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Abstract

The Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) pandemic represents
one of the most important global health crises in modern history, claiming millions of lives and
straining healthcare systems worldwide. However, SARS-CoV-2 is not the first pathogenic
coronavirus (CoV) to infect humans, nor even the first highly pathogenic one. Coronaviruses
are widespread in nature, primarily infecting mammals and birds, and their ability to adapt to
new hosts and cross interspecies barriers is remarkable. This adaptability is facilitated by their
large RNA genome and advanced replication mechanisms, which promote rapid evolution and
the emergence of novel strains capable of zoonotic transmission. Unlike earlier highly
pathogenic human CoVs, SARS-CoV-2 demonstrated a unique combination of transmissibility
and pathogenicity, leading to unprecedented challenges in prevention, treatment, and
containment. The first reports of SARS-CoV-2 human infection appeared in December 2019,
and by April 2020, half of the world’s population was under lockdown, causing severe
socioeconomic disruption. The health consequences, on the other hand, were staggering, as
the virus overwhelmed healthcare systems worldwide. Vulnerable populations, particularly the
elderly and those with pre-existing conditions, were disproportionately affected. The demand
for effective antiviral therapies became critical, yet it took over 10 months for the first antiviral
drug, remdesivir, to receive full approval for use in hospitalized patients.

The ultimate goal of this project was to provide a contribution on potential therapeutical
alternatives, as this thesis aimed to investigate the virus-host interaction in SARS-CoV-2 to
understand what distinguishes it from other CoVs and to explore potential targets for antiviral
therapy, focusing on the Spike (S) protein as a key determinant of viral entry into host cells.
This trimeric glycoprotein interacts with the angiotensin-converting enzyme 2 (ACE2) receptor,
mediating attachment and promoting membrane fusion. The receptor-binding domain (RBD),
present in each S protein monomer, directly interacts with the ACE2 receptor on host cells,
facilitating viral attachment and subsequent entry. This interaction drives the conformational
changes necessary for fusion between the viral and host cell membranes. While the RBD is a
well-characterized site for therapeutic targeting, there is an intrinsic challenge, the receptor
binding motifs are highly variable at the sequence level, as a viral evolution mechanism.
Among several targets in the S protein considered in this study, the Fatty Acid Binding Pocket
(FABP) was selected as the most promising, formed at the interface between RBDs and
independent from the binding motifs, while being conserved in highly pathogenic CoVs. The
FABP plays a significant role in modulating the S protein’s conformational dynamics,
influencing its ability to recognize and infect host cells. To characterize the FABP and its
potential as a therapeutic target, molecular dynamics simulations were conducted using a
linoleic acid (LA)-FABP co-crystal structure as a model, providing insights into the structural

stability of the FABP and key features of the binding pocket, including its accessibility and
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flexibility. This structural information supported virtual screening studies, with commercially
available compound libraries to identify small molecules capable of binding to the FABP.
Through docking studies, several potential candidates were identified, among which, one
compound demonstrated micromolar antiviral activity against SARS-CoV-2 in experimental
validation, in viral infection assays. In order to increase the potency of this hit compound, an
optimization stage was performed, with structural analogues selected based on similarity and
potential to explore new interactions and enhance pocket occupation, based on insights from
preliminary docking results and molecular dynamics analyses.

Experimental validation showed an optimized compound achieving nanomolar activity against
SARS-CoV-2 and allowed a structure-activity relationship study, that further improved the
understanding of FABP binding dynamics, which could guide future activity improvement. This
work highlights the therapeutic potential of the FABP as a novel target for antiviral intervention
against SARS-CoV-2. The discovery of a new scaffold with antiviral activity, progressing from
micromolar to nanomolar activity, emphasizes the use of computer-based approaches in drug
development efforts. The knowledge and tools developed during this research not only retain
their applicability to support the discovery of potential new SARS-CoV-2 therapies but also

might be the basis to address new emerging CoVs.

Keywords: SARS-CoV-2, Spike Glycoprotein, Fatty Acid Binding Pocket, Antiviral drug

discovery, Computer aided drug design



Resumo

A pandemia causada pelo coronavirus da sindrome respiratéria aguda grave 2 (SARS-CoV-
2) representa uma das mais significativas crises globais de saude na histéria moderna,
causando milhdes de mortes e sobrecarregando os sistemas de saude em todo o mundo. No
entanto, o SARS-CoV-2 n&o é o primeiro coronavirus (CoV) patogénico a infetar humanos,
nem sequer o primeiro altamente patogénico. Os CoV estdo amplamente disseminados na
natureza, infetando principalmente mamiferos e aves, e a sua capacidade de se adaptarem
a novos hospedeiros e ultrapassarem barreiras entre espécies € notavel. Esta adaptabilidade
é facilitada pelo seu extenso genoma de RNA e mecanismos de replicacdo avangados, que
promovem a evolucao rapida e a emergéncia de novas estirpes capazes de transmissao
zoonotica. Ao contrario de outros CoVs humanos altamente patogénicos, o SARS-CoV-2
demonstrou uma combinagado Unica de transmissibilidade e patogenicidade, conduzindo a
desafios sem precedentes na prevencéo, tratamento e contengao.

Os primeiros relatos de infecao entre humanos por SARS-CoV-2 surgiram em dezembro de
2019 sendo que, em abril de 2020, metade da populacdo mundial encontrava-se em
confinamento, causando uma grave perturbacao socioecondmica. As consequéncias para a
saude foram, por outro lado, avassaladoras, uma vez que o virus sobrecarregou os sistemas
de saude globalmente. As populagdes vulneraveis, particularmente os idosos e/ou com
condi¢cdes pré-existentes, foram desproporcionalmente afetadas. A procura por terapias
antivirais eficazes tornou-se urgente, mas demorou mais de 10 meses até o primeiro farmaco
antiviral, remdesivir, receber aprovacao total para utilizagcdo em pacientes hospitalizados.

O objetivo deste projeto foi contribuir para a descoberta de alternativas terapéuticas. Assim,
esta tese teve como foco estudar a interacdo virus-hospedeiro no SARS-CoV-2, para
compreender o que o distingue de outros CoVs e explorar potenciais alvos para terapias
antivirais, com especial énfase na proteina Spike (S), determinante na infe¢do viral de células
hospedeiras. Esta glicoproteina trimérica interage com o recetor da enzima de converséo da
angiotensina 2 (ACE2), mediando a ligagao e promovendo a fusdo das membranas. A regiao
de ligagdo ao recetor (RBD), presente em cada mondémero da proteina S, interage
diretamente com o recetor ACE2 nas células hospedeiras, promovendo o reconhecimento e
a infegao celular subsequente. Esta interagdo causa extensas alteragbes conformacionais,
necessarias para a que a fusao entre as membranas viral e da célula hospedeira ocorra.
Embora o RBD seja um alvo bem caracterizado para intervengdes terapéuticas, apresenta
um desafio intrinseco, tendo em conta que é uma regiao sao altamente variavel, como
mecanismo de evolugdo viral. Entre varios alvos na proteina S considerados neste projeto,
foi selecionado o Local de Ligacdo de Acidos Gordos (FABP), formado na interface entre
RBDs e independente dos locais de ligacao a ACE2, sendo este um alvo conservado em

todos os CoVs altamente patogénicos. O FABP desempenha um papel significativo na
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modulagdo da dindmica conformacional da proteina S, influenciando a sua capacidade de
reconhecer e infetar células hospedeiras.

Para caracterizar o FABP e o seu potencial como alvo terapéutico, foram realizadas
simulagdes de dindmica molecular usando uma estrutura de co cristalizada de acido linoleico
(LA)-FABP como modelo, com informagdes essenciais sobre a estabilidade estrutural do
FABP e caracteristica chave do local de ligagao, incluindo a sua acessibilidade e flexibilidade.
Estas informagdes estruturais sustentaram estudos de triagem virtual, utilizando bibliotecas
de compostos comercialmente disponiveis, para identificar pequenas moléculas capazes de
se ligarem ao FABP.

Através de estudos de ancoragem molecular, foram identificados varios candidatos
potenciais, entre os quais um composto que demonstrou atividade antiviral a nivel micromolar
em ensaios experimentais de infe¢ao viral. Para aumentar a poténcia deste composto inicial,
foi realizada uma etapa de otimizacado, com a selecao de analogos estruturais baseados na
semelhanca estrutural, com potencial de explorar novas interagdes ou melhorar a ocupagao
do FABP.

A validacao experimental revelou um composto com atividade a nivel nanomolar contra o
SARS-CoV-2, permitindo também um estudo de relacéo estrutura-atividade que aprofundou
a compreensao das dindmicas de ligagdo ao FABP e podera orientar futuros estudos com
vista a aumentar a atividade.

Este trabalho destaca o potencial terapéutico do FABP como um novo alvo para intervencdes
antivirais contra o0 SARS-CoV-2. A descoberta de uma nova estrutura com atividade antiviral,
progressivamente melhorada de atividade micromolar para nanomolar, sublinha a relevancia
das abordagens computacionais nos esforgos de desenvolvimento de farmacos. O
conhecimento e as ferramentas desenvolvidos durante esta investigagdo nao s6 mantém a
sua aplicabilidade no apoio a descoberta de potenciais novas terapias contra o SARS-CoV-

2, como também podem servir de base para enfrentar novos CoVs emergentes.

Palavras-chave: SARS-CoV-2, Glicoproteina Spike, Local de Ligacdo de Acidos Gordos,

Descoberta de farmacos antivirais, Desenho de farmacos assistido por computador
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“If I have seen further, it is by standing on the shoulders of giants.”
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1.1 General introduction

Coronaviruses (CoVs) are a large family of viruses, primarily infecting mammals and birds,
capable of causing symptoms ranging from mild respiratory iliness to severe disease [1]. While
ubiquitous in nature, some can infect humans and typically cause mild disease with cold-like
symptoms. However, a few can lead to severe illnesses, such as Severe Acute Respiratory
Syndrome Coronavirus (SARS-CoV) and Middle East Respiratory Syndrome (MERS-CoV) [1,
2]. In late 2019, a novel coronavirus, later named Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2), emerged in Wuhan, China, sparking a global pandemic [3].
SARS-CoV-2 causes Coronavirus Disease 2019 (COVID-19), an illness with a wide spectrum
of clinical manifestations, from asymptomatic to severe respiratory distress and multisystem
complications [4, 5]. This novel virus, with its rapid global spread and severe outcomes, led to
widespread isolation measures and lockdowns, leaving a lasting impact on human history,
sparking an unprecedented global effort to understand its biology, transmission, and potential

treatments. [6, 7].

1.2 Coronavirus taxonomy

CoVs belong to the Coronaviridae family within the order Nidovirales. The primary subfamily,
Orthocoronavirinae, is divided into four genera: alphacoronavirus and betacoronavirus, which
primarily infect mammals (with bats serving as the main reservoir); gammacoronavirus and
deltacoronavirus, which primarily infect birds (also their main reservoir) [8]. Among these,
betacoronavirus includes the most clinically significant members, such as the highly
pathogenic SARS-CoV, MERS-CoV, and SARS-CoV-2, as well as two additional CoVs
associated with mild disease, OC43 and HKU1 [1]. The remaining human CoVs belong to the
Alphacoronavirus genus, including 229E and NL63, both of which typically cause mild

respiratory symptoms [1, 9].
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Alphacoronavirus Betacoronavirus
SARS-CoV
HCoV-229E MERS-CoV
HCoV-NL63 SARS-CoV-2
Porcine epidemic diarrhea virus HCoV-UK1
Canine CoV HCoV-0C43
Feline CoV Mouse hepatitis virus
Equine CoV
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Avian Infectious Bronchitis Virus

Beluga whale CoV
Bulbul CoV

Bottlenose dolphin CoV
White-eye CoV
Duck CoV 1
Night heron CoV

Avian Infectious Bronchitis Virus
Porcine deltacoronavirus

Figure 1 — Overview of the four genera within the subfamily Orthocoronavirinae and their
respective example viruses. This figure illustrates the four genera of CoVs (alphacoronavirus,
betacoronavirus, gammacoronavirus, and deltacoronavirus) along with notable viruses from
each genus. The colours represent different genera, with example viruses listed for each
group. The human-infecting CoVs are highlighted in bold and orange, and those associated

with highly pathogenic outcomes are marked in bold and blue [8].

1.3 Coronavirus evolution and distribution
The taxonomy of coronaviruses (CoVs) suggests two distinct evolutionary pathways,
distinguishing alphacoronaviruses and betacoronaviruses, which originate from bats, and

gammacoronaviruses and deltacoronaviruses, which originate from birds [10, 11]. Multiple
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factors have contributed to the wide distribution of CoVs, but critically they have the largest of
known viral RNA genome [10]. This expanded RNA genome is a direct result of an advanced
RNA-processing mechanism, which can increase replication fidelity, facilitating the acquisition
of new genes, or reduce replication fidelity in ecologic stress, to boost adaptation [12, 13].
CoVs have two main reservoirs that further contribute to their adaption abilities, bats and birds
[1]. Their wide diversity (bats amount to 20% of all mammalian species, while birds are the
most numerous tetrapods) provides access to a range of cell types and molecular targets [1].
This variety has been further extended by the distribution of these hosts across biomes with
different food sources, climate, shelter, and predatorial selective pressures. Combined, they
appear in virtually every biological niche, due to their flying ability, removing obstacles faced
by land-based animals. Finally, bats and birds exhibit habits of roosting and flocking, resulting
in frequent opportunities for virus transmission among individuals, and for virus recombination
events that drive CoV evolution [1, 11]. CoVs in both bats and birds show high genetic diversity
and have a stable population size, while showing no symptoms of infection, characteristics
usually associated to natural reservoirs for RNA viruses. In other species, there is typically an
epidemic-like population growth (logistic or exponential growth) [14]. As a result, this
adaptability leads to a diversity of strains and genotypes, with a wide range of hosts, infecting
cattle, horses, camels, felines, canines, rodents, cetaceans, small mammals, birds, among
others. Consequently, interspecies spillover events are frequent and can cause outbreaks with

potentially disastrous consequences, both in humans and other animals [1, 15, 16].

1.4 Human coronaviruses

Human coronavirus (CoVs) infections have been known since the 1960’s, generally
associated with mild cold-like symptoms and a minor health threat, with HCoV-OC43 and
HCoV-229E the first human CoVs discovered [17, 18]. This changed drastically in 2002 when
a highly pathogenic CoV, causing severe respiratory disease, was identified in southern China,
eventually named SARS-CoV, spreading to over 30 countries and infecting ~ 8000 people with
a mortality rate of ~10% [10]. SARS-CoV was initially detected in Guangdong (China),
epidemiologically associated with animal markets and food handlers [2]. While the host before
crossover to human was determined to be civet cats, these proved only as intermediate hosts.
Genetic analysis of SARS-CoV showed a split from bat CoV as late as 1986, while multiple
closely related horseshoe bat viruses were also reported [14]. These bat, human and civet
CoVs showed high similarity (over 95% in some major proteins), although only 70% similarity
between human and bat Spike glycoprotein (S protein), responsible for target recognition, cell
tropism and cell infection. On the other hand, human and civet had 90% similarity, suggesting

that SARS-CoV gained the ability to infect human cells during the crossover event to civet cats
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[1, 13, 14, 19]. Naturally, a surge in CoV related research followed and two more circulating
human CoVs with cold-like symptoms were discovered during 2003, HCoV-NL63 an HCoV-
HKU1 [1, 10]. In 2012, a new CoV emerged in Saudi Arabia, MERS-CoV, with 2,553 people
infected and a mortality rate of 34% [20]. MERS-CoV was the second highly pathogenic CoV,
directly identified in dromedary camels, showing mild disease and established as the direct
origin, with again bats as the original reservoir [21-24]. Genomes found in human patients and
camels share 99% similarity, and as with to SARS-CoV, the virus has circulated in dromedary
camels for 30 years, before the human outbreak, with nearly the entire dromedary population
previously exposed to the virus [13, 21, 25]. To further this point, MERS-CoV like virus are not
detected in camels exported to Australia earlier in the 20" century, pointing to a recent spillover
event to camels that enabled the infection in human cells [23]. CoVs had shown the potential
to become a significant danger to human health, a threat that escalated dramatically in
December 2019 when a novel CoV was identified in Wuhan, China, and spread rapidly across
the globe [26] (Figure 2).

SARS-CoV-2
Wuhan, Hibei, China

® ————  December 2019

8 &~ SARS-CoV
. Foshan, Guangdong, China
November 2002
MERS-CoV
Jeddah, Saudi Arabia
June 2012

Figure 2 — Map of Asia showing the points of origin for the three highly pathogenic human
CoVs. SARS-CoV origin is marked in Guangdong, China (November 2002), MERS-CoV in
Jeddah, Saudi Arabia (June 2012), and SARS-CoV-2 in Hibei, China (December 2019). These
locations represent the initial reported cases in each viral outbreaks, which led to major health

crises.
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By March 11" 2020 the World Health Organization (WHO) characterized this new virus as
pandemic, which was the seventh human infecting CoV, and the third highly pathogenic,
eventually named Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) [10]. By
April 2021, The WHO estimated that one in every four people had anti-SARS-CoV-2 antibodies
[27, 28]. Up to October 2024, SARS-CoV-2 is responsible for over 750 million people infected
and 7 million deaths [29].

1.5 COVID-19 pandemic and its origins
Coronavirus disease 19 (COVID-19) is an infectious disease caused by SARS-CoV-2, initially

detected in the city of Wuhan, Hubei province (China). In late December 2019, a cluster of
pneumonia cases of unknown cause, and with similar symptoms previously identified in
SARS-CoV (viral pneumonia, including fever and cough) was reported [5]. Among the first
identified cases, most were epidemiologically linked to a seafood and wet animal wholesale
market, in Wuhan [3]. Shortly after, new patients were identified without any link to the wet
market, along with nosocomial infection in healthcare facilities, clear evidence of human-to-
human transmission [30, 31]. During the month of January in 2020, it spread massively
through China, with thousands of new daily cases, leading the WHO to declare this novel CoV
a public health emergency of international concern [32]. Due to efficient transmission and

international travel the virus rapidly spread across the world [32] (Figure 3).
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Figure 3 — Global spread of SARS-CoV-2 from December 2019 to June 2020. World maps
highlight the increasing number of countries with at least 100 confirmed COVID-19 cases at
seven key timepoints (December 2019 - June 2020), indicated by blue colouring [33]
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Clinical symptoms are similar to SARS-CoV and MERS-CoV, with fever, cough, myalgia and
asthenia [34]. Pneumonia occurs in virtually all patients, but for SARS-CoV-2 upper respiratory
signs are rare, pointing to a preferred replication in the lower respiratory tract [34]. SARS-CoV-
2 has a lower mortality rate (1.7% overall mortality) when compared with MERS-CoV or SARS-
CoV (34% and 10%, respectively), although it increases with age, and reaches ~25% in people
over 85 years of age [35, 36]. SARS-CoV-2 incubation lasts 7 to 14 days, with infection
gradually progressing and worsening, and severity decided on the second week [37]. COVID-
19 patients generally can be divided into asymptomatic, mild or severe cases, with
complications including acute respiratory distress syndrome, acute heart injury, and secondary
infections [34, 37]. SARS-CoV-2 main source of infection are aerosols with viral particles,
created from cough and sneezing, although it can be transmitted by respiratory droplets, direct
contact and fomites [34]. CoVs typically also replicate in the gastrointestinal tract, however
these signs and symptoms are rare with SARS-CoV-2 (while frequent in MERS-CoV and
SARS-CoV) [37]. Despite this, virions have been detected in faecal samples, opening the door
for faecal-oral transmission [5, 34].

As previously observed for other coronaviruses (CoVs), a small mammal species was initially
suspected as the animal host, in this case the pangolin, with an S protein strikingly similar to
SARS-CoV-2 (a single aminoacidic variation in the receptor binding motifs) [38, 39]. Shortly
after, a bat CoV genome was detected with 96% nucleotide similarity, although with large
differences in the S protein [10, 40]. Phylogenetic analysis suggested that the SARS-CoV-2
lineage diverged from ancestral bat CoVs between 1948 and 1982 [41]. The evolutionary gap
between SARS-CoV-2 and the closest bat CoV has a genetic distance of approximately 4%
(around 1,150 nucleotide mutations), also indicating decades of evolutionary divergence [42].
As with SARS-CoV, the whole genome analysis points to a bat CoV origin, with the ability to
bind human targets likely obtained in a crossover event [10, 43, 44]. However, the pangolin
CoV is still lacking a critical feature in the S protein of SARS-CoV-2, a furin cleavage site that
greatly increases infectivity [41, 42] and neither bat nor pangolin CoVs sampled thus far have
polybasic cleavage sites [6]. Discovering the animal origins of human pathogens can be
challenging, with many examples still unidentified (Ebola virus, hepatitis C virus, poliovirus,
among others) [6, 42]. Even for SARS-CoV, it took over a decade to discover bat CoVs with
high similarity and the same human target. As for SARS-CoV-2, while multiple animals are
suspected natural reservoirs, the exact animal species or populations from where the main

spillover occurred might not yet have been sampled [6, 42].
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1.6 SARS-CoV-2 genome, structure, and lifecycle

SARS-CoV-2 is an RNA virus, with a single stranded positive sense genome, composed by
14 open reading frames (ORF), containing -30kb, and encoding 29 viral proteins, including
four structural proteins and a replicase (Figure 4) [34, 45, 46]. The genetic arrangement
resembles SARS-CoV and MERS-CoV, sharing 79% and 50% nucleotide sequence identity,
respectively [45]. In 3’ terminus, four ORFs encode the structural proteins: Spike Glycoprotein
(S-protein), Envelope (E), Membrane (M) and nucleocapsid (N), playing important roles in viral
entry, fusion and survival, while almost two thirds of the 5’ are occupied by the replicase gene,
encoding a two polyproteins, as well as two proteases: main protease (Mpro) and papain-like
protease (PLpro) [45, 46]. These viral proteases digest the polyproteins into 16 non-structural
proteins (NSP) [45, 46]. Finally, several accessory genes can be found between these areas,
encoding accessory proteins that regulate viral infection, helicase activity, immunomodulation,
gene transactivation and host immune response [4]. Under electron microscopy, SARS-CoV-
2 shows typical morphology for CoVs, with mostly spherical virions and some polygonal, and
a diameter between 60 and 140 nm [34]. The virion has a coronal shape that gives the virus

its name, due to the prominent spikes (9-12 nm) projected from the viral surface [34].
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Figure 4 — Genome organization of SARS-CoV-2. Schematic representation of the SARS-
CoV-2 genome, highlighting key regions including the 5' untranslated region (UTR), replicase
gene (ORF1a/b), spike (S), envelope (E), membrane (M), nucleocapsid (N) proteins, and the
3' UTR. Each gene is represented by labelled segments along the genome, with the relative

size of each gene shown in proportion to the entire viral genome.

The virus lifecycle starts when the S protein recognizes ACE2, eliciting cell fusion [44, 47]
(Figure 5). The contents of the virion are then released into the cytoplasm, with RNA replication
starting along, with synthesis of viral mMRNA translated into viral structural and accessory
proteins, that provide support functions, such as modulating intracellular membranes or host
immune evasion [48]. The viral genome (+ssRNA) is attached to the host’s ribosomes and
translated into large polyproteins that are processed by proteases, originating non-structural
proteins (NSP) [4, 5]. Progeny virions are assembled in the endoplasmic reticulum and Golgi

body, being released by exocytosis to complete the virus lifecycle [46, 48]. Rapid replication
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in the lungs triggers a strong immune response, and the ensuing cytokine storm may cause

acute respiratory distress syndrome, the characteristic symptom of COVID-19 [34, 45].
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Figure 5 — SARS-CoV-2 lifecycle. Infection begins with the recognition and attachment of the
virus to the human target receptor, ACE2 (1). The viral membrane then fuses with the host cell
membrane, and uncoating occurs in the cytoplasm (2), releasing the viral +ssRNA genome.
The virus hijacks the host's cellular machinery for primary translation (3), producing two
polyproteins that are cleaved by viral proteases to generate 16 non-structural proteins (NSPs)
(4). Among these NSPs, the replication-transcription complex (RTC) is assembled (5). The
RTC then alternates between two functions: RNA replication (6) and the production of mMRNA
for structural and accessory proteins (6). In the main translation event, structural proteins—
such as the S protein, N protein, E protein, and M protein—are synthesized (7). These proteins
are transported to the endoplasmic reticulum (ER) (8), where they are assembled (9) before
moving to the Golgi apparatus (10), along with newly synthesized +ssRNA bound to N protein.
In the Golgi, the virions are fully assembled and are secreted from the infected cell by
exocytosis (11). Adapted from [48]
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1.6.1 RNA-dependent RNA polymerase

Replication in SARS-CoV-2 is performed by the replication and transcription complex (RTC),
containing several subunits assembled from NSPs cleaved from the viral polyprotein [48, 49].
The core of the complex is NSP12 and along with NSP8 and NSP7, it makes up the complete
RNA-dependent RNA polymerase (RdRp) [48]. The RdRp is distinctive of CoVs, as these
viruses have the largest know positive sense RNA, requiring not only efficient replication of
genomic material for new virions but also high fidelity to maintain the expanded genetic
material. To achieve high replication efficiency, SARS-CoV-2 has a helicase unique to the
order Nidovirales, capable of a remarkable template-switching step [46, 49, 50]. During
negative-strand synthesis, the RdRp may pause at specific transcription-regulating sequences
(TRS) and switch to a downstream TRS, leading to the production of subgenomic RNAs.
These subgenomic RNAs serve as templates for the synthesis of various structural and
accessory proteins, enabling efficient viral gene expression [46, 50]. Therefore, the virus can
rapidly generate distinct mRNAs for various accessory proteins during genome replication,
minimizing the energy and resources required, while ensuring coordinated expression of viral
components necessary for new virions [50]. On the other hand, the RdRP guarantees high
fidelity of replication due to NSP14, an exonuclease with proofreading activity, that backtracks
mismatched template—product RNA chains, extruding the mismatched RNA [46, 50].

Mutations in this protein result in viruses with a lethal mutator phenotype [50].

1.6.2 Viral proteases (Mpro and PLpro)

SARS-CoV-2 has two protease — Mpro (main protease, also known as 3CLpro) and PLpro
(papain-like protease) — that share the same general function of cleaving viral polyproteins
and are conserved in CoVs [51, 52]. Mpro cleaves the polyprotein at eleven sites to release
non-structural proteins (NSPs), while PLpro cleaves three additional sites to release the
remaining NSPs [53, 54]. Both proteases are essential to the formation of the RTC, genome
replication and virion assembly. Mpro recognizes a consensus sequence P2P1-P1’, where P1
is always glutamine, P1'is serine or alanine, and P2 is a hydrophobic residue such as leucine,
phenylalanine, or valine [53, 54]. PLpro, on the other hand, cleaves after a glycine residue, a
cleavage site that is not recognized by any known human cysteine proteases, providing a
degree of selectivity for the viral protease over the human proteome [55]. Additionally, PLpro
has a dual function: in addition to cleavage of the viral polyprotein, it also cleaves host proteins,
including ubiquitin and ISG15, which modulate host cell metabolism. This function helps inhibit
the antiviral interferon response, allowing the virus to better evade the host immune system
[52].

10
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1.6.3 Structural proteins (M, N, E)

The M protein, being the most abundant structural component of the virus, is crucial for virus
assembly and membrane budding. As a transmembrane protein, the terminal domain is
outside the virus [56, 57]. After being synthesized within host cells, the M protein is directed to
the endoplasmic reticulum—Golgi intermediate compartment, where it acts as a scaffold for the
recruitment of other viral structural proteins, binding all other structural proteins [56, 57]. Co-
expression and combination of SARS-CoV-2 M protein and N protein is enough to produce
virus-like particles, highlighting the role in viral assembly [56]. In regard to the other structural
proteins, the M protein stabilizes the N protein-RNA complex in the virion and also cooperates
with S protein [57]. As for the N protein, it is the only structural protein completely inside the
virion, tightly bound to the viral RNA genome, packaging it into a ribonucleoprotein complex
[58]. The main function is mediating RNA stabilization and packaging into new virions,
although it also interacts with the RTC to facilitate RNA synthesis and translation, by recruiting
host factors and promoting RNA template switching [58]. However, this protein performs an
additional function by antagonizing host immune response, countering antiviral activities
mediated by interfering RNA, and suppressing viral RNA silencing [46, 58]. The N protein is
the most immunogenic protein in SARS-CoV-2, inducing a strong immune response by
promoting phagocytosis, complement activation, cytotoxicity of infected cells by natural killer
cells, among others [59, 60].

The E protein is a transmembrane protein, highly conserved in CoVs, with poorly understood
functions, while being the smallest major structural protein [61]. It has been suggested a
function viral lysis and the subsequent viral genome release, although it might also bind
cellular adaptor proteins, affecting pathogenesis and inducing intracellular retention of S
protein, regulating the location and conformation of the S protein [46]. By limiting cell surface
expression of the S protein, it prevents the formation of syncytia, thereby ensuring adequate
assembly of new virions [61]. Regarding viral assembly, recombinant CoVs lacking the E gene
display aberrant morphology and a strong reduction in virion production, suggesting that the

E protein is also involved in the budding of new virions [61].

1.6.4 Spike glycoprotein

The spike glycoprotein (S protein) is a class-1 fusion homotrimer protein, that extensively
decorates the viral surface, creating a crown like shape visible under electron microscopy [46].
It is highly glycosylated, and its main function is to mediate infection of target cells, by
facilitating cell fusion. However, it is also responsible for upstream target recognition and initial
binding to the human functional receptor, ACE2 [46, 62]. Each monomer is divided into an S1

binding domain and an S2 fusion domain, covalently bound in the native pre-fusion
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conformation [63, 64]. The S1 subunit, responsible for direct target recognition, contains the
receptor binding domain (RBD), that interacts with ACE2 and the receptor binding motifs
(RBM) corresponding to the residues that directly perform the interaction [64]. Each RBD can
undergo hinge like conformational changes between two possible conformations, an up and
active state, against a down and inactive state [65]. In the down conformation, the RDB adopts
an angle that hides the RBM, blocking target recognition [46]. A critical feature of the S protein
in SARS-CoV-2 is a polybasic furin cleavage site between subunits S1 and S2, cleaved by
furin and other proteases, that separate the subunits [46, 66]. Before this cleaving step, the S
protein is in a pre-fusion conformation, which blocks the S2 subunit from the extensive
conformational changes required to achieve cell infection. The “activation” cleavage allows a
separation of the S1 and S2 subunits, that initially remain bound by non-covalent interactions
in the metastable conformation. Target recognition and binding to ACE2 disrupts this state,
exposing the fusion peptide and allowing its insertion into the membrane, thereby eliciting cell
fusion and infection [42, 64, 67]. Due to this function, the S protein is deeply intertwined with
cell tropism and cell infection abilities [66]. Antibodies targeting the S protein have shown
strong neutralizing activity, with most binding the RBD and competing with ACE2, although
these can only bind to the up state when the RBM is exposed. Finally, it has the highest
mutation rates in the viral genome and shows high variability within CoVs, since it must be
adapted to each host [62, 66]. The S protein also allows cell-to-cell fusion between
neighbouring infected and non-infected cells, facilitating direct spread of the virus, thereby
avoiding virus-neutralizing antibodies, which leads to the formation of syncytia (i.e. giant,

multinucleated cells) and increased pathogenesis [10].
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Figure 6 — A) Pre-fusion conformation of the S protein, with three monomers coloured blue,
yellow, and orange, and one ACEZ2 receptor bound coloured in red B) Monomeric structure of
the S protein, showing the S1 subunit (blue), the S2 subunit (yellow), and the human ACE2
receptor (red) C) Post-fusion conformation of the S protein, with the S2 subunit isolated from
the S1 subunit, which enables the major conformational change required for viral entry into

the host cell.

1.7 SARS-CoV-2 variants

Since the emergence of SARS-CoV-2, the virus has undergone numerous mutations, giving
rise to distinct viral variants [68, 69]. Like other RNA viruses, this virus has a high mutation
rate, with a heavy focus particularly in the gene encoding the S protein, given that it is the
main target for neutralizing antibodies [68]. Some mutations can confer advantages, such as
increased transmissibility or immune evasion, and over time viral variants with advantageous
mutations can become dominant in the population, driving the evolutionary process [68, 69].
In the first year of the pandemic, SARS-CoV-2 had recently crossed over to human hosts and
was still adapting, facing a largely immune-naive population with minimal pre-existing
immunity. This created a high potential for it to evolve and develop adaptations, especially to
increase its transmissibility, although shortly after it evolved to evade immune response [68].
The WHO has classified certain SARS-CoV-2 variants as "Variants of Concern" when they
meet specific criteria, such as increased transmission or reduced neutralization by antibodies
from previous infection or vaccination [70, 71]. The first defined was variant alpha, associated
with a 50-70% increase in transmission compared to earlier strains [72]. It spread rapidly to

become dominant variant during 2021 [68]. At the same time the beta variant emerged
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demonstrating increased resistance to neutralizing antibodies, particularly in individuals
previously infected, showing virus adaptation to non-naive populations. The gamma variant
evolution revealed the combined ability to modulate immune response, and extensive
mutations in the RBD leading to reinfection events [69, 73]. Among the variants that emerged
during the pandemic, the delta variant was particularly significant, becoming the dominant
global strain due to a combination of high transmissibility and severe disease [68, 72]. At this
moment vaccination efforts were ramping and placed a strong pressure in the virus evolution,
which lead to a new variant, omicron, with an unprecedented number of mutations in the S
protein, and critically the ability to escape immune response, not only from prior infection but
also vaccination [68]. However, disease became far less severe, with increased replication
and symptoms in the upper respiratory tract. Multiple sub-lineages are still circulating,

pressured mainly by newly introduced vaccines and antibodies [68].

Table 1 — Characteristics of SARS-CoV-2 Variants: Mutations, Infectivity, Immune Evasion,

and Disease Severity

. S protein RBD o Immune Disease Severity
Variants _ _ Infectivity (a) _
mutations mutations evasion (a) (a)
~50% more o
Alpha 10 1 Moderate Similar

transmissible

~50% more _ _ _
Beta 10 3 o High Slightly increased
transmissible

~50% more
Gamma 12 3 Moderate Similar
transmissible

High
~100% more Partial _
Delta 10 2 o _ Strongly increased
transmissible vaccine
escape

~400% more Very high
Omicron 26 15 Reduced
transmissible | Reinfection

(a) relative to the Wuhan strain [68, 72, 73]

1.8 COVID-19 treatments

1.8.1 Vaccines and monoclonal antibodies
Among the various vaccines developed against SARS-CoV-2, the S protein became the

primary target due to its key role in infection and immune recognition [33, 44]. This focus led
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to the creation of vaccines designed to elicit strong immunogenic and antibody responses
against the S protein. To date, four major vaccines have been approved by the Food and Drug
Administration (FDA), and six by the European Medicines Agency (EMA) [74, 75], which have
demonstrated the ability to successfully trigger protective immune responses against SARS-
CoV-2 [76]. In the first year of widespread vaccination, the impact was profound, with an
estimated 63% global reduction in potential deaths, preventing over 14 million fatalities during
2021 alone [77]. While many vaccine platforms and targets were explored in the early phases
of the pandemic, the S protein targeted approaches proved to be the most effective,
highlighting the importance of this viral structure in both vaccine design and pandemic control
[74, 75]. With a similar focus on the S protein, monoclonal antibodies (mAbs) have emerged
as a promising fast-track therapeutic approach for COVID-19, with a mechanism of action
focused on the direct neutralization of viral entry, thereby preventing the virus from infecting
host cells [78]. This precision targeting initially showed great potential in reducing viral load
and mitigating disease severity. However, one maijor limitation of mAbs is their vulnerability to

mutations, particularly in newer variants [79].

1.8.2 Approved medicines against SARS-CoV-2

Drug development requires very long periods of research and high investments, over 10-15
years [80]. Starting with the initial identification of a promising drug, it must proceed through
preclinical and clinical trials [78, 80]. Therefore, drug development is not practical during a
pandemic, and targeted drugs would not be available for use within a short time frame,
although their development was still being actively pursued [78]. In this context, drug
repurposing provides a rapid and effective approach, using drugs already approved for other
indications to treat the current threat, in this case COVID-19. The main advantage is that these
approved drugs are already well documented regarding drug safety, pharmacokinetics and
have passed all steps required for regulatory approval [78]. During the pandemic several drugs
were tested and even received emergency approvals, such as hydroxychloroquine
(antimalaric) or remdesivir (antiviral drug originally developed for Hepatitis C). Since the
beginning of the pandemic, multiple antivirals, antibiotics, antimalaric or immunomodulatory
drugs have shown possible efficacy against SARS-CoV-2 [81].

Drug repurposing has resulted in two approved small molecule therapies for COVID-19
(molnupiravir and remdesivir), while an additional approved medicine (nirmatrelvir) was

derived from previous research during SARS-CoV outbreak (Figure 7).
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Nirmatrelvir

Remdesivir

Figure 1 — Chemical structure of approved small molecule treatments for COVID-19.

Remdesivir acts by inhibiting the RdRp and is a prodrug [82], with the active metabolite being
a nucleoside analogue of ATP, that competes with substrates to be efficiently incorporated into
nascent RNA chains, causing delayed chain termination at the post-translocation position -3.
Therefore, it terminates RNA transcription and inhibits RNA replication [83]. However, current
recommendations limit its use to early treatment in outpatients [84, 85]. Molnupiravir, which is
also a prodrug, has an active metabolite that acts as a nucleotide derivative, initially developed
to inhibit influenza A and B viruses [86]. As a nucleotide derivative, molnupiravir is incorporated
in the nascent RNA strand and is resistant to the exonuclease activity of the RdRp [87]. Once
successfully incorporated, the tautomeric nature of this molecule leads to severe replication
errors (Figure 8) [87]. The two forms of this drug mimic cytosine or uridine triphosphate, which
leads to ambiguous base-pairing, thus increasing the frequency of G-to-A and C-to-U
transition errors in the viral RNA genome, in a lethal mutagenesis mechanism [87]. It also is
limited by recommendations, with reduced benefits in hospitalized patients with severe
disease [88], while the mutagenic effect is also observed in mammalian cells, hence why its
approval is only for short-term use (less than 5 days) and is not recommended for pregnant

women or young patients [89].
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Figure 2 — A) Tautomeric forms of molnupiravir active metabolite. B) After integration in
nascent genomic strain, molnupiravir can change between tautomeric forms, leading to
binding and integration of either guanidine or uridine, and to severe replication errors.

Molnupiravir (A): Hydroxylamine form; Monupiravir (B): Oxime form.

The mechanism of action of nirmatrelvir is based on its activity as a protease inhibitor targeting
Mpro, harbouring a nitrile warhead that covalently binds to the catalytic pocket [55, 79].
Importantly, it is a broad-spectrum antiviral, inhibiting human CoVs, including multiple SARS-
CoV-2 variants [55]. The discovery and development of this molecule was accelerated greatly
by previous research focused against SARS-CoV, initially suspended when this outbreak
subsided in 2003 [79]. Given the 100% sequence homology across substrate-binding sites in
SARS-CoV and SARS-CoV-2 Mpro, nirmatrelvir was identified after pharmacokinetic
optimization and submitted to clinical trials [79]. The state of public emergency declared
worldwide justified the accelerated development of new drugs, which resulted in a short period
of 22 months (March 2020 to December 2021) to market authorization [79]. The greatest
limitation of nirmatrelvir is the frequency of drug—drug interactions, while resistance inducing

mutations have already been identified [79].

1.8.3 Investigational or experimental medicines
Among other potential repurposed drugs that received attention earlier in the pandemic some
can be highlighted, particularly, ivermectin, hydroxychloroquine and azithromycin [90]. A clear

case of the challenges with repurposing drugs is highlighted by this triad of candidates that
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were focused early on the pandemic [91]. In several studies, they showed a strong ability to
inhibit viral infection in cell based in vitro studies, and they were used off-label due to this [92].
However, further research showed that cationic amphiphilic drugs (including
hydroxychloroquine and azithromycin) induce phospholipidosis, which can be misinterpreted
as antiviral efficacy [93]. As for ivermectin, the concentrations reported in successful
experiments are far higher than what can be safely reached in human plasma, with standard
dosages of ivermectin [94]. Further clinical trials have not supported ivermectin's efficacy as
an antiviral treatment for COVID-19 [84, 95].

Implementation of repurposed drugs also shows some limitations, with candidate drugs
requiring rigorous assessment in preclinical and clinical studies, particularly when the
mechanism of action is not clear. Even when repurposing other antiviral drugs, the challenge
remains difficult, with trial-and-error efforts to affect RNA synthesis, given the variability of
mechanisms used by different virus [79]. For CoVs the unique exonuclease activity of the
RdRp eliminated many candidates, while antivirals targeting DNA polymerases lack the
rational to be functional, with the same limitations present with protease inhibitors, where low
protease similarity limits activity, such as HIV [79]. It is important to note that while repurposing
candidates show promise, their use should be restricted to clinical trials, and off-label use
should be avoided until sufficient and robust evidence supporting their efficacy and safety is
available [93].

1.9 Computational approaches in antiviral research

The development of antiviral drugs, particularly for SARS-CoV-2, requires a detailed
understanding of viral structures and the mechanisms by which they interact with host cells
[80, 96]. While drug repurposing has provided a rapid solution to identify potential antiviral
candidates, structure-based drug design, through computational methods, offers a more
targeted and cost-effective pathway to develop specific therapies against SARS-CoV-2 [80,
96, 97]. These computational techniques enable the rational identification of binding sites on
viral targets and the design of highly specific drugs to target these sites effectively [96]. Unlike
repurposed drugs, which are typically characterized by suboptimal efficacy or off-target
effects, structure-based drug design allows the identification of novel scaffolds tailored to viral
targets, enhancing drug potency and reducing the potential for resistance development [97].
Furthermore, iterative cycles of computational simulations and structural refinement can
enhance the pharmacodynamic and pharmacokinetic properties of drug candidates, thereby
optimizing their efficacy and safety profiles. Past successes in antiviral drug design, such as
Oseltamivir for Influenza virus and HIV protease inhibitors, highlighting the value of rational

drug design aided by structural insights, from technologies like X-ray crystallography and cryo-
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electron microscopy (Cryo-EM) [80, 98, 99]. These methodologies have been instrumental in
identifying small molecules that disrupt viral functions, transforming an infectious disease like
AIDS from a fatal condition to a manageable chronic iliness [96, 99]. Lessons learned from
these past efforts highlight the potential of structure-based drug design in the fight against
SARS-CoV-2, providing hope for targeted and effective therapies.

1.9.1 Molecular modelling and molecular dynamics

Molecular modelling is the creation of models of molecules, involving all methods, theorical or
computational, to simulate and study their behaviour in molecular systems. In these systems,
molecules are typically represented as mechanical entities in which particles are connected
by bonds, that can rotate or vibrate into favourable conformations in response to external
forces, such as van der Waals interactions or electrostatic forces [80, 96, 100]. These systems
are dynamic, characterized by continuous movement and interactions, and rely on iterative
predictions, with the assumption that any future state of the system is determined based on
the current state. The process involves integrating equations of motion and performing
calculations into very short time steps, typically on the order of one femtosecond. Although
these calculations can be performed by hand, the complexity of even small molecular systems
inevitably requires computational resources [101]. At each step, the forces acting on each
atom are computed and combined with their current positions and velocities to generate
updated positions and velocities. The result is a trajectory that captures the dynamic changes
in the system over time [80, 101]. Molecular dynamics (MD) simulations are a computational
approach to this problem, allowing estimations in complex systems, that cannot be solved
analytically [80]. Although static representations from crystallography provide valuable
structural snapshots, they may lack the dynamic information needed to understand biological
activity fully. MD simulations gather data on the physical movements of atoms and molecules,
including molecular geometries, mean atomic fluctuations, local fluctuations, binding
interactions and free energy calculations, providing insights where static images are limited
[80, 100].

1.9.2 Molecular docking

Docking is a molecular modelling technique used to predict the preferred orientation (or pose)
of a molecule within a defined receptor target. Following principles similar to molecular
modelling, molecular docking aims to identify the pose that minimizes total binding energy,
while achieving favourable bond angles and torsions [80, 101, 102]. Given that organic
molecules have many conformational degrees of freedom, it is challenging to find the optimal

conformation that aligns with the receptor in a reasonable time frame [80]. Docking is
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particularly valuable in small molecule structure-based drug design since it predicts the binding
conformation of small molecules in target binding sites, as well as binding affinity, accelerating
the search for effective drugs [102, 103]. Despite progress, no single algorithm efficiently
balances docking quality and speed, so the most effective procedures are typically iterative

and apply multiple docking techniques [103, 104].

1.9.3 Scoring functions

Scoring functions (SF) are essential in molecular docking, addressing two key challenges:
identifying the ligand's binding mode on the site and predicting the binding affinity, enabling
ranking of potential ligands for virtual screening analysis [96]. Each SF type approaches these
tasks differently, and they can be broadly divided into four categories: physics-based,
empirical, knowledge-based, and machine-learning-based [96, 105]. Physics-based SFs
calculate binding energies using force fields, considering cumulative effects of van der Waals
and electrostatic interactions between protein-ligand atom pairs, while empirical SFs estimate
binding affinity by summing energetic factors (e.g., hydrogen bonding, hydrophobic
interactions) from experimentally determined affinities, making them computationally more
efficient but potentially less accurate for complex structural changes [96, 105]. Knowledge-
based SFs use experimentally determined molecular structures and statistical potentials
derived from known molecular interactions to refine models and predict interactions,
leveraging patterns from atomic interactions and structural motifs [105], while machine
learning-based SFs utilize large datasets of protein-ligand interactions, incorporating
structural, physicochemical and binding affinity data. By learning complex data patterns, these
models often achieve higher accuracy, though they require large, high-quality datasets and
can be computationally demanding [96, 106]. In addition to types of scoring functions,
consensus-scoring functions offer an improved approach by combining the strengths of
multiple scoring types [96]. This technique involves rescoring predicted poses multiple times
using different scoring functions and then integrating these results to rank solutions [96]. By
pairing functions that excel at differentiating active and inactive compounds, with those that
better identify correct binding poses, it enhances the reliability of predictions, by balancing
strengths and compensating for individual limitations, making consensus scoring a valuable

tool in structure-based drug design [96].

1.9.4 Drug discovery strategies
Virtual screening (VS) is a computational technique used in drug discovery to identify potential
drug candidates from large chemical libraries by evaluating their likelihood to bind a target of

interest, such as a protein or enzyme. It offers an efficient and cost-effective alternative to
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high-throughput screening, which requires experimentally testing large numbers of
compounds [103, 107]. The basis of structure-based VS is molecular docking, the most widely
used method for prioritizing compounds based on their binding affinity to a biological target
[80, 107]. The key for the VS is, then, the correct prediction of the binding mode and binding
efficiency of the ligand [96, 107]. However, while VS serves as an effective tool to identify
potential hits, the most costly and time-consuming phase in pre-clinical research occurs
between the identification of a hit molecule and its optimization into a clinical candidate. This
is an iterative process, with a strong empirical basis that requires the design, synthesis and
testing of hundreds to thousands of compounds, over several years [80]. The key to identify
new analogues with better properties are structure—activity relationships (SAR), relating
structural modifications to biochemical properties [80]. The experimental synthesis of
thousands of compounds and their subsequent evaluation for biological activity is both
financially and logistically expensive. In contrast, computational methods, particularly the
quantitative structure—activity relationship (QSAR) approach, can rationalize the synthesis
process and significantly reduce costs in drug discovery [80, 108]. QSAR is a computational
approach that quantifies the relationship between a drug's physicochemical properties and its
biological activity, as well as its molecular properties, such as dipole moment and
hydrophobicity, thereby evolving into an essential tool in computer-assisted drug discovery
[108]. Furthermore, QSAR approaches can assess biological properties related to absorption,
distribution, metabolism, excretion, and toxicity, as well as predict changes in potency based
on structural modifications. This is based on the similarity-property principle, which posits that
structurally similar compounds tend to exhibit similar biological effects [109]. This principle
underlies the rationale for linear QSAR models, where gradual structural changes correlate
with gradual alterations in potency. Similar compounds share a common core, which allows

for predictable potency variations resulting from small substitutions [110].
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Chapter i

Objectives and

Aims

“The greatest discoveries often lie not in finding new things, but in seeing familiar things in
new ways”

Alexander Fleming
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2.1 Objectives

2.1.1 General objective

In early 2020, research on SARS-CoV-2 primarily focused on understanding its origins and
genetic makeup, with a particular emphasis on viral phylogenetics and mutations, to better
comprehend the viral crossover event. However, as the pandemic spread across the world
and the socioeconomic impacts became more pronounced, the research focus quickly shifted
to potential new therapies, with drug repurposing at the forefront of this effort. Although
emergency approved drugs were used throughout the first months, many quickly had their
efficacy disproven, while three received authorizations for COVID-19. Nevertheless, none of
these targeted the most important protein involved in viral recognition and infection: the S
protein. This target has been successfully explored in vaccine research and for antibody
therapies, but no small molecules had been approved, highlighting a research gap that this
thesis sought to address.

The main aim of this thesis was to explore the SARS-CoV-2 spike protein and its role in viral
entry into host cells, with the ultimate goal of exploring new molecular targets for therapeutic
development. By investigating these mechanisms, new bioactive scaffolds that could inhibit
spike-mediated entry may provide potential antiviral strategies for SARS-CoV-2 and related

coronaviruses.

2.1.2 Specific Objectives

At the outset of this study, the S protein had not been fully identified, with its behaviour
remaining only partially understood. Therefore, the first objective of this thesis was to
understand the virus host interaction, and based on this, discover novel scaffolds with antiviral
activity. To address this overall objective, it was divided into two specific, sequential objectives,
each designed to contribute to the identification of potential targets and guide the development

of viral inhibitors.

Exploration of S protein and identification of pharmacological targets

The S protein of SARS-CoV-2 plays a critical role in viral entry by binding to the ACE2 receptor
on host cells. Understanding the structure and dynamic behaviour of the S protein is crucial to
identify regions that are essential for this interaction and potential promising sites for
pharmacological exploration. This objective focused on an in-depth analysis of the virus-host

interaction, namely the important contacts and how this interaction can be modulated.
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Additionally, it aimed to elucidate how the binding of ACE2 affects S1/S2 interaction, the

importance of this interaction in cell fusion and how mutations can influence infectivity.

Hit molecule identification and optimization

The most promising target identified previously was explored with virtual screening studies,
using commercially available libraries of small molecules. The goal was to discover potential
molecular scaffolds for further experimental evaluation, that could potentially bind the
proposed targets and disrupt S protein-ACE2 and thereby affect the viral lifecycle, providing a

foundation for the development of novel antiviral therapies targeting SARS-CoV-2.

2.2 Outline of the thesis

The research described in this thesis followed a step-by-step approach, with the results
organized in four scientific manuscripts. Three of these are already published in peer-reviewed
international scientific journals, while a fourth is currently in review stage.

The results of this thesis are reflected in the published and submitted articles, with a chapter
corresponding to each objective. In the first chapter the structure of the S protein is discussed,
along with multiple identified targets and their potential for further exploration, culminating in
the selection of one target to be the focus on the project. In the second chapter, the selected
target was explored through molecular dynamics simulations providing further insights into the
stability and dynamics of the protein-ligand complexes. These insights enabled VS studies,
which involved the identification of potential binding compounds based on their interaction
profiles and experimental validation. This was followed by an optimization stage for the most
active scaffold, with structural modifications were made to enhance binding affinity and study

structure activity relationships.

2.2.1 Exploration of S protein and identification of pharmacological targets
¢ Queirés-Reis, L; Gomes da Silva, P; Gongalves, J; Brancale, A; Bassetto, M; Mesquita,
JR SARS-CoV-2 Virus—Host Interaction: Currently Available Structures and
Implications of Variant Emergence on Infectivity and Immune Response. Int. J. Mol.
Sci. 2021, 22, 10836. https://doi.org/10.3390/ijms221910836

2.2.2 Hit Molecule Identification and optimization
¢ Queirdés-Reis, L; Mesquita, J; Brancale, A; Bassetto, M (2023). Exploring the Fatty Acid
Binding Pocket in the SARS-CoV-2 Spike Protein - Confirmed and Potential Ligands.

Journal of chemical information and modeling. 63. 10.1021/acs.jcim.3c00803
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Queirés-Reis, L; Alvites, R; Mauricio, AC; Brancale, A; Bassetto, M; Mesquita, JR
(2024). Disrupting SARS-CoV-2 Spike Protein Activity: A Virtual Screening and Binding
Assay  Study. International  journal of molecular sciences, 26(1), 151.
https://doi.org/10.3390/ijms26010151

Queirés-Reis, L; Alvites, R; Mauricio, AC; Brancale, A; Bassetto, M; Mesquita, J.R.
(2024). In silico discovery of a novel antiviral scaffold for SARS-CoV-2 targeting the
spike glycoprotein through the fatty acid binding pocket. ACS Omega
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Results

“The reward of the young scientist is the emotional thrill of being the first person in the
history of the world to see something or understand something”

Cecilia Payne-Gaposchkin
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3.1 Exploration of S protein structure and behaviour
3.1.1 SARS-CoV-2 Virus—Host Interaction: Currently Available Structures and

Implications of Variant Emergence on Infectivity and Immune Response
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Abstract: Coronavirus disease 19, or COVID-19, is an infection associated with an unprecedented
worldwide pandemic caused by the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-
CoV-2), which has led to more than 215 million infected people and more than 4.5 million deaths
worldwide. SARS-CoV-2 cell infection is initiated by a densely glycosylated spike (S) protein, a
fusion protein, binding human angiotensin converting enzyme 2 (hACE2), that acts as the functional
receptor through the receptor binding domain (RBD). In this article, the interaction of hRACE2 with the
RBD and how fusion is initiated after recognition are explored, as well as how mutations influence
infectivity and immune response. Thus, we focused on all structures available in the Protein Data
Bank for the interaction between SARS-CoV-2 S protein and hACE2. Specifically, the Delta variant
carries particular mutations associated with increased viral fitness through decreased antibody
binding, increased RBD affinity and altered protein dynamics. Combining both existing mutations
and mutagenesis studies, new potential SARS-CoV-2 variants, harboring advantageous S protein
mutations, may be predicted. These include mutations S131 and W152C, decreasing antibody binding,
N460K, increasing RDB affinity, or Q498R, positively affecting both properties.

Keywords: SARS-CoV-2; Spike protein; hACE2; protein structures

1. Introduction

Coronavirus disease 19, or COVID-19, is an infection associated with an unprece-
dented global pandemic caused by the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), which resulted in more than 215 million infected people and more than 4.5
million deaths [1-3]. SARS-CoV-2 was first identified in December 2019 in Wuhan, Hubei
province of China, in individuals exposed at a seafood /wet market and was successfully
isolated and sequenced in January 2020 [1]. Genetic evidence suggests that the virus origi-
nates from animals, particularly bats, as SARS-CoV-2 has 96% sequence identity to a strain
found in bats (BatCov RaTG13), possibly having pangolins, minks, turtles, or snakes as the
intermediate host [1,4].

Coronaviruses (CoVs) are a group of RNA viruses belonging to the subfamily Ortho-
coronaviridae that cause disease in a variety of domestic and wild animals (e.g. porcine,
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bovine, feline and avian, and bat and whale strains) [5]. A defining characteristic in all
CoVs is the crown-like viral particle, from which their name is derived [6,7]. It consists of
three major structural proteins (spike, membrane, and envelope), that protrude from the
viral envelope and have a critical function in cell recognition and fusion [6]. Additionally,
the nucleocapsid (protein N) binds and stabilizes the viral genome (Figure 1) [8].

Single strand !!
positive RNA and o _, Spike
nucleocapsid @ protein
—+ Membrane
b protein
h * Envelope
X protein

""".-1“

Figure 1. Representation of SARS-CoV-2 main structural proteins.

Lipid Bilayer

Furthermore, they have the second largest RNA viral genome, a positive sense genome
of single-stranded RNA (+ssRNA), with an average size of 30 kb [9]. Importantly, CoVs
have a large genome with a high mutation rate (one nucleotide per 1000 to 10,000 nu-
cleotides replicated), associated with the RNA dependent RNA polymerase, and a random
template switching during RNA duplications, that causes a high frequency of homologous
RNA recombination [5]. These characteristics are responsible for the special plasticity of
CoVs when it comes to accommodating and modifying genes, explaining the broad range
of hosts infected by them [5].

Taken together, these factors have led to a diversity of strains and genotypes highly
adaptable to new hosts and ecological niches, causing major zoonotic outbreaks [5].

SARS-CoV-2 is transmitted via aerosols or droplets, typically within one metre or in
poorly ventilated and /or crowded indoor settings, and possibly by touching contaminated
and eyes, nose, or mouth, with both symptomatic and asymptomatic patients being the
main source of infection [1,10]. The immune response appears to be characteristic of
each individual, with a unique collection of antibodies (Abs) and varying efficacy of viral
neutralization potency observed [11].

Over time, numerous SARS-CoV-2 variants have been reported, differing by one or
more mutations from the first virus sequenced, the so-called original virus variant, which
corresponds to the Wuhan strain [12]. Some of these have been classified as variants of
concern (VOC), defined by their features, such as increased transmissibility, virulence
and disease severity, decreased Ab neutralization or vaccine efficiency and/or errors in
current detection protocols [13-15]. The list of variants of concern is frequently updated
according to new information, by the Centers for Disease Control and Prevention (CDC),
World Health Organization or the European Centre for Disease Prevention and Control
(ECDC) [14-18]. Additionally, some variants are classified as variants of interest (VOI),
characterized by mutations with predicted negative features, although with insufficient
evidence, by limited prevalence or epidemiological data suggesting an emerging risk to
public health [14-16]. Variants can also be de-escalated, particularly if they cease to circulate,
if, despite circulating, they have a negligible effect on the epidemiological situation or if
scientific evidence shows no concerning features (Table 1) [14].
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Table 1. List of variants currently or in the past considered as variants of concern or variants of interest.
WHO Pango Effects on Immune Current
Label Li 8 Origin Infectivity R Clinical Relevance Classification References
abe ineage esponse (CDC/WHO/ECDC)
Alpha B.1.17 United Kingdom S0% increased Minimal impact Increased severity VOC | VOC | DE [14,16]
Sep-2020 transmission
Beta B.1.351 South Africa 50% mcrea.sed Significant r.edu-ctlon in Reduced susceptibility to VOC | VOC | VOC [19-22]
May-2020 transmission neutralization treatment
Japan/Brazil Potential increased Significant reduced Significantly reduced g
Gamma Pl Nov-2020 transmissibility’ neutralization susceptibility to treatment VOC TVOC T VOC [22-25]
India Increased Significant reduction in Reduced susceptibility to
Delta B.1.617.2 Oct-2020 transmissibility neutralization treatment VOC 1 VOC 1 VOC [14,16]
Epsilon B.1.427/B.1.429 Seg-SZgZO Unclear Reduced neutralization No effect reported NA | NA | DE [14]
Brazil Potential reduced
Zeta P2 Nov-2020 No effect reported neutralization! No effect reported NA | NA | DE [14]
Nigeria Potential reduced Potential reduced
bta B.1.525 Dec-2020 No effect reported neutralization' susceptibility to treatment! VOI [ VOl | DE 4]
Philippines Potential increased Potential reduced
Theta b3 Jan-2021 transmissibility’ neutralization’ No effect reported NA I NA I DE [14]
USA N Potential reduced
Iota B.1.526 Dec-2020 No effect reported Reduced neutralization susceptibility o treatment! VOI | VOI | DE [14,16]
India Potential increased Potential reduced Potential reduced
Kappa B.1.617.1 Oct-2020 transrnissil;)ility1 neutralization! susceptibility to treatment! VOL | VOI | DE [14,16]
Peru Potential increased  Significantly reduction in
Lambda C.37 Dec2020 transmissibility1 neutralization No effect reported NA | VOI | VOI [14,26]
Mu B.1.621 Colombia Potentlal nttcr‘e.as?d Reduced neutralization No effect reported NA | VOI | VOI [14]
Jan-2021 transmissibility

Abbreviations: VOC—variants of concern. VOI—variants of interest. DE—deescalated. NA- not available. Note: ! Potential effect is predicted from the mutations present and their effect in previous studies. Not

directly observed in the variant.
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Glycoprotein: Cell Recognition and Infection

As with all CoVs, SARS-CoV-2 cell infection is initiated by a densely glycosylated spike
(S) protein, a trimeric class I fusion protein that binds to human angiotensin converting
enzyme 2 (hACE2), acting as the functional receptor [1]. hRACE2 expression is ubiquitous
in the human body and although the degree of expression varies between organs, it is
at its highest in type II alveolar epithelial cells in the lungs, which indicates the primary
target for the virus [27]. In addition, hACE2 expression is also high in other tissues, such as
myocardial cells, kidney and enterocytes, which explains less common symptoms as well
as the multiorgan injuries observed in severe cases [27].

In general, the S protein exists in two main conformations, prefusion and post-fusion,
requiring major structural rearrangements after recognition to promote cell fusion [28].
The S protein consists of two subunits (S1 and S2) responsible for cell recognition and mem-
brane fusion, respectively [1]. Although S1 and S2 are originally covalently bound, there is
a cleavage site between the subunits, where host serine proteases, such as furin, transmem-
brane protease serine protease 2 (TMPRSS2) or cathepsin L, cleave the protein [1,11,28].
Notably, TMPRSS?2 is co-expressed with hACE2 in nasal epithelial cells, lungs and bronchial
branches [11]. When the S1 and S2 subunits are cleaved, the protein is activated and can
undergo the necessary conformational changes to achieve the post-fusion conformation
and consequently enable cell infection (Figure 2) [1,28].

(A)

(B) ©

Figure 2. (A) Single chain in trimeric spike protein with subunit S1 (Tan) and S2 (Cyan) in 7A94. (B) Post-fusion conformation
of all S2 units in the trimeric spike in 6LXT. (C) S1 subunit, with the RBD highlighted in 7A94 [29].

36

The S1 subunit formed of the N-terminal domain (NTD) and a receptor binding
domain (RBD) that directly interacts with hACE2. Therefore, it is considered a key target
for antivirals and neutralizing Abs, accounting for 90% of the neutralizing activity in
convalescent sera [1,30-32]. Despite the low percentage of NTD-directed Abs, some are
still potent inhibitors [32]. The NTD and two neighbouring regions, namely a 3-hairpin
(residues 140-158) and a loop (residues 245-264), are collectively termed an antigenic
supersite, where NTD directed Abs bind [32]. The NTD-directed Abs neutralizing activity
is due to both viral entry blocking and also limiting cell-to-cell spread of the virus [32].

Regarding the RBD, it can be further divided in two structural domains, a highly
conserved core, and a variable external subdomain that binds hACE2 [1].
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Subunit S2 contains two heptad repeats, a transmembrane domain, a cytoplasmic
tail, a central helix, and the fusion peptide that is critical for the main function of S2 of
merging the host and viral cell membranes (Figure 2) [31]. Additionally, N-linked glycans
are extensively present along the molecule and are essential in proper folding [1,31].

Even if the S protein is activated through the cleavage process, the RBDs can still
be inaccessible for interaction [28]. Each RBD can be either down (closed conformation),
inaccessible for interaction, or up (open conformation). The open conformation is the
necessary state for recognition, with the recognition motifs protruding from the S protein

(Figure 3) [1,28].

Yevy

(A)

(B) (© (D)

Figure 3. Spike protein conformations, with each spike monomer is represented by a colour (blue, red, gray). (A) All RBD
down (PBD 6VVX) (B) 1 RBD up (PDB 7A94) (C) 2 RBD up (PDB 7A97) (D) All RBD up (PDB 7A98) [33].
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To engage the host cell receptor, the RBD undergoes hinge-like conformational changes,
transiently switching from a down conformation, to a less stable up conformation. Each
RBD is capable of individually changing its conformation (Figure 3) [28]. When ACE2
interacts with the RBD, it binds tightly and stabilizes the up conformation [1,34].

In this review, the interaction of hACE2 with the RBD is explored, namely the im-
portant contacts between proteins and how this interaction can be modulated to increase
affinity or reduce Ab binding. Additionally, we will also try to elucidate how the binding
of hACE2 affects S1/S2 interaction, the importance of this interaction in cell fusion and
how mutations can influence infectivity and immune response. This information may be
important to predict or explain the changes in infectivity or immune response for new
variants, which has been studied for the SARS-CoV-2 Delta variant, currently becoming
the most prevalent variant worldwide [35].

A total of 37 structures were selected, three of which are complexes that, despite
involving the SARS-CoV-2 S protein, also have an Ab or non-human ACE2, and therefore
would not reliably represent the critical interactions between the virus and the human
protein. The remaining structures can be broadly divided into two categories: studying
the RBD-hACE?2 interaction or full spike protein behaviour, focusing on the conformation
changes from recognition to fusion (Figure 4) [21]. Furthermore, some structures also have
hACE2 in a complex with broad neutral amino acid transporter 1 (BOAT1), which stabilizes
hACE2 homodimers [36].
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interaction (n=11) (n=23)
Structures in varying Structures with Exploring conformational changes
Structures with acidic conditions: engineered proteins (n=12)
truct with n
e mutations (n=4) 7KNE; 7KNB; 7TKNH (n=5)
: TKNI, TKMS; TKMZ \
/ \ E-:‘g;‘lréegezreu Engineered hACE2 binding Trypsin cleavage
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hAE’OE‘,E":?e“‘An Focused RBD- Engineerad Existing mutations T.,C,‘Eg ;:ji TLTF TA93 TA94, infectivity 7DX5; TDX6.
hACE2 interaction mutations: 7L04: TNXC TAQ5; TA96 TDF4 7TDX7, 7TDX8
sM17 6MOJ; 6LZG; 6YW1 7DMU; 7TBHY TAQT, TA98 70X9

Dissociated S1
domain
TA92; TA91, TKMB

Figure 4. Organizational scheme of all structures found in this review. Molecular graphics analyses were performed with
UCSF Chimera and Visual molecular dynamics [29,33]. A homology model for the S protein of SARS-CoV-2 Delta variant
was created using SWISS-MODEL [37].

38

2. Discussion
2.1. SARS-CoV-2 Spike RBD — hACE2 Interaction
2.1.1. Structures with No Mutation

The RBD/hACE?2 interaction structures represent the domains of both proteins that
contribute to this interaction, providing the basis for computational protein-protein in-
teraction studies, mutation analysis, drug design and computational models of the full
spike protein, as it is harder to maintain a similar resolution for significantly larger struc-
tures [38-41].

The structures used for these analyses represent the wild-type SARS-CoV-2 S pro-
tein/ ACE2 interaction without mutations (PDB 6VW1/6M0] /6LZG), with an Root Mean
Square Distance (RMSD) of 0.32 A between them (Figure 5) [39,42].

Figure 5. Alignment and superposition of the models representing the interaction with no mutations

(PDB 6VW1/6MOJ/6LZG) [33].



Chapter Ill — Results

Int. ]. Mol. Sci. 2021, 22, 10836

7 of 18

Consistently, in all structures focusing on this interaction in wild-type SARS-CoV-2
S protein, the contact interface is divided into two clusters at both ends of the «1 helix in
hACE2, leaving a central cavity filled with water [40,43]. In these sections, there are over
10 H-bonds, multiple salt bridges, m-stacking and non-polar interactions [36,40,43].

In the N-terminal portion of the «1 helix, a network of H-bonds is present between
GIn493, Gly496, GIn498, Thr500 and Asn501 from the RBD and Lys31, His34, Glu35, Tyr41,
GIn42, Leu45, Lys353, and Arg357 from hACE2 (Figure 6B) [43]. Additionally, in the
C-terminal portion there are H-bonds (GIn474-GIn24, Asn487-Tyr83), Van der Waals forces
(Phe486- Met82) and m-stacking interactions (Tyr489-Phe28, Phe486-Tyr83), with more
interactions through the middle cavity (Lys417/Tyr453 from RBD and Asp30/His34 from
hACE2) (Figure 6C) [36,44].

IR

/5 gy ‘\‘ \
VA 7)ne.

©

Figure 6. Interface between SARS-CoV-2 S protein RBD (cyan) and hACE2 (tan), in the S protein/ ACE2 interaction without
mutations structure (PDB 6MO0]). (A) Full view of RBD—hACE2 interface (B) N-terminal portion of the «1 helix with a
network of H-bonds (C) C-terminal interactions, with 7t-stacking interactions, h-bonds and Van der Waals forces [29].

39

Some structures also focus the RBD without mutations (PDB 7ZKMB/7A91/7A92),
nevertheless they are reported in studies describing the behaviour of the entire spike
protein, where the interaction region was built from non-mutated RBD focused structures
(PDB 6VW1/6M0J/6LZG) [39,45].

Determining the structure of full-length human ACE2 bound to the RBD (PDB 6M17)
requires the use of an amino acid transporter (BOAT1) to stabilize the protein. When
bound to BOAT1, each hACE2 can bind an RBD, suggesting that native dimeric hACE2 can
accommodate two S protein trimers [36] Moreover, BOAT1 is not involved in dimerization,
thus hACE2 may be a homodimer even in the absence of BOAT1 [36]. Critically, the distance
between the ACE2 molecules, particularly for residue D615, is only 53 A, and thus it
appears unlikely that the dimeric ACE2 can engage more than one RBD from the same
spike protein without substantial conformational changes, although it could bind two RBDs
from separate viral particles [46].
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2.1.2. Structures with Mutations

The main goal of determining the structure of a focused RBD without mutations is to
understand the behaviour of the wild-type strain and to describe the main interactions of
the S protein with hACE2 [43]. When introducing mutations or studying different strains,
the goal may be to obtain new therapeutic agents based on either hACE2 or S protein, and
to understand why new strains behave differently [23,24,41,47].

The four structures that focus the RBD and have mutations can be further catego-
rized according to the aim of finding new anti-SARS-CoV-2 therapeutic agents (PDB
7DMU/7BHY), or to study mutations in new strains (PDB 7NXC/7LO4).

An hACE2 with mutations to increase the affinity to the viral protein was developed as
an anti-SARS-CoV-2 therapeutic agent (PDB 7DMU), achieving more than 100-fold increase
in blocking activity, when compared to the wild-type hACE2 [41].

The interaction pattern of engineered hACE2 with the RBD is similar to wild-type
hACE2, extending a hydrophobic pocket and adding a new H-bond (K35 - Q493, from
hACE2 and RBD, respectively), shortening the distance between hACE2 «1-helix to the RBD
by ~1A [41]. The use of recombinant hACE2 instead of Abs has an important advantage,
given that the resulting mutants with escape mutations have decreased binding affinity to
both the engineered and wild-type hACE2, leading to a decrease in virulence [41].

On the other hand, developing a competitive inhibitor from the RBD also holds
potential for significant inhibition, particularly as the affinity of the inhibitor with the
hACE2 is increased. The RBD inhibitor with the highest binding affinity found (PDB 7BH9)
has a RSMD of 0.66 A when superimposed with the wild type [38]. It was developed from
multiple libraries of SARS-CoV-2 clones generated by random mutagenesis and selection
of best expressing clones, with several cycles of mutation and testing, attempting to mimic
natural evolution in vitro [38].

The mutated RBD (PDB 7BH9) presents, among others, eight amino acid changes
actively engaged in the interaction with hACE2, namely V445K, N460K, 1468T, T470M,
S477N, E484K, Q498R and N501Y. These changes result in additional H-bonds, salt bridges
and increased networks of interactions, both stabilizing the structure and resulting in
a more positive surface, complementary to the negatively charged hACE2 interaction
interface (Figure 7) [38]. The engineered protein can block viral entry and replication, due
to an optimized binding, while maintaining no negative effect in the hACE2 enzymatic
physiologic activity [38].

Although the optimized structure shows a possible path to design inhibitors, it is
noteworthy which mutations are appearing and the sequence in which they appear. Some
of the mutations present in the optimized RBD are also present in new variants as critical
mutations in variants of concern, appearing often and early in the mutagenesis process,
particularly mutations N501Y (variants Alpha, Beta and Gamma) and E484K (variants Beta
and Gamma) [48-50]. This may suggest that the in vitro process is possibly mimicking
natural evolution, and that artificial selection may have important predictive capabilities
over new emerging mutations [41,48,49].Considering the main variants in circulation, only
one mutation providing a clear survival advantage is located outside the RBD (mutation
D614G, discussed in more detail ahead) [38,51]. The most common mutations appearing
in the later phases, suggest that the next variants with increased infectivity might include
mutation Q498R or N460K, as they both significantly increase the affinity and emerged late
in the optimization process [38].

Besides predicting potential mutations, the optimized structure may also predict the
effect on immune evasion. Analysis of 96 Abs revealed that 28 of them bind outside of the
hACE2-binding domain, and the interaction was impaired in 9 Abs with major clashes.
Additionally, mutation Q498R, besides increasing the affinity with hACE2, was frequently
involved in clashes with Abs [38].

Regarding natural occurring mutations, two structures are available, a strain with
mutation G485R and variant Gamma.
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Figure 7. Superimposition and alignment of wild-type RBD and hACE2 (PDB 6LZG) (light blue) and
mutated RBD (PDB 7BH9) (hACE2—dark blue ribbon/SARS-CoV-2 S protein—grey ribbon). The
closer distance between the chains from the initial to the optimized model reflects the additional
interactions established [33].

In the structure with mutation G485R (PDB 7LO4), residue 485, mutating from glycine
to arginine, is not directly involved in the hACE2-SARS-CoV-2 S protein interaction, but
close to Ab binding epitopes and in a loop region that makes multiple contacts with hACE2.
This mutation leads to a rotation in the loop, affecting some interacting residues without
significantly reducing the affinity [47]. Nevertheless, the conformational changes in the
loop correlate with previous evidence that this mutation plays a role in antigenic escape
from neutralising Abs, disrupting interactions involving E484 and F486 (Figure 8) [47].

Figure 8. Structural superimposition between the wild-type RBD (Tan) (PDB 6M0]) and with the
G485R RBD mutation (Cyan) (PDB 7LO4), with conformational change in the highlighted loop. The
RMSD between structures is 0.42A [29].

Variant Gamma (PDB 7NXC), has been a cause for concern since it emerged in Brazil in
the final months of 2020, showing increased transmissibility and low cross immunity [23,50].
One of the defining characteristics of this variant is the high number of mutations, par-
ticularly in the spike protein, with three mutations specific to the RBD (K417T, E484K
and N501Y), that lead to a 19-fold increase in affinity compared to the Wuhan strain [50].
Mutation K417T deletes a salt bridge with D30 from hACE2, potentially leading to a
decreased affinity. Critically, it hinders Ab binding, contributing to the immune escape
observed with this strain [24,52]. The increased affinity is due to both mutation E484K,
improving the electrostatic complementarity with the negatively charged hACE2, through
the change from a carboxylic acid (E) to an amine group (K), and mutation N501Y creating
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an additional ring stacking interaction, with the change from the short-chained asparagine
to the aromatic chained tyrosine (Figure 9) [24].

41.B

Figure 9. Asparagine-501 from wild-type RBD (PDB 6M0]J, carbon atoms in blue) and tyrosine-501
from Gamma variant (PDB 7NXC, carbon atoms in yellow), capable of establishing an additional
pi-stacking interaction with tyrosine-41 from hACE2 (bottom) [29].

2.1.3. RBD Only Structures—Final Remarks

The interaction interface and critical contacts between hACE2 and SARS-CoV-2 S pro-
tein are well understood. Besides having quality structures available, mutations to the RBD
critical amino acids result in predictable and replicable changes in binding affinity [38,40].
When considering the differences between the wild-type RBD (PDB 6VW1/6M0]/6LZG)
and the optimized RBD (PDB 7BH9), there is a path for increased binding, infectivity,
and potential new variants. Some changes in the optimized RBD required two nucleotide
mutations, which takes longer in natural selection [38]. Importantly, N501Y and E484K
were present, emerged frequently in earlier stages and have already been found in emerg-
ing variants, suggesting some predicting potential for possible new variants [24,38]. The
selection of new strains may also be related to the use of low-quality masks, as strains with
a higher viral load or a tighter binding spike protein have an advantage over wild-type
SARS-CoV-2 [36,38,39,44].

2.2. SARS-CoV-2 Full Spike Protein—hACE2 Interaction
2.2.1. Mutations in the Spike Protein

In various structures of the full spike protein, some mutations appear often, namely
mutation of amino acids 986 and 987 to proline and mutations in the S1/S2 cleavage
site. The introduction of two consecutive proline residues, at the beginning of the central
helix (residues 986 and 987), is a general strategy to retain (3-coronavirus S proteins in the
prototypical prefusion conformation, which facilitates the study of this conformational
state [53]. The same occurs with the cleavage site (RRAR) mutation, as mutating this
sequence stabilizes the prefusion structure, since cleavage activates the protein [1,28]. This
cleavage site, recognized by host proteases, is fundamental for the virus, allowing the
conformational changes leading to the post-fusion structure [54]. In vivo, it increases
infectivity, as proteases is ubiquitously present, and importantly, this effect is present
not only in SARS-CoV-2 but also in Influenza viruses and human immunodeficiency
viruses [55]. Furthermore, this is a distinct characteristic of SARS-CoV-2 and absent in
other -coronaviruses, particularly SARS-CoV [55].
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2.2.2. SARS-CoV-2 Full Spike Protein—hACE2

The RBD-hACE2 focused structures highlight the main interactions leading to receptor
recognition by SARS-CoV-2, and they are critical for spike protein function. Nevertheless,
the spike protein has additional functions in budding and cell fusion, mainly through
conformational changes caused by the interactions with hACE2 [1,28,56]. Structure de-
termination for the full spike protein will necessarily have limitations due to its size, and
usually other structures are used to build the RBD portion of the structure [39]. However,
they give an important insight into the major conformational changes to the entire protein
and into critical steps culminating in cell fusion and infection [39,56].

The process through which membrane fusion occurs, particularly the entry cell process,
is still undefined. This seems to include the interaction between hACE2 and the spike
protein, and after recognition, entry occurs via the endosomal pathway or direct cell surface
interaction [45]. In both pathways, protein activation requires a protein, either cathepsin L
or TMPRSS2 respectively, as full inhibition of both blocks viral entry [45]. When considering
the endosomal pathway, it is important to notice the change in pH and the resulting effects
in protein structure, particularly in amino acids containing multiple ionizable groups [45].

The main difference between the structures found at physiological pH (PDB 7KNE/
7KNB/7KMS) and at pH 5.5(PDB7KNI/7KNH/7KNE) is the distribution of up and down
RBDs. At acidic pH, no double or triple up conformations are observed, with small
changes observed at pH 4.5 and pH 4.0. Starting at pH 5.5, a region in subunit S2 near the
fusion peptide, rich in aspartic acid residues, undergoes a pH-dependent switch, twisting
the orientation of disulphide bonds in the structure and causing RBD movement. The
domain switch, caused by the pH in endosomal entry, represents an all-RBD-down locking
strategy of immune evasion, that SARS-CoV-2, as other CoVs, potentially uses to avoid
neutralization by RBD-up-recognizing Abs [45].

2.2.3. Before and after hACE2 Binding

The S protein gradually undergoes conformational changes as hACE2 binds to the
each RBD. Particularly in the first hACE2 binding event, a major conformational change
is observed, with a rigid body rotation and center of mass of the S protein movement,
exposing the remaining unbound RBDs, further stabilized due to the high affinity with
hACE2 [45]. The steps leading from a closed and unbound S protein to a full hRACE2
binding decrease the contact area between each 51 and the corresponding S2, resulting in a
weaker interaction, with the conformational changes driven by hACE2 binding events [39].
These rearrangements and restructuring events in subunits S1 and 52 may have important
implications in fusion activation, as the fusion peptide is preceding the 51/52 contact
area [39]. Critically, the cleavage event increases the percentage of RBDs in the up confor-
mation from the closed trimer (PBD 7DX5) to the open timer (PBD 7DX9), increasing the
ability to bind the first hRACE2 [56].

Briefly, upon cleavage between S1 and 52 domains, an increase in spike trimers in
open conformation is observed (unbound open trimer—PBD 7A93), followed by hACE2
binding (1 RBD bound, 2 RBD down—PBD 7A94) and a major conformational change,
exposing further RBDs (1 RBD bound, 2 RBDs up - PBD 7A95/7A96) and hACE2 binding
(3 RBD bound—PBD 7A97 /7A98). The major conformational change and further binding
weakens the S1-52 interaction preceding the fusion peptide region, priming the S trimer
for helical rearrangements in S2, required for viral—host cell membrane fusion [39].

The SARS-CoV-2 original viral S protein population consists mainly of RBD down
structures, with 51/52 uncleaved. The resulting tightly closed conformation of the spike
protein is indicative of a conformation masking mechanism for immune evasion of SARS-
CoV-2, similar to the changes found with low pH, potentially neutralizing RBD-binding
Abs [39]. This feature is also described for other CoVs, such as SARS-CoV and MERS-
CoV [42]. The ratio of spike proteins with up or down conformation before and after
the first hACE2 binding event has a larger increase in SARS-CoV-2, indicating that the
conformational masking may be more efficient [42].
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Another important feature of CoVs, particularly regarding immune evasion, is glyco-
sylation. The large number of N-linked glycans covering the surface of the spike protein of
SARS-CoV-2, SARS-CoV and MERS-CoV could pose a challenge to antigen recognition,
which thus may help the virus evade immune response [42]. However, in the residues close
to the S1/52 cleavage site, the SARS-CoV-2 trimer forms a glycan hole, a region with less
glycosylation than the rest of the protein, resulting in an unhindered access by cleavage
enzymes [42].

Taking in account all the events occurring from recognition to cell fusion, SARS-CoV-2
is overall very sensitive to the presence of hACE2, with the open state trimer existing only
momentarily in the absence of hACE2 and frequently in its presence. This interaction shifts
the protein population characteristics, favouring receptor binding, protein activation and
the post-fusion state [42].

2.2.4. Spike Protein Mutation D614

From all the mutations in prevalent variants by June 2021 worldwide, mutation D614G
is the only one located outside the RBD, and therefore with no direct effect in affinity (PDB
7DF4), but nevertheless, causing increased infectivity and transmission [42,57]. In the
closed conformation, portions near the fusion peptide, such as the subdomain 2 and heptad
repeat 1, form multiple hydrogen bonds and salt bridges. From the six bonds established
in this zone, four have a direct contribution from the side chain of residue D614, suggesting
that this amino acid may be essential for this interaction and subsequent stabilization of
the prefusion conformation [42,57].

In general, mutation D614G greatly disturbs the interactions between subunits S1 and
52, due to the weakened interactions established by the side chain of glycine, in comparison
with aspartic acid [42,57]. As a result, the energy barrier for the conformational change
is reduced and SARS-CoV-2 D614G strains have increased sensitivity to the presence of
hACE2, which could be the underlying mechanism for enhanced infectivity observed in
these strains [42]. On the other hand, given the increase of RBDs in the up position, these
strains are more susceptible to neutralization by RBD-directed Abs [58].

2.2.5. Full Spike Protein Neutralization Strategies

Soluble hACE2 has demonstrated a protective role against SARS-CoV2 infection,
blocking viral entry in cell cultures and human organoids. Due to this activity, recombinant
soluble hACE2 is already enrolled in several clinical trials, as a promising treatment for
SARS-CoV-2 infection [59]. The use of ACE2 as a neutralizing agent can be achieved in
several ways, either by increasing the affinity or engineering dimers and trimers capable
of binding several RBDs. The spike protein can bind three hACE2 molecules and, as
such, it is expected that a trimeric ACE2 with a linker can inhibit SARS-CoV-2. S proteins
bound to one or more hACE2 have guided the design of ACE2-based viral inhibitors (PDB
7KJ2/7K)3/7K]4) [59]. The binding strength of constructs using a monomer, a dimer, and a
trimer of hACE2, with engineered linkers, increases as expected. The trimer structure was
then optimized, resulting in a trimeric ACE2 with a 200-fold increase in binding affinity,
when compared with soluble wild-type hACE2, all without hindering the physiological
functions of ACE2 in the angiotensin-renin system [59]. Notably, the neutralization potency
of ACE2 constructs gradually increases with the size of the construct, and correlates strictly
with the binding affinity, suggesting that the interaction between the RBD and hACE2 is
the main component of neutralization [59]. Further improvements of these ACE2-based
therapeutic candidates include modifications to enhance protein stability, to modulate
peptidase activity and to increase its in vivo residence time in circulation [59].

An engineered ACE2-rigid-foldon, as a trimeric protein (PDB 7CT5) inhibits eight
naturally occurring mutants, including D614G and seven other RBD domain mutants [46].
The inhibition of SARS-CoV-2 by the trimeric hACE2 occurs due to the simultaneous
binding of all three RBD in each spike trimer, which stabilizes the viral protein in a three-
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RBD-up conformation and, as this was the only conformation found, it shows the striking
ability of these trimers to change the conformation of the spike protein population [46].

2.2.6. Spike Vaccine Candidate

Considering Ab potency for virus neutralizing effects, competition with hACE2 for
RBD binding is a key predictor [30]. Hence, the spike protein is the prime candidate
for vaccine development, in order to elicit the appearance of Abs directed at the spike
protein. The S protein resulting from the coding sequence (mRNA) in the vaccine candidate
BNT162b2 (PDB 7L7F), consists of a trimeric S protein capable of binding hACE2 with
high affinity and structurally intact receptor binding sites. This is achieved due to a
stabilization of the protein in the prefusion conformation, by substitution of residues 986
and 987 [60]. The altered spike protein induces a high functional Ab response both in mice
and non-human primates (macaques), protecting them from infection with SARS-CoV-2,
demonstrated by an absence of detectable RNA by RT-qPCR in the lower pulmonary
tract [60].

2.3. Delta Variant

Spike protein mutations can be selected for either increased infectivity, generally from
an increased interaction with hACE2, or decreased immune response, affecting Ab binding.
As such, mutations in the spike protein are a fundamental aspect in variants of concern.
Notably, one mutation is common to all prevalent strains worldwide, D614G, associated
with increased infectivity, although with no direct effect to the RBD [42].

Variant Delta appeared in India in late 2020 and is becoming the dominant strain world-
wide, responsible for most infections in the US, Europe, South Africa and Australia [61,62].
Importantly, this variant combines mutations affecting infectivity and potential immune
escape (Table 2) [16]. Early data have shown that viral loads are 1,000 times higher with
this strain, when compared with the Wuhan strain, which also contributes to increased
transmission [63].

Table 2. List of mutations found in the spike protein of the Delta variant.

Mutation Location Effect on Affinity Effect on Immune Response Additional Information References
Affects NTD-
T19R S1/NTD No effect reported directed Abs
Affects NTD-
E156- S1/NTD No effect reported directed Abs Chal}ge in NTD [32,64]
At NTD antigenic site !
) ects -
F157- S1/NTD No effect reported directed Abs
R158G S1/NTD No effect reported Affects NTD-directed Abs
Potential decrease in Moderately decreases Affects only less important class il
AL HEE affinity RBD-directed Abs of Abs [24,52]
Severely affects =
L452R RBD No effect reported RBD-directed Abs None [52,64]
Increases electrostatic Moderately decreases - -
é al H- : 5—
T478K RBD complementarity RBD-directed Abs Three additional H-bonds formed [65-67]
Increases susceptibility to Changes protein dynamics
D614G 51-52 No effect reported neutralization by Increased viral loads and [52,58]
RBD-directed Abs transmission
P68IR 52 No effect reported No effect reported EERREE sl = g]eavage L [66]
viral fusion
D950N 52 No effect reported No effect reported Change protein dynamics [67]
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Abbreviations: NTD—N-terminal domain, RBD—receptor binding domain.
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Regarding infectivity, this strain possesses mutation D614G and one mutation in the
RBD, T478K. Despite no effect with direct bonds or contacts, it increases the electrostatic
complementary between the proteins [65]. As such, it is hypothesised that the Delta variant
emerged mainly as a result of reduced immune recognition and enhanced transmissibility
nonrelated with affinity (effects from mutations D614G, P681 and D950N) [68]. Importantly,
mutation N501Y is not found in the Delta variant, in contrast with all other variants of
concern.Mutation N501Y results in the highest increase in hACE2 affinity conferred by a
single RBD mutation [52].

Potentially fundamental for immune escape are mutations K417N, and particularly
L452R, both affecting Ab binding, and occurring in the RBD [64]. L452R has also appeared
in variant Epsilon identified in California, reaching a maximum of 20% of new cases in the
United States, before variant Delta became prevalent [61,69]. Although no structure on
the Delta variant RBD is available, a homology model of the Delta variant RBD was built,
using SWISS-MODEL, and the effect of specific and new mutations can be predicted [37].
Homology modelling is a method that predicts a 3D structure based on the aminoacidic
sequence, with the only requirement of an existing experimental structure with at least 30%
sequence identity [70]. The genome selected to represent the Delta strain was MZ377116,
retrieved from the SARS-CoV-2 Data Hub (NCBI Virus) [71].

Mutation L452R causes a steric hindrance to Ab binding, retrieved from structure
7CM4, without affecting binding to hACE2 (Figure 10) but causing a greater than 10-fold
decrease in neutralization potency for RBD-specific Abs [61,69]. Crucially, variant Epsilon
has additional mutations, S13I and W152C, resulting in severe decrease of neutralization for
NTD-directed Abs, due to a new disulphide bond inducing a conformational change [64].
In the Delta variant, mutations T19R, E156-, F157- and R158G severely affect NTD directed
Abs, due to the adoption of an alpha-helical conformation, instead of the original {3-
strand [64,68].

(A) (B)

Figure 10. Mutation L452R, with the original variant from wild-type RBD (PDB 6M0]) (cyan) and the homology model
of Delta variant (tan), obtained from genome MZ377116.1 (A) Superimposition of RBDs from original variant and Delta
variant. Steric hindrance observed with Arg107 from Ab from structure 7CM4, due to a longer side chain in Delta variant
(B) RBDs of original and delta variant structures with no steric hindrance regarding hACE2 [29].

46

Variant Epsilon has been deescalated from variant of concern due the decrease in
community transmission, being replaced by the Delta variant [14,16].

3. Conclusions

The structures available in the Protein Data Bank provide important insights into
SARS-CoV-2 spike protein behaviour, clarifying the conformational changes across the
protein leading to post-fusion conformation and cell infection. In general, the spike protein
is highly sensitive to the presence and binding of hACE2 to the RBDs, with an allosteric
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effect, destabilizing the S1/S2 interaction and facilitating the final conformational change.
The affinity of the complex formed in cell recognition is critical for infectivity, with conse-
quences in the epidemiology of SARS-CoV-2. As such, the RBD is also an important target
for neutralizing Abs.

The appearance of new variants has increased SARS-CoV-2 fitness, mainly by in-
creasing infectivity, or decreasing immune response. The Delta variant carries particular
mutations associated with increased viral fitness through decreased antibody binding, in-
creased RBD affinity and altered protein dynamics, which justifies the increased prevalence
worldwide [67,72]. Despite this, some of the most common mutations increasing affinity in
other variants are absent, which still show potential for evolution [52,61].

The ability to predict infectivity and immune escape for new variants is crucial to
decrease their impact. As such, mutagenesis studies have also shown an important pre-
dicting capacity for the major mutations in current variants of concern [38]. Combining
both existing mutations and mutagenesis studies, new potential SARS-CoV-2 variants,
harboring advantageous S protein mutations, may be predicted. These include mutations
5131 and W152C, decreasing antibody binding, N460K, increasing RDB affinity, or Q498R,
positively affecting both properties
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ABSTRACT: Severe Acute Respiratory syndrome 2 (SARS-CoV- ’
2) is a respiratory virus responsible for coronavirus disease 19 :
(COVID-19) and the still ongoing and unprecedented global
pandemic. The key viral protein for cell infection is the spike
glycoprotein, a surface-exposed fusion protein that both recognizes
and mediates entry into host cells. Within the spike glycoprotein, a
fatty acid binding pocket (FABP) was confirmed, with the
crystallization of linoleic acid (LA) occupying a well-defined site. _

Importantly, when the pocket is occupied by a fatty acid, an P A sl
inactive conformation is stabilized, and cell recognition is hindered.

In this review, we discuss ligands reported so far for this site,

correlating their activity predicted through in silico studies with e R

antispike experimental activity, assessed by either binding assays or

cell-infection assays. LA was the first confirmed ligand, cocrystallized in a cryo-EM structure of the spike protein, resulting in
increased stability of the inactive conformation of the spike protein. The next identified ligand, lifitegrast, was also experimentally
confirmed as a ligand with antiviral activity, suggesting the potential for diverse chemical scaffolds to bind this site. Finally, SPC-14
was also confirmed as a ligand, although no inhibition assays were performed. In this review, we identified 20 studies describing
small-molecule compounds predicted to bind the pocket in in silico studies and with confirmed binding or in vitro activity, either
inhibitory activity against the spike-ACE2 interaction or antiviral activity in cell-based assays. When considering all ligands confirmed
with in vitro assays, a good overall occupation of the pocket should be complemented with the ability to make direct interactions,
both hydrophilic and hydrophobic, with key amino acid residues defining the pocket surface. Among the active compounds, long
flexible carbon chains are recurrent, with retinoids capable of binding the FABP, although bulkier systems are also capable of
affecting viral fitness. Compounds able to bind this site with high affinity have the potential to stabilize the inactive conformation of
the SARS-CoV-2 spike protein and therefore reduce the virus’s ability to infect new cells. Since this pocket is conserved in highly
pathogenic human coronaviruses, including MERS-CoV and SARS-CoV, this effect could be exploited for the development of new
antiviral agents, with broad-spectrum anticoronavirus activity.

KEYWORDS: SARS-CoV-2, spike protein, fatty acid binding pocket (FABP), S glycoprotein, linoleic acid (LA), lifitegrast, SPC-14, ligand,
virtual screening

1. INTRODUCTION protein that binds to human angiotensin converting enzyme 2

1.1. SARS-CoV-2. Coronavirus disease 19, or COVID-19, (ACE2), acting as the functional receptor.”” As the S protein
mediates viral entry into host cells, it is the main target for
antibodies and one of the primary focuses of therapeutics and
vaccine design.”” All key areas for cell and antibody
recognition are located in the S protein, with the receptor
binding domain (RBD) defined as the portion that interacts
with ACE2 (Figure 2B).'"”"* Since the infection is initiated by

is a respiratory infection caused by Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2), responsible for a
global pandemic with more than 750 million people infected
and close to 7 million deaths up to September 2023.'*
Coronaviruses (CoVs) are a group of RNA viruses belonging
to the subfamily Orthocoronaviridae, that cause disease in a
variety of domestic and wild animals.” The name “corona” is

derived from a halo observed under microscopy, formed by Received: May 30, 2023
three major structural proteins: spike, membrane, and Revised:  October 27, 2023
envelope, projecting as spikes from the viral envelope (Figure Accepted:  October 30, 2023
l).ﬁ Published: November 22, 2023

Cell infection for SARS-CoV-2 is initiated by the densely
glycosylated spike (S) protein (Figure 2A), a trimeric fusion

© 2023 American Chemical Society https://doi.org/10.1021/acs jcim.3c00803
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Figure 1. Schematic representation of the SARS-CoV-2 virion
structure, with the single-stranded, positive-sense RNA and the
three structural proteins: spike glycoprotein, membrane protein, and
envelope protein.

receptor recognition between the RBD and ACE2, this
interaction determines infectivity, host range, and pathogenesis
of the virus.”

1.2. The Spike Glycoprotein as a Drug Target. Given
the critical role of the S protein, it is the main target for vaccine
development, antibody therapy, and small-molecule entry
inhibitors.”"" Indeed, vaccine development focused on the S
protein and achieved a reduction in viral effectiveness."* On
the other hand, no small-molecule inhibitors of the S protein
have been approved. When targeting the direct interaction
between the RBD and ACE2, there is an intrinsic challenge, as
the receptor binding motifs are highly variable at the sequence
level.'' Nevertheless, since it is effective in reducing viral
fitness, research focusing on blocking the interaction has
resulted in numerous virtual screening campaigns targeting the
S protein since the pandemic started.>~'? Given the S protein

size (~1300 residues), variety of functions (from cell
recognition to cell fusion), and conformational changes, the
area selected for such analyses can vary significantly, with
studies focusing only on the RBD, larger portions of the S
protein, and searches for additional potential binding
cavities.' 207

1.3. Fatty Acid Binding Pocket. One of the hallmarks of
viral infections is the imbalance they cause in normal cell
functions. Specifically for coronavirus, lipid metabolism is
deeply impacted, and the presence of fatty acids, such as
linoleic acid (LA) and arachidonic acid, can significantly
suppress viral replication.”® With this in mind, the S protein
was studied in the presence of LA, and a cryo-EM structure of
the S protein with LA bound was determined (PDB 6ZBS),
with the binding area identified as a fatty acid binding pocket
(FABP). LA occupies a site formed between two adjacent
RBDs, and considering that the S protein is a trimer, three
similar pockets are defined, with up to three molecules of LA
capable of binding simultaneously (Figure 3A).”"**

Critically, despite the proximity to the RBD surface that
interacts with ACE2, none of the FABP residues participate in
the recognition event with the human receptor.”*** Binding to
this pocket appears to be enabled by a specific spatial
occupation pattern, and LA, a molecule with a long carbon
chain and two cis-unsaturated bonds, appears to have an ideal
molecular shape to achieve an optimal fit of the curved cavity
of the pocket (Figure 3B).”*

The presence of LA in the FABP affects conformational
changes in the protein elicited by the cell recognition event.
Each RBD has two possible conformations: down conforma-
tion (Figure 4A), inaccessible for interaction with ACE2, or uj
conformation, available for target recognition (Figure 4B).'"*
Additionally, changing between the up and down conformation

Figure 2. A) Ribbon representation of the S glycoprotein trimer, with the monomers represented as blue, orange, and yellow ribbons, respectively
(PBD ID: 6VXX). B) Ribbon representation of an § glycoprotein monomer with the RBD highlighted in green. The RBD is part of the S1 subunit

(orange), while the $2 subunit is represented in blue."
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Figure 3. A) Ribbon representation of the S protein from a side view, with three FABPs defined near the RBD (PDB ID: 6ZBS). The S protein
monomers are represented as yellow, orange, and blue ribbons, while three bound LA molecules are highlighted as the molecular surface (green:
lipophilic; pink: hydrophilic; white: neutral). B) Zoom on one LA molecule (carbon atoms in cyan) cocrystallized in the FABP represented by the
molecular surface, the hydrophilic (purple) portion near the carboxylate group, and the carbon chain buried in the hydrophobic portion (green)

(PDB ID: 6ZB5)."

A

Figure 4. A) Protein surface representation of the S trimer in a three
RBD down conformation (blue, orange, yellow) (PDB ID: 7DF3). B)
Protein surface representation of the S trimer in a two RBD up
(yellow and orange) bound to ACE2 (red and green) and one RBD
down (blue) conformation (PDB ID: 7A93)."*

is independent in each S monomer, with the down
conformation being the most stable and frequent state.” In
the absence of LA, three-dimensional classification of S particle
conformations in cryo-EM data reveals that ~70% of trimers
have RBDs in the up conformation with the S protein primed
for infection. On the other hand, when LA is present, ~70% of
S trimers are in an all-down conformation, incapable of binding
with the ACE2 receptor.”**”** The presence of LA in the
FABP results in a rearrangement of the binding motifs,
becoming ordered and buried between RBD interfaces,
decreasing the ability of the RBD to interact with ACE2
(Figure 4A).>* The increased rigidity and stabilization of the S
protein in an inactive conformation changes the ratio between
up- and down-conformation RBDs.***’

1.3.1. Fatty Acid Binding Pocket - Structure. The FABP is
shaped in a long, curved tube fashion, with extensive

54
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interaction surfaces formed by several phenylalanine residues
(Phe338, Phe342, Phe374, Phe377, Phe392, Phe515), as well
as other mainly hydrophobic amino acids (Cys336, Pro337,
11e358, Ala363, Tyr36S, Leu368, Tyr369, Leu387, Val39s,
1le434, LeuS13, Val524).>"* At the entrance of the pocket, the
adjacent RBD provides several hydrophilic residues that can
establish both electrostatic and hydrogen-bond interactions
(Arg408, GIn409, Gly416, Lys417).“’25 Potential ligands can
interact with residues in both portions, and the presence of the
adjacent RBD is required to stabilize the ligand by forming
direct interactions with the hydrophilic groups.””*’ Regarding
LA, the main stabilizing interactions are a hydrogen bond
between Lys417 and the carboxylic acid from LA and
additional contacts across the pocket with Phe338, Tyr365,
and Cys432 (Figure 5).**

1.4. Occupation of the Fatty Acid Binding Pocket and
Viral Infection. LA, as other similar @-6 fatty acids, can affect
virus binding to ACE2 and cell entry, and its increased intake
has been linked to decreased fatality rates in epidemiolocal
studies.’” > A direct inhibitory effect in the RBD-ACE2
interaction has been detected, with a 18% reduction in binding
assays at 0.29 mM, while linolenic acid displays a reduction of
up to 60% infection in cell-based assays at 2.28 mM, which
confirms the potential to modulate the S activity from this
pocket.”® The presence of fatty acids in the FABP, particularly
LA, affects conformational rearrangements, infectivity, and
immunogenicity.”” In addition to the direct effects in
recognition from the stabilization of the RBDs, there is also
the potential for distal effects in the S protein, modulating the
behavior of key residues involved in major conformational
rearrangements preceding cell fusion.”® Computational studies
exploring the pH-dependence of S protein conformations,
based upon pK, calculations and molecular dynamics
simulations at constant pH, have suggested that LA binding
affects the pH-dependence of the RBD active/inactive
conformation equilibrium.** The FABP is located in the
vicinity of the base pair Asp398-Arg3SS, and the decreased
flexibility upon fatty acid binding changes the solvent

https://doi.org/10.1021/acs.jcim.3c00803
J. Chem. Inf. Model. 2023, 63, 72827298
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B:LYS-417

Figure S. A) Crystallized LA (PDB ID: 6ZBS) (carbon atoms in
yellow) in the FABP in a ribbon representation (blue), located
between two adjacent RBDs. The pocket is formed by RBD-A (with
hydrophobic residues) and hydrophilic residues in the adjacent RBD-
B, interacting with the carboxylate head. Black dashed lines represent
polar interactions (hydrogen bonds and electrostatic interactions)
between the ligand and amino acid residues in the protein, with
distance in angstrom (A).*”

accessibility of Arg355, since the regions adjacent to both
amino acids are more closely packed, with a similar effect also
observed for Asp614 (Figure 6).** The observed effect in
Asp614 is particularly relevant, taking into account that a
mutation in this residue is now prevalent in all circulating
SARS-CoV-2 variants (Asp614Gly), increasing infectivity by
reducing interactions within the S protein, and shifting the
protein conformation toward active RBDs.”***** LA has the
opposite effect on the conformational states of the S protein,
affecting the pH-dependence and shifting the protein
conformation toward inactive RBDs.'***

In addition to a strong effect in the S trimer behavior and
target recognition abilities, exploring the potential occupation
of the FABP with small-molecule ligands presents an additional
advantage, given that key residues in the pocket are highly
conserved, not only among emerging SARS-CoV-2 variants of

concern but also in intermediate species, such as coronaviruses
currently infecting bats and pangolins.””*”*” While the pH-
dependence of the S protein is highly relevant for the virus life
cycle, particularly during the endosomal pathway for cell entry,
the function of the FABP is not clear, although a modulation
effect in the exposure of immunodominant sites has been
suggested.””’® During endosomal entry, as the environmental
pH is gradually reduced, the open/closed RBD equilibrium is
shifted to the inactive conformation, reducing not only the
interaction with ACE2 but also with neutralizing antibodies,
that commonly bind the RBD.*® As a result, neutralizing
antibodies are shed gradually, but partial interaction with
ACE2 is maintained, along with the ability for cell fusion and
infection.*®*® This has been described as a maskin§ behavior,
where all RBDs are in the inactive conformation.*® Similarly,
the presence of LA also stabilizes the inactive conformation, in
a masking behavior, restricting viral replication.”” As happens
for a decreasing pH, the FABP appears to be essential for
effective infection, allowing the virus to change from a high-
infective status before a host immune response is established,
with subsequent inflammation producing ®-3 and -6
molecules that activate the FABP, reducing viral recognition
and clearance, while increasing viral titers.”” Hence, the FABP
modulates conformational changes that affect the immunoge-
nicity of the S protein.”” Taking into account the confirmed
binding effect of w-6 fatty acids, which decrease target
recognition and viral replication,” the FABP is a promising
target for the development of small-molecule binders, that
could lock the S trimer and respective RBDs in an inactive
conformation, inhibiting receptor interactions and cell
infection."*** This is particularly important, as this binding
pocket is not exclusive to SARS-CoV-2: it is found in other
highly infectious human coronaviruses, being fully conserved in
SARS-CoV and partially conserved in MERS-CoV. This pocket
could therefore be exploited for the development of new
antiviral agents with broad-spectrum anticoronavirus activity.”*

The main objective of this article is to compile currently
confirmed and potential ligands, resulting from virtual
screening studies that explore the FABP, either focusing on
the pocket specifically or broader virtual screenings against the
whole S glycoprotein. Given the potential to significantly affect
the virus life cycle by binding to the FABP, a comprehensive
understanding of which ligands are known to bind to this site,
and their inhibitory activity of the S-ACE2 interaction or cell
infection, may support the development of novel, potentially

Fatty acid binding
pocket

Base pair Asp398-Arg355

,"{u‘,) e, Asp614 residue
L -

Figure 6. Ribbon representation of the S trimer (PDB ID: 6ZBS), in the side view with the base pair Asp398-Arg355 and residue Asp614
represented with carbon atoms in purple. The FABP is represented as a molecular surface."”
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Table 1. Confirmed and Potential Ligands of the FABP, with in Silico Studies and Complementing in Vitro Testing

Molecular cLogP* |LogD®| .. . . :
Compound Structure weight £ (pHg__’,)In silico studies \In vitro studies Reference
IBinding pocket: Fpocket]
Glyco-chenodeoxycholic 449.6 3.05 0.5 [webserver with PDB ID: 6VSB |- 15 % reduction in S-Al€ in P
acid : : . binding assays at 10 uM
Docking software: AutoDock
Binding pocket: Fpocket
s [webserver with PDB ID: 6VSB [~ 15 % reduction in S-Al€ in 2
Ursodeoxycholic acid 392.57 3.60 0.4 binding assays at 10 uM
Docking software: AutoDock
Binding pocket: Fpocket]
Tauro-ursodeoxycholic acid 499.7 276 02 webserver with PDB ID: 6VSB |~ 5 % reduction in S-Al° in 2
Y : . @ binding assays at 10 uM
IDocking software: AutoDock
Binding pocket: Fpocket]
Glveo-ursodeoxveholic acid 449.6 3.05 05 webserver with PDB ID: 6VSB [~ 20 % reduction in S-Al€ in| 2
i ¥ . 5 ) [binding assays at 10 pM
IDocking software: AutoDock
IBinding pocket: Fpocketf~ 10 % reduction in S-AI¢ in|
Chenodeoxycholic acid 3926 3.60 13 iwebserver with PDB ID: 6VSB  |binding assays at 10 uM n
IDocking software: AutoDock
IBinding pocket: Fpocket
Obeticholic acid 4206 416 21 webserver with PDB ID: 6VSB [~ 15 % reduction in S-Al* in| o
' : . lbinding assays at 10 pM
IDocking software: AutoDock
g IBinding pocket: Fpocket
BAR 704 302,62 446 al webserver with PDB ID: 6VSB |~ 35 % reduction in S-Al* in -
) . . lbinding assays at 10 pM
Docking software: AutoDock
[Binding pocket: LA in PDB ID;
6ZB5 " . .
T 50% reduction in virion| 1929
Vitanun K 450.7 8.34 2t . retention in cells at 4.7 uM
1 IDocking  software: BUDE|
docking server
IBinding pocket: LA in PDB ID:
6ZB5 . e o
Dexamethasone 3925 2.14 1.7 Fd % re.dm'"l;m 1; zv"lon 2
Docking  software: BupEfetention in cells at 3. uM
docking server
IBinding pocket: LA in PDB ID;
6ZB5 Lo
Tretinoin 300.4 5.01 3.0 [ 60 % reduction in virall o 4
I Docking  software: BUDErcphcaunn incellsat 1 pM
docking server
Binding pocket: LA in PDB ID;
T 6ZB5 . sion in viral
Tazarotene 3515 4.61 52 N 510 % re_duu.llllon I;' s L
IDocking  software: BUDE[*P ication in cells at 1 uM
. docking server
7286 https://doi.org/10.1021/acs.jcim.3c00803
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Table 1. continued

IBinding pocket: LA in PDB ID:
e By Jid iy 6ZB5 100% reduction in S-Al¢ in| 19,30
F N ' ' ' Docking  software: puDEPinding assays at 2.5 uM
docking server
Binding pocket from: LA in PDB|
[ ID: 6ZB5 o s
Vitamin D3 E /\,\j\ 384.6 6.85 7.1 15% reduction in S-Al*inj 19,5
- Docking  software: BUDEbmdlng assays at 2.5 uM
docking server
Binding pocket: LA in PDB ID:
. 6785 e et
Linoleic acid A 2804 545 | 44 100% reduction in S-Alin 3,5
" Docking  software: BUDEbmdlng assays at 2,5 yM
docking server
PR 2284 4.45 yy [ pocket FABPINOYXX 15, reduction in S-AT inf 4
Myristic acid Docking software: Glide XP pinding assays at 2.5 uM
Binding pocket: FABP in 6VXX s 3
Stearic acid /\/\/\/\/\/\/\/\J\ 2845 503 . g pocke 29%. reduction in S-AI° in| 30,44
= Docking software: Glide XP pinding assays at 2.5 \M
ool \/\VAW,\)L 805 sl . Bmdmgp““““FABPmﬁvxxgw% reduction in S-Al* in| 10, 44
R Ve o ) : : indi ssays at 2.
Docking software: Glide XP pinding assays at 2.5 iM
Binding pocket: S-ACE2
? linteraction surface in PDB ID:
=3 % 0 6VWI 50%  reduction in  cell
coras ™ 45,46
Lifitegrast M l\::ﬂ) BL3.5 419 12 infection at 1,295 pM
& Docking  software:  Autodock|
oo Vina
L|=!J==U
Binding pocket: FABP in PDB
. ID 6VXX . i
Palmitic acid PO § 256.5 520 | 42 % mduotion fn ST Sk
Docking software:  Glide SP‘bmdmg assays at 2.5 WM
(Glide XP
e Binding pocket: FABP in PDB
1D 6VXX susis ]
Caprylic acid /\/\/\)I\ 144.2 2.23 0.9 th..,l reduction in S-Al¢ in| 30,44
- Docking software: Glide Sp,Pinding assays at2.5uM
Glide XP
. WG,
m]/ Binding Pocket: FABP in PDBIANE confimed in SPR
ID 7E7B 1o erve-
SPC-14 306.3 1.29 -0.7 a
% Docking software: DOCK3.7 No inhibition or cell-based]
g : o lassays
o

“Caleulated with SwissADME." “Calculated using the Chemaxon LogD calculator." “S-AI S-ACE2 interaction.

broad-spectrum therapeutic agents. Furthermore, a systematic
elucidation of how each confirmed ligand binds, highlighting
favored functional groups, scaffolds and essential interactions,
can aid the design of new molecules with improved binding to
this site, which may help in the inhibition of coronavirus
infections. Compounds with potential or confirmed activity
were evaluated with molecular docking analyses in the FABP
when this data was unavailable to aid the discussion of
potential interaction patterns.

2. METHODS

2.1. Literature Review. The systematic review followed
the Preferred Reporting of Systematic Reviews and Metanalysis
(PRISMA).*”” We concluded an extensive search for virtual
screening studies focusing on the S protein through different
databases, namely MEDLINE (PubMed), Scopus and Web of
Science, to select literature published until May 15th, 2023.
The main goal was to find compounds predicted to bind the
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FABP, and as such, we collected all articles containing (“SARS-
CoV-2" + “spike” + “virtual screening”) in the title or abstract.
Additionally, since LA, a fatty acid, is a known ligand, we also
collected articles with the terms (“SARS-CoV-2“+ “spike” +
“linoleic acid”) and (“SARS-CoV-2" + “spike” + “fatty acid”).
As summarized in the PRISMA Diagram (Supporting
Information Figure S1), a total of 738 articles were identified;
filtering for duplicate articles resulted in a total of 387 different
articles. From these, 159 articles were excluded since they were
not virtual screening studies or had no experimental data
regarding the S1 subunit or binding to the FABP. Finally, an
additional 208 articles were also excluded since they were
either virtual screening studies focusing exclusively on the S-
ACE2 interaction or they reported no compounds predicted to
interact with any FABP residues. Additional articles were
added with complementary information, such as binding
inhibition or cell-based assays. From the final selection of 20
articles, 21 compounds were identified with predicted binding

https://dol.org/10.1021/acs jcim.3c00803
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Table 2. Reported Compounds with Potential Activity without Validation in Experimental Assays

Total Interactin LogD  Molecular
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b .J N Leu513, Val524
el
HO/ —-
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j;\A’ "\ Leu36s, Phe374)
T 2456 approved I Pro384, Asn388,| 63
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L

“Calculated with SwissADME.** “Calculated using the Chemaxon LogD calculator."’

to the S glycoprotein, along with complementary experimental
results confirming either binding or functional activity.
Additionally, 6 compounds were identified as possible binders,
although no experimental assays were available. Identified
structures with confirmed activity or potential activity were
analyzed with docking simulations to further explore potential
interactions.

2.2. Docking Simulations. All molecular modeling
experiments were performed on an Asus WS X299 PRO
Intel i9-10980XE CPU @ 3.00 GHz X 36 running Ubuntu
18.04 (graphic card: GeForce RTX 2080 Ti). Molecular
Operating Environment (MOE) 2022.02"°"* and Maestro
(Schrodinger Release 2020-2) were used as molecular
modeling software.'’ The structures of the compounds
analyzed were built in MOE, saved in .sdf format, and
prepared using the Maestro LigPrep tool by energy minimizing
the structures (OPLS_2005 force field) and generating
possible ionization states at pH 7 + 2, tautomers, all possible
stereoisomers per ligand, and low-energy ring conformers. The
crystal structure of LA in the S glycoprotein was downloaded
from the PDB (http://www.rcsb.org/ (accessed on 15 May
2023); PDB code 6ZBS). The protein was preprocessed with
the MOE Protein Preparation tool, and the resulting protein—
ligand complex was saved in mae format and prepared using
the Schrodinger Protein Preparation Wizard by assigning bond
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orders, adding hydrogens, and performing a restrained energy
minimization of the added hydrogens using the OPLS_2005
force field. A 15 A docking grid was prepared using the
cocrystallized LA as the centroid. Molecular docking studies
were performed using Glide SP, keeping the default parameters
and setting 5 as the number of output poses per input ligand,
performing for each pose a postdocking minimization. The
output poses were saved as mol2 files. The docking results
were visually inspected by using MOE 2022.02.

3. RESULTS

3.1. Compounds Interacting with the FABP. Predicted
interactions with the FABP for selected compounds are
reported in virtual screening studies; however, experimental
confirmation of binding and its effect in receptor recognition/
cell entry are not always available. Therefore, compounds with
reported experimental data were prioritized (Table 1), with
additional compounds identified when only predicted inter-
actions are available (Table 2). The libraries from which these
compounds are derived vary widely, from studies testing a
single compound to libraries of a few thousand molecules.
Selected compounds may originate from libraries with plant
metabolites or other biological sources."’ Identification of
compounds potentially active in the FABP was based on
described interactions, either predicted in virtual screening

https://doi.org/10.1021/acs.jcim.3c00803
J. Chem. Inf. Model. 2023, 63, 72827298



Chapter Ill — Results

Journal of Chemical Information and Modeling

Review

pubs.acs.org/jcim

studies or directly confirmed by cryo-EM or NMR experi-
ments. Regarding experimental validation, data was crossed
with additional studies whenever complementary information
was available. It should be noted that, when direct FABP
activity is not accessed, validation was based on inhibition
assays for the S-ACE2 interaction or cell-based infection
assays, without, however, confirming specific interaction in the
FABP. Finally, the selection of compounds without exper-
imental validation (Table 2) was based on the patterns of
interaction identified for LA, focusing on residues that
compose the FABP.

As with LA, most compounds in Table 1 have a molecular
weight over 250 and below 500 g/mol, likely required to
adequately occupy the pocket. Despite the FABP being
composed mainly of hydrophobic amino acids, the predicted
logP of confirmed ligands varies between 1 and 8, while
predicted logD (pH 7) varies between —0.5 and 9.7. These
variations are due to the presence of functional groups (such as
carboxylic acids and hydroxy groups) capable of interacting
with positively charged amino acid residues. Another
significant feature is the overall rigidity of the scaffold: while
LA, the first confirmed ligand for this pocket, is flexible, this
does not appear to be an essential requirement, as confirmed
by lifitegrast, characterized by bulkier and rigid ring systems.
As expected from the Cryo-EM structure with LA (PDB ID:
6ZBS), the predicted binding for these compounds always
features two RBDs and interactions with both the hydrophilic
and hydrophobic portions of the pocket.

3.2. Confirmed Ligands of the FABP. Despite the
experimental effect in the virus-host interaction detected for
multiple compounds, only two have been confirmed to directly
bind the FABP and exert a biological activity, lifitegrast and
LA."* Lifitegrast is a drug (Xiidra) used for the treatment of
dry eye disease as an ophthalmic solution,”” and while LA has
been cocrystallized in the S protein, lifitegrast was identified in
a virtual screening study, for its predicted direct inhibition of
the S-ACE2 interaction, unrelated to the FABP."* Lifitegrast
predicted activity was confirmed later, as it was found to
significantly reduce the S-ACE2 interaction in surface plasmon
resonance (SPR) analyses.'” Remarkably, additional studies
have pointed to an effect through the FABP: measured with
chemical shift perturbation (CSP) NMR, the chemical
perturbation of lifitegrast matches the effect of LA, suggesting
an action on the FABP instead of the protein surface.”
Furthermore, saturation transfer difference (STD) NMR
showed that all aromatic groups of lifitegrast are in contact
with the RBD and buried in the FABP, as would be expected
for binding to the hydrophobic portion of the pocket.*
Binding assays determined a KD of 1.92 nM with the S protein
for lifitegrast and a reduction of 99.8% of the RBD-ACE2
protein—protein interaction in SPR competition assays at 1.92
nM.** Consequently, further cell-infection studies determined
an ICy, of 1,295.3 uM for in vitro infection of Vero E6 cells
with no cytotoxicity up to 5 mM."® Given that lifitegrast was
identified when screened against the RBD but its activity was
later reconducted to binding in the FABP, we performed a
docking analysis in the FABP with Glide SP,"’ to predict how
it may bind the FABP (Figure 7).”'

In line with the network of interactions with hydrophobic
moieties detected in NMR assays, lifitegrast can be deeply
buried in the hydrophobic region of the pocket.”> As with LA,
the predicted pose found for lifitegrast can be stabilized by
interaction with hydrophilic residues (Arg408) and additional
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Figure 7. Crystallized LA (PDB ID: 6ZBS) (carbon atoms in yellow)
superimposed with lifitegrast (carbon atoms in orange) in the FABP
in ribbon representation (blue). Black dashed lines represent polar
interactions (hydrogen bonds and electrostatic interactions) between
the ligand and amino acid residues in the protein.””

contacts with the hydrophobic amino acids (Ala372, Ser373,
Leu387, and Val395). Additionally, the predicted binding pose
for lifitegrast indicates extensive pocket occupation. Taken
together, LA and lifitegrast show that although molecules with
long and flexible carbon chains can access the pocket and
influence cell infection and the virus life cycle, more rigid and
bulkier compounds can also adequately bind and exert an
effect through occupation of the FABP. In addition to
lifitegrast and LA, SPC-14 has also been confirmed to bind
the FABP, although no inhibition assays on the interaction
between the S protein and ACE2 have been reported."’
Binding was determined in SPR assays with the S protein,
resulting in a binding affinity (KD) of 9.5 uM, with further
cryo-EM structural determination confirming binding and
clarifying how this compound binds to the FABP (Figure 8)."
The cryo-EM structure for SPC-14 shows a different
interaction pattern with LA, as SPC-14 is further buried in
the pocket, and hydrophobic stabilizing interactions are
prominent, particularly with the nitro group having z-stacking
interaction with Phe338."” Although no interactions are
directly established with the hydrophilic portion of the site,
the carboxylic acid remains at a distance of 6 A from
hydrophilic residue Arg408 (Figure 8). Along with the
cocrystallization of SPC-14, 48% of S protein population
appeared in the closed conformation, with the remaining only
showing one RBD exposed for interaction with ACE2."" The
data collected for SPC-14 suggest that it is likely to affect the
RBD-ACE2 interaction, and potentially the virus life cycle,
although this has not yet been confirmed experimentally.
3.3. Compounds with Predicted Binding and Con-
firmed Activity. 3.3.1. Sterol Backbone. Although LA and
lifitegrast have been explicitly confirmed to bind the FABP and
have experimental results for their direct binding to the FABP,

https://doi.org/10.1021/acs.jcim.3c00803
J. Chem. Inf. Model. 2023, 63, 7282-7298
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Figure 8. Crystallized SPC-14 (carbon atoms in orange) (PDB ID:
8H3E) in the FABP in a ribbon representation (blue). The green
dashed line represents hydrophobic interactions, and the blue dashed
line represents the distance (in angstrom (A)) between SPC-14 and
the side chain of Arg408.*”

leading to reduced interaction or cell infection, other
compounds with exclusively binding or cell-based assays
could potentially act through binding the FABP. In a virtual
screening campaign, natural bile acids and semisynthetic
derivatives were predicted to establish interactions in a
proposed pocket, with common residues to the FABP, defined
with the F‘pocket online tool (using the S protein PDB ID:
6VSB)."”** Proposed interactions are established with residues
Lys378, Thr376, Phe377, Cys379, Tyr380, and Pro384,
suggesting that the molecules selected could interact with
FABP residues.*” Importantly, activity was confirmed for these
compounds in S-ACE2 inhibitor screening assays, with the best
ligand, BAR704, reaching up to 40% inhibition at a 10 yM
concentration.”” However, interaction with the FABP is not
discussed, as some activity is detected, and in order to predict
if BAR704 could interact with this pocket, we performed a
docking analysis with Glide SP, obtaining the predicted
binding pose illustrated in Figure 9.%'

Bar704 is predicted to achieve a good overall occupation of
the pocket and potentially establish interactions with residues
Cys379, Cys432, Arg408, Thr4lS, and Phe377. Predicted
interactions with Arg408, Phe377, and Cys432 are in common
with LA.** Since, similar to lifitegrast, this bile acid derivative
possesses a bulkier scaffold, it can be expected to have the
same ability to enter the pocket and potentially influence the
virus-host interaction, resulting in the reduced S-ACE2
interaction observed.

In addition to bile acids, further compounds with a steroid
backbone have been identified in molecular dynamics studies,
namely dexamethasone, with an irregular interacting pattern.'”
Dexamethasone’s activity has been confirmed in experimental
assays against the S protein, in which it reduced S-mediated
binding to the ACE2 receptor, with an IC50 of 3.2 uM for
retention of virions in A549 human alveolar basal epithelial
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Figure 9. Crystallized LA (PDB ID: 6ZBS) (carbon atoms in yellow)
superimposed with BAR 704 (carbon atoms in orange) in the FABP
in ribbon representation (blue). Black dashed lines represent polar
interactions (hydrogen bonds and electrostatic interactions) between
the ligand and amino acid residues in the protein.’”

cells.”” A docking analysis using Glide SP has generated the
predicted binding pose shown in Figure 10. The irregular
predicted pattern (hydrophobic interaction with Phe377) of
interaction suggests that dexamethasone is buried in the

Figure 10. Crystallized LA (PDB ID: 6ZBS) (carbon atoms in
yellow) superimposed with dexamethasone (carbon atoms in orange)
in the FABP in ribbon representation (blue).*”

https://doi.org/10.1021/acs.jcim.3c00803
J. Chem. Inf. Model. 2023, 63, 7282-7298
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Figure 12. Crystallized LA (PDB ID: 6ZBS) (carbon atoms in yellow) superimposed with vitamin K (carbon atoms in orange) in the FABP in
ribbon representation (blue). Black dashed lines represent polar interactions (hydrogen bonds and electrostatic interactions) between the ligand

. . . . .52
and amino acid residues in the protein.’

pocket, perhaps with a pattern similar to SPC-14 and no direct
interaction with the hydrophilic region.'”*’

3.3.2. Fatty Acids. In addition to LA, other fatty acids are
also expected to bind the FABP and affect the RBD-ACE2
interaction, with nonsaturated, mono-, and polyunsaturated
fatty acids included in virtual screening campaigns against the
pocket and predicted to interact similarly to LA.** Palmitic
acid, a saturated fatty acid, has been described as a potential
ligand.** However, experimental results disprove this, possibly
due to the bent nature of the pocket, with the cis-bonds
present in LA appearing to favor an optimal binding. Palmitic
acid is associated with a modest 15% reduction in S-ACE2
binding assays at 9.8 mM and no direct binding to the S
protein identified when monitored with liquid chromatog-
raphy—mass spectrometry. On the other hand, oleic acid and
LA were both detected bound to the S glycoprotein.””*"*
This is further extended to other saturated fatty acids, with
myristic and stearic acid resulting in 15% and 10% reduction in
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binding assays at 10.9 mM and 8.8 mM, respectively.””*’

Multiple polyunsaturated fatty acids have shown a 100%
reduction in binding assays at ~8 mM, such as linolenic acid
(9.0 mM), eicosapentaenoic acid (8.3 mM), and LA (8.9
mM), consistent with predicted binding poses.”” As for
monounsaturated fatty acids, these show varying behaviors in
between polyunsaturated and saturated, with oleic acid
achieving a strong effect at relatively high concentrations
(90% reduction in binding assays at 8.9 mM) and palmitoleic
acid producing instead a weak effect (10% reduction in binding
assays at 9.8 mM) (Figure 11).””*" For polyunsaturated fatty
acids, as multiple double bonds are present, the molecule is
able to accommodate and appropriately fit in the pocket, in
contrast with the effect in activity for monounsaturated fatty
acids, where oleic acid and palmitoleic acid show widely
different activities.””* This may be attributed to the
unsaturated bond, with oleic acid being an -9 fatty acid
and palmitoleic an w-7 fatty acid, with the extended carbon

https://doi.org/10.1021/acs.jcim.3c00803
J. Chem. Inf. Model. 2023, 63, 72827298
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Figure 13. Crystallized LA (PDB ID: 6ZBS) (carbon atoms in yellow) superimposed with predicted pose for vitamin D (carbon atoms in orange)
in the FABP in ribbon representation (blue). Black dashed lines represent polar interactions (hydrogen bonds and electrostatic interactions)
between the ligand and amino acid residues in the protein.*”

Figure 14. A) Crystallized LA (PDB ID: 6ZBS) (carbon atoms in yellow) superimposed with the predicted binding pose for vitamin A (carbon
atoms in orange) in the FABP in ribbon representation (blue). B) Crystallized LA (PDB ID: 6ZBS) (carbon atoms in yellow) superimposed with
the predicted binding pose for tazarotene (carbon atoms in orange) in the FABP in ribbon representation (blue). C) Crystallized LA (PDB ID:
6ZBS) (carbon atoms in yellow) superimposed with the predicted binding pose for Tretinoin (carbon atoms in orange) in the FABP in ribbon
representation (blue). Black dashed lines represent polar interactions (hydrogen bonds and electrostatic interactions) between the ligand and
amino acid residues in the protein.’”

chain after the double bond likely leading to different pocket tazarotene and tretinoin, could be good ligands for the FABP,
occupation and established interactions. identified in virtual screening studies.'” Inhibitory activity has
3.3.3. Retinoids and Lipid-Soluble Vitamins. As with fatty been confirmed for vitamins A and K, with vitamin A

acids, lipid soluble vitamins (A, D, and K), as well as successfully blocking the interaction with ACE2 (100%

7292 https://doi.org/10.1021/acs.jcim.3c00803
J. Chem. Inf. Model. 2023, 63, 7282-7298
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reduction in S-ACE2 binding assays at 8.7 mM), while vitamin
D only reduced the interaction in S-ACE2 binding assays by
13% when tested at 6.0 mM."’ Additional experimental assays
for vitamin K showed S-mediated reduction of binding to
ACE2, with an IC50 of 4.7 uM for retention of virions in A549
human alveolar basal epithelial cells.”’ To further elucidate the
interaction with the FABP, we have generated a bindinﬁ pose
with a docking simulation using Glide SP (Figure 12).

Vitamin K is predicted to occupy the pocket similarlzr to LA,
establishing polar interactions with residue Arg408."” In the
generated pose, additional contacts with residues Leu368 and
Tyr369 are predicted, and the long flexible chain extends deep
into the hydrophobic portion of the pocket and establishes
further interactions with residues Cys336, Cys379, Phe392,
and Cys432. The predicted extensive network of interactions
justifies the stabilization within the pocket and the ability to
affect the virus-host interaction, with antiviral activity detected
in virion cell infection assays.'”*” Vitamin D is also predicted
to bind to the FABP, although S-ACE2 binding assays show
limited binding (13% reduction at 6.5 mM).""" Predicted
interactions are similar to LA, with direct contacts with Arg408
and GIn409 identified through molecular dynamics simu-
lations.'” The best binding pose generated by Glide SP for
vitamin D (Figure 13)*" is in line with this observation, both
for the main stabilizing interactions and the overall pocket
occupation.'” Other molecular properties, such as molecular
weight (Vit D: 384.6 g/mol; LA: 280.4 g/mol), predicted log P
values (Vit D: 6.85; LA: 5.45), or predicted LogD at pH 7 (Vit
D: 7.1; LA: 4.4), could point to an increase of hydrophobic
features, reflected in these values, as a potential trend in
support of decreased binding. However, vitamin K surpasses
vitamin D in all parameters (MW: 444.65 g/mol, LogP: 7.66,
LogD: 9.7) but maintains both binding and FABP-mediated
functional effects.””

3.3.4. Retinoids. Given that vitamin A has been confirmed
to bind the FABP and affect the S-ACE2 interaction, additional
retinoids could be expected to have a similar effect.
Particularly, tretinoin and tazarotene have been identified in
both virtual screening studies and high-throughput screening
studies, with predicted binding in the FABP and reduced viral
infection by ~50% in Vero E6 cells at a test concentration of 1
uM for both compounds.'”* Taking into account the
structural features of previously identified compounds binding
the FABP, these retinoids are expected to bind strongly to the
pocket.

Virtual screening studies predicted a polar interaction with
Arg408 for these retinoids, anchoring the molecules in the
pocket, an essential feature previously described for LA."
Additional binding poses generated with Glide SP*' have, for
vitamin A (Figure 14A), the hydroxyl group in direct contact
with Thre41S, whereas Tazarotene (Figure 14C) is predicted
to interact with Tyr369. On the other hand, in the
hydrophobic portion of the pocket, all three compounds are
predicted to establish 7-stacking or hydrophobic interactions
with phenylalanine residues (Phe492 for vitamin A and
tazarotene, PheS1S for tretinoin (Figure 14B), or Cys336 for
tretinoin), with a predicted pocket occupation similar to LA.

To summarize, the compounds discussed so far have shown
the ability to bind the FABP, confirmed for LA, lifitegrast, and
SPC-14, and/or to affect the S-ACE2 interaction in binding
assays, consequently resulting in reduced cell infection
detected in cell-based assays. Binding trends include the ability
to interact with hydrophobic residues buried in the pocket and
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with polar functional groups of amino acid residues that define
the pocket entrance. Additionally, there are two main structural
features in the chemical scaffold of the active compounds. The
first is the presence of bulky ring-based systems, as happens
with lifitegrast, that achieves a 50% reduction in cell infection
at 1.295 uM, or SPC-14 with a binding affinity (Kp) of 6.9 uM.
Alternatively, active compounds also show the presence of only
up to two aromatic rings, attached to a more flexible backbone,
as observed with LA, retinoids, and vitamin K. Either group is
predicted to have the ability to accommodate in the pocket,
making different nonbonded interactions. Particularly, the
presence of aromatic rings is likely essential so that =z
interactions can be established with the numerous phenyl-
alanine residues, buried, and spread across the pocket.
Scaffolds capable of interacting with other hydrophobic
amino acids that coat the deeper portions of the site are also
favored, as is the case for retinoids.

Regarding the hydrophilic entrance of the pocket, polar
interactions with the amino acid residues present in this
portion are common for stability, as initially identified with the
cocrystallized LA. The carboxylic acid group appears to be an
important feature to interact with the hydrophilic residues, but
other functionalities, such as the sulfoxide in lifitegrast, also
show the potential to make direct contacts with electrophilic
residues in the vicinity. On the other hand, cocrystallized SPC-
14 is buried in the pocket and unable to directly interact with
these residues. The same behavior is predicted for dexametha-
sone.'” Dexamethasone and SPC-14 have the lowest predicted
LogP values (2.14 and 1.29, respectively), along with low logD
values (—0.7 and 1.7, respectively), which may lead to an
interaction pattern more dependent on the hydrophobic
residues lining the deeper portions of the pocket, further
away from the hydrophilic residues in the entrance.
Considering the active compounds highlighted in this review,
their chemical variety appears to be quite limited, as many
studies focused on compounds similar to LA. However, the
activity observed for lifitegrast indicates that more complex
chemical scaffolds could possibly be associated with an
improved overall occupation of the FABP, as can also be
observed for SPC-14, with a new interaction Pattem, similar to
that previously predicted for dexamethasone. ~ Further studies,
such as the resolution of a three-dimensional structure of the
FABP in complex with lifitegrast or dexamethasone, are needed
to further confirm interactions leading to increased activity and
to elucidate if dexamethasone achieves the high activity
observed with a pattern similar to SPC-14. Additionally,
biological assays for SPC-14 are required to clarify if it is also
capable of affecting the S-ACE2 interaction or the virus life
cycle. The studies considered in this review, describing
compounds identified as FABP ligands, can help to understand
important features for FABP binding and how this pocket can
be explored to design optimized ligands. The chemical space of
possible candidates has been significantly expanded since the
first ligand was identified, with the identification of bulkier
scaffolds and new functional groups with biochemical and
antiviral activity.

3.4. Compounds Predicted to Bind the FABP without
Reported Experimental Activity. Although experimental
data is essential to validate virtual screening studies, this is not
always available in published works describing virtual screening
campaigns,”'"*® representing a significant limitation, as
potential antiviral compounds cannot be selected for
optimization before experimental confirmation.”” For example,

https://doi.org/10.1021/acs.jcim.3c00803
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as discussed previously, vitamin D and palmitic acid were both
predicted to bind the FABP, but S-ACE2 binding inhibition
assays proved otherwise.’”*"

Since experimental results are an essential requirement to
validate potential ligands in virtual screening studies, a clear
separation is needed from the compounds shown in Table 1.
Although lacking experimental confirmation, the compounds
listed in Table 2 have been predicted to bind to some residues
in the FABP, based on their potential interactions in virtual
screening studies. These compounds were selected considering
the most common interaction features identified for confirmed
ligands, namely, hydrophobic contacts with phenylalanine
residues that coat the pocket, or polar contacts with the
hydrophilic amino acids Arg408, Gly408, and Lys417. Virtual
screening methodologies are applied for compound libraries
using a wide variety of targets and structures, from portions of
the S protein (closed and open states, as well as pre- and
postfusion structures) to other SARS-CoV-2 proteins, such as
the main protease or nucleocapsid protein.””

Asiatic acid was included in a virtual screening study against
the S glycoprotein, where multiple predicted residues
described for interaction are also residues present in the
FABP, such as Phe338, Tyr365, and Phe392. 20 Additionally,
asiatic acid is a pentacyclic triterpenoid with a backbone similar
to bile acid derivatives or dexamethasone, and it could
therefore also bind to the pocket. Interactions with hydrophilic
residues are not described, but multiple heteroatoms (within
carbonyl and hydroxyl groups) could potentially establish these
interactions. A docking simulation was run to predict how
asiatic acid may bind the FABP and to assess if it has a similar
behavior to other sterols. However, no favorable binding poses
could be obtained for this compound using Glide SP,
potentially indicating an inefficient interaction with the
FABP." Likewise, although Psammaplysene D has been
described to interact with some FABP residues (Ser373,
Phe374), no favorable bindin Poses could be obtained using
the Glide SP docking tool."”*'*" In the case of Psammaplysene
D, the failure to obtain docking poses could be due to the
larger size of the molecule, with a molecular weight of 783.2 g/
mol, significantly surpassing confirmed ligands and likely not
fitting the pocket properly. As for asiatic acid, taking into
account the binding predicted for dexamethasone and bile acid
derivatives, the absence of docking poses obtained is
unexpected. This lack of favorable binding poses could be
due to the additional ring, as it has a pentacyclic structure, or
to the lack of a carbon chain capable of interacting with the
electrophilic pocket entrance, extending from the main ring
system, as observed in both dexamethasone and the bile acid
derivatives.

Rotiorinol C was also identified in a virtual screening study
not directed at the FABP, when screened against the RBD
portion of the S protein (PDB ID: 6M17).*” Several predicted
interacting residues described in this study are in the FABP,
particularly in the hydrophobic portion (Cys336, Phe338,
Ser373 (H-bond), Phe374).%” From a chemical point of view,
rotiorinol C is similar to the retinoid backbone with a flexible
carbon chain and a rigid, condensed ring system, suggesting
potential activity due to FABP binding. The predicted binding
pose obtained for rotiorinol C with molecular docking software
Glide SP (Figure 15)* indicates extensive potential inter-
actions in the FABP.

The main contacts are predicted with residues Tyr369,
GIn409, Gly416 and Lys417, and additional predicted
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Figure 15. Crystallized LA (PDB ID: 6ZBS) (carbon atoms in
yellow) superimposed with rotiorinol C (carbon atoms in orange) in
the FABP in ribbon representation (blue). Black dashed lines
represent polar interactions (hydrogen bonds and electrostatic
interactions) between the ligand and amino acid residues in the
protein.’i 2

interactions with Phe374 and Phe338, as initially identified.
Other interactions with Cys336 and Thr41S could further
stabilize the molecule. When compared to known ligands,
occupation of the pocket is similar to that of lifitegrast, with
logP (lifitegrast: 4.19, rotiorinol C: 2.6) and LogD (lifitegrast:
1.2, rotiorinol C: 1.2), as well as molecular weight (lifitegrast:
615.5, rotiorinol C: 398.4) compatible with binding to the
FABP and subsequent potential effects for the inhibition of the
S-ACE2 interaction.

Similar to rotiorinol C, hyoscyamine was also identified in a
virtual screening study not directed at the FABP, against
multiple S protein conformations.”” Despite only a few
interacting residues highlighted in the FABP, a docking pose
was §enerated for this compound using Glide SP (Figure
16).* This molecule has unique features when compared with
the others discussed above as it is more compact and contains
a tropane ring that could further extend the chemical space of
potential binders to this site and explore new potential
interactions that may strengthen binding.

Due to the compact structure of hyoscyamine, the predicted
binding pose in the FABP is characterized by limited pocket
occupation, although some stabilizing interactions, particularly
two H-bonds with Arg408 and Thr41S and an additional
contact with Phe374, are predicted. Further experimental
assays are needed to elucidate whether hyoscyamine has any
inhibitory activity of the S-ACE2 binding.

Oxabolone and Selexipag have been identified in two
separate virtual screening studies directed at the FABP,
based on the LA cocrystallized structure (PDB ID: 6ZBS
and 6ZB4), and libraries of approved dmgs.(’z’“ However,
none of these studies assessed biological activity or determined
binding affinities with the S protein; therefore, they still require

https://doi.org/10.1021/acs.jcim.3c00803
J. Chem. Inf. Model. 2023, 63, 72827298
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Figure 16. Crystallized LA (PDB ID: 6ZBS) (carbon atoms in
yellow) superimposed with hyoscyamine (carbon atoms in orange) in
the FABP in ribbon representation (blue). Black dashed lines
represent polar interactions (hydrogen bonds and electrostatic
interactions) between the ligand and amino acid residues in the
pmtein.'<l

validation for the virtual screening campaigns performed. As
expected, the reported predicted binding and pocket
occupation follows patterns previously identified, with
oxabolone predicted to interact as SPC-14, whereas selexipag
contains three aromatic rings and a flexible chain that extends
toward the hydrophilic residues in the pocket.*>**

In summary, six additional compounds were identified as
potential ligands to the FABP, based on their predicted
interactions with the S protein, described in the original virtual
screening studies that explored these chemical entities. Upon
analysis of these molecules for their binding to the FABP using
a molecular docking procedure, only for two of these potential
ligands, rotiorinol C and hyoscyamine, favorable binding poses
to this site could be observed. The binding pattern predicted
for these two additional compounds is similar to that
previously observed for confirmed ligands. Moreover, the
molecular scaffold of rotiorinol C shares features similar to
those of retinoids, as it shows the presence of a ring system
attached to a carbon chain that contains a heteroatom,
available to interact with the hydrophilic portion of the pocket.
However, only experimental validation of the predicted activity
may confirm the accuracy of these observations. Similarly,
selexipag and oxabolone are predicted to interact with the
FABP, but only experimental studies can validate the potential
ability to affect the S-ACE2 interaction. On the other hand,
hyoscyamine presents a novel chemical scaffold, featuring a
tropane ring. Although its predicted pocket occupation appears
limited compared to that of the confirmed active compounds,
the experimental validation of its activity may open new
avenues for the design of new therapeutic agents with diverse
structural features.
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4, CONCLUSIONS

The FABP in the S surface glycoprotein is a promising target
for drug discovery for SARS-CoV-2: compounds binding to
this site have the potential to exert a strong effect in cell
recognition and cell infection, stabilizing the inactive
conformation of the § glycoprotein. The first known ligand
for this pocket, LA, is capable of significantly affecting virus-
host interaction and cell infection. Identifying new, more
potent binders to this site can provide the basis to develop
novel, broad-spectrum treatment options against current and
future-emerging coronaviruses.

In this review, we selected 20 studies that describe 21 ligands
with a confirmed binding and/or effect on the S-ACE2
interaction and six additional ligands with a predicted binding
to the FABP, for which no experimental results have been
reported yet.

In addition to LA, lifitegrast has also been confirmed not
only to have a strong inhibitory effect on the S-ACE2
interaction and ability to reduce cell infection but also to
directly bind to this pocket, showing that long, flexible carbon
chains typical of fatty acids are not an essential requirement for
binding. The confirmation of SPC-14 as a new ligand further
indicates that different chemical scaffolds and interaction
patterns can be accommodated in the pocket, although SPC-14
is still lacking experimental validation of the inhibitory effect of
Spike-ACE2 interaction or antiviral cell-based assays.

Since the remaining compounds discussed are predicted to
bind the pocket and have either confirmed inhibitory activity
of the S-ACE2 interaction or antiviral activity, with a reduction
of cell infection in cell-based assays, their observed activity is
likely due to binding to the FABP. Among the compounds
with inhibitory or antiviral activity, multiple ring systems, such
as the sterol backbone, are a recurring feature, with retinoids,
such as tretinoin, and unsaturated fatty acids with long carbon
chains also affecting the virus-host interaction. The pattern of
interactions is consistent, with common interactions estab-
lished not only with the hydrophilic portion of the site but also
critically throughout the hydrophobic region.

Additional compounds from virtual screening campaigns for
which no experimental data is currently available have been
analyzed with docking simulations in the FABP. Among them,
rotiorinol C is associated with the best predicted binding
profile, indicating a likely potential for this molecule to affect
the virus-host interaction.

Overall, the observations summarized in this review may
enable the design of more potent, broad-spectrum new
compounds, able to strongly bind the FABP and therefore
prevent cell recognition and entry of coronaviruses currently
affecting humans, and of those possibly emerging in the future.
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AND (SARS CoV 2 AND spike AND
virtual screening)

(n=128)

Screening

Eligibility

Included
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I

Total records identified (n=738)

(n=387)

Records after removal of duplicates

Duplicates removed (n=351)

Full text papers assessed for
eligibility (n=228)

Non virtual screening studies or no
information regarding FABP (n=159)

Records excluded:

Papers included (n=20)

No interaction with FABP (n=208)

Records excluded:

Figure S1 — PRISMA flow diagram for inclusion of studies
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Table S1 — Chemical structures of all compounds reported (as SMILES)

Molecule

SMILES

Glyco-chenodeoxycholic acid

O[C@@H]1CCI[C@]2(C)[C@@I3([H)CCIC@]4(C)IC@@H]([C@H](C)CCC(NCC(0)=0)=0)CCIC@@]A4(l
HDIC@J3([HDIC@H](O)CC2C1

Ursodeoxycholic acid

O[C@H]1CCIC@]2(C)[C@@]3([H))CCIC@]4(C)[C@@H]([C@H](C)CCC(0)=0)CC[C@@4([H])C@]3([H
DIC@@H](O)CC2C1

Tauro-ursodeoxycholic acid

0=5(0)(CCNC(CC[C@@H](C)IC@H]1CC[C@@]2([H)IC@]3([H)IC@@H](O)CC4C[C@H](O)CCIC@]4(
C)IC@@]3([H]))CC[C@]12C)=0)=0

Glyco-ursodeoxycholic acid

ClC@@H|([C@@]1(H))CC[C@]2([H)IC@]1(C)CCCI[C@]2(H)IC@@H](O)C[C@@]4([H)IC@]3(C)C
C[C@@H](0)C4)CCC(NCC(0)=0)=0

Chenodeoxycholic acid

O[C@@H]1CCIC@]2(C)[C@@I3(H))CC[C@]4(C)IC@@H]([C@H](C)CCC(0)=0)CC[C@@]4([H)IC@]3(
[HDIC@H](O)CC2C1

Obeticholic acid

CCC1C2CC(CCC2(C3CCC4(C(C3C10)CCCAC(C)CCC(=0)0)C)C)O

BAR 703 ClC@@]12C3CC[C@@I4([H])C(CC[C@@H4[C@@H](CCCO)C)CI[C@@H](O)[C@@H]I(CC)[C@]1([H]
)C[C@H](O)CC2

Vitamin K CC1=C(C(=0)C2=CC=CC=C2C1=0)CC=C(C)CCCc(c)cccc(c)ccecc(e)c

Dexamethasone 0=C1C=C[C@]2(C)[C@@]3(F)IC@@H](O)CI[C@J4(C)[C@Q@](O)(C(CO)=0)[C@H](C)C[C@@]4([H]DIC
@]3([H])CCC2=C1

Tretinoin OC(/C=C(C)/C=C/C=C(C)/C=C/C1=C(C)CCCC1(C)C)=0

Tazarotene CC1(C)C2=CC(C#CC3=CC=C(C(OCC)=0)C=N3)=CC=C2SCC1

Vitamin A CC1=C(/C=C/C(C)=C/C=C/C(C)=C/CO)C(C)(C)CCC1

Vitamin D3 O[C@H](C/C1=C/C=C2C3CC[C@@H]([C@]3(CCC/2)C)[C@H](C)CCCC(C)C)CCC1=C

Linoleic acid CCCCC/C=C\C/C=C\CCCCCCCC(0)=0

Myristic acid CCCccceceececcececc(0)=0

Stearic acid CCcccececececececcececceccec(o)=0

Oleic acid CCCCcCcccece=cceecececcececec(=0)o

Lifitegrast CS(=0)(=0)C1=CC=CC(=C1)CC(C(=0)O)NC(=0)C2=C(C=C3CN(CCC3=C2CI)C(=0)C4=CC5=C(C=C4)
C=CO05)CI

Palmitic acid CCcCccceceecececcecececcec(o)=0

Caprylic acid CCCCCCCC(0)=0

SPC-14

0=C(CCCCCC(0)=0)N(C1)CC2=C1C=CC([N+]([0-])=0)=C2
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Asiatic acid CC1CCC2(CCC3I(C(=CCLC4C3(CCChL4(CC(C(Ch(C)co)o)o)c)c)cecic)e)c(=0)o

Rotiorinol C 0O=C1C(C(C)=0)=C2C=C3C=C(/C=C/C(C)=C/[C@@H](C)CCO)OC=C3[C@@H]I(O)[C@]2(C)O1
Psammaplysene D O=C(N(CCCOC1=C(Br)C=C(CCN(C)C)C=C1Br)C)/C=C/C2=CC(Br)=C(OCCCN(C)C)C(Br)=C2
Hyosciamine CN1C2CCC1CC(C2)OC(=0)C(CO)C3=CC=CC=C3

Oxabolone CC12CCC3C(CLCC4=C(0)C(CCC34)=0)C1CcCcc20

Selexipag

CC(N(C1=CN=C(C2=CC=CC=C2)C(C3=CC=CC=C3)=N1)CCCCOCC(NS(=0)(C)=0)=0)C
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3.2.2 Disrupting SARS-CoV-2 Spike Protein Activity: A Virtual Screening and Binding
Assay Study
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Abstract: Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is a respiratory
virus that emerged in late 2019 and rapidly spread worldwide, causing the COVID-19
pandemic. The spike glycoprotein (S protein) plays a crucial role in viral target recognition
and entry by interacting with angiotensin, converting enzyme 2 (ACE2), the functional
receptor for the virus, via its receptor binding domain (RBD). The RBD availability for
this interaction can be influenced by external factors, such as fatty acids. Linoleic acid
(LA), a free fatty acid, has been shown to bind the S protein, modulating the viral infection
by reducing initial target recognition. LA interacts with the fatty acid binding pocket
(FABP), a potential drug target against SARS-CoV-2. In this study, we aimed to exploit
the FABP as a drug target by performing a docking-based virtual screening with a library
of commercially available, drug-like compounds. The virtual hits identified were then
assessed in in vitro assays for the inhibition of the virus-host interaction and cytotoxicity.
Binding assays targeting the spike~ACE2 interaction identified multiple compounds with
inhibitory activity and low cytotoxicity.

Keywords: SARS-CoV-2; spike glycoprotein; virtual screening; in vitro assays

1. Introduction

In late 2019, a new viral infection was detected in Wuhan, China, caused by a new
coronavirus (CoV), Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2). This
virus rapidly spread worldwide in a few months, leading to the COVID-19 pandemic,
infecting more than 750 million people and causing over seven million deaths [1]. SARS-
CoV-2is an RNA virus, belonging to the Coronaviridae family, originated in bats [2—4].

However, the course of the pandemic was changed by the introduction of vaccines
against SARS-CoV-2 [5]. In fact, the recent development of vaccines was considered a
powerful measure to save lives and minimize the impact on health, social systems, and
global economics [6]. It is well known that SARS-CoV-2 genome mutations influence
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the efficacy of the immune response induced by vaccination [5]. Since the beginning of
the COVID-19 pandemic, numerous mutations of SARS-CoV-2 have been identified [5].
Periodic viral genomic sequencing helps to detect new genetic variants circulating in
communities [5]. An updated version of the SARS-CoV-2 phylogenetic tree is shared on
the GISAID platform (Global Initiative on Sharing Avian Influenza Data). A variant is
recognized as a Variant of Concern (VOC) or Variant of Interest (VOI) by the World Health
Organization (WHO) [5].

As overall observed in CoVs, cell entry is highly dependent on the spike glycoprotein
(S protein), a structural surface protein, which recognizes the human angiotensin converting
enzyme 2 (ACE2) [3,7]. The S protein is a trimeric fusion protein fully responsible for cell
recognition and cell entry and is thus a main target for neutralizing antibodies, as well
as therapeutics and vaccines [2,3]. The key area of interaction in each monomer of the S
protein is the receptor binding domain (RBD) that interacts with ACE2 and initiates cell
infection [7]. However, the RBDs have a dynamic nature, showing two conformations: a
down conformation (inactive), inaccessible for interaction with ACE2, and an up confor-
mation (active), required for target recognition, as well as neutralizing antibodies [3,8-10].
Each RBD can individually change between conformations, and the availability of RBDs can
be influenced by external factors, such as the pH or the presence of ACE2 in the medium,
as each binding event to ACE2 promotes further RBD change to the active conformation in
the same S protein trimer (Figure 1) [8,11,12].

A B

Figure 1. (A) Protein surface representation of the S trimer in a three RBD down conformation (blue,
orange, yellow) (PDB ID: 7KMS). (B) Protein surface representation of the S trimer in a one RBD up
(yellow) bound to ACE2 (dark blue), and two RBDs down (blue and orange) conformation (PDB
1D: 8I0U).

Another external factor that can affect RBD accessibility to ACE2 recognition is the
presence of free fatty acids (FFAs), since these affect the balance of open/closed RBDs. FFAs,
such as linoleic acid (LA), are essential eicosanoid precursors and tissue inflammatory
regulators [13], whose concentration is severely increased during infection and lung inflam-
mation states [14]. LA affects the S protein and RBD behavior by binding a site within the
protein, the fatty acid binding pocket (FABP) [14,15]. Physiologically, FFAs are proposed
to function as molecular switches, enabling SARS-CoV-2 to adapt its immunogenicity to



Chapter Ill — Results

Int. |. Mol. Sci. 2025, 26, 151

30f 14

75

inflammatory state by changing from a high infective status before a host immune response
is established, to a reduced viral recognition and clearance state, increasing viral titers
in inflammatory states [14]. Pharmacologically, this mechanism might be exploited by
using compounds mimicking LA to permanently stabilize the S protein in an inactive
conformation [15].

When LA is bound to the FABP, the stabilized inactive conformation hides the receptor
binding motifs (RBM) between RBD interfaces, preventing interaction with ACE2, thereby
reducing virus-host interactions, cellular recognition, and infection [15]. The FABP is
formed between RBD pairs, being independent of the RBM. This structural arrangement
results in three similar FABPs detected between S protein monomers (Figure 2) [15].

Figure 2. (A) Side view of the S protein in ribbon representation with the monomers represented as
blue, red, and grey ribbons, along with the three FABPs in yellow, green, and magenta molecular
surfaces (PBD ID: 6ZB5). (B) Top view of the S protein in ribbon representation with the monomers
represented as blue, orange, and grey ribbons, along with the three FABPs in yellow, green, and
magenta molecular surfaces (PBD ID: 6ZB5).

Structurally, the FABP features a bent hydrophobic pocket and a hydrophilic entrance.
The hydrophobic pocket is lined with multiple phenylalanine residues from one RBD, while
the entrance is formed by hydrophilic residues from the adjacent RBD. Each FABP can be
divided into three main interaction areas: (1) a deep hydrophobic region, primarily formed
by phenylalanine residues; (2) an intermediate region, characterized by phenylalanine
and tyrosine residues that act as gating helices (Tyr365 and Tyr369); and (3) a hydrophilic
entrance, with multiple residues from the adjacent RBD (Arg408, GIn409) [16]. LA can
establish multiple interactions across the pocket, with the hydrocarbon chain interact-
ing in deeper regions, while the carboxylic tail establishes electrostatic interactions with
residues in the intermediate and entrance areas, locking the ligand in the final conformation
(Figure 3) [15].

Overall, the FABP can affect the S protein and RBM exposure, although it does not
interact directly, and therefore is not affected by the high frequency of mutations in this
area of the protein [17]. On the other hand, the FABP can be detected in all SARS-CoV-2
variants, as well as in other highly pathogenic coronavirus [17].
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Figure 3. Crystallized LA (PDB ID: 6ZB5) (carbon atoms in yellow) in the FABP in a ribbon rep-
resentation (blue), located between two adjacent RBDs (carbon atoms in white from RBD-B and
carbon atoms in orange from RBD-C). Green solid lines represent polar interactions (hydrogen bonds)
between the ligand and amino acid residues in the protein. All red atoms corresponds to oxygen
atoms, while grey is due to shadows in the picture for depth perception.

In this study, we aimed to explore the biological effect of FFAs, shown by LA binding,
using the FABP as a drug target to affect the virus lifecycle. A compound capable of binding
the FABP and mimicking the effects of LA could significantly reduce the virus’s ability to
infect new cells, regardless of inflammatory state. The physiological role of the FABP may
also present an additional barrier to resistance development, while the high conservation
of this site in other highly pathogenic coronaviruses positions the FABP as a potential
broad-spectrum anti-CoV target. To achieve this, a docking-based virtual screening was
performed of a library of commercial, drug-like compounds, against the crystal structure of
LA bound to the FABP. The virtual hits identified were then assessed in in vitro assays for
the inhibition of the virus-host interaction and cytotoxicity.

2. Results
2.1. Identification of Compounds

To explore the FABP effects on the S protein, particularly the stabilization of an
inactive conformation by a small molecule, the SPECS library of over 350,000 drug-like
compounds was screened against the three FABPs in the crystal structure of LA bound to the
S protein [15]. The virtual screening was performed with the Glide Standard Precision (SP)
docking tool [18], with docking poses generated for each compound in each FABP, using LA
molecules as centroids from SARS-CoV-2 Wuhan S protein (PDB ID: 6ZB5) [15]. Docking
poses were then rescored with three scoring functions: Glide XP, CHEMPLP (PLANTS),
and OpenEye (ScorePose) [19-21]. After applying an in-house optimized consensus scoring
procedure [22], docking poses falling in the top 25% of the score range for all scoring
functions were selected for visual inspection. A total of 5000 molecules for each binding site
were chosen for visual inspection and combined into one set containing molecules common
in the three selection sets. The selection of molecules was further reduced according
to the predicted interactions, pharmacokinetics, and drug-like properties, resulting in
26 molecules (Figure 4). The final selection was purchased from SPECS and evaluated in S
protein—ACE2 binding inhibition assays. Predicted poses shown are from the FABP formed
by RBD-B and RBD-A.
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Figure 4. Chemical structure of compounds selected after the structure-based virtual screening and
purchased from SPECS, identifying each compound with a number (1-26).

Overall, the presence of aromatic rings is the main feature observed in the selected
compounds, along with highly hydrophilic groups in at least one terminal end of the
molecule. Four representative compounds 19, 20, 24, and 25 are shown (Figure 5), having
the best activity profile among the screened compounds in our assays, detailed below.
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Figure 5. Molecular docking results obtained for 19 (A), 20 (B), 24 (C), and 25 (D), represented with
carbon atoms in sea green, in the FABP of SARS-CoV-2 S protein (PDB ID: 6ZB5, blue ribbon, carbon
atoms in white from RBD-1 and orange from RBD-2). Green solid lines represent polar interactions
(hydrogen bonds) between the ligand and amino acid residues in the protein.

Using compound 20 as an example, binding is shown in the three FABP sites (Figure 6),
consistent both regarding pocket occupation and main interaction residues.

78

Figure 6. Molecular docking results obtained for 20 (carbon atoms in sea green) in the FABP of
SARS-CoV-2 S protein Wuhan (PDB ID: 6ZB5, blue ribbon). (A) site 1 (RBD-B with carbon atoms in
white, RBD-A with carbon atoms in orange); (B) site 2 (RBD-A with carbon atoms in white, RBD-C
with carbon atoms in orange); (C) site 3 (RBD-C with carbon atoms in white, RBD-B with carbon
atoms in orange). Green solid lines represent polar interactions (hydrogen bonds) between the ligand
and amino acid residues in the protein.

2.2. In Vitro Validation Assays

The identified compounds” ability to block the virus-host interaction was tested using
an ELISA-based inhibition assay, at 100 uM, with activity compared with negative control
(vehicle—1% dimethyl sulfoxide (DMSQO)). LA and palmitoylethanolamide (PEA) were
used as positive controls for inhibitory effect at 100 uM, given that activity has been
established for these compounds: LA has been shown to reduce RBD binding with ACE2
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by 100% at 8.9 mM, and PEA reached ~50% inhibition of this interaction at 10 uM [23,24]. At
100 pM, test compounds inhibitory effect ranged from 0% to 34%, with seven compounds
surpassing PEA activity (14%), although LA showed the strongest inhibitory activity (58%)
(Figure 7).

80,

2 o
S S

Binding Inhibition (%)
s
S

Hum I B.lan IIIIIII'

Compounds
Figure 7. Inhibitory activity of the screened compounds tested at 100 uM. Inhibition was deter-
mined as percentage calculated on the vehicle-treated cells (0.1% DMSO). The bars represent the
mean + SEM from three experimental repeats. *—Compounds with higher activity than PEA.

2.3. Cell Viability

A cytotoxicity evaluation of the 26 compounds was performed in 1929 cells,
fibroblastic-like cells extracted from mouse (Mus musculus) subcutaneous areolar and
adipose tissue. This immortalized cell line provides fast, consistent, and uniform growth,
facilitating acute and hyperacute toxicity testing, with high sensitivity to low concentrations.
It is easy to culture and adapt to various conditions, widely used, and with predictive value
validated in the literature [25]. Cytotoxicity was performed at 100 pM, with two timepoints
established and cell viability measured at 0 h and 48 h (Figure 8). In the virtual screening
selection protocol, predicted toxicity was an important consideration, with ADME and
PAINS (pan-assay interference compounds) analysis included to exclude potential toxic
compounds (Supplementary Data file) [26].

. Oh
m— 48h

*
" N . * . . *
. . . . * . l s "
‘ ‘ I ' . ‘ * I . ‘
.
1 2 3 4 5 6 7 a 9 10 1 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 ControlDMSO

Compounds

Figure 8. Cytotoxicity of the screened compounds at 100 uM, measured with Presto Blue™ Viability
Assay. Cytotoxicity variation at timepoints 4 h and 48 h was estimated against an initial measurement
(0 h) before presence of screened compounds. The bars represent the mean + SEM from three
experimental repeats. *—Statistical significance difference between cell viability at both timepoints
for each compound, determined by T-test for independent samples (p < 0.05).

Cell viability was measured with the Presto Blue™ viability assay method (Figure 8) [27].
In addition to the test compounds, two additional sets were tested, cells exposed only to
growth medium (negative control), and cells treated with DMSO (positive control), since this
compound is capable of altering cell membrane permeability and selectivity, justifying its use
as evidence of cytotoxicity [28].

As observed in the negative control, in cells that were only exposed to growth medium
(control), an increase in cell viability is reflected in a stronger signal detected. On the other
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hand, DMSO-treated cells, acting as a cytotoxicity control, showed a stark decrease at 48 h,
due to the expected cytotoxic effect of this substance. Apart from DMSO, compounds 7
and 18 showed a reduction in cell viability at this timepoint, while 17 and 26 showed a
stabilization in cell growth (non-statistically significant differences (T-test for independent
samples)). Each test group showed a statistically significant cell viability variation against
DMSO-treated cells (one-way Anova with Dunnett’s post hoc testing), as none of the
compounds had a strong cytotoxic effect.

3. Discussion

From the initial set of 26 compounds, seven have shown the ability to affect the
interaction more than PEA (14%), while none surpassed LA with 58% inhibitory activity.
The maximum detected inhibition was 34% for compound 20, with 14, 19, 21, 24, 25, and
26 also surpassing PEA. Given that PEA has shown the ability to affect the virus life cycle
through a reduction in the S protein—ACE2 interaction, the screened compounds might
also harbor the potential to replicate this activity. In the presence of LA, the S protein is
stabilized in an inactive conformation, with RBMs hidden, and the ability to interact with
the human receptor severely reduced [15]. The previously reported inhibitory activity of
LA was observed in these binding assays and, although the screened compounds showed
weaker effects, they likely can affect the S protein behavior through the FABP. Additionally,
the large variations in activity between compounds show a link to structural differences.

Overall, in the screened compounds, and unlike LA, large substituent groups are
present in the deeper areas of the pocket, with aromatic rings deviating from the alkane
chains in co-crystalized LA, potentially promoting aromatic interactions. This is particularly
significant for 25, where a six-membered ring with multiple heteroatoms shows pocket
occupation similar to LA. Despite the fact that this large ring system is not aromatic,
there are two carbonyl groups aligned with phenylalanine residues, overlapping the LA
unsaturation, potentially establishing the similar stabilizing interactions. A carboxylic
acid, as with LA, establishes a single H-bond with Arg408. While this compound shows
some activity, the carboxylic acid is not the only terminal hydrophilic group in the active
compounds (Figure 5D). The most active among screened compounds (LA achieves the
highest activity), 20, has a terminal amide group in this area, predicted to establish two
H-bonds, as opposed to a single H-bond for LA, suggesting that it could be well suited to
interact in this area.

However, the single H-bond established by LA is a charged H-bond, while this is not
observed with the terminal amide group in 20. Regarding the deeper areas of the pocket,
while it is not as buried as LA, the terminal ring is predicted to overlap the unsaturation in
LA. These two factors are likely the reason it was the best among the screened compounds,
while still lacking when compared with LA (Figure 5B). Compound 24 has a nitro group,
predicted as an H-bond acceptor, that extends to the hydrophilic area, and an H-bond
predicted with the indole group (Figure 5C). Compound 19 has a bicyclic ring on both ends
of the molecule, and groups capable of interactions in the intermediate portion of the FABP,
adopting a conformation similar to LA (Figure 5A). However, 19 is predicted to establish a
single H-bonds with Arg408, from the carbonyl group.

While the scoring functions and consensus protocol prioritized compounds based on
predicted binding affinity, the ability to effectively engage with all three pockets served as
an additional distinguishing factor. The pockets share the same amino acid composition,
establishing similar interactions. Identifying compounds that exhibit strong and consistent
binding across all three pockets was essential to validate the overall effectiveness of the
virtual screening. Compound 20, the strongest among screened compounds, adopts a
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similar conformation in all pockets, as it establishes the same H-bonds, showing the ability
to maintain key hydrogen bonds across all pockets (Figure 6).

Finally, the detected inhibitory activity observed for 22 and 23, although limited (9%
and 13%, respectively), could be associated with a feature unique to these compounds,
among the screened selection. They both share a 4-fluorophenyl entity that is predicted to
extend into the FABP and likely establishes aromatic interactions in this area, particularly
with Phe338, Phe374, and Phe392, although 22 is predicted to be further buried in this area
and to have significant overlap with LA (Figure 9).

GLN-409  GLU-406 /‘ LYS-417

Figure 9. Molecular docking results obtained for 22 ((A), carbon atoms in sea green) and 23 ((B), carbon
atoms in sea green) in the FABP of SARS-CoV-2 S protein (PDB ID: 6ZB5, blue ribbon and carbon
atoms in white).

Furthermore, both compounds contain polar groups, such as an amide (22) and ketone
(23), in the middle portion of the molecule, potentially capable of interacting with Tyr365
and Tyr369. An amide (23) and a methyl ester (22) are responsible for the stabilization in
the pocket entrance, having predicted H-bonds with GIn409, Arg408, and Lys417.

Although strong cytotoxicity was not observed for any of the test compounds, 7
and 17 displayed weak cytotoxicity, maintaining the cell viability levels from the earlier
timepoint (Figure 8). Cell viability for 18 had a strong reduction, although it did not reach
the cytotoxicity levels showed by DMSO. During the virtual screening study, compound
selection was performed considering toxicity predictions with the SWISS-ADME tool,
and therefore strong cytotoxicity was less likely to arise [26]. This tool considers two
complementary methods for pattern recognition, considering fragments with potential for
cytotoxicity: pan assay interference compounds (PAINS), which show potent biological
response irrespective of intended target, and Brenk et al.’s list of fragments or compounds
that are putatively toxic, chemically reactive, metabolically unstable, or bear properties
responsible for poor pharmacokinetics [26]. PAINS and Brenk warnings were, therefore,
few by design, with only 21 showing a Brenk warning (Michael acceptor group) among the
compounds showing cytotoxicity.

Overall, the initial virtual screening study targeting the S protein identified several
compounds with activity against the virus-host interaction, reaching an inhibition of
34%, with no toxicity observed after 4 8 h. The reliability of computational methods,
particularly virtual screening, is also observed in this study since, from an initial set of
~350,000 compounds, the selected molecules submitted to validatory experimental assays
resulted in four compounds with inhibitory activity of the target interaction over 25%. The
observed effect against the S protein could be, at least partially, due to interactions in the
FABP, stabilizing the inactive protein conformation, reducing binding between ACE2 and
the S protein. Cytotoxicity studies provided important insights to exclude toxic compounds,
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aiding the selection of the best candidate molecules for follow-up studies. The next stage
for compound activity validation could involve conducting cell-based infection assays
to assess antiviral effect and cytotoxicity, evaluating the ability to affect the virus-host
interaction. This would be reflected in a reduced viral effect and increased cell viability
due to reduced cell recognition and infection.

4. Materials and Methods
4.1. Virtual Screening

A library of commercially available drug candidates, the SPECS library, was screened
against the fatty acid binding pocket using co-crystallized LA in the S protein (downloaded
from the protein data bank PDB (http:/ /www.rcsb.org/ (accessed on 15 May 2023); PDB ID:
6ZB5). The structures of the compounds analyzed were built in MOE2019.10, saved in .sdf
format, and prepared using the Maestro LigPrep tool by energy minimizing the structures
(OPLS_2005 force field) and generating possible ionization states at pH 7 + 2, tautomers,
all possible stereoisomers per ligand, and low-energy ring conformers. The protein was
pre-processed with the MOE Protein Preparation tool, and the resulting protein-ligand
complex was saved in .mae format and prepared using the Schrodinger Protein Preparation
Wizard by assigning bond orders, adding hydrogens, and performing a restrained energy
minimization of the added hydrogens using the OPLS_2005 force field. Additionally, the
protein was also saved in .oedu format and .mol2 format to be used with scoring software
CHEMPLP (PLANTS) 1.2 and ScorePose (OpenEye) 2.8.27.82.48.74, respectively [20,21].
The Glide Standard Precision virtual screening tool (SP) was used to virtually screen the
commercial database against the binding site [15]. A 15 A docking grid was prepared using
the co-crystallized LA as the centroid, in parallel with the three FABPs in the S protein.
The library was docked on the active sites using the Glide SP docking algorithm [18],
keeping the default parameters, setting to three the number of output poses per input
ligand to include in the solution, and performing a post-docking minimization of each
of the poses kept. The output poses were saved as mol2 files. Docking poses obtained
were then rescored (maintaining the identified pose) using Glide XP, CHEMPLP (PLANTS),
and OpenEye (ScorePose) scoring functions [19-21]. Using a single docking program and
scoring function might introduce potential bias, which justifies the use of three programs for
rescoring. The values of each scoring function for each docking pose were then combined
(consensus score) and only docking poses falling in the top 25% of the score value range for
all the three scoring functions were selected for visual inspection in the three FABPs. The
docking scores are reported in the Supplementary Data File (Tables 52-54). The docking
results were visually inspected in MOE 2022.02. The docking poses of the compounds
obtained from the visual inspection were evaluated considering the following criteria:
ability of a compound to adequately occupy the fatty acid binding site (similar to LA); and
interactions predicted between compound and protein residues defining the site. Given that
LA has been confirmed as a ligand and has shown antiviral activity in experimental assays,
docked molecules were superimposed with a crystallographic structure of LA bound to
the S protein (PDB accession code 6ZB5). In the next step, the set of molecules from each
pocket was combined, with only molecules capable of good, predicted interactions in all
pockets selected for further stages. Finally, the set of molecules identified for experimental
validation was reduced to 26, by applying the Lipinski rule of five (selecting for good
medicinal chemistry properties) and the SWISS-ADME webtool, to screen compound
potential for toxicity (PAINS and BREAK analysis) [26].
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4.2. Source of Small Molecules

All the compounds in this study, both the initial screened set and analogue compounds,
were purchased from Specs Compound Handling B.V (Zoetermeer, the Netherlands). The
library used for the virtual screening study was based on the Specs collection of screening
compounds [29]. Molecular formulas (SMILES), molecular weight, and PAINS and BRENK
analysis of tested compounds are reported in the Supplementary Data file.

4.3. Binding Assays

An Inhibitor Screening Assay Kit was used to screen inhibitors of the S—~ACE2 inter-
action (BPS Bioscience Catalog # 78012) [30]. The kit includes the S protein in its native
trimeric conformation from the Wuhan strain, providing the best physiologically relevant
model for this interaction [31]. The assay kit also contains Biotinylated-ACE2, Streptavidin-
HRP, and assay buffers. The assay procedure was performed as follows: SARS-CoV-2
S protein was first coated onto a 96-well plate. Following this, Biotinylated-ACE2 was
incubated with the S protein on the plate, and Streptavidin-HRP was added to the plate.
The interaction between Biotinylated-ACE2 and SARS-CoV-2 S protein was then detected
using a colorimetric substrate. The resulting color change was quantified by measuring the
absorbance using a UV-Vis microplate reader. Compounds were dissolved in DMSO and
diluted until a testing concentration of 200 uM, with each compound tested in triplicate.
Finally, one negative control (vehicle-1% DMSO) and two positive controls were used, LA
and PEA.

4.4, Cell Culture

1.929 cells (a fibroblastic-like cell line derived from mouse connective tissue) used
for determination of cytotoxicity were cultivated in Dulbecco’s Modified Eagle Medium
(DMEM) with 10% FBS, 1.5% penicillin G/streptomycin (P/S), and maintained in standard
culture conditions, namely, in a humidified incubator at 37° and 5% CO,. Cells were
evaluated daily, and the culture medium was changed whenever necessary, with cell
passaging performed when desirable confluences of 70-80% were observed.

4.5. Cytotoxicity—Presto Blue™ Viability Assay

The Presto Blue™ assay was performed to determine the cytocompatibility between
the cellular system and test compounds [25,27]. This assay is based on a ready-to-use,
commercially available water-soluble preparation and allows a live-cell evaluation. The
resazurin solution was used to assess cell viability, based on the mitochondrial metaboliza-
tion of this substance solution. Viable cells reduce the phenoxazine dye (resazurin), which
results in color modification from blue to reddish over time that can be not only directly
observed but also quantitively measured using UV-VIS spectrophotometry, functioning
as a cell viability indicator. 1.929 cells were seeded over a 96-well plate and maintained
in incubation overnight (standard culture medium, 37 °C, 5% CO, environment, and 80%
humidified atmosphere). To perform the Presto Blue™ assay, the culture medium was
removed from each well at every timepoint (24, 28, and 96 h) and replaced by complete
medium with 10% (v/v) of 10 Presto Blue™ cell viability reagent (Invitrogen, A13262,
Thermo Fisher Scientific, Waltham, MA, USA). To perform the analysis, cells were in-
cubated for 60 min at standard conditions to allow metabolization of the reagent. The
supernatant medium was then collected and transferred to a 96-well plate and absorbance
was read at 570 nm and 595 nm in a Multiskan™ FC Microplate Photometer (Thermo
Scientific™, 51119000, Thermo Fisher Scientific, Waltham, MA, USA). Afterwards, wells
were washed with Dulbecco’s phosphate-buffered saline solution (DPBS, Gibco, 14190169)
until the Presto Blue sediments were removed. Then, fresh culture medium was added to
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each well, according to the timepoint specifications. Regular growth medium was used
until the first timepoint (24 h), when it was replaced with DMEM (10% FBS, 1% P/S)
supplemented with the test compound (determination of acute cytotoxicity). At the second
timepoint (28 h), the medium was replaced with DMEM (2% FBS, 1% P/S) supplemented
with test compounds, then left for 72 h until the last timepoint (96 h) (determination of
acute cytotoxicity). For the Presto Blue assessment, both control group and test compounds
were considered and, for each group, blank wells (without cell seeding), were included.
The wavelength for excitation is 570 nm and, for emission, 595 nm. For that reason, the
value obtained at 595 nm was subtracted from the value obtained for 570 nm (normalized
value), for each well. In addition, the corrected absorbance for each experimental well,
only considering seeded wells, was obtained by the subtraction of blank wells average
from the normalized values of the respective sample group. The absorbance values were
measured in triplicates. Data were further processed and normalized to the mean of the
gold standard group and presented in a ratio between the 24 h timepoint, and both the
28 h and 92 h timepoints, representing variation against initial cell viability as a baseline.
Statistical analysis was performed with a one-way Anova, with Dunnett’s test post hoc.

5. Conclusions

SARS-CoV-2 is the third highly pathogenic coronavirus to infect humans, and although
the COVID-19 pandemic has largely evolved to an endemic phase, the search for new
antivirals is still relevant, both for current and potentially future coronavirus infections.
Given the essential functions in the virus lifecycle, the S protein emerged as a target
with strong potential. We explored a binding pocket in the S protein that stabilizes an
inactive conformation, the fatty acid binding pocket, capable of affecting the virus lifecycle.
Through an in silico virtual screening approach, 26 potentially active compounds were
selected for experimental validation. Binding assays targeting the spike—~ACE2 interaction
revealed four compounds with activity over 25% and low cytotoxicity at 100 uM. Further
experimental testing, particularly cell-based infection assays, should be conducted to
clarify the ability of the molecules to affect the virus lifecycle, derived from inhibitory
activity in the virus-host interaction. These results highlight the reliability of computational
techniques for discovering novel scaffolds and potentially bioactive compounds against a
predetermined target in a rational methodology in drug discovery.
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Table 1 - Molecular formulas (SMILES}), molecular weight, PAINS and BRENK analysis, and medicinal chemistry properties of tested compounds
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Table 2 - Docking score from the scoring functions used during rescoring in FABP site 1 (Glide XP, Plants and Score Pose)

Compound Glide XP Score Plants Score = Score Pose Score
1 -9.90934 -19.5896 -14.2772
2 -10.8551 -19.5701 -14.1237
3 -10.4287 -18.6332 -14.3903
4 -10.2246 -19.4036 -14.3926
5 -9.63088 -19.7809 -13.6593
6 -10.5832 -19.4332 -14.5225
7 -9.56014 -19.1504 -14.2456
8 -8.71374 -18.606 -15.5326
9 -10.4791 -19.4499 -14.8625
10 -10.7591 -19.6986 -15.0075
11 -10.5762 -18.5116 -14.2431
12 -10.8036 -19.0669 -15.048
13 -10.6837 -19.6938 -13.7471
14 -10.847 -19.9558 -14.9314
15 -9.84559 -19.3128 -14.5311
16 -11.1387 -19.7257 -15.2825
17 -11.0642 -19.1502 -15.1758
18 -10.8782 -18.5412 -16.8503
19 -9.40831 -19.8365 -13.6834
20 -9.88815 -18.5055 -15.2236
21 -9.69366 -18.5623 -13.7639
22 -9.86747 -19.1916 -15.3514
23 -8.91967 -18.5418 -16.1814
24 -11.064 -19.0385 -16.1967
25 -10.6393 -19.9047 -14.7905

26 -9.48367 -20.5197 -156.7748
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Table 3 - Docking score from the scoring functions used during rescoring in FABP site 2 (Glide XP, Plants and Score Pose)

Compound Glide XP Score Plants Score Score Pose Score
1 -9.60702 -84.0794 -14.316
2 -10.8539 -84.8198 -14.5393
3 -10.3137 -84.6865 -14.2819
4 -10.986 -96.7236 -16.302
5 -10.2643 -83.3837 -14.4076
6 -10.0921 -85.556 -15.1899
7 -9.69546 -84.4472 -14.2979
8 -10.9777 -87.697 -15.4979
9 -10.6759 -85.9965 -14.7041
10 -10.5987 -85.2048 -15.1432
11 -10.9371 -87.0268 -14.7195
12 -10.734 -84.8338 -15.2876
13 -10.5144 -87.0471 -13.7435
14 -10.6829 -88.7107 -15.1746
15 -9.49515 -84.4718 -14.8161
16 -10.9766 -93.3181 -15.1306
17 -12.254 -89.5624 -15.6337
18 -10.7716 -94.1199 -17.3446
19 -9.65984 -92.6943 -13.7081
20 -10.3088 -86.4465 -15.4393
21 -9.29881 -85.3654 -14.3168
22 -11.0059 -87.2998 -15.0335
23 -9.66039 -94.7483 -17.7919
24 -11.2866 -89.6218 -16.967
25 -10.6021 -84.3042 -15.0282

26 -9.93975 -91.2596 -16.8411
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Table 4 - Docking score from the scoring functions used during rescoring in FABP site 3 (Glide XP, Plants and Score Pose)

Compound Glide XP Score Plants Score Score Pose Score
1 -2.39452 -31.2631 -14.0827
2 -1.70741 -34.658 -13.7346
3 -0.793615 -35.306 -15.2858
4 -1.74717 -33.8839 -15.7387
5 -0.593194 -37.1896 -13.5115
6 -0.941544 -31.6506 -15.0051
7 -1.15977 -36.114 -13.413
8 -1.73428 -31.349 -14.6424
9 -0.766879 -34.3522 -14.6466
10 -2.10142 -35.3429 -14.6804
11 -2.85056 -32.8616 -14.3353
12 -1.71717 -34.0072 -15.2773
13 -1.87547 -33.1773 -13.7252
14 -1.97368 -34.4894 -15.0862
15 -1.15028 -33.4434 -14.0565
16 -0.93781 -33.8413 -15.1547
17 -1.79672 -36.7797 -16.7134
18 -1.24823 -36.4917 -17.4692
19 -0.986509 -44.2113 -13.449
20 -1.76133 -32.5783 -15.3749
21 -1.47461 -37.179 -13.8098
22 -0.716379 -32.5013 -14.5622
23 -1.87668 -42.4524 -15.2877
24 -0.96427 -41.0504 -16.3762
25 -0.814023 -39.0414 -14.0006

26 -0.495283 -31.3886 -15.8787
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Abstract

The key viral protein for infection by SARS-CoV-2 is the spike glycoprotein (S-protein),
mediating entry into host cells, which therefore represents a strong focus for the development
of targeted therapeutics. In this work, we have explored the fatty acid binding pocket within
the S protein, which stabilizes an inactive conformation and disrupts cell recognition and
infection. To explore the potential of this site as a drug target, molecular dynamics simulations
were performed, followed by a docking-based virtual screening of commercial drug-like
compounds. This in-silico procedure enabled the identification of potential inhibitors of SARS-
CoV-2 cell infection, by stabilizing an inactive spike conformation. The antiviral effect of the
virtual hits was analyzed in cell-based assays, and one molecule displayed low micromolar
activity. Starting from the best antiviral compound found, structural analogues were purchased
and evaluated in antiviral assays. An increase in activity was observed for multiple analogues,
with the strongest antiviral compound showing sub-micromolar activity and low cytotoxicity.
The successful identification of a new antiviral scaffold through in silico studies might pave the
way for the further development of antivirals against SARS-CoV-2 and shows the reliability of

the methodologies applied.
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Introduction

Coronavirus disease 19, or COVID-19, is a respiratory infection caused by Severe Acute
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), responsible for a global pandemic with
more than 750 million people infected and seven million deaths . Coronaviruses (CoVs) are
RNA viruses, belonging to the Coronaviridae family, that infect a wide range of domestic and
wild animals 2. The name “corona” is derived from a crown-like halo observed by microscopy;,
formed by three maijor structural proteins: the spike (S), membrane, and envelope proteins,
projecting from the viral envelope %8 7. CoV'’s cell recognition and infection are enabled by the
densely glycosylated S protein, a trimeric fusion protein that, for SARS-CoV-2, recognizes the
human target angiotensin converting enzyme 2 (ACE2) 8. Since the S protein facilitates viral
entry into host cells, it is the main target for neutralizing antibodies, and it is a key focus in the
development of therapeutics and vaccines. The S protein is composed of two subunits (S1
and S2), with S1 responsible for cell recognition and S2 containing the fusion machinery 8°. A
particular portion of the S1 subunit, the receptor binding domain (RBD), interacts directly with
the human receptor ACE2, and it is therefore a major epitope for neutralizing antibodies 4 1°,
An RBD exists in each S protein monomer, and can have two possible conformations: a down
conformation (inactive), inaccessible for interaction with ACE2, and an up conformation
(active), available for target recognition '® '".Given the essential role of the S protein in
infectivity, host range, and pathogenesis, any changes to its activity can have profound
consequences for virus infection, with some mutations dramatically increasing the
transmission and originating more dangerous viral strains * '°. On the other hand, vaccines
targeted at the S protein have achieved significant success '* 2 '3 although no small-molecule
inhibitors of the S protein have so far been approved for clinical use '*. Despite this, multiple
compounds have shown the ability to affect the virus life cycle by targeting different sites in
the S protein '52°. One such site is the Fatty acid Binding Pocket (FABP), which can bind fatty
acids, particularly linoleic acid (LA) '®2'. When LA binds the FABP, a stark change in S protein
population dynamics is elicited, favoring the inactive conformation with all hidden RBDs 2" 22,
The S protein is formed by three independent monomers and is able to interact with three
ACE2 molecules. Therefore, three FABPs can be defined, formed between RBDs, and
composed by two clearly defined hydrophilic and hydrophobic areas (Figure 1) 2'. Critically,
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the FABP is conserved in human CoVs and represents a potential target for pan-coronavirus

activity 2,

Figure 1 — A) Top view of the S Protein in ribbon representation with the monomers
represented as blue, orange, and grey ribbons, along with the FABP in yellow surface (PBD
ID: 6ZB5). B) side view of the S Protein in ribbon representation with the monomers
represented as blue, orange, and grey ribbons, along with the FABP in yellow surface (PBD
ID: 6ZB5). Abbreviations: S protein — Spike glycoprotein; FABP: Fatty Acid Binding Pocket;
PBD - Protein Data Bank

These changes elicited by LA binding in the FABP significantly affect the virus lifecycle, by
reducing the virus-host interaction and the virus’ ability to infect new cells 8. Since this target
site was discovered, research focused on the FABP has been significant, and multiple
compounds have been identified capable of affecting virus-host interactions ?2. However, in
addition to LA, only lifitegrast and experimental compound SPC-14 have been confirmed to
bind this pocket '® 24, Dexamethasone, multiple fatty acids, retinoids and liposoluble vitamins
A and K have biological assays showing ability to affect the S protein — ACE2 interaction, and
despite computational studies predicting FABP interaction, explicit binding was not confirmed
15, 25, 26.

Regardless of the extensive research focused on the FABP, most confirmed bioactive
compounds have limitations, such as fatty acids and retinoids, which display inadequate
properties for translational or clinical applications. In this study, our main objective was to
explore the FABP as a drug target, and to identify new bioactive scaffolds more suitable for

drug development. To achieve this, the binding between the FABP and fatty acids was
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analyzed by molecular dynamics, followed by a docking-based virtual screening of a library of
commercial, drug-like compounds. The virtual hits identified were then assessed in in vitro
inhibition assays (S-ACEZ2 interaction) and cell-based antiviral assays. An antiviral hit molecule
was found with an ECso value in the low micromolar range. The subsequent evaluation of
structural analogues enabled the identification of an antiviral compound with increased
potency in the sub-micromolar range, and a preliminary evaluation of structure-activity

relationships for this novel antiviral scaffold.

Results and Discussion

S protein dynamics and the FABP

To explore the FABP modulatory activity on the spike protein and key binding interactions in
this site, the full-length 3D structure of the S protein in the presence and absence of LA (Protein
Data Bank 2" accession code PDB ID: 7DF3, 6VYB,6ZB5 * 2" 28) was analyzed via Molecular
Dynamics (MD). Three different simulations were run in triplicate for the S protein in the open
conformation, closed conformation, and closed conformation with bound LA. Analysis of Root
Mean Square Deviation (RMSD) shows geometric convergence in MD simulations for all S
protein systems at 100 ns (Figure 2). The open conformation showed the highest stability,
while the presence of LA stabilized the closed conformation, achieving an intermediate

stabilization level.
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Figure 2 — All-atom RMSD of the S protein in the closed conformation, closed conformation
with LA bound and open conformation (PDB accession codes 7DF3, 6ZB5and 6VYB
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respectively). Abbreviations: RMSD — Root Mean Square Deviation; S protein — Spike
glycoprotein; LA - linoleic acid; PBD - Protein Data Bank.

This stabilization is likely linked to the pattern of Root Mean Square Fluctuation (RMSF): the
S1 subunit, containing the RBD, showed reduced fluctuation, while residues in the S2 subunit
of the S protein were destabilized (Figure 3A). The most stabilized residues are concentrated
near the FABP (Figure 3B), including Phe374, Ser375, Arg408, Thr415, Gly416 and 1le418,
with some residues included in the RBD (Gly496, Phe497, Tyr505, GIn506). When LA binds
the FABP, it directly stabilizes interacting residues, and indirectly, additional residues included
in the RBD, therefore increasing the frequency of the closed conformation in the population of
S proteins. On the other hand, the S2 subunit is destabilized, with multiple residues between
Ser659 and Ala1065 with increased fluctuation, and particularly residue Asp614, which is
critical for the S2 subunit stability 2°. This stabilization pattern is likely linked to the increase
frequency of the S protein in the down conformation in the presence of LA, affecting binding

and cell infection 2'.

Figure 3 — A) Ribbon representation of a single chain in the trimeric S protein structure (PDB
ID: 6ZB5). Two FABPs are represented by orange molecular surfaces. Residues highlighted
with a green circle correspond to reduced fluctuation, while residues highlighted with red
circles are linked to increased residue movement. B) A) Co-crystallized LA (PDB ID: 6ZB5)
(carbon atoms in yellow) and FABP in ribbon representation (blue and white ribbons
corresponding to separate RBDs), with the stabilized residues nearby LA (orange ribbon) *°.
Abbreviations: S protein — Spike glycoprotein; PBD - Protein Data Bank; FABP - Fatty Acid
Binding Pocket; LA - linoleic acid.
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Additionally, the MOE Site Finder tool was applied to evaluate the stability and availability of
FABP for ligand binding across the MD simulations 3'. This tool detected possible pockets in

the S protein, which were matched with the residues forming the FABP (Figure 4) 2.
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Figure 4 — Schematic representation of residues in pockets detected by Site Finder module
in selected frames from MD of the closed conformation (A) and open (B). The color intensity
corresponds to detection of each FABP residue in zero, one, two or three pocket for each

frame *'. Abbreviations: MD — Molecular Dynamics; FABP - Fatty Acid Binding Pocket.

Overall, the site finder analysis revealed that the pocket is accessible across the MD in both
the open and closed conformations of the S protein. However, in the closed conformation, the
pockets identified in each frame are present in all three spike monomers and contain more
FABP residues, suggesting that ligand binding is easier in this state. Despite this, the dynamic
nature of the pocket shows available pockets even in open conformation, whose availability
for potential binding varies across the simulation. Nevertheless, MOE Site Finder always
detects a FABP in a spike monomer in every frame. These findings indicate that the FABP is
available for binding, both in the open and closed conformation, and that binding stabilizes the
S protein, particularly the RBD in the inactive conformation. Importantly, the hydrophilic area
is only intermittently detected, although this is the area where the strong electrostatic
interactions that stabilize the ligand occur, highlighted during the MD with residues Glu406,
Arg408, Thr415, Gly416, Lys417. However, this analysis showed that the hydrophobic region
is critical for initial binding, with residues Cys336, Phe338, Phe342, 11e358, Ala363, Tyr365,
Leu368, Tyr369, Ala372, Ser373, Phe374, Thr376, Phe377, Leu387, Phe392, Val395,Cys432,
Leu513, Phe515 maintained during the MD.
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Hence, new binding scaffolds should promote more interactions in the hydrophobic area,
perhaps exploring the aromatic nature of multiple phenylalanine residues that line the deeper

areas of the pocket (Figure 5).
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Figure 5 — Crystallized LA (PDB ID: 6ZB5) (carbon atoms in yellow) in the FABP in a ribbon
representation (blue), located between two adjacent RBDs. The pocket is formed by the
hydrophobic area (carbon atoms in white) and hydrophilic area (carbon atoms in orange).
Black dashed lines represent polar interactions (hydrogen bonds and electrostatic
interactions) between the ligand and amino acid residues in the protein 3'. Abbreviations: LA -
Linoleic Acid; PBD - Protein Data Bank; RBD — Receptor Binding Domain.

Docking-Based Virtual Screening

In order to explore the FABP modulatory effects on the spike protein behavior, a docking based
virtual screen was performed, to identify small molecules capable of binding, and therefore
stabilize an inactive spike conformation. The crystal structure of LA bound to the S protein was
used to screen the Enamine Screening Collection library of over 4,000,000 drug-like
compounds .

The Glide high-throughput virtual screening tool (HTVS) * was employed to virtually screen
the database, against each FABP, with the top 50,000 molecules subsequently re-docked with
Glide SP (standard precision).

To avoid potential bias introduced by any single docking program, the docking results (docking
poses) were rescored with three scoring functions, Glide XP, CHEMpp (PLANTS) and
OpenEye (ScorePose) 3436, After applying an in-house optimized consensus scoring
procedure, 3000 molecules for each binding site were chosen for visual inspection *’.
Combining the top molecules with best predicted interactions in the three pockets, along with

analysis of drug-like properties, resulted in a final selection of 18 molecules (Figure 6), which
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were purchased from Enamine and evaluated in binding assays and cell-based antiviral

assays. As an example, the predicted binding for compound 1 is superimposed with LA in its
binding site in Figure 7.
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Figure 6 — Chemical structure of compounds selected after the structure-based virtual
screening and purchased from Enamine.
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Figure 7 — Crystallized LA (PDB ID: 6ZB5) (carbon atoms in light blue) superimposed with
docking pose for compound 1 (carbon atoms in orange) in the FABP in ribbon representation
(blue), obtained with GlideSP. Black lines represent polar interactions (hydrogen bonds and
electrostatic interactions) between the ligand and amino acid residues in the protein *°.
Abbreviations: LA: Linoleic Acid; PBD - Protein Data Bank; FABP — Fatty Acid Binding Pocket.

Overall, the 18 selected compounds were predicted to achieve good pocket occupation and
interactions with buried hydrophobic residues, along with multiple electrostatic and H-bond
interactions with hydrophilic residues in the entrance. The main difference when compared
with LA was the frequent presence of aromatic groups, against alkane chains in LA. The
presence of aromatic features is shared with previously identified FABP bioactive molecules,
such as lifitegrast, retinoids or SPC-14, with our molecular dynamics studies also pointing to
possible stronger binding by exploring the hydrophobic area of the pocket. When compared
with LA, compound 1 also extended further to the hydrophilic area and established direct
contacts with the neighboring residues. Other selected compounds showed variability in
pocket occupation, with varying focus in interactions with either hydrophobic or hydrophilic

residues.
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Biological assays

Binding assays

An ELISA-based inhibition assay was used to assess if the compounds selected inhibit the S-
ACEZ2 interaction. The compounds were tested at 200 uM and their activity was compared with
positive and negative controls (vehicle — 2% dimethyl sulfoxide (DMSQO)). LA was selected as
a positive control due to its established inhibitory effect on the S-ACE2 interaction, showing
100% inhibition of the RBD-ACE?2 binding at a concentration of 8.9 mM in in vitro assays. 8.
Additionally, palmitoylethanolamide (PEA) was also used as a positive control, as it has been
confirmed to reduce RBD binding with ACE2 by ~50% 7. At 200 uM, six compounds had
stronger inhibitory activity than PEA (17% inhibition), but none reached LA inhibition (84%
inhibition) (Figure 8).

100,
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Binding Inhibition (%)
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Compounds

Figure 8 — Inhibitory activity of binding assays for the S-ACEZ2 interaction for the screened
compounds in X-axis, tested at 100 uM. Inhibition in the Y-axis determined as percentage of
the vehicle-treated cells (2% DMSO). Bars represent the mean + SEM from three experimental
repeats. * Compounds with higher activity than PEA. Abbreviations: S-ACE2 — Spike
glycoprotein-angiotensin converting enzyme; DMSO — Dimethyl Sulfoxide; LA — Linoleic Acid;

PEA — Palmitoylethanolamide

The maximum detected inhibition was 28% for compound 4, with compounds 7, 9 and 15
reaching 20% inhibition of the interaction, while compounds 12 and 17 also surpassed PEA.
When compared with linoleic acid at 200 uM, reaching 84% inhibition of interaction derived
signal, these compounds have shown a reduced ability to affect the interaction. However,
since PEA can affect the virus-host interaction in virion-based assays, the screened

compounds still hold the potential to replicate this effect.
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Cell-based infection assays

The antiviral activity of the screened compounds was evaluated in Vero EG6 cells in cell-based
SARS-CoV-2 infection assays, with the original Wuhan strain. The compounds were evaluated
for their ability to protect cells from virus-induced cytopathic effects (CPE), caused by SARS-
CoV-2 damages to the host cell, and observed in Vero E6 cells by microscopy *°. To
quantitatively assess CPE, the CellTiter-Glo® methodology was used to measure the amount
of ATP present in the medium, since CPE leads to ATP release and degradation 3. The
screened compounds were tested at multiple concentrations, with a 0.03 uM-200 uM range
(Figure 9). The compound with highest activity also showed a dose response curve (Figure
10A). However, inhibition of CPE does not provide information on the number of infectious
virions within a sample, hence a TCIDsy titration assay (median tissue culture infectious dose)
was performed to assess the amount of replication-capable lytic virions released (Figure 10B).
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Figure 9 — Inhibitory activity of viral induced CPE by the screened compounds in X-axis, at 67

MM, after 72h of infection, in Vero E6 cells, measured using the CellTiter-Glo® method. CPE

inhibition in Y-axis determined by comparing cells exposed to compounds with cells infected

in the absence of compounds. The bars represent the mean £ SEM from three experimental

repeats. Abbreviations: CPE — cytopathic effect

Among the compounds screened in this assay, compound 17 showed the strongest antiviral
activity at every concentration, with a maximum 28% reduction in viral induced CPE at 67 pM
and activity over 10% at 2.5 yM. Overall, cytotoxicity was a limiting factor at higher
concentrations. At 67 yM compound 4 also surpassed 10%, while at 22 yM, where cytotoxicity

is less relevant, compounds 1 and 15 also achieved 10% inhibition.

109



Chapter Ill — Results

A 50
e Compound 17

—— Fitted Curve

40
30
20 4

10

CPE inhibition (%)

-10 10-! 10° 10!

Log(M)

%108

Drug exposure
I Infection control

Cell viability derived signal
NoWR wm g Y@

=

o

Negative Positive 1:10 1:100 1:1,000 1:10,000 1:100,000 1:1,000,000
Dilution of supernatant

Figure 10 — A) Dose-response curve for compound 17 in Vero EG6 cells, corresponding to the
inhibitory activity of SARS-CoV-2 induced CPE in the Y-axis. The X-axis represents compound
concentration expressed on a logarithmic scale B) Titration assay for compound 17 based on
cell viability in the Y-Axis measured with CellTiter-Glo® method, for each dilution of viral
supernatant in the X-axis. The bars represent the mean + SEM from three experimental

repeats. Abbreviations: CPE — cytopathic effect

A dose response curve was obtained for compound 17, with strong cytotoxicity consistently
observed at 200 uM, that likely limits higher activity. The titration procedure was applied with
the highest active concentration (67 uM). While cell viability at early dilutions was similar in
the presence and absence of compound 17, the drug-exposed group showed cells with regular
growth two ten-fold dilutions before the control. These results showed that the presence of
compound 17 during the initial infection not only inhibited CPE but also resulted in a decrease
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of 81% in the number of infectious virions released “°. Besides the quantifiable effect, the
reduction in CPE for compound 17 was visible by microscopy, as healthy cells were observed.
Overall, compound 17 was capable of partial inhibition of CPE during viral infection, while
reducing the number of infecting new virions released, demonstrating ability to inhibit viral

induced effects.

Predicted binding of antiviral hits

Four compounds showed an increased ability to inhibit viral induced CPE (compounds 1, 4, 5,
17), with their predicted binding pattern obtained from the docking studies. Following the
observations for LA, extensive interactions are predicted in the hydrophilic portion of the
pocket, although multiple aromatic rings extend toward the hydrophobic pocket, predicted to

provide a better occupation and establish aromatic interactions (Figure 11).

Figure 11 — Crystallized LA (PDB ID: 6ZB5) (carbon atoms in cyan) superimposed with LA in

the FABP in ribbon representation (blue ribbon), along with predicted binding pose (obtained
with GlideSP) for small molecule inhibitors with highest antiviral activity (compounds 1,4,15
and 17), and with chemical structure. Black lines represent polar interactions (hydrogen bonds
and electrostatic interactions) between the ligand and amino acid residues in the protein *°.
Abbreviations: LA — linoleic acid; FABP — Fatty Acid Binding Pocket.
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In the four compounds with strongest activity, the aromatic rings are a recurring feature, with
phenylalanine residues (Phe338, Phe374 and Phe392) consistently predicted to establish -
H and tr-stacking interactions. On the other hand, regarding the hydrophilic entry of the
pocket, compounds 1, 4 and 17 have hydrophilic moieties (ketone, amide and triazole,
respectively), while compound 15 exposes an indole moiety, and therefore is predicted to rely
more upon hydrophobic interactions, with only one H-bond predicted. On the other hand, the
ketone, amide and triazole groups are predicted to establish extensive interactions, with
multiple residues in the pocket entrance (electrostatic interactions including H-bonds).
Additionally, compounds 1 and 15 show a less efficient pocket occupation, even compared
with LA, which extends more into the pocket.

Regarding the most active antiviral, compound 17, the binding pattern can be compared to
LA, having two main differences. Despite a similar extension in the hydrophobic area,
compound 17 is predicted to achieve better pocket occupation due the aromatic nature of the
scaffold, particularly in the vicinity of buried phenylalanine residues, allowing 1-stacking and
-H interactions, with additional -H interaction predicted with Cys432 and Tyr369 in the
middle area of the pocket. In addition to a good occupation of the deeper pocket areas,
compound 17 also extends towards functional groups in hydrophilic residues in the entrance
of the pocket. The occupation of the anchoring entrance with a triazole group results in strong
H-bond interactions with Glu406, Glu409 and Lys417, and additional 11-H interactions with

Arg408, which strongly stabilize the molecule in the pocket.

Cell viability

A preliminary cytotoxicity evaluation before cell infection for the 18 compounds was performed
using Vero E6 cells, kidney epithelial cells originally isolated from African green monkey
(Chlorocebus sp.)*'. This is a commonly used cell model for coronavirus infection as it highly
expresses ACE2, the functional receptor recognized by the S protein and shows characteristic
CPE “2. In the virtual screening selection protocol, predicted toxicity was an important
consideration, with ADME and PAINS (pan-assay interference compounds) analysis included
to exclude potential toxic compounds (Supplementary Data file — Table 1) 32,

In addition to the test compounds, cells were treated with DMSO, since it is capable of altering
cell membrane permeability and selectivity, justifying its use as a control for cytotoxicity *3.

In the preliminary assay control, cell growth for most compounds was observed in the initial
stage, while a stabilization in cell viability is generally observed, with DMSO exposed cells
showing strong cytotoxicity. Overall, a concentration over 100 uM could be used in infection
assays, to allow maximum inhibitory effect without high levels of toxicity (Supplementary Data
File — Figure 1). During viral infection assays, concentration causing 50% cytotoxicity (CCso)

was determined for all screened compounds (Supplementary Materials - Figure 2), with CCsg
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values ranging from 59 yM to 220 uM, and strong cytotoxicity only at high concentrations. The
most active compound (17) showed a CCso of 90 uM. The preliminary evaluation of cytotoxicity
was, therefore, critical to guarantee adequate separation between activity and cytotoxicity at
testing concentrations.

Overall, from an initial virtual screening study targeted at the S protein, compound 17 was
identified as the most active compound, reducing viral induced CPE by around 30%, along
with a reduction in viral particles released. It also showed approximately 20% ability to reduce
the S protein-ACE?2 interaction in binding assays. Therefore, it is likely that the activity shown
in the infection assays is, at least in part, derived from an effect in the FABP, stabilizing the
inactive conformation of the RBD, which becomes incapable of recognizing target receptors,

recognize and infect new cells.

Analog identification

Starting from the compound with highest activity, with compound 17 showing micromolar
activity, a few commercial analogues were selected by similarity for activity confirmation and
the study of structure-activity relationships. The twenty selected analogues were divided in
three main groups: 1) substitution of the terminal triazole by apolar groups, such as tertbutyl,
phenyl or methyl; 2) substitution of the terminal triazole by functional polar entities such as
tetrazole, thiazole and amide; 3) substitution of linker between the aromatic groups, extension
or reduction in overall size, and new scaffolds (Figure 12). These changes were intended to
explore the interactions with the hydrophilic anchor in the pocket, improving pocket occupation

and exploring new interactions, as well as improving drug-like properties.
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Figure 12 — Chemical structure of analogues compounds to the strongest antiviral identified,
divided in three categories and the original bioactive compound, with hydrophobic
substitutions (light blue), hydrophilic substitutions (green), other changes (grey), original

compound (blue).
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Biological evaluation of the hit analogues

The twenty structural analogues selected (compounds 19 to 38) and the parent compound
(compound 17), used as a positive control, were evaluated for their ability to inhibit the viral
induced CPE and viral replication. The compounds were tested at concentrations ranging from
0.15 uM to 100 uM. Since compound 17 was able to reduce CPE evident by microscopy, only
compounds with the ability to visibly reduce CPE were subject to quantitative testing, upon
confirmation of positive and negative controls. Upon optical confirmation of CPE, ten
compounds were subject to quantitative evaluation of activity and toxicity, with CPE inhibition
at 33 uM showing maximum activity levels (Figure 13A), while cytotoxicity was limited with
CCso values ranging from 37 uM to 243 uM and 50 % cytotoxicity not detected at 100 uM
(Supplementary Data — Figure 3). The best analogue, compound 36, exhibited a maximum of

91% inhibition of CPE at 33 yM, and a dose response curve (Figure 13B).

Figure 13 — A) Inhibitory activity of viral induced CPE by analogue compounds in the X-axis
at 33 uM, after 72h of infection, in Vero EG cells, measured using the CellTiter-Glo® method.
The Y-axis represents CPE inhibition, determined by comparing cells exposed to compounds
with cells infected in the absence of compounds. The bars represent the mean £ SEM from
three experimental repeats. B) Dose-response curve for compound 36 in Vero E6 cells,
corresponding to the inhibitory activity of SARS-CoV-2 induced CPE in the Y-axis. The X-axis
represents compound concentration expressed on a logarithmic scale. Abbreviations: CPE —

cytopathic effect, DMSO - Dimethyl sulfoxide, ECso - half maximal effective concentration.

From the analogues that induced a visible reduction by microscopy in viral induced CPE, most
had their activity confirmed in the infection assays, with nine showing at least 10% inhibition
at 33 uM, and compound 36 showing 91% inhibition with an ECso of 0.29 uM. When compared
with compound 17 (23%), compound 20 (34%), compound 32 (27%) and compound 36 (91%)

achieved stronger inhibition of viral induced CPE. Overall, cytotoxicity was limited, not
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reaching 50% reduction in cell viability in all compounds, apart from compound 27 and 34.

Structure-activity analysis

The analogues selected for the optimization stage of this study introduced multiple structural
modifications aimed at increasing activity and establishing a preliminary structure activity
relationship. For the hydrophobic substitution analogues, introduction of an aliphatic chain in
the hydrophilic anchor is associated with loss of activity, with interactions in this area severely

reduced (Figure 14).

Hydrophobic substitutions
R= phenyl> 17 > methyl
R= ethyl, isopropyl, cyclopropanol: no activity

N H Hydrophilic substitutions
7/ N R= thiazole > 17 > 1,2,3-triazole > piperazine >

o amide
R= fluoride, morpholinyl, : no activity

Figure 14 — Quantitative/qualitative structure activity relationship concerning the first and

second group of analogues.

The aromatic nature of the triazole is confirmed as critical since compound 32 (phenyl)
resulted in increased activity, while the importance of interaction in the hydrophobic area of
the pocket is highlighted by the activity maintained in compound 27 (methyl). Regarding the
hydrophilic substitutions (Figure 15), the increased activity of the methylthiazole substitution
(compound 20), could be due to increased aromatic and hydrophilic interactions, or potentially
by an increase in LogP (2.36 (compound 17) and 3.91 (compound 20)), which, given the
hydrophobic nature of the FABP, might benefit initial binding and therefore activity.

On the third set of analogues, the strongest antiviral analogue (compound 36) represented a
significant improvement when compared with compound 17, although they only differ in the
methylation of a linking secondary amine group, resulting in a tertiary amine (Figure 15). The
nitrile group in compound 35 might also be an interesting terminal group since some activity

is retained.
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Figure 15 — Chemical structure of analogues compounds from the third category that resulted

in compounds with inhibitory activity.

Although compound 36 loses the ability to be a hydrogen donor for H-bonds, the ability to be
a receptor for H-bonds, such as with Tyr365 and Tyr369, is reinforced, which might result in a
stronger anchoring effect of this portion of the molecule (Figure 16). Additionally, the increase
in LogP (2.36 (compound 17) to 2.62 (compound 36)) might also improve initial interaction
with the target.

CYs-361

Figure 16 — Predicted binding pose for compound 36 (carbon atoms in orange) obtained with
GlideSP, in the FABP in ribbon representation (blue) (PDB ID: 6ZB5). Black lines represent
polar interactions (hydrogen bonds and electrostatic interactions) between the ligand and
amino acid residues in the protein 3°. Abbreviations: FABP — Fatty Acid Binding Pocket, PDB
— Protein Data Bank
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Activity against SARS-CoV-2 variants of concern

In addition to the Wuhan SARS-CoV-2 strain, compound 36 was also tested against the SARS-
CoV-2 Delta and Omicron variants of concern '* 2. Since the FABP is not under selective
pressure from antibodies and vaccine induced immune response, it is expected that active
compounds maintain the ability to inhibit cell induced CPE and affect the virus life cycle 2.
Therefore, compound 36 was tested against SARS-CoV-2 Delta and Omicron variants. The
results with the Delta variant followed a similar pattern to the Wuhan variant, with a maximum
inhibition detected at 11 yM, while a dose response is present towards lower dilutions (Figure
17). Compound 36 showed a maximum inhibition of CPE by 78% at 33 uM and an ECs of
5.77 uM.

100
® Compound 36 - Delta Variant
—— Fitted Curve
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s ECso = 5.77 UM
E
£ 401
w °
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]
0 | .
100 10!

Log(uM)

Figure 17 — Dose-response curve for compound 36 in Vero E6 cells, corresponding to the
inhibitory activity of SARS-CoV-2 — Delta Variant induced CPE in the Y-axis. The X-axis
represents compound concentration expressed on a logarithmic scale to better visualize the

dose-response relationship. Abbreviations: CPE — cytopathic effect

An important deviation from expected behavior with the Delta strain was detected, when
compared with the Wuhan strain. Infected cells did not show CPE after 96h and only after an
additional 72 h period could CPE be observed. Further assays performed with the Omicron
strain did not show CPE even after this extended period (Supplementary data - Figure 4).
There seems to be a link between viral evolution from the initial strains (Wuhan and Alpha) to
later strains (Delta and Omicron), that leads to reduced CPE #4. Cell entry by SARS-CoV-2
Wuhan strain can proceed by two ways, S-protein initiated cell fusion after a proteolysis by

Transmembrane Protease Serine 2 (TMPRSS2), or alternatively by endocytosis, with the
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acidic pH activating cathepsin for the proteolysis step “°. The Omicron variant has a strong
preference for the endocytosis pathway, whereas the Wuhan and Delta strains preferentially
initiate entry by the TMPRSS2 cleaved S- protein. Viral induced CPE is dependent on infection
through adjacent cells, which requires TMPRSS2 mediated activation. This change is also
associated with a variation is cell tropism: early SARS-CoV-2 strains target lower respiratory
tract, rich in TMPRSS2, while Omicron targets upper respiratory tract, rich with cathepsin,
which justifies the lack of observed CPE for the omicron variant 3% 45,

Compound 36 mantained activity in the heavily mutated Delta variant, showing concervation
of the FABP, which is also conserved in other human CoVs, particularly in the other highly
pathogenic CoVs: SARS-CoV and MERS-CoV 2%. Therefore, it would be important to perform
further assessment of pan-coronavirus activity, as compound 36 holds the potential of broad-
spectrum activity. Overall, the activity shown by this molecule could be highly relevant not only

to the current pandemic, but also to potential future-emerging new CoVs.

RT-ddPCR

SARS-CoV-2 infected cells were used for antiviral assays, with the resulting viral induced CPE
analyzed. To confirm and quantify that the pathogen causing this effect indeed was SARS-
CoV-2, PCR analyses were performed on the supernatant retrieved from infected cells. To this
end, we applied reverse transcriptase (RT) digital droplet (dd)PCR “. For this PCR, the target
samples are compartmentalized in thousands of droplets together with the PCR reagents,
making multiple reactions that occur simultaneously %6 47. Due to this, absolute quantification
is possible 4’. The supernatant samples from infected cells with SARS-CoV-2 Wuhan strain

and treated with compound 36 were retrieved and analysed by RT-ddPCR (Table 1).

Table 1 — ddPCR results, with detected viral genomic copies for SARS-CoV-2 infected cells

treated with compound 36 compared to non-treated and infected cells.

Compound Copies/20 yL
36 16.9
Positive control 146.6

The number of viral genome copies present in the supernatant after infection was reduced by
89% at 33 pM. Additionally, TCIDsg was also determined for compound 36 (), with a reduction
of 90% of replication-capable lytic virions. Hence both independent methodologies point to a
similar reduction in infectious virions released during infection, with compound 36 capable of

significantly affecting the virus lifecycle.
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Table 2 — Titration results for infection with SARS-CoV-2 Wuhan strain exposed to compound
36.

TCIDso/mL Drug No drug PFU/mL Drug No drug

Compound 36 3.6 4.6 2.49E+07  1.25E+08

120



Chapter Ill — Results

Conclusions

The FABP shows great promise in modulation S-protein behavior and, consequently, SARS-
CoV-2 infection, due to its essential role in cell recognition and entry. However, none of the
currently approved SARS-CoV-2 treatments targeting the FABP. Given the conservation of the
pocket across highly pathogenic human coronaviruses, it holds the potential for pan-
coronavirus activity, which is crucial for addressing both current and future coronavirus
outbreaks.?,

In this work, the FABP effects on the S-protein behavior were explored using molecular
dynamics simulations, which guided a docking-based virtual screening of a commercial library
of small-molecule, drug-like compounds. This approach led to the identification of potential
inhibitors, which were purchased and evaluated in direct binding and cell-based antiviral
assays. Among these, one compound demonstrated significant inhibition of virus-induced
effects, likely by binding to the FABP, thus validating the computational approach. This
compound served as the starting point for evaluating twenty structural analogues, leading to
the identification of a sub-micromolar inhibitor of SARS-CoV-2 with low toxicity. These findings
might provide a promising starting point for further optimization and drug development efforts
against SARS-CoV-2.

121



Chapter Ill — Results

Materials and methods

Molecular modelling studies

Molecular Dynamics Simulations

Molecular dynamics and molecular docking studies supporting the virtual screening study
were performed on an Asus WS X299 PRO Intel i9-10980XE CPU @ 3.00 GHz x 36 running
Ubuntu 18.04 (graphic card: GeForce RTX 2080 Ti). Molecular Operating Environment (MOE)
2022.02 3" and Maestro (Schrodinger Release 2020-2) 32 were used as molecular modelling
software. The crystal structure of the S protein in the open and closed conformations, along
with LA in the S protein were downloaded from the Protein Data Bank (PDB)
(http://www.rcsb.org/ (accessed on 15 May 2023); PDB code 7DF3, 6VYB and 6ZB5,
respectively) 2!, Missing loops in structures were constructed through homology modelling.
A cubic water box with a 10 A buffer distance was used for the solvation system between each
box side and the protein atoms, with four sodium atoms used to neutralize the system.
Before the MD simulation, the system was pre-equilibrated using a default relaxation routine
implemented in Desmond. Three 100 ns MD simulations were performed, during which the
equation of motion was integrated using a 2 fs time step in the NPT ensemble with temperature
(300 K) and pressure (1 atm) constant. All other parameters were set using the Desmond
default values. Data was collected every 1.2 ps (energy) and every 200 ps (trajectory). Each
individual system was simulated in triplicate with a separate random seed as a starting point.
Visualization of the S protein and MD trajectory analyses were carried out using Maestro.
RMSD, RMSF, secondary structure and protein—protein interactions analyses were performed

using the Simulation Event Analysis tool and the Simulation Interaction Diagram of Desmond.

Site finder

The Site Finder application in MOE was used to find potential ligand binding pockets in
generated S protein structures from frames in the molecular dynamics generated trajectory
files. A fifteen-frame interval was applied, corresponding to a 3 ns, and were submitted to the
Site Finder application, in PDB format. Site Finder produced a list of potential binding sites,
including interacting residues and size of the predicted pocket. Each pocket identified was
visually analyzed and pockets similar to the FABP were selected. The procedure was repeated
in both open and closed conformations, and for each of the three FABP, in each S protein

structure.
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Virtual screening

The Enamine library of commercially available drug candidates was screened against the fatty
acid binding pocket using PDB ID 6ZB5 crystal structure (http://www.rcsb.org/ (accessed on
15 May 2023); PDB code 6ZB5) 2'. The structures of the compounds analyzed were built in
MOEZ2019.10, saved in .sdf format, and prepared using the Maestro LigPrep tool by energy
minimizing the structures (OPLS_ 2005 force field) and generating possible ionization states
atpH 7 £ 2, tautomers, all possible stereoisomers per ligand, and low-energy ring conformers.
The protein was pre-processed with the MOE Protein Preparation tool, and the resulting
protein—ligand complex was saved in .mae format and prepared using the Schrédinger Protein
Preparation Wizard by assigning bond orders, adding hydrogens, and performing a restrained
energy minimization of the added hydrogens using the OPLS_ 2005 force field. Additionally,
the protein was also saved in .oedu format and .mol2 format to be used with scoring software
ScorePose (OpenEye) and Plants, respectively 3> %, The Glide high-throughput virtual
screening tool (HTVS) was used to virtually screen the commercial database against the
binding site, followed by a docking procedure with Glide SP . A 15 A docking grid was
prepared using the co-crystallized LA as the centroid, in parallel for the three FABP in the S
protein. The library was docked on the active sites using the Glide HTVS docking algorithm 6,
keeping the default parameters, setting to three the number of output poses per input ligand
to include in the solution. The top 50 000 compounds scored by Glide HTVS were selected for
a new docking procedure with Glide SP (standard precision) docking algorithm, setting to three
the number of output poses per input ligand to include in the solution and performing a post-
docking minimization of each of the poses kept *. The output poses were saved as mol2 files.
Docking poses obtained were then rescored (maintaining the identified pose) using Glide XP,
CHEMPLP (PLANTS) and OpenEye (ScorePose) scoring functions 34%. Using a single
docking program and scoring function might introduce potential bias, which justified the use of
three programs for rescoring. The value of each scoring functions for each docking pose were
then combined (consensus score) and only docking poses falling in the top 25% of the score
value range for all the four scoring functions were selected for visual inspection in the three
FABP. The docking results were visually inspected in MOE 2022.02. The docking poses of the
compounds obtained from the visual inspection were evaluated considering the following
criteria: ability of a compound to adequately occupy the fatty acid binding site (similar to LA);
interactions predicted between compound and protein residues defining the site. Given that
LA has been confirmed as a ligand and has shown antiviral activity in experimental assays,
docked molecules were superimposed with a crystallographic structure of LA bound to the S
protein (PDB accession code 6ZB5). In the next step, the set of molecules from each pocket
was combined, with only molecules capable of good predicted interaction in all pockets

selected for further stages. Finally, the set of molecules identified for experimental validation
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was reduced to 20, by applying the Lipinski rule of five (selecting for good medicinal chemistry
properties) and the SWISS-ADME webtool, to screen compound potential for toxicity (PAINS
and BREAK analysis) 8.

Source of Small Molecules

All the compounds in this study, both initial screened set and analogue compounds were
purchase from Enamine, Ltd (Kyiv, Ukraine). The library used for the virtual screening study
was the Enamine Screening Collection 32. Additionally, the analogue compounds were
selected based on a similarity search on the Enamine REAL database, through which it was
purchased “¢. Molecular formulas (SMILES), molecular weight, PAINS and BRENK analysis

of tested compounds are reported in the Supplementary Data file (Table 1).

Biological assays

Binding assays

An Inhibitor Screening Assay Kit was used to screen inhibitors of the S-ACEZ2 interaction (BPS
Bioscience Catalog # 78012) “°. The kit includes the S protein in its native trimeric
conformation from the Wuhan strain, providing the best physiologically relevant model for this
interaction *°. The assay kit also contains Biotinylated-ACE2, Streptavidin-HRP, and assay
buffers. The assay procedure was performed as follows: SARS-CoV-2 S protein was first
coated onto a 96-well plate. Following this, Biotinylated-ACE2 was incubated with the S protein
on the plate, and Streptavidin-HRP was added to the plate. The interaction between
Biotinylated-ACE2 and SARS-CoV-2 S protein was then detected using a colorimetric
substrate. The resulting colour change was quantified by measuring the absorbance using a
UV/Vis microplate reader. Compounds were dissolved in DMSO and diluted until a testing
concentration of 200 uM, with each compound tested in triplicate. Finally, one negative control

(vehicle — 2% DMSO) and two positive controls were used, LA and PEA.

Cell culture

Vero EG6 cells used for cytotoxicity and antiviral assays were cultivated in Dulbecco's Modified
Eagle Medium (DMEM) with 10% FCS, 1% penicillin G/streptomycin (P/S), and grown in
standard culture conditions, namely in a humidified incubator at 37° and 5% CO.. Cells were
evaluated daily, and the culture medium was changed whenever necessary, with cell

passaging was performed when desirable confluences of 70-80% were observed.
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Cytotoxicity — Presto Blue™ Viability Assay

The Presto Blue™ assay was performed to determine the cytocompatibility between the
cellular system and test compounds. This assay is based on a ready to use, commercially
available water-soluble preparation and allows a live-cell evaluation. The resazurin solution
was used to assess cell viability, based on the mitochondrial metabolization of this substance
solution. Viable cells reduce the phenoxazine dye (resazurin), which results in colour
modification from blue to reddish over time that can be not only directly observed but also
quantitively measured by UV-VIS spectrophotometry, functioning as a cell viability indicator.
Vero E6 cells were seeded over a 96-well plate and maintained in incubation overnight
(standard culture medium, 37°C, 5% CO2 environment and 80% humidified atmosphere). To
perform the Presto Blue™ assay, the culture medium was removed from each well at every
time-point (24, 28, 96 hours) and replaced by complete medium with 10% (v/v) of 10 Presto
Blue™ cell viability reagent (Invitrogen, A13262, Thermo Fisher Scientific, Waltham, MA USA).
To perform the analysis, cells were incubated for 60 minutes standard conditions to allow
metabolization of the reagent. The supernatant medium was then collected and transferred to
a 96-well plate and absorbance was read at 570nm and 595 nm in a Multiskan™ FC Microplate
Photometer (Thermo Scientific™, 51119000, Thermo Fisher Scientific, Waltham, MA USA).
Afterwards, wells were washed with Dulbecco’s phosphate-buffered saline solution (DPBS,
Gibco, 14190169) until the Presto Blue sediments were removed. Then, fresh culture medium
was added to each well, according to the timepoint specifications. Regular growth medium
was used until the first timepoint (24h), when it was replaced with DMEM (10% FCS, 1% P/S)
supplemented with the test compound (determination of acute cytotoxicity). At the second
timepoint (28 h) the medium was replaced with DMEM (2% FCS, 1% P/S) supplemented with
test compounds, then left for 72h until the last timepoint (96h) (determination of acute
cytotoxicity). For the Presto Blue assessment, both control group and test compounds were
considered, and for each group, blank wells (without cell seeding), were included. The
wavelength for excitation is 570 nm and for emission 595 nm. For that reason, the value
obtained at 595 nm was subtracted from the value obtained for 570 nm (normalized value),
for each well. In addition, the corrected absorbance for each experimental well, only
considering seeded wells, was obtained by the subtraction of blank wells average from the
normalized values, of the respective sample group. The absorbance values were measured
in triplicates. Data was further processed and normalized to the mean of the gold standard
group and presented in a ratio between the 24h timepoint, and both 28h and 92h timepoints,
representing variation against initial cell viability as a baseline. Statistical analysis was

performed with a One-Way Anova, with Dunnett’s test Post-Hoc.
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SARS-CoV-2 antiviral assay - Virus infection

Vero EG6 cells were seeded into 96-well plates at a density of 40,000 cells per well in 100 uL
of DMEM supplemented with 10% FCS and 1% P/S. Blank and vehicle controls were included.
The cells were incubated overnight at 37°C with 5% CO2 to reach approximately 70-80%
confluence. Serial dilutions of the test compounds were prepared in DMEM (2% FCS, 1%
P/S), with nine three-fold dilutions ranging from 200 uM to 0.03 uM. The cells and compound
solutions were then transferred to a Biosafety Level 3 laboratory for infection with SARS-CoV-
2. The growth medium in each well was replaced with test compound-containing solutions
immediately before infection. The top half of each plate received an additional mock DMEM
(2% FCS, 1% P/S), while the bottom half received virus-containing solution. Hence, cell
infection was performed in two sets: 1) Vero EG6 cells treated with test compound and infected
with SARS-CoV-2, and 2) Vero E6 cells treated with test compound only, allowing a direct
comparison of cell viability in presence or absence of virus. Cell viability was compared with
mock-treated samples treated with vehicle only (0.5% DMSO [vol/vol]). Two controls were
used (with an additional blank without cells to measure background signal): a positive control
where cells are infected without test compound and a negative control with non-infected cells
treated with DMSO only (vehicle). The cells were infected with 0.05 MOI (Multiplicity of
infection) of SARS-CoV-2 strain INMI1 P4. The virus was obtained from EVAg °'. Additionally,
the antiviral assays were also performed with other variants of concern, particularly the SARS-
CoV-2 Delta and SARS-CoV-2 Omicron obtained through private collaboration. The mock-
treated and infected cells were incubated at 37°C with 5% CO2 for 72-96 hours, until a
cytopathic effect (CPE) was observed in all control wells. Upon CPE detection, some of the
supernatant was harvested and frozen for downstream analyses. Cells and remaining SN

were frozen for viability assays.

SARS-CoV-2 antiviral assay - Cytotoxicity and cell viability

Cell viability was determined using CellTitrer-Glo® (Promega), that quantifies the amount of
ATP present in the sample provided. ATP is a measure of metabolically active cells, allowing
the determination of the number of viable cells. Cells/SN that were treated with different
concentrations of compounds and infected were thawed after freezing at -80 °C and
equilibrated to room temperature. In a white bottom plate (PerkinElmer ® - 1/2 Area ViewPlate)
10 pL of lysed cells/medium were mixed with 10 L of CellTiter-Glo® Reagent (Promega). The
plate was then mixed for two minutes in an orbital shaker to induce cell lysis and allowed to
incubate at room temperature for 10 minutes to stabilize the luminescence signal. The
luminescence signal was then measured with a plate reader (VICTOR® Nivo™, Perkin EImer).
Antiviral activity is measured by the ability to reduce the viral effects, which reduce the number

of viable cells and cause CPE. As a result, the ATP levels detected are also reduced, along
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with the luminescence signal. This was expressed as percentage of inhibitory effect of viral
induced reduction of signal compared against untreated virus-infected positive control cells
(100% CPE).

[(Cells + virus + antiviral) — (Cells + virus]
[(Cells) — (Cells + virus)]

Inhibitory activity =

When 50% inhibition of viral induced reduction of CPE is detected, the antiviral activity is
expressed by half maximal effective concentration (ECso), the concentration of compound that

achieves 50% of viral effect.

TCIDso determination — virus titration

To determine the 50% tissue culture infectious dose (TCIDsp), a standard virus titration assay
was performed. As previously, Vero EG cells were seeded in a 96-well plate at a density of
40,000 cells per well and incubated overnight at 37°C with 5% CO.. Six serial tenfold dilutions
of virus supernatant were prepared in DMEM (2% FCS, 1% P/S). The supernatant used
corresponds to the compound concentration with the highest activity and reduced cytotoxicity.
Each dilution was added to six wells, starting with the lowest dilution. The plates were
incubated at 37°C with 5% CO2 for 96 hours, during which CPE was monitored daily. Following
the incubation period, each well was scored for the presence or absence of CPE. TCIDso can
then be calculated using the Reed-Muench method, which involves determining the dilution at
which 50% of the wells show CPE. This is done by plotting the number of positive wells against
the dilution factor and finding the dilution at which there is a 50% probability of infection.
Alternatively, cell viability can be determined with CellTiter-Glo® and the virus titre causing

50% reduction in CPE can be determined.

RT-ddPCR

RT-ddPCR was employed to quantify SARS-CoV-2 with high precision and sensitivity. The RT-
ddPCR reactions were prepared using One-Step RT-ddPCR Advanced Kit for Probes (Bio-
Rad®), with target-specific primers and probes (sequence, Forward Primer:
ACAGGTACGTTAATAGTTAATAGCGT, Reverse Primer: ATATTGCAGCAGTACGCACACA;
Probe Sequence: ACACTAGCCATCCTTACTGCGCTTCG) %2, Each 20 uL reaction mixture
contained 5 pL of the Supermix, 2 uL of reverse transcriptase (RT), 1 uL of primers/probes
mix, and 11 pL of inactivated viral sample from the dilution with highest activity for each
compound. Droplets were generated using the Bio RAD QX200 Droplet Generator™. Briefly,

the reaction mixture was loaded into the sample wells of a DG8™ Cartridge, along with
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ddPCR™ Droplet Reader Oil for probes in the oil wells and covered by DG8™ Gaskets. The
cartridge was then placed into the QX200™ Droplet Generator. After droplet generation, the
emulsified PCR reactions were transferred to a 96- well PCR plate and sealed with a foil seal
using a PX1 PCR Plate Sealer. PCR amplification was carried out using a thermal cycler with
the following conditions: initial cDNA synthesis from RNA template by RT at 50°C for 15
minutes, followed by DNA polymerase activation at 95°C for 2 minutes, and finally by 40 cycles
of 95°C for 15 seconds and 60°C for 30 seconds. The droplets were then read using a QX200
Droplet Digital™ System, which counted the number of fluorescent-positive and -negative
droplets to determine the absolute quantity of target molecules using Poisson distribution
analysis. Data analysis was performed using the manufacturer's software, for absolute

quantification of the SARS-CoV-2 genome copies per 20 uL of the initial diluted sample.

128



Chapter Ill — Results

List of abbreviations

ACEZ2 - Angiotensin converting enzyme 2

ADME - Absorption, Distribution, Metabolism, Excretion

CCso - concentration 50% cytotoxic

COVID-19 - Coronavirus disease 19

CPE - cytopathic effects

DMEM - Dulbecco's Modified Eagle Medium

DMSO - Dimethylsulfoxide

FABP - Fatty acid Binding Pocket

FCS - Fetal calf serum

LA - Linoleic acid

MD - molecular dynamics

MERS-CoV — Middle Eastern Respiratory Syndrome Coronavirus
P/S - penicillin G/streptomycin

PEA - Palmitoylethanolamide

RBD - Receptor binding domain

RMSD - Root Mean Square Deviation

RMSF - root mean square fluctuation

RT- ddPCR Digital droplet PCR

S protein - Glycosylated spike protein

SARS-CoV-2 - Severe Acute Respiratory Syndrome Coronavirus 2
SARS-CoV - Severe Acute Respiratory Syndrome Coronavirus
TCIDso-50% tissue culture infectious dose

TMPRSS2 - Transmembrane protease serine 2
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Supplementary Material

Table S1 — Chemical structures of compounds reported, including molecular Weight, calculated LogP, H-bond accepting groups, H-bond donating

groups, as well as PAINS and BRENK analysis.
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Figure S1 — Preliminary cytotoxicity evaluation performed on Vero E6 cells, with the
screened compounds, a growth control and a cytotoxicity control. The initial growth at Oh is a
baseline against which growth at 4h and 96h is compared, as observed in the experimental

protocol for viral infection in the proceeding cells assays.
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Figure S2 — Cytotoxicity of screened compounds (X-axis) in Vero E6 cells, measured by the
CellTiter-Glo® method. Cytotoxicity is represented by CCsoin the Y-axis, the concentration of
test compounds required to reduce cell viability by 50%. The bars represent the mean + SEM
from three experimental repeats. Abbreviations: CCso — cytotoxic concentration 50%.
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Figure S3 — Cytotoxicity of screened compounds (X-axis) in Vero E6 cells, measured by the
CellTiter-Glo® method. Cytotoxicity is represented by CCsoin the Y-axis, the concentration of
test compounds required to reduce cell viability by 50%. The bars represent the mean + SEM

from three experimental repeats. Abbreviations: CCso — cytotoxic concentration 50%.
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Figure S4 — Infection of Vero E6 cells with SARS-CoV-2 Omicron Variant at multiple

concentrations. Cell viability was evaluated using the CellTiter-Glo® method.
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Discussion

“The greatest enemy of knowledge is not ignorance, it is the illusion of knowledge.”

Stephen Hawking
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4.1 General discussion

In the early stages of the COVID-19 pandemic, the need for therapeutic interventions led to a
focus on repurposing existing drugs. At the same time, a global race to develop vaccines
marked a significant turning point, dramatically reducing severe cases and deaths. One major
focus of research was the S protein, a critical protein in SARS-CoV-2 responsible for cell
recognition, infection ability, and cell tropism [1]. This focus proved effective, as S-targeted
vaccines demonstrated efficacy, with doses administered worldwide and leading to reduced
hospitalization rates, further establishing the S protein as a prime target for ongoing

therapeutic efforts.

4.1.1. Exploration of S Protein and identification of pharmacological targets

4111 Exploration of S protein

This project set out to explore the S glycoprotein as a determinant for viral infection, aiming to
study its behaviour and identify new bioactive scaffolds. However, in early 2020, the structure
and behaviour were still partly unknown, although the overall behaviour was comparable to
previous CoV outbreaks, MERS-CoV and particularly SARS-CoV [2]. Past CoV infections
pointed to potential receptors for interaction, such as ACE2 in SARS-CoV or DPP-IV in MERS-
CoV, and to the existence of extensive conformational changes elicited by cell recognition [2].
Importantly, previous research on CoVs, due to structural similarities, maintained wide
applications for SARS-CoV-2. The rapid determination of the S protein structure by Cryo-EM,
achieved within two weeks of genome identification, exemplified the application of previous
knowledge to a swift response during the pandemic [1-3]. During the first year of the pandemic,
along with the focus of many viral proteins, many authors also extensively studied the S
protein, and analysing this information would be the basis to identify a suitable target for drug
discovery [1, 4-8].

In this initial stage, the first step was to clarify the virus-host interaction and the conformational
changes across the protein, leading to the fusion and cell infection [8]. The complex formed in
cell recognition, due to the interaction between ACE2 and the RBD, affects affinity and is
critical for infectivity, with consequences in the epidemiology. This is therefore a natural start
point to affect S protein activity [8]. Directly inhibiting the S protein-ACE2 interaction has
proved successful, particularly as this is the mechanism behind most approved vaccines and
immune system neutralization of the virus, by which antibodies compete to bind the RBD

active conformation, and block interaction with ACE2 [9-11].
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However, despite the importance of the RBD-ACE2 interaction as a target to affect cell
recognition, the S protein has additional functions in budding and cell fusion, mainly through
conformational changes [5,6].

The S protein requires two activation steps, a cleavage step at the multibasic S1/S2 site and
a second cleavage at the S2’ site. The initial step is performed by furin and promotes a stark
increase in spike trimers with one RBD in the open conformation, which primes the S protein
for cell recognition [6].

Once this cleavage event is performed, the S protein becomes highly sensitive to the presence
of ACE2, as binding with the RBD has an allosteric effect that destabilizes the S1/S2
interaction. Particularly in the first RBD-ACEZ2 binding event, a significant conformational
change is observed, with a rigid body rotation and movement in the center of mass of the S
protein, that exposes unbound RBDs [8]. As these become available for interaction, the new
S conformation is stabilized due to the high affinity with ACE2. The conformational changes
and consecutive binding to ACE2 continually weakens the S1-S2 interaction, eventually
releasing the S2 subunit, that becomes free to perform helical rearrangements required for
viral-host membrane fusion and the post fusion conformation. When compared with previous
CoVs, two features contribute to increased infectivity in SARS-CoV-2, the multibasic S1/S2
site recognized by furin, which enables a more efficient cleavage and activation of the S
protein, and a particularly low energy barrier to the final conformational change, facilitating the
fusion event [8].

However, membrane fusion cannot proceed without the second cleavage event, performed by
TMPRSS2 or cathepsin L, that exposes the fusion peptide in the S2 subunit [12]. Cleavage by
TMPRSS2 is performed at the cell surface, which enables viral fusion to adjacent cells, while
cathepsin L is mainly relevant for endosomal entry.

In SARS-CoV-2, each RBD can move independently between an exposed state and a buried
state, with this ratio influenced by multiple factors, such as the cleavage event and pH [5, 13,
14]. In the presence of ACE2 and at pH 7.4, 84% of S protein trimers bind at least two
molecules of ACE2, whereas at pH 5.5 this is reduced to 69% [13,14]. However, in the absence
of ACE2 at pH 5.5, no S protein trimers showed more than one RBD in the conformation
available for interaction, which underscores the effect of ACE2 in stabilizing the open
conformation. At low lysosomal pH (pH 4.0 and 4.5), even after cleavage is performed, all
RBDs are in the down conformation. As acidity increases, at pH 5.5, a region in subunit S2
near the fusion peptide, rich in aspartic acid residues, undergoes a pH-dependent switch,
twisting the orientation of disulphide bonds in the structure and causing RBD movement. The
domain switch, caused by the pH in endosomal entry, includes aspartic acid residues at
position 830, 839, 843, and 848. The affected areas include the Heptad repeat 1 (HR1) (in the
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S2 subunit) and the NTD in the adjacent S1 subunit, locking the RBDs in the down position,
representing a strategy of immune evasion that SARS-CoV-2 uses to avoid neutralization by
RBD-up-recognizing Abs [8].

Further viral mutations during the pandemic period, particularly with mutation D614G, increase
the flexibility of the S protein, facilitating the cleavage event, and reduce even more the energy
barrier for S1/S2 separation due to the weakened interactions established by the side chain

of glycine, in comparison with aspartic acid, increasing SARS-CoV-2 infectivity [7, 8].

41.1.2 Identification of target sites

The first potential target emerging from this in-depth analysis was the RBD, and indeed
affecting the interaction with ACE2 has shown inhibitory activity, with competing antibodies
achieving virus neutralization. On the other hand, stabilization of the prefusion conformation,
with the RBDs in the down conformation yielded effective vaccines. However, as the portion
of viral genome most affected by mutations, the S protein has adapted to escape antibody
neutralization, and therefore any drugs binding in this area would also be highly susceptive to
development of resistance [10, 11, 15-17].

While the first step for cell infection is recognition of target, blocking fusion with the host cell
can also severely disrupt viral infection. This step is mainly performed by the S2 subunit,
containing the fusion peptide, heptad repeat 1, central helix, connector domain, heptad repeat
2 (HR2), transmembrane domain, and cytoplasmic tail [18]. The interaction between HR1 and
HR2 forms a six-helix bundle, that brings viral and cellular membranes together for fusion,
resulting in viral entry into host cells [18]. The interaction of HR1 and HR2 has been explored,
with a peptide based fusion inhibitor (CP1 was identified in 2003) during the SARS-CoV
outbreak, derived from the HR2 domain, blocking the interaction and consequently the fusion
event and cell entry [19, 20]. During the SARS-CoV-2 pandemic, EK1 was designed with the
same rational, with inhibitory activity in SARS-CoV-2 pseudo virions, including multiple SARS-
CoV-2 variants [19, 20]. However, being a peptide, it intrinsically has significant limitations,
particularly in regard to pharmacokinetic properties, with oral administration limited, and a
short half-life, due to digestion enzymes and proteolytic enzymes, respectively. Additionally,
specific storing conditions are required due to low stability. However, this is a target with a
strong potential, given that it can effectively neutralize the virus ability to replicate early in the
lifecycle [21]. Still considering the S2 as a possible target, a small-molecule solution appeared
during drug repurposing efforts, umifenovir, an antiviral designed for Influenza viruses,
identified as an effective antiviral against SARS-CoV-2 (currently approved for Influenza
infections in Russia and China) [22]. Later studies identified the mechanism of action: it acts

as a fusion inhibitor by binding the S2 subunit of SARS-CoV-2, blocking membrane fusion,
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which leads to lysosomal degradation of the virus, while showing micromolar in vitro activity
against SARS-CoV-2, along with other human CoVs [22]. However, further clinical trials
showed little benefit in the clinical outcome of hospitalized patients with mild/moderate COVID-
19 [23, 24]. Nevertheless, the potential for pan-CoV activity and low evolutionary pressure
(conserved among CoVs), makes it a good pharmacological target [22, 25].

The final target site considered was the Fatty Acid Binding Pocket (FABP) [26]. This pocket
was identified with a ligand, linoleic acid (LA), showing a stabilization of the S protein in an
inactive conformation, with the majority of RBDs buried and inaccessible for interaction, and
a stark change in S protein dynamics [26]. This is a mechanism reminiscent to the effect of
reduced pH, that hides the RBDs. Similarly, S protein availability for interaction becomes
limited, cell recognition is inefficient, and cell infection cannot proceed [7]. The FABP is located
between two RBD interfaces, which results in three pockets per spike trimer, and is conserved
in highly pathogenic CoVs, while still partly identified in other human CoVs, with a strong
impact in the virus lifecycle [26, 27]. Biological assays have shown bioactivity for LA and other
polyunsaturated fatty acids (linolenic acid and arachidonic acid), while in human cells, LA
supplementation synergizes with the COVID-19 drug remdesivir, suppressing SARS-CoV-2
replication [26]. Furthermore, epidemiological studies have shown a link between consumption
of w-6 and w-9 fatty acids with reduced mortality during the pandemic [28, 29].

The direct inhibition of the S-ACE2 interaction, either targeting the human receptor or the S
protein, was excluded due to the expected emergence of resistance. Previous strategies
targeting this area, particularly antibodies and soluble ACE2 show bioactivity but place a large
evolutionary pressure in the RBD, in an area already favoured for mutations in new viral
variants [11]. Fusion inhibitors provided a potential target for pan CoV activity, with both
approaches here identified focusing on the HR1-HR2 bundle of the S2 subunit. Since this
approach blocks the conformational change into the post fusion conformation that elicits cell
fusion, it can have a strong effect in the virus lifecycle by blocking cell infection [19].
Furthermore, umifenovir is a small molecule, showing that this might be a good target for
structure-based drug design. However, the precise binding site is unclear and neither
crystallographic nor Cryo-EM structures accurately representing this binding event have been
determined, limiting further research. Finally, the FABP is a well-defined pocket in the RBD,
with confirmed bioactivity and available crystallographic structures, required for accurate
computer-based studies. Additional in-vitro assays have revealed that multiple fatty acids, both
poly- and monounsaturated, along with retinoids and vitamins (A and K), can affect S protein
binding and cell infection [27, 29, 30]. Different compounds and fatty acids have varying

activity levels, showing a relationship between structural features and activity levels, and a
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potential for activity improvement [29]. Therefore, the FABP was selected as the focus of the

remaining research in this study.

4.1.2 Hit molecule identification and optimization

The main objective at this stage was to explore the FABP as a drug target, and to identify new
bioactive scaffolds suitable for drug development, by mimicking the biological effect of LA
binding. Although previous research has focused on the FABP, most confirmed bioactive
compounds have limitations, such as fatty acids, displaying inadequate properties, and
therefore the aim is to identify new scaffolds more suitable for translational or clinical

applications.

4.1.21 Fatty acid binding pocket - confirmed ligands

Since the identification of the FABP in late 2020, subsequent research has substantially
advanced the understanding of this site, including the discovery of new ligands. These insights
have provided critical information regarding the binding dynamics.

By systematically analysing the binding modes of confirmed ligands—identifying favoured
functional groups, scaffolds, and essential interactions—this approach aims to support the
identification of new molecules with optimized binding properties.

The presence of fatty acids in the FABP, particularly LA, influences conformational
rearrangements of the spike protein, impacting its infectivity and immunogenicity. Beyond the
direct stabilization of the RBDs that affects ACE2 recognition, LA binding may induce distal
effects within the S protein, modulating the behaviour of key residues involved in the major
conformational changes preceding cell fusion. This effect is likely linked to the role of LA in the
equilibrium between active and inactive RBD conformations, similar to pH-induced shifts, by
stabilizing the inactive conformation and favouring a closed, less accessible RBD state [31].
Additionally, the FABP exhibits a highly conserved structure not only among SARS-CoV-2
variants of concern but also in related coronaviruses infecting intermediate hosts such as bats
and pangolins. This conservation underscores its functional importance and potential as a
therapeutic target [31].

Despite the experimental effect in the virus-host interaction detected for multiple compounds,
only two have been confirmed to directly bind the FABP and exert a biological activity, lifitegrast
and LA, while a third compound, SPC-14, has been co-crystalized in the S protein, but lacks
biological assays to confirm its bioactivity [31]. When present in the medium, SPC-14 results
in 48% of S protein population appearing in the closed conformation, with the remaining only
showing one RBD exposed for interaction with ACE2 [31]. However, multiple additional

compounds have been predicted to act in the pocket and show bioactivity in either binding
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assays or reduced cell infection detected in cell-based assays [31]. Among these, compounds
with a steroid backbone, namely dexamethasone, have shown reduced activity in cell-based
assays, being used in the treatment of COVID-19, with a clear benefit of critically ill patients,
although this might also be due to its activity as a corticosteroid and the wide anti-inflammatory
action [32].

Among the confirmed ligands, common binding patterns include the ability to interact with
hydrophobic residues buried in the pocket and with polar functional groups of amino acid
residues that define the pocket entrance. The first confirmed ligand with large ring systems
was lifitegrast, showing that long, flexible carbon chains typical of fatty acids are not an
essential requirement for binding. This observation was later confirmed with SPC-14 [31].
Alternatively, bioactive compounds also show the presence of only up to two aromatic rings,
attached to a more flexible backbone, as observed with LA, retinoids, and vitamin K [31].
Carbon chains and aromatic rings are predicted to have the ability to accommodate in the
pocket and establish different nonbonded interactions. Particularly, the presence of aromatic
rings is likely essential so that 1 interactions can be established with the numerous
phenylalanine residues, buried, and spread across the pocket. Scaffolds capable of interacting
with other hydrophobic amino acids that coat the deeper portions of the site are also favoured,
as is the case for retinoids [32]. The carboxylic acid group appears to be an important feature
to interact with the hydrophilic residues, but other functionalities, such as the sulfoxide in
lifitegrast, also show the potential to make direct contacts with electrophilic residues in the
vicinity. However, in the SPC-14 co-crystalized structure, the ligand in deeply buried in the
pocket, and too far to directly interact with the entrance residues, which suggests that these
interactions in the entrance are not a requirement for binding. Despite the structural insights,
biological activity for SPC-14 is still lacking experimental validation of the inhibitory effect of

Spike-ACE?2 interaction or antiviral cell-based assays [31].

41.2.2 Preliminary virtual screening

The exploration of the FABP started with a VS study aimed at identifying small molecules with
therapeutic potential. A library of over 350,000 drug like molecules, the SPECS library [33],
was screened against the co-crystallographic structure of the FAPB and LA, using the LA
molecules as centroids in the SARS-CoV-2 Wuhan S protein. The ranking of molecules from
the docking study followed a consensus scoring procedure, resulting in 26 compounds
submitted to experimental testing. The validation step focused on two features: inhibitory
activity of the SARS-CoV-2-ACE2 interaction and cytotoxicity evaluation, to ensure minimal
toxic effects. The ability to block the virus-host interaction was tested using an ELISA-based

inhibition assay, with two controls, LA and palmitoylethanolamide (PEA), while cytotoxicity was
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evaluated in L929 murine cells. Among the 26 compounds selected, seven have shown the
ability to affect the interaction more than PEA (14%), with a maximum of 34%, while none
surpassed LA with 58% inhibitory activity.

The inhibitory activity observed for LA justified the use as a positive control, and despite the
weaker effects observed for the screened compounds, these could also affect the S protein
behaviour, through the FABP, as some still achieved higher inhibition that PEA.

Regarding a structural comparison between the screened compounds and LA, the presence
of cyclic and aromatic rings in compounds is a clear divergence from the carbon chains. These
large substituents can potentially interact with regions of the pocket rich in phenylalanine
residues, by establishing 1 based interactions. As for the entrance of the pocket, terminal
hydrophilic groups are present in active compounds and are predicted to establish H-bonds in
this area. However, unlike LA, among the compounds with the highest activity, only one has a
carboxylic acid. Thus, the carboxylic terminal group is not required for adequate interaction,
as other terminal groups also show activity.

The FABP is formed between two adjacent RBDs, resulting in three pockets within each S
protein trimer. Given the structural similarity among S protein monomers, it is reasonable to
assume that the properties are consistent across pockets. This assumption, was however,
also tested during this thesis, while the ability of compounds to effectively engage with all three
pockets was a critical selection criterion. The binding poses by the most active compound
showed consistenc in predicted adopted conformations across all three pockets, forming
identical hydrogen bonds and occupying similar regions. This consistency validates the
hypothesis regarding pocket similarity.

This VS study identified several compounds that partially inhibit the virus-host interaction, with
low toxicity, an effect that, at least partially, might be derived from an effect in the FABP,
stabilizing the inactive conformation and reducing binding between the S protein and ACE2.
This variation in activity for different compounds provided proof-of-concept that this target is
druggable and can be modulated by small molecules. Furthermore, these results reinforce the
reliability of computational approaches, such as VS. From an initial library of approximately
350,000 compounds, the experimental validation identified four molecules capable of inhibiting
the virus-host interaction by over 25%. These findings highlight the precision of VS in
narrowing down a vast chemical space to a few biologically active candidates

To deepen our understanding of the observed effect and explore its potential applications more
comprehensively, a revised VS approach was undertaken. This new procedure incorporated
an in-depth study of the FABP, along with a larger and more diverse chemical library, aiming

to identify additional compounds that might exhibit similar or enhanced activity.
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41.2.3 S protein dynamics and FABP availability

To better understand fatty acid binding within the FABP, MD simulations were performed using
the co-crystallized LA ligand. These simulations explored the modulatory effects of the FABP
on the S protein, focusing on key binding interactions in this site. The full-length 3D structure
of the spike protein was analysed in both the presence and absence of LA. The open
conformation of the S protein exhibited the highest stability overall, while the presence of LA
stabilized the closed conformation, achieving an intermediate level of stabilization. Throughout
the MD simulations, the pocket remained accessible in both open and closed conformations.
However, in the closed state, pockets detected in each frame included more FABP residues,
suggesting ligand binding is more favourable in this conformation. Notably, the hydrophilic
area of the pocket, critical for electrostatic interactions that stabilize the ligand, was only
intermittently detected as part of the pocket. This indicates that while ligand binding is possible
in both conformations, the closed state may offer a more consistent site for interaction.
Analysis of interaction patterns for confirmed ligands, combined with molecular dynamics
evaluation of pocket availability, suggests that hydrophobic interactions within the FABP play
a pivotal role in initial ligand binding. These interactions might even be more critical for binding
than the hydrophilic interactions at the pocket entrance. Interestingly, the hydrophilic anchor
appears to have a limited role during initial binding, further emphasizing the importance of the
hydrophobic core.

These findings provide valuable guidance for new, potent, and broad-spectrum compounds.
By targeting the FABP with strong hydrophobic interactions, such compounds could effectively
disrupt cell recognition processes. This knowledge would directly inform the expanded VS
study aimed at identifying novel bioactive scaffolds with enhanced binding affinities for the
FABP.

41.2.4 Hitidentification

The crystal structure of LA bound to the S protein was used to screen an expanded library of
over 4,000,000 chemically diverse commercially available compounds, the Enamine
Screening Collection library [34]. This broadened chemical variety aims to enhance the
screening’s ability to identify unique binding interactions and potential novel scaffolds.
Similarly to the previous VS procedure, the ranking of molecules followed a consensus
rescoring procedure. The best predicted affinity and analysis of drug-like properties resulted

in a final selection of 18 compounds. An ELISA-based inhibition assay was applied to assess
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the ability to affect the S-ACE2 interaction, while cell-based assays evaluated antiviral activity,
by quantitatively assessing cytopathic effect.

During the docking procedure, each compound was assessed for its potential affinity to the
FABP using five distinct scoring functions, selected to complement one another and address
various parts of the docking problem. For initial pose determination, Glide HTVS was
employed to efficiently evaluate the library (due to a reduced the number of intermediate
conformations), with the top ranked compounds undergoing redocking with by Glide SP. This
docking program refines ligand-receptor binding predictions while maintaining a balance
between speed and accuracy, with these docking methods ensuring the identification of key
molecular interactions, enabling a computationally efficient screening of large compound
libraries [35]. However, Glide SP has innate inaccuracies, particularly a large number of false
positives due to exceptions to physical chemistry principles [35, 36]. Therefore, to improve
quality when ranking compounds for a final selection, a rescoring step is performed,
complemented by high precision scoring functions. Glide XP is particularly useful at this stage,
being designed to lend more weight to the physical aspects of the model, and a strong ability
to detect false-positive poses with more accuracy in binding predictions, mainly focusing on
the physical interactions (electrostatic and van der Waals forces). However, it is less accurate
regarding hydrophobicity, intrinsically difficult for physics-based systems, since this property
is entropic in nature [36, 37]. To solve this inaccuracy, PLANTS offers the piecewise linear
potential (PLP) approach, making it effective at scoring flexible ligands and with increased
accuracy for hydrophobic interactions, since the strong physical aspect of GLIDE XP can lead
to low affinity in good ligands [36]. Native ligand geometries have been found to exhibit high
strain energies, which are severely penalized by physic-based systems. Given that these
functions are only used to perform rescoring, they are limited by the rigid-receptor framework
[36]. In this context, the PLANTS scoring function is particularly efficient at dealing with ligand
flexibility [38]. Finally, ScorePose, an empirical scoring approach, emphasizes ligand-receptor
complementarity by focusing on shape and electrostatics, making it a more balanced scoring
system [39].

Regarding the binding assays, the maximum detected inhibition was 28%, with six compounds
surpassing PEA activity. In the cell based viral infection assays, 17 (Figure 8) was identified
as the most active compound, reducing viral induced CPE by around 30%, along with a

reduction in viral particles released.
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Figure 1 - Chemical structure of the strongest antiviral identified in the second virtual

screening study (17).

The predicted binding pattern for 17 can be compared to LA, with increased predicted
interactions due to the aromatic nature of the scaffold. This is particularly significant in the
vicinity of phenylalanine and tyrosine residues in the pocket, with multiple 1-stacking and -
-H interactions. On the hydrophilic terminal end of the molecule, 17 extends towards the
entrance of the pocket with a triazole group, as opposed to a carboxylic acid in LA, that is
predicted to result in H-bond interactions with multiple hydrophilic residues, which stabilize the
molecule in the pocket and the adjacent RBD. As for the remaining compounds, the frequent
presence of aromatic groups is observed, in line with previous predictions. The presence of
these aromatic features, as their frequency, is validated by confirmed FABP bioactive
molecules, such as lifitegrast and SPC-14, while the molecular dynamics studies also pointed
to possible stronger binding by exploring the hydrophobic area of the pocket. 17 follows the
previous established rules interaction in the FABP, confirming the trend for new ligands:
deviation from the alkane chains in fatty acids, towards an increased number of aromatic ring
systems. Given that antiviral activity for this compound was confirmed experimentally and
predicted computationally, along with inhibition of the virus-host interaction in binding assays,
it is likely that the activity shown in the viral infection assays is at least partially due to an effect
on the FABP, stabilizing the inactive conformation of the S protein.

These findings not only validate the initial computational predictions but also highlights the
pocket's potential as a druggable target.

To build on these insights and refine the compound's therapeutic potential, the next phase of

the study focused on hit optimization.

41.2.5 Hit optimization

A systematic approach was undertaken to explore structural variations in the selected
compounds. This included selecting structural analogues to probe specific interactions within
the FABP binding site, with the aim of identifying critical contacts that contribute to binding
affinity.

The selection of structural analogues was aimed at potentially increasing antiviral activity of

the identified scaffolds and allow a preliminary study of SAR, that could guide the design of
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new more potent compounds. Twenty structural analogues were selected, targeting
hydrophobic and hydrophilic substitutions in the terminal triazole ring and linkers between the
multiple ring systems in 17. These compounds were submitted to new antiviral assays, with
CPE as the indicator of antiviral activity. From the initial selection, nine compounds showed at
least 10% inhibition of CPE, while activity for 17 was confirmed (23%) and three compounds
showed increased stronger inhibition of viral induced CPE: 20 (34%), 32 (27%) and 36 (91%).
The best analogue 36 achieved an ECsg in the nanomolar range (EC50=290 nM), along with
reduced cytotoxicity (CCs0=181 uM). Additional assays were performed to evaluate the release
of virions, with 36 demonstrating a ~90% reduction in both release of replication-capable lytic
virions and genome copies in infection samples, measured by reverse transcriptase digital
droplet PCR (RT-ddPCR).

The structural analogues identified from 17 demonstrated a broad range of effects on CPE
reduction, varying from 0% to 90%, providing a foundation for a preliminary SAR analysis.
This variation offered valuable insights into the binding pocket's characteristics and key

molecular interactions (Figure 9).
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Figure 2 - Chemical structure of the most active structural analogues to 17

As previously suggested by the confirmed ligands of the FABP, the molecular dynamics
simulations and pocket availability, 27 (methyl substitution of triazole — 14% activity) highlights
the hydrophobic interactions as critical, since the methyl group in incapable of aromatic,
electrostatic or H-bond interactions in the pocket entrance. However, it still retains some
activity even in the absence of a terminal group. On the other hand, the presence of an
aromatic terminal ring observed for 32 (phenyl substitution the triazole — 27% activity), that
results in increased activity against the parent compound, underlines the importance of 1
interactions in this area, that can be further explored by heterocyclic rings with increased
activity such as 20 (thiazole substitution - 34% activity). In addition to the hydrophilic
interaction with amino acids in the adjacent RBD, aromatic groups in this area might enable

interactions with tyrosine and phenylalanine residues, which results in higher binding affinity.
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Indeed, interactions in this area appear to be behind the increased activity in 36, with the
tertiary amine that might result in a stronger anchoring effect, leading to a stable interaction in
the FABP and stabilization of the S protein, due to increased ability be an H-bond acceptor.
However, given the previous considerations regarding hydrophobic interactions as essential
for initial binding, an increase in hydrophobicity (LogP) might also play an important role, as
this is increased in both 20 and 36 (17: 2.36, 20: 3.91, 36:2.62).

When compared with currently approved medicines against COVID-19, the inhibition of CPE
in Vero EG6 cells for 36 (EC50=290 nM) is superior when compared with Remdesivir (ECs50=770
nM) [40], similar to molnupiravir (ECs50=300 nM) [41] and weaker than Nirmatrelvir (EC50=74.5
nM) [42]. Therefore, the detected activity is comparable with other already approved drugs
against SARS-CoV-2, which might clear the way for further optimization in potential new
biologically relevant experiments. However, these results should be interpreted with caution.
While Vero EG6 cells are highly susceptible and permissive to SARS-CoV-2, being widely used
in CoV research due to the high viral titres of SARS-CoV-2 and characteristic CPE (being well
suited to antiviral screening), they also show limitations [41]. Since these cells are derived
from a non-human primate (African green monkey), polymorphisms to the human proteome
might limit analysis, given the overall absence of lung-specific or host immune effects, since
they lack the capacity to produce IFN-I following infection, which likely plays a role in
supporting robust viral replication [44]. They promote rapid phenotypic adaptation, with furin
cleavage mutations frequently obtained and have variations in metabolization when compared
with human cell lines, although this is particularly relevant for drugs designed to undergo
metabolic activation (such as prodrugs), which is not the expected mechanism of action [43,
45]. Additionally, later variants, particularly Omicron have shown limited results in Vero E6
cells, due to attenuated fusogenicity and pathogenicity of these later variants, which reduces
CPE [45, 46]. This effect was indeed detected in the antiviral assays with the Delta and
Omicron variant. For the Delta variant, the infection period was extended by 72h, to obtain
similar results when compared with the Wuhan original strain (EC50=0.29 uM and ECs50=5.77,
respectively). However, with the Omicron variant, the extension in infection time did not
originate CPE. Nevertheless, these results, do not exclude activity in these strains and, in fact,
taking into account that the S protein of Delta variant is heavily mutated, the activity detected
suggests that this target is conserved, even in mutated variants and that this scaffold holds
the potential for broad anti-CoV activity [47]. Regarding the Omicron variant, it has become
clear that CPE analysis may not be yield the expected results, requiring different
methodologies or cell types to adequately assess antiviral activity. Although the FABP has
been mainly unaffected by mutations, it is still unclear if the exploration of this target would

exert an evolutionary pressure leading to quick emergence of resistance. However, the
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suggested physiological function of the FABP, modulating the exposure of immunodominant
sites, points to a potential decrease in viral fithess from mutations in this area. Linoleic acid
and arachidonic acid are essential eicosanoid precursors, and along with tissue inflammatory
regulators, show a stark increase in concentration during COVID-19 infection and lung
inflammation [48]. While at basal serum concentrations antibody binding to the S protein is
possible, under elevated “inflammatory” concentrations the neutralization activity is reduced
due to activation of the FABP, in a suggested immune escape mechanism by stabilization of
the inactive conformation of the RBDs. This mechanism enables viral cell infection and
replication in early stages of infection, while suppressing immunogenicity once the host
immune response is activated, leading to increased viral titers, due of reduced virus clearance
[27].

4.2 Future perspectives

The discovery of a sub-micromolar anti-SARS-CoV-2 agent opens a wide range of possibilities
for future research and therapeutic development, primarily focusing in confirming binding to
the expected target, along with complementary experimental assays for continued pre-clinical
development. While it is expected that the compounds in this study act through the FABP this
has not been experimentally confirmed, which could be performed by an NMR or
crystallographic study. This would not only confirm binding but also clarify binding dynamics
and stabilizing interactions, allowing further optimization of activity. Mechanistic studies can
also elucidate how these compounds act, as with time-of-addition assays, that could confirm
an effect in the initial infection stage of the virus lifecycle (during the infection stage). Additional
binding assays, such as Surface Plasmon Resonance, could also confirm binding to the target
protein [49]. Further pre-clinical development should, therefore, focus on different cell lines,
particularly from human origin and the respiratory tract, which would allow a precise
determination of activity and toxicity. Evaluating the pharmacokinetic properties of these
compounds, including their absorption, metabolism, and excretion, is critical to advance their
development as viable antiviral agents. New analogues could be obtained to modulate activity
and toxicity, guided by experiments in different cell types that more adequately represent
human replication kinetics, entry pathways, off-target effects, immune capabilities and other

signalling pathways.
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Chapter V

Conclusions

“l am among those who think that science has great beauty”

Marie Curie
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5 Chapter V - Conclusions

Summarizing the research carried out in this thesis, the overall results indicate the following

general conclusion:

The S protein of SARS-CoV-2 plays a central role in virus-host interactions and remains a
critical target for antiviral drug discovery. Through computational methodologies, an antiviral
compound with sub-micromolar activity against SARS-CoV-2 was successfully identified. The
discovery of a novel scaffold offers a promising foundation for further optimization and drug

development against current and emerging CoVs.

5.1 Exploration of S protein structure and behaviour

The S protein is the central determinant of SARS-CoV-2 recognition and infection, playing a
pivotal role in viral entry into host cells. Despite structural similarities to S proteins from earlier
CoV outbreaks, its functional behaviour is uniquely complex. Effective drug development
targeting this protein requires a comprehensive understanding of its conformational changes
and the transition to the post-fusion state that facilitates cell infection. Initial recognition is
driven by the high-affinity interaction between the RBD and ACE2, a hallmark of SARS-CoV-
2 infectivity and a key factor in its rapid global spread. Compared to prior CoV outbreaks, the
introduction of the multibasic cleavage site markedly enhances activation by furin, a feature
that synergizes with increased receptor binding affinity to amplify viral entry efficiency.
However, the origins of this multibasic cleavage site remain unclear, though its contribution to
viral infectivity and pathogenicity is profound. Following cleavage at the S1/S2 boundary, the
spike protein becomes increasingly responsive to ACE2 binding, triggering an allosteric
cascade that destabilizes the S1/S2 interface. This destabilization facilitates S2 release and
subsequent conformational changes essential for membrane fusion. Notably, the transition to
the post-fusion conformation occurs with a remarkably low energy barrier in SARS-CoV-2,
further distinguishing its infectivity. These synergistic factors—enhanced receptor binding,
efficient activation by host proteases, and low-energy fusion initiation—culminate in an
exceptionally infectious virus capable of sustaining pandemic-level transmission. Adaptations
in the spike protein since the first confirmed cases, such as mutations increasing affinity,
flexibility and cleavage efficiency, and promoting RBD availability, have further lowered the
energy barrier for fusion events. These changes have amplified infectivity, reinforcing the

virus’s capacity for widespread human transmission.
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The S protein offers multiple potential drug targets, each with distinct challenges. Initially, the
RBD emerged as a promising target due to its critical role in mediating viral entry via ACE2
binding. However, this region is highly mutable, enabling the virus to escape antibody
neutralization. Consequently, drugs targeting the RBD or directly inhibiting the S-ACE2
interaction are prone to resistance, making them less viable for long-term therapeutic
strategies. An alternative approach involves targeting the fusion process, a crucial step for
viral infection. Fusion inhibitors, particularly those targeting the HR1-HR2 bundle in the S2
subunit, could offer broad-spectrum activity across coronaviruses. However, this strategy is
hindered by the lack of structural clarity; neither crystallographic nor Cryo-EM structures have
captured this binding event in sufficient detail, limiting the ability to design effective inhibitors.
The FABP near the RBDs represents well-defined target. Structural studies and invitro assays
have demonstrated that multiple fatty acids, including polyunsaturated and monounsaturated
types, along with retinoids and vitamins A and K, influence S protein stability and cell infection.
The availability of high-resolution crystallographic structures for this pocket enables precise
computational modelling and drug design. Given its critical role in modulating the
conformational dynamics of the spike protein, the FABP represents a compelling target for

developing novel antiviral agents.

5.2 Hit molecule identification and in vitro validation

The FABP emerged as an attractive target for the development of innovative antiviral
therapies, and its exploration began with a virtual screening study. This initial screening aimed
to identify compounds capable of binding in the FABP and mimicking LA binding effects. This
would result in the stabilization of the S protein in its closed conformation, thereby preventing
interaction between the RBDs and the ACE2 receptor. In the screened compounds, large
substituent groups were positioned within FABP, contrasting with the alkane chains observed
LA, potentially promoting favourable aromatic interactions. While several promising
compounds were identified based on their binding potential, their activity in biological assays
was limited, pointing to the need for further refinement.

Building on these early results, additional insights from research, particularly regarding known
FABP ligand,s were incorporated, highlighting the structural features that contribute to binding
affinity. Compounds with aromatic and cyclic groups were quickly confirmed to bind the pocket
and have a biological effect, as opposed to the long carbon chains, typical of fatty acids like
LA. These bulkier groups can interact with hydrophobic regions within the pocket, particularly
with phenylalanine and tyrosine residues, while the terminal hydrophilic groups can still form
H-bonds at the pocket entrance. Interestingly, while fatty acid carboxylate groups play a role

in binding, they were not strictly necessary for effective interaction. This understanding helped
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shift the focus to molecules with non-carboxylate terminal groups, broadening the potential
pool of candidate molecules.

Further MD simulations revealed that hydrophobic interactions within the pocket are pivotal
during initial binding, likely playing a more significant role than the hydrophilic interactions at
the pocket's entrance, although the stabilization of the hydrophilic residues in the adjacent
RBD is likely the responsible for the wider activity in the protein. These findings refined the
criteria to select potent inhibitors. Following this, an expanded computational screening was
performed, with the insights obtained from ligand analysis.

The most promising compound identified through these efforts demonstrated significant
inhibition of SARS-CoV-2 in cell-based assays, with activity likely stemming from its ability to
stabilize the inactive conformation of the spike protein, reducing binding to ACE2. This result
provided strong validation for the computational screening approach, as well as evidence that
targeting the FABP could effectively disrupt the virus-host interaction. To advance the
development of potent inhibitors, twenty structural analogues of the most bioactive compound
were obtained and evaluated. Among these, one analogue displayed submicromolar potency
against the Wuhan strain and micromolar activity against the Delta variant, showing its
sustained antiviral potential and highlighting an optimizing step in the compound's therapeutic
efficacy.

In comparison with currently approved COVID-19 therapeutics, the identified compound
showed favourable results, with comparable efficacy in Vero E6 cells, although a slight
variation in potency between the Wuhan and delta variants was found. These promising
results suggest that the compound could be developed as a novel antiviral agent with potential
for both SARS-CoV-2 and other emerging coronaviruses.

The insights gained through this research not only highlight the FABP as a viable therapeutic
target for SARS-CoV-2 but also establish a framework for optimizing small-molecule inhibitors
against viral entry. Just as prior CoV research was instrumental in accelerating the discovery
of inhibitors for SARS-CoV-2, the findings from this work may play a pivotal role in addressing
future coronavirus outbreaks. This foundation offers the potential to guide the development of
novel antiviral therapies, providing both an alternative to existing treatments while contributing

to global preparedness for emerging viral threats.

5.3 Closing remarks

This thesis provides key insights into the role of the FABP in SARS-CoV-2 S protein function,
offering a better understanding of its potential as a druggable target for antiviral therapy.
Although the role of FABP in stabilizing an inactive S protein conformation is still under active
investigation, this study contributes to that ongoing exploration, providing further evidence of

its involvement in modulating the S protein's interaction with ACE2 and influencing viral entry
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mechanism. The conserved nature of this target across CoVs positions the FABP as a
promising focus for therapeutic strategies in future outbreaks. This study demonstrates the
effective application of computational methods to identify potential therapeutic compounds
targeting a rationally defined biological target. Several of the identified compounds exhibited
micromolar and sub-micromolar activity. Nonetheless, further investigations are necessary to
elucidate their precise mechanisms of action and to confirm whether the FABP within the S
protein serves as their molecular target. Future research should aim to further optimize the
binding interactions with FABP and explore the broader antiviral effects of these compounds,
particularly their ability to inhibit viral replication across different SARS-CoV-2 variants. In vivo
and clinical studies will be essential to assess their full potential. Further structural biology
studies are needed to confirm the interactions between the identified scaffolds and FABP.
Additionally, evaluating the pharmacokinetic properties of these compounds is essential to
advance their development as antiviral agents. Addressing these gaps will facilitate the

development of effective therapies for SARS-CoV-2 and future emerging coronaviruses.

5.4 Personal remarks

The project described in this thesis unfolded during a time of rapid evolution, in a field marked
by frequent breakthroughs in information, theories, and experimental techniques. This
dynamic environment invited constant reassessment and reformulation of objectives and near-
term goals to align with the latest developments. Even before the project’s formal initiation,
some of the original goals had already become partially outdated. Keeping pace with global
research and ensuring efforts did not overlap with other teams remained a constant challenge.
Despite these challenges, the context offered unique learning opportunities. The focused
attention of the scientific community, particularly from virology experts, created numerous
collaborative possibilities. The core partnership with supervisors from Swansea and Cardiff
Universities provided essential guidance and support, and their expertise was essential to the
design and execution of the entire project. A six-month scientific mission was performed in
Swansea University, which enabled the contact with multidisciplinary teams, with extensive
expertise in chemistry, medicinal chemistry and antiviral research, particularly in computer
aided techniques, which significantly contributed to the success of this work

Midway through the project, a significant restructuring occurred to include cell-based assays,
particularly viral infection assays, requiring access to BSL-3 laboratories for live virus
replication. This expansion was made possible by funding from the EEA Norway grants, which
supported extensive research activities and two scientific missions. However, even this
subproject was subject to changes in timeline and experimental setup. To overcome this, a
new collaboration with Oslo University Hospital was initiated, further expanding the existing

partnership with Swansea and Cardiff Universities. This collaboration enabled access to BSL-
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3 facilities, allowing for critical live-virus infection assays, which were key to evaluate the
antiviral activity of computationally identified compounds, significantly enhancing the scope
and outcomes of this research. These collaborations not only enabled the practical execution
of this work but also provided exceptional learning opportunities by integrating expertise from
leading researchers in the field.

While COVID-19 is no longer classified as a Public Health Emergency of International
Concern, and largely faded from public discourse, it is pertinent to reflect on the relevance of
this research and its findings. The disease now exhibits more predictable patterns of
circulation and is managed through proven therapies and vaccination efforts, but its potential
to cause significant health impacts, particularly among vulnerable populations, remains. This
transition is common with other endemic diseases, such as influenza or HIV, that still pose
challenges despite widespread immunity or established treatments. Furthermore, lessons
learned from SARS-CoV and MERS-CoV played a critical role in the rapid pace of SARS-CoV-
2 research, with numerous examples of CoV-specific knowledge adapted to SARS-CoV-2.
Given that SARS-CoV-2 represents the third highly pathogenic CoV outbreak in recent history,
the knowledge and tools developed during this research not only retain their applicability to

SARS-CoV-2 but also might serve as a foundation for addressing newly emerging CoVs.
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