
similar symptoms may have occurred in 1414, 1557 and 1675-1676, and confirmed and
documented epidemics, probably related to the influenza virus, occurred in France in 1788-
1790 and 1830-1832."3! In modern times, the most devastating and documented influenza
pandemic occurred in 1918-1919 and has been known since then as the "Spanish Flu",
suspected to have been originated in China. Recent estimates suggest that 17.4 million people
died, or approximately 1% of the world's population at the time.!*> Modern phylogenetic
analyses have attempted to explain the virulence of the strain from conserved samples of the
virus from this pandemic with unclear results.!**!3* RNA sequencing of samples taken from
birds preserved in alcohol since 1917 concluded that the strain was not entirely derived from

avian influenza.'

The high degree of variability that displays the influenza virus (IV) allows it to escape
immune response leading to annual epidemic events known as “seasonal influenza”.
Eventually, a new highly pathogenic variant arises causing pandemic events with a high
incidence in mortality. IV can be classified into types A, B, C, and D, but types A and B are
responsible for most mortal cases. Type A (IAV) is the only one displaying pandemic potential
for humans due to its animal reservoir.'*® In addition, IV subtypes are distinguished based on
the antigenic properties of two surface glycoproteins: Hemagglutinin (HA) and Neuraminidase
(NA), which promote and coordinate host cell entry and exit, respectively. Today, influenza is
classified as a respiratory disease that contributes significantly to the global burden of disease.
The WHO estimates that there are between 3 to 5 million severe influenza cases and between
290,000 to 650,000 influenza-related deaths every year.'*” There have been four highly relevant

pandemic episodes involving new highly pathogenic IAV variants for which humans have no
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Figure 1.13 Summary of pandemic outbreaks of the last century from 1918 to 2009 great
pandemic events. In 1977, the human HINTI virus re-emerged and enough immunity in the
population prevented an uncontrolled pandemic event. The 2009 pandemic was a recombinant
virus including RNA from swine, avian and human viruses. All pandemic viruses have included

gene segments from the 1918 virus represented in red.

natural immunity and shown in Figure 1.13: the aforementioned HIN1 “Spanish flu” (1918),
the H2N2 “Asian flu” (1957), the H3N2 “Hong Kong” flu (1968) and the HIN1 “Swine” flu
(2009).138 Since the 2009 pandemic, WHO has developed global epidemiological standards for
influenza spread control to standardise public health measures for prevention.'* This
threatening scenario calls for continued efforts to promote influenza prevention, to understand
the molecular mechanisms involved in viral infection, and to develop new effective treatments

for influenza especially in view of the emergence of strains resistant to current treatments.'*
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1.3.2.1 TAV structure and genotypic classification

Influenza A virus (Alphainfluenza virus), the primary etiological agent of influenza, is a
member of the Orthomyxoviridae family. This family includes seven genera of segmented,
negative-sense, single-stranded RNA viruses: Influenza A, Influenza B (IBV), Influenza C

(ICV), Influenza D (IDV), Isavirus, Thogotovirus and Quaranjavirus.'*!

Structurally, both IAV and IBV virions are similar and pleomorphic, whereas ICV and
IDV are more divergent. IAV virions tend to form spherical (approximately 100 nm in
diameter) or filamentous (approximately 100 nm wide and up to 20 pm long) morphologies,
both of which have been observed experimentally.'>!** Three major subviral components
make up an AV virion as shown in Figure 1.14: the viral envelope, the viral core and the
ribonucleoproteins (VRNPs). The viral lipidic envelope, derived from the host plasma
membrane, contains three transmembrane proteins: the aforementioned surface glycoproteins,
HA and NA, and matrix protein 2 (M2), commonly known as the M2 proton channel. The viral
core is a monolayer of matrix protein 1 (M1) located beneath the viral envelope that provides
structural support to the virion, interacts with cytoplasmic regions near HA and NA on the

apical surface of the host cell, and encloses the approximately 13,500 nucleotide viral genome.
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Figure 1.14 Representation of Influenza A virus and its major components. In the lipid
envelope: the two viral glycoproteins HA and NA and the ion channel M2. The structural core
of the virion consists of M1 proteins that interact with surface proteins and vRNPs. The eight
gene segments form the vRNPs, which are composed of NP and the polymerase complex (PA,

PB1, PB2). The nuclear export protein (NEP) is also present in the virion.
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The viral genome is divided into eight individual gene segments called viral
ribonucleoproteins (VRNPs).!** Each of these vVRNPs is in turn a complex formed by viral RNA
(VRNA) wrapped around a double helical scaffold of nucleoprotein (NP), the heterotrimeric
polymerase complex at the 3" and 5’ ends (polymerase acidic protein, PA; polymerase basic 1,
PBI; and polymerase basic 2, PB2), and a loop at the other end. In addition, small amounts of
the nuclear export protein NEP (formerly non-structural protein 2, NS2)!% are found in the
closed environment of the viral core.!® Each of the eight VRNPs encodes at least one protein.
Of these, 10 have been identified as essential for viral replication and will be briefly discussed
next: HA, NA, M1, M2, NP, PA, PB1, PB2, non-structural protein 1 (NS1) and NEP. However,
the IAV genome is known to encode a further 11 accessory proteins: PB2-S1; PB1-N40; PB1-
F2; PA-X; PA-N155; PA-N182; eNP; NA43; M42; NS3; and tNS1.'%

HA is a homotrimeric glycosylated type I integral membrane protein with the ability to
bind to sialic acids (N-Acetylneuraminic acid) found in host cell glycoproteins. The orientation
of the glycosidic linkage between the sialic acid and the sugar is critical for the recognition
mechanism and can vary depending on the nature of the IAV strain. For example, HA from
[AVs from human samples have a higher specificity for the a2-6 or "bent" orientation, whereas
IAVs adapted to avian species have HA proteins specific for the a2-3 or "flat" orientation. 4514
Once HA is bound to the host cell, the virion is internalised via receptor-mediated endocytosis.
The low pH inside the endosome promotes a large-scale and irreversible conformational
rearrangement of the HA trimeric structure involving two crucial steps: 1) the cleavage of each
HA inactive monomer (HAo) by host cell proteases into two subunits HA1 (containing the
receptor binding site for sialic acids) and HA>, and ii) the subsequent release of the fusion
peptide (FP) from the HA> subunit. Typically, a host-derived serine protease cleaves the FP by
recognising the Q/E-x-R motif at the interface of HA| and HA2.!*° The release of the FP

ultimately mediates fusion of the viral envelope with the endosomal membrane releasing the

vRNPs into the cytosol.!!

NA is a tetrameric type Il integral membrane protein that acts as a sialidase, hydrolysing
the glycosidic linkage between sialic acids and the terminal saccharides in the host cell. While
the recognition function of HA initiates the infection process, NA inhibits the release of newly
formed virions bound to sialic acids of the host cell. NA selectively cleaves unwanted
interactions with sialic acid both on the host cell membrane and between nascent virions,

preventing aggregation.'>?
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The matrix proteins M1 and M2 are both produced by the 7" gene segment. As mentioned
above, M1 is located beneath the viral envelope as a matrix monolayer providing structural
support, interacting with both vRNPs and surface glycoproteins, and promoting assembly and
budding of new virions. On the other hand, M2 is a small tetrameric type III integral membrane
protein that acts as a proton channel when exposed to the low pH of the endosome. The influx
of protons through the M2 channels into the virion is crucial for the early steps of the infection

cycle, allowing dissociation between M1 and vRNPs during viral uncoating.'>?

NP serves as the structural backbone of VRNPs encircling all RNA gene segments. It is
involved in the intracellular trafficking of vRNPs and in the transcription process, stabilising
template-polymerase interactions. NP interactions with host cell proteins are crucial for proper
subcellular localisation of VRNA and the most important are the importin a nuclear localisation
signalling receptors, filamentous actin, the nuclear export receptor CRMI and a DEAD-box
helicase.!** The NPs with the RNA wrapped around them are packaged together with the largest
gene products of the virus, polymerase proteins, to form the vRNPs: PB1, PB2 and PA. PB1 is
the RNA-dependent RNA polymerase for the virus and PB2 is needed for the mRNA
synthesis.'> The exact biological role of PA is not fully understood, but it has recently been

suggested to modulate polymerase activity.'>®

The final essential components for viral replication are the non-structural proteins NS1
and NEP, which are alternative splice products of the 8" gene segment. The roles of NS1 are
multiple and varied due to the interactions of its multiple domains with various cellular proteins
and RNA, but mainly it suppresses cellular gene expression by blocking nuclear mRNA
processing.'>” Lastly, NEP facilitates the nuclear export and transport of VRNP complexes to

the assembly site at the apical cell membrane.

Without considering any of the accessory proteins encoded by the IAV genome and is
high genotypic variability, a proper nomenclature must be used to classify the different strains
by its phylogenetic origin. Correct phylogenetic classification is essential to track the
emergence and spread of new variants, and to know the circulating strains in humans and other
species, as well as the zoonotic transmission potential.'>® In the case of IAV, the different strains
are classified depending on sequence and the antigenic properties of HA and NA (Figure 1.15).
IAV have been classified into two phylogenetic groups, group 1 and group 2, on the basis of 18
HA subtypes and 9 NA subtypes, giving the known nomenclature HXNY (being X and Y the

numerated HA and NA subtypes, respectively). However, very recently it was reported a 19"
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Figure 1.15 Phylogenetic classification of HA and NA.

variant of HA with a large genetic distance from the previously described subtypes.!>® Thus,
the updated classification stablishes that group 1 contains the subtypes H1, H2, HS5, H6, HS,
H9, H11, H12, H13, H16, H17, H18 and H19, and group 2 encompasses the subtypes H3, H4,
H7, H10, H14, and H15.

1.3.2.2 TAV viral cycle

The IAV replication cycle involves several steps and begins with the attachment of an
IAV virion to the sialylated surface receptors of the host cell (step 1, Figure 1.16). Following
attachment, the virion is internalised via receptor-mediated endocytosis and moves through the
endosomal pathway in a clathrin-dependent manner (step 2, Figure 1.16). Upon acidification to
a pH close to 5.0 in the late endosome, two structural changes occur in the virion: 1) the M2
ion channel facilitates the entry of protons into the viral particle, disrupting the M1-vRNP
interactions, and 2) a conformational stepwise rearrangement in HA exposes the fusion peptide
FP, which inserts into the endosomal membrane and ultimately promotes fusion with the viral
envelope (step 3, Figure 1.16). Following fusion, vVRNPs are released into the host cytosol and

imported into the nucleus via the NP signalling and nuclear import pathway.

In the nucleus, the virus synthesises three types of RNA from VRNA: positive-polarity
messenger RNA ((+)mRNA), negative-polarity viral RNA ((-)vRNA), which is part of new
virions, and positive-polarity complementary RNA ((+)cRNA), which serves as a full-length
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Figure 1.16 Schematic representation of the IAV replication cycle.

template for the production of new VRNAs. The synthesis of (-)VRNA and (+)cRNA is
promoted by NP, which also binds to the elongating RNA strands and inhibits the formation of
(+)mRNA by stabilizing the polymerase-template interaction. The new (-)vRNA is then used
as template for the production of the positive polarity RNAs (step 4, Figure 1.13), (+)cRNA
(replication) and (+)mRNA (transcription). Transcription of (+)mRNA from the (-)vVRNA
template uses host-derived 5'-methyl caps to efficiently bind host cellular proteins involved in
RNA processing, nuclear export and protein production, while the 3'-terminus of each segment
is polyadenylated. This process is known as “cap-snatching”, where PB2 binds to host cell
mRNA and PB1 cleaves that RNA to serve as prime to new (-)vVRNA. While still in the nucleus,
the new viral (+)mRNA is spliced to produce the coding regions for M2 channels and NEP, and

then exported to the cytosol for viral protein production.

When (+)mRNA is exported to the cytosol, viral proteins are translated by the host protein

production machinery (step 5, Figure 1.16). Among the major essential proteins for the virus,
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PB1, PB2, PA, NP, NS1, NEP and M1 are produced in the cytosol by host ribosomes and
transported back to the nucleus, where they will be involved in further transcription, gene
replication and formation of vRNPs that will be packed into nascent virions (step 6, Figure
1.16). In parallel, HA, NA and M2 are produced by ribosomes bound to the membrane of the
endoplasmic reticulum (ER), inserted into the ER and glycosylated before being transported to
the Golgi apparatus. The viral surface proteins are then transported to the cell membrane via
the secretory pathway and assembled with the new VRNP complexes coming from the nucleus.
The formation of VRNP takes place in the nucleus and involves the binding of the viral
polymerase complex (PB1, PB2 and PA), NP and NEP to the new (-)vRNA. M1 then interacts
with vRNPs and NEPs to export the M1-vRNP complexes to the cytosol (M1 prevents the
import of VRNPs back into the nucleus). M1 directs the localisation pathway to the host
membrane, where the M1-vRNP complexes will interact with the cytoplasmic regions of new
HA and NA (coming from the Golgi apparatus) leading to the formation of viral buds with no
more than 8 gene segments in each nascent particle (step 6, Figure 1.16). Finally, the exocytosis
of a new virion occurs (step 7, Figure 1.16).'°* Host membrane proteins are largely excluded
from the nascent viral envelopes due to NA's ability to cleave sialic acids, and the exact
mechanism behind the specific packaging of the new viral material is thought to be the result
of RNA signalling from each of the gene segments, ensuring that most newly formed virions

are infectious. 01162

1.3.2.3 IAV-HA inhibition overview

To address the burden of 1AV, several strategies focusing on reducing the severity of
infection, transmission and limiting viral replication rates have been adopted through years of
research. Two main strategies are used to combat IAV infection. Preventive measures such as
annual vaccination are essential to reduce the spread of the virus in the population and to
increase immunity. On the other hand, antiviral drug treatments are administered with the aim
of interfering directly with the replication cycle of the virus, even disrupting its ability to make

copies of itself and spread.

From the inception of anti-influenza strategies to the present day, the primary shield
against influenza infection has been neutralising and receptor blocking antibodies to HA or, at
a secondary level, to NA. Although immunity to multiple proteins can attenuate disease, only
antibodies specific to HA can prevent infection. Inhibition of NA blocks the enzymatic activity

required for particle release in the final stages of the replication cycle, reducing viral spread
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only after initial infection.'®® Influenza vaccines have been used for more than 70 years,'** of
which two types are licensed for use in humans depending on their contents: Trivalent
inactivated virus (TIV) and live-attenuated influenza virus (LAIV). TIV contains components
of the three major strains circulating in the human population: HIN1 IAV, H3N2 IAV and the
Victoria lineage of IBV. For IBV, only two strains are known, the Victoria and Yamagata
lineages. However, it has been reported that the Yamagata lineage may have become extinct
during the COVID-19 pandemic, as it has not been detected in global influenza surveillance
since March 2020.'%° Therefore, its components are not administered in anti-influenza
immunisations. LAIV, on the other hand, is produced from cold-adapted influenza viruses. Both
types use polyvalent formulations, i.e. containing mixtures of the same antigen from different
strains. However, the increasing limitations in developing new vaccines and the emergence of
new resistant strains has stimulated the development of new antiviral strategies to complement

immunisation, such as the emergence of small molecule antivirals.!®

The first small molecules to enter the anti-influenza drug catalogue were the adamantane-
related amantadine and rimantadine.'®” These two molecules can inhibit viral replication by
blocking the M2 proton channels, which are crucial for disrupting the M1-vRNP complex
interaction. Today, both inhibitors are no longer recommended for human therapy due to their
low activity against current circulating adamantane-resistant strains and undesirable side effects

in both the gastrointestinal tract and the central nervous system.

Since then, new inhibitors were designed to target the M2 proton channel, but other drug
targets have become more relevant (NA, RNA polymerase and HA) as new resistant strains
emerged.!®®1%” The most effective NA inhibitor is Laninamivir,'”® a prodrug that has a high
affinity for NA and acts as a competitive inhibitor. One of the most important features of
Laninamivir is its long-lasting action, as it was designed to be administered by inhalation to
facilitate its delivery directly to the respiratory tract. However, in recent years, NA has received
less attention as an anti-influenza target due to the rapid adaptation of NA by resistant

mutations.

RNA polymerase inhibitors are designed to target the RNA-dependent RNA polymerase
due to its high degree of conservation among all four IVs (A, B, C and D). Several inhibitors
have been developed targeting one of the three subunits of the complex.!”! For example,
faripiravir is able to inhibit RNA elongation by incorporating into nascent viral RNA strands

produced by PB1; pimodivir targets the PB2 domain by occupying the cap binding domain,
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inhibiting RNA binding; and baloxavir marboxil binds to the PA domain, inhibiting RNA

cleavage.

Due to its structural flexibility and phylogenetic variation, HA is a challenging drug target
to modulate with small molecules. A feasible inhibition strategy would be to stabilise the pre-
fusion conformation of HA, preventing the release of the FP and blocking the fusion of the viral
and endosomal membranes. Since the pH-induced structural rearrangement in the late
endosome involves the entire trimeric structure, fusion inhibitors target different binding
pockets in the HA structure depending on their physico-chemical properties. The X-ray
structures available in the PDB show two major binding sites for small molecules inhibiting

HA, both in the HA1-HA2 stem region, shown as Site A and Site B in Figure 1.17.
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Figure 1.17 Representation of the monomeric (surface) and trimeric (cartoon) structures of
HA. The two binding sites experimentally observed by X-ray crystallography are shown as the
orange surface for Site A and as the blue surface for Site B, together with the molecular

structures of the main co-crystallised inhibitors mentioned in this section.
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Site A is reported to be the binding site for tert-butylhydroquinone (TBHQ; PDBids:
3EYK and 3EYM, resolution 2.50 and 2.80 A, respectively)!’? and Arbidol (PDBids: 5T6N and
5T68S, resolution 2.54 and 2.36 A, respectively).!”® Although TBHQ is reported to be a weak
antiviral compound, its mode of action inhibits the conformational rearrangement that HA
performs to promote membrane fusion by stabilising the neutral pH structure prior to
acidification. Its binding position at 16 A from the FP allows the formation of a TBHQ-HA
complex with a stoichiometric ratio of 3:1. On the other hand, Arbidol is considered the most
successful small-molecule inhibitor of IAV and is approved for human use in Russia and China,
although its exact mechanism of action is unclear. Arbidol is able to target both phylogenetic
groups of HA, with a higher affinity for group 2 HAs, as well as other viruses such as hepatitis
C virus (HCV).'7* Experimental assays have determined that Arbidol also stabilizes the pre-
fusion state of HA and inhibits the conformational rearrangement that releases the FP. However,
the need for higher dosages to exhibit a substantial inhibition rate stimulated the search for
novel spirothiazolidinone derivatives based on its structure, exhibiting remarkable activities

against H3 HA subtype.!”

Site B is known to be the binding site of several HA neutralising antibodies, which are
able to recognise its highly conserved sequence between different HA subtypes and block the
fusion mechanism.!”® For small molecules, Site B has been reported to accommodate the fusion
inhibitors INJ4796 (PDBids: 6CFG and 6CF7, resolution 2.32 and 2.72 A, respectively),'”” (S)-
F0045 (PDBid: 6WCR, resolution 2.68 A),'”® and CBS1117 (PDBid: 6VMZ, resolution 2.20
A).'”° X-ray structures and further SAR studies of several derivatives of INJ4796 have yielded
compounds with potent in vivo antiviral activity against HI HA subtype (group 1) in the sub-
micromolar range.'3%!8! Similar trends can be found in the reported activities in the micromolar
range for (§5)-F0045, CBS1117 and further analogues, which display a high degree of specificity
for group 1 HA.'®
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“T know a standing ash, Jggdrasill its name is,
a tall tree doused with white bright mud.
From there come dews, those that fall in dales.

Does it ever grow, green, above Urdr’s spring.

From there come the maidens, mighty in wisdom,
three from the dwelling near the lake beneath the tree.
Urdr is one named, Verdandi the next,

- on the wood they scored - and Skuld the third.

Laws they made there, and [ife allotted

to the sons of men, and set their fates”

VYolva (Voluspd, stanzas 19, 20)






Chapter 2 - Objectives

Despite the development of novel therapeutic strategies against disease and the evolution
of technology, humanity still suffers from treatment failure, drug resistance and other causes of
widespread disease. Understanding the molecular mechanisms behind disease is the first step
in addressing these challenges. In this thesis, I have used state-of-the-art computational
techniques to investigate two druggable targets that are directly involved in major public health
problems identified by the WHO. First, [ have investigated the unknown mechanism and
selectivity of the major mammalian free cholesterol transporter, Niemann-Pick Cl-like 1
(NPCIL1), which is implicated in the increasing burden of cardiovascular disease (CVD).
Second, I have explored novel inhibition strategies against the influenza A virus (IAV),
specifically targeting one of its antigens, haemagglutinin (HA). In this context, the main

objectives of this thesis are outlined below.

Project 1: The NPCILI1 project focuses on investigating the molecular mechanism and the
substrate selectivity of the N-terminal domain (NTD) of the NPCI1L1 transporter. The findings
will pave the way for the understanding of certain cholesterol-related physiological disorders.

In particular, the aims of this project are:

e To identify key amino acid residues and structural motifs responsible for selective sterol

binding.

e To explain the effect of single point mutations that impair cholesterol transport by

disrupting protein dynamics of the NTD.

Project 2 and Project 3: The IAV HA inhibition project aims to explore novel inhibition
strategies targeting Hemagglutinin (HA) contributing to the development of small molecules as
antivirals. The focus is on predicting a putative binding site and evaluating the structural
stability of HA-mediated fusion inhibitors by correlating computational predictions with the

available structure-activity relationship (SAR) data of two potential inhibitors:

1183

e The pinanamine-based inhibitor M090 discovered by Zhao et al."*” with sub-micromolar

activities against group 1 and group 2 HA subtypes.

e To provide SAR of a series of benzamide derivatives synthesised by the group of Prof.
Santiago Vazquez (Departament de Farmacologia, Toxicologia i Quimica Terapeutica,
UB) and tested against IAV-infected MDKC cells by the group of Prof. Lieve Naesens
(Department of Microbiology, Immunology and Transplantation, KUL).
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“A hall I see, far from the sun,
on Nastrond it stands, the doors face north.
Venom drops, through the smoke-vent fall,

for around the walls, winding snakes.

There I see wading, through swift currents
perjured people and murder wolves,

and workers of ill, with the wives of men.

There Nidhoggr sucked, the blood of the deceased,

and the wolf tore men. Would you know yet more?”

Yolva (Voluspd, stanzas 37, 38)
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Chapter 3 - Results

The results of the present thesis are presented in this chapter as a compendium of

publications and divided in three separated Projects that involve two different topics.

Project 1:

Valdivia, A., Luque, F. J., & Llabrés, S. (2024). Binding of Cholesterol to the N-Terminal
Domain of the NPC1L1 Transporter: Analysis of the Epimerization-Related Binding Selectivity
and Loop Mutations. Journal of Chemical Information and Modeling, 64(1), 189-204.

In Project 1, [ used a variety of computational chemistry techniques, including Molecular
Dynamics (MD), Relative Binding Free Energy (RBFE), Well-Tempered Metadynamics (WT-
MetaD) simulations, among others, to determine the molecular features behind the sterol
affinity and selectivity of the major mammalian free cholesterol transporter, the Niemann-Pick

Cl-Like 1 (NPCI1L1) transporter.
Project 2 and Project 3:

Valdivia, A., Rocha, M., & Luque, F. J. (2025). Mining Druggable Sites in Influenza A
Hemagglutinin: Binding of the Pinanamine-Based Inhibitor M090. ACS Medicinal Chemistry
Letters, 16(1), 126—135.

Draft in preparation: Martin-Lopez, J., Rimaux, S., Valdivia, A., Francesconi, V., Escriche, C.,
Mestdagh, C., Van Berwaer, R., Verleye, K., Noppen, S., Laporte, M., Lozano, O., Stevaert,
A., Luque, F. J., Naesens, L., Vazquez, S. (2025). N-[(Thiophen-3-yl)methylbenzamides as

Influenza Virus Fusion Inhibitors Acting on HI and H5 Hemagglutinins.

In Project 2 and Project 3, I used Molecular Dynamics (MD) and Relative Binding Free
Energy (RBFE) simulations to explore and suggest a putative binding site for two series of
compounds with HA-mediated fusion inhibition potential against the Influenza A virus. In
Project 2, I explored pinanamine-based inhibitors exhibiting potent activities against both HA
phylogenetic groups. In Project 3, (draft ready for submission and included in this thesis), I
conducted similar simulations for a series of benzamide derivatives synthesised by the group
of Prof. Santiago Véazquez (Departament de Farmacologia, Toxicologia i Quimica Terapcutica,
UB) and tested against IAV-infected MDKC cells by the group of Prof. Lieve Naesens
(Department of Microbiology, Immunology and Transplantation, KUL).
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Chapter 3 - Results

Summary

Cholesterol is a fat-like substance with a pivotal physiological relevance in humans, and
its homeostasis is tightly regulated by various cellular processes, including the import in the
small intestine and the reabsorption in the biliary ducts by the Niemann—Pick C1 Like 1
(NPC1L1) importer. NPC1L1 can mediate the absorption of a variety of sterols but strikingly
exhibits a large sensitivity to cholesterol epimerization. This study examines the molecular
basis of the epimerization-related selective binding of cholesterol by combining extended
unbiased molecular dynamics simulations of the apo and holo species of the N-terminal domain
of wild-type NPC1L1, in conjunction with relative binding free energy, umbrella sampling, and
well-tempered Metadynamics calculations. The analysis of the results discloses the existence
of two distinct binding modes for cholesterol and epi-cholesterol. The former binds deeper in
the cavity, forming key hydrogen-bond interactions with Q95, S56, and a water molecule. In
contrast, epi-cholesterol is shifted ca. 3 A to the mouth of the cavity and the transition to the
Q095 site is prevented by an energetic barrier of 4.1 kcal-mol—1. Thus, the configuration of the
hydroxyl group of cholesterol, together with the presence of a structural water molecule, is a
key feature for effective absorption. Finally, whereas these findings may seemingly be
challenged by single-point mutations that impair cholesterol transport but have a mild impact
on the binding of cholesterol to the Q95 binding site, our results reveal that they have a drastic
influence on the conformational landscape of the a8/7 loop in the apo species compared to the
wild-type protein. Overall, the results give support to the functional role played by the a8/7
loop in regulating the access of ligands to NPC1L1, and hence to interpreting the impact of
these mutations on diseases related to disruption of sterol absorption, paving the way to

understanding certain physiological dysfunctions.
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Q95 binding mode

ABSTRACT: Cholesterol is a fat-like substance with a pivotal  \pcq| 4
physiological relevance in humans, and its homeostasis is tightly
regulated by various cellular processes, including the import in the
small intestine and the reabsorption in the biliary ducts by the
Niemann—Pick C1 Like 1 (NPC1L1) importer. NPCILI can
mediate the absorption of a variety of sterols but strikingly exhibits
a large sensitivity to cholesterol epimerization. This study examines
the molecular basis of the epimerization-related selective binding of
cholesterol by combining extended unbiased molecular dynamics
simulations of the apo and holo species of the N-terminal domain
of wild-type NPC1L], in conjunction with relative binding free
energy, umbrella sampling, and well-tempered metadynamics
calculations. The analysis of the results discloses the existence of
two distinct binding modes for cholesterol and epi-cholesterol. The former binds deeper in the cavity, forming key hydrogen-bond
interactions with Q9S, S56, and a water molecule. In contrast, epi-cholesterol is shifted ca. 3 A to the mouth of the cavity and the
transition to the Q9S site is prevented by an energetic barrier of 4.1 kcal-mol™". Thus, the configuration of the hydroxyl group of
cholesterol, together with the presence of a structural water molecule, is a key feature for effective absorption. Finally, whereas these
findings may seemingly be challenged by single-point mutations that impair cholesterol transport but have a mild impact on the
binding of cholesterol to the Q95 binding site, our results reveal that they have a drastic influence on the conformational landscape
of the a8/7 loop in the apo species compared to the wild-type protein. Overall, the results give support to the functional role played
by the a8/f7 loop in regulating the access of ligands to NPCI1L1, and hence to interpreting the impact of these mutations on
diseases related to disruption of sterol absorption, paving the way to understanding certain physiological dysfunctions.
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B INTRODUCTION a structural point of view, NPCIL1 consists of three large
extracellular (N-terminal, middle-luminal, and C-terminal)
domains and a large transmembrane region that comprises
13 helices (Figure 1A).” The N-terminal domain (NTD) is
free to unbind from the NPCIL1 core to capture cholesterol in
extracellular media. Upon binding, the NTD folds over the
other luminal domains, creating a continuous hydrophobic
tunnel between the NTD and the membrane, thus enabling
cholesterol to reach the cellular membrane.”® Mutations in the
NPCIL1 gene are associated with lower cholesterol
absorption, which results in lower coronary heart disease and
infarction risk.” Therefore, NPCIL1 inhibitors, such as
ezetimibe,'’ open avenues for the effective regulation of

Cholesterol is an essential component of mammalian cell
membranes and a key precursor of several metabolites, such as
steroid hormones, vitamin D, and bile salts. It plays an
important role in the rigidity and fluidity of the cell membrane
and also in regulating the functional conformations of
membrane proteins. The multiple physiological roles modu-
lated by cholesterol demand a tight regulation of cholesterol
homeostasis, which involves three main processes: endogenous
biosynthesis, dietary absorption in the intestine, and net biliary
excretion and reabsorption."” Alterations in the metabolic
pathways that control cholesterol homeostasis are implicated
in the etiology of various diseases and particularly have been
associated with a higher risk of cardiovascular disease,
neurodegeneration, and cancer.¥* Received:  August 17, 2023
The Niemann—Pick C1 Like 1 (NPCI1L1) protein is the Revised:  December 14, 2023
primary importer of cholesterol in the small intestine and the Accepted: December 15, 2023
reabsorption of sterols in the biliary duct.” NPCILI is also the Published: December 28, 2023
molecular target of ezetimibe, which is one of the most
prescribed drugs to lower high blood cholesterol levels.® From

© 2023 The Authors. Published b
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Figure 1. (A) Representation of the N-terminal (NTD), middle
(MLD), and C-terminal (CTD) domains (shown as white, blue, and
green cartoons, respectively) of NPC1L1 present in the luminal space
and the transmembrane region. Detail of the entrance to the binding
site of the NPCILI-NTD in (B) the apo (X-ray structure; PDB
3QNT)" and (C) cholesterol-bound state. These structures illustrate
the open-closed conformational change of the @8/$7 loop, which
regulates the access of sterols to the binding site in conjunction with
residues 1105, T106, F120, L213, and F205 (shown as blue sticks).
The crystallographic position of cholesterol in NPC1 is shown as
sticks (C atoms in orange). (D) Structure of cholesterol and epi-
cholesterol.

cholesterol levels in plasma in patients with hypercholester-
olemia'' and sitosterolaemia'* and can be used as coadjuvants
in combination chemotherapies.'>"*

NPCIL1 imports selectively cholesterol as well as sterol
precursors and vitamins.” The molecular basis of its ligand
specificity is encoded into the structural features of the NTD
binding site.'®'” The X-ray structure of the apo NTD has been
solved in its closed conformation, which prevents access to the
binding site via the steric blockage by the side chain of L213 of
the a8/$7 loop (Figure 1B). Although there is no X-ray
structure for the cholesterol-bound NTD, details of the
binding mode have been gained from the holo species of the
homologous Niemann—Pick Cl1 (NPC1) protein (40%
identity and 57% similarity; 41% identity and 64% similarity
considering only the residues involved in the cholesterol-
binding site), which has been solved in complex with
cholesterol and 25-hydroxycholesterol.'” Whereas the
NPCILI structure shows an empty binding site, the structures
of cholesterol-bound NPC1 reveal the identification of the
binding mode of this compound as well as the hydration
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pattern within the binding site (Figures S1 and S2). Inspection
of these NPC1 structures shows that residue Q200, equivalent
to L213 in NPCIL1, is exposed to the solvent and interacts
with helix a3, stabilizing the open conformation that enables
access to the binding pocket (Figure 1C). Therefore, it has
been hypothesized that the loop a8/7 plays a key role in the
gating mechanism that regulates the sterol binding to
NPCILL.'*"

The structural similarity between the homologous domains
of NPC1 and NPCIL1 paves the way to identifying the
molecular basis of the selective binding of cholesterol and
related sterols to the NPC1L1 transporter. In this regard, the
drastic reduction in transport efficiency triggered upon
epimerization of the hydroxyl group bound at carbon 3 in
cholesterol (Figure 1D) is in contrast with the effective
competition observed for other natural sterols that retain the
configuration of the hydroxyl group in cholesterol.'>'® To gain
insight into the molecular basis of the epimerization-related
selective binding of cholesterol to NPCIL1, this study reports
a series of extensive molecular dynamics (MD) simulations
that have been used to explore the binding mode of cholesterol
and epi-cholesterol. The analysis of the trajectories reveals the
existence of distinct binding modes to the NTD domain of the
NPCILI. Free energy calculations have been used to examine
the structural stability of the binding mode of these
compounds and to estimate the differences in binding affinity
between cholesterol and epi-cholesterol. The binding mode of
cholesterol has been confirmed for different sterols that retain
the f configuration of the hydroxyl group. Finally, the effect of
distinct mutations on the binding of cholesterol is discussed by
considering the impact of the mutated variants on the
structural features implicated in ligand binding. The results
highlight the subtle interplay between different factors in
modulating the binding mode and affinity of sterols for
NPCI1L], including the epimerization at the C3 position, the
role of water molecules in assisting the stability of the binding
mode, and the impact of mutations on the accessibility to the

binding pocket.

B METHODS

Setup of the Systems. The NPC1L1-NTD domain was
modeled from the X-ray structure solved by Kwon et al. (PDB
entry: 3QNT, resolution 2.83 A),"® which corresponds to the
closed conformation that occludes the sterol binding pocket
from solvent. The crystallographic structure of cholesterol in
the NTD of the homologous protein human NPC1 (PDB
entry: 3GKI, resolution 1.80 A)'® was used as a template for
the binding mode of sterols in the ligand-bound complexes of
NPCIL1-NTD. Given the almost perfect overlay of the
residues that shape the binding pocket in the NPCI-—
cholesterol complex and those present in the NPC1L1-NTD,
cholesterol was placed within the binding site of NPCIL1 by
translating the coordinates of the ligand bound to NPCI.
Indeed, only a slight steric overlap was detected between the
side chain of L213 and the aliphatic chain of cholesterol.
Nevertheless, it was alleviated through energy minimization of
the system, which was the first step of the heating and
equilibration protocol. The coordinates of the refined
cholesterol-NPC1L1 system were subsequently used to
model the binding of the sterol compounds.

The systems were solvated using a dodecahedral box of
TIP3P water molecules accounting for a 12 A spacing between
the protein and the box edge. Counterions (Na* and CI™) were

https://doi.org/10.1021/acs.jcim.3c01319
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added to maintain the neutrality of the simulated system at an
ionic concentration of 0.15 M following the SPLIT method."
The simulation systems account for a total of ~53,500 atoms
in a simulation box of 88 X 83 X 72 A’. No crystallographic
waters were included in the initial setup, as none are reported
in any of the experimentally solved structures of the NPC1L1-
NTD (Tables S1 and S2). Nevertheless, a 15 ns long
equilibration protocol was used to ensure proper hydration
of the binding site (see the next section for additional details).

The amberff14sb force field** was used for the protein, and
the sterol molecules were parametrized using the Lipid14 force
field.”' Joung and Cheatham III parameters were used for the
counterions,”” and the TIP3P model®® was used for the
solvent. Partial atomic charges for the ligands were derived
using the RESP protocol®* at the HF/6-31G(d) level of theory,
as calculated with Gaussian09.> Finally, the parameters were
converted to Gromacs file-format using the AnteChamber
PYthon Parser interfacE (ACPYPE) tool.°

Molecular Dynamics Simulations. Each system was
minimized using 15,000 steps of steepest descent, followed by
5000 steps of conjugate gradient algorithm. Then, each system
was gradually equilibrated in 9 steps. The systems were heated
in the NVT ensemble from 100 to 300 K in three stages of 1 ns
(100—150, 150—250, 250—300 K) with $ kcal-mol ™" positional
restraints on the backbone atoms of the protein and all of the
atoms of the ligand. Subsequently, the density of the system
was equilibrated for 12 ns in the NPT ensemble (pressure: 1
bar, T: 300 K). During the last S ns of the equilibration run,
the positional restraints were slowly released, decreasing 1.0
kcal-mol™ per ns.

Production runs encompassed 4 replicas of 0.5 us per
system, accounting for a total simulation time of 2 us per
system (for a total of 28 us of simulation time). Temperature
control was achieved using a V-rescale thermostat.”” Pressure
control was maintained by using the Parrinello—Rahman
method. All bonds involving hydrogen atoms were constrained
by the LINCS algorithm™® to allow for a time step of 2 fs. All
simulations were performed with the Gromacs 2022.4
package.”

Molecular Mechanics Poisson—Boltzmann Surface
Area (MM-PBSA) Calculations. The binding free energy of
sterol molecules to NPC1L1-NTD was estimated using MM-
PBSA calculations with the MMPBSA.py script available in
AmberTools22.*® The theoretical details of the method are
described in detail elsewhere.”’ For each sterol-bound
complex, a total of 400 configurations (100 taken from each
independent replicate) were extracted and preprocessed to
include key structural water present in most of the simulations
(see below) as part of the receptor. Dielectric constants of 2
and 80 were used for the interior of the protein and the bulk
solvent, respectively, in conjunction with an ionic strength of
0.15 M.** No entropic contributions were calculated since the
final aim was to estimate the relative binding free energies
(RBFE) of structurally related, largely rigid ligands that adopt a
similar arrangement in the binding pocket.

The cpptraj package was used for the analysis of the
simulated systems. The volume of the binding pocket was
calculated with MDPocket.*?

Binding Free Energy Calculations. The relative binding
free energy (RBFE)** between sterols was determined through
alchemical transformations where a ligand (L1) is converted
into a structurally related analogue (L2) in both the protein-
bound complex and in the unbound state in aqueous solution
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(eq 1). Accordingly, independent sets of simulations were
carried out for the transformation between L1 and L2 in water
and in the protein.

AAG4(L1 = L2) = AGpo (L1 — L2)
- AG

‘water

(L1 - L2) (1)

The transformation from L1 to L2 was split in a set of
windows, where 4 = 0 and 4 = 1 correspond to L1 and L2,
respectively, and the intermediate A values correspond to a
linear interpolation between the parameters of the initial and
final systems.>> A dual topology alchemical perturbation
protocol was employed by using 21 evenly spaced A-windows.
To smoothly transform L1 to L2, we applied soft-core
potentials using soft-core electrostatics®® as described in
AMBER22% to the ring A of the sterol core. All of the A
simulations were run for 6 ns, accounting for a total of 126 ns
per transformation (12 transformations, over 1.5 us of RBFE
simulations). The Thermodynamic Integration (TI) estimator,
as implemented in alchemlyb,”” was used to estimate the free
energy change for each A simulation. All simulations were
carried out with the GPU-accelerated TI implementation®**®
of Amber22.

The initial coordinates for each binding mode were
extracted from the unbiased MD runs. All of the systems
were carefully equilibrated with the dual topology using the T1
code in each transformation with 4 = 0.5. Each system was first
heated in the NVT ensemble from S to 300 K (200 ps) and
subsequently equilibrated at 1 bar in the NPT ensemble (300
ps). During the equilibration protocol, the heavy atoms of the
protein and ligand were restrained with positional restraints (S
kcal-mol™!). Each A state was then simulated in the NVT
ensemble at 300 K by using the Langevin thermostat and the
SHAKE algorithm for bonds involving hydrogen atoms.

Each simulation was repeated three times to assess
reproducibility of the free energy changes. The resulting
binding free energies were averaged, and their standard
deviations were used for the error analysis. Additionally, we
calculated the cycle closure error to assess the convergence of
the simulations. Convergence was reached when the cycle
closure errors were below 0.3 kcal-mol™.

Umbrella Sampling (US) Calculations. To estimate the
potential of mean force (PMF) for the transition of epi-
cholesterol between the two binding modes in the ligand
cavity, a series of five steered MD simulations were performed
to sample the shift from the T128 anchoring site to the Q95
binding one.”® To this end, the distance between the N atom
of the QIS side chain amide group and the O atom of epi-
cholesterol was chosen as a transition coordinate. Steered MD
simulations were started by using snapshots taken from the
unbiased MD runs, where the T128 binding mode was stable.
The transition of epi-cholesterol between the two anchoring
sites was driven by using a speed of 0.5 A-ns™" in conjunction
with a force constant of 500 kcal-mol™ A~ (hence using the
stiff-spring approximation).

The trajectory that showed lower work profiles was selected
for the umbrella sampling (US) calculations, which were
performed to estimate the potential of mean force (PMF) for
the transition between the Q95 and T128 binding modes of
epi-cholesterol. The distance between the N atom of the Q95
side chain and the O atom of the epi-cholesterol molecule was
varied within a range of 2.5-8 A and an interval of 0.5 A,
accounting for a total of 12 bins. The initial coordinates of

https://doi.org/10.1021/acs.jcim.3c01319
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each bin were selected by choosing the snapshot of the steered
MD trajectories with the closest value to the ideal transition
coordinate. Harmonic potential restraints of 1 kcal-mol™ A~
were applied to avoid deviations from the target values along
the transition coordinate that connects the two binding states.
Each bin was run for 6 ns using the same conditions described
in the MD section. Values of the reaction coordinates were
stored every 10 fs for postprocessing. The WHAM method*’
was used to obtain the PMF profile as implemented in the
GROMACS package (gmx wham), and the error bars were
computed by bootstrapping 100 times.

Well-Tempered Metadynamics Simulations. To fur-
ther check the results obtained from the US calculations,
multiple-walkers well-tempered metadynamics simulations
(MW-WTM)*'~* were used to examine the transition of
epi-cholesterol between the two binding modes defined by
interactions with Q95 and T128 in the ligand cavity. Two
collective variables were defined to guide conformational
sampling. The first collective variable (CV1) accounts for the
difference between the distances of the H-bonds formed by the
oxygen atom of epi-cholesterol with the side chains of Q95 and
T128 (the Q95 and T128 binding modes are mapped onto the
negative and positive values of CV1, respectively). The second
collective variable (CV2) was chosen to follow the conforma-
tional fluctuations of the S-entrance by measuring the distance
between the center-of-mass (COM) of residues 212—214 of
the a8f7 loop and the COM of residues 104—106 of a-helix 3.
Lower and upper walls were placed to keep the distances
between the O atom of epi-cholesterol and the N/O atom of
the Q95/T128 side chain within the range of 2—10 A
Likewise, CV2 was maintained between 7 and 17 A to sample
the conformational space of the S-entrance in the unbiased
MD simulations and to avoid drastic changes (i.e., unfolding)
in the a87 loop. Six independent walkers™* were used to
contribute simultaneously to the same history-dependent bias
potential and to explore the free energy surface (FES). The
deposition rate of the Gaussian biasing terms was set to 1 ps,
their initial height to 0.4 kcal mol™}, and a bias factor of 15.
Initial positions for each walker were set along the path that
connects the Q95 and T128 binding modes obtained from US
calculations. The system was simulated for a total of 1.2 us,
and the bias potential was updated every 0.2 ps. The minimum
energy path between the Q95 and T129 binding modes was
obtained using the string method**® over the FES.

Principal Component Analysis (PCA). To explore the
conformational landscape of the S-opening in the NPCIL1-
NTD upon cholesterol binding and absorption impairing
mutations, we performed principal component analysis (PCA)
onto the apo and cholesterol-bound trajectories of wild-type
and mutant domains. We only included the main-chain atoms
(C, Ca, N, and O atoms) of the a8/f7 loop (from Q206 to
L216) and the a3 helix (from A93 to L110). The trajectories
were properly aligned to the equilibrated structure of
NPCILI-NTD in the apo state. Then, the eigenvalues and
eigenvectors were calculated by diagonalizing the mass-
weighted covariance matrix of the system using the gmx
covar and gmx anaeig modules of the GROMACS 2022.4
package.

The relative population of each conformational state
sampled for the apo- and cholesterol-bound systems was
estimated after projection in the space defined by the first two
principal components (PCs), which account for 66% of the
total structural variance (see below). To this end, we used the
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k-means clustering with 100 clusters to discretize the PC space,
and then these clusters were further classified into eight
conformational states (five for the apo and three for the
cholesterol-bound systems) using the Robust Perron Cluster
Analysis method (PCCA+)*” as implemented in the PyEMMA
2.0 module.*® The error bars of these populations were
obtained by bootstrapping 5 times. Fifty structures of each of
these conformational states were extracted for visualization and
structural analysis purposes.

B RESULTS AND DISCUSSION

Conformational Changes of the «8/#7 Loop of
NPC1L1 upon Ligand. The NTD domains of both
NPCILI and NPC1 have a common protein fold, as noted
in a positional root-mean-square deviation (RMSD) of 1.6 A
determined for the Ca atoms (Figures S1 and S2); however,
comparison of their structures highlights the subtle but
relevant rearrangement of the a8/47 loop, which affects the
accessibility to the binding pocket. In the NPC1L1-NTD, the
side chain of L213 is buried into the entrance of the binding
site, thus preventing ligand binding. In contrast, residue Q200
of the a8/f7 loop of NPCI-NTD, equivalent to L213 of
NPCILI-NTD, interacts with N86 of the a3 helix and
stabilizes the open conformation.'” This structural rearrange-
ment enlarges the entrance to the binding pocket in NPC1
compared to NPCIL1, as noted in the width of the cavity
mouth, which increases from 7.6 A in NPCIL1-NTD (X-ray
structure 3QNT) to 9.3 A in NPCI-NTD (X-ray structure
3GKI) measured as the distance between the C; atoms of
L213 and T106 of NPCIL1-NTD, and the Cj atoms of Q200
and P90 of NPCI-NTD.

The structural stability of the apo- and cholesterol-bound
states of NPC1L1-NTD was examined by means of extensive
unbiased MD simulations. Four independent replicates, each
covering 0.5 us, were run for each system, thus leading to a
cumulative simulation time of 2 s for the apo and cholesterol-
bound forms of NPCILI-NTD. Stable RMSD profiles were
obtained in the four replicates run for both apo and holo
systems (Figures S3 and S4)

Our simulations confirm that, in the apo state, the side chain
of L213 interacts with L103, T106, F120, and F20S, thus
forming a stable hydrophobic cluster that keeps the closed
conformation, which hinders the entrance to the binding site
(Figure 2; see also Figure S5), also known as S-opening. These
residues bury the side chain of L213 in the binding site close to
the phenyl ring of F120 for most of the simulation time
(average distance of 5.4 + 0.6 A; present in 58% of the
simulation time). This conformation is further stabilized by a
H-bond interaction between the backbone of L213 and S102
on the a3 helix (average distance of 2.7 + 0.1 A; 45% of the
simulation time), which brings the a8//7 loop upon the a3
helix and tightens this hydrophobic cluster. This causes a slight
distortion from the X-ray structure, as the RMSD of the Ca
atoms of the a8/f7 loop is on average 2.0 =+ 0.9 A,
accompanied by a decrease in the width of the cavity mouth,
which amounts on average to 6.5 + 0.6 A (average distance
from the Cf atoms of the L213 and T106), compared to the
X-ray structure (distance of 7.6 A). The side chain of L213 can
also adopt a distinct conformation that enables the interaction
with 1105 (average distance of 5.5 + 0.3 A; 37% of the
simulation time) but without altering the entrance of the
binding site (6.3 = 0.8 A). Altogether, the two conformations

https://doi.org/10.1021/acs.jcim.3c01319
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Figure 2. Superposition of the final structures of the MD trajectories
of the apo (A, C) and cholesterol-bound states (B, D). (A, B) The
conformations sampled by the a8/f7 loop are shown in a blue
cartoon. (C, D) Shape and solvation pattern of the binding site of
NPCIL1-NTD for the apo and cholesterol-bound states. The protein
surface is shown as a gray surface. The red isosurface accounts for
50% of water occupancy in the binding site during the last 100 ns of
each replicate (aggregated 400 ns of simulation time).

adopted by L213 restrict the volume of the binding site, which
amounts to 374 + 4 A’

Despite the hydrophobic nature of the cavity, between 6 and
16 water molecules were found in the binding site, with an
average number of 11 + 2 waters for the four replicates (Figure
S6). The access of water molecules to the binding site occurs
through the W opening, which is shaped by the al and a2
helices that lie on top of the cavity. Also, the binding pocket
has a subset of polar residues composed of Q95, S56, Y156,
T128, and H124 (Figure 2) that interact with a network of
water molecules that fill the binding pocket. This network
overlaps nicely with the waters detected in the crystallographic
structure of the apo state of the NPC1 (Figure s7)."7

The binding of cholesterol requires the conformational
rearrangement of the side chain of L1213, which interacts with
the ligand’s side chain (average distance of 4.9 + 0.1 and 5.2 +
0.1 A with the carbon atom of the methyl group in position
C18 of the sterol moiety and the first carbon atom of the
aliphatic side chain, respectively). This interaction is facilitated
by the fact that L213 adopts a conformation that mimics the
arrangement of Q200 in NPCI-NTD, where its side chain
points to 1105 in the a3 helix (Figure S7). The presence of
cholesterol in the binding site forces the open conformation of
the pocket, which is stable and exhibits small fluctuations in
the four replicates (Figure 2; see Figure S3) in agreement with
previous studies.'® Thus, the average RMSD determined for
the Car atoms of the @8/f7 loop relative to the X-ray structure
of NPC1-NTD is 2.3 &+ 0.1 A. Compared to the apo species,
the expansion of the cavity is reflected in the width of the
mouth of the binding site, which on average amounts to 8.3 +
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0.5 A, and in the enlargement of the cavity volume (average
value of 1031 + 18 A? ), it being around 3-fold larger than the
volume determined for the apo species.

The crystallographic binding mode of cholesterol was fully
maintained in the simulations of the complex with NPCI1L1-
NTD (Figure 2). The hydroxyl moiety of cholesterol can
establish three H-bond interactions with neighboring residues:
the amide NH of Q9S, the hydroxyl group of S56, and a water-
mediated interaction with the backbone of Q54 [let us note
that this water molecule is also present in the experimental
structure of NPC1 (Figure $7)]."7 While the H-bond
interactions with Q95 are stable along all of the replicates
(average distance of 2.9 + 0.1 A; 66% of the simulation time),
the S56 side chain fluctuates between its interaction with the
ligand (average distance of 2.8 + 0.1 A; detected in 17% of the
simulation time) and the backbone carbonyl oxygen of D37.
The hydrophobic tetracyclic system of cholesterol interacts
with residues 199, L103, and H124 of the a-helices of the
NTD core and residues A214 and P215 of the a8/f37 loop.
Finally, the aliphatic chain is partially exposed to the bulk
solvent at the S-opening, where it interacts with L213 and
F205 (Figure S8). Hereafter, given the increased stability of
the interaction with Q95, this binding mode will be referred to
as the Q95 binding mode.

The binding of cholesterol displaces most of the water
molecules present in the binding site, which, however, still
contains an average number of S + 1 water molecules (Figures
S7 and S9). The 50% occupancy isocontour of the water
density accounts for the water wire that extends from H124 to
Q95, highlighting the position of three structural waters. The
first two mediate interactions between residues H124 and
Y156, and the third establishes an H-bond interaction with the
B-hydroxyl moiety of cholesterol. Let us note that the presence
of water molecules is not uncommon in cholesterol-binding
sites,* and the homologous NPC1-NTD contains two
crystallographic water molecules that overlap with the water
wire positions (Figure S7).

Epi-Cholesterol Binds Using Two Binding Modes in
the NPC1L1-NTD Domain. To understand the molecular
basis of the inability of epi-cholesterol to effectively compete
with cholesterol for binding to NPCILI1-NTD, four
independent unbiased MD simulations of the epi-cholesterol-
bound complex were performed. We used the crystallographic
binding mode of cholesterol to NPCI-NTD as a template to
model the starting binding mode of epi-cholesterol in the
NPCIL1-NTD complexes.

The analysis of the trajectories showed that epi-cholesterol
displays two distinct binding modes (Figure 3; see also Figure
$10). In the first one, epi-cholesterol tries to adopt the Q95
binding mode of cholesterol. However, to keep the H-bond
with the side chain of Q9S, the orientation of the hydroxyl
group forces the sterol core to move closer to the loops with a
concomitant displacement of the crystallographic water
(Figure 3A,C). In the second, epi-cholesterol is shifted toward
the S-opening to establish a H-bond interaction with the side
chain of T128 (Figure 3B,D; average distance of 2.8 + 0.1 A;
present in 72% of the simulation time). We have named this
alternative pose as the T128 binding mode. Binding to T128
enlarges the exposure of the aliphatic chain of epi-cholesterol
to the bulk solvent, although this effect is counterbalanced by
the interaction of the aliphatic side chain with M188 (6.4 +
1.9% SASA of epi-cholesterol compared to the 3.8 + 0.6%
SASA of epi-cholesterol in the Q95 binding mode).

https://doi.org/10.1021/acs.jcim.3c01319
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Figure 3. Superposition of the final structures of the MD trajectories
of the Q95 (A, C) and T128 binding modes (B, D) of the epi-
cholesterol-bound states. (A, B) The conformations sampled by the
a8/[37 loop are shown in a blue cartoon. Epi-cholesterol is shown in
purple sticks. (C, D) Shape and solvation pattern of the binding site
of NPCILI-NTD for the epi-cholesterol-bound states. The protein
surface is shown as a gray surface. The red isosurface accounts for
50% of water occupancy in the binding site during the last 100 ns of
each replicate (accumulated 200 ns of simulation time).

Furthermore, the shift of epi-cholesterol to the T128 binding
mode causes the side chain of L213 to move away from 1105

while it becomes closer to F20S. Therefore, the a8/f7 loop
opens slightly when epi-cholesterol binds to T128 compared to
the Q95 binding mode, leading to a slight increase of the cavity
volume (1153.2 + 30.9 and 1095.0 + 7.7 A3, respectively) and
filling the cavity with a higher number of water molecules (9 +
1 and 7 + 1 water molecules; Figure S11).

It is worth noting that the binding of epi-cholesterol to the
Q95 and T128 binding sites exhibits different traits between
the four independent replicas. Thus, epi-cholesterol remains
primarily bound to T128 in replicas 1 and 3, whereas the
occupancy of the Q95 binding site is larger in replicas 2 and 4.
Furthermore, differences are also observed in the number of
exchanges between the two binding sites, as measured from the
difference between the distances of the H-bond interactions
formed by epi-cholesterol with Q95 and T128 in conjunction
with a threshold of 1.5 A to split the two binding modes. This
analysis revealed that the transitions of epi-cholesterol between
Q95 and T128 sites varied from ~30 exchanges in replica 2 to
almost 560 exchanges in replica 3. These differences seem to
arise from the behavior of the a8f47 loop, which must open
slightly to facilitate the transitions of epi-cholesterol in the
interior of the cavity (see above and Figure 3). Therefore, the
conformational plasticity of this loop appears to be a relevant
factor in assisting the binding of the ligands to NPC1L1-NTD.

On the other hand, these results point out that the sampling
obtained from the four independent MD simulations is not
complete, and a proper quantitative analysis of the preferences
for binding to the Q95 and T128 sites should be gained by
using enhanced sampling techniques. In this context, RBFE
calculations®”*" were first carried out to obtain a quantitative
estimate of the change in binding affinity due to epimerization
of the hydroxyl group in cholesterol. To this end, alchemical
transformations were performed for the conversion of
cholesterol and epi-cholesterol to cholestane, which lacks the
hydroxyl group and can therefore be used as a reference to
estimate the contribution of the H-bond to the binding of
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Figure 4. (A, B) Perturbation network of the chemical changes on position 3 of the cholesterol ring for the (A) Q95 binding mode and (B) T128
binding mode. Arrows indicate alchemical simulations carried out with computed relative free energies in kcal mol™". Green numbers indicate
average cycle closure errors. (C) Relative free energy changes for the three replicates and the mean and standard deviation of the AAG for each
transformation. CHL: cholesterol, ECL: epi-cholesterol, and C5N: cholestane.
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cholesterol and epi-cholesterol to the Q95 and T128 binding
sites. The simulation systems included the key water molecule
that assists the binding of sterols in the Q95 binding mode.*>**
The relative free energy values are obtained from the average
values of three independent runs (Figure 4).

The results point out that the H-bond formed by cholesterol
with Q9S has a net stabilizing contribution of 2.3 kcal-mol™
relative to cholestane, whereas the contribution of the hydroxyl
group in epi-cholesterol is around 5-fold less favorable. Indeed,
cholesterol binds more favorably to the Q95 binding site than
epi-cholesterol by 1.8 kcal-mol ™, thus reflecting the inability of
the a-configuration of the hydroxyl group to form an effective
H-bond in the Q95 binding mode. On the contrary, epi-
cholesterol binds more favorably than cholesterol by 1.0 kcal-
mol™! in the T128 binding mode, reflecting the formation of
the H-bond with T128, which is unfeasible for the pS-
configuration of the hydroxyl group. In fact, the difference in
binding free energy between cholesterol and cholestane is ca.
0.3 keal-mol ™.

These results provide a rationale for the stability of the
binding mode observed for cholesterol in the unbiased MD
simulations, which showed that the ligand remains tightly
bound to Q9S, in contrast to the transition observed for epi-
cholesterol to the T128 binding mode in two trajectories.
Nevertheless, keeping in mind the limited sampling attained
from the four independent unbiased simulations, we employed
two enhanced sampling techniques to estimate the energetic
cost of the transition: one-dimensional umbrella sampling
calculations (US) using only the formation of the H-bond with
Q95 side, and bidimensional well-tempered metadynamics
simulations that also consider the opening of the a847 loop.
First, the potential of mean force (PMF) determined from US
calculations reveals the presence of two minima at 2.9 and 6.5
A, which correspond to the Q95 and T128 binding modes,
respectively. The Q95 binding mode is destabilized by
approximately 1.1 kcal mol™ with respect to the global
minima at the T128 binding mode. The energetic barrier for
the transition from the T128 binding site to the Q9S one is 3.6
kcal mol™!, whereas the barrier for the Q95 —T128 transition
is roughly 2.5 kcal mol™". These energetic barriers were refined
using well-tempered metadynamics simulations, which exploit
the difference of distances between the O atom of epi-
cholesterol and the Q95 and T128 side chains (CV1) and the
opening of the a8f7 loop (CV2), defined as the distance
between the center-of-mass (COM) of residues 212—214
within the a8f7 loop and residues 104—106 located at the a3
helix.>* The resulting FES (Figure 5) shows two minima that
correspond to the Q95 and T128 binding modes. The global
minimum located at the T128 binding mode is more stable
than the Q95 binding mode by ca. 2.0 kcal mol™'. While the
Q95 binding mode shows a preference for closed conforma-
tions of the loop, the T128 binding site can accommodate a
larger range of loop conformations. The minimum energy path
between the two minima obtained by the String method® is
shown in a black line on top of the FES (Figure S). The barrier
for the passage from Q95 to T128 amounts to ca. 2.1 kcal
mol~!, whereas the barrier for the T128 —Q95 transition is
close to 4.1 kcal mol™". The energetic profiles obtained by the
well-tempered metadynamics simulations and US calculations
are qualitatively similar. However, it is also clear that the
motions of the S-entrance may have an impact on the
quantitative features of the FES, thus highlighting the coupling
between the fluctuations between the two H-bond states of
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Figure 5. (A) PMF of the interconversion between the Q9S and
T128 binding modes obtained by US is in kcal mol™". (B) Free energy
surface of the transition between the Q95 and T128 binding modes
for epi-cholesterol obtained via two-dimensional (2D)-well-tempered
metadynamics. The distances that account for the formation of
respective H-bonds between Q95 and T128 with the hydroxyl of epi-
cholesterol. The minimum energy path between Q95 and T128 is
shown as a black line. The color bar is in kcal mol™. (C) The
energetic profile of the minimum energy path between binding modes
sampled from the bidimensional free energy surface in kcal mol ™.

epi-cholesterol and the conformational flexibility of the a8437
loop and the a3 helix. Overall, these results support the
existence of distinct binding modes for cholesterol and epi-
cholesterol, revealing that epimerization of cholesterol weakens
the binding affinity by promoting the binding to a less buried
site in the cavity (Figures 4 and $).

Binding Affinity of 25-Hydroxycholesterol and Lan-
osterol to NP1CL1-NTD. To further explore these findings,
an additional set of four independent MD simulations was
performed for the complexes of NPCIL1-NTD with 25-
hydroxycholesterol and lanosterol (Figure S) since *H-
cholesterol competitive binding assays have shown that these
compounds can displace cholesterol from the NPCIL1-NTD
binding site.">18 Following the previous discussion, the
analysis was focused on the effect of the chemical differences
present in these compounds relative to cholesterol (i.e., the
location or the double bond and the presence of methyl groups

https://doi.org/10.1021/acs.jcim.3c01319
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Figure 6. Chemical structures and representative structures of the binding modes of 25-hydroxy-cholesterol and lanosterol bound to the NPC1L1-
NTD. Sterols are shown as colored sticks: cholesterol (A, orange), 25-hydroxycholesterol (B, blue), and lanosterol (C, yellow). NPCIL1-NTD is
shown as a white cartoon. The position of the @8//7 loop is shown as a blue cartoon. The occupancy of water molecules in the binding site over

50% of the simulation time is shown as a red isosurface.

Table 1. Binding Free Energies [Average and Standard Deviation (SD); kcal'mol™'] Obtained from MM-PBSA Calculations

for the Studied Sterols in Complex with NPC1L1-NTD

MM-PBSA without water molecule

MM-PBSA with water molecule

mean SD standard error of the mean mean SD standard error of the mean
cholesterol -16.0 0.6 0.3 —20.8 0.9 0.5
epi-cholesterol Q95 binding mode —15.6 2.2 15
epi-cholesterol T128 binding mode —19.2 0.2 0.2
25-hydroxy-cholesterol -15.0 1.5 0.7 -19.3 2.6 1.3
lanosterol -15.0 2.4 1.2 -19.2 2.3 1.1

in the tetracyclic core and the hydroxyl or double bond
introduced in the aliphatic chain) on the binding to NPC1L1-
NTD.

The RMSD of the protein backbone was stable in all cases,
with values around 2 A for the two sterol-bound complexes
(see Figures S13 and S14). Compared to cholesterol, which is
stably bound (RMSD close to 1 A), slightly larger RMSD
values, generally lower than 3 A, were observed for the ligand
in the complexes with NPC1L1-NTD, which in most cases
reflects fluctuations of the aliphatic side chain of the sterols
outside the binding pocket.

The chemical modifications introduced in these compounds
do not alter the Q9S binding mode of the sterols (Figure 6).
The binding mode of 25-hydroxycholesterol retains all of the
described interactions for cholesterol, especially regarding the
H-bond with Q9S. On the other hand, the presence of the
additional hydroxyl group bound at the C25 position can
establish additional interactions with the solvent, the side chain
of T106 (average distance of 2.8 + 0.1 A; present in 25% of the
simulation time), the backbone of S102 (average distance of
2.8 + 0.1 A; 17% of the simulation time), and the side chain of
Q206 (average distance of 2.9 + 0.1 A; 8% of the simulation
time) (Figure S13 and Table S3).

Despite the chemical changes introduced in the core of the
sterol moiety, lanosterol establishes the same interactions
described for cholesterol in the Q95 binding mode (Figure 6).
The additional methyl groups in the C4 position fit well into
the pocket shaped by residues L216, Y156, and F35 and do not
impair the formation of H-bonds with Q95 and S56 (Figure
S14 and Table S3). Thus, an average distance of 2.9 + 0.1 A
was determined for the H-bond interaction with Q9S (present
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in 70% of the simulation time), whereas the interaction with
the S56 side chain (average distance of 2.8 + 0.1 A) is found in
13% of the simulation time.

The number of water molecules found in the binding site is
similar for all of the sterols in the Q95 binding mode, as it
amounts on average to S + 1, 6 + 1, and 4 + 1 for cholesterol,
25-hydroxycholesterol, and lanosterol, respectively (Figures 6
and S15). In the latter case, the lower content of water
molecules can be attributed to the disruption of the water wire
caused by the two methyl groups bound at the C4 position. In
all sterol complexes, the hydroxyl moiety of the sterol core
establishes an H-bond interaction with a water molecule,
which, as mentioned before, occupies the same position found
in the crystallographic structure of the cholesterol-NPC1
complex (Figure S7).

Finally, MM-PBSA calculations were performed to examine
the contribution of the residues in the binding pocket as well as
of the water molecule to the binding affinity and selectivity of
cholesterol, epi-cholesterol, 25-hydroxycholesterol, and lano-
sterol (Table 1). Including the water molecule, the binding
affinity of cholesterol is estimated to be —20.8 + 0.9 kcal:
mol™!, which is close to the values obtained for 25-
hydroxycholesterol and lanosterol (=19.3 +£ 2.6 and —19.2 +
2.3 and, respectively). This agrees with the experimental
evidence,”'>"® which shows that both 25-hydroxycholesterol
and lanosterol exhibit a direct competition with cholesterol for
the binding to NPC1L1-NTD. Notably, the absence of the
water molecule reduces the binding affinity to 15—16 kcal-
mol™". In contrast, the binding affinity estimated for the two
binding modes of epi-cholesterol is —15.6 + 2.2 (Q9S binding
site) and —19.2 + 0.2 kcal'mol™' (T128 binding site).

https://doi.org/10.1021/acs.jcim.3c01319
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Table 2. Per-Residue Decomposition to the Binding Affinity (kcal'mol ') Obtained from MM-PBSA for All of the Studied

Sterols in Complex with NPC1L1-NTD*

residue cholesterol epi-cholesterol Q95 binding mode epi-cholesterol T128 binding mode 25-hydroxy-cholesterol lanosterol
E38 —0.6 + 0.4 0.5 £ 0.6 —04 +£02 —0.6 + 0.3 —-0.5 £ 0.5
Ns4 -0.5 +03 0.1 + 0.4 —0.1 +0.1 —04 + 0.3 —-02 + 0.3
SS6 —-1.6 £ 09 —-0.7 £ 0.3 —0.0 = 0.0 —-1.4 £ 038 —-0.7 £ 0.2
Té1 0.0 + 0.0 0.0 + 0.0 0.0 + 0.0 0.0 + 0.0 0.0 + 0.0
K94 -02 + 0.1 —0.2 + 0.1 0.1 + 0.1 —-0.2 + 0.1 —0.1 + 0.1
Q95 —-34 + 0.5 —-32 + 0.5 0.0 +£ 0.2 -35+05 —-3.6 +0.5
S98 -0.5 + 03 —0.7 + 0.4 —0.1 + 0.1 —0.6 + 0.3 —0.6 + 0.3
L99 -1.9 £ 03 —-2.0 + 03 —-14 +03 —-1.9 £ 03 -22+03
L103 -12 +02 —-12 £ 02 —-1.6 + 03 -1.0+ 02 -1.1+£03
1105 —-0.2 + 0.1 -0.2 £ 0.1 —-1.1 £ 0.3 —04 + 0.2 —-03 + 0.2
L110 0.0 + 0.0 0.0 + 0.0 —02+0.1 0.0 + 0.0 0.0 + 0.0
F120 —0.6 + 0.3 —-0.6 + 0.2 —1.0 £ 0.2 —-0.6 + 0.2 —0.6 + 0.2
H124 —-13 + 04 —1.0 + 0.4 -12 + 05 —-1.0+03 —0.6 + 0.5
T128 —-03 + 03 —0.5 + 0.4 —-2.1+ 0.1 -03 £ 02 —-03 £ 0.2
N132 0.0 + 0.0 0.0 + 0.0 0.0 + 0.0 0.0 + 0.0 0.0 + 0.0
F205 —-02 + 0.3 —-02 + 03 —0.6 + 0.2 —-03 + 03 —-03 £ 0.2
1213 —1.6 + 0.4 —-1.0 + 03 -1.5+03 —1.6 + 0.4 —1.5 £ 04
A214 —-1.0 £ 0.2 —-0.8 +£0.2 —1.0 £ 0.2 -09 +£0.3 —-09 + 0.2
P215 —-1.6 + 03 —-1.5+03 -32 +0.1 —-1.6 + 03 —-12+03
L216 —0.8 £ 0.2 —-0.9 £ 0.2 —-1.6 + 0.3 -0.7 £ 02 —-1.1+£02
water —1.6 + 0.6 —-1.7 £ 0.5 -13 + 0.6

“Residues highlighted in gray are key positions for cholesterol absorption identified in the literature.

Although caution is required to not overemphasize the
significance of the differences in the calculated binding
affinities, which nevertheless benefit from the cancellation of
uncertainties due to the comparison between structurally
related sterols, these results point out that the suboptimal
geometry of the C3 position to establish H-bonds and the loss
of the interaction with the water molecule destabilizes the
binding of epi-cholesterol to the Q95 binding site.

A per-residue decomposition of the binding affinity provided
a consistent view of the most relevant residues for the binding
of sterols to NPCIL1-NTD (Table 2). The key residues
involved in the H-bond, namely, Q95 and S56, contribute
around —3.4 + 0.5 and —1.6 + 0.9 kcal'mol™, respectively.
The interaction with T128 is only relevant for epi-cholesterol
in the T128 binding mode (—2.1 + 0.1 kcal-mol™"), whereas
this residue has a negligible effect for the other sterols (=-0.5
keal-mol™"). Other polar residues are common to both binding
modes, such as H124, with an average value of —1.1 + 0.9 kcal-
mol™". The hydrophobic contacts between the tetracyclic core
of the sterols and the binding site include L99 (—1.9 + 0.3
kcal-mol™!), L103 (=1.2 + 0.2 kcal-mol™), and F120 (—0.6 +
0.3 kcal'mol™), and the a8/7 loop residues 1L.213 (—1.6 +
0.4 kcal'mol™"), A214 (=1.0 + 0.2 kcal'mol™), P215 (—1.6 +
0.3 kecal'mol™), and L216 (—0.8 =+ 0.2 kcal-mol™") (see Table
2).

Mutations that Impair Cholesterol Transport Distort
the a8/f7 Loop. Previous studies have disclosed a variety of
single-point mutations in the NPCILI-NTD that have a
detrimental effect on cholesterol absorption.'®*>*® In light of
the previous results regarding the binding mode of cholesterol,
a discussion of the potential impact of mutations that affect
specific residues in the binding pocket of NPCIL1-NTD
deserves interest. For our purposes, the T128A, I105A, F205A,
and P215A variants, which trigger a reduction in cholesterol
absorption varying from 35 to 85% (Table 3),'® were selected
to explore their effect on cholesterol binding. Noteworthily,
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Table 3. Binding Free Energies (Average and Standard
Deviation (SD); kcal'mol™") Obtained Using MM-PBSA
Calculations for Cholesterol Bound to the Mutated Variants
of NPC1L1-NTD

MM-PBSA with water molecule
kcal mol™

reduction of cholesterol standard error of

absorption % mean SD the mean
Wi]d-type - —20.8 0.9 0.5
1105A 35 —22.1 1.9 1.0
T128A 85 —18.1 2.7 1.4
F205A 85 —19.8 1.5 0.7
P215A 52 —15.7 2.2 1.1

although the detrimental effect of P21SA may be justified by
the loss of the contribution of P21S to the binding affinity,
which varies from —1.6 to —1.2 kcal-mol™ for cholesterol, 2.5-
hydroxycholesterol, and lanosterol (see Table 2), the effect of
the other three variants is not apparent, as their contribution to
the binding affinity is around —0.3 kcal'mol™ for these
compounds. In turn, this suggests that other factors beyond the
direct interaction between the ligand and the residues in the
binding pocket may influence the efficiency of binding of
cholesterol to NPCI1L1-NTD.

To gain insight into this question, four independent MD
simulations were performed for both the apo and cholesterol-
bound states of the mutated (T128A, 1105A, F205A, and
P215A) NPCIL1-NTD and a comparison was made with the
structural and energetic features determined for the wild-type
protein (see above). The RMSD profile of the protein
backbone of the mutated variants showed no significant
alterations for both the apo and cholesterol-bound simulations
(RMSD values around 2 A; see Figures S16—S19 and S20—
S23 for apo and ligand-bound species, respectively). The
RMSD values of cholesterol for all of the mutants were close to
1 A and, therefore, comparable to the cholesterol-bound

https://doi.org/10.1021/acs.jcim.3c01319
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Figure 7. (Top) Q9S binding mode of cholesterol is maintained in the (A) P215A, (B) 11054, (C) F205A, and (D) T128A mutated variants of
NPCI1L1-NTD. (Bottom) Shape and solvation pattern of the binding site of NPCILI-NTD for cholesterol-bound states. The conformations
sampled by the a8/7 loop are shown in a blue cartoon. Cholesterol molecules are shown as orange sticks. Mutated residues are highlighted using
gray sticks. The protein surface is shown as a gray surface. The red isosurface accounts for 50% of water occupancy in the binding site during the
last 100 ns of each replicate (accumulated 400 ns of simulation time).

complex formed with the wild-type NPCIL1-NTD (Figure
S4), with the only exception of a few transient peaks, always
below 3 A, which account for rearrangements of the aliphatic
side chain.

Compared to the wild-type complex, there is a slight
reduction in the volume of the cavity, which varies from 940 to
990 A3 for the mutated variants (volume of 1024 + 19 A3 for
the wild-type protein). Nevertheless, the Q9S binding mode is
stable along the simulation time in all of the cholesterol-bound
simulations (Figures 7 and $20—S23). Indeed, the three key
H-bond interactions with Q95, S56, and water molecules are
maintained in all replicates. We only observe two short-lived
destabilizations of the Q95 binding mode in the T128A
mutant, where cholesterol moves toward the S-opening with a
water molecule bridging the interaction with Q9S5.

The effect of each mutation on the cholesterol binding to
NPCIL1-NTD was examined using MM-PBSA calculations
(Table 3). In agreement with the trends discussed from the
data in Table 2, the P215A mutation gives rise to a significant
decrease in the binding affinity of cholesterol (—15.7 + 2.2
keal'mol™") compared to the wild-type protein (—20.8 + 0.9
kcal-mol™"), which partially accounts for the loss of the proline
side chain contribution of 1.6 + 0.3 kcal-mol™". Nevertheless,
the values obtained for 1105A, T128A, and F205A (—19.2 +
2.3, —19.3 + 2.6, and —21.0 + 1.9 kcal-mol ™}, respectively) are
close to the binding affinity estimated for the wild-type
complex, suggesting that other factors may affect the binding
process.

Considering these results, principal components analysis
(PCA) was used to examine the impact of the mutations on
the conformational dynamics of the a8/f7 loop and the a3
helix, which contribute to shaping the binding pocket in the
apo and cholesterol-bound species (Figure 8). The two first
PCs explain almost 66% of the total structural variance. The
first PC (PC1) accounts for 39% of the structural variance and
describes a concerted lateral motion of the a8-47 loop and the
a3 helix, which opens the entrance of the binding site. The
second PC (PC2) explains 27% of the variance and describes
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the concerted motion that brings the a8-f7 loop into the
binding pocket and closer to the a3 helix, which is the main
driver of the narrowing of the binding pocket entrance. The
third and the fourth components only explained 8 and 7% of
the total variance.

The apo- and cholesterol-bound trajectories sample two
distinct populations in the PC space. PC2 discriminates
between apo and holo states of the NPCIL1-NTD, as apo and
cholesterol-bound trajectories populate positive and negative
values along the PC2 projection, respectively (Figure 8). On
the other hand, the different conformations of the a8/47 loop
sampled in the simulations spread along positive and negative
values of PC1, leading to two clusters for the wild-type apo
species (Figure 9; see also Table S3): in one case the a8/7
loop is buried in the binding site placing the L213 side chain
close to F120 (Al: 24 + 2%, pocket volume of 483 + 116 A%)
and in the other, the L213 backbone forms a H-bond with
S102 (3.0 + 0.7 A) and a hydrophobic contact with 1105A
(A2: 75 + 2%, pocket volume of 491 + 145 A%). In the holo
species, NPC1L1-NTD populates a single conformation (B1:
97 + 2%, pocket volume of 1025 + 61 A%).

The P215A variant distorts the dynamics of the a8//7 loop,
leading to four conformations of the entrance of the binding
site in the apo species (Figures 8 and 9; see also Table S4).
Compared to the wild-type protein, whereas the Al
conformation is not significantly altered (Al: 24 + 1%, pocket
volume of 361 + 76 A%), the A2 conformation is less populated
(A2: 42 + 1%, pocket volume of 390 + 55 A3) in favor of two
new conformational states. In one of them (A3: 25 + 2%,
pocket volume of 444 + 65 A%), the a8/f7 loop is stabilized by
a H-bond between A214 and S102 (3.6 + 0.9 A), which shifts
the L213 side chain from the entrance and interacts with F205.
In the other (AS: 9 + 1%, pocket volume of 288 + 22 A%), the
a8/p7 loop binds deeper into the binding site, with L213
being located closer to H124. In the holo state, however, the
impact of the P215A mutation is weaker, as the Bl
conformation (79 + 1%, pocket volume of 902 + 51 A®) is
largely populated, and a minor conformation (B2: 20 + 1%,

https://doi.org/10.1021/acs.jcim.3c01319
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Figure 8. Principal component analysis of the wild-type NPCIL1-
NTD domain and its mutated variants. (A) Structural representation
of the two main principal components of the PCA. PC1 accounts for
the sideways motion between the a8/f7 loop and helix @3, and PC2
accounts for the motion that reduces the distance between the a8//7
loop and helix a3. (B) Projections of the wild-type protein and the
mutated variants on the space defined by the first two Principal
Components. The density of visited conformations of the trajectories
of the apo and cholesterol-bound are shown as blue and orange-
shaded contours, respectively. For the wild-type protein, the location
of the X-ray structure of the apo species is also indicated.

pocket volume of 940 + 72 A%), where the @8//7 loop adopts
a slightly tighter conformation around the sterol molecule,
retains the Q95 binding mode (Figure 7D). Altogether, the
P215A mutation alters primarily the conformational space of
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the apo species, stabilizing alternative conformations with
significantly reduced volume of the binding site and reducing
the binding affinity of cholesterol in the holo species (see
Table 3). Altogether, these results provide a structural basis to
explain the experimental reduction (48%) of cholesterol
absorption.'**°

Mutations on residues 1105 and F20S, which stabilize the
hydrophobic cluster found in the closed state of the apo state,
are likely to alter the conformational preferences of the a8/47
loop. With regard to the I10SA variant, although the
conformation A2 is the most populated (76 + $%) and
resembles the cluster found in the wild-type apo species, there
is a marked reduction in the pocket volume (264 + 43 A%).
Furthermore, the Al conformation disappears, and a minor
conformational state (A4: 18 + 3%, pocket volume of 525 +
44 A%) emerges (Figures 8 and 9; see also Table S4). This
reflects the weaker stability of the hydrophobic cluster resulting
from the Ile — Ala mutation, which favors the opening of the
binding site and the enlargement of the cavity. In contrast, the
I105A mutation does not significantly alter the conformation
dynamics of the cholesterol-bound state (B1: 93 + 1%, pocket
volume of 985 + 52 A®). These results are in qualitative
agreement with the computed binding affinity of cholesterol
for this mutated variant, which compares with the value
obtained for the wild type (see Table 3), the mild effect on the
cholesterol absorption, as the I105A mutation leads to the
lowest reduction (35%) among the four selected variants.'®¢

Compared to I105A, the F205A variant gives rise to a larger
reduction of cholesterol absorption (~85%)."*°¢ This trait
agrees with the larger remodeling of the conformational
preferences of the a8/f7 loop observed for this mutation
(Figures 8 and 9; see also Table S4). Thus, conformations A2
(35 + 1.0%, pocket volume of 475 + 126 A®) and Al (12 +
1%, pocket volume of 488 + 123 A%) are less populated relative
to the wild-type apoprotein. Furthermore, the a8/f7 loop
populates two novel states: A3 (31 + 1%, pocket volume of
366 + 43 A%) and A4 (23 + 1%, pocket volume of 745 + 95
A®). Since the side chain of F205S is a key component of the
hydrophobic cluster that stabilizes the closed state, the
mutation to Ala weakens the stability of the cluster, favoring
the adoption of other conformations. In contrast, the F205A
effect is much less apparent in the cholesterol-bound state, as
the Bl conformation is the main cluster (90 + 1%, pocket
volume of 994 + 45 A®). Thus, although F205 has a residual
contribution to the cholesterol-binding affinity, it is key to
stabilizing the conformation of the a8/f7 loop in the apo state.

The T128A mutant, which also has a drastic impact on
cholesterol absorption (reduction of 85%), is more challenging
since T128 does not directly interact with the a8/f7 loop.
Nevertheless, our results point out that this mutation changes
the dynamics of the S-opening, especially in the species. Thus,
the main conformation A2 (52 + 4%, pocket volume of 434 +
37 A3) is partially shifted to a novel state (A3: 17 + 3%, pocket
volume of 347 + 86 A®) due to a remodeling of the hydration
pattern in the binding site (Figure 10). Compared to the wild-
type species, T128A promotes the loss of water located
between the backbone of L213 and the side chain of S102,
which bridges the interaction between the L213 backbone and
the H124 side chain. Of note, in the Al conformation, the
H124 side chain adopts a distinct arrangement that enables
this interaction without the water molecule. Upon ligand
binding, the S-entrance mainly populates the B1 conformation
(86 + 1%, pocket volume of 935 + 54 A*), which supports the

https://doi.org/10.1021/acs.jcim.3c01319
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Figure 9. Representative structures of the main conformations of the 8/f7 loop and a3 helix in (A, B) the wild-type and (C, D) the mutated
variants of NPC1L1-NTD. A representative snapshot of the @8/7 loop and &3 helix sampled in (A, C) the apo and (B, D) cholesterol-bound
trajectories is shown as blue and white cartoons, respectively. Cholesterol is shown as orange sticks. Representative structures of the alternative
conformations A3, A4, and B2 are extracted from the F20SA mutant. Representative structures of the conformations AS and B3 are only present in

the P215A variant.

Q95 binding mode, although a minor conformation (B3: 8 +
1%, pocket volume of 968 + 54 A?), which alters the Q95
binding mode by shifting cholesterol toward the S-opening due
to a water molecule that bridges the interaction with Q9S, is
also observed (Figure S24).

Altogether, the analysis of the trajectories sampled for the
wild-type NPC1L1-NTD and its mutated variants suggest that
the mutations have a minor impact on the conformational
preferences of the a8/f7 loop in the cholesterol-bound
species, as the main conformation (B1) observed in the wild-
type protein is preserved in the mutated proteins (Figure 11).
Indeed, the mutations do not substantially alter the binding
mode of cholesterol in the Q9S binding site, and in most of the
cases, they do not even affect its binding affinity, with the only
exception of P21SA (Table 3). However, the present results
point out that the single-point mutations in key residues with a
minor contribution to the binding affinity of cholesterol may
have a large impact on the efficiency of cholesterol absorption
by altering the conformational landscape of the S-opening in
the apo species of NPC1L1-NTD (Figure 11). These findings
agree with previous studies that have highlighted the relevant
role played by mutations introduced in enzymes to remodel
the dynamic equilibrium between the ensemble of differently
populated conformational substates, thus strongly modifying
not only the catalytic efficiency but also the ability to
accommodate alternative substrates.”” > In this context, our
results strengthen the role played by the a8/7 loop,
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particularly L213 and F20S, in modulating the access of
cholesterol to the binding pocket of NPC1L1-NTD."*"”

B CONCLUSIONS

The molecular basis of the epimerization-related selectivity in
the binding and transport of cholesterol by the N-terminal
domain of the NPCILI transporter has been explored by
combining molecular dynamics simulations of the apo and
holo species, in conjunction with free energy calculations for
the wild-type protein and four mutated variants known to
cause a detrimental effect on the cholesterol import.

The results have shown the drastic influence of the
epimerization of the hydroxyl group on the binding mode of
cholesterol and epi-cholesterol. The analysis of the independ-
ent MD simulations run for cholesterol consistently supports
the stability of the Q95 binding mode, where the hydroxyl
moiety establishes H-bond interactions with the side chain of
Q95, S56, and a neighboring water molecule. The main
features of this binding mode are also stably reproduced for 25-
hydroxycholesterol and lanosterol, although additional inter-
actions can be found due to the chemical modifications on the
aliphatic tail of 25-hydroxycholesterol and the methyl groups
of lanosterol. In contrast, the a-configuration of the C3 atom
in epi-cholesterol leads to the T128 binding mode, which is
shifted ca. 3 A to the mouth of the cavity. Indeed, US
calculations and well-tempered metadynamics simulations

https://doi.org/10.1021/acs.jcim.3c01319
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Figure 10. Superposition of the major conformations of (A) the apo
and (B) cholesterol-bound species of the T128A variant. The
conformations sampled by the a8/f7 loop are shown as a blue
cartoon. The protein surface is shown as a gray surface. The isosurface
accounts for 50% of water occupancy in the binding site during the
last 100 ns of each replicate (accumulated 400 ns of simulation time).
The water occupancy for the wild-type protein and T128A mutant are
shown as gray and red isocontours, respectively.
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Figure 11. Relative population of each conformation is shown as a
stacked bar plot for (A) apo and (B) cholesterol-bound simulations.
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reveal the existence of an energetic barrier (i.e., 4.1 kcal-mol™")
for the transition from this binding mode to the Q95 one, thus
preventing epi-cholesterol from penetrating deeper in the
binding pocket. Altogether, this reflects that the a-config-
uration of the C3 position is unable to properly bind to the
Q95 binding mode and can move to a metastable state of the
entrance pathway of sterols.

The binding site of cholesterol is seemingly challenged by
the detrimental effect of several single-point mutations in the
binding site (T128A, I10SA, F20SA, and P215A) that impair
cholesterol absorption.'® Our results showed that these
mutations have a mild effect on the conformational space of
the a8/f7 loop in the cholesterol-bound state and that only
P21SA contributes to weaken the binding affinity of
cholesterol. In contrast, the results also revealed the impact
of these mutations in distorting the conformational landscape
of the a8/f7 loop in the apo state, which is key for regulating
the access of cholesterol to the binding pocket through the
formation of a hydrophobic cluster formed by 1213, L103,
T106, F120, and F20S. The reshaping of the conformational
preferences of the a8/f7 loop should destabilize its role in
mediating the access of cholesterol to the binding pocket, thus
strengthening the h??othesw of the gating mechanism played
by the a8/f7 loop.
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Figure S1. Structural comparison of the NTD domains of NPC1L1 and NPC1. (A) The global fold
of both NTD domains of NPC1L1 and NPC1 are shown in grey and cyan cartoon respectively. (B)
Comparison of the residues involved in the cholesterol binding site for both proteins. The
crystallographic position of cholesterol in NPC1 is shown in orange sticks. (C) Sequence
alignment between the NTDs of NPC1L1 and NPC1. Residues in the binding site of cholesterol
are highlighted in cyan.
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Figure S2. Superposition of the X-ray structures of the NTD domains of NPC1L1 and NPCI1. (A)
The global fold of both NTD domains of NPC1L1 and NPC1 are shown in grey and cyan cartoon
respectively. (B) Comparison of the residues involved in the entrance of the binding site for both

proteins. The crystallographic position of cholesterol in NPC1 is shown in orange sticks.
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Figure S3. RMSD profiles of the backbone atoms of apo NPCILI1-NTD.
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Figure S4. RMSD profiles of the cholesterol-bound NPC1L1-NTD and H-bond interactions of
cholesterol over simulation time. (Left) Grey and red lines correspond to the RMSD of the
backbone of the protein and heavy atoms of the ligand. (Right) Purple and orange lines correspond

to the H-bonds between the hydroxyl moiety of the ligand and the sidechain of Q95 and S35.
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Figure SS5. Selected interactions of L213 in the apo NPC1L1-NTD over simulation time. Blue and
orange lines correspond to the distances of the CG atom of L213 to the CG atom of 1105 and the

center of the aromatic ring of F120, respectively. Green lines account for the H-bond interaction

between the O atom of the backbone of L213 to the sidechain of S102.
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Figure S6. Number of water molecules in the binding site of the apo state of NPCIL1-NTD over

simulation time.
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F205

Figure S7. Overlap between the water network of NPC1L1-NTD with the X-ray structures of the
NPCI1-NTD. Close up views of the binding site in the (A) apo and (B) cholesterol-bound states.
The occupancy of water molecules in the binding site over 50% of the simulation time is shown in
the transparent red isosurface. The crystallographic molecules of water, cholesterol and glycerol
found in the NPC1-NTD are shown as gray sticks and spheres. The NPCIL1-NTD is shown as
white cartoon and sticks. The a8/B7 loop is shown as blue cartoon. The residues of the binding

site of NPCI1L1-NTD are shown as white and blue sticks.
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Figure S8. Selected interactions of L213 in the cholesterol-bound NPCI1L1-NTD over simulation
time. Blue and orange lines correspond to the distances of the CG atom of L213 to the CG atom
of [105 and the center of the aromatic ring of F120 respectively. Green lines account for the H-

bond interaction between the O atom of the backbone of L213 to the sidechain of S102.
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Figure S9. Number of water molecules in the binding site of the cholesterol-bound species of

NPC1L1-NTD over simulation time.
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Figure S10. RMSD profiles of the epi-cholesterol-bound NPC1L1-NTD and H-bond interactions

of the sterol over simulation time. (Left) Grey and red lines correspond to the RMSD of the

backbone of the protein and heavy atoms of the ligand. (Right) Green, purple and orange lines

correspond to the H-bonds between the hydroxyl moiety of the ligand and to the T128, Q95 and

S35 sidechain.
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Figure S12. Representation of the two collective variables along the well-tempered metadynamics
over the Collective Variable space. CV1 accounts for the difference of distances between the O
atom of epi-cholesterol and the sidechains of residues Q95 and T128. CV2 accounts for the
distance between the COM of the a87 loop and the a3 helix.
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Figure S13. RMSD profiles of the 25-hydroxy-cholesterol-bound NPC1L1-NTD and H-bond
interactions of the sterol over simulation time. (Lef?) Grey and red lines correspond to the RMSD
of the backbone of the protein and heavy atoms of the ligand. (Right) Purple and orange lines
correspond to the H-bonds between the hydroxyl moiety of the ligand and the sidechain of Q95
and S35. Blue lines show H-bond interaction of the 25-hydroxyl moiety.
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RMSD Lanosterol Interactions for Lanosterol
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Figure S14. RMSD profiles of the lanosterol-bound NPCI1L1-NTD and H-bond interactions of

the sterol over simulation time. (Lef?) Grey and red lines correspond to the RMSD of the backbone

of the protein and heavy atoms of the ligand. (Right) Purple and orange lines correspond to the H-
bonds between the hydroxyl moiety of the ligand and the sidechain of Q95 and S35.
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Figure S15. Number of water molecules in the binding site of (/eft) 25-hydroxy-cholesterol- and

(right) lanosterol-bound species of NPC1L1-NTD over simulation time.
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RMSD NPC1L1 NTD (P215A)
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Figure S16. RMSD profiles of apo P215A NPCI1L1-NTD over simulation time. Grey and red lines
correspond to the RMSD of the backbone of the protein and heavy atoms of the ligand.
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RMSD NPCIL1 NTD (1105A)
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Figure S17. RMSD profiles of apo [105A NPC1L1-NTD over simulation time. Grey and red lines
correspond to the RMSD of the backbone of the protein and heavy atoms of the ligand.
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Figure S18. RMSD profiles of apo F205A NPC1L1-NTD over simulation time. Grey and red lines
correspond to the RMSD of the backbone of the protein and heavy atoms of the ligand.
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RMSD NPC1L1 NTD (T128A)
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Figure S19. RMSD profiles of apo T128A NPCI1L1-NTD over simulation time. Grey and red lines
correspond to the RMSD of the backbone of the protein and heavy atoms of the ligand.
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RMSD P215A+Cholesterol Interactions for P215A+Cholesterol
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Figure S20. RMSD profiles of cholesterol-bound P215A NPC1L1-NTD and H-bond interactions
of cholesterol over simulation time. Grey and red lines correspond to the RMSD of the backbone

of the protein and heavy atoms of the ligand.
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RMSD 1105A+Cholesterol Interactions for 1105A+Cholesterol

R#1 R#1
6 12
—— NTD backbone
— ligand )

RMSD (A)
w
Distance (A)
()]

T S LA A

—— Q95@NE2 - CHL@01
— 556@0G - CHL@O01

0 T T T T T T T T T 0 T T T T T T T T
R#2 R#2
6 12
—— NTD backbone
- Ligand
5 L 104 3
44 - = 8+ -
z %
Q34 - 2 64 -
] Il
2 g

— Q95@NE2 - CHL@01

1 — $56@06G - CHL@O1
0 T T T T T T T T T 0 T T T T T T T T
R#3 R#3
6 12
= NID backbone
~—— Ligand T
5 - 104 -
44 = —~ 84 -
Z g ]
334 - 2 61 -
a ©
o 44 o

— Q95@NE2 - CHL@01
— $56@06 - CHL@O1
0 T T T T T T T T T 0 T T T T T T T T

#4 #4
6 L. 12 i
= NTD backbone
—— Ligand

RMSD (A)
w
T
Distance (A)
(o))
1
T

‘ WMMM”\WM - 44 -
1 AN A AP AL At AIAANAL Mg i LA 21 -
—— Q95@NE2 - CHL@O1

1 — s56@0G - cHL@O1 i

T T T T T T T T T v T v T ¥ T ¥ T ¥
0 100 200 300 400 500 0 100 200 300 400 500
Time (ns) Time (ns)

Figure S21. RMSD profiles of cholesterol-bound 1105A NPC1L1-NTD and H-bond interactions
of cholesterol over simulation time. Grey and red lines correspond to the RMSD of the backbone

of the protein and heavy atoms of the ligand.
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RMSD F205A+Cholesterol Interactions for F205A+Cholesterol
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Figure S22. RMSD profiles of cholesterol-bound F205A NPC1L1-NTD and H-bond interactions
of cholesterol over simulation time. Grey and red lines correspond to the RMSD of the backbone

of the protein and heavy atoms of the ligand.
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RMSD T128A+Cholesterol Interactions for TL128A+Cholesterol
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Figure S23. RMSD profiles of cholesterol-bound TI128A NPCIL1-NTD and H-bond interactions
of cholesterol over simulation time. Grey and red lines correspond to the RMSD of the backbone

of the protein and heavy atoms of the ligand.
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Figure S24. Superposition of the major conformations of the (A,C) apo and (B,D) cholesterol-
bound states of the TI28A mutant. (A) The major A2 and minor Al (C) conformational states of
the apo T128A mutant. (B,D) The two binding modes of cholesterol in the T128A mutants. The
conformations sampled by the a8/37 loop are shown as blue cartoon. The protein surface is shown
as grey surface. The isosurface accounts for 50% of water occupancy in the binding site during the
last 100 ns of each replicate (accumulated 400 ns of simulation time). The water occupancy for

the wildtype protein and T128 A mutant are shown as grey and red isocontours, respectively.
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Table S1. Available structural information of the NPC1L1 protein on PDB database.

7DFW EM 2.69 Homo sapiens NO Cholesterol
7DFZ EM 3.58 Homo sapiens NO Ezetimibe
7DF8 EM 3.03 Homo sapiens NO --- Sgiozgx:r.(;(t]gi)
N4V EM 3.58 Homo sapiens NO Cholesterol 7' eabﬁ3997
TN4X EM 3.33 Homo sapiens NO Cholesterol ’
7N4U EM 3.34 Homo sapiens NO o-tocopherol
Rattus
6V3F EM 3.70 e YES Cholesterol Hgang CS.etal
Sci. Adv. (2020)
6V3H EM 3.50 Rattu; YES Ezetimibe 6, eabb1989
norvegicus analog
Kwon HJ, et al
3QNT X-Ray 2.83 Homo sapiens YES - PLoS ONE (2011)
6: el8722
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Table S2. Available structural information of the NPC1 protein on PDB database.

Odongo L. et al

8EUS X-Ray 230 Homo sapiens NO - Acta Cryst. F'(2023)
79, 45-50.
Long T. et al
6UOX EM 4.02 Homo sapiens YES Itraconazole Nat Commun (2020)
11, 152.
6WS5R EM 3.60 Homo sapiens YES Cholesterol
6W5S EM 3.00 Homo sapiens YES Cholesterol Qian H. et al
6WST EM 3.70 Homo sapiens YES Cholesterol Cell (2020)
6W5U EM 3.90 Homo sapiens YES Cholesterol 182,98-111
6W5V EM 4.00 Homo sapiens YES Cholesterol
5U73 X-Ray 3.35 Homo sapiens YES - Li, X. et al
Proc. Natl. Acad. Sci.
5U74 X-Ray 3.34 Homo sapiens YES - (2017), 114, 9116-
9121.
Li X. et al
. Cholesterol- Proc. Natl. Acad. Sci.
SKWY X-Ray 241 Homo sapiens NO sulfate (2016) 113, 10079—
10084.
Gong, X. etal
SINX EM 6.56 Homo sapiens YES --- Cell (2016)
165, 1467-1478.
Zhao, Y. et al
SHNS X-Ray 245 Homo sapiens NO - FEBS Lett (2016)
590: 605-612
S5F18 X-Ray 2.00 Homo sapiens NO --- Wang, H. et al
. Cell (2016),
SF1B X-Ray 2.30 Homo sapiens NO --- 164, 258-268.
3GKH X-Ray 1.81 Homo sapiens YES -—-
3GKI X-Ray 1.80 Homo sapiens YES Cholesterol Kvg)erllllégbe;)al
3GKJ | X-Ray 1.60 Homo sapiens | YES 25-hydroxy- 137, 12131224,
cholesterol
3JD8 EM 443 Homo sapiens YES Cholesterol To be published.
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Table S3. Average distance (A) and preservation (% of simulation time) of the interactions
between wild-type NPC1L1-NTD and the studied sterol molecules.
Replicas
Complex H-bond interaction R1 R2 R3 R4
Cholesterol Q95 and OH of sterol Average distance 2.9 29 2.9 29
% 64 71 66 64
S56 and OH of sterol Average distance 2.8 2.8 2.8 2.8
% 15 10 4 40
25- Q95 and OH of sterol Average distance 2.9 2.9 2.9 2.9
hydroxycholesterol
Y% 64 67 70 65
S56 and OH of sterol Average distance 2.8 2.8 2.8 2.8
% 11 10 7 8
T106 and OH of Average distance 2.8 2.8 2.8 2.8
aliphatic chain
% 24 16 57 1
S102 and OH of Average distance 2.8 2.8 2.7 2.8
aliphatic chain
% 8 0 64 0
Q206 and OH of Average distance 2.8 2.9 2.8 2.9
aliphatic chain
% 23 0 9 0
Lanosterol Q95 and OH of sterol Average distance 2.9 2.9 2.9 29
% 70 67 74 67
S56 and OH of sterol Average distance 2.8 2.8 2.8 2.8
% 1 41 4 6

S31




Table S4. Description of the main conformational states of the apo and cholesterol-bound systems

found for the wildtype NPC1L1-NTD and its mutated variants.

Conformation Popt:Zntion VolAume
Al 24+2 483 £ 116
wildtype A2 75+2 491 + 145
B1 97 +£2 1025 + 61
A2 76 +£5 264 + 43
1105A A4 18+3 525+44
Bl 93+1 985 + 52
Al 29+ 1 459 £ 47
A2 52+4 434 + 37
T128A A3 17+3 347 £ 86
B1 86 £1 935+ 54
B3 8+ 1 968 + 54
Al 12+1 488 + 123
A2 35+1 475 + 126
A3 31+1 366 +43
F205A
A4 23+ 1 745+ 95
B1 90 +1 994 + 45
B3 4+1 973 +£72
Al 24+ 1 361 +£76
A2 42 +1 390 £ 55
A3 25+£2 444 + 65
P215A
A5 9+1 288 +£22
Bl 79+1 902 +51
B2 20+ 1 941 +73
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Chapter 3 - Results

Summary

Assessing the binding mode of drug-like compounds is key in structure-based drug
design. However, this may be challenged by factors such as the structural flexibility of the target
protein. In this case, state-of-the- art computational methods can be valuable to explore the
linkages between structural and pharmacological data. Following this strategy, extended
molecular dynamics simulations and thermodynamic integration calculations are used to
examine the binding of the potent antiviral inhibitor M090 and related pinanamine-based
analogues, covering a 250-fold difference in inhibitory potency to the influenza A
hemagglutinin, which is essential for virus entry and membrane fusion. This analysis has
disclosed the hydrophobic shielding effect played by the 3-cyclopropylthiophene moiety in
MO090. Furthermore, the results support the negative effect of the resistance-induced E742 —
D mutation, which should weaken the binding by increasing the structural flexibility of the L2-

BS loop. The results pave the way to exploration of the antiviral activity of novel compounds.
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D 1 apping druggable pockets in therapeutically relevant

proteins is a fundamental step in structure-based drug
design. They should encode geometrical and physicochemical
features suitable to accommodate drug-like compounds,”
including hot spots that can make major contributions to the
binding affinity. Moreover, a proper balance between regions
of high stability and high flexibility is also required.”””
However, the structural plasticity of targets such as the
influenza A hemagglutinin (HA), which is crucial for viral
infectivity,”~'> may severely limit the success of drug discovery.
However, the notion of HA as a druggable target has gained
increasing support due to the discovery of small molecules that
interfere with the role played in virus entry and membrane
fusion.'*

HA promotes entry of the virus into the cell by recognizing
the sialic acid (SA) residues attached to cell membrane
receptors. On the other hand, in the interior of the endosome,
a large-scale conformational rearrangement of HA is triggered
upon acidification, leading to the release of the fusion peptide
(FP), which is hidden in the stem. The pH-induced structural
remodeling promotes the fusion of viral and host membranes,
enabling the release of the viral genetic material.'>'®

From a structural point of view, HA is a homotrimer located
on the viral envelope. Each protomer is expressed as a single,

© XXXX The Authors. Published by
American Chemical Society

7 ACS Publications

inactive precursor known as HA, and maturation to the active
form requires proteolytic cleavage by host cell proteases,
leading to chains HA; and HA, (Figure 1)."” Two structural
domains can be distinguished in HA: the globular head, which
contains the receptor binding domain that mediates binding to
the host cell membrane, and the stem region, which maintains
the whole structure bound to the viral membrane. Three main
strategies have been explored in the search of small molecules
targeting HA:"*'Y (1) altering the HA maturation via
inhibition of host proteases required for proteolytic cleavage
or alternatively through blockage of HA glycosylation;*® (2)
impairing the recognition of the host receptor, resorting, for
instance, to SA-mimic peptides;”’ and (3) preventing the
fusion between viral and host cell membranes by impeding the
dynamical changes that trigger the release of the FP.>*~>*
Inspection of the available X-ray structures reveals that
fusion inhibitors bind to two sites in the stem region. One
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Figure 1. Structural representation of HA. The monomeric chains HA, (gray) and HA, (green) formed after proteolytic cleavage assemble,
forming a trimer where the fusion peptide (FP) (magenta) remains buried until acidification in the endosome. The putative binding site of M090
(BM-II), which is shaped by an a-helix (H-BS) and two loops (L1-BS and L2-BS), is displayed as an orange surface that encloses M090 (shown as

sticks).

corresponds to the pocket occupied by tert-butylhydroquinone
(TBHQ) (PDB IDs 3EYK and 3EYM)* and arbidol (PDB
IDs ST6N and ST6S),* consisting of residues located at
helices A and C from protomer 1 and C’ from protomer 2. The
other is the groove filled by JNJ4796 (PDB IDs 6CFG and
6CF7),”” (S)-F0045 (PDB ID 6WCR),*® and CBS1117 (PDB
ID 6VMZ).” This information is valuable not only to explore
the structure—activity relationships but also to assess the
putative binding mode of novel compounds.

Given the structural complexity of HA and its conforma-
tional plasticity, the occurrence of novel druggable sites cannot
be ruled out. Indeed, other sites have been suggested for a
diverse set of compounds, such as N-benzyl-4,4-disubstituted
piperidines® and pinanamine-based antivirals.”’** The most
potent inhibitor of this latter series of compounds, M090
(Figure 1), showed an ECy, of 0.3 M against HIN1 A/
Guangzhou/GIRD/07/2009 virus-infected MDCK cells, ECs,
values of 0.34 and 0.1 M in a plaque reduction assay against
HIN1 A/California/07/2009 and A/Texas/04/2009, respec-
tively, and ECs, values of 1.5-6.9 uM in cytopathic assays
against several strains (HIN1, H3N2, H7N3, and H9N2).
Moreover, M090 exerts its inhibitory activity in the early steps
of the virus life cycle by targeting HA, and resistance selection
experiments revealed the occurrence of the E74, — D
mutation in HA,. Finally, molecular modeling studies reported
by Zhao et al.’* suggested that M090 binds at the interface
defined by the a-helix L80,—A96, (H-BS) and by loops
P301,—K318, and MS59,—L73, (L1-BS and L2-BS, respec-
tively) (Figure 1). In this putative binding mode, the
thiophene ring forms contacts with 1308, Y316, and W92,,
the pinane moiety fills the region shaped by A6S5, and V66,,
and the cyclopropyl ring interacts with F88, and P307,. In
addition, the N—H group forms a hydrogen bond (HB) to
T309,.

In the absence of experimental structural evidence, this work
aims to assess the proposed binding mode of MO090 by
synergistically combining the structural information on HA
with computational studies—atomistic MD simulations (Table
1) and free energy calculations—and the pharmacological
information gained from antiviral assays for MO090-related
compounds. The results are examined to gain insight into the

Table 1. Summary of the Simulated Systems Used in This
Work”

binding starting simulated ligand
system mode code structure time release
apo, wild - Awt homology 2 pus -
type model
apo, E74— - Amut snapshot at 1 2 us -
D mutant ps of Awt
holo, wild BM-I Hiwt-I homology 1 pus no
type model
H2wt-I snapshot at 1 1 us 1 out of 3
ps of Awt
BM-II Hlwt-IT homology 2 us no
model
H2wt-IT snapshot at 1 1 pus no
ps of Awt
H3wt-II homology 1 pus no
model
H4wt-IT snapshot at 2 1 pus no
ps of Awt
holo, E74—  BM-II Hlmut-II  homology 1 pus no
D mutant model
H2mut-II  snapshot at 2 1 pus no
ps of Awt
holo, wild BM-R Hilwt-R homology 1 pus 1 out of 3
type model
H2wt-R snapshot at 1 0.5 us 1 out of 3

ps of Awt
“The representations of the three binding modes (BM-I, BM-1I, and
BM-R) are shown in Figure 2Al, Figure 2B1, and Figure 2Cl,
respectively.

effect of chemical changes on the inhibition potency and the
impact of resistant-associated mutations.

To assess the structural stability of the binding mode
proposed by Zhao et al. (denoted BM-I, Figure 2A1),”* a
complex formed by HA (HIN1 A/Virginia/ATCC3/2009)
and three M090 molecules (stoichiometric ratio 1:3), each
bound to one of the three sites in the trimer, was built up. This
strategy was also adopted in previous studies,” thus enabling a
check of the consistency of the binding mode of the ligand at
the three pockets of HA in a single MD simulation. The initial
pose of M090 in each pocket was manually adjusted to retain
the key contacts described by Zhao et al.,** especially regarding
the HB formed with T309,. At this point, let us note that the

https://doi.org/10.1021/acsmedchemlett.4c00502
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Figure 2. Representation of the three initial binding modes of M090 investigated in this study: (A1) the pose with the restrained HB between the
amine nitrogen and T309,; (B1) the unrestrained arrangement in the interior of the pocket; (C1) the reversed pose where the thiophene and
pinanamine units have been exchanged relative to Al and B1. Representative snapshots of the poses obtained at the end of the MD simulations
with distances to D85, and T309, are shown in the central column (A2, B2, and C2). Finally, superpositions of the ligands taken every 100 ns along
the last 500 ns of the MD simulation are displayed in the right column (A3, B3, C3). Note that only two pockets containing overlapped ligands are
shown in C3 due to the release of M090 from the third binding pocket. Values denote the distance averaged for the three distinct M090 molecules
bound to HA.

residues that shape the binding pocket in this strain are
identical to those found in other HINI strains (see Homology
Modeling, Figure S1, and Table S1 in the Supporting
Information (SI)), such as A/Guangzhou/GIRD/07/2009
and A/PR/8/34.

Using this model system, two independent MD simulations
(H1wt-I and H2wt-I, 1 us) were run to examine the stability of

the BM-I binding mode (see Molecular Dynamics Simulations
in the SI). The N—H--O(T309,) HB was restrained during
equilibration and the first 200 ns of the MD production run to
avoid artifactual changes due to structural relaxation during
thermalization. The root-mean-square deviation (RMSD)
profile determined for the two trajectories supports the
structural stability of the binding site (RMSD values ranging

https://doi.org/10.1021/acsmedchemlett.4c00502
ACS Med. Chem. Lett. XXXX, XXX, XXX—=XXX



ACS Medicinal Chemistry Letters

pubs.acs.org/acsmedchemlett

from 1.6 to 2.2 A for the six binding pockets in the two
independent MD simulations; Figure S2). However, after
release of the restraints, the HB between M090 and T309, was
lost in all cases, and the ligand was slightly shifted in the
interior of the pocket (RMSD of 2.3—4.9 A; Figure S2). The
new arrangement was stable in five out of six cases (Figure
2A2,A3), i.e,, three equivalent binding modes on the HA:M090
(1:3 ratio) complex simulated in two independent MD
simulations, with the amine nitrogen being roughly equidistant
from residues T309, (distances of 6.7 + 0.6 to 7.4 + 0.6 A)
and D85,, forming transient salt bridges with this latter residue
(distances of 3.0 + 0.4 to 8.0 + 0.4 A). In the remaining
pocket, the ligand was released to the bulk solvent. This was
facilitated by the displacement of the L2-BS loop, which
enabled flipping of the ligand so that the pinanamine ring was
facing the mouth of the pocket (shaped by H-BS and L1-BS)
at the beginning of the trajectory, and the ligand was finally
released at the end of the trajectory (ca. 840 ns).

Because of the previous results, an additional MD simulation
(H1wt-IL, 2 ps) was run for the HA:M090 (1:3 ratio) complex,
where M090 was arranged to mimic the original binding mode
(i.e., with the pinane moiety filling the innermost region).
However, rather than imposing the HB with T309,, the
protonated amine was oriented to the carboxylate group of
D8S,, thus defining the binding mode denoted as BM-II
(Figure 2B1). The RMSD profiles confirmed the stability of
the binding pocket (RMSD of 1.2—1.5 A) and ligand (RMSD
of 1.7—2.7 A) (Figure S3). M090 adopted a similar pose in the
three pockets (Figure 2B2,B3), forming a salt bridge between
the amine nitrogen and D85, (distances of 3.1 + 0.5 to 5.0 +
0.7 A for the three cases), which in turn forms an electrostatic
interaction with K’'83, (distances of 2.9 + 0.3 to 3.0 &+ 0.3 A)
in the H-BS of the neighboring protomer. Let us note that
these two residues are preserved in all of the HIN1 strains (see
Table S1). The thiophene ring forms van der Waals contacts
with the side chains of P307,, 1308, and L89,, and the pinane
moiety fills the interior of the pocket through interactions with
F’'88,, A6S,, and the methylene chain of K'83,.

Further support for the BM-II binding mode came from
three independent MD simulations (H2wt II, H3wt-II, and
H4wt-II, 1 us), which were prepared using distinct starting
structures (i.e., the homology model and the frames taken at 1
and 2 ps from a simulation of the apo species of HA; see Table
1). M090 was introduced in the center of the three binding
sites, with the pinane moiety filling the innermost region and
the thiophene ring close to the pocket mouth without
imposing restraints with either T309, or D85S, (Figure 2B1).
The structural integrity of the binding pocket was maintained
in all cases (RMSD of 0.8—2.0 A; Figure S3). Furthermore, the
binding mode of M090 was preserved in all of the pockets
(RMSD of 1.0—3.6 A; Figure S3). At this point, let us note that
the changes observed in the RMSD profile of the ligand in
some trajectories merely reflected reorientations of the
pinanamine moiety through rotations around the N—-C
bond. Finally, the distance from the amine nitrogen to the
D8S, carboxylate oxygens ranged from 2.9 + 0.3 to 5.1 + 0.8 A
for the nine binding sites (three independent MD simulations,
each with three molecules of M090 per HA trimer), which
supports the electrostatic stabilization of the binding mode
exerted by the interaction with D85,.

As a final test, we explored the stability of the complex
formed with M090 but adopted a reverse binding mode
(denoted BM-R) that exchanges the pinane and thiophene

moieties in the binding pocket (Figure 2C1). To this end, two
additional MD simulations (HIlwt-R, 1 us; H2wt-R, 0.5 us;
Table 1) were run for the ligand in this reverse binding mode
without imposing positional restraints. As in the preceding
cases, the RMSD profiles supported the structural stability of
the binding pocket (RMSD of 1.2—1.6 A in the two
independent MD simulations; Figure S4). After a slight
rearrangement, the ligand remained stable in four out of the
six cases, i.e., three equivalent binding modes on the HA:M090
(1:3 ratio) complex simulated in two independent MD
simulations. However, a precise binding mode was not
observed. Thus, in two cases, the protonated amine formed
direct interactions with the amide carbonyl oxygen of Q62,
(distance of 3.3 + 1.2 A; Figure S5), assisted by electrostatic
interactions with D’90, (distance of 6.7 + 1.8 A).
Alternatively, the protonated amine formed a salt bridge with
D85, (distance of 3.7 + 0.8 A). Finally, in two cases, M090 was
released from the binding site, arguing against the feasibility of
the reversed binding mode.

The preceding results suggest that M090 adopts a stable
binding mode when the pinanamine moiety fills the innermost
region of the pocket, as suggested by Zhao et al,,>” but with the
amine nitrogen forming an electrostatic interaction with D85,.
To further validate the BM-II binding mode predicted for
MO090, we planned to perform a series of alchemical
transformations taking advantage of the inhibitory potencies
reported for a series of M090-related compounds, which affect
both the nature of the thiophene ring and the attached
cyclopropyl chain (Figure 3A).*>

Thermodynamic integration (TI) calculations (see Alchem-
ical Calculations in the SI)**™” were carried out to estimate
the differences in binding free energy between M090 and its
structural analogues. To this end, the free energy changes were
determined for the alchemical transformations between ligands
bound to HA relative to the same process in an aqueous
solution. The changes in the binding free energy were
compared with the experimental values, which were approxi-
mated from the ECjj values reported by Zhao et al.*” using the
Cheng—Prusoff equation.”® With this aim, the inhibitory
potency measured from a consistent set of virus (A/
Guangzhou/GIRD/07/2009)-infected MDCK cell assays,
leading to ECg, values ranging from 0.30 yM (M090) to 7S
uM (M10; see below), were used.*> Let us note that this
choice may introduce some discrepancies between the results
derived from in silico calculations and cell-based assays due to
the potential effect of factors unrelated to the binding of the
compounds to the putative site in HA.

The free energy changes predicted for the alchemical
transformations are shown in Figure 3A. It is worth noting
the consistency between the free energy changes determined
for the “forward” and “backward” processes for each trans-
formation. Furthermore, the addition of the free energy
changes for the combination of processes that define the
closure of the thermodynamic cycles is close to zero. Finally,
one may also notice the consistency between the free energy
differences obtained following distinct pathways that connect
MO090, which was taken as a reference, to other derivatives
relative to M090 (see Table 2). The only exception to this
behavior is compound M24, which will be discussed below.

Figure 3B shows the comparison between the differences in
the binding free energy estimated from experimental data and
the values predicted from TI calculations. The results reveal
that there is a close correspondence between predicted and

https://doi.org/10.1021/acsmedchemlett.4c00502
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Figure 3. (A) Representation of the free energy changes determined
from TI calculations for the alchemical (forward and backward)
transformations between M090-related derivatives. The numbering of
the derivatives follows the notation used by Zhao et al. in ref 32.
Green values denote the sum of the free energy changes for the
processes implicated in the closure of the thermodynamic cycle. (B)
Comparison between the differences in binding affinity estimated
from the experimental ECs, data and the relative free energy
differences predicted from TT calculations. Bars denote the errors of
calculated and experimental relative free energy changes. Dotted and
dashed lines denote the 95% confidence and prediction intervals. All
values (kcal mol™") are relative to M090. MUE and RMSE stand for
mean unsigned error and root-mean-square error, respectively.

experimental values, which is remarkable keeping in mind the
potential uncertainties arising from the virus-infected MDCK

cell assays. Likewise, the error between predicted and
experimentally derived values amounts to 0.5 kcal/mol.

The TI results point out the relevance of the 3-cyclo-
propylthiophene unit to the inhibitory activity. This may be
attributed to a hydrophobic shielding effect,””~* which
prevents the access of water molecules to the interior of the
binding pocket, where they could compete with the salt bridge
formed between the amine nitrogen and the carboxylate group
of D8S5,. In this context, replacement of the cyclopropyl unit by
a linear n-butyl chain (compound M1S; ECy, of 10.33 uM)
leads to a 33-fold reduction in the inhibitory potency, which
reflects the enhanced steric clashes with G67, at the L2-BS
loop (Figure 4A), together with a larger conformational
penalty of the flexible butyl chain compared to the more rigid
cyclopropyl unit, which only has one rotatable bond. In
contrast, the inhibitory potency of MO090 remains almost
unaltered upon translation of the n-butyl chain from position 3
(M15) to 4 (M27; ECq, of 0.46 uM), as this reorients the
aliphatic chain toward the mouth of the pocket, adopting a
more extended conformation. This permits the avoidance of
the steric clashes with L2-BS and favors the formation of van
der Waals contacts with P307, and I308; in L1-BS and the
methylene chain of K82, in H-BS (Figure 4B). Similarly,
elimination of the alkyl chain (M07; ECs, of 6.42 uM) reduces
the hydrophobic shielding, which would justify the 21-fold
decrease in potency.

The results also point out the feasibility of accommodating
the cyclopentyl unit (M19; ECs, of 0.69 uM) instead of the
cyclopropyl one, which agrees with the ~2-fold reduction in
inhibitory potency (Figure 4C). Finally, the relevance of the
cyclopropyl chain is also reflected in the loss of potency
generated by changing the linkage between the pinanamine
and thiophene moieties from position 2 in M090 to position 3
in M30 (ECs, of 6.68 uM) and even upon deletion of the
cyclopropyl unit in M06 and M07 (ECs, of 28.60 and 6.42
UM, respectively), thus suppressing the hydrophobic shielding
due to the larger accessibility of waters to the interior of the
pocket (Figure 4D). This also justifies the drastic reduction in
potency observed upon replacement of the thiophene ring by
more polar moieties, such as furan and thiazole, leading to 200-
fold (M04; ECs, of 60.46 uM) and 250-fold (M10; ECs, of 75
uM) reductions in inhibitory potency, respectively.

The only exception to this behavior is compound M24 (red
dot in Figure 3B), which is predicted to be much less active
compared to the experimental ECy, (0.20 yM). As noted in
Figure 3A, consistent trends were obtained in alchemical
transformations leading from M23, M27, and M07 to M24.
For instance, shortening of the n-butyl chain (M27) to methyl
(M24) should destabilize the hydrophobic shielding effect,
whereas insertion of methyl in M07 to generate M24 should
increase the shielding effect. We speculate that the activity of
M24, which is slightly more potent than M090, may reflect the
ability to interact with another viral target, particularly the M2
proton channel.”® In this regard, one may notice the close
hydrophobic/philic-guided overlap determined with
Pharmscreen** between M24 and N-[(S-bromothiophen-2-
yl)methyl]Jadamantan-1-amine,* a compound that showed
~77% inhibition of the wild-type M2 channel and its S3IN
mutant (ECgy of 1.8 mM against the A/WSN/33 (S31N)
strain).*® Indeed, superposition of the overlapped molecules in
the X-ray crystallographic structure of the complex formed by
this compound with the S3IN mutant (PDB ID 2MUV)
reflects a fine accommodation in the pore of the channel
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Table 2. Free Energy Differences (AAG, in kcal'mol™") in of the Set of Pinanamine-Based Compounds Relative to M090

(Reference Compound®)

compound (ECq)? path AAG©
M04 (60.46 + 1.75) M090 — M23 — M06 — M04 33
M090 — M23 — M17 — M19 — M07 — MO04 3.5
M090 — M23 — M27 — M07 — MO04 32
3.3
MO6 (28.60 + 0.24) MO090 — M23 — M06 2.9
MO090 — M23 — M17 — MI19 — M07 — M04 — MO06 3.1
M090 — M23 — M27 — M04 — M06 2.9
2.9
MO07 (642 + 0.18) MO090 — M23 — M06 — M04 — M07 2.3
M090 — M23 — M17 — M19 — M07 2.5
M090 — M23 — M27 — M07 22
2.3
M10 (75.00 + 0.08) M090 — M30 — M10 3.0
M090 — M15 — MI10 3.3
3.1
M15 (10.33 + 2.17) M090 — M15 2.5
M090 — M30 — M10 — M15 2.3
2.4
M17 (1.82 + 1.04) MO090 — M23 — M17 1.4
M090 — M23 — M06 — M04 — M07 — M19 — M17 1.2
M090 — M23 — M27 — M07 — M19 — MI17 1.1
1.2
M19 (0.69 + 0.12) M090 — M23 = M17 — MI19 1.1
M090 — M23 — M06 — M04 — M07 — MI19 0.9
M090 — M23 — M27 — MO07 — M19 0.8
0.9
M23 (5.16 + 1.08) M090 — M23 22
M24 (0.20) M090 — M23 — M27 — M24 1.8
M090 — M23 — MO06 — M04 — M07 — M24 2.9
M090 — M23 — M06 — M04 — M07 — M27 — M24 33
M090 — M23 — M17 = M19 — M07 — M24 1.8
M090 — M23 — M17 — MI19 — M07 — M27 — M24 1.9
1.8
M27 (0.46 + 0.07) MO090 — M23 — M06 — M04 — M07 — M27 0.9
M090 — M23 — M17 — M19 — M07 — M27 1.0
MO090 — M23 — M27 0.8
0.9
M30 (6.68 + 0.42) MO090 — M30 2.0
M090 — M15 — M10 — M30 2.3
2.1

“ECso = 0.30 = 0.04 uM. bExperimentaI ECy, values (uM) taken from ref 32. “Values averaged for distinct pathways are highlighted in bold.

(Figure S). However, severe steric clashes can be anticipated
upon attachment of the cyclopropyl unit at position 3 of the
thiophene ring in M090 (Figure S), which agrees with the lack
of inhibition against the M2(S31N) channel reported by Zhao
et al.”?

Finally, to further assess the feasibility of the binding site
proposed for M090, we examined the effect of the drug-
resistant mutation E74, — D disclosed from resistance-
induction assays using the A/Guangzhou/GIRD/07/2009
(HIN1) virus in MDCK cells.* It is noteworthy that this is
the sole mutation found in the mature M090-resistant virus
strain. E74, is placed at the top of the a-helix (H-BS) of the
HA, domain, where it forms a salt bridge with R76, (Figure 1).
Although E74, is distant from the binding pocket, as noted in
the distances from the Ca atom of E74, to the Ca atoms of
D85, and T3091 (~17 and 24 A, respectively; see Table S2),
the salt bridge is located at the hinge between H-BS and L2-

BS, and hence, its stability may affect the structural flexibility of
the binding pocket.

To check the impact of the E74, — D mutation, MD
simulations were run for the wild type and mutated variants of
apo HA (Awt and Amut, 2 pus; Table 1). The RMSD profiles
support the structural stability of the binding pocket (RMSD
values ranging from 1.1 to 2.4 A; Figure S8). As expected, the
salt bridge between E74, and R76, is almost fully maintained
in the wild type species (average population of 96%), reflecting
primarily a bidentate interaction between the carboxylate
oxygens and guanidinium NH groups. However, its population
is reduced to ~50% in the mutated species. Similar trends were
observed in the comparison of MD simulations run for the wild
type holo species (H1lwt-II[, H2wt-II, H3wt-1I, and H4wt-1I)
and two MD simulations run by placing M090 in the three
pockets of the mutated HA preserving the binding pose BM-II
(Hlmut-II and H2mut-II, 1 us; Table 1; see Figure S for the

https://doi.org/10.1021/acsmedchemlett.4c00502
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Figure 4. Representative snapshots of the binding pose obtained for compounds (A) M15, (B) M27, (C) M19, and (D) M30 (shown as sticks) at
the end of the alchemical transformations. (A) The n-butyl chain attached to position 3 of the thiophene unit adopts a folded conformation due to
the steric clash with loop L2-BS. (B) Superposition of the complexes with n-butyl derivatives M1S (bound to position 3) and M27 (attached to
position 4). The steric clash observed for M1S with L2-BS is alleviated in M27, where the n-butyl chain adopts an extended conformation and
forms van der Waals contacts with P307;, 1308;, and the side chain of K82,. (C, D) The cyclopentyl unit in M19 occludes the access of water
molecules, thus creating hydrophobic shielding of the electrostatic interaction between D8S, and K83, in the neighboring protomer, mimicking the
protecting effect of the cyclopropyl unit in M090. This effect is lost in compounds M04, M06, and M07, which have unsubstituted furan and

thiophene rings.

Figure S. Overlaid structures of (A) M090 and (B) M24 (orange sticks) with N-[(S-bromothiophen-2-yl)methyl]adamantan-1-amine (gray sticks)
and superposition of the overlaid compounds onto the X-ray crystallographic structure of the S31N mutated variant of the M2 proton channel

(PDB ID 2MUV).*

RMSD profiles of the holo complexes run for the mutated
HA). The salt bridge between E74, and R76, is observed in
87—-95% of the four trajectories run for the wild type M090-
bound HA. However, this interaction is reduced to 46% and
54% in the two independent MD simulations of the mutated
holo species. It is noteworthy that the electrostatic

destabilization caused by the E74, — D mutation also affects
secondary interactions, such as the contact between R76, and
E69,, which is located in L2-BS. Thus, this contact is found, on
average, in 66% of the snapshots analyzed for the apo and holo
wild type simulations, but it is reduced to 41% in the mutated
strain.
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Figure 6. (A) Representation of the two main essential motions of the backbone atoms that shape the binding pocket for the (left) apo and (right)
holo species of wild type and E74, — D mutated HA. (B) Projections of the snapshots sampled for the apo wild type HA (red) and its mutated
variant (yellow). (C) Centroids of the clusters observed for the apo wild type and mutated HA (backbone of the binding pocket in red and yellow,

respectively).

Principal component (PC) analysis was used to examine the
impact of the E74, — D mutation on the motions of the
backbone atoms of H-BS, L1-BS, and L2-BS in the apo wild
type and mutated HA. The first two PCs explain ~50% of the
total variance (the contributions of higher-order components
are lower than 7%). The first PC accounts for 30% of the
structural variance and describes a rotational motion of H-BS,
L1-BS, and L2-BS, following the C; symmetry axis of HA
(Figure 6A). In contrast, the second PC (19%) describes a
conformational remodeling of L2-BS. In the case of the holo
species, the two main essential motions (37% and 18% of the
structural variance) exhibit a large resemblance to correspond-
ing motions found for the apo species (Figure 6A).

The projections of the snapshots collected from the
simulations of wild type HA and the mutated variant reveal
that the main difference involves the second PC (Figure 6B).
Indeed, whereas a single cluster is observed for the wild type

HA in both the apo and holo forms, two (apo) and three
(holo) clusters are found in the projection of the snapshots
sampled for the mutated HA (Figure 6C). This reflects that the
E74, — D mutation induces a larger conformational flexibility
in the L2-BS loop, which should alter the packing against H-BS
and L1-BS and weaken the proper accommodation of M090 in
the binding pocket. Furthermore, we cannot rule out larger
spatial rearrangements on longer time scales, especially upon
acidification.

Overall, this study provides support for the involvement of
the putative binding site proposed by Zhao et al.** for the
binding of M090. MD simulations reveal a stable binding pose
characterized by the insertion of the pinanamine moiety in the
innermost region of the pocket, whereas the 3-cylopropylth-
iophene ring occupies the mouth of the pocket, occluding the
accessibility of water molecules. Instead of the HB formed
between the amine nitrogen and T309,, our results support the
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electrostatic stabilization of the protonated nitrogen with D85,,
a residue conserved in all the HIN1 strains considered in the
experimental assays. Furthermore, this binding mode provides
a structural basis to justify the effect of the chemical changes
introduced in both the cyclopropyl and thiophene units, since
the alchemical transformations discussed here generally exhibit
a close correspondence with the differences in inhibitory
potency determined in antiviral assays. Finally, as hypothesized
by Zhao et al,** the E74, — D mutation has a negative impact
on the stability of the salt bridge formed with R76,, which in
turn also affects other secondary interactions, leading
ultimately to an increase in the structural flexibility of the
L2-BS loop. Taken together, these results support the
occurrence of a binding pocket alternative to sites A and B
in HA (Figure 1), which may be valuable to explore the fusion
inhibition by other compounds with an unknown mechanism
of action.
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Homology modelling

The 3D structure of HA (HIN1 A/Virginia/ATCC3/2009) was modelled using SWISS-
MODELS! and the crystallographic structure of the A/PR/8/34 H1 HA as structural
template (PDB ID 6WCR,3? resolution 2.68 A). This was chosen to take advantage of
previous studies focused on the interaction of aniline-based antiviral compounds with
HA..53 Furthermore, the residues that shape the pocket proposed for the binding of M090
are preserved in distinct HIN1 HA subtypes (see Table S1). Thus, comparison of the
sequence content of the a-helix formed by L80,—A96, (H-BS) and the loops P301,-K318;
and M59,-L73, (L1-BS and L2-BS, respectively) for A/Virginia/ATCC3/2009,
A/California/04/20009, A/Texas/04/2009, A/Guangzhou/GIRD/07/2009,
A/California/07/2009, A/WSN/1933 and A/PR/8/1934 shows very few changes, such as
the replacement of K312 by E in A/WSN/1933 and A/PR/8/1934, T61, and H72; by I
and K in A/PR/8/193, and D862 by G in A/Texas/04/2009. Most of these changes occur
in solvent-exposed areas of the binding pocket (Figure S1). In contrast, larger changes are
observed in H3N2, H7N3 and H9N2 strains, which may contribute to the weakening in
the inhibitory potency.

;\. %
S
H72, | <\(

L2('~BS

,_I-3862’ LtBS \
SN

Figure S1. Representation of the structural elements that shape the putative binding pocket of
MO090 in HA: the a-helix formed by L80,—~A96, (H-BS) and the loops P301,—K318; and M59,—
L73, (L1-BS and L2-BS, respectively). The location of the residues affected by the few non-
conservative mutations between the viral HIN1 strains are highlighted with the backbone
represented as sticks.
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Molecular Dynamics simulations

The amberff14sb force field>* was used for the protein, and M090 and its derivatives were
parameterised using the gaff2 force field.5 Partial charges for the ligands were derived
using the RESP protocol®® at the B3LYP/6-31G(d) level of theory, as calculated using
Gaussian16.57 The systems were solvated with a truncated octahedral box of TIP3PS8
water molecules, allowing a distance of 12 A from the protein to the box edge.
Counterions (K", CI')>” were added to maintain the neutrality of the simulated system and
to keep the ion concentration at 0.15 M using the SPLIT method.5!® The simulated
systems contain ~246,000 atoms.

Each system was minimised using 7500 steps of steepest descent, followed by 7500 steps
of conjugate gradient algorithm. Equilibration was performed in 3 steps. The systems
were slowly heated in the NVT ensemble from 5 K to 300 K in a temperature ramp for
250 ps and held at 300K for 50 ps imposing positional restraints (5 kcal-'mol™") on the
ligands. The density of the system was then equilibrated for 4.7 ns in the NPT ensemble
(pressure: 1 bar, T: 300 K). Finally, after density equilibration, the system was simulated
using the NVT ensemble for 1 ns and prepared for the MD production.

During the production runs, temperature was controlled using Langevin dynamics with a
collision frequency of 2 ps™!, and pressure was maintained using the Berendsen barostat
during the density equilibration step. All bonds involving hydrogen atoms were
constrained by the SHAKE algorithm®!! to allow a timestep of 2 f5. Since the X-ray
structural information is limited to the ectodomain, a series of distance NMR restraints
were applied to avoid an artefactual increase of flexibility at the C-termini of the HA
trimer. In particular, restraints (5 kcal-mol!) were applied to the C, of two residues
(N128; and R170,) of each HA monomer when a displacement greater than 2A from the
crystallographic distance occurred (the restraint is applied progressively until the restraint
is fixed at 1.5 A beyond 2A from the crystallographic distance, i.e., at 3.5 A from the
crystallographic distance). All simulations were performed using the AMBER20
package.5'?

The structural flexibility of the binding pocket and the stability of M090 was assessed
through the analysis of a variety of MD simulations for the apo and holo systems (Table
1). The initial model was simulated in the apo state for 2 pus of unbiased MD.

For the ligand-bound complexes, three binding modes were considered (Figure S2). The

first one corresponds to the binding pose reported by Zhao et al.,>'* which will be denoted

Sk



BM-I and is characterized by the formation of the hydrogen bond between the amine
nitrogen of M090 and T309;. The second binding mode (BM-II) is characterized by the
formation of a salt bridge between the charged nitrogen of M090 and D85>. Finally, the
third binding pose (BM-R) is characterized by the exchange of the pinanamine and
thiophene units in the binding pocket. The holo systems were simulated using at least two
independent MD simulations, each simulated for 1 ps (the only exception is one of the
simulations performed for the BM-R binding mode, which was run for 0.5 us due to the
release of one of the ligands from the binding pocket). In one case the starting structure
was the equilibrated HA model obtained from the SWISS MODEL web server.
Alternatively, the starting structure was the frame obtained after 1 or 2 pus of the MD
simulation run for the apo system.

Finally, the apo species of the E74—D74,; mutant was simulated for a total of 2 ps, and
the ligand-bound complex formed with the E74—D74, mutant was examined considering

two MD simulations extended up to 1 us each.
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Figure S2. RMSD profiles determined for (left) the backbone of the residues that define the three
binding pockets and (right) the bound ligand in the two MD simulations (H1wt-I and H2wt-I) run
for the complex between M090 (binding mode BM-I) and HA.
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Figure S3. RMSD profiles determined for (left) the backbone of the residues that define the three
binding pockets and (right) the bound ligand in the four MD simulations (H1wt-II, H2wt-II,
H3wt-II and H4wt-1I) run for the complex between M090 (binding mode BM-II) and HA.
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Figure S4. RMSD profiles determined for (left) the backbone of the residues that define the three
binding pockets and (right) the bound ligand in the two MD simulations (Hlwt-R and H2wt-R)
run for the complex between M090 (binding mode BM-R) and HA.
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Figure S5. Representation of the alternative binding mode found for M090 in the simulations run
for the reversed binding mode (HIwt-R and H2wt-R), where the protonated amine formed direct
interactions with the amide carbonyl oxygen of Q62,, assisted by electrostatic interactions with
D'90,.
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Alchemical calculations

The relative binding free energy (RBFE)>!* between derivatives of M090 was determined
by alchemical transformations, where a ligand (L) is converted to a structurally related
analogue (L) both in the protein-bound complex and in the unbound state in aqueous
solution (Eq. 1).

AAGr#s = MGy~ o+ (L, = L-) — AAG.j0+1(L, = L-) @)
The transformation from L; to L, was divided into a series of windows, where the states
corresponding to A = 0 and A = 1 represent the holo species with L; and Lo, respectively,
and the intermediate A values denote a linear interpolation between the parameters of the
initial and final systems. Alchemical transformations were performed using 29 equally
spaced A windows, including states A = 0 and A = 1 (i.e., A = 0.000000, 0.035714,
0.071429, 0.107143, 0.142857, 0.178571, 0.214286, 0.250000, 0.285714, 0.321429,
0.357143, 0.392857, 0.428571, 0.464286, 0.500000, 0.535714, 0.571429, 0.607143,
0.642857, 0.678571, 0.714286, 0.750000, 0.785714, 0.821429, 0.857143, 0.892857,
0.928571, 0.964286, 1.000000).

To smoothly transform L; into L,, we followed a concerted alchemical transformation
protocol using a dual-topology scheme. During the transformation, two copies of the
common core (CC) of the molecules are present with identical sets of atomic coordinates
to facilitate phase space overlap between states during the alchemical transformation. The
non-common regions for each pair of molecules (i.e., the atoms with different sets of
coordinates) were evaluated with soft-core potentials.>'> All the A simulations were run
for 12ns - 18ns, depending on the needs to reach the convergence criteria. Calculations
were performed using the GPU-accelerated TI implementation of AMBER?20.

The Thermodynamic Integration (TI) estimator as implemented in alchemlyb was used to
estimate the free energy change for each A simulation. In addition, each transformation
was simulated in both directions to assess hysteresis. For each alchemical transformation,

we determined the average value of < i_2> .and the standard error (and variance) at each
3

lambda. The free energy difference between initial and final states was estimated through

integration of the set of < %> .values using the trapezoidal rule. Similarly, the error was
3

estimated from the propagation of the variances determined at each lambda between the
initial and final states. Since each alchemical transformation was performed in forward

and backward directions, the free energy change was estimated as the average of the two
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values, and the error was determined as the square root of the sum of the corresponding
variances.

In the study, all the free energy differences are given relative to M090, which was used
as reference. Accordingly, when comparison of a given compound relative to M090
involves several alchemical transformations (i.e, M090 — M23 — M06 — MO04; see
Figure 3), the global free energy difference was determined from the addition of the free
energy changes for each individual transformation, and the global error from the
cumulative propagation of the variances.

In few instances several pathways may be used to link a given compound to M090. For
instance, the transformation M090—MO04 may be completed using 3 possible paths
following the perturbation map in Figure 3:

1. M090 — M23 — M06 — M04

2.M090 — M23 —» M17 — M19 — M07 — M04

3. M090 — M23 — M27 — M07 — M04

In this case, the final free energy difference was taken as the average value of the 3 values
corresponding to each path, and the final error was estimated from the square root of the
sum of the variances for the distinct paths.

The initial coordinates of the system were extracted from the Hlwt- II simulation at 1 us
(Table 1), keeping the positions of the water molecules at 8 A of each M090 molecule to
improve the reproducibility of the binding mode during the equilibration of the system
after changing the topology. All the systems were then carefully equilibrated with the dual
topology using the TI code for each transformation with its respective A value. Each
system was first heated in the NVT ensemble from 5 K to 300 K (150 ps), equilibrated at
1 bar in the NPT ensemble (300 ps), and finally switched back to the NVT (100 ps)
ensemble to avoid artifacts at the beginning of the T1 simulations.

During the equilibration protocol, the heavy atoms of the protein and ligand were
restrained with positional restraints (10 kcal-mol ™) to maintain the binding mode obtained
during the MD. Each A state was then simulated in the NVT ensemble at 300 K using the
Langevin thermostat and the SHAKE algorithm for bonds involving hydrogen. The
analysis and integration of the final free energy values was performed using the last 6ns
of the total sampling for each A state.

The experimental binding free energies, AAGep, were approximated from the

ZS]3

experimental ECso reported by Zhao ef a using influenza virus-infected MDCK cell

assays (Eq. 2). It should be noted that this choice may introduce some discrepancies
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between the results from in silico calculations and cell-based assays due to the potential
effect of other factors not directly related to the binding of the compounds to the putative
binding site, such as the effective concentration of the ligand and non-specific binding

events, in the experimental assays.

AAG,., = —RTIn78"C)
- men 2)

where AAGeypis in kcal-mol™!, R = 1.987-107 kcal-mol!-K"! and T is the temperature in
K (300K).

Figures S6 and S7 show representative plots used in the analysis of the free energy
changes determined from TI calculations for the alchemical transformations between

MO04 and MO06 in aqueous solution and in the protein-ligand complex.
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Figure S6. TI analysis for the M04<—MO06 (forward and backward) transformation in aqueous
solution (values in kcal'mol™). Representation of (top) the free energy change determined from
the last 6ns of each A divided in steps of 2 ns (each in yellow, orange and red), and (bottom)
correlation between the TI estimator used in the calculations and the BAR and MBAR estimators.
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Figure S7. TI analysis for the M04<—MO06 (forward and backward) transformation in the ligand-
protein complex (values in kcal'mol™). Representation of (top) the free energy change determined
from the last 6ns of each A divided in steps of 2 ns (each in yellow, orange and red), and (bottom)
correlation between the TI estimator used in the calculations and the BAR and MBAR estimators.
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Principal component analysis

To explore the conformational flexibility of the structural elements of HA that shape the
putative binding pocket for M090 in the wild type and E74,—D mutated variant, Principal
Component Analysis (PCA) was used to examine the structural plasticity of the apo
systems and the M090-bound systems in BM-II. Note that the residue E74, is located
distant from the binding pocket, as noted in the distances from the Co atom from this
latter residue to the Ca atom of both D852 and T3091 (see Table S2).

Computation of the PCA was performed for the main chain atoms (C, Ca, N and O atoms)
of L1-BS, L2-BS and H-BS. To this end, the trajectories of each system were properly
aligned to the a-helix backbone of an average structure computed with the last 100 ns of
the H1-WT _II system, which was used as a reference structure. The eigenvalues and
eigenvectors were calculated diagonalizing the mass-weighted covariance matrix of the
system using the gmx covar and gmx anaeig modules of the GROMACS 2023.25!¢
package.

Table S2. Distance (A) between the Ca atom of residues E74, (D74, in the mutated variant) and
D85, and T309; in the binding pocket of M090.

Simulation | D85:—E/D74, (A) | T309:1 - E/D742 (A)
Awt 17.1£04 24.1£0.6
Amut 16.7+0.3 23.8+£0.6
Hlwt-II 172+ 04 242+ 04
H2wt-II 16.8+0.3 244+ 0.5
H3wt-1I 17.2+0.3 245+04
H4wt-11 172+ 04 243+04
HImut-II 16.9+0.3 24.1+0.5
H2mut-1II 16.8 +£0.3 24.0£0.5

S15



Figure S8. RMSD profiles determined for the backbone of the residues that define the three
binding pockets the MD simulations run for the (top) apo wild type HA and (bottom) its mutated
variant.
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Figure S9. RMSD profiles determined for (left) the backbone of the residues that define the three
binding pockets and (right) the bound ligand in the two MD simulations (H1mut-II and H2mut-
II) run for the complex between M090 (binding mode BM-R) and the mutated variant of HA.
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Chapter 3 - Results

Summary

To adequately prepare against severe infections from seasonal or pandemic influenza A virus
(IAV), additional drug classes are highly needed. We here report a new class of N-[(thiophen-
3-yl)methylbenzamides which target the hemagglutinin (HA)-mediated fusion process. The
most active compound, VF-57a, displays a 50% effective concentration (ECso) of ~0.8 uM and
antiviral selectivity index >130, in Madin-Darby canine kidney (MDCK) cells infected with
A/HINI virus. No activity was observed for influenza A/H3N2 and B viruses. VF-57a proved
to be a strong inhibitor of A/HINI- and A/H5N1-pseudovirus entry, with ECso values of 0.3
and 0.8 uM, respectively. The molecule prevents the conformational change of H1 or HS HA
at acidic pH, as evident from cell-cell fusion assays in HA-expressing cells, and from surface
plasmon resonance-based assessment of HA protein refolding at low pH. A(HINI)pdmO09
virus, selected for resistance to VF-57a, carried three muta-tions in HI-HA, i.e. F128:L, T31611
and S542P, indicating a potential role for these residues in compound binding. Molecular
modeling identi-fied the putative binding cavity for VF-57a, which lies close to the binding site
of arbidol, a broad inhibitor of HA-mediated fusion, and to the S54,P resistance mutation. The
binding mode, which involves n-stacking interactions with F309: and Y942 in the HA2 subunit,
was supported by the binding affinity predictions estimated from relative binding free energy
calculations, which were able to rationalize the structure-activity relationship (SAR) of selected
compounds. In combination, our findings support further development of this novel class of

IAV fusion inhibitors having strong activity against A/HIN1 and A/H5N1 viruses.
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ABSTRACT: To adequately prepare against severe infections from seasonal or pandemic influenza A virus (IAV), additional drug classes are
highly needed. We here report a new class of N-[(thiophen-3-yl)methylbenzamides which target the hemagglutinin (HA)-mediated fusion
process. The most active compound, VE-57a, displays a 50% effective concentration (ECso) of ~0.8 uM and antiviral selectivity index >130, in
Madin-Darby canine kidney (MDCK) cells infected with A/HINI1 virus. No activity was observed for influenza A/H3N2 and B viruses. VF-
S7aproved to be a strong inhibitor of A/HIN1- and A/HSN1-pseudovirus entry, with ECso values of 0.3 and 0.8 puM, respectively. The molecule
prevents the conformational change of H1 or H5 HA at acidic pH, as evident from cell-cell fusion assays in HA-expressing cells, and from surface
plasmon resonance-based assessment of HA protein refolding at low pH. A(HIN1)pdm09 virus, selected for resistance to VF-57a, carried
three mutations in H1-HA, i.e. F128,L, T316:1 and S54.P, indicating a potential role for these residues in compound binding. Molecular mod-
eling identified the putative binding cavity for VE-57a, which lies close to the binding site of arbidol, a broad inhibitor of HA-mediated fusion,
and to the S54,P resistance mutation. The binding mode, which involves n-stacking interactions with F309: and Y94, in the HA2 subunit, was
supported by the binding affinity predictions estimated from relative binding free energy calculations, which were able to rationalize the struc-
ture-activity relationship (SAR) of selected compounds. In combination, our findings support further development of this novel class of IAV
fusion inhibitors having strong activity against A/HIN1 and A/HSN1 viruses.

INTRODUCTION

According to estimates of the World Health Organization, the an-
nual epidemics, caused by influenza A and B viruses, are globally re-
sponsible for ~470,000 respiratory deaths per year."' In addition, an-
tigenically distinct influenza A viruses (IAVs), emerging from zoon-
otic sources, can cause pandemics with potentially grave conse-
quences,” as evident from the estimated toll of ~200,000 respiratory
deaths and ~83,000 cardiovascular deaths, during the last IAV pan-
demic that occurred in 2009.> Nowadays, a highly pathogenic avian

influenza A/HSN1 virus is causing great concern, after recent out-
breaks in dairy cattle in the USA and fur farms in Europe, with regu-
lar spillover to human individuals.*®

Although annual influenza vaccination represents the main prophy-
laxis for people at risk (such as the elderly or persons suffering from
comorbidities), the overall effectiveness of the current vaccines is
only between 30 and 60%.° Therefore, antiviral drugs are crucial to
treat influenza-infected persons who are seriously ill or at high risk
for severe complications.”® Oseltamivir and other neuraminidase



inhibitors are the standard-of-care since many years, while the poly-
merase inhibitors baloxavir marboxil and favipiravir are also availa-
ble in certain countries.” For both pharmacological classes, close
monitoring of potential resistance is needed.'” Other classes of easily
accessible and cost-effective antiviral molecules remain urgently
needed to prepare against the threat of influenza pandemics. This in-
cludes exploration of alternative druggable targets, such as the viral
hemagglutinin (HA)." The small molecule arbidol (1) (Chart 1)

12,13

acts on HA besides other targets,'>"* and is currently approved in two

countries (Russia and China).

HA is a homotrimeric protein embedded in the viral envelope. As
the key player for viral entry into the host cells, HA forms the initial
binding interaction with sialylated glycans on the host cell surface,
which results in uptake of the virus by endocytosis.” As the endo-
somes mature to reach a pH of ~5.5, HA is triggered to undergo a

drastic conformational change in its stem region,'"'*"

which pro-
motes the release of the hydrophobic fusion peptide and, ultimately,
fusion of the endosomal membrane and viral envelope. Diverse strat-
egies are being developed to interfere with the viral entry process,"™
*! yet many of these are challenged by the high variability of HA. The
19 currently known IAV HA subtypes fall into two phylogenetic
groups. The H1, H2 and HS HAs belong to group 1, whereas the H3
and H7 HAs fall in group 2." Broadly neutralizing anti-HA antibod-
ies with group 1-, group 2-, or pan-IAV activity have sparked major
interest from the pharmaceutical industry, with a handful having
progressed towards clinical evaluation.”

Besides, there has been significant interest in small molecule antivi-
rals which prevent the HA-mediated membrane fusion process. Sev-
eral fusion inhibitors have been reported in the literature, with ex-
tensive variety in their scaffold structures (Chart 1). In almost all
cases, the activity proved HA subtype-dependent, covering either
H1 or H3 HA, but not both, although several molecules showed in-
hibition of more than one HA subtype of the same group (Chart 1).
A few fusion inhibitors were also validated in influenza mouse mod-
els.>* So far, arbidol, 1,'>'3; M090, 2,%%; OA-10, 3,%; and 4, are ex-
ceptional in having activity against both H1 HA and H3 HA, albeit
at potencies that are quite low compared to the subtype- or group-
restricted inhibitors.

Up to now, structural studies have revealed that fusion inhibitors
bind to two sites in the HA stem region. One site corresponds to the
pocket that is occupied by #butylhydroquinone, 5, (TBHQ; PDB
IDs 3EYK and 3EYM)® and arbidol (PDB IDs ST6N and 5T6S),"
and consists of residues located at helices A and C from protomer 1
and C' from protomer 2. The other is the groove filled by JNJ4796,
9, (PDB IDs 6CFG and 6CE7),% ($)-F0045, 10, (PDB ID 6WCR)®
and CBS1117, 11a (PDB ID 6VMZ).* Considering the substantial
chemical diversity among the reported fusion inhibitors (Chart 1)
and the structural complexity of HA, the identification of the mech-
anism of action is challenging, although disclosing the putative

binding site is crucial to rationalize the structure-activity relation-
ships (SAR) and lead optimization.

This study elaborates on the chemotype for which the first proto-
type, CL385319, 19, (Chart 1), was published in 1999. The au-
thors demonstrated antiviral activity against A/HIN1 and A/H2N2
viruses (group 1), with A/H3N2 (group 2) being much less sensi-
tive. Several years later, another team found that CL385319 is also
effective against A/HSN1 virus.” Subsequent studies explored the
effect of replacing the piperidine ring of CL385319 by a variety of
heteroaromatic rings. This led to submicromolar potencies, as in the
case of the 2-(thiophenyl-2-yl)ethyl derivative 20 (Chart 1), which
exhibited an ECso 0f 0.22 M against A/HSN1 pseudovirus.** These
researchers also identified an oligothiophene compound having 58-
fold higher potency than CL385319 in A/HINI1 virus-infected cell
cultures and 360-fold higher activity in an A/HSN1 pseudovirus en-
try assay.” Finally, in 2019, Yu et al performed a systematic SAR in-
vestigation on a series of heteroaromatic-based benzenesulfona-
mides, leading to compound 21, which exhibited an ECs0 0f 0.47 uM
against A/HSNI virus.*

In light of the promising anti-IAV activities of benzamides 19 and 20
and of compound 21, we decided to further investigate the SAR,
considering a series of hybrid molecules featuring, as left-hand side,
the benzamide core of CL385319 and its analog 20 and, as right-
hand side, the N-[(thiophen-3-yl)methyl]amino unit 0of 21 (Scheme
1). Starting from the hybrid molecule 22, chemical variations were
designed to explore (i) the effects of substitutions attached to the
phenyl ring (Charts 2-4); (ii) the optimal substitution for the thio-
phene ring (Charts 5-6); and (iii) the nature of the linker between
the thiophene and the phenyl moieties (Chart 7).

The anti-IAV activity was evaluated in cell-based assays with differ-
ent A/HIN1 and A/HSN1 (pseudo)viruses, and the fusion-inhibit-
ing effect was determined in HA-expressing cells. To understand the
HA binding mode, resistant virus was selected by serial passaging.
Finally, molecular dynamics simulations and free energy calculations
were conducted to identify the plausible binding site of the lead com-
pound within the HA protein.

RESULTS AND DISCUSSION

Synthesis and SAR analysis. The benzamides were easily synthe-
sized through the reaction of the required acyl chloride, either com-
mercially available or freshly synthesized from its corresponding
benzoic acid derivative and thionyl chloride, with the required
amine, typically (2,5-dimethylthiophen-3-yl)methanamine. Some
particular compounds, such as ester 63, secondary amine 64 and in-
verse amide 65, were synthesized using specific procedures as re-
ported in the Experimental section. All the new compounds were
fully characterized through their spectroscopic data and elemental
analyses or HPLC/MS (see Experimental section and Supporting
Information for further details)..
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Chart 1. Structures of reported inhibitors of IAV HA-mediated fusion, specifically: arbidol'>'}; M090*%; OA-10”"; 4*; TBHQ; spirothiazoli-
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RL-007*; CL-385319%; 20°*; and 21°.

From the hybrid molecule 22 (Scheme 1), the SAR analysis of the
N-[(thiophen-3-yl)methylbenzamides aimed to gain insight into
how anti-IAV activity depends on the thiophene and phenyl rings,
and the linker that joins these two moieties.

With regard to the benzene ring, starting from 22, besides the re-
placement of fluorine by bromine, chlorine or trifluoromethyl in
metaposition and some related combinations shown in Chart 2, we
also explored the effect of attaching additional electron-withdrawing
groups in position ortho and para (Chart 3). On the other hand,
since previous works on CL-385319 and 20 did not perform a full
SAR study of the benzene ring, a classical Topliss approach was
adopted to consider a more diverse range of substituents attached to
the benzene ring (Chart 4)."%
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Scheme 1. Structures of anti-IAV compounds 20 and 21 and newly
designed hybrid 22.



Regarding the thiophene ring, attention was paid first to the influ-
ence of the methyl groups present in positions 2 and 5, which were
removed either separately or simultaneously (Chart S). Further-

Finally, we envisaged the replacement of the methylamide linker by
other chemical moieties, keeping the total length of the tether be-
tween both aromatic rings (Chart 7).

more, the replacement of the thiophene moiety by more polar rings,
such as furan, thiazole, isoxazole, pyrazole, oxazole and pyridine, was
also examined (Chart 6).
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Chart 2. Structures of benzamides with a mono- or di-substituted phenyl ring.
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Chart 3. Structures of benzamides with tri- and tetra-substituted phenyl ring.
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Chart 4. Structures of benzamides explored for a Topliss approach of the benzene ring.
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Chart S. Structures of benzamides synthesized for exploring the influence of the thiophene methyl groups.
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Chart 6. Structures of benzamides featuring different heterocycles on the right-hand side of the molecule.
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Chart 7. Structures of benzamides with alternative bridges between the phenyl and thiophene rings.

To determine the anti-influenza virus activity, we conducted cyto-
pathic effect (CPE) reduction assays in MDCK cells, in which we
used the colorimetric MTS cell viability method to measure the
compounds’ protective effect against viral CPE, as well as their cyto-
toxicity in mock-infected cells. Parallel with the MTS readout, we
scored the CPE and cytotoxicity by microscopic inspection; the two
readout methods gave very similar results. The virus test panel in-
cluded two A/HIN1 (PRS8 and Virg09), two A/H3N2 (A/Victo-
ria/361/11 and A/Hong Kong/7/87) and one influenza B strain
(B/Ned/537/05; Yamagata lineage). This evaluation showed that
several members of the series exhibited strong activity against
A/HINI virus (see Table 1 showing the results for the most active
compounds). In line with the reported data on the congeners CL-
385319,20,* and 21, we saw no inhibitory effect on A/H3N2 and
influenza B viruses (highest tested concentration: 100 uM, data not
shown).

The starting benzamide, 22, had antiviral ECso values ~1 pM for the
PR8 and Virg09 virus, without showing any cytotoxicity at 100 uM
(the highest concentration tested; Table 1), thus yielding a selectiv-
ity index (= ratio of CCso to ECso, SI) of >100. Interestingly, while
substituting the fluorine atom of 22 by chlorine, as in 23, led to a
slightly more potent compound (Table 1), its replacement by a bro-
mine (24) or a trifluoromethyl group (25) fully abolished the anti-
viral activity. Three analogs featuring the same halogen atom, 26,27,
and 28, were also inactive. No activity was also noted for compound
29, bearing a methyl group instead of the trifluoromethyl group of
23. Finally, five monosubstituted benzamides, 30—-34, were inactive,
showing that the antiviral activity requires the presence of two elec-
tron-withdrawing groups in the meta positions (i.e. at R; and Ry;
Chart 2).

Next, from active benzamides 22 and 23, the incorporation of one or
two additional halogen atoms on the benzene ring was explored. Of
note, the introduction of a fluorine atom at the para position of 22,
leading to 38, slightly increased the activity. However, the introduc-
tion of a further fluorine atom at the ortho position, as in 36, fully
abolished the antiviral effect. Regarding 23, the effects of introduc-
ing additional halogen atoms paralleled those seen with the

derivatives of 22, with compound 38 showing good antiviral activity
and the ortho-substituted derivatives 37 and 39 being less active.

A classical medicinal chemistry approach to optimize the substitu-
tion pattern of a phenyl ring, is the Topliss batchwise scheme
(TBS).*”** Therefore, we synthesized and tested compounds
40-44, but these were inactive, thus preventing further TBS-guided
design (Chart 4).

Next, we explored the right-hand side of the molecule. First, a few
analogues of the more potent compounds, 22, 23, 35 and 38, were
synthesized to explore the effect of the methyl groups (Chart 5). All
the compounds lacking one or both of the methyl groups (i.e. 4S-
53) were active, although the S-methyl appeared more relevant for
the antiviral activity, particularly against the Virg09 virus (see Table
1). Next, several heterocycles were explored as replacements of the
thiophene ring. However, except for the demethylated furan deriva-
tives 54 and 5§, all these analogs were inactive (Chart 6 and Table
1).

Finally, the importance of the benzamide bridge of 22 was assessed.
Neither the ester 63, nor the secondary amine 64 showed antiviral
activity. Finally, also the inverse amide 65 was fully inactive (Chart
7).

Based on the ECso and SI values, we selected 23, dubbed VF-57a, for
mechanistic investigations. This lead compound had an antiviral
ECsovalue of 1 yM and 0.5 puM for the PR8 and Virg09 virus, respec-
tively, and a selectivity index of >100 (Table 1). For comparison,
RL-007 (Chart 1), an aniline-based IAV fusion inhibitor which we
identified before* and included as a reference compound, had an
ECs00f0.6-1.5 uM and CCso of 33 pM (Table 1), giving a selectivity
index of ~31.



Table 1. Antiviral (A/HIN1) activity and cytotoxicity in MDCK cells.

Ry O Ry O
Rz Rz
N N
Rs Rs Rg~ S R3 Rs Rg~ ©
R4 R4

Series A: thiophene derivatives

Series B: furan derivatives

Cpd R R Rs R« Ry Rs R; Antiviral ECso*against A/HIN1virus (uM) Cytotoxicity (uM)
PR8 strain Virg09 strain CCs® MCCe
MTS Microscopy MTS Microscopy MTS  Microscopy
Series A
22 H F H CFs H Me Me 1.1£03 1.5+0.6 044+£019 1711 >100 >100
23 H Cl H CFs H Me Me 092+019 11£02 031+0.12 0.71+£04S >100 >100
35 H F F CFs H Me Me 022+003 086+041 0.20+£0.05 0.89+0.13 >100 >100
37 F Cl H CFs H Me Me 29 1.6 +0.8 >100 >100 >100 56+22
38 H Cl F CF H Me Me 027+012 16%0.8 0.18£0.04 3.1£0.5 >100 40
39 H Cl H CFs ClI Me Me 59%32 11+£6 0.82+0.61 81%0.5 >100  52+2§
45 H F H CFs H H Me 0.68+0.51 026+0.02 0.39+0.18 1.6+0.5 67+1 78%22
46 H H CFs H Me H 023+0.08 0.17+0.04 6.8%6.5 83+5.1 >100 67 £33
47 H F H CFk H H H 042+0.10 044016 72%4.1 20+ 8 >100 >100
48 H Cl H CFs H H Me 0.34+0.18 046+0.14 0.15+£0.12 19%1.1 >100 >100
49 H Cl H CFs H Me H 0.14+0.04 0.14+0.05 037+0.16 048+0.07 >100 7822
S0 H Cl H CFs H H H 20+1.0 1.0+0.6 1.1+0.5 2.1£0.0 702 100%0
S1 H F F CFs H H Me 29+%1.1 3.5+1.2 5.3+0.8 >100 24+2 33%0
S2 H Cl F CFs H H Me 85%S5.6 13+8 >100 >100 >100  >100
S3 H Cl H CFs ClI H Me 17+38 >100 31+3 >100 >100 >100
Series B
54 H F H CFs H Me Me 0474019 054%0.17 0.54+£0.06 3.6%2.8 79+£5 100+0
SS H Cl H CFs H Me Me 024+008 054£037 1.1+03 >100 29+0 330
Reference compounds
RL-007 1.4+0.0 1.5+0.1 0.61+0.06 0.69+0.09 33£S >40
Ribavirin 38+3 27+1 202 250 >250  80+20
BXA (nM)4 6.1+1.7 6.1+2.0 3204 3.5+0.0 >100 >100

*ECso: half-maximal effective concentration for protection against virus-induced CPE, as determined by the MTS cell viability assay or by micro-
scopic scoring. A/HIN1 virus strains: A/PR/8/34 (PR8) and A/Virginia/ATCC3/2009 (Virg09). *CCso: 50% cytotoxic concentration based on the
MTS assay. “MCC: minimum cytotoxic concentration, i.e. compound concentration causing minimal changes in cell morphology. ‘BXA: baloxavir
acid; concentrations expressed in nM. Compounds 24-34, 36, 40-44, S6—-65 were inactive (ECso > 100 tM) against the PR8 and Virg09 strains. All

the compounds were inactive against the A/Hong Kong/7/87 (A/H3N2) and B/Ned/537/0S strains.

Figure 1. Dose-response curves for antiviral (A/HIN1) activity of VF-57a (23) and RL-007. Data points are the mean values + SEM (n =3) for
inhibition of CPE (O) or for viability of mock-infected cells (A), both based on the MTS assay. Curve fitting with GraphPad Prism 10.2.2 software.
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Inhibition of H1 and H5 HA-mediated membrane fusion. Since
the subtype-dependent antiviral activity aligned with HA being the
target of the N-[(thiophene-3-yl)methyl]benzamides, we next de-
termined the inhibitory effect of VF-57a in a luciferase-based pseu-
dovirus entry assay in MDCK cells. This method enabled us to in-
clude, at BSL2 level, MLV-based pseudovirus bearing the HA and
NA of highly pathogenic A/HSN1 virus, specifically strain FL22*
which belongs to clade 2.3.4.4b alike the A/HSN1 viruses that are
causing the current outbreaks in cattle in the USA.® As shown in Fig-
ure 2A, VF-57a proved a strong inhibitor of A/HINI- and
A/HSN1-pseudovirus entry, with ECso values of 0.30 and 0.81 uM,
respectively. RL-007, on the other hand, had almost 127-fold higher
activity against A/HIN1 than A/HSN1 (ECs0: 0.079 and 10 UM, re-
spectively). Arbidol, included as reference compound, had a compa-
rable ECso for A/HIN1 and A/HSN1 (Figure 2A), but ~20-fold
lower potency than VE-57a.

HA Gal5-VP16  Gal5-luc
24 hl Overlay
-o- HIN1 (Virg09) -e- H5N1 (FL22)|
126 ECsp Arbidol 48 hl
< 10uM
100 o 15 M 3 Fusion assay

1) 15 min + compound at pH 7
2) 5min+ compound at pH 5

More direct evidence that VF-57a acts on membrane fusion was ob-
tained via cell-cell fusion assays in HA-expressing HeLa cells ex-
posed to pH ~S. VF-57a and RL-007 were preincubated with the
HelLa cells for 1S5 min, then further present during the S-min acidic
stage. Using a luciferase-based readout (see Figure 2B for an assay
scheme), we determined an ECso value for H1 HA of 0.95 uM for
VE-57a and 4.1 yM for RL0O07. Both compounds proved also effec-
tive against HS HA, giving complete inhibition of cell-cell fusion at
100 pM (see microscopic pictures in Figure 2C). At lower concen-
trations, VF-57a still gave almost complete (25 uM) or partial (6.25
pM) inhibition, while RL-007 was partially effective at 25 pM and
inactive at 6.25 uM.

Hence, these pseudovirus entry and cell-cell fusion data validate VF-
§7a as a strong fusion inhibitor of H1 and HS HAs. In contrast, our
previously identified fusion inhibitor RL-007 showed stronger inhi-
bition towards H1 than HS HA.
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Figure 2 Dose-response curves for inhibition of HA-mediated pseudovirus entry and cell-cell fusion. (A) MDCK cells were transduced with lucif-

erase-expressing A/HIN1- and A/HSN1-pseudoviruses, in the presence of the compounds. Three days later, luminescence was measured to assess the
compounds’ inhibitory effect on pseudovirus entry. (B) Cell-cell fusion assay in H1 HA-expressing HeLa cells. The scheme shows the assay setup. The
compounds were present during the 15-min preincubation and 5-min acidic stage. Luminescence was measured $ h after inducing cell-cell fusion. Data
points are the mean + SEM of three independent experiments. (C) Microscopic images of HeLa cells transfected with HS HA and briefly exposed to
pH 5.3. The compounds were present during the 15-min preincubation and S-min acidic stage. In panels A and B, curve fitting was done with GraphPad

Prism 10.2.2 software.
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Figure 3. VF-57a and RL-007 inhibit HA refolding at pH S5.2. SPR was used to measure the binding of H1 HA to stem-directed antibody
C179 and head-directed antibody 7B2-32. H1 HA was pre-incubated with DMSO or compound, then exposed to neutral or low pH, prior to
SPR analysis. (A) Sensorgrams of a representative experiment. (B) Average binding response of three biological replicates. Statistical signifi-

cance was analysed by a two-sided unpaired t-test. Isotype controls yielded RU values lower than 1 and are therefore not shown. RU: resonance

units.

Finally, we conducted SPR analysis with two anti-HA antibodies, to
evaluate the compounds’ direct effect at preventing the conforma-
tional change of HA at low pH. Whereas the anti-HA stem antibody
C179 only binds when the protein is in its prefusion confor-
mation,**" the anti-head antibody 7B2-32 binds to both pre- and
post-fusion HA. Recombinant HI HA protein, incubated in an
acidic buffer of pH 5.2 to induce the post-fusion structure, lost the
ability to bind to the C179-coated sensor chip (Figure 3). Its binding
to the 7B2-32 antibody was not affected by acidic treatment. When
VF-57a or RL-007 was present during the acidic incubation stage,
the binding interaction between HA and antibody C179 remained
significantly higher (2<0.001 for comparison to the DMSO con-
trol). This proves that the two molecules act by stabilizing the H1
HA protein in its prefusion structure. Arbidol, on the other hand,
only slightly protected against the loss of C179 binding, and its effect
was not significant. This is consistent with our pseudovirus entry
data, where arbidol was much less effective than VF-57a and RL-
007.

Phenotypic characterization of VF-57a-resistance markers in H1
HA protein. To fully understand the mechanism of VE-57a vis-a-vis
RLO007, we selected resistant viruses via serial passaging of Virg09 vi-
rus under increasing concentrations of these inhibitors. After three
passages, breakthrough viruses were plaque-purified. In CPE reduc-
tion assays, all the virus clones, selected under either VF-57a or RL-
007, proved at least 60-fold resistant to both compounds (ECso >40
uM; Table 2), indicating cross-resistance between these two inhibi-
tors. Baloxavir, included as control, was equally active against all vi-
ruses tested.

As evident from Figure 4, the Virg09 clones carried amino acid
changes at different parts of HA. In a previous resistance study with
an H3 HA-specific fusion inhibitor, we found that this class of agents
selects two mechanistically distinct types of amino acid substitu-
tions.”” While some are directly located at the compound’s binding
pocket, other changes are lying at remote sites and associated with
higher acid-lability of the HA protein. Such mutant viruses escape
from the fusion inhibitor by undergoing fusion in less acidic



endosomes. Hence, we used a hemolysis assay to determine which
of the mutations, selected under VE-57a or RL-007, rendered
Virg09 HA more acid-labile. This was the case for mutants T316,1
and D90,G, which showed a hemolysis pH of 5.48 and 5.41, com-
pared to 5.24 for the virus that was passaged without compound and
did not acquire any HA mutations during this process (Table 2).
Mutant S54,P showed a hemolysis pH of 5.30, which is a slight in-
crease compared to the control (p=0.030). The F128,L virus had the
same hemolysis pH as the control, while mutation A90,V reduced
the acid-lability (pH 5.10; p<0.0001). This suggests that these sites
may lie close to the binding pocket of both VF-57a and RL-007.

Table 2. Impact of the HA mutations on viral sensitivity to VF-
57a or RL-007 and on acid-lability of HA.

Selecting com- Antiviral ECso by MTS assay* Hemolysis
pound® and HA pH
mutation® VE-57a RL-007  BXA (p vscon-
vs parent virus (uM) (uM) (M) trol)é
+
VES7a: F128,L >40 >40 25+ 525
0.5 (p=0.81)
19+ 5.48
VES7a: T31611 0 0
S57a: T316: >4 >4 01 (p<0.0001)
1.7+ 5.30
VES7a: P
S7a: 8542 >40 >40 0.8 (p=0.030)
3.0+ S.10
: Al
RL007: A90:V >40 >40 07 (p<0.0001)
1.7+ 541
RLO07: D90.G 0 0
7:D90:G >4 - 02 (p=0.030)
No compound 2.5+ 0.94 + 26+ 524
control: none 1.0 0.4 0.7 ’

*Virg09 virus was passaged three times under VF-57a and RL-007 (at
successively 1.6, 4 and 10 uM for VF-57a and at 0.64, 1.6 and 4.0 uM for
RL-007); a control was included that was passaged in the absence of a
compound. *The residues are numbered as in ref. 46, i.e. per HAI and
HA2 polypeptide part (indicated by the suffix) and starting from the first
methionine for HAI. In H3 numbering, the corresponding sites are:
F115; (F1281); T301: (T3161); SS42 (SS542); A81/82; (A901); and
D90, (D90.). “Antiviral ECso value in MDCK cells, using the MTS-
based CPE assay. Mean + SEM of three independent experiments. “The
hemolysis pH was defined as the pH where 50% of virus-induced hemol-
ysis occurred relative to pH 5.0, as based on the pooled data from four
independent experiments. Statistical significance of differences between
the hemolysis pH of different mutants versusthe no compound control,
were determined with an extra-sum-of-squares F test (GraphPad Prism
102.2).
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Figure 4. Location of the HA mutations that Virg09 virus acquired when
passaged under VF-$7a (red) or RL-007 (blue) (indicated using the X-
ray crystallographic structure with PDB ID 3M6S).* The suffix refers to
the HA1 or HA2 polypeptide chain. The zoom shows the binding site of
anti-stem antibody C179 (revealed by X-ray crystallography; PDB ID
SCOR) and the aligned crystallographic structures of the HA-inhibitor
complexes for JNJ4796, ($)-F004S and CBS1117 (PDB IDs: 6CF7,%
6WCR®and 6WMZ,*! respectively).

Exploring the binding of VE-57a to the ligand binding pockets in
the HA stem. Binding of (8)-F0045 and VF-57a to HA Site B. As
noted above, inspection of the available X-ray crystallographic struc-
tures shows the existence of two binding sites in the HA stem. One
of them corresponds to the pocket that binds THBQ and arbidol,
and the other mediates the recognition of JNJ4796, (5)-F0045 and
CBS1117, which will be denoted Sites A and B, respectively, hereaf-
ter. Based on this evidence, Molecular Dynamics (MD) simulations
were performed to assess the potential binding of VF-57a to the two
sites. To this end, simulations were also performed for the HA com-
plexes with arbidol and (.5)-F004S, which were considered as con-
trol systems. Taking advantage of the trimeric nature of HA, MD
simulations were carried out positioning the ligands in the three
binding sites available in HA, enabling to calibrate the stability of the
binding mode in triplicate in a single trajectory.

The X-ray structure of the complex between (.5)-F0045 and HA (H1
A/Puerto Rico/8/1934, PDB ID 6WCR)* reveals that the ligand
fills a groove shaped by residues H18:, H38:, V40, W21,, T318,,
D19;, T41,, Q42,,145,, T49, and VS52,. MD simulations performed
for this complex showed that (.5)-F004S exhibits a stable binding
mode, as noted in root-mean square deviation (RMSD) values of 1.3
+0.3,1.3 £ 0.4 and 1.3 £ 0.3 A for the three ligands (Figure S). In
particular, the hydrogen bond interaction formed between the am-
ide carbonyl oxygen of (.5)-F004S and the hydroxyl group of T318,
is preserved (average distance of 2.8 + 0.1 in the three binding sites).

The potential binding of VF-57a to site B was examined considering
two distinct binding modes, which differ in the spatial arrangement
of the phenyl and thiophene rings along the groove (see Supporting
Information Figure S1). Let us note that the two arrangements ena-
ble the formation of the hydrogen bond between the amide carbonyl
oxygen of the ligand and the hydroxyl group of T318,, while ensur-
ing the overlap of the molecular skeleton of VF-57a and ($)-F004S.
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for each HA monomer backbone atoms and for each of the three lig-
ands.

In contrast to the behavior found for (.5)-F004S, none of the two
poses of VF-57a were stable along the MD simulations performed
for the complex with H1 (A/Virginia/ATCC3 /2009 model) HA
(Figure 6). Thus, the average RMSD values determined for the lig-
and range from 5.5 + 2.6 A t0 9.0 + 3.1 A for the 6 ligands (3 ligands
bound simultaneously to HA in the two binding modes). In addi-
tion, the structural instability of the binding mode is also reflected in
the hydrogen bond formed with T333,, since the average distance
ranges from 5.2 + 1.8 to 7.0 £ 3.8 A. Compared to (5)-F004S, the
instability of VF-57a could reflect the increased flexibility due to the
methylene between the amide and thiophene moieties and the loss
of the CH-n interactions formed by (.5)-F004S with H18;, H38; and
W21, due to the presence of the trifluoromethyl and methyl groups
in the phenyl and thiophene rings, respectively. These results sug-
gest that site B is not the binding pocket of VF-57a in H1 HA. This
finding agrees with the distinctive behavior observed for the pH-de-
pendent binding of antibody C179 in the absence and presence of
VE-57a, since the binding of C179 to the stem would have been not
compatible with the presence of VF-57a at site B.
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Figure 6. A1, A2 and A3) Superposition of snapshots along the tra-
jectory for VF-57a in Site B binding mode A. B1, B2 and B3) Super-
position of snapshots along the trajectory for VF-57a in Site B bind-
ing mode B. In both cases, a high displacement of the molecules is
observed suggesting the lack of stabilizing interactions in Site B com-
pared with the control MD simulation for (S)-F004S.

Binding of arbidol and VF-57a to HA site A. As described in the crys-
tallographic structure for arbidol bound to H3 HA A/Hong
Kong/1/1968, the binding pocket is shaped by residues of two HA
monomers. Monomer 1 contributes with P293,, F294,, K307, and
RS54, Q57,, K585, N602, W92, and Q103,, whereas monomer 2 con-
tributes with D901, A101;, K310, and L29."

Following the same strategy outlined above, MD simulations were
performed for the complex of trimeric HA with the molecules of ar-
bidol, each located at the binding pocket found in the X-ray crystal-
lographic structure of H3 A/Hong Kong/1/1968. Arbidol exhibits a
remarkable stable behavior in two of the three pockets during the
whole MD simulation. The protein dynamics of the HA trimer are
stable with average RMSD values 0of 2.2 £ 0.3,2.5 + 0.4 and 2.3 + 0.3
A for each monomer (Figure 7). Furthermore, the crystallographic
binding mode of arbidol is maintained in two pockets, as noted in
averaged RMSD values of 2.4 + 0.6 A and 3.0 + 0.5 A. We observed
the formation of transient hydrogen bonds between the tertiary
amine moiety of arbidol with ES7, and the backbone carbonyl oxy-
gen of K58:. Nonetheless, these interactions compete with the intra-
molecular hydrogen bond formed with the carbonyl oxygen of ar-
bidol. In the third case, the RMSD profile (green line in Figure 7)
increased after 80-90 ns and achieved a stable value of 5.3 + 1.8 A
after 210 ns. This reflects a rearrangement of the molecule within the
binding pocket, where the indole ring flips 180° upside down and the
thiophenyl group ends even more buried in the cavity.

The results observed in the simulation are aligned with the conclu-
sions provided by the authors regarding the role of arbidol as a mo-
lecular glue for HA trimer, interacting through hydrophobic interac-
tions and inducing the formation of salt bridges between amino ac-
ids."”> Indeed, the salt bridge between the carboxylate group of D90,
and the amine nitrogen of K310 is fully maintained during the sim-
ulation time (average N~O distance of 4.1 + 1.4 A), and the



guanidinium group of RS54, forms transient interactions with either
E97, or E103,: when the salt bridge with E97, is formed (average
distance of ~4.1 + 1.0 A), the distance from E103,is ~11.6 + 1.0 A,
and when the interaction with E97, is broken (average distance of
~10.4 + 1.2 A), the sidechain of R54, rotates and interacts with
E103, (average distance of ~3.4 + 0.7 A). However, the salt bridge
between RS54, and E57; observed in the crystallographic structure is
lost at the beginning of the simulation. Altogether, this analysis re-
veals the structural plasticity of the binding site of arbidol, which en-
ables the flip of the indole ring in one of the three simulated binding
modes.

K307, ‘D90,

Bakcbone RMSD Arbidol RMSD

Monemar 1
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Figure 7. A), B) and C) Above, final binding mode of arbidol (yellow
sticks) with respect the crystallographic position (grey sticks) in site A
binding pocket of the A/Hong Kong/1/1968 Influenza A strain
(H3N2). Below, the superposition of several snapshots along the whole
trajectory. D) RMSD plots for each HA monomer backbone atoms and
for each of the three ligands.

In light of these results, we explored the binding of VE-57a to the
arbidol binding site in HA H1 (A/ATCC3/ Virginia/ 2009), which
was previously modelled to unfold the last helical turn of the short a-
helix in HA2 to simulate the local structure observed in the complex
between HA and arbidol (PDB ID ST6N),"* and hence enabling the
binding of the ligands to the arbidol binding site in the PR8 strain
(see Experimental section. Molecular modeling: Homology model-
ling and setup of simulated systems, and Supporting Information
Figure S2). The HA trimer is stable with averaged RMSD values of
2.3+0.4,2.6+0.5and 2.7 + 0.6 A for each of the HA monomers,
although small fluctuations were observed in the last helical turn of
the short a-helix in HA2 and loops in the HA1 subunit (Figure 8).
The overall structural stability of the HA trimer was confirmed by
averaged RMSD values of 1.0 £ 0.2, 1.3 £ 0.2 and 1.2 £ 0.2 A for the
main stem helices for each of the protomers (see SI Figure S3).
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Figure 8. A), B) and C) Above, final position of VF-57a (yellow sticks)
in site A binding pocket of the A/Virginia/ATCC3/2009 Influenza A
strain (HIN1) modified homology model. Below, the superposition of
several snapshots along the whole trajectory. D) RMSD plots for each
HA monomer backbone atoms and for each of the three ligands.

The initial position of VE-57a was rearranged at the beginning of the
MD simulation in the three pockets of H1, achieving a stable pose
after the first 200 ns with RMSD values 0f 2.3 £ 0.5,2.3 + 0.4 and 2.9
+ 1.0 A (Figure 8). This rearrangement places the ligand more
deeply in the pocket, adopting a relatively stable pose after 250 ns in
the three cases. The thiophene ring is surrounded by hydrophobic
amino acid residues in the lower part of the pocket, such as V36,,
L49,, P308;, F309;, V55, L99, from monomer 1, and L98', and
L102"; from monomer 2. On the other hand, the phenyl ring con-
taining the trifluoromethyl moiety is stabilized by n-stacking interac-
tions with Y94, and F309..

Relative Binding Free Energies (RBFE). To verify whether our pre-
dicted binding mode for VE-57a in HI1 corresponds to its actual
binding mode, and to leverage experimental activity data on cells, we
conducted Relative Binding Free Energy calculations. These calcu-
lations aimed to quantitatively estimate the change in binding be-
tween VF-57a and 22, 38, and 50, and assess the correlation with
experimental data.

Regarding the transformation from VF-57a to 22, our results indi-
cate that the latter is destabilized by 0.6 kcal/mol (see Figure 9).
This agrees with the experimental difference in inhibitory activity
determined from antiviral assays for the two compounds (ECso val-
ues 0f 0.92/1.1 (PR8) and 0.31/0.71 (Virg09) UM for VE-57a, and
1.1/1.5 (PR8) and 0.44/1.7 (Virg09) UM for 22; see Table 1). Let
us note that this chemical modification occurs in a region of the mol-
ecule proximal to the sidechains of N95, and W92,, as reflected by
an average distance of 3.9 £ 0.8 A between the chlorine atom of VE-
§7a and the side chain of N95;, and by an average distance of 4.0 +



0.4 Aand 4.1 £ 0.4 A from the chlorine atom of VE-57a and the in-
dole ring of W92, respectively. Thus, the slight destabilization
caused by the replacement of chlorine to fluorine likely reflects a bal-
ance between the steric fitting to the side chains of N95, and W92,,
and the modulation of the hydrophobicity of the substituted phenyl
ring.

Regarding the transformation from VF-57a to 38, a fluorine atom is
introduced in the para position relative to the carbonyl group of VE-
57a (see Figure 9). Our simulations indicate that the latter is stabi-
lized by 0.4 kcal/mol. Within the uncertainty of the experimental
data, this estimate agrees with the similar antiviral activity deter-
mined for VE-57a (see above) and the ECso values measured for 38
(0.27/1.6 (PR8) and 0.18/3.1 (Virg09) UM for 38; see Table 1). In
this transformation, the fluorine atom is interacting with the indole
ring of W92, (the shortest average distance from the H atom in para
position of VE-57a to the indole ring of W92, is 3.5 + 0.7 A; this
value varies to 3.3 + 0.5 A from the F atom in 38).

Finally, the transformation from VF-57a to 50 involves the removal
of the two methyl groups of the thiophene moiety (see Figure 9).
Our simulations predict that the latter is destabilized by 1.6
kcal/mol. The predicted change in the binding affinity is consistent
with the observed reduction in antiviral activity determined for 50
(ECso values of 2.0/1.0 (PR8) and 1.1/2.1 (Virg09) IM; see Table
1). This trend can be justified by taking into account the packing of
the thiophene moiety in a hydrophobic environment, and the con-
comitant decrease in stabilizing van der Waals interactions upon re-
moval of the methyl groups.

1
c\\@)‘\u % cl T N\
CF, 22 CF. 50
AAG (keal-molt)

Change complex solvent AAG
VF-57a — 38 191200 186400 -04=00
38— VF-57a 19.1+00 18.6+0.0 04+00
VF-57a — 22 93+00 87=0.0 0.6+0.0
22 = VF-57a 94100 -87+0.0 0.6=00
VE-57a — 50 6.2+0.1 4500 16+0.1
50— VE-57a -6.2+0.1 45100 -l6=01

Figure 9. At left, binding mode for VF-57a considered to perform the
RBFE calculations obtained from our MD simulations. At right, the re-
sults of the complex and solvent RBFE calculations in kcal-mol ™! as well
as the predicted change in free energy for each transformation.

CONCLUSIONS

This study reports the synthesis, antiviral evaluation and mechanism
of action of an original series of A-[(thiophen-3-yl)methylben-
zamides acting as strong inhibitors of group 1 HA-mediated fusion.
The lead compound, VE-57a exhibited sub-micromolar activity
against authentic A/HIN1 virus and a similarly high potency for in-
hibiting the cell entry of A/HIN1 and A/HSNT1 (i.e. highly patho-
genic IAV-derived) pseudoviruses.

The strong inhibitory activity of VF-57a is proposedly mediated
through its binding to a pocket in HA2 that lies close to the binding
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site of the broad IAV HA inhibitor arbidol. Particularly, our MD cal-
culations predict that the binding of VF-57a is stabilised by 7-stack-
ing interactions with F309: and Y94, and by hydrophobic interac-
tions between its dimethylthiophene moiety and V36,, L49,, P308,,
F309,, VS5S,, L99,, L98; and L101,. Our MD and relative binding
free energy predictions also rationalise the SAR, strong activity
against the Virg09 virus and role of mutation S54,P in defining re-
sistance to this lead molecule. In combination, these findings war-
rant further follow-up of VE-57a for anti-influenza drug develop-
ment, including its validation in in vivo models.

EXPERIMENTAL SECTION

Chemical synthesis. Commercially available reagents and solvents
were used without further purification unless stated otherwise. Pre-
parative normal phase chromatography was performed on a Com-
biFlash Rf 150 (Teledyne Isco) with pre-packed RediSep Rf silica
gel cartridges. Thin-layer chromatography was performed with alu-
minum-backed sheets with silica gel 60 F254 (Merck, ref 1.05554),
and spots were visualized with UV light and 1% aqueous solution of
KMnOs. All compounds showed a sharp melting point and a single
spot on TLC. Melting points were determined in open capillary
tubes with a MFB 595010M Gallenkamp. 400 MHz 'H and
100.6 MHz C NMR spectra were recorded on a Varian Mercury
400 or on a Bruker 400 Avance III spectrometers. The chemical
shifts are reported in ppm (8 scale) relative to internal tetrame-
thylsilane, and coupling constants are reported in Hertz (Hz). As-
signments given for the NMR spectra of selected new compounds
have been carried out on the basis of DEPT, COSY 'H/'H (standard
procedures), and COSY 'H/"C (gHSQC and gHMBC sequences)
experiments. IR spectra were run on Perkin-Elmer Spectrum Two
FT-IR spectrophotometer. Absorption values are expressed as wave-
numbers (cm™); only significant absorption bands are given. High-
resolution mass spectrometry (HRMS) analyses were performed
with an LC/MSD TOF Agilent Technologies spectrometer. The el-
emental analyses were carried out in a Flash 1112 series Thermofin-
nigan elemental microanalyzator (AS) to determine C, H and N.
The structure of all new compounds was confirmed by elemental
analysis and/or accurate mass measurement, IR, "H NMR and "*C
NMR. The analytical samples of all the new compounds, which were
subjected to pharmacological evaluation, possessed purity >95% as
evidenced by their elemental analyses (Table S1) or HPLC/UV.
HPLC/UV were determined with a HPLC Agilent 1260 Infinity II
LC/MSD coupled to a photodiode array. S pL of sample 0.5 mg/mL
in methanol:acetonitrile were injected, using an Agilent Poroshell
120 EC-C18, 2.7 ym, 50 mm x 4.6 mm column at 40 °C. The mobile
phase was a mixture of A = water with 0.05% formic acid and B =
acetonitrile with 0.05% formic acid, with the method described as
follows: flow 0.6 mL/min, 5% B-95% A 3 min, 100% B 4 min, 95%
B-5% A 1 min. Purity is given as % of absorbance at 220 nm.

General Procedure A. To a solution of (2,5-dimethylthiophen-3-
yl)methanamine (1 equiv.) in anh. dichlorometane (3 mL), triethyl-
amine was added (1.2 equiv.). Then, the solution was cooled to 0 °C
and a solution of the required commercial acyl chloride (1.1 equiv.)
in anh. dichloromethane (2 mL) was slowly added dropwise. The
mixture was kept under stirring at room temperature for S h. Then



the reaction mixture was concentrated in vacuo. Column chroma-
tography (hexane/ethyl acetate mixtures from 0 to 10%) gave the
expected product.

General Procedure B. To a solution of the commercially available
carboxylic acid (1 equiv.) in dry acetonitrile (S mL), thionyl chloride
(5 equiv.) was added dropwise. The mixture was heated under reflux
for 2h. Then, the solvent was evaporated in vacuo to yield the crude
product, which was used directly in the next step.

To a solution of (2,5-dimethylthiophen-3-yl)methanamine (1
equiv.) in anh. dichlorometane (3 mL), triethylamine was added
(1.2 equiv.). Then, the solution was cooled to 0 °C and a solution of
the required commercial acyl chloride (1.1 equiv.) in anh. dichloro-
methane (2 mL) was slowly added dropwise. The mixture was kept
under stirring at room temperature for 5 h. Then the reaction mix-
ture was concentrated in vacuo. Column chromatography in silica
gel (using as eluent mixtures of EtOAc in hexane from 0 to 10%)
gave the expected product.

General Procedure C. To a solution of the commercially available
carboxylic acid in anh. toluene, thionyl chloride (5 equiv.) followed
by some drops of DMF were added dropwise. The mixture was
heated under reflux for 2h. Then, the solvent was evaporated in
vacuoto yield the crude product, which was used directly in the next
step.

To a suspension of the required amine and triethylamine in anh.
DCM, a solution of the proper acyl chloride in anh. DCM was slowly
added. The mixture was kept under stirring at room temperature for
S h. Then, water (15 mL) followed by EtOAc (15 mL) were added
and the mixture was extracted. The organic layer was washed with
brine (15 mL), dried over anh. Na;SO4 and filtered. Solvents were
concentrated in vacuo and the resulting crude was purified by col-
umn chromatography in silica gel (using as eluent mixtures of
EtOAc in hexane from 0% to 10%) to obtain the desired product.

General Procedure D. To a solution of the commercially available
carboxylic acid in anh. toluene, thionyl chloride (S equiv.) followed
by some drops of DMF were added dropwise. The mixture was
heated under reflux for 2h. Then, the solvent was evaporated in
vacuoto yield the crude product, which was used directly in the next
step.

To a suspension of the required amine and triethylamine in anh.
DCM, a solution of the proper acyl chloride in anh. DCM was slowly
added. The mixture was kept under stirring at room temperature for
16 h. Then, water (15 mL) followed by EtOAc (15 mL) were added
and the mixture was extracted. The organic layer was washed with
brine (15 mL), dried over anh. Na;SOs and filtered. Solvents were
concentrated in vacuo and the resulting crude was purified by col-
umn chromatography in silica gel (using as eluent mixtures of
EtOAc in hexane from 0% to 10%) to obtain the desired product.

N-[(2,5-dimethylthiophen-3-yl)methyl]-3-fluoro-S-(trifluoro-

methyl)benzamide, 22. Following general procedure A, 3-fluoro-5-
(trifluoromethyl)benzoyl chloride (88 mg, 0.39 mmol) was reacted
with  (2,5-dimethylthiophen-3-yl)methanamine (50 mg, 0.35
mmol) giving the product as a white solid (101 mg, 86% yield). m.p.
115-116 °C. v: 3232, 3086, 2922, 1767, 1643, 1602, 1552, 1468,
1446, 1427, 1367, 1346, 1293, 1252, 1220, 1174, 1134, 1125, 1093,
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1042, 998, 932, 909, 882, 837, 757, 733, 692 cm™. 'H NMR (400
MHz, CDCls) 8: 2.39 (s, 6H, —CH,), 445 (s, 2H, —NH—CH,),
6.30 (broad's, 1H,NH), 6.59 (s, 1H, CHthiophene), 7.45 (d, /= 8.0
Hz, 1H, H(4)arom.), 7.68 (d, J = 8.6 Hz, 1H, H(2)arom.), 7.79
(pseudo s, 1H, H(6)arom.). *C NMR (101 MHz, CDCL) §: 12.8,
15.0, 37.5, 115.7 (dq, Jcr = 24.4, 3.7 Hz), 117.9 (d, Jcr = 22.8 Hz),
1194 (p, Jor = 3.5 Hz), 122.8 (d,] = 271.7 Hz), 126.2, 132.4,132.9
(dd, Jer = 34.1, 7.9 Hz), 134.3, 136.7, 137.7 (d, Jer = 6.9 Hz), 162.5
(d, Jor =251.1 Hz), 164.4 (d, Jer= 2.1 Hz).
3-chloro-M-[(2,5-dimethylthiophen-3-yl)methyl]-5-(trifluoro-
methyl)benzamide, 23 (VF-57a). Following general procedure B,
3-chloro-5-(trifluoromethyl)benzoyl chloride (106 mg, 0.44 mmol)
was reacted with (2,5-dimethylthiophen-3-yl)methanamine (56 mg,
0.40 mmol) giving the product as a white solid (62 mg, 45% yield).
m.p. 121-122°C.v: 3290, 3086, 2920, 1638, 1613, 1591, 1581, 1549,
1454, 1433, 1357, 1324, 1288, 1261, 1250, 1177, 1129, 1111, 1039,
980,921, 889, 839, 830, 739, 715, 699, 689, 665 cm™. "H NMR (400
MHz, CDCL) §: 2.39 (s, 6H, —CHS), 4.46 (d, /= 5.2 Hz, 2H, —
NH—CH,), 6.30 (broad s, 1H, NH), 6.59 (s, 1H, CH thiophene),
7.72 (s, 1H, H(4)arom.), 7.89 (s, 1H, H(6)arom.), 7.92 (s, 1H,
H(2)arom.). ®C NMR (101 MHz, CDCL;) 8: 12.8, 15.1,37.5, 122.1
(d, Jor = 3.5 Hz), 1262, 128.3 (d, Jr = 3.5 Hz, 2C), 130.6, 132.4,
132.5,134.3,135.6 (d, Jor= 35.3 Hz), 136.7, 136.9, 164.4.
3-bromo-N-[(2,5-dimethylthiophen-3-yl)methyl]-5-(trifluoro-
methyl)benzamide, 24. Following general procedure B, 3-bromo-
S-(trifluoromethyl)benzoyl chloride (150 mg, 0.39 mmol) was re-
(50mg,
0.35mmol) giving the product as a white solid (113 mg, 82% yield).
m.p. 124-125 °C. v: 3289,3082, 2919, 1636, 1614, 1581, 1547, 1448,
1432, 1356, 1321, 1285, 1263, 1250, 1174, 1130, 1110, 1038, 977,
924, 888, 839, 807, 723, 698, 687, 665 cm™. 'H NMR (400 MHz,
CDCL) 8: 239 (s, 6H, —CH,), 446 (d, /= 5.2 Hz, 2H, —NH—
CH,),6.28 (broads, 1H,NH), 6.59 (s, 1H, CHthiophene), 7.87 (s,
1H, H(4)arom.), 7.94 (s, 1H, H(6)arom.), 8.07 (s, 1H, H(2)arom.).
13C NMR (101 MHz, CDCL) 8: 12.9, 15.1, 37.6, 122.8 (d, Jor =
2747 Hz), 122.7 (d, Jer= 42 Hz), 123.2,126.3, 1312 (d, Jor= 4.2
Hz), 132.4, 132.8 (d, Jor = 31.8 Hz), 133.5, 134.3, 136.7, 137.1,
164.3.
N-[(2,5-dimethylthiophen-3-yl)methyl]-3,5-bis(trifluorome-
thyl)benzamide, 25. Following general procedure B, 3,5-bis(tri-
fuoromethyl)benzoyl chloride (130 mg, 0.47 mmol) was reacted
with  (2,5-dimethylthiophen-3-yl)methanamine (60 mg, 0.43
mmol) giving the product as a white solid (100 mg, 70% yield). m.p.
163-165 °C. v: 3233, 3090, 2930, 1644, 1617, 1552, 1429, 1385,
1350, 1329, 1286, 1276, 1250, 1183, 1168, 1158, 1131, 1040, 987,
909, 871,837, 756, 734, 699, 682 cm™. 'H NMR (400 MHz, CDCL:)
8:2.39 (s superimposed, 3H, —CH;), 2.40 (s superimposed, 3H, —
CH), 449 (d, /= 5.2 Hz, 2H, —NH—CH,), 6.38 (broad s, 1H,
NH), 6.60 (s, 1H, CHthiophene), 8.00 (s, 1H, H(4)arom.), 8.21 (s,
2H, H(2,6)arom.). ®C NMR (101 MHz, CDCls) §: 12.8, 15.1,37.6,
122.9 (d, 2C, Jer= 272.6 Hz), 125.0 (t, Jor= 3.6 Hz), 126.2, 127.3,
1273 (d, 2C, Jor = 2.5 Hz), 132.2 (q, Jor = 34.3 Hz), 132.3, 134.4,
136.4, 136.8, 164.2.

3,5-difluoro- V-[(2,5-dimethylthiophen-3-yl)methyl]ben-
zamide, 26. Following general procedure B, 3,5-difluorobenzoyl

acted with (2,5-dimethylthiophen-3-yl)methanamine



chloride (118 mg, 0.47 mmol) was reacted with (2,5-dimethylthio-
phen-3-yl)methanamine (60 mg, 0.43 mmol) giving the product as
a white solid (35 mg, 29% yield). m.p. 120-121 °C. v: 3249, 3092,
3068, 2924, 2868, 1635, 1591, 1542, 14685, 1435, 1354, 1323, 1310,
1257,1226,1214, 1146,1125, 1111, 1057, 1042, 984, 899, 878, 868,
853, 836, 820, 783, 761, 717, 662, 643 cm™. "H NMR (400 MHz,
CDCL) 8: 2.38 (s, 6H, —CH;), 443 (d, /= 5.2 Hz, 2H, —NH—
CH,), 6.25 (broads, 1H,NH), 6.57 (s, 1H, CHthiophene), 6.93 (t,
J=8.2 Hz, 1H, H(4)arom.), 7.28 (s, 2H, H(2,6)arom.). *C NMR
(101 MHz, CDCL) 8: 12.8, 15.1,37.5, 106.8 (t, Jor=27.4 Hz), 110.2
(d,2C, Jer=26.8 Hz), 126.2, 132.6,134.1,136.6, 137.6, 161.7 (d, Jer
=252.1Hz),162.9 (d, Jor=251.2 Hz), 164.7.
3,5-dichloro-N-[(2,5-dimethylthiophen-3-yl)methyl |ben-
zamide, 27. By following general procedure A, 3,5-dichlorobenzoyl
chloride (81 mg, 0.39 mmol) was reacted with with (2,5-dimethyl-
thiophen-3-yl)methanamine (50 mg, 0.35 mmol) giving the product
as a white solid (56 mg, 46% yield). m.p. 136-137 °C. v: 3233, 3058,
2916, 2865, 1630, 1592, 1566, 1538, 1458, 1433, 1351, 1304, 1283,
1216, 1146, 1118, 1096, 1053, 935, 889, 864, 820, 801, 762, 745,
700, 685, 660, 638 cm™. 'H NMR (400 MHz, CDCL) 8: 2.39 (s, 3H,
—CH), 2.38 (s, 3H, —CH,), 444 (d,J = 5.2 Hz, 2H, —NH—
CH,), 6.15 (broad s, 1H, NH), 6.58 (s, 1H, CH thiophene), 7.47 (t,
J= 1.8 Hz, 1H, H(4)arom.), 7.66-7.60 (m, 2H, H(2,6)arom.). *C
NMR (101 MHz, CDCl;) 8: 12.8, 15.1, 37.5, 125.6 (2C), 126.2,
131.4, 132.5,134.2, 135.5 (2C), 136.7, 137.3, 164.6.
3,5-dibromo-N-[(2,5-dimethylthiophen-3-yl)methyl |ben-
zamide, 28. Following general procedure B, 3,5-dibromobenzoyl
chloride (178 mg, 0.60 mmol) was reacted with (2,5-dimethylthio-
phen-3-yl)methanamine (70 mg, 0.50 mmol) giving the product as
a white solid (101 mg, 46% yield). m.p. 134-135 °C. v: 3233, 3058,
2916, 2865, 1630, 1592, 1566, 1538, 1458, 1433, 1351, 1304, 1283,
1216, 1146, 1118, 1096, 1053, 935, 889, 864, 820, 801, 762, 745,
700, 685, 660, 638 cm™. 'H NMR (400 MHz, CDCL) 8: 2.39 (s, 3H,
—CH), 240 (s, 3H, —CH,), 444 (d, /= 5.2 Hz, 2H, —NH—
CH,), 6.09 (broad s, 1H, NH), 6.60 — 6.52 (m, 1H, C Hthiophene),
7.78 (t, J = 1.7 Hz, 1H, H(4)arom.), 7.81 (d, / = 1.7 Hz, 2H,
H(2,6)arom.).
3-chloro-N-[(2,5-dimethylthiophen-3-yl)methyl]-S-methylben-
zamide, 29. Following general procedure B, 3-chloro-5-methylben-
zoyl chloride (61 mg, 0.32 mmol) was reacted with (2,5-dimethyl-
thiophen-3-yl)methanamine (35 mg, 0.25 mmol) giving the product
as a white solid (65 mg, 90% yield). m.p. 102-103 °C. v: 3282, 2918,
2856, 1628, 1600, 1578, 1527, 1455, 1436, 1371, 1346, 1316, 1289,
1223,1146, 1056, 1035, 994, 864, 770, 748, 677, 644 cm™. '"H NMR
(400 MHz, CDC;) 8: 2.36 (s, 3H, CH:—C(S)arom.), 2.38 (s su-
perimposed, 3H, —CH;), 2.39 (s superimposed, 3H, —CH;), 4.43
(d,/= 5.3 Hz, 2H, —NH—CH,), 6.19 (broad s, 1H, NH), 6.56 (s,
1H, CH thiophene), 7.28 (s, 1H, H(4)arom.), 7.45 (s, 1H,
H(6)arom.), 7.51 (s, 1H, H(2)arom.). *C NMR (101 MHz,
CDCL) §: 12.8, 15.2, 21.1, 37.4, 124.2, 125.9, 126.3, 132.0, 132.9,
133.9, 134.4, 135.9, 136.5, 140.3, 166.0.
N-[(2,5-dimethylthiophen-3-yl)methyl]-3-fluorobenzamide,

30. Following general procedure A, 3-fluorobenzoyl chloride (63
mg, 0.39 mmol) was reacted with (2,5-dimethylthiophen-3-
yl)methanamine (50 mg, 0.35 mmol) giving the product as a white
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solid (93 mg, 94% yield). m.p. 93-94 °C. v: 3245, 3072, 2920, 1632,
1587, 1548, 1485, 1445, 1426, 1358, 1316, 1306, 1274, 1256, 1225,
1144, 1117, 1039, 980, 904, 891, 832, 808, 787, 726, 708, 674, 666
cm. "H NMR (400 MHz, CDCL) 8: 2.38 (s, 6H, —CH;), 445 (d,
J=52Hz,2H, —NH—CH,), 6.26 (broad s, 1H, NH), 6.59 (s, 1H,
CH thiophene), 7.23-7.13 (m, /= 8.2, 0.8 Hz, 1H, H(4)arom.),
7.43-7.33 (m, /= 8.1, 2.1 Hz, 1H, H(5)arom.), 7.53-7.46 (m, 2H,
H(2,6)arom.). ®C NMR (101 MHz, CDCls) 8: 12.8, 15.1, 374,
114.4 (d,Jr=23.4Hz), 118.5 (d, Jer = 21.1 Hz), 122.4, 126.3,130.2
(d, Jor = 8.1 Hz), 132.9, 133.9, 136.5, 136.7, 162.7 (d, Jor = 248.4
Hz), 165.9.
N-[(2,5-dimethylthiophen-3-yl)methyl]-3-(trifluorome-
thyl)benzamide, 31. Following general procedure A, 3-(trifluoro-
methyl) benzoyl chloride (81 mg, 0.39 mmol) was reacted with (2,5-
dimethylthiophen-3-yl)methanamine (50 mg, 0.35 mmol) giving
the product as a white solid (63 mg, 54% yield). m.p. 111-112 °C. v:
3225, 3071, 2924, 1636, 1542, 1487, 1443, 1427, 1360, 1336, 1319,
1301, 1281, 1256, 1213, 1166, 1115, 1071, 1040, 975, 921, 837, 817,
785,735, 690,653 cm™. "H NMR (400 MHz, CDCL) 8: 2.39 (s, 6H,
—_CH,), 447 (d,] = 5.2 Hz, 2H, —NH—CH,), 6.28 (broad s, 1H,
NH), 6.60 (s, 1H, CH thiophene), 7.56 (t, ] = 7.8 Hz, 1H,
H(5)arom.), 7.75 (dt, ] = 7.9, 0.7 Hz, 1H, H(6)arom.), 7.95 (d, /=
7.8, 1H, H(4)arom.), 8.03 (s, 1H, H(2)arom.). *C NMR (101
MHz, CDCL) §: 12.81, 15.07, 37.47, 123.68 (d, Jor = 273 Hz),
123.95 (q, Jer = 3.8 Hz), 12629, 128.09 (q, Jor = 3.8 Hz), 129.19,
130.23, 131.13 (d, Jer=33.0 Hz), 132.7, 134.1, 135.2, 136.6, 165.7.
3-chloro-N:[(2,5-dimethylthiophen-3-yl)methyl ]benzamide,
32. Following general procedure A, 3-chlorobenzoyl chloride (62
(2,5-dimethylthiophen-3-
yl)methanamine (50 mg, 0.35 mmol) giving the product as a white
solid (74 mg, 79% yield). m.p. 89-90 °C. v: 3240, 3071, 2916, 1631,
1549, 1474, 1430, 1357, 1297, 1255, 1212, 1162, 1145, 1077, 1040,
974,911, 832, 808, 728,707, 660 cm™. 'H NMR (400 MHz, CDCl:)
8:2.38 (s, 6H, —CH,), 444 (d, /= 5.2 Hz,2H, —NH—CH,), 6.26
(broad s, 1H, NH), 6.58 (s, 1H, CHthiophene), 7.34 (t, /= 7.9 Hz,
1H, H(5)arom.), 7.45 (ddd, /= 7.9, 2.0, 1.0 Hz, 1H, H(4)arom.),
7.63 (dt, /= 7.8, 1.3 Hz, 1H, H(6)arom.), 7.75 (t, /= 1.7 Hz, 1H,
H(2)arom.) *C NMR (101 MHz, CDCL) 8: 12.8, 15.1, 37.4, 125.0,
126.3,127.3,129.9, 131.5, 132.8, 133.9, 134.7, 136.2, 136.5, 165.8.
3-bromo-N-[(2,5-dimethylthiophen-3-yl)methyl [benzamide,
33. Following general procedure A, 3-fluorobenzoyl chloride (68
mg, 0.31mmol) was reacted with (2,5-dimethylthiophen-3-yl)meth-
anamine (40 mg, 0.28 mmol) giving the product as a white solid (55
mg, 60% yield). m.p. 91-92 °C. v: 3233, 3067, 2948, 1631, 1549,
1471, 1428, 1357, 1314, 1295, 1255, 1211, 1146, 1072, 1039, 971,
912, 833, 808, 731, 709 cm''. '"H NMR (400 MHz, CDCL) 8: 2.38
(s,6H, —CH,), 4.44 (d,] = 5.2 Hz,2H, —NH—CH,), 6.1 (broad
s, 1H, NH), 6.58 (s, 1H, CH thiophene), 7.29 (t, /= 7.8 Hz, 1H,
H(5)arom.), 7.61 (dd, /= 8.0, 2.0 Hz, 1H, H(4)arom.), 7.68 (dd, /
=7.8,1.6 Hz, 1H, H(6)arom.), 7.90 (t, /= 1.7 Hz, 1H, H(2)arom.).
13C NMR (101 MHz, CDCL) 8: 12.8, 15.1,37.4, 122.7, 125.5, 126.3,
130.1 (2C), 132.8, 133.9, 134.4, 136.4, 136.5, 165.7.
N-[(2,5-dimethylthiophen-3-yl)methyl]-3-nitrobenzamide, 34.
Following general procedure A, 3-nitrobenzoyl chloride (72 mg,
reacted with (2,5-dimethylthiophen-3-

mg, 0.39 mmol) was reacted with

0.39 mmol) was



yl)methanamine (50 mg, 0.35 mmol) giving the product as a white
solid (86 mg, 84% yield). m.p. 156-157 °C. v: 3233, 3086, 2911,
1635, 1618, 1580, 1552, 1523, 1474, 1426, 1349, 1322, 1307, 1275,
1256, 1214, 1145, 1086, 1042, 977, 921, 885, 842, 816, 750, 723,
712,702 cm™. "H NMR (400 MHz, CDCL) 8: 2.38 (s, 3H, —CH;),
2.40 (s, 3H, —CH;), 449 (d, /= 5.4 Hz, 2H, —NH—CH,), 6.44
(broad s, 1H, NH), 6.60 (s, 1H, CHthiophene), 7.63 (t, /= 8.0 Hz,
1H, H(S)arom.), 8.16 (dt, /= 7.7, 1.2 Hz, 1H, H(6)arom.), 8.34
(ddd, /= 8.2,2.0,0.9 Hz, 1H, H(4)arom.), 8.57 (t, /= 1.8 Hz, 1H,
H(2)arom.). *C NMR (101 MHz, CDCL;) §: 12.8, 15.1, 37.6,
121.74,126.1,126.3, 129.8, 132.5, 133.3, 134.2, 135.9, 136.7, 148.2,
164.7.
N-((2,5-dimethylthiophen-3-yl)methyl)-3,4-difluoro-5- (tri-
fluoromethyl)benzamide, 35. Following general procedure C, 3,4-
difluoro-S-(trifluoromethyl)benzoic acid (106 mg, 0.47 mmol) in
anh. toluene (2.0 mL) and drops of DMF was reacted with thionyl
chloride (170 pL, 279 mg, 2.35 mmol). Then, (2,5-dimethylthio-
phen-3-yl)methanamine hydrochloride (100 mg, 0.56 mmol) and
triethylamine (234 pL, 170 mg, 1.68 mmol) in anh. DCM (1.0 mL),
were reacted with the crude acyl chloride (115 mg, 0.47 mmol) in
anh. DCM (1.0 mL) giving the product as a beige solid (38 mg, 23%
yield). m.p. 130-131 °C. » 3239, 1647, 1627, 1552, 1504, 1436,
1371, 1349, 1295, 1276, 1192, 1139, 1042, 1001, 942, 885, 838, 731,
674 cm™. "H NMR (400 MHz, CDCl;) §: 2.38 (m, 6H, 2’-CH; 5
CHs), 4.44 (d, /= 5.2 Hz, 2H, CH.), 6.34 (broad s, 1H, NH), 6.57
(s, 1H, 4-H), 7.78 (m, 1H, 6-H), 7.85 (ddd, /= 9.6 Hz, /'= 6.9 Hz,
J”=2.2Hz, 1H, 2-H). *C NMR (101 MHz, CDCl;) &: 12.9 (C2’-
CH3), 15.2 (C5’-CH3), 37.8 (CH,, CHa), 120.5 (PJcr=18.8 Hz, CH,
C2),120.7 (m, CH, C6), 120.8 (qd, 2/cr= 33.9 Hz, ?Jer= 9.6 Hz, C,
C5), 121.7 (qd, YJer= 2729 Hz, *Jor= 3.5 Hz, C, CFs), 126.3 (CH,
C4), 1314 (t, *Jor= 4.8 Hz, C, C1), 132.5 (C, C3'), 134.4 (C, C2'),
136.9 (C, CS’), 150.2 (dd, /Jer = 263.7 Hz, Jer = 13.7 Hz, C, C3),
150.8 (dd, “Jer = 251.1 Hz, 2Jer = 9.6 Hz, C, C4), 163.8 (C, CO).
HRMS: Calcd for [Ci1sH12FsNOS+H]*: 350.0633, found: 350.0636.
N-((2,5-dimethylthiophen-3-yl)methyl)-2,3,4-trifluoro-5-(tri-
fluoromethyl)benzamide, 36. Following general procedure C,
2,3,4-trifluoro-S-(trifluoromethyl)benzoic acid (150 mg, 0.61
mmol) in anh. toluene (4.0 mL) and drops of DMF was reacted with
thionyl chloride (445 pL, 726 mg, 6.14 mmol). Then, (2,5-dimethyl-
thiophen-3-yl)methanamine hydrochloride (131 mg, 0.74 mmol)
and triethylamine (411 pL, 298 mg, 2.95 mmol) in anh. DCM (2.0
mL) were reacted with the crude acyl chloride (161 mg, 0.61 mmol)
in anh. DCM (1.0 mL) giving the product as a white solid (110 mg,
49% yield). m.p. 109-110 °C. v: 3282,2925, 1644, 1553, 1487, 1369,
1280, 1205, 1168, 1133, 1054, 994, 905, 721, 709, 672, 632, 574
cm™. "H NMR (400 MHz, CDCL) 8: 2.39 (m, 6H, 2’-CH; 5-CHs),
449 (d, /= 5.3 Hz, 2H, CH,), 6.58 (s, 1H, 4-H), 6.60 (s, 1H, NH),
823 (td, /= 7.5 Hz, J’= 1.7 Hz, 1H, 6-H). *C NMR (101 MHz,
CDClL;) §: 13.0 (C2-CHs), 15.2 (C5’-CH3), 37.8 (CH,, CH»),
1168 (m, C, CS), 118.7 (d, 2Jer= 10.1 Hz, C, C1), 121.4 (q, "Jer=
272.0 Hz, C, CFs), 123.9 (CH, C6), 1262 (CH, C4), 132.3 (C,
C3), 134.3 (C, C2)), 136.9 (C, C3’), 140.5 (ddd, /Jer = 256.5 Hz,
2Jer=17.5Hz, ’Jor= 2.6 Hz, C, C2), 150.9 (dd, *Jcr=265.7 Hz, *Jcr
=12.0 Hz, C, C3), 151.85 (ddd, ‘Jcr=259.1 Hz, ?Jcr= 11.0 Hz, 7Jcr
= 53 Hz, C, C4), 1599 (C, CO). HRMS: Calcd for
[C15H11F5N05+H]+: 368.0538, found: 368.0532.
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3-chloro-N-((2,5-dimethylthiophen-3-yl)methyl)-2-fluoro-5-
(trifluoromethyl)benzamide, 37. Following general procedure C,
3-chloro-2-fluoro-5-(trifluoromethyl)benzoic acid (68 mg, 0.28
mmol) in anh. toluene (2.0 mL) and drops of DMF was reacted with
thionyl chloride (101 pL, 166 mg, 1.40 mmol). Then, (2,5-dimethyl-
thiophen-3-yl)methanamine hydrochloride (50 mg, 0.28 mmol)
and triethylamine (117 pL, 85 mg, 0.84 mmol) in anh. DCM (0.5
mL), were reacted with the crude acyl chloride (73 mg, 0.28 mmol)
in anh. DCM (0.5 mL) giving the product as a white solid (98 mg,
95% yield). m.p. 118-119°C. = 3285,2920, 1633, 1544, 1345, 1328,
1277, 1161, 1144, 1122, 1055, 896, 867, 767, 723, 661, 648, 578
cm™". "H NMR (400 MHz, CDCL) 8: 2.40 (m, 6H, 2-CH; 5-CH3),
4.50 (d, /= 5.2 Hz,2H, CH), 6.59 (s, 1H, 4"-H), 6.68 (broad s, 1H,
NH), 7.80 (dd, /= 6.5 Hz, J'= 2.4 Hz, 1H, 4-H), 8.30 (dd, /= 6.2
Hz, J'= 2.5 Hz, 1H, 6-H). *C NMR (101 MHz, CDCL;) §: 13.0
(C2-CH3), 15.2 (C5-CHs), 37.9 (CHa, CH,), 122.8 (q, /Jer=272.6
Hz, C, CFs), 123.1 (d, YJer=21.4 Hz, C, C1), 123.6 (d, Jer = 13.7
Hz, C, C3),126.2 (CH, C4), 128.1 (m, C, C5), 128.2 (p, Jer= 3.6
Hz, CH, C6),130.8 (CH, C4), 132.4 (C,C3"), 134.3 (C, C2’), 136.8
(C, C5), 157.8 (d, “Jer=253.7 Hz, C, C2), 160.8 (d, *Jer = 3.5 Hz,
C, CO). HRMS: Caled for [CisHCIFANOS+H]*: 366.0337,
found: 366.0339.
3-chloro-N-((2,5-dimethylthiophen-3-yl)methyl)-4-fluoro-5-
(trifluoromethyl)benzamide, 38. Following general procedure C,
3-chloro-4-fluoro-5-(trifluoromethyl)benzoic acid (68 mg, 0.28
mmol) in anh. toluene (1.0 mL) and drops of DMF was reacted with
thionyl chloride (101 L, 166 mg, 1.40 mmol). Then, (2,5-dimethyl-
thiophen-3-yl)methanamine hydrochloride (50 mg, 0.28 mmol)
and triethylamine (117 pL, 85 mg, 0.84 mmol) in anh. DCM (0.5
mL), were reacted with the crude acyl chloride (73 mg, 0.28 mmol)
in anh. DCM (0.5 mL) giving the product as a white solid (43 mg,
42% yield). m.p. 133-134 °C. v 3273, 1636, 1552, 1481, 1417, 1327,
1317, 1262, 1221, 1140, 1037, 919, 904, 833, 744, 716, 672, 626, 573
cm™'. "H NMR (400 MHz, CDCL) 8: 2.38 (m, 6H, 2-CH; 5-CH3),
4.44 (dd, /= 5.3 Hz, J’= 2.0 Hz, 2H, CH,), 6.29 (broad s, 1H, NH),
6.57 (s, 1H, 4-H), 7.92 (dd, /= 5.9 Hz, J’= 2.2 Hz, 1H, 6-H), 8.04
(dd, /= 6.3 Hz, J’= 2.2 Hz, 1H, 2-H). *C NMR (101 MHz, CDCl;)
§: 13.0 (C2-CHa), 15.2 (CS-CHs), 37.8 (CHa, CHa), 120.2 (qd,
2Jer= 34.0 Hz, ?Jcr= 13.0 Hz, C, CS), 121.8 (q, Jer=273.3 Hz, C,
CF3), 123.6 (d, ?Jer = 17.6 Hz, C, C3), 124.5 (m, CH, C6), 126.3
(CH, C4), 131.4 (d, Jor= 4.6 Hz, C, C1), 132.5 (C, C3’), 133.5
(CH, C2),134.4 (C, C2’),136.9 (C, CS’), 157.3 (d, Jer=264.0 Hz,
C, C4), 163.80 (C, CO). HRMS: Calcd for [CisH.CIF.NOS+H]":
366.0337, found: 366.0335.

2,5-dichloro- N-((2,5-dimethylthiophen-3-yl) methyl)-3-(tri-
fluoromethyl)benzamide, 39. Following general procedure C, 2,5-
dichloro-3-(trifluoromethyl)benzoic acid (122 mg, 0.47 mmol) in
anh. toluene (2.0 mL) and drops of DMF was reacted with thionyl
chloride (170 pL, 279 mg, 2.35 mmol). Then, (2,5-dimethylthio-
phen-3-yl)methanamine hydrochloride (100 mg, 0.56 mmol) and
triethylamine (234 pL, 170 mg, 1.68 mmol) in anh. DCM (1.0 mL)
were reacted with the crude acyl chloride (130 mg, 0.47 mmol) in
anh. DCM (1.0 mL) giving the product as a white solid (110 mg,
49%yield). m.p. 157-158 °C. v: 3268, 1646, 1544, 1482, 1429, 1316,
1289, 1258, 1172, 1142, 1051, 886, 830, 742, 711, 689, 830, 576
cm™'. "H NMR (400 MHz, CDCI;) §8: 2.39 (m, 6H, 2’-CH; 5’-CHs),



4.46 (d, J= 5.2 Hz, 2H, CH.), 6.03 (s, broad, 1H, NH), 6.59 (s, 1H,
4-H),7.67 (d, J=2.5 Hz, 1H, 2-H), 7.72 (d, /= 2.5 Hz, 1H, 4-H).
13C NMR (101 MHz, CDCL) §: 13.0 (C2-CH;), 15.2 (CS-CHs),
37.7 (CH,, CHa), 121.9 (q, ‘Jer = 274.2 Hz, C, CF;), 126.3 (CH,
C4),127.5 (C, C6), 129.2 (q, Jer= 5.6 Hz, CH, C4), 130.9 (q, Jer
=32.0 Hz, C, C5), 132.1 (C, C3"), 132.6 (CH, C2), 133.5 (C, C3),
134.5 (C, C2), 136.8 (C, C3’), 139.8 (C, C1), 164.3 (C, CO).
HRMS: Calcd for [CisHi:CLFsNOS+H]*: 382.0042, found:
382.0047.

N-((2,5-dimethylthiophen-3-yl)methyl)benzamide, 40. Follow-
ing general procedure D, benzoic acid (41 mg, 0.34 mmol) in anh.
toluene (1.0 mL) and drops of DMF was reacted with thionyl chlo-
ride (245 pL, 402 mg, 3.38 mmol). Then, (2,5-dimethylthiophen-3-
yl)methanamine hydrochloride (50 mg, 0.28 mmol) and triethyla-
mine (118 pL, 85 mg, 0.84 mmol) in anh. DCM (1.0 mL) reacted
with the crude acyl chloride in anh. DCM (1.0 mL) giving the prod-
uct as a white solid (26 mg, 39% yield). m.p. 98-99 °C. v: 3237, 1627,
1536, 1490, 1356, 1307, 1253, 1210, 1141, 1038, 961, 931, 830, 807,
718, 694, 568 cm™". "H NMR (400 MHz, CDCL) 8: 2.38 (s, 6H, 2-
CH;, 5-CH3), 446 (d, /= 5.2 Hz, 2H, CH.), 6.24 (broad s, 1H,
NH), 6.60 (m, 1H, 4-H), 7.42 [m, 2H, 3(5)-H], 7.49 (m, 1H, 4-H),
7.77 [m, 2H, 2(6)-H]. *C NMR (101 MHz, CDCL;) §: 12.9 (C2-
CHs), 15.2 (CS’-CH3), 37.5 (CH,, CHa), 126.5 (CH, C4’), 127.1
[CH, C2(6)], 128.7 [CH, C3(5)], 131.6 (CH, C4), 133.3 (C, C3’),
1339 (C, C1), 134.5 (C, C2), 136.5 (C, CS’), 167.3 (C, CO).
HRMS: Calcd for [C1sHi1sNOS+H]*: 246.0947, found: 246.0944.
4-chloro-N-((2,5-dimethylthiophen-3-yl)methyl)benzamide,
41. Following general procedure D, 4-chlorobenzoic acid (53 mg,
0.34 mmol) in anh. toluene (1.0 mL) and drops of DMF was reacted
with thionyl chloride (24S pL, 402 mg, 3.38 mmol). Then, (2,5-di-
methylthiophen-3-yl)methanamine hydrochloride (50 mg, 0.28
mmol) and triethylamine (118 pL, 85 mg, 0.84 mmol) in anh. DCM
(1.0 mL) reacted with the crude acyl chloride in anh. DCM (1.0 mL)
giving the product as an off-white solid (59 mg, 75% yield). m.p.
133-134 °C. w» 3313, 2915, 1715, 1632, 1544, 1486, 1447, 1357,
1318, 1214, 1090, 1039, 1013, 851, 514, 759, 708, 635, 570 cm™.. 'H
NMR (400 MHz, CDCls) §: 2.37-2.39 (complex signal, 6H, 2’-CHs,
5’-CHs),4.44 (d, /= 5.2 Hz,2H, CH.), 6.19 (broad s, 1H,NH), 6.58
(q,/=1.1Hz, 1H, 4-H),7.38 [d, /= 8.8 Hz, 2H, 3(5)-H], 7.70 [d, /
=8.8 Hz, 2H, 2(6)-H]. ®C NMR (101 MHz, CDCl;) 8: 13.0 (C2’-
CHs), 15.2 (CS-CHs), 37.5 (CHa, CH,), 126.4 (CH, C4’), 128.5
[CH, C2(6)], 128.9 [CH, C3(5)], 132.9 (C, C1), 133.1 (C, C3’),
134.1 (C, C2), 136.6 (C, C3’), 137.9 (C, C4), 1662 (C, CO).
HRMS: Calcd for [ C1sH1sCINOS+H]*: 280.0557, found: 280.0558.
N-((2,5-dimethylthiophen-3-yl)methyl)-4-methylbenzamide,
42. Following general procedure D, 4-methylbenzoic acid (46 mg,
0.34 mmol) in anh. toluene (1.0 mL) and drops of DMF was reacted
with thionyl chloride (245 L, 402 mg, 3.38 mmol). Then, (2,5-di-
methylthiophen-3-yl)methanamine hydrochloride (50 mg, 0.28
mmol) and triethylamine (118 pL, 85 mg, 0.84 mmol) in anh. DCM
(1.0 mL) reacted with the crude acyl chloride in anh. DCM (1.0 mL)
giving the product as a beige solid (39 mg, 53% yield). m.p. 132-133
°C. v 277, 2917, 1631, 1612, 1532, 1501, 1348, 1292, 1279, 1211,
1187,1140, 1118, 1062, 1021, 966,907, 835, 752, 655, 632,607, 571
cm™. 'H NMR (400 MHz, CDCl;) §: 2.38-2.38 (complex signal,
9H, 4-CHs;, 2’-CH;, 5-CH3), 444 (d, /= 5.2 Hz, 2H, CH)), 6.25
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(broad's, 1H, NH), 6.59 (q, /= 1.2 Hz, 1H, 4-H), 7.21 [dd, /= 8.6,
0.7 Hz, 2H, 3(5)-H], 7.66 [d, /= 8.2 Hz, 2H, 2(6)-H]. *C NMR
(101 MHz, CDCL) §8: 12.9 (C2-CHs), 15.2 (C5-CH3), 21.5 (C4-
CH,), 37.4 (CH,, CHb), 1265 (CH, C4), 127.0 [CH, C2(6)],
129.3 [CH, C3(5)], 131.6 (C, C1), 133.5 (C, C3’), 133.8 (C, C2"),
1364 (C, C5’), 142.0 (C, C4), 167.2 (C, CO). HRMS: Calcd for
[CisHNOS+H]*: 260.1104, found: 260.1109.
N-((2,5-dimethylthiophen-3-yl)methyl)-4-methoxybenzamide,
43. Following general procedure D, 4-methoxybenzoic acid (83 mg,
0.54 mmol) in anh. toluene (1.0 mL) and drops of DMF was reacted
with thionyl chloride (391 pL, 641 mg, 5.39 mmol). Then, (2,5-di-
methylthiophen-3-yl)methanamine hydrochloride (80 mg, 0.4S
mmol) and triethylamine (211 pL, 152 mg, 1.50 mmol) in anh.
DCM (1.0 mL) reacted with the crude acyl chloride in anh. DCM
(1.0 mL) giving the product as a brownish solid (46 mg, 38% yield).
m.p. 117-118°C. v: 3309, 2914, 2838, 1633, 1606, 1549, 1504, 1462,
1317, 1252, 1214, 1174, 1112, 1031, 974, 844, 825, 770, 722, 661,
632, 606 cm™. '"H NMR (400 MHz, CDCL) §: 2.36-2.39 (complex
signal, 6H, 2’-CHs, ’-CHs), 3.83 (s, OCHs), 4.43 (d, /= 5.2 Hz, 2H,
CH.), 6.17 (broad s, 1H, NH), 6.60 (m, 1H, 4-H), 6.90 [d, /= 8.8
Hz, 2H, 3(5)-H], 7.73 [d, /= 8.9 Hz, 2H, 2(6)-H]. *C NMR (101
MHz, CDCL) §: 12.9 (C2-CH3), 152 (CS-CHs), 37.4 (CH,,
CH>), 55.5 (CHs, OCH3), 113.8 [CH, C3(5)], 126.6 (CH, C4’),
126.8 (C,C1), 1289 [CH, C2(6)], 133.5 (C, C3’), 133.8 (C, C2"),
136.4 (C, CS’), 162.3 (C, C4), 166.8 (C, CO). HRMS: Calcd for
[CisHiNO2S+H]*: 279.1053, found: 279.1059.
3,4-dichloro-N-((2,5-dimethylthiophen-3-yl)methyl)ben-
zamide, 44. Following general procedure D, 3,4-dichlorobenzoic
acid (90 mg, 0.47 mmol) in anh. toluene (1.0 mL) and drops of
DMF was reacted with thionyl chloride (339 pL, 556 mg, 4.67
mmol). Then, (2,5-dimethylthiophen-3-yl)methenamine hydro-
chloride (70 mg, 0.39 mmol) and triethylamine (164 L, 118 mg,
1.17 mmol) in anh. DCM (1.0 mL) reacted with the crude acyl chlo-
ride in anh. DCM (1.0 mL) giving the product as a brownish solid
(43 mg, 35% yield). m.p. 102-103 °C. »: 3241, 2917, 1634, 1593,
1538, 1469, 1425, 1375, 1354, 1309, 1251, 1213, 1142, 1131, 1029,
971, 886, 858, 833, 760, 724, 683, 670, 567 cm™". 'H NMR (400
MHz, CDClL;) 8: 2.38 (s, 3H, 2’-CHs), 2.39 (m, 3H, 5-CHs), 4.43
(d, /= 5.2 Hz, 2H, CH,), 622 (broad s, 1H, NH), 6.58 (d, /= 1.2
Hz, 1H, 4-H),7.48 (d, /= 8.3 Hz, 1H, 5-H), 7.58 (dd, /= 8.3 Hz,
=2.1 Hz, 1H, 6-H), 7.85 (d, /= 2.1 Hz, 1H, 2-H). *C NMR (101
MHz, CDCl3) §: 13.0 (C2-CH3), 152 (CS-CHs), 37.6 (CH,,
CH.), 126.3 (CH, C6), 126.4 (CH, C4), 129.3 (CH, C2), 130.8
(CH, C5),132.8 (C,C1),133.2 (C, C3'), 134.2 (C, C2’), 134.3 (C,
C3),136.1 (C, C4), 136.7 (C, CS’), 165.1 (C, CO). HRMS: Calcd
for [C14H1sCLNOS+H]*: 314.0168, found: 314.0165.
3-fluoro-N-((S-methylthiophen-3-yl)methyl)-5-(trifluorome-
thyl)benzamide, 4S. Following general procedure C, 3-fluoro-$-
(trifluoromethyl)benzoic acid (100 mg, 0.48 mmol) in anh. toluene
(2.0 mL) and drops of DMF was reacted with thionyl chloride (174
uL, 285 mg, 2.40 mmol). Then, (S-methylthiophen-3-yl)methana-
mine (73 mg, 0.58 mmol) and triethylamine (162 pL, 118 mg, 1.16
mmol) in anh. DCM (1.0 mL), were reacted with the crude acyl
chloride (109 mg, 0.48 mmol) in anh. DCM (1.0 mL) giving the
product as a yellow solid (30 mg, 20% yield). m.p. 86-87 °C. v 3274,
1639, 1603, 1549, 1446, 1357, 1279, 1219, 1181, 1164, 1124, 1094,



1068, 1006, 952, 885, 835, 779, 710, 964, 626, 584 cm™". 'H NMR
(400 MHz, CDCL) 8: 2.45 (s, 3H, $'-CHs), 4.53 (d, /= 5.5 Hz, 2H,
CH.), 6.57 (broad s, 1H, NH), 6.73 (s, 1H, 4-H), 6.94 (s, 1H, 2’-
H),7.45 (dt, /= 8.3 Hz, J’= 1.9 Hz, 1H, 4-H), 7.70 (dt, /= 8.7 Hz, ]
=2.0Hz, 1H,2-H),7.81 (s, 1H, 6-H). *C NMR (101 MHz, CDCl,)
8: 15.4 (CS™-CHs), 39.9 (CH,, CHa), 115.9 (dq, *Jer=24.6 Hz, 7Jcr
=37 Hz, CH, C4), 118.1 (d, ?Jer= 22.8 Hz, CH, C2), 119.6 (p, *Jr
=3.7Hz, CH, C6),120.8 (CH, C2), 123.0 (qd, “Jer=272.8 Hz, *Jor
=29 Hz, C, CF5), 125.7 (CH, C4), 133.1 (qd, Jer= 33.8 Hz, "Jer=
7.7 Hz, C, C5), 137.9 (d, *Jer = 6.9 Hz, C1), 138.0 (C, C3’), 141.5
(C,C5°),162.6 (d, YJer=251.1 Hz, C, C3), 164.7 (d, *Jcr= 2.3 Hz,
C, CO). HRMS: Calcd for [C1sH1FsNOS+H]*: 318.0570, found:
318.0576.

3-fluoro- N-((2-methylthiophen-3-yl)methyl)-5-(trifluorome-
thyl)benzamide, 46. Following general procedure C, 3-fluoro-$-
(trifluoromethyl)benzoic acid (100 mg, 0.48 mmol) in anh. toluene
(2.0 mL) and drops of DMF was reacted with thionyl chloride (349
uL, 572 mg, 4.81 mmol). Then, ((2-methylthiophen-3-yl)methana-
mine hydrochloride (95 mg, 0.58 mmol) and triethylamine (323 pL,
235 mg, 2.32 mmol) in anh. DCM (1.0 mL), were reacted with the
crude acyl chloride (109 mg, 0.48 mmol) in anh. DCM (1.0 mL) giv-
ing the product as a beige solid (45 mg, 30% yield). m.p. 109-110 °C.
v 3325, 3227, 3066, 2923, 1635, 1604, 1539, 1466, 1443, 1364,
1335, 1283, 1220, 1170, 1122, 1093, 1052, 895, 875, 775, 722, 689,
654 cm™". 'H NMR (400 MHz, CDCL) 8: 2.47 (s, 3H, 2"-CHs), 4.54
(d, /= 5.3 Hz, 2H, CH.), 6.44 (broad s, 1H, NH), 6.94 (d, /= 5.3
Hz, 1H, 4-H),7.07 (d, /= 5.2 Hz, 1H, 5"-H), 7.45 (d, /= 8.1 Hz, 1H,
4-H),7.68 (dt, /= 8.6 Hz, J’= 2.0 Hz, 1H, 2-H), 7.79 (s, 1H, 6-H).
BC NMR (101 MHz, CDCl;) §8: 13.1 (C2’-CH3), 37.6 (CH,, CH,),
115.9 (dq, Jor = 24.6 Hz, *Jor = 3.7 Hz, CH, C4), 118.1 (d, 2Jer =
22.8 Hz, CH, C2), 119.6 (p, ’Jor = 3.7 Hz, CH, C6), 122.5 (CH,
C5’), 123.0 (qd, /Jer= 272.7 Hz, *Jer= 2.9 Hz, C, CFs), 128.5 (CH,
C4),133.0 (C,C3"),133.1 (qd, ?Jer=33.9 Hz, ’Jor="7.7 Hz, C, CS),
136.8 (C, C2), 137.8 (d, *Jer = 6.9 Hz, C1), 162.6 (d, “Jer = 251.1
Hz, C, C3), 164.6 (d, *Jcr = 2.3 Hz, C, CO). HRMS: Calcd for
[CLHLENOS-H]': 316.0425, found: 316.0431.

3-fluoro- N-(thiophen-3-ylmethyl)-5-(trifluoromethyl)ben-
zamide, 47. Following general procedure C, 3-fluoro-5-(trifluoro-
methyl)benzoic acid (100 mg, 0.48 mmol) in anh. toluene (2.0 mL)
and drops of DMF was reacted with thionyl chloride (349 uL, 572
mg, 4.81 mmol). Then, thiophen-3-ylmethanamine (65 mg, 0.58
mmol) and triethylamine (323 pL, 235 mg, 2.32 mmol) in anh.
DCM (1.0 mL), were reacted with the crude acyl chloride (109 mg,
0.48 mmol) in anh. DCM (1.0 mL) giving the product as an off-
white solid (65 mg, 45% yield). m.p. 75-76 °C. v: 3231, 3103, 2938,
1642, 1603, 1550, 1469, 1447, 1368, 1348, 1291, 1251, 1219, 1169,
1130, 1096, 1046, 1010, 945, 925, 886, 784, 691, 635, 563 cm™". 'H
NMR (400 MHz, CDCL) 8: 4.61 (d, /= 5.7 Hz, 2H, CH.), 6.78
(broad s, 1H, NH), 7.06 (dd, /= 4.9 Hz, J’= 1.3 Hz, 1H, 4-H), 7.19
(m, 1H,2-H), 7.31 (dd, /= 5.0 Hz, J’= 3.0 Hz, 1H, 5-H), 7.44 (d, /
=8.1 Hz, 1H, 4-H), 7.68 (dt, /= 8.7 Hz, J’= 2.0 Hz, 1H, 2-H), 7.81
(s, 1H, 6-H). C NMR (101 MHz, CDCL;) §: 39.6 (CH,, CH,),
1159 (dq, 2Jer = 24.6 Hz, *Jcr = 3.7 Hz, CH, C4), 118.1 (d, JJcr=
22.8 Hz, CH, C2), 119.7 (p, *Jcr= 3.7 Hz, CH, C6), 123.0 (qd, 'Jer
=272.8 Hz, *Jcr= 2.9 Hz, C, CF3), 123.1 (CH, C2’), 126.9 (CH,
Cs’), 127.5 (CH, C4), 133.1 (qd, JJor = 33.8 Hz, JJor= 7.7 Hz, C,
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Cs), 137.8 (d, *Jer = 6.9 Hz, C1), 1382 (C, C3'), 1626 (d, "Jer =
251.1 Hz, C, C3), 164.8 (d, *Jcr=2.3 Hz, C, CO). HRMS: Calcd for
[CisHoF4NOS-H]: 302.0268, found: 302.0270.

3-chloro- V- ((5-methylthiophen-3-yl)methyl)-S-(trifluorome-
thyl)benzamide, 48. Following general procedure C, 3-chloro-5-
(trifluoromethyl)benzoic acid (100 mg, 0.45 mmol) in anh. toluene
(2.0mL) and drops of DMF was reacted with thionyl chloride (163
uL, 268 mg, 2.25 mmol). Then, (S-methylthiophen-3-yl)methana-
mine (68 mg, 0.53 mmol) and triethylamine (148 uL, 107 mg, 1.06
mmol) in anh. DCM (1.0 mL), were reacted with the crude acyl
chloride (109 mg, 0.45 mmol) in anh. DCM (1.0 mL) giving the
product as a pale-yellow solid (87 mg, 58% yield). m.p. 130-131 °C.
v 3268, 1632, 1583, 1538, 1437, 1362, 1322, 1275, 1171, 1136,
1101, 1056, 886, 828, 756, 691, 648, 577, 560 cm". "H NMR (400
MHz, CDCL) 8: 2.4 (d, /= 1.1 Hz, 3H, 5-CHs), 4.51 (d, /= 5.6
Hz, 2H, CH,), 6.71 (s, 1H, 4-H), 6.75 (broad s, 1H, NH), 6.92 (s,
1H, 2-H), 7.71 (s, 1H, 4-H), 7.91 (s, 1H, 6-H), 7.93 (s, 1H, 2-H).
BC NMR (101 MHz, CDCl;) §: 15.4 (C5’-CH3), 39.8 (CH,, CH)),
120.7 (CH, C2), 122.3 (q, Jer= 3.7 Hz, CH, C6), 123.0 (q, “Jer =
273.2 Hz, C, CF5), 125.6 (CH, C4’), 128.4 (q, *Jer = 3.8 Hz, CH,
C4), 130.8 (CH, C2), 132.7 (q, Jor = 33.6 Hz, C, CS), 135.7 (C,
C3),137.1(C, C1),138.0 (C, C3’), 141.4 (C, C5), 164.7 (C, CO).
HRMS: Caled for [CuHuCIFsNOS+H]*: 334.027S, found:
334.0282.

3-chloro- V- ((2-methylthiophen-3-yl) methyl)-S-(trifluorome-
thyl)benzamide, 49. Following general procedure C, 3-chloro-5-
(trifluoromethyl)benzoic acid (100 mg, 0.45 mmol) in anh. toluene
(2.0mL) and drops of DMF was reacted with thionyl chloride (323
uL, 530 mg, 4.45 mmol). Then, (2-methylthiophen-3-yl)methana-
mine hydrochloride (87 mg, 0.53 mmol) and triethylamine (298 pL,
217 mg, 2.14 mmol) in anh. DCM (1.0 mL), were reacted with the
crude acyl chloride (108 mg, 0.45 mmol) inanh. DCM (1.0 mL) giv-
ing the product as a beige solid (81 mg, 55% yield). m.p. 117-118 °C.
v 3299, 3082, 2935, 1639, 1540, 1440, 1322, 1279, 1166, 1124, 887,
827,770,745,721,690, 658, 611 cm™'. '"H NMR (400 MHz, CDCL:)
8:2.46 (s, 3H,2-CHs), 4.53 (d, /= 5.3 Hz,2H, CH>), 6.55 (broad s,
1H,NH), 6.93 (d, /= 5.3 Hz, 1H, 4-H), 7.06 (d, /= 5.2 Hz, 1H, 5-
H),7.71 (m, 1H, 4-H), 7.89 (m, 1H, 6-H), 7.91 (t, /= 1.8 Hz, 1H, 2-
H). ®C NMR (101 MHz, CDCl) §: 13.1 (C2'-CH3), 37.6 (CH,,
CH>), 122.3 (q, *Jer= 3.7 Hz, CH, C6), 122.5 (CH, C5’), 123.0 (q,
er=273.1 Hz, C, CFs), 1284 (q, *Jer = 3.8 Hz, CH, C4), 128.5
(CH, C4), 130.8 (CH, C2), 132.7 (q, JJor= 33.6 Hz, C, CS), 133.0
(C, C3), 135.7 (C, C3), 136.8 (C, C2"), 137.0 (C, C1), 164.7 (C,
CO). HRMS: Calcd for [CisHiiCIFsNOS-H]: 332.0129, found:
332.0134.

3-chloro- V- (thiophen-3-ylmethyl)-S-(trifluoromethyl)ben-
zamide, 50. Following general procedure C, 3-chloro-5-(trifluoro-
methyl)benzoic acid (100 mg, 0.45S mmol) in anh. toluene (2.0 mL)
and drops of DMF was reacted with thionyl chloride (323 pL, 530
mg, 4.45 mmol). Then, thiophen-3-ylmethanamine (60 mg, 0.53
mmol) and triethylamine (149 pL, 108 mg, 1.07 mmol) in anh.
DCM (1.0 mL), were reacted with the crude acyl chloride (108 mg,
0.45 mmol) in anh. DCM (1.0 mL) giving the product as a white
solid (72 mg, 51% yield). m.p. 91-92 °C. v: 3246, 3091, 2927, 1635,
1549, 1429, 1349, 1324, 1284, 1175, 1124, 1050, 1004, 889, 826,
788, 738, 689, 637, 621 cm™'. 'H NMR (400 MHz, CDCL;) 8: 4.60



(d,/= 5.6 Hz, 2H, CH,), 6.84 (broad s, 1H, NH), 7.05 (dd, /= 4.9
Hz, J’= 1.3 Hz, 1H, 4-H), 7.18 (m, 1H, 2"-H), 7.30 (dd, /= 5.0 Hz,
J’=3.0 Hz, 1H, 5-H), 7.71 (m, 1H, 4-H), 7.90 (m, 1H, 6-H), 7.93
(t,/= 1.8 Hz, 1H, 2-H). ®C NMR (101 MHz, CDCL) 8: 39.6 (CH,,
CH,), 122.3 (q, *Jer= 3.7 Hz, CH, C6), 123.0 (q, Jer=273.2 Hz, C,
CFs), 123.0 (CH, C2’), 126.8 (CH, C3’), 127.4 (CH, C4), 128.5
(q,*Jer= 3.7 Hz, CH, C4), 130.8 (CH, C2), 132.7 (g, *Jer= 33.6 Hz,
C, C5), 135.7 (C, C3), 137.0 (C, C1), 1382 (C, C3’), 164.8 (C,
CO). HRMS: Calcd for [CisHiiCIFsNOS-H]: 317.9973, found:
317.9975.

3,4-difluoro- N-((5-methylthiophen-3-yl) methyl)-5-(trifluoro-
methyl)benzamide, S1. Following general procedure C, 3,4-
difluoro-S-(trifluoromethyl)benzoic acid (85 mg, 0.38 mmol) in
anh. toluene (2.0 mL) and drops of DMF was reacted with thionyl
chloride (276 L, 452 mg, 3.80 mmol). Then, (S-methylthiophen-3-
yl)methanamine hydrochloride (40 mg, 0.24 mmol) and triethyla-
mine (175 pL, 127 mg, 1.26 mmol) in anh. DCM (1.0 mL) were re-
acted with the crude acyl chloride in anh. DCM (1.0 mL) giving the
product as a white solid (59 mg, 72% yield). m.p. 93-94 °C. v: 3291,
3095, 2931, 16285, 16085, 1545, 1501, 1435, 1373, 1337, 1273, 1186,
1156, 1134, 1056, 1000, 966, 904, 895, 838, 772, 746, 739, 672, 641,
573 cm™. '"H NMR (400 MHz, CDCl;) 8: 2.45 (d, /= 1.1 Hz, 3H,
§-CHs),4.51 (d, /= 5.6 Hz, 2H, CH,), 6.61 (broad s, 1H, NH), 6.71
(p,/= 1.1, 1H, 4-H), 6.93 (m, 1H, 2’-H), 7.80 (m, 1H, 6-H), 7.86
(ddd, /= 9.6 Hz, J’= 7.0 Hz, /"= 2.2 Hz, 1H, 2-H). *C NMR (101
MHz, CDCl) §: 15.4 (CS*-CHs), 39.9 (CHa, CHa), 120.6 (d, 2Jer=
18.6 Hz, CH, C2), 120.7 (m, CH, C6), 120.7 (m, C, C3), 120.8
(CH, C2), 121.7 (qd, “Jer=273.3 Hz, Jcr= 3.5 Hz, C, CF5), 125.6
(CH, C4),131.4 (t, *Jer= 4.8 Hz, C, C1),137.8 (C, C3’), 141.6 (C,
CS’), 150.2 (dd, 'Jer = 263.7 Hz, Jer = 13.1 Hz, C, C3), 150.8 (d,
Jer = 241.5 Hz, C, C4), 1639 (C, CO). HRMS: Calcd for
[C1sH10FsNOS-H]: 334.0330, found: 334.0333.
3-chloro-4-fluoro- N-((5-methylthiophen-3-yl) methyl)-5- (tri-
fluoromethyl)benzamide, 52. Following general procedure C, 3-
chloro-4-fluoro-S-(trifluoromethyl)benzoic acid (92 mg, 0.38
mmol) in anh. toluene (2.0 mL) and drops of DMF was reacted with
thionyl chloride (276 pL, 452 mg, 3.80 mmol). Then, (S-methylthi-
ophen-3-yl)methanamine hydrochloride (40 mg, 0.24 mmol) and
triethylamine (175 pL, 127 mg, 1.26 mmol) in anh. DCM (1.0 mL)
were reacted with the crude acyl chloride in anh. DCM (1.0 mL) giv-
ing the product as a white solid (56 mg, 65% yield). m.p. 127-128
°C. 1 3273, 3097, 2928, 1631, 1543, 1477, 1374, 1337, 1318, 1274,
1218, 1177, 1153, 1055, 1000, 967, 894, 832, 744, 684, 668, 638, 569
cm™. "H NMR (400 MHz, CDCLs) 8: 2.45 (d, /= 1.1 Hz, 3H, 5™
CH;), 4.51 (d, /= 5.5 Hz, 2H, CH>), 6.57 (broad s, 1H, NH), 6.71
(p,/=1.1Hz, 1H, 4-H), 6.93 (m, 1H, 2-H),7.93 (dd, /= 5.9 Hz, J’
= 1.5 Hz, 1H, 6-H), 8.05 (dd, /= 6.4 Hz, J’= 2.2 Hz, 1H, 2-H). C
NMR (101 MHz, CDCl) 8: 15.4 (C5-CH3), 39.9 (CH,, CH,),
120.1 (qd, ?Jer= 34.1 Hz, ?Jor = 13.0 Hz, C, C5), 120.9 (CH, C2’),
121.7 (JJer =273.0 Hz, C, CFs), 123.6 (d, >Jor = 17.6 Hz, C, C3),
124.5 (m, C, C6), 125.6 (CH, C4’), 131.4 (d, *Jer= 4.6 Hz, C, C1),
133.5(C,C2),137.8 (C,C3’),141.6 (C,CS’), 157.4 (d, Jer=264.3
Hz, C,C4),163.9 (C,CO). HRMS: Calcd for [ C1sH1oCIFsNOS-H]
:350.0035, found: 350.0043.

2,5-dichloro- V-((5-methylthiophen-3-yl) methyl)-3-(trifluoro-
methyl)benzamide, 53. Following general procedure C, 2,5-
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dichloro-3-(trifluoromethyl)benzoic acid (98 mg, 0.38 mmol) in
anh. toluene (2.0 mL) and drops of DMF was reacted with thionyl
chloride (276 pL, 452 mg, 3.80 mmol). Then, (5-methylthiophen-3-
yl)methanamine hydrochloride (40 mg, 0.24 mmol) and triethyla-
mine (175 pL, 127 mg, 1.26 mmol) in anh. DCM (1.0 mL) were re-
acted with the crude acyl chloride in anh. DCM (1.0 mL) giving the
product as a white solid (45 mg, 50% yield). m.p. 152-153 °C. »
3326, 3091, 2924, 1651, 1537, 1426, 1331, 1294, 1259, 1220, 1172,
1138, 1043, 1008, 891, 824, 735, 697, 638, 601, 583 cm™". 'H NMR
(400 MHz, CDCL) 8: 2.47 (d, /= 1.1 Hz, 3H, 5-CHs), 4.55 (d, /=
5.5 Hz, 2H, CH), 6.22 (broad s, 1H, NH), 6.75 (p, /= 1.2 Hz, 1H,
#-H), 6.96 (m, 1H,2"-H), 7.68 (d, /= 2.6 Hz, 1H,2-H), 7.73 (d, /=
2.6 Hz, 1H, 4-H). *C NMR (101 MHz, CDCL) 8: 15.5 (C5’-CH3),
39.9 (CH,, CHa,), 120.9 (CH, C2’), 121.9 (q, "Jer = 273.2 Hz, C,
CF3), 125.6 (CH, C4), 127.5 (C, C6), 129.2 (q, Jer= 5.6 Hz, CH,
C4), 130.9 (g, Jer = 32.0 Hz, C, C5), 132.6 (CH, C2), 133.6 (C,
C3),137.5(C,C3’),139.8 (C,Cl1), 141.6 (C, CS’), 164.4 (C, CO).
HRMS: Calcd for [C14H10C12F3NOS+H]+: 367.9885, found:
367.9879.
N-((2,5-dimethylfuran-3-yl)methyl)-3-fluoro-S-(trifluorome-
thyl)benzamide, 54. Following general procedure C, 3-fluoro-$-
(trifluoromethyl)benzoic acid (100 mg, 0.48 mmol) in anh. toluene
(2.0mL) and drops of DMF was reacted with thionyl chloride (349
L, $72 mg, 4.81 mmol). Then, (2,5-dimethylfuran-3-yl)methana-
mine (72 mg, 0.58 mmol) and triethylamine (323 pL, 235 mg, 2.32
mmol) in anh. DCM (1.0 mL), were reacted with the crude acyl
chloride (109 mg, 0.48 mmol) in anh. DCM (1.0 mL) giving the
product as a white solid (46 mg, 30% yield). m.p. 71-72 °C. v: 3312,
3095, 2921, 1647, 1604, 1557, 1443, 1348, 1294, 1249, 1174, 1142,
1094, 1038, 926, 887, 803, 753, 691, 621 cm™". "H NMR (400 MHz,
CDCl) 8:2.22 (s, 3H, 5-CHs), 2.25 (s,3H,2’-CH3), 4.33 (d, /= 5.2
Hz, 2H, CH>), 5.89 (s, 1H, 4-H), 6.35 (broad s, 1H, NH), 7.44 (m,
1H, 4-H), 7.67 (dt, /= 8.7 Hz, J’= 2.1 Hz, 1H, 2-H), 7.78 (s, 1H, 6-
H). ®C NMR (101 MHz, CDCl;) §: 11.6 (C2-CH;), 13.5 (CS'-
CHs), 35.7 (CH,, CH>), 106.9 (CH, C4’), 115.8 (C, C3’), 115.8
(dq, *Jer=24.6 Hz, *Jor= 3.8 Hz, CH, C4), 118.0 (d, “Jor=22.8 Hz,
CH, C2), 119.6 (p, Jer= 3.7 Hz, CH, C6), 123.0 (qd, "Jor=272.8
Hz, *Jer=2.9 Hz, C, CFs), 133.1 (qd, ’Jor= 33.7 Hz, JJor= 7.6 Hz, C,
CS$), 137.9 (d, ?Jer = 6.8 Hz, C1), 147.7 (C, C2’), 150.5 (C, CS’),
162.6 (d, ‘Jer = 251.0 Hz, C, C3), 164.7 (*Jcr = 2.3 Hz, C, CO).
HRMS: Calcd for [CisH13FsNO,-H]: 314.0810, found: 314.0819.
3-chloro-M-((2,5-dimethylfuran-3-yl)methyl)-5-(trifluorome-
thyl)benzamide, SS. Following general procedure C, 3-chloro-5-
(trifluoromethyl)benzoic acid (100 mg, 0.45 mmol) in anh. toluene
(2.0 mL) and drops of DMF was reacted with thionyl chloride (323
L, 530 mg, 4.45 mmol). Then, (2,5-dimethylfuran-3-yl)methana-
mine (67 mg, 0.53 mmol) and triethylamine (147 pL, 107 mg, 1.06
mmol) in anh. DCM (1.0 mL), were reacted with the crude acyl
chloride (109 mg, 0.45 mmol) in anh. DCM (1.0 mL) giving the
product as a pale-yellow solid (86 mg, 58% yield). m.p. 88-89 °C. »:
3304, 3079, 2922, 2441, 1636, 1542, 1428, 1321, 1289, 1174, 1129,
1031, 924, 889, 794, 691, 624 cm™". 'H NMR (400 MHz, CD;OD)
§:2.17 (s,3H, 5-CHs), 2.24 (s, 3H, 2-CHs), 4.26 (s, 2H, CH,), 5.92
(s, IH, 4-H), 7.85 (m, 1H, 4-H), 8.06 (m, 1H, 6-H), 8.08 (m, 1H,
2-H).®C NMR (101 MHz, CD;OD) §: 11.4 (C2’-CH3), 13.3 (CS’-
CHs), 35.9 (CH,, CHa), 108.1 (CH, C4’), 117.8 (C, C3’), 123.7 (q,



’Jer=3.9 Hz, CH, C6), 124.5 (q, 'Jor=272.0 Hz, C, CF3), 129.1 (q,
’Jer=3.8 Hz, CH, C4), 132.2 (CH, C2), 133.5 (q, ’Jer=33.3 Hz, C,
Cs), 136.5 (C, C3), 138.7 (C, C1), 148.3 (C, C2), 150.9 (C, C5"),
166.5 (C, CO). HRMS: Caled for [CisHisCIFsNO,-H]: 330.0514,
found: 330.0519.

3-fluoro- N-(furan-3-ylmethyl)-5- (trifluoromethyl)benzamide,
56. Following general procedure D, 3-fluoro-S-(trifluorome-
thyl)benzoic acid (100 mg, 0.48 mmol) in anh. toluene (2.0 mL)
and drops of DMF was reacted with thionyl chloride (346 yL, 567
mg, 4.81 mmol). Then, furan-3-ylmethanamine (51 mg, 0.53 mmol)
and triethylamine (268 pL, 194 mg, 1.92 mmol) in anh. DCM (1.0
mL), were reacted with the crude acyl chloride in anh. DCM (1.0
mL) giving the product as a reddish syrup (67 mg, 49% yield). »
3295, 3087, 1645, 1604, 1544, 1467, 1445, 1341, 1285, 1249, 1219,
1171, 1128, 1093, 1021, 967, 925, 884, 874, 768, 692, 619, 599 cm”".
'H NMR (400 MHz, CDCL) §: 4.50 (d, /= 5.5 Hz, 2H, CH), 6.38
(broad s, 1H, NH), 6.43 (m, 1H, 4-H), 7.42 (t, /= 1.7 Hz, 1H, 2'-
H), 7.45-7.48 (complex signal, 2H, 4-H, $"-H), 7.69 (dt, /= 8.6 Hz,
J’= 2.0 Hz, 1H, 2-H), 7.79 (s, 1H, 6-H). *C NMR (101 MHz,
CDCL) §: 35.4 (CHs, CH,), 110.4 (CH, C4°), 116.0 (dq, ZJer= 244
Hz, *Jer=3.7 Hz, CH, C4), 118.1 (d, “Jer=22.9 Hz, CH, C2), 119.6
(p, *Jer= 3.8 Hz, CH, C6),121.6 (C, C3’), 123.0 (q, Jor=271.5 Hz,
C, CF3), 133.2 (qd, *Jer= 33.9 Hz, ’Jor= 7.3 Hz, C, CS), 137.8 (d,
3Jer= 6.8 Hz, C, C1), 140.7 (CH, C3’), 143.9 (CH, C2’), 162.7 (d,
Jer = 2512 Hz, C, C3), 164.8 (C, CO). HRMS: Calcd for
[CisHoE:NO,-H]": 286.0497, found: 286.0494.

3-fluoro- N-(thiazol-5-ylmethyl)-5-(trifluoromethyl)benzamide,
57. Following general procedure D, 3-fluoro-S-(trifluorome-
thyl)benzoic acid (100 mg, 0.48 mmol) in anh. toluene (2.0 mL)
and drops of DMF was reacted with thionyl chloride (279 yL, 457
mg, 3.84 mmol). Then, thiazol-S-ylmethanamine (60 mg, 0.53
mmol) and triethylamine (268 uL, 194 mg, 1.92 mmol) in anh.
DCM (1.0 mL), were reacted with the crude acyl chloride in anh.
DCM (1.0 mL) giving the product as a reddish syrup (51 mg, 35%
yield). v 3269, 3080, 1646, 1604, 1543, 1520, 1467, 1446, 1408,
1348, 1280, 1220, 1169, 1126, 1093, 1039, 1003, 926, 881,797,752,
692,633,601 cm™. 'H NMR (400 MHz, CDCL) 8: 4.86 (dd, /= 5.9
Hz, /= 0.9 Hz, 2H, CH,), 6.85 (broad m, 1H, NH), 7.48 (dt, /= 8.0
Hz, /= 1.7 Hz, 1H, 4-H), 7.72 (dt, /= 8.5 Hz, /’= 2.1 Hz, 1H, 2-H),
7.81 (d, /= 0.8 Hz, 1H, 4-H), 7.82 (s, 1H, 6-H), 8.76 (s, 1H, 2"-H).
13C NMR (101 MHz, CDC) 8: 36.3 (CHs, CHb), 116.3 (dq, Jer=
24.4 Hz, ’Jcr= 3.7 Hz, CH, C4), 118.2 (d, *Jer= 23.0 Hz, CH, C2),
119.7 (p, *Jer= 3.7 Hz, CH, C6), 122.9 (q, 'Jor=272.7 Hz, C, CFs),
133.3 (qd, Jer=34.0 Hz, °Jor="7.7 Hz, C, C5),135.0 (C, C5’), 137.2
(d,*Jer= 6.9 Hz, C, C1), 142.5 (CH, C4’), 154.1 (CH, C2’), 162.7
(d, “Jer = 251.5 Hz, C, C3), 164.8 (C, CO). HRMS: Calcd for
[CiHsFN,OS+H]*: 285.0304, found: 285.0312.

3-fluoro- N-(isoxazol-3-ylmethyl)-5-(trifluoromethyl)ben-
zamide, 58. Following general procedure D, 3-fluoro-5-(trifluoro-
methyl)benzoic acid (78 mg, 0.37 mmol) in anh. toluene (1.5 mL)
and drops of DMF was reacted with thionyl chloride (272 yL, 446
mg, 3.7S mmol). Then, isoxazol-3-ylmethylamine (37 mg, 0.37
mmol) and triethylamine (209 pL, 152 mg, 1.50 mmol) in anh.
DCM (1.0 mL), were reacted with the crude acyl chloride in anh.
DCM (1.0 mL) giving the product as a brownish solid (34 mg, 32%
yield). m.p. 110-111 °C. v 267, 3114, 1670, 1630, 1606, 1573, 1550,
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1501, 1467, 1438, 1422, 1354, 1293, 1245, 1222, 1162, 1128, 1093,
1059, 1044, 1020, 1003, 938, 888, 862, 795, 713, 692, 651, 592, 555
cm™. 'H NMR (400 MHz, CDCls) 8: 4.77 (d, /= 5.6 Hz, 2H, CH,),
6.43 (d,/=1.7 Hz, 1H, 4-H), 6.97 (broad s, 1H, NH), 7.49 (m, 1H,
4-H),7.74 (dt, /= 8.5 Hz, J’= 1.8 Hz, 1H, 2-H), 7.86 (s, 1H, 6-H),
8.41 (d, /= 1.6 Hz, 1H, 5-H). *C NMR (101 MHz, CDCl) 5: 36.3
(CH,, CH,), 104.1 (CH, C4), 1163 (dq, 2Jer = 24.6 Hz, Jor= 3.8
Hz, CH, C4), 118.2 (d, ?Jer=22.9 Hz, CH, C2), 119.8 (p, "Jer=3.8
Hz, CH, C6), 122.9 (q, “Jer=272.7 Hz, C, CFs), 133.3 (qd, Jer =
34.0 Hz, ’Jcr= 7.7 Hz, C, CS), 137.2 (d, ’Jcr= 6.9 Hz, C,C1), 159.4
(CH, C5"),159.7 (C, C3"), 162.7 (d, /Jer=251.3 Hz, C, C3), 165.0
(C, CO). HRMS: Calcd for [C1,HsFaN,O»-H]: 287.0449, found:
287.0446.
3-fluoro-N-(pyridin-4-ylmethyl)-5-(trifluoromethyl)ben-
zamide, 59. Following general procedure D, 3-fluoro-5-(trifluoro-
methyl)benzoic acid (100 mg, 0.48 mmol) in anh. toluene (2.0 mL)
and drops of DMF was reacted with thionyl chloride (346 pL, 567
mg, 4.81 mmol). Then, pyridin-4-ylmethanamine (54 pL, 57 mg,
0.53 mmol) and triethylamine (268 pL, 194 mg, 1.92 mmol) in anh.
DCM (1.0 mL), were reacted with the crude acyl chloride in anh.
DCM (1.0 mL) giving the product as a pale-yellow syrup (81 mg,
57% yield). v 3282, 3061, 1650, 1602, 1543, 1467, 1445, 1417,
1351, 1325, 1283, 1219, 1169, 1126, 1094, 1059, 1002, 928, 883,
799,754,691, 615 cm™". "H NMR (400 MHz, CDCL) 8: 4.65 (d, /=
6.0 Hz, 2H, CH,), 7.12 (broad s, 1H, NH), 7.23 [d, /= 6.1 Hz, 2H,
2(6')-H],7.49 (m, 1H, 4-H), 7.76 (dt, /= 8.6 Hz, J’= 2.1 Hz, 1H, 2-
H),7.86 (s, 1H, 6-H), 8.53 [d, /= 6.1 Hz, 2H, 3'(5")-H]. *C NMR
(101 MHz, CDCL) §: 43.2 (CH,, CH,), 116.3 (dq, JJer = 24.3 Hz,
3Jer= 3.7 Hz, CH, C4), 118.3 (d, 2Jor= 22.8 Hz, CH, C2), 119.7 (p,
3Jer=4.0 Hz, CH, C6), 122.6 [CH, C2'(6")],122.9 (qd, “Jer=272.9
Hz, *Jer=2.9 Hz, C, CFs), 133.3 (qd, ?Jcr=33.7 Hz, Jor=7.6 Hz, C,
Cs), 137.3 (d, *Jer = 6.7 Hz, C, C1), 146.9 (C, CI’), 150.2 [CH,
C3'(5)],162.7 (d, "Jer=251.5 Hz, C, C3), 165.2 (d, *Jer = 2.4 Hz,
C, CO). HRMS: Calcd for [CiHioFsN>O+H]*: 299.0802, found:
299.080S.
N-((1H-pyrazol-3-yl)methyl)-3-fluoro-5-(trifluoromethyl)ben-
zamide, 60. Following general procedure D, 3-fluoro-5-(trifluoro-
methyl)benzoic acid (100 mg, 0.48 mmol) in anh. toluene (2.0 mL)
and drops of DMF was reacted with thionyl chloride (279 pL, 457
mg, 3.84 mmol). Then, (1H-pyrazol-3-yl)methanamine (51 mg,
0.53 mmol) and triethylamine (201 pL, 146 mg, 1.44 mmol) in anh.
DCM (1.0 mL), were reacted with the crude acyl chloride in anh.
DCM (1.0 mL) giving the product as a pale-yellow solid (75 mg,
54% yield). m.p. 130-131 °C. v 3197, 3069, 2945, 1645, 1599, 1556,
1471, 1441, 1428, 1343, 1297, 1240, 1212, 1174, 1131, 1096, 1051,
1035, 1002, 921, 692, 859, 790, 765, 748, 716, 664, 615 cm™. 'H
NMR (400 MHz, CDCL;) 8: 4.70 (d, /= 5.6 Hz, 2H, CH.), 6.30 (d,
J=22Hz, 1H, 4-H), 7.31 (broad s, 1H, NH), 7.45 (m, 1H, 4-H),
7.54 (d, /=22 Hz, 1H, 5-H), 7.74 dt, J=9.2 Hz, /’=2.2 Hz, 1H, 2-
H),7.85 (td, /= 1.6 Hz, J’= 0.8 Hz, 1H, 6-H). *C NMR (101 MHz,
CDCL) 8: 37.1 (CH,, CH,), 104.5 (CH, C4’), 115.8 (dq, 2Jer=24.5
Hz, ’Jcr= 4.0 Hz, CH, C4), 118.1 (d, *Jer=22.9 Hz, CH, C2), 119.7
(m, CH, C6), 122.8 (qd, ‘Jer = 270.5 Hz, ?Jcr = 2.8 Hz, C, CFs),
132.3 (CH, C5’), 132.9 (qd, ?Jer= 33.9 Hz, *Jor = 7.5 Hz, C, CS),
1374 (d,%Jer= 6.9 Hz, C, C1), 146.3 (C, C3’), 162.4 (d, ' Jer=250.9



Hz, C, C3), 165.0 (d, J = 2.2 Hz, C, CO). HRMS: Calcd for
[C12HoF4N;O-H]: 286.0609, found: 286.0605.

3-fluoro- N-(oxazol-4-ylmethyl)-S-(trifluoromethyl)benzamide,
61. Following general procedure D, 3-fluoro-S-(trifluorome-
thyl)benzoic acid (100 mg, 0.48 mmol) in anh. toluene (2.0 mL)
and drops of DMF was reacted with thionyl chloride (279 yL, 457
mg, 3.84 mmol). Then, oxazol-4-ylmethanamine hydrochloride (71
mg, 0.53 mmol) and triethylamine (268 pL, 194 mg, 1.92 mmol) in
anh. DCM (1.0 mL), were reacted with the crude acyl chloride in
anh. DCM (1.0 mL) giving the product as a yellowish solid (107 mg,
77% yield). m.p. 99-100 °C. v: 3272, 3117, 1659, 1608, 1547, 1506,
1470, 1442, 1427, 1348, 1328, 1295, 1280, 1247, 1232, 1210, 1171,
1122, 109§, 1068, 1045, 1004, 968, 923, 916, 881, 859, 796, 774,
748,690, 664, 621 cm'. "H NMR (400 MHz, CDCL;) 8: 4.56 (d, /=
5.1 Hz, 2H, CH,), 7.28 (broad s, 1H, NH), 7.43 (m, 1H, 4-H), 7.68-
7.72 (complex signal, 2H, 2-H, 2"-H), 7.82 (s, 1H, 6-H), 7.86 (s, 1H,
§-H).*C NMR (101 MHz, CDCL;) 8: 35.8 (CH., CH.), 116.0 (dq,
2Jer=24.5 Hz, *Jor= 3.9 Hz, CH, C4), 118.2 (d, ?Jer=22.7 Hz, CH,
C2), 119.8 (p, *Jor= 3.7 Hz, CH, C6), 122.9 (qd, Jer = 273.0 Hz,
3Jer= 3.1 Hz, C, CFs), 133.1 (qd, JJer = 33.8 Hz, *Jor = 7.7 Hz, C,
CS), 136.4 (CH, C2’), 136.4 (CH, C3’), 137.5 (d, ’Jor= 6.9 Hz, C,
Cl), 151.6 (CH, C5), 162.6 (d, 'Jer= 251.0 Hz, C, C3), 164.9 (d,
“Jcr = 2.4 Hz, C, CO). HRMS: Calcd for [Ci12HsFiN.O»-H]:
287.0449, found: 287.0445.

3-fluoro- N-(thiazol-4-ylmethyl)-5-(trifluoromethyl)benzamide,
62. Following general procedure D, 3-fluoro-S-(trifluorome-
thyl)benzoic acid (100 mg, 0.48 mmol) in anh. toluene (2.0 mL)
and drops of DMF was reacted with thionyl chloride (279 yL, 457
mg, 3.84 mmol). Then, thiazol-4-ylmethanamine dihydrochloride
(99 mg, 0.53 mmol) and triethylamine (268 pL, 194 mg, 1.92 mmol)
in anh. DCM (1.0 mL), were reacted with the crude acyl chloride in
anh. DCM (1.0 mL) giving the product as a white solid (61 mg, 42%
yield). m.p, 98-99 °C. v: 3268, 3138, 3069, 1664, 1611, 1543, 1520,
1471, 1428, 1407, 1348, 1289, 1247, 1209, 1170, 1123, 1093, 1041,
1002, 943, 921, 882, 859, 825, 765, 750, 729, 689, 643, 584 cm™". 'H
NMR (400 MHz, CDCL) 8: 4.77 (dd, /= 5.5 Hz, /= 0.7 Hz, 2H,
CH,),7.31 (dt, J=2.0 Hz, J’= 0.8 Hz, 1H, 2-H), 7.40 (broad m, 1H,
NH), 7.43 (m, 1H, 4-H), 7.72 (dt, /= 8.7 Hz, J’= 2.1 Hz, 1H, 2-H),
7.84 (td, /= 1.6 Hz, J’= 0.8 Hz, 1H, 6-H), 8.77 (d, /=2.0 Hz, 1H, 5
H). ®C NMR (101 MHz, CDCL) §: 40.1 (CH,, CH>), 115.9 (dgq,
2Jer=24.8 Hz, *Jer = 3.7 Hz, CH, C4), 116.1 (CH, C2"), 118.2 (d,
2Jer=22.7 Hz, CH, C2), 119.8 (p, ?Jcr= 3.6 Hz, CH, C6), 123.0 (qd,
er=272.7 Hz, *Jer=2.8 Hz, C, CFs), 133.1 (qd, Jer= 33.9 Hz, *Jcr
=7.7 Hz, C, CS), 137.6 (d, *Jer = 6.8 Hz, C, C1), 153.0 (C, C3"),
153.7 (CH, C%’), 162.6 (d, 'Jer=251.0 Hz, C, C3), 164.8 (d, */cr=
2.4 Hz, C, CO). Anal. calcd for C12HsF4N>OS: C 47.37, H 2.65, N
9.21. HRMS: Calcd for [Ci2HsFiNOS-H]: 303.0221, found:
303.0219.

(2,5-dimethylthiophen-3-yl)methyl ~ 3-fluoro-S-(trifluorome-
thyl)benzoate, 63. To a solution of (2,5-dimethylthiophen-3-
yl)methanol (88 mg, 0.62 mmol), EDC-HCI (178 mg, 0.93 mmol)
and DMAP (30 mg, 0.25 mmol) in anh. DCM (2.0 mL), 3-fluoro-S-
(trifluoromethyl)benzoic acid (155 mg, 0.74 mmol) was added un-
der Ar atmosphere and the mixture was stirred at RT for 16 h. Then,
DCM (10 mL) was added and the mixture was washed with brine (2
x20mL). The organic layer was dried over anh. Na,SO, filtered and
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concentrated in vacuo. The resulting crude was purified by column
chromatography in silica gel (using as eluent mixtures of EtOAc in
hexane from 0% to 10%) to obtain the product as a colorless oil (96
mg, 47% yield). v 2923, 1727, 1606, 1453, 1363, 1347, 1249, 1238,
1202, 1171, 1131, 1103, 1091, 959, 906, 887, 828, 768, 692, 582
cm™. 'H NMR (400 MHz, CDCL) 8: 2.42 (m, 3H, 5-CHs), 2.46 (s,
3H,2-CH), 5.24 (s, 2H, CH>), 6.69 (d, /= 1.2 Hz, 1H, 4"-H), 7.51
(dddd, /= 8.1 Hz, J’= 2.5 Hz, J”= 1.6 Hz, J”’= 0.7 Hz, 1H, 4-H),
791 (ddd, /= 8.7 Hz, J’= 2.6 Hz, /= 1.4 Hz, 1H, 2-H), 8.11 (s, 1H,
6-H). C NMR (101 MHz, CDCl;) 8: 13.0 (C2-CHs), 15.2 (CS'-
CH:),61.0 (CH,, CHa), 117.3 (dq, 2Jer=24.6 Hz, ?Jcr= 3.7 Hz, CH,
C4),120.2 (d, ?Jer= 23.0 Hz, CH, C2), 122.5 (p, *Jer= 3.9 Hz, CH,
C6), 123.0 (qd, “Jer= 272.8 Hz, *Jor= 2.9 Hz, C, CFs), 126.9 (CH,
C4’),131.0(C, C3’),133.0 (qd, *Jer=33.9 Hz, ’Jcr="7.5 Hz, C, CS),
133.7 (d, *Jer = 7.6 Hz, C1), 136.5 (C, C2), 136.8 (C, C5’), 162.4
(d, "Jer=250.4 Hz, C, C3), 164.2 (d, *Jer= 2.3 Hz, C, CO). HRMS:
Calcd for [C1sH12F40:S+Na]*: 355.0386, found: 355.0389.
1-(2,5-dimethylthiophen-3-y1)-N-(3-fluoro-5-(trifluorome-
thyl)benzyl)methanamine, 64. To a solution 1-(bromomethyl)-3-
fluoro-S-(trifluoromethyl)benzene (S0 mg, 0.19 mmol) and tri-
ethylamine (81 pL, 59 mg, 0.58 mmol) in DMF (1.0 mL) was added
(2,5-dimethylthiophen-3-yl)methanamine hydrochloride (35 mg,
0.19 mmol) and the mixture was kept under stirring at RT for 16 h.
Water (15 mL) followed by EtOAc (10 mL) were added and the
mixture was extracted. The organic layer was washed again with
brine (15 mL) and then it was dried over anh. Na:SO4 and filtered.
Solvents were concentrated in vacuo and the resulting crude was pu-
rified by column chromatography in silica gel (using as eluent mix-
tures of EtOAc in hexane from 0% to 15%) to afford the product as
a colorless oil (27 mg, 45% yield). v: 2921, 2860, 160S, 1452, 1342,
1227, 1166, 1125, 1091, 975, 869, 830, 761, 721, 698, 712 cm™". 'H
NMR (400 MHz, CDCL) 8: 2.30 (s, 3H, 2-CHs), 2.40 (m, 3H, 5
CHs), 3.62 (s, 2H, thio-CH.), 3.84 (s, 2H, aryl-CH.), 6.59 (g, /= 1.2
Hz, 1H, 4-H), 7.20 (m, 1H, 4-H), 7.29 (dddd, /= 9.4 Hz, J’= 2.6
Hz, J”= 1.4 Hz, J”’= 0.7 Hz, 1H, 2-H), 7.41 (tq, /= 1.5 Hz, J'= 0.7
Hz, 1H, 6-H). *CNMR (101 MHz, CDCl;) §: 12.9 (C2-CH3), 15.2
(C5’-CHs), 46.1 (CH,, thio-CH,), 52.3 (CHa, aryl-CH,), 111.4 (dg,
2Jer=24.6 Hz, *Jor= 3.8 Hz, CH, C4), 118.4 (d, ?Jer=21.3 Hz, CH,
C2), 1206 (p, *Jer = 3.6 Hz, CH, C6), 123.5 (qd, JJor = 272.5 Hz,
3Jer =3.1 Hz, C, CFs), 126.7 (CH, C4’), 132.4 (qd, *Jer= 33.0 Hz,
3Jer=8.1Hz,C, C5),132.9 (C,C3’),135.4 (C,C2’),,136.0 (C,CS’),
144.8 (d, *Jer = 7.1 Hz, C, C1), 162.7 (d, /Jor = 248.2 Hz, C, C3).
HRMS: Calcd for [CisHisFaNS+H]*: 318.0934, found: 318.0934.
N-(3-fluoro-5-(trifluoromethyl)benzyl)-2,5-dimethylthio-
phene-3-carboxamide, 65. Following general procedure D, 2,5-di-
methylthiophene-3-carboxylic acid (100 mg, 0.64 mmol) in anh. tol-
uene (3.0 mL) and drops of DMF was reacted with thionyl chloride
(279 uL, 457 mg, 3.84 mmol). Then, (3-fluoro-S-(trifluorome-
thyl) phenyl)methanamine (148 mg, 0.77 mmol) and triethylamine
(268 pL, 194 mg, 1.92 mmol) in anh. DCM (2.0 mL) reacted with
the crude acyl chloride in anh. DCM (1.0 mL) giving the product as
a beige solid (85 mg, 40% yield). m.p. 105-106 °C. »: 3293, 2925,
1634, 1609, 1563, 1515, 1454, 1424, 1351, 1341, 1315, 1280, 1229,
1169, 1120, 1084, 1041, 994, 973, 875, 852, 834, 785, 768, 716, 701,
690, 650, 601 cm'. 'H NMR (400 MHz, CDCL) 8: 2.37 (s, 3H, 2-
CHs), 2.63 (s, 3H, 5’-CHs), 4.59 (d, /= 6.1 Hz, 2H, CH,), 6.3



(broads, 1H,NH), 6.76 (d, /= 1.2 Hz, 1H, 4-H), 7.22 (m, 2H, 2-H,
4-H),7.35 (s, 1H, 6-H). *C NMR (101 MHz, CDCL;) 8: 15.0 (C2-
CH3), 15.1 (CS’-CHs3), 42.8 (d, Jer= 1.7 Hz, CH,, CHa), 111.9 (dgq,
2Jer=24.6 Hz, *Jcr= 3.9 Hz, CH, C4), 118.1 (d, *Jcr=21.9 Hz, CH,
C2), 120.1 (m, CH, C6), 123.3 (qd, Jer= 272.5 Hz, *Jcr = 3.3 Hz,
C, CFs),123.9 (CH, C4’), 130.6 (C, C3’), 132.9 (qd, *Jcr= 33.3 Hz,
*Jer=8.2Hz, C, C5),136.5 (C, C5), 142.9 (d, *Jor="7.2Hz, C, C1),
143.8 (C, C2’), 162.8 (d, 'Jer = 249.4 Hz, C, C3), 164.7 (C, CO).
HRMS: Calcd for [CisHisF:NOS-H]: 330.0581, found: 330.0573.

Virological experiments. Cells and viruses. Madin-Darby canine
kidney (MDCK) cells were a kind gift from M. Matrosovich
(Philipps University, Marburg). Human embryonic kidney
(HEK293T) cells were purchased from Thermo Scientific and
HeLa cells were from ATCC (CCL-2). The virus panel consisted of:
A/PR/8/34 [A/HINI; reverse-engineered from the plasmids
which were kindly provided by M. Kim (Korea Research Institute of
Chemical Technology); hereunder abbreviated as PR8]; A/Vir-
ginia/ATCC3/2009 [A/HIN1; ATCCVR-1738; hereunder abbre-
viated as Virg09]; A/Victoria/361/11 [A/H3N2; akind gift from G.
Rimmelzwaan (Erasmus Medical Center, Rotterdam)]; and
B/Ned/537/05 (Yamagata lineage; a kind gift from R. Fouchier
(Erasmus Medical Center, Rotterdam)]. The virus stocks were pre-
pared in MDCK cells or embryonated hen eggs, and titrated by the
50% cell culture infective dose (CCIDso) method.

Assessment of antiviral activity based on reduction of viral cyto-
pathic effect (CPE). The infection medium consisted of Ul-
traMDCK medium (Lonza), supplemented with 225 mg/L sodium
bicarbonate, 2 mM L-glutamine and 2 pg/mL TPCK (tosylphenyl-
alanylchloromethyl-keton)-treated trypsin (Sigma-Aldrich). Our
detailed method can be found elsewhere.”* In short, MDCK cells
were seeded at 7,500 cells per well in 96-well plates. On the next day,
the virus was added at an MOI of 50 CCIDso per well, immediately
followed by serial dilutions of the test compounds. After three days
incubation at 35 °C, microscopy was performed to score virus-in-
duced CPE and compound cytotoxicity. Next, the CellTiter 96°
AQueous MTS Reagent (Promega) was added to the cells and, four
hours later, the absorbance at 490 nm was measured in a plate reader.
The compounds’ antiviral activity was expressed as the half-maximal
effective concentration (ECso) in the MTS or microscopic scoring
assay (see ref. 46 for calculation details]. Cytotoxicity was expressed
as the CCsy, i.e. 50% cytotoxic concentration by MTS assay and the
MCC (minimum cytotoxic concentration), i.e. concentration pro-
ducing minimal changes in cell morphology.

Selection of resistant influenza viruses by serial passaging. MDCK
cells were infected with Virg09 virus as above, and exposed to differ-
ent concentrations of VF-57a or RL-007. Three days later, all wells
were inspected to select the highest compound concentrations at
which virus-induced CPE was visible, and freeze these supernatants
at-80 °C. The harvests were further passaged under gradually higher
compound concentrations, until resistance was reached (i.e. virus
breakthrough at 40 uM of compound). A no compound control was
passaged in parallel. Virus clones were obtained by plaque purifica-
tion under 0.6 % agarose and 4 pM VF-57a or 10 uM RL-007. After
expansion in MDCK cells, the clones underwent RNA extraction, re-
verse transcription and high-fidelity PCR, followed by Sanger se-
quencing (by Macrogen) of the HA gene. To determine the
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hemolysis pH of the wild-type (WT) and mutant Virg09 viruses, we
first prepared allantoic stocks. The method from Leiva et a/,** was
adapted to round-bottom 96-well format. Briefly, virus was added to
the wells together with an equal volume of 2% chicken red blood cell
(RBC) suspension in PBS. After 10 min incubation at 37 °C, un-
bound virus was removed by centrifugation. The cell pellets were re-
suspended in acidic buffer, i.e. PBS that was acidified with acetic acid
to a pH ranging from 5.0 to 6.0, with 0.1 increments. After 25 min
incubation at 37 °C, the samples were neutralized with NaOH and
the plates were centrifugated to pellet intact RBC. The supernatants
were transferred to a fresh plate and the absorbance at 540 nm was
measured in a plate reader. The hemolysis pH was defined as the pH
at which 50% hemolysis occurred, relative to the value at pH 5.0.

Pseudovirus entry assay. The pCAGEN plasmids encoding the H1
HA and N1 NA of Virg09 virus were previously described.** The co-
don-optimized DNAs encoding HS HA and N1 NA of the highly
pathogenic avian A/HSN1 virus (A/bald eagle/FL/W22-
114/2022, hereunder abbreviated FL22) were purchased from Life
Technologies and cloned into pCAGEN [provided by C. Cepko
(Boston, MA) via Addgene (plasmid 11160)], using NEBuilder
HiFi DNA Assembly mix. To prepare murine leukemia virus (MLV)
pseudoviruses bearing these HA and NA proteins, HEK293T cells
were transfected with a mixture of the pPCAGEN and MLV backbone
plasmids (kind gift from S. Péhlmann, German Primate Center-
Leibniz Institute for Primate Research, Géttingen). The details were
published before.** Three days after transfection, the Virg09 pseudo-
viruses were incubated for 15 min with 80 pg/mL trypsin, followed
by 80 pg/mL soybean inhibitor. Finally, the Virg09 and FL22 pseu-
doviruses were stored in aliquots at -80 °C.

To determine the compounds’ inhibitory effect on pseudovirus en-
try, MDCK cells were seeded in white 96-well plates and, on the next
day, preincubated with serial compound dilutions (in medium with
2% FCS) for 20 min. The pseudovirus was added and the plates were
spinoculated at 37 °C for 45 min at 450 x g, followed by 60 min incu-
bation at 37 °C. After replacing the supernatants by fresh medium
without compound, the plates were incubated for three days at 37
°C. To quantify the expression of the firefly luciferase reporter, we
used aluciferase assay system kit and Glomax Navigator instrument,
both from Promega.

Cell-cell fusion assay. To quantify the inhibitory effect on H1 HA-
mediated membrane fusion, we used the pGalS-luc and pGal4-VP16
plasmids (kind gift from S. Péhlmann) and transactivation setup re-
ported by his team,* with several modifications. Briefly, suspensions
of HeLa cells were prepared in two tubes in which either the pGALS-
luc or pGALS-VP16 plus HA-pCAGEN plasmid were added (or
pCAGEN-empty plasmid for the mock control), together with
Fugene' transfection reagent and growth medium (= MEM supple-
mented with non-essential amino acids, HEPES, L-glutamine and
10% FCS). The cells were seeded in 6- and 96-well plates, respec-
tively, and incubated for one day. From the 6-well plate, the cells
were detached with non-enzymatic cell dissociation solution
(Sigma), then overlaid on the HA-expressing cells in the 96-well
plate. On the next day, the cells were sequentially incubated at 37 °C
with the following reagents (with removal after each step): (i) for 15
min: S pg/mL of TPCK-trypsin to activate HA; (ii) for 15 min: serial
compound dilutions; (iii) for exactly S min: fresh compound diluted



in PBS-CM (= PBS supplemented with Ca** and Mg**) adjusted to
pH $.3; (iv) washing with growth medium; (v) for S h: growth me-
dium to allow cell-cell fusion; and (vi) cell culture lysis reagent from
Promega. After reading the luminescence with the luciferase assay
system kit and Glomax Navigator instrument, the relative lumines-
cence units (RLU) values were subtracted for the value seen in
mock-transfected cells, and the % luminescence at each compound
concentration was calculated, relative to the condition which re-
ceived medium instead of compound.

For HS HA, we used a microscopic readout as established in a previ-
ous study.>* HeLa cells were seeded in 96-well plates and transfected
with HS HA (strain A/duck/Hunan/795/2002). On the next day,
the cells bearing surface-exposed HA (already activated by endoge-
nous furin) were preincubated for 15 min with compound; exposed
for S min to PBS-CM at pH 5.2 under continued presence of com-
pound; and then washed with PBS-CM. Cell culture medium was
added and after 3 h incubation, the cells were fixated and stained
with Giemsa solution to allow microscopic assessment of polykar-
yon formation.

Surface plasmon resonance (SPR)-based assessment of HA refold-
ing. H1 HA protein (strain A/ California/06/09; ectodomain 99.4%
identical to that of Virg09-HA), produced in HEK293 cells, was pur-
chased from eEnzyme (IA-H1-11SWt). The mouse monoclonal an-
tibodies recognizing the HA head (7B2-32) or stem region (C179)
were from Kerafast and Takara Bio, respectively. The HA protein
was diluted in PBS to 50 ug/mL and pre-incubated with 100 uM VE-
$7a or RLO07 for 10 min at 37 °C. Next, a pre-determined amount
of 1 M citric acid buffer of pH 4.7 was added to install a pH of 5.2.
The protein was incubated for 1 h at 37 °C to induce the conforma-
tional change in HA, then re-neutralized using citric acid buffer pH
7.

To conduct SPR analysis, the protein sample was diluted to S
pg/mL, in HEPES-buffered saline supplemented with 1 mg/mL
BSA and 0.05% v/v Tween20. First, the antibodies were coupled
onto a rabbit anti-mouse C1 sensor chip (Cytiva) at a density of
around 100 resonance units (RU) with a flow rate of 10 pL/min for
120 s. Next, the sample was injected for 180 s, at a flow rate of 10
pL/min and with a dissociation time of 150 s. Isotype controls were
used to assess non-specific binding and buffer injections for refrac-
tive index changes. After each sample injection, a regeneration was
performed using three 10 mM Glycine.HCI pH 1.7 injections at a
flow rate of 30 pL/min for 20 s and a 0.5% Triton X-100 injection at
a flow rate of 30 pL/min for 15 s. All binding experiments were per-
formed on a Biacore T200 instrument (Cytiva) and at 25 °C, using a
binding buffer composed of 10 mM HEPES, 150 mM NaCl and
0.05% v/v Tween20. Data were analysed using Biacore T200 Evalu-
ation Software 3.1 and a report point at 100 s after the injection stop
was used as the binding response.

Molecular modeling. Ligand parametrization with QM calcula-
tions. The 3D structure of VF-57a was prepared using GaussView
6.0 and optimized at the B3LYP/6-31G(d) level employing the
Gaussian 16.0 software package.*® The minimum energy nature of
the optimized compound was verified upon inspection of the vibra-
tional frequencies, which were positive. The ligand was parameter-
ized using the gaff2 force field.”” Partial atomic charges were derived
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following the RESP-charges protocol***’ at the B3LYP/6-31G(d)
level. Arbidol and (.$)-F004S were parametrized using the same pro-
tocol. In this case, the geometry used in geometry optimization was

taken from the crystallographic structures available in the Protein
Data Bank (PDB ID ST6N'? and 6WCR,* respectively).

Molecular modeling: Homology modelling and system setup. The
3D models of H1 and H3 HA were built by homology-modelling us-
ing the SWISSMODEL.® Two models were built up for the HI HA.
The first relied on the complex formed by (5)-F0045 with PR8
(PDB ID 6WCR),* where modeling was used to unfold the last hel-
ical turn of the short a-helix in HA; in order to simulate the local
structure observed in this region in the complex between HA and ar-
bidol (PDB ID ST6N),"? and hence enabling the binding of the lig-
ands to the arbidol binding site in the PR8 strain. The second was
the homology model obtained for the sequence of Virg09 strain us-
ing 6WCR as structural template. For the H3 model, the sequence
of the H3N2 A/Hong Kong/7/1987 strain was employed using the
X-ray structure of Arbidol bound to H3 HA A/Hong Kong/1/1968
as structural template (PDB ID ST6N)."

For the H1 model, two distinct binding sites were explored for VE-
57a (namely Site A and Site B). In Site A, the X-ray structure of the
Arbidol-bound HA and the modified H1 model (with the aforemen-
tioned last turn of the a-helix in HA, subunit unfolded) were aligned.
Then, VF-57a was placed in the binding pocket (see S, Figure S2)
through overlay of the thiophene ring of VF-57a onto the thiophenyl
ring of arbidol, taking advantage of the hydrophobic nature of the
residues surrounding this region of the binding site. In Site B, VE-
$7a was overlaid on the chemical skeleton of ($)-F004S (see SI, Fig-
ure S1) retaining the hydrogen bond between the carbonyl oxygen
and the hydroxyl group of T318.. However, two distinct binding
modes were explored depending on the overlay of the halogenated
phenyl (binding mode A) or the thiophene unit (binding mode B)
onto the 2,5-dichlorophenyl moiety of (5)-F004S. For the H3
model, VF-57a was simply docked into the arbidol binding pocket.

To calibrate the structural stability of the complexes, the crystallo-
graphic complexes of (8)-F0045 in PR8 HA and arbidol in HK HA
were used as control systems.

As a final remark, let us note that due to the trimeric nature of HA,
the complexes formed by HA with either arbidol, ($)-F004S and
VE-57a were built up using a stoichiometric ratio 1:1, that is, with 3
ligands bound to the trimeric HA.

Sequence alignment. Sequences of the studied Influenza A strains
(see SI, Figure S4) were aligned using the multiple sequence align-
ment tool of CLUSTAL OMEGA (v. 1.2.4) in the EMBL’s Euro-
pean Bioinformatics Institute (EMBL-EBI) web server.®!

Molecular Dynamics Simulations. Each system was minimized using
10000 steps of steepest descent in combination with 5000 steps of
conjugate gradient algorithm. Then, each system was equilibrated in
2 steps for a total simulation time of 5 ns. The systems were heated
in the NVT ensemble from 5 K to 300 K in a 250 ps temperature
ramp and kept at 300K fot 50 ps more. Subsequently, the density of
the system was equilibrated for 4.7 ns in the NPT ensemble (pres-
sure: 1 bar, T: 300 K).



Production runs were done for 500 ns. Temperature control was
achieved using Langevin dynamics and pressure control was main-
tained using the Berendsen barostat. All bonds involving hydrogen
atoms were constrained by the SHAKE algorithm® in order to em-
ploy a timestep of 2 fs. The amberff14sb force field*® was used for the
protein, Joung and Cheatham III parameters were used for the coun-
terions® and the TIP3P model for water.®® Counterions (K* and CI
) were added to maintain the neutrality of the simulated system and
to maintain the ionic concentration at 0.15 M following the SPLIT
method.® All simulations were performed with AMBER20 pack-
age.” During all the simulations a set of distance NMR restraints
were applied to maintain the structural stability of the HA trimer,
since the models (constructed from the mentioned X-ray structures
above) miss the transmembrane part of the protein. The restraints
involved one residue of each HA monomer located at the end-
chains. A force constant of 5 kcal/mol was applied gradually when a
displacement higher than 2A from the crystallographic distance oc-
curs (the restraint becomes fixed at Skcal/mol 1.5 A after the first
cutoff).

Relative Binding Free Energy (RBFE) Simulations. The relative
binding free energy (RBFE)® between derivatives was determined
through alchemical transformations, wherein a ligand (L1) is con-
verted into a structurally related analogue (L2) both in the protein-
bound complex and in the unbound state in aqueous solution (see
Eq.1).

AAGbL‘ml(L1 - LZ) = AGbound(L1 - LZ) - AGwater(Ll -
L2) (Eq.1)

The transformation from L1 to L2 was divided into a series of win-
dows, where A = 0 and \ = 1 represent L1 and L2, respectively, and
intermediate A values denote a linear interpolation between the pa-
rameters of the initial and final systems.”” A dual-topology alchemi-
cal perturbation protocol was employed, utilizing 23 \-windows
evently spaced following the trapezoidal rule. To smoothly transi-
tion from L1 to L2, softcore potentials were applied to the atoms in-
volved in a chemical change. Each X simulation initially ran for 6 ns,
adding extensions in the windows that were not converged when
necessary. The Thermodynamic Integration (TI) estimator, imple-
mented in alchemlyb,” was utilized to estimate the free energy
change for each A simulation. All simulations were conducted using
the GPU-accelerated T1 implementation®”" of Amber20.”

Initial coordinates for each binding mode were extracted from unbi-
ased MD runs. All systems were meticulously equilibrated with the
dual topology using the TI code in each A before production runs.
Each system underwent heating in the NVT ensemble from 5 K to
300 K (150 ps), followed by equilibration at 1 bar in the NPT en-
semble (300 ps). Finally, the density equilibrated system was simu-
lated for 100 ps more switching back to the NVT ensemble prepar-
ing the system to conduct the actual RBFE production. During the
equilibration process, the heavy atoms of the protein and ligand were
restrained with positional restraints (S kcal-mol™) additionally to
the NMR restraints applied to the bottom of the HA model as in the
unbiased MD simulations. Subsequently, each A state was simulated
in the NVT ensemble at 300 K using the Langevin thermostat and
the SHAKE algorithm for bonds involving hydrogen atoms.

23

ASSOCIATED CONTENT

Supporting Information. Synthesis of some starting materials, 'H and
3C NMR spectra and elemental analysis data of the new compounds,
Table S1 (elemental analysis data), Figures S1-S4 (PDF). Molecular for-
mula string and data (CSV). This material is available free of charge via

the Internet at http://pubs.acs.org.
AUTHOR INFORMATION

Corresponding Authors

E-mail: lieve.naesens@kuleuven.be (biology) Phone: +32 16322098.
ORCID 0000-0001-9742-9302.

E-mail: filuqgue@ub.edu (modeling) Phone: +34 934033788.
ORCID 0000-0002-8049-3567.

E-mail: svazquez@ub.edu (chemistry) Phone: +34 934024533.
ORCID 0000-0002-9296-6026.

Author Contributions

!These authors (S.R. and A.V.) contributed equally.

tDeceased. Oscar Lozano passed away in 2021 while this work was on-
going.

L.N. and S.V. conceived the idea. V.F,, J.M., O.L,, and C.E.M. synthe-
sized and chemically characterized the compounds. A.V. and F.J.L. per-
formed MD calculations. S.R., RV.B., C.M., K.V,, S.N., A.S. and L.N.
performed the antiviral assays and the cytotoxicity studies. LN., FJ.L.,
and S.V. analyzed the data. LN,, F.J.L,, and S.V. wrote, edited and re-
viewed the manuscript with feedback from all the authors. All authors
have given approval to the final version of the manuscript.

Notes
None of the authors has any disclosures to declare.

ACKNOWLEDGMENT

This work was funded by the Spanish Ministerio de Ciencia, Innovacién
y  Universidades, MICIU/AEI/10.13039/501100011033: Grants
PID2023-1470040B-100  (to  S.V.), PID2020-117646RB-100,
PID2023-1479420B-100 and Maria de Maetzu CEX2021-001202-M)
(to BJ.L.). This study was supported by funding from Fundacié La
Maraté de TV3 (Nos. 201832 and 202135 to L.N. and S.V.), and Ageén-
cia de Gestié d'Ajuts Universitaris i de Recerca (grant 2021SGR00671).
C.E.M. was supported by the Research Personnel Training Program
(FPI grant PRE2022-104952) of the Spanish Ministerio de Ciencia, In-
novacion y Universidades.

ABBREVIATIONS

ATR, Attenuated Total Reflectance; BXA: baloxavir acid; CPE, Cyto-
pathic Effect, CPE; HA, Hemagglutinin; MCC, Minimum Cytotoxic
Concentration; MDCK, Madin-Darby canine kidney cells; ND, Not
Determined; SAR, structure-activity relationships; SI, Selectivity Index;
TBS, Topliss Batchwise Scheme.

REFERENCES

(1) Iuliano, A. D.; Roguski, K. M.; Chang, H. H.; Muscatello, D.
J.; Palekar, R.; Tempia, S.; Cohen, C.; Gran, J. M.; Schanzer,
D.; Cowling, B. J.; Wu, P.; Kynd], J.; Ang, L. W,; Park, M;
Redlberger-Fritz, M.; Yu, H.; Espenhain, L.; Krishnan, A,;
G.; L.; Pereira da Silva, S;

Emukule, van Asten,



Aungkulanon, S.; Buchholz, U.; Widdowson, M. A,; Bresee,
J. S.; . Estimates of global seasonal influenza-associated res-
piratory mortality: a modelling study. Lancet 2018, 391,
1285-1300. DOI: 10.1016/50140-6736(17)33293-2.
Krammer, F.; Smith, G. J. D.; Fouchier, R. A. M.; Peiris, M.;
Kedzierska, K.; Doherty, P. C.; Palese, P.; Shaw, M. L,;
Treanor, J.; Webster, R. G.; Garcia-Sastre, A. Influenza. Nat.
Rev. Dis. Primers 2018, 4, 3. DOIL: 10.1038/s41572-018-
0002-y.

Dawood, F. S.; Iuliano, A. D.; Reed, C.; Meltzer, M. I; Shay
D.K; Cheng, P.-Y,; Bandaranayake, D.; Breiman, R. F,;
Brooks, W. A.; Buchy, P.; Feikin, D. R.; Fowler, K. B.; Gor-
don, A; Hien N.T.; Horby, P.; Huang, Q. S.; Katz, M. A;;
Krishnan, A.; Lal, R.;; Montgomery, J. M.; Molbak, K.; Pe-
body, R.; Presanis, A. M.; Razuri, H.; Steens, A.; Tinoco, Y.
O.; Wallinga, J.; Yu, H.; Vong, S.; Bresee, J.; Widdowson, M.-
A. Estimated global mortality associated with the first 12
months of 2009 pandemic influenza A HIN1 virus circula-
tion: a modelling study. Lancet Infect. Dis. 2012, 12, 687-
695.DOI: 10.1016/51473-3099(12)70121-4.

Neumann, G.; Kawaoka, Y. Highly pathogenic HSN1 avian

(2)

)

(4)
influenza virus outbreak in cattle: the knowns and unknowns.
Nat.  Rev. Microbiol. 2024, 22, 525-526. DOI:
10.1038/s41579-024-01087-1.

Peacock, T. P.; Moncla, L.; Dudas, G.; VanInsberghe, D.; Su-
khova, K.; Lloyd-Smith, J. O.; Worobey, M.; Lowen, A. C,;
Nelson, M. I. The global HSN1 influenza panzootic in mam-
mals. Nature 2025, 637, 304-313. DOIL: 10.1038/s41586-
024-08054-z.

(5)

Centers for Disease Control and Prevention. CDC seasonal

(6)

flu vaccine effectiveness studies. https://www.cdc.gov/flu-

vaccines-work/php/effectiveness-studies/index.html ~ (ac-

cessed 22/03/2025).

Nguyen-Van-Tam, J. S.; Venkatesan, S.; Muthuri, S. G,;
Myles, P. R. Neuraminidase inhibitors: who, when, where?
Clin. Microbiol. Infect, 2015, 21, 222-225. DOI:
10.1016/j.cmi.2014.11.020.

Uyeki, T. M.; Hui, D. S.; Zambon, M.; Wentworth, D. E.;

Monto, A. S. Influenza. Lancet, 2022, 400, 693-706. DOI:
10.1016/50140-6736(22)00982-5.

(7)

(8)

(9) Beigel, J. H.; Hayden, F.G. Influenza therapeutics in clinical

practice-challenges and recent advances. Cold Spring Harb.

Perspect. Med,, 2021, 11, a038463. DOI: 10.1101/cshper-

spect.a038463.

(10) Govorkova, E. A.; Takashita, E.; Daniels, R. S.; Fujisaki, S.;
Presser, L. D.; Patel, M. C.; Huang, W.; Lackenby, A.; Ngu-
yen, H. T.; Pereyaslov, D.; Rattigan, A.; Brown,, S. K,; Sa-
maan, M.; Subbarao, K.; Wong, S.; Wang, D.; Webby, R. J.;
Yen H. L.; Zhang, W.; Meijer, A.; Gubareva, L.V. Global up-
date on the susceptibilities of human influenza viruses to neu-
raminidase inhibitors and the cap-dependent endonuclease
inhibitor baloxavir, 2018-2020. Antiviral Res., 2022, 200,
105281. DOI: 10.1016/j.antiviral.2022.105281.

24

(11) Gamblin, S.J.; Vachieri, S.G.; Xiong, X.; Zhang, J.; Martin,
S.R.; Skehel, J.J. Hemagglutinin structure and activities. Cold
Spring Harb. Perspect. Med, 2020, 11, a038638. DOI:
10.1101/cshperspect.a038638.

(12) Kadam, R. U.; Wilson, I. A. Structural basis of influenza virus
fusion inhibition by the antiviral drug Arbidol. Proc. Natl.
Acad. Sci. U S, A 2017, 114, 206-214. DOL:
10.1073/pnas.1617020114.

(13) Blaising, J.; Polyak, S. J.; Pecheur, E. I. Arbidol as a broad-
spectrum antiviral: an update. Antiviral Res. 2014, 107, 84—
94.DOI: 10.1016/j.antiviral.2014.04.006.

(14) DiLella, S.; Herrmann, A.; Mair, C. M. Modulation of the pH
stability of influenza virus hemagglutinin: A host cell adapta-
tion strategy. Biophys. J. 2016, 110, 2293-2301. DOI:
10.1016/j.bpj.2016.04.03S.

(15) Benton, D. J.; Gamblin, S. J.; Rosenthal, P. B.; Skehel, J. J.
Structural transitions in influenza haemagglutinin at mem-
brane fusion pH. Nature 2020, 583, 150-153. DOI:
10.1038/s41586-020-2333-6.

(16) Garcia-Moro, E.; Zhang, J.; Calde,r L. J.; Brown N. R.; Gam-
blin, S. J.; Skehel, J. J.; Rosenthal, P. B. Reversible structural
changes in the influenza hemagglutinin precursor at mem-
brane fusion pH. Proc. Nat. Acad. Sci. U. S. A. 2022, 119,
€2208011119. DOI: 10.1073/pnas.2208011119.

(17) Stevaert, A.; Naesens, L. The influenza virus polymerase
complex: an update on its structure, functions, and signifi-
cance for antiviral drug design. Med. Res. Rev. 2016, 36,
1127-1173. DOI: 10.1002/med.21401.

(18) Vanderlinden, E.; Naesens, L. Emerging antiviral strategies to
interfere with influenza virus entry. Med. Res. Rev.2014, 34,
301-339.DOI: 10.1002/med.21289.

(19) Chen, Z.; Cui, Q;; Caffrey, M.; Rong, L.; Du, R. Small mole-
cule inhibitors of influenza virus entry. Pharmaceuticals (Ba-
sel)2021, 14, 587. DOL: 10.3390/ph14060587.

(20)  Liu, H. Y.; Yang, P. L. Small-molecule inhibition of viral
fusion glycoproteins. Small-Molecule Inhibition of Viral
Fusion Glycoproteins. Ann. Rev. Virol, 2021, 8,459—-489.

DOI: 10.1146/annurev-virology-022221-063725.

(21) Hermoso-Pinilla, F. J.; Valdivia, A.; Camarasa, M. J.; Ginex,
T.; Luque, F. J. Influenza A virus hemagglutinin: From classi-
cal fusion inhibitors to proteolysis targeting chimera-based
strategies in antiviral drug discovery. Explor. Drug Sci. 2024,
2,85-116.DOI: 10.37349/eds.2024.00037.

(22) Sun X.; Ma, H,; Wang, X,; Bao, Z.; Tang, S.; Yi, C.; Sun, B.
Broadly neutralizing antibodies to combat influenza virus in-
fection. Antiviral Res. 2024, 221, 105785. DOI:
10.1016/j.antiviral.2023.10578S.

(23) van Dongen, M. J. P.; Kadam, R. U.; Juraszek, J.; Lawson, E.;
Brandenburg, B.; Schmitz, F.; Schepens, W. B. G.; Stoops, B.;
van Diepen, H. A,; Jongeneelen, M.; Tang C.; Vermond, J.;
van Eijge-Obregoso, Real A.; Blokland, S.; Garg, D.; Yu W,;
Goutier,, W.; Lanckacker, E.; Klap, J. M,; Peeters, D. C. G,;
Wu, J.; Buyck,, C.; Jonckers T. H. M.; Roy-mas, D.; Roevens,



P.; Vogels,, R.; Koudstaal W.; Friesen, R. H. E.; Raboisson,
P.; Dhanak, D.; Goudsmit, J.; Wilson, L. A. A small-molecule
fusion inhibitor of influenza virus is orally active in mice. Sci-
ence2019, 363, eaar6221. DOI: 10.1126/science.aar6221.

(24) Gaisina, L; Li, P.; Dy, R.; Cui, Q.; Dong, M.; Zhang, C.; Man-
icassamy, B.; Caffrey, M.; Moore, T.; Cooper, L.; Rong, L. An
orally active entry inhibitor of influenza A viruses protects
mice and synergizes with oseltamivir and baloxavir marboxil.
Sci. Adv. 2024, 10, eadk9004. DOI: 10.1126/sci-
adv.adk9004.

(25) Zhy, L.; Li, Y.; Li, S.; Li, H.; Qiu, Z; Lee, C.; Lu, H.; Lin, X,;
Zhao, R.; Chen, L.; Wu, J. Z,; Tang, G.; Yang, W. Inhibition
of influenza A virus (H1N1) fusion by benzenesulfonamide
derivatives targeting viral hemagglutinin. PLoS One2011, 6,
€29120. DOI: 10.1371/journal.pone.0029120.

(26) Zhao X ; Li,, R;; Zhou, Y.; Xiao, M.; Ma, C.; Yang, Z.; Zeng,
S.; Du Q; Yang, C,; Jiang, H.; Hu, Y.; Wang, K.; Mok, C. K.
P.; Sun, P.; Dong, J.; Cui, W.; Wang, J.; Tu, Y.; Yang, Z.; Huy,
W. Discovery of highly potent pinanamine-based inhibitors
against amantadine- and oseltamivir-resistant influenza a vi-
ruses. J. Med Chem. 2018, 61, 5187-5198. DOI:
10.1021/acs.jmedchem.8b00042.

(27) Ye, M,; Liao, Y.; Wu, L.; Qi, W.; Choudhry, N.; Liu, Y.; Chen,
W.; Song, G.; Chen, J. An oleanolic acid derivative inhibits
hemagglutinin-mediated entry of influenza A virus. Viruses
2020, 72,225.DOI: 10.3390/v120202235.

(28) White, K.; Esparza, M.; Liang, J.; Bhat, P,; Naidoo, J;
McGovern, N. L.; Williams, M. A. P.; Alabi, B. R,; Shay, J.;
Niederstrasser, H.; Posner, B.; Garcia-Sastre, A.; Ready, J;
Fontoura, B. M. A. Aryl sulfonamide inhibits entry and repli-
cation of diverse influenza viruses via the hemagglutinin pro-
tein. J Med Chem. 2021, 64, 10951-10966. DOI:
10.1021/acs.jmedchem.1c00304

(29) Russell, R. J.; Kerry, P. S.; Stevens, D. J.; Steinhauer, D. A,;
Martin S. R.; Gamblin, S. J.; Skehel, J.]. Structure of influenza
hemagglutinin in complex with an inhibitor of membrane fu-
sion. Proc. Natl. Acad. Sci. U. S. A.2008, 105,17736—17741.
DOI: 10.1073/pnas.080714210S.

(30) Yao, Y.; Kadam, R. U,; Lee, C. D.; Woehl J. L.; Wu, N. C,;
Zhu, X.; Kitamura, S.; Wilson, 1. A.; Wolan, D. W. An influ-
enza A hemagglutinin small-molecule fusion inhibitor identi-
fied by a new high-throughput fluorescence polarization
screen. Proc. Natl Acad Sci U. S A 2020, 117,
18431-18438. DOI: 10.1073/pnas.2006893117.

(31) Antanasijevic A.; Durst M. A.; Cheng H.; Gaisina L. N.; Perez
J. T.; Manicassamy B.; Rong L.; Lavie A.; Caffrey M. Struc-
ture of avian influenza hemagglutinin in complex with a small
molecule entry inhibitor. Life Sci. Alliance 2020, 3,
€202000724. DOI: 10.26508/1s2.202000724.

(32) Plotch, S. J.; O'Hara, B.; Morin, J.; Palant, O.; LaRocque, J.;
Bloom, J. D.; Lang, S. A Jr.; DiGrandi, M. J.; Bradley, M.; Nil-
akanta, R.; Gluzman, Y. Inhibition of influenza A virus repli-
cation by compounds interfering with the fusogenic function

25

of the viral hemagglutinin. /. Virol 1999, 73, 140-151. DOI:
10.1128/JV1.73.1.140-151.1999.

(33) Liu S.; Li, R.; Zhang, R.; Chan, C. C.; Xi, B.; Zhu, Z.; Yang, ] ;
Poon,, V. K; Zhouy, J.; Chen,, M.; Munch, J.; Kirchhoff, F.;
Pleschka, S.; Haarmann T.; Dietrich, U.; Pan, C.; Du, L;
Jiang, S.; Zheng, B. CL-385319 inhibits HSN1 avian influ-
enza A virus infection by blocking viral entry. Fur. /. Pharma-
col. 2011, 660, 460-467. DOL:
10.1016/j.ejphar.2011.04.013.

(34) Zhu, Z,; Li, R;; Xiao, G.; Chen, Z.; Yang, J.; Zhu, Q.; Liu, S.
Design, synthesis and structure-activity relationship of novel
inhibitors against HSN1 hemagglutinin-mediated mem-
brane fusion. Eur. J. Med. Chem. 2012, 57,211-216. DOI:
10.1016/j.ejmech.2012.08.041.

(35) Zhu, Z.; Yao, Z.; Shen, X,; Chen, Z.; Liu, X; Parquette, J. R;
Liu, S. Oligothiophene compounds inhibit the membrane fu-
sion between HSN1 avian influenza virus and the endosome
of host cell. Eur. J. Med. Chem. 2017, 130, 185-194. DOI:
10.1016/j.ejmech.2017.02.040.

(36) Yu, Y.; Tazeem, Xu, Z.; Du, L.; Jin, M.; Dong, C.; Zhou, H.-
B.; Wu, S. Design and synthesis of heteroaromatic-based ben-
zenesulfonamide derivatives as potent inhibitors of HSN1 in-
fluenza A virus. MedChemComm 2019, 10, 89-100. DOI:
10.1039/c8md00474a.

(37) Vanderlinden, E.; Goktas, F.; Cesur, Z.; Froeyen, M.; Reed,
M. L.; Russell, C. J.; Cesur, N.; Naesens, L. Novel inhibitors
of influenza virus fusion: structure-activity relationship and
interaction with the viral hemagglutinin. /. Virol 2010, 84,
4277-4288. DOI: 10.1128/JV1.02325-09.

(38) Cihan-Ustundag, G.; Zopun, M., Vanderlinden, E,;
Ozkirimli, E.; Persoons, L.; Capan, G.; Naesens, L. Superior
inhibition of influenza virus hemagglutinin-mediated fusion
by indole-substituted spirothiazolidinones. Bioorg. Med.
Chem. 2020, 28, 115130. DOL:
10.1016/j.bmc.2019.115130.

(39) Dy, R.; Cheng, H.; Cui, Q.; Peet, N. P.; Gaisina, L. N.; Rong,
L. Identification of a novel inhibitor targeting influenza A vi-
rus group 2 hemagglutinins. Antiviral Res. 2021, 186,
105013. DOI: 10.1016/j.antiviral.2021.105013.

(40) Alqarni, S.; Cooper, L.; Achi, J. G.; Bott, R;; Sali, V. K;
Brown, A.; Santarsiero, B. D.; Krunic, A.; Manicassamy, B.;
Peet,N.P.; Zhang, P.; Thatcher, G. R.].; Gaisina, I. N.; Rong,
L.; Moore, T. W. Synthesis, optimization, and structure-ac-
tivity relationships of imidazo[1,2-a]pyrimidines as inhibi-
tors of group 2 influenza A viruses. /. Med. Chem. 2022, 65,
14104-14120. DOI: 10.1021/acs.jmedchem.2c01329

(41) White, K. M.; De Jesus, P.; Chen, Z.; Abreu, P., Jr.; Barile, E.;
Mak, P. A;; Anderson, P.; Nguyen, Q. T'; Inoue, A,; Stertz, S.;
Koening, R.; Pellecchia, M.; Palese, P.; Kuhen, K; Garcia-
Sastre, A.; Chanda, S. K.; Shaw, M. L. A potent anti-influenza
compound blocks fusion through stabilization of the pre-
fusion conformation of the hemagglutinin protein. ACS In-
fect. Dis. 2018, 1,98-109. DOI: 10.1021/id500022h.



(42) Basu, A.; Antanasijevic A.; Wang, M.; Li, B.;; Mills, D. M,;
Ames, J. A.; Nash, P. J.; Williams, J. D.; peet, N. P.; Moir, D.
T.; Prichard, M. N,; Keith, K. A.; Barnard, D. L.; Caffrey, M.;
Rong, L.; Bowlin, T. L. New small molecule entry inhibitors
targeting hemagglutinin-mediated influenza A virus fusion. /.
Virol. 2014, 88, 1447-1460. DOL:
https://doi.org/10.1128/jvi.01225-13.

(43) De Castro, S.; Ginex, T.; Vanderlinden, E.; Laporte, M.; Ste-
vaert, A.; Cumella, J.; Gago, F.; Camarasa, M. J.; Luque, F. ] ;
Naesens, L.; Veldzquez, S. N-benzyl 4,4-disubstituted piperi-
dines as a potent class of influenza HIN1 virus inhibitors
showing a novel mechanism of hemagglutinin fusion peptide
interaction. Eur. J. Med. Chem. 2020, 194, 112223. DOI:
10.1016/j.ejmech.2020.112223.

(44) Kitamura, S.; Lin, T.-H.; Lee, C.-C. D.; Takamura, A.; Ka-
dam, R. U,; Zhang, D.; Zhu, X.; Dada, L.; Nagai, E.; Yu, W;
Yao,Y.; Sharpless, K. B.; Wilson, I. A.; Wolan, D. W. Ultrapo-
tent influenza hemagglutinin fusion inhibitors developed
through SuFEx-enabled high-throughput medicinal chemis-
try. Proc. Nat. Acad. Sci. U. S. A. 2024, 121, €2310677121.
DOI: 10.1073/pnas.2310677121.

(45)Kim, J.L; Lee, S.; Lee, G. Y.; Park, S.; Bae, J.-Y.; Heo, J.; Kim,
H.-Y.; Woo, S.-H.; Lee, H. U.; Ahn, C. A; Bang, H. J.; Ju, H.
S.; Ok, K;; Byun, Y.; Cho, D.-J; Shin, J. S.; Kim, D.-Y.; Park,
M. S.; Park, M.-S. Novel small molecule targeting the hemag-
glutinin stalk of influenza viruses. /. Virol 2019, 93, e€99878-
19.DOI: 10.1128/JV1.00878-19

(46) Leiva, R.; Barniol-Xicota, M.; Codony, S.; Ginex, T.; Vander-
linden, E.; Montes, M.; Caffrey, M.; Luque, F.J.; Naesens, L.;
Vazquez, S. Aniline-based inhibitors of influenza HIN1 virus
acting on hemagglutinin-mediated fusion. /. Med. Chem.,
2018, 61,98-118.10.1021/acs.jmedchem.7b00908.

(47) Topliss, J. G. A Manual method for applying the Hansch ap-
proach to drug design. J. Med. Chem. 1977, 20, 463-469.
DOI: https://doi.org/10.1021/jm00214a001.

(48) Richter, L. Topliss batchwise schemes reviewed in the era of
open data reveal significant differences between enzymes and
membrane receptors. /. Chem. Inf Model. 2017, 57, 2575~
2583.DOI: 10.1021/acs.jcim.7b0019S.

(49) Kandeil, A.; Patton, C.; Jones, J. C.; Jeevan, T.; Harrington,
W. N,; Trifkovic, S.; Seiler, J. P.; Fabrizio, T.; Woodard, K.;
Turner, J. C; Crumpton, J.C-; Miller, L.; Rubrum, A,
DeBeauchamp, J.; Russell, C. J.; Govorkova, E. A.; Vogel, P.;
Kim-Torchetti, M.; Berhane, Y.; Stallknecht, D.; Poulson, R;;
Kercher, L.; Webby, R. J. Rapid evolution of A(HSN1) influ-
enza viruses after intercontinental spread to North America.
Nat. Commun. 2023, 14, 3082. DOI: 10.1038/s41467-023-
3841S-7.

(50) . Okuno, Y.; Isegawa, Y.; Sasao, F.; Ueda, S. A common neu-
tralizing epitope conserved between the hemagglutinins of
influenza A virus H1 and H2 strains. /. Virol 1993, 67,2552-
2558.DOI: 10.1128/JV1.67.5.2552-2558.1993.

(51) Dreyfus, C.; Ekiert, D. C.; Wilson, L. A. Structure of a classical
broadly neutralizing stem antibody in complex with a

pandemic H2 influenza virus hemagglutinin. /. Virol 2013,
87,7149-7154. DOI: 10.1128/JV1.02975-12.

(52) Yang, H.; Carney, P. J.; Chang, J. C.; Guo, Z.; Villanueva, J.
M.; Stevens, J. Structure and receptor binding preferences of
recombinant human A(H3N2) virus hemagglutinins. Virol-
0gy2015, 477,18-31. DOI: 10.1016/j.virol.2014.12.024.

(53) Vrijens, P.; Noppen, S.; Boogaerts, T.; Vanstreels, E.; Ronca,
R.; Chiodelli, P.; Laporte, M.; Vanderlinden, E.; Liekens, S.;
Stevaert, A.; Naesens, L. Influenza virus entry via the GM3
ganglioside-mediated platelet-derived growth factor receptor
beta signalling pathway. /. Gen. Virol 2019, 100, 583-601.
DOL: 10.1099/jgv.0.001235.

(54) Laporte, M.; Stevaert, A.; Raeymaekers, V.; Boogaerts, T.;
Nehlmeier, I.; Chiu, W.; Benkheil, M.; Vanaudenaerde, B.;
Pohlmann, S.; Naesens, L. Hemagglutinin cleavability, acid
stability, and temperature dependence optimize influenza B
virus for replication in human airways. J. Virol 2019, 94,
€01430-01419. DOI: 10.1128/JVI1.01430-19.

(55) Glowacka, L; Bertram, S.; Muller, M. A.; Allen, P.; Soilleux,
E.; Pfefferle, S.; Steffen, I.; Tsegaye, T. S.; He, Y.; Gnirss, K,;
Niemeyer, D.; Schneider, H.; Drosten, C.; Pohlmann, S. Evi-
dence that TMPRSS2 activates the severe acute respiratory
syndrome coronavirus spike protein for membrane fusion
and reduces viral control by the humoral immune response.
. Virol. 2011, 85 (9), 4122-4134. DOL: 10.1128/jvi.02232-
10.

(56) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Pe-
tersson, G. A.; Nakatsuji, H.; Li, X.; Caricato, M.; Marenich,
A.V; Bloino, J.; Janesko, B. G.; Gomperts, R.; Mennucci, B.;
Hratchian, H. P.; Ortiz, J. V; Izmaylov, A. F.; Sonnenberg, J.
L.; Williams-Young, D.; Ding, F.; Lipparini, F.; Egidi, F.; Go-
ings, J.; Peng, B.; Petrone, A.; Henderson, T.; Ranasinghe, D.;
Zakrzewski, V. G.; Gao, J.; Rega, N.; Zheng, G.; Liang, W.;
Hada, M.; Ehara, M.; Toyota, K,; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.;
Vreven, T.; Throssell, K.; Montgomery Jr., J. A.; Peralta, J. E.;
Ogliaro, F.; Bearpark, M. J.; Heyd, J. J,; Brothers, E. N.;
Kudin, K. N.; Staroverov, V. N,; Keith, T. A.; Kobayashi, R.;
Normand, J.; Raghavachari, K;; Rendell, A. P.; Burant, J. C,;
Iyengar, S. S.; Tomasi, J.; Cossi, M.; Millam, J. M.; Klene, M.;
Adamo, C.; Cammi, R.; Ochterski, J. W.,; Martin, R. L;;
Morokuma, K.; Farkas, O.; Foresman, J. B.; Fox, D. J. Gauss-
ian16 Revision C.01.2016.

(57) He, X.; Man, V. H; Yang, W.; Lee, T.-S.; Wang, J. A fast and
high-quality charge model for the next generation general
AMBER force field. /. Chem. Phys. 2020, 153,114502. DOI:
10.1063/5.0019056.

(58) Cornell, W. D.; Cieplak, P.; Bayly, C. L; Kollman, P. A. A Sec-
ond Generation Force Field for the Simulation Of Proteins,
Nucleic Acids, and Organic Molecules. . Am. Chem. Soc.
1993, 7115,9620-9631. DOI: 10.1021/ja00124a002.

(59) Bayly, C. L; Cieplak, P.; Cornell, W. D.; Kollman, P. A. /.
Phys. Chem. 1993, 97, 10269-10280. Bayly, C. L; Cieplak,



P.; Cornell, W. D.; Kollman, P. A. A well-behaved electro-
static potential based method using charge restraints for de-
riving atomic charges: the RESP model. /. Phys. Chem. 1993,
97,10269-10280.

(60) Waterhouse, A.; Bertoni, M.; Bienert, S.; Studer, G.;
Tauriello, G.; Gumienny, R.; Heer, F. T.; de Beer, T. A. P.;
Rempfer, C.; Bordoli, L.; Lepore, R.; Schwede, T. SWISS-
MODEL: homology modelling of protein structures and
complexes. Nucleic Acids Res. 2018, 46, W296-W303. DOI:
10.1093/nar/gky427.

(61) Madeira, F.; Pearce, M; Tivey, A. R. N.; Basutkar, P.; Lee, J.;
Edbali, O.; Madhusoodanan, N.; Kolesnikov, A.; Lopez, R.
Search and sequence analysis tools services from EMBL-EBI
in 2022. Nucleic Acids Res. 2022, 50, W276-W279. DOLI:
10.1093 /nar/gkac240.

(62) Ryckaert, J.-P.; Ciccotti, G.; Berendsen, H. J. C. Numerical
Integration of the Cartesian Equations of Motion of a System
with Constraints: Molecular Dynamics of n-Alkanes. /. Com-
put.  Phys. 1977, 23, 327. DOI: 10.1016/0021-
9991(77)90098-5.

(63) Maier, J. A.; Martinez, C.; Kasavajhala, K.; Wickstrom, L.;
Hauser, K. E.; Simmerling, C. Evaluation of all-atom force
fields in viral capsid simulations and properties. J. Chem.
Theory  Comput. 2015, 11, 3696-3713. DOLI:

10.1039/d1ra08431c.

(64) Joung, I. S.; Cheatham, T. E. Determination of alkali and hal-
ide monovalent ion parameters for use in explicitly solvated
biomolecular simulations. /. Phys. Chem. B2008, 112,9020—
9041.DOI: 10.1021/jp8001614.

(65) Mark, P.; Nilsson, L. Structure and Dynamics of the TIP3P,
SPC, and SPC/E Water Models at 298 K. /. Phys. Chem. A
2001, 105,9954-9960. DOI: 10.1021/jp003020w.

(66) Machado, M. R.; Pantano, S. Split the Charge Difference in
Two! A Rule of Thumb for Adding Proper Amounts of Ions
in MD Simulations. /. Chem. Theory Comput. 2020, 16,
1367-1372.DOI: 10.1021/acs.jctc.9b00953.

27

(67) Case, D. A; K. Belfon, K; Ben-Shalom, 1. Y.; Brozell, S. R;;
Cerutti, D. S.; Cheatham, T. E., III; Cruzeiro, V. W. D
Darden, T. A.; Duke, R. E.; Giambasu, G.; Gilson, M. K
Gohlke, H.; Goetz, A. W.; Harris, R.; Izadi, S.; Izmailov, S. A ;
Kasavajhala, K.; Kovalenko, A.; Krasny, R.; Kurtzman, T.;
Lee, T. S.; LeGrand, S.; Li, P; Lin, C.; Liu, J.; Luchko, T.;
Luo, R.; Man, V,; Merz, K. M,; Miao, Y.; Mikhailovskii, O.;
Monard, G.; Nguyen, H.; O'Hearn, K. A.; Onufriev, A.; Pan,
F.; Pantano, S.; Qj, R.; Rahnamoun, A.; Roe, D. R.; Roitberg,
A,; Sagui, C.; Schott-Verdugo, S.; Shajan, A.; Shen, J.; Sim-
merling, C. L.; Skrynnikov, N. R.; Smith, J.; Swails, J.; Walker,
R. C.; Wang, J.; Wang, J.; Wei, H,; Wu, X.; Wu, Y.; Xiong, Y.;
Xue, Y.; York, D. M,; Zhao, S.; Zhu, Q.; Kollman, P. A.
AMBER 2020. University of California: San Francisco. 2020.

(68) Song, L. F.; Lee, T.-S.; Zhu, C.; York, D. M.; Merz, K. M. Jr.
Using AMBERI18 for Relative Free Energy Calculations. J
Chem Inf Model 2019, 59, 3128-3135. DOL:
10.1021/acs.jcim.9b0010S5.

(69)Mey, A. S. J. S.; Allen, B. K; Bruce McDonald, H. E;
Chodera, J. D.; Hahn, D. F.; Kuhn, M.; Michel, J.; Mobley, D.
L.; Naden, L. N,; Prasad, S.; Rizzi, A.; Scheen, J.; Shirts, M.
R.; Tresadern, G.; Xu, H. Living J. Best Practices for Alchem-
ical Free Energy Calculations. Comput. Mol. Sci. 2020, 2,
18378.DOI: 10.33011/livecoms.2.1.18378.

(70) Chodera, J. D. A Simple Method for Automated Equilibra-
tion Detection in Molecular Simulations. /. Chem. Theory
Comput. 2016, 12, 1799-1808. DOLI:
10.1021/acs.jctc.5b00784.

(71) Hu, Y.; Muegge, L. In Silico Positional Analogue Scanning
with Amber GPU-TL. J. Chem. Inf. Model. 2022, 62, 4448-
4459. DOI: 10.1021/acs.jcim.2c00860.



Insert Table of Contents artwork here

HA-mediated fusion inhibitors

— o]
8 - PN
b 6 O 0
V55‘: o ¥ ~, Compound23: VF-57a
V525 = \'%101_, ECy, = 0.30 pM (H1N1)

4 )
" EC, =0.81 pM (H5N1
$54, &\,357 50 uM( )

28



Supporting Information

N-[(Thiophen-3-yl)methyl]benzamides as Influenza Virus
Fusion Inhibitors Acting on H1 and H5 Hemagglutinins

Silke Rimaux'¥, Aitor Valdivia**, Juan Martin-Lépez**, Valeria Francesconi®*, Celia Escriche*?,
Cato Mestdagh', Ria Van Berwaer', Kaat Verleye', Samuel Noppen', Oscar Lozano*t,
Annelies Stevaert!, Francisco Javier Luque*>*, Lieve Naesens", Santiago Vdzquez**’

'"Rega Institute, Department of Microbiology, Immunology and Transplantation, KU Leuven, B-3000 Leuven,
Belgium.

*Doctorate in Biotecnology, Department of Nutrition, Food Science and Gastronomy, Faculty of Pharmacy and
Food Sciences, Universitat de Barcelona, Av. Prat de la Riba 171, Santa Coloma de Gramanet, E-08921, Spain.

SInstitute of Theoretical and Computational Chemistry (IQTCUB), Universitat de Barcelona, 08028 Barcelona,
Spain.

*Institute of Biomedicine of the University of Barcelona (IBUB), Universitat de Barcelona, 08028 Barcelona,
Spain.

SLaboratori de Quimica Farmacéutica, Facultat de Farmacia i Ciéncies de I’Alimentacid, Universitat de Barcelona,
Av. Joan XXIII, 27-31, 08028 Barcelona, Spain.

*Equal contribution to this manuscript.
#Current address: Department of Pharmacy, University of Genoa, viale Benedetto XV n.3, Genoa 16132, Italy.

‘Deceased.

S1



Table of contents

Synthesis of starting materials

NMR spectra of key intermediates

'H and '3C NMR spectra of compound 22
'H and '3C NMR spectra of compound 23
"H and *C NMR spectra of compound 24
'H and *C NMR spectra of compound 25
'H and '*C NMR spectra of compound 26
'H and *C NMR spectra of compound 27
'H and '3C NMR spectra of compound 28
'H and '3C NMR spectra of compound 29
'H and '3C NMR spectra of compound 30
'H and '3C NMR spectra of compound 31
'H and '3C NMR spectra of compound 32
'H and '3C NMR spectra of compound 33
'H and '*C NMR spectra of compound 34
'H and *C NMR spectra of compound 35
'H and *C NMR spectra of compound 36
'H and '*C NMR spectra of compound 37
'H and '*C NMR spectra of compound 38
'H and '3C NMR spectra of compound 39
'H and '3C NMR spectra of compound 40
'H and '3C NMR spectra of compound 41
'H and '3C NMR spectra of compound 42
'H and '3C NMR spectra of compound 43
'H and '3C NMR spectra of compound 44
'H and *C NMR spectra of compound 45
'H and *C NMR spectra of compound 46
'H and '3C NMR spectra of compound 47
'H and *C NMR spectra of compound 48
'H and '3C NMR spectra of compound 49
'H and '3C NMR spectra of compound 50
'H and '3C NMR spectra of compound 51
'H and '3C NMR spectra of compound 52
'H and '3C NMR spectra of compound 53
'H and '3C NMR spectra of compound 54
'H and '*C NMR spectra of compound 55
'H and '*C NMR spectra of compound 56
'H and '3C NMR spectra of compound 57
'H and '3C NMR spectra of compound 58
'H and '*C NMR spectra of compound 59
'H and '3C NMR spectra of compound 60

Page S4

Page S8

Page S10
Page S11
Page S12
Page S13
Page S14
Page S15
Page S16
Page S17
Page S18
Page S19
Page S20
Page S21
Page S22
Page S23
Page S24
Page S25
Page S26
Page S27
Page S28
Page S29
Page S30
Page S31
Page S32
Page S33
Page S34
Page S35
Page S36
Page S37
Page S38
Page S39
Page S40
Page S41
Page S42
Page S43
Page S44
Page S45
Page S46
Page S47
Page S48

S2



'H and '3C NMR spectra of compound 61

'H and '3C NMR spectra of compound 62

'H and '3C NMR spectra of compound 63

'H and '3C NMR spectra of compound 64

'H and '3C NMR spectra of compound 65

Table S1. Elemental analysis data.

Figure S1. Representation of the two binding modes examined for
VF-57a upon binding to site B in the H1 HA
(A/Virginia/ATCC3/2009).

Figure S2. Representation of the binding mode examined for VF-57a
upon binding to site A.

Figure S3. RMSD plot for each HA-stem backbone atoms for the
simulation of VF-57a in site A binding pocket of the
A/Virginia/ATCC3/2009 Influenza A strain (HINT1).

Figure S4. Sequence alignment for the studied Influenza A strains.

Page S49
Page S50
Page S51
Page S52
Page S53
Page S54

Page S55

Page S55

Page S56
Page S57

S3



SYNTHESIS OF STARTING MATERIALS
(2,5-dimethylthiophen-3-yl)methanamine. Thionyl chloride (2.32 mL, 3.81 g, 32.00
mmol) was added to a solution of 2,5-dimethylthiophen-3-carboxylic acid (1.0 g, 6.40
mmol) in anh. toluene (15.0 mL) and the complex mixture was kept under reflux for 2 h.
After reaction completed, the solution was concentrated. Without further purification, the
crude product 2,5-dimethylthiophen-3-carbonyl chloride was immediately used for the
next step.

Ammonium hydroxide 25% aqueous solution (10.0 mL, 64.00 mmol) was added
dropwise to a solution of 2,5-dimethylthiophen-3-carbonyl chloride in DCM (5.0 mL) at
0 °C and the mixture was allowed to warm up to room temperature and stirred for 1 h.
Brine (30 mL) followed by DCM (20 mL) were added and the mixture was extracted. The
aqueous layer was extracted again with DCM (2 x 20 mL). All the organic layers were
joined, dried over anh. Na>SOs and filtered to afford the crude product 2,5-
dimethylthiophene-3-carboxamide that was used as such without further purification.

To a solution of 2,5-dimethylthiophene-3-carboxamide in anh. THF (10.0 mL) at 0 °C,
LiAlH4 1 M in THF (32.0 mL, 32.00 mmol) was added dropwise. Then, the suspension
was heated to reflux and stirred for 4 h. The reaction suspension was quenched adding
water dropwise under ice-bath until no more bubbling was observed. Then, anh. Na>SO4
was added and the mixture was filtered through a pad with Celite® using MeOH (3 x 30
mL) as eluting agent. The solvent was concentrated in vacuo and the resulting crude was
purified by column chromatography in silica gel (using as eluent mixtures of MeOH in
DCM from 0% to 7%). Fractions containing the desired product were collected and
concentrated in vacuo.

An excess of HCI 2 M in Et20 was added to the suspension of the amine in Et20 (5.0 mL)

to form its hydrochloride salt, followed by filtration of the solid to afford the title
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compound as a brownish solid (620 mg, 55% yield). '"H NMR (400 MHz, CD30D) §:
2.40 (m, 3H), 2.41 (s, 3H), 3.97 (s, 2H), 6.71 (s, 1H).
(2-methylthiophen-3-yl)methanamine. Thionyl chloride (6.96 mL, 11.42 g, 96.00
mmol) was added to a solution of 2-methylthiophen-3-carboxylic acid (1.36 g, 9.60
mmol) in anh. toluene (25.0 mL) followed by 20 drops of DMF and the mixture was kept
under reflux for 2 h. After reaction completed, the solution was concentrated. Without
further purification, the crude product 2-methylthiophen-3-carbonyl chloride was
immediately used for the next step.

Ammonium hydroxide 25% aqueous solution (14.4 mL, 192.00 mmol) was added
dropwise to a solution of 2-methylthiophen-3-carbonyl chloride in DCM (15 mL) at 0 °C
and the mixture was allowed to warm up to room temperature and stirred for 1 h. Brine
(40 mL) followed by DCM (30 mL) were added and the mixture was extracted. The
aqueous layer was extracted again with DCM (2 x 30 mL). All the organic layers were
joined, dried over anh. Na>SOs4 and filtered to afford the crude product 2-
methylthiophene-3-carboxamide that was used as such without further purification.

To a solution of 2-methylthiophene-3-carboxamide in anh. THF (40.0 mL) at 0 °C,
LiAlH4 (1.82 g, 48.00 mmol) was added portionwise. Then, the suspension was heated to
reflux and stirred for 4 h. The reaction suspension was quenched adding water dropwise
under ice-bath until no more bubbling was observed. Then, anh. Na2SO4 was added and
the mixture was filtered through a pad with Celite® using MeOH (3 x 50 mL) as eluting
agent. The solvent was concentrated in vacuo and the resulting crude was purified by
column chromatography in silica gel (using as eluent mixtures of MeOH in DCM from
1% to 4%,). Fractions containing the desired product were collected and concentrated in

vacuo.
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An excess of HCI 2 M in Et2O was added to the suspension of the amine in Et2O (10.0
mL) to form its hydrochloride, followed by filtration of the solid to afford the title
compound as a beige solid (606 mg, 53% yield). 'H NMR (400 MHz, CD30OD) &: 2.50 (s,
3H), 4.07 (s, 2H), 7.05 (d, /= 5.3 Hz, 1H), 7.25 (d, J = 5.3 Hz, 1H).
(5-methylthiophen-3-yl)methanamine. Thionyl chloride (3.48 mL, 5.71 g, 48.00 mmol)
was added to a solution of 5-methylthiophen-3-carboxylic acid (680 mg, 4.80 mmol) in
anh. toluene (12.0 mL) followed by 10 drops of DMF and the mixture was kept under
reflux for 2 h. After reaction completed, the solution was concentrated. Without further
purification, the crude product 5-methylthiophen-3-carbonyl chloride was immediately
used for the next step.

Ammonium hydroxide 25% aqueous solution (7.2 mL, 96.00 mmol) was added dropwise
to a solution of 5-methylthiophen-3-carbonyl chloride in DCM (7 mL) at 0 °C and the
mixture was allowed to warm up to room temperature and stirred for 1 h. Brine (20 mL)
followed by DCM (15 mL) were added and the mixture was extracted. The aqueous layer
was extracted again with DCM (2 x 15 mL). All the organic layers were joined, dried
over anh. Na>SOs4 and filtered to afford the crude product 5-methylthiophene-3-
carboxamide that was used as such without further purification.

To a solution of 5-methylthiophene-3-carboxamide in anh. THF (20.0 mL) at 0 °C,
LiAlH4 (910 mg, 24.00 mmol) was added portionwise. Then, the suspension was heated
to reflux and stirred for 4 h. The reaction suspension was quenched adding water dropwise
under ice-bath until no more bubbling was observed. Then, anh. Na2SO4 was added and
the mixture was filtered through a pad with Celite® using MeOH (3 x 25 mL) as eluting
agent. Solvent was concentrated in vacuo and the resulting crude was purified by column
chromatography in silica gel (using as eluent mixtures of MeOH in DCM from 1% to

5%). Fractions containing the desired product were collected and concentrated in vacuo.
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An excess of HCI 2 M in Et20 was added to the suspension of the amine in Et20O (5.0 mL)
to form its hydrochloride, followed by filtration of the solid to afford the title compound
as a beige solid (127 mg, 16% yield). '"H NMR (400 MHz, CD30OD) &: 2.48 (d, J = 1.0
Hz, 3H), 4.05 (s, 2H), 6.87 (m, 1H), 7.26 (m, 1H).

(2,5-dimethylthiophen-3-yl)methanol. To a solution of ethyl 2,5-dimethylthiophene-3-
carboxylate (100 mg, 0.64 mmol) in anh. THF (3.0 mL), LiAlH4 (73 mg, 1.92 mmol) was
added portinonwise under ice-bath. The mixture was stirred at RT for 16 h. Under an ice-
bath, HCl 2 M (2.0 mL) was added and the mixture was stirred for 10 more min. Then,
water (10 mL) followed by EtOAc (15 mL) were added and the mixture was extracted.
The organic layer was washed again with brine (15 mL), then it was dried over anh.
NaxSO4 and filtered. Solvents were concentrated in vacuo and the resulting crude was
purified by column chromatography in silica gel (using as eluent mixtures of EtOAc in
hexane from 0% to 15%). Fractions containing the desired product were collected and
concentrated in vacuo to afford a colorless oil (88 mg, 97% yield). Spectroscopic data
matched with those reported in SciFinder® (taken from Enamine Ltd., spectrum ID:

EN300-55412).
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NMR spectra of key intermediates
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Calculated Found
Compound Molecular Formula C H N C q N
22 CisHi3FaNOS 54.3813.95| 4.23 ]54.56|4.13| 4.13
23 (VF-57a) | CisHi3CIF3sNOS 51.8013.77] 4.03 151.90(3.98| 3.97
24 CisHi3BrFsNOS 45.9313.34| 3.57 |45.98[3.52| 3.53
25 CisH13FsNOS 50.40]3.44| 3.67 150.58|3.67| 3.56
26 Ci14H13F2NOS-1H20 56.185.05] 4.68 156.274.65| 4.56
27 CisHi3CLbNOS-1.25H20 49.9314.64| 4.16 149.3913.86| 3.91
28 Ci14H13Br2NOS 41.71|3.25| 3.47 |42.10|3.17| 3.37
29 CisHisCINOS 61.325.49| 4.77 |161.34[5.58| 4.62
30 Ci14H14FNOS 63.86|5.36| 5.32 163.87|5.46| 5.22
31 CisHi14FsNOS 57.5014.50| 4.47 |57.78 |4.75| 4.33
32 C14H14CINOS 60.10/5.04| 5.01 160.324.77| 4.90
33 C14H14BrNOS-2H-0 46.68|5.04| 3.89 |47.10|3.88| 3.77
34 Ci14H14N203S 57.9214.86| 9.65 |58.20[5.08 | 9.48
35 CisH12FsNOS-0.2 C3H7NO | 51.57(3.46| 4.01 |51.60(3.42| 4.85
36 CisHi11FeNOS 49.05]3.02| 3.81 |49.21[3.14| 3.74
37 CisH12CIF4NOS 49.25|3.31] 3.83 |49.40[3.21| 3.66
38 CisHi2CIFsNOS 49.2513.31| 3.83 149.22(3.29| 3.72
39 CisH12ClFsNOS 47.13|3.16] 3.66 |47.01[3.10| 3.57
40 Ci14HisNOS 68.5416.16] 5.71 168.5216.10| 5.60
41 Ci14sH14CINOS 60.10|5.04| 5.01 160.40|5.00| 4.96
42 CisHi7NOS 69.46|6.61| 5.40 169.24]6.55| 5.28
43 CisHi7NO2S 65.4316.22] 5.09 |65.27]6.25| 4.93
44 Ci14H13C12NOS 53.51|4.17| 4.46 153.61]4.08| 4.35
45 Ci4sH11FaNOS 52.9913.49| 4.41 |53.14|3.58| 4.33
46 Ci4sH11FaNOS 53.0013.49| 4.41 |53.05|3.41| 4.34
47 Ci3HoF4NOS 51.49(12.99] 4.62 |51.69[2.86| 4.50
48 Ci14H11CIF3NOS 50.383.32| 4.20 ]50.50|3.26| 4.03
49 Ci14H11CIF3NOS 50.38[3.32| 4.20 |50.36(3.20| 4.17
50 Ci3HoCIFsNOS 48.84|2.84| 4.38 |49.08[2.83| 4.16
51 Ci4H10FsNOS 50.15]3.01| 4.18 150.06 |3.00| 4.05
52 Ci4H10CIFsNOS 47.8112.87]| 3.98 147.812.86] 3.85
53 Ci14H10Cl2FsNOS 45.67(2.74] 3.80 |45.68[2.67| 3.74
54 CisHi3FaNO2 57.15|4.16| 4.44 157.064.30| 4.31
55 CisHi3CIF3NO» 54.31|3.95] 4.22 154.29[4.09| 4.03
56 Ci3HoF4NO:2 - 0.35 H20 53.2013.33| 4.77 153.06 |3.15| 4.67
57 Ci2HsF4N20S 47.37(2.65| 9.21 |47.36]2.67| 9.05
58 Ci2HsF4N202 50.01[2.80] 9.72 |50.16|2.64| 9.55
59 Ci4H10F4N20 56.3813.38] 9.39 155.35|3.41| 9.08
60 Ci2HoF4N3O 50.183.16|14.63]150.263.23 | 14.32
61 Ci2HsF4N202 50.01[2.80] 9.72 |50.24]2.67 | 9.50
62 Ci2HsF4N20S - 0.3 C3HeO  [47.65]2.80| 9.03 |47.85]2.54]| 9.05
63 CisH12F4028 5422 - |3.64]5444| - | 354
64 CisHisFaNS 56.7714.76 | 4.41 ]56.85|4.82| 4.63
65 CisHi3FaNOS 54.3813.95] 4.23 |54.46|3.83| 4.19

Table S1. Elemental analysis data.
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Figure S1. Representation of the two binding modes examined for VF-57a (yellow sticks)
upon binding to site B in the H1 HA (A/Virginia/ATCC3/2009). The two binding modes
differ in the relative position of the thiophene and phenyl rings, allowing the formation
of the hydrogen bond with T318:. The X-ray binding mode of (S)-F0045 bound to H1 HA
(grey sticks).

Figure S2. Representation of the binding mode examined for VF-57a upon binding to
site A. Overlapped X-ray position of arbidol bound to H3 HA (A/Hong Kong/1/1968)
(grey sticks) and initial position of VF-57a in our H1 HA model
(A/Virginia/ATCC3/2009) (yellow) in site A binding pocket.
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Figure S3. RMSD plot for each HA-stem backbone atoms for the simulation of VF-57a
in site A binding pocket of the A/Virginia/ATCC3/2009 Influenza A strain (HIN1).
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Figure S4. Sequence alignment for the studied Influenza A strains. The green line
indicates the part of sequences corresponding to the HA 1 subunit of HA, whereas the blue
line the part of the sequence corresponding to the HA2 subunit. The cleavage point is
highlighted in bold (black). The T residue involved in site B binding of (S5)-F0045 is
highlighted in violet. The proposed mutations affecting the binding mode of VF-57a in
site A are highlighted in red.
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Discussion

"Now Garmyr how(s loudly before Gnipahelli,
the fetter will break, and the wolf will run free.
I know many things, and I see further ahead,

about the great fate of gods, the mighty gods.

A ship fares from the east, Muspell’s forces
will come over the sea, and Loki steers.
All the giant’s Rindred travel with the wolf,

and with them the brother of Byleiptr goes."

Volva (Voluspa, stanzas 47, 49)






Chapter 4 - Discussion

The objectives pursued during this Doctoral Thesis focus on two main lines of research,
both related to major public health problems highlighted by the WHO. Understanding the
molecular interactions between the protein partners and the ligands, either substrates or
inhibitors, is the basis of the proposed research questions. The first project addresses the
molecular determinants of the substrate selectivity of the Niemann-Pick Cl-like 1 (NPCI1L1)
transporter involved in the absorption of dietary cholesterol (Project 1, included in Chapter 3).
The second and third projects aim to rationalise the binding modes and structure-activity
relationships of several inhibitors of the Influenza A virus (IAV) Hemagglutinin (Project 2 and
Project 3, included in Chapter 3).

4.1 “Binding of Cholesterol to the N-Terminal Domain of the NPCILI Transporter:
Analysis of the Epimerization-Related Binding Selectivity and Loop Mutations”

Cholesterol (CHL) homeostasis is tightly controlled by a balance between its biosynthesis
and recycling by the liver and its intestinal absorption. NPCILI1 transporter is the major
importer of free cholesterol in mammals,”’ but its exact mechanism of action is not completely
understood.®? It has a key role in the development of CVD disease, and thus it is exploited by
small-molecules to treat hypercholesterolemia.®®%* It is also the importer of other sterols, fatty
acids and essential vitamins (vitamin K). In this project, we aimed to understand the substrate

selectivity of NPC1L1.

NPCIL1 has three luminal domains called the N-terminal domain (NTD), the middle
luminal domain, and the C-terminal domain, and a transmembrane domain composed of 13
transmembrane helices. The NTD selectively binds free cholesterol over other plant sterols,
even in the absence of the other domains of the protein. Competitive binding assays have shown
that epi-cholesterol is unable to displace labelled *H-cholesterol from the NTD, despite
differing only in the absolute configuration of the hydroxyl moiety. Moreover, mutations in the
binding cavity or removal of the NTD from the rest of the protein, drastically impair cholesterol
uptake by NPC1L1.!% Therefore, the role of NTD in selectively binding substrates is essential
for the overall mechanism of cholesterol transport. Based on this information, I explored the
molecular features behind the selective sterol binding to the isolated NTD and investigated the

structural effects of single point mutations on the NTD that impair cholesterol uptake.
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4.1.1 NPCI1L1-NTD protein dynamics upon cholesterol binding

The comparison of the X-ray structures of the apo NTD of NPC1L1 and the NTD-CHL
complex of its homologue NPC1 revealed relevant structural differences in the rearrangement
of the a8/B7 loop (highlighted in blue in Figure 4.1, panels A, B and C) and the shape of the
binding pocket entrance, the so-called S-opening (Figure 4.1, panel D). In NPCI1LI, the S-
opening is closed to the solvent by the side chain of L213 (highlighted in yellow in Figure 4.1,
panels A, B and C) in the absence of a ligand. In NPC1, Q200 (highlighted in magenta in Figure
4.1, panel C) is found at the equivalent position of L213 in NPCIL1 and oriented to N86
(highlighted in magenta in Figure 4.1, panel C) in the a3 helix, thus keeping the S-opening open
to the solvent and allowing the side chain of CHL to fit into this space.
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Figure 4.1 A) X-ray structure of the NTD of NPC1L1 (PDBid: 3QNT).!%? Relevant residues
are highlighted in gray sticks, L213 is highlighted in yellow, a8/B7 loop in blue and the a3 helix
in red; B) Superposition of the X-ray structures of the apo NTD of NPC1L1 and the NTD-CHL
complex of NPC1 (PDBid: 3GKI).!°” CHL is highlighted in orange sticks; C) S-opening view
for the superposition of X-ray structures. Q200 and N86 of NPCI1 are highlighted in magenta
sticks and the crystallographic water molecule on top of CHL’s hydroxyl has been added for
clarity; D) Surface representation of the NTD of NPC1L1 with CHL in the binding pocket.
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To investigate how CHL molecules can fit into the binding site of the NTD of NPCI1LI,
I explored the dynamical behaviour of the apo NTD of NPCIL1 through MD simulations,
which revealed a strong structural stability for the domain with the solvent-exposed loops
exhibiting large motions. The side chain of L213 keeps the S-opening closed by forming a
hydrophobic cluster interacting with the side chains of residues S102, L103, T106, F120 and
F205 (Figure 4.1, panels A and C). The conformation was specifically stabilised by the
interaction between the backbone of L213 and S102, which caused the a8/B7 loop to approach
the a3 helix and reorient with respect to the X-ray structure, reducing the width of the S-
opening. In the CHL-bound NTD (NTD-CHL) complex, L213 reoriented and mimicked the
orientation of Q200 in the homologue NPC1-NTD. The aliphatic chain of CHL forced the open
conformation of the S-opening by reorienting the a8/B7 loop. This behaviour was consistent

with the hypothesis of Kwon et al.'®

of a gating mechanism involving L213 and multiple
rearrangements at the NPC1L1-NTD S-opening to allow CHL binding. We have thus confirmed
and provided the molecular features behind this gating mechanism, attributing it to the dynamic
flexibility of the a8/B7 loop. Moreover, the binding stability of CHL was attributed to h-bond
interactions between the CHL hydroxyl with the amide NH of Q95, the hydroxyl group of S56
and a water-mediated interaction with the main chain of N54 (Figure 4.1, panel C). The water
molecule mediating the latter interaction, at the top of the CHL hydroxyl group, occupies the

same local region as a co-crystallised water molecule in the homologue NPC1, suggesting a

key role in the binding stability of sterols further discussed below.

4.1.2 Molecular features driving the sterol selectivity of the NPC1L1-NTD

According to experimental competitive binding assays performed by Kwon et al.!*? and
Zhang et al.,'® the NTD of NPCIL1 can selectively bind other sterols of animal origin such as
epi-cholesterol (ECL), 25-hydroxycholesterol (HHL) and lanosterol (LNL). Among these, ECL
was found to be the less effective compound in displacing CHL from the NTD, demonstrating
its inability to compete. Through MD simulations of the NTD-ligand complexes for these
compounds, we found that the overall behaviour of HHL and LNL complexes were comparable
to that of the NTD-CHL system. The chemical differences of these sterols did not alter the
characteristics of the binding mode observed for CHL. Furthermore, MMPBSA calculations
revealed similar binding affinities for CHL, HHL and LNL, in agreement with the experimental

evidence of binding competition.
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MD simulations for the NTD-ECL complex revealed two distinct binding modes for ECL.
First, the Q95 binding mode (Figure 4.2, panel A), was structurally close to the binding mode
of CHL. A stable h-bond with Q95 was confirmed after a slight shift of ECL towards the W-
opening, attributed to the a-configuration of the hydroxyl moiety. However, the new position
of ECL displaced the structural water molecule present in the NTD-CHL simulations and in the
X-ray structure of the homologue NPC1-NTD. The loss of the structural water molecule led to
a decrease in the stability of the binding mode, as confirmed by relative binding free energy
(RBFE) calculations, which showed that CHL binds more favourably to the Q95 binding mode
than ECL by 1.8 kcal-mol!. The a-configuration of the hydroxyl group in ECL disrupts the
ability to establish an effective and stable h-bond interaction with Q95, promoting the
emergence of the 77128 binding mode (Figure 4.2, panel B) and the displacement of the
aforementioned structural water molecule. The orientation of the a8/B7 loop was also changed
compared to the Q95 binding mode and L213 was reoriented towards F205 to avoid steric
clashes with the hydrophobic ECL tail, thus slightly increasing the width of the S-opening.
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Figure 4.2 A) Representative snapshot of the Q95 binding mode for ECL. Q95 is highlighted
in magenta. B) Representative snapshot of the 7728 binding mode for ECL. T128 is highlighted
in magenta; In both representations the a8/B7 loop is shown in blue, L213 is highlighted in
yellow and the h-bond interaction between ECL and Q95/T128 is shown as a dashed line. Below
each panel, the thermodynamic cycle considered for the RBFE calculations. The final averaged
relative free energy values for each transformation are shown in kcal-mol™! and the cycle closure

error is shown in green.
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Considering the h-bond formation/breakage between ECL and Q95, Umbrella Sampling
simulations showed that the Q95 binding mode is destabilised with respect to the 7128 binding
mode. The energetic barrier for the T128—Q95 binding mode transition was measured to be
approximately 1.1 kcal:mol™ higher than that for the Q95—T128 binding mode transition. The
energetic estimates for the binding mode transition were refined by Well-Tempered
Metadynamics simulations, increasing the barrier difference up to 2.0 kcal-mol™! when the
conformational rearrangements of the a8/B7 loop were added as a second CV. This indicates a
coupling between the two h-bond states of ECL and the conformational flexibility of the a8/B7
loop, revealing a dynamic response of the NTD of NPC1L1 to the epimerisation of CHL that is

directly reflected in the selectivity mechanism.

Overall, the results provided a rationale for the experimentally observed binding stability
of CHL, HHL and LNL and the molecular features behind the inability of ECL to compete with
CHL. These results indicate that the absolute configuration of the hydroxyl moiety in sterols
and the structural water molecule are key molecular features for the sterol selectivity

mechanism of the NTD of NPC1L1.

4.1.3 Mutations impairing cholesterol transport alter the NTD dynamics

To understand the effect on the sterol affinity of single point mutations that reduce the
CHL absorption of the NTD of NPCI1L1, four mutations that led to a reduction ranging from
35% to 85% were selected: 1105A (35%), P215A (52%), F205A (85%) and T128A (85%).'%
MD simulations of the apo mutated proteins and mutant-CHL (holo) complexes revealed
comparable dynamic behaviours as the wild-type systems. MMPBSA calculations revealed a
significant decrease of 5.1 kcal-mol™! in the CHL binding affinity with respect the wild-type
only for the P215A mutant, which was partly attributed to the loss of the P215 side chain
contribution of -1.6 + 0.3 kcal-mol™ to the hydrophobic stabilisation of the CHL binding mode.
This suggests that factors other than the binding affinity of CHL may influence the binding to
the mutanted variants of the NPC1L1-NTD. To investigate the effect of a8/f7 loop dynamics
on sterol affinity, a principal component analysis (PCA) of the mutant systems was compared

with the wild-type systems in both apo and holo states.

For the [105A mutant, the overall dynamic arrangement of the a8/B7 loop was similar to
that of the wild-type NTD for both apo and holo states, in qualitative agreement with our

binding affinity estimates. Minor conformational differences favoured the appearance of a
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distribution of conformations not sampled for the wild-type, resulting in a weaker distortion of
the hydrophobic stabilisation near the S-opening. Overall, this agrees with the mild reduction

in CHL absorption determined for this mutation.

The P215A mutant showed dynamic differences in the a8/f7 loop conformations in the
apo state compared to the wild-type NTD, resulting in occluding rearrangements that reduce
the cavity volume. On the other hand, no significant differences were observed for the holo
species. This suggests that the P215A mutation impairs cholesterol absorption by distorting the
dynamic equilibrium of the a8/B7 loop in the apo state, leading to a higher occlusion of the S-

opening.

Regarding the F205A mutant, the apo form displayed a larger exploration of the
conformational space of the a8/B7 loop compared to the wild type, as reflected in two
substantially populated novel conformational states. As in the P215A mutant, this effect was
also less pronounced in the holo state. Considering its residual contribution to the binding
affinity, as predicted by MMPBSA calculations, we concluded that F205 plays a key role in
stabilising the a8/B7 loop of the apo state of the NTD. Its mutation to alanine contributes to the

disruption of the dynamic equilibrium, especially at the S-opening.

Finally, the T128 A mutant was found to have little effect on the overall motions of the S-
opening, especially for the apo state. The most relevant difference resulting from the population
of'anovel configuration state of the a8/B7 loop was attributed to a change in the cavity hydration
pattern. This resulted in the loss of a water molecule located between L.213 and S102, which
bridges the interaction between L213 and H124 in the wild type apoprotein. On the other hand,
the configuration of the a8/B7 loop in the holo state was similar to the wild-type NTD-CHL

system.

Overall, the studied mutations revealed a small effect on the binding mode of CHL, except
for the P215A mutant. On the other hand, we determined the structural impact of mutations on
the conformational landscape in the apo state of the NTD, prior to the binding of CHL. The
changes triggered by the mutations highlight the relevant impact reported in other enzyme

regarding both the catalytic activity and the ability to accommodate other substrates. '8
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4.2 “Mining Druggable Sites in Influenza A Hemagglutinin: Binding of the Pinanamine
Based Inhibitor M090”

The emergence of resistant strains and the high rate of immune adaptation of IAV has
encouraged the development of small molecule antiviral treatments in recent decades. In this
context, the work of Zhao et al.'®3 showed that pinanamine derivatives are attractive candidates
as anti-IAV compounds targeting HA showing sub-micromolar activity against both HA
phylogenetic groups. These compounds were found to inhibit the HA-mediated fusion,
hypothetically by stabilising the pre-fusion conformation and blocking the pH-induced
structural rearrangements of HA in the endosome, thus preventing the release of the fusion
peptide. The experimental assays performed by Zhao et al.'®* showed that the antiviral activity
of M090, the most potent compound against all the tested strains of the virus, was independent

of blocking the M2 proton channel, the original target of the study.

To explore the mechanism of action (MOA) of M090, the antiviral assays showed that
the inhibitor acts during the first 2h of the viral cycle. This corresponds to the initial stages of
IAV infection which are primarily associated with the M2 channel and HA and include the host
cell recognition phase, the endocytosis process and membrane fusion.'*® As M090 was found
to be independent of M2 channel blockage, the authors hypothesised that the target for M090
and its derivatives was HA. Resistance selection experiments revealed the occurrence of the
E742 — D mutation in the presence of M090, located in the HA2 domain of HA. With this
information, the authors suggested a putative binding site for M090 based on molecular docking

predictions.

In the absence of further mechanistic and structural information, I investigated the
molecular features behind the MOA of M090 and provided an in silico validation of its binding
mode by comparing the experimental SAR data for M090 and accurate binding affinity

predictions.

4.2.1 M090 binding site and binding mode

183 was predicted to be located

The putative binding site of M090 proposed by Zhao et al.
at the interface defined by the a-helix L802-A962 (H-BS) and by loops P301:-K318: and M592-
L732 (L1-BS and L2-BS, respectively) (Figure 4.3, panel A, from now on named BM-I). Based
on the rigid docking model and on 150 ns of MD, the authors argue that the thiophene ring of

MO090 fills the hydrophobic cavity formed by 13081, Y3161, and W922, whereas the cyclopropyl
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Figure 4.3 Initial conformation of M090 in the three different binding modes studied in this
work. The front view is shown at the top of each panel, while the side view is shown at the
bottom. The black dotted lines indicate the hydrogen bond between M090 and T309:. The three
explored binding modes are shown: BM-I (A), corresponds to the binding mode predicted by
Zhao et al.,'83 BM-R (B) and BM-II (C).

ring interacts with F882 and P307:. In addition, the pinane moiety would form hydrophobic
interactions with A652 and V662, and a hydrogen bond between the N-H group and T309: would
further stabilise the binding mode. It should be noted that in the work by Zhao et al.'®® there is
no explicit mention, either in the text or in the figures, of the use of a monomeric or trimeric

model of HA, nor of the protonation state of M090 in the simulations.

To explore the putative binding mode of M090 in more detail, I performed extensive MD
simulations of the truncated HA trimer (without the transmembrane domain) in the apo state
and in complex with M090 in a 1:3 stoichiometry, with a minimum sampling time of 1 ps and
two independent replicates per system (i.e. enabling the binding mode assessment in the three
pockets of HA in each simulation). With respect to the ligand model, we ensured that the N
atom of M090 was protonated in all simulations, as a secondary amine is mainly present in this
state at physiological pH and below (pka of 9.7 as predicted by MolGpka!®®). This protocol was
applied to three different binding modes for M090 as a starting point: BM-I, BM-R and BM-II
(Figure 4.3, panels A, B and C, respectively), using an HA trimeric model previously simulated

for 2 us in the apo state until structural equilibrium was reached.
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Analysis of the two independent MD replicates performed for the BM-I system showed
stable RMSD profiles for the amino acids forming the binding pocket (RMSD of 1.6-2.2 A).
However, the h-bond between M090 and T309: was lost in all cases in the early stages of the
simulations and M090 was slightly shifted to the interior of the pocket in five out of six cases.
One of the ligands left the binding pocket towards the bulk solvent and the measured RMSD
profiles for the others ranged from 2.3 to 4.9 A from the initial position. Therefore, we
hypothesised that the binding mode for M090 proposed by Zhao et al.'®* might be biased due
to the use of a rigid model in the molecular docking predictions omitting the overall dynamical
plasticity of the loops forming the binding site. For the BM-R, where the positions of the
thiophene ring and the pinane moiety were reversed, no clear binding mode was observed in
either of the two independent simulations. Indeed, M090 was released from the binding cavity
in two out of six cases, suggesting that this reversed orientation may not be feasible to achieve

a stable binding mode.

Careful analysis of the first us of the MD trajectory for the BM-II system revealed a
highly stable binding mode for M090. To confirm this behaviour, I extended the replicate to 2
us and performed three further independent simulations of 1 s, obtaining the same overall
behaviour, as reflected in the consistent RMSD profiles for the amino acids forming the binding
pocket (RMSD of 1.2-2.0 A). In this novel and stable binding mode, M090 approaches the main
stem region of the HA trimer early in the simulation and establishes a stable salt bridge
interaction between the amine nitrogen and D852. The thiophene ring carrying the cyclopropyl
moiety is stabilised by van der Waals contacts with the side chains of P3071, 13081, and L892,
and the pinane moiety by interactions with F882, A652 and K832 (from the adjacent protomer)
(Figure 4.4, panel A). Despite the high stability of the binding mode, the average RMSD
profiles for the ligands ranged from 1.0 to 3.6 A. However, far from destabilising the binding
mode, the higher values correspond to sudden reorientations of the pinane moiety through
rotations around the N-C bond (Figure 4.4, panel B). Overall, we concluded that although the
original binding mode proposed by Zhao et al.'**> may have been biased, the hypothesis arguing
that the thiophene ring was a key feature responsible for the activity is supported by our results.

In addition, the protonated amine of M090 was also critical to stabilise the binding mode.
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0

Figure 4.4 A) Representative snapshot of the final binding mode achieved for M090 in the
BM-II systems. The front view of the pocket is shown above, while the side view is shown
below. B) Superposition of snapshots along the simulation for the four independent replicates

of the BM-II systems.

4.2.2 Insilico validation of the binding mode using free energy predictions

To validate the novel binding mode of M090 in the BM-II system, I performed a series
of relative binding free energy (RBFE) simulations using the experimental SAR data included
in the work of Zhao et al.'® for comparison. The predictions were done using the
Thermodynamic Integration (TI) approach as described in Chapter 1 (subsection 1.2.4). The
selected compounds exhibited experimental activities ranging from ECso = 0.2 £ 0.0002 to
60.46 + 1.75 uM, providing a reasonable range of activities suitable for this type of calculation.
The closed thermodynamic cycle including all the compounds as well as the fitted correlation
with the experimental SAR data is shown in Figure 4.5. The scheme includes all the predicted
relative free energy changes in units of kcal-mol! for each alchemical transformation in both
directions of the cycle as well as the closure error of each inner cycle in green. The fitted
correlation was done with the averaged free energy changes considering all the possible reaction

pathways and relative to M090 as the main compound (Figure 4.5).

The high degree of correlation between the relative free energy predictions and the
experimental SAR data (Figure 4.5) confirmed that the predicted binding mode for M090 in the

BM-II systems, represents the actual mode of action of M090 and its derivatives in HA.
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Figure 4.5 Final thermodynamic cycle used in the RBFE simulations. The numbering of the

derivatives follows the notation used by Zhao et al. in ref 183. Green values denote the closure
error of each inner cycle. The plot shows the comparison between the differences in binding
affinity estimated from the experimental ECso data and the relative free energy differences
predicted from TI calculations. Bars denote the errors of calculated and experimental relative
free energy changes. Dotted and dashed lines denote the 95% confidence and prediction
intervals. All values (kcal-mol™') are relative to M090. MUE and RMSE stand for mean

unsigned error and root-mean-square error, respectively.

Moreover, these results support the importance of both the protonated amine and the
thiophene ring as a relevant pharmacophoric unit for the inhibitory capacity of these compounds
as discussed in the previous section. Considering the structural features found for the binding
mode, we hypothesise that this behaviour may be due to a local hydrophobic shielding effect.
This shielding may make it more difficult for water molecules to access the interior of the
binding pocket, thus preventing competition with the highly stable salt bridge observed in our
MD simulations between the charged amine of M090 and DS852. The replacement of the
cyclopropyl moiety at this position by a linear n-butyl chain (M15) or the complete removal of
the cyclopropyl moiety (M07), leads to a 33-fold and 21-fold reduction in activity, respectively.
Moreover, the change of the cyclopropyl from position 2 to position 3 in the thiophene ring

(M30) or the replacement of the thiophene ring by more polar moieties such as furan (M04) or
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thiazole (M10) rings, leads to a drastic reduction in potency (~22-fold, ~200-fold and ~250-
fold reduction, respectively). Altogether, the results support the specific binding mode
predicted by the MD simulations and provides a rationale for the MOA of M090 and its

derivatives.

Only one compound in the series, designated M24, showed a significant deviation from
the predicted trend (Figure 4.5). With a methyl group in the meta position of the thiophene ring,
M24 is the most active compound reported by Zhao et al.'®* with an ECso = 0.2 + 0.0002 uM
and was not included in the final thermodynamic cycle or in the fitted correlation with the
experimental data. It should be noted that in RBFE simulations an estimate of the relative
binding affinities is obtained as the change in the relative free energy of binding between a pair
of compounds. The approach is based on the approximation that any additional cell signalling
process will interfere with the activity measurement in the experimental cell assay. In this case,
this means that the measured ECso values would only account for the binding of the compounds
to HA. Considering that the initial target in the work of Zhao et al.'"*> was the M2 channel of
the AV, I examined the crystallographic structure of the amantadine-resistant M2 channel
S3IN mutant in complex with N-[(5-bromothiophen-2-yl)methyl]adamantan-1-amine
(compound 11 in ref. 185 as a derivative of WJ332, PDB id: 2MUV),'® a compound showing
a ~77% inhibition for both the M2 wild type and its S31N mutant and with a high structural
similarity with the explored pinanamine-based compounds. Aligning the structures of M090
and M24 with the WJ332 derivative revealed that while M24 overlaps perfectly with the co-
crystallised compound, whereas M090 exhibits steric clashes between the cyclopropyl moiety
and the side chains of the amino acids forming the M2 cavity. In the absence of further
experimental evidence and considering the high correlation between our binding affinity
predictions and the SAR data for all the compounds in the series, we hypothesised that M24
targets either the M2 channel or both the M2 channel and the HA of the IAV.

4.2.3 Effect of the E74, — D drug-resistant mutation

Resistance selection experiments performed by Zhao et al.'®3 disclosed the occurrence of
a single point mutation in the presence of M090, E74> — D, located in the HA2 domain of HA
(Figure 4.6). To assess the effect of this mutation on the mode of action of M090 discussed
above, I performed further MD simulations for the mutant apo HA trimer (2 ps) and for the
mutant holo HA-M090 complex (two replicates of 1 pus), preserving the predicted binding mode
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Figure 4.6 A) Representative snapshot of the predicted M090 binding mode (BM-II). H-BS,
L1-BS and L2-BS regions are highlighted in green and the main amino acids forming the
hydrogen bond network are shown in sticks. Green regions account for one protomer while grey
regions account for the adjacent protomer. B) Representation of the two main essential motions
of the backbone atoms that shape the binding pocket for both the wild type and the E74> — D

mutant.

(BM-II). With the combined sampling for the wild type and the mutant systems, PCA was used
to investigate the effect of the E74> — D mutation on the motions of the backbone atoms
forming the binding site of M090, i.e. H-BS, L1-BS and L2-BS, as discussed previously and as

shown in Figure 4.6.

The analysis revealed that for both the wild type and the mutant species, the first principal
component (PC1) accounts for 30% and 37% of the structural variance for the apo and holo
species, respectively. PC1 represents the rotational motion along the principal C3 axis of HA
(Figure 4.6, panel B). However, the projection of the sampled conformations along the MD
simulations revealed that the main difference between the wild type and the mutant species
concerns the second principal component (PC2). This motion accounts for the conformational
remodelling of the L2-BS loop and explains a 19% and an 18% of the structural variance for
the apo and holo species, respectively. The E74> — D mutation alters the optimal h-bond

network between several amino acids of the L2-BS loop and the neighbouring amino acids.
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This network of interactions blocks the L2-BS conformation relative to the L1-BS and H-BS
regions in the wild type species, allowing the binding of M090 in the correct position (Figure
4.6, panel A). This network is described by the following interactions:
E742---R762---E692---R1081, N712---E1051, K682--"N792---E1091, Q622---T3091 and
D902---K3151. In conclusion, the E742 — D mutation weakens the described h-bond network
and increases the conformational flexibility of the L2-BS loop. The enhanced mobility of the
L2-BS modifies the overall packing against the L1-BS and the H-BS regions and alters the

proper accommodation of M090 in the pocket, resulting in the loss of inhibitory activity.
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4.3  “N-[(Thiophen-3-yl)methylbenzamides as Influenza Virus Fusion Inhibitors Acting on
H1 and H5 Hemagglutinins”

This project investigated a series of benzamide derivatives as HA-mediated fusion
inhibitors against the IAV. In 1999, Plotch et al.'"®” reported the promising submicromolar
antiviral activity of an N-substituted piperidine, namely CL-385319, against A/HINI and
A/H2N2 IAV strains. More than a decade later, Liu et al.'®® reported that CL-385319 was also
effective against highly pathogenic A/H5N1 strains, despite of its reduced inhibitory capacity.
The same authors then worked on several thiophene analogues of CL-385319, leading to a 2-
(thiophenyl-2-yl)ethyl derivative,'® which was 58-fold and 360-fold more potent against
A/HIN1 and A/H5N1 virus-infected cell cultures, respectively, compared to CL-385319.!%°

Based on the promising results for CL-385319 and its 2-(thiophenyl-2-yl)ethyl derivative
as HA-mediated fusion inhibitor, a multidisciplinary collaboration with the groups of Prof. S.
Viazquez (Departament de Farmacologia, Toxicologia i Quimica Terapéutica, UB) and Prof. L.
Naesens (Department of Microbiology, Immunology and Transplantation, KUL) was
established to further explore the chemotype of this compound. In this context, we investigated
the SAR of a series of derivatives including chemical modifications on the benzamide and
thiophene rings. The lead compound, VF-57a, was then tested against IAV-infected MDKC
cells. My contribution was focused on the exploration of the MOA of VF-57a by combining

MD simulations and binding affinity predictions.

4.3.1 Benzamides as HA-mediated fusion inhibitors: SAR study

The chemical modifications studied by the group of Prof. Vazquez were designed to
explore 1) the optimal substitution pattern in the thiophene ring, i1) the effect of substitutions in
the phenyl ring, and iii) the nature of the linker between the two aromatic moieties. With respect
to the thiophene ring, the influence of the methyl groups in positions 2 and 5 was investigated.
Substitution of the thiophene ring with more polar rings such as furan, thiazole, isoxazole,
pyrazole and oxazoline were also examined. With respect to the benzene ring, modifications
such as the replacement of fluorine by chlorine in meta position or the addition of additional
electron withdrawing groups in orto and para positions were explored. Other linkers were also
examined while maintaining the total length of the tether between the two aromatic rings. For
comparison, RL-007, an aniline-based influenza virus fusion inhibitor identified before by the

group,! was included as a reference compound (ECso = 0.6 - 1.5 uM).
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Anti-IV activity was determined using the cytopathic effect (CPE) reduction assay in
Madin-Darby canine kidney (MDCK) cells against different strains: A/HINI strains (A/Puerto
Rico/8/1934 and A/Virginia/ATCC3/2009), two A/H3N2 viruses (A/Victoria/361/11 and
A/Hong Kong/7/87) and an influenza B strain (B/Hong Kong/5/1972). In addition, the
cytotoxicity was assessed in mock-infected cells and both measures were evaluated by
microscopic inspection. The results showed that none of the compounds tested were active
against A/H3N2 or IAB strains of the virus. The active compounds shared the thiophene motif
(non-methylated, monomethylated or dimethylated) and the presence of fluorine or chlorine
and a trifluoromethyl group in meta positions. Notably, two compounds where the thiophene
was replaced by furan also showed antiviral activity (Table 4.1). Based on the SAR evaluation,

VF-57a was selected as the lead compound of the series and used for mechanistic studies.

Table 4.1 SAR for the antiviral (A/H1N1) activity of the explored benzamides in MDCK cells.

R, O R, O
H | R, H | Ry
Ry Rs  R¢ S Ry Rs  Ry¢ o
R, R, Antiviral ECso (uM) against A/H1N1 virus
Series A: thiophene derivatives Series B: furan derivatives A/Puerto Rico/8/1934 A/Virginia/ATCC3/2009
Compound | Ri Rz R3 Rs Rs R¢ Rz MTS? Microscopy® MTS Microscopy
Series A
VF-32a H F H CF; H Me Me 1.1£03 1.5+0.6 0.44+0.19 1.7+1.1
VF-57a H CIl H CF; H Me Me 092+0.19 1.1+£0.2 031+0.12 0.71+£0.45
JMLv-05 |H F H CF; H H Me 0.68+051 026+0.02 0.39+0.18 1.6 0.5
JMLv-06 | H CI H CF; H H Me 034+0.18 046+0.14 0.15+0.12 19+1.1
JMLv-70 | H F H CF; H Me H 023+0.08 0.17+0.04 6.8+6.5 83+5.1
JMLv-71 H CIl H CF;s H Me H 0.14+0.04 0.14+0.05 037+0.16 0.48+0.07
JMLv-72 |H F H CF; H H H 042+£0.10 044+0.16 72+4.1 20+ 8
JMLv-73 H CI H CF; H H H 2.0+£1.0 1.0+ 0.6 1.1£0.5 2.1£0.0
JMLv-08 F F F CF; H Me Me >100 >100 >100 >100
JMLv-09 F CI H CF; H Me Me 2.9 1.6 £0.8 >100 >100
JMLv-07 |H F F CF; H Me Me 022+0.03 086+041 020+£0.05 0.89+0.13
JMLv-10 | H CI F CF; H Me Me 0.27+0.12 1.6 +0.8 0.18+0.04 3.1+0.5
JMLv-11 H CI H CFz CI Me Me 59+32 11+6 0.82 £ 0.61 8.1+0.5
JMLv-67 |H F F CF; H H Me 29+1.1 35+1.2 53+0.8 >100
JMLv-68 H CI F CF; H H Me 85£56 13+8 >100 >100
JMLv-69 | H CI H CF; CI H Me 17+8 >100 31+3 >100
Series B
JMLv-03 H F H CF; H Me Me 047+£0.19 0.54+0.17 0.54+0.06 3.6+2.8
JMLv-04 | H CI H CF; H Me Me 0.24+0.08 0.54+0.37 1.1+£0.3 >100
Reference
RL-007 1.4+0.0 1.5+0.1 0.61+0.06 0.69 +0.09

2 colorimetric cell viability assay; ® cataphatic effect assay
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4.3.2 Pseudovirus entry and cell-cell fusion assays: Validation of VF-57a

To confirm that VF-57a acts in the early stages of IAV infection, Prof. Naesens' group
performed a luciferase-based pseudovirus entry assay in MDCK cells infected with A/HIN1
strains and A/HS5N1 highly pathogenic strains (A/Virginia/ATCC3/2009 and A/bald
eagle/FL/W22-114/2022, respectively). RL-007 and Arbidol were included in the assays for
comparison. VF-57a showed strong inhibition of both viruses with ECso = 0.30 and 0.81 uM
for the A/HIN1 and A/H5NI strains, respectively, confirming its activity in the early stages of
infection (Figure 4.7, panel A). In addition, VF-57a proved to be ~20-fold more potent than
Arbidol, demonstrating its potential as an anti-IV inhibitor against A/HIN1 strains and A/H5N1
highly pathogenic strains. Of note, RL-007 showed approximately 127-fold greater activity
against A/HINT than A/H5N1 with ECso = 0.079 and 10 uM, respectively.

A [+ HINT (Virg09) = H5N1(FL22)]
RLO07 i
125 ECso VF57a 125 ECso 156 ECs  Arbidol
-e- 0.30 yM _ -~ 0.079uM = 10uM
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Figure 4.7 A) Dose-response curves for the pseudovirus entry and cell-cell fusion assays for
measuring the inhibitory potency of VF-57a, RL-007 and Arbidol. B) Inhibitor binding
response in the presence of HA-binding antibodies indicating whether HA is in the prefusion

or in the postfusion conformation at physiological or acidic pH.

249



Chapter 4 - Discussion

Cell-cell fusion assays were performed to confirm that VF-57a specifically inhibits the
HA-mediated membrane fusion. The results showed that VF-57a is effective against H1 and
HS5 HA variants with activities of ECso = 0.95 and 4.1 uM against A/HIN1 and A/H5N1 strains,
respectively, the latter showing complete inhibition at 100 uM concentration (Figure 4.7, panel
A). In addition, while RL-007 is partially effective at 25 uM and inactive at 6.25 uM
concentrations, VF-57a is able to inhibit almost completely the fusion process at 25 uM and
partially at 6.25 uM concentrations. Overall, the assays validate VF-57a as a potent HA-
mediated fusion inhibitor against A/HIN1 and A/H5N1 strains of the IAV.

Finally, surface plasmon resonance (SPR) analysis with two anti-HA antibodies were
performed. The anti-HA stem antibody C179 only binds when HA 1is in its prefusion
conformation,'®? while the anti-HA head antibody 7B2-32 binds to both pre- and postfusion
conformations.'”® When recombinant HI-HA is incubated in acidic media and DMSO as
control, inducing the postfusion conformation, the protein loses its ability to bind to the C179-
coated sensor (Figure 4.7, panel B). On the other hand, its binding to the 7B2-32 antibody is
not affected. In the presence of VF-57a or RL-007, the binding response to the C179 antiobody
is significantly higher compared to the DMSO control, demonstrating that both inhibitors can

stabilise the prefusion conformation of HA during acidification.

4.3.3 VF-57a-resistant markers in H1 HA

To gain further insights into the MOA of VF-57a and RL-007, MDCK cells were infected
with A/Virginia/ATCC3/2009 virus and exposed to increasing concentrations of the inhibitors
until resistance was achieved. During this process, the different plaques were examined to

measure the compound concentrations at which virus-induced CPE was visible.

As shown in Figure 4.8, the viral HA carried amino acid mutations in different regions
depending on the inhibitor. It is worth noting that in a previous study,'” Prof. Naesens' and
coworkers found a similar behaviour for an H3 HA-specific fusion inhibitor where two different
mechanistic substitutions were observed in the protein during the drug-resistance assay. Some
mutations were found in the binding pocket of the compound, while others were located in more
distant regions associated with higher acid-labile properties. In the latter case, the mutant
viruses were able to evade the effect of the fusion inhibitor by undergoing fusion in less acidic

endosomes.
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Antiviral ECs )
Compound:mutation (CPE, M) pemolysts PH
VF-57a RL-007 (p vs control)
5.25
VF-57a: F128,L >40 >40 (p=0.81)
5.48
VF-57a: T31641 >40 >40 (p <0.0001)
5.30
VF-57a: S54,P >40 >40 (p =0.030)
5.10
RL-007: A90,V >40 >40 (p <0.0001)
541
RL-007: D90,G >40 >40 (p =0.030)
control: wild type 25+1.7 0.94+0.67 5.24

Figure 4.8 Impact of HA mutations on viral sensitivity to VF-57a and RL-007 and on acid-
lability of HA. The hemolysis pH was defined as the pH where 50% of virus-induced hemolysis
occurred relative to pH 5.0. Amino acid mutations are highlighted in yellow spheres in a model
of A/Virginia/ATCC3/2009 HA. The mutations, emerging from the presence of VF-57a are
highlighted in red, while the mutations emerging from the presence of RL-007 are highlighted
in blue. The suffix refers to the HA1 (green) or HA2 (cyan) domain of HA.

On the basis of these results, a hemolysis assay was performed to determine the effect of
the drug resistance mutations on the pH susceptibility of A/Virginia/ATCC3/2009 HA. The
results revealed that the T316:1 mutant, which occurs in the presence of VF-57a, and the D90.G
mutant, which occurs in the presence of RL-007, showed the greater increase in the virus-
induced hemolysis pH compared to the wild-type control. In the case of the S54:P mutant,
which appears in the presence of VF-57a, only a slight increase in hemolysis pH was measured
with respect to the control. The same behaviour was observed for the F128:L. mutant, which
also appears in the presence of VF-57a and has the same hemolysis pH as the control protein.
On the other hand, the A901V mutation, which appears in the presence of RL-007, is the only
one that reduces the hemolysis pH compared to the control. Regarding VF-57a, the results
suggest that its binding pocket might be close to the regions that surround either S54:P or
F128:L mutations, which are located at >54 A (Ca-Co. distance).
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4.3.4 VF-57a binding site and binding mode

Previous studies have identified two major binding pockets for HA-mediated fusion

il’lhibitOI'S, 172,173,177-179

namely Site A and Site B, as discussed in Chapter 1 and shown in Figure
1.17 (subsection 1.3.2.3). Site A accounts for the binding pocket of the well-known broad-
spectrum inhibitor Arbidol, which is located close to the drug-resistant mutation S54:P
emerging in A/Virginia/ATCC3/2009 virus in the presence of VF-57a as discussed above. On
the other hand, Site B accounts for the binding pocket for several inhibitors such as CBS1117,
INJ4776 or (S)-F0045, and the region in the HA structure where the anti-stem antibody C179
binds. For Site A, I performed MD simulations using the X-ray structure of H3 HA in complex
with Arbidol as a control (PDBid: 5ST6N,!” resolution 2.54 A). For Site B, I performed MD
simulations using the X-ray structure of H1 HA in complex with (5)-F0045 as a control (PDBid:

6WCR,!”® resolution 2.68 A).

For Site B, the potential binding of VF-57a was investigated considering two different
binding modes, binding mode A (BMA) and B (BMB), which differ in the spatial arrangement
of the benzene and thiophene rings along the groove (Figure 4.9, panels B and C). Analysis of

the MD trajectories revealed that none of the investigated binding modes for VF-57a are stable

T318 :
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Figure 4.9 A) Initial conformation of (S)-F0045 and several snapshots along the MD
simulation in one of the three pockets; B) Initial conformation of VF-57a in the BMA and
several snapshots along the MD simulation in one of the three pockets; C) Initial conformation
of VF-57a in the BMB and several snapshots along the MD simulation in one of the three
pockets; D) H1 HA in complex with the anti-HA stem antibody C179 bound to Site B. X-ray
structures of HA in complex with HA-mediated fusion inhibitors CBS1117, JINJ4776 and (S)-
F0045 are included for clarity.
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at Site B. Compared to (5)-F0045, the instability of VF-57a reflects the increased flexibility due
to the methylene between the amide and thiophene moieties and the loss of the CH-n
interactions formed by (S5)-F0045 with H181, H381 and W21z due to the presence of CF3 and
CH3 groups in the phenyl and thiophene rings (Figure 4.9, panels B and C). On the other hand,
the inspection of an X-ray structure for H1 HA in complex with the anti-HA antibody C179
(PDBid: 5COR,'** resolution 3.19 A) reveals that it binds directly to Site B (Figure 4.9, panel
D). Taken together, VF-57a could not bind to Site B and stabilize the prefusion conformation
of HA upon acidification as demonstrated by the SPR assay performed by the group of Prof.

Naesens.

A similar approach was taken for site A. In this case, VF-57a is displaced deeply into the
pocket compared to Arbidol and adopts a stable binding mode as indicated by averaged RMSD
values of 2.3 £ 0.5, 2.3 £ 0.4 and 2.9 = 1.0 A and visual inspection of the trajectories. The
thiophene ring is stabilised by hydrophobic interactions with V361, L49:, P3081, F309:1, V552,
L992, L982 and L1022. On the other hand, the ring containing the trifluoromethyl moiety is
stabilised by m-stacking interactions with Y942 and F309; (Figure 4.10, panel A). It is worth
noting that the binding pocket is close to the emergence of the S541P mutation, as noted in the
distance from the inhibitor to the Ca. of this residue (8.0 + 0.4 A). In fact, the presence of proline

instead of serine is expected to promote a structural rearrangement of the helix that shapes the

entrance of the binding pocket potentially disrupting the proper accommodation of the inhibitor.

B ‘g r%W;Q -
F309, 2

|_©*“o

JMLv-73

Figure 4.10 A) Final conformation of VF-57a in Site B and several snapshots along the MD
trajectories for each of the three pockets of the HA trimer; B) results of the predicted change in

free energy in kcal-mol™! for both directions of each transformation.
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To validate the predicted binding mode for VF-57a, a series of RBFE simulations using
the experimental SAR data obtained by Prof. Vazquez's group (Table 4.1). From the SAR, we
selected three compounds based on their cell viability activity against A/Virginia/ATCC3/2009
virus: compounds VF-32a, JML v-010 and JML v-73.

For the VF-57a — VF-32a transformation, a destabilisation of 0.6 kcal-mol! is predicted,
which is consistent with the experimental 1.4-fold difference in inhibitory potency between the
two compounds. The replacement of fluorine by chlorine occurs in the region surrounded by
N952 and W92» (Figure 4.10, panel B). Although the substitution in the predicted binding mode
should increase the local hydrophobicity of the inhibitor, the change may affect the solubility

of the molecule and make proper accommodation in Site A more difficult.

The VF-57a — JML v-010 transformation implies the introduction of an additional
fluorine atom in para position of the benzene ring of VF-57a (relative to the carbonyl group).
This change is predicted to lead to a slight stabilisation of 0.4 kcal-mol!. This effect is
consistent with the approximately 1.7-fold increase in potency over VF-57a in cell assays,
which is attributed to an increase in local hydrophobicity due to the interaction of the introduced

fluorine atom with W92; at this position.

Finally, for the VF-57a — JML v-73 transformation in which the two methyl groups in
the thiophene ring are removed, a destabilisation of 1.6 kcal-mol™ is predicted. This prediction
is consistent with the 3.5-fold decrease in inhibitory potency relative to VF-57a, which is
attributed to the loss of stabilising hydrophobic interactions between the dymethylthiophene
moiety and the local hydrophobic environment that shapes the binding pocket in the predicted

conformation for VF-57a.
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"Surtr travels from the south with the scourge of twigs,
the sun of the battle gods, shone from his sword.
Rocky cliffs collapse and witches wander,

the dead throng on the way to Hel, and the sky is cloven.

The sun turns black, land sinks into the sea,
the bright stars vanish from the sky,
steam rises with a roaring noise,

the high heat plays against the sky itself."

Yolva (Voluspa, stanzas 51, 55)
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Project 1: “Binding of Cholesterol to the N-Terminal Domain of the NPCILI Transporter:

Analysis of the Epimerization-Related Binding Selectivity and Loop Mutations”™

Unbiased molecular dynamics revealed that the side chain of L213 is involved in the gating
mechanism of the NPCI1LI-NTD. In the apo form, this residue interacts with S102 which
causes a conformational shift of the a837 loop towards the a3 helix closing the S-opening

to the solvent.

The presence of cholesterol in the binding site of the NPCIL1-NTD forces the
reorganisation of the sidechain of L213, mimicking the position of Q200 in the cholesterol

bound state of its homologue NPC1.

Cholesterol binds to the binding site of NPC1L1 by establishing hydrophobic interactions
with the residues L99, L103, H124, A214 and P215 and three key h-bond interactions with
Q95, S56 and a water-mediated interaction with N54. This water molecule is highly

conserved in the available cholesterol-bound crystallographic structures of NPC1.

These interactions are maintained for all the simulated complexes between sterol molecules
with a B-configuration of C3 position: such as cholesterol, 25-hydroxycholesterol and
lanosterol. The calculated binding affinities to the NPC1L1-NTD are in agreement with the

experimental trends reported in the literature.

Epi-cholesterol, which only differs from cholesterol in the a-configuration of C3 position,
shows two different binding modes in the NPC1L1-NTD. The Q95 binding mode resembles
of the binding mode of cholesterol, but the sterol core moves towards the W-opening to
interact with the Q95 and S56 causing the loss of the structural water molecule. The 7128
binding mode occurs when ECL loses the h-bond with Q95, retracts towards the S-opening
and forms a new h-bond interaction with the sidechain of T128. The Q95 binding mode for
ECL is energetically unfavourable compared to the 7728 binding mode due to a weaker h-

bond network and a larger structural flexibility of the a8B7 loop.

Single point mutations of the NPC1L1 NTD that experimentally impair cholesterol binding
distort the conformational landscape of the a8B7 loop in their respective apo state. This
effect is not observed in the cholesterol bound states, and therefore the predicted binding
affinities for cholesterol are not in line with the experimental insights. Altogether, these
results suggest that the distortion of the S-entrance affects their ability to accommodate

substrates.
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Project 2: “Mining Druggable Sites in Influenza A Hemagglutinin: Binding of the Pinanamine
Based Inhibitor M090”

A thorough structural analysis revealed that M090 binds to the IAV-HA interface defined
by the a-helix L802-A962 and by loops P3011-K3181 and M592-L732. In particular, M090
establishes a salt bridge interaction with the side chain of D852. In addition, the thiophene
ring and pinane moieties are stabilised by van der Waals contacts with the side chains of

P3071, 13081, and L892, and with the side chains of F882 and A652, respectively.

The proposed binding mode for M090 and its derivatives has been further validated by the
high degree of correlation between the performed binding free energy predictions and the

experimental SAR data.

We hypothesise that M24, another M090 derivative, may target both the M2 channel and
the HA, given its particularly high activity in the cell assays performed by Zhao et al.'®* and
the fact that it is the only compound to escape our binding affinity predictions. Our rationale
is founded on a hydrophobic/philic-guided fitting overlap between M24 and the M2
inhibitor N-[(5-bromothiophen-2-yl)methyl]adamantan-1-amine, a compound that showed

~77% inhibition of the M2 channel and was solved by X-ray crystallography.'8

Also, the structural analysis of the unbiased molecular dynamics of the drug-resistant
mutation E742 —D shows that the D sidechain is not able to stabilize the h-bond network
locking the conformation of M592-L.732 loop that forms the binding site of M090, justifying
the loss of inhibitory activity.
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Project 3: “N-/(Thiophen-3-yl)methylbenzamides as Influenza Virus Fusion Inhibitors Acting
on H1 and H5 Hemagglutinins”

e A series of benzamide derivatives were synthesised and shown to be potent inhibitors of the
HA-mediated fusion against A/HIN1 strains of the IAV. The lead compound, VF-57a
showed inhibitory potencies of ECso = 0.31 uM and ECso = 0.92 pM against
A/Virginia/ATCC3/2009 and A/Puerto Rico/8/1934, respectively.

e VF-57a was shown to act at early stages of infection in pseudovirus entry assays and to
specifically inhibit the HA-mediated fusion mechanism in cell-cell fusion assays. In
particular, VF-57a showed potent inhibition with ECso = 0.30 and 0.81 uM for the A/HIN1
and highly pathogenic A/H5N1 strains of IAV, respectively.

e SPR analysis in the presence of two anti-HA antibodies (C179 anti-stem and 7B2-32 anti-
head) revealed the ability of VF-57a to stabilise the prefusion conformation of HA upon

acidification, further confirming its role as an HA-mediated fusion inhibitor.

e Drug-resistance assays revealed three mutations in the HA structure that occur in the
presence of VF-57a: F1281L, T31611 and S542P. The latter two, were identified as being in
the potential binding regions of VF-57a, as the mutant viruses showed a shift in the
hemolysis pH, indicating an impact on their ability to undergo fusion in the acidic

endosome.

e VF-57a was predicted to bind in a hydrophobic pocket close to the binding pocket for the
well-known anti-HA inhibitor Arbidol. The binding mode was validated by extensive MD
simulations and the correlation of binding affinity predictions with the SAR data provided

by the group of Prof. Vazquez.

259






Bibliography

"I see a second time
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waterfalls tumble, an eagle flies above,

hunting fish on the mountain.
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There shall the honourable hosts (ive

and enjoy delight during their (ifedays."
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Now Havi's sayings have been spoken in Havi’s hall,

very useful to the sons of men,

but useless to the sons of giants!

Hail he who spoke! Hail to him who knows!
May he who learned benefit!

Hail to those who heard!

Har (Havamadl, stanza 164)
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